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Neural regeneration after spinal cord injury (SCI) closely relates to the microvascular endothelial cell (MEC)-
mediated neurovascular unit formation. However, the effects of central nerve system-derived MECs on neo-
vascularization and neurogenesis, and potential signaling involved therein, are unclear. Here, we established a
primary spinal cord-derived MECs (SCMECs) isolation with high cell yield and purity to describe the differences
with brain-derived MECs (BMECs) and their therapeutic effects on SCI. Transcriptomics and proteomics revealed
differentially expressed genes and proteins in SCMECs were involved in angiogenesis, immunity, metabolism,
and cell adhesion molecular signaling was the only signaling pathway enriched of top 10 in differentially
expressed genes and proteins KEGG analysis. SCMECs and BMECs could be induced angiogenesis by different
stiffness stimulation of PEG hydrogels with elastic modulus 50-1650 Pa for SCMECs and 50-300 Pa for BMECs,
respectively. Moreover, SCMECs and BMECs promoted spinal cord or brain-derived NSC (SNSC/BNSC) prolif-
eration, migration, and differentiation at different levels. At certain dose, SCMECs in combination with the
NeuroRegen scaffold, showed higher effectiveness in the promotion of vascular reconstruction. The potential
underlying mechanism of this phenomenon may through VEGF/AKT/eNOS- signaling pathway, and conse-
quently accelerated neuronal regeneration and functional recovery of SCI rats compared to BMECs. Our findings
suggested a promising role of SCMECs in restoring vascularization and neural regeneration.

1. Introduction

Spinal cord injury (SCI) has been described as an incurable disease
for thousands of years and remains one of the most challenging medical
problems [1], which resulted in devastating consequences of physical
disability, psychological disorders, and social burdens for approximately
27 million patients and their families worldwide [2,3]. Injuries of the
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vascular system and the blood-spinal cord barrier (BSCB) are key events
in SCI, triggering a cascade of pathological reactions that aggravate the
impairment of the spinal cord [4,5]. The spatial and temporal abnor-
malities in BSCB permeability are also negatively correlated with motor
function recovery [6-8]. The dysfunction of the neurovascular micro-
environment is one of the major bottlenecks in spinal cord regeneration.
Strategies, such as administration of pro-angiogenic factors [9-11],
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genes therapy [12,13], and cell transplantation [14-16], have been
developed to promote vascularization after SCI. However, the endoge-
nous endothelial cell formed vessels are usually leaky and do not fully
reestablish the BSCB nor provide sufficient support to the local meta-
bolism. Therefore, there remains an urgent need to develop approaches
for modulating the neurovascular system after SCI to enhance neural
regeneration and functional restoration.

Microvascular endothelial cells (MECs), the major element of neu-
rovascular system in the CNS, lay essential roles in the maintenance of
the spinal cord and brain homeostasis, as well as in certain pathological
conditions [17,18]. Damage and death of spinal cord endothelial cell
(SCEC) plays a prominent role in secondary injury after SCI [19]. Similar
to MECs in the spinal cord, brain-derived MECs (BMECs) are responsible
for triggering brain tissue damage [20]. Transplantation of BMECs could
ameliorate behavioral outcomes after in ischemic brain injury, sug-
gesting a beneficial effect of the transplanted BMECs in modulation
dysfunction of CNS. Furthermore, it was also reported that brain endo-
thelial cell (BEC) as a critical component of the neural stem cell (NSC)
niche in stimulating NSC renewal and neurogenesis [21]. The findings of
BMECs nourishing nerves [22], as well as BEC-formed microvessels
guiding axon growth in SCI model suggested that BEC intervention may
also be a promising approach to SCI repair [23]. However, the effects of
MEGCs, particularly derived from CNS, on neovascularization and neu-
rogenesis after SCI, and potential signaling involved therein, are un-
clear. As Spinal cord-derived NSCs (SNSCs) and brain-derived NSCs
(BNSCs) exhibited different efficiency in spinal cord reconstruction
[24], it’s hypothesized that SCMECs and BMECs, despite their functional
similarity, might also differ in their effects on angiogenesis, the accel-
eration of neural differentiation and consequently, in SCI repair.

In this study, we aimed to uncover the different effects of CNS-
derived MECs on SCI repair, particularly on regulating neo-
vascularization and neuroregeneration through systematically
comparing the characteristics of SCMECs and BMECs and examining
their interactions with SNSCs and BNSCs, respectively (Fig. 1). We found
that angiogenesis and cell adhesion molecular signaling-related genes
and proteins were differentially expressed in SCMECs compared to that
in BMECs by transcriptomic and proteomic profiling. SCMECs and
BMECs could acquire the angiogenic phenotype in response to specific
elastic modulus of hydrogels and promoted the proliferation, migration,
and neural differentiation. Furthermore, we investigated the effects of
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SCMECs or BMECs intervention in the vascular niche and their thera-
peutic potential in a complete SCI rat model.

To improve cell retention and survival rates after transplantation in
SCI animals, we combined them with biomaterial scaffolds [4,25,26].
The NeuroRegen scaffold was developed in our laboratory and used
together with stem cells in clinical trials, successfully promoting auto-
nomic neural function recovery, increases sensation level, and improves
locomotor activity in patients with SCI [27,28].This scaffold not only
support MEC growth at defect, but also provide a structural platform for
axonal regeneration after SCI. After implantation of the SCMEC-laden
NeuroRegen scaffold, the vascular reconstruction was significantly
improved in a complete SCI rat model, synergistically accelerating
neuronal regeneration and functional recovery compared to
BMEC-loaded NeuroRegen scaffold implantation. We also investigated
the underlying mechanisms of this approach. This work lays the foun-
dation for further research toward the application of SCMECs for SCI
therapy.

2. Materials and methods
2.1. Animals

6-8-week-old female and newborn Sprague-Dawley rats were pur-
chased from Shanghai Slaughter Laboratory Animal Co (Shanghai,
China). 6-8-week-old GFP-expressing transgenic Sprague-Dawley rats
were a kind gift from the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences. All animal experiments were
approved by the Institutional Animal Care and Use Committee and
conducted following the governmental and the Chinese Academy of
Sciences guidelines for animal welfare (approval NO. SINANO/EC/
2021-026).

