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Abstract

Neurovascular dysfunction is a primary or secondary cause in the pathogenesis 

of several cerebrovascular and neurodegenerative disorders, including stroke. 

Therefore, the overall protection of the neurovascular unit (NVU) is a prom-

ising therapeutic strategy for various neurovascular diseases. However, the 

complexity of the NVU limits the study of the pathological mechanisms of neu-

rovascular dysfunction. Reconstituting the in vitro NVU is important for the 

pathological study and drug screening of neurovascular diseases. In this study, 

we generated a spontaneously assembled three- dimensional NVU (3D NVU) 

by employing the primary neural stem cells and brain microvascular endothe-

lial cells in a Matrigel extracellular matrix platform. This novel model exhibits 

the fundamental structures and features of the NVU, including neurons, astro-

cytes, oligodendrocytes, vascular- like structures, and blood– brain barrier- like 

characteristics. Additionally, under oxygen- glucose deprivation, the 3D NVU 

exhibits the neurovascular-  or oxidative stress- related pathological character-

istics of cerebral ischemia and the injuries can be mitigated, respectively, by 

supplementing with the vascular endothelial growth factor or edaravone, which 

demonstrated that the availability of 3D NVU in ischemic stroke modeling. 

Finally, the 3D NVU promoted the angiogenesis and neurogenesis in the brain 

of cerebral ischemia rats. We expect that the proposed in vitro 3D NVU model 

will be widely used to investigate the relationships between angiogenesis and 

neurogenesis and to study the pathology and pharmacology of neurovascular 

diseases.
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1 |  INTRODUCTION

The neurovascular unit (NVU) is an organized multicel-
lular and multicomponent network that is important for 
brain health (1). This brain- localized unit is composed of 
neural and vascular components, and the interface and 
interactions between these components are crucial for 
the regulation of material exchange between the blood-
stream and the brain parenchyma (2– 4). The neural com-
ponent of the NVU consists of neurons and glial cells 
(microglia, astrocytes, and oligodendrocytes), while the 
vascular component consists of endothelial cells, peri-
cytes, and vascular smooth muscle cells (1). The neural 
component— particularly the neurons— are crucial for 
the cognitive function of patients with various neuro-
degeneration diseases and are affected by a variety of 
pathological influences (e.g., hypoxia, oxidative stress). 
The vascular component— particularly the endothelial 
cells— forms the blood– brain barrier (BBB), which is a 
part of the NVU and a critical multicellular vascular 
structure that separates the brain from systemic blood 
circulation (5). Continuous intercellular junctional pro-
tein complexes between adjacent endothelium help to 
maintain the physical and functional integrity of the 
BBB, by strictly regulating the permeability through the 
BBB and transferring extracellular mechanical signals to 
the surrounding cells. The importance of vascular con-
tributions to various brain disorders, including stroke 
and Alzheimer’s disease (6), is becoming increasingly 
recognized.

Neurovascular dysfunction is a major process in the 
pathogenesis of stroke and most neurodegenerative dis-
eases. A damaged NVU leads to an impaired ability to 
clear toxic compounds from the brain and/or allow for 
the passage of harmful molecules through the BBB and 
into the brain (4), which may result in both the onset and 
progression of neurodegeneration. Despite the advances 
in brain imaging technology and the enhanced availabil-
ity of animal models, because of the complexity of the in 
vivo environment, there is still an urgent need to develop 
cell- based NVU in vitro models for obtaining insights 
into NVU and its dysfunction in related diseases. Thus, 
mimicking NVU function and dysfunction is essential for 
elucidating the physiology and pathological mechanisms 
underlying various neurovascular and neurodegenerative 
diseases. Current cell- based BBB/NVU models are com-
monly classified into three categories (7). The first involves 
two or three cell types separated by a traditional porous 
physical layer, such as a transwell filter (8,9). The second 
involves different types of cells in microfluidic platforms 
with a highly controlled, perfused environment (usually 
referred to as “organ- on- a- chip”) (10– 15). The third in-
volves different types of cells co- cultured in biomaterials 
exhibiting the characteristics of an extracellular matrix 
(ECM) (usually referred to as “bioprinting”) (16– 20).

For a long time, traditional transwell approaches 
have been widely adopted for modeling BBB/NVU by 

co- culturing a segregated confluent monolayer of en-
dothelial cells with different types of BBB/NVU cells in 
micropore membrane- separated compartments (8,9,21). 
These are among the representative platforms for disease 
modeling and drug screening. Although such platforms 
are reproducible and easy to use, they have limitations in 
modeling fundamental BBB/NVU structure characteris-
tics and microenvironmental complexities such as cell– 
cell and cell– matrix interactions, compromising their 
ability to accurately mimic brain vessels with regard 
to the junctional proteins and membrane transporter 
expression (22– 24). Recently, microfluidic technology 
has emerged as a promising tool for reconstituting the 
BBB/NVU because of several advantages: microfluidic 
systems allow accurate control of the cellular and ECM 
microenvironment, while providing a platform for prac-
tical application of cellular biological responses to var-
ious stimuli (e.g., drug testing and signal transduction) 
(12). However, these systems fail to capture the BBB/
NVU vasculature and neural- component morphology 
via spontaneous programming of cell– cell interactions, 
as well as physiological blood flow rates and wall shear 
stresses needed to activate mechanosensing/mechano-
transduction pathways, thus, deviating from the realistic 
transport exchange mechanisms at the level of brain cap-
illaries (25,26). Although these systems are promising, 
they are limited in their ability to recreate a realistic and 
relevant BBB/NVU morphology.

As an alternative to simple and promising culture pat-
terns, self- assembled BBB/NVU models with ECM bio-
materials have been developed to study organogenesis 
and perform permeability assays (16– 19). These models 
aim to capture the BBB/NVU morphology and develop-
ment in terms of natural biological processes. However, 
such reported models lack adequate neural component 
(rather, they are focused on BBB features) (16,19) or 
vascular networks (17,18), and therefore, cannot reveal 
the direct interactions between the neural and vascular 
components of the NVU, failing to replicate the struc-
tures, function, and realistic three- dimensional (3D) 
complexity of the NVU. In particular, the absence of a 
vascular system is detrimental to the inner cells in 3D cul-
ture systems, and 3D cultures under long- term culturing 
consistently exhibit apoptotic cell death in the innermost 
regions (27,28). Furthermore, differentiation of neuronal 
progenitors/neural stem cells (NSCs) is impaired without 
functional vasculature (29). Accurately replicating the in-
teractions between the different neural cells and vascular 
component in the brain and adequately capturing the in 
vivo conditions are crucial for accurate NVU modeling.

To overcome the main limitations of the current NVU 
models, we present a method for reconstituting the in vitro 
3D brain NVU with primary NSCs and brain microvas-
cular endothelial cells (BMECs) of rats in the Matrigel 
ECM system, where all the cell types are spontaneously 
assembled into a modular organization reproducing 
the NVU structures (vascular and neural components), 



   | 3 of 18RECONSTITUTING NEUROVASCULAR UNIT IN 3D MATRIX

which are in dynamic and direct contact with each other. 
Confocal imaging and immunocytochemistry, transmis-
sion electron microscopy (TEM), electrophysiological 
recordings, permeability measurements, and protein 
expression analysis were used to quantitatively assess 
the NVU characteristics. Additionally, we investigated 
the pathological changes of the 3D NVU in the context 
of ischemia to evaluate its applicability to pathological 
study, employing a well- characterized in vitro oxygen– 
glucose deprivation (OGD) pattern. Finally, we trans-
planted the 3D NVU to the infarcted side of cerebral 
ischemia rats to examine the functional effects of the 
grafted 3D NVU on the host ischemia brain.

