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N E U R O S C I E N C E

Sleep fragmentation, microglial aging, and  
cognitive impairment in adults with and without 
Alzheimer’s dementia
Kirusanthy Kaneshwaran1, Marta Olah2, Shinya Tasaki3,4, Lei Yu3,4,  
Elizabeth M. Bradshaw2, Julie A. Schneider3,4, Aron S. Buchman3,4,  
David A. Bennett3,4, Philip L. De Jager2, Andrew S. P. Lim1*

Sleep disruption is associated with cognitive decline and dementia in older adults; however, the underlying 
mechanisms are unclear. In rodents, sleep disruption causes microglial activation, inhibition of which improves 
cognition. However, data from humans are lacking. We studied participants in two cohort studies of older 
persons—the Rush Memory and Aging Project and the Religious Orders Study. We assessed sleep fragmentation 
by actigraphy and related this to cognitive function, to neocortical microglial marker gene expression measured 
by RNA sequencing, and to the neocortical density of microglia assessed by immunohistochemistry. Greater 
sleep fragmentation was associated with higher neocortical expression of genes characteristic of aged microglia, 
and a higher proportion of morphologically activated microglia, independent of chronological age- and 
dementia-related neuropathologies. Furthermore, these were, in turn, associated with worse cognition. This 
suggests that sleep fragmentation is accompanied by accelerated microglial aging and activation, which may 
partially underlie its association with cognitive impairment.

INTRODUCTION
Cognitive impairment and dementia constitute a growing public 
health concern. The global prevalence of dementia is estimated at 
35.6 million individuals and is predicted to nearly double in 20 years 
(1). Measures to prevent or delay cognitive impairment and dementia 
are urgently needed.

Sleep disruption may contribute to cognitive impairment and 
dementia and their biological substrates in older adults (2). In exper-
imental studies, sleep deprivation is associated with altered expression 
of genes associated with inflammation and altered immune function 
(3). Immune dysregulation may, in turn, contribute to cognition-related 
disease processes, including Alzheimer’s disease (AD) (4–6). These 
findings raise the possibility that sleep disruption may contribute to 
cognitive impairment through an immune mechanism. Microglia, 
the resident innate immune cells of the central nervous system, may 
play a key role in this. A role for microglia in AD has been implicated 
by genetic studies (5). Moreover, in rodents, chronic sleep restriction 
or deprivation can alter the immune signaling milieu in a way known 
to trigger changes in microglial function and can lead to morphologic 
microglial activation (7, 8), and inhibiting this can improve cognition 
(8). However, data relating sleep, microglial biology, and cognition 
in humans are lacking—an important gap given differences in mi-
croglial biology between mice and humans (9). The few studies that 
have examined human immune gene expression in relation to sleep 
disruption have focused on peripheral blood and have shown in-
creases in inflammatory, immune, and stress response gene expression 
(3). However, data from the human brain are lacking, impeding the 

development of therapies to mitigate the deleterious impact of sleep 
disruption on cognition and dementia.

To address this gap, we studied participants in the Rush Memory 
and Aging Project (MAP) and Religious Orders Study (ROS). We 
quantified sleep fragmentation by actigraphy, the continuous mea-
surement of movement using a wristwatch-like accelerometer, and 
related this to cognition, neocortical microglial gene expression quan-
tified by RNA sequencing, and neocortical microglial density and 
morphologic activation assessed by immunohistochemistry. We tested 
the hypotheses that greater sleep fragmentation is associated with 
higher expression of microglial marker genes and a higher density 
of morphologically activated microglia and that these are, in turn, 
associated with worse cognition.

RESULTS
Study participants
We studied 685 adults (>65 years old; 265 with Alzheimer’s dementia 
at the last available assessment and 420 without) participating in two 
cohort studies of older persons—the MAP and the ROS. Clinical and 
postmortem characteristics of the participants are summarized in 
Table 1, and the overlap between subsets of these participants is shown 
in fig. S1A. 

Sleep fragmentation is associated with aging and activation 
of microglia
We quantified antemortem sleep fragmentation by actigraphy and 
postmortem dorsolateral prefrontal cortex gene expression by RNA 
sequencing in 152 MAP participants. We considered the association 
between antemortem sleep fragmentation and the expression of sets 
of microglial marker genes from three published sources: the HuMi_
Aged gene set (10) and the Galatro gene set (9) derived from post-
mortem human brain tissue, and the NeuroExpresso cortical mi-
croglial gene set derived from rodents (11). We considered gene 
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expression at the individual gene level. We also computed a summary 
z score by taking the average normalized gene expression across all 
genes in that set. Despite the incomplete overlap between gene sets 
(fig. S1B), their composite expression levels were highly correlated 
(Pearson R = 0.95 to 0.98).

We first examined the HuMi_Aged gene set. In linear regression 
models adjusted for age, sex, education, time between last actigraphy 
and death, postmortem interval, RNA quality (RIN) score, and pro-
portion of ribosomal bases, the expression levels of 352 HuMi_Aged 
genes were associated with sleep fragmentation at an unadjusted 
threshold of P = 0.05 (Fig. 1A and table S1). Of these, 279 showed 
positive associations such that greater sleep fragmentation was 
associated with higher expression, while 73 showed negative as-
sociations such that greater sleep fragmentation was associated with 
lower expression. Eight were associated with sleep fragmentation 
at a Bonferroni adjusted threshold of P = 0.00005 (ARID5A, CISH, 
TNFRSF18, SELL, IRF7, PLAUR, SLC11A1, and RPS19); all were 
expressed at higher levels with greater sleep fragmentation. Next, 

to capture the collective change in expression of the HuMi_Aged 
gene set at the bulk tissue level in each participant, we generated a 
composite measure of microglial marker gene expression by taking 
the mean normalized expression of all genes in the HuMi_Aged set 
as described previously (10). In a linear regression model adjusted 
for age, sex, education, and the same technical covariates, greater 
antemortem sleep fragmentation was associated with higher com-
posite expression of HuMi_Aged microglial genes (estimate = +0.066 
standard units of expression per 0.01 unit difference in kRA; SE = 0.027; 
P = 0.014; Fig. 1B). Each 0.01 unit increase in kRA, representing roughly 
1 SD, was associated with an effect on the composite expression of 
microglial marker genes (HuMi_Aged gene set) equivalent to 4.5 years 
of aging [95% confidence interval (CI), 0.9 to 10.5),

To ensure that these results were not specific to the HuMi_Aged 
gene set, we repeated these analyses using the Galatro and Neuro-
Expresso gene sets. Despite incomplete overlap between these gene 
sets (fig. S1B), results were similar (fig. S2). Similar results were seen 
when we repeated these analyses considering only those genes that 

Table 1. Characteristics of the study population. NA, not applicable. 

