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Abstract

Study Objectives: Fast frequency sleep spindles are reduced in aging and Alzheimer’s disease (AD), but the mechanisms and functional relevance of these deficits
remain unclear. The study objective was to identify AD biomarkers associated with fast sleep spindle deficits in cognitively unimpaired older adults at risk for AD.
Methods: Fifty-eight cognitively unimpaired, f-amyloid-negative, older adults (mean + SD; 61.4 + 6.3 years, 38 female) enriched with parental history of AD (77.6%)
and apolipoprotein E (APOE) ¢4 positivity (25.9%) completed the study. Cerebrospinal fluid (CSF) biomarkers of central nervous system inflammation, 3-amyloid and
tau proteins, and neurodegeneration were combined with polysomnography (PSG) using high-density electroencephalography and assessment of overnight memory
retention. Parallelized serial mediation models were used to assess indirect effects of age on fast frequency (13 to <16Hz) sleep spindle measures through these AD
biomarkers.

Results: Glial activation was associated with prefrontal fast frequency sleep spindle expression deficits. While adjusting for sex, APOE &4 genotype, apnea-hypopnea
index, and time between CSF sampling and sleep study, serial mediation models detected indirect effects of age on fast sleep spindle expression through microglial
activation markers and then tau phosphorylation and synaptic degeneration markers. Sleep spindle expression at these electrodes was also associated with
overnight memory retention in multiple regression models adjusting for covariates.

Conclusions: These findings point toward microglia dysfunction as associated with tau phosphorylation, synaptic loss, sleep spindle deficits, and memory
impairment even prior to f-amyloid positivity, thus offering a promising candidate therapeutic target to arrest cognitive decline associated with aging and AD.
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Statement of Significance

Aging and Alzheimer’s disease disrupt sleep spindle expression, but the mechanisms and functional relevance of these sleep spindle
deficits remain unclear. Here, we examined multiple facets of central nervous system inflammation, a factor driving Alzheimer’s disease
pathogenesis, and related them to Alzheimer’s disease biomarkers, neuronal integrity, sleep spindle expression, and memory in cognitively
unimpaired, -amyloid-negative, older adults at increased Alzheimer’s disease risk. We found that (i) sleep spindle associations were me-
diated through associations of microglia activation with phosphorylated tau proteins and synaptic integrity and (ii) sleep spindles were as-
sociated with sleep-dependent memory. These findings identify microglia dysfunction as a potential trigger of tau-dependent sleep spindle
and memory deficits even prior to 3-amyloid positivity; offering a promising candidate therapeutic target to arrest the cognitive decline.
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Age-related glia activation is associated
with sleep and memory deficits through
its association with tau phosphorylation
and synaptic degeneration.
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Introduction

Aging and Alzheimer’s disease (AD) are associated with de-
position of neuropathology, reductions in neuronal integrity,
neural network dysfunction, and central nervous system
(CNS) inflammation [1-3]. Local expression of sleep oscil-
lations associated with neuroplasticity and memory con-
solidation, particularly nonrapid eye movement (NREM)
cortico-thalamic fast frequency (13-16 Hz) sleep spindles,
are also disrupted by aging and AD pathophysiology [4, 5],
yet the mechanisms underlying these sleep spindle deficits
and their functional significance in the context of cognitive
decline are not completely known. Inflammation is hypothe-
sized to be a core mechanism linking aging to sleep disturb-
ance, neuronal degeneration and dysfunction, pathogenesis
of neurodegenerative disease, and cognitive decline [1, 6, 7].
While these measures have been examined in relation to
aging and dementia in isolation [8-19], their interrelation-
ships are unknown, especially as they relate to fast frequency
sleep spindle oscillations that support neuroplasticity and

memory. Furthermore, it is unknown which specific markers
of CNS inflammation, AD pathophysiology, and neuronal in-
tegrity drive these relationships. Addressing these knowledge
gaps is critical for elucidating therapeutic targets responsible
for cognitive decline and dementia risk in later life.

NREM sleep spindles, particularly those expressed in higher
frequencies (13 to <16 Hz), are brain oscillations that critically
support neuroplasticity, learning, and memory consolidation [4,
5, 20-24]. These brain oscillations, generated in the reticular nu-
cleus of the thalamus and expressed in cortico-thalamic loops
[25], can facilitate the induction of long-term potentiation or
depression at synapses [24], and organize hippocampal ripple-
induced replay of memories in support of memory consolidation
in the cortex [21]. Blocking their expression impairs memory
consolidation [21], whereas enhancing NREM sleep spindles,
particularly those expressed at higher frequencies [14-16 Hz],
enhances memory consolidation [22].

Both aging and AD disrupt local expression of fast frequency
sleep spindles [4, 5, 11, 13, 26-31], and these sleep spindle
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deficits have been associated with reduced grey matter volume
[9], white matter integrity [27], and accumulation of tau pro-
teins and pathology [13, 18, 32] in cognitively unimpaired older
adults. Moreover, fast-frequency sleep spindle deficits are mag-
nified in patients with mild cognitive impairment (MCI) and AD
[11, 29, 31]. Loss of fast frequency sleep spindles in aging and
AD is associated with impaired hippocampal function, memory
encoding, long-term memory retention, and cognition [8, 9, 26,
27, 33-36], suggesting that fast frequency sleep spindle deficits
contribute to cognitive impairment in aging and AD. However,
it remains unclear whether local sleep spindle deficits are
apparent in individuals at risk for AD prior to f-amyloid (AB)
plaque deposition, whether they impact sleep-dependent cog-
nition, and which AD pathophysiological mechanisms are as-
sociated with them.

Aging is associated with increased chronic low-grade in-
flammation, termed “inflammaging” [37], which may be in-
volved in dementia [1, 37]. A large body of work implicates
inflammation as a core mechanism driving AD progression
[38, 39]. Current evidence indicates that Ap pathology can dis-
rupt astrocyte and microglia function, which then promotes
the accumulation and spread of tau pathology, triggering
neurodegeneration and cognitive impairment [38, 39]. However,
inflammaging can also promote AD pathophysiology prior to
AB plaque deposition [40]. Since deficits in sleep spindle ex-
pression have been associated with markers of AD pathology
and neurodegeneration in cognitively unimpaired older adults
[9,13, 18, 27], it is possible that inflammation may disrupt sleep
spindle expression through its impact on these processes
even prior to MCI or AD dementia diagnosis. If the local ex-
pression of memory-relevant sleep oscillations is impacted by
mechanisms of CNS inflammaging, this could provide a novel
mechanism underlying associations between chronic inflam-
mation and memory impairment [7, 41-43], and may reveal a
novel pathway for inflammaging to contribute to cognitive de-
cline. CNS inflammation has been implicated in a number of
the pathological changes observed in aging and AD [7, 38, 39,
44, 45], and there is an extensive literature on the bidirectional
interactions between global sleep measures and inflammation
[6]. However, CNS inflammation could also trigger changes in
brain structure and AD biomarkers, resulting in local disrup-
tions in sleep oscillations and related memory impairment. To
date, no study has directly addressed this possibility.

We targeted these critical knowledge gaps by combining
examination of cerebrospinal fluid (CSF) biomarkers of astro-
cyte and microglial activation (Glial fibrillary acidic protein
[GFAP], calcium-binding proteins [S100B], chitinase-3-like pro-
tein [YKL-40], soluble triggering receptor expressed on myeloid
cell 2 [STREM2]), AD-related proteins (A, AB,,, AP, total tau
[t-tau], phos-phorylated tau [p-tau]) and neuronal and synaptic
degeneration (a-synuclein, neurogranin, neurofilament light
chain [NfL]) with polysomnography (PSG) using high-density
electroencephalography (hdEEG; 256 channels) and assess-
ment of overnight memory retention in cognitively unimpaired,
f-amyloid and tau-negative older adults (based on CSF thresh-
olds) enriched for AD risk (APOE e4-positive genotype and/or par-
ental history of AD). Using serial parallel mediation modeling,
we tested the hypothesis that CNS inflammaging is associated
with local sleep spindle deficits and impaired sleep-dependent
memory through associations with markers of AD-related pro-
teins and neuronal integrity. We further characterized whether
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these effects were driven primarily by astrocytic or microglial
activation, f-amyloid or tau proteins, and/or synaptic or axonal
degeneration, thus elucidating specific biological mechanisms
associating aging with sleep-dependent memory deficits among
individuals at risk for AD.

Methods
Participants and study design

About Fifty-eight clinically normal and cognitively unimpaired
middle-aged and older adults (mean + SD; 61.4 + 6.3 years, 38 fe-
male) were recruited from the Wisconsin Alzheimer’s Disease
Research Center clinical core (Table 1). The sample was enriched
with AD risk factors compared with the general population
(77.6% parental history of AD, 25.9% APOE e4-positive genotype).
Cohort participants were recruited from the community via ad-
vertisements and word of mouth, and were free of history of any
significant neurological, psychiatric, or medical conditions and
related treatments impacting cognition, the ability to comply
with the study protocol, orimpacting sleep or CSF measurements.
Medications known to affect sleep and sleep electroencephalog-
raphy (EEG), including antipsychotic medications, nonselective
serotonin reuptake inhibitors (SSRIs) antidepressants, neuro-
leptics, chronic anxiolytics, sedative-hypnotics, and stimulants,
were exclusionary. Participants underwent comprehensive cog-
nitive testing, medical history assessment, and CSF sampling at
the University of Wisconsin-Madison. Cognitive testing covered
the domains of declarative and semantic memory, attention, ex-
ecutive function, language, and visuospatial processing using
the National Alzheimer’s Coordinating Center Uniform Data
Set neuropsychological battery version 3 and additional assess-
ments [46]. Cognitive status was determined using standard
criteria and adjudicated by a consensus conference [47, 48].
Participants performed within standardized norms of the cog-
nitively normal UDS cohort on all neuropsychological tests
(Supplementary Table S1) [46]. Polysomnography (PSG) was per-
formed as part of a separate substudy in participants who did not
currently use therapy for sleep-disordered breathing (e.g. CPAP)
and did not have any major neurological, medical, or psychiatric
illness. While the presence of obstructive sleep apnea (OSA),
defined as having an apnea-hypopnea index (AHI) > 5 [49], was
not exclusionary in this study, AHI was included as a covariate
in relevant analyses to adjust for the influence of OSA. When
CSF was available from multiple time points, the data from the
CSF sample collected closest to the polysomnography were used
(on average the time between assessments was 2.1 + 2.1 years).
All participants provided informed consent, and protocols were
approved by the Institutional Review Board of the University of
Wisconsin-Madison.

