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Abstract

Sleep disorders are among the most debilitating comorbidities of Parkinson's disease
(PD) and affect the majority of patients. Of these, the most common is insomnia, the
difficulty to initiate and maintain sleep. The degree of insomnia correlates with PD
severity and it responds to treatments that decrease pathological basal ganglia (BG)
beta oscillations (10-17 Hz in primates), suggesting that beta activity in the BG may
contribute to insomnia. We used multiple electrodes to record BG spiking and field
potentials during normal sleep and in MPTP-induced Parkinsonism in non-human
primates. MPTP intoxication resulted in severe insomnia with delayed sleep onset,
sleep fragmentation and increased wakefulness. Insomnia was accompanied by the
onset of non-rapid eye movement (NREM) sleep beta oscillations that were
synchronized across the BG and cerebral cortex. The BG beta oscillatory activity was
associated with a decrease in slow oscillations (0.1-2 Hz) throughout the cortex, and
spontaneous awakenings were preceded by an increase in BG beta activity and cortico-
BG beta coherence. Finally, the increase in beta oscillations in the basal ganglia during
sleep paralleled decreased NREM sleep, increased wakefulness and more frequent
awakenings. These results identify NREM sleep beta oscillation in the BG as a neural
correlate of PD insomnia and suggest a mechanism by which this disorder could
emerge.

Keywords: Sleep, Parkinson's disease, Insomnia, Beta oscillations

Significance statement

Basal ganglia (BG) beta oscillations are a hallmark of Parkinson's disease (PD), and
are specifically reported to correlate with akinesia and rigidity during wakefulness.

Studying spontaneous sleep in the non-human primate MPTP model of PD, we report
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that beta oscillations persist into NREM sleep. In the setting of the sleeping brain, BG
beta oscillations correlate with a reduction of slow oscillations across the cortex and
BG, and scale with insomnia severity. We suggest that similarly to the way
synchronous cortico-BG beta oscillations are postulated to advance the PD akinetic
motor symptoms during wakefulness, they may contribute to slow oscillation de-
stabilization and insomnia during sleep, thereby underlying two seemingly diverging

symptoms of PD.
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Introduction

Parkinson's disease (PD) patients suffer from a myriad of non-motor symptoms
including severe sleep disorders (1-4). Insomnia, the difficulty to initiate and maintain
sleep (1, 5), affects as many as 60% of all PD patients (5, 6). Among its many long-
term consequences, insomnia increases the risk of cognitive decline (7) and mental
illness (8, 9), and is a significant predictor of poor quality of life (10). Several
mechanisms have been proposed to account for insomnia in PD, including the
degeneration of brainstem or hypothalamic nuclei governing sleep (11, 12), the
persistence of motor symptoms during sleep (5), the medical therapy (3, 4) and even
some comorbid situations, such as depression, restless leg syndrome, and autonomic
symptoms (e.g., urinary and gastrointestinal dysfunction) (3, 13, 14). Nonetheless,
data relating insomnia in PD (or in the MPTP-intoxicated primate, its leading animal
model) to specific alterations in neuronal activity are not available to date.

Beta oscillations were recorded in the normal brain (15, 16), but they are especially
prominent in the basal ganglia (BG) in idiopathic PD (17) and its animal models (18),
where they were postulated to represent aberrant information processing in the BG
main axis (19). The beta frequency band varies across species. In MPTP-intoxicated
primates it overlaps the low beta band seen in PD patients and spans the 10-17 Hz
range (20). Beta oscillations are commonly found during wakefulness and are
correlated with awake PD motor symptoms (21), but were also recently observed in
BG field potentials during sleep in patients (22—-24). However, these findings were
heterogeneous across individuals, did not extend to BG spiking activity, were limited
to the subthalamic nucleus, and notably were not correlated with the severity and the

temporal structure of the PD sleep symptoms.
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The degree of insomnia correlates with PD severity (25) and the sleep symptoms
respond to treatments for PD that decrease BG beta activity and ameliorate waking
motor symptoms such as dopamine replacement therapy (26) and deep brain
stimulation (DBS) (27, 28). This suggests that BG pathophysiological processes may
not only play a mediating role in Parkinson's motor symptoms during wakefulness, but
also contribute to PD insomnia.

Here, we wused the non-human primate MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) model of PD (29), which has been shown to replicate the major
biochemical, pathological and clinical signs of PD. We conducted whole-night multi-
site field potential (FP) and spiking activity recordings from BG structures along with
full polysomnography in healthy and Parkinsonian animals, to elucidate the neural

underpinnings of PD insomnia.

Results

Experimental Parkinsonism is associated with severe insomnia

Following a normal sleep recording period two Vervet monkeys were treated with
systemic injections of the neurotoxin MPTP, which rendered them severely
Parkinsonian. The neuronal recordings targeted the subthalamic nucleus (STN) and the
globus pallidus, external (GPe) and internal (GPi) segments, representing three
computational hubs of the BG in which alterations in neuronal activity have been
detected in PD during wakefulness (30). The recordings followed the normal
light/dark and sleep schedules of the monkeys, lasted throughout the night, and were
assisted by full polysomnography (electroencephalogram [EEG], electrooculogram

[EOG] and electromyogram [EMG]) and video recordings. The MPTP-intoxicated
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monkeys were treated with L-DOPA/carbidopa in the morning. Sleep recordings were
carried out at least 12 hours after the last L-DOPA dose (OFF stage).

