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Abstract: Formulated as a group effort of the stroke community, the transforming concept of the
neurovascular unit (NVU) depicts the structural and functional relationship between brain cells
and the vascular structure. Composed of both neural and vascular elements, the NVU forms the
blood–brain barrier that regulates cerebral blood flow to meet the oxygen demand of the brain in
normal physiology and maintain brain homeostasis. Conversely, the dysregulation and dysfunction
of the NVU is an essential pathological feature that underlies neurological disorders spanning from
chronic neurodegeneration to acute cerebrovascular events such as ischemic stroke and cerebral
hemorrhage, which were the focus of this review. We also discussed how common vascular risk
factors of stroke predispose the NVU to pathological changes. We synthesized existing literature
and first provided an overview of the basic structure and function of NVU, followed by knowledge
of how these components remodel in response to ischemic stroke and brain hemorrhage. A greater
understanding of the NVU dysfunction and remodeling will enable the design of targeted therapies
and provide a valuable foundation for relevant research in this area.

Keywords: NVU; blood–brain barrier; pericyte; angiogenesis; arteriogenesis

1. Introduction

The Neurovascular Unit (NVU) is a novel and transforming concept formalized in 2001
by the Stroke Progress Review Group of the National Institute of Neurological Disorders
and Stroke [1]. As implied by its name, the NVU is constituted by elements of the nervous
and vascular systems. The neural elements consist of astrocytes, pericytes, microglia,
peripheral immune cells, and neurons, while the vascular components include Endothelial
Cells (ECs), Vascular Smooth Muscle Cells (VSMCs), and pericytes. Together, these cellular
networks are responsible for the cellular interplay from neuron-to-vessel communication,
Neurovascular Coupling (NVC), vessel-to-neuron signaling, vasculo-neuronal coupling
to maintain brain homeostasis, and responding to inflammation and disease. The unique
structure of the NVU along with transmembrane proteins forms a barrier that regulates the
movement of molecules between the blood and brain, called the blood–brain barrier (BBB)
(Figure 1). Many neurological diseases are associated with the breakdown of this interplay,
resulting in increased permeability of the BBB and neuronal dysfunction [2,3]. In the event
of a stroke, the NVU plays a pivotal role in the progression of stroke injury and remains the
main target of neuroprotective therapy.
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brain parenchyma, astrocytes make contact with both pericytes and endothelial cells at the capillary 

wall, while pericytes are situated between the end feet of astrocytes and endothelial cells. 
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Different types of neurons including noradrenergic [4,5], serotonergic [6], cholinergic 
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other cells of the NVU, allowing regional brain activity to be metabolically coupled to 

blood flow [10]. Evidence shows that BBB opening may be a selective compensatory event 

rather than a simple anatomical disruption, implicating that interaction between neurons 

and the brain microvasculature may regulate both blood flow and BBB permeability. 

2.2. Endothelial Cells 

ECs line blood vessels in the brain and are joined with one another by specialized 

Tight Junctions (TJs) and Gap Junction (GJ) proteins consisting of various molecular com-

ponents [11–14]. These TJs form the BBB, a physical barrier between blood and brain pa-

renchyma [15], and regulate the permeability of the EC layer that keeps unwanted mole-

cules such as toxins from entering the brain. This organization supports the current view 

that the BBB is not just a physical “barrier”, but a dynamic and metabolic interface [16,17]. 

Capillaries make up the microcirculation and are divided into three types: continu-

ous, fenestrated, and sinusoidal. Brain capillaries belonging to the continuous type have 

no perforations on the vessel wall, allowing only small molecules to pass through. In con-

trast, fenestrated capillaries in the kidneys and GI tract along with sinusoidal capillaries 

in the lymphoid organs are leakier and have small and large pores, respectively. They 

allow for the passage of large molecules and even cells compared with the brain capillar-

ies. By directly isolating tissue-specific mRNAs using the RiboTag transgenic mouse 

model [18], a recent study compared the transcriptome profiles of ECs from the brain, 

heart, and lung using RNA sequencing. The authors found that each EC type had a dis-

tinct genetic signature under normal conditions and an organ-specific response to lipo-
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rounding tissue upon stimulation, indicating organ-specific endothelial plasticity and ad-
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Figure 1. Schematic of the NVU. The NVU is comprised of neurons, vascular cells (endothelial cells,
pericytes), basement membrane, and glia (astrocytes, microglia). Neurons make distinct connections
with blood vessel and other cells of the NVU. Endothelial cells forming the blood vessels are encased
by a basal lamina/basement membrane and are bound by tight junction proteins. Located in the
brain parenchyma, astrocytes make contact with both pericytes and endothelial cells at the capillary
wall, while pericytes are situated between the end feet of astrocytes and endothelial cells.

2. The Structural Components of the Neurovascular Unit (NVU)
2.1. Neurons

Different types of neurons including noradrenergic [4,5], serotonergic [6], choliner-
gic [7,8], and GABAergic [9] neurons have been shown to make distinct connections with
other cells of the NVU, allowing regional brain activity to be metabolically coupled to blood
flow [10]. Evidence shows that BBB opening may be a selective compensatory event rather
than a simple anatomical disruption, implicating that interaction between neurons and the
brain microvasculature may regulate both blood flow and BBB permeability.

2.2. Endothelial Cells

ECs line blood vessels in the brain and are joined with one another by specialized
Tight Junctions (TJs) and Gap Junction (GJ) proteins consisting of various molecular com-
ponents [11–14]. These TJs form the BBB, a physical barrier between blood and brain
parenchyma [15], and regulate the permeability of the EC layer that keeps unwanted
molecules such as toxins from entering the brain. This organization supports the current
view that the BBB is not just a physical “barrier”, but a dynamic and metabolic inter-
face [16,17].

Capillaries make up the microcirculation and are divided into three types: continuous,
fenestrated, and sinusoidal. Brain capillaries belonging to the continuous type have no
perforations on the vessel wall, allowing only small molecules to pass through. In contrast,
fenestrated capillaries in the kidneys and GI tract along with sinusoidal capillaries in the
lymphoid organs are leakier and have small and large pores, respectively. They allow
for the passage of large molecules and even cells compared with the brain capillaries. By
directly isolating tissue-specific mRNAs using the RiboTag transgenic mouse model [18],
a recent study compared the transcriptome profiles of ECs from the brain, heart, and
lung using RNA sequencing. The authors found that each EC type had a distinct genetic
signature under normal conditions and an organ-specific response to lipopolysaccharide.
Most surprisingly, ECs turned on genes that were expressed by the surrounding tissue
upon stimulation, indicating organ-specific endothelial plasticity and adaptation [19].
Specifically in the brain, genes involved in processes akin to neuronal function such as
synapse organization, neurotransmitter transport, axon development, and ion transport
regulation are also enriched in the brain ECs [19].

Endothelial cells also interact with other components in the brain, such as pericytes,
astrocytes, neurons, and the ECM to maintain the normal function of NVU by forming
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the BBB [16,20]. The interplay among partners in the NVU and the integrity of the BBB is
key to brain homeostasis. The interaction between capillaries and neuronal components
in neurovascular coupling regulates CBF through the detection of changes in shear stress
of the endothelial wall and the supply of oxygen and necessary nutrients in the brain
tissue. BBB breakdown leads to an influx of toxic molecules towards the brain, causing
neuronal injury and neurodegenerative changes. While the NVU and BBB are critical for the
maintenance of Central Nervous System (CNS) homeostasis, they could also interfere with
the delivery of therapeutic drugs into the CNS via systemic administration for the treatment
of neurological diseases. Further research and clinical trials are needed to successfully
deliver necessary drugs to the CNS without causing inadvertent permeability of the BBB.

2.3. Pericytes

Pericytes surround cerebral vessels and are intimately in contact with the ECs embed-
ded in the vascular basement membrane (BM) through gap junctional complexes around
pericyte somata [21,22], called peg-socket contacts. Like endothelial cells, pericytes are
attached to extracellular matrix proteins of the BM by different integrins that control junc-
tional complex protein expression [23], affecting the functionality of the BBB by controlling
both the structure of TJs and the rate of vesicular trafficking. They are also involved in
various vascular functions such as BBB formation andmaintenance, angiogenesis, vessel
maturation, regulation of blood flow, and immune cell trafficking [24–27]. Pericytes can
inhibit the expression of genes that promote vessel permeability. Pericytes control neuroin-
flammation by reducing leukocyte trafficking in the regions of blood vessels they cover [24].
A study using pericyte-deficient mice showed a correlation between the reduction of tight
junction and adherens junction proteins and the resulting increase in paracellular leakage
and eventually BBB breakdown [25]. The resulting permeability leads to an influx of
neurotoxic macromolecules, water, and larger molecules that are normally incapable via
increased endothelial transcytosis [26,27], and a reduction in capillary blood flow due to
microvascular degeneration [28].

Capillary vessels dilate to accommodate oxygen demand in the brain in response
to physiological stimulation such as hypercapnia or sensory stimulation. Earlier studies
implied that pericytes can contract or relax, resulting in changes in the capillary diameter
under various physiological and pathological conditions [29–32]. To further distinguish
which cells in the vessel zones respond to stimulation, a study using optogenetics found
that it was SMCs rather than pericytes that contracted when mural cells expressing ChR2
were stimulated [30]. However, another study found that pharmacological inhibitor of
myosin contraction signaling along with optical ablation of capillary pericytes resulted in
consistent dilation of regions lacking pericyte contact, leading to aberrantly increased flux
of blood flow in the uncovered capillary vessels [21,33]. A recent scRNAseq study suggests
that pericytes do have the molecular machinery to regulate vessel diameter since capillary
pericytes express receptors for vasoactive mediators including L-type voltage-gated calcium
channels and those involved in smooth muscle cell actomyosin contraction [34], providing
pivotal support for the modulatory role of pericytes in controlling capillary diameters and
homogenizing blood flow to facilitate oxygen extraction, particularly during functional
hyperemia. Apart from their modulatory role, pericytes seem multipotent and are known
to differentiate into both neural and vascular lineage cells after brain ischemia [35,36].

The same group of investigators who found pericytes drive capillary vessel dilation
reported that pericyte loss and capillary dilation caused by focal ablation of pericytes
with laser was exacerbated in the aged brain, resulting in increased flow heterogeneity in
capillary networks. Although the remodeling of neighboring pericytes restored endothelial
coverage and vascular tone within days, this process was slower in the aged brain and led
to persistent capillary dilation [37]. This suggests that pericytes do communicate with one
another and work together to maintain neurovascular coupling. In support of this notion,
one study showed that neighboring pericytes in the mouse retina can communicate with
each other in response to light stimulation by forming interpericyte tunneling nanotubes
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that become a functional network with an open-ended proximal side and a closed-ended
end-foot that connects with distal pericyte processes via gap junctions, serving as a conduit
for intercellular Ca2+ waves between pericytes [38].

2.4. Astrocytes

Linking the vascular and neural systems are perivascular astrocytes, whose astro-
cytic processes almost completely encapsulate the abluminal EC surface of brain vessels.
Astrocytes play a role in the development of junctional complexes and physically link
neighboring neurons with blood vessels [39–41], allowing them to detect changes in the
neuronal microenvironment and adjust the microvasculature appropriately [42,43]. Perivas-
cular astrocytes increase the tightness of TJs [44], promote the expression of endothelial
transporters [45], and enzymes associated with the endothelial barrier [40]. Through the
secretion of bioactive substances, astrocytes provide physical support and strengthen the
BBB, leading to TJ modulation. Gap junctions present between astrocytic end feet and vessel
walls mediate intercellular communication and solute movement between them, such as
water and ion exchange across the brain microvascular endothelium [40,46]. Water channel
aquaporin 4 is noticeably expressed on astrocytic end feet and regulates water movement
between the blood and brain [47]. Astrocytes are known for their roles in responding to
CNS injury by taking up excess glutamate from the extracellular space and converting
it to glutamine [48] to aid in the generation of new neurons, remodeling synapses, and
recycling neurotransmitters [24]. Critical to neuronal survival and repair, a large part of
this function is mediated by gap junction proteins that connect astrocyte networks into a
functional syncytium [13,49–51]. Through the secretion of proinflammatory (Interleukin
(IL) IL-6 and IL-1β), anti-inflammatory cytokines (IL-10), and chemokines (CCL2, CXCL1,
CXCL10, and CXCL12), astrocytes can control microglia differentiation and macrophage
activation [52–54]. These cytokines lead to hyperplasia of astrocytes, which results in the
expression of inflammatory factors that can lead to reactive gliosis and scar formation.
Astrocytes can directly restrict the entry of peripheral immune cells through the BBB. They
are also the source of MMPs, a family of extracellular proteinases that degrade TJs and the
ECM after ischemia, leading to the detachment of astrocytic end feet [55].