Polysomnography

Sleep was evaluated in all participants using standard
polysomnography (PSG) including electrooculogram (EOG),
submental electromyogram (EMG), electrocardiogram (ECG),
bilateral tibial EMG, respiratory inductance plethysmography,
pulse oximetry and a position sensor using a customized Alice
5 System (Philips Respironics, Murrysville, PA). Simultaneously,
high-density electroencephalography (hdEEG) was recorded
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at 500 Hz from 256 channels with vertex referencing using a
NetAmps 300 amplifier and NetStation software (Electrical
Geodesics Inc., Eugene, OR). Sleep staging was performed using
6 hdEEG channels located at approximately 10-20 locations
(F3, F4, C3, C4, 01, and 02), re-referenced to the contralateral
mastoid. A registered sleep technologist scored sleep following
AASM scoring guidelines [49, 50] using Alice Sleepware (Philips
Respironics, Murrysville, PA). A physician (author R.B.) certified
in Sleep Medicine by the American Board of Medical Specialties
reviewed the scoring and assessed the presence and severity
of sleep disorders, including sleep apnea. Multiple established
sleep architecture variables were computed, including total re-
cording time (TRT; duration between lights off and lights on),
total sleep time (TST; total duration of all sleep stages between
lights off and lights on), sleep latency (SL; time to first scored

Table 1. Participant characteristics (n = 58)

Mean (+SD)
Demographics
Age at PSG (years) 61.4+6.3
Age at CSF sample (years) 59.3+6.1
Interval from CSF sample to PSG (years) 21+21
Female (n;%) 38; 65.5
APOE g4-positivegenotype (n, %) 15;25.9
Parental history of AD positive (n, %) 45;77.6
Geriatric depression scale 06+1.1
Education (years) 16.5+2.1
Sleep architecture
Time in bed (minutes) 446.5+57.8
Total sleep time (minutes) 347.8+71.3
Sleep onset latency (minutes) 19.1+23.0
Sleep efficiency (%) 78.0 +13.2
Wake after sleep onset (minutes) 79.6 £ 51.9
Stage N1 (%) 9.0+9.6
Stage N2 (%) 58.6 +11.0
Stage N3 (%) 14.3+11.0
Stage REM (%) 17.9£6.0
Apnea-hypopnea index (AHI; number/hour) 7.9£125
AHI<5 (n, %) 34;58.6
AHI 5-<15 (n, %) 15; 25.9
AHI 15—<30 (n, %) 5;8.6
AHI 30 + (n,%) 4;6.9
Respiratory disturbance index (number/hour) 15.6 +16.5
Periodic leg movements index (number/hour) 16.8 +19.0
Cerebrospinal fluid biomarkers
GFAP (ng/L) 81827
S100B (ng/mL) 1.19 +0.27
YKL-40 (pg/mL) 132.4 + 44.3
STREM2 (pg/mL) 7.8+22
AB 40 0.069 + 0.010
AB,, (pg/mL) 13514 + 3994
AB,, (pg/mL) 933 + 321
t-tau (pg/mL) 179.2 + 69.3
p-tau (pg/mL) 15.0+4.3
a-synuclein (pg/mL) 135.6 £+ 62.3
neurogranin (pg/mL) 677.0 £ 245.5
NfL (pg/mL) 92.1+119.3

AD denotes Alzheimer’s disease, APOE denotes apolipoprotein E, A denotes
B-amyloid, CSF denotes cerebrospinal fluid, GFAP denotes Glial fibrillary

acidic protein, NfL denotes neurofilament light chain protein, PSG denotes
polysomnography, p-tau denotes phosphorylated tau, S100B denotes calcium
binding protein B, sSTREM2 denotes soluble triggering receptor expressed on
myeloid cell 2, t-tau denotes total tau, YKL-40 denotes chitinase-3-like protein.

epoch of sleep), sleep efficiency (SE; percent of TRT spent asleep),
wake after sleep onset (WASO; duration of wake time following
sleep onset), percent of TST spent in stages N1, N2, N3, and R,
AHI (number of apnea and hypopnea events per hour), respira-
tory disturbance index (RDI; number of apnea, hypopnea, and
respiratory-related arousals per hour), and the periodic leg
movements during sleep index (PLMSI; number of PLMs per
hour). Mean values across the participant cohort for each of
these variables are presented in Table 1.

EEG spectral analysis

Data preprocessing, including semiautomated artifact rejection
[51-53], and analyses of sleep data focusing on NREM stages (N2
and N3) were performed using custom MATLAB (Mathworks,
Inc., R2017b) scripts with the EEGLAB toolbox (https://sccn.ucsd.
edu/eeglab/index.php), similar to previously described [54]. In
short, EEG data were notch filtered in the 59.5-60.5 Hz frequency
range, and then bandpass-filtered in the 0.3-55 Hz frequency
range. A 5500-point Hamming windowed sinc Finite Impulse
Response filter was used in both instances. The 50 outermost
electrodes were excluded from further analyses, due to recur-
ring physiological artifacts at these locations across subjects.
The remaining 206 electrodes were average referenced and
manually inspected for persistent, long-duration noise to de-
lete compromised electrodes. Thereafter, data corresponding
to NREM stages were extracted from these electrodes and con-
catenated into a combined matrix. Subsequently, a three-stage
semi-automated artifact rejection process was used to reject
short durations of widespread noise and consistently noisy EEG
derivations [51-53]. First, epochs marked with arousals were
removed from analysis. Second, an automated 99.8 percentile
threshold on broadband power spectral density was used to
eliminate high-powered artifact bursts in the remaining epochs.
Third, visual inspection was used to flag and reject remaining
short-duration artifacts and any remaining noisy, artifact-filled
electrodes. Last, the data for deleted EEG derivations were re-
constructed from vicinal electrodes using spherical spline inter-
polation that yielded clean EEG data from NREM sleep epochs
for all 58 subjects [55, 56]. Spectral analyses of cleaned data were
conducted with a Fast Fourier Transform approach, leveraging
the multitaper method to generate estimates of absolute and
relative spectral power in the 0.5-40 Hz range for each electrode.
These analyses relied on the use of 11 discrete prolate spher-
oidal sequence (DPSS) tapers and were parameterized with
a bandwidth of 0.25 Hz, zero-order padding, and a 30 s input
window, sliding every 5 s. From these estimates, 30 s windows
of median absolute spectral power were computed across NREM
epochs for each of the 1294 frequency bins within the overall
spectrogram, at each electrode. Mean absolute power was then
computed across NREM epochs by averaging within the fre-
quency bins corresponding to each canonical frequency band
(i.e. slow oscillation: 0.5-<1 Hz, delta: 1-<4.5 Hz, theta: 4.5-<7.5
Hz, alpha: 7.5-<11 Hz, slow sigma: 11-<13 Hz, fast sigma: 13-<16
Hz, beta: 16-<28 Hz, and gamma: 28-40 Hz), and were used for
further analyses. An a priori focus on absolute fast sigma ac-
tivity was implemented for analyses, given our focus on sleep
spindle-related measures and the importance of fast frequency
sleep spindles for aging, AD, and memory consolidation [11,
22, 30]. All spectral analyses were conducted with the Chronux
v2.12 toolbox (http://chronux.org) for MATLAB [57-59].
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Parameterizing NREM power spectra by fitting oscillations
and one over F (FOOOF)

The FOOOF approach (specparam, version 1.0.0) [60] was lever-
aged to analyze EEG data to quantify and distinguish between
pure oscillatory activity and background aperiodic activity
which is ascribed to putative neural noise. While traditional
measurements of absolute and relative spectral power conflate
contributions of the periodic and aperiodic components of the
signal spectrum [61], the FOOOF approach disentangles the two
and quantifies their parameters separately (Supplementary
Figures S1 and S2). This approach was implemented to isolate
differences in oscillatory activity localized to the fast sigma
[13-<16 Hz| frequency range from global differences in aperi-
odic, generalized power across individuals (Supplementary
Figure S1A). The FOOOF algorithm operates iteratively on inputs
of power spectral density by utilizing a combination of linear
regressions in log-frequency—log-power space and gaussians
that are fit to peaks in the oscillatory residual (represented as
aperiodic fits iteratively subtracted first from the original power
spectrum, and subsequently from each iteration of the param-
eterized spectrum). This results in an optimized spectral curve
that contains separable components of isolated oscillatory and
aperiodic activity. The area under the curve of the oscillatory
residual in the fast sigma frequency range [13-<16 Hz] thus
represents spectral power associated with canonically defined
fast sleep spindles (Supplementary Figure S1B). Spectral param-
eterization was carried out for each subject using the cluster
average of absolute power spectral densities obtained from the
multitaper method described above at 11 fronto-central chan-
nels showing significant overlapping associations between ab-
solute fast sigma activity and markers of CNS inflammation,
AD-related proteins, measures of synaptic and axonal integrity,
and overnight memory retention. The FOOOF algorithm was
implemented with the following parameters (input frequency
range = 0.5-40 Hz, maximum peaks =9, peak width = 0.5-4 Hz,
minimum absolute peak height=0.03 log (uV [2]/Hz), min-
imum relative peak height threshold = 1.2 standard deviations
above the aperiodic fit) using a modified version of the MATLAB
wrapper for the FOOOF package for Python (version 3.8.3). The
algorithm recommends the use of a knee frequency for aperi-
odic fits when the range of input frequencies exceeds ~40 Hz,
and when there are characteristic timescales in the underlying
data, resulting in a bend (“knee”) in the power spectrum in the
log-log space of power and frequency [60, 62]. Animal studies
have shown that distinct vigilance states, including NREM
sleep, exhibit unique electrophysiological timescales [63]. This
analysis therefore operationalized the FOOOF algorithm with
a knee frequency parameter. FOOOF algorithm outputs in-
cluded both parameterized spectra and the parameters used
to generate aperiodic and oscillatory fits. For this study, these
parameters included (1) fast sigma oscillatory activity, (2) the
aperiodic 1/f exponent, (3) the aperiodic offset, and (4) the aperi-
odic knee frequency (Supplementary Figure S2). The area under
the parameterized oscillatory residual from 13 to <16 Hz was
used to capture canonically true fast spindle oscillatory activity.
The knee frequency denotes an exception to the scale-free or
fractal nature generally ascribed to the 1/f aperiodic compo-
nent, wherein a bend in the aperiodic spectrum occurs after a
region with relatively shallow or flat slope within the spectrum,
representing a characteristic timescale in underlying neural
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data. The exponent of the linear, scale-free 1/f component cor-
responds to the slope of the aperiodic fit beyond the knee fre-
quency and is associated with the excitatory/inhibitory tone in
neuronal populations, with steeper slopes reflecting reduced
excitatory:inhibitory ratio [64]. The aperiodic offset is associ-
ated with broadband power in the spectrum, and is tied to back-
ground spiking activity in neuronal populations in intracranial
local field potential studies [62, 65]. Analyses in this study fo-
cused on relating fast sigma oscillatory activity, the aperiodic
1/f exponent, and the aperiodic offset to age, CNS inflammation
measures, AD-related proteins, neuronal integrity markers, and
measures of overnight memory retention.

