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Blood-brain barrier (BBB) dysfunction is associated with an
accumulation of neurotoxic molecules and increased infiltra-
tion of peripheral cells within the brain parenchyma.
Accruing evidence suggests that microglia and astrocytes
play a crucial role in the recovery of BBB integrity and the
corralling of infiltrating cells into clusters after brain damage,
but the mechanisms involved remain unclear. Intriguingly,
the results of flow cytometry and immunofluorescence ana-
lyses have shown that BBB permeability to peripheral cells
is substantially enhanced during normal aging at 12 months
in mice. Thus, we used the SMART-seq2 method to perform
RNA sequencing of microglia and astrocytes at five time
points before and immediately after the BBB permeability
change. Our comprehensive analyses revealed that microglia
are characterized by marked alterations in the negative regu-
lation of protein phosphorylation and phagocytic vesicles,
whereas astrocytes show elevated enzyme or peptidase-inhib-
itor activity in the recovery of BBB function. Moreover, we
identified a cassette of key genes that might ameliorate the in-
sults of pathophysiological events in aging and neurodegener-
ative disease.

INTRODUCTION
Aging and neurological/psychiatric disorders are known to be associ-
ated with defective blood-brain barrier (BBB) function.1,2,1 BBB
breakdown facilitates entry into the brain of neurotoxic blood-derived
products and pathogens and has been linked to inflammatory and im-
mune responses that can induce neuronal injury, synaptic dysfunc-
tion, and loss of neuronal connectivity. BBB disruption also facilitates
leukocyte infiltration, which leads to glial cell death, axonal damage,
lesion development, and therefore cerebrovascular dysfunction re-
sults in memory impairment, acceleration of neurovascular damage,
and exacerbation of the progression of neuropathology in the central
nervous system (CNS). Thus, critical demand exists for new therapies
that minimize peripheral immune factors and limit the infiltration of
peripheral immune cells into the brain.
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The neurovascular unit, which comprises brain endothelial cells, peri-
cytes, astrocytes, and microglia, primarily confers the low paracellular
permeability of the BBB.1,3,4 The tight cell-to-cell contacts that these
cell types establish with each other restrict the entry of red blood cells,
leukocytes, and plasma components into the brain parenchyma and
ensure the export of potentially neurotoxic molecules from the brain
to the blood.5,6 The site of the anatomical BBB is composed of a
continuous monolayer of endothelial cells that are connected by tight
junctions (TJs) and adherens junctions (containing proteins such as
claudin, occludin, and zonula occludens [ZO] 1, ZO2, ZO3, and other
isoforms).7,8 The interactions among the endothelial cells, pericytes,
and glial cells are crucial for the formation and maintenance of the
highly regulated CNS internal milieu.5,9,10

Astrocytes play a dual role in limiting the entry of peripheral sub-
stances into the CNS: permeability factors secreted by reactive astro-
cytes open the BBB by disrupting endothelial TJs,11,12 but reactive
astrocytes also perform a protective function by upregulating classical
TJ proteins and junctional adhesion molecule A at the glia limitans
(GL) and using TJ proteins to corral activated T lymphocytes into
distinct clusters.13,14 However, the upregulated TJ proteins are
cleaved by proteases secreted by the activated T cells that infiltrate
the brain. Ultimately, activated leukocytes pass through the astrocytic
barrier at the GL and thereby enter the CNS to drive lesion formation
and clinical relapse. Microglia are involved in the surveillance of the
CNS and continuously scan the environment to defend against infec-
tious pathogens.13 Microglia have also recently been shown to
contribute to BBB induction, and the results of two-photon in vivo
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Blood-brain barrier (BBB) permeability to peripheral cells is increased in 12-month-old WT mice

(A) Representative flow-cytometry scattergram showing gating strategy for identification of lymphocyte subsets in brain samples. (B) Quantified percentages of lymphocytes

at five time points. (C) Representative epifluorescence images of CD3+ T cells and nucleated cells (DAPI) in corpus callosum, subventricular zone, cortex, meninges, and

hippocampus. (D) Total number of CD3+ T cells in 10 brain slices from 9- and 12-month-old WT mice (n = 3). Green arrowheads: T cells. (E) Staining for Iba1 (green) and

Tmem119 (red) and DAPI staining (blue) in total brain, and representative epifluorescence images and high-magnification views of ramified microglia (Iba1+Tmem119+; red

arrowheads) and macrophages (Iba1+Tmem119-; white arrowheads). (F) Total number of Iba1+Tmem119- macrophages in 10 brain slices from 9- and 12-month-old WT

mice (n = 3). Scale bars represent 20 mm. One-way ANOVA followed by Dunnett post hoc test; data are shown as means ± SEM; unpaired t tests were used for comparing

two samples (D and G); ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; n = 3 animals.
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imaging studies have indicated that microglia also play a dual role in
BBB repair. Initially, microglia maintain BBB integrity by expressing
the TJ protein Claudin-5 and establishing physical contacts with
endothelial cells, but during persistent inflammation, microglia
engulf astrocytic endfeet and endothelial cells and impair BBB func-
tion. Although these dual roles of microglia and astrocytes have been
described, elucidation of precisely how these glial cells change pheno-
types when BBB permeability is compromised might help reduce the
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Figure 2. Inconsistency between RNA-seq results and cytokine levels reveal impact of BBB during aging

(A) TNF-a, IL-1b, and IL-12p70 cytokine levels in cortex and hippocampus lysates from five time points in WT mice. (B) RNA-seq analysis of TNF-a, IL-1b, and IL-12p70

expression at five time points in WT microglial samples. Three biological replicates were used for each time point (A and B).

