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Brain-derived neurotrophic factor supports =
pericyte and vascular homeostasis in the
aging brain

Qinghua Luo'?, Wengiang Quan??, Qian Cao**, Chris Scheffel?, Wenlin Hao?, Jing Yang®, Tomomi Furihata®,
Guoping Peng’, Zhenyu Tang' and Yang Liu***"

Abstract

Microvascular circulation in the brain is often impaired in connection with the loss of pericytes in old age. The
neurotrophic factor BDNF also decreases in the aging brain. We hypothesized that BDNF regulates the homeostasis
of cerebral pericytes and microvasculature. We used differently aged C57BL/6J mice, and C57BL/6 mice with
conditional knockout of Bdnf gene. Collagen IV-positive microvessels and PDGFRB-positive pericytes in the brain
were counted after immunological staining. Pericytes were also quantified by Western blot of PDGFR and

CD13 inisolated cerebral microvessels and flow cytometric analysis of brain cells. The level of BDNF and TrkB
phosphorylation was determined in brain homogenates. To demonstrate the direct effect of BDNF on pericytes,
TrkB and pericytes were co-stained in brain tissue, single-cell sequencing and transcriptomic analysis were used to
identify and characterize Ntrk2-expressing pericytes, and TrkB was detected in the pericyte cell line by Western blot.
Cultured pericytes were further treated with recombinant BDNF in the presence and absence of an Akt inhibitor
and examined for PDGFR3 expression. The length and branching of microvessels and pericytes decreased in
conjunction with the reduction in mature BDNF in aging brains. Deficiency of BDNF in neurons or astrocytes was
sufficient to reduce cerebral microvessels, PDGFR concentrations and Akt and Erk1/2 phosphorylation in isolated
blood vessels. A subset of pericytes in the brain and cultured pericytes expressed TrkB. BDNF treatment increased
PDGFRp expression along with Akt and Erk1/2 phosphorylation in cultured cells. The effect of BDNF on PDGFRf3
expression was abolished by treatment with Akt inhibitor. Therefore, BDNF induces the expression of PDGFRp by
activating Akt signaling in pericytes, promoting the homeostasis of pericytes and microvasculature in the aging
brain. Our study identified a BDNF-mediated mechanism that regulates microvascular integrity in the aged brain.
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Introduction

Aging is the non-modifiable risk factor for both large
artery disease [1], and small vessel disease, which often
shows up as white matter hyperintensities (WMH) on
brain imaging [2]. Longitudinal studies have indicated
that increasing WMH volume predicts cognitive decline,
stroke and death [3, 4]. Aging is also the risk factor for
Alzheimer’s disease (AD) [5]. Notably, many AD patients
exhibit WMH on brain imaging [6, 7]. Although the bio-
logical basis of WMH remains unclear, it is thought that
ischemia or hypoperfusion, causing demyelination and
axonal loss, and disruption of blood—brain barrier (BBB)
are the main pathological changes. The pathologies of
capillaries, especially endothelial cells and pericytes,
should be considered [8, 9]. The cerebrovascular impair-
ment also applies to mice during aging. For example,
both vascular length and branching density in various
brain regions decrease by ~10% in 18 month-old mice
compared to 2-month-old controls [10]. Our previous
studies have also shown that blood perfusion and vas-
culature in the brain are reduced in both APP/PS1 and
tau-transgenic AD mice [11]. Therefore, mechanisms that
promote vascular health in the brain during aging should
be explored.

Pericytes surrounding the endothelial cells of the brain
capillaries are essential for the structural and functional
integrity of the microcirculation in the brain and thus
contribute to the health of the vascular system [12]. Peri-
cytes express platelet-derived growth factor receptor 3
(PDGEFRp), which releases into the cerebrospinal fluid
(CSF) when cells are injured. Indeed, soluble PDGFRf
in CSF increases during aging in association with neuro-
inflammatory activation and BBB damage [13]. Soluble
PDGERP also increases in CSF at a very early stage in old
adults with cognitive deficits [14]. Similarly, the density
of pericytes decreases in the deep cortical layers, hippo-
campal network and basal forebrain areas in aged mouse
brains, where blood extravasation is increased and the
baseline and on-demand blood oxygenation are reduced
[10]. Therefore, we decided to explore molecular mecha-
nisms that regulate the healthy activity of pericytes dur-
ing aging.

Brain-derived neurotrophic factor (BDNF) is expressed
by neurons and glial cells (e.g., astrocytes and microglia)
and plays an important role in neuronal development,
differentiation, maintenance and plasticity through-
out life [15]. BDNF is produced as a precursor protein
(pro-BDNF) and cleaved to yield the mature isoform
(mBDNF). Binding of mBDNF to tyrosine receptor
kinase B (TrkB) induces the phosphorylation of intra-
cellular tyrosine residues and the subsequent down-
stream kinases such as PI3K/Akt, whose activation exerts
anti-apoptotic and pro-survival effects [16]. Interest-
ingly, BDNF also promotes survival and proliferation of
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vascular endothelial and smooth muscle cells in culture
[17, 18]. Knockout of Bdnf gene leads to endothelial cell
apoptosis and reduces endothelial cell-cell contacts in
the intramyocardial arterioles and capillaries of mice dur-
ing late embryogenesis, resulting in hemorrhage in the
ventricular wall, decreased cardiac contractility, and early
postnatal death [17]. Since BDNF transcription was sub-
stantially downregulated in various cortical regions (e.g.,
entorhinal cortex, superior frontal gyrus, and postcentral
gyrus), and the hippocampus in aged individuals com-
pared to young individuals [19], we hypothesized that the
reduction in BDNF may also affect pericytes and vascu-
lature in the brain during aging. We did not exclude the
important effect of BDNF on endothelial cells in aging-
related cerebrovascular changes; however, we focused on
pericytes in this project.

We determined the amount of microvasculature and
PDGFRp and CD13 expression in pericytes in correlation
with BDNF protein levels in mouse brains of different
ages. We then analyzed the effects of BDNF deficiency
on the cerebral vasculature and pericyte density. Finally,
we validated the effect of BDNF on PDGFR expression
in cultured human pericytes. Our project demonstrated
that BDNF favors vascular and pericyte health in the
aged brain.

Materials and methods

Animal models and cross-breeding

C57BL/6 ] mice for vascular analysis at different ages
were originally ordered from Charles River Laboratories
(Sulzfeld, Germany). Bdnf’? mice carrying loxP-site-
flanked exon IX, the single protein coding exon of Bdnf
gene, were kindly provided by M. Sendtner (University
of Wiirzburg) [20]. Camk2a-CreERT2 transgenic mice,
expressing a fusion protein of Cre recombinase and an
estrogen receptor ligand binding domain (CreERT2)
under the control of the mouse Calcium/calmodulin-
dependent protein kinase II « promoter, were obtained
from the Jackson Laboratory (Bar Harbor, USA; Stock
Number: 012362) [21]. GFAP-CreERT2 transgenic mice,
expressing CreERT2 under the control of human GFAP
promoter, were kindly provided by F. Kirchhoff, Saarland
University [22]. The cross-breeding between Bdnf! fland
Camk2a-CreERT2 or GFAP-CreERT2 have been con-
ducted in our previous study [23]. Mice expressing Cre-
ERT2 and their matched control littermates without Cre
expression were injected with tamoxifen (Sigma-Aldrich
Chemie GmbH, Munich, Germany; 100 mg/kg) in corn
oil once daily for 5 days at 7 months of age and analyzed
for phenotype when they were 10 months old.