EEG sleep spindle analysis

Sleep spindles were detected and quantified using the validated
A7 algorithm relying on default threshold settings, as described
previously [66]. In short, sleep spindles were detected in artifact-
free, concatenated signals in N2 and N3 staged epochs in the
same 206 hdEEG channels used for spectral analysis. The A7 al-
gorithm uses a combination of log-transformed absolute power,
Z-normalized log-transformed relative power, and the correl-
ation and covariance between the original N2 and N3 time series
and the bandpass filtered signal in the range 11-<16 Hz. These
four parameters are all computed in 0.3 s sliding time windows
with a 0.1 s step size. Each parameter is associated with a de-
tection threshold, and all four detection thresholds must be ex-
ceeded simultaneously for underlying data to be classified as
belonging to a sleep spindle. Targeted spindle durations were
in the range 0.3-2.5 s. Outputs generated from the detection
algorithm included sleep spindle count, sleep spindle density
(spindle count divided by minutes of artifact-free N2/N3 sleep),
and sleep spindle durations. Sleep spindle durations were then
averaged across channels to yield mean spindle duration for
each of the 206 electrodes.

To additionally classify detected sleep spindles as either
fast (13-<16 Hz) or slow (11-<13 Hz) spindles, previously de-
tected spindles were extracted individually from cleaned NREM
data that were filtered in the 11-<16 Hz range, for each subject
at each electrode. Every sleep spindle then underwent an FFT-
based spectral power calculation, using a rectangular window
with zero-padding to the nearest power of 2. The peak frequency
in each spindle segment was identified as the frequency corres-
ponding to the highest value of spectral power. Sleep spindles
were classified as either fast or slow based on their calculated
peak frequencies, with peak frequencies below 13 Hz corres-
ponding to slow sleep spindles and peak frequencies at or above
13 Hz corresponding to fast sleep spindles. Subsequently, the
mean fast and slow sleep spindle durations were calculated
separately for each subject at each EEG derivation by averaging
the durations of individual fast and slow sleep spindles. Fast
and slow sleep spindle densities were calculated by dividing
the count of fast and slow sleep spindles respectively by min-
utes of artifact-free N2 and N3 sleep stages. Fast sleep spindle
density and mean fast sleep spindle duration were then lever-
aged in subsequent correlations and regression analyses as pri-
mary sleep spindle measures. Sleep spindle density and mean
sleep spindle duration for total and slow sleep spindles were in-
cluded in Supplementary Information as secondary analyses for
completeness.
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CSF collection and analysis

Cerebrospinal fluid (CSF) was collected in the morning following
an 8-12-hour fast. Typically, a Sprotte 25- or 24-gauge spinal
needle was used to perform a lumbar puncture at L3/4 or L4/5.
Approximately 22 mL of CSF was obtained via gentle extraction
into polypropylene syringes, then gently mixed to remove gra-
dient effect and centrifuged for 10 min at 2000 g. Supernatants
were frozen in 0.5 mL aliquots in polypropylene tubes and stored
at —-80°C within 30 min of collection. Assays were conducted by
board-certified laboratory technicians blinded to participant
clinical characteristics.

The NeuroToolKit (Roche Diagnostics International Ltd,
Rotkreuz, Switzerland) was implemented to assess levels of
multiple fluid biomarkers in human CSF and comprises a panel
of automated CSF immunoassays [67]. The NeuroToolKit robust
prototype assays are for investigational purposes and are not ap-
proved for clinical use. All samples were assayed using the same
batch of reagents under strict quality control procedures at the
Clinical Neurochemistry Laboratory, University of Gothenburg.
Elecsys AB(1-42) CSF, Elecsys Phospho-Tau (181P; p-tau) CSF and
Elecsys Total-Tau (t-tau) CSF, AB(1-40) and S100 calcium-binding
protein B (S100B) immunoassays were performed on a cobas
e 601 analyzer (Roche Diagnostics International Ltd), while
neurogranin, neurofilament light protein (NfL), a-synuclein, glial
fibrillary acidic protein (GFAP), chitinase-3-like protein 1(YKL-
40), and soluble triggering receptor expressed on myeloid cells
2 (sTREM2) were performed on a cobas e 411 analyzer (Roche
Diagnostics International Ltd).

Each of these CSF fluid biomarkers targeted specific aspects
of CNS inflammation, AD-related proteins, and neuronal in-
tegrity. While GFAP and S100B are both implicated in activated
astrocytes, YKL-40 is a glycoprotein expressed in both astrocytes
and microglia, and sTREM2 is considered a marker of micro-
glia activation [67]. In terms of AD-related proteins, Af,, and
Ap,, were assessed, and AB,, was also expressed in ratio to AB,,
(the more abundant, nontoxic species) to assess the pathologic
fragment (Ap42) while accounting for individual differences in
overall amyloid production. Both t-tau and p-tau reflect total tau
protein levels and levels of tau phosphorylated at threonine-181,
respectively, with the latter being more reflective of risk for
developing neurofibrillary tangles [67]. Amyloid and tau path-
ology positivity thresholds were derived from receiver operating
characteristic (ROC) analyses on a larger sample, as described
previously [67], with AB positivity being indicated from an A, ,,
ratio < 0.046 and tau positivity being indicated from p-tau > 24.8
pg/mL. Only one participant showed an AB,,,, ratio<0.046
(0.041) and none exhibited tau positivity based on these thresh-
olds, thus Af and tau measures were not directly quantifying AD
pathologies but instead assessing AD-related proteins that may
precede the later development of measurable pathologies such
as AP plaque deposition and development of neurofibrillary tan-
gles [68]. Though slight decreases in CSF a-synuclein levels in
Parkinson’s disease (PD) have been associated with deposition
within Lewy bodies, increases of this presynaptic marker in
CSF likely tracks synaptic degeneration in non-PD populations
[67]. Neurogranin, a post-synaptic protein, is highly associated
with a-synuclein in this sample (r?=0.67, p=.0002) and also
tracks synaptic degeneration, while NfL is a known marker of
axonal degeneration [67]. CSF Af, t-tau, p-tau, and S100 values
were missing for one participant, and values for another subject

were excluded as outliers for t-tau (>5 standard deviations from
mean) and NfL (>7 standard deviations from mean).

Word-pairs memory task

A word-pairs task targeting overnight episodic memory reten-
tion, shown in previous studies to be sensitive to sleep-dependent
memory consolidation in young adults and individuals with MCI
[31, 69-71], was implemented in the current study. The task was
administered using E-Prime 2.0 software (Psychology Software
Tools, Pittsburgh, PA), and had three phases (i.e. encoding, im-
mediate recall, and delayed recall). The encoding phase oc-
curred in the evening prior to sleep onset. During this phase, 83
word-pairs were presented sequentially for four seconds, with
each pair presented with one word shown above the other in
the center of a computer monitor. Participants were instructed
to learn the word-pairs for later recall. To avoid primacy and
recency effects, the first and last four word-pairs were not in-
cluded in either recall phase. The immediate recall phase oc-
curred after completion of the encoding phase, and the delayed
recall phase occurred in the morning, one hour after sleep
offset. During both recall phases, one word was presented in the
middle of the screen, and participants were instructed to type
in the corresponding word from the pairs they had just studied.
The order of word-pairs was randomized across phases and
subjects, and their responses were self-paced. To minimize bias
due to experimenter feedback, participants were seated with
the experimenter out of view, and typed responses into the com-
puter. Errors that were clearly typographic rather than a failure
of recall (e.g. forg instead of frog) were later corrected by the ex-
perimenter offline, prior to data analysis. During the immediate
recall phase, after all 80 word-pairs were presented, a feedback
screen displayed their accuracy (i.e. percent correct). Encoding
and immediate recall phases were repeated until > 60% accuracy
was achieved, and the final immediate recall phase was used
for analysis. The delayed recall phase was conducted only once
and feedback was not given, regardless of accuracy. Performance
accuracy during immediate and delayed recall phases were
calculated as the proportion of trials correctly answered. The
difference in performance across test phases, representing a
measure of overnight episodic memory retention, was derived
in two ways. An absolute difference in performance accuracy
(defined as post-sleep—pre-sleep performance accuracy) and a
proportion in the difference in performance accuracy (defined
as [post-sleep—pre-sleep performance accuracy]/pre-sleep per-
formance accuracy) were calculated and used in analyses. Word-
pairs task memory performance measures were missing for four
participants, thus all analyses with memory data included 54
participants.

Statistical analysis

Normality of variables was assessed using the Shapiro-Wilk test,
and data were transformed to support parametric statistical
approaches. Specifically, CSF measures of sTREM2, AB,,, AB,,,
t-tau, p-tau, neurogranin, NFL were logarithmic transformed
(base 10). A reciprocal transformation was used for a-synuclein
since logarithmic transformation failed to adequately transform
the data. Thus, all true relationships with a-synuclein should
be considered the opposite sign as presented in the current
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report (i.e. a positive association presented with the reciprocal
should be interpreted to represent a negative association with
CSF a-synuclein levels). A cube root transformation was used
to minimize negative skew in memory performance variables,
and significant associations using Pearson’s r were further con-
firmed with nonparametric Kendall’s tau-b correlations. All
other variables examined were normally distributed.