Molecular Therapy: Nucleic Acids
consequent deleterious impact and contribute to recovery of cognitive
function.15

Here, we investigated the transcriptional changes that occur in micro-
glia and astrocytes by performing RNA sequencing (RNA-seq) on
samples from five time points across the BBB permeability change
during aging in mice.We report that whereas microglia are character-
ized by marked gene-level alterations related to negative regulation of
protein phosphorylation and phagocytic vesicles, astrocytes show
activation of enzyme- or peptidase-inhibitor signaling after detectable
changes in BBB permeability. We also identify several genes enriched
in these pathways that are notably altered after BBB breakdown. Our
data reveal that microglia and astrocytes play an active role in main-
taining BBB stabilization and corralling infiltrating cells, and thus
might potentially function in ameliorating the lesions and neurologic
disabilities in CNS diseases.

RESULTS
Elevated levels of lymphocytes and macrophages in brain

To confirm that aging causes a decrease in BBB integrity, we quanti-
fied the percentage of CD45High CD11b– lymphocytes at five time
points by using fluorescence-activated cell sorting (FACS) analyses
with an appropriate gating strategy (Figure 1A). The percentage of
972 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
lymphocytes was significantly higher in 12-month-old wild-type
(WT) mice than in mice at younger ages (Figure 1B). For further
verification, we performed IHC-Fr (Immunohistochemistry frozen
sections) onWTmice and quantified the CD3+ T cells in total coronal
brain sections (Figure 1C). In agreement with our FACS results, T cell
numbers in the brain were higher in 12-month-old WT mice than in
9-month-old WT mice (Figure 1D).

We further investigated macrophage levels in the brain of WT mice
by staining with antibodies against Tmem119 (a selective marker of
resident microglia that does not stain infiltrating macrophages15–17)
and Iba1 (ionized calcium-binding adaptor molecule 1). Our immu-
nofluorescence analyses revealed that the typical ramified microglia
were Tmem119-positive and colocalized with Iba1 immunoreac-
tivity, whereas infiltratingmacrophages were Iba1+/Tmem119– (Fig-
ure 1E). Notably, quantification (through blinded counting) of
Iba1+/Tmem119– macrophages in histologically stained total
coronal brain sections revealed increased numbers of the infiltrating
macrophages in 12-month-old WT mice (Figure 1F).

Inconsistency between RNA-seq results and cytokine levels

Inflammation plays a critical role in compromising BBB integrity dur-
ing aging and in neurodegenerative disorders, and upregulation of



(legend on next page)
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ICAM-1 in the presence of proinflammatory mediators such as tumor
necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-12 is reported to
lead to increased BBB permeability.18 Therefore, we measured the
levels of these proinflammatory cytokines in the hippocampus and
cortex lysates of WTmice at five time points; our aim was to ascertain
the relationship between inflammatory factors and age-related
changes in BBB permeability. TNF-a and IL-1b are mainly secreted
by microglia/macrophages and are involved in diverse cellular activ-
ities, including cell proliferation, differentiation, and apoptosis. IL-12
is a disulfide-linked heterodimer composed of a 35-kDa subunit en-
coded by the IL-12a gene and a 40-kDa cytokine receptor-like subunit
encoded by the IL-12b gene. IL-12b is expressed by activated macro-
phages and dendritic cells and exhibits a broad array of biological
activities. Here, we observed increased levels of TNF-a, IL-1b, and
IL-12p70 from 9-to-12-month-old WT mice (Figure 2A), but our
sequencing data indicated that the transcriptome levels of these three
factors encoded by microglia were downregulated (Figure 2B). The
inconsistency is probably caused by the cytokine secretion from infil-
trating peripheral macrophages after BBB dysfunction.

Age-associated functional changes in astrocytes after vascular

dysfunction

To investigate the transcriptomic differences between astrocytes
before and after BBB destruction, we analyzed our previous
sequencing data on astrocytes from mice belonging to five age groups
(five time points).19 We first filtered for genes that are expressed at an
appreciable level (FPKM > 1), and then, to identify functional gene
sets, we performed gene set enrichment analysis (GSEA) for the en-
riched genes between the ages at which the BBB was intact (2, 4, 6,
or 9 months) and the age at which BBB permeability was increased
(12 months) (Figure 3A). As compared with the enriched pathways
in 2-month-old astrocytes, the pathways involved in “inner mito-
chondrial membrane protein complex,” “NADH dehydrogenase
complex,” and “oxidative phosphorylation” were upregulated in 12-
month-old astrocytes. Moreover, relative to 4-, 6-, and 9-month-old
astrocytes, 12-month-old astrocytes showed upregulation of the
following pathways (respectively): “ATPase activator activity” and
“peroxidase activity”; “regulatory region DNA binding” and “post-
synaptic density”; and “structural constituent of ribosome” and “pro-
tein refolding.” Table S1 shows the complete datasets. To identify core
upregulated pathways, we searched for overlap in enrichment
pathway changes between 12-month-old astrocytes and 2-, 4-, 6-,
and 9-month-old astrocytes, and we identified these four signaling
pathways (Figure 3B): “enzyme inhibitor activity,” “negative regula-
tion of peptidase activity,” “protein refolding,” and “regulation of
transcription from RNA polymerase II promoter in response to
stress” (Figure 3C). Furthermore, to identify the core pathways that
were differentially downregulated, we constructed Venn diagrams
Figure 3. Gene set enrichment analysis (GSEA) to identify potential targets of B

(A) Transcriptome strategy in RNA-seq performed on microglia and astrocytes. Three

pathways among upregulated signaling pathways in astrocytes. (C) GSEA results showin

shared pathways among downregulated signaling pathways in astrocytes. (E) GSEA res

normalized enrichment score; NOM p-val, nominal p value.
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of the GSEA results for astrocytes (2-, 4-, 6-, and 9-months-old, rela-
tive to 12-months-old; complete datasets in Table S2), which revealed
these four signaling pathways (Figure 3D): “organic acid transport,”
“transferase activity,” “ammonium ion metabolic process,” and
“organophosphate biosynthetic process” (Figure 3E).