To rule out gender-specific bias in pericyte pathol-
ogy, we conducted a preliminary experiment to com-
pare PDGFRp and CD13 levels in brain vessels isolated
from 9 month-old male and female C57BL/6 ] mice (the
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isolation protocol is described below). We found no
significant influence of sex on the expression of either
pericyte protein marker (see Supplementary Fig. 1).
Therefore, we used both male and female mice in this
study. However, BDNF-related effects on protein concen-
trations or cerebral vessels were only compared between
brothers or sisters.

To detect TrkB expression on pericytes, Ail4d Cre
reporter mice were mated with PDGFRB-P2A-CreERT2
mice to obtain tdTomato!Cre*/~ genotype (both mice
were imported from the Jackson Laboratory, with the
strain numbers: 007914 and 030201, respectively) [21,
24]. After injection of tamoxifen as described above,
tdTomato™Cre*/ mice expressed tdTomato specifically
in pericytes.

Animal breeding, experimental procedure and meth-
ods of killing followed national rules and ARRIVE
guidelines, and were authorized by Landesamt fiir Verbr-
aucherschutz, Saarland, Germany (registration numbers:
06/2017, and 05/2022) and the ethical committee in Nan-
chang University, China.

Tissue collection and isolation of blood vessels

Mice were euthanized by inhalation of overdose iso-
flurane and perfused with ice-cold phosphate-buffered
saline (PBS). The brain was removed and divided. The left
hemisphere was immediately fixed in 4% paraformalde-
hyde (Sigma-Aldrich Chemie GmbH) in PBS and embed-
ded in paraffin or Tissue-Tek® O.C.T. Compound (Sakura
Finetek Europe B.V., A] Alphen aan den Rijn, the Nether-
lands) for histological analysis. The right hemisphere was
snap-frozen in liquid nitrogen and stored at—80 °C until
biochemical analysis.

To isolate microvessels from the brain, the cortex and
hippocampus from right hemisphere were carefully dis-
sected and brain vessel fragments were isolated using
our established protocol [25]. Briefly, brain tissues were
homogenized in HEPES-contained Hanks’ balanced salt
solution (HBSS) and centrifuged at 4400 g in HEPES-
HBSS buffer supplemented with dextran from Leuco-
nostoc spp. (molecular weight ~ 70,000; Sigma-Aldrich
Chemie GmbH) to delete myelin. Vessel fragments were
re-suspended in HEPES-HBSS buffer supplemented
with 0.1% bovine serum albumin (Sigma-Aldrich Che-
mie GmbH) and filtered by nylon mesh filter. The filtrates
passing through 100 but not 20 um-meshes were col-
lected and stored at — 80 °C for biochemical analysis.

Histological analysis

To quantify vasculature in the brain, our established pro-
tocol was used [26, 27]. Thirty-um-thick sagittal sections
were serially cut from the paraffin-embedded left hemi-
sphere. Four serial sections per mouse with 300 um of
distance in between were deparaffinized, heated at 80 °C
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in citrate buffer (10 mM, pH=6) for 1 h and digested
with Digest-All 3 (Pepsin) (Thermo Fisher Scientific,
Darmstadt, Germany) for 20 min. After blocking with
0.2% casein in PBS/0.3% Triton X-100, brain sections
were stained with rabbit anti-collagen IV polyclonal
antibody (Catalog number: ab6586; Abcam, Cambridge,
UK), biotin-conjugated goat anti-rabbit IgG and Cy3 (or
DyLight 488)-conjugated streptavidin (all from Jackson
ImmunoResearch Europe Ltd, Cambridgeshire, UK).
After mounting, the entire hippocampus and the cortex
above hippocampus were imaged with Microlucida on
a Zeiss Axiolmager.Z2 microscope equipped with a Ste-
reo Investigator system (MBF Bioscience, Williston, VT,
USA). Blood vessels larger than 6 um in diameter were
cut away before subsequent quantification. The length
and branch points of the collagen type IV-positive blood
vessels were analyzed using a free software, AngioTool
(http://angiotool.nci.nih.gov) as we did in a previous
study [27]. An example of vessel quantification is shown
in the supplementary Fig. 2. The parameters of analysis
for all compared samples were kept constant. The length
and branching points were adjusted by area of interest.

To determine the density of pericytes on blood ves-
sels, twenty-um-thick sagittal sections were serially cut
from the frozen left hemisphere. Three serial sections per
mouse with 300 pm of distance in between were heated
at 80 °C in citrate buffer (10 mM, pH=6) for 30 min.
After blocking with 0.2% casein in PBS/0.3% Triton
X-100, brain sections were serially stained with rabbit
anti-PDGFRp monoclonal antibody (clone 28E1; Cell Sig-
naling Technology Europe B.V,, Leiden, The Netherlands)
and anti-CD31 monoclonal antibody (clone D8VIE; Cell
Signaling Technology) with relevant fluorescence-conju-
gated second antibodies. Ten areas in the hippocampus
were randomly chosen and imaged under a 40 x objective
with the Stereo Investigator system. To better present the
images on the fluorescent staining, stack images were
acquired with an interval of 2 pm for 5 layers, decon-
voluted and Z-projected with maximum intensity. The
total length of CD31-stained vessels was measured and
PDGEFRp-positive cells on the vessels were counted.

To detect TrkB expression on pericytes, 30 um-thick
sagittal sections was cut from paraffin-embedded brain
tissues of tamoxifen-injected tdTomato™Cre*” mice.
After deparaffinization and antigen retrieval, brain sec-
tions were incubated with mouse monoclonal antibody
against TrkB (clone 75133; Bio-Techne GmbH, Wies-
baden, Germany), and then biotin-conjugated goat anti-
mouse IgG and Cy3-conjugated streptavidin (both from
Jackson ImmunoResearch). Thereafter, the brain section
was further stained with rabbit anti-red fluorescence pro-
tein (Catalog number: 600-401-379, Rockland Immuno-
chemicals, Pottstown, USA) and Alexa488-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch). The
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expression of TrkB on pericytes was presented by the
colocalization of red and green fluorescence.

Western blot analysis

Frozen brain tissues were homogenized on ice in radio-
immunoprecipitation assay (RIPA) buffer supplemented
with protease inhibitor cocktail and phosphatase inhibi-
tors (50 nM okadaic acid, 5 mM sodium pyrophosphate,
and 50 mM NaF; Sigma-Aldrich Chemie GmbH), fol-
lowed by centrifugation at 16,000 x g for 30 min at 4 °C
to collect the supernatants. Isolated blood vessels were
directly lysed in 2xSDS-PAGE sample loading buffer
containing 4% SDS and sonicated before loading. The
protein level of BDNF was detected with rabbit polyclonal
antibodies (Catalog number: NBP1-46750; Bio-Techne
GmbH). Phosphorylated TrkB (pTyr817) and total TrkB
were detected with rabbit monoclonal antibodies: clone
SC0556 (Bio-Techne GmbH) and clone 80E3 (Cell Sig-
naling Technology), respectively. For the detection of
proteins in cerebral capillaries, rabbit monoclonal anti-
bodies against PDGFRB, CD13/APN, phosphorylated
Akt (Serd73), and phosphorylated Erk1/2 (Thr202/
Tyr204) (clones 28E1, D6V1W, D9E, and D13.14.4E,
respectively; Cell Signaling Technology), rabbit poly-
clonal antibody against Akt (Catalog number: 9272; Cell
Signaling Technology), and mouse monoclonal antibody
against Erk1/2 (clone L34F12; Cell Signaling Technol-
ogy) were used. For loading controls, rabbit monoclonal
antibodies against GAPDH, vinculin, and B-actin (clones
14C10, E1E9V, and 13E5, respectively; Cell Signaling
Technology) and mouse monoclonal antibody against
a-tubulin (clone DM1A; Abcam) were used. Western
blots were visualized via the ECL method (PerkinElmer
LAS GmbH, Rodgau, Germany). Densitometric analysis
of bands was performed with Image J software. For each
sample, the protein level was calculated as a ratio of tar-
get protein/p-actin, a-tubulin, vinculin or GAPDH.

