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Abstract

We hypothesized that one mechanism underlying the association between obstructive sleep apnea
(OSA) and Alzheimer Disease is OSA leading to decreased slow wave activity, increased synaptic
activity, decreased glymphatic clearance, and increased amyloid-f. Polysomnography and lumbar
puncture were performed in OSA and control groups. Slow wave activity negatively correlated
with cerebrospinal fluid amyloid-p-40 among controls and was decreased in the OSA group.
Unexpectedly, amyloid-p-40 was decreased in the OSA group. Other neuronally-derived proteins,
but not total protein, were also decreased in the OSA group, suggesting that OSA may affect the
interaction between interstitial and cerebrospinal fluid.

Introduction

Obstructive sleep apnea (OSA) is characterized by upper airway collapse, leading to
recurrent arousals and hypoxia. OSA increases risk of cognitive decline, particularly
Alzheimer Disease (AD).1~2 The earliest known process in AD pathogenesis is the
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aggregation of soluble amyloid-p (Ap) into insoluble amyloid plaques. Soluble A in the
interstitial fluid (ISF) decreases during sleep and increases during wakefulness.3~ Slow
wave activity (SWA) during sleep is the electroencephalographic (EEG) sign of cortical
neurons pausing synaptic activity,® which is theorized to underlie decreased cortical
metabolic rates of ~40% during SWA compared to wakefulness in both humans® and mice.”
Since synaptic activity results in release of Ap from neurons,” SWA should lead to
decreased Ap. Furthermore, the glymphatic system functions maximally during SWA to
clear AB and other metabolites from the interstitial space. Mouse models of AD have
demonstrated that sleep restriction increases soluble AR levels acutely and amyloid
deposition chronically.# In humans, sleep deprivation increases cerebrospinal fluid (CSF)
AB.? We therefore hypothesized that frequent arousals in OSA cause decreased SWA,
leading to increased AP, and eventually to increased AP aggregation into amyloid, and
increased AD risk. We tested this hypothesis by examining SWA and CSF Ap in individuals
with and without OSA.

Participants were recruited from Volunteer for Health, a community-based registry, and the
Washington University Sleep Center. Inclusion criteria were age 45-65 years, body mass
index 18-35 kg/m?, sleeping “about the same” or “slightly worse” in unfamiliar situations
compared to at home, bedtime 8PM-midnight, and wake time 4AM-8AM. Exclusion criteria
included other sleep disorders, prior OSA treatment, co-morbidities except hypertension,
neuro-active medications, alcohol >14 drinks/week, and Mini-Mental Status Exam score
<27. All participants provided informed, written consent. All procedures were approved by
the Washington University Human Research Protection Office.

Sleep was monitored with actigraphy (Actiwatch2™, Philips-Respironics) for 5-14 days to
confirm regular sleep patterns immediately prior to overnight polysomnography.
Polysomnograms were scored by a registered polysomnographic technologist.1? The apnea-
hypopnea index (AHI) determined whether a participant was in the OSA group (AHI >15) or
Control group (AHI <5).

SWA was quantified from EEG during polysomnography by delta power, the spectral power
in the delta (0.5-4 Hz) frequencies. EEG data were acquired at 200 Hz. A Matlab™
(Mathworks) script was written to extract EEG data from frontal electrodes, segment data
into 10.24-second mini-epochs, and calculate delta power using the Signal Processing
Toolbox bandpower function. Delta power was averaged for 3 overlapping mini-epochs for
each 30-second sleep epoch, then averaged for all non-rapid eye movement sleep epochs.

Cerebrospinal fluid was obtained by lumbar puncture at 9:30-10AM following
polysomnography. This time corresponds to the daily nadir of CSF AB.3 Participants fasted
until after lumbar puncture. CSF was immediately placed on ice, aliquoted, and frozen at
—-80°C. Ap40 was chosen as the primary measure of Ap since it is the most abundant Ap
species and less subject to decreased levels caused by existing amyloid plagues.!! AB40,
AB42, Tau, and phosphorylated-Tau-181 (pTaul81) were assessed by immunoassay as
described.!! Total protein was assessed by Bradford assay (Thermo Pierce). Visinin-like
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protein-1 (VILIP-1), a neuronal protein, and neurogranin and synaptosomal-associated
protein 25kD (SNAP-25), synaptic proteins, were measured via an Erenna analyzer
(Singulex) using reagents and protocols developed in JHL’s laboratory.11-12 All CSF
measurements were performed in duplicate or triplicate with several internal control
samples.