We next applied specific filtering criteria (adjusted p < 0.05, |log2
fold-change| > 0.5) to identify genes that were significantly upregu-
lated or downregulated in 12-month-old astrocytes relative to 2-, 4-,
6-, and 9-month-old astrocytes. Cluster analysis of mRNA expression
was conducted, and heatmaps were generated (Figure 4A) to reveal
the differentially expressed genes (DEGs) in astrocytes (with three
replicates used at the five time points). We found that 1,495 genes
were upregulated and 1,709 genes were downregulated in 12- versus
2-month-old astrocytes; 504 and 859 genes were upregulated and
downregulated respectively in 12- versus 4-month-old astrocytes;
3,925 and 3,024 genes were upregulated and downregulated in 12-
versus 6-month-old astrocytes; and 544 and 341 genes were upregu-
lated and downregulated in 12- versus 9-month-old astrocytes
(Figure 4B). Relative to 2-, 4-, 6-, and 9-month-old astrocytes exclu-
sively, 32 DEGs were significantly upregulated (Figure 4C) and 37
DEGs were significantly downregulated (Figure 4D) concurrently in
12-month-old astrocytes.

By analyzing the GSEA results, we sought to ascertain which genes
contributed to the increased or decreased enrichment of the afore-
mentioned 8 core pathways in 12-month-old astrocytes. However,
the expression of certain core enriched genes (as per GSEA) did
not show a pronounced age-related change. To identify the poten-
tial BBB regulatory genes that are significant altered when BBB
permeability is compromised, we next conducted Venn analysis
of the core GSEA genes and core DEGs, and our results identified
8 age-upregulated candidate genes (Figure 5A) including Pcsk1n,
which encodes a protein that functions as an inhibitor of prohor-
mone convertase 1; Ppp1r14a, which encodes an inhibitor of
smooth muscle myosin phosphatase that enhances smooth muscle
contraction;20–22 and C4b, which encodes a component of the com-
plement cascade involved in endopeptidase inhibitor activity that
reduces the invasion and adhesion of peripheral pathogens to
endothelial cells.23,24 Among the genes, we also found three genes
encoding heat shock proteins, Hspa1a, Hspa1b, and Dnajb1 (also
known as Hsp40), which are protective molecular chaperones
that prevent protein aggregation and aberrant intermolecular inter-
actions.25,26 The heatmap illustrates the expression of the eight
genes in astrocytes. Lastly, the overlapping set contained two
age-downregulated candidate genes, Rrm2 and Dck (Figure 5B).
The relationship between signaling cascades and candidate genes
is shown in Figure 5C.
BB dysfunction in astrocytes

biological replicates were used for each time point. (B) Venn diagram of shared

g enrichment of core upregulated pathways in different groups. (D) Venn diagram of

ults showing enrichment of core downregulated pathways in different groups. NES,
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Does BBB dysfunction cause microglial dysfunction?

Increasing evidence indicates that resident microglia in the brain
parenchyma also play a key role inmodulating BBB integrity and func-
tion during aging and disease.27–29 To identify genes that show differ-
ential expression profiles in 12-month-old microglia relative to
younger microglia (Figure 6A), we again applied specific filtering
criteria (adjusted p < 0.1, |log2 fold-change| > 0.5) and obtained these
results: 1,109 geneswereDE in 12- versus 2-month-oldmicroglia, with
527 and 582 genes being respectively upregulated and downregulated;
650 genes were DE in 12- versus 4-month-old microglia, with 298 and
352 upregulated and downregulated; 5,868 genes were DE in 12-
versus 6-month-old microglia, with 3,208 and 2,660 upregulated
and downregulated; and 346 genes were DE in 12- versus 9-month-
old microglia, with 164 and 182 upregulated and downregulated
(Figure 6B). Of these genes, 18 and 28 were upregulated and downre-
gulated overlapping core genes (Figures 6C and 6D). To characterize
the enrichment of functionally related sets of all genes, we used
GSEA to identify genes from 12-month-old microglia relative to 2-,
4-, 6-, and 9-month-oldmicroglia, respectively. The complete upregu-
lated and downregulated pathways are shown in Tables S3 and S4. The
overlap of the core GSEA results revealed that gene sets related to
protein tyrosine/serine/threonine phosphatase activity, negative regu-
lation of stress-activated mitogen-activated protein kinase (MAPK)
cascade, andnegative regulation of protein phosphorylationwere typi-
cally upregulated after BBB disruption (Figures 7A–7C); conversely,
gene sets related to phagocytic vesicles, phagocytic vesicle membrane,
import across plasma membrane, cell surface, negative regulation of
leukocyte proliferation, and extracellular space were downregulated
(Figures 7D–7I). The core candidate genes that were upregulated
and downregulated before and after the BBB permeability change
are shown in Figures 7J and 7K, which also includes a Circos diagram
generated to visualize the correspondence between enriched pathways
and genes (Figure 7L).