Flow cytometric detection of pericytes in the brain

The hippocampus and cortex were carefully dissected
from 6-, 12- and 24 month-old C57BL/6] mice and pre-
pared for single-cell suspensions using Neural Tissue
Dissociation Kit (papain-based) (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany) as we did in a previous
study [25]. After blocking with 50 pg/ml CD16/CD32
antibody (clone 2.4G2; BioXCell, Lebanon, USA), brain
cells were stained with PE-conjugated rat monoclonal
antibody against mouse PDGFR (clone APB5; Miltenyi
Biotec GmbH). Thereafter, the percentage and mean flu-
orescence intensity (mFI) of PDGFRp-positive cells were
detected by BD FACSCanto™ II flow cytometry (BD Bio-
sciences, Heidelberg, Germany).
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Single-cell sequencing, transcriptomic and cell
communication analysis of pericytes and endothelial cells
The single-cell RNA-seq dataset was downloaded from
the Neuroscience Multi-omic Data Archive (https://
assets.nemoarchive.org/dat-61kfys3) [28]. The experi
mental procedures and initial computational analysis,
including 10 x Genomics library preparation, sequenc-
ing, quality control, and normalization, are detailed in
the original publication’s methods section [28]. The data-
set comprised 1.2 million high-quality cells from young
(2 month) and aged (18 month) mouse brains. Raw UMI
counts were normalized using Counts Per Million fol-
lowed by log, transformation to account for sequencing
depth variation. Cell annotations were assigned based
on the Allen Brain Cell—Whole Mouse Brain Atlas
reference.

From the annotated dataset, we isolated 17,187 peri-
cytes (young: 5813; aged: 11,374) and 51,454 high-quality
endothelial cells (young: 22,898; old: 28,556), classified
under the vascular cell hierarchy (vascular — pericytes
and vascular — endothelial cells) using Scanpy 1.9.8
(Python 3.8.20). To ensure data robustness, a multi-
tiered quality control protocol was implemented: (1)
initial filtration retained only cells with>500 detected
genes,>1000 UMIs, and <10% mitochondrial gene con-
tent; (2) two independent Scrublet analyses consistently
demonstrated 0% doublet rates; and (3) cell identities
were validated by plotting the expression of key marker
genes for pericytes (Pdgfrb, Rgs5, and Des) and endo-
thelial cells (CldnS, Fitl, and Pecaml) on the UMAP
coordinates.

Comparative transcriptomic analysis between age
groups was performed using a standardized analytical
pipeline. The different transcription of N¢rk2 and Ngfr
genes, encoding receptors for BDNF was also analyzed.
Differential expression testing was conducted using the
Wilcoxon rank-sum test (implemented in Scanpy), with a
pre-filtering step to exclude genes detected in<10% of
cells. Significant differentially expressed genes (DEGs)
were defined as those with |log,(fold change)|>1 and
Benjamini-Hochberg-adjusted p<0.05. The non-para-
metric approach was chosen for its robustness to zero-
inflated single-cell data distributions [29].

DEGs were further subjected to functional enrichment.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses
were performed using the R package clusterProfiler [30].
Gene annotation was based on the org.Mm.eg.db data-
base (Bioconductor, version 3.19.1), with the organism
code mmu (Mus musculus) applied for KEGG enrich-
ment. All analyses were conducted in R (version 4.4.0)
within the Bioconductor framework (version 3.19). Sig-
nificant pathways were identified through hypergeomet-
ric testing (p<0.05), with pathway size filtering (5-500
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genes) to exclude overly broad or narrow categories.
Results were visualized as bar plots sorted by enrich-
ment score (- log,,(p-value)), annotated with gene ratios
(observed/expected) and Benjamini-Hochberg-adjusted
p-values. To ensure reproducibility, all analysis and visu-
alization code—including volcano plots highlighting top
DEGs—was implemented using ggplot2 (version 3.4.4).
The workflow of scRNA-seq data analysis is presented in
Supplementary Fig. 3.

To predict cell—cell communication between pericytes
and neighboring cells, we employed the Ligand—recep-
tor ANalysis frAmework (LIANA, version 0.1.12) (https
://saezlab.github.io/liana/) [31]. To mitigate scaling bias
resulting from the overrepresentation of non-vascular
cells, we performed within-class downsampling by ran-
domly subsampling each non-vascular cell class to a
maximum of 10,000 cells without replacement, while
retaining all cells in vascular classes (identified case-
insensitively by the keyword “vasc”). The final dataset
contained 84,721 vascular cells and 122,300 non-vascu-
lar cells. The identity of major cell classes was confirmed
based on canonical marker gene expression (see Supple-
mentary Fig. 4). Ligand—receptor (LR) interactions were
inferred using LIANA with the following key param-
eters: a minimum of 10% of cells per group expressing
the corresponding genes, the current .X matrix as the
data source, and n_perms=1000. The primary interac-
tion strength metric was the Irscore, where higher values
indicate stronger predicted interactions. Based on Ntrk2
transcription, pericytes were classified into two groups:
Ntrk2_high (cells with detectable Ntrk2 expression) and
Ntrk2_zero (cells without Ntrk2 expression). Using the
LR-level results, communication patterns were com-
pared between the Ntrk2_high and Ntrk2_zero pericyte
groups across eight target cell types—Neuron_glutamate,
Neuron_GABA, Neuron_dopamine, Neuron_serotonin,
Endothelial cells, Astrocytes, Microglia, and OPC-Oli-
godendrocytes—in two directions: Pericytes (as send-
ers/ligand-expressing cells) » Target cells (as receivers/
receptor-expressing cells), and Target cells— pericytes
(as receivers/receptor-expressing cells). All analysis code
is available at https://github.com/veerceer/cell-to-cell.

Cell culture and treatments

Human primary brain vascular pericytes (HBPC) and
microvascular endothelial cells (HBMEC) were immor-
talized by infecting cells with tsSV40T lentiviral particles
[32, 33]. The selected immortalized HBPC clone 37 and
HBMEC clone 18 (hereafter referred to as HBPC/ci37
and HBMEC/cil8, respectively) were used for our study
and cultured at 33 °C with 5% CO2/ 95% air. Pericyte
medium was bought from Sciencell Research Labora-
tories (Catalog number: 1201; Carlsbad, CA, USA) con-
taining 2% (v/v) fetal bovine serum, 1% (w/v) pericyte
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growth factors, and penicillin—streptomycin. EGMTM-2
MV Microvascular Endothelial Cell Growth Medium-2
BulletKitTM from Lonza Bioscience (Catalog number:
CC-3202; Basel, Switzerland) was used for the culture of
endothelial cells. Culture flasks and plates were coated
with Collagen Coating Solution (Catalog number: 125—
50; Sigma-Aldrich).

To investigate the effects of BDNF stimulation on
expression of PDGFRp, pericytes were cultured in
12-well plate at 5.0x 10° cells/well. Before experiments,
the culture medium was replaced with serum-free peri-
cyte medium and cells were cultured at 37 °C for 3 days
to facilitate the cell differentiation [32]. Thereafter, peri-
cytes were treated with recombinant human BDNF (Cat-
alog number: 248-BDB-010; R&D Systems, Wiesbaden,
Germany) at 0, 10, 50 and 100 ng/ml for 24 h. At the end
of experiments, cultured cells were lysed in RIPA buffer
supplemented with protease and phosphatase inhibi-
tor cocktail. Protein levels of TrkB, PDGFR, phospho-/
total-Akt and phospho-/total-Erk1/2 were detected with
quantitative Western blot as described in section “West-
ern blot analysis”

To investigate the effect of Akt activation on BDNEF-
induced PDGFRp expression, cultured pericytes in
12-well plates were treated with BDNF at different con-
centrations with and without the presence of 1 pyM AKT
inhibitor VIII (Catalog number: 124018; Sigma-Aldrich
Chemie GmbH) for 24 h. Thereafter, cells were lysed for
Western blot analysis.