Statistical analyses were performed with SPSS 22 (IBM). Continuous variables were
compared with Student’s T-tests, categorical variables were compared with Fisher’s exact
tests, and correlations were assessed with Spearman’s correlation coefficient.

Fifty-eight participants completed the study. Participants were excluded for AHI 5-15
(n=13) and inability to obtain CSF (n=1). We previously proposed a bi-directional feedback
loop between AD pathology and sleep disturbance beginning in middle age.13-14 In order to
assess the effect of OSA on CSF Ap without the confound of AD pathology in which
amyloid plaques act as a sink for soluble Ap, we excluded participants with Ap42 <500
pg/mL (n=3). The final groups were 31 Control and 10 OSA participants. The OSA group
had higher mean body mass index, otherwise the groups were clinically similar. (Table 1)
While the SaO2 nadir during polysomnography was significantly lower in the OSA group as
expected, the time spent with clinically relevant hypoxia (% time with SaO2 <90%) was not
different between groups, underscoring that AHI captures relative oxygen desaturations
rather than hypoxia per se.

We first tested the hypothesis that higher SWA in control participants is associated with a
lower CSF AB40. As predicted from animal studies,*"~8 there was a significant negative
correlation between SWA (as measured by delta power) and Ap40 (Figure 1). We then
assessed sleep and Ap40 in the OSA group. Indeed, the OSA group had decreased delta
power compared to the Control group.(Table 1) There were significantly more arousals per
hour in the OSA group compared to the Control group, though there were no differences in
total sleep time or other sleep variables.(Table 1) Interestingly, there was no significant
relationship between SWA and CSF AB40 in the OSA group.

We had hypothesized that AB40 would be increased in OSA due to decreased SWA;
however, we unexpectedly found that AB40 was significantly decreased in the OSA group
(Figure 2A). Despite having excluded participants with Ap42 <500 pg/mL which is a
biomarker of amyloid plaques, we assessed additional AD biomarkers. Ap42 was
significantly reduced in the OSA group (Figure 2B); however, this was not due to the
presence of amyloid plaques since there was no difference in the AB42:Ap40 ratio (Figure
2C), a more sensitive marker for amyloid plaques.1! Furthermore, Tau and pTau181, which
are typically increased in AD,! were decreased in the OSA group (Figure 2D—E).
Neurogranin, SNAP-25, and VILIP-1, all neuronally-derived proteins, were also decreased
in the OSA group (p<0.05 for neurogranin and VILIP-1) (Figure 2F-H). Total CSF protein,
the majority of which is albumin derived from the blood, was not significantly different
between the groups (Figure 21).
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Discussion

To begin to determine how OSA increases AD risk, we tested the hypothetical cascade of
OSA causing increased arousals, decreased SWA, and increased Ap. We did find increased
frequency of arousals and decreased SWA in the OSA group. Furthermore, SWA was
negatively correlated with CSF AB40 among controls, as predicted from animal data.*8
However, we found no such relationship in the OSA group, and AB40 was surprisingly
decreased in the OSA group despite having lower SWA compared to controls.

Our finding that CSF AB is reduced in OSA is unanticipated given the growing literature on
the association of OSA and AD. Our finding contrasts with two rodent studies using chronic
intermittent hypoxia, a model of OSA, which showed increased release of AP by neurons
and increased intracellular AB.1>-16 Based on similar AB42:40 ratios between groups and
decreased Tau and pTaul81 levels in the OSA group, it is unlikely that decreased Ap40 and
AB42 levels in the OSA group are due to sink effects of existing amyloid plaques in the
OSA group. We propose potential mechanisms that may explain our unexpected finding.