2 |  M ATERI A LS A N D M ETHODS

2.1 | Animals usage

1- day- old, 10- day- old neonatal rats, and 2- month- old male 
Sprague- Dawley (SD) rats (180– 220 g) were purchased from 
the Experimental Animal Center, Chongqing Research 
Institute of Chinese Medicine (animal production number 
is SCXK 2019- 0014, Chongqing, China). Rats were main-
tained on in controlled conditions (22 ± 2°C, 12 h light/dark 
cycle, free access to food and water) in the Experimental 
Animal Center, the College of Pharmaceutical Sciences, 
Southwest University (Chongqing, China). The animal pro-
tocols were approved by the Southwest University Animal 
Use and Care Committee (animal approval number is 
SYXK (Yu) 2017- 0003). All animal experiments obeyed 
the ARRIVE guidelines and were carried out in accord-
ance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publication 
No. 8023, revised 1978).

2.2 | Primary NSCs and BMECs culture

For all cell isolations, neonatal rats were anesthetized, dis-
infection by 75% ethanol, quickly decapitated and tissue of 
interest was collected. For isolation of hippocampal NSCs, 
the hippocampus from 1- day- old rats was removed and 
dissected in cold D- Hanks balanced salt solution (without 
calcium and magnesium, GE Healthcare). The tissue was 
enzymatically digested using the ACCUTASE (Stem Cell) 
at 37°C for 5 min. The digested tissues were then washed 
with cold D- Hanks and filtered through a 40 μm cell sieve 
followed by centrifuging at 150 × g for 5 min. For suspen-
sion cultures, the pellet was resuspended in approximately 
7  ml DMEM/F12 medium (Gibco) supplement with 2% 
B27 (Gibco, without Vitamin A), 20 ng·ml−1 rhEGF (Stem 
Cell), 10  ng ml−1 rhbFGF (Stem Cell), 0.0002% heparin 
(Stem Cell), and cultured in T- 25 cm2 culture flasks (3– 4 
brains for one flask) in a 37°C, 5% CO2 incubator (Thermo 
Fisher 6000). A partial medium is changed (25– 30% of 
total volume) after plating 2– 3 days. NSCs were harvested 

for co- culture when it formed to neurospheres with a di-
ameter about 100– 150 μm.

For BMECs culture (30), cortex tissue from 10- day- old 
rats were removed, and then, dissected to approximately 
1.0 mm3 in cold D- Hanks. Tissue was blown into homog-
enate using 25% bovine serum albumin (BSA) followed by 
centrifugation at 600 × g for 5 min. The microvessels ob-
tained were enzymatically digested with 0.1% collagenase 
II (Sigma) at 37℃ for 5 min and the medium with 20% fetal 
bovine serum (FBS) was added to terminate the digestion. 
The digested tissue solution was centrifuged at 150 × g for 
5 min, and then, seeded the obtained tissue pellet into T- 25 
cm2 culture flasks (one brain for one flask) with approxi-
mately 4 ml DMEM/F12 medium supplemented with 20% 
FBS (Gibco), cultured in a 37°C, 5% CO2 incubator. The 
culture medium was changed every 2– 3 days. BMECs were 
passaged at most three times before used in co- culture.

2.3 | Generation of 3D NVU

For co- culture, medium contained neurospheres was 
centrifuged at 100 × g for 5 min and dissociated the ob-
tained neurospheres to single cell using ACCUTASE. 
About 80%– 90% confluent BMECs were trypsinized (with 
0.02% EDTA) and centrifuged at 150 × g for 5 min and 
resuspension with serum- free culture medium. NSCs and 
BMECs were mixed and resuspension with Matrigel (BD 
Biosciences, growth factor reduced) at a density ratio of 
1:10. The final density of BMECs was 2.0 × 106·ml−1, and 
the final density of NSCs was 2.0 × 105·ml−1. The 100 μl 
cell/Matrigel mixture was then evenly spread on the bot-
tom of the confocal dishes (NEST, 15 mm) or cell culture 
inserts (Greiner Bio- One, 24- well), and then, placed in an 
incubator to solidify. After 1  h, 50 μl mixture of NSCs/
Matrigel was evenly spread on the surface of the solidified 
gels, which was further placed in the incubator for 2 h, and 
then, the culture medium was added. BMECs- NSCs co- 
culture system was grown in DMEM/F12: Neurobasal me-
dium 1:1, 2% B27 (without vitamin A), 20 ng·ml−1 rh EGF, 
10 ng ml−1 rh bFGF and the medium was supplemented 
with 1% FBS. After 3  days, B27 in the medium was re-
placed with B27 containing vitamin A. The BMEC- NSC 
co- cultures or control BMEC or NSC monocultures were 
analyzed following 3 or 7 days of culture, using live cell 
microscopy and immunofluorescence staining.

2.4 | Immunochemistry

2.4.1 | 3D cultures

As previous reported (31), the 3D cultures were washed 
once with Dulbecco's phosphate- buffered saline (D- PBS)  
and fixed with 4% paraformaldehyde overnight at 
room temperature. After washing with D- PBS for 3 
times  ×  10  min, the fixed cells were permeabilized by 
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incubating with 200 µl of Tris- buffered saline (TBS) 
buffer containing 0.1% (vol/vol) Tween- 20 (TBST) con-
taining 0.5% (vol/vol) Triton X- 100 and 4% (vol/vol) goat 
IgG at room temperature for 1 h. The 3D cultures were 
blocked by incubating with a blocking solution contain-
ing 50  mM Tris (pH 7.4), 0.1% Tween- 20, 4% donkey 
serum, 1% BSA, 0.1% gelatin, and 0.3 M glycine at 4°C 
overnight with gentle rocking. After washing with TBST, 
the 3D cultures were incubated with primary antibodies 
in the blocking solution at 4°C for 24  . After washing 
five times with TBST, the cells were then incubated with 
TBST overnight by gentle rocking at 4°C, and then, fur-
ther incubated with Alexa Fluor secondary antibodies 
(Abcam) for 5 h at room temperature with gentle rock-
ing. To avoid fluorescence quenching, a drop of antifade 
glass with DAPI (Life Technologies) was added on top of 
the fixed/stained thin- layer 3D cultures before imaging.