To investigate the responses of endothelial cells to
BDNF, endothelial cells cultured in 24-well plate at
3.0x10° cells/well were moved to 37 °C for 3 days and
then treated with BDNF at 0, 50 and 100 ng/ml for 24 h.
Cells were lysed in RTL plus buffer (Qiagen, Hilden, Ger-
many) for RNA isolation.

Quantitative PCR for analysis of gene transcripts

Total RNA was isolated from cultured pericytes and
endothelial cells with RNeasy Plus Mini Kit (Qiagen) and
reverse-transcribed. Gene transcripts of human PDGF-
B (encoding platelet-derived growth factor B), CD62p
(encoding selectin P), CD31 (encoding platelet endothe-
lial cell adhesion molecule), and NTRK2 and NGFR genes
encoding BDNF receptors were quantified using the
SYBR green binding technique with established protocols
[34] and Tagman gene expression assays of 18S ribosomal
RNA (18S) as an internal control (Thermo Fisher Scien-
tific). The following primers had been used for real-time
PCR: BDGF-B, 5-GTGCGGAAGAAGCCAATCTT-3,
and 5-CTGCCACTGTCTCACACTTG-3'; CD62p, 5'-
CGAGACCATCGGGAACTACA-3', and 5'- AGGGAG
CTCAAGTTCTCCAC-3; CD31, 5-CCTTCTGCTCT
GTTCAAGCC-3’, and 5'-CAGGGTCAGGTTCTTCCC
AT-3’; NTRK2, 5'- AACCTCACTGTGGAGGAAGG-3’
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and 5'-CCTGTGTGTGGCTTGTTTCA-3’; and NGFR,
5-CCTTGCAACACACAGACACA-3' and 5'-CCAGTC
TCAGCCCAAGAGAA-3'.

Statistical analysis

Data were presented as mean+ SEM. For multiple com-
parisons, we used one-way ANOVA followed by Bonfer-
roni, Tukey, or Dunnett T3 post-hoc test (dependent on
the result of Levene’s test to determine the equality of
variances). Two independent-samples were compared
with Students ¢-test or Mann—Whitney U test, depend-
ing on the distribution of values. All statistical analyses
were performed with GraphPad Prism 8 version 8.0.2.
for Windows (GraphPad Software, San Diego, CA, USA).
Statistical significance was set at p <0.05.

Results

Aging reduces vasculature and pericyte expression of
PDGFR in the brain.

To investigate effects of aging on the cerebral vasculature,
we first stained brain tissue from 6, 12 and 24 month
old C57BL/6] mice for collagen type IV (Fig. 1A). The
length and density of branch points in the hippocampus,
adjusted for the region of interest, were similar in 6- and
12 month-old mice (6 vs. 12 months: length, 7.40+0.29
vs. 7.49+0.22 arbitrary unit [A.U], t-test, p=0.846;
branch points, 2.43+0.31 vs. 2.15+0.20 [A.U], t-test,
p=0.521). To reduce the number of experimental ani-
mals, we combined the results for these two groups of
young mice. We found that both the length and density
of branch points of microvessels in the hippocampus and
cortex of 24-month-old mice were significantly reduced
compared to the 6—12-month-old control animals (Fig. 1,
B—E; t-test or Mann—Whitney test, p <0.05). Our find-
ings are consistent with a recent study in which cerebral
vasculature and branch point density were ~ 10% lower
in 18-month-old mice than in 2-month-old control mice,
as determined by serial two-photon tomography imaging
after cerebral vessels were labelled by cardiac perfusion
of fluorescein isothiocyanate-conjugated albumin gel
[10].

Since pericytes regulate the structure and function
of brain capillaries [12], we detected pericyte markers
PDGFRP and CD13 in the cerebral microvessels isolated
from 12 and 24-month-old C57BL/6] mice by Western
blot. We observed that the protein levels of both PDGFRp
and CD13 were significantly lower in 24-month-old mice
than in 12- month-old control animals (Fig. 1F—H;
t-test, p<0.05). In further experiments, we determined
that aging inhibited the activation of Akt but enhanced
the activation of Erk1/2, as the phosphorylation level of
Akt decreased in the cerebral microvessels of 24-month-
old C57BL/6] mice compared with 12-month-old con-
trol mice, but that of Erk1/2 increased (Fig. 11-L; ¢-test,
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p<0.05), indicating a possible role of Akt inhibition in
the reduction of vessels in the aged brain.

It remained unclear whether aging diseased the num-
ber of pericytes or reduced the expression of PDGFRp
in pericytes, although the protein content of CD13 was
also reduced in Western blot detection (Fig. 1, H; ¢-test,
p<0.05). We performed an additional flow cytometric
analysis of PDGFRp-positive cells in the brain homoge-
nates. As shown in Supplementary Fig. 5, aging increased
the number of PDGFRp-positive cells but decreased mFI
of the cell population examined (One-way ANOVA,
p<0.05), suggesting a reduction in PDGFRp expression
in pericytes.

We performed a further transcriptomic analysis of
a single-cell sequencing dataset generated by another
laboratory [28] to confirm our findings on the effects of
aging on pericytes. A total of 186 DEGs (99 downregu-
lated and 87 upregulated) with |log,(fold change)|>1
and Benjamini-Hochberg-adjusted p<0.05 were identi-
fied in pericytes from the whole brain of 18 month-old
C57BL/6 ] mice compared with 2 month-old control mice
(Fig. 1IM). KEGG pathway analysis was conducted sepa-
rately for downregulated and upregulated DEGs. KEGG
analysis showed that both up- and down-regulated DEGs
were involved in the “extracellular matrix-receptor inter-
action” and “cytoskeleton in muscle cells’, suggesting
effects of aging on pericyte signaling and contraction. Of
note, aging down-regulated the transcritption of Col4al,
Col4a2, Colla2, Itga8, Lambl, Igf2, Magil, Angptl,
Itga9, and Tek genes associated with the PI3K-Akt sig-
naling pathway (Fig. 1N), consistent with above observa-
tions in the quantitative Western blot analysis that aging
reduced phosphorylation of Akt in isolated microvessels
(Fig. 1J). Similarly, genes related to protein digestion and
absorbation and amoebiosis were reduced, while relaxin
signaling appeared to be activated (Fig. 1N). Relaxin acti-
vates PI3K, which is involved in the induction of matrix
metalloproteinases [35]. Relaxin treatment also enhances
endothelium-dependent relaxation and decreases myo-
genic tone in resistance arteries [36], although the effects
of relaxin on pericytes are unknown. We observed that
aging upregulated the transcription of Hspa2, H2-DI,
B2m, H2-K1 and Hspalb genes, which are related to anti-
gen processing and presentation (Fig. 1N). It remains to
be investigated whether aging strengthens immune sig-
naling pathway in pericytes.