2.2. Cells and culture media

Primary SCMEC, BMEC, GFP-SCMECs, and GFP-BMECs were isolated
from Sprague-Dawley rats, and primary SNSCs and BNSCs were isolated
from newborn-Sprague-Dawley rats. Primary endothelial cells were
cultured using Endothelial Cells Culturing Medium (ECCM) based on
DMEM/high glucose (4.5 g/L; Gibco) containing 10% fetal bovine serum
(Gibco), 1% endothelial cells growth supplement (ScienCell), and 1%
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Fig. 1. Schematic of the project. (a and b) SCMECs/BMECs isolation were established to systematically compare differences between SCMECs and BMECs in
transcriptomic and proteomic profiles. (¢) It was inferred by transcriptomic/proteomic profiles and validated through PEG hydrogels with different elastic modulus
that angiogenetic activity in SCMECs and BMECs were different. (d) It was also proved that the proliferation, migration, and differentiation of neural stem cells,
which was essential for spinal cord injury repair, was promoted by SCMECs or BMECs, suggesting SCMECs/BMECs benefit angiogenesis and neuron regeneration for
spinal cord repair. (e to g) In combination with NeuroRegen scaffold, SCMECs showed higher effectiveness in the promotion of vascular reconstruction through the
VEGF/AKT/eNOS- signaling pathway than BMECs, and consequently accelerated neuronal regeneration in spinal cord injury rats. SCMECs, spinal cord microvascular

endothelial cells; BMECs, brain microvascular endothelial cells.
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penicillin-streptomycin and supplemented or not with puromycin for
selection. Primary SNSCs and BNSCs were cultured in a proliferation
medium (DMEM/F12 containing 20 ng/mL bFGF, 20 ng/mL EGF, and
2% B27) or differentiation medium (DMEM/F12 containing 2% B27).
All cells were maintained at 37 °C in an incubator with an atmosphere
with 5% CO2 and 95% O2.

2.3. Isolation of primary SCMECs and BMECs

Rats were anesthetized by intraperitoneal injection of pentobarbital
sodium, and spinal cord and brain tissues were immediately dissected
and immersed in calcium- and magnesium-free Hank’s balanced salt
solution (HBSS; Solarbio) pre-cooled at 4 °C. After the removal of outer
membranes and big vessels, spinal cord tissues were cut with sterilized
scissors and homogenized in a specially designed tissue grinder based on
the Dounce tissue grinder, whereas brain tissues were homogenized to a
uniform suspension with the sequential use of 25 mL, 10 mL, and 5 mL
serological pipettes (Corning). The tissue homogenates were transferred
to 50 mL sterile centrifuge tubes and centrifuged at 4 °C, 3000xg for 5
min; the pellet was resuspended in 20% bovine serum albumin (BSA) (in
calcium- and magnesium-free HBSS) and centrifuged again at 4 °C,
3000xg for 15 min. The precipitated microvessel segments were washed
with HBSS, digested with 2 mg/mL collagenase IV (Gibco) and 50 pg/mL
DNase (Sigma) in Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C
for 1-2 h, centrifuged at 500xg for 7 min to terminate the digestion,
resuspended in Endothelial Cell Culture Medium (ECCM), and seeded
into cell culture flasks pre-coated with collagen (Biocoat; 100 or 500 pg/
mLin 0.02 N acetic acid at 37 °C overnight) and/or fibronectin (Sigma; 5
or 30 pg/mL in sterile deionized water at 37 °C for at least 4 h). After 1-2
days, the medium was replaced with fresh ECCM supplemented with
puromycin (Beyotime, China) at the concentration of 800 ng/mL to
remove contaminating cells; once SCMECs and BMECs reached 80-95%
confluence, they were subcultured.

2.4. Isolation of SNSCs and BNSCs

SNSCs and BNSCs were isolated from spinal cord and brain of
newborn rats [29]. Briefly, after collecting spinal cord and brain tissues,
meninges were stripped away from the tissues. And then the tissues were
cut into pieces and digested in TrypLE (Thermo) for 15 min at 37 °C to
obtain cell suspension. Cells suspension were diluted with
phosphate-buffered saline (PBS) and centrifugated at 1000 rpm for 5
min. The precipitate was resuspended in NSC proliferation medium and
seeded on a cell culture plate. Half of the medium was replaced with the
fresh one every three days until newly formed neurospheres were
obtained.

2.5. Immunostaining

Cells staining was performed according to the following protocol:
Cells were fixed with 4% paraformaldehyde (PFA; Leagene, Beijing,
China) for 15 min, washed with PBS for three times, and permeabilized
with 0.5% Triton (Sigma) for 10 min. After three times of PBS washing,
samples were blocked with 5% BSA for 1 h and incubated with primary
antibodies (Supplementary Table 1) at 4 °C overnight. After incubation
with secondary antibodies at 1:500 dilution and DAPI at 1:1000 dilution
for 1 h at room temperature, cells were observed under an Olympus
FV3000 laser scanning confocal microscope.

2.6. Flow cytometry

SCMECs and BMECs were collected, fixed with 2% PFA for 15 min,
and washed with PBS. Then, cells were stained with primary antibodies
(Table S1) for 1 h and washed with PBS. After incubation with secondary
antibodies for 1 h and washed with PBS, the cells were resuspended in
PBS, and at least 10,000 cells per sample were analyzed on FACSC elesta

38

Bioactive Materials 29 (2023) 36-49
(BD Biosciences).
2.7. RNA-seq and data analysis

Total RNA was extracted from SCMECs and BMECs samples labeled
SR1, SR2, SR3 and BR1, BR2, BR3, respectively, using TRIzol (Invi-
trogen), following the manufacturer’s instructions. RNA was analyzed
for quality and quantity using Agilent 2100 BioAnalyzer and the Qubit
RNA assay kit (Invitrogen). High-quality RNA samples with RNA
integrity number (RIN) >7.0 and a 28S:18S ratio >1.8 were used for
library construction using CapitalBio Technology Inc. (Beijing, China)
with the Ultra RNA Library Prep Kit for Illumina (NEB). After final li-
braries quantification using KAPA Library Quantification Kit (KAPA
Biosystems, South Africa) and validation through reverse transcription-
polymerase chain reaction (RT-qPCR) in Agilent 2100 Bio Analyzer, li-
braries were subjected to paired-end sequencing (150-base pair reads)
on an Illumina NovaSeq sequencer (Illumina) by CapitalBio Technology
Inc. (Beijing, China). (Beijing, China). GO terms and heatmaps were
analyzed using an online bioinformatics tool (www.bioinformatics.com.
cn) for data analysis and visualization.