2.5. Microglia and Macrophages

Microglia are resident CNS macrophages that originate from the mesoderm during
embryonic development and are widely distributed within the CNS. However, the basal
ganglia and cerebellum have a higher abundance of microglia than the cerebral cortex [56].
They migrate into the brain and are termed “resting microglia” due to their low phago-
cytotic properties [57]. These cells communicate with endothelium to help regulate the
BBB. As the primary immune cells that account for ~5–15% of all cells in the human brain,
microglia can undergo morphological changes that allow them to phagocytose and produce
pro-inflammatory cytokines IL-1 and IL-6, and enhance the expression of Intercellular Adhe-
sion Molecule-1, P-selectin, and E-selectin [55,58]. As a result, the accumulation, migration,
and adherence of leukocytes across endothelium allow them to mediate inflammatory
cascades that further exaggerate the level of infarction.

During disease/trauma microglia become activated, and the extent of their activa-
tion is correlated to the severity and type of brain injury [59]. Activation of microglia is
associated with dysfunction of the BBB via changes in TJ protein expression and increased
BBB permeability [2]. High levels of neurotoxic mediators such as nitric oxide, peroxide,
inflammatory cytokines (i.e., Tumor Necrosis Factor-α (TNF-α)), and proteases, as well
as complement components [59,60], are produced, ultimately leading to cell injury in the
CNS and neuronal cell death. Microglia are adept at sensing any small disturbance in the
BBB [61,62] and maintaining BBB integrity during inflammation.
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2.6. Junctional Complexes

ECs form the inner lining of blood vessels, creating a barrier between vessels and
tissues. Lateral spaces between adjacent ECs called TJs, or Zona Occludins (ZO), and
their proteins control the low paracellular permeability and high electrical resistance of
the BBB [57]. Common transmembrane TJ proteins include Claudins (primarily Claudin-5)
and occludin, which are phosphoproteins with four transmembrane domains that span the
intracellular cleft, binding to proteins on adjacent ECs. Claudins and occludin are associated
with cytoskeletal signaling proteins such as ZO-1 and ZO-2 and link TJs to the primary
cytoskeleton proteins like actin for the maintenance of structural and functional integrity of
the endothelium [63]. Junctional adhesion molecules are another family of transmembrane
proteins that have a single transmembrane domain and are located at the borders of
endothelial cells. These molecules are involved in cell-to-cell adhesion and leukocyte
transmigration across the BBB [64]. The regulation of polar solutes and macromolecules
across the barrier prevents the passage of unwanted and potentially damaging material
such as peptides and proteins between the blood and brain. Through mechanoreceptor
properties, ECs can respond and adjust vascular resistance via vasodilation and constriction
to compensate for alterations of perfusion pressure and maintain a relatively constant CBF
and microvascular pressure that contribute to cerebral autoregulation [65]. Akin to TJs,
adherens junctions are protein complexes that occur at cell-cell junctions in endothelial cells.
Unlike TJs, AJs join and maintain the connection between actin filaments of the cytoskeleton
of neighboring cells. Transmembrane proteins called cadherins are a group of proteins
that bind with other cadherins on adjacent ECs to help ECs stick together and regulate
the intracellular signaling pathways that control gene transcription [66]. Additionally,
gap junctions are intercellular channels that allow ions and molecules to pass through
resulting in changes in membrane potential from one cell to another. Contrary to the
extremely low permeability of tight junctions, gap junctions allow for the passage of certain
molecules between cells. Consisting of connexin proteins, these structures allow for rapid
propagation of action potentials along with the slow diffusion of nonorganic ions, secondary
messengers, and other small water-soluble molecules [58]. They also transmit chemical
signals and metabolites between cells, aiding in the function of vascular, neuronal and
glial tissue [58]. Degradation of gap junctions contributes to the release of inflammatory
mediators and disrupts the homeostasis of the CNS environment as exemplified under
condition of ischemic stroke. These intercellular junctions are important for providing
efficient and selective barriers against undesirable environmental conditions, providing the
structural integrity of the cells that make up this barrier, and the overall homeostasis of the
brain.

2.7. Basement Membrane

The basement membrane (BM) or ECM is an amorphous structure located on the
abluminal side of endothelial cells or basal side of epithelial cells [67,68], and is comprised
of multiple components such as laminins, collagen, nidogen, and heparan sulfate proteo-
glycans [67–70], forming a close contact with the endothelium. The BM plays a crucial role
in maintaining vascular integrity and providing a rigid support to vessels and surrounding
cells [70] by surrounding the capillaries and separating them from neighboring astrocytes
and pericytes [71]. The ECM of the basement membrane limits the transmigration of red
blood cells during hemorrhage and leukocytes during inflammation. Dysfunction and
degradation of the BM are associated with several neurological disorders and increased bar-
rier breakdown and edema [72,73]. Interestingly, endothelial cells, astrocytes, and pericytes
are known to synthesize and deposit specific laminin isoforms in the BM that modulate
BBB function [74,75].
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3. Processes and Signaling Pathways Involved in the Development and Remodeling of
NVU

During the development of the brain vasculature, blood vessels are formed from
intraneural endothelial cells and undergo extensive expansion and branching to form
nascent (leaky) blood vessels via vasculogenesis and angiogenesis. Then the perivascular
cells differentiate and mature, remodeling into the BBB with highly selective permeability
properties. Vasculogenesis refers to the proliferation and differentiation of endothelial cells
from mesoderm-derived angioblasts to form the primary vascular plexus throughout the
body [76], while angiogenesis refers to the more convoluted vascular complex that follows
the formation of the primary vascular plexus via branching from the pre-existing vessels in
which the vascular network of the brain is predominantly formed [77]. The formation steps
are mediated by endothelial and neural progenitor cells, while the maturation steps are
promoted by pericytes during embryonic development and later maintained by astrocytes
throughout adulthood. These processes require precise coordination between cell signaling
and behavior and are tightly regulated by signaling molecules and pathways. However,
in the adulthood following steno-occlusion, vascular remodeling takes on new forms to
accommodate the demand for increased flow acutely and chronically, which is discussed in
detail in the following sections.

3.1. Formation of Blood Vessels (Vasculogenesis and Angiogenesis)

The formation of initial blood vessels is regulated by many angiogenic factors includ-
ing Vascular Endothelial Growth Factor (VEGF), Wnt, G-Protein Coupled Receptor 124
(GPCR124), and Transforming Growth Factor-β (TGF-β).

Predominantly produced by neural progenitor cells, VEGF directs the migration
and proliferation of ECs from angioblasts [78]. It is also essential for the entry of blood
vessels into the developing neural tube and retinal vascularization in various vertebrate
species [79]. Six homologs of VEGF have been identified, and each has a separate role in
angiogenesis [76]. When bound to its main signal transducing receptor tyrosine kinase
Flk1 (VEGF receptor 2) in endothelial progenitor cells, it is required for endothelial cell
survival and the induction of brain angiogenesis [80]. In a study of mice deficient for the
VEGF receptor 2, there was no observed blood vessel formation throughout the body and
early embryonic lethality with severely compromised blood vessel formation in ligand
deficient heterozygous VEGF+/− and homozygous VEGF−/− mice [81]. Under phys-
iological conditions, VEGF is downregulated to maintain the balance between pro- and
anti-angiogenesis, however, during diseased or traumatic states, VEGF plays a role in BBB
breakdown and increased endothelial permeability along with vascular sprouting [76].
Although VEGF has been observed to induce the growth of new vessels, these vessels are
immature and leak, which may exacerbate the edema caused by various brain injuries.
Nonetheless, VEGF is essential in signaling initial blood vessel formation of the primary
vascular plexus and the direction of sprouting.

In addition, Wnt also initiates brain angiogenesis and is important for BBB formation
and maintenance. Mainly made by neural progenitor cells during early embryonic develop-
ment, Wnt ligands bind with frizzled receptors on the endothelium, a step that is necessary
for the migration of endothelial cells into the embryonic neural tissue and the establish-
ment of TJs [3]. When bound to its receptors in endothelial cells, it inhibits β-catenin (an
effecter molecule of the Wnt pathway) degradation and promotes β-catenin translation,
which leads to the transcription of target genes [3,82]. B-catenin has a role in embryonic
vascular development and is expressed only in developing CNS vasculature [83,84]. It also
leads to the transcription of BBB-related genes such as those encoding for Glut-1 and TJ
molecules [3]. It is the same signal that drives EC migration into the CNS that also induces
the BBBs functions. Conditional knockout of β-catenin in ECs leads to a reduction in CNS
vessels and vascular hemorrhage and malformation [76], highlighting the importance of
the Wnt pathway.
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Moreover, GPCR124 is an essential endothelial receptor for brain-specific angiogenesis.
It is mainly expressed in endothelial cells and pericytes from embryogenesis to adulthood.
It regulates the migration of endothelial cells and the expression of Glut-1 [3]. Several
studies have revealed that GPCR124 is essential in endothelial cells for proper neural
tube vascularization. GPCR124 knockout mice are embryonic lethal due to defects in the
vasculature of the developing CNS [3,85]. The resulting impaired EC survival, growth, and
migration results in the inability of angiogenic vascular sprouts to invade the embryonic
neuroectoderm [86]. It should also be noted that GPCR124 knockout and Wnt signaling
mutants have similar vascular defects such as the lack of Glut-1 expression [87], indicating
that they may interact during development. On the other hand, VEGF is unaffected in the
absence of GPCR124, suggesting little to no interaction between the two.

Furthermore, TGF-β is expressed in neural progenitor cells and glial cells during devel-
opment. Once secreted by astrocytes and CNS ECs, it exists in a latent form. Its activation
is mediated by the interaction between latency associated peptide (LAP) and integrin-avβ8,
leading to the proteolytic degradation of LAP and the release of active TGF-β. This may in
turn initiate GPCR124 expression for proper neurovascular development. While GPCR124
may function and be regulated independently from VEGF, TGF-β in endothelial cells, it
may initiate the expression of GPCR124 [88]. TGF-β-signaling between endothelial cells
and pericytes contributes to BBB induction by promoting pericyte–endothelium interaction
and barrier formation in the BBB through their adhesion. Both ECs and pericytes express
TGF-β and its receptor TGF-βR2 [89]. The signaling of TGF-β in pericytes leads to the pro-
duction of ECM components such as proteins that contribute to BM formation and overall
enhance BBB integrity [89]. TGF-β signaling in ECs drives pericyte adhesion through the
upregulation of Cadherin-2 (N-cadherin), which leads to tight adhesion between ECs and
pericytes [3].

3.2. Maturation of Blood Vessels (Barriergenesis)

Pericytes and VSMCs are mural cells located at the abluminal surface of vessels,
respectively. Barriergenesis involves the recruitment of mural cells and the generation of
the extracellular matrix, which forms the BBB. Newly formed blood cells in the brain are
leaky, hinting to the fact that the barrier properties of the BBB arise later in development.
Mural cells aid in the development of the BBB by supporting sprouting vessels, along
with the differentiation and maturation of ECs. Astrocytes are recruited and integrate
endothelial–astrocyte interactions needed in maintaining the BBB properties during cerebral
development and adulthood.