2.4.2 | Brain slices

On day 14, after 3D cultures transplantation, rats were 
deeply anesthetized with sodium pentobarbital and per-
fused transcardially with 4% paraformaldehyde. Brains 
were removed for paraffin embedding. The paraffin 
blocks were then cut into 5 μm sections (Leica SM2010R 
sliding microtome, Leica Microsystems Inc., Buffalo 
Grove, IL, USA), mounted on polylysine- coated glass 
slides (Thermo Scientific), then, incubated at 45°C over-
night. The sections were deparaffinized by two changes 
of xylene for 5 min each, and then, serially transferred 
to 100%, 90%, and 70% ethanol solution for 1 min each. 
The sections were then rinsed with distilled water for 
5  min. For immunostaining, the antigen retrieval was 
performed by heating the slides for 30  min in Citrate- 
EDTA Buffer containing 10  mM citric acid (pH 6.2), 
2  mM EDTA and 0.05% Tween- 20. The brain sections 
were washed with 1 × Phosphate- buffered saline (PBS) 
(3  ×  10  min) and blocked in a blocking solution (0.3% 
Triton X- 100 in 1 × PBS+10% serum, which was gener-
ated from the species of the secondary antibodies) at 
room temperature for 1  h. The sections were then in-
cubated in the primary antibody solution at 4°C over-
night. After primary incubation, the brain sections were 
washed in PBS, followed by secondary antibody incuba-
tion for 2 h at room temperature. After a final wash step, 
the brain sections were mounted in fluorescence mount-
ing medium with DAPI (Life Technologies) for image 
capture. All the used antibodies are listed in Table S1.

2.5 | OGD and vascular endothelial growth 
factor (VEGF) or edaravone treatment for 
3D cultures

For OGD, 3D cultures were placed in an anaerobic 
chamber (BINGDER150, Germany) containing a gas 

mixture of 5% CO2, 95% N2 at 37°C for 8 h. Normal cul-
ture media were replaced with deoxygenated, glucose- 
free Earle’s balanced salt solution (EBSS, in mg/L: 6800 
NaCl, 400 KCl, 264 CaCl2·2H2O, 200 MgCl2·7H2O, 2200 
NaHCO3, 140 NaH2PO4·H2O, pH 7.2). Control 3D cul-
tures were placed in EBSS containing 25  mM glucose 
and incubated under normal tissue culture conditions 
for the same period. 3D cultures were pretreated with 
VEGF (10 ng·ml−1) or edaravone (100 μM) for 16 h and 
SU1498 (10 μM) for 2 h before exposing to OGD and con-
tinue to treat with above reagents and incubate in OGD 
conditions for 8 h (Figure S1).

2.6 | Western blot assay

Recovering cells from Matrigel Matrix of 3D cultures 
by using Cell Recovery Solution (Corning). The pro-
teins in the 3D cultures were then collected according 
to the instructions of the manufacturer (CST). Samples 
from at least three independent experiments were 
harvested and analyzed in each group. To avoid pro-
tein degradation, RIPA lysis buffer supplement with 
protease inhibitor cocktail (HY- K0010, HY- K0022, 
HY- K0023, MCE) was used. The VEGF- treated and 
VEGF  +  SU1498- treated 3D cultures were incubated 
in OGD conditions for 8 h, and then, the proteins were 
harvested for western blotting. All the used antibodies 
are listed in Table S2.

2.7 | 5- ethynyl- 2’- deoxyuridine (EDU) 
labeling proliferating cells of 3D cultures

To label the proliferating cells, EDU was added to the 
medium for 24  h and the final work concentration is 
10 mM. The treated 3D cultures were then fixed with 4% 
paraformaldehyde. EDU labeling for S- phase cells was 
detected using the BeyoClick™ (Beyotime), and cells 
were stained for nucleus with DAPI.

2.8 | TEM analysis of tight junction

3D cultures were prefixed with 2.5% glutaraldehyde in 
0.1 M PBS at 4°C, overnight, postfixed in 1% buffered os-
mium tetroxide, dehydrated in graded alcohols, embedded 
in Epon 812, sectioned with ultramicrotome (Leica UC7) 
and stained with uranyl acetate and lead citrate. The inter-
cellular tight junction of the 3D NVU were observed with 
a transmission electron microscopy (Hitachi- HT7700).

2.9 | Electrophysiological recordings (32)

The 3D cultures were placed in oxygenated medium con-
taining (in mM) 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 
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1.25 NaH2, and 24 NaHCO3PO4, 4 MgCl2 and kept in the 
same solution at room temperature until recording. We 
performed whole- cell patch- clamp recordings using arti-
ficial cerebrospinal fluid containing (in mM) 126 NaCl, 
2.5 KCl, 26 NaHCO3 2 CaCl2, 2 MgCl2, 1.25 NaH2PO4, 
and 10 glucose) gasses with 95% O2/5% CO2. Double 
patch Clamp 10 amplifier and digitizer system (Sutter 
Instrument) was used for recordings. The Clampfit 10 
software (Molecular Devices) was used to analyze the 
data.

2.10 | Cell viability assay

2.10.1 | Apoptotic cell assay

Apoptotic cell was determined using a Hoechst Staining 
Kit (Beyotime) containing Hoechst 33258.

2.10.2 | Live/Dead Assay

Cell viability was determined using a Live/Dead Viability 
Assay Kit (Bestbio) containing calcein AM, which stains 
live cells green, and PI, which stains dead cells red.

2.11 | Cytokines assay

The contents of VEGF, angiopoietin- 1(ANG- 1), 
brain- derived neurotrophic factor (BDNF), ciliary 
neurotrophic factor (CNTF), glial cell line- derived 
neurotrophic factor (GDNF), nerve growth factor 
(NGF), and neurotrophin- 3(NT- 3) in the supernatant 
was detected by an enzyme- linked immunosorbent 
assay (ELISA) according to the manufacturer’s instruc-
tions (Sino best biological technology), respectively. 
Absorbance was measured at 490 nm using a microplate 
ELISA reader (BioTek, Winooski, VT, USA). Each final 
value was quantified against a standard curve calibrated 
with known amounts of protein.

2.12 | Permeability measurement of 
3D structures

2.12.1 | FITC- Dextran

Solutions of 70 KDa FITC- Dextran (Sigma- Aldrich) 
were prepared at 100 μg·ml−1 in cell culture media. Then, 
the vascular compartment of the NVU in dishes was 
incubated with FITC- Dextran solution for 2  h. At the 
2 h mark, the 3D cultures were washed three times with 
wash buffer (100 ml PBS, 0.95 g MaCl2, 0.11 g CaCl2, and 
2 g BSA). For observation of the integrity of the vascu-
lar network, an inverted fluorescence microscope (Leica 
DFC310 FX) was used.

2.12.2 | Sodium Fluorescein

Briefly, the 3D cultures were generated in the cell cul-
tures inserts and the culture medium in apical chamber 
of the inserts was replaced with 0.5 ml DMEM- F12 me-
dium containing 100 μg·ml−1 sodium fluorescein. After 
2 h incubation, the samples were taken from the baso-
lateral chamber, and the absorbance of the samples were 
measured by plate reader.

