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In 2001, the concept of the neurovascular unit was introduced at the Stroke Progress
Review Group meeting. The neurovascular unit is an important element of the health
and disease status of blood vessels and nerves in the central nervous system. Since
then, the neurovascular unit has attracted increasing interest from research teams,
who have contributed greatly to the prevention, treatment, and prognosis of stroke
and neurodegenerative diseases. However, additional research is needed to establish
an efficient, low-cost, and low-energy in vitro model of the neurovascular unit, as well
as enable noninvasive observation of neurovascular units in vivo and in vitro. In this
review, we first summarize the composition of neurovascular units, then investigate the
efficacy of different types of stem cells and cell culture methods in the construction of
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The neurovascular unit (NVU) consists of neurons, nerve glia cells
(astrocytes, microglia, oligodendrocytes), vascular cells (brain
microvascular endothelial cells (BMECs), pericytes, and smooth
muscle cells (SMCs)), and brain-specific extracellular matrix (ECM).
Its dynamic cellular composition and structure play an indispensable
role in maintaining the stability of the central nervous system (CNS)
microenvironment (Heneka et al., 2015; Caffery et al., 2021; Ye
et al., 2021). BMECs line the capillaries of the brain, form densely
arranged tight junctions (TJs) with pericytes, and form the brain’s
unique barrier structure, the blood-brain barrier (BBB). As a core
structure of the NVU, the BBB acts as a highly dynamic and functional
interface between systemic circulation and the CNS. The BBB strictly
and accurately regulates the transport of metabolic molecules
and nutrients while maintaining a stable brain environment and
protecting the CNS from potentially harmful chemical or systemic
fluctuations (Birnbaum and Weinberger, 2017). Injury or destruction
of the BBB occurs in a variety of neurological diseases, such as stroke
(Zhou et al., 2017; Maoz et al., 2018; Segarra et al., 2018), as well
as neurodegenerative diseases such as Alzheimer’s disease (AD)
(Giovacchini et al., 2011; Zlokovic, 2011; Urban et al., 2017; Zhou et
al., 2017), vascular dementia (Arsava et al., 2018), Parkinson’s disease
(PD) (Zhang et al., 2019), Huntington’s disease (Dong et al., 2018),
and amyotrophic lateral sclerosis (Zhang et al., 2019). To examine
the etiology and pathogenesis of these diseases, many new imaging
techniques and in vitro models have been developed.

Noninvasive imaging techniques such as magnetic resonance imaging
(MRI) and positron emission tomography (PET) enable researchers
and clinicians to assess the structure and function of the NVU, and
thus are widely used in animal experiments and clinical diagnostic
processes (Islam and Mohamed, 2015). PET can be combined with
computed tomography (CT) and MRI for more reliable detection of

used to quantitatively analyze certain endogenous substances and
metabolic activities in the brain (Keogh et al., 2018). Angiography
can be used to measure the degree of arterial stenosis, which can
reflect dynamic changes in cerebral microvessels, and can be used to
diagnose early changes in arterioles in patients with ischemic stroke
and other diseases (Xiao et al., 2018). In addition to these principal
imaging techniques used for clinical diagnosis and in vivo research,
two-photon imaging, transmission electron microscopy, and other
techniques can be used to observe the ultrastructure of lesions (Lo
et al., 2003; Tedesco et al., 2018).

In in vitro models of the BBB, primary cells and immortalized BMECs
are generally used as the source of cell cultures. However, stem cells
(embryonic stem cells, neural stem cells, induced multifunctional
stem cells, and bone marrow mesenchymal stem cells (MSCs))
have also been used to model the BBB in simulations of the NVU
(Garofalo et al., 2015). Cell culture methods such as the two-
dimensional Transwell cell culture are constantly being developed,
and these represent a substantial improvement from BMECs cultured
to simulate the BBB (Ferrini et al., 2013). Meanwhile, with the
continuous innovation of molecular materials, the application of
hydrogel and three-dimensional (3D) printing technology has enabled
the co-culture of 3D model cells, which may play an important role
in simulating the microenvironment and characteristics of the BBB
in vitro (Benakis et al., 2014). Another in vitro technology, in silico
biology, uses big data and cloud computing to summarize previous
results, facilitate drug design, and enable precise medical care for
nervous system diseases with reduced costs and improved time
efficiency (Allen and Lyons, 2018). In this review, we systematically
examined studies of the composition of the NVU, including in vitro
and in vivo models, as well as new imaging technologies applied in
NVU research.
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Retrieval Strategy

For this narrative review, literature searches were performed using
PubMed and the China National Knowledge Infrastructure from 2001
to 2021. The following keywords were used: “neurovascular unit”
AND “imaging technology” OR “stem cell” OR “cell co-culture” OR “3D
printing” OR “microfluidic” OR “computational biology”. The articles
included in this review were selected based on their relevance to the
topic. The results were further screened according to the title and
abstract, and whether they included animal experiments, in vitro
studies, clinical trials, and database or software applications.

Basics of the Neurovascular Unit

Neurons are connected to each other via dendrites and axons to form
a network that can transmit signals and thus enable communication.
This structure plays an important role in maintaining the normal
physiological function of the human brain. Before the 21% century,
the repair of neuronal damage was considered the main target for
the treatment of brain diseases such as neurodegenerative diseases
and ischemic stroke (Vasic et al., 2019). In 2001, the concept of the
NVU was proposed by American scientists (https://www.ninds.nih.
gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/Stroke-
Progress-Review-Group). The NVU includes neurons, astrocytes,
vascular cells (BMECs, pericytes, and SMCs), the basal lamina matrix,
microglia, and astrocytes (Yang et al., 2005) (Figure 1). Thurgur and
Pinteaux (Thurgur and Pinteaux, 2019) proposed that these cells and
structures are closely linked via dynamic interactions to form the
NVU.

Basal lamina

Matrix
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Figure 1 | Schematic of the neurovascular unit.

The neurovascular unit is composed of neurons-glial cells-blood vessels
interactions, and includes neurons, astrocytes, microglia, vascular endothelial
cells, perivascular cells, basement membrane, and extracellular matrix.

The model emphasizes the importance of the interconnection and mutual
influence between neurons, glial cells, and the cerebrovascular system,

and offers a three-dimensional environment suitable for studying neuronal
damage and protective mechanisms, as well as searching for new potential
targets for clinical treatment.
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All components of the NVU play an important role in maintaining
CNS homeostasis. Neurons are surrounded by glial cells, which
provide nutrients and stabilize the microenvironment of neurons by
preventing the invasion of vessel cells and blood-derived substances
(Dietz et al., 2020). Microglia secrete brain-derived neurotrophic
factors, which can promote neuronal nutrition and repair during
inflammation caused by brain injury (Prinz et al., 2019). With their
ability to dynamically monitor pathogens, microglia serve as “full-
time” phagocytes in the CNS and can eliminate apoptotic cells and
necrotic debris (Subhramanyam et al., 2019). After 24 hours of
cerebral ischemia, amoebic microglia can form a protective barrier at
the infarction site, thus preventing further damage (Rodriguez-Gomez
et al., 2020). Meanwhile, globular microglia are distributed in the
core of the lesion and play a role in reducing injury and inflammation
(Voet et al., 2019).

