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Sleep, pericyte subtypes and cognitive
decline in adults with and without
Alzheimer’s disease

Mahnoor Hamid,? Trishna Saha Detroja,? Shreejoy J. Tripathy,>>*° Vilas Menon,°
Jishu Xu,®” Lei Yu,%’ Yanling Wang,®” ®Aron S. Buchman,®’ ®David A. Bennett,®’
Philip L. De Jager®®° and Andrew S. P. Lim"?

Sleep fragmentation is common in older adults and is associated with cognitive impairment and dementia, as well as
key histopathological correlates of dementia, including small vessel disease and cerebral infarcts. Vascular and
blood-brain barrier dysfunction are thought to contribute to cognitive decline and dementia. Pericytes, a key vascular
cell type, may play a key role.

In model organisms, sleep disruption is associated with pericyte dysfunction and blood-brain barrier breakdown.
Recent advances in single-nucleus RNA sequencing (snRNAseq) technology have identified two transcriptionally dis-
tinct subtypes of pericytes: extracellular matrix protein-expressing M-pericytes and solute carrier-expressing T-peri-
cytes. However, the relationship between sleep, pericyte biology and cognition in humans remains unclear.

We tested the hypothesis that differences in the composition of brain pericyte subpopulations, as inferred from
marker gene expression, may link sleep fragmentation and cognitive decline. We leveraged two published human
brain snRNAseq datasets to identify specific marker genes for M- and T-type pericytes. We then used post-mortem
bulk RNAseq data from the dorsolateral prefrontal cortex (n = 1092) and lateral orbitofrontal cortex (n =495) to quan-
tify expression of these marker genes in older adults in two longitudinal cohort studies: the Religious Orders Study
and Rush Memory and Aging Project. We derived trajectories of global cognitive function from participants’ ante-
mortem annual cognitive assessments, while sleep fragmentation was derived from ante-mortem wrist-actigraphy
recordings from a subset of 572 participants. We used multivariate linear regression to relate pericyte marker gene
expression to sleep fragmentation and cognitive decline in the decade preceding death.

In the dorsolateral prefrontal cortex, greater average sleep fragmentation was associated with greater expression
of M-pericyte marker genes [estimate = +3.65 x 10~*, standard error (SE)=1.61x107%, P=0.024] but not T-pericyte
marker genes. Dorsolateral prefrontal cortex expression of M-pericyte (estimate=-8.30x107>, SE=3.37x 107>,
P =0.014) but not T-pericyte marker genes was associated with more rapid cognitive decline in the 10 years prior to
death. In the lateral orbitofrontal cortex, greater sleep fragmentation was also associated with greater composite
M-pericyte gene expression (estimate = +4.48 x 107 %, SE =1.92 x 10~ %, P = 0.02), which in turn was associated with fas-
ter cognitive decline in the decade preceding death (estimate = —1.30 x 1072, SE =4.55 x 1073, P = 0.0044).

These findings identify a potential role of M-pericytes in linking sleep fragmentation and cognitive trajectories in old-
er adults. Additionally, our findings highlight the importance of vascular mechanisms in linking disrupted sleep to
dementia.
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Introduction

Alzheimer’s disease and related dementias (ADRD) are a leading
cause of death among older adults, as well as a major contributor
to disability and dependency.’ Interventions to prevent cognitive
impairment and ADRD are urgently needed. In older adults, sleep
disruption and ADRD can coexist.>® In some individuals, sleep dis-
ruption can precede the onset of cognitive impairment by years,
with emerging evidence suggesting a bidirectional link between
sleep disruption and ADRD.** However, the mechanisms under-
lying these links remain incompletely described.

Cerebral small vessel disease (CSVD), a term encompassing
pathology of the small vessels of the brain, is an important patho-
logical correlate of cognitive impairment in older adults.®” Key ele-
ments of cerebral small vessels are pericytes—a type of mural cell
embedded in the vessel basement membrane.®® Pericytes are in-
volved in regulating cerebral blood flow and maintaining the
blood-brain barrier (BBB).®° Pericyte dysfunction, indicated by in-
creased shedding of soluble PDGFRp from pericytes to the CSF,
has been identified as an early feature of Alzheimer’s disease
pathogenesis.’®** A recent single nucleus RNA sequencing
(snRNAseq) study of human brain vascular cells identified two tran-
scriptionally defined subtypes of pericytes—'M’ pericytes, charac-
terized by the expression of extracellular matrix-maintenance
genes, and ‘T’ pericytes, characterized by the expression of solute
transporter genes—and suggested a differential association of peri-
cyte subtypes with Alzheimer’s disease.™

Previous studies have also linked CSVD with sleep disruption. In
a post-mortem study of community-dwelling older adults, a greater
burden of arteriolosclerosis, a key form of CSVD, at death was asso-
ciated with greater sleep disruption.’® Moreover, in rodent models,
sleep restriction has been shown to impair pericyte structure and
function.’** In the rat brain, chronic sleep restriction has been
shown to decrease expression of tight junction proteins and
PDGFRB and to show pericyte detachment from vessel walls.™
Based on these observations, we hypothesized that alterations in
pericyte function or subtype proportion may link sleep fragmenta-
tion to cognitive impairment in humans.

To address this question, we leveraged clinical and post-
mortem data from 1270 older adult participants in two longitudinal

cohort studies of ageing—the Religious Orders Study (ROS) and the
Rush Memory and Aging Project (MAP). We related ante-mortem
measurements of sleep fragmentation and cognitive function in
the decade preceding death to post-mortem bulk tissue RNAseq.
We specifically assessed the expression of marker genes for M-
and T-type pericytes in the dorsolateral prefrontal cortex (DLPFC),
a region associated with several cognitive abilities. To examine
the extent to which region-specific effects drive these results, we
also assessed pericyte subtype marker gene expression in the lat-
eral orbitofrontal cortex (LOFC), a region associated with decision
making and sleep fragmentation.'® We tested the hypotheses that
(i) sleep fragmentation is associated with the expression of pericyte
subtype marker genes in the DLPFC and LOFC; and (ii) that expres-
sion of pericyte subtype marker genes is associated with cognitive
trajectory in the decade before death.

Materials and methods

The methods are summarized here, and a full description can be
found in the Supplementary material, ‘Methods’ section.

The ROS and MAP studies were approved by the Institutional
Review Board of Rush University Medical Center and conducted
in accordance with the Declaration of Helsinki. All participants pro-
vided written informed consent and signed an anatomic gift act for
brain donation and a repository consent for data sharing.

