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Sleepless Night and Day, the Plight of Progressive Supranuclear Palsy

Christine M. Walsh, PhD*; Leslie Ruoff, BS,RPSGT? Kathleen Walker, BA; Alaisa Emery, BS'2 Jonathan Varbel, BA, RPSGT?;
Elissaios Karageorgiou, MD, PhD"?; Phi N. Luong, BS'; Irida Mance, PhD'; Hilary W. Heuer, PhD'; Adam L. Boxer, MD, PhD'; Lea T. Grinberg, MD, PhD'#;

Joel H. Kramer, PsyD"?; Bruce L. Miller, MD'; Thomas C. Neylan, MD?%

"Department of Neurology, Memory and Aging Center, University of California San Francisco, 675 Nelson Rising Lane, Suite 190, San Francisco, CA 94158; 2Department of Mental
Health, Stress and Health Research Program, San Francisco VA Medical Center, 4150 Clement Street 116P Building 8, San Francisco, CA 94121, *Neurological Institute of Athens,
Athens, Greece; “Department of Pathology, LIM-22, University of Sao Paulo Medical School, Sao Paulo, Brazil; *Department of Psychiatry, University of California San Francisco,

401 Parnassus Ave, San Francisco, CA 94143

Objectives: To elucidate the unique sleep and waking characteristics in progressive supranuclear palsy (PSP), a neurodegenerative disease associated with
motor deficits and dementia that largely affects the brainstem and thalamic regions.

Methods: A total of 20 PSP and 16 healthy older adult controls participated in this study. The participants underwent an overnight polysomnography and
multiple sleep latency test (MSLT) the following day. Prior to the MSLT last trial, they were asked to complete the Stanford Sleepiness Scale. Data were assessed
for measures of latency to sleep onset, sleep duration, waking, and sleep staging during the night. Mean sleep latency, a measure of daytime sleepiness, sleep
onset rapid eye movement (REM) periods, and microsleeps were studied with the MSLT. Spectral analysis of wake electroencephalogram (EEG) was performed

for 30-second periods at the start of each MSLT trial.

Results: PSP took significantly longer time to fall asleep (p < .001), slept less during the night (p < .001), and had more wake after sleep onset than controls
(p <.001). PSP had less N2 sleep (p < .05) and N3 sleep (p < .05), and REM sleep (p < .001) than controls. During the MSLT, PSP took significantly longer to
fall asleep (p < .001), did not have microsleeps when they remained awake throughout the assessment periods, but were subjectively sleepier than controls

(p < .05). Gamma power was increased during wake EEG in PSP (p <.01).

Conclusions: Sleep/waking regulation and REM sleep regulation are disrupted in PSP, leading to profound sleep deprivation without recuperation. Our findings
suggest a diminished homeostatic sleep drive in PSP. This hyperaroused state is unique and is a severely disabling feature of PSP,
Keywords: multiple sleep latency test, spectral analysis, hyperarousal, homeostatic sleep drive, neurodegenerative disease.

Statement of Significance

Sleep is often disrupted in neurodegenerative disease and dementia, and is typically a key stressor for patients and caregivers.
Unique to progressive supranuclear palsy (PSP), a neurodegenerative disease, the neuroanatomical areas typically affected
generally overlap with those that regulate sleep/wake behavior. This study highlights that PSP is associated with profound
sleep/waking disturbance, disrupted rapid eye movement and slow wave sleep, and decreased homeostatic sleep drive across
the 24-hour period. To date, our understanding of sleep/wake regulatory networks has been predominantly based on animal
research; however, although our study is observational, our findings suggest that with further efforts, PSP could uniquely help
elucidate the role of the brainstem and thalamic regulatory networks during sleep in humans. Furthermore, understanding sleep/
wake physiology in PSP can help direct approaches for treating sleep disruption in this disorder.

INTRODUCTION
The overarching goal of this study is to establish the initial steps
in a more thorough investigation of mechanisms of sleep/wake
regulation in a neurodegenerative disease starting with progres-
sive supranuclear palsy (PSP), which targets brainstem areas.
The current sleep/wake regulation working model describes
a network of feedback loops mostly centered on neurons and
nuclei in the hypothalamic and brainstem regions (e.g., see
Refs.! and?). This model has been developed largely through
the study of animals, and there is often little opportunity to
study the effects of altered structure/function relationships in
these brain regions in humans. The reliably predictable brain-
stem neuroanatomy of PSP offers a unique opportunity to probe
sleep in humans. PSP is a progressive neurodegenerative dis-
ease, characterized by slowed saccades, vertical supranuclear
gaze palsy, postural instability, and increased falls.* PSP is a
4-repeat (4-R) tauopathy. Specifically relevant to sleep/waking
regulation, brain imaging of PSP and neuropathology indicates
selective vulnerability of the pons and midbrain.*

There is similar histopathology across the PSP subtypes® with
neuronal loss observed in basal nucleus of Meynert, globus
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pallidus, subthalamic nucleus, thalamic intralaminar nuclei,
and brainstem. More specifically, brainstem regions affected
include superior colliculus, periaqueductal gray matter, ocu-
lomotor nuclei, substantia nigra, dorsal raphe nucleus, locus
coeruleus, pedunculopontine nucleus, pontine nuclei, vestibu-
lar nuclei, medullary tegmentum, and inferior olives.>>"* These
same brain regions house much of the sleep/waking regulation
system (e.g., see Ref.'), in particular, the ascending reticular
activating system and a rapid eye movement (REM) sleep reg-
ulating system. Based on the overlapping anatomical regions
between sleep and PSP, it is plausible that sleep/wake and REM
sleep regulation would be altered in PSP.

Despite the common areas involved in sleep regulation and PSP
degeneration, previous research on sleep in PSP is limited. Sleep
disturbances, in particular, subjective insomnia and daytime
sleepiness, have been described in 60% of PSP baseline assess-
ments,'* and we have found weaker rest-activity rhythms in PSP.'s
These studies might collectively suggest that weaker nighttime
and daytime rhythms may result in increased sleep during the day
and decreased sleep at night. To date, there have been only two
overnight polysomnography (PSG) studies investigating sleep in
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PSP compared with healthy controls.'!” These studies described
disrupted sleep in PSP, with increased non-REM (NREM) stage
(N)-1 sleep and decreased REM sleep.!*!” Although both studies
did a multiple sleep latency test (MSLT), they found widely var-
ying results within their participants and neither study compared
PSP with healthy controls. Although a few participants with PSP
had short mean sleep latencies, most of the participants in both
studies had normal or prolonged sleep latencies.

