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ORIGINAL RESEARCH

Age-Associated Changes in Endothelial 
Transcriptome and Epigenetic Landscapes 
Correlate With Elevated Risk of Cerebral 
Microbleeds
Kshitij Mohan , PhD; Gilles Gasparoni , PhD; Abdulrahman Salhab , PhD; Michael M. Orlich , PhD;  
Robert Geffers , PhD; Steve Hoffmann, PhD; Ralf H. Adams, PhD; Jörn Walter , PhD; Alfred Nordheim, PhD

BACKGROUND: Stroke is a leading global cause of human death and disability, with advanced aging associated with elevated 
incidences of stroke. Despite high mortality and morbidity of stroke, the mechanisms leading to blood-brain barrier dysfunc-
tion and development of stroke with age are poorly understood. In the vasculature of brain, endothelial cells (ECs) constitute 
the core component of the blood-brain barrier and provide a physical barrier composed of tight junctions, adherens junctions, 
and basement membrane.

METHODS AND RESULTS: We show, in mice, the incidents of intracerebral bleeding increases with age. After isolating an enriched 
population of cerebral ECs from murine brains at 2, 6, 12, 18, and 24 months, we studied age-associated changes in gene 
expression. The study reveals age-dependent dysregulation of 1388 genes, including many involved in the maintenance of the 
blood-brain barrier and vascular integrity. We also investigated age-dependent changes on the levels of CpG methylation and 
accessible chromatin in cerebral ECs. Our study reveals correlations between age-dependent changes in chromatin structure 
and gene expression, whereas the dynamics of DNA methylation changes are different.

CONCLUSIONS: We find significant age-dependent downregulation of the Aplnr gene along with age-dependent reduction in 
chromatin accessibility of promoter region of the Aplnr gene in cerebral ECs. Aplnr is associated with positive regulation of 
vasodilation and is implicated in vascular health. Altogether, our data suggest a potential role of the apelinergic axis involving 
the ligand apelin and its receptor to be critical in maintenance of the blood-brain barrier and vascular integrity.
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Stroke is a leading cause of human death and dis-
ability, with 9.6 million cases of ischemic stroke and 
4.1 million cases of hemorrhagic strokes occur-

ring globally every year, resulting in 5.5 million deaths.1 
Among surviving patients, a most experience disabilities, 
with only ≈1 in 4 survivors attaining full functional recov-
ery after 6 months.2 Advanced aging is a nonmodifiable 
risk factor associated with stroke, and the incidences 

of intracerebral hemorrhage in the age groups of 35 to 
54, 55 to 74, and 75 to 94 years are reported to be 5.9, 
37.2, and 176.3 per 100 000 individuals, respectively.3 
Intracerebral hemorrhage is caused by the rupture of 
small- to medium-sized blood vessels with a diameter 
of 100 to 600 μm and is typically a manifestation of ce-
rebral small-vessel disease.4 Aging is associated with 
structural, functional, and mechanical changes in small 
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blood vessels, resembling the changes in small ves-
sels arising from chronic hypertension. These changes 
lead to the degeneration of the vascular wall, causing 
development of small aneurysms and microbleeds in 
the deeper structures, indicative of risk for intracerebral 
hemorrhage.5,6

The cerebral microvasculature has the unique 
property of a highly selective blood-brain barrier (BBB) 
playing an essential role in brain homeostasis by tightly 
regulating paracellular and transcellular transport of 

ions, macromolecules, pathogens, and cells of the im-
mune system between blood and brain.7 The central 
nervous system’s microvasculature comprises a con-
tinuous monolayer of endothelial cells (ECs) forming 
the blood vessels’ innermost layer, pericytes that wrap 
around the ECs, basement membrane surrounding the 
vascular tube, astrocytes, and neurons.8 The endothe-
lial monolayer forming the innermost wall of the cere-
bral microvasculature constitutes the core component 
of the BBB. The presence of continuous tight junctions 
that form a physical barrier between the ECs, the ad-
herens junctions, and the basement membrane are the 
major structures that impart on the cerebral microvas-
culature its unique characteristic of BBB function.9,10 
Cytoskeletal activities and cell-cell interactions of ECs 
are regulated to an important extent by the transcrip-
tion factor serum response factor (SRF).11–15 Because 
EC-specific deletion of Srf and Mrtf, encoding the tran-
scription factors SRF and myocardin-related transcrip-
tion factor (MRTF)-A/B, respectively, at either postnatal 
or adult ages, induces lethal cerebral hemorrhages in 
mice,15 this study was undertaken with the initial hy-
pothesis that an age-dependent increase in bleeding 
incidents may be attributable to the age-dependent 
downregulation of SRF/MRTF function and the dys-
regulation of SRF/MRTF target genes and other genes 
responsible for the maintenance of BBB and vascular 
integrity in cerebral ECs (cECs). However, we did not 
observe significant age-dependent dysregulation of 
Srf or Mrtf.

Increasing age is associated with endothelial dys-
function, as well as functional, structural, and me-
chanical changes in the blood vessels. Although 
age is a nonmodifiable risk factor for several vascu-
lar diseases, including intracerebral hemorrhage,6,16 
age-dependent changes in expression in cECs are 
still insufficiently characterized. In this study, we have 
used RNA sequencing (RNA-seq) to characterize the 
age-dependent changes in mRNA expression levels in 
ECs isolated from murine brains at 2, 6, 12, 18, and 
24 months.

Furthermore, we interrogated the possibility of age-
associated epigenetic regulation of cerebral EC gene 
expression, primarily focusing on methylation of cy-
tosines in CpG-rich promoter regions of genes.17 We 
performed reduced representation bisulfite sequenc-
ing (RRBS), a bisulfite conversion-based protocol that 
enriches CG-rich regions of the genome, to study 
age-dependent changes in CpG methylation at pro-
moter regions in the cECs isolated from murine brains 
of increasing age. We also performed an assay for 
transposase-accessible chromatin sequencing (ATAC-
seq) to study the age-associated changes in chroma-
tin landscape of ECs. Our study aims to understand 
the mechanisms of vascular changes in the brain 
and in BBB disruption with aging. Our work indicates 

RESEARCH PERSPECTIVE

What Is New?
•	 This is a novel study that comprehensively de-

fines the age-associated changes in gene ex-
pression, chromatin accessibility, and genomic 
methylation levels in the cerebral endothe-
lial cells of aging mice (at 2, 6, 12, 18, and 24 
months).

•	 We identify age-associated downregulation of 
Apelin (Apln) and Apelin receptor (Aplnr) gene 
and reduced chromatin accessibility of the pro-
moter associated with Aplnr gene in cerebral 
endothelial cells, suggesting a potential asso-
ciation of the Apelinergic axis in endothelial dys-
function in aging brains.

What Question Should Be Addressed 
Next?
•	 More studies and potential therapeutic targeting 

of the Apelinergic axis need to be done to con-
clusively establish the mechanisms by which 
Apelin regulates blood pressure and vascular 
integrity.

Nonstandard Abbreviations and Acronyms

ATAC-seq	 assay for transposase-accessible 
chromatin sequencing

BBB	 blood-brain barrier
cEC	 cerebral endothelial cell
EC	 endothelial cell
FACS	 fluorescence-activated cell sorting
GFP	 green fluorescent protein
MRTF	 myocardin-related transcription 

factor
RNA-seq	 RNA sequencing
RRBS	 reduced representation bisulfite 

sequencing
SRF	 serum response factor
TGF-β	 transforming growth factor-β
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epigenetic changes that are partially correlated (ATAC-
seq) and noncorrelated (RRBS) with transcriptional 
changes in ECs of aging brains. We discuss their impli-
cations for the risk of aging human individuals encoun-
tering stroke.