Characteristic Participants with RNA sequencing 
and actigraphy

Participants with RNA sequencing 
and cognitive assessment

Participants with 
immunohistochemistry for 
microglia and actigraphy

Number 152 621 156

Age at last visit (years) 88.7 [85.9, 92.6] 87.8 [83.6, 92.1] 88.5 [85.5, 92.1]

Age at death (years) 89.6 [86.6, 93.3] 89.0 [84.8, 93.1] 89.4 [86.3, 92.9]

Female sex 102 (67.1%) 396 (63.8%) 105 (67.3%)

European descent 150 (98.7%) 611 (98.4%) 153 (98.1%)

Years of education 14.0 [12.0, 16.0] 16.0 [14.0, 18.0] 14.0 [12.0, 16.0]

Mini Mental State Examination Score 25.5 [19.1, 28.0] 25.0 [18.0, 28.0] 27.3 [24.8, 28.5]

Composite global cognition −0.62 [−1.41, −0.01] −0.67 [−1.55, −0.06] −0.48 [−1.24, 0.05]

Clinical diagnosis AD 51 (33.6%) 246 (39.6%) 45 (28.8%)

Time from last cognitive assessment 
to death (years) 0.7 [0.4, 1.0] 0.7 [0.4, 1.0] 0.7 [0.4, 1.1]

Average sleep fragmentation (kRA) 0.027 [0.024, 0.032] NA 0.027 [0.025, 0.032]

Number of actigraphy recordings 2.0 [1.0, 3.0] NA 2.0 [1.0, 39.0]

Time from last actigraphy to death 
(years) 1.3 [0.6, 2.3] NA 1.4 [0.6, 2.5]

Postmortem interval (years) 6.3 [5.1, 7.8] 5.9 [4.4, 8.4] 6.4 [5.2,8.3]

AD pathology summary score 0.58 [0.18, 1.00] 0.56 [0.16, 1.03] 0.56 [0.17,0.97]

NIA-Reagan pathological AD
(intermediate/high) 96 (63.2%) 375 (60.4%) 93 (59.6%)

Presence of Lewy body pathology 33 (21.7%) n = 147 125 (20.1%) n = 599 34 (21.8%) n = 149

Macroscopic infarcts present 21 (13.8%) 76 (12.2%) 23 (14.7%)

Microscopic infarcts present 30 (19.7%) 96 (15.5%) 22 (14.1%)

Extralimbic TDP-43 pathology 83 (54.6%) n = 150 269 (43.3%) n = 533 86 (55.1%) n = 155

Presence of hippocampal sclerosis 12 (7.9%) 45 (7.2%) n = 616 13 (8.3%)

Density of microglia 190.8 [150.4, 225.6] 182.4 [141.4, 217.0] 191.1 [144.0, 237.9]

% Stage I microglia 95.9 [94.0, 98.3] 95.9 [94.0, 98.4] 95.8 [93.9, 98.4]

% Stage II microglia 3.8 [2.0, 5.0] 3.8 [2.3, 5.1] 3.9 [2.3, 5.2]

% Stage III microglia 1.3 [0.9, 1.9] 1.5 [1.0, 2.3] 1.4 [1.0, 2.1]
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A B

C D

E F

Fig. 1. Antemortem sleep fragmentation and expression of microglia marker genes. (A and B) HuMi_Aged gene set. (C and D) HuMi_Aged genes enriched in 
aged microglia (HuMi_Aged_Old gene set). (E and F) HuMi_Aged genes enriched in young microglia (HuMi_Aged_Young gene set). (A, C, and E) Volcano plots of 
−log10(P value) versus effect size for normalized gene expression as a function of antemortem sleep fragmentation, controlling for age at death, sex, education, and 
methodological covariates. Each dot represents a single gene. Dotted line indicates unadjusted P < 0.05. Dashed line indicates Bonferroni corrected P < 0.05. (B, D, and 
F) Partial residual plot of microglial gene expression summary score as a function of antemortem sleep fragmentation adjusted for age, sex, education, and method-
ological covariates. Y axis is the composite expression for the gene set calculated as described in the text. X axis is average antemortem sleep fragmentation. Each dot 
represents a single sample. Solid line indicates the predicted composite gene expression for an average participant. Dotted lines indicate 95% CIs on the prediction.

 on D
ecem

ber 18, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Kaneshwaran et al., Sci. Adv. 2019; 5 : eaax7331     11 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 13

were shared between all three gene sets (fig. S3, A and B) and those 
genes that were unique to each gene set (fig. S3, C to H), supporting 
the robustness of these findings. Sleep-wake fragmentation can 
accompany circadian rhythm dysfunction. Therefore, we repeated 
the above analyses using an actigraphically derived nonparametric 
metric of circadian regularity, interdaily stability, that has previ-
ously been shown to be abnormal in AD (12). Unlike parametric 
cosinor-based methods, this does not assume that the activity rhythm 
conforms to any particular shape. We found no association between 
interdaily stability and the expression of microglial marker genes 
(fig. S4), suggesting that the association between sleep fragmentation 
and microglial marker gene expression is not primarily driven by 
differences in circadian rhythmicity. To examine the specificity of 
these findings, we repeated these analyses using astrocyte marker genes 
from the NeuroExpresso gene set (fig. S5A and table S1). No astrocyte 
marker genes were associated with sleep fragmentation after Bonferroni 
correction, and there was no statistically significant association 
between sleep fragmentation and composite expression of astrocytic 
marker genes (estimate = +0.021 standard units of gene expression 
per 0.01 unit difference in kRA; SE = 0.040; P = 0.61; fig. S5B).