Aging reduces mature BDNF in the brain

Since BDNF has the potential to regulate angiogenesis
[17, 18] and BDNF expression is reduced by aging in the
human brain [19], we were interested to examine the
BDNF expression and signaling in brains from differ-
ently aged mice. By quantitative analysis of brain homog-
enates from 6, 12 and 24-month-old C57BL/6] mice with



Luo et al. Acta Neuropathologica Communications (2025) 13:246

6 months

Page 7 of 18

24 months
A B p<0.001 C p=0.047
_10 4
= 5
<8 a 22 E
= <3
r=: >
o Z o
25 6 53 a
29 £E2
T2 4 59
5 E a8
- ® o
g 2 -
g Sc
£ [
0 0
500um 6-12 24 months 6-12 24 months
D 5104  P=0.003 - 4 p=0.010 F G H
< "]
— o
g8 o 3~3 o months 12 24 _g c
s 25 3 q
s 6 < PDGFRp z 2
o . 5 (=] b
£ 2352 CD13 - -180kD = 3
S 4 zE .- o 3
£ Qo 5 5
2 1 GAUDUIIN A i —— - 55KD 3 3
8 2 = [
s @
20 0
6-12 24 months 6-12 24 months 12 24 months 12 24 months
| J K L p=0.009
25
. o L]
- months: 12 24 S 20
] x
months: 12 24 % GUDUIIN. W o s e o @ o o - 55KD
PROSPHO-AKL M o s s . s s w50 O total s 15
- - ]
total-Akt s - 55kD O e PRt e R s 4D &
- — ———— —
GAPDH 34kD § phospho- - _43kD ? o
s Erk1/2 # s w - - _505
0
12 24  months 12 24  months
KEGG analysis
M 18 vs. 2 months old N =
250 Up
Relaxin signaling pathway g count
Unectie .4
200 ot @ Pr0teiN digestion and absorption : 2
[
% DOWN | @ PI3K-AKt signaling pathway | o
2 150 group ®°
B Vg - Up [ 38
S a2 NS ECM-receptor interaction
s , Down 10910 (p-value)
& 100 Cottaz peiey = Cytoskeleton in muscle cells 10
* Nyt MX{P'{:; B Circadian rythm  ee— |5
50 N a2 Antigen and 9
gss % sor2 @ Amoebiasis 10
P cam - 2 i prive
2 0 2 -10 -5 0 5 10
log2FC -log10 (Pvalue)

Fig. 1 Aging reduces vasculature and pericyte expression of PDGFRB in the brain. Brain tissue from C57BL/6J mice at 6, 12 and 24 months of age was
stained for collagen type IV (A) and quantified for total length and branch points of microvessels (B-E; t-test, n=7 and 4-5 for the 6-12 months and
24 months groups, respectively). Cerebral microvessels were isolated from 12 to 24-month-old mice and homogenized for Western blot analysis of
pericyte markers PDGFRB and CD13, and protein levels of phosphorylated and total Akt and Erk1/2 (F-L; t-test, n=8—9 and 7—8 per group for the
6-12 months and 24 months groups, respectively). In following experiments, transcriptomic analysis was performed using a single-cell sequencing
dataset. Volcano plots show up- and down-regulated DEGs in the brains of 18-month-old mice compared with 2-month-old mice (M; NS, genes with
non-significant changes). The bar chart displays the top five significantly enriched KEGG pathways ranked by —log,, (p-value) (bar length). The size of
adjacent circles corresponds to the number of DEGs in each pathway. KEGG pathway analysis indicated that the down-regulated genes are associated

with PI3K-AKT signaling pathway (N)

Western blot (Fig. 2, A), we observed that the protein
levels of mature BDNF (mBDNF), but not BDNF precur-
sor (pro-BDNF) decreased along with aging (Fig. 2A-C;
One-way ANOVA, p<0.05). mBDNF binds to TrkB with
a high affinity and induces phosphorylation of intracellu-
lar tyrosine residues of the receptor [16]. Surprisingly, the
protein content of phosphorylated TrkB did not change
in the whole brain during the aging process (Fig. 2A and

D; One-way ANOVA, p>0.05). The content of total TrkB
increased dramatically and age-dependently in the brain
homogenates of 12 and 24-month-old mice compared
to the younger 6-month-old control animals (Fig. 2A
and E; One-way ANOVA, p<0.05). It remains unclear
whether the increase in TrkB expression is a mechanism
to maintain high levels of TrkB signaling. It should also
be noted that our findings on TrkB expression were not
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Fig. 2 Aging reduces BDNF maturation in the brain. Brains of C57BL/6J mice at 6, 12 and 24 months of age were homogenized for quantitative Western
blot of BDNF (A). Normal aging significantly reduced the protein levels of maturated BDNF, but not pro-BDNF (B and C; One-way ANOVA followed by Bon-
ferroni post-hoc test; n=>5-11 per group). Aging did not decrease phosphorylated TrkB (D; One-way ANOVA; n=4-5 per group), but significantly increased
the protein level of total TrkB (E; One-way ANOVA followed by Bonferroni post-hoc test; n=4-5 per group)

pericyte-specific. In fact, we observed that transcription
of the TrkB-encoding gene Ntrk2 was downregulated in
pericytes in the aged brain, as shown in Fig. 5B (Mann—
Whitney U test, p<0.05).

Deficiency of neuronal BDNF reduces vasculature and
pericytes in the brain

After we had observed that aging reduced: (1) vasculature
and pericytes, and (2) BDNF signaling in the brain, we
asked whether BDNF regulated cerebral vasculature. We
have established C57BL/6 mice with Bdnf"f/Camk2a-
CreERT2% and Bdnff/Camk2a-CreERT2"! genotypes.
Both groups of mice were injected with tamoxifen (i.p.) at
7 months of age to specifically delete BDNF in neurons,
as we have shown in a previous study [23]. The mice were
analyzed 3 months later (at 10 months of age). As shown
in Fig. 3A-C, deficiency of BDNF in neurons significantly
reduced the length of microvessels (¢-test, p <0.05) and
tended to decrease the density of branch points (¢-test,
p=0.05) in the hippocampus. By counting PDGFRp-
positive cells on CD31-positive vessels, we also found

that the lack of neuronal BDNF reduced the number of
pericytes per unit length of blood vessels (Fig. 3D and E;
t-test, p<0.05). In Western blot analysis of isolated brain
microvessels, protein levels of PDGFRP but not CD13
were lower in neuronal BDNF-deficient mice than in
BDNF wild-type control mice (Fig. 3F—H; ¢-test, p <0.05),
consistent with the pericyte count described above.
Interestingly, deficiency of BDNF in neurons significantly
reduced the phosphorylation of Akt, but not Erk1/2 in
the isolated blood vessels as compared with neuronal
BDNF wild-type mice (Fig. 3I-K; ¢-test, p <0.05).