METHODS
Brief Outline of the Study
We studied the effect of aging on the incidence of 
spontaneous cerebral bleeding in wild-type mice and 
studied the underlying age-associated changes in (1) 
gene expression using RNA-seq, (2) genomic DNA 
methylation levels using RRBS, and (3) chromatin land-
scape using ATAC-seq in cerebral ECs.

Data Access and Codes
The raw and processed sequencing RNA-seq, ATAC-
seq, and RRBS files have been deposited to Genome 
Expression Omnibus under the accession number 
GSE218649. Codes used in the analysis of RNA-seq, 
ATAC-seq, and RRBS can be provided on request. 
Other relevant data and protocols used in this study 
are available from the authors on reasonable request.

Study Approval
The animal experiments performed as part of this 
project were approved by the Regierungspräsidium 
Tübingen (Project Nr. Mitteilung nach § 4 Abs, 3 
TierSchG, October 18, 2017), and the relevant proce-
dures followed were in accordance with the guidelines 
of University of Tübingen.

Animal Models
For histologic analysis of bleedings in the brains, C57Bl6 
wild-type mice and C57 Bl6 mice having floxed, yet 
nonrecombined Srf and Mrtf alleles, were used.12 These 
floxed mice do not show any difference in phenotype 
compared with wild-type mice, and have been used as 
controls, referred to as control mice henceforth. The 
mice were generated and housed at the Interfaculty 
Institute of Cell Biology (Tübingen, Germany). To isolate 
cECs, the transgenic Cdh5-mT/H2B-GFP mice were 
used.18 Two male transgenic Cdh5-mT/H2B-GFP (het-
erozygous) mice having a C57BL/6J background were 
provided by Dr Ralf Adams at the Max Planck Institute 
for Molecular Biomedicine (Münster, Germany). The 
colony was further expanded at the animal facility in 
the Department of Molecular Biology at the Interfaculty 
Institute of Cell Biology (Tübingen, Germany). The mice 
were kept under a 12-hour day/night cycle (daytime 
from 6 am to 6 pm) with ad libitum access to food and 
water. The mice were randomly checked for the pres-
ence of pathogens and infections every 6 months. The 

mice were maintained according to the regulations 
pertaining to legal animal protection laws, and the ex-
periments performed as part of this project were ap-
proved by the Regierungspräsidium Tübingen (Project 
Nr. Mitteilung nach § 4 Abs, 3 TierSchG, October 18, 
2017). Genotyping of mice was done by polymerase 
chain reaction (PCR) of ear biopsies. For harvesting 
brains, the mice were euthanized using increasing 
concentration of carbon dioxide gas in a gas chamber.

Histopathologic Analysis
Brains were fixed in 4% paraformaldehyde solution at 
4 °C for 72 hours, followed by washing under running 
cold tap water for 3 hours in a beaker. The fixed brain 
tissues were further treated with increasing concentra-
tions of isopropanol (50%, 75%, 90%, and 100% v/v) 
followed by Roti-Histol. The processed tissues were 
then embedded in paraffin and coronally sectioned 
(Leica rotary microtome RM 2155). Four consecutive 
sections, each 6 μm, were mounted on an adhesive 
microscope slide (Marienfeld HistoBond). The sections 
were dewaxed in Roti-Histol and treated with decreas-
ing concentrations of ethanol (100%, 96%, 80%, and 
70% v/v) for rehydration, followed by hematoxylin-eosin 
staining. The coverslips were mounted with Entellan as 
the mounting medium.

Microscopic Analysis
Hematoxylin-eosin–stained brain sections were ob-
served under Zeiss Axioplan 2 microscope using 
an AxioCamHRc camera. To quantify the number of 
bleedings and microbleedings in each brain, every 
10th slide was evaluated, yielding 20 slides per brain 
for each animal. To quantify, we adhered to the bleed-
ings that had diameter between 50 and 300 μm based 
on available literature.19,20 While scoring the micro-
bleeds, the slides were selected in an unbiased man-
ner and blinded to the age of mice from which the 
brains were harvested. Images of intact and ruptured 
blood vessels were taken at the same magnification. 
A blood vessel with extravasation of erythrocytes was 
counted as bleeding. The number of unique bleed-
ings in a mouse brain was quantified by recording 
the blood vessels with extravasated erythrocytes that 
were stained pink in the hematoxylin-eosin staining or 
by observing the leakage of erythrocytes into the brain 
parenchyma. We also observed smaller microbleeds 
and performed a second study focusing on these 
smaller microbleeds, characterized by smaller size of 
bleedings (diameter, <30 μm). To quantify the number 
of small-sized microbleeds in each brain in this study, 
we evaluated every 10th slide, yielding 20 slides per 
brain for each animal. The numbers of bleedings and 
microbleeds across different age groups were statis-
tically analyzed using 1-way ANOVA, followed by the 
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Tukey honest significant difference test to compare all 
the possible pairs and test the statistical significance. 
The analysis was performed using R, and graphs were 
made using GraphPad Prism version 9.

Purification of ECs
Transgenic Cdh5-mT/H2B-GFP mice were euthanized 
by exposure to CO2 gas, followed by cervical disloca-
tion, and their brains were harvested. After washing with 
ice-cold PBS, each brain was cut into 8 sagittal slices 
and dissociated using the Adult Brain Dissociation Kit 
(Miltenyi Biotec), according to the manufacturer’s in-
structions. The cell pellet obtained was resuspended 
in fluorescence-activated cell sorting (FACS) buffer 
(1× PBS, 2% FCS, and 2 mmol/L EDTA) to prepare 
a single-cell suspension from brain. Before sorting, 
0.05 μg/mL 4′,6-diamidino-2-phenylindole was added 
to stain the dead cells, and the single-cell suspension 
was filtered through a 70-μm cell strainer. The FACS 
was performed on a BD FACS AriaII (BD Sciences) 
at the FACS Core Facility Berg, Universitätsklinikum 
Tübingen. Because the transgenic Cdh5-mT/H2B-
GFP mice express, specifically in the ECs, red fluores-
cence in the cell membrane and green fluorescence in 
the nuclei, cells double positive for tdTomato and GFP 
(green fluorescent protein) were sorted using FACS to 
obtain a pure population of ECs. Single-cell suspen-
sions from brains of littermate wild-type mice lacking 
the Cdh5-mT H2B-GFP transgene were used as nega-
tive controls for FACS. To ensure the highest purity of 
ECs in the isolated population, we used FACS to sort 
cells. The GFP+/tdTomato+ double-positive cells were 
sorted again for GFP+/tdTomato+, a process known as 
reanalysis.

RNA Isolation and RNA-Seq
ECs were directly sorted into RLT Buffer (Qiagen), 
thereby lysing the cells, and an equal volume of 70% 
ethanol was added to the lysate. The mRNA was iso-
lated, and DNase digestion was performed using the 
RNeasy Micro Kit (Qiagen), according to the manu-
facturer’s instructions. Six animals (3 males and 3 
females) belonging to the age groups of 2, 6, 12, 18, 
and 24 months (total n=30) were used for the RNA-seq 
study. The quality and concentration of the isolated 
mRNA from each of the 30 samples were assessed 
using Bioanalyzer RNA 6000 Pico assay (Agilent), 
with every sample having RNA integrity number >8.3. 
Full-length cDNA libraries were prepared with the 
SMART-Seqv4 Ultra Low Input RNA kit (TaKaRa), 
and the libraries for sequencing were prepared using 
Nextera XT DNA Library Prep (Illumina), according to 
the manufacturer’s instructions. The libraries were 
sequenced on Illumina NovaSeq6000 sequencing 
system at Helmholtz Zentrum für Infektionsforschung 

(Braunschweig, Germany) and generated 50-bp 
paired-end reads (PE50).