We analysed data from 1270 older community-dwelling adults with
neocortical bulk-tissue RNAseq data and cognitive assessment
(1092 with RNAseq data from the DLPFC, 495 with data from the
LOFC and 299 with both) participating in two longitudinal cohort
studies of ageing, the MAP and the ROS.” Among the participants,
572 also had ante-mortem assessment of sleep fragmentation by
actigraphy, and 424 had snRNAseq data from the DLPFC.
Beginning in the mid-1990s, ROS recruited non-demented
community-dwelling nuns, brothers and priests from across the
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Table 1 Characteristics of the study population
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Characteristic Participants with DLPFC bulk Participants with LOFC bulk
RNA sequencing RNA sequencing
N =1092 N =495
Demographics

Age at death, years

Female sex, n (%)

Years of education

Caucasian descent, n (%)

Post-mortem interval, h

Cognition

Mini-Mental State Examination score

Time from last cognitive assessment to death, years
Sleep

Mean sleep fragmentation, kRA

Number of actigraphy recordings

Time from last actigraphy recording to death, years
Clinical

Diagnosis of dementia (AD or other cause), n (%)
NIA-Reagan diagnosis of AD, n (%)

Amyloid-p coverage, % area of cortex
Neurofibrillary tangle density (per mm?)

Presence of one or more gross chronic infarcts, n (%)
Presence of one or more chronic microinfarcts, n (%)
Moderate to severe cerebral atherosclerosis, n (%)
Mild to severe cerebral amyloid angiopathy, n (%)
Mild to severe arteriosclerosis, n (%)

90.01 [67.37,108.28] 92.18 [70.64,108.26]

732 (67%)

16.00 [3.00,30.00]
1076 (99%)

6.54 [0.87,85.08]

25.00 [0.00,30.00]
0.64 [0.01,8.50]

0.03 [0.02,0.08]
3.00 [1.00,11.00]
1.74 [0.05,12.89]

170 (41%)

272 (66%)

1.98 [0.00,4.79]
2.13[0.00,8.86]
68/415 (16%)
89/415 (21%)

360 (73%)

15.00 [5.00,29.00]
476 (96%)

7.27 [3.45,40.80]

25.00 [0.00,30.00]
0.66 [0.01,7.66]

0.03 [0.02,0.08]
4.00 [1.00,13.00]
2.03 [0.05,13.66]

195 (41%)

309 (65%)

2.00 [0.00,4.79]
2.17[0.00,9.01]
83/470 (18%)
118/470 (25%

)
104/415 (25%) 116/473 (25%)
124/414 (30%) 133/472 (28%)
136/413 (33%) 148/468 (32%)

Square brackets indicate [max, min]. AD = Alzheimer’s disease; DLPFC = dorsolateral prefrontal cortex; LOFC = lateral orbitofrontal cortex; NIA = National Institute on Aging.

US to undergo annual clinical evaluations of myriad clinical factors,
including cognitive assessments, neurological evaluations and
brain donation upon death. The MAP cohort started in 1997 and re-
cruited individuals with a wider range of life experiences and socio-
economic characteristics in the greater Chicago area to undergo the
same clinical and pathological evaluations. Participant characteris-
tics are described in Table 1, and the overlap of participants in each
dataset is shown in Supplementary Fig. 1.

As described more fully in the Supplementary material, ‘Methods’
section, toidentify marker genes characteristic of human brain peri-
cyte subtypes, we reanalysed published snRNAseq data from two
sources.

The first source of snRNAseq data was a study by Yang et al.* of
143793 individual nuclei from the hippocampi and frontal cortices
of 17 older adults with and without Alzheimer’s disease. Notably,
the data were enriched for vessel-associated cell types via
preprocessing with centrifugation, filtration, washing and flow
cytometry, resulting in a large number of nuclei from pericytes
and other vessel-associated cell types, but a paucity of
non-vessel-associated cells, including neurons, astrocytes and
microglia. This study identified two distinct pericyte clusters:
M-type and T-type. The M-type pericyte cluster was characterized
by expression of extracellular matrix-maintenance genes, includ-
ing those encoding collagen and laminin proteins (Cluster 9: 5486
nuclei), while the T-type pericyte cluster was characterized by the
expression of solute transporter genes (Cluster 1: 21710 nuclei).
We will refer to this study as the ‘Yang’ dataset.

To complement this, we additionally examined snRNAseq
data from a second, complementary dataset not enriched for

vessel-associated cells. This second source was a study by Green
et al.*® of 1511615 individual nuclei from the dorsolateral prefrontal
cortices of 424 older adults in the ROS and MAP cohorts, 421 of which
also had bulk RNA-seq data from the DLPFC. This dataset provided an
opportunity to examine the extent to which genes differentiating
pericytes from other vessel-associated cell types, as identified in the
Yang study, also differentiate pericytes from non-vessel cell types.
Clusters corresponding to pericytes were identified based on a
weighted ElasticNet regularized logistic regression classifier. Two
clusters of pericytes were identified and labelled ‘Peri.1’ (847 nuclei)
and ‘Peri.2’ (2013 nuclei). We will refer to this study as the ‘Green’
dataset.

First, we confirmed the correspondence of the pericyte clusters
in the Yang dataset with those in the Green dataset—M-pericytes
(Cluster 9) with Peri.1 and T-pericytes (Cluster 1) with Peri.2 respect-
ively—by examining the expression of M-pericyte (COL4A1-4,
ADAMTS1, LAMA4) and T-pericyte (SLC1A3, SLC12A7, SLC6A1 and
SLC20A2) marker genes across empirically derived pericyte clusters
in both snRNAseq datasets (Supplementary Fig. 2).

Next, as described in more detail in the Supplementary
material, ‘Methods’ section, in each snRNA seq dataset, we identi-
fied candidate M-pericyte marker genes by comparing gene expres-
sion in nuclei labelled M-pericytes to all other cell type nuclei in a
differential expression analysis, selecting genes that were ex-
pressed in at least 10% of nuclei and meeting an adjusted P-value
threshold of 0.05 (Wilcoxon rank sum test). We repeated this com-
parison with cells labelled T-pericytes. To consider the broadest
possible set of potential marker genes, we then took the union of
M-pericyte marker genes identified from the Yang and Green data-
sets, respectively, to create a combined M-pericyte marker gene set
and did the same for T-pericytes. Next, to ensure applicability to
bulk RNAseq data, we excluded genes not expressed at detectable
levels in our DLPFC bulk RNAseq data.
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Pericytes are relatively rare in unenriched cortical tissue.
Therefore, even if a pericyte marker gene is expressed at low levels
in a non-pericyte cell type, expression by that cell type may never-
theless dominate bulk expression of the gene if the non-pericyte
cell type is particularly abundant relative to the rarer pericytes.
To guard against this, in the Green dataset, we determined the
average expression for each marker gene in each major cell type
(excitatory neurons, inhibitory neurons, astrocytes, oligodendro-
glia, microglia, macrophages, endothelial cells, smooth muscle
cells) and weighted this by the relative abundance of that cell
type to arrive at the weighted cell-specific expression. We included
only those marker genes for which weighted pericyte-specific ex-
pression was greater than weighted expression in each of the other
major cell types, so that overall bulk expression would be domi-
nated by pericyte expression of these genes.