Since all assessed neuronally-derived proteins were decreased in the OSA group, yet CSF
total protein (predominantly albumin from blood) was no different from controls, we favor
the possibility that OSA affects the interaction between CSF and ISF. The glymphatic
system promotes solute exchange between CSF and ISF,8-17 and respiration-related pressure
cycling helps propel the flow of ISF to CSF in the human glymphatic system.18 During an
obstructive apnea, respiratory effort against a closed airway creates elevated intrathoracic
and intracranial pressure, and a sudden pressure reversal at the end of the apnea. Repetitive
high pressure fluctuations may impede the glymphatic flow of metabolites from ISF into
CSF.718 This would result in higher concentrations of AB and other neuronally-derived
metabolites lingering in the ISF rather than being transported into the CSF, resulting acutely
in lower CSF concentrations. Another potential mechanism involves the clearance of
subarachnoid CSF directly into dural lymphatic channels.1® Due to recurrent hypoxia and
subsequent right heart strain, venous pressure is typically elevated in OSA. Therefore, there
may be more resistance to CSF clearance via direct lymphatic drainage, leading to a relative
dilution of solutes in the CSF that originated in the ISF.

It is possible that the decreased CSF AR levels in OSA reflect truly decreased ISF AP levels.
For instance, while we examined SWA during sleep, EEG slowing present during
wakefulness in OSA20 may increase total SWA over the 24-hour period, subsequently
leading to decreased AR levels. Another possibility is that hypoxia in OSA reduces neuronal
activity, leading to less Ap release. In a pig model, there was decreased AB42 in CSF
following hypoxia.2! However, in several different models, hypoxia is associated with
increased AB,15-16 through increased expression of B-site amyloid precursor protein
cleaving enzyme,?2 decreased degradation by neprilysin,23 increased intracellular transport
of APP,24 and potentially other mechanisms. Therefore hypoxia associated with OSA is
predicted to increase ISF AP, even in the setting of decreased neuronal activity. Moreover,
all neuronally-derived proteins that we assessed—including those with long half-lives such
as Tau, or those related to neuronal injury such as VILIP-1—were decreased in the OSA
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group. A global reduction in neuronally-derived proteins argues against the decreased Ap
levels resulting from increased SWA or reduced neuronal activity.

Strengths of this study include controlling for potential confounders, confirming circadian
timing by actigraphy, and CSF collection within a 30-minute window. A weakness of the
study is the small size of the OSA group. Even with a small OSA group, we found
significant reductions in Ap and other neuronal proteins, indicating a strong effect size.
Further studies assessing the effect of arousals and hypoxia on ISF AP and other proteins,
ISF-CSF exchange, and CSF circulation will be necessary to shed light on the mechanisms
underlying this finding.
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Figure 1. Slow wave activity and cerebrospinal fluid Amyloid-p-40
Slow wave activity, as measured by average delta power during non-rapid eye movement

sleep, is negatively correlated with AB40 levels in the cerebrospinal fluid the following
morning, in the Control group (n=29, Spearman’s /=—0.368, p=0.049). Values from the OSA
group (n=10) do not have a significant correlation (Spearman’s r=0.152, p=0.676) and do
not follow the same trend as the Control group. Ap40 = amyloid-p-40. OSA = Obstructive
sleep apnea.
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Figure 2. Cerebrospinal fluid Amyloid-p and protein levels
CSF protein levels are plotted for each individual by group. Mean, standard deviation, and p

values are listed in Table 1. Line indicates mean and bars denote standard error. Asterisks
indicate p < 0.05. (A) Ap40 and (B) Ap42 are significantly lower in OSA compared to
Control group. (C) Ap42:Ap40, an decrease of which is a sensitive marker of amyloid
deposition, was not different between groups. There were strong trends for both (D) Tau and
(E) pTaul81 being lower in the OSA group. Neuronally-derived proteins (F) VILIP-1 and
(G) neurogranin were significantly decreased in the OSA group, and (H) SNAP-25 trended
lower also. Total protein (1) was not different between groups. OSA = Obstructive sleep
apnea. Ap40 = amyloid-B-40. AB42=amyloid-p-42. pTaul81=phosphorylated Tau-181.
VILIP-1 = Visinin-like protein 1. SNAP-25 = Synaptosomal-associated protein 25 kDa.