Deficiency of astrocyte BDNF reduces vasculature and
pericytes in the brain

In our previous study, we have observed that BDNF
is also expressed in astrocytes [23]. Since astrocytes
(particularly their endfeet) surround capillaries, we
hypothesized that astrocyte BDNF could also affect the
generation of cerebral vasculature. C57BL/6 mice with
Bdnf"/Gfap-CreERT2%® and Bdnf"1/Gfap-CreERT2"
genotypes have been established in our previous study
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Fig. 3 (See legend on next page.)
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Fig. 3 Deficiency of neuronal BDNF reduces vasculature and pericytes in the brain. Ten-month-old C57BL/6 mice with (ko) and without (wt) knockout
of Bdnf gene in neurons for 3 months were stained for collagen type IV and quantified for the vasculature (A). Deficiency of neuronal BDNF significantly
reduced the total length of cerebral vessels and tended to decrease the density of branch points of vessels (B and C; t-test, n=6-7 per group). The brain
sections were also co-stained for PDGFRB and CD31. PDGFRB-positive pericytes were counted and adjusted by the length of CD31-positive vessels (D).
Deficiency of neuronal BDNF significantly reduced the number of pericytes (E; t-test, n=4 per group). Additionally, microvessels were isolated from brains
and detected with Western blot for pericyte markers and relevant signaling molecules (F and I). Deficiency of neuronal BDNF decreased protein levels of
PDGFRP but not CD13 (G and H; t-test, n=6 per group). BDNF deficiency also reduced the phosphorylation of Akt, but not Erk1/2 (J and K; t-test, n=4-9

per group)

[23]. After intraperitoneal injection of tamoxifen at
7 months of age, we could clearly observe that the pro-
tein levels of mature BDNF but not pro-BDNF were
reduced in Bdnf?/Gfap-CreERT2® mice compared
with Bdnf?/Gfap-CreERT2"* mice when they were
10 months old (Fig. 4A—C; ¢-test, p<0.05). After immu-
nostaining of collagen type IV, we observed that both
the length and density of branch points of the microves-
sels were significantly fewer in astrocyte BDNF-deficient
mice than in BDNF wild-type control mice (Fig. 4D-F;
t-test, p<0.05). In quantitative Western blot analysis of
isolated blood vessels, we found that deficiency of BDNF
in astrocytes significantly decreased the protein level of
PDGERp but not CD13 (Fig. 4G-I; t-test, p<0.05). Defi-
ciency of BDNF in astrocytes also significantly reduced
phosphorylation of both Akt and Erk1/2 in the cerebral
blood vessels (Fig. 4]-L; t-test, p <0.05).

Pericytes express TrkB in the brain

In aging and Bdnuf-knockout animals, we have observed
that BDNF correlated with the amount of vasculature and
the density of pericytes in the brain. To clarify whether
BDNEF acts directly on pericytes, we co-stained BDNF
receptor TrkB and the Pdgfrf3 promoter-driven reporter
tdTomato in the brain tissue. TrkB was expressed in
a subset of pericytes, as shown by the colocalization of
green and red fluorescence (Fig. 5A). TrkB-expressing
pericytes appeared to be enriched in the corpus callo-
sum region compared to the cortex (Fig. 5A). We ana-
lyzed the publicly available single-cell sequencing dataset
[28]. The TrkB-encoding gene Nitrk2 was transcribed in a
sub-group of pericytes, with transcription levels lower in
18-month-old C57BL/6] mice than in 2-month-old con-
trol mice (Fig. 5B; Mann—Whitney U test, p <0.001). Fur-
ther analysis revealed that the total pericytes exhibited a
bimodal distribution, suggesting two subgroups of peri-
cytes. Ntrk2-positive pericytes were unimodally distrib-
uted (see Supplementary Fig. 6). Ntrk2 transcription in
endothelial cells was also reduced in 18-month-old mice
compared to 2-month-old mice (Fig. 5B; Mann—Whitney
U test, p<0.001). Notably, the level of Ntrk2 transcrip-
tion in pericytes was comparable to that in endothelial
cells. Endothelial cells have been reported to express
TrkB [17]. The Ngfr gene, which encodes the p75 neuro-
trophin receptor, a receptor with low affinity for BDNF,

was transcribed at a very low level in either pericytes or
endothelial cells (Fig. 5C).

In following experiments, we pooled pericytes from
both young and aged mice to obtain sufficient cell num-
bers for reliable analysis. These pericytes were then clas-
sified into two groups with (Ntrk2_high) and without
(Ntrk2_zero) transcription of the Ntrk2 gene. The Ntrk2_
high group accounted for approximately 15% of all peri-
cytes (2664 out of 17,187). Both cell groups transcribed
pericytic marker genes (e.g., Pdgfrb, Rgs5, Cspg4, Kcnj8,
Abcc9, Mcam, and Des) to a high degree; however, there
were some cells that transcribed neuronal genes at a low
level (Fig. 5D). Compared with Ntrk2_zero group, Ntrk2_
high group exhibited 281 DEGs with significant upregu-
lation (log, fold change>1, adjusted p<0.05), whereas
no DEGs were found to be significantly downregulated
(log, fold change<-1, adjusted p<0.05) (Fig. 5E; and
Supplementary Table 1). Gene Ontology and KEGG
enrichment analyses revealed that many upregulated
DEGs were neuron-specific and associated with synap-
tic function (Fig. 5F). Likewise, the transcriptional level
of Agp4, an astrocyte-specific gene, was 3.5-fold higher
in Ntrk2 high group compared to Ntrk2 zero group.
Previous studies have shown that AQP4 is more strongly
expressed in astrocytic endfoot membranes adjacent to
pericytes than in those facing endothelial cells [37].

We then extracted data from both vascular cells and
non-vascular brain cells (Fig. 5G) and used LIANA
framework to predict and compare the communication
of Ntrk2_high and Ntrk2_zero pericytes with neigh-
boring cells. Both as senders/ligands and as receivers/
receptors, Ntrk2_high pericytes exhibited more ligand-
receptor interactions (Lg number) than Ntrk2_zero
pericytes, although the average interaction strength (Lg
strength) remained unchanged (Fig. 5H and I; and Sup-
plementary Table 2). Since Ntrk2_high pericytes were
much less common than Ntrk2_zero pericytes (15%
versus 85%), ligand-receptor interactions of Ntrk2_high
pericytes may have been underestimated. Taken together,
these results suggest that TrkB-expressing pericytes are
positioned closer to neurons and astrocytes than TrkB-
negative pericytes, as indicated by the neuronal and
astrocytic transcripts captured in single-cell sequencing
of pericytes. TrkB expression may broaden the potential
communication repertoire for pericytes by increasing the
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Fig. 4 Deficiency of astrocyte BDNF reduces vasculature and pericytes in the brain. Brain homogenates from 10 month-old C57BL/6 mice with (ko) and
without (wt) knockout of Bdnf gene in astrocytes for 3 months were detected for protein levels of BDNF (A). Knockout of Bdnf gene significantly reduced
mature BDNF but not pro-BDNF (B and C; t-test, n=9-11 per group). Brain sections were then stained for collagen type IV and quantified for the vascu-
lature (D). Deficiency of astrocyte BDNF significantly reduced both the length and density of branch points of cerebral vessels (E and F; t-test, =8 per
group). Additionally, microvessels were isolated from brains and detected with Western blot for pericyte markers and relevant signaling molecules (G and
J). Deficiency of astrocyte BDNF decreased the protein level of PDGFR, but not CD13 (H and I; t-test, n=11-12 per group), and reduced the phosphoryla-
tion of both Akt and Erk1/2 (K and L; t-test, n=4-9 per group)
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diversity of ligands and signaling pathways rather than
amplifying the signaling intensity of individual pathways.
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BDNF acts directly on cultured pericytes

Since pericytes expressed TrkB in the brain, we con-
tinued to search for direct evidence that BDNF acts on
pericytes. Human HBPC/ci37 pericytes and HBMEC/
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(See figure on previous page.)