Next, we further filtered T- and M-pericyte marker genes based on
our expectation that expression of a cell-type specific marker geneina
bulk expression sample should correlate with the relative abundance
or proportion of that cell type in the sample. In other words, higher ex-
pression of a cell-type specific marker gene should correspond with a
greater proportion of the cell-type in that sample relative to other
samples. Therefore, we leveraged the 421 samples from the Green da-
taset that also had bulk RNAseq data and used beta-regression to con-
firm that bulk expression of each marker correlated with the
proportion of nuclei of that cell type, derived from snRNAseq. We ex-
cluded candidate marker genes that were not significantly positively
associated with cell type proportion at P <0.05. We did this for both
M-type and T-type pericytes (Supplementary Table 1).

Having identified a set of marker genes for M- and T-type peri-
cytes, we computed a composite measure of their expression in
each of the nuclei in the Green dataset. First, we centred and scaled
the expression of each gene, considering all nuclei and computed
the mean normalized expression of all M-pericyte marker genes
in each nucleus. For each major cell type, we then computed the
mean composite M-pericyte marker gene expression across all nu-
clei of that type. We then did the same for T-pericyte marker genes.

Next, for the 421 samples from the Green dataset that also had
bulk RNAseq data, we computed a composite measure of
M-pericyte marker genes in each sample using the bulk data by cen-
tring and scaling the expression of each gene considering all sam-
ples and computed the mean normalized expression of
M-pericyte marker genes in each sample. We then used beta regres-
sion to relate this to the proportion of M-pericyte nuclei in each
sample. We did the same for T-pericyte marker genes.

Sleep fragmentation was assessed biennially in the MAP cohort starting
in 2005, using the metric kRA, derived from up to 10 days of continuous
wrist activity monitoring. The kRA metric has previously been shown to
correlate well with in-laboratory polysomnographic measures of sleep
fragmentation.'®?° kRA was developed to evaluate the probability of
transition from a state of rest to a state of activity per 15-s period, after
a long period of rest (~ >5 min). A higher kRA represents a greater de-
gree of sleep fragmentation or interruption of sleep by arousals.
Unlike other measures of sleep fragmentation, such as sleep efficiency
and wake time after sleep onset, the kRA metric considers the dynamics
of sleep-wake transitions and distinguishes sleep frequently inter-
rupted by many brief arousals from sleep interrupted by one long period
of wakefulness.?® The kRA metric has previously been shown to predict
incident Alzheimer's disease and cognitive decline’® and to modify the
risk of Alzheimer’s disease associated with the APOE ¢4 allele.” This is
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concordant with other studies suggesting that sleep fragmentation may
be more strongly associated with cognitive risk than sleep duration.??
Moreover, ante-mortem kRA has been associated with a number of
dementia-related brain changes, including neurofibrillary tangle path-
ology,” Lewy body pathology,”® arteriolosclerosis,"® and microglial**
and astrocyte activation.”” Participants had a mean of 3.0 actigraphy re-
cordings prior to death. Where a person had more than one measure-
ment of sleep fragmentation prior to death, we took the average of all
available measurements of sleep fragmentation, as this most accurate-
ly reflects the cumulative exposure to sleep fragmentation over the
course of the study. To account for skewness in the average kRA mea-
surements, we log-transformed the kRA data. The log-transformed kRA
data were used in all downstream analyses.

As described more fully in the Supplementary material, ‘Methods’
section, all ROS and MAP participants underwent structured annual
cognitive evaluations with a battery of 19 cognitive tests assessing
episodic memory, semantic memory, visuospatial ability, perceptual
speed and working memory.”® The raw scores of the cognitive tests
were converted into z-scores from which an average composite
z-score was obtained. Z-scores were centred at O (baseline perform-
ance), and negative scores indicated a decline in composite cognitive
performance, while positive scores indicated an improvement. We
used linear mixed-effect models to compute individual-specific rates
of cognitive decline in the decade preceding death and adjusted the
models for age, sex, education and post-mortem interval.

Participants’ age at each annual evaluation was computed from the
self-reported date of birth and the date of assessment. Age at death
was computed by determining the difference in days between the
self-reported date of birth and the date of death and dividing by
365.25. Years of education and sex were recorded at the time of base-
line cognitive testing. The hours between the reported time of death
and the time of autopsy were recorded as the post-mortem interval.
Assessments of the percentage of amyloid beta coverage in the
cortex, neurofibrillary tangle pathology, diagnosis of Alzheimer’s
disease, presence of Lewy bodies and cerebrovascular pathologies,
including presence of gross and microinfarcts, cerebral amyloid an-
giopathy (CAA), cerebral atherosclerosis or arteriolosclerosis, are
described in the Supplementary material, ‘Methods’ section.

Bulk RNA sequencing was performed on frozen dorsolateral prefront-
al cortex blocks from ROS and MAP participants as part of the parent
study, and we leveraged these data for the current study. Detailed se-
quencing and pre-processing methods are described in the
Supplementary material, ‘Methods’ section. From these data, we cen-
tered and scaled expression of the selected M- and T-pericyte marker
genes across all samples and computed a composite z-score of ex-
pression by taking the mean of normalized expression.

Frozen lateral orbitofrontal cortex tissue samples from MAP partici-
pants were manually dissected and homogenized for sequencing,
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detailed methods of which are described in the Supplementary
material, ‘Methods’ section. We preprocessed, normalized and
batch corrected these gene expression count data using the same
pipeline used for the DLPFC bulk RNAseq with minor variations de-
scribed in the Supplementary material, ‘Methods’ section. We com-
puted composite z-score of expression for M- and T-pericyte
marker genes using the same methods as for DLPFC samples.