Ann Neurol. Author manuscript; available in PMC 2017 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Juetal.

Table 1
Control (n=31) OSA (n=10) p value
Demographic and clinical
Age years 53.2 +5.7 [45.8-65.7] 56.4 +4.0 [48-62] 0.110
Sex male (%) 16 (52%) 7 (70%) 0.467
Race Caucasian (%) 18 (58%) 5 (50%) 0.724
Body mass index 26.6 +3.9 [19.1-33.4] 29.6 +3.7 [22.6-35.0] 0.038
Education years 15.1 £2.5 [12-20] 15.3 +2.3 [12-18] 0.849
Hypertension (%) 6 (19%) 4 (40%) 0.222
Epworth Sleepiness Scale 6.8 +4.5 [0-18] 9.2 #5.0 [3-19] 0.156
Pittsburgh Sleep Quality Index 4.6 £3.2 [1-13] 4.9+2.4[2-8] 0.776
Sleep
Total sleep time (minutes) 391 +44 [312-477] 356 +70 [219-456] 0.065
REM (minutes) 80 +23 [38-128] 67 +24 [28-100] 0.120
NREM (minutes) 311 +38 [240-390] 289 +54 [190-379] 0.156
Sleep latency (minutes) 20 £23 [0-89] 21 +£27 [0-85] 0.897
REM latency (minutes) 88 +66 [6-375] 106 +81 [29-258] 0.480
Sleep efficiency (%) 79 £9 [52-91] 75 +£11 [46-88] 0.065
Apnea-Hypopnea Index 1.6 +1.4[0-4.9] 28.6 £12.5 [17-50] <0.001
Sa02 nadir (%) 89 +2.6 [84-94] 80 +11.1 [50-89] 0.031
Time below Sa02 90% (% of study) | 3.2+9.8 [0-51] 4.0 +4.2[0.2-12.7] 0.817
Awakenings (number) 9.6 5.0 [3-24] 9.5 +3.6 [5-15] 0.933
WASO (minutes) 80 +53 [14-238] 111 +38 [60-153] 0.091
PLMI 11 +21 [0-87] 5 +17 [0-53] 0.464
Arousal index 13.0+8.3[2.7-38.2] 43 +19.0 [19.9-73.4] 0.001
Delta power (UV2*s) 195+103 [11-456] 133456 [56-231] 0.025
Cerebrospinal fluid
AB40 (pg/mL) 11208 +3420 [6089-16849] | 7900 +2483 [2909-11729] | 0.003
AB42 (pg/mL) 914 +224 [514-1494] 717 +143 [512-910] 0.013
AB42:AB40 ratio 0.084 +£0.015 [0.04-0.11] 0.097 +£0.029 [0.08-0.18] 0.078
Tau (pg/mL) 221 +92 [106-504] 167 +80 [76-306] 0.098
pTau18l (pg/mL) 42 +14 [23-72] 32 13 [13-52] 0.054
VILIP-1 (pg/mL) 144 +52 [61-275] 104 +42 [52-170] 0.040
Neurogranin (pg/mL) 2199 +1135 [650-5063] 1330 +814 [436-2787] 0.039
SNAP-25 (pg/mL) 4.0+1.2[1.6-6.4] 3.3+0.9 [1.9-4.8] 0.069
Total protein (mg/mL) 0.59 +0.13 [0.33-0.99] 0.53 +0.10 [0.34-0.67] 0.216

Page 9

Demographic, sleep, and cerebrospinal fluid characteristics of control and OSA groups. All continuous data are shown as mean *standard deviation
[range]. OSA = Obstructive sleep apnea. REM = Rapid eye movement sleep. NREM = non-REM sleep. Sleep latency = duration from light out
until sleep onset. REM latency = duration from sleep onset until first REM. Sleep efficiency = total sleep time / time in bed. WASO=wake time

after sleep onset). PLMI = Periodic limb movement index. AB40 = amyloid-B-40. Ap42=amyloid-p-42. pTaul81=phosphorylated Tau-181.

VILIP-1 = Visinin-like protein 1. SNAP-25 = Synaptosomal-associated protein 25 kDa.
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