Assay for Transposase-Accessible 
Chromatin Sequencing
To study the effect of aging on chromatin accessibility 
in the cECs, we performed ATAC-seq on ECs isolated 
from male and female mice belonging to age groups of 
2, 6, 12, and 18 months. cECs were sorted into FACS 
buffer (1× PBS, 2% FCS, and 2 mmol/L EDTA) at 4 °C, 
and ATAC-seq was performed according to a proto-
col adapted from Buenrostro et al21 A total of 50 000 
ECs were spun down (500g, 5 minutes, 4 °C), super-
natant was removed, and the cell pellet was resus-
pended in cold DNase inhibiting buffer (1 mol/L KCl, 5 
mol/L NaCl, 1 mol/L Tris-HCl, 0.5 mol/L EGTA, and 0.5 
mol/L spermidine) containing protease inhibitor cock-
tail (Roche). Then, 0.1% IGEPAL CA-630 (Sigma) was 
added to the suspension, followed by gently inverting 
the tube 3 to 4 times and incubation on ice for 5 min-
utes. The nuclei were spun down (500g, 5 minutes, 4 
°C), and supernatant was removed and resuspended 
in the DNase inhibiting buffer. The nuclei were again 
centrifuged (500g, 9 minutes, 4 °C), the supernatant 
was removed, and the pellet was resuspended in a 
50-μL reaction mixture, containing 25 μL 2× TD buffer, 
22.5 μL nuclease-free water, and 2.5 μL Tn5 trans-
posase enzyme (Nextera DNA Library Preparation Kit, 
Illumina, FC-121-1030). The tagmentation reaction was 
performed at 37 °C for 30 minutes, followed by puri-
fication of library using MinElute PCR Purification Kit 
(Qiagen). The library was eluted in 26 μL elution buffer 
(Qiagen) and stored at −80 °C until amplification. For 
amplification, 20 μL library was added to 30 μL PCR 
mix containing 25 μL NEB Next High Fidelity 2× Master 
Mix (New England Biolabs), 1 μL each Nextera i5 and 
i7 indexed primers as forward and reverse primers, 
and 3 μL nuclease-free water. The amplification was 
performed in the following steps: 1 cycle of 72 °C 
for 5 minutes and 98 °C for 30 seconds, 12 cycles of 
98 °C for 10 seconds, 63 °C for 30 seconds, and 72 
°C for 1 minute, and 1 cycle of 72 °C for 5 minutes. 
The amplified library was cleaned using 0.8× volume 
(40 μL) of Ampure beads XP (Beckman Coulter), ac-
cording to the manufacturer’s instruction, and eluted 
in 20 μL of 0.1× Tris-EDTA buffer. Six animals (3 males 
and 3 females) belonging to each of the age groups 
of 2, 6, 12, and 18 months (total n=24) were used for 
the ATAC-seq study. The quality of the ATAC library 
was analyzed with Bioanalyzer High-Sensitivity DNA 
Analysis kit (Agilent), and the concentration of the li-
brary was determined using the Qubit HS DNA kit (Life 
Technologies). The ATAC libraries were sequenced 
on an Illumina HiSeq2500 sequencing system at the 
University of Saarland (Saarbrücken, Germany) and 
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generated ≈50 million 100-bp paired-end reads for 
each sample.

Reduced Representation Bisulfite 
Sequencing
A total of 100 000 cECs were sorted in FACS buffer 
(1× PBS, 2% FCS, and 2 mmol/L EDTA) at 4 °C and 
centrifuged (500g, 5 minutes, 4 °C). The superna-
tant was discarded, and the cells were snap frozen 
in liquid nitrogen and stored at −80 °C until further 
processing. For lysing the cells, 200 μL solution A 
(25 mmol/L EDTA, 75 mmol/L NaCl), 200 μL solution B 
(10 mmol/L EDTA, 10 mmol/L Tris-HCl, 1% SDS), and 
10 μL Proteinase K (20 μg/μL) were added to the fro-
zen cell pellet, followed by a brief vortex and incuba-
tion at 55 °C. Phenol-chloroform-isoamyl (25:24:1) and 
chloroform-isoamyl (24:1) were used for liquid phase 
separation of the genomic DNA. Glycogen (20 μg/
μL), 0.1× volume (20 μL) of 3M sodium acetate, and 
2.5× volume (500 μL) of ice-cold 100% ethanol were 
added and incubated overnight at −20 °C for precipita-
tion of genomic DNA. The pellet of genomic DNA ob-
tained was washed with 70% ethanol and dissolved 
in 40 μL prewarmed 1× Tris-EDTA buffer at 45 °C for 
2 hours. DNA concentration was measured using a 
Qubit double-stranded high-sensitivity DNA assay kit 
(Life Technologies), according to the manufacturer’s 
instructions. Restriction was performed on 26 μL DNA 
template using 1 μL HaeIII restriction enzyme (New 
England Biolabs) and 3 μL 10× Cutsmart buffer (New 
England Biolabs) at 37 °C for 18 hours. A-tailing was 
performed with 1 μL Klenow fragment (3′ → 5’exo−, 
5 U/μL, NEB) and 1 μL dATP (10 mmol/L, NEB) at 37 
°C for 30 minutes, followed by enzyme inactivation 
at 75 °C for 20 minutes. Unique molecular identifier 
adapters (TruSeq Single Index Set B, Illumina) were li-
gated using 1 μL adapters (10 μmol/L), 0.5 μL T4 Ligase 
(2000 U/μL, NEB), 2 μL ATP (10 mmol/L, NEB), and 1 μL 
Cutsmart buffer (10×, NEB) at 16 °C for 18 hours, fol-
lowed by enzyme inactivation at 65 °C for 20 minutes. 
Bisulfite conversion and subsequent cleanup were 
performed using EZ-DNA Methylation Gold Kit (Zymo 
Research), according to the manufacturer’s instruc-
tions, and the bisulfite-converted genomic library was 
eluted in 24 μL nuclease-free water. The library was 
amplified by polymerase chain reaction using 0.6 μL 
each of primers (10 μmol/L, primer i5: AATGA​TAC​GGC​
GAC​CAC​CGA​GAT​CTACAC, primer i7: CAAGC​AGA​
AGA​CGG​CAT​ACGAGAT), 0.6 μL Hot Start Taq (5 U/
μL, Qiagen), 3 μL Hotstar PCR Buffer (10×, Qiagen), 
1.2 μL MgCl2 (25 mmol/L), and 2 μL dNTPs (10 mmol/L) 
in a 30-μL reaction with 95 °C for 15 minutes, 20 cy-
cles of 95 °C for 40 s, 58 °C for 1 minute, 72 °C for 
1 minute, and 72 °C for 12 minutes, and hold at 4 
°C. The amplified RRBS library was cleaned using 

0.8× volume (40 μL) of Ampure beads XP (Beckman 
Coulter), according to the manufacturer’s instruction, 
and eluted in 20 μL of 0.1× Tris-EDTA buffer. Six ani-
mals (3 males and 3 females) belonging to each of the 
age groups of 2, 6, 12, and 18 months (total n=24) were 
used for RRBS. The RRBS library was analyzed with 
Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent), 
and the concentration was determined using the Qubit 
HS DNA kit (Life Technologies). The sequencing was 
performed on Illumina HiSeq2500 sequencing system 
at the University of Saarland (Saarbrücken, Germany) 
and generated ≈50 million 100-bp single-end reads 
per sample.