2.8. Proteomics sequencing and data analysis

Protein extraction from SCMEC and BMEC samples labeled SP1, SP2,
SP3 and BP1, BP2, BP3, respectively, was carried out using lysis buffer
(8 M urea, 2 M thiourea, 4% CHAPS, 20 mM Tris-base, 30 mM dithio-
threitol (DTT), 1 mg/10 pL) and protease inhibitors (Roche, Basel,
Switzerland) on ice. Peptides were obtained using trypsin (sequencing
grade) digestion, labeled with TMT Label Reagent and quenched with
hydroxylamine, according to the manual of TMT Mass Tagging Kits and
Reagents (Thermo Fisher Scientific, USA). Proteins were analyzed using
the nanoscale liquid chromatography system U3000 nano (Thermo
Fisher Scientific, USA) and the mass spectrometer Q-Exactive (Thermo
Fisher Scientific, USA) at CapitalBio Technology Inc. Raw data analysis
was processed using the Proteome Discoverer 2.3 software (Thermo
Fisher Scientific, USA). Samples for RNA-seq and proteomics analysis
were isolated from cells in the same culture passage.

2.9. Scanning electron microscopy

The NeuroRegen with SCMECs and BMECs or not were fixed by 2.5%
glutaraldehyde for 2 h and then washed with 0.1 M PBS for three times.
Dehydration was carried out in a gradient of 50%, 70%, 80%, 90%, 95%,
and 100% ethanol. Samples were dried and then coated with gold for
120 s. Images were taken by Hitachi S-4800 scanning electron
microscope.

2.10. Preparation of PEG hydrogels

PEGDA was a kind gift from Prof. Y. Du (Tsinghua University, Bei-
jing, China). PEG hydrogel samples of different stiffness were prepared
from 0.1% to —0.5%, 1%, and 2% PEGDA as previously reported [30].

2.11. Cell proliferation assay

The influence of SCMECs/BMECs on SNSC/BNSC proliferation was
analyzed using transwell assays. SNSCs or BNSCs were seeded on the
plates coated with 100 pg/mL of PDL at a density of 5 x 10 cells/well,
whereas SCMECs or BMECs were placed into transwell inserts (Corning).
After 3 days of culture, DNA synthesis was measured using the Beyo-
Click™ EdU Cell Proliferation Kit with Alexa Fluor 488-coupled azide
(Beyotime, China) following the manufacturer’s protocol. Briefly, cells
were labeled with 10 pM EdU for 6 h, fixed with 4% PFA for at least 15
min, and permeabilized with 0.5% Triton for 15 min at room tempera-
ture. After treatment with click reaction buffer for 30 min and staining
with Hoechst 33342 at a dilution of 1:1000, proliferative cells labeled
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with Alexa Fluor 488-azide were detected under an Olympus FV3000
laser scanning confocal microscope.

2.12. Migration assay

Neurospheres (SNSCs or BNSCs) were placed into on the bottom of
transwell plates coated with PDL, co-cultured with SCMECs or BMECs
for 24 h, and analyzed using phase-contrast microscopy (Nikon Eclipse
55i, Nikon). The distance of neural cell migration from the edge of the
neurospheres was measured using the NIKON software.

2.13. SCMECs/BMECs cultured on NeuroRegen scaffold and
characterization

4-mm sterilized NeuroRegen scaffold was immersed in deionized
water (ddH50) and then dried for at least 30 min in the cells culture
bench. SCMECs/BMECs with the number of 0.25 x 108, 1 x 10, or 4 x
10° were respectively resuspended at 200 pL culturing medium and
dropped onto the scaffold to incubate at the cell incubator at least 3 h,
after adding fresh medium for 3 h incubating, the NeuroRegen with cells
were transferred into new wells with fresh medium and cultured over-
night for in vivo implantation. Before implantation, cells in combination
with NeuroRegen were washed with PBS.

After 1 d and 3 d cells culturing in the NeuroRegen scaffold, cells
were stained with LIVE/DEAD viability/cytotoxicity kit (Invitrogen,
USA), alamarBlue cell viability assay agent (Solarbio, China), and
Phalloidin (Yeasen, China) following the manufacturer’s protocol. The
biocompatibility [31] of NeuroRegen was also evaluated.

2.14. SCI model

Rats were fasted for 8-10 h prior to intraperitoneal injection of so-
dium pentobarbital (30 mg/kg) for anesthesia. Surgical exposure is
performed at the T8-T10 segment of the rat’s back, T9 vertebral plate
was removed with occlusal forceps, and a 4-mm piece of the T8-T9
spinal cord region was excised. After bleeding was stopped with gelatin
sponges (Xiangen, China), NeuroRegen scaffolds [32] loaded or not with
SCMECs or BMECs were transplanted into the lesions to form a contin-
uous spinal cord, and muscles (fascia) and skin were sutured in layers.
The following eight experimental groups (N = 10 in every group) were
compared: Sci, unloaded scaffold, and scaffolds loaded with different
numbers of SCMECs or BMECs: 0.25 x 10° (SC.orBC.), 1 x 10° (SC1 or
BC1), or 4 x 10° (SC4 or BC4).

2.15. Behavioral assessment

Motor function recovery in rats with SCI was assessed according to
the Basso-Beattie-Bresnahan scale [33], which scores limb movement,
paw placement, coordination, and gait from 0 (paralysis) to 21 (normal).
To analyze the recovery of hind limb muscle strength at 8 weeks post-
operatively, the hind limbs were hit and their strength was recorded
with a micro-structured pressure transducer [34]. For the inclined toggle
test, the rats were placed on a horizontal surface with a gradually
increasing inclination angle, and the maximum angle at which they did
not slip for 5 s was recorded [35]. Each animal was tested three times.

2.16. Histological analysis

Rats were anesthetized 10 days or 8 weeks post-surgery after
behavioral tests, 4% PFA was injected intracardially for perfusion to
collect 3-cm-long spinal cord segments including the lesion site,
sequentially immersed in 15 and 30% sucrose, embedded in Tissue-Tek
OCT compound at —80 °C, cut into 12-pm-thick sections using a Leica
freezing microtome, and subjected to histological analysis after immu-
nolabeling and hematoxylin-eosin and LFB staining as described previ-
ously [36,37]. Antibodies used for immunostaining are listed in
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Table S1.
2.17. Statistical analysis

Raw data were statistically analyzed using GraphPad Prism. The
results are expressed as the mean + standard deviation (SD). The dif-
ference between two groups was assessed using a t-test. The difference
between more than 3 groups was assessed using ANOVA analysis; p <
0.05 was considered to indicate statistical significance.