The transcriptional phenotype of human microglia changes with 
age (10). To examine for a differential effect of sleep on age-related 
microglial transcriptional programs, we repeated the above analyses 
considering separately those HuMi_Aged microglial marker genes 
previously identified as being enriched in aged or in young microglia 
(10, 13). The composite expression of genes characteristic of aged 
microglia (HuMi_Aged_Old gene set) was positively correlated with 
age (estimate = +0.009 standard units of gene expression per 1 year 
of age; SE = 0.003; P = 0.002). Of the 117 genes identified as being 
enriched in aged microglia, 115 were expressed at higher levels 
with greater sleep fragmentation at an uncorrected P < 0.05, and 7 
(ARID5A, IRF7, SLC11A1, RPS19, CYTH4, HAMP, and RHBDF2) 
were associated with sleep fragmentation after Bonferroni correction 
(Fig. 1C; table S1), independent of chronological age at death. Of 
these, three (CYTH4, HAMP, and RHBDF2) were not significant 
after Bonferroni correction in our primary analyses of the HuMi_
Aged gene set. The reason for this is that there are fewer genes in 
the HuMi_Aged_Old set, resulting in a less stringent Bonferroni 
cutoff. In addition to these gene-level findings, composite expression 
of HuMi_Aged_Old genes was strongly associated with sleep frag-
mentation (estimate = +0.161 standard units of gene expression 
per 0.01 unit difference in kRA; SE = 0.041; P = 0.00014; Fig. 1D). To 
contextualize this, each 0.01 unit greater kRA, corresponding to 
roughly 1 SD, had an effect on the expression of aged microglial 
marker genes (HuMi_Aged_Old gene set) equivalent to 7.7 additional 
years (95% CI, 4.0 to 16.1) of chronological age, suggesting that sleep 
fragmentation is a better predictor of microglial transcriptional aging 
than chronological age. Conversely, of the 26 genes previously iden-
tified as being associated with young microglia (HuMi_Aged_Young 
gene set), and meeting quality control criteria in our study, more 
were expressed at lower levels with greater sleep fragmentation (16 of 
26) than were expressed at higher levels with greater sleep fragmen-
tation (10 of 26) (Fig. 2E; table S1), and there was no significant 
relationship between the composite expression of genes characteristic 
of young microglia and sleep fragmentation (estimate = +0.015 
standard units of expression per 0.01 unit difference in kRA; SE = 0.038; 
P = 0.69; Fig. 2F). Health behaviors such as smoking and alcohol 
consumption may plausibly influence sleep and microglial biology. 
However, the association between sleep fragmentation and the com-

posite expression of genes characteristic of aged microglia remained 
significant in models controlling for history of smoking and con-
sumption of alcohol.

A number of brain pathologies, including AD pathology, Lewy 
body pathology (characteristics of Parkinson’s disease), and infarcts, 
are associated with sleep fragmentation (14–16). However, the asso-
ciation between greater sleep fragmentation and higher composite 
expression of genes characteristic of aged microglia remained sig-
nificant in models controlling for the burden of AD pathology, Lewy 
body pathology, macroinfarcts, microinfarcts, TDP-43 pathology 
(characteristics of frontotemporal dementia), or hippocampal sclerosis, 
alone or in combination (estimate = +0.17 standard units of expres-
sion per 0.01 unit difference in kRA; SE = 0.04; P = 0.0001; table S2, 
model H). Moreover, the association between sleep fragmentation 
and the expression of genes characteristic of aged microglia (HuMi_
Aged_Old gene set) was not significantly different between individuals 
with and without AD pathology as defined by an National Institute on 

A

B

Fig. 2. Antemortem sleep fragmentation and expression of aging-associated 
microglial genes—Participants with and without AD pathology. Samples 
with (A) low or no and (B) intermediate or high NIA-Reagan AD classification. 
Partial residual plot of microglial gene expression summary score as a function of 
antemortem sleep fragmentation adjusted for age, sex, education, and method-
ological covariates. Y axis is the composite expression for the gene set calculated 
as described in the text. X axis is average antemortem sleep fragmentation. Each 
dot represents a single sample. Solid line indicates the predicted composite gene ex-
pression for an average participant. Dotted lines indicate 95% CIs on the prediction.
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Aging (NIA)–Reagan classification of intermediate or high (interaction 
P = 0.82; Fig. 2). Thus, greater sleep fragmentation is associated with 
higher expression of genes characteristic of aged microglia independent 
of the presence of AD and other dementia-associated brain pathologies.

Sleep disruption is associated with microglial activation in model 
organisms (7, 8). We related antemortem sleep fragmentation to 
neocortical microglial density assessed by immunohistochemistry in 
156 MAP participants with quantification of both. In linear regression 
models adjusted for age at death, sex, education, time between last 
actigraphy and death, and postmortem interval, we found no signif-
icant association between greater sleep fragmentation and the total 
density of microglia (P = 0.66; Fig. 3A). Next, we examined separately 
microglia in different stages of morphologic activation: stage I (resting), 
stage II (activated), and stage III (phagocytic) (fig. S6). We observed 
a greater proportion of morphologically activated (stages II and III) 
microglia in association with greater sleep fragmentation (estimate = 
+0.055, SE = 0.026, P = 0.034; Fig. 3B). This suggests that sleep frag-
mentation is associated with morphological microglial activation.

We next explored the relationship between composite expression 
of genes characteristic of aged microglia and morphologic microglial 
activation quantified by immunohistochemistry. To do so, we ana-
lyzed data from the 96 MAP participants who had antemortem quan-
tification of sleep fragmentation and assessment of microglia by both 
immunohistochemistry and RNA sequencing. In a linear regression 
model adjusted for age, sex, education, time from last actigraphy and 
death, postmortem interval of autopsy, RNA RIN score, and propor-
tion of ribosomal bases, the association between sleep fragmentation 
and the composite expression of aging-associated microglial genes 
(HuMi_Aged_Old gene set) remained significant (estimate = +0.15 
standard units of expression per 1 SD difference in kRA; SE = 0.05; 
P = 0.0023; table S3). The overall density of microglia was not associated 
with composite expression of genes characteristic of aged microglia. 
In contrast, the proportion of activated microglia was associated with 
the expression of genes characteristic of aged microglia (Spearman 
R = 0.27, P = 0.009), although this association was somewhat atten-
uated when controlling for age, sex, and other covariates as above 
(estimate = +0.08 standard units of expression per 1 SD difference 
in the proportion of morphologically activated microglia; SE = 0.05, 
P = 0.12; table S3). The association between sleep fragmentation and 
the composite expression of genes characteristic of aged microglia 
was minimally attenuated when controlling for the overall density 
of microglia or for the proportion of morphologically activated 
microglia (estimate = +0.14, SE = 0.05, P = 0.004; table S3, model 
D), suggesting that the association between sleep fragmentation 
and an aged microglial transcriptional phenotype is not solely due 
to morphologically defined microglial activation. By contrast, in a 
model with the proportion of morphologically activated microglia 
as the outcome, when we controlled for the composite expression 
of genes characteristic of aged microglia, the effect of sleep frag-
mentation was attenuated (table S3, model G), which is consistent 
with a scenario where the association between sleep fragmentation 
and microglial morphologic activation is mediated in part by a shift 
toward an aged microglial transcriptional phenotype (fig. S7).