Astrocytes
Astrocytes, the most abundant glial cells in the CNS, play an

important role in maintaining the structure and function of the
brain. They have various important physiological functions, such
as structural support, formation of the BBB, neuronal metabolism,
maintenance of extracellular environmental stability, regulation of
cerebral blood flow (CBF), stabilization of cell-cell communication,
synthesis of neurotransmitters, and protection against oxidative
stress (Niu et al., 2013). In particular, astrocytes act as a bridge
for glial crosstalk and link glial structures with vascular structures
in the CNS (Liu et al., 2020a). Astrocyte proliferation is a common
pathological reaction in many neurodegenerative diseases. It
is accompanied by cell swelling, neurite lengthening, and the
enhanced expression of glial fibrillary acidic protein. In recent years,
an increasing number of studies (Al-Qattan et al., 2018; Recasens
et al., 2019) have confirmed this point. When the activation of
Sonic hedgehog signal is elevated, astrocytes can be activated
and transformed into mature neurons (Bardehle et al., 2013). This
neuronal transformation ability is affected by the microenvironment
and is regulated by related molecular signaling pathways, including
the Notch signaling pathway (Saab et al., 2013), the osteopontin
signaling pathway (lijima et al., 2015), and the microvascular contact
signaling pathway (Takase et al., 2018). Astrocytes play a crucial role
in maintaining the microenvironment homeostasis of the NVU.

Oligodendrocytes

Oligodendrocytes are differentiated from pluripotent neural stem
cells on the ventral side of the neural tube. They form the myelin
sheaths around axons, speeding up signal transduction. This makes
the development of complex and tight neural circuits possible, and
also plays an important role in the maintenance and survival of axons
and neurons (Takahashi et al., 2011). An increasing number of studies
has shown that oligodendrocyte abnormalities play an important
role in the pathogenesis of CNS demyelinating diseases (Bennett et
al., 2019), neuronal damage (Rafalski et al., 2018), and psychiatric
disorders. Oligodendrocytes may be a potential therapeutic target
for reversing cognitive impairment in neuropsychiatric disorders
(depression, autism, and schizophrenia) (Ma et al., 2018).

Pericytes

Pericytes are an important part of the NVU because they regulate
vasomotion and CBF, and also maintain the stability of the BBB
(Zeisel et al., 2019). They regulate CBF by contracting and relaxing,
but during the acute stage of cerebral ischemia, they may aggravate
cerebral ischemia-reperfusion injury via excessive contraction.
Pericytes participate in the formation of capillaries and regulate
the stability of microvessels. The interaction between pericytes
and endothelial cells (ECs) is mainly mediated by paracrine and
juxtacrine, and the molecules involved are mainly platelet-derived
growth factor and their receptors, transforming growth factor-,
vascular endothelial growth factor, angiopoietin-1, among others.
Through these cytokines, pericytes can participate in regulating the
initiation, budding, and termination of angiogenesis (Bennett et
al., 2019). Pericytes promote the formation of TJs and maintain the
permeability of the BBB. Microvessels are surrounded by pericytes,
and their aggregation and coverage are crucial for the formation and
penetration of the BBB (Bergers and Song, 2005).

Tight junctions

BMECs, pericytes, and astrocytes interconnect around the basal
lamina (Zhao et al., 2011). TJs are found between adjacent BMECs,
whereas ECs and pericytes are connected by gap junctions at the
level of “peg and socket” contacts (Tsukita et al., 2019). The TJs
between adjacent BMECs maintain the extremely low permeability
and high electrical resistance of the BBB, and they monitor the
migration of polar solutes and macromolecules across the BBB. Many
of the endothelial TJs in the CNS form the structural basis of the
barrier system. The ECM produced by BMECs and pericytes forms the
basal lamina of brain microvessels (Caporarello et al., 2019). The BBB,
as the core of the NVU, is composed of BMECs, pericytes, astrocytes,
and the basal lamina.

TJs have an atresia structure, and they consist of specific
transmembrane proteins that are fused with one another, such as
membrane-spanning proteins (claudins, occludins, and junctional
adhesion molecules), zonula occludens, and F-actin (Dorfel and
Huber, 2012). Changes in the structure, distribution, and expression
of these proteins can all lead TJs to open to varying degrees, thereby
altering the permeability of the BBB. In a pathological state, some
other proteins and pathways, such as Rho-associated coiled-coil
containing kinases (Huang et al., 2020a), protein kinase C (Geribaldi-
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Doldan et al., 2019), and mitogen-activated protein kinase (Olateju
et al., 2021), regulate TJ function and paracellular permeability. The
permeability of the BBB is related to the character of the compounds
that encounter it, such as whether they are lipophilic substances,
which can easily pass through TJs. BMECs regulate transcytosis
between vessels and the brain via endocytic vesicles, and this activity
has a strong impact on whether macromolecules (proteins) are able
to cross the BBB (Lecrux and Hamel, 2011).

Microvasculature

The CNS requires a large amount of energy to maintain normal life
activities. The capillaries are filled with CFS, which ensures neuron
activity. Cerebrovascular BMECs regulate the interface of vascular
lumen and smooth muscle, and thus actively regulate CBF (Attwell et
al., 2010). Neurons regulate the biosynthesis of astrocytes through
the release of glutamate from chemical synapses. Astrocytes are
widely recognized as agents of coupling between blood vessels and
neurons (Zlokovic et al., 1983; ladecola and Nedergaard, 2007).
The end-feet of astrocytes are in close contact with pericytes and
vascular SMCs, and astrocytes regulate the expansion of pericytes
and vascular SMCs by secreting specific vasodilator factors. In this
way, neurons regulate CBF according to their energy and metabolism
needs (Venkat et al., 2016; Tarumi and Zhang, 2018).

BMECs, pericytes, and astrocytes work closely together to construct
TJs, and the ECM secreted by BMECs and pericytes originates in the
basement membranes of capillaries. The cerebral microvascular
system, which is anatomically similar to neural networks, is a complex
3D network of microarterioles, venule vessels, and capillaries (Campisi
et al., 2018; Park et al., 2019) that is functionally coupled to glial
cells and neurons. In-depth assessments of BMECs and pericytes
have revealed that their unique structural and functional changes
are highly specialized and closely related to pathological processes
(Zhang and Fisher, 2012). However, the molecular mechanisms of
these changes are not clear. The highly complicated TJs between
the adjacent cerebral microvascular BMECs on the BBB have a high
resistance, approximately 1800-2000 Q-cm’, which mainly restricts
the pathway of paraventricular diffusion between BMECs (Sifat et
al., 2017). In addition to this barrier function, TJs also maintain the
polarity of BBB BMECs by restricting the movement of lipids and
proteins between the surface of the apex and basolateral cells (Bagchi
et al., 2019). The integrity of microvascular ECs in BMECs varies with
the structure and function of the disease process, which depends
mainly on changes in the local microenvironment (ion concentration
disorder, inflammation, oxidation and nitrosative stress, enzyme
activity, and angiogenesis) (Uwamori et al., 2019; Liu et al., 2021).