RNA-Seq Data Processing
The preliminary quality control checks on the raw 
RNA-seq data were performed using FASTQC (v0.11.4) 
(https://www.bioin​forma​tics.babra​ham.ac.uk/proje​cts/
fastq​c/). The 3’ adapter sequence (CTGTC​TCT​TAT​
ACA​CAT​CTG​ACG​CTG​CCGACGA) was trimmed using 
Cutadapt22 (v1.15), and quality control checks were 
again performed on the trimmed reads with FASTQC. 
The trimmed reads were then aligned to the mouse ge-
nome (GRCm38/mm10) using STAR aligner (v2.5.2b).23 
The parameter quantMode was set to GeneCounts for 
the calculation of counts per gene. A comprehensive 
quality report for all the samples was generated with 
MultiQC24 (v1.7) (https://multi​qc.info/). The counts ob-
tained after STAR alignment were used to study dif-
ferential expression analysis using DESeq225 (v1.24.0). 
Linear regression analysis was performed on tran-
scripts per million values, calculated by normalizing the 
raw read counts to the gene length and sequencing 
depth in each sample, to study the age-associated 
changes in gene expression. We performed linear re-
gression analysis on RNA-seq data for the 30 samples 
across all time points (2, 6, 12, 18, and 24 months), 
adjusting for the sex-specific effects, to identify genes 
dysregulated in aging. A gene was considered to be 
significantly dysregulated with age if it had an ad-
justed P<0.05 (P.value.age.fdr) in the linear regression 
analysis (P.value.age.fdr refers to the adjusted P.value 
of differentially expressed genes based on age, when 
corrected after correcting for false discovery rate). We 
adjusted for multiple testing using the false discovery 
rate (Benjamini-Hochberg) to discover differentially ex-
pressed genes across all time points.

ATAC-Seq Data Processing
The adapter sequence and 3′ ends with base quality 
(PHRED score) of <20 in the FASTQ files obtained from 
the sequencing were trimmed with Trim Galore (v0.4.2) 
software. Following adapter trimming and removing 
low-quality nucleotides, the FASTQ files were mapped 
to the mouse reference genome (GRCm38/mm10) 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://multiqc.info/
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using the GEM26 mapper. Duplicated reads found after 
alignment with GEM mapper were annotated with 
Picard tools (v1.115) (http://broad​insti​tute.github.io/pic-
ard). MACS227 (v2.1.0) was used to call nucleosome-
depleted regions after down sampling the reads into 
similar number to avoid any bias in the downstream 
analyses attributable to sequencing depth. The pa-
rameters used in the MACS2 were as follows: –shift 
−100, −extsize 200, −nomodel, and –keep-dup all. 
Differentially accessible regions were calculated using 
a linear model accounting for sex. Peaks that overlap 
with the black list regions defined by ENCODE (https://
doi.org/10.1038/s4159​8-019-45839​-z) were excluded 
from the analysis.

RRBS Data Processing
Sequencing reads were trimmed using the Trim 
Galore (v0.4.2) software (http://www.bioin​forma​tics.
babra​ham.ac.uk/proje​cts/trim_galor​e/) to remove the 
adapter contamination and the 3′ ends with base qual-
ity (PHRED score) of <20. The trimmed reads were then 
aligned to the mouse reference genome (GRCm38/
mm10) using the BWA28 (v0.6.2) wrapper methyl-
Ctools29 (v0.9.2). Samtools30 (v1.3) and Picard tools  
(v1.115) (http://broad​insti​tute.github.io/picard) were used  
to convert, merge, and index the alignment files. 
Single-nucleotide polymorphism aware realignment to 
identify single-nucleotide polymorphisms for accurate 
identification of methylated cytosines and methylation 
calls was performed with the bisulfite single-nucleotide 
polymorphism calling software Bis-SNP.31 MethylKit32 
(v1.3.1) was used for tiling (1-kb tiles, minimum 3 CpGs 
per tile, each CpG with minimum coverage of 5). To 
identify local age-dependent methylation changes, we 
applied a 1-kb tiling approach to aggregate single CpG 
methylation values and used a linear regression model 
on all obtained 164 020 tiles. Association of DNA 
methylation and aging was calculated using a linear re-
gression model with sex and coverage as covariates. 
Obtained P values were corrected for multiple testing 
(false discovery rate) using the Benjamini-Hochberg 
correction.

RESULTS
Cerebral Bleedings Increase With Age in 
Mice
Both the wild-type mice and control mice (C57Bl6 
mice with floxed, yet nonrecombined, alleles of the 
Srf and Mrtf loci) of different ages show an age-
dependent increase in spontaneous cerebral bleeding. 
Notably, the bleedings were of variable sizes (diameter 
between 50 and 250 μm) and not restricted to any 
specific brain region (Figure 1B). The average number 

of bleedings recorded per brain in 2-month-old mice 
(number of mice used in this age-group, n=4) was 
1.75 with an SD of 0.96. In 6- (n=11), 12- (n=11), 15- 
(n=4), and 25-month-old mice (n=3), the average num-
bers of bleedings increased to 2.73 (SD, 1.56), 7.72 
(SD, 1.35), 13.75 (SD, 0.96), and 17 (SD, 1), respec-
tively (Figure  1E). Although there was no significant 
increase in the number of bleedings in the brains of 
the 6-month-old mice compared with the 2-month-old 
mice (adjusted P=0.73), we noted a significant increase 
in the bleedings occurring at 12 and 15 months com-
pared with 2-month-old brains (adjusted P<0.001). 
However, we did not observe a significant increase 
in the incidents of cerebral bleeding between 15 and 
25 months. We further performed Berlin Blue staining 
on cross-sections of brain chosen randomly to confirm 
if the bleedings were new and observed that them to 
be recent (<48 hours old). Because hematoxylin-eosin 
staining used to quantify bleedings in our study spe-
cifically detected fresh cerebral bleedings,33 and we 
further performed a confirmatory Berlin Blue staining 
where we observed all but 1 sample testing negative 
for the presence of hemosiderin, we argue that the in-
crease in the number of bleedings observed with ad-
vancing age in mice is not merely accumulation of old 
bleedings over time but rather indicates an increase 
of the incidents of new bleedings with advancing age 
(Figure S1 and Table S1).

Small-Sized Cerebral Microbleeds 
Increase With Age in Mice
The wild-type and control mice of different ages also 
revealed an increased frequency of smaller micro-
bleeds (Figure  1D) with aging. The average number 
of microbleeds recorded per brain, quantified in se-
rial sections using every 10th slide, in the 2-month-old 
mice (number of mice used in this age-group, n=4) 
was 4.5 with an SD of 1.29. At the ages of 6 (n=8), 
12 (n=8), and 15 months (n=4), the average numbers of 
bleeding recorded were 8.75 (SD, 2.39), 13 (SD, 2.62), 
and 18.5 (SD, 3.11), respectively (Figure 1F). Although 
there was no significant increase in the number of 
bleedings in the brains of mice at 6 months compared 
with 2 months (adjusted P=0.29), we found a signifi-
cant increase in the bleedings that occur in 12- and 
15-month-old mice compared with the 2-month-old 
mice (adjusted P<0.001). Because brain sections from 
25-month-old samples were not available for analysis 
of the smaller cerebral microbleeds, we only quantified 
the number of smaller microbleeds in the 2-, 6-, 12-, 
and 15-month-old age groups. Also, we did not quan-
tify the number of microbleeds in 3 samples belonging 
to the 12- and 15-months-old groups, accounting for 
the difference in the total number of brains examined 
for bleedings and smaller microbleeds.