3. Results
3.1. Establishment of primary SCMEC and BMEC isolation

Inspired by the currently existing methods to isolate primary
SCMECs and BMECs, we established a system for primary SCMECs and
BMECs isolation, which includes mechanical dissociation and one-step
enzymatic digestion (Fig. 2A). Brain and spinal cord tissue homoge-
nates were obtained using pipettes of different sizes or a specially
designed tissue grinder inspired by the Dounce tissue grinder, respec-
tively, and microvascular segments were collected through centrifuga-
tion. After enzymatic digestion and clearance of contaminate using
puromycin treatment, the digested microvessels displayed a “beads-on-
a-string” appearance, which was consistent with the observations of a
previous study [38]. SCMECs and BMECs migrated out of the digested
microvessles and proliferated to cell confluence within 5-7 days
(Fig. 2B). In addition to the mechanical dissociation optimization for
microvessels harvesting, cell culture flask was also utilized to improve
cell yield by coating with collagen and/or fibronectin. The results
indicated that cells proliferated better in the fibronectin- than in
collagen-coated plates and that the highest proliferation rate was
observed in the plates coated with both collagen and fibronectin
(Fig. 2C), suggesting that collagen-fibronectin coating should be used to
isolate microvascular-derived endothelial cells (MECs).

Previous studies demonstrated that to avoid the growth of other cell
types, ensuring purity in the MECs culture, cells could be treated with a
permeability glycoprotein (P-gp) substrate, such as puromycin [39,40].
Therefore, to increase cell purity we used puromycin, which eliminated
non-endothelial aSMA- and desmin-positive cells in a
concentration-dependent manner (Fig. 2D and Fig. S1). In previous
studies, puromycin has been administered immediately after micro-
vessels attachment on day 0 [41,42]. However, to maximize cell adhe-
sion and improve the SCMEC/BMEC yield, we added puromycin 24-48 h
after the attachment of microvessels; thus, contaminating cells were
efficiently eliminated and the purity of the isolated SCMECs and BMECs
reached 99.8% and 99.6% stained with vwF, respectively (Fig. 2E and
F). Also, the isolated SCMECs/BMECs were further verified with high
purity by staining with CD31 and aSMA (Fig. S2). After the optimization
steps described above including mechanical dissociation, coating strat-
egy, and administration timing of puromycin, it is found that
SCMEC/BMEC yield is 2 x 10%/rat, which was >20-times higher than
that reported previously [43], supporting the successful establishment
of an efficient and time-saving protocal for primary SCMEC and BMEC
isolation with a high yield and purity.

3.2. SCMECs and BMECs exhibit different transcriptional profiles

To investigate transcriptional differences between primary SCMECs
and BMECs, we performed RNA-sequencing (RNA-seq). Three biological
replicates in each group (SR1-3 and BR1-3) exhibited a high correlation
with an average Pearson’s correlation coefficient >0.96 (Fig. S3).
Differentially expressed genes (DEGs) analysis by volcano plot revealed
1048 up-regulated and 1241 down-regulated genes (loga FC > 1 or < -1,
respectively; p-value <0.05) in SCMECs compared to those in BMECs
(Fig. 3A and Fig. S3). DEGs were clustered in a heatmap to highlight
transcriptomic differences between SCMEC and BMEC samples (Fig. 3B).
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Fig. 2. Isolation and characterization of primary SCMECs and BMECs. (A) Schematic presentation of primary rat SCMECs and BMECs isolation procedure, SCMECs,
spinal cord microvascular endothelial cells; BMECs, brain microvascular endothelial cells. (B) Morphology of SCMECs and BMECs after culturing for different
indicated times, analyzed using phase contrast microscopy. Scale bars, 500 pm (day 0) and 200 pm (days 2-7). (C) Representative phase-contrast images of SCMECs
(left) and BMECs (right) grown for 72 h on culture plates coated with 100 or 500 pg/mL collagen (Col) and/or 5 or 30 pg/mL fibronectin (Fn). Scale bar, 200 pm. (D)
Representative immunofluorescence images of SCMECs (left) and BMECs (right) treated with the indicated concentrations of puromycin (ng/mL) and stained with
DAPI (blue) and antibodies against CD31 (green), «SMA (pink), or GFAP (red). Scale bar, 200 pm. (E and F) Representative flow cytometry dot plots of isolated
SCMECs (E) and BMECs (F) labeled with antibodies against vwF (upper panels) and desmin (lower panels).

In addition, top-ranked DEGs (Fig. S4) revealed that in SCMECs, ho-
meobox (HOX) genes were strongly expressed and all of them had a
higher expression level than that in BMECs (Fig. S5), which was
consistent with a key role of HOX genes in determining endothelial cell
positional identity and striking differences in HOXB7 expression be-
tween SCMECs and BMECs observed in previous studies [44,45]. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed
the DEGs enrichment mainly in the PI3K-AKT and cell adhesion mole-
cule pathways, known to be involved in angiogenesis [46,47], followed
by adhesion-related signaling pathways, such as ECM-receptor interac-
tion and focal adhesion pathways, etc (Fig. 3C). Other enriched path-
ways were associated with neurogenesis-related signaling, including the
axon guidance pathway, and immune-related pathways, such as leuko-
cyte transendothelial migration, natural killer cell-mediated cytotox-
icity, and systemic lupus erythematosus (Fig. 3C and Fig. S6), indicating
that SCMECs and BMECs might be conditional immune cells in the BSCB
and BBB. Gene Ontology (GO) term analysis revealed that DEGs were
significantly enriched in system development and multicellular organ-
ismal development (biological process domain), plasma membrane part
and extracellular space (cellular component domain), and protein
binding and receptor binding (molecular function domain; Fig. 3D-F
and Fig. S6).
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3.3. Comparison of protein levels in SCMECs and BMECs

We also explored proteomics differences between SCMECs and
BMECs to discover 288 up-regulated and 271 down-regulated proteins
(FC > 2 and <0.67, respectively; p-value < 0.05) in SCMECs compared to
those in BMECs (Fig. 4A). Cluster analysis of differentially expressed
proteins (DEPs) and top 50 DEPs were also illustrated in heatmaps to
reveal significant differences between SCMECs and BMECs (Fig. 4B and
Fig. S7). The PANTHER classification system [48] revealed 15 and 12
protein classes in the up-regulated and down-regulated DEPs, respec-
tively; among them, the class of metabolite interconversion enzymes
ranked first, accounting for 18.2% and 43.9% of the upregulated and
downregulated DEPs, respectively. Transporter, cytoskeletal, and
membrane traffic proteins were special among the classification of
down-regulated DEPs, whereas gene-specific transcriptional regulator
proteins were specially associated with up-regulated DEPs (Fig. 4C).