After the MPTP treatment, the animals exhibited the motor symptoms characteristic of
PD, including bradykinesia, tremor, rigidity and a flexed posture during the day (Fig.
1A). The Parkinsonian state was accompanied by severe insomnia, as was previously
shown for PD (1, 3) and its MPTP macaque model (31, 32). Representative
hypnograms for the normal and MPTP states are provided in Fig. 1B-C. Parkinsonian
nights were characterized by a decrease in NREM sleep (including N1/2 and deeper
slow wave sleep, SWS) and an increase in wakefulness and transitional states (Fig. 1D
and Sl appendix, Fig. S1). MPTP intoxication resulted in an elongation of the time
needed for the monkeys to fall asleep (from an average of 3.52 minutes to 15.39
minutes, Fig. 1E), and in a decrease in consolidated NREM sleep (Fig. 1F. A
consolidated bout of NREM sleep was defined as an uninterrupted stretch of NREM
sleep lasting 40 seconds or more, see Sl appendix. Consolidated SWS also showed a
decrease: Normal vs. MPTP, 9.81% vs. 0.99% of all classified epochs, P = 3.92X10°®,
Mann-Whitney U test). Sleep was not only diminished and harder to initiate, but was
also fragmented: the monkeys failed to maintain long sleeping bouts, waking up every
~3.5 minutes on average (vs. every ~13.5 minutes during normal sleep, Fig. 1G) and
experiencing longer waking bouts during the night (Fig. 1H). To arrive at a unified
measure of the degree of insomnia that incorporated the extended time to sleep onset,
decreased consolidated NREM sleep, increased frequency of awakenings and
protracted waking time after sleep onset, we defined the sleep quality score (ranging
from 0, considerable insomnia, to 1, relatively stable sleep, see Methods). MPTP
intoxication significantly reduced the sleep quality score (0.88 before vs. 0.45 after,

Fig. 11-J). Sleep quality improved over recording days, but never reached pre-MPTP
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intoxication levels (Fig. 1I). As previously reported for macaque monkeys and cats
(31-33), REM sleep was completely abolished for five recording nights after
intoxication for monkey 1 and two nights for monkey 2, but then partially recovered.

Here we concentrate on the effects of induced Parkinsonism on NREM sleep.

Insomnia is accompanied by the onset of BG and cortical beta oscillations during
NREM sleep

We previously reported (34) that during NREM sleep in the normal monkey, BG
neurons maintain a state of high amplitude slow oscillatory activity (0.1-2 Hz, Fig. 2A,
Fig. 5A, dark traces). In contrast, Parkinsonian NREM sleep was characterized by
aberrant beta (10-17 Hz) oscillations throughout the BG, in both the FP and multi-unit
spiking levels (Fig. 2C-D, and see the example in Fig. 2B). Power spectral analysis of
all FP recording sites in each BG structure revealed that beta activity was more
prominent during Parkinsonian sleep than in normal sleep (Fig. 2C), and that a more
substantial fraction of FP recording sites during NREM sleep in the Parkinsonian
monkey showed beta activity (Fig. 2C, inset). As with the FP, beta oscillations were
more prominent and prevalent in BG neuronal multi-unit spiking during NREM sleep
in the MPTP vs. the healthy monkey (Fig. 2D). Accordingly, FP and spiking beta
power was higher during NREM sleep in the MPTP monkey than in the normal
monkey (Fig. 2E-F).

The emergence of beta activity in the BG was also manifested in the increase in beta
episodes (18, 35) during Parkinsonian NREM sleep. For the field potential as well as
the spiking activity, MPTP intoxication increased the probability of beta episodes; i.e.,
the total duration of beta episodes in a sleep epoch out of the full epoch length (Fig.

2G-H). This was a result of longer episode duration (Fig. 2G-H, upper inset) and
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increased episode frequency (Fig. 2G-H, lower inset) during NREM sleep post-MPTP
intoxication, relative to the normal monkey. These findings are consistent with results
acquired from awake PD patients (35) and monkeys (18).

Basal ganglia beta activity is widely reported in awake PD patients (19) and MPTP
monkeys (18). In our data, BG beta power in the awake monkey was significantly
higher than during NREM sleep for FP activity in the GPi and for spiking activity in
the GPi and STN (Fig. 2E-F). Similarly, the probability of FP beta episodes was
higher during wakefulness in the GPi (9.89% during NREM sleep vs. 15.85% during
wakefulness, P = 1.16X10®°, Mann-Whitney U test). Thus, even if elevated during
wakefulness, beta activity is prevalent in the BG over the entire vigilance cycle, and in
the GPe it is as prominent during NREM sleep as it is during wakefulness.

Beta oscillations were not confined to the basal ganglia but were also recorded in the
cerebral cortex (See example in Fig. 3A). They were evident in the scalp EEG during
Parkinsonian NREM sleep (Fig. 3B-C, light traces and boxplots) but not during
normal sleep (Fig. 3B-C, dark traces and boxplots). After MPTP intoxication EEG
beta power was as prominent during NREM sleep as it was during wakefulness (Fig.
3B-C), indicating that cortical beta activity during Parkinsonian sleep may be as
clinically significant as it is during wakefulness. Finally, EEG beta episodes during
Parkinsonian sleep displayed a similar profile to those in the BG, being more probable,

more frequent and lasting longer than beta episodes during normal sleep (Fig. 3D).

Beta oscillations are coherent across the BG and cortex
During normal wakefulness, BG spiking activity maintains a state of decorrelated
firing (36). BG slow oscillations in firing rate (0.1-2 Hz) remain desynchronized even

during normal SWS, one of the most synchronized brain states (34), and during
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Parkinsonian NREM sleep (SI appendix, Fig. S2). We examined whether this defining
feature of normal BG physiology would persist in Parkinsonian sleep beta activity,
given the robust emergence of synchronous beta oscillations in awake Parkinsonian
animals (18). To that end, we simultaneously recorded FP and spiking activity in the
BG using 2-4 microelectrodes (located 0.5-2 mm apart). Fig. 4 provides an example of
a two-electrode recording exhibiting synchronous beta activity in the GPi FP (Fig. 4A)
and spiking (Fig. 4B). At the population level, beta oscillations in both FP (Fig. 4C)
and spiking (Fig. 4D) were coherent between recording sites within BG nuclei.
Further, the BG also displayed increased FP-spiking coherence in the beta range (Fig.
4E).

BG beta oscillations were not only coherent within the BG, but also between EEG
contacts (Fig. 4F) and between EEG and simultaneously recorded BG FP (Fig. 4G)
and spiking (Fig. 4H) beta oscillations. Finally, FP and EEG beta coherence during
normal sleep were similar to the MPTP monkey. This was not true for spiking and FP-
spiking beta coherence, which were negligible in the normal monkey (SI appendix,

Fig. S3).