Validation of RNA-seq profiles by using qPCR and western blot

To confirm the differential expression of candidate genes identified in
our RNA-seq experiments, we performed qPCR and western blot by
using a new cohort of animals. For qPCR validation, we selected
seven genes each from microglia and astrocytes. Data were expressed
as 2-DDCt by using the Gapdh transcript as an internal reference stan-
dard. These expression analyses performed on the selected genes
yielded results that were superimposable with the results obtained
using RNA-seq (Figures 8A and 8B). All primers used are listed in
Table 1. Differential expression of protein levels of candidate genes
was further validated by western blotting in 2-, 9-, and 12-month-
old astrocytes (Figures 8C and 8D) and microglia (Figures 8E and
8F). Among the eight selected genes, the protein levels encoded by
Dnajb1, Hspa1a, Hspa1b, Nr4a1, Dnaja1, and Hsph1 genes showed
an increase in 12-month-old cells, which were consistent with the
Figure 4. Transcriptomic profiles of astrocytes at five time points

(A) Heatmap and hierarchical clustering of normalized read counts from astrocytes, nor

DESeq2 analysis, between 2-, 4-, 6-, and 9-month-old mice and 12-month-old mice; a

genes in astrocytes. (D) Venn diagram showing downregulated genes in astrocytes.
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sequencing results, while the protein levels encoded by Rrm2 and
Dck genes did not change.

DISCUSSION
BBB dysfunction has been increasingly recognized to contribute to
the autoinflammatory conditions of mild cognitive impairment
(MCI), multiple sclerosis, and Alzheimer’s disease (AD).30–32 Previ-
ous research has revealed multiple cerebral microvascular ultrastruc-
tural impairments in APP/PS1 mice33 and AD postmortem tissue34

that coexist with cerebral amyloid aggregates and cognitive deficits.
Neuroimaging studies in the living human brain have also shown
an age-dependent BBB breakdown in the hippocampus, with the
BBB integrity being worsened with MCI.35–37 The endotheliocyte,
which is the anatomic unit of the BBB, is the first barrier for the con-
trol of leukocyte and soluble-factor entry from the circulation into the
brain parenchyma. In healthy adults, the establishment and mainte-
nance of the endothelial barrier depends on astrocytes. Microglia,
the active surveyors of the brain parenchyma, respond rapidly to pre-
sent a range of reactive phenotypes in brain infection and damage and
localize in close physical association with microvascular structures;
this suggests that microglia play a role both in angiogenesis and in
the conferring of BBB properties to the brain microenvironment.
The bidirectional crosstalk between these cells maintains the sepa-
rated pools of neurotransmitters and neuroactive agents that act
centrally and peripherally, and this guarantees an appropriate envi-
ronment for not only enabling proper neural function but also pro-
tecting the CNS from injury and disease (Figure 9). In inflammatory
lesions, BBB integrity is disrupted, which leads to the penetration of
the brain by inflammatory cells, soluble neurotoxic proteins, and
pathogens; however, the vascular-derived factors can also induce
phenotypic changes in microglia and astrocytes in vivo (Figure 9).
Our goal in this study was to identify the transcriptomic changes in
microglia and astrocytes during their response to peripheral factors
and the contribution of this alteration to BBB integrity.

Our results agree with previous findings that T cells appear in the
brain at �12 months of age in mice and that their numbers increase
further during aging.38 Although various cell types can produce and
secrete TNF-a, IL-1b, and IL-12, the cytokine secretion is also subject
to release from the inflammasome that recognizes danger signals and
activates the pro-inflammatory process. Macrophages/microglia are
the primary producers of TNFa, IL-1b, and IL-12.39–41 Therefore, pe-
ripheral macrophages may infiltrate the brain and produce pro-in-
flammatory factors to play a regulatory role after BBB dysfunction.

Here, by analyzing gene expression after BBB breakdown, we found
that astrocytes appear to function as enzyme inhibitors, which suggests
that activated astrocytes not only upregulate TJ proteins to close theGL
and restrict leukocyte entry into the perivascular space13 but also
malized by row mean. (B) Upregulated and downregulated genes determined using