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
https://doi.org/10.1038/s41598-019-45839-z
https://doi.org/10.1038/s41598-019-45839-z
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://broadinstitute.github.io/picard
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Figure 1.  The number of bleedings in the brain of mice increases with age.
A, An intact blood vessel. B, Cerebral bleedings from a blood vessel and the leakage of erythrocytes 
(arrows) stained pink by hematoxylin-eosin (H&E) in the brain parenchyma. C, An intact smaller blood 
vessel in the mouse brain. D, Smaller microbleeds from a blood vessel and the leakage of erythrocytes 
(arrows) stained pink by H&E in the brain parenchyma. E, Quantification of bleedings indicates an age-
dependent increase in the number of bleedings in the brain. The average number of bleedings recorded 
per brain in 2-month-old mice (number of mice, n=4) is 1.75. In 6- (n=11), 12- (n=11), 15- (n=4), and 
25-month-old mice (n=3), the average numbers of bleedings recorded were 2.73, 7.72, 13.75, and 17, 
respectively. Error bars represent mean±SEM. F, Quantification indicates an age-dependent increase in 
the number of microbleeds in the brain. The average number of microbleeds recorded (every 10th slide 
was quantified) per brain in 2-month-old mice (number of mice, n=4) is 4.5. In 6- (n=8), 12- (n=8), and 
15-month-old mice (n=4), the average numbers of microbleeds (every 10th slide was quantified) were 
8.75, 13, and 18.5, respectively. Error bars represent mean±SEM.
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Purification of cECs From Cdh5-mT/  
H2B-GFP Mice

To purify ECs from the brain vasculature, we took 
advantage of transgenic Cdh5-mT/H2B-GFP mice 
(Figure  2). We also measured the body weight and 
weights of different organs but did not observe any 

age-associated changes (Figure  S2 and Table  S2). 
When we analyzed single-cell suspensions prepared 
from transgenic animals using FACS, ≈7% of the cells 
were positive for both GFP and tdTomato. A double-
positive GFP+/tdTomato+ cell population was absent 
in the single-cell suspension prepared from wild-type, 
nontransgenic mouse brains. On the basis of reanalysis, 

Figure 2.  Experimental design to study age-associated transcriptomic and epigenetic changes 
in the cerebral endothelial cells (cECs).
Cdh5-mT/H2B-GFP transgenic mice that specifically express membrane-targeted tandem dimer Tomato 
fluorescence and H2B-GFP in endothelial cells (ECs), thereby expressing Tomato fluorescence in the 
cell membrane and GFP (green fluorescent protein) in the nucleus, were used to isolate pure population 
of cerebral ECs. A total of 3 male and 3 female mice from each of the 2-, 6-, 12-, 18-, and 24-month-old 
cohorts were used for the study. RNA sequencing, reduced representation bisulfite sequencing (RRBS), 
and assay for transposase accessible chromatin sequencing (ATAC-seq) were performed to study age-
associated transcriptomic and epigenetic changes (CpG methylation and chromatin accessibility) in the 
cECs.
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we determined the yield of ECs in the sorted cells to be 
≈99%. (Figure 3A and 3C and Figure S3). The purity 
of the isolated EC population was further confirmed 
using data obtained from RNA-seq of sorted GFP+/td-
Tomato+ cells by comparing the relative transcript lev-
els of specific markers for ECs (Slco1a4, Slc1a2, Cldn5, 
Flt1, and Vwa1), pericytes (Pdgfrb, Mcam, Abcc9, 
Kcnj8, and Cspg4), astrocytes (Slc1a2, Aqp4, Gfap, 
S100b, and Aldh1l1), microglia (Tmem119, Cx3cr1, Aif1, 
Ptprc, and Itgam), oligodendrocytes (Olig1, Mog, Olig2, 
Cldn11, and Olig3), neurons (Eno2, Syp, Syt1, Rbfox3, 
and Dlg4), and Schwann cells (Mobp, Mag, Gap43, 
and Mpz). To choose specific markers for different cell 
types in brain, we used the molecular atlas of cell types 

in the brain vasculature.34 As expected, transcripts of 
EC-specific markers were highly expressed (normal-
ized counts, >100 000) in sorted cells. In contrast, the 
expression of transcripts of markers of other cells of 
the neurovascular unit and neural cells were low (nor-
malized counts, ≈1000) to absent, confirming the high 
level of purity of our EC population (Figure 3D).

RNA-Seq Reveals Age-Dependent 
Dysregulation of Gene Expression in 
cECs
In RNA-seq data of cECs, we observed a total num-
ber of 30 812 expressed genes, of which 1388 were 

Figure 3.  Fluorescence-activated cell sorting profile of sorted endothelial cells (ECs).
A, The single-cell suspension prepared from a wild-type mouse brain does not show a population of cells positive for GFP (green 
fluorescent protein) and tdTomato. B, The single-cell suspension prepared from a Cdh5-mT H2B-GFP transgenic mouse brain shows 
the presence of EC population double positive for GFP and tdTomato fluorescence. C, The double-positive cells (GFP+ tdTomato+) 
were sorted. The purity of sorted ECs was ≈99%, as confirmed by the reanalysis of the sorted cells. D, The relative transcript levels 
of specific markers for various cells of the neurovascular unit and the brain. The specific markers for ECs were highly enriched in 
comparison to the markers for other cells of the neurovascular unit, confirming the purity of the ECs sorted. AC indicates astrocytes; 
DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; MG, microglia; Ne, neurons; OL, oligodendrocytes; PC, 
pericytes; and Sc, Schwann cells.
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significantly dysregulated with increasing age. A total 
of 675 of these genes were downregulated, whereas 
713 were upregulated, with increasing age (Table S3). 
The significantly dysregulated genes reveal distinctive, 
age group–specific expression patterns (Figure 4A and 
Figures  S4 and S5). Enrichment analysis performed 
on the top 1000 genes dysregulated with age in the 
cECs reveal 345 Gene Ontology (GO) processes that 
are enriched (Table S4). The processes cardiovascular 
system development (GO: 0072358), vasculature de-
velopment (GO: 0001944), regulation of blood vessel 
endothelial cell migration (GO: 0043535), blood vessel 
morphogenesis (GO: 0048514), and regulation of en-
dothelial cell migration (GO: 0010594), associated with 
cerebral vasculature, were among the most enriched 
processes. We also found enrichment of processes 
associated with actin dynamics, cytoskeleton organi-
zation, and Cdc42 signaling pathway (Tables S5 and 
S6 and Figures S6 and S7).

We also performed candidate searches and spe-
cifically examined the expression patterns of (1) genes 
implicated in hypertension and associated with human 
cerebral small-vessel diseases, (2) genes encoding 
structural components associated with the ECs in BBB, 
and (3) genes involved in the maintenance of vascular 
integrity in the brain. We identified both the Aplnr gene, 
encoding Apelin receptor, and the gene encoding its 
ligand Apelin (Apln) to be strongly downregulated with 
age. We observed that both Aplnr and Apln display a 
significant, progressive decrease in expression with 
age in cECs, as indicated by pair-wise comparison of 
different age groups. The log2 fold change values of 
Aplnr were –3.18, −4.10, −4.51, and –5.24 (adjusted 
P<0.001) in 6-, 12-, 18-, and 24-month-old male mice, 
respectively, compared with 2-month-old mice. In fe-
males, the log2 fold change values of Aplnr of 6-, 12-, 
18-, and 24-months-old mice were –3.30, −3.47, −4.54, 
and –4.98 (adjusted P<0.001), respectively. Thus, 
Aplnr transcript levels in the cerebral ECs continue to 
steadily decline during aging from an ≈10-fold change 
(2 versus 6) to an ≈32-fold change (2 versus 24) even 
after 6 months of age (Figure 4B). The Apelin signaling 
pathway is downstream of Notch signaling, with Notch 
signaling negatively regulating Apln.35 In zebrafish and 
human umbilical vein ECs, inhibition of Notch resulted 
in the upregulation of Apln, whereas activation of 
Notch led to the inhibition of Apln.35 We then focused 
on the Apelin signaling pathway (Kyoto Encyclopedia of 
Genes and Genomes: mmu04371) and compared the 
expression of relevant pathway genes with our RNA-
seq data. Interestingly, we observed that Notch3 was 
significantly upregulated with age.