The increase in BG beta activity during NREM sleep is correlated with a
decrease in slow oscillations

The increase in beta activity during NREM sleep in the Parkinsonian monkey, in
comparison with the normal monkey, coincided with a decrease in GPe and GPi firing
rate slow oscillations (SOs, Fig. 5A-B). We analyzed the firing rate power spectra
(which is based on the firing rate activity extracted from detected single-neuron action
potentials) since SOs in firing rate have been shown to characterize normal NREM

sleep (34). The firing rate power spectra should not be confused with multi-unit
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spiking power spectra, that are based on the electric fields of multiple neurons around
the electrode, and were shown in Fig. 2 to exhibit increased beta activity (see
Methods). Note that unlike the GPe and GPi, SO showed a tendency to increase in the
MPTP monkeys in the STN. A decrease in NREM sleep SOs in the Parkinsonian
monkey was also evident in the scalp EEG (Fig. 3A, 5C-D).

To determine whether the breakdown of slow oscillations and the onset of beta activity
were related, we correlated the SO power changes in the EEG and BG firing rate with
concurrent BG FP and spiking beta power. Changes in beta oscillation and slow
oscillation were correlated: as field potential and spiking beta power increased, firing
rate SO power decreased (Fig. 5E-F). Similarly, the correlation between BG beta
power and concurrent cortical EEG SO power (ipsilateral frontal, central and occipital
locations) during Parkinsonian NREM sleep was negative (Fig. 5G, I). This correlation
ranged from -0.27 to -0.39 for the FP, and from -0.33 to -0.40 for the spiking activity
(Fig. 5H, J). Fig. 5H and 5J display only those sites for which the correlation was
significant. For the FP, these constituted the majority of cases, whereas for the spiking
activity significant correlations were found in fewer than half the sites. Importantly,
for both FP and spiking, all of these significant correlations were negative (except for

asingle FP STN site).

BG beta activity rises before spontaneous awakening and is associated with
diminished and fragmented sleep

If slow oscillation power could be taken to reflect NREM sleep depth (37, 38), then it
is possible that the implication of the correlation between increased beta oscillations
and decreased slow oscillations could extend to overall changes in sleep architecture

(Fig. 1). We examined whether the measures of FP and spiking beta activity reported

10
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thus far would vary with the vigilance cycle, and specifically how these changes might
relate to periods of lighter NREM sleep (e.g., falling asleep and awakening) and
deeper sleep (SWS). Analysis of the dynamics of FP beta power, beta episode
probability and FP-EEG beta coherence in all BG nodes during NREM sleep revealed
that falling asleep (i.e. uninterrupted NREM sleep following an initial waking state)
was associated with a gradual decrease in the FP beta activity across the BG (Fig. 6A-
B). Slow wave sleep was associated with relatively minimal FP beta power and beta
episode probability, and beta oscillations became more prominent towards wake-up.
Similar dynamics were exhibited by the BG FP to EEG beta coherence that decreased
as sleep deepened and increased prior to awakening (Fig. 6C). Spiking beta power and
probability displayed similar trends, in that they decreased as NREM sleep deepened
and were greater post-awakening relative to SWS. However, these trends reached
statistical significance only for some BG nodes and were weaker than for the FP.

We examined whether the negative correlation between BG beta and cortico-BG SO
activity during sleep (Fig. 5) was also reflected in SO power dynamics. EEG SO
power increased from NREM sleep onset to culminate during SWS, and remained
relatively unchanged until awakening, after which it decreased sharply (Fig. 6D).
STN and GPe firing rate SO power exhibited similar behavior: SO power during deep
stages of NREM sleep was significantly increased relative to SO power during
wakefulness and during NREM sleep immediately after falling asleep (SI appendix,
Fig. S4).

Next, we examined whether NREM sleep beta oscillation power in the BG was
correlated with the overall degree of insomnia. For each NREM sleep epoch, we
averaged the beta power across all simultaneously recorded FP or spiking traces in all

recording sites in a given BG nucleus. We parceled each night into overlapping

11
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periods covering 25% of the total night length (see Methods), and then calculated the
fraction of NREM sleep and wakefulness (out of the total duration of staged epochs),
and the frequency of awakenings for each segment. Next, for each such period, the
average per-structure NREM sleep beta power was calculated. Finally, all the
recording periods from a single night were assigned to six groups based on the NREM
sleep beta power they exhibited, relative to the total range of beta power that night (the
first group had the lowest average beta, and the sixth group had the highest).

Analysis of the relationship between the average FP/spiking beta power and the
polysomnographic measures across nights showed that for the Parkinsonian monkey,
periods with higher average NREM sleep beta power across the BG were
characterized by decreased NREM sleep propensity, increased waking propensity and
elevated awakening frequency (Fig. 6E for FP and Fig. 6F for spiking, solid light
traces). Thus, an increase in beta oscillation in the Parkinsonian monkey was
associated with a decrease in slow oscillations at the single-second level, preceded
spontaneous awakenings at the level of single sleep bouts, and correlated with more
profound insomnia at the level of the entire sleep cycle.

Finally, muscle rigidity has been hypothesized to contribute to sleep symptoms in PD
(5). To study the possible contribution of rigidity to insomnia, we used trapezius tone
(quantified as the root mean square of the EMG signal) as a marker for muscle rigidity
(39). We found an increase in trapezius tone in the Parkinsonian monkey (Sl appendix,
Fig. S5A), but failed to detect a correlation between the trapezius tone and EEG beta
activity (SI appendix, Fig. S5B) or FP beta activity in the GPe, GPi or STN (SI
appendix, Fig. S5C-E) during NREM sleep. There was no association between
increased trapezius tone and decreased NREM sleep, increased wakefulness or

increased awakening frequency (SI appendix, Fig. S5F-H).
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Discussion

BG beta oscillations are elevated during Parkinsonian sleep

Beta oscillations have been studied in the healthy brain, where they were suggested to
represent a "status quo" state of the motor system (15) or to play a role in working
memory (16). However, beta oscillatory activity is particularly prominent in the BG of
patients with idiopathic Parkinson's disease (PD) (19), where it correlates primarily
with akinesia and rigidity during wakefulness (21). Further, the extent of clinical
benefit in akinesia and rigidity is correlated with the decrease in FP beta power in PD
patients (40). In our MPTP model beta activity was consistently more prominent and
widespread in the Parkinsonian monkey, also during NREM sleep. The Parkinsonian
state was also accompanied by an increase in beta coherence within the BG and cortex,
and between them. One finding that challenged this rule was relatively elevated FP
and EEG beta coherence during normal sleep. This elevated coherence may be due to
volume conductance of lower amplitude beta activity in the cortex and BG, which
does not pertain to unit spiking.