Pericytes are recruited by endothelial cells of nascent blood vessels via Platelet-Derived
Growth Factor (PDGF) signaling pathway PDGFβ/PDGFβR. Pericytes that express the
receptor PDGFR-β are recruited to the endothelial surface resulting in pericyte proliferation
and co-migration with sprouting vessels [3]. PDGFβ/PDGFβR actively regulates BBB
induction and recruits pericytes to ECs and nascent cerebral blood vessels, in addition
to aiding with vessel maturation via the recruitment of mural cells. PDGFRβ signaling
through PDGFRβ is imperative for pericyte generation [90], and therefore decreased BBB
permeability. Mice deficient for PDGFβR or its ligand PDGFβ lack brain pericytes, which
ultimately leads to embryonic lethality before or at birth, CNS microhemorrhages, and
morphological signs of increased vascular permeability [87]. Interestingly, the reduction
of pericytes was only observed when receptor expression levels were reduced [90]. Addi-
tionally, ECs have an atypical distribution of junctional proteins and increased vascular
permeability [3]. This demonstrates the inverse correlation between pericyte coverage
and BBB permeability. Pericytes also modulate barrier properties and the integrity of the
BBB using ECM proteins synthesized by astrocytes such as laminin, specifically laminin-
α2β1γ1 (laminin-211), by depositing it into the basement membrane, which is integral for
promoting brain vascular smooth muscle cell differentiation and maintenance [91]. These
cells ultimately play an important role in the strength and integrity in blood vessels, and
therefore the maintenance of TJs and BBB maintenance.
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Astrocytes are glial cells that ensheathe blood vessels with their end feet. They carry
out neurotransmitter clearance and recycling, provide the nutrition needed for neurons,
and regulate the extracellular potassium balance and the BBB. Astrocytic signaling and
interaction lead to the development of more advanced TJs and BBB permeability. This
sealing of inter-endothelial TJs through the upregulation and redistribution of TJ proteins
occurs during maturation and then needs to be maintained throughout life. The BBB is
formed (at E15) before astrogliogenesis occurs (at E18) [82], so it is thought that astrocytes
maintain, as opposed to induce BBB properties. Wnt signaling is involved in both brain
angiogenesis and BBB maintenance. Astrocytes are a primary source of Wnt during postna-
tal development and adulthood [92]. They actively contribute to the maintenance of the
barrier properties of BBB and BBB transporter expression.

In addition, Shh (Sonic hedgehog) signaling is required for barrier maintenance of the
BBB and limiting BBB permeability by enhancing the expression of TJ proteins. Astrocytes
are also the major transducers of Shh in the brain. Shh binds to its receptor Patched and
induces a depression of Smoothened, an integral transmembrane protein involved in the
hedgehog signaling pathway critical in embryonic development and tissue maintenance as
an adult [93]. It should be noted that Shh in healthy adult mammalian brains is expressed
by neurons [94], denoting Shh signaling as a mediator of neuron-astrocyte communication.
It is also needed for vascular tube formation. In a study focusing on the effects of Shh on
the formation of micro vessel-like structures, it was found that after 24 h from treatment,
Shh lead to a significant increase in microvessel-like structures compared with untreated
cultures [95]. In addition, when an inhibitor of hedgehog signaling was used in the
treatment, the formation of micro vessel-like structures was not observed [95]. Shh exerts
positive effects on the expression and secretion of factors such as VEGF and angiopoietins
and other proangiogenic factors such as cytokines.

Likewise, Src-suppressed C-kinase substrate (SSeCKS) is expressed in astrocytes and
enhances expression of Angiopoietin-1 that binds to Tie2 receptors on endothelial cells
resulting in increased TJ protein expression, decreased vascular permeability, and the
promotion of vessel stabilization via recruitment of smooth muscle cells and pericytes. In a
study observing the defects observed in mice lacking Angiopoietin-1 (Ang-1), endothelial
cells were found to be poorly associated with the underlying matrix elements which may
be able to explain other defects such as failure in branching, vessel segmentation, and
overall vessel integrity [96]. Angiopoietin is an angiogenic factor during embryonic vessel
development and a maturation factor. In addition to decreasing the expression of VEGF
through the reduction of Activating Protein-1, a transcription factor that stimulates the
expression of Ang-1 acting as an anti-permeability factor in astrocytes [44]. Interestingly, in
the absence of pericytes, the expressions of genes known to increase vascular permeability
such as Angiopoietin-2 are upregulated. SSeCKS was also found to increase the expression
on ZO-1, ZO-2, and claudin-1, supporting the theory that SSeCKS expression helps signal
for BBB maturation. SSeCKS regulates BBB differentiation by adjusting both brain angio-
genesis and the formation of tight junctions [95]. These findings support the hypothesis
that SSeCKS expression acts as an activation signal for BBB maturation.

Conversely, Apolipoprotein E (ApoE) is a cholesterol and phospholipid transporter
molecule produced by astrocytes and involved in the metabolism of fats that astrocytes
use to regulate the BBB. Targeted replacement of murine ApoE with the human ApoE-3
isoform showed an intact BBB under multiphoton microscopy, while those with ApoE-
4 had apparent BBB disruption [97], suggesting different effect of ApoE-3 and ApoE-4
on BBB permeability [3]. Specifically, ApoE-3 inhibits the inflammation pathway caused
by ApoE-4 which results in greater barrier function of the BBB. ApoE-4 activates the
CypA-NFKB-MMP9 inflammatory pathway in pericytes which leads to BM and TJ protein
degradation [3,97]. In another study on the effects of ApoE-3 and ApoE-4, researchers were
able to detect reductions in TJ and BM proteins in ApoE-4 mice at just 2 weeks of age [97].
They later found that these measurements progressively increased with age. The distinct
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differences between these isoforms are crucial in developing treatments without causing
further damage.

3.3. Arteriogenesis

The collateral circulation is a unique blood vessel present in the microcirculation
of most tissues connecting a small fraction of the outer branches of adjacent arterial
trees [98,99]. Collateral circulation protects against ischemic brain injury through the
alternate routes of perfusion [100,101]. Furthermore, endothelial and smooth muscle cells
of collateral vessels have morphologic and functional differences from nearby similarly
sized arterioles [102]. Arteriogenesis refers to an anatomic increase in lumen diameter and
wall thickness of the collateral vessel induced by occlusion or stenosis in the artery [103,104].
It is usually accompanied by an increase in collateral length, resulting in increased tortuos-
ity and requires days to weeks for the final new diameter and length to be achieved [105].
Arteriogenesis is induced by increased Fluid Shear Stress (FSS) [101,106] caused by the
mechanical stress of blood flow over the surface of the vessel and acts tangential to the
vascular wall. Following the gradual occlusion of the main feeding artery, an increased
pressure gradient between the pre and post-stenotic perfusion territories shifts blood flow
to the small collateral anastomoses, bypassing the stenosis and causing the FSS on the
collateral endothelium to increase [107]. Increased FSS will lead to the activation of the en-
dothelium, monocyte invasion, and the secretion of growth factors and cytokines, followed
by matrix digestion [108]. These changes lead to the proliferation of the endothelial and
smooth muscle cells, and ultimately the remodeling of collateral vessels to accommodate
increased blood flow [109].

Arteriogenesis is predictive of improved long-term clinical outcomes in patients
treated with and without thrombolysis for stroke [98,101,110]. Risk factors such as metabolic
syndrome and diabetes are associated with impaired coronary collateral vessel formation
via arteriogenesis [111,112]. Metabolic syndrome, hyperuricemia, and age were found to
be associated with poor leptomeningeal collateral status in patients with acute ischemic
stroke [113–115]. Failure of collateral blood flow is associated with infarct growth in pa-
tients with ischemic stroke [116]. An experimental study suggests that collateral failure is
more severe in aged rats with significantly impaired pial collateral dynamics compared
with younger rats [117]. A dramatic increase in intracranial pressure (ICP) was often ob-
served in animals around 24 h after the onset of even a small-scale stroke [118], correlated
with a significant linear reduction of collateral blood flow in response to progressive ICP
elevation [119,120]. Thus, a similar transient ICP elevation occurring during the first 1 to 2
days post-stroke is a likely mechanism to explain the delayed infarct expansion in patients
with minor stroke.

Taken together, vascular risk factors may exacerbate the outcome of stroke patients by
contributing to poor collateral status, thus could be a target of intervention. Therapeutic
stimulation and acceleration of this natural protective mechanism are also becoming a
target to improve blood supply to the ischemic tissue. Several experimental studies have
shown that the speed of arteriogenesis is not limited to its natural time course [121]. The
infusion of transforming growth factor-beta1, fibroblast growth factors, or granulocyte-
macrophage colony-stimulating factors (CSFs) into the peripheral or coronary collateral
circulation led to a significant increase in collateral conductance compared with untreated
animals [122–124]. In a rodent study, Niaspan, a drug increasing tumor necrosis factor-α-
converting enzyme expression and CSFs significantly elevated local cerebral blood flow
and increased arteriogenesis in the ischemic brain after stroke [125,126].

4. Remodeling of NVU after Ischemic Stroke
4.1. The Effect of Stroke on Endothelial Cells in the NVU

Increased vascular permeability is a hallmark of stroke accompanied by TJ disrup-
tion occurring in a stepwise fashion involving all members of NVU (Table 1). In an
ischemia/reperfusion model of transient Middle Cerebral Artery Occlusion (tMCAO),
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BBB permeability exhibited a biphasic manner with an increase occurring at 3 and 72 h
after reperfusion, and changes in claudin-5, occludin, and ZO-1 protein levels [127]. A
later study confirmed that following a mild tMCAO, TJs were stable during the first 24
h after reperfusion, but then underwent significant breakdown and remodeling 48 to 58
h after reperfusion in claudin-5 reporter mice expressing eGFP [128], showing stepwise
recruitment of transcellular and paracellular pathways underlying stroke-induced BBB
breakdown. The study highlighted caveolin-1 (cav-1)-mediated transcytosis as the ini-
tiating event in the early phase after stroke leading to subsequent TJ remodeling in the
later phase. Under physiological conditions, caveolae-mediated transcytosis across ECs is
suppressed by the major facilitator superfamily domain containing 2a (MFSD2A), which is
selectively expressed in brain ECs [129]. By acting as a lipid flippase, MFSD2A prevents
the formation of caveolae vesicles [130]. During the early phase of reperfusion, ischemia-
induced VEGF stimulates caveolae-mediated transcytosis by increasing cav-1 expression,
leading to non-selective vesicular transport of blood-borne molecules across ECs. In the
later phase, the breakdown of the vessel wall and TJ assembly further exacerbate BBB
dysfunction [128,131,132].

Table 1. Remodeling of NVU after ischemic stroke.

Endothelial cell

Following disruption of the BBB, the ferritin and the free iron accumulated in endothelial cells in brain
capillaries enter the penumbra.

Iron-dependent oxidative stress in the penumbra can lead to necrosis and further neurological deterioration
following ischemic stroke [133].

In an ischemia/reperfusion model of MCAO, BBB permeability exhibited a biphasic manner with permeability
occurring at 3 and 72 h after reperfusion, and changes in claudin-5, occludin, and zonula occludens-1 protein

levels [127].
Fasudil hydrochloride recovered the neurological function, improved the function of BBB inhibited RhoA

protein expression,
and upregulated growth-associated protein-43 and claudin-5 protein expression following cerebral

ischemia/reperfusion [134].
Following a mild MCAO, tight junctions were stable during the first 24 h after reperfusion,

but they underwent significant breakdown and remodeling from 48 to 58 h after reperfusion [128].
4–24 h post-stroke, BBB breakdown was observed and vessels showed astrocyte end-foot swelling and

increased endothelial vesicles [131].

Pericyte

2 h after hypoxia, pericytes started to migrate and one of every three pericytes migrated from the original
location.

In the first stage of migration, spikes occurred at the abluminal surface of pericytes [135].
PDGFRβ expression was induced specifically in the pericytes in peri-infarct areas and its level was gradually

increased [136].
In the cultured pericytes, PDGF-B induced cell growth and anti-apoptotic responses through Akt [136].

Hypoxic-ischemic injury results in oxidative stress and pericyte constriction or eventual death [137].
In photothrombotic stroke in mice, it was postulated that rapid activation of MMP-9 secreted from pericyte

somata degraded underlying
tight junction complexes and resulted in plasma leakage at places where pericyte somata adjoined the capillary

wall [138].
After pericyte ablation with diphtheria toxin, mice showed acute BBB breakdown, severe loss of blood flow,

and a rapid neuron.
Intracerebroventricular PTN infusions prevented neuron loss in pericyte-ablated mice despite persistent

circulatory changes [139].
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Table 1. Cont.