djusted p < 0.05, |log2 fold-change| > 0.5. (C) Venn diagram showing upregulated



Figure 5. Transcriptome RNA-seq for confirming

core genes associated with BBB dysfunction in

astrocytes

(A) Analysis of co-occurrence between core genes that

account for increased gene set enrichment signal and

genes that are significantly upregulated during BBB

dysfunction. (B) Analysis of co-occurrence between core

genes that account for decreased gene set enrichment

signal and genes that are significantly downregulated

during BBB dysfunction. (C) Correspondence between

pathways and candidate genes.
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upregulate protease inhibitors to protect against the degradative
enzyme secreted by the infiltrating lymphocytes. ProSAAS, encoded
by gene Pcsk1n, an abundant secretory polypeptide that is widely ex-
pressed in the human, mouse, and rat brain, regulates the proteolytic
cleavage of neuroendocrine peptide precursors. ProSAAS has been
widely suggested to colocalize with Lewy bodies or amyloid plaques
and carry out chaperone anti-aggregant functions in AD, Pick’s dis-
ease, and Parkinsonism-dementia (Figure 10),42–47 contribute to the
physiological effects of psychostimulants,48 and serve as a therapeutic
agent in the case of food-intake disorders49,50 as well as a cerebrospinal
fluid biomarker in AD and frontotemporal dementia.51,52 It has
been previously reported that Pcsk1n expression was upregulated
in the hippocampus of rats withmore severe BBB disruption;53 howev-
er, the role of ProSAAS in BBB regulation in mice has remained
Molecular Therap
obscure. Ppp1r14a (also known as CPI-
17) encodes one of the limited numbers of DE
protein, shown to regulate cerebral circulation
or exert vasomotor effects on cerebral
arteries.54 Endogenous CPI-17 is involved in
controlling endothelial cell motility.55 These
indicate that astrocytes could secrete neuronal
mediators of vasoactivity to regulate cerebral
vasoconstriction in healthy aging as well as in
pathologic conditions, suchas in cerebrovascular
and neurodegenerative diseases. Among the
eight age-upregulated candidate astrocyte genes,
Nr4a1 and Cebpb can both be potentially
induced in vascular inflammation or pathol-
ogies. Nr4a1, a member of the Nur nuclear-re-
ceptor family of transcription factors, has been
shown to attenuate the neuroinflammatory
response by regulating NF-kB and thus preserve
BBB integrity after experimental intracerebral
hemorrhage.56–58 The protein encoded byCebpb
not only binds to CLDN4 promoter59 but also
functions as the key transcription factor that reg-
ulates the promoter region of MALAT1, which
protects cerebrovascular endothelial cells against
inflammatory responses and maintains BBB
integrity after stroke.60 Cebpb can also bind to
Nr4a1 promoter61 or enhancer elements and
induce Nr4a1 expression.62 Hspa1a andHspa1b are twomajor orches-
trators of the cellular stress response and encoding proteins that belong
to theHsp70 family (heat shock protein family A)member proteins. In
response to various exogenous stresses, astrocytes activate heat-shock
response to attenuate the accumulation of denatured cytoplasmic pro-
teins known to restore the normal ability to maintain the BBB
function.63

Bradykinin, histamine, 5-hydroxytryptamine, and substance P acting
on astrocytes can lead to the formation of ATP and prostaglandins,
and this enhances endothelial permeability. Astrocytes downregulate
“organic acid transport,” “ammonium ion metabolic,” and “organo-
phosphate biosynthetic” pathways and thus exclude the inflow of
potentially harmful compounds through the “physical barrier.”
y: Nucleic Acids Vol. 26 December 2021 977
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Collectively, these data suggest that astrocytes function as “facilitators”
in vascular recuperation after injury or inflammation. The identified
astrocyte gene sets may potentially serve as novel therapeutic targets.
Dnaja1 andDnajb1, which belong to heat shock protein familyHsp40,
are cofactors that stimulate the ATPase activity of Hsp70 in order to
promote protein folding and prevent misfolded protein aggregation.64

To estimate whether the BBB dysfunction-related changed genes are
involved in human diseases, we compared our gene sets to the human
disease-associated genes reported previously. We found that Dnajb1,
Hspa1a, and Hspa1b were also significantly upregulated in the sin-
gle-nucleus sequencing data of astrocytes in AD patients.65 C4B is
associated with systemic lupus erythematosus,66 diabetes,67 and
autism68 and also increased in AD patients.69 NR4A1 has recently
emerged as a therapeutic target for aging,70 steroidogenesis,71 inflam-
mation,72 and oncogenesis.73 CPI-17 is implicated in the etiology of
asthma and inflammatory bowel diseases.74,75 RRM2 was overex-
pressed in breast, pancreatic, gallbladder, and liver cancer patients.76

The high expression level of Dck was found in patients with liver
cancer.77 High expression levels of C5ar1 receptors were found in
blood and pulmonary myeloid cells of COVID-19 patients (Fig-
ure 10).78 Histamine and Rho kinases (RhoK, serine/threonine ki-
nases) can directly increase the phosphorylation of occludin and other
TJ proteins.79,80 Conversely, dominant-negative RhoK and RhoK
inhibitors reduce occludin phosphorylation and migration of mono-
cytes through the BBB.81 In response to stress, MAPKs can be
activated,82 and deregulated MAPK activation is frequently detected
in diseases, including various cancers and inflammatory and neuronal
diseases. Previously, stable transfection of cells with constitutively
active MAPKs was shown to reduce the tyrosine phosphorylation of
occludin and weaken the BBB.83–85 The transcriptome GSEA results
here confirmed that microglia negatively regulated tyrosine/serine
phosphatase and MAPK activation to reduce monocyte transmigra-
tion, and that, concurrently, the phagocytotic action of microglia to-
ward astrocytic endfeet and endothelial cells was downregulated,
which also contributed to the further recovery of BBB integrity. The
therapeutic targets that reduce the infiltration and infringement of pe-
ripheral substances or pathogens into the CNS or reduce damage to
factors beneficial to protecting the BBB hold great potential to treat
chronic neurological diseases and acute CNS injuries.

In the case of most neurodegenerative disorders, the early steps in the
disease processes remain unclear, and biomarkers for these stages
have not yet been identified. Our data reveal how microglia and
astrocytes change their phenotypes when BBB permeability is
compromised: both transform into cells featuring a reactive pheno-
type to ameliorate BBB dysfunction and protect BBB integrity. We
also identified certain candidate molecules and signaling pathways
involved in the transformation during early aging, and this could
potentially facilitate the development of new therapeutic strategies
Figure 6. Transcriptomic profiles of microglia at five time points

(A) Heatmap and hierarchical clustering of normalized read counts from microglia, norm

DESeq2 analysis, between 2-, 4-, 6-, and 9-month-old mice and 12-month-old mice; a

genes in microglia. (D) Venn diagram showing downregulated genes in microglia.
for reversing BBB dysfunction and reducing neural damage in
chronic neurodegeneration.