NVU coupling

NVU, the coupling of neural activity, and CBF are the focus of CNS
pathology. CBF is important for maintaining the normal physiological
function of the brain. The brain lacks energy reserves, and thus must
regularly deliver oxygen and glucose to activated areas (Cai et al.,
2019). Increased CBF can also contribute to the removal of potential
toxic byproducts of brain activity (such as lactic acid, carbon dioxide,
and tau), which is also important for brain temperature regulation
(Muzik et al., 2018). Currently, there are two main theories
regarding neurovascular coupling: those related to “feedback”
and to “feedforward” mechanisms. Feedback is regulated by some
metabolites, such as potent vasodilators, adenosine, carbon dioxide,
hydrogen ions, and lactate, according to their own needs, whereas
feedforward often leads to an excessive blood oxygen supply, and the
mechanism is not clear (Alarcon-Martinez et al., 2020). Some recent
studies have suggested that the feedforward mechanism induces
excessive blood flow, while the feedback mechanism regulates CBF
based on tissue metabolism demands. Although the mechanisms of
neurovascular coupling are very complex, evidence indicates that it
serves to maintain brain homeostasis.

Over the last several decades, studies have confirmed that neurons,
astrocytes, BMECs, vascular SMCs, and pericytes are involved in
neurovascular coupling (Noor et al., 2020). Neurons initiate local
vascular responses following the release of neurotransmitters,
such as nitric oxide, neuropeptides, prostaglandins, and adenosine,
as well as changes in the cellular microenvironment (adenosine
triphosphatase, K*, and hypoxia) (Nwokocha et al., 2020). Astrocytes
are mainly responsible for the coupling of signal transduction.
BMECs regulate blood flow in capillaries and arterioles via retrograde
transmission. Finally, the contraction and relaxation of vascular
smooth muscle is mediated by Ca’* concentration, contractile
proteins, and hyperpolarization, which further controls CBF (Kisler et

al.,, 2017). Thus, each component in the NVU plays a positive role in
the control of CBF.

The NVU mainly contains astrocytes, neurons, ECs, and pericytes. The
interactions among these cells are very complex. As shown in Figure 2,
it is important to clarify the interactions between cells and matrices
when establishing an NVU model.

Astrocyte Neuron pericyte Endothelial cell

*{ L~

Neurovascular coupling and differentiation
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Figure 2 | Interaction between cells in the neurovascular unit (NVU).
NVU coupling is important for studying the operation of the nervous system
under different physiological and pathological conditions, especially in terms
of the relationship between neurons, astrocytes, endothelial cells, pericytes,
and blood vessels to reveal the mechanisms underlying central nervous
system diseases in the microenvironment.

Induce junction protein secretion and regulate
angiogenesis

The Application of Stem Cells in the

Neurovascular Unit

Previously, an in vitro BBB model was developed from primary and
immortalized BMECs (Stebbins et al., 2016). In recent years, stem
cell technology has been applied to the establishment of in vitro BBB
models. Because they can differentiate into various cells in the NVU,
and are used to model BBB pathology in simulations of the structure
and function of the human NVU (Huang et al., 2020b), stem cells
provide new opportunities for examining the molecular mechanisms
of the NVU, as well as for screening CNS diseases. Therefore, in this
review, we summarized the differentiation ability, culture conditions,
advantages, and disadvantages of several stem cell approaches in the
field of neurology. Examples of the application of stem cells in CNS
diseases are shown in Additional Table 1.

Embryonic stem cells

Embryonic stem cells (ESCs) derived from human or mouse fetal
brains have been used to treat traumatic brain injury in various
animal models (Dekmak et al., 2018). As ESCs can differentiate into
many types of brain cells, they may provide new treatment options
for various nervous system diseases (Sugaya and Vaidya, 2018).
One recent study showed that vascular endothelial growth factor
can induce human ESCs to differentiate into blood vessels with BBB
characteristics, and that Wnt7a can further induce the maturation
of vascular system components in cultured brain tissue (Liu et al.,
2020b). However, in long-term culture, the strong expansion of
blood vessels in brain organs is limited because of the low density
of vascular-like structures. Moreover, the shape of the open loop in
such systems, such as in a 4-month-old organic-like endothelium,
may be distorted because of the lack of blood pressure (Omulecki et
al., 2011). Besides, in in vitro culture, human ESCs do not self-renew,
and they must be harvested from human embryos. Thus, there are
some complex ethical questions regarding this type of research
(Kolagar et al., 2020).

Gene targeting technology with mouse ESCs has become the “gold
standard” for analyzing gene function and establishing disease
models (Martin Gonzalez et al., 2018). This technique has been
widely used in neurodegenerative disease research (Zhou et al.,
2020), leading to the successful development of a new embryonic
stem cell line from an AD model mouse containing three mutant
genes (APPswe, TauP301L, and PSIM146V) with a complex genetic
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background. Overexpression of the mutant Presenilin 1 gene in
human ESCs leads to synaptic electrophysiological abnormalities,
and thus, this model can be used for AD disease research and
drug development (Pre et al., 2014). Recently, MSCs-ESCs were
successfully applied in an animal model of AD via intra-arterial
injection, resulting in higher cell activity and an autophagy induction
effect that matched that of bone marrow MSCs. Furthermore, ESCs
could significantly inhibit the death of hippocampal cells induced by
amyloid B-protein, promote the formation of autophagolysosomes
to clear amyloid B-protein, and improve learning and memory in a
mouse model of dementia (Wang et al., 2018).

Neural stem cells

Neural stem cells (NSCs) are multifunctional stem cells in the brain,
and their potential for self-renewal is relatively low. Normally, NSCs
can differentiate into neurons, and so they can be used as candidate
cell lines for the production of NVU models in vitro, including
microvasculature and brain tissue models (Stebbins et al., 2019).
Despite the potential for establishing in vitro models using NSCs, their
practical application has been limited by immune incompatibility and
ethical problems related to allogeneic transplantation.

Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) have potential for use in
human cell models as an alternative to ESCs and NSCs. The main
advantages of iPSCs are as follows: (1) they are associated with
fewer ethical concerns compared to other options, (2) they can
independently produce new iPSCs, and so can be transplanted
without a risk of immune rejection (Glicksman, 2018), (3) they can
be indefinitely differentiated into a large number of cell types in
the NVU and are not restricted by mutation and cultivation, and
(4) because they are based on a clear genetic background and
susceptibility to disease, they can be used to establish an NVU
model. Studies of BBB models have made great progress using iPSCs.
For example, iPSCs were used to make human BMECs monolayers
that were then used to evaluate the role of shear stress in regulating
morphology, motility, proliferation, apoptosis, and protein and gene
expression (Pong et al., 2020). Furthermore, iPSCs have been used to
study many neurodegenerative diseases (AD, PD, and amyotrophic
lateral sclerosis), specifically, to deconstruct changes in nerves and
blood vessels during the course of the disease (Kolagar et al., 2020).
For example, one in vitro evaluation of disease mechanisms used
iPSC-derived neurons from sporadic AD patients replicated using a
beta-amyloid precursor protein gene (Tang et al., 2020). The process
of iPSC differentiation into ECs, neurons, astrocytes, and pericytes
has been described in detail in terms of methods for measuring quart
endothelial resistance and cell permeability (Vatine et al., 2019).
However, iPSC technology has some major limitations. For instance,
because of the inefficiency of viral infection and reprogramming
in the production of these cells, there is a risk of tumorigenesis.
Furthermore, there is a narrow experimental window when using
iPSC-derived cells, as they tend to dedifferentiate very rapidly (several
days after full differentiation) in vitro.