Beta oscillations during sleep were reported in three studies that used FP data obtained
from the STN of human PD patients. All showed beta during NREM sleep (22-24),
but neither showed any relationship between beta oscillations and the severity or
temporal structure of sleep disorders. Here, we introduce beta oscillation as a neural
correlate for PD insomnia and report the relationship between beta activity and NREM

sleep quality in Parkinsonism.

The differences between MPTP insomnia and PD insomnia

13
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The above human studies reported modest NREM sleep beta activity in the STN,
relative to wakefulness (22—24). In our results beta activity was prominent during
NREM sleep, and for some cases, like the scalp EEG, it was comparable to waking
beta. This difference in NREM sleep beta activity may reflect the fact that MPTP does
not fully capture the natural history and clinical manifestation of idiopathic PD. Our
MPTP paradigm introduces a more fulminant and more severe disability than that
found in PD patients undergoing STN DBS surgery. Furthermore, the acuteness of
MPTP intoxication raises the concern that its effect might subside over time, thereby
not replicating the sleep impairments seen in PD. In our model, beta activity and its
relationship with the vigilance cycle were stable across 26 recording days, apart from a
decrease in GPe FP beta power to above-normal levels in the last few recording days.
Sleep quality improved in the last days of recording, but stayed significantly lower
than pre-intoxication levels. Possible contributing factors to this improvement might
be partial resolution of the MPTP effect on the dopaminergic system or on other
neuro-modulatory system over time (41) and our chronic administration of L-DOPA
that might have had long-term effects (42).

Concerning the molecular mechanisms eliciting insomnia in our model and in
idiopathic PD, we cannot rule out the possibility that MPTP insomnia is caused by a
different mechanism than PD insomnia. Our use of MPTP may have resulted in toxic
injury to other brain structures orchestrating sleep (43) or the circadian rhythm (44)
that are not severely affected in idiopathic PD. Inversely, PD insomnia might be
mediated by the degeneration of cell groups that are spared by MPTP intoxication,
such as the orexin neurons (45). However, the similarity between the sleep disorders
reported here and in other works using MPTP monkeys (31, 32), and the sleep

disorders in idiopathic PD (5), does suggest that the process mediating insomnia may
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be common to PD and MPTP intoxication (i.e., the degeneration of substantia nigra
pars compacta dopaminergic neurons (14) and other brain monoaminergic neurons).
Further, the fact that the sleep symptoms in the idiopathic disease respond to
treatments that decrease BG beta activity (26-28) offers support to the hypothesis that
the pathophysiological pathways for PD insomnia and MPTP insomnia are at least

partially overlapping.

Beta oscillations are different than sleep spindles

An overlap exists between the frequency ranges of beta oscillations and sleep spindles
that are prevalent in normal NREM sleep (46, 47). It is possible that normal or
pathological sleep spindle activity was detected by our methods as beta activity.
However, beta activity in our data exhibited two features that do not classically
characterize sleep spindles. First, both normal and Parkinsonian beta episodes had
significantly shorter durations and higher frequencies of occurrence compared to
cortical sleep spindles in primates (Fig. 2G, H and 3D) (47). Second, BG and cortical
beta oscillations in the Parkinsonian monkey were similarly prevalent during sleep and
during wakefulness. In contrast, in the normal monkey they were relatively weak
regardless of the vigilance cycle (Fig. 2E, F and 3B, C). This would not be expected

from sleep spindles, a hallmark of NREM sleep (46).

Cortico-BG beta oscillations may contribute to insomnia in Parkinsonism

Although the mechanism of beta generation and propagation through the cortex and
BG in Parkinsonism is still debated (48), evidence shows that the BG are an important
hub for the generation of beta oscillations (49). Waking BG beta oscillatory output is

hypothesized to disrupt cortical computation in PD (17), possibly contributing to the
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waking symptoms of the disease (50). The BG output structures (GPi and substantia
nigra pars reticulata, SNr) target a number of thalamic nuclei that innervate the frontal
cortex where slow oscillations emerge during sleep (38). Thus, similar to wakefulness,
synchronized beta oscillations from the BG could be transmitted to cortical areas,
disrupting the generation or propagation of cortical slow oscillations during NREM
sleep and contributing to insomnia. This putative mechanism is congruent with the
observation that increased BG beta power is associated with a decrease in cortical slow
oscillation (Fig. 5G-J), that beta activity increases prior to awakening (Fig. 6A-C) and
correlates with the severity of insomnia (Fig. 6E, F) and that SO power falls upon
awakening (Fig. 6D). Remarkably, STN DBS, which has been shown to reduce beta
oscillation (51), is associated with an improvement in subjective sleep quality (27) and
reductions in insomnia and sleep fragmentation in PD (27, 28). Finally, a dual BG
involvement in sleep homeostasis and motor control was recently supported by a work
showing that GAD2 neurons in the SNr promote sleep generation, possibly through
their projections to various monoaminergic nuclei orchestrating the vigilance cycle

(52).