MATERIALS AND METHODS
Mice

C57BL/6J WT mice, obtained from the Model Animal Research Cen-
ter of Nanjing University (Nanjing, China), were originated from The
Jackson Laboratory. Mice (n = 3/group) were bred under SPF (Spe-
cific pathogen-free) conditions in IVC (Individually ventilated
caging) cages at 23�C and 50%–60% humidity and with circadian-
rhythm illumination. Pups aged 21 to 28 days old were removed
from their parental cages. All procedures were approved by the Ani-
mal Use and Care Committee of Shenzhen Peking University - The
Hong Kong University of Science and Technology Medical Center
(SPHMC) (protocol number 2011-004). All mice used in the study
were males. Efforts were made to minimize suffering and the number
of animals used.

Immunohistochemistry and image quantification

Mice were deeply anesthetized using pentobarbital, transcardially
perfused with ice-cold PBS until the irrigation fluid was completely
clear, and then perfused with ice-cold 4% paraformaldehyde (PFA)
for 10 min. Brains and spleens were removed, post-fixed in 4% PFA
in a 4�C refrigerator for 12 h, dehydrated using a sucrose dilution se-
ries, embedded in molds containing Tissue-Tek OCT, and frozen in
dry ice. The OCT-embedded brain and spleen samples were cut into
16-mm coronal sections that were placed onto Fisherbrand Superfrost
Plus microscope slides (12-550-15; Thermo Fisher Scientific). After
blocking and permeabilization for 1 h in PBS containing 4% bovine
serum albumin (BSA) and 0.4% Triton X-100, the slices were incu-
bated at 4�Covernightwith primary antibodies diluted in PBS, washed
with PBS, and incubated with secondary antibodies in PBS at room
temperature for 2 h. Nuclei were visualized using 40,6-diamidino-2-
phenylindole (DAPI). Images were captured as z stacks by using a
Zeiss LSM710 confocal microscope (Carl Zeiss) with a 20� objective
(NA 0.8) or a 63� oil-immersion objective (NA 1.4), and then
maximum-intensity projections were obtained. Lastly, blinded count-
ing was used to quantify single-positive and double-positive cells. All
parameters were maintained constant between images to allow unbi-
ased detection. The following antibodies were used for staining: anti-
IBA1 (019-19741, Wako; 1:300); anti-TMEM119 (400-011, Synaptic
Systems; 1:100); anti-CD3 (ab5690, Abcam; 1:100); donkey anti-rabbit
Alexa Fluor 488 (A11001, Invitrogen; 1:500); and goat anti-mouse
Alexa Fluor 555 (A21422, Invitrogen; 1:500).

Cytokine level detection by using Milliplex kits

Under deep anesthesia, mice were transcardially perfused with ice-
cold PBS until the irrigation fluid was completely clear. After decap-
itation, the brains were removed, and the hippocampus and cortex
alized by row mean. (B) Upregulated and downregulated genes determined using

djusted p < 0.05, |log2 fold-change| > 0.5. (C) Venn diagram showing upregulated
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Figure 8. Validation of transcriptome data by using

qPCR and western blot (WB)

(A and B) Expression analyses performed on selected

genes yielded results superimposable with results ob-

tained from RNA-seq analyses of (A) astrocytes and (B)

microglia. Left: comparisons of DESeq2-analysis values

between 12-month-olkd samples and 2-, 4-, 6-, and 9-

month-old samples. Right: unpaired t tests for comparing

two samples. (C) WB analysis of selected genes in as-

trocytic lysates. Loading was quantified by blotting with

an anti-GAPDH antibody in cell lysates. (D) Quantification

of the blot in (C) (unpaired t tests for comparing two

samples). (E) WB analysis of selected genes in microglial

lysates. Loading was quantified by blotting with an anti-

GAPDH antibody in cell lysates. (F) Quantification of the

blot in (E) (unpaired t tests for comparing two samples).

Columns represent means ± SEM; ****p < 0.0001, ***p <

0.001, **p < 0.01, *p < 0.05.
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were micro-dissected on ice in Hank’s balanced salt solution (HBSS)
and the meninges were removed. The cell lysis buffer from CST
(9803) was diluted with ddH2O, and 1 mM protease-inhibitor cock-
tail (set III, EDTA-Free; 539134, Millipore) was added before use; tis-
sues were extracted at a ratio of 100 mg of tissue to 1 mL of buffer,
homogenized, and spun for 10 min at 14000 � g at 4�C to remove
Figure 7. Effects on microglial genes in BBB dysfunction

(A and B) GSEA showing enrichment distribution for genes between 2-, 4-, 6-, 9-month oldWT and 12-month-old

downregulated (B) pathways in 12-month-old samples are identified. (C) Analysis of co-occurrence between co

signal and genes that are significantly upregulated during BBB dysfunction. (D) Analysis of co-occurrence be

enrichment signal and genes that are significantly downregulated during BBB dysfunction. (E) Correspondence

Molecular Therap
precipitates. Duplicate samples of the superna-
tant were collected for quantifying total protein
concentrations by using Bradford protein
assay. Each sample was analyzed for cytokines
by using a MCYTOMAG-70K Mouse Cytokine
magnetic kit (EMD Millipore, Billerica, MA,
USA), and data were analyzed using Milliplex
Analyst 5.1 software (EMD Millipore). Mea-
surements were corrected for noise by subtract-
ing the average of two technical control wells
for each secreted soluble factor.