MSCs

MSCs are not only are easy to isolate, but can also be easily extracted
from patient tissue without ethical concerns. As a result, MSCs are
now commonly used to treat brain diseases. Growth factors secreted
by MSCs are important for the repair of damaged neurons, unlike
ESCs, which can induce tumor formation (Tsai et al., 2021). Based
on these advantages, MSCs have great potential in stem cell tissue
engineering for gene therapy, cancer biology, and other applications
(Lah et al., 2020), which is of great significance for the construction
of an in vitro NVU model. Pericytes, as one of the key cells in the
NVU, surround capillaries and form TJs with ECs, which play an
important role in maintaining the balance of material exchange and
functional stability between nerves and blood vessels (Huang, 2020).
Recent studies (Davidoff, 2019; Ross et al., 2019; Ahmed et al., 2020)
have shown that MSCs are similar to pericytes (many cell phenotypic
markers are the same), which suggests that MSCs can be used as a
multifunctional stem cell type for differentiating pericytes. Uwamori
et al. (Uwamori et al., 2019) described an in vitro BBB model of
brain capillary ECs co-cultured with MSCs (a potential substitute for
pericytes) that was used to study the contribution of MSCs to BBB
structure and function. The contribution of this synapse solves the
problem of primary cell culturing of pericytes, and MSCs can be used
as a substitute for pericytes in various in vitro neurological studies
(Huang et al., 2018; An et al., 2020).

The Application of Cell Co-culture in the

Neurovascular Unit

A stable model comprising the main structural and functional cells of
the NVU in vitro is very important for studying neurovascular diseases
and evaluating the effects of therapeutic drugs. In addition to clinical
and in vivo experiments, in-depth examinations of CNS diseases
must be conducted in accordance with the culturing of nerve cells
in vitro. In this review, we considered the experimental conditions,
cell lines, and advantages and disadvantages of the prominent
technical strategies for establishing NVU models in vitro, as shown in
Additional Table 2.

Static Transwell culture system

At present, given the associated convenience and maturity of the
technology, the Transwell culture system is widely used to build
BBB/NVU models (Brown et al., 2020). In this system, one or more
types of nerve cells are cultured on either side of a semi-permeable
microporous membrane, which enables the exchange of small
molecular substances and prevents transmembrane migration
(Bian et al., 2019). According to the types of cells cultured in a
Transwell system, a BBB model can be divided into single-cell
model, or a two-, three-, or four-cell co-culture model. Although
the simplest BBB model in vitro is the single-cell model, in which
BMECs are cultured on the upper side of the Transwell chamber, it
lacks the coupling between ECs and other cells in the BBB (Bagchi
et al., 2019). The main co-culture model for two cells is BMECs-
astrocyte contact culture (Kulczar et al., 2017), which is more in line
with the physiological structure of the BBB, and has improved BBB
permeability (Stone et al., 2019). Methods for co-culturing three
cells can be divided into BMECs-astrocytes-pericytes co-culture and
BMECs-astrocytes-neurons co-culture models. BMECs are cultured
on the upper side of the Transwell chamber, and astrocytes and
pericytes are mixed and cultured on the underside of the Transwell
model microporous membrane. This model more closely reflects
the physiological structure of the BBB, and allows for direct contact
between cells, as well as the exchange of growth factors required for
cell growth and development (Stone et al., 2019). Co-culturing four
cell types using a Transwell system, i.e., BMECs-astrocytes-pericytes-
neurons, creates a simple NVU. In a recent study, researchers created
a static four-dimensional system using the Transwell method by co-
culturing four cell types to simulate an NVU in vitro. In their study,
each cell type in the NVU was differentiated from the same donor
iPSC source, yielding an isogenic model that could enable enhanced
personalized modeling of the NVU for human health and disease
research (Canfield et al., 2019). In another study, the researchers
established an NVU using a four-dimensional model, and verified that
hyodeoxycholic acid can protect oxygen glucose privatization and
reoxygenation-induced injury in vitro (Li et al., 2019).

Because it is easy to establish, has moderate scalability, and is low
cost, the Transwell system is used in a variety of complex research
environments, including basic research and high-throughput
screening (Rumianek and Greaves, 2020). However, this static
in vitro model has many disadvantages, such as the lack of a
general 3D model in vivo, low physiological shear stress, which
limits the phenotypic differentiation of ECs in the BBB, relatively
low endothelial resistance, and high permeability of hydrophilic
substances. These limitations are considerable for NVU research (Katt
etal, 2016).

Dynamic Transwell culture system

The shear stress generated by blood flow can promote the expression
of some tight junction proteins (claudins, occludins, junction
adhesion molecules, and zonula occludens) and transporters,
enhance the barrier function of the BBB, and more closely mimic
conditions in the NVU (Siddharthan et al., 2007). Therefore, the NVU
dynamic model employs various materials and devices to simulate an
environment for the cultured cells that is similar to blood flow in the
body. Through its development, the NVU system has become more
integrated and miniaturized.

In the dynamic NVU system, brain ECs are cultured in hollow fiber
lumen and exposed to fluid flowing through an artificial capillary
stent, while other cells are seeded in an outdoor compartment
(Nishibori et al., 2020). Low permeability, high transendothelial
resistance, negligible protein extravasation, specific transporters for
polar molecules in closed chambers and ion channels, and ejection
system expression are several significant advantages of the in vitro
NVU (Lauranzano et al., 2019). Researchers using a 96-well plate
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microfluidic device found that synthetic drugs could penetrate the
EC monolayer within 3 hours without causing cytotoxicity (Lee et
al., 2018). However, this strategy is not suitable for high-throughput
screening research because the experiment has poor operability
and it is not possible to visualize the morphological or phenotypic
changes of cells in the lumen (Agarwal et al., 2021).

Currently, many dynamic NVU in vitro models, devices, and materials
are used in in vitro experiments, and the scope of application of the
NVU has expanded. Therefore, it is difficult to systematically classify
and describe the dynamic models. Here, we introduce the models
that have been reported. First, a BBB system was generated via
microfluidic device cultivation, and it could be optically imaged with
good results. Booth and Kim (2014) used the C6 glial cell line to co-
culture b.end3 cells in two channels, and the measured permeability
coefficient was closely related to the brain-plasma ratio in vivo, which
demonstrated that the model could predict the BBB drug clearance
rate. Second, a synthetic microvascular device was created with a
glass channel structure composed of glass and polydimethyl siloxane,
which enabled simultaneous imaging inside and outside the chamber.
Rat BMECs were cultured in the cavity under fluid shear conditions,
and they continuously contacted the conditioned medium of
astrocytes in the outer cavity (Prabhakarpandian et al., 2013). Third,
an NVU-chip was created from a nerve module and a blood vessel
module, which could be cultured separately and then assembled
together to study the interaction between nerves and blood vessels
(Achyuta et al., 2013). This NVU model could be used to examine
brain tissue regeneration and screen for drug interference toxicity.
Fourth, Deosarkar et al. (2015) developed an in vitro neonatal BBB
model device. It comprised a chip consisting of a tissue chamber
and a blood vessel channel placed side by side. Under shear flow
conditions, newborn rat BMECs were inoculated in the blood vessel
channel, astrocytes were cultured in the tissue chamber, and the two
interacted through a porous interface.