2.13 | 3D cultures transplanted into cerebral 
ischemic rats

2.13.1 | Rat focal cerebral ischemic models, 
neurological deficiency

Male Sprague- Dawley rats, 180– 220 g, were used to es-
tablish the middle cerebral artery occlusion (MCAO)- 
induced cerebral ischemic models via electrocoagulation 
according to reported protocol (33,34). Briefly, SD rats 
were anesthetized with isoflurane (2– 3% in oxygen) and 
placed into a stereotaxic frame. A longitudinal incision 
was made at the junction of the temporalis muscle and 
parietal bone. The temporalis muscle was then isolated 
from the harnpan using the hilt to expose the temporal 
fossa, and a small hole was made using a small electric 
drill and extended in the temporal fossa. After exposed 
the middle cerebral artery (MCA), bipolar coagulation 
forceps were used to coagulate MCA downward at the 
intersection of MCA and inferior vena cava. the wound 
was filled with hemostatic sponge, and the muscle and 
skin were sutured, respectively, after the operation. 
After 2 h from rats awakening, the modified neurologi-
cal severity scores (mNSS) was used to screen for suc-
cessful MCAO rats, as previously reported (35,36). The 
MCAO was considered successful in the rats when the 
mNSS scores was between 4 and 12.

2.13.2 | Transplantation of 3D cultures

For transplantation of 3D cultures, the skin of suc-
cessful MCAO rats was cleaned with alternating appli-
cations of alcohol three times and the infarction side 
was exposed again. The 3D cultures were then placed 
onto the raw edges of occlusive MCA. The wound was 
filled with hemostatic sponge, and the muscle and skin 
were sutured, respectively, after the operation. All 
postoperative animals were observed daily for 14 days 
to monitor recovery, behavior, and incision healing. 
The rats were injected daily with Cyclosporine A (i.p., 
10  mg·kg−1, MCE) for immunosuppression from day 
1 to day 14 after transplantation. On day 14, the rats 
were transcardially perfused with heparinized saline 
(0.9%) and the brain was removed and fixed with 4% 
paraformaldehyde.
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2.14 | 5- Triphenyte- trazoliumchloride (TTC) 
staining for brain slices

On day 14 after 3D cultures transplantation, rats were 
deeply anesthetized with sodium pentobarbital and the 
animals were decapitated. The brains were removed 
and briefly cooled with a temperature about −80°C. 
The brain was sliced coronally in a 2 mm interval with 
a brain matrix, total seven coronal sections, for infarct 
volume assessment. The sliced sections were then sub-
sequently stained with 1% TTC (Sigma- Aldrich) at 37°C 
for 30 min. Finally, the stained sections were transferred 
into 4% paraformaldehyde at 4°C for fixing. Image- Pro 
Plus (Version 6.0., Mediea Cybernetics, Inc.) was used to 
calculate infarct size. Infarct size = The size of left hemi-
sphere − (The right hemisphere − Measured infarct size).

2.15 | Image acquisition and analysis

The 3D reconstructions and cross- sections of the 3D 
cultures were captured by using a confocal microscope 
(NIKON, A1  +  R10802; OLYMPUS, FV1200). Images 
were analyzed by Image J (NIH) and NIKON Nd2 pl-
ugin was used. The brain sections were captured under a 
20- fold magnification using a microscope equipped with 
a PL FLUOTAR 20x/0.4 objective and a Leica DFC310 
FX Digital camera. For each technical replicate, five 
images were taken from different areas on the coverslip 
prior to calculating a mean value of cell counts for each 
sample. All parameters, such as exposure time, gain, 
brightness, and contrast, of each image were maintained 
the same for each fluorescence channel.

2.16 | Statistical analysis

All experiments consisted of three or six biological rep-
licates, each consisting of three technical replicates. 
Statistical analysis was performed using SPSS 20 (IBM) 
and graphs were drawn in Prism 8 (Graph Pad). Normality 
was assessed by the Shapiro– Wilk test. Statistical differ-
ences between two groups were analyzed with two- tailed, 
unpaired Student’s t- tests. ANOVA combined with Holm- 
Sidak or Tukey's multiple comparison test was used when 
data from multiple groups were analyzed. Data are pre-
sented as the mean ± SD. A p value of less than 0.05 was 
considered to be statistically significant.

3 |  RESU LTS

3.1 | Generation of 3D NVU models with 
primary NSCs and BMECs

With the aim of reconstituting a 3D NVU with vascular- 
like structures and neural component (neuron, glia) in 
vitro— similar to an NVU in vivo— we used the primary 

NSCs and BMECs from rats (Figure S2) to develop a 
multistep protocol for modulating the formation of 
neural component and vascular structures through 
programming of the internal interactions and inter-
nal tissue mechanics, which is called self- organization 
(Figure 1A). Confocal imaging revealed the formation 
of complex, interconnected networks of CD31+ endothe-
lial tubes and β3- tubulin+ neurons, as well as close direct 
contact between vascular- like structures and astrocytes 
(Figure 1B). In this self- organizing NVU model, BMEC- 
derived vascular networks formed vascular component 
was entwined neural component, including neurons, 
astrocytes, oligodendrocytes differentiated from NSCs 
and exhibit 3D structures, respectively (Figure 1C). 3D 
reconstruction showed that the NSCs differentiated 
neurons and astrocytes deeper in the contact or wrap 
vascular structures, together formed the holism unit 
(Figure 1D, Figures S3 and S4).

Moreover, the relative space position relations be-
tween the vascular and neural components of the 3D 
NVU model were similar to those for the NVU in the 
cortex of rats, as vessels from the cortex or vascular- like 
structures from the 3D NVU were partially ensheathed 
by neurons, astrocytes, and oligodendrocytes. Through 
co- staining of the neuron marker β3- tubulin, astrocyte 
marker GFAP, or oligodendrocyte marker CNPase with 
the BEMC marker CD31 (separately), the neural compo-
nent in the 3D NVU surrounded by vascular- like struc-
tures was identified (Figure 1E). Strikingly, there were 
vast dividing cells (Ki67+) adjacent to the NVU planar 
vascular plexus, both in the 3D NVU and the rat cortex, 
which is also a prominent feature of interactions between 
vascular and neural component in NVU (Figure 1E). 
This 3D NVU not only exhibited vascular- like pheno-
types and the expression of endothelial markers, but also 
contained distinct neural component from recently re-
ported BBB or NVU models (10– 12,15,16,18,20,37). The 
results indicate that our 3D NVU model is similar to the 
complex structures of the NVU in vivo.

3.2 | Characteristics of vascular- like 
structures in 3D NVU

We investigated the transformation of the endothelial 
cells into vascular- like networks. Whole- mount immu-
nostaining indicated that CD31+ endothelial tubes were 
formed in the 3D NVU on day 7, while control BMEC 
cultures lacked the formation of these whole tubes. 
Moreover, the 3D NVU contained more complex and 
complete networks of BMEC- derived CD31+ vascular- 
like structures than the BMEC cultures (Figure 2A, left). 
Quantification of the vascularization via ImageJ an-
giogenesis plug indicated that the 3D NVU had signifi-
cantly more junctions, meshes, and master segments and 
longer vascular- like structures than the BMEC cultures 
(Figure 2A, right). The results indicate that NSCs pro-
moted the formation of vascular- like structures.
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During adulthood, bidirectional signaling between 
astrocyte endfeet and brain endothelial cells helps main-
tain vascular integrity (38). The indirect contact between 

vascular structures and astrocytes is a critical character-
istic in the BBB of the NVU (39). The endfeet of astrocytes 
were visualized via immunostaining for Aquaporin- 4 