To gain further insights into the functional role of DEPs, we per-
formed GO and KEGG enrichment analyses. The GO analysis highlighted
DEP enrichment in extracellular space, extracellular region, extracel-
lular region part, cell surface, and immune-related events such as
leukocyte cell-cell adhesion, leukocyte aggregation, antigen processing
and presentation, and T cell activation (Fig. 4D). Additionally, 6 of 10
biological processes were related to immune-related processes (Fig. S8).
KEGG pathway analysis indicated that 5 of the top 10 pathways were
associated with metabolism-related pathways, and 2 categories related
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Fig. 3. Comparative transcriptomics of SCMECs and BMECs. (A) A volcano plot of RNA-seq results showing statistics of upregulated and downregulated genes (DEGs;
log, FC > 1 or < —1, respectively; p-value < 0.05). (B) Heatmap of DEGs in SCMECs compared with BMECs. (C) A scatter plot of the top 10 KEGG pathways enriched
among the DEGs. (D-F) Top 10 enriched GO biological processes (D), cellular components (E), and molecular functions (F). Red lines indicate the number of DEGs.

to immunity, such as complement and coagulation cascade (Fig. 4E).
Notably, cell adhesion molecules pathway was the only pathway
enriched among both DEGs and DEPs, which was involved in
angiogenesis.

Combined transcriptomics and proteomics analysis revealed 82
differentially expressed genes and proteins (DEGPs) in the SCMECs
group (FC > 2 or < —2 in both genes and proteins, p-value < 0.05;
Fig. 4F). Consistent with transcriptomics and proteomics results, KEGG
enrichment analysis revealed that among the top 10 pathways, 6 were
associated with immunity and metabolism (Fig. 4G). Furthermore, axon
guidance and PPAR signaling pathways, which are associated with
neuronal and NSC fate [49], were enriched in the top 10 DEGPs (Fig. 4G
and Fig. S9). These results might suggest close associations between
MECs and NSCs in the CNS.

3.4. SCMECs and BMECs display different angiogenic activities

As SCMECs and BMECs play crucial roles in the formation of BSCB
and BBB and the neurovascular microenvironment of the CNS, we
further compared their angiogenic activity. Analysis of angiogenesis-
related gene expression [50] revealed differences between SCMECs
and BMECs (Fig. 5A), especially in the mRNA levels of pro-angiogenic
genes such as Fgfl, Angtp2, VegfA, and PdgfA, which were higher in
BMECs than in SCMECs. Moreover, the expression of
mechanosensory-related genes in SCMECs such as Piezol, and Trpv [51]
were also higher in BMECs (Fig. 5B), and RT-qPCR further confirmed the
expression trend in BMECs versus SCMECs such as angiogenesis-related
genes Anpep, Tgfb3, and mechanosensory-related genes Itga5 (Fig. S10).

Our previous study found that the angiogenic phenotype of liver
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sinusoidal endothelial cells could be induced in response to polyethylene
glycol (PEG) hydrogels only within a certain modulus range, suggesting
that endothelial cell angiogenesis could be regulated by stiffness stim-
ulation [52]. As the biomechanical properties of spinal cord and brain
tissue are different [53], therefore we further investigated the differ-
ences of in vitro angiogenesis induction between SCMECs and BMECs on
hydrogels of different elastic moduli. The modulus of the polyethylene
glycol (PEG) hydrogel could be adjusted by the PEG diacrylate (PEGDA)
contents [30]. Rheometer testing proved the elastic modulus of obtained
hydrogels were ranged from 50 to 3500 Pa, the more the PEGDA content
in the hydrogel, the higher the modulus (Fig. S11). After culturing on the
PEG hydrogels for 12 h, both SCMECs and BMECs acquired an angio-
genic phenotype in tailored modulus (Fig. 5C, D and Fig. S12). Modulus
of 50-1650 Pa was used for SCMECs, and of 50-300 Pa for BMECs
(Fig. S11, Fig. 5C and D), consistent with the greater softness of brain
(4.8 kPa for cortex) compared to that of the spinal cord (10 kPa) [53].
Immunofluorescence staining showed that the protein expression level
of angiogenesis-related marker tight junction protein 1 (also known as
zonula occludens-1, ZO-1) was higher in SCMECs and BMECs cultured
on 0.2% PEG hydrogel than in those grown on tissue culture plates
(Fig. 5E), suggesting more efficient induction of the angiogenic pheno-
type on the hydrogel with low stiffness. Similar results were obtained for
F-actin staining (Fig. 5F).

3.5. SCMECs promote SNSC proliferation, migration, and differentiation

Previous reports have identified the vital significance of NSC in SCI
repair and their close association with endothelial cells [21,54,55].
However, whether SCMECs and BMECs differ in their influence on



Z. You et al.

Bioactive Materials 29 (2023) 3649

A B == metabolie interconversion enzyme Fig. 4. Comparative proteomics and combined tran-
B e r llular tr) teir . . .
© L. ; 0000000000 _ [T LT nouisor scriptomics/proteomics of SCMECs and BMEGs. (A) A
wp ‘[

== gene-specific transcriptional regulator . . "

271 288 - domn @ = chromaticiromat bnding, volcano plot of differentially expressed proteins
or -regulatory protein

g hons 1= prten modiyng enzyme (DEPs) in SCMECs (FC > 1.5 or < 0.67 for upregu-
B e o posteln lated (purple) or downregulated (pink) DEPS,

R . . .
g [ i PO respectively; p-value < 0.05). (B) Proteomic clustering
& T oo in SCMECs (SP1-3) compared to that in BMECs
2 k oA o okeculd (BP1-3). (C) Classification of DEPs using the
~ o : PANTHER system. (D and E) Top 10 enriched GO

— metabolte interconversion enzyme
| : N ki terms (D) and KEGG pthways '(E) among the DEPs.
i e proish modng rme (F) A volcano plot of differentially expressed genes
= = : frgf";fgjjg:;fe'f;g;‘ﬁ" and proteins (DEGPs) (logz FC > 1 or < -1 for upre-
e s SR | = eoe ok ning o gulated or downregulated DEGPs, respectively)
l-: , (Fo;: L ze) 4 o — eee : : : : . .: ﬁﬂﬁgeeﬁﬁ'{%;ﬁ?p;me.n identified by combined transcriptomics/proteomics
g g Ramarar’ 0000000000 = ool ohesin moode analysis. (G) A scatter plot of top 20 enriched KEGG
= = o e
D 5555858 E pathways among the DEGPs.
GO: top 10 KEGG: top 10
Lysosome,
extracellular space

extracellular region -

Bile secretion,

aureus inf

cell surface o

extracellular region part and

leukocyte cell-cell adhesion

external side of plasma membrane
response to lipid

leukocyte aggregation

antigen processing and presentation

Drug metabolism - cytochrome P450,
Mineral absorption,

ECM-receptor interaction,

Nitrogen metabolism

Cell adhesion molecules (CAMs)
Metabolism of xenobiotics

T cell activation by cy

0 5 10
-Log 10 (P value)

ul

P450 | T 1
0 2
-Log 10 (P value)