Astrocyte

Astrocytes are known to secrete pro-angiogenic factors that promote the growth of new capillaries toward the
infarcted tissue [140].

Reactive astrocytes have a protective role in brain ischemia, and the absence of astrocyte.
IFs is linked to changes in glutamate transport, endothelin B receptor-mediated control of gap junctions,

and plasminogen activator inhibitor-1 expression [141].
After CNS injury, astrocytes induce angiogenesis by endogenous VEGF and upregulation of autocrine

signaling,
increasing both astrocyte proliferation and facilitating the expression of growth factors [142].

CSDs induce vasoconstriction of vascular smooth muscle cells by increasing astrocytic vasoconstrictor
20-hydroxyeicosatetraenoic acid [143].

Astrocytic gap junctions were implicated in propagating CSDs and leading to exacerbated brain damage [144].
Astrocytes are activated by trophic factors produced by the pericytes within the ischemic regions, leading to

peri-infarct astrogliosis [145].

Microglia and
macrophage

Reactive microglia also secrete MMP-9 and MMP-3, proteases that can break down the basement membrane
and exacerbate BBB leakage [146].

Recruitment of microglia to blood vessels occurs within 6 h of reperfusion with significant accumulation in
perilesional tissue.

After 24 h of reperfusion, microglia fully enwrap small blood vessels in the peri-infarct region. Individual
perivascular microglia displayed intracellular vesicles containing

CD31-positive inclusions, suggesting phagocytosis of brain endothelial cells, which was correlated with BBB
breakdown [147].

72 h post-MCAO, blood vessel degradation was complete, and remaining vascular debris was cleared by
microglia and immune cells

P2RY12-mediated chemotaxis of microglia processes is required for the rapid closure of the BBB.
Mice treated with the P2RY12 inhibitor clopidogrel, as well as those in which P2RY12 was genetically ablated,

exhibited significantly diminished movement of microglial processes and failed to close laser-induced
openings of the BBB.

Thus, microglial cells played a previously unrecognized protective role in the maintenance of BBB integrity
following cerebrovascular damage [148].

BBB: Blood–Brain Barrier, MCAO: Middle Cerebral Artery Occlusion, PDGF: Platelet-Derived Growth Factor,
PDGFRβ: PDGF receptor β, MMP: Matrix Metalloproteinase, PTN: Pleiotrophin, IF: Intermediate Filament, CNS:
Central Nerve System, VEGF: Vascular Endothelial Growth Factor CSD: Cortical Spreading Depression.

Additional stressors such as oxidative stress cause further vascular impairment in-
cluding vascular reactivity by affecting the bioavailability of Nitric Oxide (NO) [149–151].
Oxidative stress also induces cav-1 phosphorylation, and thus caveolae-mediated tran-
scytosis [152]. Activation of small GTPase RhoA, and Rho-Associated Coiled-coil Kinase
(ROCK) in brain ECs via stroke promotes the association between endothelial NO Syn-
thase (eNOS) and cav-1 [134], leading to eNOS inhibition following its translocation to
the caveolae compartments [153–155]. ROCK also directly inhibits the expression of eNOS
by reducing its mRNA stability [156]. Thus, pharmacological blockade of ROCK reduces
oxygen-glucose deprivation-induced hyperpermeability [157], and knocking out ROCK2
enhances eNOS expression and reduction of infarct size [158].

The consequences of ischemia-increased permeability include leakage of toxic com-
pounds into the brain and dysfunction of specific transporter systems for ions and other
molecules such as glucose [159,160] (Figure 2). This chronic BBB leakage [161] is also ob-
served in other neurodegenerative disorders. Notably, changes in brain ECs following BBB
disruption appear to be conserved across CNS diseases and injuries. A recent large-scale
study investigating EC transcriptomic changes revealed a core BBB dysfunction module
shared by four different brain injury models, namely permanent MCAO, TBI, experimental
encephalomyelitis, and kainite-induced seizure [162]. They found that these commonly
induced genes are involved in the inflammatory response, leukocyte migration, adhesion,
and angiogenesis. Interestingly, brain ECs in each disease model acquired a peripheral
endothelial gene expression profile with a leakier phenotype.
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Figure 2. NVU dysfunction following ischemic stroke. A decrease of the cerebral perfusion leads
to neuronal injury and death, causing an increase in the release of proinflammatory mediators
that activates the components of NVU. Activated endothelial cells attract leukocytes, leading to
their increased transmigration across the breached BBB and subsequent neuroinflammation. MMPs
produced by activated endothelial cells and pericytes degrade the basement membrane, together
with the tight junction breakdown they result in leakage of toxic compounds via BBB opening.
Microglia dynamically transition into reactive and surrounding brain–blood vessels and exacerbate
BBB breakdown, while activated astrocytes secrete proinflammatory mediators that cause further
NVU disruption and neuronal injury. Furthermore, pericytes detach from vessel wall or die, further
exacerbating BBB function and impair blood flow regulation.

4.2. The Effect of Stroke on Pericytes in the NVU

With their ability to regulate capillary vessel diameter via Ca2+ signaling and inhibit
the expression of genes promoting vessel permeability, pericytes play an essential role in
modulating blood flow after stroke, as well as maintaining vascular stability via the secre-
tion of BM proteins [163]. During the first 2 h after occlusion of the internal carotid artery
in cats, pericytes were found to migrate away from brain microvessels [135], eventually
leading to a loss of pericyte coverage due to their detachment from the microvessel walls
and cell death. In a later study using photothrombotic stroke in mice, it was postulated
that the rapid activation of MMP-9 secreted from pericyte somata degraded underlying TJ
complexes resulting in plasma leakage between the pericyte somata and the bordering cap-
illary wall [138]. Taken together with the processes involved in endothelial cells’ response
to stroke, pericyte activation and secretion of MMP-9 represents an intermediate step be-
tween leakage by transcytosis (a form of transcellular leakage) and eventual TJ degradation
(paracellular leakage). This implies that pericytes may use MMP-9 to actively migrate from
the endothelium to the impacted area to participate in post-stroke revascularization and
repair of the NVU [138]. Meanwhile, stroke-activated PDGFR-β and Ang1/Tie2 signaling
pathways may enhance pericyte survival and in turn, induce the expression of TJ proteins in
ECs to remodel the NVU [164]. Another result of the cross-talk between pericytes and ECs
is the induction of MFSD2A in ECs by pericytes, inhibiting caveolae-mediated transcytosis
and BBB leakage [11,35,129,165–167].

In addition to PDGF and Angiopoietin signaling, pericytes also respond to neuron-
activating signals including NO, glutamate, and Prostaglandin E2 (PGE2) [29,168,169].
Transient stimulation by hypoxia induces pericyte relaxation and dilation of capillary
vessels [31,136], while sustained hypoxic-ischemic injury results in oxidative stress and
pericyte constriction, and eventual death [29,137]. Loss of pericytes not only impairs BBB
function and blood flow regulation but also affects neuronal survival. A recent study
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showed that pericyte loss led to circulatory failure and neuronal loss by depletion of
Pleiotrophin (PTN), a pericyte-secreted growth factor [139].

4.3. The Effect of Stroke on Astrocytes in the NVU

Due to the direct contact of astrocytic end feet with neurons and capillary vessels, astro-
cytes not only regulate cerebral microvasculature and functional flow but also neuronal sur-
vival and repair, via gap junction proteins that connect astrocyte networks into a functional
syncytium [13,49–51,170]. Astrocytes are heterogeneous and regionally specified [171–173].
By expressing gap junction proteins, neurotransmitter receptors, transporters, and ion
channels, astrocytes are versatile in function. Following permanent MCAO, astrocytes are
activated by trophic factors produced by pericytes located within the ischemic regions,
leading to peri-infarct astrogliosis [145], with upregulated Glial Fibrillary Acidic Protein
(GFAP), an intermediate filament serving as a biomarker for astrocyte activation [141].
Astrocytes are also known to interact with microglia after stroke.

In the peri-infarct cortex after stroke, propagating waves of neuronal or astrocytic
origin called Cortical Spreading Depolarization (CSD) can further decrease blood flow and
worsen stroke outcome [174–176]. Specifically, CSDs can induce vasoconstriction of vascular
smooth muscle cells by increasing astrocytic vasoconstrictor 20-hydroxyeicosatetraenoic
acid [143]. Astrocytic gap junctions have also been implicated in propagating CSDs and
leading to exacerbated brain damage [144]. Following ischemia, astrocytes are also known
to secrete pro-angiogenic factors that promote the growth of new capillaries toward the
infarcted tissue [140]. By secreting neurotrophic factors, astrocytes can minimize ischemic
damage to neighboring cells through the formation of glial scars [137,142]. Paradoxically,
glial scars appears to be detrimental to functional recovery by acting as a barrier to neuronal
regeneration [177].

4.4. The Effect of Stroke on Microglia and Macrophages in the NVU

Emerging evidence suggests that Purinergic receptor P2Y, G-protein coupled, 12
(P2RY12), a resting state microglia marker, is required for the rapid closure of the BBB [148].
Although some studies suggested that microglial ablation in the mature mouse brain
did not affect BBB function [178,179], other studies showed that mice treated with the
P2RY12 inhibitor clopidogrel, as well as those in which P2RY12 was genetically ablated,
exhibited significantly diminished movement of juxtavascular microglial processes and
failed to close BBB openings caused by the laser. Microglia dynamically transition into a
reactive state after stroke [180,181], owing to the initial leakage of blood serum components
such as fibrinogen induces local activation of microglia. Finely tuned to detect small
disturbance in the BBB [61,62], the recruitment of microglia to blood vessels occurs within
6 h of reperfusion, with a significant accumulation in perilesional tissue. After 24 h of
reperfusion, microglia fully enfold the small blood vessels in the peri-infarct region [147].
Individual perivascular microglia display intracellular vesicles containing CD31-positive
inclusions. This suggests the incidence of phagocytosis of brain ECs, is correlated with BBB
breakdown as demonstrated by the extravasation of Evans blue from perfused vessels. At
72 h post-MCAO, there was complete blood vessel degradation, and the remaining vascular
debris was cleared by microglia and invading immune cells [147]. Reactive microglia also
secrete MMP-9 and MMP-3, proteases that can break down the basement membrane and
contribute to further BBB leakage [146].

Studies have also established a crucial role of Perivascular Macrophages (PVMs) in the
regulation of stroke inflammatory response, outcome, CBF, and vascular function. CD163
positive PVM infiltrates were found in ischemic brain lesions of post-mortem samples [182],
suggesting their activation in response to ischemia. Sixteen hours after 60 min of transient
MCAO, CD163-positive cells exhibited an upregulation of the HIF-1 pathway including
VEGF, and an increase in genes encoding the ECM and leukocyte chemoattractants; while
depletion of PVMs reduced granulocyte infiltration, BBB permeability, and VEGF expres-
sion [183]. Like other cells in the myeloid lineage, PVMs are phagocytic [184]. PVMs
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are also known to promote ROS-induced BBB degradation in a mouse model of hyper-
tension. Depleting PVMs in this case, not only effectively reduced oxidative stress, but
also restored neurovascular coupling, improved CBF, and ultimately reversed cognitive
impairment [185].

4.5. The Effect of Stroke on the Basement Membrane

Following ischemic stroke, activated ECs and pericytes generate MMPs that degrade
the BM [186,187]. Other proteinases including plasminogen activators, heparinases, and
cathepsins are also dramatically enhanced and contribute to the degradation of the BM..
The proteolytic breakdown of ECM proteins such as laminin-5 or type IV collagen in-
creases the permeability of BBB and exposes cryptic epitopes that promote EC and pericyte
migration [188].

BM degradation was observed about 10 min after reperfusion, and the loss of BM
was detected as early as 1–3 h after MCAO [189]. Morphologically, the well-defined
electron-dense BMs become diffused and faint after ischemia [132,190]. After MCAO, both
MMP-2 and MMP-9 are significantly upregulated resulting in the digestion of ECM proteins
and BBB breakdown [191]. Cathepsin B and L proteases are also augmented following
stroke and will degrade Heparan Sulfate Proteoglycans (HSPGs) [192]; HSPG Agrin is
stabilizes adherens junctions in mouse brain ECs [193]. Therefore, reduction of HSPG
will dramatically affect the BBB and increase permeability. As mentioned so far, proteases
activated during ischemic stroke have detrimental effects during the acute phase. However,
in contrast, they play an important role in angiogenesis and vascular remodeling in the late
phase [187].