We sought to test two primary hypotheses: (i) sleep fragmentation
is associated with composite expression of M- and T-pericyte mark-
er genes; and (ii) composite expression of M- and T-pericyte marker
genes is associated with the rate of change of composite global cog-
nitive performance in the decade leading up to death. We imple-
mented a false discovery rate (FDR) multiple testing correction for
our four primary analyses: (i) sleep fragmentation associated with
M-pericytes; (ii) M-pericytes associated with slope of cognition;
(iii) sleep fragmentation associated with T-pericytes; and (iv)
T-pericytes associated with slope of cognition. For all linear mixed
effects and multiple linear regression models, residual plots were
visually examined to confirm linearity, homoscedasticity, inde-
pendence of errors and normality of errors.

First, in distinct linear regression models, we assessed the rela-
tionship between each of eight neuropathologies (amyloid-B,
neurofibrillary tangles, Lewy bodies, macroscopic infarcts, micro-
scopic infarcts, CAA, atherosclerosis, arteriolosclerosis) and M- or
T-pericyte marker gene expression. We controlled for age, sex, edu-
cation and post-mortem interval in these analyses to identify path-
ologies that could potentially confound downstream correlations
with sleep and cognition. Having identified that the burden of
amyloid-p pathology and severity of arteriolosclerosis correlated
with M- and/or T-pericyte marker gene expression, we adjusted
all subsequent models for the burden of amyloid-p pathology and
severity of arteriolosclerosis.

To test the first hypothesis, we used multiple linear regression
(implemented using the Im function in R version 4.1.0) to examine
the association between average ante-mortem rest fragmentation
(predictor) and composite expression of M-pericyte marker genes
in our DLPFC RNAseq data (outcome) adjusted for age at death,
sex, post-mortem interval, level of education, amyloid-p and arter-
iolosclerosis (n =415). We then did the same for T-pericyte marker
genes and replicated these analyses using RNAseq data from our
LOFC samples. Then, we considered models augmented with terms
for dementia-associated neuropathologies (amyloid-p, tangles,
Lewy body pathology, large vessel atherosclerosis, arteriolosclero-
sis, CAA, microscopic cortical infarcts, macroscopic cortical in-
farcts) and also APOE genotype.

In secondary analyses, we leveraged the samples from the
Green dataset who also had ante-mortem assessment of sleep frag-
mentation. Considering samples with at least one nucleus identi-
fied as an M-pericyte, we used multiple linear regression to
examine the association between the proportion of M-pericyte nu-
cleiin that sample (predictor) and average ante-mortem sleep frag-
mentation (outcome) adjusted for age, sex, level of education, and
the proportion of T-pericyte nuclei.

To test our second hypothesis, we used multiple linear regres-
sion to examine the association between composite expression of
M-pericyte marker genes in the DLPFC (predictor) and the rate of
change of composite global cognitive function in the decade before
death (outcome) adjusted for age at death, sex, level of education,
source study (ROS versus MAP), amyloid-f and arteriolosclerosis
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(n=1071 participants with complete data). We repeated these ana-
lyses with composite expression of T-pericyte marker genes as the
predictor of interest. We then repeated these analyses using
RNAseq data from our LOFC samples. Then, we considered models
augmented with terms for dementia-associated neuropathologies
(amyloid-B, tangles, Lewy body pathology, large vessel atheroscler-
osis, arteriolosclerosis, CAA, microscopic cortical infarcts, macro-
scopic cortical infarcts).

In secondary analyses, we leveraged the samples from the
Green dataset who also had ante-mortem assessment of cognitive
trajectory. Considering samples with at least one nucleus identified
as an M-pericyte, we used multiple linear regression to examine the
association between the proportion of M-pericyte nuclei in that
sample (predictor) and rate of change of composite global cognitive
function in the decade before death (outcome) adjusted for age, sex,
level of education, and the proportion of T-pericyte nuclei.

Finally, we used the Mediate R package to test the hypothesis
that M-pericyte gene expression mediated the association between
sleep and cognitive outcomes.

Results

We studied 1270 older community dwelling adults with neocortical
bulk-tissue RNA-seq data and cognitive assessment (1092 with
RNA-seq data from the DLPFC, 472 with data from the LOFC, among
which 299 had both), 572 of whom also had assessment of sleep
fragmentation by actigraphy. Moreover, 424 of the participants
with DLPFC RNA-seq data also snRNA-seq data.’® The characteris-
tics of these participants are shown in Table 1.

We reanalysed data from two recently published human brain
snRNAseq datasets to identify marker genes characteristic of hu-
man brain pericyte subtypes. The first dataset, referred to as the
‘Yang’ dataset, sequenced 143 793 individual nuclei from the hippo-
campi and frontal cortices of 17 older adults with and without
Alzheimer’s disease, after enrichment for blood vessels, and iden-
tified two distinct subtypes of pericytes: M-pericytes and
T-pericytes. The second dataset, referred to as the ‘Green’ dataset,
sequenced 1511615 individual nuclei from the DLPFC of 424 older
adults from the ROS and MAP cohorts, confirming clusters of peri-
cytes expressing the M-pericyte and T-pericyte markers identified
in the Yang dataset (Supplementary Fig. 2). Moreover, when we
generated a combined dataset consisting of vascular niche nuclei
from both the Yang and Green datasets, T-pericytes from Yang
and Green overlapped substantially and did not overlap with
M-pericytes from Yang and Green, which themselves overlapped
substantially (Supplementary Fig. 3). Moreover, pericytes from
both datasets were clearly distinct from other vascular cell types
(Supplementary Fig. 4).

Differential expression analyses in the Yang and Green datasets
identified a total of n = 3735 potential M-pericyte marker genes and
n=2789 potential T-pericyte marker genes differentially expressed
relative to all other cell types. However, due to the relatively high
abundance of non-pericyte cell types relative to pericytes, in un-
enriched tissue (Green dataset) weighted total expression by non-
pericytes exceeded that by pericytes for the vast majority of these
genes. After excluding genes where total abundance-weighted
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non-pericyte expression was expected to exceed pericyte expres-
sion, and excluding genes whose bulk expression was not asso-
ciated with the proportion of M- or T-pericyte nuclei in the n=421
DLPFC samples with both snRNAseq and bulk RNAseq, data
(Supplementary Table 1), four M-pericyte marker genes (GJA4,
GABRE, TBX15 and TFPI) and three T-pericyte marker genes
(CARMN, NOTCH3 and FOXD1) remained. Using a similar approach,
we also generated a set of marker genes for pericytes in general.

We next examined expression of these genes in M- versus
T-pericytes in the Green dataset. As expected, GJA4, GABRE,
TBX15 and TFPI were much more highly expressed by M-pericytes
and GABRE, TBX15 and TFPI by T-pericytes (Supplementary Fig. 5).
When we examined composite expression of these genes across a
larger number of cell types, expression was highest in pericytes,
as expected, although there was some extra-pericyte expression
in other lower abundance vascular (SMC) and blood (neutrophils,
erythrocytes) cell types.