Pearson’s r values were computed at each electrode across
topography for associations between spectral power, sleep
spindle density and duration for total, fast, and slow sleep
spindles, and age, CSF fluid biomarkers, and overnight change
in word-pairs memory performance. The Threshold-Free
Cluster Enhancement (TFCE) procedure (5000 permutations,
alpha = 0.05, extent parameter: 0.5, height parameter: 2.0) was
used to correct for multiple comparisons across topography
[72-74]. Absolute spectral power from resulting clusters of sig-
nificant electrodes following TFCE correction were extracted,
averaged, and then utilized in follow-up multiple linear regres-
sion models examining relationships between spectral power,
sleep spindle density and duration, and age, CSF fluid bio-
markers, and overnight change in word-pairs memory perform-
ance while adjusting for confounding covariates.

Multiple linear regression models were used to examine as-
sociations between age, CSF fluid biomarkers, spectral power
across frequencies, sleep spindle density and mean sleep spindle
duration during NREM sleep for total, fast, and slow sleep spin-
dles, and overnight change in word-pairs memory performance.
All multiple linear regression models relied on a 5000-sample
bootstrapping procedure to generate bias-corrected and accel-
erated 95% confidence intervals [75]. In models predicting CSF
variables, age at CSF collection, AHI, APOE ¢4 genotype, and
sex were used as covariates. In models predicting spectral es-
timates, sleep spindle density, and mean sleep spindle duration
during sleep, age at CSF collection, time difference between CSF
collection and sleep study, AHI, APOE ¢4 genotype, and sex were
included as covariates. In models predicting memory perform-
ance, age at sleep study, APOE ¢4 genotype, and sex were in-
cluded as covariates.

Mediation analyses were performed using the Process Macro
v3.5 for SPSS [76], implementing model 80 to assess indirect ef-
fects in a combined parallel and serial mediation framework.
Within this template, age at CSF collection was used as the pre-
dictor (X), while the outcome (Y) was mean absolute fast sigma
power [13-<16 Hz], fast sigma oscillatory activity, sleep spindle
density or mean sleep spindle duration druring NREM sleep for
total, fast, and slow sleep spindles at the time of the sleep study.
CSF markers of astrocyte and microglia activation (i.e. GFAP,
S100B, YKL-40, log sTREM2) were harnessed as the parallel me-
diators (M1, M2, M3, and M4, respectively). A unique serial me-
diator (M5) followed M1-M4 in the model to examine indirect
effects of inflammation on fast sleep spindle measures, with
M5 defined separately in five different models as CSF markers
of AD-related proteins and neuronal integrity (i.e. log t-tau, log
p-tau, 1/a-synucleiun, log neurogranin, log NfL). The Huber-
White method was used to account for heteroscedasticity in
the data, and 10 000-sample bootstrapping was used to generate
upper and lower limits for confidence intervals for indirect ef-
fects to minimize distributional assumptions in smaller sample
sizes [77]. When 95% confidence intervals did not include 0, the
indirect effect was considered significant (o =0.05). All medi-
ation analyses included sex, APOE ¢4 genotype, AHI, and time
between CSF collection and sleep study as covariates.
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For the above analyses, TFCE correction for multiple com-
parisons was conducted using a custom MATLAB script, as de-
scribed previously [72-74]. All other analyses were conducted in
SPSS v26.0 (IBM SPSS Statistics, Inc., Chicago, IL).

Data visualization

For visualization purposes, only electrodes falling within a
plotting radius of 0.56 (using the topoplot function in EEGlab)
from the center of the scalp were presented in all topographical
plots. A perceptually uniform, colorblind-accessible colormap
(plasma; https://bids.github.io/colormap/) was used to depict
the strength of correlational findings between mean power in
canonical frequency bands at these electrodes and both bio-
logical and behavioral variables of interest.

RESULTS
Participant characteristics

Subjects were middle-aged to older adults (61.4+6.3 years
[range: 48-80 years]), ~66% female, and considered cognitively
unimpaired based on standard criteria and adjudicated by con-
sensus conference (Table 1 and Supplementary Table S1). The
sample was enriched for AD risk (77.6% parental history of AD,
25.9% APOE e4-positive genotype). On the basis of the previously
derived cutoffs [67], all participants were tau pathology negative,
and all but one were f3-amyloid pathology negative. Neither AHI
nor periodic leg movements index during sleep (PLMSI) signifi-
cantly predicted any of the CSF, sleep, or cognitive variables de-
scribed below (all r? < 0.063, p > .065).

Age associations with CNS inflammation, AD-related
proteins, neuronal integrity, and local sleep

We first examined associations between age and CSF measures
and three measures of sleep spindle expression: absolute fast
frequency [13-<16 Hz] sigma activity, fast sleep spindle density,
and mean fast sleep spindle duration. Associations with sleep
spindle density and duration for total and slow sleep spindles
and absolute power in other frequency bands during NREM
sleep were also explored. Multiple regression models adjusting
for AHI, sex, and APOE €4 genotype indicated that increasing
age was significantly associated with higher levels of astro-
cyte and microglia activation:GFAP (b = 0.254, p =.0002), YKL-40
(b=3.972, p=.0002), and log STREM2 (b =0.0086, p =.0006); as
well as AD-related proteins: log t-tau (b =0.009, p =.0014), log
p-tau (b =0.008, p =.0046); and axonal and synaptic degener-
ation: 1/a-synuclein (b = -0.0002, p = .001), and log NFL (b = 0.015,
p =.0002). Full statistical details are presented in Supplementary
Table S2. Thus, age was associated with increased levels of
astrocyte and microglial activation, as well as tau, a-synuclein,
and NfL.

Age was significantly associated with widespread reduction
in sigma power, particularly in higher frequencies (13-<16 Hz;
Figures 1A and Supplementary Figure S1). Peak negative asso-
ciations between age and absolute fast sigma activity were de-
tected following threshold-free cluster enhancement (TFCE)
correction for multiple comparisons over anterior frontal and
parietal electroencephalography (EEG) derivations. We next
averaged fast sigma activity across 52 EEG derivations exhibiting
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TFCE-corrected significant associations with age and included
this fast sigma activity average in a multiple regression model
adjusting for sex, AHI, and APOE ¢4 genotype. Age remained a
significant predictor of fast sigma activity (b =-0.008, p =.040)
following adjustment for covariates. Due to concerns about gen-
eralized reductions in EEG amplitude confounding this associ-
ation, follow-up analyses orthogonalized the power-frequency
spectrum from this TFCE-corrected cluster into three com-
ponents: (i) fast sigma oscillatory activity, (ii) the aperiodic 1/f
exponent, and (iii) the aperiodic power offset. Fast sigma oscil-
latory activity was significantly associated with age (r=-0.41,
p =.001), while both the aperiodic 1/f exponent (r = 0.18, p = .182)
and power offset (r=0.06, p = .649) were not. Age was also sig-
nificantly associated with topographically similar reductions in
fast sleep spindle density and mean fast sleep spindle duration
(Figure 1B and C). Fast sleep spindle density (b = -0.044, p = .013),
mean fast sleep spindle duration (b = -0.007, p = .002), total sleep
spindle density (b = —0.072,p = .012), and mean total sleep spindle
duration (b =-0.0007, p =.004) averaged across TFCE-corrected
significant associations were also significantly predicted by age
in similar multiple regression models (Supplementary Table S2,
Figures S4-S7). In contrast, we did not detect significant negative
associations between age and slow sleep spindle density or ab-
solute spectral power at any derivation in any other frequency
bands following TFCE correction in this sample (Supplementary
Figures S3—S7). These findings confirm that age, at least across
the range of the study cohort, was associated with reductions in
fronto-parietal sleep spindle expression.

CNS inflammation and AD-related proteins, neuronal
integrity, and local sleep

We next sought to determine whether CNS inflammation was
associated with AD-related proteins, neuronal degeneration,
and local deficits in sleep spindle measures. Multiple regres-
sion models, adjusting for AHI, age at CSF sampling, sex, and
APOE ¢4 genotype indicated that GFAP, YKL-40, S100B, and log
sTREM2 all significantly predicted log t-tau (for GFAP b =0.013,
p=.027; for S100B b=0.175, p=.007; for YKL-40 b=0.002,
p =.0002; for log STREM2 b = 0.675, p =.0002), 1/a-synuclein (for
GFAP b = -0.00038, p = .016; for S100B b = -0.003, p = .011; for YKL-
40 b =-0.000041, p =.0002; for log STREM2 b =-0.015, p =.0002),
and log NfL (for GFAP b=0.020, p=.018; for S100B b =0.143,

A B

Absolute fast sigma activity
[MV2/Hz; 13-16HZz]

Fast Spindle density
[spindles/minute]

p =.041; for YKL-40 b =.001, p =.001; for log sTREM2 b =0.722,
p =.0002). Only YKL-40, S100B, and log sTREM2 significantly pre-
dicted log Ap,, (for S100B b = 0.163, p = .006; for YKL-40 b = 0.002,
p =.0002; for log sSTREM2 b = 0.623, p = .0002), log p-tau (for SI00B
b =0.181, p = .006; for YKL-40 b = 0.002, p = .0002; for log STREM2
b=0.731, p=.0002), and log neurogranin (for S100B b =0.170,
p =.035; for YKL-40 b = 0.003, p = .0002; for log sSTREM2 b = 0.838,
p =.0004), although GFAP trended towards significance for log
p-tau (b =0.011, p =.072). Only YKL-40 (b = 0.003, p =.0002) and
log STREM2 (b =0.617, p = .0004) significantly predicted log Ap,,.
Full statistical details are presented in Supplementary Table S3.
CSF biomarkers of astrocyte and microglia activation were thus
consistently associated with multiple markers of Af proteins,
tau proteins and markers of neuronal integrity.