5. Predisposition of NVU to Vascular Risk Factors

Most stroke patients have associated risk factor(s), which have a significant impact
on stroke outcomes. We may be able to reduce stroke occurrence and improve the efficacy
of stroke therapies by understanding the implications of vascular risk factors to the NVU
(Table 2). Therefore, in this section, we review the predisposition of the NVU to vascular
risk factors, including diabetes, hypertension, and hyperlipidemia, and non-modifiable risk
factors, such as age and sex.
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Table 2. Predisposition of NVU to vascular risk factors.

Risk Factors Findings

Diabetes and
hyperglycemia

T1-weighted MRI showed a homogeneous high-intensity area in the corpus striatum in a diabetic hemichorea
patient [194]

Increased BBB permeability with MRI was detected in patients with type II diabetes or white matter
hyperintensities [195]

Immunostaining for 8-OHdG, a marker of oxidative DNA damage, was seen in the vessels of the cortex of
20-week-old diabetic mice [196]

BBB permeability were significantly increased in diabetic rat,
5 weeks of rosuvastatin and simvastatin therapy (10 mg/kg) improved BBB permeability [197]

Progressive increase in BBB permeability to small molecules from 28 to 90 days were observed in diabetic rat
Insulin treatment attenuated BBB, especially during the first few weeks; however, as diabetes progressed,

it was evident that microvascular damage occurred even when hyperglycemia was controlled [198]
Diabetes increases BBB permeability via a loss of tight junction proteins,

but increased BBB permeability in diabetes did not result from hyperglycemia alone [199]
Hyperglycemia significantly compromised the BBB integrity and enhanced total PKC activity.

Elevations in NADPH oxidase and MMP-2 activities and decreases in occludin levels contributed to barrier
dysfunction [200]

Upregulation of TJ-associated proteins were caused by insulin and idebenone in diabetic rats.
The activations of ROS, AGEs, expression levels of RAGE and NF-κB were significantly decreased after insulin

treatment [201]
Hyperglycemia enhances amyloid precursor protein expression with increased in human umbilical vein

endothelial cells. Amyloid beta-peptide production downregulates junctional proteins causing increased BBB
permeability [202]

Greater immunoreactivity of albumin was observed in the vessel wall of the periventricular area of diabetic
mice [203]

GLP-1 inhibited the increase in production of reactive oxygen species under hyperglycemia
conditions and improved the BBB integrity induced by hyperglycemia [204]

Significantly increased sodium fluorescein leakage in the hippocampus was observed in diabetic rat,
and tight junction markers were significantly decreased in the hippocampi [205]

BBB permeability in the diabetic monkeys was significantly increased [206]
EX-4 improved the permeability of the BBB and the cognitive parameters in diabetic rat [207]

The astrocyte foot processes were detached, and the microglial cells played an invasive damaging role in
diabetic mice. Endothelial cell deterioration was observed: loss of electron density, basement membrane

thickening and rearrangement, increased transcytotic-pinocytotic vesicles, and aberrant mitochondria [208]
Pericyte apoptosis was detected in vivo in hyperglycemia rats and in vitro in retinal cultures [209]

Hypertension

Cerebral arterioles underwent remodeling and hypertrophy in transgenically hypertensive mice [210]
The staining for HRP was distributed around the vessels in the hippocampal fissure of spontaneous

hypertensive rats [211]
Increased BBB permeability and impaired cognitive functions was observed in angiotensin II-infused

hypertensive mice; Angiotensin II receptor blocker markedly ameliorated leakage from brain microvessels and
restored the cognitive decline [212]

Hypertension significantly decreased the brain glutathione content and increased the brain malondialdehyde
level [213].

The mRNA levels of claudins (3, 5, and 12) proteins significantly decreased in response to hypertension;
Tight junction was destroyed gradually 8 weeks after hypertension, and the levels of zonula occludens-1 and

occludin also decreased gradually [214]
In SHR brain, an obvious glial reaction was found both for GFAP-immunoreactive astrocytes and for microglia;
The pro-inflammatory IL-1β was significantly increased in CA1 sub-field of SHR hippocampus and the TNFα

expression was higher in frontal cortex of SHR compared with WKY [215]
Chronic hypertension significantly increased spontaneous Ca2+ events within astrocyte microdomains [216]

Hyperlipidemia

70% more spontaneous leakage of injected Evans blue dye in the brains of APOE knock-out mice [217]
BBB permeability was higher in APOE4 knock-in mice than in APOE3 knock-in mice,

suggesting that TJ integrity in BBB is regulated by APOE in an isoform-dependent manner [218]
The expression of APOE4 and lack of murine APOE led to BBB breakdown [97]

Increase of mean Ki during the first 20 min after infusion of human TGRL lipolysis product was observed in
mice [219]
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Table 2. Cont.

Risk Factors Findings

Aging

The choline carrier in old rats had reduced capacity and increased affinity [220]
Aged mice showed significant attenuation in the expression of BBB tight junction proteins.

TNF-α in cerebral endothelial cells of aged mice was elevated and this was associated with heightened
peripheral inflammation [221]

Age-dependent BBB breakdown in the hippocampus was observed.
The BBB breakdown in the hippocampus and its CA1 and dentate gyrus subdivisions worsened with mild

cognitive impairment [222]

Sex

2- to 4-fold increase in dye extravasation in the olfactory bulb and hippocampus of reproductively senescent
female mice; estrogen reduced dye extravasation in young adults compared with age-matched counterparts

[223]
Ovariectomy induced a 2.2-fold increase in Evan’s blue dye extravasation into the brain in young female mice.

The expression of the tight junction protein in microvessels was not altered [224]
Treatment of endothelial cells with 17beta-estradiol led to an increase in transendothelial electric resistance

and a most prominent upregulation of the tight junction protein claudin-5 expression [225].
A significant increase of claudin-5 promoter activity, mRNA, and protein levels was also detected

Estradiol prevented inflammation-induced defects in barrier function in mice [226]

MRI: Magnetic Resonance Imaging, BBB: Blood–Brain Barrier, 8-OHdG: 8-hydroxy-2’-deoxyguanosine, PKC: pro-
tein kinase C, NADPH: Reduced nicotinamide adenine dinucleotide phosphate MMP-2: matrix metalloproteinases-
2, TJ: Tight Junction, ROS: Reactive oxygen species, AGEs: advanced glycation end products, RAGE: receptors
for advanced glycation end-products NF-kB: nuclear factor-κB, GLP-1: glucagon-like peptide-1, EX-4: exendin-
4, HRP: horseradish peroxidase, SHR: Spontaneously hypertensive rats, GFAP: glial fibrillary acidic protein,
IL: interleukins TNFα: tumor necrosis factor alpha, WKY: Wistar Kyoto rats, APOE: Apolipoprotein E, TGRL:
triglyceride-rich lipoprotein.

5.1. Diabetes and Hyperglycemia

In diabetic female mice, astrocytic foot processes were detached and microglial cells
were indicated to play an invasive damaging role in the injury [208]. This detachment may
result in impaired functional hyperemia, decreased energy substrate supply, and neuronal
dysfunction [208]. Pericyte apoptosis has also been recognized in vivo in hyperglycemic
rats and in vitro in retinal cultures [209]. Furthermore, endothelial cell deterioration at
the electronic-microscopic level was observed in diabetic mice: loss of electron density,
basement membrane thickening and rearrangement, increased transcytotic-pinocytotic
vesicles, and aberrant mitochondria [208].

Enhanced signal intensity on MRIs further suggests an increased BBB permeability in
diabetic patients [194,195], consistent with BBB dysfunction observed in animal and cell
culture models of diabetes [197–199,203]. TJ disruption is a significant anatomical change
in diabetes accounting for impaired BBB integrity. Protein levels of TJ components, such
as occludin, claudin-5, and ZO-1, decrease after hyperglycemia [202,205,206]. Therapeutic
agents that prevent TJ protein alterations protect BBB integrity in diabetic animals [207].
Hyperglycemia induces the activation of upstream signaling molecules and subsequent
development of oxidative stress that play a major role in TJ loss [196,200]. Reactive Oxygen
Species (ROS) and increased MMP activity are also suggested to mediate BBB breakdown
after hyperglycemia. This is supported by evidence that ROS and MMP inhibitors preserve
TJs and improve BBB integrity [201,204].

5.2. Hypertension

Research suggests the combined effects of increases in shear stress, endothelial dys-
function [227,228], Angiotensin II (ANG II) [210,229], and inflammatory signals affect
vascular dysfunction in hypertension. Chronic increases in intraluminal pressure cause
vessel wall thickening and biomechanical changes to the NVU [230,231]. Furthermore,
ANG II has been shown to cause deleterious changes in multiple cell types of the NVU.
Chronic ANG II infusion increased Transient Receptor Potential Vanilloid-type 4 (TRPV4)
channel expression in astrocytes and enhanced TRPV4-mediated currents and astrocyte
Ca2+ events [216]. Moreover, chronic ANG II infusion increased astrogliosis and hippocam-
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pus microglial activation. These studies indicate that the cells of the NVU are subject to
alterations in intracellular Ca2+ during hypertension and increase their vulnerability.

BBB abnormalities occur in both acute and chronic hypertension although they began at
the early stages of hypertension [212] In laboratory animals, BBB impairment was observed
in the cerebral cortex and deep gray matter at five months and the hippocampus as young
as three months of the Spontaneously Hypertensive Rats (SHRs) [211,214,232,233]. Acute
hypertension due to aortic constriction above the renal arteries increased BBB permeability
8 days after surgery, coincided with an increased oxidative stress [213]. Mechanistically
the alterations in EC junctions play a major role in the vascular anatomical changes un-
derlying hypertension-induced BBB dysfunction. Chronic hypertensive rats demonstrate
progressive morphological changes in BBB TJs, with increased loss of occludin and ZO-
1 observed as early as four weeks [214], while acute hypertension leads to the loss of
claudins [213]. Hypertension-induced inflammation and oxidative stress are known to
exacerbate BBB permeability. In SHRs, pro-inflammatory cytokines such as IL-1β, IL-6, and
TNF-α are significantly elevated at 8 months and oxidative stress starts to increase at 16
weeks [215,234].

5.3. Hyperlipidemia

Apolipoprotein E (ApoE) is essential for lipid and cholesterol metabolism and its
absence results in hyperlipidemia [235]; thus, ApoE- deficient mice are the most used
animal model for studying hyperlipidemia. At the age of 6–8 weeks, ApoE-deficient mice
already exhibit significant BBB permeability [217]. One likely reason is that ApoE directly
modulates BBB integrity by inducing TJ formation or suppressing inflammation in the
NVU [97,218]. Another valid animal model is by injecting lipoprotein directly, which was
shown in rats. Following the injection of human triglyceride-rich lipoprotein, leading to
the releases of lipolysis products upon hydrolysis and increases in BBB permeability within
20 min [219]. Furthermore, some reports indicate the role of oxidative stress in increasing
BBB permeability in hyperlipidemia [236]. Although several studies showed the relation-
ship between hyperlipidemia and NVU dysfunction, the exact role of hyperlipidemia in
BBB dysfunction remains largely unclear and warrants further studies.

5.4. Aging

Characteristics of an aged brain include reduced capillary density and cerebral blood
flow, along with ultrastructural abnormalities in microvessels, such as microvascular
fibrosis, basement membrane thickening, and loss of TJ proteins [237]. Regarding the latter,
mice that are 24 months old have significantly less expression of occludin and ZO-1 than
young adult mice [221]. In addition, the degeneration of pericytes in aging brains may
also contribute to the compromised BBB integrity [222]. Increased BBB permeability in
normal aging humans was reported as well [238]. For example, a study using advanced
MRI to quantify regional BBB integrity further reveals that BBB dysfunction is a relatively
early event in the process of an aging brain, originating in the hippocampus [222]. Early
studies well documented age-related BBB changes: altered transport functions [220,239],
increased glycosylation of microvessel proteins [240], and free radical damage [241]. Lastly,
inflammation remains as an important mechanism in the age-related BBB permeability.
Aged brains are in a low-grade but progressively inflammatory state, in which the state
of immune cells is skewed towards a pro-inflammatory state [242]. This is supported by
evidence showing increased amount of inflammatory mediators, such as IL-1β, IFNγ, and
TNF-α, in the aging brain, with concomitant activation of microglia [221,243].