Next, in 421 DLPFC samples with both snRNAseq and bulk
RNAseq data, we used beta regression to confirm that the bulk
composite expression of M- and T-pericytes would be strongly cor-
related with the proportion of M- and T-pericyte nuclei, respective-
ly. Indeed, this was the case, with composite expression of the
M-pericyte marker genes GJA4, GABRE, TBX15 and TFPI strongly
predictive of the proportion of M-pericyte nuclei in each sample
[estimate = +0.45, standard error (SE) =0.05, P = 1.1 x 1072 Fig. 1A],
and composite expression of the T-pericyte marker genes GABRE,
TBX15, and TFPI strongly predictive of the proportion of T-pericyte
nuclei in each sample (estimate=+0.25, SE=0.04, P=8.8x107%
Fig. 1C). To ensure the robustness of our finding, we repeated
with analysis in only the subset of participants who had at least 1
M-pericyte (n=235) or 1 T-pericyte (n=393) corresponding to the
subtype proportion. Despite the reduced sample size, our putative
marker genes remain strongly predictive of M- and T-pericyte pro-
portions (Supplementary Fig. 7).

When we extended this to other cell types, we found that com-
posite expression of M- and T-pericyte gene sets much more strong-
ly predicted the respective proportion of M- and T-pericytes than
any other cell type (Supplementary Fig. 8). Notably, composite ex-
pression of the M- and T- pericyte marker genes was not associated
with the proportion of SMC nuclei, which was the non-pericyte cell
type that had the highest expression of these genes.

We assessed the correlation between various dementia-associated
neuropathologies and M-pericyte, T-pericyte, or general pericyte
gene expression in n=1088 participants with bulk DLPFC RNAseq
data and histopathological assessment of neuropathologies. We as-
sessed amyloid-p load (% of cortex covered), neurofibrillary tangles
(cortical area mm?), presence (versus absence) of Lewy body
pathology, large vessel atherosclerosis, arteriolosclerosis, CAA,
microscopic cortical infarcts, and macroscopic cortical infarcts
(Table 2). Amyloid-p burden was positively associated with both
M- and T-pericytes (P <0.05), while arteriosclerosis was negatively
associated with both pericyte subtypes (P < 0.05). There were no sig-
nificant associations between M- or T-pericyte marker gene expres-
sion and the burden of other neuropathologies. Composite
expression of marker genes for pericytes in general was lower in
the presence of amyloid pathology, similar to M- and T-pericytes
as noted earlier (Supplementary Table 5). Because of the potential
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for confounding by burden of amyloid- or arteriolosclerosis, which
in addition to being associated with pericyte marker gene expres-
sion are associated with sleep, we included both amyloid-p burden
and arteriolosclerosis as covariates in downstream analyses.

We also assessed the association between APOE genotype, M- and
T-pericyte expression, as well as clinical phenotypes (amyloid
and tangle pathology, cognitive decline). In models adjusted for age
and sex, the presence of the APOE €4 allele was associated with a high-
er burden of amyloid and neurofibrillary tangle pathology, and with
more rapid cognitive decline; However, it was not associated with
the composite expression of M- and T-pericyte marker genes.

We analysed data from 413 MAP participants who had measurements
of both sleep fragmentation, quantified from ante-mortem actigra-
phy using the metric kRA, and DLPFC gene expression, quantified
by bulk RNA-seq, along with documentation of post-mortem interval
and dementia-associated histopathologies. In a linear regression
model adjusted for age at death, sex, years of education, post-mortem
interval, amyloid-p and arteriolosclerosis, greater average sleep frag-
mentation (log-adjusted kRA) was associated with higher composite
expression of M-pericyte (estimate =+0.37, SE=0.16, P =0.024, FDR
q=0.048; Fig. 2A and Supplementary Table 2) but not T-pericyte
marker genes (estimate=+0.12, SE=0.16, P=0.47, FDR q=0.63;
Fig. 2B and Supplementary Table 2). These associations remained
significant in models controlling for APOE genotype. 1 standard devi-
ation (SD) greater sleep fragmentation had a similar effect on DLPFC
M-pericyte gene expression roughly equivalent to 1.7 SD greater
amyloid burden.

We observed a similar result in samples from the LOFC, in which
log-adjusted average kRA was positively associated with greater
M-pericyte expression (estimate = +0.4, SE =0.19, P =0.02; Fig. 2C).

Pericytes accounted for <0.5% of all nuclei in the Green dataset
and with ~3000-4000 nuclei per sample, many samples had only
0-5 pericyte nuclei (Supplementary Fig. 6). In secondary analyses
of the small number of participants with snRNAseq data, at least
one pericyte nucleus, and measurement of ante-mortem sleep
fragmentation (n=>56), there was a positive trend between sleep
fragmentation and the proportion of M-pericyte nuclei that was
nevertheless concordant in direction with the results seen in our
bulk RNAseq data (estimate = +5.32 x 107%, SE=+4.12x 107", P=0.2;
Supplementary Fig. 9A). While supportive with the bulk data, given
the small number of nuclei involved, these analyses should be con-
sidered exploratory.

Multiple neurodegenerative and vascular pathologies are
associated with sleep fragmentation and plausibly associated
with pericyte biology. However, the association between sleep frag-
mentation and the composite expression of M-pericyte marker
genes remained significant in both the DLPFC and LOFC in models
controlling for amyloid-p burden (% of cortex covered), neurofibril-
lary tangles (cortical area mm?), Lewy body pathology, large vessel
atherosclerosis, arteriolosclerosis, CAA, microscopic cortical in-
farcts and macroscopic cortical infarcts (Supplementary Table 3).