The overarching goal of this study was to utilize an observational
study paradigm to elucidate sleep/wake regulation and sleep archi-
tecture characteristics in PSP compared with healthy controls. We
pursued this by performing overnight PSG and MSLT the follow-
ing day in PSP and healthy controls. Based on the previous liter-
ature and the brain areas affected in PSP, we predicted increased
sleep disturbance in PSP and disrupted REM sleep. Furthermore,
we hypothesized that PSP would have shorter mean sleep laten-
cies on the MSLT compared with controls, as they worked to
recover sleep loss. Therefore, in contrast to previous studies inves-
tigating sleep in PSP, following this study, we would better under-
stand sleep propensity across the 24-hour period in PSP relative to
healthy older adults. In particular, our study extends prior findings
by comparing PSP with healthy controls on the MSLT, enrich-
ing our understanding of the sleep/wake disruption during the day
paired with the prior night’s sleep pattern in PSP. Finally, to help
interpret the MSLT findings, we included a spectral analysis of
wake electroencephalogram (EEG).

METHODS

Sample

Participants were recruited from ongoing studies at the University
of California, San Francisco (UCSF) Memory and Aging Center’s
(MAC) longitudinal studies (Frontotemporal Dementia: Genes,
Imaging and Emotions or 4 Repeat Tauopathy Neuroimaging
Initiative, and UCSF Healthy Aging Cohort). As part of these
longitudinal studies, participants underwent comprehensive eval-
uations, including a neurological examination, neuropsychologi-
cal assessment, and an informant interview. Consensus diagnoses
were made by a team of neurologists, nurses, neuropsychologists,
and trained support staff at the MAC. Epilepsy, active neoplastic
disease, and active substance abuse were exclusionary for both
groups. Individuals with a diagnosis of possible or probable PSP
diagnosis based on the Litvan criteria® were approached for this
study. Recruitment for this study was from October 2013 until
March 2016. Twenty individuals with a diagnosis of possible or
probable PSP took part in this study; however, technical issues
corrupted data for one participant, leaving a final total of 19 PSP
(13 men and 6 women; mean age: 70.95 £ 5.3 years; the PSP clin-
ical variants included were 15 Richardson’s syndrome [PSP-RS],
2 progressive gait freezing [PSP-PGF], 1 Parkinsonism [PSP-P],
and 1 postural instability [PSP-PI]'®).

Healthy older adults were identified as those individuals with
no evidence of neurodegenerative disease and were recruited
from the UCSF Healthy Aging Cohort. Participants were pre-
screened for an apnea hypopnea index (AHI) less than 10 meas-
ured using an Apnealink plus (ResMed) to optimize selection of
healthy older adults with relatively healthy sleep and a low risk
of sleep apnea. The demographics for the final healthy older
adult control cohort for this study were 7 males and 9 females,
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with a mean age of 72.50 + 3.8 years. This study was approved
by the UCSF Institutional Review Board (IRB). All participants
gave informed consent prior to starting the study.

Study Design

Participants completed a series of questionnaires and assess-
ments through co-enrolled studies. Once enrolled in the current
study, participants underwent an overnight PSG assessment and
a MSLT the subsequent day in the Clinical Research Center at
UCSE. Participants maintained their usual medication regimen
throughout the 24-hour study.

Demographics: CDR, Self-reported Disease Duration, and PSP
Rating Scale

Through the on-going co-enrolled studies and current
study, measures of age, global cognition (Mini Mental State
Examination, MMSE"), self-reported depression (30-item
Geriatric Depression Scale, GDS?), and the clinical dementia
rating scale (CDR?!) were gathered and available for the major-
ity of our participants. In individuals with PSP, both a subjective
report of disease duration and the PSP rating scale (PSPRS?), a
measure of disease severity, were acquired. The subjective report
was gathered from the caregiver/informant(s) during the inform-
ant interview, available medical records, and the patient history
during the neurological assessment. Informants were asked about
when symptoms were observable and their approximate date of
onset. The range of the PSPRS scale is between 0 and 100, where
more severe disease symptoms are given a higher score.

Polysomnography

Nocturnal PSG and video were digitally recorded at 400 Hz
using a portable sleep monitoring system (Beehive®Horizon,
Grass Technologies) and, in a single case, an ambulatory
recorder (Trea®Ambulatory; Grass Technologies) was used.
Recording parameters consisted of six EEG (F3, F4, C3, C4,
01, and O2) referenced to contralateral mastoids (M1 and M2),
six EOG (Fp1,Fp2, below, and lateral to E1/E2), three mentalis/
submentalis EMG, four bilateral EMG on the anterior tibialis,
four bilateral EMG on the extensor digitorum, a 2-point EKG,
two respiratory effort belts using inductance plethysmography
on the chest and abdomen, a thermistor and nasal cannula pres-
sure transducer, and a pulse oximeter for detection of oxygen
desaturation events.

The overnight PSG was used to identify the presence of sleep
disorders, in particular, sleep apnea and periodic limb move-
ments in sleep (PLMS). Further measures of interest were
latency to sleep onset, arousal index and number of awaken-
ings, wake after sleep onset, total sleep time, sleep efficiency,
sleep maintenance, and percent time in N1 sleep, N2 sleep, N3
sleep, and REM sleep. To better understand possible differences
in REM sleep, latency to REM sleep and the number of REM
sleep episodes were also studied.

Multiple Sleep Latency Test

The MSLT assesses the propensity to fall asleep across the day
and is typically used to identify the presence of narcolepsy,
with short mean sleep latencies and the presence of sleep onset
REM periods.” During the MSLT, participants laid in a dark,
stimulus-free room for five 20-minute nap trials at 9 am, 11 am,
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1 pm, 3 pm, and 5 pm. If a participant entered sleep for more
than 15 seconds, the MSLT was extended an additional 15 min-
utes in order to detect sleep onset REM periods. No napping
prior to the first trial or between trials was allowed. The measures
of interest on the MSLT are mean latency to sleep onset and the
number of REM sleep episodes during the nap period. On trials
where participants did not fall asleep, the data were assessed for
the presence of microsleeps (1-15 seconds of sleep). Prior to
the final nap, the Stanford Sleepiness Scale (SSS**) was used to
attain a subjective report of how sleepy the participant felt they
were. The SSS is an 8-point scale with the participant selecting
1 if they are alert and wide awake, to 7 if they feel they are no
longer fighting sleep or are having dream-like thoughts, with the
lowest score (eighth point) for those who are asleep.