Brain dissociation

Microglia and astrocytes were isolated fromWT
mice that were 2, 4, 6, 9, or 12 months old (five
groups, 2- to 12 months old). Mice were trans-
cardially perfused under deep anesthesia with
1 � PBS, and then the brain was removed,
dissected, and rinsed in HBSS. Next, after
removing the meninges, the brain was cut into
small pieces by using a sterile scalpel, and the
samples were centrifuged at 300 � g for 2 min
at room temperature, and the supernatant was aspirated carefully.
Samples from a single brain were pooled as a single experimental
group. Enzymatic cell dissociation was performed using an Adult
Brain Dissociation Kit (130-107-677, Miltenyi Biotec) according to
the manufacturer’s instructions. Briefly, tissue pieces (up to 500 mg
of tissue per sample) were transferred into the C Tube containing
WT in microglial samples. Significantly upregulated (A) and

re genes that account for increased gene set enrichment

tween core genes that account for decreased gene set

between pathways and candidate genes.
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Table 1. Primers used in this study

Name F/R Primer (50 to 30)

C4b
forward GCAGCCTGTTTCCAGCTCAA

reverse CCCTGTAGAGCAGAGCCTCTAA

Hspa1b
forward TTGATAGCTGCTTGGGCACC

reverse CTTCCCAGGCTACTGGAACA

Hspa1a
forward GCACGTGGGCTTTATCTTCC

reverse GTCCTACAGTGCAACCACCA

Nr4a1
forward GAAAGTTGGGGGAGTGTGCTA

reverse GGTGTCAAACTCTCCGGTGT

Pcsk1n
forward GCTGCTGTGCCTAATACCCA

reverse GGAGTGCTCGTCTCAACCAA

Rrm2
forward TGATGCCGGGCCTTACATTT

reverse ATAAGCCTGTCGGCCACAAA

Dck
forward AACGTCTCAGAAGAGCGGTG

reverse CCAGTCGTGCCAGTCTTGAT

Cdkn1a
forward GAATTGGAGTCAGGCGCAGA

reverse AAAGTTCCACCGTTCTCGGG

Dnaja1
forward CGGGGCTCGGCTACAAAA

reverse TGCTCCGCCCTCTTTAATCG

Hsph1
forward GAGGCGCCGGTGAGTAAAAT

reverse GAGCCTACGTCTAGCCCAAC

Chordc1
forward TGCTGCGGTGATTCACTTCT

reverse ACCTGGGTGGTATGTGCAAG

C5ar1
forward GAGCACCTCCAGGAGACAAG

reverse ATTCCCAGGTACTCCCACCA

Ccl9
forward TCGGTTTCCCAGCGGATTTT

reverse GGCTTACTGATGGAGGGGTG

H2-DMa
forward CATGCTGTGGTCCCAGGAG

reverse GTAGCTGCCTGGCTCTTCAA

Molecular Therapy: Nucleic Acids
1950 mL of enzyme mix 1 (Enzyme P and Buffer Z), and then 30 mL of
enzyme mix 2 (Enzyme A and Buffer Y) was added into the C Tube.
The C Tube was tightly closed and attached upside down onto the
sleeve of the gentleMACS Octo Dissociator with Heaters (130-096-
427, Miltenyi Biotec), and the appropriate gentleMACS program
was run. After brief centrifugation to collect samples at the tube bot-
tom, the samples were filtered through a 70-mm strainer (130-098-
462, Miltenyi Biotec), washed with D-PBS, and then centrifuged
again.

Percoll density gradient and myelin removal

Single cells were resuspended in 40% Percoll and centrifuged at
800 � g for 20 min at 15�C. After discarding the myelin-containing
supernatant, the pellet was resuspended in cold MACS buffer (con-
taining 1-volume dilution of PBS, 2 mM EDTA, 0.5% BSA, pH 7.2),
and then myelin-removal beads (Myelin Removal Beads II, 130-96-
733, Miltenyi Biotec) were used according to the manufacturer’s
protocol to prepare cells for staining with FACS antibodies. Briefly,
982 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
single-cell suspensions were incubated with the beads at 4�C for
15 min, and then the cells were washed onto the LS column on
the autoMACS Separator; the column was washed thrice with
MACS buffer, and the cells in the flow-through were used for anti-
body staining.

FACS analysis of lymphocytes and FACS sorting of microglia

and astrocytes

After isolation, cell pellets were resuspended in FC-receptor-blocking
solution (553141, BD Biosciences), incubated on ice for 10 min, and
costained for 30 min on ice in the dark with PE-Cy7-labeled CD45
(103114, BioLegend), PE-labeled CD11b (101208, BioLegend), and
APC-labeled ACSA2 (130-117-386, Miltenyi Biotec) antibodies. The
cells were then rinsed in PBS, centrifuged, resuspended in FACS buffer
(1% FBS + 2 mM EDTA, 25 mM HEPES, 1:500 RNase inhibitor in
PBS), and incubated in 7AAD (420403, BioLegend) for 10 min before
sorting. Data were analyzed using BD FACS Diva v8.0.1 software.
Sorted cells were centrifuged at 400 � g for 10 min, and pellets were
lysed in RLT-buffer (74004, QIAGEN) for RNA extraction.

RNA extraction, quantification, and qualification

RNAwas isolated fromflow-cytometry-sorted cell populations byusing
the RNeasy Micro Kit from QIAGEN (74004) according to the manu-
facturer’s instructions, which included a step involving incubation with
DNase. For whole-brain RNA purification, we generated 1 brain/pool
samples. Purified RNA was quantified using a NanoDrop 2000
(Thermo Scientific) and Agilent Technologies Bioanalyzer 2100 RNA
Pico chips (5067-1513, Agilent Technologies) according to manufac-
turer instructions; the RNA integrity number (RIN) in all cases was >9.