Microglial transcriptional aging and activation are 
associated with cognitive impairment
We next examined whether higher expression of genes characteristic 
of aged microglia was associated with cognition proximate to death. 
To do so, we considered data from the 621 ROS and MAP participants 

with available dorsolateral prefrontal cortex (DLPFC) RNA sequencing 
and at least one cognitive assessment. We found that higher com-
posite expression of genes characteristics of aged microglia from the 
HuMi_Aged_Old gene set was associated with poorer composite global 
cognition proximate to death, adjusted for age, sex, education, time 
from last clinical assessment to death, postmortem interval, RNA 
RIN score, and proportion of ribosomal bases (estimate = −0.254 
standard units of composite global cognition per 1 standard unit of 
gene expression; SE = 0.097; P = 0.0095; Fig. 4A). To contextualize 
this, each SD greater expression of genes characteristic of aged 
microglia was equivalent to an additional 3.4 years of chronological 
age (95% CI, 0.8 to 7.3) in its association with cognition. This associ-
ation remained significant when controlling for dementia-associated 
brain pathologies, including the burden of AD pathology, Lewy body 
pathology, macroinfarcts, microinfarcts, TDP-43 pathology, or hip-
pocampal sclerosis, alone or in combination (P < 0.05; table S4), 
indicating that the association between the expression of genes char-
acteristic of aged microglia and cognition is not solely accounted for 
by the presence of these brain pathologies. Moreover, this association 
remained significant when controlling for source cohort (MAP versus 
ROS) and did not differ between source cohorts (interaction, P = 0.65).

A

B

Fig. 3. Antemortem sleep fragmentation and density of cortical microglia 
identified by immunohistochemistry. Average of counts in the mid-frontal and 
inferior temporal cortices. Partial residual plot of total microglial density (A) or proportion 
of stages II and II microglia (B) as a function of antemortem sleep fragmentation 
adjusted for age, sex, education, and postmortem interval. Each dot represents a 
single participant. Solid line indicates the predicted microglial count for an average 
participant. Dotted lines indicate 95% CIs on the prediction.
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We then examined whether a greater proportion of morpholog-
ically defined activated microglia was associated with differences 
in cognition. To do so, we considered data from the 224 ROS and 
MAP participants with quantification of microglial activation by im-
munohistochemistry. In a linear model adjusted for age, sex, education, 
and technical covariates, a greater proportion of activated microglia 
was associated with poorer composite global cognition proximate to 
death (estimate = −0.72, SE = 0.21, P = 0.00066; Fig. 4B).

Next, we examined the relationship between sleep fragmentation, 
cognitive performance, dementia-related brain pathologies, and mi-
croglial aging and activation. In concordance with previous results 
from our laboratory and others (14, 17), in 480 deceased participants 
with actigraphy, greater sleep fragmentation was associated with poorer 
composite global cognition proximate to death (estimate = −0.23 
standard units of cognition per 0.01 unit difference in kRA; SE = 0.06; 
P = 0.0004; Fig. 4C).

Similar results were seen when the analysis was limited to those 
participants with RNA sequencing data (n = 152; table S4, model I) 
or with immunohistochemical quantification of microglial density 
(n = 156; table S4, model M). These associations were partially 
attenuated in models controlling for the composite expression of 
genes characteristic of aged microglia (table S4, model J) or for 
the proportion of morphologically activated microglia (table S4, 
model N). They were also partially attenuated in models controlling 
for dementia-associated brain pathologies (AD pathology, Lewy body 
disease, macroinfarcts, microinfarcts, TDP-43 pathology, and hip-
pocampal sclerosis; table S4, models K and O). In models controlling 
for both the dementia-associated brain pathologies and for the 
microglial measures (table S4, models L and P), the association 
between sleep fragmentation and composite global cognition prox-
imate to death was no longer significant. This is compatible with a 
scenario in which microglial transcriptional aging or morphological 
activation partially mediates the association between sleep fragmen-
tation and poor cognition, independent of the presence of dementia-
related brain pathologies.

Last, we examined to what extent these relationships differed be-
tween those with and without AD pathology. Greater sleep fragmenta-
tion was associated with worse cognitive performance in individuals 
with or without Alzheimer’ disease pathology (interaction P = 0.90; 
Fig. 5, A and B). However, a pathological diagnosis of AD was a 
significant modifier of the association between the expression of genes 
characteristic of aged microglia and cognition (interaction, P = 0.037). 
Whereas greater microglial gene expression was strongly associated 
with cognition in those with a pathological diagnosis of AD, this effect 
was attenuated in the absence of AD pathology (Fig. 5, C and D). 
Considered another way, high levels of expression of genes charac-
teristic of aged microglia amplified the effect of AD pathology on cog-
nition, with a 1.5-fold greater effect of AD pathology in those in the highest 
versus lowest quartile of microglial gene expression (Fig. 5, E and F).

DISCUSSION
In this cross-sectional study of older community-dwelling adults, 
greater sleep fragmentation was associated with higher expression 
of genes characteristic of aged microglia and a greater density of 
morphologically activated microglia. The transcriptional changes 
were independent of chronological age, density of microglia, 
and dementia-related brain pathologies and were not completely 
accounted for by the increased density of morphologically activated 

A

B

C

Fig. 4. Relation of cognition to microglial gene expression and sleep frag-
mentation. Partial residual plot of composite global cognitive summary score as 
a function of average antemortem sleep fragmentation (A), composite expres-
sion of genes enriched in aged microglia (HuMi_Aged_Old) (B), or proportion of 
stages II and III microglia (C) adjusted for age, sex, education, and methodological 
covariates. Each dot represents a single participant. Solid line represents the pre-
dicted cognition for an otherwise average participant. Dotted lines indicate 
95% CIs on the prediction.
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A B

E F

C D

Fig. 5. Relation of cognition to microglial gene expression and sleep fragmentation in participants with and without AD pathology. Partial residual plots of 
composite global cognitive summary score as a function of average antemortem sleep fragmentation (A and B) or the composite expression of genes enriched in aged 
microglia (HuMi_Aged_Old) (C and D) adjusted for age, sex, education, and methodological covariates. Each dot represents a single participant. Solid line represents the 
predicted cognition for an otherwise average participant. Dotted lines indicate 95% CIs on the prediction. Subjects with (A and C) low or no or (B and D) intermediate or 
high NIA-Reagan AD pathological classification. (E and F) Partial residual plot of composite global cognitive summary score as a function of the burden of AD pathology 
(composite of amyloid plaque and neurofibrillary tangle pathology) adjusted for age, sex, education, and methodological covariates. Subjects with (E) bottom quartile 
or (F) top quartile expression of genes characteristic of aged microglia. Each dot represents a single participant. Solid line represents the predicted cognition as a 
function of microglial gene expression for an otherwise average participant. Dotted lines indicate 95% CIs on the prediction.
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microglia. Moreover, greater expression of genes characteristic of 
aged microglia was associated with worse cognition and partially 
accounted for the association between sleep fragmentation and worse 
cognition. These findings raise the possibility that microglial aging 
and activation may be a consequence of sleep fragmentation and may 
link sleep fragmentation to poor cognition in older adults.