With respect to associations between measures of CNS in-
flammation and sleep spindle expression, TFCE-corrected sig-
nificant associations were detected between fast sigma activity
and GFAP, YKL-40, S100B and log sTREM2 over fronto-central
EEG derivations (Figure 2A—D). A group of 11 electrodes showed
TFCE corrected associations with fast sigma activity that over-
lapped for GFAP, YKL-40, S100B, and log sTREM2. Fast sigma ac-
tivity was averaged across these derivations and included in
multiple regression models predicting fast sigma activity while
adjusting for age at CSF sampling, sex, AHI, time between CSF
sampling and sleep study, and APOE ¢4 genotype. Of these CNS
inflammation markers, only YKL-40 remained a significant pre-
dictor of fast sigma activity (b=-0.001, p =.035) following ad-
justment for covariates; S100B (b=-0.141, p=.064) and log
STREM2 (b=-0.255, p=.093) trended toward significance.
Addressing concerns regarding generalized reductions in EEG
amplitude, fast sigma oscillatory activity was significantly asso-
ciated with GFAP (r =-0.28, p =0.036), S100B (r = -0.32, p = .015),
and YKL-40 (r = -0.32, p = .016), with log sSTREM2 trending to sig-
nificance (r = -0.23, p =.080). Neither the aperiodic 1/f exponent
nor the aperiodic offset was significantly associated with any
CNS inflammation measure (all r?<0.063, all p >.05). Similar
topographic patterns of associations were observed between
all glial activation markers and fast sleep spindle density and
mean fast sleep spindle duration measures, with associations
between fast sleep spindle density and GFAP, S100B, YKL-40, and
log sTREM2 reaching TFCE-corrected significance over fronto-
central derivations, and TFCE-corrected associations between
mean fast sleep spindle duration and GFAP, YKL-40, and log

C

Fast Spindle duration
[seconds] 0

1s,uosiead

Figure 1. Topographic plots of associations between age and fast sleep spindle measures, including (a) absolute power in the fast sigma frequency range [13-<16 Hz],
(b) fast sleep spindle density, and (c) mean fast sleep spindle duration during nonrapid eye movement (NREM) sleep across electroencephalography (EEG) derivations.
Cooler colors represent more negative associations, while warmer colors reflect more positive associations. Cyan dots indicate EEG derivations exhibiting significant as-
sociations (p < .05 uncorrected), while white asterisks denote significant associations following correction for multiple comparisons across the entire EEG array (p < .05

threshold-free cluster enhancement [TFCE] corrected [72-74]).
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sTREM2 also peaking over fronto-central derivations (Figure 2).
Similar to findings with fast sigma activity, multiple regression
models revealed that mean fast sleep spindle duration was as-
sociated with log STREM2 (b = —0.31, p = .025), total sleep spindle
density was associated with S100B (b = -1.6, p =.044), and total
sleep spindle duration was associated with YKL-40 (b =-0.001,
p =.041) and log STREM2 (b =-0.32, p =.043) after adjusting for
covariates (Supplementary Table S3, Figures S4—S7). The only
TFCE-corrected significant negative association between glial
activation markers and absolute power in other frequency
bands was between S100B and slow sigma power over frontal
derivations (Supplementary Figures S8—S11). These findings
indicate that measures of astrocytic and microglial activation
were associated with deficits in sleep spindle expression over
fronto-central EEG derivations.

AD-related proteins and neuronal integrity and local sleep

Markers of CNS inflammaging were consistently associated with
markers of Ap and tau proteins, neuronal degeneration, and local
deficits in sleep spindle expression. We next examined whether
AD-related proteins were associated with markers of neuronal
integrity and local expression of sleep spindles. Multiple regres-
sion models, adjusting for age at CSF sampling, AHI, sex, and
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APOE &4 genotype indicated that log AB,, log AB,,, log t-tau, and
log p-tau all significantly predicted 1/a-synuclein (for log Ap,,
b=-0.016, p=.0002, for log Ap,, b=-0.01, p=.0002, for log
t-tau b =-0.018, p =.0002; for log p-tau b =-0.019, p =.0002), log
neurogranin (for log Ap,, b =1.14, p =.0002, for log AB,, b =0.79,
p =.0002, for log t-tau b = 1.290, p = .0002; for log p-tau b = 1.267,
p=.0002), and log NfL (for log AB, b=0.486, p=.001, for log
ApB,, b=-0.287, p = .009, for log t-tau b =0.574, p =.0002; for log
p-tau b =0.519, p = .006). No significant effects were detected for
AB,,,4, Predicting log t-tau, log p-tau, log NFL, log neurogranin, or
1/a-synuclein (all p > .35). Full statistical details are presented in
Supplementary Table S4.

Both t-tau and p-tau predicted sleep spindle expression, as
TFCE-corrected significant associations with fast sigma activity,
fast sleep spindle density, and mean fast sleep spindle dur-
ation were detected globally, peaking over fronto-central EEG
derivations (Figure 3). Notably, the same group of 11 electrodes
described above showed TFCE corrected associations with fast
sigma activity that overlapped for GFAP, YKL-40, S100B, log
sTREM2, log t-tau, and log p-tau. Fast sigma activity was aver-
aged across these derivations and included in multiple regres-
sion models predicting fast sigma activity while adjusting for
age at CSF sampling, sex, AHI, time between CSF sampling and
sleep study, and APOE ¢4 genotype. Both tau protein markers

D logsTREM2 0
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Figure 2. Topographic plots of associations between cerebrospinal fluid (CSF) (a) glial fibrillary acidic protein (GFAP), (b) calcium binding protein B (S100B), (c) chitinase-
3-like protein (YKL-40), and (d) log soluble triggering receptor expressed on myeloid cell 2 (sTREM2) levels and absolute power in the fast sigma frequency range [13 to
<16 Hz]| (top panel), fast sleep spindle density (middle panel), and mean fast sleep spindle duration (bottom panel) during nonrapid eye movement (NREM) sleep across
electroencephalography (EEG) derivations. In the top and middle panels, green asterisks denote EEG derivations where threshold-free cluster enhancement (TFCE) cor-
rected significant associations were detected across assessed markers of glial fibrillary acidic protein [GFAP], calcium binding protein B [S100B], chitinase-3-like protein
[YKL-40], log soluble triggering receptor expressed on myeloid cell 2 [STREM2], log total tau [t-tau], log phosphorylated tau [p-tau], 1/a-synuclein, log neurogranin, and
log neurofilament light chain protein [NfL] (11 derivations for fast sigma activity and 3 derivations for fast sleep spindle density). In the bottom panel, green aster-
isks denote EEG derivations where TFCE-corrected significant associations were detected across assessed markers of GFAP, YKL-40, log sTREM2, log t-tau, log p-tau,
1/a-synuclein, log neurogranin, and log neurofilament light chain protein [NfL] (13 derivations).
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remained significant predictors of fast sigma activity (for log
t-tau b =-0.477, p = .004; for log p-tau b =-0.499, p =.001) fol-
lowing adjustment for covariates. Fast sigma oscillatory activity
averaged at this 11-electrode cluster was also significantly as-
sociated with log AR, (r=-0.30, p =.024), log p-tau (r = -0.48,
p =.0002), and log t-tau (r = -0.44, p = .001), while the aperiodic
1/f exponent was not (all r?<0.012, all p > .41). In addition to
the fast sigma oscillatory activity, the aperiodic offset was in-
dependently associated with log p-tau (r = -0.27, p =.047), and
trended towards significance with log AB,, (r=-0.23, p =.092)
and log t-tau (r=-0.26, p =.056). The pattern of associations
with tau protein markers was similar for fast sleep spindle
density and mean fast sleep spindle duration, and both log
t-tau (for fast sleep spindle density b = -4.3, p =.023; for mean
fast sleep spindle duration b = -0.40, p = .009) and log p-tau (for
fast sleep spindle density b = —4.6, p = .008; for mean fast sleep
spindle duration b =-0.45, p =.003) remained significant pre-
dictors after adjusting for covariates. Associations between log
t-tau and total sleep spindle density, mean total sleep spindle
duration, and mean slow sleep spindle duration were detected
following TFCE correction, whereas associations between
log p-tau and total sleep spindle density, mean total sleep
spindle duration, slow sleep spindle density, and mean slow
sleep spindle duration were also detected (Supplementary
Figures S4—S7). In all cases, these associations remained sig-
nificant following adjustment of covariates (all p <.016). CSF
AB,,.,, Was positively associated with absolute fast sigma ac-
tivity, fast sleep spindle duration, total sleep spindle density,
mean total sleep spindle duration, slow sleep spindle density,
and slow sleep spindle duration, particularly over frontal
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and posterior occipito-temporal derivations (Figures 3 and
Supplementary Figures S4—S7), but the association between
AB,,,, and absolute sigma activity was more robust in the slow
sigma frequency range (11-<13 Hz; Supplementary Figure S12).
Averaged across the TFCE-corrected significant electrodes,
AB,,,,, Temained a significant predictor of slow (80 electrodes;
b =10.545, p =.023) and fast (26 electrodes; b =3.919, p =.021)
sigma activity following adjustment for age at CSF sampling,
sex, AHI, APOE &4 genotype, and time between CSF sampling
and sleep study. Associations between Af,,,, and mean fast
sleep spindle duration, total sleep spindle density, mean total
sleep spindle duration, slow sleep spindle density, and mean
slow sleep spindle duration were observed over frontal der-
ivations following TFCE correction for multiple comparisons
(Figures 3 and Supplementary Figures S4—S7), and associ-
ations with total sleep spindle density (b =39.6, p=.037) and
slow sleep spindle density (b = 34.6, p = .024) remained signifi-
cant following adjustment for covariates. Associations between
log Ap,, and fast sigma activity were also present over frontal
derivations (Figure 3B, Supplementary Table S4). However, in a
model incorporating log p-tau, log Ap,, was no longer signifi-
cant (p =.066) while log p-tau remained significant (Adjusted
r?=0.28, p =.001, log p-tau p = .002). Following TFCE correction,
the only significant associations between Af,,,,, log AB,, log
AB,,, log p-tau, or log t-tau and absolute spectral power across
other frequencies bands was observed between tau meas-
ures and power in the slow sigma and beta frequency bands
(Supplementary Figures S12—S15). Collectively, these findings
indicate that CSF levels of AD-related proteins were consist-
ently associated with deficits in sleep spindle expression.