Next, we attempted to identify age-dependent 
changes in transcripts of genes encoding structural 
components in the BBB endothelium. Among the tight 
junction components, we found a downregulation of 

the Cldn5 gene, the major claudin expressed in the 
ECs of the central nervous system. The linear regres-
sion analysis suggests age-dependent downregulation 
of the Cldn5 gene (adjusted P=0.009) with a correlation 
coefficient (r2 value) of 0.42, meaning that 42% of the 
changes in the expression level of Cldn5 gene can be 
correlated with aging. We observed no age-dependent 
dysregulation of other claudin isoforms, such as Cldn1, 
Cldn2, Cldn3, Cldn10, Cldn11, and Cldn12, or Ocln (oc-
cludin), another key component of the tight junctions at 
BBB. Among junctional adhesion molecules, we found 
the F11r gene encoding the JAM-A protein to be signifi-
cantly downregulated, whereas Jam2, Jam3, and Igsf5 
were not significantly dysregulated (Figure 4C).

The age-dependent changes concerned a set of 
interesting genes associated with the enriched GO 
terms. Cdh2 gene (N-cadherin) was downregulated 
in cECs, whereas no age-dependent dysregulation of 
Cdh5 (VE-cadherin) was observed. The same holds 
for Cdh1, β-catenin (Ctnnb1), α-catenin (Ctnna1), p120 
(Ctnnd1), and plakoglobin (Jup) (Figure  S8). Among 
genes linked to cytoskeleton organization, a significant 
age-associated downregulation of Cdc42 (adjusted 
P=0.005) and Cdc42se1 (adjusted P=0.003) was seen 
as well as changes in the expression of Arf1 and Arf6 
genes involved in maintaining the actin cytoskeleton 
dynamics by acting downstream to Cdc42 in the actin 
polymerization pathway. However, no age-dependent 
dysregulation was observed in RhoA, Rac1, Vcl, Vasp, 
Anln, and Actn4, encoding various other actin-binding 
proteins or tight junction complexes (Figure S9), major 
scaffolding proteins (Figure  S10), extracellular matrix 
components, such as Col4a1 and Col4a2, laminins, 
such as Lama2, Lama5, Lamb1, and Lamc1, or iso-
forms of integrins αvβ3, α5β1, α6β1, α1β1, α6β4, and 
αv (Figure S11).

In human patients, a loss-of-function mutation in 
the HTRA1 gene leads to the development of cerebral 
autosomal recessive arteriopathy with subcortical in-
farcts and leukoencephalopathy, a rare cerebral small-
vessel disease, in which patients display stroke-like 
symptoms. The HTRA1 gene encodes a serine prote-
ase that regulates TGF-β (transforming growth factor-β) 
signaling necessary to maintain vascular integrity in the 
brain. We observed a significant age-dependent down-
regulation of Htra1 in cerebral murine ECs, as revealed 
by the linear regression analysis of our RNA-seq data. 
Pairwise comparison suggests a significant downreg-
ulation of the Htra1 gene in the 18- and 24-month-old 
males compared with the 2-month-old group. The log2 
fold change of Htra1 in 18-month-old mice was –1.5 
(adjusted P<0.001), and it was –1.31 in 24-month-old 
mice (adjusted P<0.001), indicating ≈3-fold downreg-
ulation in the expression of Htra1 in the cECs of old 
mice. We also observed a significant age-dependent 
downregulation of the Mfsd2a gene, encoding major 
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Figure 4.  RNA sequencing of cerebral endothelial cells suggests an age-associated dysregulation 
of genes.
A, Heat map clustering of the top 100 genes exhibits an age-dependent dysregulation based on the linear 
regression model. B, Linear regression analysis suggests that the expression of Aplnr decreases with 
age, with a correlation coefficient (r2 value) of 0.47 (adjusted P=0.004). The plot showing the normalized 
counts of Aplnr in each sample indicates the downregulation of Aplnr is the sharpest between the ages 
of 2 and 6 months. The violin plots with linear regression analysis indicate that among major tight junction 
proteins at the blood-brain barrier, Cldn5 (C) and F11r (D) show an age-dependent downregulation, with 
correlation coefficients of 0.42 (adjusted P=0.009) and 0.59 (adjusted P=0.0008), respectively. However, 
no age-dependent downregulation of other tight junction components, such as Ocln (E) and Jam3 (F), was 
observed (adjusted P>0.1). Expression values on y axis are reported as transcripts per million.
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facilitator superfamily domain-containing 2a pro-
tein critical for the formation and maintenance of the 
BBB.36 In summary, we find a specific set of genes 
controlling cerebral EC function being downregulated 
with increasing age. Next, we asked if such changes 
are reflected in the epigenetic landscape.

DNA Methylation in Aging cECs
To identify DNA-methylation changes, we performed 
RRBS on DNA extracted from cECs. Using a 1000-
bp window tiling strategy (Methyl-Kit), we identified re-
gions with a minimum of 3 CpGs and showing sufficient 
coverage across samples. Next, we applied a linear 
regression analysis (with coverage and sex as covari-
ate) to identify regions associated with age-dependent 
differentially methylated regions. Overall, we observe 
only minor changes up to 12 months, followed by a 
trend of stronger methylation differences at 18 months. 
(Figure  5A and Figure  S12). Most age-dependent 
Differentially Methylated Regions (710/1000) showed 
an increase in methylation (hypermethylation and mean 
change of 9.8%), whereas 210 of 1000 showed a de-
creased methylation (hypomethylation with a mean 
change of 69.9%; Figure  5C). A clustering of age-
associated single CpGs confirmed this age-dependent 
trend for single CpGs (Figure 5B). False discovery rate 
correction reduced the number of significant age-
dependent Differentially Methylated Regions to only 12 
fulfilling all criteria (Table S7). Remarkably 10 of these 
12 regions showed age-dependent hypomethylation, 
whereas only 2 showed hypermethylation (ie, going 
against the general trend). Annotation of these top age-
dependent Differentially Methylated Regions (Figure 5D) 
to genes revealed a vicinity to Gpr56, Arid5b, Camta1, 
Degs2, Sema7a, and Zbtb20 (ie, all genes previously 
shown to be involved in brain [dys] function). Gpr56 
is a gene coding for a G-protein–coupled receptor 
previously linked to brain development37 and multiple 
sclerosis.38 For Arid5b, methylation dysregulation was 
reported in a large epigenetic screen for patients with 

epilepsy39 and Alzheimer disease.40 The latter also holds 
for Camta1,41 which is also linked to age-related macu-
lar degeneration42 and Purkinje cell degeneration43; 
Degs2 is implicated in schizophrenia44; and Sema7a 
was shown to be associated with multiple sclerosis45,46 
and brain development.47 Finally, Zbtb20 is associated 
with the process of neurodevelopment,48–50 as well as 
implicated in major depression disorder.51 Among the 
12 genes showing age-dependent methylation dynam-
ics, only 1 gene, Zbtb20, was found to be significantly 
downregulated with age. Together, these findings show 
that in ECs, one finds epigenetic scars (gain and loss) 
of methylation in genes linked to brain dysfunctions. 
Besides Zbtb20, however, none of the genes showed a 
concomitant change in gene expression in ECs.