F I G U R E  1  Generation of 3D NVU model from primary NSCs and BMECs. (A) Schematic of the protocol used for the differentiation of 
NSCs and BMECs into the 3D NVU. (B) Representative immunofluorescence of CD31- expressing BMECs, β3- tubulin- expressing neurons, and 
the contact between BMECs and GFAP- expressing astrocytes in the 3D NVU (bar = 100 μm). (C) Relative space position relations between 
vascular- like structures and the differentiation of the NSCs, neuron (β3- tubulin), astrocyte (GFAP), oligodendrocyte (MBP), and vessel (CD31), 
bar = 100 μm. (D) Representative 3D reconstruction of the NVU model (bar = 10 μm). (E) Relative space position relations between the neural 
component and the vascular component in the cortex or 3D NVU. This 3D NVU model is highly similar to the complex structures of the NVU 
in vivo. The top panel shows the 3D NVU model, and the bottom panel shows the cortex of SD rats, neuron (β3- tubulin), astrocyte (GFAP), 
oligodendrocyte (CNPase), vessel (CD31), and dividing cell (Ki67). The bar represents 100 μm 
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F I G U R E  2  Comparison of the formation of BMEC- derived vascular- like structures in control BMEC cultures and BMEC- NSC cultures. 
(A) Upper left, immunostaining for CD31 in the sectioned 3D NVU on day 7; bottom left, immunostaining for CD31 in BMEC cultures 
on day 7. The right panel shows a magnified view of the white box (bar = 50 μm; data are presented as mean ± SD, n = 6, *p < 0.05). (B) 
Cytoarchitectural characterization of vascular- like structure phenotype. Immunostaining of endfeet between astrocytes and endothelium, as 
well as vascular markers on BMECs (bar = 100 μm). (C) Comparison of vascular structure- related protein expression levels in control BMEC 
cultures and BMEC- NSC cultures (data are presented as mean ± S.D, n = 3, *p < 0.05). (D) TEM morphological observations of tight junctions 
of the BBB in the 3D NVU (bar = 1 μm). (E) BBB- like characterization of 3D NVU. Immunostaining of tight junction and adherens junction 
markers of the BBB in the 3D NVU (bar = 100 μm). (F) Comparison of tight junction protein expression levels in control BMEC cultures and 
BMEC- NSC cultures (data are presented as mean ± SD, n = 3, *p < 0.05) 
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(AQP4), which is a water channel with abundant as-
trocyte endfeet at the BBB (Figure 2B). Additionally, 
the vascular- like structures were ensheathed by vas-
cular basal proteins, such as LAMB1, ICAM1, and 
VITRONECTIN (Figure 2B). The expression levels of 
AQP- 4, LAMB1, ICAM1, and VITRONECTIN were in-
creased significantly compared with those for the BMEC 
cultures (Figure 2C).

A critical characteristic of the BBB is a junction 
barrier formed by connected endothelial cells (5,40). 
In addition to the expression of endothelial cell mark-
ers (Figure 2B), the 3D NVU exhibited tight junction 
markers (ZO1, OCCLUDIN, and CLAUDIN- 5), adher-
ens junction marker (VE- cadherin), glucose transporter 
(GULTI), and P- glycoprotein (P- gp) in the vascular- like 
structures on day 7 (Figure 2E). Both the immunos-
taining and TEM results indicated that tight junctions 
were clearly observed and widely distributed in the 
vascular- like structures. (Figure 2D,E). Additionally, 
the junctional protein expression levels in the 3D NVU 
were significantly increased compared with those for the 
BMEC cultures (Figure 2F). These results indicate that 
the NSCs facilitated the formation of functional endo-
thelial junctions, leading to BBB- like characteristics. 
NSC and BMEC co- culturing gave rise to the distinct 
expression of junction markers, astrocytic endfeet, and 
basement membrane proteins, mimicking a BBB- like 
phenotype; however, the structure differed from that of 
the naturally formed BBB. Thus, our 3D NVU not only 
exhibited vascular- like phenotypes and the expression 
of endothelial markers, but also contained tight/adher-
ens junctions and exhibited BBB- like characteristics 
comparable to those of previously reported BBB models 
(12,15,37).

3.3 | Characterizations of neural component 
in 3D NVU

Previous studies indicated that the proliferation and dif-
ferentiation of NSCs are induced by factors secreted by 
endothelial cells in an indirect co- culture system (29). 
What are the proliferation and differentiation of NSCs 
in a 3D direct co- culture system?It was observed that 
the number of NESTIN+ and SOX- 2+ cells was signifi-
cantly increased compared with that for NSC cultures 
(Figure 3A). Additionally, western blotting results in-
dicated that the expressions of specific marker proteins 
NESTIN and SOX- 2 were significantly upregulated 
(Figure 3B). These results indicated that the BMECs 
promoted the proliferation of NSCs during the direct 
co- culturing.

Regarding the differentiation of NSCs, after the co- 
culturing, the three types of nerve cells derived from the 
co- cultured NSCs all had a more mature cell morphol-
ogy (TUJ1+ axon, GFAP+ intermediate filament, and 
CNPase+ cell body) than the NSC cultures (Figure 3C). 

Specifically, neurons differentiated from NSCs in the 
3D NVU exhibited reduced dendritic complexity, and 
the axon length was increased significantly (Figure 3D). 
GABAergic neurons and dopaminergic neurons also 
existed in the 3D NVU (Figure S5). The proportion of 
neurons that were differentiated increased, while the 
proportion of astrocytes and oligodendrocytes that were 
differentiated decreased (Figure 3E). These results indi-
cate that in the reconstituted 3D NVU model, BMECs 
successfully promoted NSC self- renewal, colony forma-
tion, and differentiation into neurons, promoting the 
morphological maturity of the NSCs and impeding their 
differentiation into glial cells.

The formation of vessels is critical for the maturation 
of cortical neurons (41). Thus, we performed whole- cell 
patch- clamp recordings to characterize the neuronal 
activity in NSC and BMEC- NSC cultures. Five of 10 
cells randomly selected from the NSC- BMEC cultures 
produced action potentials with spike frequency adap-
tation, whereas the remaining five cells did not produce 
action potentials (Figure 3F). In contrast, only one of 
10 cells from the control NSC culture produced single 
low- amplitude action potentials while the remaining 
nine cells did not produce any action potentials. The 
incidence rate of obtaining neurons that were able to 
produce action potentials was significantly higher in 
BMEC- NSC cultures compared to that in control NSC 
cultures (Figure 3F).

3.4 | Cell viability in 3D NVU

When cultured in Matrigel for 7  days (supplemented 
with a low- serum medium), the staining of Hoechst 
33258 and live/dead cells indicated that the control NSC 
and BMEC cultures exhibited significantly higher ap-
optotic signals and significantly higher cell death rates 
than the 3D NVU (BMEC- NSC cultures) (Figure 4A,B). 
Additionally, compared with control NSC and BMEC 
cultures, in the 3D co- culture system, the expressions 
of the apoptosis- promoting proteins Bax and Caspase3 
were significantly reduced, and the expression levels of 
the apoptosis- inhibiting proteins Bcl- xl and Bcl- 2 were 
significantly increased (Figure 4C). The results indicate 
that in the co- culture, the NSCs and BMECs maintained 
cell– cell interactions through secreted factors or direct 
contact and inhibited the cell apoptosis and death. This 
provided evidence that NSCs and BMECs still have the 
characteristics of coordination and mutual support when 
co- cultured in vitro and can interact to form an NVU.