D log t-tau E

log p-tau

-0.6 —ZZO -0.6
Pearson’s r
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Figure 3. Topographic plots of associations between cerebrospinal fluid (CSF) (a) ratio of f-amyloid 42 to f-amyloid 40 (AB,,,,.), (b) log AB40, (c) log AB42, (d) log total tau
(t-tau), and (e) log phosphorylated tau (p-tau) and absolute power in the fast sigma frequency range [13 to <16 Hz] (top panel), fast sleep spindle density (middle panel),
and mean fast sleep spindle duration (bottom panel) during NREM sleep across electroencephalography (EEG) derivations.
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Neuronal integrity and local sleep

Allthree markers of neuronalintegrity (a-synuclein, neurogranin,
NfL) exhibited robust associations with absolute fast sigma ac-
tivity, fast sleep spindle density, and mean fast sleep spindle
duration following TFCE correction (Figure 4, Supplementary
Table S5). These associations were largely global, with peak ef-
fects over fronto-parietal derivations, but were specific to faster
frequencies for a-synuclein and neurogranin while being seen
across a broader frequency range for NfL (Supplementary Figures
S$16—S18). The same group of 11 electrodes described above also
showed TFCE corrected associations with fast sigma activity
that overlapped for GFAP, YKL-40, S100B, log STREM?2, log t-tau,
log p-tau, 1/a-synuclein, log neurogranin, and log NfL. Absolute
fast sigma activity was averaged across these derivations and
included in multiple regression models predicting fast sigma
activity while adjusting for sex, AHI, APOE &4 genotype, age at
CSF sampling, and time between CSF sampling and sleep study.
Both 1/a-synuclein and log neurogranin remained significant
predictors of fast sigma activity (for 1/a-synuclein b =22.404,
p =.001; for log neurogranin b = -0.324, p = .004), whereas log NfL
(b=-0.249, p =.058) trended to significance following adjust-
ment for covariates. Fast sigma oscillatory activity averaged at
this 11-electrode cluster was also significantly associated with
1/a-synuclein (r = 0.46, p = .0003) and log neurogranin (r = -0.35,
p =.008), whereas the aperiodic 1/f exponent and aperiodic
offset were not (all r?<0.07, all p >.05). Neither the fast sigma
oscillatory activity (r = -0.21, p = .121) nor the aperiodic 1/f expo-
nent (r = -0.08, p = .555) was significantly associated with log NfL,
though the aperiodic offset was associated (r =-0.26, p =.050),
indicating that spectral power associations with log NfL may
be driven by broadband power differences among individuals.
The topographic pattern of associations with neuronal integrity
markers was similar for fast sleep spindle density and mean
fast sleep spindle duration, and 1/a-synuclein (for fast sleep
spindle density b =271.8, p =.001; for mean fast sleep spindle
duration b=22.2, p=.001) and log neurogranin (for fast sleep
spindle density b=-2.6, p=.038; for mean fast sleep spindle
duration b = -0.30, p = .007) remained significant predictors after
adjusting for covariates. Associations did not remain signifi-
cant for log NfL (for fast sleep spindle density b =-1.9, p =.252;
for mean fast sleep spindle density b=-0.20, p=.058) after
adjusting for covariates. TFCE corrected associations were also
detected between 1/a-synuclein, log neurogranin, and log NfL
and total sleep spindle density, mean total sleep spindle dur-
ation, slow sleep spindle density, and mean slow sleep spindle
duration (Supplementary Figures S2—S5). Following adjustment
for covariates, associations with all these sleep spindle meas-
ures remained significant for 1/a-synuclein and log neurogranin
(all p <.013) but only mean total sleep spindle duration remained
a significant predictor of log NfL (b = -0.29, p = .024).

All neuronal integrity markers exhibited TFCE-corrected sig-
nificant associations with spectral power in other frequency
bands, with 1/a-synuclein being negatively associated with slow
sigma, beta, and gamma frequency power, log neurogranin being
negatively associated with slow sigma and beta power, and log
NfL being associated with spectral power across nearly all fre-
quency bands (Supplementary Figures S16—S518).

These analyses indicate that multiple markers of neuronal
integrity, particularly those more sensitive to synaptic degener-
ation (a-synuclein, neurogranin), were significantly associated
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with deficits in sleep spindle expression during NREM sleep,
with peak associations occurring at fronto-central EEG deriv-
ations also showing peak associations with CNS inflamma-
tion and tau proteins. Full statistical details are presented in
Supplementary Table S5.

Tau proteins and neural integrity mediate associations
between inflammation and sleep

Peak associations with sleep spindle measures were remarkably
consistent topographically across CSF fluid biomarkers of CNS
inflammation, tau proteins, and neuronal integrity, indicating
the possibility of interrelationships among all these variables.
To integrate the above findings, serial mediation models were
conducted in the SPSS Process Macro v3.5, using model 80 to
compute indirect effects in a parallelized serial mediation
framework (Figure 5A) [76]. Mediation analyses incorporated
sex, APOE ¢4 genotype, AHI, and time between CSF sampling
and sleep study as covariates. These models characterized the
presence of statistically significant serial mediations, with all
markers of astrocyte and microglia activation (GFAP, S100B, YKL-
40, log STREM2) independently mediating the effects of age on
markers of tau proteins (log t-tau, log p-tau) and neuronal integ-
rity (1/a-synuclein, log neurogranin, log NfL), with each in turn
mediating the effects of GFAP, S100B, YKL-40, and log sSTREM2 on
sleep spindle measures (fast sigma activity, fast sigma oscilla-
tory activity, fast sleep spindle density, mean fast sleep spindle
duration). As secondary analyses, indirect effects on total sleep
spindle density, mean total sleep spindle duration, slow sleep
spindle density, and mean slow sleep spindle duration were also
explored. For fast sigma activity, significant serial mediation
effects were detected using 95% confidence intervals through
YKL-40 and then log t-tau (indirect effect = -0.0031, CI: —0.0073
to -0.00004), log p-tau (indirect effect =-0.0036, CI: -0.0077 to
-0.0037), and 1/a-synuclein (indirect effect = -0.0021, CI: -0.0047
to —-0.0001), and through log sTREM2 and then log p-tau (-0.0021,
CIL: —0.0049 to —0.0001) and 1/a-synuclein (-0.0020, CI: —-0.005 to
-0.00004; Figure 5B, Supplementary Tables S6—S10). Mediation
models examining indirect effects on fast sigma oscillatory
activity confirmed these results on fast sigma activity, with
indirect effects detected through YKL-40 and then log t-tau (in-
direct effect =0.034, CI: —0.091 to -0.0004), log p-tau (indirect
effect = —0.040, CI: -0.092 to -0.005), and 1/a-synuclein (indirect
effect = -0.025, CI: —0.060 to -0.003), and through log sTREM2
and then log p-tau (indirect effect = —0.023, CI: -0.052 to —-0.002),
and 1/a-synuclein (indirect effect = -0.023, CI: -0.059 to —0.002,
Supplementary Tables S11—S15). Similar indirect effects were
also identified for fast sleep spindle density and mean fast
sleep spindle duration, as well as total sleep spindle density and
mean total sleep spindle duration (Figure 5B, Supplementary
Tables S16—S35). More specifically, significant serial mediation
effects were detected through YKL-40 and then log p-tau for fast
sleep spindle duration (indirect effect =-0.0034, CI: -0.0073 to
-0.0002), 1/a-synuclein for fast sleep spindle density (indirect
effect =-0.029, CI: -0.062 to -0.004), mean fast sleep spindle
duration (indirect effect=-0.0022, CI: -0.0048 to -0.0002),
total sleep spindle density (indirect effect=-0.030, CI: -0.063
to -0.005), and mean total sleep spindle duration (indirect
effect = -0.00193, CI: -0.00425 to —0.00017). Indirect effects were
also detected through log STREM2 and then log p-tau for fast
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Figure 4. Topographic plots of associations between cerebrospinal fluid (CSF) (a) 1/a-synuclein, (b) log neurogranin, and (c) log neurofilament light-chain protein (NfL)
and absolute power in the fast sigma frequency range [13 to <16 Hz] (top panel), fast sleep spindle density (middle panel), and mean fast sleep spindle duration (bottom

panel) during NREM sleep across electroencephalography (EEG) derivations.

sleep spindle duration (indirect effect =-0.0019, CI: -0.0047 to
-0.0002) and 1/a-synuclein for fast sleep spindle density (in-
direct effect=-0.027, CI: -0.065 to -0.003), mean fast sleep
spindle duration (indirect effect = -0.021, CI: —0.005 to —0.00015),
total sleep spindle density (-0.028, CI: -0.069 to -0.003) and
mean total sleep spindle duration (-0.00182, CI: -0.00456 to
-0.00008). No other significant indirect effects were detected.
Collectively, these findings suggest that age-related deficits in
sleep spindle expression, particularly in faster frequency ranges,
are more specifically associated with the effects of microglia on
tau proteins and synaptic integrity.

Association between local sleep and overnight memory
retention

We finally examined whether deficits in sleep spindle expres-
sion were associated with memory impairment. Overnight
word-pairs memory retention was quantified as absolute change
in accuracy and proportion of change in accuracy between pre-
sleep and post-sleep testing sessions of the word pairs task
(WPT), with values cube root transformed to minimize nega-
tive skewness. These measures exhibited strong TFCE-corrected
correlations over frontal, central, and parietal derivations with
mean absolute fast sigma power, total sleep spindle density,