Microfluidic-on-chip incubation

Microfluidic-on-chip incubation is an efficient tool that combines
the disciplines of chemistry, physics, and bioengineering, and has
the characteristics of low reagent consumption, high throughput,
and easy integration (Liao et al., 2019). Currently, it can be used to
simulate a variety of human organs in vitro, and liver chips (Meng
et al., 2021), intestinal chips (Bein et al., 2018), and combination
chips (Benam et al., 2020) have been developed. Organ chips
enable experimenters to change local cellular, molecular, chemical,
biological, and physical parameters in a controlled manner, increasing
the accuracy of simulations of the microenvironment of the human
body (Mittal et al., 2019). Because microfluidic chips provide
precise control of cells and fluids on the microscale and enable
multifunctional integration, they have been used to simulate the NVU
microenvironment in various experiments (Staicu et al., 2021). After
exposing ECs on microfluidic chips to brain tissue in living organisms,
as well as improving the physical and chemical parameters of the BBB
model, the resulting system is expected to provide an ideal 3D cell
co-culture environment for studying the NVU (Bhalerao et al., 2020).

Given that it can be used to precisely control, detect, and manipulate
features of the cellular microenvironment, the microfluidic chip has
been widely used in biology and clinical medicine. It offers a new
powerful strategy for researching the mechanisms of CNS disease
(inflammatory response, tumor migration, and intervention) and
related drug screening and delivery (Richardson et al., 2020). The
other advantages of this model are its simple design, low cost, and
BBB permeability. Furthermore, with this method, ECs, neurons, and
capillaries do not undergo hemolysis (Bhalerao et al., 2020).

Microfluidic-on-chip incubation requires highly specialized
equipment, and materials limit the development of this technology.
For example, polyester has poor chemical absorption. Although
polydimethyl siloxane is widely used in this field, the low adsorption
of this compound makes it unsuitable for drug-related research
(Sankar et al., 2017). Furthermore, the basement membrane collagen
and matrix gel used to support cell culture and barrier construction
are relatively expensive. As a final limitation, it is not possible to
quantitatively study some core experimental parameters, such
as cavity membrane shear stress and transendothelial resistance
(Guo et al., 2021). However, as long as it is applied properly, the
microfluidic chip provides great convenience for CNS research.

3D printing
3D printed NVU models produced via tissue engineering can be used

to precisely analyze the significance of different cells with respect
to functional abnormalities in neurovascular diseases. For instance,
the interactions between different cell types and NVU cells, spatially
distributed with biodyes based on hydrogel, can be examined in
terms of neurovascular miscoupling, abnormal expression patterns
and/or secretions of trophic factors from different cell types, and
high-throughput drug screening. This method is conducive to
examinations of cell migration and adhesion, vascular regeneration
and neurogenesis, and the interactions between nerves and blood
vessels. This method can incorporate the four main structural
characteristics of the NVU: crosslinking, mechanics, porosity, and cell
adhesion.

The conversion of matrix solutions to colloids requires physical
or chemical interactions between molecules, physical processes
through noncovalent bonding, and chemical processes through
covalent bonding. When constructing a 3D NVU model, special
attention should be paid to the oxidation-reduction reaction caused
by chemical interactions, which produces free radicals and exposes
cells to free radicals prematurely (Sivandzade and Cucullo, 2018).
Another important factor when tissue engineering 3D NVU models
is mechanical stress, which is related to the amount of CBF and the
shear stress of the ECM that regulates the expression of TJ proteins
and promotes the functional phenotype of NVU molecules (Sokolova
et al., 2020). Physical and mechanical properties in living organisms
can be simulated by choosing bioinks with similar properties. Studies
have compared the selection and application of bioinks, with the
goal of making the microenvironment in vitro more and more
similar to the original ECM (Lougiaki et al., 2019). As discussed,
the BBB is the core of the NVU structure, and BBB research is very
important for understanding brain diseases and drug screening. The
porosities of bioinks in vitro directly determine the permeability
of the model, and pore size plays an important role in promoting
angiogenesis and neuronal differentiation (Sivandzade and Cucullo,
2018). The characteristics of cell adhesion are very important for
maintaining the stability of the microenvironment of the NVU model.
Adhesion between specific receptors on the cell membrane and
the surrounding environment maintains the interaction between
the cell and the environment. This is usually modulated by amino
acid sequences Arg-Gly-Asp and lle-Lys-Val-Ala-Val, the former is the
binding site of many different basement membrane proteins, and the
latter is found in laminin glycoproteins and promotes axonal growth,
synaptic stability, and BBB characteristics (Sokolova et al., 2020).

Because of its complex structure and function, it is difficult to
establish a complete in vitro model of the NVU. Most methods have
focused on co-culturing some components of BBB cells, namely,
BMECs, pericytes, astrocytes, and vascular SMCs, with neurons.
These methods cannot directly simulate holistic changes in the
NVU, but can be used to effectively study the characteristics of
the BBB while avoiding the methodological challenges associated
with co-culturing five types of cells. A recent reported indicated
that a NVU biological model constructed via 3D printing had good
viability (Fantini et al., 2019). The core of 3D printing technology is
bioassembly. To establish a complete and systematic NVU model, it
is very important that the vascular system of the NVU constitutes
an interactive network that is organized based on the characteristics
of cell recombination. There have been many reports on tissue
engineering bioprinting technology (Abdollahiyan et al., 2020;
Matai et al., 2020), and these can generally be divided into two
categories: indirect bioprinting technology and direct bioprinting
technology. The application of these techniques was made possible
by the emergence of multilayered 3D NVU models, with far-reaching
implications for the study of cell-to-cell interactions, especially in
vitro interactions between cells and vascular systems. A promising
area in the development of NVU models is biological processing via
3D biological tissues. A multicomponent NVU can be prepared via 3D
printing, and the contribution of different cell types to neurovascular
function and dysfunction can be studied at the molecular and cellular
levels (Figure 3).

3D printing has led to achievements in the prevention, diagnosis,
and treatment of neurological diseases. It can reproduce the specific
anatomy of complex intracranial tumors for neurosurgery with high
accuracy, allowing surgical procedures to be simulated in vitro,
and thus improving the effects of intracranial tumor treatment.
Furthermore, damaged host axons can regenerate on 3D-printed
bionic scaffolds to form synapses on human neural precursor cells
implanted in the device, and these axons can extend out of the
scaffold and enter the host spinal cord under the injured region
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Figure 3 | Pattern of three-dimensional (3D) printing for an neurovascular
unit (NVU) model.