Spectral Analyses

A 30-second artefact-free epoch was selected during wake, eyes
closed EEG during each MSLT trial to obtain the EEG spectral
power analyses from channels F3, F4, C3, C4, O1, and O2 using
polygraphic recording analyzer (PRANA, PhiTools) to visualize
and process the data with DFT/FFT, 4-second Hanning window,
and 50% overlap. The measures of interest for spectral analyses
were power within delta (1-4 Hz), theta (4-8 Hz), alpha (8—12
Hz), sigma (12—15 Hz), beta-1 (15-23 Hz), beta-2 (23-30 Hz),
and gamma (3045 Hz) energy bands.

Statistics

Within each measure of interest (e.g., total sleep time, or per-
cent time spent in N1), an individual participant’s data point was
removed as an outlier if it was more than 3 standard deviations from
the group’s mean for that measure. Fisher’s exact tests were used to
test for group differences in gender, the incidence of sleep apnea,
and both the periodic limb movement index (PLMI) and arousal
index (Al). Effect sizes for Fisher’s exact tests are reported as phi
(9). Otherwise, either Mann—Whitney U or Spearman’s tho nonpar-
ametric analyses were used wherever appropriate. Nonparametric
effect sizes were calculated for the Mann—Whitney test as r
(r=2zA\n), with the reported interpretation similar to Cohen’s d.

To determine whether dopaminergic use contributed to the
altered sleep/wake regulation in PSP, measures of increased
wake or arousal were examined using dopaminergic use as a
between-group measure. Monoamine oxidase (MAO) inhibitors
can be associated with decreased REM sleep; thus, measures of
REM sleep were reanalyzed excluding the individual PSP who
used an MAO inhibitor, to ensure that the MAO inhibitor was
not affecting the results. In general, antidepressants can alter
the amount of REM sleep; therefore, we further analyzed the
data comparing (i) PSP with and without antidepressants and
(i1) PSP without antidepressants and healthy controls to ensure
that our findings in REM sleep were not driven by antidepres-
sant use.

RESULTS

Demographics

There were more males in the PSP cohort, but this difference was
not significant (p > .1), and there were no significant age differ-
ences between the two groups (see Table 1). As expected, PSP
had higher CDR values (U= 0, [Z=-3.85], p <.001, »=0.77),
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a lower MMSE (U = 8.5, [Z = —4.63], p <.001, » = 0.81), and
used more medications than healthy controls. Nine of the 19
PSP participants used dopaminergic medications, and one
participant also used a MAO inhibitor (see Table 1). Ten PSP
participants also used antidepressants/anxiolytics (five used a
SSRI, one a tricyclic, four used other antidepressants, and one
also used benzodiazepines during the day) and six used sleep
medications (two used trazadone, three used benzodiazepines
at night, and one used melatonin).

Identification of Sleep Disorders

Overall, PSP had more sleep disorders than healthy controls.
The healthy controls were prescreened for an AHI less than 10
using an apnealink plus; however, two controls had AHI above
10 during the PSG, and four PSP (see Table 2). In addition, two
PSP had previous diagnoses of sleep apnea and wore their CPAP
during testing (AHI under 10 during testing). The incidence of
PLMs (p < .05, @ = 0.42) and abnormal arousal rates (p < .01,
0=0.5) were increased in PSP as compared with controls.

Table 1—Demographics.

Controls PSP P
N 16 19
Gender (male, n) 7 13 18
Age (years) 7250 1 70.94 £1 57
MMSE 2927+03 | 23.06+0.9 <.001
CDR Box score 0 3.67 £ 0.6 <.001
PSPRS - 399+4
Estimated disease - 6
duration <5 years (n)
Dopaminergic (n) 0 9
Antidepressants (n) 0 10
Sedative (n) 0 6

Data are presented as mean = SEM, unless otherwise indicated. A dash
indicates that the measure was not assessed in that cohort. Estimated
disease duration is reported as the number of individuals whose inform-
ant(s) reported possible symptoms starting in the past 5 years.

Table 2—Incidence of Sleep Disorders.

Controls PSP p
2/16 (12.5%) 6/19% (32%) 43

Sleep apnea (AHI > 10)

Periodic limb movements | 2/16 (12.5%) 10/19 (52.6%) | <.05
index (PLMI > 25)
Arousal index (Al 2 28) 0/16 (0%) 7119 (36.8%) <.01

Data are presented as the number and ratio of individuals within the
group who presented with the sleep disorder at the indicated cutoff. 2In
addition to the four individuals with PSP that we detected had sleep
apnea, two additional individuals had previous diagnoses of sleep apnea
and wore their CPAP like all other nights, during PSG testing.

Sleep Loss in PSP—Walsh et al.



Sleep Staging from Overnight PSG

Overall compared with controls (Con), PSP has disrupted
sleep/wake regulation with decreased sleep efficiency (Con
76.00 + 3.5%, PSP 50.78 + 4.3%, U= 32, Z=-3.83, p <.001,
r = 0.66) and sleep maintenance (Con 78.33 + 3.3%, PSP
57.81 + 43%, U =48, Z=-3.44, p < .001, r = 0.58). PSP
patients took significantly longer to fall asleep (U = 37,
Z=-3.55,p<.001,r=0.62, see Figure 1), were awake longer
during the night (minutes U= 56.5, Z=-2.86, p < .01, r=0.50,
percent of the sleep period time [SPT] U = 43, Z = —3.20,
p <.001, r = 0.67), and had less total sleep time during the
night (U= 46, Z=-3.24, p=.001, r = 0.56) as compared with
healthy older adult controls. This suggests that overnight sleep/
wake regulation is disrupted in PSP.