Additional possible factors contributing to PD insomnia

Although this work provides strong correlational links between beta oscillations and
insomnia in Parkinsonism, this correlation does not imply causation. Insomnia in
idiopathic PD may result from a host of other factors such as an underlying
neurodegenerative process affecting brainstem or hypothalamic sleep/wake centers
(11, 12), PD medical treatment (3, 4) or comorbid situations including depression (13),
restless leg syndrome and nocturia (14). Even if insomnia does originate from a BG

pathology subsequent to dopaminergic denervation, it might not be a direct
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consequence of beta oscillation. Rather, it could result from PD motor symptoms (5)
such as muscle rigidity. This setting, where beta oscillations might only serve as a
surrogate marker for disease severity, could possibly be reflected in the correlation
found here between the degree of insomnia and beta power. However, in our data,
there was no association between muscle rigidity and beta activity in the EEG or in the
BG, or between muscle rigidity and sleep quality. Additionally, in a study that
assessed the effect of nocturnal DBS on PD patients, the number of body position
changes during sleep was similar before and on stimulation (27). These findings
suggest that insomnia in our model, and generally in PD, cannot be attributed solely to

the persistence of motor symptoms into sleep.

Conclusions

In the MPTP-treated Parkinsonian monkey, NREM sleep beta oscillations were
associated with reduced cortical slow oscillations, increased before spontaneous
awakening and correlated with the degree of insomnia. Thus, beta oscillations may be
used as a marker for both the waking motor and sleep-related symptoms of PD. Phase-
specific brain stimulation was recently shown to either augment or suppress brain
oscillations (53, 54). Thus, future closed-loop adaptive DBS therapy for PD aimed at
suppressing NREM beta oscillations and augmenting slow oscillations by phase

specific stimulation could be helpful in the control of insomnia in PD.
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Methods

All experimental protocols were conducted in accordance with the National Institute of
Health Guide for Care and Use of Laboratory Animals and with the Hebrew
University guidelines for the use and care of laboratory animals in research. The
experiments were supervised by the institutional Animal Care and Use Committee of
the Faculty of Medicine, the Hebrew University. The Hebrew University is an
internationally accredited institute of the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

The following subsections are to be found in the SI appendix Methods section:
Animals, sleep habituation and surgery; MPTP intoxication; Polysomnography and
sleep staging; Electrophysiological Recordings and Data Collection; Synchronization

analysis; Beta episode analysis; Coherence analysis and EMG tone analysis.

Analysis of sleep measures

For each recording night a number of sleep architecture measures were obtained. Sleep
onset was defined as the start of the first bout of at least 40 seconds that the monkey
spent in NREM or REM sleep. The time to sleep onset was defined as the time elapsed
since the monkey was left in the dark recording chamber to sleep onset. Wakefulness
after sleep onset (WASQO) was calculated as the total waking time after sleep onset,
divided by the total length of all classified epochs. A bout of consolidated NREM
sleep/SWS was defined as a stretch of at least 40 seconds of NREM sleep/SWS.
Finally, the frequency of awakenings per hour was calculated as the number of
transitions from any sleep stage to a period of wakefulness lasting at least 30 seconds,
throughout the night, divided by the total recording time in hours. Using various

higher and lower duration thresholds provided similar results.
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For each night, each aforementioned sleep measure was normalized to the 0 to 1 range

by dividing by the range delineated by the minimal and maximal value of the sleep

measure across all normal and MPTP nights (after subtraction of the minimal value).

Then, the sleep quality score for that night was obtained in the following manner:

Sleep Quality Score = (normalized consolidated NREM sleep + 1-normalized time to
sleep onset + 1-normalized awakening frequency + 1-normalized WASO)/4

The sleep quality score ranged from 0 to 1, increasing as NREM sleep became more

abundant and as the time to sleep onset, awakening frequency and WASO decreased.

Power spectrum analysis

Each neuronal unit's recording time was divided into 10-second epochs corresponding
to the sleep staging epochs. We conducted a spectral analysis of the FP and the spiking
activity recorded in the vicinity of each of the analyzed neurons. The raw signal
(hardware filtration, 0.075 Hz-10 kHz, sampling at 44 kHz) was digitally bandpass
filtered using a zero-phase Butterworth filter (0.1-300 Hz, bandstop at 0.05 and 350
Hz for FP; 300-6,000 Hz, bandstop at 200 and 6,500 Hz for spiking) and down-
sampled to 1,375 samples/s (FP) or to 11,000 samples/s (spiking). Spiking traces were
further full-wave rectified, and all the real-time detected (high-amplitude) spikes,
which represent the firing of a single proximal neuron, were removed to obtain a less
biased representation of the multi-unit signal. Spike removal was done by automated
detection and replacement of spike waveforms with white noise generated as a random
vector of numbers with a mean identical to the 10-second epoch average voltage and a
range between one-half a standard deviation (of the entire voltage trace from which
spikes were removed) below and above the mean. In roughly one third of the recording

sites, across BG structures and recording days, a high-power, narrow band peak
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(mostly 0.34 Hz at its base) appeared at ~17.5 Hz in the FP spectrum. Due to the
extremely narrow frequency band characterizing it and its resemblance to higher
frequency artifactual peaks (i.e., at 50 Hz), these recordings were filtered with a
narrow band Butterworth notch filter prior to further analysis. FP and spiking signals,
post filtration, were converted to z-scores.

Power spectra for both FP and spiking signals were obtained using 16,384 (FP) or
131,072 (spiking) FFT point Hamming windows, yielding a frequency resolution of
0.084 Hz. The relative power at each frequency was then calculated by division of the
entire spectrum by the overall power in the range of 0.1-40 Hz.

For each FP/spiking recording site, beta power was calculated in relation to the power
in two adjacent frequency ranges. First, a 5-point Gaussian kernel was used to smooth
the average power spectrum. Next, a beta peak was detected in the 11-15 Hz range,
and the average power 3 Hz around it was calculated. The choice of the 11-15 Hz
range was motivated by the observation that in the vast majority of cells, pathological
beta power was concentrated within these bounds. Further, it guaranteed that the 3-Hz
segment around the peak would be within the 10-17 Hz range. The power in the left
flanking frequency range was the average power 2 Hz around a similarly detected
trough in the 6-10 Hz range, and the power in the right flanking frequency range was
set to be the average power at 20-25 Hz. Beta power was calculated as the average
power around the beta peak minus the average power across both flanks (SI appendix,
Fig. S6). A spiking/FP location was considered as exhibiting beta activity if its beta
power exceeded a predefined threshold (different for spiking and FP, constant across
structures and between normal and MPTP data).