Different types of NVU cells can be combined with specialized biomaterials
called bioink, and then bioprinted to produce multicomponent 3D NVU
models. Nerve cells and vascular cells can be encapsulated in the biological
inks. Bioimprinting can accurately position nerve cells and vascular cells to
form appropriate interfaces for simulating an in vivo model.

to restore synapses (Kosterhon et al., 2020). NVU dysfunction is a
central element of the pathogenesis of stroke and AD. 3D printing
can be used to screen drugs to improve neurological dysfunction
caused by stroke, AD, and other dementias (Potjewyd et al., 2018).
Additionally, 3D printing-based approaches offer compatibility
with 3D scanning, computer modeling, enhanced selection of
input material, and increased control over hierarchical integration,
and clinical 3D-printed implants can be used to treat neurological
diseases and injuries (Joung et al., 2020). For example, a composite
conduit filled with Engelbreth-Holm Swarm hydrogel was found to
promote the repair of peripheral nerves, and thus may become a
promising way to treat peripheral nerve defects (Gong et al., 2020).

There are many challenges involved in the application of 3D printing
technology to NVU research (Potjewyd et al., 2018). First, new types
of bio-ink must be developed with mechanical, rheological, chemical,
and biological properties that meet the requirements for printing
organs and tissues. Because tissues with diverse printing functions
and complex structures usually require simultaneous printing of
multiple types of cells, the lack of standardized bio-inks means that
researchers cannot guarantee the survival rate of cells during the
printing process. Second, the viability of bio-inks is limited, and long-
term storage is extremely difficult, which greatly limits the application
and development of 3D printing. Third, the source of cell donors
for 3D printing technology may affect the immune response of the
recipient. Therefore, the source of primary cells is another limitation
affecting the popularity of this technology.

In-Silico Approach

Computational biology is a new field that has emerged in recent
decades. It integrates pharmacology through assisted drug design

and delivery. This technology is becoming more and more closely
related to CNS disease and drug research. In drug design, the
traditional methods are time-consuming, risky, and costly. Katara
(Katara, 2014) specifically describes the role of bioinformatics and
pharmacogenomics in drug design and delivery. Pharmacogenomics
refers to the effects of single nucleotide polymorphisms and copy
number variation on drug response. Knowledge regarding single
nucleotide polymorphisms and copy number variation can facilitate
selection of the best drug, dosage, and course of treatment, and
reduce the chance of adverse drug reactions (Qidwai, 2020).
Donson et al. (Donson et al., 2018) used in silico models to predict
drug sensitivity for ependymoma-related compounds (using
dose curves and time-course models). According to drug genome
data, P-glycoprotein has been selected as a therapeutic target for
optimizing drug delivery in the CNS (Pulido et al., 2020). PharmGKB
(https://www.pharmgkb.org/) is a pharmacogenomics resource
that provides information about clinical gene-drug associations and
gene-phenotype associations (Mlakar et al., 2016; Han et al., 2018).
STITCH 5.0 (http://stitch.embl.de/) is a searchable database that uses
text mining to summarize information about metabolic pathways,
drug-target relationships, and structural similarities (Li et al., 2020a).
TTD (http://db.idrblab.net/ttd/) is a therapeutic target database that
provides information about known proteins and nucleic acids (Cui
et al., 2020). The applications, advantages, and disadvantages of the
above-mentioned databases, as well as examples of their application
in CNS diseases, are summarized in Additional Table 3. The main
advantage of bioinformatics is the use of data mining to classify
biological activities and potential candidate drugs and to predict
and identify their biological phenomena. The storage and analysis
of these massive amounts of data is not simple, and scientists have
come up with a solution called cloud computing.

In silico models are also valuable for capturing the “virtual tissue
model” of embryonic BBB development or in vitro platforms
representing all NVU cells. For example, Nyul-Téth et al. (2016)
described the vascular regeneration process of cerebral vessels
using virtual in silico results. This technique enables researchers
to predict the possibility of future tissue toxicity using a minimal
number of animal experiments. For example, an in silico model was
used to predict the binding of tanshinone IIA and cryptotanshinone
to nuclear factor-k-gene binding in vitro, which could improve
symptoms in patients with AD, and this was validated by nongenetic
mouse experiments (Maione et al., 2018).

Establishing computational models will help us to understand
how the brain performs computations, although high-fidelity data
regarding neural cell morphology will be required. For this purpose,
Abdellah et al. (2018) has established NeuroMorphoVis (https://
github.com/BlueBrain/NeuroMorphoVis), which consists of five
main modules: () data processing, (II) simulation of 3D somatic cell
contours, (Ill) restoration and analysis of the morphological skeleton,
(IV) creation of polygon surface mesh, and (V) reconstruction of
volume models that reflect skeletal geometry. The team promoted
the development of morphological research on neurons using in
silico models (Abdellah et al., 2021).

Similar to in vitro models, in silico NVU models enable real-time
observation of intercellular interactions leading to NVU/BBB
development, and they also offer characterization and quantification
of molecular signaling events behind cell behavior. There are many
differences in the timing of BBB formation between rodents (the
main source of BBB development data) and humans. Recognizing
this difference should help researchers focus on the advantages of
existing animal model data (describing molecular interactions and
sequences of events during early embryonic development) and
prevent overprediction regarding human outcomes. At this stage,
the in silico model cannot be considered a stand-alone tool because
further in vivo and in vitro studies are needed to validate the results
and/or improve the assumptions underlying the original algorithm.

The Application of Noninvasive Imaging

Techniques to the Neurovascular Unit

Noninvasive imaging techniques such as MRl and PET are widely used
in animal experiments and clinical diagnosis to assess the structure
and function of the NVU. New imaging techniques have also emerged
that combine assessments of function, imaging, and anatomy.
These include blood oxygenation level dependent MRI, diffusion
tensor imaging, and perfusion functional magnetic resonance
imaging (fMRI), which can involve diffusion weighted imaging and
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magnetic resonance spectroscopy (Netto et al., 2018). fMRI has a
high temporal resolution and spatial resolution, enabling real-time,
repeatable dynamic observation in noninvasive situations. This
technology has been useful in clinical applications. fMRI has been
use to image various whole-body systems, especially the brain, and
can be used for coronal, sagittal, and cross-sectional imaging (Shukla
et al., 2017). It is also widely used in animal experiments. fMRI can
be used to detect morphological changes in astrocytes and capillary
coverage in the hippocampus (Anzabi et al., 2018). Structural
changes in the NVU (BBB integrity and the state of microvasculature)
can also be diagnosed using fMRI techniques, further guiding clinical
treatment (Zhao et al., 2019). MRI usually involves T1-weighted
imaging to detect the extravasation of the damaged BBB (Kidwell
et al., 2004). As technology continues to evolve, increased imaging
resolution and sophistication of software systems enable the use of
MRI to monitor NVU components with more sensitivity and accuracy
(Hsu et al., 2018).