When asleep, there was no difference in the amount of
N1 sleep (see Figure 2 and Table 3); however, PSP had sig-
nificantly less time in N2 sleep (minutes U = 68, Z = —2.45,
p <.05, r=0.43, percent of SPT U =87, Z=-2.15, p < .05,
r=10.36) and less time in N3 sleep (minutes U =74, Z=—-2.23,
p <.05,r=0.39, percent of SPT U=98.5, Z=-1.77,p < .1).
PSP appears to have disrupted REM sleep regulation. PSP
took longer to enter REM sleep (U =45, Z=-3.12, p <.001,
r = 0.55), had fewer REM sleep episodes (U = 52, Z = -3.09,
p <.01,r=0.54), and overall less time in REM sleep (minutes
U=25,[Z=-3.88],p <.001, »=0.69, percent of SPT U =47,
Z=-348, p <.001, r = 0.59) compared with healthy controls
(when the individual with PSP-PI was removed from the PSP
cohort, our findings remained). Removal of the individual using

Wake **
B Sleep ***
B Latency to sleep **x*
600
500
~ 400
[7)
£
E 300
o
E
=
200
100
0
Con PSP
Figure 1—PSP have difficulty sleeping during the night. The num-
ber of minutes it took both healthy older adult controls (Con) and
PSP to fall asleep (blue), total sleep time (green) and wake dur-
ing the sleep period time (orange) is shown in minutes. **p < .01,
***n <.001.

an MAO inhibitor did not alter the REM sleep findings. We
found no statistical differences in measures of REM sleep com-
paring PSP using antidepressants and PSP not using antidepres-
sants. Furthermore, when only PSP not using antidepressants
were compared with healthy controls, the finding of decreased
REM sleep in PSP was not altered.

Daytime Sleepiness Assessment

Two PSP and one control subject did not have one of the five
nap recordings due to technical difficulties or participant factors.
During the MSLT, all controls (14/14) fell asleep during the nap
opportunities, with only two individuals remaining awake across
four of the assessment periods. In contrast, 36% of the partici-
pants with PSP (5/14) remained awake across at least four of the
nap opportunities provided. Therefore, overall, PSP took longer
to fall asleep as compared with controls (U = 23, Z = —3.45,
p<.001, =0.65, see Figure 3 and Table 3). Even after removing
those that remained awake throughout the MSLT assessment,
the remaining PSP group still took significantly longer to fall
asleep (U= 23, Z=-2.75, p < .01, r = 0.56) (when the individ-
ual with PSP-PI was removed from the PSP cohort, our findings
remained). Of those that fell asleep, 2/10 PSP had two REM
sleep periods during the nap trials. In those individuals that did
not fall asleep during any of the MSLT trials, no microsleeps
were detected upon inspection of the waking profiles. In contrast
to the MSLT findings, PSP reported higher levels of sleepiness
based on the SSS on the MSLT day (n = 11, 3.82 + 0.4 units)
as compared with controls (n = 14, 2.46 + 0.2 units, U = 37.5,
Z=-2.24,p<.05,r=0.45). The SSS was assessed immediately
prior to the last MSLT trial, during which no PSP fell asleep.

Daytime Spectral Analysis of Wake Eyes Closed EEG
During the average wake eyes closed EEG across the testing
periods, healthy older adults had higher delta power on central

N1

45

a0, —Con

35 —PSP

30

25

20
*%% Wake 15 N2 *

§~ 0 B — vy /4
""-_— S—7
N\ &S
\‘m’, /7
\) L\ 4/
W=/
— N\
/[ N\
*%% REM N3

Figure 2—Percent time in sleep and wake during the sleep period
time. The time of each sleep stage (N1, N2, N3, and REM) and
waking (Wake) is shown as a percent of the sleep period time
(time of the start of the first sleep stage to the end of the last sleep
stage). Data are shown as the mean for Con (blue) and PSP (red).
*p < .05, ***p < .001.
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Table 3—Measures of Sleep and Waking During the PSG and MSLT.
Controls PSP p
Sleep efficiency 77111134 50.76 + 18.8 <.001
Sleep maintenance 78.33+13.1 57.81+18.7 <.001
Sleep latency (minutes) 10.218.0 56.39 + 58.8 <.001
Total sleep time (minutes) 371.75 £ 80.0 247.00 + 103.04 <.001
Wake (minutes) 117.81+70.4 250.62 £ 113.0 <.001
Wake during sleep period time (minutes) 102.06 £ 62.1 179.32+ 914 <.01
N1 (minutes) 3406+ 14.4 37.18+£18.3 87
N2 (minutes) 182.84 £ 56.8 121.82 £ 69.9 <.05
N3 (minutes) 71.31+£29.9 47.01 344 <.05
REM (minutes) 83.53+ 324 37.47+18.0 <.001
Latency to REM (minutes) 71.07+21.9 149.18 £ 100.8 <.001
REM episodes (count) 425+15 27113 <.01
MSLT (minutes) 11.66 £4.8 17.63 £ 2.1 <.001
SOREMs (count) 0 2/14 participants had two
episodes
Data are presented as mean + SD, unless otherwise indicated.

*kk
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2 @
c 5
8 @
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Con PSP
Figure 3—Average latency to sleep during the MSLT. The aver-
age time to fall asleep across the MSLT trials is shown in minutes
for each individual of both the Con (blue) and PSP (red) groups.
***p <.001.

(U=10,Z=-2.81,p<.01,r=0.63), frontal (U=16,Z=-2.61,
p<.01,r=0.57, see Figure 4), and occipital (U= 17, Z=-2.39,
p <.05, r=10.53) channels as compared with PSP. Furthermore,
gamma power was increased in PSP as compared with older
adults on both central (U= 6, Z=-2.83, p <.01, »=0.69) and
frontal (U = 3, Z = -3.18, p = .001, r = 0.77) channels, and
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higher beta-2 power was present in PSP as compared with older
adults on the occipital (U = 22, Z=-2.09, p < .05, r = 0.47)
channels. There was no group x time interaction indicative of
an assessment effect involving power. Average delta power was
negatively correlated with the average mean sleep latency (rho:
—0.507, p < .05 on central channels, rho: —0.594, p < .01 on
occipital channels), whereas average gamma power was pos-
itively correlated with the average mean sleep latency (rho:
0.546, p < .05 on central channels, rho: 0.683, p <.01 on frontal
channels).

Assessing the Potential Influence of Dopaminergic Use on
Arousal in PSP

PSP participants were divided into two cohorts via dopamine
agonist use. The two groups (n =9 for use, n = 10 for nonusers)
were compared on measures indicating increased arousal, spe-
cifically: sleep onset latency, total sleep time, wake after sleep
onset, sleep efficiency, mean sleep latency during the MSLT
trials, and gamma power during daytime wake eyes closed
EEG. No group differences were observed for any comparison
reported (p > .67 for all measures), suggesting that use of dopa-
minergic medications did not exacerbate or increase arousal in
the PSP cohort tested here.