In addition, for each recorded neuron we calculated the firing rate power spectrum: for

each 10-second epoch, a firing rate vector was calculated based on the detected action
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potentials from that neuron, in 5-ms non-overlapping bins. The per-epoch firing rate

power spectrum was obtained from the firing rate signal.

Beta to slow oscillation correlation analysis

For the analysis of beta and slow oscillations during NREM sleep in the FP/spiking
and EEG signals, all signals were filtered and normalized as described above. The only
exception was for the power spectrum normalization of the EEG power, in which slow
oscillations were detected. Instead of being normalized by division by total power, it
was divided by the total power excluding the beta range. This was done to make sure
that no artifactual negative correlations were detected due to the increase in EEG beta
power that was concurrent with the increase in FP/spiking beta power. The correlation
between BG and cortical activity was only calculated for BG sites (FP/spiking) that
exhibited beta oscillations. For each site, the correlation coefficient between EEG
beta/SO and BG beta was calculated over all 10-second epochs in which FP/spiking
activity was recorded from that site. The results were similar across various other
normalization methods. The analyses reported in Fig. 3-6 returned similar results when
performed separately for each of the different EEG derivations examined. Therefore,

data from the different EEG derivations are averaged in these figures.

BG beta power and polysomnographic events

To arrive at a measure of the average FP NREM sleep beta power across BG recording
sites, the power in the beta range was first calculated for each NREM epoch in each FP
recording site, as explained above. Next, the per-BG structure average beta power was
calculated across all simultaneously recorded FP traces in the GPe, GPi or STN. The

night was divided into overlapping periods lasting 25% of the total night length (100
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seconds separating the onsets of two consecutive periods). The average NREM sleep
BG beta power, as well as the percentage of NREM sleep and wakefulness, and the
hourly awakening frequency, were calculated for each period. We chose to parcel the
night into relatively long periods to increase the accuracy of the polysomnographic
measure estimation. The use of overlapping periods allowed us to detect finer
modulations of beta activity throughout the night. The analysis of longer and shorter
period lengths resulted in similar results. Finally, all the recording periods obtained in
a single night were assigned to six groups based on the NREM sleep beta power they
exhibited, relative to the total range of beta power that night (the first group had the
lowest average beta power and the sixth group had the highest). For each group, the
average of the polysomnographic measures was calculated. Data from all nights and
structures were pooled.

The analysis of spiking activity was identical except that for the FP data, beta power
was first averaged across all simultaneously recorded sites and then grouped. For the
spiking data, beta power was not averaged across recording sites; rather the grouping
was carried out for each recording site individually. The rationale behind this
separation was that the FP is a highly correlated signal across the BG (as also shown in
Fig. 4), whereas different cells could exhibit different levels of basal spiking beta
power. A relatively higher spiking beta power for one recording location could be
similar to a lower spiking beta power for a different location, and averaging these
different levels together could potentially cancel out trends that would have been
meaningful at the single spiking trace level. Thus, for spiking activity, the data were
first assigned to beta power groups at the individual spiking trace level and only then

averaged over all simultaneously recorded sites.
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Statistics

Analyses were conducted identically on the different neuronal assemblies. The data
from the two monkeys were pooled since no significant differences were detected
between them. A threshold of 0.05 was used to establish statistical significance. Non-
parametric statistical tests were used throughout this manuscript (The Mann-Whitney
U test for two non-paired groups, the Wilcoxon signed rank test for two paired groups,
and the Kruskal-Wallis H test for more than two groups). For multiple comparisons,
the FDR correction (Benjamini-Hochberg procedure) was utilized. Analyses were
performed using Matlab 2013a (Mathworks, MA, USA). Data, code and other
materials are available from the Basal Ganglia data repository

(basalganglia.huji.ac.il/links.htm).
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Figure legends:

Fig. 1 Parkinsonism introduces severe insomnia. (A) Primate PD motor score (range: 0
to 12. Bradykinesia, tremor, rigidity and postural deficits were each assigned a score
from 0 to 3, where 3 represents severe symptoms) for both monkeys, normal state
(mean, 0.00 £ 0.00, n = 38 and n = 29 days for monkey 1 and 2, respectively) vs. after
MPTP intoxication (monkey 1: mean = s.e.m., 6.67 + 0.13, n = 27 days. Monkey 2:
mean, 6.19 + 0.09, n = 18 days. P = 2.11X10™ and P = 4.88X10™", respectively,
Mann-Whitney U test). (B-C) All-night hypnograms for exemplary normal (B) and
MPTP (C) nights, monkey 1. (D) Relative proportions of different sleep stages
(unclass., unclassified, corresponding to transitional states), out of the total recording
time, over all nights and both monkeys. Color scale as in (B) and (C) (Normal
monkey, n = 38 recording nights for monkey 1 and n = 29 for monkey 2. MPTP
monkey, n = 13 recording nights for monkey 1 and n = 6 for monkey 2. Normal vs.
MPTP, change in SWS, P = 6.71X107'°, N1/2, P = 0.030, wakefulness, P = 8.29X10°,
REM, P = 1.50X10™, Unclassified, P = 7.60X10°°, Mann-Whitney U test). (E) Time to
consolidated sleep onset (first sleep bout of length > 40 s), normal vs. MPTP, for both
monkeys. *P < 0.05, Mann-Whitney U test. Each point represents one night, error bars
represent s.e.m., black, monkey 1, gray, monkey 2. A single point in the MPTP bar (at
86.17 min) is not included in this plot. (F) Percentage of consolidated NREM sleep out
of all classified epochs. normal vs. MPTP. ***P < 0.0001, Mann-Whitney U test. (G)
Awakening frequency, normal vs. MPTP. ***P < 0.0001, Mann-Whitney U test. (H)
Wakefulness after sleep onset (WASO), in % of all classified epochs, normal vs.
MPTP. ***pP < 0.0001, Mann-Whitney U test. (I) Sleep quality score for the last
normal recording days and MPTP recording days, for both monkeys. Sleep quality