Natural killer cell mediated cytotoxicity

Lysosome

PPAR signaling pathway

Staphylococcus aureus infection

Axon guidance

Nitrogen metabolism

Mineral absorption

Biosynthesis of unsaturated fatty acids
C and i d

2

1

Tuberculosis

Fc gamma R-mediated phagocytosis
Phagosome

Fc epsilon Rl signaling pathway
Leukocyte transendothelial migration
HIF-1 signaling pathway

Focal adhesion

Cell adhesion molecules (CAMs)
Systemic lupus erythematosus
Phenylalanine metabolism

Bile secretion

0

-1

Protein Expression log2 Foldchange

-2

o

Gene Expression log2 Foldchange

SNSCs and BNSCs remains unknown. To address this question, we
co-cultured BNSCs and SNSCs with SCMECs or BMECs in transwell
plates.

Typical BNSCs and SNSCs spheroids expressing NSC markers, nestin
and Sox2, were obtained after 5-7 days of culture (Fig. S13). Moreover,
the obtained cells demonstrated the ability to differentiate into neurons
and glial cells, evidenced by the expression of neuron-specific class III
beta-tubulin (Tujl) and astrocyte-specific glial fibrillary acidic protein
(GFAP), respectively (Fig. S13). Co-culture of BNSCs or SNSCs with
BMECs or SCMECs showed that both types of endothelial cells induced
the proliferation of BNSCs and SNSCs, evidenced by an increased
number of EdU-positive cells (Fig. 6A and B). The effect of SCMECs on
BNSCs was stronger than that of BMECs; however, there was no signif-
icant difference between the effect of both MECs in SNSCs (Fig. 6A and
B).

The effect of MECs on NSC migration was analyzed by seeding the
SNSC or BNSC neurospheres on the poly-p-lysine (PDL)-coated lower
compartment of plates, and co-culturing them with or without BMECs or
SCMECs for 24 h (Fig. 6C). The migration distances of SNSCs were
longer than those of BNSCs in non-conditional medium (Fig. 6D and E),
suggesting that SNSCs had a higher ability to migrate than BNSCs. Both
SCMECs and BMECs positively affected BNSC and SNSC migration;
however, the effect of BMECs was more pronounced (Fig. 6D and E).
Similar results were obtained using conditioned medium (CM) from
BMEC or SCMEC cultures. Both CM stimulated NSC migration; however,
a dose-response effect was observed only with BMEC-CM (Fig. 6F and
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Finally, we tested the influence of BMECs and SCMECs on NSC dif-
ferentiation. Co-culture of BNSCs with BMECs or SCMECs increased the
number of Tujl-positive cells and decreased the number of GFAP-
positive cells, compared to BNSC control conditions (Fig. 6H and I).
Similarly, co-culture of SNSCs with BMECs or SCMECs increased the
number of Tujl-positive cells (Fig. 6H and I). These results indicated
that both BMECs and SCMECs stimulate NSC differentiation, in agree-
ment with previous reports on the beneficial effect of endothelial cells
on NSC differentiation [21,56].

the stronger effect of BMECs on BNSC/SNSC

3.6. SCMEC transplantation promotes vascular reconstruction

Considering the crucial roles of SCMECs in the spinal cord micro-
environment and their positive effects on NSC proliferation, migration,
and differentiation, we hypothesized that they could exhibit positive
effects on SCI repair. To test this hypothesis, we explored the therapeutic
effect of SCMECs and BMECs in combination with NeuroRegen using an
in vivo model of complete SCI (Fig. 7A and Fig. S14). Different numbers
of GFP-labeled SCMECs or BMECs (0.25 x 10°% 1 x 10, or 4 x 10%
groups designated as SC./BC., SC1/BC1, or SC4/BC4, respectively) were
seeded on NeuroRegen scaffolds overnight, and the compatibility of
NeuroRegen for transplanted cells was confirmed using live/dead cell
staining and scanning electron microscopy (SEM). Cells cultured on
NeuroRegen showed spreading morphologies by F-actin staining and
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improved proliferation ratio tested by alamarBlue staining (Fig. S15).
Cells were then transplanted into rats with complete SCI for 10 days
(early-stage; Fig. S16) or 8 weeks (late-stage), and the number of GFP-
labeled SMECs/BMECs remained in the injured spinal cord tissue was
positively correlated with the initial number of transplanted cells
(Fig. S17).

Then, we further examined the neovascularization at the lesion site
in early-stage and late-stage SCI repair. Treatment with SCMECs or
BMECs in combination with NeuroRegen increased the blood vessel
density at early-stage SCI, compared to that in the Scaffold or Sci groups.
As evidenced by the expression of endothelial cell antigen RECA-1,
SCMECs-treated rats exhibited more blood vessels at the SCI site than
BMEC-treated rats; moreover, the largest number of microvessels was

SCMECs
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Fig. 5. Comparison of angiogenesis in SCMECs and
BMECs. (A) Heatmap of angiogenesis-related genes.
(B) Heatmap of mechanical sensors-related genes. (C
and D) Morphology of SCMECs (C) and BMECs (D)
cultured on PEG hydrogels with different PEGDA
content and elastic modulus. Scale bar, 100 pm. (E
and F) Representative immunofluorescence images of
SCMECs and BMECs (F) cultured on PEG hydrogels
prepared with different PEGDA concentrations. Cells
were stained with DAPI (blue) and antibodies against
ZO-1 (green; E) and F-actin (green; F); scale bar, 100
pm.