DISCUSSION

The present findings demonstrate greater overnight sleep dis-
ruption, with profoundly diminished total sleep times in PSP
compared with controls with respect to both difficulties fall-
ing and remaining asleep. Contrary to our initial hypotheses,
PSP patients did not sleep during the day and did not show pro-
longed latency to sleep on the MSLT compared with controls.
MSLT findings were incongruent with subjective sleepiness
but were positively associated with wake EEG gamma levels.

Sleep Loss in PSP—Walsh et al.
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Figure 4—Spectral analysis of frontal channels during wake EEG. Power within each energy bandwidth of interest is shown as mean £ SEM
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Together, the daytime and nighttime data indicate that sleep/
wake regulation mechanisms are profoundly disrupted in PSP.
In particular, PSP did not appropriately respond to the accrued
overnight sleep debt during the daytime nap opportunities rais-
ing the question about retained sensitivity to the homeostatic
sleep drive. The homeostatic sleep drive is a term used to
describe an increase in pressure to sleep during wakefulness;
therefore, the longer someone is awake, the stronger the drive
or pressure to sleep is (for review of how the homeostatic sleep
drive, circadian system, and sleep regulatory systems work
together, see Ref.*®). REM sleep regulation was also disrupted
in PSP as compared with controls during overnight sleep, and in
some cases also during the daytime MSLT with the occurrence
of REM sleep periods during the nap opportunities.

This study replicates and extends the findings of previous
reports on sleep in PSP compared with healthy older adults.'®!
The total sleep time and sleep efficiency reported in our study are
near identical to that reported in the study of Montplaisir et al.'®
and were more disrupted compared with the study of Arnulf
et al.'” Similar to our study, Arnulf et al.'” also described an
increased incidence of sleep disorders, in particular, increased
AHI, PLMI, and Al in PSP as compared with controls.

Individuals with PSP had profound difficulties sleeping at
night. To put their impairments into perspective, their observed
sleep measures (sleep efficiency, sleep latency, total sleep
time, and wake after sleep onset [WASO]) were more nega-
tively impacted than those generated from an insomnia-based
meta-analysis.? It is possible that the disrupted sleep patterns
observed in PSP are not directly due to the impact of PSP on
neuroanatomical areas controlling sleep, but the indirect effect
of both motor and non-motor PSP symptoms disrupting sleep. It
is also possible that sleep in PSP is not as disrupted as it appears
on overnight PSG assessment, and that PSP has a delayed cir-
cadian rhythm, thus reducing their drive for sleep during the
actual PSG assessment period. We recently described weaker
circadian rhythms with unaltered circadian phase between PSP
and healthy older adult controls,' suggesting that the previous
interpretation is not valid, and that a phase difference did not
contribute to the lack of sleep observed on testing. To account
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for possible circadian effects, we intentionally maintained the
typical lights-off period for each individual participating in the
current PSG study. This approach was intended to reduce any
circadian effect at the start of the study. Therefore, our study
highlights the profound sleep deprivation that individuals with
PSP undergo.

Our study described MSLT findings in both PSP and con-
trols. As compared with the expected values for MSLT mean
sleep latencies (11.6 + 5.2 minutes),” some of the healthy older
adults assessed in this study entered sleep faster than expected.
However, as noted by both Littner et al.”” and Levine et al.,”®
MSLT values can be affected by age. The expected “normal”
values currently used were established using an age cohort of
18-80 years. Furthermore, healthy individuals with no signs of
excessive daytime sleepiness can fall asleep within 5 minutes
during the MSLT.?*® Therefore, given that our healthy older
adult cohort had an age range of 68-80 years, at the upper age
limit of the cohort used to establish the expected normal values,
it is possible that the faster mean sleep latencies observed in
some of our healthy older adult cohorts is not indicative of a
pathological finding. Therefore, our results comparing MSLT
in PSP with healthy older adults emphasize the overall lack of
sensitivity to sleep debt and disrupted homeostatic sleep drive.
This is demonstrated in PSP with prolonged mean sleep laten-
cies during the day following relatively disrupted sleep at night.
With an intact homeostatic sleep drive, the pressure to sleep or
recuperate sleep debt when given nap opportunities during the
day should result in shorter mean sleep latencies. In addition,
however, to the prolonged latency to sleep during the day, about
30% of our PSP participants remained awake the entire five
20-minute trials, in contrast to 0% of the controls. To determine
whether we were missing small bouts of sleep during the MSLT,
we looked for the presence of microsleeps during the MSLT tri-
als for those who remained awake throughout the assessments
and found none. This was further indication that some of the
PSP cohorts were not attempting to recuperate lost sleep.

The increase in gamma power during the task-free 6-channel
EEG measurement was unexpected due to both the disrupted
sleep the previous night in PSP and prior reports in Parkinson’s
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disecase showing increased theta power and decreased beta
power, with decreased gamma in those with dementia.’®3?
However, our findings showed decreased delta power and
increased gamma power in PSP, reflecting a shift of the spectral
power to the right in PSP (see Figure 4). It is possible that the
differences described in the literature and our study are disease
or methodology-specific. This increased gamma power in wake
EEG along with the prolonged mean sleep latencies in PSP
could suggest that increased arousal interfered with sleep. It is
possible that the presence of the increased gamma power during
wake EEG, described in our study, over-rides the participant’s
subjective sleepiness, inhibiting them from sleeping. Although
a positive association between gamma power and average mean
sleep latency was described, it does not indicate a causative but
a correlative association. In a study of insomniacs,*® they also
reported incongruent findings between the SSS and nap length,
and suggested that hyperarousal overtook fatigue or subjective
sleepiness. In our cohort, increased arousal or hyperarousal
appears to persist across the 24-hour period and is likely an
effect of altered homeostatic sleep drive.3

Beyond the disruption in sleep/wake regulation in PSP, and
apparently altered homeostatic sleep drive, we also found differ-
ences in the sleep stages themselves. Specifically, we found dis-
ruption in REM sleep regulation, similar to previous reports.'®!?
In contrast to the other two studies, we also described decreased
N2 and N3 sleep in PSP. It is unclear whether the diminished
NREM sleep results from the interplay of both the disrupted
sleep/wake and REM sleep regulatory systems, or if a regula-
tory system specific to NREM sleep is affected in PSP.