improved in the last five recording days relative to the first five days (0.67 vs. 0.37, P
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= 0.016, but never reached pre-intoxication levels, 0.67 vs. 0.88, P = 6.67X10™ Mann-
Whitney U test). (J) Average sleep quality score, normal vs. MPTP, for both monkeys.
***p < 0.0001, Mann-Whitney U test. Unless otherwise noted, the data are presented

as averages in this and the subsequent figures.
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Fig. 2 Parkinsonism is associated with an increase in beta oscillations in the basal
ganglia during NREM sleep. (A-B) Typical field potential (FP, top) and concurrent
spiking (bottom) recordings from a GPi electrode during NREM sleep in the normal
monkey (A) and after MPTP intoxication (B). Horizontal bar, 0.5 s. Vertical bars, 50
V. Colored are segments of spiking slow oscillation (A, dark blue) and beta
oscillation (B, light blue), and their concurrent FP segments. (C) FP power spectra for
GPe (red), GPi (blue) and STN (green), during NREM sleep, normal (dark traces) vs.
MPTP (light traces). Shading represents s.e.m. Inset, the proportion of FP recording
sites exhibiting beta activity, averaged across four different thresholds (see Methods).
For the entire figure, n = 305, 172 and 94 sites recorded during NREM sleep (FP and
spiking) for the normal GPe, GPi, and STN, respectively (of which n = 161, 61 and 63
were obtained from monkey 1, and the rest from monkey 2). n = 211, 51 and 43 for the
GPe, GPi, and STN, respectively, during MPTP intoxication (of which n = 154, 15 and
20 were obtained from monkey 1, and the rest from monkey 2). (D) Spiking power
spectra for GPe, GPi and STN, normal vs. MPTP. Shading and inset as in (C). (E)
NREM sleep and wakefulness FP beta power (normalized by subtraction of the
average power in the flanking frequency ranges), normal (dark boxplots) vs. MPTP
(light boxplots), GPe, GPi and STN, ***P < 0.0001, Mann-Whitney U test. Black line
represents the median, boxes represent the 25-75 percentiles and whiskers denote the
10 and 90 percentiles. n = 271, 160 and 79 sites recorded during wakefulness (FP and
spiking) for the normal GPe, GPi, and STN, respectively (of which n = 129, 50 and 53
were obtained from monkey 1, and the rest from monkey 2). n = 209, 50 and 44 for the
GPe, GPi, and STN, respectively, during wakefulness following MPTP intoxication
(of which n =152, 13 and 20 were obtained from monkey 1, and the rest from monkey

2). For the GPe and STN, MPTP wakefulness vs. NREM, non-significant. (F) NREM
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sleep and wakefulness spiking beta power, normal vs. MPTP, GPe, GPi and STN, *P
< 0.05, ***P < 0.0001, Mann-Whitney U test. For the GPe, MPTP wakefulness vs.
NREM, non-significant. (G) NREM sleep FP beta episode probability, beta episode
duration (upper inset) and beta episode frequency (lower inset), normal vs. MPTP,
GPe, GPi and STN, ***P < 0.0001, Mann-Whitney U test. (H) NREM sleep spiking
beta episode probability, beta episode duration and beta episode frequency, normal vs.
MPTP, GPe, GPi and STN, **P < 0.005, ***P < 0.0001, n.s., non-significant, Mann-

Whitney U test.

35



762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

Figure 3 Parkinsonism is associated with an increase in beta oscillations in the
cerebral cortex during NREM sleep. (A) Examples of central EEG (C1) activity during
normal NREM sleep (top, notice the predominant slow oscillatory activity), and
during Parkinsonian NREM sleep (bottom, where beta activity is more prominent).
Horizontal bar, 0.5 s. Vertical bars, 50 pV. (B) Power spectra of scalp EEG (average
over frontal, central and occipital electrodes ipsilateral to BG electrodes) during
NREM sleep and wakefulness, normal vs. MPTP nights. Pale shading represents
s.e.m. n = 67 and 19 nights for the normal and MPTP recordings, respectively. (C)
NREM sleep and wakefulness EEG beta power (normalized as previously) for both
conditions and sleep stages, **P < 0.005, ***P < 0.0001, Mann-Whitney U test.
During MPTP, NREM beta power was not significantly different from the
wakefulness beta power, Wilcoxon signed rank test. (D) NREM sleep EEG beta
episode probability, beta episode duration (upper inset) and beta episode frequency

(lower inset), normal vs. MPTP, ***P < (0.0001, Mann-Whitney U test.
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Figure 4 Beta oscillations during NREM sleep are coherent within and between the
BG and cerebral cortex. (A-B) Examples of field potential (FP, A) and spiking activity
(B) recorded simultaneously by two microelectrodes in the GPi during Parkinsonian
NREM sleep. Horizontal bar, 0.5 s (A) or 0.25 s (B). Vertical bars, 50 pV. Spiking
traces represent 1 s. (C-D) Coherence of simultaneously recorded FP (C) and spiking
(D) in the BG during NREM sleep in the Parkinsonian monkey. Dashed lines represent
the same recording sites, with time-shifted FP/spiking traces. Pale shading represents
s.e.m. For FP and spiking coherence, n = 278, 85 and 26 paired recordings for the
GPe, GPi and STN, respectively. Inset, area under the curve (AUC) evaluated for the
beta range (10-17 Hz), the baseline being the average 20-40 Hz range coherence, non-
shifted (left boxes) vs. shifted data (right boxes). ***P < 0.0001, Mann-Whitney U
test. (E) FP-spiking coherence for the MPTP data vs. shifted data, conventions and
inset as in (C) and (D). For the GPe, GPi and STN, respectively, n = 211, 51 and 43
recordings. (F) Coherence between ipsilateral EEG electrodes during Parkinsonian
NREM sleep, relative to shifted data (n = 19 nights). Inset, AUC as before. **P <
0.005, ***P < 0.0001, Mann-Whitney U test. (G-H) Coherence between averaged
ipsilateral EEG and BG FP (G) or spiking (H) activity during Parkinsonian NREM
sleep. Dashed lines represent the coherence spectra between shifted data. Insets, AUC