5.5. Sex

Reproductive hormones are the driver for the difference in BBB integrity between
males and females in response to injury or diseases. For example, the decline in estrogen
exhibited in aging female mice were found to be associated with increased BBB permeability
compared with younger female mice [223]. The protection of BBB integrity observed in nor-
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mal young females is likely an effect of estrogen, since ovariectomy in 3-month-old female
mice induces the extravasation of Evans Blue into the brain [226]. Also, compromises in
BBB integrity are observed in young adult male mice but not in young females [224]. It is
further evidenced by the protection of BBB breakdown in old, reproductively senescent
females or ovariectomy-operated young females by estradiol replacement [226]. Mechanis-
tically, TJ proteins and their regulators are believed to be significant sites where estrogen
affects BBB permeability. Estradiol treatment was observed to increase transendothelial
electrical resistance in cultured brain ECs and upregulates claudin-5 [225]. Conversely,
annexin, a central modulator of TJ integrity, is diminished in aged females but dramatically
upregulated by estradiol [226].

6. Remodeling of NVU after Cerebral Hemorrhage

Hemorrhagic stroke consists of three main subtypes, i.e., Intracerebral Hemorrhage
(ICH), Intraventricular Hemorrhage (IVH), and Subarachnoid Hemorrhage (SAH), which
represent about 20% of stroke cases [170,244,245]. The average mortality rate of hemor-
rhagic stroke is approximately 50% and only about 20% of survivors regain functional
independence at 6 months, whereas more than one-third of affected patients will not
survive the first year [246,247].

Hemorrhagic stroke occurs when a weakened vessel ruptures, allowing blood to
traverse the broken BBB into the brain tissue, or fissures, leading to a mass effect (pri-
mary damage) that increases the intracranial pressure and decreases the cerebral blood
flow [248,249]. Therefore, the primary damage of hemorrhagic stroke in brain tissue is
from occupation (hematoma), ischemia (tissue surrounding the hematoma), and toxin
(degraded blood). The secondary damage develops in the late acute and subacute phases
resulting from the local and systemic responses to hematoma formation and its toxic ef-
fect on adjacent brain tissue. The causes of secondary damage include (1) cytotoxicity of
the blood; (2) excitotoxicity, due to the release of excitatory amino acids like glutamate
from injured neurons; (3) spreading depression, a slow and short-lived depolarization
wave that propagates through the brain; (4) hypermetabolism; and (5) oxidative stress and
inflammation [250].

Two major signaling pathways are involved in post-ICH NVU remodeling, namely an-
giogenesis [151,251,252] and inflammation. The mRNA of the main angiogenic factor VEGF
and its receptors were detected as early as 2 days after ICH. These levels peaked at 21 days
and persisted for at least 28 days post-ICH [253]. Similarly, rats exhibited angiogenesis
following a SAH stroke paradigm, and the expression of VEGF was induced by hypoxia
resulting from vasospasm [251]. New vessels were also detected around the hematoma
after ICH [253]. As such, several studies suggest the modulation of angiogenesis via al-
tered expressions of VEGF and its receptors to be a potential strategy for promoting ICH
repair [254,255]. The prime example is the treatment with Ginkgo biloba extract EGb761
enhanced VEGF expression, increased microvessel density, and promoted neuroprotection
in mice subjected to ICH induced by collagenase injection [254]. Conversely, inhibition
of VEGF expression negatively affected stroke outcomes [254]. For instance, inhibition
of High-mobility Group Box 1 protein (HMGB1), a member of the Damage-associated
Molecular-pattern (DAMP) family of proteins, resulted in reduced levels of VEGF and
Nerve Growth Factor (NGF), which is associated with a reduction of neurological function
recovery following ICH [255]. Beneficial effects of VEGF on brain edema following ICH
were also reported [252]. Although brain edema following ICH is more serious than cere-
bral ischemia and often leads to poor prognosis, Chu et al. showed in their animal study
that VEGF did not affect BBB permeability after ICH.

Blood components can induce an inflammatory response in the perihematomal area, in-
cluding perihematomal leukocyte infiltration, microglia activation, elevations in
proinflammatory cytokines and chemokines, and increased production and activation of
MMPs [250,256–263], leading to increased BBB permeability. In addition, leukocytes
can also modulate BBB function upon adhesion and transmigration across the endothe-
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lium [264]. An inflammatory response in the surrounding brain area occurs soon after
ICH and peaks several days later in humans and animals [265,266]. Neutrophil infiltration
develops within 2 days in rats, and activated microglial cells persist for a month [267].

6.1. Structural NVU Remodeling following Cerebral Hemorrhage
6.1.1. Endothelial Cells/Tight Junctions (TJs) Disruption/BBB

Analogous to ischemic stroke, TJs are disrupted after a hemorrhagic stroke. TJ dis-
ruption is associated with increased vascular permeability and homeostatic changes in the
neuronal microenvironment. BBB impairment may be seen as early as 10 min following
SAH, can be maximal at 24 h, and persist for up to 7 days after [268–271]. Abluminal
platelets may also be seen as early as 10 min after SAH with intraparenchymal platelet
aggregates seen at 24 h [272]. The primary insult following BBB dysfunction may disrupt
TJs, transporters, transcytosis, and leukocyte adhesion molecule expression of endothelial
cells, which may lead to brain edema, ionic homeostasis disruption, and immune cell
infiltration, consequently causing neuronal cell death [273].

After vascular disruption, blood enters the brain parenchymal initiating the process of
cell excitotoxicity, cell edema, oxidative stress, and neuroinflammation, which further dis-
rupts the BBB. Blood components (e.g., thrombin, hemoglobin, iron) and the inflammatory
response to them play a large role in ICH-induced BBB dysfunction [274]. The first phase of
BBB disruption may result in early phases of cell death due to physical injury, brain edema,
and increased intracranial pressure. The blood in the brain parenchymal produces neuro-
toxic factors inducing thrombin, fibrin, and erythrocyte components [16,274]. Thrombin
is the cascade product of prothrombin during hemostasis after a hemorrhagic stroke. The
binding of thrombin to protease-activated receptor 1 induces secondary BBB disruption
through phosphorylating Src kinases and activating microglia [275].

6.1.2. Pericytes

Pericytes may undergo several changes due to hemorrhagic stroke. In the acute
phase post-stroke, bleeding in the environment causes the death of pericytes resulting
in BBB damage, pericyte-mediated inflammatory cascades, white matter impairment,
and ultimately neural injury. During the recovery period, in situ pericytes are activated
and differentiate into neurons, glia, and endothelial cells to repair the neural vascular
network. Many pericytes are recruited to the lesion and contribute to BBB remodeling,
thus facilitating NVU recovery [276]. The loss of pericytes also has a profound effect on
neurotrophic-dependent neuronal survival. Genetic ablation of pericytes results in loss
of PTN expression, a pericyte-secreted growth factor whose loss contributes to neuronal
death [139].

6.1.3. Astrocytes

In hemorrhagic stroke, astrocytes undergo important structural and functional modi-
fications that can either be neuroprotective or detrimental to neuronal function [277,278].
ICH increases the length of primary astrocytic GFAP-positive processes in perilesional
tissue, correlated with functional forelimb recovery [279,280]. Astrocyte survival has been
correlated with neuronal survival [281]. Through their secretion of neurotrophic factors,
along with perivascular stromal cells, astrocytes minimize damage to neighboring cells
through the formation of glial scars [137,142]. However, glial scars can also be detrimental
to functional recovery by acting as a barrier to neuronal regeneration [177].

6.1.4. Microglia

Following a hemorrhagic stroke, microglia are dynamically activated [180,181]. Fol-
lowing ICH, the initial leakage of blood serum components such as fibrinogen induces local
activation of microglia, leading to a rapid inflammatory response. Activated microglia de-
velop into an M1-like phenotype resulting in the production of pro-inflammatory cytokines
such as IL-1b, IL-6, IL-12, IL-23, TNF-α, chemokines, redox molecules (NADPH oxidase,
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phagocyte oxidase, inducible NO synthase), costimulatory proteins (CD40), and major
histocompatibility complex II (MHC-II) [282]. In both clinical and experimental rodent
models, during the acute phase of ICH, proinflammatory factors are present in the brain
starting 3 h after ICH and peaking at 3 days. Due to their pro-inflammatory phenotype, M1
microglia are linked to short-term brain damage. Within 1 week, a microglial phenotypic
switch occurs from M1 to M2 [54]. Conversely, M2-like microglia are associated with
anti-inflammatory and phagocytic functions and assist in the clearance of the hematoma.
Microglia can also be activated to the M2 polarization state by IL4/IL3, which produces anti-
inflammatory mediators IL-10, TGF-β, and glucocorticoids [282]. Several factors have been
implicated in inducing microglial polarization including, nuclear factor-kB (NF-kB), signal
transducer and activator of transcription (STAT1–STAT6), HMGB1, as well as PGE2 [54].

6.1.5. Neurons

Neuronal damage following ICH results from primary and secondary injury. The
primary injury is mainly caused by the effect of mass that increases intracranial pressure
and decreases cerebral blood flow. Secondary injury is mostly caused by hemoglobin and its
oxidized product hemin from lysed red blood cells [283]. Hemoglobin and hemin increase
brain water content, inflammatory responses, and neuronal cell death [284,285]. Both
apoptotic and necrotic cells have been identified in animal models of ICH [286,287] and the
perihematomal region after surgical evacuation in humans [288,289]. Non-apoptotic cell
deaths such as necroptosis and ferroptosis have also been detected in ICH brains [290,291].
Zille et al. demonstrated that ferroptosis and necroptotic signaling induced by lysed blood
cells is sufficient to reach a threshold of death that leads to neuronal necrosis, and that
inhibition of either of these pathways can bring cells below that threshold of survival [283].

6.1.6. ECM

Disruption of astrocyte-derived laminin expression in animal studies causes sponta-
neous hemorrhagic stroke in deep brain regions (basal ganglia). A similar phenomenon has
also been shown in human patients. In the acute stage of ICH, the synthesis and secretion
of MMPs increase in different cell types, including leukocytes, activated microglia, neurons,
and endothelial cells [292]. The levels of MMPs peak within the first days in the brain and
peripheral blood and remain high across the first week after hematoma development. The
enhanced activities of MMPs also play a key role in the pathophysiology of secondary brain
injury following ICH. The activation of MMPs (mainly MMP-3 and MMP-9) is responsible
for the degradation of the neurovascular matrix through the digestion of the principal
components of the basal lamina (collagen type IV, laminin, and fibronectin) surrounding
blood vessels [293] and TJ proteins [294,295], leading to the damage of vascular walls, loss
of vascular integrity, increased permeability, the development of edema, and the extrava-
sation of leukocytes into the brain parenchyma [296,297]. MMPs also play a key role in
mediating neural network remodeling and recovery after ICH by participating in neural
stem cell migration, releasing, and activating pro-angiogenic and neurotrophic factors,
vessel remodeling, myelin formation, and axonal growth [298].

The activity of MMPs can be inhibited in the plasma by α2-macroglobulin, and in-
side tissues by tissue inhibitors of metalloproteinases, which comprise a family of four
protease inhibitors [299,300]. The inhibition of MMPs in the acute stage of ICH represents
an attractive target to mitigate secondary brain injury, thereby improving clinical outcomes.
However, modulation of MMPs is complex due to their pleiotropic and biphasic nature
with multiple roles that grossly depend on the stage of the hematoma development. Exper-
imental studies suggest that early and short-term inhibition of MMPs after ICH can be an
effective strategy to reduce cerebral damage and improve the outcome, whereas long-term
treatment may exacerbate the effects of ICHs.
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6.2. Risk Factors for Hemorrhagic Stroke

The primary and secondary causes of hemorrhagic stroke include Cerebral Venous
Thrombosis, rupture of vascular malformations, or Dural Arteriovenous Fistulae (DAVF),
CNS vasculopathy/vasculitis, or hemorrhagic transformation of ischemic stroke [245]. ICH
is primarily caused by uncontrolled hypertension [301,302] while SAH is mainly caused by
vascular abnormalities, such as aneurysms, arteriovenous malformation, and neoplasm,
etc. [301].