Itga5
Itgb1
vegfr2
Trpv4

BMECs

observed in the SC1 group rather than in the SC4 group (Fig. 7D, E, and
H), indicating that 1 x 10°® SCMECs integrated into NeuroRegen was the
most effective combination for vascular reconstruction at early-stage
SCL Similarly, the SC1 group showed a significantly higher degree of
neovascularization than the BC1 and scaffold groups at late-stage SCI
(Fig. 7F, G, and I). Also, immunofluorescent staining results showed that
Z0-1 expression level in the SC1 group was the highest among all the
groups, possibly suggesting enhanced neovascularization after SCMECs
transplantation (Fig. S18). In vitro RNA-seq data showed that 17 genes
related with angiogenesis regulation were expressed 10 or more times
higher in SCMECs than in BMECs (Fig. 7J), which might be benefit for
neovascularization after implantation. Moreover, the higher expression
levels of Gata4, Hcarl, Mepe, I117b and Esm1 in SCMECs were related
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Fig. 6. Effects of SCMECs and BMECs on BNSCs and SNSCs. (A) Representative immunofluorescence images of BNSCs and SNSCs stained with EdU (green) and DAPI
(blue). Scale bar, 200 pm. (B) The proliferation ratio (EdU-positive/DAPI-positive) of BNSCs (upper graph) and SNSCs (lower graph) in the presence of SCMECs and
BMECs (n = 3 per group); *p < 0.05 and **p < 0.01 using the one-way ANOVA. (C-E) Effect of MECs on NSC migration. Schematic representation of the transwell
system used in the test: NSC neurospheres were placed on the bottom of a PDL-coated plate and ECs were placed in the insert (C). Representative Images of BNSCs and
SNSCs cultured with SCMECs and BMECs are shown (CTRL, control) (D). Graphs present the migration distance of BNSCs (upper) and SNSCs (lower) cultured with
SCMECs or BMECs (n > 7 per group); ***p = 0.0001 and ****p < 0.0001 (E). (F and G) Effects of SCMEC and BMEC conditioned medium (CM) on NSC migration.
Images of migrated BNSCs and SNSCs cultured with the indicated CM concentrations (F). Quantitative analysis of NSC migration distance (n > 6 per group); *p <
0.05, **p < 0.01, ***p = 0.0001, and ****p < 0.0001 (G). (H and I) Effect of SCMECs and BMECs on BNSC (H) and SNSC (H) differentiation analyzed using

immunofluorescence. Tujl, green; GFAP, red; DAPI, blue. Scale bar, 200 pm.

with VEGF secretion [57]. Hence, it’s assumed that VEGF-PI3K-AKT
signaling pathway might involve SCMECs vascular reconstruction in
SCI rats. Immunohistochemistry and western blot analysis found that
higher expression levels of VEGF, AKT, and phosphor-endothelial
nitric-oxide synthase (eNOS) in the SC1 group than BC1 group at 8
weeks post-treatment in SCI (Fig. 7K and L).

Endothelial cells also play an important role in regulating inflam-
matory responses, which were evaluated after MECs transplantation
through the expression of reactive microglia/macrophage marker,
CD68. Highest CD68 expression levels were observed in the BC4 group
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and rather high in the SC4 group, but the lowest in the SC1 group
(Fig. 8A and B and Fig. S19), suggesting that inflammation could be
responsible for the weaker vascularization of SC4/BC4 in SCI repair. The
expression levels of a M2 macrophage marker, CD206, were also char-
acterized at early stage (Fig. S19). More CD206+ cells were observed in
the SC1 group, indicating higher level of anti-inflammatory effects of a
certain concentration of SCMECs, which might lead to better therapeutic
effects [58-60].
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Fig. 7. Transplanted SMECs/BMECs affect vascular reconstruction after SCI. (A) Schematic representation of the experimental design. SCMECs or BMECs loaded on
NeuroRegen scaffolds were transplanted into the lesion site of rats with complete SCI. (B) Representative SEM images of SCMECs or BMECs cultured on NeuroRegen
for 2 days. Scale bar, 100 pm. (C) Live-dead staining of SCMECs and BMECs cultured on NeuroRegen for 1 day and 3 days. Scale bar, 200 pm. (D and E) RECA-1
immunostaining of the spinal cord at early-stage SCI; scale bars, 1000 pm (D) and 100 pm (SCI zone, E). GFAP, red; RECA-1, green; DAPI, blue. (F and G) RECA-1
immunostaining of the spinal cord at late-stage SCI; scale bars, 1000 pm (F) and 100 pm (SCI zone, G). GFAP, red; RECA-1, pink; DAPI, blue. (H and I) Quantification
of RECA-1-positive blood vessels in the early-stage (H) and late-stage SCI zone (I). (J) RNA sequencing results of the expression of genes related to angiogenesis
regulation of. (K and L) Immunohistochemistry (K) and western blot analysis (L) of proteins in the VEGF-PI3K/AKT/eNOS signaling pathway.

3.7. SCMECs stimulate neuronal regeneration and functional recovery in
SCI rats

Migration and neural differentiation of endogenous NSCs were
thought to be essential for the replacement of lost neural cells at the
injured site. Immunostaining of the injured spinal cord for nestin in
early-stage SCI revealed that the number of NSCs was increased after
transplantation of SCMECs or BMECs compared to that of NeuroRegen
alone, being the highest in the SC1 group (Fig. 8C, D, and Fig. 520).
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However, no significant difference were found between the SC1 and BC1
groups, suggesting that both SCMECs and BMECs could recruit endog-
enous NSCs into the lesion site at early-stage SCI. Furthermore, Tujl-
positive cell number was higher in rats treated with SCMECs or
BMECs than in those treated with the scaffold alone; the highest
numbers were detected in the SC1 and BC1 groups (Fig. 8E and F). More
Tujl-positive neurons at the lesion site and more mature neuronal cells
(positive for microtubule-associated protein 2 [MAP2], serotonin [5-
HT], and choline acetyltransferase [ChAT]) in the SC1 group at late-
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Fig. 8. Transplanted SCMECs promoted neural niches and motor function recovery in rats with SCI. (A and B) Representative images of CD68-positive areas (A) and
quantitative analysis (B) for early-stage SCI. GFAP red; CD68, gray; DAPI, blue. Scale bar, 100 pym. (C and D) Representative images of nestin-positive areas (C) and
quantitative analysis (D) for early-stage SCI. GFAP, red; nestin, gray; DAPI, blue. Scale bar, 100 pm. (E and F) Representative images of Tujl-positive areas (E) and
quantitative analysis (F) for early-stage SCI. GFAP, red; Tujl, gray; DAPI, blue. Scale bar, 100 pm. (G) Representative images of Tujl-positive areas for late-stage SCI.
Scale bars, 1000 pm (left) or 100 pm (lesion site, right). GFAP, red; Tuj1, cyan; DAPI, blue. (H) Hindlimb Basso-Beattie-Bresnahan scores. (I) Relative corresponding
signals of hindlimb strengths were recorded by the pressure sensorat 8 weeks post-SCI. (J) Inclined plane assay results at 8 weeks post-SCI for the indicated animal
groups (n = 3 per group).
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stage treatment than those in the BC1 and scaffold groups (Fig. 8G, and
Fig. S21). Moreover, luxol fast blue (LFB) staining revealed increased
myelin deposition in the SC1 group (Fig. S22). Overall, these findings
indicated that transplanted SCMECs at certain dose were more effective
than BMECs in promoting neuronal regeneration at both early- and late-
stage SCI.