3.5 | Paracrine signaling via soluble factors in 
3D NVU

Accumulating evidence indicates that the mutual sig-
nal conduction between NSCs and endothelial cells 
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can simultaneously regulate the processes of neuro-
genesis and angiogenesis in the brain (42). ELISA was 
performed to detect the changes in the related fac-
tors for the control NSC or BMEC cultures and the 
BMEC- NSC cultures. The results showed that com-
pared with the control NSC and BMEC cultures, the 
expression levels of the angiogenesis- related soluble 
factors (VEGF and ANG- 1) and neuroprotection solu-
ble factors (BDNF, NGF, GDNF, CNTF, and NT3) 
were significantly increased for the BMEC- NSC cul-
tures (Figure 5). These results indicate that NSCs and 
BMECs can coordinate with each other and promote 
the expression of soluble factors, maintaining the ho-
meostasis of the NVU.

3.6 | OGD- damaged 3D NVU exhibited 
pathology characteristics of ischemic 
stroke, whereas VEGF or edaravone had 
protective effect

In addition to the physical features, we evaluated the 
biological function, pathological and pharmacologi-
cal study applicability of the 3D NVU. We developed 
an OGD model of the 3D NVU to model the ischemic 
stroke by using an oxygen-  and glucose- free medium 
and an oxygen- free chamber (Figure S1). We then tested 
the effects of VEGF on the vascular and neural compo-
nents of the OGD- damaged 3D NVU. VEGF, which is 
secreted by endothelial cells, can stimulate angiogenesis 

F I G U R E  3  Proliferation and differentiation of NSCs in co- culture or monoculture. (A) Immunostaining of NSCs markers in 3D NVU, 
bar = 100 μm, (Data are presented as mean ± SD, n = 3, **p < 0.01). (B) The comparison of NSCs marker expression levels in control NSC 
cultures and in BMEC- NSC cultures (data are presented as mean ± SD, n = 3, *p < 0.05). (C) Immunostaining of neurons (β3- tubulin), 
astrocytes (GFAP), and oligodendrocytes (CNPase) in 3D NVU, bar = 100 μm. (D) The comparison of axon length in control NSC cultures and 
in BMEC- NSC cultures (data are presented as mean ± SD, n = 3, **p < 0.01). (E) Comparison of neuron, astrocyte, and oligodendrocyte marker 
expression levels in control NSC cultures and BMEC- NSC cultures (data are presented as mean ± SD, n = 3, *p < 0.05). (F) Voltage traces of 
current clamp recordings of a cell in control NSC cultures and BMEC- NSC cultures on day 7 in response to hyperpolarizing (– 10 pA) and 
depolarizing (+10 pA) current steps (data are presented as mean ± SD, n = 10, *p < 0.05) 
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and neurogenesis (43). After the 3D NVU was exposed 
on the OGD, in contrast to the control (CTRL) group, 
the cell proliferation rate was significantly reduced, in-
dicating that the cell viability of the 3D NVU was inhib-
ited. However, VEGF promoted the cell proliferation in 
the 3D NVU, and this effect was inhibited by specific 
inhibitors for VEGF/VEGFR2 (SU1498, 10 mM), which 
suggests that the pathological damage of the 3D NVU 
was reversed (Figure 6A). Compared with the CTRL 
group, the length of the neuronal axon of the 3D NVU 
under OGD was significantly reduced. However, after 
the VEGF treatment, the length of the neuronal axons 
increased significantly. This effect was inhibited by 
SU1498 (Figure 6B). We further observed the effect of 
the VEGF on damaged vascular- like structures. After 
the OGD injury, the vascular- like structures were disag-
gregated, and the junction number was significantly re-
duced. However, the VEGF maintained the integrity of 
the vascular- like structures, and the number of junctions 
was significantly increased. This effect was also inhib-
ited by SU1498 (Figure 6C). Astrocytes are an important 
part of the NVU of the brain. Compared with the CTRL 
group, the number of astrocytes in the 3D NVU was sig-
nificantly reduced after the OGD (Figure 6D), but the 
VEGF had no effect on this pathological state.

We further examined the BBB function of 3D NVU 
under OGD. To measure tight junction integrity of 3D 
NVU under OGD, we performed immunostaining of 
ZO- 1. ZO- 1+ junction was mainly distributed, arranged 
in a continuous and close manner without obvious gap in 
the vascular- like structures in CTRL group (Figure 6E). 
However, the expression of ZO- 1 was decreased and the 
annular structure was broken or even disintegrated in 
the OGD group. Compared with the OGD group, the 
colocalization of CD31/ZO- 1 was increased significantly 
and the junction phenotype was improved by VEGF but 
the effect was inhibited by SU1498 (Figure 6E,G). The 
permeability of the vascular structures in the 3D NVU 
was investigated using the FITC- dextran assay and the 
sodium fluorescein assay. The OGD conditions led to 
decreased FITC- dextran filling and increased sodium 
fluorescein leakage, whereas VEGF increased the FITC- 
dextran distribution and reduced sodium fluorescein 
leakage (Figure 6F,H).

To further verify the pharmacological study avail-
ability of 3D NVU, a strong free radical scavenger for 
cerebral ischemia was employed. In contrast to the OGD 
group, edaravone increased the cell survival (Figure S6a)  
and repressed the expression of ROS and superoxide 
anion (Figure S6b,c). Also, edaravone promoted the 

F I G U R E  4  Comparison of cell viability in monoculture and co- culture. (A) Apoptosis rates for control NSC and BMEC cultures and 
BMEC- NSC cultures (data are presented as mean ± SD, n = 3, ***p < 0.001). (B) Numbers of live/dead cells for control NSC or BMEC cultures 
and BMEC- NSC cultures (data are presented as mean ± SD, n = 3, *p < 0.05). (C) Western blot analysis of apoptosis- related proteins in the 
control NSC and BMEC cultures, as well as the BMEC- NSC cultures (data are presented as mean ± SD, n = 3, *p < 0.05) 
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expression of SOD, suppressed the production of NO and 
MDA, and reduced the leakage of LDH (Figure S6d– g), 
indicted that the oxidative stress damages of OGD ex-
posed 3D NVU was improved by edaravone. The cell 
apoptosis in 3D NVU was repressed by edaravone which 
is proved by the reduced apoptosis cells(Figure S6h), in-
creased mitochondrial membrane potential(Figure S6i), 
increased Bcl- xl and Bcl- 2 expression, and decreased 
Bax and caspase 3 expression in 3D NVU of edaravone 
group, compared with that in OGD group(Figure S6j). 
Collectively, these results indicated that the 3D NVU 
provides a platform for performing pathological and 
pharmacological study, as the OGD exposed 3D NVU 
exhibited pathological characteristics of cerebral isch-
emia, which can be reversed by effective clinic drugs, like 
edaravone.