This study highlights the profound sleep loss in PSP; however,
it remains unclear what the specific neuroanatomical changes
are in PSP that result in the altered homeostatic sleep drive we
observed. Further research is needed to link the observed clin-
ical sleep changes with the affected nuclei through pathological
investigation. Based on our findings and the current under-
standing of sleep/wake regulation systems, we propose the fol-
lowing mechanistic interpretation of the current sleep model:
monoaminergic loss in the locus coeruleus, dorsal raphe, and
tuberomammillary nucleus, and cholinergic loss in the mag-
nocellular nucleus leads to decreased slow-wave activity,®® a
primary measure of homeostatic sleep drive; basal forebrain
cholinergic loss will be associated with diminished homeostatic
sleep drive,*® in particular, the depletion of delta power’’; gala-
ninergic neuronal loss within the intermediate nucleus (human
VLPO homologue) and gabaergic/glycinergic loss in the para-
facial zone*** will be associated with an increased wake after
sleep onset.

Possible limitations of the study include the screening out of
significant sleep apnea prior to PSG in the control group and
the continued use of the participants usual medications. We did
not exclude apnea in the PSP cohort because we considered that
apnea could be causally related to the neurodegenerative pro-
cess. We contend that the prolonged sleep latencies on the MSLT
and evidence for EEG hyperarousal in PSP are all the more
remarkable, given the higher prevalence of apnea in this group.
Furthermore, many of the medications used in the PSP cohort
would probably improve overall sleep time and promote day-
time somnolence, which is directly in contrast to the observed
findings. The clear exception is dopaminergic medications,
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which are frequently prescribed to clinical populations, whom
also have pronounced sleep disruptions such as individuals
with Parkinson’s disease (cf. Ref.*?) or multiple system atrophy
(cf. Refs.*! and*). However, the mechanism(s) of such medi-
cations in these groups remains unclear, as they may reduce
sleep disruption through the management of motor disturbances
or increase nighttime arousal and daytime somnolence.** Our
subgroup analysis revealed that dopaminergic use did not affect
the hyperarousal measures. It is possible that patients who have
been able to remain on dopaminergics may be more tolerant to
the effects of these drugs on sleep-wake measures. Investigation
to determine whether using a MAO inhibitor contributed to the
observed reduced REM sleep showed that the individual using
this medication did not contribute to the reported PSP versus
control differences in REM sleep. Furthermore, we continued
to find the decreased REM sleep in PSP when comparing PSP
not using antidepressants with healthy controls. This indicates
that the disrupted REM sleep was disease related as opposed
to the influence of antidepressant use. Therefore, overall, the
results reported in this study were not driven by drug-related
interactions within the PSP cohort.

The profound sleep issues observed in PSP may occur prior
to diagnosis, given the overlap between sleep regulating regions
and those areas affected early in PSP. Prior research has indi-
cated that PSP patients do not appear to have insight into the
level of sleep disturbance they have when providing subjective
reports on their sleep.*® Therefore, solely relying on asking a
PSP patient about the level of sleep disturbance, they have or
had in the past will probably result in under-reported sleep dis-
turbance. The incorporation of a follow-up annual assessment
to determine how objective sleep patterns change with discase
progression appears to be warranted. Understanding this may
help identify the key markers of hyperarousal that can be used as
outcome measures to determine whether an intervention is alter-
ing the symptoms of disease. It is possible that improving sleep
duration and continuity at night may improve disease symp-
toms and possibly even stave off or slow disease progression.
Furthermore, better understanding the progression of the PSP
related sleep/waking patterns and when they first occur could
indorse screening for this marker of PSP in insomniac popula-
tions. Lastly, our data may offer translational significance, with
further investigation to identify the neural substrates associated
with specific sleep markers; the clinical sleep changes may high-
light therapeutic avenues in optimally treating PSP sleep disrup-
tion through targeted interventions. For example, if gabaergic
neuronal loss in the parafacial zone is noted in clinicopatho-
logical comparisons to be associated with premortem increased
wake after sleep onset, then this might inform the use of gabae-
rgic drugs in this disorder. Re-engaging the homeostatic sleep
drive and establishing stable sleep/wake cycles may improve
both patients’ and caregivers’ quality of life.

SUMMARY

Similar to previous studies, we describe disrupted sleep/wake
regulation and disrupted REM and slow wave sleep regulation
during the night in PSP. We extended this field by describing
prolonged latencies on MSLT, despite decreased nocturnal
sleep time, and increased high frequency power during daytime
EEG. Our novel findings suggest diminished homeostatic sleep
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drive with increased arousal across the 24-hour period in PSP.
Improving our understanding of how sleep/waking is affected
in PSP may provide insight into possible regulatory mecha-
nisms for this network in humans. Furthermore, understand-
ing the particulars of altered sleep patterns in PSP may help
develop interventions to stave off or delay disease progression,
in particular, in light of the fourfold increase in death hazard
associated with the presence of sleep disturbance at baseline
presentation in PSP.'* Future research is required to determine
whether our findings are specific to PSP or generalize across
4-R tauopathy diseases. Based on our findings and the predicted
neuroanatomical underpinnings, we would expect our findings
to be specific to PSP. Our study further highlights the need for
clinicopathological studies focused on PSP to help elucidate/
support the predominantly animal-based model of sleep—wake
regulation in humans.

REFERENCES

1. Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and cir-
cadian rhythms. Nature. 2005; 437(7063): 1257-1263.

2. McCarley RW. Neurobiology of REM and NREM sleep. Sleep Med.
2007; 8(4): 302-330.

3. Litvan I, Agid Y, Calne D, et al. Clinical research criteria for the diag-
nosis of progressive supranuclear palsy (Steele—Richardson—Olszewski
syndrome): report of the NINDS-SPSP international workshop.
Neurology. 1996; 47(1): 1-9.

4. Williams DR, Holton JL, Strand C, et al. Pathological tau burden and
distribution distinguishes progressive supranuclear palsy-parkinsonism
from Richardson’s syndrome. Brain. 2007; 130(Pt 6): 1566—1576.

5. Dickson DW, Ahmed Z, Algom AA, Tsuboi Y, Josephs KA.
Neuropathology of variants of progressive supranuclear palsy. Curr Opin
Neurol. 2010; 23(4): 394-400.