6.2.1. Hypertension

Hypertension is the most important modifiable risk factor for stroke. There is a strong,
direct, linear, and continuous relationship between blood pressure and stroke risk [302,303].
The risk of hemorrhagic stroke increases when hypertension is left untreated [245]. A high
proportion of hemorrhagic stroke relative to ischemic stroke can be found in developing
countries, where the burden of hypertensive disorders is greater than in more developed
countries [304]. Even among those who are not defined as hypertensive, the higher the
blood pressure, the higher the risk of stroke [305].

Hypertension promotes stroke through increased vessel wall shear stress, endothe-
lial cell dysfunction, and large artery stiffness in the brain. Dysfunctional angiogene-
sis may occur in hypertensive elderly patients in the recovering penumbra following
stroke [170,228,304,306]. Typical neuropathologic changes in patients with hypertension
include the replacement of VSMCs in the tunica media with fibro-hyaline material, thicken-
ing of the vessel wall, and false microaneurysm formation (Charcot-Bouchard aneurysms),
resulting in an increased susceptibility to vessel wall rupture [307,308]. The most affected
vessels are those with diameters within the 50–700 µm range. These ruptures often occur
near the origin of perforating vessels from the basilar, anterior, middle, and posterior
cerebral arteries [308].

6.2.2. Vascular Malformation

Vascular malformation is one of the most common causes of hemorrhagic stroke
in people under the age of 40 [309]. Among vascular malformations, Arteriovenous
Malformations (AVMs) and Cerebral Cavernous Malformations (CCMs) are the most
common causes of ICH in young patients [310], while Dural Arteriovenous Fistula (DAVF)
is a rare type of AVM and tends to occur later in life.

AVM

AVMs are tangles of abnormal vessels shunting blood directly from arteries into
veins [311], forming a vascular mass called a nidus that is deprived of true capillary
beds [312]. Abnormally high blood flow through arterial-venous shunting has been sug-
gested to contribute to brain AVM rupture [313]. A recent study using single cell RNAseq
revealed the endothelial cell molecular signatures within each of the arteriovenous seg-
ments of AVM patients, suggesting that AVM vasculature contained expanded perivascular
cell diversity with abnormal vascular patterning and increased inflammation. They con-
cluded that the interplay between vascular and immune cells also contributed to brain
hemorrhage [314]. Most brain AVMs (bAVMs) are sporadic, and somatic mutations in
RAS/MAPK (Mitogen-Activated Protein Kinase) pathway genes are associated with in-
tracranial and extracranial AVMs [315–317]. In contrast, only about 5% AVMs are familial.
One common form of familial AVM is Hereditary Hemorrhagic Telangiectasia, caused by
autosomal dominant mutations in TGF-β/BMP-9 signaling pathway genes such as ENG,
ACVRL1/ALK1, and SMAD4. Capillary malformation–arteriovenous malformation, an-
other familial form of AVM is caused by mutations in EPHB4-RAS-ERK signaling pathway
genes: RASA1 and EPHB4. One recent study systematically investigated the contribution
of germline variants to bAVM and explore the critical molecular pathways underlying the
pathogenesis of bAVM. The authors identified 4 variants in de novo bAVMs through enrich-
ment analysis of genes with likely gene-disrupting (LGD) variants. Notably, ATP6V1B2 has
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recently been linked to severe epileptic encephalopathy and deafness, onychodystrophy,
osteodystrophy, mental retardation, and seizures syndrome, suggesting the malformation
in bAVMs as an extension of ATP6V1B2-related disorders. In addition, it was found that in
de novo LGD or missense variants, the angiopoietin-like protein 8 regulatory pathways
were enriched compared with the control. Specifically, a single nucleotide polymorphism
in ANGPTL4 was found to be significantly associated with bAVM, highlighting the im-
portant role of angiopoietin-like protein pathways in bAVM pathogenesis. In gene-based
rare variants, SLC19A3, whose expression in the brain is entirely related to blood vessels,
was identified as a disease-associated gene that has also been associated with epileptic
encephalopathy [318]. These findings suggest the underlying role of genes associated with
CNS disease and developmental defects in cerebral vascular malformations. However, the
interactions between somatic and germline variants require further investigation.

Another study found that many germline variants in genes were related to TGF-
B/Notch signaling using similar strategies via whole exome sequencing of sporadic bAVMs
to cluster and pinpoint pathways affected by germline mutated genes. Although the
mutated genes differed among patients, the pathways they resulted in were the same.
Pathways related to microtubule formation, cell adhesion, and vascular remodeling, and
ion conduction in endothelial cells were affected [319], eluding that these pathways are
involved in bAVM pathogenesis. Additionally, after selecting loci affected by rare variants
and then those most likely related to rare disease onset, none were detected in any of the
control exomes from healthy patients [319]. This led them to the hypothesis that bAVMs
are a result of the co-existence of low-penetrance loci controlling different processes in cell
maturation and differentiation. This study highlights the genetic heterogeneity of bAVMs
along with the potential for diagnosis based on specific genes.

The risk of ICH in the untreated course of brain AVM patients is estimated at
2–4% per year overall and 1–2% per year for unruptured AVMs [320–322]. The biggest
predictors of subsequent hemorrhage from AVMs are initial hemorrhagic presentation,
deep brain location, increasing age, exclusively deep venous drainage [323], and the pres-
ence of associated aneurysms [324]. Analysis of resected brain AVM tissue indicates that
angiogenic and inflammatory pathways are involved in brain AVM pathogenesis [325,326].
Recent bodies of work have shown elevations in VEGF or alterations in the vascular wall
and loss of pericytes contribute to bAVM rupture [327–329]. The abnormal vessels in
human bAVMs vary in their degree of exposure to increased intraluminal flow and Venous
Hypertension (VH). A positive correlation between VH and angiogenic activity was first
proposed by Lawton et al. [330]. It has also been shown that VH upregulates the expression
of VEGF and Hypoxia-inducible Factor 1-alpha (HIF-1α) [331,332]. Animal models suggest
that an increased level of VEGF may contribute to the hemorrhagic tendency [327,333].
The creation of VH in mice with brain AVMs caused severe hemorrhage in the brain AVM
lesions and high mortality [327]. Abnormal mural cell coverage is another characteristic
that is linked to brain AVM hemorrhage. Both human and mouse brain AVM vessels have
less mural cell coverage compared with normal brain vessels [328,329,334]. The number
of pericytes is inversely correlated with the degree of hemorrhaging or clinically occult
microhemorrhaging [328,334].

CCM

CCMs are a specific subset of vascular malformation characterized by clusters of
dilated, thin-walled vascular channels lined by simple endothelium. They are low flow,
angiographically occult lesions often associated with neurological morbidity and hemor-
rhage. Ultrastructural studies revealed abnormal or absent blood-brain barrier components,
poorly formed tight junctions resulting in gaps between endothelial cells, lack of astro-
cytic foot processes, and a limited number of pericytes [335]. A study of sporadic human
CCM lesions identified differential editing events pertaining to CCM-ECs compared with
human brain microvasculature endothelial cells (HBMECs) via whole RNA sequencing
data. They found that out of the 60% of genes that were edited in both HBMECs and
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CCM-ECs, greater than 37% of them were totally lost in CCM-ECs while 30% of them were
partially lost [336]. Many of these differentially edited genes encode for proteins that are
involved in pathways related to cell adhesion, angiogenesis, apoptosis, cell survival and
cytoskeleton regulation [336,337]. Notably, large clusters of genes involved in inflammatory
pathways were enriched in CCM-ECs. A similar study using transcriptome analysis on ECs
isolated from CCM specimens identified a few dysregulated pathways involved in CCM
onset. Both studies allude to the importance of the non-canonical Wnt5a pathway in CCM
disease. One molecular cascade called the Wnt/Ca2+ pathway is involved in vasculature
remodeling. The other pathway is the Wnt/planar cell polarity pathway and is involved in
cell polarization along with TJ maintenance, and cytoskeleton organization. Primary cilia
disassembly following fluid shear stress stimuli was recently proposed as a contributor in
CCM signaling activation. Both studies reiterate that the impairment of CCM genes are not
the only condition leading to CCM pathogenesis, however these specific genes that could
potentially be the targets of new selective therapies.

CCMs can occur in a sporadic or familial form; familial cases often present with
multiple lesions that grow in number and size over time, reflecting the dynamic nature of
these lesions [338–342]. Familial cases of CCM exhibit autosomal dominant inheritance
with incomplete penetrance and account for 10–50% of all cases. Disease-causing mutations
have been identified in three genes: KRIT1 (Krev interaction trapped 1) on 7q21-q22
(CCM1) [343–348], MGC4067 (Malcavernin) on 7p13 (CCM2) [349–351], and PDCD10
(Programmed cell death 10) on 3q26-q27 (CCM3) [349,352]. The proteins these genes
encode for are involved in many angiogenic-related pathways and the maintenance of EC
homeostasis, including apoptosis, cell-ECM adhesion, hypoxia response, and oxidative
stress response [337]. However, it should be noted that both individuals with the inherited
form of the disease and those without lesions can have an absence of germline and somatic
mutations at the three CCM loci [336,337], pointing to further genetic factors contributing
to the pathogenesis and progression of CCMs. Deep location (brainstem, cerebellar nuclei,
thalamus, or basal ganglia) appears to be the most important predictor of subsequent
hemorrhage of CCMs [353].

DAVFs

DAVFs are rare neurovascular malformations comprising of one or more arteriovenous
shunts located in the dura mater [354]. They are acquired lesions, resulting from trauma
and/or venous thrombosis. The hemorrhagic risk from DAVFs is estimated to be around
1.6–1.8% per year [355] and is primarily related to changes in hemodynamics when venous
drainage is shifted from extracranial to intracranial routes. Venous hypertension is a
hallmark of the disease process [354].

6.2.3. Intracranial Aneurysms (IAs)

IAs are local dilatations in cerebral arteries that predominantly affect the circle of
Willis. IAs present in approximately 2–5% of adults. The weakened areas of IAs are
susceptible to rupture, leading to SAH [356]. Female sex, smoking, hypertension, and
alcohol consumption are risk factors for IA, but a positive family history confers the
greatest risk [357,358]. IAs occur mostly at bifurcations within the circle of Willis [359].

Structurally, there are two types of IAs: saccular and fusiform. Saccular (aka berry)
aneurysms are sac-like pockets that arise from a cerebral wall. The less common fusiform
aneurysms are dilations that affect a short length of the vessel where the entire vessel
diameter is increased. IAs are one of the most common focal structural lesions that can cause
hemorrhagic stroke [360]. The abnormal structure of IAs includes (1) torn, fragmented, or
disappearance of internal elastic lamina [361], (2) rugged luminal surface of the intima [362],
(3) myointimal hyperplasia [363], (4) disorganization of the muscular media [364,365],
(5) hypocellularization [366], and (6) infiltration of inflammatory cells [367]. While typically
associated with SAH, IAs may seldom present with isolated intraparenchymal hematomas,
for example, deep hemorrhages with distal lenticulostriate aneurysms [368,369].
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Conclusions and Future Perspectives

We provided a cogent discussion of the structure and function of the NVU and how
it remodels after an ischemic and hemorrhagic stroke, as well as how it is predisposed
by vascular risk factors from the perspective of cellular composition, gene expression
profiles, signaling pathways and their physiological/functional manifestation. Since the
conceptualization of the NVU, the vast amount of research has not only advanced our
knowledge in how BBB contributes to neurological diseases including stroke and brain
hemorrhage, but also revealed abundant targets of therapeutic intervention to minimize
stroke injury and enhance recovery via preclinical models.