slow sleep spindle density, and mean sleep spindle duration for
total, fast, and slow sleep spindles (Figure 6AC). Nonparametric
Kendall’s tau-b confirmed these associations with absolute
fast sigma activity at 11 EEG derivations with TFCE significance
overlapping with GFAP, YKL-40, log sTREM2, log t-tau, log p-tau,
1/a-synuclein, log neurogranin, log NfL, S100B, as well as abso-
lute (Kendall’s tau-b = 0.23, p = .019) and proportional (Kendall’s
tau-b = 0.22, p =.0.019) overnight change in word-pairs memory.
Fast sigma oscillatory activity at the 11-electrode cluster (for ab-
solute Kendall’s tau-b = 0.24, p = .013; for proportional Kendall’s
tau-b = 0.23,p =.013) was also significantly associated with over-
night change in word-pairs memory, while neither the aperiodic
1/f exponent (for absolute Kendall’s tau-b = 0.14, p = .146; for pro-
portional Kendall’s tau-b = 0.15, p = .122) nor the aperiodic offset
(for absolute Kendall’s tau-b=0.13, p=.178; for proportional
Kendall’s tau-b=0.12, p=.218) were significant predictors of
memory performance. While no TFCE-corrected significant as-
sociations were detected between fast sleep spindle density and
overnight memory retention (Figure 6B C), associations were
confirmed between fast sleep spindle density at EEG derivations
with TFCE significance overlapping with all inflammation, tau
proteins, and synaptic integrity markers and absolute (Kendall’s
tau-b =0.29, p=.003) and proportional (Kendall’s tau-b =0.28,
p =.003) overnight change in word-pairs memory. Associations
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Figure 5. (a) Schematic representation of SPSS Process Macro v3.5 model 80 [76] implemented to examine combined parallel and serial mediation linking age to fast
sigma activity through cerebrospinal fluid (CSF) glial fibrillary acidic protein (GFAP), calcium binding protein B (S100B), chitinase-3-like protein (YKL-40), and log soluble
triggering receptor expressed on myeloid cell 2 (STREM?2) levels, respectively, and then through CSF log total tau (t-tau), log phosphorylated tau (p-tau), 1/a-synuclein,
log neurogranin, and log neurofilament light chain protein (NfL) levels, comprising five separate serial mediation models. Lowercase letters a—d reflect regression co-
efficients corresponding to each path within the mediation model, with a,—a, indicating the effect of age on inflammation markers, a, indicating the effect of age
on markers of Alzheimer’s disease (AD)-related proteins or synaptic integrity, b,—b, indicating the effect of inflammation markers on sleep spindle measures in the
cluster of 11 overlapping electrodes, b, indicating the effect of AD-related proteins or synaptic integrity on fast sigma activity, ¢, and c,, reflecting the total effect and
direct effect of age on fast sigma activity after adjusting for mediators, and d,—d, reflecting the effect of inflammation markers on AD-related proteins or synaptic
integrity. (b) Schematic representation of all significant serial mediation paths linking age to sleep spindle measures (fast sigma activity [13 to <16 Hz], fast sigma os-
cillatory activity, fast sleep spindle density, mean fast sleep spindle duration, total sleep spindle density, and total mean sleep spindle duration) during nonrapid eye
movement (NREM) sleep (Supplementary Tables S6—S35). No paths are shown for GFAP or S100B because no significant paths through these inflammation markers
were detected. Significant paths through YKL-40 and log p-tau, log t-tau, and 1/a-synuclein are denoted in red, and significant paths through log sSTREM2 and log p-tau

and 1/a-synuclein are denoted in blue.

were also confirmed between mean fast sleep spindle duration
at EEG derivations with TFCE significance overlapping with
GFAP, YKL-40, log sTREM?2, log t-tau, log p-tau, 1/a-synuclein,
log neurogranin, log NfL, and absolute (Kendall’s tau-b =0.27,
p =.005) and proportional (Kendall’s tau-b = 0.26, p = .006) over-
night change in word-pairs memory. Significant associations
were also detected for total sleep spindle density (for abso-
lute Kendall’s tau-b =0.28, p =.005; for proportional Kendall’s
tau-b =0.26, p=.006), total sleep spindle duration (for abso-
lute Kendall’s tau-b =0.25, p =.009; for proportional Kendall’s
tau-b =0.24, p=.011), slow sleep spindle density (for abso-
lute Kendall’s tau-b =0.23, p =.011; for proportional Kendall’s
tau-b =0.24, p=.013) and mean slow sleep spindle duration
(for absolute Kendall’s tau-b=0.28, p =.004; for proportional
Kendall’s tau-b=0.26, p =.006). Last, memory measures were
also significantly associated with absolute delta activity, theta
activity, slow sigma activity, and beta activity following TFCE
correction (Supplementary Figures S19-520, Table S36).

Multiple linear regressions were employed to assess
whether sleep spindle measures at electrodes showing asso-
ciations with inflammation, AD-related proteins, and neuronal
integrity markers significantly predicted both absolute and
proportion overnight change in memory performance on the
WPT. While memory measures were not significantly associ-
ated with age (all 1> < 0.05, p > .14) or AHI (all 12 < 0.001, p > .88),
nor differed by sex (all p > .61) or APOE &4 genotype (all p > .66),
multiple regression models included an average of fast sigma

activity, fast sigma oscillatory activity, fast sleep spindle dur-
ation, total sleep spindle density, mean total sleep spindle
duration, slow sleep spindle density, or slow sleep spindle dur-
ation at TFCE-corrected clusters, age at PSG study, APOE &4
genotype, and sex as covariates predicting word-pairs memory.
Mean absolute fast sigma power remained a significant pre-
dictor of both absolute (b=0.435, p=.009) and proportion
(b=0.483, p=.008) overnight change in WPT memory per-
formance (Figure 6A-C). Fast sleep spindle density, mean fast
sleep spindle duration, total sleep spindle density, mean total
sleep spindle duration, slow sleep spindle density, and mean
slow sleep spindle duration also all remained significant pre-
dictors of absolute (for fast sleep spindle density b=0.03,
p = .051; for mean fast sleep spindle duration b = 0.36, p = .035;
for total sleep spindle density b =.035, p =.004; for mean total
sleep spindle duration b = 0.46, p = .003; for slow sleep spindle
density b=0.04, p=.006; for mean slow sleep spindle dur-
ation b = 0.29, p = .043) and/or proportion (for fast sleep spindle
density b =0.03, p =.032; for mean fast sleep spindle duration
b = 0.40, p = .034; for total sleep spindle density b = 0.04, p = .002;
for mean total sleep spindle duration b = 0.52, p = .003; for slow
sleep spindle density b=0.05, p=.003; for mean slow sleep
spindle duration b =0.33, p =.048) overnight change in WPT
memory performance. These findings support the hypothesis
that CNS inflammaging, tau proteins, and synaptic degener-
ation may impact memory retention in older adults, in part,
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Figure 6. Topographic plots of associations between cube root of proportion (top panel) overnight memory change [(post-sleep memory—pre-sleep memory)/pre-sleep
memory] and absolute (bottom panel) overnight memory change [post-sleep memory—pre-sleep memory] on the word pairs task and (a) absolute power in the fast
sigma frequency range [13 to <16 Hz], (b) sleep spindle density for total spindles, fast spindles, and slow spindles, and (c) mean sleep spindle duration for total spindles,
fast spindles, and slow spindles during NREM sleep across electroencephalography (EEG) derivations.

through their disruption of sleep spindle-dependent mechan-
isms supporting overnight memory consolidation.

Discussion

These findings demonstrate that, even prior to (-amyloid
pathology positivity, inflammation in the human brain was
associated with tau phosphorylation and synaptic degeneration-
associated sleep spindle and memory deficits in cognitively un-
impaired older adults at risk for AD. More specifically, increased
microglia activation, through its association with increased
levels of phosphorylated tau and synaptic degeneration, was
associated with deficits in NREM fast sleep spindle expression
over frontal cortex. Furthermore, sleep spindle expression over
the same EEG derivations was directly associated with deficits
in overnight sleep-dependent episodic memory retention, po-
tentially due to the effects of tau phosphorylation and synaptic
degeneration on sleep spindle mechanisms supporting memory-
relevant neuroplasticity at the synapse. These findings impli-
cate age-related increases in CNS inflammation and microglial
activation as potential early facilitators of tau phosphorylation
and neurodegenerative processes reducing the expression of
neuroplastic events during sleep that support memory consoli-
dation. CNS inflammaging thus represents a novel, preclinical
candidate mechanism that may link aging and AD to memory
impairment through its impact on fast sleep spindle expression.

Prior studies have demonstrated links between chronic per-
ipheral inflammation and sleep quality [10, 12, 78, 79]. A meta-
analysis of over 70 studies demonstrated that self-reported sleep
disturbance, shorter sleep duration, and excessively long sleep
duration were associated with increased peripheral C-reactive
protein (CRP) and/or interleukin-6 (IL-6) levels [12]. Studies using
objective sleep measures showed similar findings, with lower
sleep efficiency, lower percent NREM sleep time, severe sleep
apnea symptoms, short sleep duration, and higher waking after

sleep onset duration all associated with higher plasma IL-6
and/or CRP levels [10, 80]. Experimental sleep deprivation and
restriction also lead to increased levels of IL-6, CRP, tumor ne-
crosis factor-a (TNF-a), and nuclear factor kB (NF-kB) [81-83].
Conversely, sleep architecture is disrupted in individuals with
chronic inflammatory diseases, thus indicating that these as-
sociations may be bidirectional [12]. This potential vicious cycle
could be relevant for cognitive aging, as reduced sleep quality
and chronic low-grade inflammation have been independently
observed with increasing age and hypothesized to contribute
to age-related neurological diseases [1, 4, 5, 37]. Recent studies
indicate that inflammatory markers such as YKL-40 are asso-
ciated with reduced slow wave sleep and poor sleep quality in
Ap positive older adults and patients with AD [78, 79]. Despite
these findings, there remains a paucity of information regarding
whether CNS inflammation is associated with sleep deficits in
the absence of AP positivity. It also remains unknown whether
CNS inflammation is associated with deficits in the local ex-
pression of neuroplasticity-relevant fast frequency sleep spindle
oscillations observed in aging and AD, and whether there are
functional consequences of this relationship.

Our findings address these knowledge gaps in several im-
portant ways. First, we report that CSF markers of inflammation
(i.e. of astrocyte and microglia activation) were associated with
sleep spindle deficits. Moreover, these deficits were local and
EEG frequency-specific, with glial activation markers being more
specifically associated with NREM sleep spindle-related brain
activity at faster frequencies (i.e. 13-<16 Hz vs 11-<13 Hz) over
frontal EEG derivations. These associations were also specific
to the form of inflammation, with parallelized serial mediation
models indicating that NREM sleep spindle-related activity was
related to markers of microglial activation but not astrocytic ac-
tivation. Finally, increased levels of glial activation markers stat-
istically mediated the effects of age on local NREM sleep spindle
expression, and these faster frequency sleep spindle deficits
were directly related to sleep-dependent memory impairment.

220z Jaquiaydag oz uo poddns Ag 86G£099/GE 1L 0BSZ/6/G/a101e/dad|s/wo dnoolwapede//:sdily woly papeojumoq



Faster frequency sleep spindles, relative to those of slower fre-
quencies, are more vulnerable to both aging and AD [11, 30]. This
is noteworthy given that both our prior work and the findings in
the current report demonstrate that deficits in faster frequency
sleep spindles contribute to age-related memory deficits [26, 27].
Collectively, these findings identify CNS inflammation as a po-
tential novel contributing factor to age-related deficits in sleep
spindles that support neuroplasticity and long-term memory
retention. CNS inflammation, in contrast to neurodegeneration,
may thus be an early and targetable mechanism contributing to
sleep-related memory decline in later life.