Methodological considerations
In this study, we used actigraphy to assess sleep fragmentation. This has 
several advantages over other approaches to quantifying sleep fragmen-
tation, such as self-report and polysomnography. Self-reported sleep 
measures can be confounded by misperception and poor recall, particu-
larly in individuals with dementia or cognitive impairment, and do 
not always correlate well with objective sleep measures (18). In contrast, 
the metric of sleep fragmentation used in this study correlates well with 
polysomnographic measures of sleep fragmentation (14). Meanwhile, 
unlike in-laboratory polysomnography, actigraphy minimally perturbs 
natural sleep behavior and can be performed for multiple days in the 
home environment, enabling collection of data from populations of 
individuals, such as those with dementia and other medical condi-
tions, who may not tolerate sleeping in the laboratory environment.

In this study, we examined microglial biology using two comple-
mentary approaches—RNA sequencing to assess differences in the 
expression of microglial marker genes and immunohistochemistry 
with stereological counts to assess differences in microglial density 
and morphology. RNA sequencing allowed us to simultaneously 
examine hundreds of microglial marker genes rather than being 
limited to a handful of markers. Moreover, it allowed us to quantify 
changes in microglial transcriptional phenotype in the absence of 
changes in microglial density or morphology, as may occur when 
there are microglial transcriptional changes that may not manifest 
via morphological changes in activation but nonetheless affect 
microglial function. To ensure that our results were not sensitive to 
the choice of microglial marker genes and to enhance cross-species 
generalizability, we used three different gene sets from two different 
species, human (9, 10) and mouse (11), all of which yielded con-
cordant results. One limitation of bulk tissue RNA sequencing 
is that it cannot distinguish between higher microglial gene expres-
sion due to greater density of microglia or transcriptional changes 
at the cellular level in the absence of differences in cell density. To 
distinguish these possibilities, we used immunohistochemistry to 
quantify microglial density in a subset of participants and adjusted 
for this in our analyses. Another limitation of bulk tissue RNA 
sequencing is that it cannot distinguish between microglial expres-
sion of microglial marker genes and ectopic expression of these 
genes in other cell types. To guard against this, we examined only 
marker genes that were previously shown to be highly enriched in 
microglia. Moreover, our summary metric of microglial gene expres-
sion incorporated hundreds of marker genes and would have been 
relatively insensitive to ectopic expression of a handful of microglial 
marker genes in other cell types. Notwithstanding this, our results 
will need to be confirmed in future studies using cell-specific sequenc-
ing approaches, such as single-cell RNA sequencing.

Sleep fragmentation is associated with greater aged microglial 
gene expression and density of activated microglia
We have shown that greater sleep fragmentation in older adults is 
associated with higher expression of microglial marker genes. Similar 
results were not seen when we used a panel of astrocytic marker genes 

or when we used an actigraphic marker of circadian rhythmicity, 
supporting the specificity of these associations. These transcriptional 
changes were also independent of total microglial density, suggesting 
that the gene expression results were driven by transcriptional acti-
vation rather than an increase in microglial number. The microglial 
marker gene that showed the strongest association with sleep frag-
mentation was adenine-thymine (AT)–rich interactive domain 5a 
(ARID5A), which plays a role in mRNA stabilization and transcriptional 
regulation of interleukin-6 (IL-6) (19). Ectopic ARID5A overexpression 
results in increased sensitivity and production of significantly higher 
levels of IL-6, while ARID5A deficiency inhibits IL-6 elevation in 
lipopolysaccharide-treated mice (19). Together, these results indicate 
that ARID5A plays an important role in the promotion of inflam-
matory processes and increased ARID5A expression results in en-
hanced inflammatory responses to insults. In concordance with this 
role, previous studies have shown that low-level sustained microglial 
activation can lead to abnormal responses to a secondary insult (7). 
Thus, chronic sleep loss, through microglial priming and possibly 
the function of ARID5A, may predispose the brain to exaggerated 
immune responses. Other microglial marker genes that were asso-
ciated with sleep fragmentation at a Bonferroni significant level have 
functions in cytokine signaling and secretion [cytokine inducible 
SH2 containing protein (CISH), rhomboid 5 homolog 2 (RHBDF2), 
and interferon regulatory factor 7 (IRF7)], lymphocyte interaction 
and activation [tumor necrosis factor receptor superfamily member 18 
(TNFRSF18) and selectin L (SELL)], iron transport [hepcidin anti-
microbial peptide (HAMP) and solute carrier family 11 member 1 
(SLC11A1)], protein encoding, sorting and membrane trafficking 
[cytohesin 4 (CYTH4) and ribosomal protein S19 (RPS19)], and plas-
min formation [plasminogen activator, urokinase receptor (PLAUR)]. 
However, further studies are needed to clarify their functions in general 
and in relation to sleep fragmentation and microglial function.

We saw a particularly strong association between sleep frag-
mentation and genes characteristic of aged microglia, independent 
of chronological age, an effect that was independent of measured 
dementia-associated neuropathologies and present in those with 
and without AD pathology. Moreover, while we saw no association 
between sleep fragmentation and overall microglial density, greater 
sleep fragmentation was associated with a greater density of mor-
phologically activated (stages II and III) microglia. Findings from model 
organisms support a relationship between microglial aging and 
activation (20, 21). Our data are compatible with a model whereby 
sleep fragmentation–related microglial aging predisposes to mor-
phological activation (fig. S7). We were unable to determine the extent 
to which the population of morphologically activated microglia over-
lapped with the population of microglia exhibiting greater expression 
genes characteristic of aged microglia because we performed RNA 
sequencing on bulk tissue. Experiments using single-cell RNA se-
quencing are needed to explore this further and definitively link 
morphologically defined activation to a transcriptional profile.

Our findings are compatible with three scenarios: microglial aging 
and activation may lead to sleep fragmentation, sleep fragmentation 
may lead to microglial aging and activation, or both may be caused 
by other brain changes, such as dementia-related brain pathologies. 
Microglial aging and/or activation is associated with a number of 
dementia-related brain pathologies, including AD pathology (22, 23), 
Lewy body pathology (24), TDP-43 pathology (25), and hippocampal 
sclerosis (26), several of which are also associated with sleep fragmenta-
tion (14–16). Our data indicate that the associations between sleep 
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fragmentation and microglial aging and activation are independent 
of the burden of these pathologies and do not differ between individuals 
with and without AD pathology. However, it is possible that other 
unmeasured brain pathologies may be causing both sleep fragmenta-
tion and microglial changes.