Fig. 5 Pericytes express TrkB in the brain. Brain sections from 9-month-old pericyte-tdTomato reporter mice were stained for TrkB and tdTomato. TrkB
colocalizes with or surrounds tdTomato, particularly at corpus callosum region (A). Single-cell sequencing experiments showed that the transcription of
Ntrk2 gene decreases in both pericytes and endothelial cells of 18-month-old C57BL/6J mice compared to 2-month-old control mice (B; Mann-Whitney
U test, n=5813 and 11,374 pericytes, 22,898 and 28,556 endothelial cells, for 2- and 18-month-old mice, respectively). The Ngfr gene was transcribed
at a very low level in both pericytes and endothelial cells (C; Mann-Whitney U test, p >0.05). Pericytes were then pooled from young and old mice and
classified into two groups with (Ntrk2_high) and without (Ntrk2_zero) transcription of Ntrk2 gene. Dot plot shows pericyte and neuronal marker gene
expression (D). Color intensity represents average expression after normalization (log,(1 +CPM)), and dot size indicates the fraction of cells expressing the
gene within each group. Volcano plot shows differential gene expression in pericytes (Ntrk2_high vs. Ntrk2_zero) (E). Ntrk2 itself shows an extremely large
log,FC and lies outside the plotting range. Differential genes were defined as |log,FC|> 1 with FDR < 0.05 and subjected to KEGG and GO enrichment (F).
The y-axis lists enriched terms, and bubble size encodes the gene ratio. Colors indicate the source ontology/database: red =GO Biological Process (BP),
yellow =GO cellular component (CC), blue =GO Molecular Function (MF), green=KEGG. The top four terms per ontology/database by significance are
shown. The cell-cell communication analysis was then conducted on the single-cell transcriptomes represented by UMAP and colored by cell class (G).
Ntrk2_high and Ntrk2_zero pericytes were analyzed as senders/ligands (H) and receivers/receptors (1). Both the number (Lg number) and mean interac-
tion strength (Lg strength, represented by Irscore; higher=stronger) of significant ligand—receptor pairs between pericytes and partner cell types are

shown in the table cell. Deeper color in each table cell indicates higher significance of ligand—receptor pair

ci18 endothelial cells were cultured, both of which had
already been used to construct an artificial BBB [38]
and studied in our previous projects [26, 27]. However,
both cells expressed NGER gene at a significantly higher
level than NTRK2 gene (Fig. 6A and B; ¢-test, p<0.05).
This pattern of BDNF receptor expression differed from
that of pericytes and endothelial cells in the mouse brain
(see Fig. 5B and C). Nevertheless, we were able to detect
the expression of TrkB in cultured pericytes by Western
blot (Fig. 6C), although truncated forms of TrkB were
more prominent than full-length TrkB. It has also been
reported that p75 neurotrophin receptor optimizes TrkB
signaling upon BDNF stimulation to activate Akt phos-
phorylation in cultured neurons [39]. Indeed, treatment
with recombinant BDNF increased PDGFRp expression
over a 24-h period in a dose-dependent manner (Fig. 6D
and E; One-way ANOVA, p<0.05). We also found that
BDNF increased the phosphorylation of Akt and Erk1/2
in a concentration-dependent pattern (Fig. 6D, F and
G; One-way ANOVA, p<0.05). Interestingly, BDNE-
induced expression of PDGFRp was abolished by 24 h co-
treatment with 1 uM Akt inhibitor VIII (Fig. 6H and [;
One-way ANOVA, p>0.05).

In the following experiments, we showed that treat-
ment with BDNF induced significant upregulation of
PDGEF-B transcription, but not of the CD62p and CD31
genes in endothelial cells (Fig. 6]-L; One-way ANOVA,
p<0.05). However, the detailed molecular mechanisms
by which BDNF activates pericytes and endothelial cells
still needed to be clarified.

Discussion

Defects in microcirculation are common pathologies in
the aging brain that promote age-related neurodegen-
eration, i.e., AD [2, 10]. However, the molecular mecha-
nisms that underlie vascular dysfunction during aging, as
well as potential strategies for prevention, remain poorly
understood. BDNF, a key regulator of neuronal survival
and synaptic plasticity, is known to decline with age.
Our findings extend this knowledge by suggesting that

reduced BDNF signaling may also contribute to pericyte
loss and impaired microcirculation in the aging brain.
Supporting this conclusion, we demonstrated that (i)
both vascular density and expression of pericyte marker
proteins PDGFRP and CD13 in cerebral microvessels
decreased in parallel with a reduction in mature BDNF
in aged brains, (ii) transient neuronal or astrocytic BDNF
deletion for three months was sufficient to reduce vas-
culature and pericyte numbers in 10-month-old mice,
and (iii) pericytes expressed BDNF receptor TrkB, which
decreased during aging, and recombinant BDNF directly
enhanced PDGFRp expression in cultured pericytes
through an Akt-dependent mechanism.

To date, there have been no publications directly link-
ing BDNF and microcirculation/pericytes in the brain.
However, transcription of BDNF gene decreases in the
brain tissue of patients with severe depression [40],
which correlates with reduced cerebral blood flow (CBF)
particularly in the anterior cingulate and prefrontal cor-
tex [41-43]. It is noteworthy that the reduction in CBF
correlates more strongly with trait depression than
with state depression, suggesting that reduced CBF is
related to a structural predisposition rather than a state-
dependent functional change [44]. Outside of the brain,
BDNF is expressed throughout the cardiovascular sys-
tem, including endothelial cells and vascular smooth
muscle, and promotes angiogenesis and enhances the
capillary density during cardiovascular development [17,
18]. Conditional knockout of TrkB in pericytes/smooth
muscle cells (SMCs) under the control of Smc22a pro-
moter reduces the coverage of pericytes/SMCs, alters the
ultrastructure of endothelial cells and increases vascular
permeability in postnatal mice [45]. A prospective study
in a large community showed that higher levels of BDNF
are associated with a lower risk of cardiovascular events
and death, independent of low-grade inflammation, body
mass index, physical activity and depression [46]. Our
study may have for the first time demonstrated the direct
action of BDNF on pericytes, which subsequently affects
microvascular circulation in the brain.
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Fig. 6 (See legend on next page.)

It cannot be ruled out that BDNF also regulates the is essential for the proliferation and integration of peri-
structure and function of the vascular system by pro- cytes into the blood vessel [47]. We have observed that:
tecting endothelial cells [17, 18]. The binding of PDGF- (i) BDNF induces the expression of PDGF-B gene in
B released by endothelial cells to PDGFRP on pericytes  endothelial cells; and (ii) pericytes and endothelial cells
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Fig. 6 BDNF acts directly on cultured pericytes. Human pericyte and endothelial cell lines were cultured. The transcription levels of BDNF receptor genes,
NTRK2 and NGFR, were measured with real-time PCR. Both cells expressed NGFR gene at a significantly higher level than NTRK2 gene (A and B; t-test, n=4
per group. Four experiments were independently repeated). Western blot showed expression of TrkB in the pericyte cell line (C). Cultured pericytes were
then treated with BDNF at 0, 10, 50, and 100 ng/ml for 24 h. Western blot was used to detect the protein level of PDGFR{, showing that BDNF treatments
significantly increase PDGFRP expression (D and E; One-way ANOVA followed by Bonferroni post hoc test, n=10 per group for 0, 10 and 50 concentra-
tions and n=5 for 100 ng/ml concentration. Ten experiments were independently repeated), as well as to determine the phosphorylation levels of both
Akt and Erk1/2 (D, F and G; One-way ANOVA followed by Tukey post hoc test, n=4 or 3 per group. Four and three experiments were independently
repeated for Akt and Erk1/2, respectively). Pericytes were also treated with BDNF at different concentrations in the presence of 1 uM Akt inhibitor VIIIl. The
protein level of PDGFR as detected by Western blot was not altered by the treatments of BDNF (H and I; One-way ANOVA, p>0.05, n=4 per group. Four
experiments were independently repeated). In additional experiments, endothelial cells were treated with BDNF at 0, 50 and 100 ng/ml for 24 h. BDNF
significantly up-regulates transcription of PDGF-B, but not CD62p and CD31 genes (J-L; One-way ANOVA followed by Tukey post hoc test, n=4 per group.