Chromatin Accessibility in cECs Changes 
With Age
In total, we identified 33 254 differential open chroma-
tin sites (ATAC peaks) across the samples. A principal 
component analysis reveals a minor contribution (prin-
cipal component 3) separating older (12 and 18 months) 
from younger mice (2 and 6 months). Principal compo-
nent 2 (5% of the variance) accounts for the differences 
between males and females. Principal component 1 
cannot be explained by age or any other factors, such 
as sample quality (Figure 6A).

We extracted ATAC enriched open chromatin re-
gions (Table  S8) that showed significant change in 
chromatin accessibility (q-value <0.05). A heat map 
showed the ATAC signal (normalized per row) across 
these regions (n=11 694) (Figure 6B), which were an-
notated afterward with the closest genes (n=4056). 
As for our analysis of RNA-seq and RRBS data, we 
used a linear model to account for the effects of sex 
in the ATAC data. Next, to study the correlation be-
tween the age-dependent changes in chromatin ac-
cessibility and gene expression, we overlapped the list 
of differentially accessible genes (n=4056) obtained 
from ATAC-seq analysis with the list of differentially 

Figure 5.  Reduced representation bisulfite sequencing (RRBS) of aging cerebral endothelial cells (ECs) to study age-
associated changes in methylation.
A, ECs isolated from the brains of 18-month-old mice show increased methylation level compared with the 2-, 6-, and 12-month-old 
mice. The average methylation level across all the CpGs investigated by RRBS was 70.52% (SD, 0.46%) in the 2-month-old mice, 
70.66% (SD, 0.27%) in the 6-month-old mice, 70.46% (SD, 0.53%) in the 12-month-old mice, and 72.30% (SD, 1.17%) in the 18-month-
old mice. The average methylation level of CpGs in the ECs isolated from 18-month-old mice is significantly higher in comparison to 
the 2-, 6-, and 12-month-old mice (adjusted P<0.01). However, no significant change in the level of methylation is observed in the 6- or 
12-month-old mice in comparison to the 2-month-old mice. Error bars represent mean±SEM. One-way ANOVA, followed by the Tukey 
honest significant difference test, was performed to compare all the possible pairs. ***P<0.001. B, Heat map clustering based on top 
1000 CpGs associated with aging in the linear regression model does not suggest significant changes in the overall methylation profiles 
across different samples. C, Absolute methylation differences for 2- vs 6-, 12-, and 18-month-old cohorts. To enhance visualization, 
color gradients were capped at −20% and 20%. The maximum change in the methylation levels is observed between the 2- and 
18-month-old groups. D–F, Methylation dynamics across age groups for the top 3 ranking tiles from the linear regression analysis. The 
top 3 ranking tiles with the most significant differential methylation dynamics with age were associated with Gpr56 (D), Arid5b (E), and 
Asrgl1 (F) genes. To avoid overplotting, data points were subjected to a slight jitter on the x axis. Tile location, related gene locus, and 
obtained P value from the linear model are indicated in the respective header. n.s. indicates nonsignificant.
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expressed genes (n=1388) extracted from the RNA-
seq analysis. We identified 236 genes shared in the 
2 gene lists (Figure  6C), including the Aplnr gene 
(Table  S9). Interestingly, we also found genes of the 

Apelin signaling pathway (Kyoto Encyclopedia of 
Genes and Genomes: mmu04371), such as Notch3, 
Gnb4, Mylk, and Akt3, to show upregulation linked 
to increased chromatin accessibility. Unlike several 
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Figure 6.  Assay for transposase-accessible chromatin sequencing (ATAC-seq) to study differential 
chromatin accessibility in aging cerebral endothelial cells.
A, Principal component (PC) analysis of samples (ATAC-seq study). The samples cluster into 2 main groups 
along PC3: older mice (12 and 18 months) and younger mice (2 and 6 months). PC2 accounts for the differences 
between the sexes, but the PC1 cannot be explained by any factor. B, Heat map showing ATAC signal (normalized 
per row) in the significant differentially accessible regions (n=11 694). The x axis label refers to the sample 
numbers (mice). The relevant color-coded legends on top indicate age and sex of each sample. C, There are 236 
genes that overlap between the list of differentially accessible genes (n=4056) obtained from ATAC-seq analysis 
and the list of differentially expressed genes (n=1388) based on the RNA-sequencing (RNA-seq) analysis.
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significant age-associated changes in chromatin ac-
cessibility in the vicinity of genes with altered gene ex-
pression, such as Aplnr and the downstream genes, 
we do not observe an overlap of DNA-methylation 
changes with ATAC-enriched regions.

DISCUSSION
In human patients, the genetic basis of several cer-
ebrovascular diseases that affect the integrity of the 
vasculature in the brain, leading to hemorrhages, has 
been established in recent years. These include the 
CCM1,2,3 and KRIT1 genes in cavernous cerebral 
malformations; SOX17, CNNM2, KL/STARD13, RBBP8, 
and EDNRA genes in intracranial aneurysms; APP, 
BRI2, CST3, TTR, and GSN genes in cerebral amy-
loid angiopathy; and COL4A1 and COL4A2 genes in 
COL4-related small-vessel disease. In addition, HTRA1 
and NOTCH3 genes have been implicated in human 
cerebral autosomal recessive arteriopathy with sub-
cortical infarcts and leukoencephalopathy and cere-
bral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy, respectively.52

We observed that the incidence of spontaneous ce-
rebral bleeding progressively increases with aging in 
mice, reflecting the BBB disruption and changes in ce-
rebral vasculature in elderly human patients. Because 
ECs form the core component of the BBB in the central 
nervous system vasculature, age-associated changes 
in vasculature structure and disruption of BBB integrity 
are likely caused by molecular defects in EC junction 
structures. Several studies in mice have demonstrated 
the breakdown of BBB with age, leading to increased 
BBB permeability.53,54 In this work, we profiled the 
age-dependent changes in transcriptomics, genome-
wide DNA methylation, and chromatin accessibility in 
isolated cECs of mice of increasing age. We observed 
1388 genes significantly dysregulated with age in the 
cECs, with 675 genes downregulated and 713 genes 
upregulated. Among the major tight junction compo-
nents, Cldn5 was downregulated with age in the cECs 
of mice. Claudin-5 is an endothelial-specific, highly ex-
pressed, vital component of the tight junctions in the 
cECs. Interestingly, the Cldn5 gene is known to be 
downregulated with age in the cECs of mice, and aged 
mice exhibit an increased BBB permeability.54 Other 
studies have demonstrated the disruption of BBB and 
impaired vascular integrity with loss of claudin-5.55,56 
Furthermore, we observe age-dependent downregu-
lation of Itm2a, a highly expressed endothelial-specific 
transcript, whose role and function in human or mu-
rine ECs has not been well characterized. Cdh2, an 
adherens junction component, was downregulated 
with age. Transgenic mice with EC-specific deletion of 
Cdh2 display impaired vasculature and are embryonic 