Since we analyzed microglial marker gene expression and mor-
phological activation only at a single time point (postmortem), we 
are unable to definitively determine the causal direction of the asso-
ciation between sleep fragmentation and differences in microglial 
biology. Studies using positron emission tomography (PET) imaging 
to longitudinally assess microglial activation, for instance, with 
translocator protein ligands (27), may clarify the temporal sequence 
of sleep fragmentation and microglial activation. Notwithstanding 
this temporal uncertainty, a body of experimental data from model 
organisms supports a causal link between sleep disruption and 
microglial activation as noted above. Several mechanisms may be 
involved. Sleep fragmentation and resultant prolonged wake may 
cause increases in levels of synaptic debris resulting in the activation 
of microglia, which participate in the removal of this debris (7). At 
least some of the individuals in our study with high levels of sleep 
fragmentation may have had sleep apnea. It has been previously re-
ported that chronic intermittent hypoxia may induce NADPH (re-
duced form of nicotinamide adenine dinucleotide phosphate) oxidase 
activation in the brain and accumulation of reactive oxygen species 
leading to enhanced cellular inflammatory responses and reduced 
expression of genes required to maintain synaptic structure and func-
tion, resulting in pathological neurons that synthesize proinflammatory 
cytokines, activate microglia, and promote a cycle of oxidative injury, 
microglial activation, and proinflammatory gene expression (4). 
Future studies simultaneously measuring sleep apnea and sleep 
fragmentation are needed to determine whether the association 
between sleep fragmentation and microglial aging and activation is 
driven by the subset of participants with sleep apnea or whether 
this applies to sleep fragmentation more broadly. More generally, 
studies simultaneously measuring sleep fragmentation and other 
potential contributors to sleep fragmentation, such as environmental 
factors (noise and light), sleep disorders, and physical symptoms, 
are needed to identify the specific causes of sleep fragmentation 
most strongly related to microglial biology. Moreover, studies are 
also needed to identify triggers for microglial transcriptional aging 
and activation in the absence of sleep fragmentation. While genetic 
and neuropathological factors have been identified as predictors 
of microglial activation (28), there may be many other as-of-yet un-
identified factors of importance.

An aged microglial transcriptional phenotype is associated 
with cognitive function
We found that higher expression of genes characteristics of aged 
microglia is associated with cognitive impairment, independent of 
chronological age. In rats, aging is associated with an increase in 
microglial activation and associated impairment of hippocampal 
long-term potentiation (6). Aging primes or sensitizes microglia 
to have an amplified and exaggerated neuroinflammatory response 
when activated (29). Microglial activation, in turn, may play an 
important role in the development or spreading of tau pathology 
and associated memory deficits (30).

One mechanism through which microglia may affect cognition 
is by direct modulation of synaptic function. Development of an aged 
microglial transcriptional phenotype may predispose to formation 

of activated microglia that can modulate synaptic formation, function, 
and plasticity by elevating and prolonging production of a range of 
soluble factors such as inflammatory mediators (such as IL-1), trophic 
factors, neurotransmitters, and neuromodulators (31), and by reducing 
key downstream mediators (such as Arc and brain-derived neuro-
trophic factor). Reactive oxygen species are part of the neuroinflam-
matory cascade and can play a prominent role in the development 
of age-related declines in long-term potentiation (32). In some models, 
microglial activation can induce a rapid increase of spontaneous ex-
citatory postsynaptic current (ePSC) frequency, through a metabo-
tropic glutamate receptor 5–dependent mechanism, by binding of 
adenosine triphosphate to purinergic receptors located on astrocytes 
(33). This increase in ePSC frequency may lead to synaptic dysfunction 
and cognitive impairment.

In our study, the association between microglial aging and cognitive 
impairment was particularly significant in individuals with AD pa-
thology, in whom greater expression of genes characteristic of aged 
microglia amplified the association between the burden of AD pa-
thology and cognitive impairment. This suggests a complex two-hit 
model where greater sleep fragmentation is associated with higher 
expression of genes characteristic of aged microglia, irrespective 
of the presence or absence of AD pathology, but the subsequent 
impact of microglial transcriptional aging on cognition is greatest 
in those who also have AD pathology, in whom microglial transcrip-
tional aging amplifies the cognitive impact of AD pathology.

Future directions and clinical implications
Considered as a whole, our data are compatible with a model in which 
sleep fragmentation may contribute to microglial aging and activation, 
and this may be an important mechanism underlying the link be-
tween sleep fragmentation, cognitive decline, and dementia in older 
adults. If true, this suggests that targeting microglial aging and/or 
associated activation may improve cognition in the context of sleep 
fragmentation. However, additional experiments are first needed. 
First, experiments are needed to confirm that modifying sleep frag-
mentation (for instance, by treating sleep disorders) can affect in vivo 
markers of microglial state assessed by PET or in the cerebrospinal 
fluid (CSF) [e.g., CSF TREM2 (34)]. Second, experiments are needed 
to examine the impact of targeting microglial biology on cognition 
in older adults. In rats following sleep deprivation, inhibiting mi-
croglial activity with minocycline improves spatial memory and hip-
pocampal neurogenesis (8). Minocycline has also been shown to 
prevent the age-related attenuation of long-term potentiation in the 
rat hippocampus (6). Meanwhile, the tumor necrosis factor– (TNF-) 
synthesis inhibitor 3,6′-dithiothalidomide has been shown to sig-
nificantly reverse hippocampus-dependent cognitive deficits induced 
by chronic neuroinflammation (35). However, there are limited data 
concerning the impact of similar agents on the cognitive impairment 
associated with sleep fragmentation in humans. Experiments evalu-
ating these effects are needed before proceeding to clinical trials. Last, 
we studied exclusively older adults, and further studies of younger 
cohorts are needed to determine whether our findings are general-
izable to younger populations.

MATERIALS AND METHODS
Study participants
We analyzed data from participants in two prospective observational 
community-based cohort studies of older persons (the MAP and the 
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ROS). Characteristics of the study participants are in Table 1. Both 
studies follow similar clinical and postmortem data collection facil-
itating their joint analyses. The ROS is a longitudinal study of aging 
in Catholic brothers, nuns, and priests from across the United States 
(36). The MAP is a community-based study of aging in the greater 
Chicago area that enrolls participants with diverse backgrounds and 
socioeconomic status from continuous care retirement communities 
throughout northwestern Illinois, as well as from individual homes 
across the Chicago metropolitan area (36). Participants in both studies 
are free of known dementia at study enrollment and agree to brain 
donation upon death. For our primary analyses relating sleep frag-
mentation and microglial gene expression, we considered all MAP 
participants with available DLPFC RNA sequencing data meeting 
quality control criteria (see below) and at least one actigraphic re-
cording. Of 952 deceased MAP participants as of June 2018, 301 had 
available DLPFC RNA sequencing data meeting quality control criteria, 
of which 152 also had actigraphy before death. For our analyses re-
lating sleep fragmentation to cortical microglial density, we considered 
all deceased MAP participants with at least one actigraphic recording 
and with immunohistochemical assessment of microglial density. Of 
952 deceased MAP participants as of June 2018, 224 had assessment 
of microglial density, of which 156 had actigraphy before death. For 
our analyses relating expression of microglial genes to cognition, we 
considered all ROS and MAP participants with available DLPFC RNA 
sequencing data and with at least one cognitive assessment. All 1765 
deceased MAP and ROS participants had had at least one cognitive 
assessment. Of these, 621 had RNA sequencing data meeting quality 
control criteria. The overlap of these sets is depicted in fig. S1A.