Four experiments were independently repeated)

express the BDNF receptor TrkB at comparable levels in
the brain. However, it should be noted that only a sub-
set of pericytes or endothelial cells express TrkB. Mech-
anisms that drive the development of the TrkB-positive
cell population and maintain this population remain to
be investigated. Single-cell sequencing analyses revealed
that TrkB-positive pericytes exhibit a higher abundance
of neuron- and astrocyte-specific transcripts compared
to TrkB-negative pericytes. This discrepancy is unlikely to
be attributed to technical artifacts, as both groups of cells
should have an equal likelihood of transcript contamina-
tion. It is possible that TrkB-enriched pericytes reside in
closer proximity to neurons and astrocytes—for example,
within the neurovascular unit—thereby rendering them
more prone to incorporating neuronal and astrocytic
RNA from the surrounding microenvironment. Analy-
sis of cell-cell communication also showed that TrkB-
positive cells have more signaling molecule pairs with
neighboring brain cells, including neurons and glial cells,
compared to TrkB-negative cells. A recent study of the
human brain has divided pericytes into T-pericytes and
M-pericytes, which are distinguished by gene transcrip-
tion for the transport of small molecules across the mem-
brane and the organization of the extracellular matrix,
respectively [48]. We observed that transcription of both
T- (e.g., Slcla3 and Slc6al) and M-pericyte marker genes
(e.g., Col4a2, Col4a3, and Col4a4) was upregulated in
TrkB-positive pericytes compared to negative pericytes.
All these findings suggest that TrkB expression may pro-
mote pericytic activity in both signal transduction and
structural reorganization in the neurovascular unit. Nev-
ertheless, the potential spatial and functional relationship
between TrkB-expressing pericytes and neurons/astro-
cytes requires further direct physical evidence through
studies using complementary approaches, such as elec-
tron microscopy or other super-resolution microscopy
techniques.

How BDNF regulates the phenotype of pericytes
remains unclear. PDGFRB and CD13 are both protein
markers for pericytes; however, in both temporary neu-
ronal and astrocyte BDNF-deficient mice, only PDGERp,
but not CD13, is reduced in isolated microvessels. In

flow cytometric analysis of brain cells, aging appears
to increase the number of PDGFRp-positive cells but
decrease the protein content of PDGFRp on individual
cells. Therefore, BDNF may influence pericytes primarily
by regulating PDGFRp expression. Deficiency of BDNF
could reduce the generation of pericytes rather than
induce cell death. It should be noted that PDGFR} is also
expressed by vascular SMCs. The PDGF-B-PDGERp cas-
cade is equally important for the recruitment of SMCs
and pericytes in blood vessel formation [49]. Although
we filtered the isolated blood vessels with 100-um mesh
and excluded vessels larger than 6 pm during histological
quantification of the brain vasculature, some contamina-
tion of our results with arterial components could not be
avoided [50]. The effects of BDNF on brain vessels could
also be partially due to the effect of BDNF on vascular
SMC:s [45]. In the future study, new markers for pericytes
should be used, for example, Atpl13a5 may be more spe-
cific than PDGFRp to demonstrate pericytes in the brain
[51].

We have observed that the protein content of mature
BDNEF always correlates positively with Akt phosphoryla-
tion and PDGFRp expression in both the brain and cul-
tured pericytes, which is consistent with previous studies
[16]. Our previous experiments showed that inhibition
of Akt reduces the expression of PDGFRp in cultured
pericytes in a dose-dependent manner [27]. Our current
study indicated that inhibition of Akt abolishes the effect
of BDNF on PDGFRp expression in pericytes. However,
we are puzzled as to how Akt regulates PDGFRp expres-
sion, even though it has been reported that inhibition of
Akt blocks the expression of PDGFRp induced by basic
fibroblast growth factor in cultured pericytes [52]. In
neurons, BDNF activates Erk1/2 [53]. We observed acti-
vation of Erk1/2 signaling in association with BDNF in
the brain and in cultured pericytes; however, this appears
to be less significant than the effect of BDNF on Akt.
For example, Erk1/2 phosphorylation in the brain was
not reduced upon neuronal BDNF deficiency and even
increased in the aged brain. Since the activation of Akt
and Erk1/2 generally promotes cell survival and prolifera-
tion, we can assume that BDNF is capable of maintaining
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the homeostasis of pericytes as well as the structure and
function of the microvascular network in the aged brain.

How brain aging regulates BDNF-TrkB signaling in
pericytes also remains to be investigated. In brain tis-
sue, mature BDNF levels decreased dramatically during
aging; however, the protein content of phosphorylated
TrkB remained unchanged, possibly due to compensated
expression of the TrkB protein. The brain may have a
mechanism for maintaining TrkB signaling, for example,
to preserve neuronal integrity and activity. Because of
technical difficulties, we couldn't tell which specific brain
cells showed increased expression and phosphorylation
of TrkB. However, the overall ability to phosphorylate
TrkB appears to be inhibited during the aging process. In
addition, transcription of TrkB-encoding gene decreases
in the aged brain. Therefore, it is very likely that the aging
process reduces BDNF-TrkB signaling in pericytes. It
is known that inflammatory activation increases in the
aging brain (e.g. through upregulation of /-1 and Tnf-
a gene transcription) [54]. In cultured cortical neurons,
withdrawal of growth factors such as B-27 or fetal calf
serum leads to cell death, which can be prevented by
BDNE. Cotreatment with IL-1f abolishes this protective
effect of BDNE, possibly by impairing the binding of sig-
naling molecules, i.e., PI3K/Akt, to TrkB [55]. Our previ-
ous studies have shown that haploinsufficiency of MyD88
in microglia reduces neuroinflammation and improves
microvasculature in the brains of APP/PS1-transgenic
mice [26]. It will be an interesting topic to investigate
whether neuroinflammation regulates BDNF-TrkB sig-
naling in pericytes.

Regular physical activity is a well-known strategy for
maintaining brain health. Physical activity increases
BDNF levels in the blood and has a positive effect on the
structure, function and cognitive abilities of the brain
in older adults [56]. In 5xFAD mice, exercise elevates
BDNF expression in the hippocampus. Overexpression
of BDNF in combination with adult neurogenesis in the
hippocampus mimics the effects of exercise on improv-
ing cognitive function [57]. Interestingly, aerobic exercise
is also associated with an increase in cerebral blood flow
[58-60]. A recent meta-analysis of six population-based
cohort studies with a total of 8517 participants showed
that physical activity is associated with lower WMH vol-
ume, larger total brain volume and a lower risk of demen-
tia [61]. Similarly, aerobic exercise can also increase red
blood cell flow and oxygen supply in capillaries of the
subcortical region of mice [62]. Therefore, our study
could suggest that the action of BDNF on pericytes rep-
resents a link between exercise and microvascular circu-
lation in the brain.
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Conclusion

Our findings demonstrate that diminished BDNF signal-
ing—whether driven by aging or neuronal and astrocytic
Bdnf gene knockout—leads to a reduction in pericyte
density and cerebral microvasculature. Conversely,
enhancing BDNF expression, either pharmacologically
or through regular physical exercise, holds promise for
restoring pericyte function and improving microcircula-
tory dynamics in the aging brain. These results advance
our understanding of the vascular components of brain
aging and highlight BDNF as a potential therapeutic tar-
get for preventing vascular decline in older adults and
possibly in aging-related disorders such as AD. However,
our research represents a fundamental step toward eluci-
dating the BDNF-pericyte axis. A complete understand-
ing of the underlying molecular mechanisms requires
further investigation. Key unanswered questions include
the role of TrkB in coupling BDNF signaling to Akt acti-
vation and PDGFRp expression in pericytes, as well as
the functional significance of TrkB-positive pericytes in
regulating cerebral microvascular circulation and neuro-
vascular unity.
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