PET

In addition to measuring CBF and glucose metabolism in the brain,
PET can now be used to quantitatively analyze other metabolic
parameters, such as receptor occupancy and endogenous release
(Judenhofer et al., 2008; Boss et al., 2010). With respect to the NVU,
researchers aim to objectively monitor dynamic changes in neurons,
glial cells, microvascular systems, and barrier structures. Although
fluorodeoxyglucose (FDG) PET can indirectly reflect synaptic function
by showing the uptake of ®F-FDG by neurons and glia (Chen, 2007),
PET has certain limitations in accuracy and positioning. However, the
multimodal application of PET/CT enables the integration of detailed
anatomical information and PET data with CT imaging. The resulting
information regarding changes in metabolism and molecular levels
in the body is more substantial than the sum of the data obtained
using the two separate imaging modalities (Keogh et al., 2018).
Combined PET/MRI is used in brain neuroscience research; the good
resolution and tissue contrast provided by MRI can be combined with
spectroscopy analyses to help detect changes in metabolic function
(Herholz, 2003). These techniques can be used for the localization of
epileptic foci, early and differential diagnosis of AD, evaluation of PD,
and judgments regarding tissue damage and survival after cerebral
infarction.

AD, vascular dementia, frontotemporal lobe degeneration, and Lewy
body dementia can be differentiated using '*F-FDG PET according
to the uptake of "*F-FDG in different brain regions. For example,
typical AD patients show a symmetrical decrease in "*F-FDG uptake in
the bilateral temporal and parietal lobes, while those with vascular
dementia exhibit diffuse decreased uptake of *F-FDG in the cerebral
cortex and subcortical areas, individuals with frontotemporal lobe
degeneration display an asymmetric decrease in '*F-FDG uptake
in the bilateral frontotemporal lobes, and only the occipital lobe is
involved in Lewy body dementia (Gallivanone et al., 2016). *F-FDG
PET is helpful in identifying mild cognitive impairment and predicting
the development of AD with higher sensitivity and specificity (Ding
et al., 2019; Chung et al., 2020; Li et al., 2020b). Furthermore, FDG-
PET has been used to detect inflammation associated with FDG
absorption (platelets) in patients with early stroke, and this has
facilitated the prevent of recurrent stroke (Jacobs et al., 2005). The
combination of PET with other modalities has provided a unique
opportunity to link neurochemistry with hemodynamics, and
has facilitated research regarding NVU neurovascular coupling in
the brain. PET/MRI imaging has been successfully applied to the
monitoring of intracranial tumors (Wey et al., 2014), the staging of
gliomas, and the early study of dementia, mild cognitive impairment,
degenerative changes, brain functional nuclei, and other topics
(Almansory and Fraioli, 2019; Zhu and Zhu, 2019; Frantellizzi et al.,
2021).

Dynamic contrast-enhanced MRI and dynamic susceptibility
contrast MRI

NVU dysfunction, including changes in BBB permeability, is implicated
in a variety of conditions including vascular cognitive impairment,
dementia, Binswanger’s disease, stroke, type 2 diabetes, and aging
(Yu et al., 2020). MRI can clearly show increases in perivascular
space, subcortical infarction, and cerebral microbleeds (Debette et
al., 2019). As a type of multi-dimensional MRI, dynamic contrast-
enhanced MRI (DCE-MRI) has become a preferred imaging technique
for evaluating BBB disruption at all levels of BBB leakiness (Brighi
et al., 2020; Houston et al., 2020). It has been used for quantitative
analysis of cerebrovascular lesions in various animal models, such as

focal cerebral ischemia and tumor, and clinically for BBB transfer rate
analysis of focal ischemia, multiple sclerosis, and cerebral cavernous
malformation (Piotrowski et al., 2020). In recent years, BBB leakage
is considered to play an important role in the early stage and
progression of AD, although many in vivo studies have failed to detect
signs of AD-related BBB decomposition, even with the application of
DCE-MRI (Dickie et al., 2019). This suggests that AD-induced damage
to the BBB is subtle, and that these negative results are due to the
low sensitivity of measurement methods (Nation et al., 2019).

Dynamic susceptibility contrast MRI (DSC-MRI) is a gadolinium-based
contrast agent perfusion imaging technology that is commonly used
in the clinical detection of brain tumors (Huhndorf et al., 2016).
When the contrast agent passes through a blood vessel and enters
the extravascular space, it changes the T1, T2, and T2* relaxation
rates of the tissue fluid, and thus changes the intensity of the MR
signal. Unlike DCE-MRI, in which changes in tissue T1 are evaluated
after the contrast agent is injected, DSC-MRI mainly depends on T2
and T2* changes for evaluation (Kang et al., 2021; Sanders et al.,
2021). When assessing the growth and treatment of brain tumors,
tissue perfusion, tissue permeability (Ktrans), and extravascular
extracellular volume fraction (ve) are the main parameters used to
analyze DCE-MRI data (Lingala et al., 2020). Blood volume, blood
flow, and mean transit time are the main DSC-MRI parameters used
to evaluate the hemodynamics of brain, breast, and prostate tumors.
Moreover, blood volume and blood flow data obtained by DSC-MR
ae correlated with tumor grade and treatment response (Manning et
al., 2020). A recent study showed that under the same physiological
conditions of Ktrans and ve, the sensitivity of DSC-MRI was the same
as that of DCE-MRI (Wu et al., 2009).

Angiography

Angiography is used to measure the degree of arterial stenosis (Dowd,
2021). The way in which the degree of arterial stenosis is defined in
patients with acute ischemic stroke is significant for determining the
efficacy of thrombolytic therapy (Tomkins et al., 2016). Angiography
involves a non-penetrating X-ray that enables intuitive assessment
of dynamic changes in brain blood vessels (Frosen et al., 2019). For
diagnosing spontaneous intracranial subarachnoid hemorrhage,
CT angiography and digital subtraction angiography have a better
diagnostic rate than MRI (Ghoneim et al., 2020). The visualization of
3D reconstruction using CT angiography to analyze morphological
parameters in 638 patients with MCA aneurysms was important
for assessing the condition and risk in patients with brain damage
(Lang et al., 2020). This technique has also been used in animal
experiments, such as in an experimental carotid arteriovenous
fistula (AVF) model in minipigs, and the application of angiography
to the monitoring of CBF changes revealed that extracranial arterial
production could be induced, thereby promoting the repair process
after ischemic brain injury (Ideguchi et al., 2017).

Conclusion and Final Remarks

This paper examined the relationships between NVU components.
We comprehensively and systematically introduced current methods
of clinical diagnosis, treatment, and drug screening in the study
of brain CNS diseases in vivo and in vitro. Noninvasive imaging
technology is of great significance for modern encephalopathy
research. In addition to the application of MRI, CT, angiography, and
others in the diagnosis of clinical patients, these techniques are
also important in the monitoring and characterization of many CNS
diseases.

Stem cells are increasingly used as cell sources for in vitro
experiments. In recent years, human induced pluripotent stem cells
have enabled remarkable success in neurodegenerative disease and
stroke research. Accordingly, new technologies have been developed,
including dynamic in vitro BBB, NVU microfluidic chip technology, and
3D printing technology. These technologies and strategies will likely
expand to the mainstream of research on the structure and function
of the BBB and NVU, with a focus on drug metabolism, absorption,
and transportation, the differentiation and proliferation of stem cells,
and the proliferation of cancer cells to other tissues.