We then examined the extent to which composite expression of
M- and T-pericyte marker genes in the DLPFC was associated
with the rate of cognitive decline in the decade prior to death, after
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Figure 1 Bulk RNA sequencing expression of pericyte subtypes is positively correlated with same-subtype proportion and negatively correlated with
contrary-subtype proportion in DLPFC data (within-subject correlations). Among the participants who were included in the DLPFC bulk RNA sequen-
cing (RNA-seq) and sequenced in the DLPFC single-nucleus (sn)RNA-seq dataset (n =421), composite expression of (A and B) M-pericyte marker genes
was positively associated with the proportion of M-pericyte nuclei and negatively associated with the proportion of T-pericyte nuclei. (C and D)
T-pericyte marker gene expression in bulk RNAseq was positively correlated with the proportion of T-pericyte nuclei in snRNAseq and negatively cor-
related with the proportion of M-pericyte nuclei. Solid line indicates best fit beta regression (with logit link), and dotted lines indicate 95% confidence
intervals of the model prediction. DLPFC = dorsolateral prefrontal cortex; Est = estimate; LOFC =lateral orbitofrontal cortex; SE = standard error.

accounting for age, sex, education, post-mortem interval, study co-
hort, amyloid-p burden and arteriolosclerosis, in n=1086 people
who had complete data (including both ROS and MAP). We observed
that greater expression of M-pericyte genes was associated with
more rapid decline (estimate=-8.3x10"3, SE=3.4x10"3% P=
0.014, FDR q =0.048; Fig. 3A and Supplementary Table 2). In con-
trast, expression of T-pericyte marker genes was not associated
with cognitive outcomes (estimate=+6.5x10"°, SE=3.5x1073,
P =0.99, FDR q = 0.94; Fig. 3B and Supplementary Table 2). One stand-
ard deviation greater M-pericyte gene expression was roughly
equivalent to 0.35 SD greater amyloid burden in its effect on the
rate of cognitive decline. This finding is replicated in the LOFC sam-
ples, in which M-pericyte marker gene expression was significantly
associated with a steeper slope of change in cognition (estimate =
—-1.3x1072, SE=4.6x 1073, P=0.0044; Fig. 3C). These associations
remained significant in models controlling for APOE genotype.

We next sought to replicate this association using the small
number of participants who had both snRNAseq data with at least
one M-type and one T-type pericyte nucleus and a measurement of
ante-mortem cognitive decline (n=200). In this subset of partici-
pants, there was a trend towards decreased proportions of

M-pericyte nuclei in the DLPFC and more rapid cognitive decline
that was concordant in direction with the results seen in our bulk
RNAseq data (estimate=-1.15x10"", SE=+7.48x107%, P=0.12;
Supplementary Fig. 9B). However, as with the analyses of those
with sleep measurement and snRNAseq data, these analyses
must be considered provisional at best.

Using the Mediate R package, we examined whether M-pericyte
gene expression mediated the association between sleep and cogni-
tive outcomes. These models did not provide strong statistical evi-
dence for mediation (P =0.35 for M-pericyte gene expression — sleep
fragmentation — cognitive decline and P =0.43 for sleep fragmenta-
tion — M-pericyte gene expression — cognitive decline), suggesting
that M-pericyte gene expression and sleep fragmentation, while re-
lated, may also have independent pathways linking them to cognitive
decline.

Discussion

In this study of 1270 community-dwelling older adults, higher
ante-mortem sleep fragmentation was associated with greater
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Table 2 Dementia-related neuropathologies and DLPFC M- and T-pericyte marker gene expression

Models

Outcome Covariates Estimate SE Pvalue
M-pericytes

- Amyloid-p burden (% area covered) 6.50x 1072 3.09x1072 0.036
- Neurofibrillary tangle density (mm?) 1.51x1072 3.15x 1072 0.63

- Presence of Lewy bodies 3.99x1072 3.09x 1072 0.2

- Presence of CAA 2.56x 1072 3.08x 1072 0.41

- Presence of chronic microinfarcts -7.63x1073 3.06 x 1072 0.8

- Presence of gross chronic infarcts 571x1073 3.09x 1072 0.85

- Presence of atherosclerosis -3.26x1072 3.07 x 102 0.29

- Presence of arteriolosclerosis —8.03x1072 3.05x 1072 0.0086
T-pericytes

- Amyloid-p burden (% area covered) 6.21x 1072 3.09x 1072 0.045
- Neurofibrillary tangle density (mm?) 451x1073 3.15x1072 0.89

- Presence of Lewy bodies -5.79x 1072 3.10x 1072 0.062
- Presence of CAA 3.25x 1072 3.09x 1072 0.29

- Presence of chronic microinfarcts 1.82x1072 3.06 x1072 0.55

- Presence of gross chronic infarcts -8.54x10™* 3.09x 1072 0.98

- Presence of atherosclerosis -1.78x 1072 3.07 x 1072 0.56

- Presence of arteriolosclerosis —6.24x 1072 3.06 x 1072 0.042

Results are linear regression models adjusted for age at death, sex, education and post-mortem interval. Covariates in bold indicate significant associations. CAA = cerebral

amyloid angiopathy; SE = standard error.

expression of marker genes for M-type but not T-type pericytes in
both DLPFC and LOFC. Moreover, greater expression of marker genes
for M-pericytes in the DLPFC and LOFC was associated with fasterre-
sidual cognitive decline over a period of 10 years prior to death, inde-
pendent of age, sex, education and ADRD neuropathologies.

Leveraging two independent published human brain snRNAseq da-
tasets, we confirmed the consistency of the division of pericytes
into M- and T-type pericytes, as initially proposed by Yang and col-
leagues.'” We identified GJA4, GABRE, TFPI and TBX15 as putative
markers of M-pericytes and CARMN, FOXD1 and NOTCH3 as puta-
tive markers of T-pericytes. While our individual genes sometimes
showed expression in both M- and T-type pericytes, in the subset of
samples with both snRNA-seq and bulk RNA-seq data, the bulk
composite expression of these genes robustly predicted the propor-
tion of M- and T-pericyte nuclei, respectively. Moreover, leveraging
the availability of bulk and snRNAseq in a subset of samples from
the Green dataset, we confirmed that composite bulk expression
of these genes was associated with the abundance of M- and
T-pericyte nuclei, respectively.

We note that not all recent snRNA-seq studies have found dis-
crete clusters of transcriptionally defined M- and T-type peri-
cytes.?””?® This may be due to methodological differences. Winkler
and colleagues® examined ex vivo tissue from individuals undergo-
ing temporal lobectomy, who were considerably younger than the
individuals in our study or in the study by Yang and colleagues.?
Meanwhile, Garcia and colleagues®® examined a much smaller
number of samples, which may have resulted in differences in clus-
tering pericyte subtypes. However, we note that our observations
mirror the findings of a much larger snRNAseq study of ROSMAP in-
dividuals conducted subsequent to the present study, in which two
distinct pericyte clusters corresponding to M- and T-pericytes were
identified.?*