3.7 | Transplanted 3D NVU promoted 
angiogenesis and neurogenesis in ischemic 
brain of MCAO rats

To determine whether the 3D NVU exhibits in vivo func-
tional activity, we implanted it into the infarct area of 
immune- inhibited rats (cyclosporine A, i.p, 10 mg·kg·d−1) 
and subsequently performed mNSS and TTC stain-
ing. For the infarction area, the transplanted 3D NVU 
still exhibited CD31+ vascular- like structures on day 14 
after transplantation, indicating that the activity of the 
3D NVU that we constructed was maintained in vivo 
(Figure 7A). The infarction tissue in the MCAO group 
was liquefied on day 14, whereas the cerebral tissue 
morphology of the infarction area was maintained after 
3D NVU transplantation (Figure 7B). Additionally, the 

F I G U R E  5  Comparison of soluble factor expression in co- culture and monoculture. The growth factors were detected via an ELISA for the 
control BMEC and NSC cultures and the BMEC- NSC cultures on days 3 and 7 (data are presented as mean ± SD, n = 3, *p < 0.05, **p < 0.01) 
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F I G U R E  6  Protective effects of VEGF on the OGD- damaged 3D NVU. a. Effect of VEGF on the proliferation of the OGD 3D NVU 
(data are presented as mean ± SD, n = 3, **p < 0.01). (B) Effect of VEGF on the axon length of neurons in the 3D NVU (data are presented as 
mean ± SD, n = 3, **p < 0.01). (C) Effect of VEGF on the vascular- like structure phenotype of the 3D NVU (data are presented as mean ± SD, 
n = 3, **p < 0.01). (D) Effect of VEGF on the astrocyte microenvironment in the 3D NVU (data are presented as mean ± SD, n = 3, **p < 0.01). 
(E) Immunostaining of tight junction in 3D NVU, bar = 100 μm. (F) FITC- dextran diffusion in the 3D NVU, bar = 100 μm. (G) Measurement 
of CD31/ZO- 1 colocalization in the 3D NVU (data are presented as mean ± SD, n = 3, **p < 0.01). (H) Measurement of sodium fluorescein 
leakage in the 3D NVU (data are presented as mean ± SD, n = 3, *p < 0.05, **p < 0.01) 
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mNSS scores of the Transplantation rats were reduced 
after the transplantation of the 3D NVU, compared 
with the MCAO group (Figure 7C). TTC staining results 
indicated that the infarct volume of cerebral ischemic 
rats transplanted with the 3D NVU was significantly 
reduced compared with the MCAO group (Figure 7D). 
Additionally, the immunostaining results indicated that 
the blood vessel density and neuron density on the in-
farction side were significantly higher for the transplan-
tation group than for the MCAO group (Figure 7E– G). 
These results indicate that the 3D NVU may reduce the 
cerebral infarction volume of ischemic rats by promoting 

angiogenesis and neurogenesis in the infarcted area, sug-
gesting that the 3D NVU is functional in vivo.

4 |  DISCUSSION

The NVU combines neurons, vessels, and ECM into a 
unique structural and functional unit, and its homeo-
stasis is essential for maintaining brain health (2,44,45). 
Because direct research on the NVU is limited, mod-
eling the NVU with vascular structures is critical for 
basic research and drug screening for related diseases. 

F I G U R E  7  Transplantation of 3D NVU into the infarcted side of cerebral ischemia rats. (A) Process sketch of the 3D NVU 
transplantation. (B) Morphology of the cerebral infarction lateral surface before and after transplantation. (C) mNSS scores of ischemic rats: 
A, tail suspension.; B, balance beam tests; C, sensory tests; D, reflex absence and abnormal movements and walk tests (data are presented 
as mean ± SD, n = 6, *p < 0.05). (D) TTC staining for the infarcted brain volume before and after transplantation (data are presented as 
mean ± SD, n = 6, *p < 0.05). (E– G) The vessel and neuron densities (CD31+/NeuN+) were determined via paraffin section immunofluorescence 
staining (data are presented as mean ± SD, n = 6, **p < 0.01) 
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The discovery of NSCs and their microenvironment has 
led to new strategies for the investigation of neurogen-
esis and angiogenesis in most neurodegenerative diseases 
and NVU modeling. Previous studies have indicated 
that there is a causal relationship between angiogenesis 
and neurogenesis in the brains of adult songbirds; they  
coordinate and promote each other (46). Endothelial cells 
promote the neurogenesis of embryonic and adult NSCs/
progenitor cells (29,47), while NSCs/progenitor cells pro-
mote the differentiation and angiogenesis of endothelial 
cells (44,48). Because of the significant interactions be-
tween NSCs and endothelial cells, the integration of neu-
rogenesis and angiogenesis is a promising field for NVU 
modeling and is currently providing us with powerful 
tools to deepen our understanding of the brain.

Although current ambitious and promising projects 
aim to replicate human BBB/NVU “on a chip” or “in 
biomaterial” in vitro by co- culturing endothelial cells 
with pericytes, astrocytes, neurons, or other types of cells 
(10,11,14,16,18,20,49), these systems do not adequately re-
flect the realistic complex 3D environment and the rel-
evant NVU morphology in vivo, with the exception of 
explore the neurovascular interactions (50). Generally, 
3D co- culture environments are used to mimic the ar-
chitecture of native tissues. The presented 3D NVU co- 
culture systems with biomaterials similar to those of the 
ECM are formed by programming mature cell– cell and 
neural component/vascular component interactions on 
the basis of natural biological processes, which is called 
self- organization. The cells spontaneously assemble into 
ordered structures and do not require preformed pat-
terns. This 3D NVU realistically reconstituted the 3D 
complexity of the NVU, with neural component, vascu-
lar component, and BBB- like characteristics.

The design of a co- culture system often aims to cap-
ture cellular interactions. These interactions can occur 
via direct cell– cell contact, cell– ECM adhesion, or 
transfer of signaling molecules. The types of interac-
tions that occur in a co- culture system significantly af-
fect the outcome of the system. In the present study, we 
successfully reconstituted a 3D NVU model including 
vascular and neural components by using the close re-
lationships between NSCs and endothelial cells. In this 
3D NVU, the vascular structures formed by BMECs and 
the neural component differentiated from NSCs are self- 
assembled with the support of the matrix as an orderly 
interaction structure, through cell– cell adhesion, cell– 
ECM adhesion, and paracrine signaling with soluble 
factors. Paracrine signaling is important for regulating 
the behavior of stem cells and terminally differentiated 
cells within a co- culture (51). Additionally, paracrine sig-
naling through soluble factors is critical to BMEC– NSC 
interactions in a 3D co- culture system. In a co- culture 
system, the differentiation of stem cells is dependent on 
the origin of the terminally differentiated assisting cells 
and the matrix biochemistry. Additionally, the secretion 
of soluble factors by stem cells affects the behaviors of 

terminally differentiated cells (52,53). For tissue engi-
neering applications, it is important to consider that the 
cell interactions in co- cultures are seldom unidirectional; 
typically, both cell populations are affected. Our data 
suggested that cell interactions from the 3D co- culture 
local environment promoted the transformation of the 
BMECs into vascular- like structures and promoted NSC 
differentiation into neurons (Figures 2 and 3). Compared 
with the control NSC and BMEC cultures, the 3D co- 
culture system formed a more complete vascular- like 
structures and neural networks.