This review systematically discussed various technologies used to
explore the NVU. However, some technologies are still undergoing
rapid development, and there are many drawbacks, such as the
restriction of biomimetic materials, technical bottlenecks, and
ethical supervision. For emerging technologies in particular, specific
patterns can be employed in CNS research, but technical barriers and
adaptability will need to be continuously assessed.
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Additional Table 1 Differentiation, culture conditions, and clinical functions of three kinds of stem cells

Stem cell Type of differentiated cells

Specific culture condition

Clinical function

References

Embryonic stem cells Motor neuron, dopaminergic neuron,
cholinergic neuron, oligodendrocyte,

gamma-aminobutyric acid neurons, Schwann cells,

glutaminergic neurons
Induced pluripotent

stem cells

Mesenchymal stem

cells

Astrocyte, neurons, microglia, iPS-ML/NEP2

Neurons, neuroectodermal like cells, astrocytes

Retinoic acid, Sonic hedgehog, fibroblast growth
factor 8, astrocyte, insulin, fibroblast growth
factor 2, dibutylcyclic adenylate, neuromodulin
1B, N2 supplement, basic fibrobast growth
factor, brain-derived neurotrophic factor

mTeSr medium, N2B27, B27 without vitamin A
and heparin, B-mercaptoethanol, Glutamax,

penicillin, streptomycin

All-trans retinoic acid, dimethyl sulfoxide,
dimethyl sulfoxide, basic fibrobast growth
factor, brain-derived neurotrophic factor, low
lever laser therapy, astragaloside, danshansu,

ligustrazine

Amyotrophic lateral sclerosis,
Parkinson's disease, Alzheimer's

disease, Huntington's disease

Alzheimer's disease, Amyotrophic
lateral sclerosis, Huntington’s

disease, Parkinson's disease

Spinal cord injury, Parkinson's
disease, Alzheimer's disease,

cerebral palsy in children, stroke

Dekmak et al., 2018;
Glicksman, 2018;
Sugaya and Vaidya,
2018

Vatine et al., 2019;
Kolagar et al., 2020;
Pong et al., 2020;
Tang et al., 2020
Davidoff, 2019; Ross
etal., 2019; Tsai et
al., 2021
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Additional Table 2 Technical strategies applied to the establishment of ir vitro neurovascular unit (NVU) models

Model Materials of Cell types Advantages Limited References
membrane
Transwell static Poly tetra Rat brain endothelial Easy to set up, moderately scalable,  Unable to simulate NVU dynamic model, lack of Bian et al., 2019;
fluoroethylene, Porous  cells GP8, RBE4, low-cost physiological shear stress to limit endothelial cell Lietal., 2019;
polycarbonate (PC) hCMEC/D3 blood-brain barrier (BBB) phenotypic differentiation, Brown et al.,
relatively low endothelial resistance, and high 2020; Rumianek
permeability of hydrophilic substances and Greaves,
2020
Dynamic PC B.end3 endothelial Real-time visualization BBB and Weak ability to regulate microenvironment Booth and Kim,
microfluidic device cells or co-culture transmembrane endothelial 2014
with astrocytes resistance (TEER)
Dynamic synthetic Polydimethylsiloxane RBE4 (intra luminal),  Low cost, simulated High throughput drug screening and TEER real-time Prabhakarpandian
microvascular device ~ (PDMS) astrocytes (extra microcirculation environment, detection are not available etal., 2013
luminal) physiological fluid flow, shear
stress, allow long-term cell culture,
real-time optical monitoring
Dynamic NVU chip PC RBE4, neurons, Low cost, realize NVU interaction The apparatus is complicated and it is difficult to culture Achyuta et al.,
device astrocytes and cells for a long time 2013
microglia
Dynamic New baby PDMS Rat brain endothelial Simulation of shear flow in vivo Technology is not mature enough Deosarkar et al.,

BBB chip device

Microfluidic-on-chip

PDMS chip, porous

polycarbonate film

cells, astrocytes

Human brain neurons,
astrocytes, pericytes,
and BMECs

environment, real-time
visualization, direct measurement of
dynamic process

Low reagent consumption, high
throughput, easy integration.
Controllable physical parameters,

accurate simulation of central

Highly specialized equipment, limited materials and
expensive reagent consumption make it impossible to
quantify cavity membrane shear stress and

transendothelial resistance, lack of high-throughput,

2015

Sankar et al.,
2017; Mittal et
al., 2019;

Bhalerao et al.,
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Three-dimensional

printing

In-Silico

Gelatin/alginate
hydrogel, swarm
hydrogel, collagen,
gelatin, fibrin, gellan
gum, hyaluronan,
self-assembling
peptide, elastinlike
polypeptide,
polyethylene glycol

Neuroblastoma cell
line (SH-SY5Y),
induced pluripotent
stem cells, and neural
stem cells, Schwann

cells

nervous system environment. Low
cost fabrication, flexibility in the
design, visualization of cells is
possible, consider the effect of
sheer stress. Immediate
permeability measurements.
Improvement in paracellular barrier
functions

Quickly, high cost performance,
complex geometric features, low
cost, multi-material and
multi-function, elastic, high

resolution

Short time, low cost, low risk.
Real-time observation of the
interaction between NV U cells.

Quantized molecular signal

complex process technically, not ideal linear kinetic

High cell survival rate cannot be guaranteed. Bio-inks

have a limited shelf life. A variety of cells in the system

may cause an immune response. The mechanical strength

of tissue scaffolds is low

In vivo or in vitro verify are needed

2020; Guo et al.,
2021; Staicu et
al., 2021

Potjewyd et al.,
2018; Fantini et
al., 2019; Gong et
al., 2020

Katara, 2014; Li
et al., 2020a
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Additional Table 3 Introduce in detail several databases used in neurovascular unit (NVU) research

Database URL Application category Advantages and References
drawbacks
PharmGKB https://www.pharmgkb.org/ Literature data extraction; gene-drug data extraction; The most complete Mlakar et al., 2016;
Clinical annotation and implementation genotype and phenotype Han et al., 2018
information database
related to the drug genome
STITCH 5.0 http://stitch.embl.de/ Retrieve and predict the interaction between Structure-guided memetic, Liet al., 2020a
chemicals and proteins; Prediction of 3D molecular cellular, and multiscale
models evolutionary algorithm for
mapping protein
conformation spaces
TTD http://db.idrblab.net/ttd/ Provide information about known and yet to be Widely used and updated in ~ Cui et al., 2020
explored therapeutic protein and nucleic acid a timely manner, but there
targets, targeted diseases, and pathways is less information in the
database
NeuroMorphoVis https://github.com/BlueBrain/NeuroMorphoVis  Visualization, analysis and automated repair of Provide an analysis and Abdellah et al.,

digitally reconstructed neuronal morphology
skeletons from optical microscopy stacks; building
highly realistic three-dimensional neuronal somata
on a physically plausible basis; creating high
fifidelity polygonal mesh models of neurons using
the repaired morphology skeletons; Creating high
resolution volumetric models of neurons that
express their optical and spectroscopic

characteristics

visualization of the neuron
morphology skeleton
construction system;
subject to the limitation of

resolution

2018; Cui et al.,
2020; Abdellah et
al., 2021
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