lethal, suggesting a critical role of N-cadherin in vascu-
lar morphogenesis.57

Cdc42, a small Rho GTPase, is crucial for main-
taining the cytoskeletal dynamics of cells by positively 
regulating actin polymerization and filopodia formation, 
which further regulates several cellular processes, 
such as cell-cell adhesion, cell division, and cell mi-
gration. The role of endothelial Cdc42 in EC-EC ad-
hesion is well studied, with endothelial-specific Cdc42 
depletion (Cdc42Tie2KO mice) resulting in compromised 
vasculature, hemorrhages, cerebral vascular mal-
formations,58 and embryonic lethality.59 Cdc42 reg-
ulates the adhesion between ECs mediated by actin 
cytoskeletons, which physically support the junction 
complexes, thereby compromising the vascular integ-
rity.59 In our RNA-seq data, we observe a significant 
age-associated downregulation of Cdc42 and several 
downstream actors involved in the actin reorganiza-
tion pathway, such as Cdc42se1, Arf1, and Arf6. The 
downregulation of Cdc42 in the aging endothelium 
might lead to age-associated disruption of the junc-
tional structure at the EC-EC junction, leading to the 
age-associated breakdown of the BBB and thereby 
contributing toward increased incidents of cerebral 
bleedings with age. The actin cytoskeletal dynamics 
mediated by Cdc42 also regulate Srf, a transcrip-
tion factor that influences several cellular processes. 
Interestingly, EC-specific deletion of Srf and Mrtf, en-
coding the transcription factors SRF and MRTF-A/B, at 
either postnatal or adult ages, induces lethal cerebral 
hemorrhages in mice.15 We did, however, not observe 
age-dependent significant dysregulation of Srf or Mrtf 
(Figure  S13 and Table  S10) and note that unaltered 
mRNA levels do not necessarily exclude altered pro-
tein expression or protein activity levels. However, the 
observed age-associated downregulation of Cdc42 in 
ECs may alter SRF activity, another possible pathway 
that might affect the adhesion between ECs and lead 
to a compromised BBB with age. Any direct roles of 
endothelial Cdc42 and linked changes in actin dynam-
ics and SRF-regulated target genes remain a possibil-
ity, contributing to age-associated BBB disruption, and 
therefore warrant further investigation.

This study identifies an age-dependent downreg-
ulation of the Htra1 gene, known to regulate TGF-β 
signaling, which is necessary to maintain vascular in-
tegrity. However, the mechanism of Htra1 regulating 
the TGF-β signaling pathway is not well established. 
Although some studies have suggested that Htra1 
suppresses TGF-β signaling pathway,60,61 others have 
claimed Htra1 activates the TGF-β signaling path-
way.62 The detailed molecular pathways underlying 
the role of HTRA1 in development of cerebral auto-
somal recessive arteriopathy with subcortical infarcts 
and leukoencephalopathy in human patients are un-
known, but HTRA1-mediated dysregulation of TGF-β 
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signaling pathway could lead to vascular impairment 
in the central nervous system. However, the detailed 
mechanisms that link HTRA1 and TGF-β in cECs, and 
the impact of Htra1 downregulation on the BBB main-
tenance, need to be investigated.

We further characterized the changes in DNA meth-
ylation with aging in the cECs. Previous studies have re-
ported a reduction in global methylation levels, whereas 
specific regions may show age-dependent hypermeth-
ylation or hypomethylation.63 In our data, we observed 
only a mild global overall DNA-methylation change in the 
cECs on aging, with a slight increase in 18-month-old 
mice. Evidence from recent age-associated meth-
ylation studies in the central nervous system of mice 
suggests that global methylation levels remain largely 
stable with age in the hippocampus.64 The genome-
wide methylation levels in the human brain have also 
been reported to be stable with age65 but change at 
particular genes/regions. In our study, we observed 
significant age-associated methylation changes for 12 
regions in the vicinity of genes, such as Gpr56, Arid5b, 
Camta1, Degs2, Sema7a, and Zbtb20, previously linked 
to aging, neurologic development, and diseases. Unlike 
changes in chromatin accessibility, these DNA methyl-
ation changes were not (directly) linked to gene expres-
sion changes in the closest gene. In line with previous 
reports66; however, we find age-dependent chromatin 
accessibility changes that are linked to age-dependent 
gene expression changes of 236 genes in cECs.

An early and strong age-dependent decrease in 
chromatin accessibility is found in the promoter region 
of the Aplnr gene. Apelin signaling regulates angiogenic 
sprouting, endothelial tip cell morphologic character-
istics, and sprouting behavior in ECs in zebrafish.35 
Interestingly, fish embryos lacking either the apelin li-
gand or the apelin receptor have been shown to ex-
perience impaired intersegmental vessel formation.35 
Apelin signaling positively regulates EC metabolism, 
as observed by reduced glycolysis in Apelin signaling–
deficient human umbilical vein ECs.35 In vitro studies 
have established the role of Apelin receptor in regulat-
ing biomechanical and morphologic properties of ECs 
by regulating signaling pathways that mediate adap-
tation of ECs to the flow conditions by modulating EC 
morphologic characteristics, elasticity, adhesion, and 
spreading.67 Apelin receptor is known to play a crucial 
role in positive regulation of vasodilation by heterod-
imerizing with angiotensin II type 1 receptor, leading 
to its inhibition, thereby negatively regulating the renin-
angiotensin system and promoting vasodilation.68,69 It 
has also been reported that Apelin receptor negatively 
regulates blood pressure in mice. The blood pressure 
in Aplnr−/− mice started to increase at ≈9 months and 
developed into hypertension when mice attained the 
age of 12 months.70 The blood pressure increases with 

age in both male and female mice, reflecting the pat-
tern observed in humans.71

Hypertension is an established major risk factor 
of intracerebral hemorrhage in humans. Aplnr is also 
known to play a crucial role in positive regulation of va-
sodilation, and an increased hypertension in mice, rats, 
and humans has been associated with reduced serum 
Apelin and disruption of the Apelinergic axis.72–74 These 
studies suggest that the age-dependent downregula-
tion of Aplnr and its ligand Apln in cECs may lead to the 
activation of the renin-angiotensin system and inhibi-
tion of vasodilation, resulting in increased blood pres-
sure in the capillaries. Furthermore, the downregulation 
of apelinergic axis in mice leads to pathologic signs of 
accelerated aging, and the infusion of apelin amelio-
rates age-associated organ impairments and reduces 
age-associated cardiovascular pathologic conditions 
in old mice.70 Our results hint toward a role of the apelin 
signaling system in age-associated increase in hyper-
tension and increased brain bleeding incidents. In ad-
dition, Notch signaling inhibits Apelin signaling. Studies 
in zebrafish and human umbilical vein EC cell lines es-
tablished that the downregulation of Notch leads to an 
increased expression of Apelin. Conversely, the activa-
tion of Notch signaling by treating the human umbilical 
vein ECs with Notch ligand DLL4 leads to the reduction 
in the levels of Apelin. In our RNA-seq and ATAC-seq 
data, we observe an age-dependent upregulation of 
Notch3, consistent with the notion that Notch signaling 
negatively regulates the Apelin signaling pathway.

Our results suggest an involvement of Apelin and its 
receptor in age-associated changes in cerebral vas-
culature. Studies have demonstrated the protective 
role of Apelin in cardiovascular diseases and potential 
therapeutic targeting of the Apelinergic axis given the 
highly conserved status of the peptide Apelin among 
mammals.75 Although more studies are needed to 
conclusively establish the mechanisms by which 
Apelin regulates blood pressure and vasculature, our 
study further strengthens the avenues of therapeuti-
cally targeting the Apelinergic system in the context of 
cerebrovascular diseases.
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