Additionally, primary cultured NSCs and BMECs 
are used in this 3D NVU, because immortal cells tend to 
have less functionality than mortal cells, do not always 
express the same transporters and tight junction proteins 
as in vivo, and generally exhibit poor barrier function 
(54,55). In BBB models, primary cells have exhibited 
higher functional output results than immortalized cell 
lines (56) and may better reflect the in vivo situation. 
Certainly, for therapeutic applications, it is important 
to verify that the neurovascular interactions identified 
in rodents also occur in humans. Clearly, there are dif-
ferences between rodent models and humans. However, 
neurogenesis, angiogenesis, and their interactions oc-
curs in the subventricular and subgranular zones of both 
adult humans and rodents; thus, it is practicable to inves-
tigate human neurovascular diseases using primary ro-
dent cell- derived NVU models. A key limitation in direct 
studying humans is access to living material. In previous 
BBB/NVU modeling studies, human- induced pluripo-
tent stem cell (iPSC)- derived cells were widely employed 
to address this limitation (11– 13,57). The application of 
iPSC technology to model natural systems is satisfactory, 
in many aspects, though programming errors and ge-
nomic instability defects bring limitations of the model-
ing potential of iPSC (58– 60). However, the combination 
of terminal endothelial cells and multipotential NSCs is 
still performing well and exhibiting unique advantages 
in NVU modeling, such as easier to use, lower cost, and 
especially promising in the exploration the interactions 
between neurogenesis (neural component) and angio-
genesis (vascular component). Additionally, the cultures 
generated from adult stem cell tend to exhibit an adult 
phenotype. The protocol also tends to be shorter than 
those need to generate iPSC- derived cultures, because 
the starting material is already a tissue- specific progen-
itor. The investigation of NVU modeling with primary 
rodent cells allows direct testing of NVU and provides 
insights for exploring of the NVU in a human context. 
Such projects— combined with in vivo data on signaling 
molecules from rodents— will lead to the application of 
the NVU models to neurovascular- based treatments for 
human patients (61).

Interestingly, after the transplantation of the 3D 
NVU to the infarcted side of the cerebral ischemia rats, 
it still had biological activity and could promote the 
neurogenesis and angiogenesis and reduce the infarcted 
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volume of the ischemic side, which was not reported for 
other NVU models. These results indicate that the 3D 
NVU constructed from primary cells is functional and 
can be used to investigate neurogenesis and angiogenesis 
in cases of cerebral ischemia.

A recent study has employed in vitro BBB to model 
Alzheimer’s disease (57) and it displays one of promis-
ing practical application of in vitro BBB/NVU in brain- 
related diseases modeling. Vessels and neurons both 
play vital roles in the development of the central nervous 
system and the occurrence, development, and progno-
sis of various diseases, such as stroke and Alzheimer’s 
disease. For ischemic stroke, neurovascular dysfunction 
is the main pathological character, e.g., a reduced capil-
lary density, neuronal loss, and neural apoptosis, leading 
to insufficient oxygenation in infarct tissue and neuro-
logical deficits (62). In contrast to the traditional NVU 
model, our 3D NVU model not only has the structural 
characteristics of the vascular and neural components, 
but also is applicable to pathological studies: the patho-
logical changes in the neuronal loss, vascular structures 
destruction, and BBB dysfunction under OGD are sim-
ilar to those for the in vivo NVU under an ischemic 
stroke. Our data proved that those damages was miti-
gated by supplementing the VEGF. Additionally, the oxi-
dative stress pathological symptoms, which is commonly 
induced by cerebral ischemic stroke, was also existed in 
OGD exposed 3D NVU but improved by edaravone. The 
proposed 3D NVU model can be employed to mimic the 
occurrence and development of cerebral ischemia and to 
investigate angiogenesis and neurogenesis under patho-
logical or physiological conditions in vitro.

5 |  CONCLUSIONS

Primary NSCs and BMECs were co- cultured in a 3D 
Matrigel matrix, which was a robust method for gen-
erating a 3D NVU with functional vascular- like struc-
tures, BBB- like characteristics, and diverse nerve cells, 
including neurons, astrocytes, and oligodendrocytes. 
This 3D NVU system facilitates the accurate physiolog-
ical representation of the brain by mimicking the inter-
play between neural and vascular components as well 
as the complex in vivo cellular interactions and struc-
tures. Additionally, our 3D NVU model can be used 
to mimic the pathological changes and investigate an-
giogenesis and neurogenesis in the context of ischemia, 
using a well- characterized in vitro OGD pattern. The 
proposed 3D NVU model also provides a valuable plat-
form and precise spatiotemporal control for neurogen-
esis and angiogenesis research and the investigation of 
brain functions, which rely on interactions among brain 
cells, drug screening studies as a therapeutic strategy, 
and clinical applications (e.g., in the case of degenera-
tive disease).
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in the Supporting Information section.

FIGURE S1 Sketch of OGD pattern and VEGF, edara-
vone, or SU1498 treatment for 3D NVU
FIGURE S2 Morphology and immunofluorescence 
characterization of primary NSCs and BMECs. (A) The 
primary NSCs proliferate and self- renew to neurospheres 

and express specific markers NESTIN and SOX- 2, 
bar = 100 μm. (B) The primary BMECs exhibited long 
spindle- shape morphology and presented a swirl mono-
layer, express specific markers CD31, OCCLUDIN, and 
ZO- 1, bar = 100 μm
FIGURE S3 Dynamic gif figure of different fractions in 
3D NVU. The different fractions of the 3D NVU were 
captured by using a confocal microscope (NIKON, 
A1+R10802)
FIGURE S4 Dynamic gif figure of 3D NVU. The 3D 
reconstruction of the 3D NVU were captured by using a 
confocal microscope (NIKON, A1+R10802)
FIGURE S5 GABAergic neurons and dopaminer-
gic neurons in 3D NVU. Rabbit anti- DAT (1:100, pro-
teintech, 22524- 1- AP) and rabbit anti- GABRA1(1:100, 
proteintech,12410- 1- AP) were used. Images were 
captured by using a confocal microscope (NIKON, 
A1+R10802). Bar = 100 μm
FIGURE S6 Protective effects of edaravone on the 
OGD- damaged 3D NVU. (A) Edaravone enhanced the 
cell viability of the OGD 3D NVU (data are presented 
as mean ± S.D., n  =  3, *p  <  0.05). (B) Edaravone re-
duced ROS in the 3D NVU (data are presented as mean 
± S.D., n = 3, **p < 0.01). (C) Edaravone repressed the 
expression of superoxide anion in the 3D NVU (data 
are presented as mean ± SD, n  =  3, **p  <  0.01). (D) 
Edaravone increased the SOD concentration in the 
3D NVU (data are presented as mean ± S.D., n  =  3, 
*p < 0.05,* *p < 0.01). (E) Edaravone reduced the MDA 
concentration in the 3D NVU (data are presented as 
mean ± S.D., n = 3, *p < 0.05). (F) Edaravone reduced 
the NO concentration in the 3D NVU. (G) Edaravone 
suppressed the leakage of LDH in the 3D NVU (data 
are presented as mean ± S.D., n  =  3, **p  <  0.01). (H- 
J) Edaravone reduced the cell apoptosis rate in the 
3D NVU (data are presented as mean ± S.D., n  =  3, 
*p < 0.05, **p < 0.01)
Table S1- S2
Table S1 Antibodies used for immunofluorescence
Table S2 Antibodies used for Western blotting
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