Statement of ethics approval
The ROS and MAP studies were approved by the Institutional Re-
view Board of Rush University Medical Center. Both studies were 
conducted in accordance with the latest version of the Declaration 
of Helsinki, and all participants provided written informed consent 
and signed an anatomic gift act for brain donation and a repository 
consent for data sharing.

Assessment of sleep fragmentation and circadian disruption
As described more fully in Supplementary Materials and Methods, 
sleep fragmentation was assessed biennially in the MAP cohort only 
by up to 10 days of ambulatory actigraphy using the metric kRA, 
which as previously published correlated well with polysomnographic 
measures of sleep fragmentation (14). We also quantified circadian 
regularity using the interdaily stability metric (12).

In keeping with prior work with other risk factors (37), where more 
than one measurement was available for an actigraphic measure in 
a given individual, we took the average of all available measurements. 
This best reflected the cumulative impact of sleep fragmentation and 
circadian disruption across the duration of the study while mini-
mizing the effects of individual measurements, which could be 
reflective of transient acute illness. Because many dementia-related 
pathologies accumulate over years, we believe that the cumulative 
burden of sleep fragmentation over the course of the study is likely 
to have a greater influence on dementia-related pathologies than a 
single measurement proximate to death.

Assessment of cognition
As described in the Supplementary Materials and Methods, ROS and 
MAP participants underwent annual structured cognitive assessments 

consisting of 19 tests from which a composite measure of global 
cognitive function was computed. We used cognition proximate 
to death as our primary cognitive endpoint, as it is the cognitive 
measurement closest in time to the measurement of pathology.

Assessment of other clinical covariates
Age, sex, educational level, smoking history, and alcohol consump-
tion were assessed as described in the Supplementary Materials 
and Methods.

Assessment of DLPFC microglial and astrocytic  
gene expression
As described in the Supplementary Materials and Methods, RNA 
sequencing was performed on blocks of DLPFC from a subset of 
ROS and MAP participants. These data are available through the 
synapse.org AMP-AD Knowledge Portal (www.synapse.org; SynapseID: 
syn3388564). Data from 621 ROS and MAP samples met all quality 
control criteria and were included in these analyses. For each gene, 
we computed a normalized expression level by subtracting the mean 
expression for that gene across all samples and dividing by the SD.

We identified marker genes using data from three sources: the 
HuMi_Aged gene set (10) and the Galatro gene set (9) derived from 
postmortem human brain tissue, and the NeuroExpresso cortical 
microglial and astrocytic gene set derived from rodents (11). For the 
HuMi_Aged gene set, which was derived from participants in the 
ROS and MAP cohorts, we also considered separately the subset of 
microglial genes identified as enriched in aged (HuMi_Aged_Old) 
versus young (HuMi_Aged_Young) microglia, as derived from a 
published comparison of the HuMi_Aged gene set (10) with the 
gene set determined by Zhang et al. (13). For the HuMi_Aged_Old 
and HuMi_Aged_Young gene sets, we included only those genes 
that were also part of the primary HuMi_Aged gene set. For the 
NeuroExpresso gene set, we considered only those genes with 
human homologs as identified by Homologene (www.ncbi.nlm.nih.
gov/homologene). For all gene sets, we considered only those genes 
that were detectable at nonzero levels in all our samples. HuMi_Aged 
genes (964 of 1175), HuMi_Aged_Old genes (217 of 238), HuMi_
Aged_Young genes (128 of 162), Galatro genes (728 of 1297), and 
NeuroExpresso microglial genes (172 of 289) met these criteria and 
were included in these analyses, resulting in a total of 1225 unique 
genes. In addition, 199 of 302 NeuroExpresso astrocytic genes met 
these criteria and were included in a separate analysis. These genes 
and their set membership are depicted in table S1 and fig. S1B. For 
each of the five microglial gene sets (HuMi_Aged, HuMi_Aged_Old, 
HuMi_Aged_Young, Galatro, and NeuroExpresso) and the astrocytic 
gene set (NeuroExpresso_Astro), we computed a summary z score 
by taking the average normalized gene expression across all genes in 
that set, as previously described (10).

Quantification of microglial density
As described previously (28, 38), an automated Leica Bond immunos-
tainer (Leica Microsystems Inc., Bannockborn, IL) with anti-human 
human leukocyte antigen-DP, DQ, and DR antibodies (1:100; clone 
CR3/43, DakoCytomation, Carpinteria, CA) was used to perform 
immunohistochemistry for microglia. Individual cells were classi-
fied into three groups by an investigator blinded to the other clinical, 
pathological, and transcriptomic data: stage I (thin ramified processes), 
stage II (plump cytoplasm and thicker processes), and stage III 
(appearance of macrophages) (fig. S6). We have shown that the 
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classification approach used in this study correlates well with human 
genetic variants relevant to microglial biology and/or AD (28, 38), 
as well as with human cognition and AD pathology (28). The Stereo 
Investigator 8.0 software program was used to place a 1000 m by 
750 m sampling grid over the region, and the program was engaged 
to sample 4.0% of the region with a 200 m by 150 m counting frame 
at ×400 magnification at interval grid intersection points. Using sepa-
rate tags for stages I, II, and III microglia, the operator marked each 
individual microglia in each counting frame. These counts were then 
upweighted by the stereology software to estimate total number of 
microglia (stages I, II, and III) in the mid-frontal and inferior temporal 
cortices. Areas occupied by discrete cavitated infarcts, which were 
relatively rare, were excluded from analysis. Composite average 
densities of microglia in each region were obtained by averaging data 
from the two adjacent blocks of tissue (0.5 to 1.0 cm apart). Our data 
suggest that microglial counts are highly correlated between the mid-
frontal and inferior temporal cortices (R = 0.87 for log-transformed 
total microglial density; R = 0.70 for log-transformed density of acti-
vated microglia). Moreover, studies in humans have shown similar 
levels of microglial activation (39, 40) and morphologic change (41) 
in different cortical regions in AD and Parkinson’s disease. There-
fore, the mean densities in the mid-frontal and inferior temporal 
cortices were averaged to obtain summary measures for the cortical 
densities of stages I, II, and III microglia. These were log2 transformed 
before analysis. In addition to this, we computed the percentage of 
cells classified as stages I, II, and III microglia. These were log10 
transformed before analysis.