for the non-shifted and shifted data, as previously.
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Figure 5 The increase in beta activity in the BG is correlated with a decrease in BG
and cortical slow oscillatory activity. (A) Power spectra of firing rates recorded during
NREM sleep in the normal (dark traces) and MPTP monkey (light traces), GPe (red),
GPi (blue) and STN (green). Error bars represent s.e.m. Normal, n = 305, 172 and 94
neurons for GPe, GPi and STN, respectively. MPTP, n = 211, 51 and 43 for GPe, GPi
and STN, respectively. (B) Average NREM sleep firing rate 0.1-1 Hz relative power,
for each BG nucleus, across recording nights, normal vs. MPTP monkey. *P < 0.05,
***p < (0.0001, Mann-Whitney U test. (C) Bilateral frontal, central and occipital EEG
power spectra in the normal (dark trace, n = 67 nights) and MPTP monkey (light trace,
n = 19 nights). (D) Average EEG slow oscillation (SO, 0.1-2 Hz) relative power
during NREM sleep, across recording nights, normal vs. MPTP monkey. *P < 0.05,
Mann-Whitney U test. (E-F) Firing rate slow oscillation power for the different nuclei
of the BG, divided into four quartiles by the degree of FP (E) or spiking (F) beta
power recorded by the same electrode in the same neuronal site. As beta activity
became stronger, firing rate slow oscillatory activity decreased. Colored traces
represent recording sites from the GPe (red), GPi (blue) and STN (green). Purple bars
represent the average across all recording nights from all BG nuclei. Error bars
represent s.e.m. (G) Example scatter plots depicting the correlation between BG FP
beta power and EEG SO power during NREM sleep following MPTP intoxication,
GPe (red), GPi (blue) and STN (green). Each point represents one 10 s NREM sleep
epoch. (H) Average Pearson's correlation coefficients between BG FP beta power and
EEG SO activity, for all the sites and units exhibiting a significant correlation with the
EEG SO (white, percent out of all sites and units exhibiting beta activity), n = 72, 28
and 8 sites for GPe, GPi and STN, respectively. A single point in the STN bar (at 0.53)

is not included in this plot. (I) Same as (G), only for the correlation between BG
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821  spiking beta power and EEG SO power. (J) Same as (H), only for Pearson's correlation
822  coefficients between BG spiking beta power and EEG SO activity. n = 11, 5 and 2

823  sites.
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Figure 6 BG beta activity rises before spontaneous awakening and correlates with the
severity of insomnia in Parkinsonism. (A) FP beta power in the GPe (red), GPi (blue)
and STN (green) during NREM sleep decreases as sleep deepens, is relatively low
during SWS, and increases steadily before awakening (dashed red line), when it
plateaus. Shading represents s.e.m. Numbers of recording sites as in Fig. 2. SWS beta
power was lower than the beta power in the first NREM epoch after falling asleep for
GPe and STN, lower than the average N1/2 beta power (all BG structures), and lower
than the beta power 10 s before wake-up, for GPe. For STN, the beta power 40 s after
falling asleep was lower than 10 s before wake-up. For all structures, the beta power
was not significantly different for any one of the wakefulness points, Kruskal-Wallis
H test, P > 0.05. For all structures, the average post-awakening beta power was greater
than the beta power during SWS and greater than the beta power 40 s after falling
asleep. Unless stated otherwise, the statistical test used for all comparisons was the
Mann-Whitney U test, and all P < 0.05. (B) Same as (A), only for FP beta episode
probability. All statistical relationships in (A) also hold for the beta probability, except
for the relationship between the first NREM sleep epoch and SWS, which was true for
GPe and GPi, and the N1/2 vs. SWS comparison, which was not significant for STN.
(C) Same as (A-B), only for FP-EEG beta range coherence. In the GPe, SWS beta
coherence was lower than beta coherence for the first NREM epoch, lower than beta
coherence for the average of the last three epochs before awakening and lower than
N1/2 beta coherence. In the STN, the beta coherence 10 s before awakening was
greater than the SWS beta coherence. For all structures, the beta coherence was not
significantly different for any one of the wakefulness points, Kruskal-Wallis H test, P
> 0.05. For GPi, the average post-awakening beta coherence was greater than during

SWS and 40 s before awakening. (D) EEG SO power during NREM sleep increases as
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sleep deepens, is relatively high during SWS and before awakening, and decreases
abruptly after awakening, when it plateaus. SWS SO power was greater than SO
power in the first NREM epoch after falling asleep, N1/2 SO power and post-
awakening SO power. EEG SO power was not significantly different for any of the 40
s to 10 s points before awakening, and was not significantly different for any one of
the wakefulness points, Kruskal-Wallis H test, P > 0.05. Finally, the average EEG SO
power 20 s and 30 s after awakening was significantly lower than the average EEG SO
power 40 s to 10 s before awakening.

(E) Increased FP NREM sleep beta power in the BG correlates with poorer sleep. Left,
NREM sleep (% out of all classified epochs), middle, wakefulness (%), right, hourly
awakening frequency. Shading represents s.e.m. Beta power levels are shown on the x
axis as sixths of the total beta range recorded for each night, to enable comparisons
between nights. Lowest vs. highest normalized beta power group, for the MPTP
monkey, NREM sleep percentage was lower for the highest beta group, and both
wakefulness percentage and awakening frequency were higher for the highest beta
group, for all structures except wakefulness percentage for STN (P < 0.05, Mann-
Whitney U test). (F) Same as (E), only for spiking beta power. Lowest vs. highest
normalized beta power group, for the MPTP monkey, NREM sleep percentage was
lower for the highest beta group, and both wakefulness percentage and awakening
frequency were higher for the highest beta group, for GPe and STN only (P < 0.001,

Mann-Whitney U test).
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