6. Hauw JJ, Daniel SE, Dickson D, et al. Preliminary NINDS neuropatho-
logic criteria for Steele-Richardson-Olszewski syndrome (progressive
supranuclear palsy). Neurology. 1994; 44(11): 2015-2019.

7. Henderson JM, Carpenter K, Cartwright H, Halliday GM. Loss of
thalamic intralaminar nuclei in progressive supranuclear palsy and
Parkinson’s disease: clinical and therapeutic implications. Brain. 2000;
123 (Pt 7): 1410-1421.

8. Hauw JJ, Verny M, Delaere P, Cervera P, He Y, Duyckaerts C. Constant
neurofibrillary changes in the neocortex in progressive supranuclear
palsy. Basic differences with Alzheimer’s disease and aging. Neurosci
Lett. 1990; 119(2): 182-186.

9. Tagliavini E, Pilleri G, Bouras C, Constantinidis J. The basal nucleus of
Meynert in patients with progressive supranuclear palsy. Neurosci Lett.
1984; 44(1): 37-42.

10. Ishizawa K, Lin WL, Tiseo P, Honer WG, Davies P, Dickson DW. A
qualitative and quantitative study of grumose degeneration in progressive
supranuclear palsy. ] Neuropathol Exp Neurol. 2000; 59(6): 513-524.

11. Verny M, Duyckaerts C, Agid Y, Hauw JJ. The significance of cortical
pathology in progressive supranuclear palsy. Clinico-pathological data in
10 cases. Brain. 1996; 119(Pt 4): 1123-1136.

12. Oyanagi K, Tsuchiya K, Yamazaki M, Ikeda K. Substantia nigra in
progressive supranuclear palsy, corticobasal degeneration, and parkin-
sonism-dementia complex of Guam: specific pathological features. J
Neuropathol Exp Neurol. 2001; 60(4): 393-402.

13. Litvan I, Hauw JJ, Bartko JJ, et al. Validity and reliability of the prelimi-
nary NINDS neuropathologic criteria for progressive supranuclear palsy
and related disorders. J Neuropathol Exp Neurol. 1996; 55(1): 97-105.

14. Arena JE, Weigand SD, Whitwell JL, et al. Progressive supranuclear
palsy: progression and survival. J Neurol. 2016; 263(2): 380—389.

15. Walsh CM, Ruoff L, Varbel J, et al. Rest-activity rhythm disruption in
progressive supranuclear palsy. Sleep Med. 2016; 22: 50-56.

16. Montplaisir J, Petit D, Décary A, et al. Sleep and quantitative EEG in
patients with progressive supranuclear palsy. Neurology. 1997; 49(4):
999-1003.

SLEER Vol. 40, No. 11, 2017

20.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Arnulf I, Merino-Andreu M, Bloch F, et al. REM sleep behavior disorder

and REM sleep without atonia in patients with progressive supranuclear
palsy. Sleep. 2005; 28(3): 349-354.

. Hoglinger GN, Respondek G, Stamelou M, et al. Clinical diagnosis of

progressive supranuclear palsy — The Movement Disorder Society crite-
ria. Movement Disorders. 2017; in press.

. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical

method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975; 12(3): 189-198.

Yesavage JA, Brink TL, Rose TL, et al. Development and validation of
a geriatric depression screening scale: a preliminary report. J Psychiatr
Res. 1982; 17(1): 37-49.

. Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL. A new

clinical scale for the staging of dementia. Br J Psychiatry. 1982; 140:
566-572.

. Golbe LI, Ohman-Strickland PA. A clinical rating scale for progressive

supranuclear palsy. Brain. 2007; 130(Pt 6): 1552-1565.

Richardson GS, Carskadon MA, Flagg W, Van den Hoed J, Dement WC,
Mitler MM. Excessive daytime sleepiness in man: multiple sleep latency
measurement in narcoleptic and control subjects. Electroencephalogr
Clin Neurophysiol. 1978; 45(5): 621-627.

Hoddes E, Zarcone V, Smythe H, Phillips R, Dement WC.
Quantification of sleepiness: a new approach. Psychophysiology. 1973;
10(4): 431-436.

Fuller PM, Gooley JJ, Saper CB. Neurobiology of the sleep-wake cycle:
sleep architecture, circadian regulation, and regulatory feedback. J Biol
Rhythms. 2006; 21(6): 482—493.

Baglioni C, Regen W, Teghen A, et al. Sleep changes in the disorder of
insomnia: a meta-analysis of polysomnographic studies. Sleep Med Rev.
2014; 18(3): 195-213.

Littner MR, Kushida C, Wise M, et al.; Standards of Practice Committee
of the American Academy of Sleep Medicine. Practice parameters for
clinical use of the multiple sleep latency test and the maintenance of
wakefulness test. Sleep. 2005; 28(1): 113-121.

Levine B, Roehrs T, Zorick F, Roth T. Daytime sleepiness in young
adults. Sleep. 1988; 11(1): 39-46.

Johnson LC, Spinweber CL, Gomez SA, Matteson LT. Daytime sleepi-
ness, performance, mood, nocturnal sleep: the effect of benzodiazepine
and caffeine on their relationship. Sleep. 1990; 13(2): 121-135.
Bosboom JL, Stoffers D, Stam CJ, et al. Resting state oscillatory brain
dynamics in Parkinson’s disease: an MEG study. Clin Neurophysiol.
2006; 117(11): 2521-2531.

Olde Dubbelink KT, Stoffers D, Deijen JB, Twisk JW, Stam CJ,
Berendse HW. Cognitive decline in Parkinson’s disease is associated
with slowing of resting-state brain activity: a longitudinal study.
Neurobiol Aging. 2013; 34(2): 408-418.

Stoffers D, Bosboom JL, Deijen JB, Wolters EC, Berendse HW,

Stam CJ. Slowing of oscillatory brain activity is a stable characteris-

tic of Parkinson’s disease without dementia. Brain. 2007; 130(Pt 7):
1847-1860.

Pérusse AD, Turcotte I, St-Jean G, Ellis J, Hudon C, Bastien CH. Types
of primary insomnia: is hyperarousal also present during napping? J
Clin Sleep Med. 2013; 9(12): 1273-1280.

Halasz P, Bodizs R, Parrino L, Terzano M. Two features of sleep slow
waves: homeostatic and reactive aspects—from long term to instant sleep
homeostasis. Sleep Med. 2014; 15(10): 1184-1195.