Finally, we analyzed motor function restoration in SCI rats after
treatment with SC1 and BC1 preparations, using the Basso, Beattie, and
Bresnahan locomotor rating scale. The SC1 and BC1 groups exhibited
significantly higher scores (8.0 and 6.0, respectively) than the Sci group
at week 6 (Fig. 8H). Furthermore, SC1 and BC1 administration signifi-
cantly increased hindlimb strength at week 8 post-transplantation,
which was higher in the SC1 group (Fig. 8I). The inclined plane test
revealed wider angles in the SC1 (31°) and BC1 (25°) groups than in the
Sci group (19°; Fig. 8J). These data indicate that the transplantation of
MECs promotes motor function recovery after SCI and that the thera-
peutic effect of SCMECs is significantly stronger than that of BMECs.

4. Discussion

Endothelial cells are considered key factors for SCI repair owing to
their role in vascular reestablishment, producing a microenvironment
conducive to neuronal regeneration, thus playing crucial roles in spinal
cord homeostasis, pathogenesis, and reconstruction. In embryonic and
adult stages [61], a phenomenon called neurovascular congruence
showing functionally and physically interdependent in the vascular and
nervous systems is widespread, suggesting close association of vascular
system with neural microenvironment. Moreover, it was reported that
endothelial cells direct axon growth in SCI model and improve neuro-
genesis; In the brain, BMECs were found to regulate NSC differentiation
fate by secreting bioactive factors [62] and provide trans-differentiation
signals to reprogram astrocytes into NSC [63]. In addition, influence of
endothelial cells on NSC have been reported [21,56,64], and the pro-
liferation and differentiation of neural progenitor cells is accompanied
by vascularization of the central nervous system to meet the increasing
demand for nutrients and oxygen, suggesting a close relationship be-
tween neovascularization and neurogenesis [65]. Furthermore, in the
adult SCI rats, axonal regeneration was found to be regulated by neo-
vascularization secretion factors and distributed in the direction of
neovascularization [23]. Konstantinos et al. summarized many kinds of
angiogenesis administrators for spinal cord treatment, showing close
correlation between angiogenesis and functional recovery after SCI
[66]. Considering the dual positive effects of endothelial cells including
MECs on modulation neural regeneration and vascular microenviron-
ment reestablishment, human umbilical vein endothelial cells trans-
plantation further implied functional recovery in SCI repair [67,68],
suggesting CNS-derived endothelial cells including MECs may be great
potential candidates to promote SCI repair.

However, to the best of our knowledge, there are no reports yet of the
use of SCMECs or BMECs for spinal cord regeneration after SCI. Our
present findings indicate that at certain dose, SCMECs promote vascular
reconstruction, neuronal regeneration, and functional improvement in
rats with SCI more effectively than BMECs. Similar results were
observed in our previous studies revealing more effectiveness of SNSCs
than NSCs from other sources in SCI repair [24,69], suggesting that
tissue-specific origin of cells used for transplantation is a factor to be
considered in SCI repair, and more potent of SCMECs in stimulating SCI
functional recovery than BMECs.

It was observed there was no significant difference in the number of
endogenous SNSCs at the injury site after transplantation of the same
number of SCMECs and BMECs in the SCI and BC1 groups. This appears
to contradict the stronger effect of BMECs on SCNSC migration; how-
ever, this phenomenon could be explained by the higher vascular
reconstruction at the injury site in the SC1 group compared to that in the
BC1 group, which improved the effects of SCMECs on SCNSC migration.
The higher levels of vascular reestablishment may further enhance the
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SCMECs therapeutic effects on SCI repair.

It was SC1 group, not SC4 group showed a better therapeutic effect in
SCI repair, which seemed the effects of transplanted SCMECs or BMECs
on angiogenesis or neurogenesis did not present a dose-dependent
manner. This was probable due to the higher levels of immune re-
sponses (Fig. 8A and B) induced by the excessive exogenous cell trans-
plantation. Besides, Maciej et al. analyzed MSC dose-response in clinical
trials to reveal that MSC treatment in clinical trials was ineffective if the
dosage was too low or high [70], suggesting only an appropriate number
of implanted cells can obtain better therapeutic effects in treatment of
diseases.

Transcriptomic and proteomic profiling revealed inherent differ-
ences between SCMECs and BMECs were mainly focused on metabolism-
, immunity-, and angiogenesis-related signaling pathways. These results
are consistent with the notion that endothelial cells participate in im-
mune responses [71,72], strengthening the hypothesis that MECs play a
crucial role in the immune microenvironment of the CNS and further
in-depth studies are needed. In addition, the Rapl pathway involved in
the endothelial barrier function was also enriched in our transcriptomic
analysis, consistent with the reported differences between BSCB and
BBB [18]. The PI3K-AKT signaling pathway, which ranked first in the
KEGG analysis of DEGs in our results, has been reported closely asso-
ciated with angiogenesis and performed an essential role in the patho-
logical process of SCI [73,74]. For instance, insulin-like growth
factor-1-induced PI3K-AKT signaling activation reduced MEC
apoptosis and microvascular damage after SCI. And activating PI3K-AKT
signaling pathway by inhibiting phosphatase and tensin homolog pro-
moted axon growth and recovery of locomotor function in SCI mouse
model [75]. These investigations highlighted the importance of the
PI3K-AKT signaling pathway in vascular and neural microenvironment
in SCI. Additionally, we also found that higher levels of VEGF, AKT, and
eNOS were detected in the SCI rats with SCMEC treatment, which is
consist with the results of SCMEC characteristics, and might contribute
to the higher SCI repair efficiency of SCMECs.

5. Conclusion

In this study, we established an efficient protocol for SCMEC and
BMEC isolation from adult rats. Furthermore, we uncovered differences
between SCMECs and BMECs in angiogenesis-related genes, proteins,
signaling pathways and responsibility to stiffness stimulation. Using
complete SCI rat model, we found that the transplantation of certain
dose SCMECs loaded on the NeuroRegen scaffold showed superior re-
sults than that of BMECs in vascular reconstruction and inflammatory
regulation, consequently improving neural regeneration. We also high-
light the VEGF/AKT/eNOS- mediated signaling pathway as a potential
underlying mechanism of this phenomenon involved in SCMEC-
promoted neovascularization and neuronal regeneration. Our study
will facilitate clinical translational research of SCMECs in terms of
therapeutic application.
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