Moreover, our putative M- and T-pericyte marker genes are re-
presented in several independent snRNAseq studies of brain

vascular cells. GJA4 encodes gap junction protein a4, which forms
the connexin Cx37, and its expression in pericytes is consistent
with another study in mice showing high expression of GJA4 in
PDGFRp+ND2+ mural cells,?® although in prenatal human brain tis-
sue, GJA4 was also found to be expressed in arterial endothelial
cells.®* The relative pericyte specificity we observed for GJA4 in
adult human brain tissue compared to antenatal brain tissue may
reflect maturational changes compared to antenatal human brain.
GABRE is the € subunit of the GABA receptor. Consistent with our
findings, another human brain snRNAseq study found GABRE to
be pericyte-enriched in a subtype-specific manner.*! Tissue factor
inhibitor TFPI is a protease inhibitor that, outside of the brain, plays
arole in regulating the blood coagulation cascade by inhibiting pro-
teases that produce thrombin and is expressed by pericytes as well
as endothelial cells.*? TBX15 is a transcription factor found in other
studies to be expressed by human pericytes.**3* CARMN is a long
non-coding RNA enriched in pericytes and smooth muscle cells en-
riched in one of two detected pericyte clusters in a recent snRNAseq
analysis of human coronary artery.®® Similarly, NOTCH3 has been
shown in other studies to mark human pericytes.>®

While taken individually, some of these marker genes may be
expressed by non-pericyte cell types (e.g. NOTCH3 in pericytes
and smooth muscle cells; GABRE in pericytes and endothelial cells).
However, comparison of their composite expression across mul-
tiple cell types in the Green dataset revealed higher composite
expression in pericytes than in any other cell type, including
smooth muscle cells and endothelial cells. Moreover, in the sam-
ples from the Green dataset in which both bulk and snRNAseq
data were available, composite expression of these marker genes
was much more strongly associated with the proportion of
M- and T-pericytes than with any other cell type.

One important limitation of our study is the lack of spatial infor-
mation, given the important role of zonation in determining vascu-
lar cell phenotypes. For instance, pericyte morphology differs
between peri-capillary pericytes and post- or pre-capillary peri-
cytes, as does the presence or absence of smooth muscle
actin.”*”*° However, the relationship between pericyte zonation
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Figure 2 Ante-mortem sleep fragmentation and pericyte marker gene expression. Partial regression plots showing M-type (A and C) and T-type (B and
D) pericyte marker gene expression in the DLPFC (A and B; n=413) and LOFC (C and D; n=400) as a function of ante-mortem sleep fragmentation
(logkRA). The y-axis indicates composite marker gene expression, and the x-axis log average kRA. Each dot represents a single participant. The solid
line indicates the model prediction for otherwise average participants at varying levels of sleep fragmentation, and the dotted lines indicate the 95%
confidence intervals on the model prediction. All models are adjusted for age at death, sex, years of education, post-mortem interval, amyloid-f burden
and presence/absence of arteriolosclerosis. DLPFC = dorsolateral prefrontal cortex; LOFC = lateral orbitofrontal cortex; SE = standard error.

and transcriptionally defined pericyte subtypes remains unclear,
with some studies suggesting that the arteriovenous gradient is
not a strong determinant of pericyte transcriptional phenotypes.?
Additional studies employing spatial transcriptomic approaches
are needed to better characterize the relationship between sleep,
pericyte transcriptomes, zonation and cognitive decline.

Dementia-associated neuropathologies and
expression of M- and T-pericyte marker genes

There is considerable evidence for a link between Alzheimer’s dis-
ease pathogenesis and vascular brain pathology. Brains from pa-
tients with Alzheimer’s disease show histological evidence of
altered vessel structure and morphology and disruption of the
basement membrane and BBB.*>*! Deposition of amyloid- on ar-
terial walls, cerebral amyloid angiopathy, is also seen.*? TgCRNDS
transgenic mice show depletion of mural cells, including pericytes,
covering both arterioles and venules, which is accompanied by ab-
normalities of functional hyperaemia, with further aberrant
morphology with pharmacological depletion of pericytes.*?

We observed that a greater severity of arteriolosclerosis was as-
sociated with lower expression of both M- and T-pericyte marker

genes. This is not surprising, since damage to blood vessel walls
is plausibly accompanied by fewer pericytes. Meanwhile, the posi-
tive association between amyloid-p pathology and greater relative
expression of M- and T-pericyte marker genes is, on the surface,
somewhat surprising. This may reflect an impact of amyloid-p
pathology on reducing the numbers of other types of cells, such
as neurons, even more than pericytes, resulting in a relatively
greater abundance of pericytes that manifests as pericyte marker
genes accounting for a greater proportion of overall RNA.

Higher ante-mortem sleep fragmentation is
associated with greater expression of M-pericyte
marker genes

In this study, higher ante-mortem sleep fragmentation, measured
by actigraphy, was associated with greater expression of
M-pericyte marker genes in both DLPFC and LOFC. This relationship
remained significant after controlling for factors such as age, sex
and education, as well as a host of dementia-associated neuro-
pathologies. Moreover, a similar association was not seen with
T-pericyte marker genes, indicating a degree of subtype specificity.
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Figure 3 Pericyte marker gene expression and rate of cognitive decline in the decade before death. Partial regression plots showing individual-specific
rate of cognitive decline as a function of M-type (A and C) and T-type (B and D) pericyte marker gene expression in the DLPFC (A and B; n=1071) and
LOFC (C and D; n =403). The y-axis indicates the rate of cognitive decline, and the x-axis the composite expression of M- or T-pericyte marker genes.
Each dot represents a single participant. The solid line indicates the model prediction for otherwise average participants at varying levels of composite
gene expression, and the dotted lines indicate the 95% confidence intervals on the model prediction. All models are adjusted for age at death, sex, years
of education, post-mortem interval, amyloid-g burden and presence/absence of arteriolosclerosis. DLPFC = dorsolateral prefrontal cortex; LOFC = lat-

eral orbitofrontal cortex; SE = standard error.

As our study was ultimately cross-sectional in nature, we cannot
conclude whether sleep fragmentation is a contributor to, or result
of, a greater proportion of M-pericytes. However, in the rat brain,
chronic sleep restriction has been shown to decrease the expression
of tight junction proteins and PDGFR-B and pericyte detachment
from vessel walls,’® supporting a possible effect of sleep disruption
on pericyte biology. On the other hand, pericytes play an important
role in BBB function. In humans, other causes of differences in BBB
function (e.g. polymorphisms in aquaporin 4) are associated with
differences in sleep depth measured by EEG,** suggesting that al-
terations in pericyte biology may also affect sleep architecture.