Cirelli C, Huber R, Gopalakrishnan A, Southard TL, Tononi G. Locus
ceruleus control of slow-wave homeostasis. J Neurosci. 2005; 25(18):
4503-4511.

Kalinchuk AV, Porkka-Heiskanen T, McCarley RW, Basheer R.
Cholinergic neurons of the basal forebrain mediate biochemical and
electrophysiological mechanisms underlying sleep homeostasis. Eur J
Neurosci. 2015; 41(2): 182—-195.

Chen L, Yin D, Wang TX, et al. Basal forebrain cholinergic neurons
primarily contribute to inhibition of electroencephalogram delta
activity, rather than inducing behavioral wakefulness inmMice.
Neuropsychopharmacology. 2016; 41(8): 2133-2146.

Anaclet C, Ferrari L, Arrigoni E, et al. The GABAergic parafacial zone
is a medullary slow wave sleep-promoting center. Nat Neurosci. 2014;
17(9): 1217-1224.

Sleep Loss in PSP—Walsh et al.



39. Anaclet C, Lin JS, Vetrivelan R, et al. Identification and characteriza-
tion of a sleep-active cell group in the rostral medullary brainstem. J
Neurosci. 2012; 32(50): 17970-17976.

40. Sharma S, Moon CS, Khogali A, et al. Biomarkers in Parkinson’s dis-
ease (recent update). Neurochem Int. 2013; 63(3): 201-229.

41. Nam H, Hong YH, Kwon HM, Cho J. Does multiple system atrophy
itself affect sleep structure? Neurologist. 2009; 15(5): 274-276.

42. Ghorayeb I, Yekhlef F, Chrysostome V, Balestre E, Bioulac B, Tison F.
Sleep disorders and their determinants in multiple system atrophy. J
Neurol Neurosurg Psychiatry. 2002; 72(6): 798-800.

43. Chahine LM, Daley J, Horn S, et al. Association between dopaminergic
medications and nocturnal sleep in early-stage Parkinson’s disease.
Parkinsonism Relat Disord. 2013; 19(10): 859-863.

44. Seppi K, Hogl B, Diem A, Peralta C, Wenning GK, Poewe W. Levodopa-
induced sleepiness in the Parkinson variant of multiple system atrophy.
Mov Disord. 2006; 21(8): 1281-1283.

45. Sixel-Doring F, Schweitzer M, Mollenhauer B, Trenkwalder C.
Polysomnographic findings, video-based sleep analysis and sleep per-
ception in progressive supranuclear palsy. Sleep Med. 2009; 10(4):
407-415.

ACKNOWLEDGMENTS

We would like to give a big thank you to the participants, caregivers, and
family members associated with this study. We appreciate their time and
commitment to the research endeavors. We also thank Dr. Brad Boeve and the
Rainwater family for their continued advice and support, which was essential
to the success of this study. We would like to thank the research coordinators
who referred and helped to schedule participants to this study. In particular,
we thank Nik Block, Aly Caplan, Robert Chen, Ali Dallich, Emily Fox, Erwin
Kong, Nihar Patel, Natanya Russek, Rowan Saloner, Lisa Voltarelli, Matthew
Wynn, and Jessica Zakrzewski. We would also like to thank the CRC nursing
staff, and the fellows who assisted in health care management of the par-
ticipants: Jee Bang, Carolyn Fredericks, Joanna Hellmuth, Serggio Lanata,
Zachary Miller, Anitha Rao-Frisch, Julio Rojas, Salvatore Spina, and Richard
Tsai. We would also like to thank Ian Campbell for his insight into spectral
analyses.

SLEER Vol. 40, No. 11, 2017

SUBMISSION & CORRESPONDENCE INFORMATION

Submitted for publication October, 2016

Submitted in final revised form July, 2017

Accepted for publication October, 2017

Address Correspondence to: Christine M. Walsh, PhD, Memory and Aging Center,
UCSF MC 1207, 675 Nelson Rising Lane, Suite 190, San Francisco, CA 94158.
Tel: +1 (415) 476-8676; Fax: +1 (415) 476-0213; Email: christine.walsh@ucsf.edu

DISCLOSURE STATEMENT

Christine M Walsh, Kathleen Walker, Alaisa Emery, Phi N Luong and Hilary W
Heuer have nothing to report. Leslie Ruoff reports salary support from FitBit Inc.
The article submitted is not related to this relationship. Irida Mance and Jonathan
Varbel report salary support from Apple Inc. The article submitted is not related

to this relationship. Elissaios Karageorgiou receives research support from the
Robert Katzman, MD, Clinical Research Training Fellowship in Alzheimer’s
Research by the Alzheimer’s Association and the American Brain Foundation, and
the Tau Consortium. Adam L. Boxer receives research support from the NIH, the
Tau Consortium, the Bluefield Project to Cure FTD, Corticobasal Degeneration
Solutions, and the following companies: Avid, Biogen, Bristol Myers Squibb, C2N
Diagnostics, Cortice Biosciences, Eli Lilly, Forum Pharmaceuticals, Genentech
and TauRx. He has served as a consultant for Abbvie, Asceneuron, Ipierian, lonis,
Janssen, and Merck. He has stock/options in Alector and Delos. He serves on a
Data Safety Monitoring Board for Neurogenetics Pharmaceuticals. Lea T. Grinberg
receives grant support from the NIH/NIA and from the NINDS/NIH. She also
receives grant support from the Tau Consortium and a research grant from AVID
Radiopharmaceuticals. Joel H. Kramer receives grant support from the NIH. He
also receives grant support from the Tau consortium and Hillblom network grant.
Bruce L. Miller, MD receives grant support from the NIH/NIA and the Centers
for Medicare and Medicaid Services (CMS) as grants for the Memory and Aging
Center. As an additional disclosure, Miller serves as Medical Director for the John
Douglas French Foundation; Scientific Director for the Tau Consortium; Director/
Medical Advisory Board of the Larry L. Hillblom Foundation; and Scientific
Advisory Board Member for the National Institute for Health Research Cambridge
Biomedical Research Centre and its subunit, the Biomedical Research Unit in
Dementia (UK). Thomas C. Neylan receives grant support from the NIH, the
Department of Veterans Affairs, and the Tau Consortium.

Sleep Loss in PSP—Walsh et al.


mailto:christine.walsh@ucsf.edu?subject=