Preparation of SMART-seq2 RNA-seq libraries, sequencing, and

data analysis

For RNA sample preparations, 10 ng of RNA per sample was used as
the input material. Libraries were generated using a SMART-Seq
v4 Ultra Low Input RNA Kit (634892, Takara Bio USA, Mountain
View, CA, USA) following the manufacturer’s recommendations,
and index codes were added to attribute sequences to each sample.
Briefly, first-strand cDNA synthesis from total RNA was primed us-
ing 3ʹ SMART-Seq CDS Primer II A, and SMART-Seq v4 Oligonucle-
otide was used for template switching at the 5ʹ end of the transcript.
PCR Primer II A was used to amplify cDNA, for eight cycles, from the
SMART sequences introduced by 3ʹ SMART-Seq CDS Primer II A
and SMART-Seq v4 Oligonucleotide. LD-PCR-amplified cDNA was
purified through immobilization on AMPure XP beads and then
quantified using the Agilent Bioanalyzer 2100 system. To prepare
cDNA libraries suitable for Illumina sequencing, �200 pg of cDNA
was used with a Nextera XT DNA Library Preparation Kit (FC-
131-1024 and FC-131-1096, Illumina, San Diego, CA, USA). Tag-
mented fragments were amplified for twelve cycles, and dual indexes
were added to each well to uniquely label each library. Concentrations
were assessed using a KAPA Library Quantification Kit (KK4844,
KAPA Biosystems, USA), and samples were diluted to �2 nM and
pooled. Pooled libraries were sequenced on an Illumina NovaSeq
platform and 150-bp paired-end reads were generated. Feature



Figure 9. Schematic representation of potential roles

of microglia and astrocytes in BBB maintenance

The normal (healthy) capillary features an intact BBB that is

composed of tightly joined endothelial cells and supported

by mural pericytes, astrocytes, and microglia. Normal aging

and neurodegenerative disease are accompanied by

increased BBB permeability. The basement membrane is

damaged and thickened, pericytes degenerate and detach,

and blood-derived molecules and peripheral cells leak from

vessels and are directly toxic to neurons and glial cells. The

presence of neurotoxic molecules can further exacerbate

the ongoing of BBB damage in the CNS. Bidirectional in-

duction of glial targeting factors is necessary to establish

and maintain the BBB.
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Counts v1.5.0-p3 was used to determine the number of reads mapped
to each gene, after which each gene’s FPKM (expected number of
fragments per kilobase of transcript sequence per million base pairs
sequenced) was calculated based on the length of the gene and the
number of reads mapped to the gene. Differential expression analysis
was performed using DESeq2 R package (1.16.1). GSEA was used to
Molecular Ther
analyze the enriched signaling pathways. Each
gene set was permuted 1,000 times to calculate
the p value and NES (normalized enrichment
score).

Quantitative RT-PCR validation of selected

genes

Flow-cytometry-sorted microglia and astrocytes

were used for RNA extraction (see preceding sections on FACS and
RNA extraction), and quantitative RT-PCR was performed in tripli-
cate in 96-well plates by using a qPCR machine (LC480, Roche)
and SYBR Green I Master mixture (4887352001, Roche) to detect
amplification products generated using the following thermocycling
protocol: initial denaturation at 95�C for 10 min followed by 40
Figure 10. The gene sets identified are involved in

human diseases
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amplification cycles of 95�C for 15 s and 60�C for 1 min, and a final
cycle at 25�C for 15 s. Relative quantification of mRNA expression
was performed using the comparative cycle method to obtain this
ratio: gene of interest/Gapdh. Relative quantification of gene-expres-
sion levels was performed using the 2-DDCt method. All primers were
designed using NCBI Primer-BLAST; we designed primers to be
�200-bp long.

Western blotting

After FACS sorting, microglia and astrocytes were lysed in cell lysis
buffer from CST (9803) in the presence of 1 mM protease-inhibitor
cocktail (set III, EDTA-Free; 539134, Millipore) for protein extrac-
tion. Duplicate samples of the supernatant were collected for quan-
tifying total protein concentrations by using Bradford protein assay.
Samples were separated on 10% SDS-PAGE and then transferred to
PVDF membranes. Membranes were blocked with 5% skimmed
milk in tris-buffered saline tween (TBST) and incubated with pri-
mary antibodies at 4�C overnight and then washed and incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies for 1 h at room temperature. Finally, membranes were visu-
alized with ECL substrate (Millipore). The following antibodies were
used for western blot: rabbit anti-DNAJA1 (Proteintech, 11713-1-
AP); rabbit anti-DNAJB1 (Proteintech, 13174-1-AP); rabbit anti-
HSPH1 (Proteintech, 13383-1-AP); rabbit anti-RRM2 (Invitrogen,
PA5-79937); rabbit anti-HSPA1A (Invitrogen, PA5-34772); rabbit
anti-HSPA1B (Invitrogen, PA5-97846); mouse anti-dCK (Santa
Cruz Biotechnology, sc-393099); mouse anti-Nr4a1 (Santa Cruz
Biotechnology, sc-365113); and rabbit anti-GAPDH (Cell Signaling
Technology, 2118S).

Statistical analyses

All statistical analyses were performed using GraphPad Prism 8.00
software (GraphPad Software, La Jolla, CA, USA). Most data were
analyzed using one-way ANOVA followed by the Dunnett post hoc
test for comparisons of >3 samples, and two-sample unpaired t tests
were used for comparing two samples. p < 0.05 was considered statis-
tically significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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