Sleep spindle deficits have been reported in people with MCI
and AD relative to healthy older adults [11, 29, 31], and the mag-
nitude of these deficits is associated with CSF tau levels even in
cognitively unimpaired older adults [13]. Our findings are con-
sistent with these studies, with tau protein levels mediating
the effects of age, YKL-40, and soluble TREM2 levels on NREM
fast sleep spindle expression. Moreover, these mediations were
stronger with phosphorylated tau than total tau, suggesting
that inflammation-mediated sleep spindle disruption in older
adults may result specifically from the phosphorylation of tau.
However, the topographic pattern of sleep spindle deficits in MCI
and AD is distinct from that observed in normal aging [4, 5, 11,
30], and the peak of the topographic pattern of associations be-
tween age, inflammation, tau proteins, and neuronal integrity
in the current report more closely resembled our prior findings in
the context of aging, i.e. frontal loss in aging versus parietal in
AD [26, 27, 30], though parietal fast sleep spindle deficits were
also observed. Thus, proteins associated with CNS inflamma-
tion and tau phosphorylation may be critically involved in early
age-related sleep changes prior to the onset of tau pathological
deposition or neurodegenerative disease.

Though amyloid deposition is thought to be an initial driver
of the cortical spread of tau pathology [84, 85], tau protein levels
in the current study were below pathological thresholds and
were significantly associated with age but not with CSF Af,,,,
levels, likely due to the overall normal amyloid levels in study
participants. The topographic pattern of associations between
all fast sleep spindle measures and inflammation and phosphor-
ylated tau also differed from those associated with CSF Af,, ,,
levels in the current study, with AB,,,, being more strongly asso-
ciated with anterior expression of slow sleep spindles. Similar to
AD, chronic low grade inflammation is common in normal aging
[37]. A recent study in humans examining plasma and CSF meas-
ures of 73 inflammatory proteins demonstrated that age was as-
sociated with an elevated inflammatory profile in Af-negative,
cognitively unimpaired older adults, including in proteins as-
sociated with inflammatory pathways driving the response to
cytokine stimulus, the inflammatory response, and chemotaxis
[86]. The degree to which these inflammatory markers were ele-
vated was associated with CSF Ap,,, p-tau, t-tau, and cognitive
decline as measured by the Clinical Dementia Rating scale sum
of boxes [86]. These findings coupled with the findings from our
study indicate that aging is associated with inflammation, and
the degree of increased inflammation is associated with AD bio-
markers and local deficits in sleep spindle expression even prior
to Ap plaque positivity. Beyond phosphorylated tau, CSF meas-
ures of synaptic integrity (a-synuclein) also mediated the effects
of inflammation on sleep spindle expression. In fact, the most
consistently observed indirect effect across sleep spindle meas-
ures was through associations between microglial activation
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and a-synuclein. Thus, these sleep spindle deficits may be a
more general marker of memory deficits resulting from synaptic
dysfunction regardless of the cause. Sleep spindle-dependent
cognitive deficits have been observed across a wide range of
neuropsychiatric disorders associated with synaptic dysfunc-
tion, including schizophrenia [87], epilepsy [88], attention deficit
hyperactivity disorder [89], MCI [90], and Alzheimer’s disease [29].
Moreover, sleep spindle deficits in Parkinson’s disease predicts
the onset of dementia [91]. It is therefore possible that biological
processes associated with aging may trigger inflammatory pro-
cesses within the brain that result in hyperphosphorylation
of tau, synaptic degeneration, and sleep spindle-dependent
memory deficits that set the stage for either AD pathogenesis
or increased vulnerability to AD pathogenesis due to synaptic
loss. Another possibility is that tau phosphorylation and syn-
aptic loss contribute specifically to deficits in sleep-dependent
memory processing observed in aging, MCI, and AD through
their impact on fast sleep spindle expression. While much of the
literature has focused on the role of slow wave deficits in im-
paired sleep-dependent memory consolidation in older adults,
MCI patients, and patients with dementia [4, 5], a recent study
showed that deficits in sleep spindle measures were associ-
ated with impaired sleep-dependent memory in MCI patients
[90], and enhancing slow wave-sleep spindle coupling improved
sleep-dependent episodic memory in older adults and MCI pa-
tients [35, 36, 92]. Our findings build on this work to identify
candidate mechanisms for sleep spindle-dependent memory
impairment in older adults at risk for AD.

The effect of microglial activation on production of phos-
phorylated tau is a recognized pathway triggering early stages of
AD pathophysiological progression [38, 39]. Though the existing
literature has focused on the triggering effect of Af} pathology on
microglia that then fosters pathological accumulation of tau and
neurodegeneration [38, 39], numerous studies implementing
rodent tauopathy models support direct links between micro-
glial function and tau pathophysiology even in the absence of
AB [93-97]. One mechanism that contributes to this relation-
ship between microglial dysfunction and tau pathophysiology,
neurodegeneration, and cognitive impairment is TREM2. TREM2
expression is specific to microglia [98], and mutations in the
gene coding TREM2 increases AD risk [99]. Higher STREM2 levels
in CSF is associated with tau proteins and neurodegeneration in
humans,[100] and tau-expressing TREM2 knockout mice show
lower levels of microglial activation and reduced hippocampal
atrophy [95]. Thus, microglial dysfunction, potentially operating
through a TREM2 mechanism, may foster the production and
phosphorylation of tau and related synaptic degeneration that
underlies the deficits in fast sleep spindle expression observed
in the current study. Supporting this possibility, CSF sTREM2
levels mediated the effects of age on fast sleep spindle expres-
sion in the current study and were associated with tau and
a-synuclein levels. Our findings suggest that tau-related fast
sleep spindle deficits may be among the earliest sleep-related
deficits observed in AD, since participants were relatively young
(~62% between 48 and 60 years old), cognitively unimpaired,
and largely amyloid and tau negative based on established CSF
thresholds [67].

A recent report demonstrated a key role for NfL in reduced
slow wave sleep in AD patients [79], a brain state rich in slow
waves and sleep spindles. Our findings are consistent in that
NfL levels were negatively associated with both global NREM
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sleep spindle expression and delta activity. Nevertheless, these
findings were unexpected given that the subject cohort was
negative for Af and tau pathology based on established CSF
thresholds [67], which is thought to precede the widespread NfL-
associated neurodegeneration observed in later AD stages [84].
However, a recent report has shown that NfL is also associated
with age-related brain atrophy in a cognitively unimpaired older
adult cohort absent of neurological injury or neurodegenerative
disease.[101] Cortical brain atrophy has been associated with
both reduced SWA and sleep spindle deficits in cognitively un-
impaired older adults in other studies.[9, 15, 27, 102] Collectively,
these findings suggest that the reduced delta activity and sleep
spindle expression deficits associated with NfL in the current
study may represent age-related brain atrophy impacting sleep
oscillation expression. It is also important to note, however,
that NfL was not associated only with sleep spindle expression
and delta activity deficits, as associations with NfL were pre-
sent across almost all frequency bands. This indicates that NfL
may be more tied to loss of global power across frequencies, po-
tentially independent of sleep state, due solely to the effects of
global neuronal loss on absolute amplitude of neural activity. In
further support of this possibility, fast sigma oscillatory activity
was not significantly associated with NfL levels, and the aperi-
odic power offset did show a significant association with NfL.
While these findings identify candidate mechanistic links
among CNS inflammation, AD biomarkers, and sleep-related
memory processing, this study has some limitations. First, these
cross-sectional findings are associational and do not prove
causal links between variables. A combination of targeted longi-
tudinal and experimental manipulation studies will be needed
to evaluate the causal nature of these reported associations.
Second, the study was not powered to address potential effects
of sex as a biological variable in moderating the reported effects,
which will be critical as sex impacts microglial function and
CNS inflammation [103], AD biomarkers [104], global and local
sleep expression [5, 105], and potentially their interactive impact
on cognition [106, 107]. Larger studies will be needed to examine
how sex impacts these relationships. Another important limi-
tation regards the lack of Af plaque and neurofibrillary tangle
positivity among the study cohort. Even though nearly 80% of
the cohort has parental history of AD, which increases risk for
AD [108], it remains uncertain whether or not the study parti-
cipants are on the trajectory toward the development of AD. It
is therefore unclear whether these associations are driven by
processes associated with age or preclinical stages AD patho-
genesis. While these findings are important regardless of the
root cause, future studies will need to examine the evolution
of these relationships across preclinical and clinical stages of
AD. The lack of neuroimaging of neurodegeneration and path-
ology markers also precludes examining the brain circuit spe-
cificity of the reported effects, though the molecular specificity
of AD fluid biomarkers is an important advantage of the current
study. Finally, the study focused on markers of CNS inflamma-
tion and markers of peripheral inflammation were not assessed.
The importance of this was recently highlighted in a proteome
study that demonstrated that inflammatory pathways meas-
ured in plasma and CSF may be differentially associated with
AD biomarkers, neurodegeneration, and cognitive decline [86].
Future studies combining both measures will thus be critical to
elucidate how the interactions between central and peripheral

inflammation impacts the relationship between AD biomarkers,
local sleep expression, and related cognitive functions.

In conclusion, these findings demonstrate that markers of
CNS inflammation are associated with AD-related proteins and
neurodegenerative processes that in turn were associated with
local expression of sleep spindles and sleep-dependent memory
retention in cognitively unimpaired older adults at risk for AD.
They support findings from rodent models implicating micro-
glia, possibly through TREM2-mediated pathways, in early ex-
pression of AD pathophysiology [16, 95, 100, 109], and associate
these markers with sleep spindle expression deficits and asso-
ciated sleep-dependent memory deficits in humans enriched
for AD risk. Future studies will need to build on this framework
to better understand how CNS inflammation is mechanistically
linked to AD-related proteins and related brain pathology, neur-
onal integrity, and local deficits in sleep oscillations supporting
neuroplasticity. Longitudinal studies are required to charac-
terize the temporal relationships between CNS inflammation,
AD-related proteins, brain pathology, and neuronal integrity.
Intervention studies will be needed to determine whether
targeting microglia activation, or other mechanisms of CNS in-
flammation, could minimize fast sleep spindle deficits, sleep-
dependent cognitive impairment, and dementia risk. Lastly,
studies of populations at risk for AD dementia that examine
sleep spindle deficits should also examine CNS markers of in-
flammation, which may precede the onset of clinically signifi-
cant AD pathology and synaptic loss [16, 95, 96, 100, 109, 110].
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