Higher M-pericyte marker gene expression
correlates with worse cognitive function and
faster decline

Greater expression of M-pericyte marker genes in both the DLPFC and
the LOFC was associated with a steeper rate of cognitive declinein the
decade leading to death in community-dwelling older adults. This

was independent of age, sex, education and dementia-associated
neuropathologies. T-pericyte marker gene expression was not simi-
larly associated with ante-mortem cognitive function, suggesting
subtype specificity. As with our findings with sleep, we observed a
concordant, but non-significant, association between greater ante-
mortem sleep fragmentation and the proportion of M-pericyte nuclei
in a subset of samples with both ante-mortem cognitive data and
snRNAseq. Other studies have noted associations between pericyte
subtype proportions and Alzheimer’s disease, which in turn is asso-
ciated with cognitive impairment.'>** However, in one of these stud-
ies, the proportion of M-pericytes was lower, rather than higher, in
patients with Alzheimer’s disease compared to cognitively normal
adults. While, on the surface, these results may appear discrepant
with our finding that higher expression of M-pericyte marker genes
is associated with faster cognitive decline, we think there are several
ways to reconcile these results. First, we controlled for the burden of
amyloid-p pathology in our analyses such that for a given burden
of amyloid-B pathology, higher expression of M-pericyte marker
genes was associated with more rapid decline. Second, rather than
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selecting specifically for cognitive impairment due to Alzheimer’s
disease pathology, we included a broad spectrum of causes of
cognitive impairment. It is possible that higher expression of
M-pericytes is associated with non-Alzheimer’s disease-related
pathways towards cognitive impairment, such as the ‘alternative
brain ageing’ pathway proposed by Green et al.,'® which is charac-
terized by reactive microglia and astrocytes, among other cellular
changes. Third, whereas the study by Yang and colleagues®?
enriched for vessel-associated cells, we studied bulk tissue
RNA-seq, which may represent different tissue compartments—
it is possible that M-pericytes may increase in one compartment
even while decreasing in another.

Whether the relatively greater expression of M- versus
T-pericyte marker gene expression in those with faster cognitive
decline reflects more M-type or fewer T-type pericytes is impossible
to conclude from our bulk RNA-seq data. To account for between-
sample differences in RNA concentration, bulk RNA data were
normalized to the transcriptome as a whole. Therefore, a relative
increase in M-pericytes and a relative decrease in T-pericytes
may look the same after normalization. Thus, preferential loss of
T-type pericytes, for instance, due to preferential damage to vessels
ensheathed by them, could potentially account for the apparent en-
richment for M-type pericytes in those with the fastest cognitive
impairment. Additional histological or spatial transcriptomic stud-
ies assessing the density per unit area of specific pericyte subtypes
will help determine whether differential damage to spatially de-
fined vessel subgroups drives the apparent differential relationship
between M- and T-type pericytes and cognitive decline.

It is also impossible to conclude whether the shift in pericyte
subtypes in those with the fastest cognitive decline plays a causal
role in that decline or is simply a consequence of an underlying
causally important mechanism. If this shift is indeed causal, then
altered BBB function may be a potential mediating mechanism.
Pericyte-deficient mice have aberrant BBB function,” and in
humans, CSF levels of the pericyte marker PDGFR coincide with
increased BBB permeability in the hippocampus as measured
by dynamic contrast-enhanced MRI.'® Moreover, increased BBB
permeability may be present even in the earliest stages of
Alzheimer’s disease pathogenesis.*®

Despite the statistically robust findings present here, several lim-
itations merit discussion. First, owing to the relatively small num-
ber of samples with both snRNAseq data and our phenotypes of
interest, our primary analyses were carried out using bulk
RNAseq data. Accordingly, it is impossible to exclude the possibility
that the observed results may have been partly driven by non-
pericyte expression of these marker genes, particularly by endothe-
lial cells, smooth muscle cells and fibroblasts, given the non-zero
expression we observed in these cell types. Mitigating against
this, in our direct comparisons of bulk expression of these marker
genes with the proportion of nuclei in samples with both
snRNAseq and bulk RNAseq, pericyte marker gene expression
was much more strongly associated with the proportion of M-
and T-type pericytes than with other cell types. Moreover, when
we directly examined associations with sleep and cognition in
the subset of samples with snRNAseq data, we saw relationships
concordant with our analyses of the bulk RNAseq data, although
these were statistically non-significant. Replication of our results
in larger snRNAseq datasets with sleep measurement is needed.
Second, our cross-sectional design precludes causal inference.
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Longitudinal studies or controlled experiments relating change in
sleep fragmentation to change in biomarkers of pericyte biology
(e.g. CSF PDGFRB) may be helpful. Third, we acknowledge that
kRA measured by actigraphy is only a proxy for sleep fragmentation
measured by cumbersome methods like polysomnography and
cannot distinguish causes of sleep fragmentation (such as sleep ap-
noea, environmental disturbances such as noise or sleep disor-
ders). Studies using more physiologically detailed methods of
sleep phenotyping would be helpful. Fourth, we studied predomin-
antly older women of European ancestry. Additional studies in
other populations are needed to confirm generalizability.

There are also several strengths to our approach in this study.
First, we derived our marker gene sets from two independent pub-
lished human snRNAseq datasets, which were largely concordant
in identifying the transcriptional phenotypes of M- and T-type peri-
cytes. Second, we were able to leverage a subset of samples with
both snRNAseq and bulk RNAseq data to confirm the strong select-
ive association between bulk expression of our M- and T-pericyte
marker genes and the proportion of M- and T-pericyte nuclei.
Third, we used actigraphy as an objective measure of sleep frag-
mentation, avoiding issues raised by self-report measures, includ-
ing poor recall and poor correlation with polysomnography.
Fourth, we accounted for a wide range of dementia-associated neu-
ropathologies directly quantified by histopathology.

Our study raises the possibility that changes in pericyte subpopula-
tions, specifically a shift towards M-pericytes, may be a mechanism
linking sleep fragmentation with small vessel disease and cognitive
decline. If confirmed in model organisms and clinical trials of sleep
interventions with pericyte biomarker outcomes (e.g. CSF PDGFRp),
it would highlight that sleep interventions may be an effective
means to alter human small vessel biology and cognitive decline.
It also raises the possibility that aggressive treatment of other
risk factors for cerebral small vessel disease may help prevent the
deleterious impact of sleep fragmentation on small vessel biology.

Data availability

The snRNAseq dataset published by Yang et al.'? is deposited in the

NCBI Gene Expression Omnibus under accession code GSE163577
and available to download from https://cells-test.gi.ucsc.edu/?ds=
brain. The snRNAseq dataset from Green et al."® was provided cour-
tesy of the deJager lab at Columbia University. The dataset is avail-
able upon reasonable request on synapse.org (ID: syn34572333).
DLPFC bulk RNAseq data have been deposited on synapse.org.
LOFC bulk RNAseq data will be deposited on synapse.org upon pub-
lication. ROSMAP data can be requested at www.radc.rush.edu.
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