Other neuropathological evaluation
As described in the Supplementary Materials and Methods, decedents 
underwent a structured autopsy. We generated a continuous summary 
measure of the burden of AD pathology based on counts of neuritic 
and diffuse plaques and neurofibrillary tangles on Bielschowsky silver 
staining (42). For a categorical pathological diagnosis of AD, cases 
were classified as no AD, low likelihood AD, intermediate likelihood 
AD, or high likelihood AD based on the NIA-Reagan criteria (43); a 
participant was considered to have a pathological diagnosis of AD if 
his or her NIA-Reagan classification was “intermediate likelihood” 
or “high likelihood.” As described in the Supplementary Materials 
and Methods, we also identified macroscopic infarcts, microscopic 
infarcts, Lewy body pathology, TDP-43 pathology, and hippocampal 
sclerosis.

Statistical analyses
For each analysis, only observations with complete data for that 
analysis were used. First, we used multivariable linear regression 
models to relate the expression of each marker gene in the HuMi_
Aged gene set (10) to average sleep fragmentation before death, 
adjusted for age at death, sex, years of education, time between last 
actigraphic recording and death, postmortem interval, RNA in-
tegrity number, and proportion of ribosomal bases. Then, instead 
of considering each gene individually, we computed a composite 
measure for the expression of all genes in the set by taking the mean 
of the normalized expression across all genes, and we related this 
measure to antemortem sleep fragmentation as above. Next, we 
repeated these analyses using the Galatro and NeuroExpresso mi-
croglial gene sets (9, 11). In the sensitivity analyses, we then repeated 
these analyses considering only those genes that were shared between 
all three microglial gene sets, and then those genes that were not 

shared between the three microglial gene sets. We also repeated our 
primary analyses considering a nonparametric marker of circadian 
regularity, interdaily stability, in lieu of sleep fragmentation. Next, 
we repeated our primary analyses using the NeuroExpresso astro-
cyte gene set in lieu of the microglial gene sets.

Of the genes in the HuMi_Aged gene set (10), a subset was pre-
viously identified as being enriched in aged versus young microglia, 
and another as being enriched in young versus aged microglia by 
comparison to the Zhang dataset (13). We repeated the above analyses 
separately considering these two sets of genes (HuMi_Aged_Old and 
HuMi_Aged_Young). Finding that aging-enriched microglial genes 
were particularly strongly associated with antemortem sleep frag-
mentation, we focused on these genes in subsequent analyses.

To assess for confounding by AD and other brain pathologies, 
we augmented the above models with terms for the burden of AD 
pathology, presence of Lewy body pathology, presence of macro-
scopic and microscopic infarcts, presence of TDP-43 pathology 
in nonlimbic areas, and presence of hippocampal sclerosis. We also 
examined for effect modification by a pathological diagnosis of 
AD and analyzed separately those with and without a pathological 
diagnosis of AD.

We next examined the association between sleep fragmentation 
and both the overall density of microglia and the proportion of 
morphologically activated microglia quantified by immunohisto-
chemistry and stereology using linear regression equations adjusted 
for age at death, time between last clinical assessment and death, 
sex, years of education, and postmortem interval.

Then, we examined the relationship between microglial gene 
expression and the density of microglia and proportion of morpho-
logically activated microglia assessed by immunohistochemistry. We 
first considered linear regression models relating the outcome of 
composite expression of microglial genes characteristic of aged 
microglia (HuMi_Aged_Old gene set) to sleep fragmentation, overall 
microglial density, the proportion of activated microglia, or all of 
these in combination. Then, we considered linear regression models 
relating the proportion of morphologically activated microglia to sleep 
fragmentation, microglial gene expression, or both. These models 
were all adjusted for age at death, time between last actigraphy and 
death, sex, years of education, postmortem interval, proportion of 
ribosomal bases, and RNA RIN score.

We next used multivariable linear regression to relate the last 
available composite global cognitive score before death to average 
antemortem sleep fragmentation, controlling for age, sex, and edu-
cation. Then, in all ROS and MAP participants with available cognitive 
and RNA sequencing data, we related the last available composite 
global cognitive score to the composite expression of HuMi_Aged 
aged microglial genes at death, controlling for age, sex, education, 
postmortem interval, time between last assessment and death, RNA 
RIN score, and proportion of ribosomal bases. Next, in all ROS 
and MAP participants with immunohistochemical quantification 
of morphologically activated microglia, we related the last available 
composite global cognitive score to the proportion of activated 
microglia at death, controlling for age, sex, education, and postmortem 
interval. Then, we considered multivariable linear regression models 
relating last available composite global cognitive score before death 
to average antemortem sleep fragmentation, first controlling for the 
burden of AD pathology, presence of Lewy body pathology, presence 
of macroscopic and microscopic infarcts, presence of TDP-43 pa-
thology in nonlimbic areas, and presence of hippocampal sclerosis, 
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and then additionally controlling for the composite expression of 
HuMi_Aged genes characteristic of aged microglia or for the density 
of activated microglia. Last, we considered the presence of a patho-
logical diagnosis of AD as an effect modifier, considering the as-
sociations between sleep and cognitive impairment and between 
microglial gene expression and cognitive impairment, separately 
in those with and without AD pathology.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaax7331/DC1
Supplementary Materials and Methods
Fig. S1. Analytic subsets and microglial gene sets.
Fig. S2. Antemortem sleep fragmentation and expression of microglia marker genes in Galatro 
and NeuroExpresso microglial gene sets.
Fig. S3. Antemortem sleep fragmentation and expression of shared and unshared microglial 
marker genes from the HuMi_Aged, Galatro, and NeuroExpresso microglial gene sets.
Fig. S4. Antemortem circadian regularity and expression of microglial marker genes.
Fig. S5. Antemortem sleep fragmentation and expression of astrocytic marker genes.
Fig. S6. Representative photomicrographs of microglial morphological stages.
Fig. S7. Summary diagram.
Table S1. Antemortem sleep fragmentation and expression of microglia and astrocyte marker 
genes: Gene level results.
Table S2. Antemortem sleep fragmentation and composite expression of aging-enriched 
microglial genes: Adjustment for neuropathology.
Table S3. Antemortem sleep fragmentation, composite expression of genes characteristic of 
aged microglia, and proportion of activated microglia.
Table S4. Sleep fragmentation, expression of microglial genes, microglial activation, and 
composite global cognition proximate to death.
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