With evolving technology in structural and functional in vivo imaging and the devel-
opment of novel molecular and transgenic tools, we will continue to gain an understanding
in how each cell type and cellular component contributes to the integrity and regulation of
the BBB in normal physiology and disease. The emerging engineered in vitro models of
BBB containing ECs with various perivascular cell types in the presence of ECM building
on microfluidic systems will also be instrumental in advancing our understanding in the
mechanistic aspects of cell interactions in the NVU, providing a high-throughput system
for the development of targeted therapies.
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EC Endothelial Cell
ECM Extracellular Matrix
eNOS Endothelial NO Synthase
FSS Fluid Sheer Stress
GFAP Glial Fibrillary Acidic Protein
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GPCR124 G-Protein Coupled Receptor 124
HIF-1α Hypoxia-inducible Faction 1-alpha
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MHC-II Major Histocompatibility Complex II
MMP Metalloproteinase
NF-kB Nuclear Factor-kB
NGF Nerve Growth Factor
NO Nitric Oxide
NVC Neurovascular Coupling
NVU Neurovascular Unit
P2RY12 Purinergic Receptor P2Y, G-protein Coupled 12
PDGF Platelet-Derived Growth Factor
PGE2 Prostaglandin E2
PTN Pleiotrophin
PVM Perivascular Macrophage
ROCK Rho-Associated Coiled-coil Kinase
ROS Reactive Oxygen Species
SAH Subarachnoid Hemorrhage
Shh Sonic Hedgehog
SHR Spontaneously Hypertensive Rat
SSeCKS SRc-suppressed C-Kinase Substrate
TGF-β Transforming Growth Factor-β
TJ Tight Junction
tMCAO transient Middle Cerebral Artery Occlusion
TNF-α Tumor Necrosis Factor-α
TRPV4 Transient Receptor Potential Vanilloid-type 4
VEGF Vascular Endothelial Growth Factor
VH Venous Hypertension
VSMC Vascular Smooth Muscle Cell
ZO Zona Occludins
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112. Abacı, A.; Oğuzhan, A.; Kahraman, S.; Eryol, N.K.; Ünal, S.; Arınç, H.; Ergin, A. Effect of Diabetes Mellitus on Formation of

Coronary Collateral Vessels. Circulation 1999, 99, 2239–2242. [CrossRef]
113. Akamatsu, Y.; Nishijima, Y.; Lee, C.C.; Yang, S.Y.; Shi, L.; An, L.; Wang, R.K.; Tominaga, T.; Liu, J. Impaired Leptomeningeal

Collateral Flow Contributes to the Poor Outcome following Experimental Stroke in the Type 2 Diabetic Mice. J. Neurosci. 2015, 35,
3851–3864. [CrossRef]

114. Nishijima, Y.; Akamatsu, Y.; Yang, S.Y.; Lee, C.C.; Baran, U.; Song, S.; Wang, R.; Tominaga, T.; Liu, J. Impaired Collateral Flow
Compensation During Chronic Cerebral Hypoperfusion in the Type 2 Diabetic Mice. Stroke 2016, 47, 3014–3021. [CrossRef]

115. Menon, B.K.; Smith, E.E.; Coutts, S.B.; Welsh, D.G.; Faber, J.E.; Goyal, M.; Hill, M.D.; Demchuk, A.M.; Damani, Z.; Cho, K.-H.;
et al. Leptomeningeal collaterals are associated with modifiable metabolic risk factors. Ann. Neurol. 2013, 74, 241–248. [CrossRef]
[PubMed]

116. Campbell, B.C.; Christensen, S.; Tress, B.M.; Churilov, L.; Desmond, P.M.; Parsons, M.W.; Barber, P.A.; Levi, C.; Bladin, C.; Donnan,
G.; et al. Failure of Collateral Blood Flow is Associated with Infarct Growth in Ischemic Stroke. J. Cereb. Blood Flow Metab. 2013,
33, 1168–1172. [CrossRef]

117. Ma, J.; Ma, Y.; Shuaib, A.; Winship, I.R. Impaired Collateral Flow in Pial Arterioles of Aged Rats During Ischemic Stroke. Transl.
Stroke Res. 2020, 11, 243–253. [CrossRef] [PubMed]

118. Murtha, L.; Mcleod, D.; Pepperall, D.; McCann, S.; Beard, D.J.; Tomkins, A.J.; Holmes, W.M.; McCabe, C.; Macrae, I.M.; Spratt, N.J.
Intracranial Pressure Elevation after Ischemic Stroke in Rats: Cerebral Edema is Not the Only Cause, and Short-Duration Mild
Hypothermia is a Highly Effective Preventive Therapy. J. Cereb. Blood Flow Metab. 2015, 35, 592–600. [CrossRef]

http://doi.org/10.1083/jcb.200806024
http://www.ncbi.nlm.nih.gov/pubmed/18955553
http://doi.org/10.3389/fmolb.2021.711710
http://doi.org/10.1126/science.aab3103
http://www.ncbi.nlm.nih.gov/pubmed/26912893
http://doi.org/10.1089/ten.tea.2009.0493
http://doi.org/10.1016/S0092-8674(00)81813-9
http://doi.org/10.1038/nature11087
http://www.ncbi.nlm.nih.gov/pubmed/22622580
http://doi.org/10.1016/j.pneurobio.2013.11.004
http://doi.org/10.1111/j.1747-4949.2012.00818.x
http://doi.org/10.1002/wsbm.1553
http://doi.org/10.1016/j.brainres.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25770816
http://doi.org/10.3390/ijms20153608
http://www.ncbi.nlm.nih.gov/pubmed/31344780
http://doi.org/10.1161/STROKEAHA.115.010508
http://www.ncbi.nlm.nih.gov/pubmed/26451027
http://doi.org/10.1161/01.STR.0000086465.41263.06
http://doi.org/10.1161/ATVBAHA.114.303929
http://www.ncbi.nlm.nih.gov/pubmed/25012127
http://doi.org/10.1007/s00395-008-0760-x
http://www.ncbi.nlm.nih.gov/pubmed/19101749
http://doi.org/10.1111/j.1365-2362.2007.01861.x
http://doi.org/10.1161/01.RES.0000141145.78900.44
http://www.ncbi.nlm.nih.gov/pubmed/15345667
http://doi.org/10.1007/s004280050039
http://www.ncbi.nlm.nih.gov/pubmed/10782885
http://www.ncbi.nlm.nih.gov/pubmed/11096671
http://doi.org/10.1161/01.CIR.99.17.2239
http://doi.org/10.1523/JNEUROSCI.3838-14.2015
http://doi.org/10.1161/STROKEAHA.116.014882
http://doi.org/10.1002/ana.23906
http://www.ncbi.nlm.nih.gov/pubmed/23536377
http://doi.org/10.1038/jcbfm.2013.77
http://doi.org/10.1007/s12975-019-00710-1
http://www.ncbi.nlm.nih.gov/pubmed/31203565
http://doi.org/10.1038/jcbfm.2014.230


Cells 2022, 11, 2823 30 of 39

119. Beard, D.J.; Mcleod, D.; Logan, C.L.; Murtha, L.; Imtiaz, M.S.; Van Helden, D.F.; Spratt, N.J. Intracranial Pressure Elevation
Reduces Flow through Collateral Vessels and the Penetrating Arterioles they Supply. a Possible Explanation for ‘Collateral Failure’
and Infarct Expansion after Ischemic Stroke. J. Cereb. Blood Flow Metab. 2015, 35, 861–872. [CrossRef] [PubMed]

120. Beard, D.J.; Murtha, L.A.; McLeod, D.D.; Spratt, N.J. Intracranial Pressure and Collateral Blood Flow. Stroke 2016, 47, 1695–1700.
[CrossRef] [PubMed]

121. Liu, J. Poststroke angiogenesis: Blood, bloom, or brood? Stroke 2015, 46, e105–e106. [CrossRef] [PubMed]
122. Boengler, K.; Pipp, F.; Fernandez, B.; Ziegelhoeffer, T.; Schaper, W.; Deindl, E. Arteriogenesis is associated with an induction of the

cardiac ankyrin repeat protein (carp). Cardiovasc. Res. 2003, 59, 573–581. [CrossRef]
123. van Royen, N.; Hoefer, I.; Buschmann, I.; Heil, M.; Kostin, S.; Deindl, E.; Vogel, S.; Korff, T.; Augustin, H.; Bode, C.; et al.

Exogenous application of transforming growth factor beta 1 stimulates arteriogenesis in the peripheral circulation. FASEB J. 2002,
16, 432–434. [CrossRef] [PubMed]

124. Seiler, C.; Pohl, T.; Wustmann, K.; Hutter, D.; Nicolet, P.-A.; Windecker, S.; Eberli, F.R.; Meier, B. Promotion of collateral growth
by granulocyte-macrophage colony-stimulating factor in patients with coronary artery disease: A randomized, double-blind,
placebo-controlled study. Circulation 2001, 104, 2012–2017. [CrossRef]

125. Buschmann, I.R.; Busch, H.J.; Mies, G.; Hossmann, K.A. Therapeutic induction of arteriogenesis in hypoperfused rat brain via
granulocyte-macrophage colony-stimulating factor. Circulation 2003, 108, 610–615. [CrossRef]

126. Chen, J.; Cui, X.; Zacharek, A.; Ding, G.; Shehadah, A.; Jiang, Q.; Lu, M.; Chopp, M. Niaspan treatment increases tumor necrosis
factor-alpha-converting enzyme and promotes arteriogenesis after stroke. J. Cereb. Blood Flow Metab. 2009, 29, 911–920. [CrossRef]

127. Jiao, H.; Wang, Z.; Liu, Y.; Wang, P.; Xue, Y. Specific role of tight junction proteins claudin-5, occludin, and ZO-1 of the blood-brain
barrier in a focal cerebral ischemic insult. J. Mol. Neurosci. 2011, 44, 130–139. [CrossRef]

128. Knowland, D.; Arac, A.; Sekiguchi, K.J.; Hsu, M.; Lutz, S.E.; Perrino, J.; Steinberg, G.K.; Barres, B.A.; Nimmerjahn, A.; Agalliu, D.
Stepwise Recruitment of Transcellular and Paracellular Pathways Underlies Blood-Brain Barrier Breakdown in Stroke. Neuron
2014, 82, 603–617. [CrossRef]

129. Ben-Zvi, A.; Lacoste, B.; Kur, E.; Andreone, B.J.; Mayshar, Y.; Yan, H.; Gu, C. Mfsd2a is critical for the formation and function of
the blood–brain barrier. Nature 2014, 509, 507–511. [CrossRef]

130. Andreone, B.J.; Chow, B.W.; Tata, A.; Lacoste, B.; Ben-Zvi, A.; Bullock, K.; Deik, A.A.; Ginty, D.D.; Clish, C.B.; Gu, C. Blood-Brain
Barrier Permeability Is Regulated by Lipid Transport-Dependent Suppression of Caveolae-Mediated Transcytosis. Neuron 2017,
94, 581–594.e5. [CrossRef]

131. Haley, M.J.; Lawrence, C.B. The blood–brain barrier after stroke: Structural studies and the role of transcytotic vesicles. J. Cereb.
Blood Flow Metab. 2017, 37, 456–470. [CrossRef] [PubMed]

132. Nahirney, P.C.; Reeson, P.; Brown, C.E. Ultrastructural analysis of blood–brain barrier breakdown in the peri-infarct zone in
young adult and aged mice. J. Cereb. Blood Flow Metab. 2016, 36, 413–425. [CrossRef] [PubMed]

133. Carbonell, T.; Rama, R. Iron, oxidative stress and early neurological deterioration in ischemic stroke. Curr. Med. Chem. 2007, 14,
857–874. [CrossRef]

134. Zhang, Y.; Cui, Q.; Chen, H.; Li, J. Rho kinase: A new target for treatment of cerebral ischemia/reperfusion injury. Neural Regen.
Res. 2013, 8, 1180. [CrossRef]

135. Gonul, E.; Duz, B.; Kahraman, S.; Kayali, H.; Kubar, A.; Timurkaynak, E. Early Pericyte Response to Brain Hypoxia in Cats: An
Ultrastructural Study. Microvasc. Res. 2002, 64, 116–119. [CrossRef]

136. Arimura, K.; Ago, T.; Kamouchi, M.; Nakamura, K.; Ishitsuka, K.; Kuroda, J.; Sugimori, H.; Ooboshi, H.; Sasaki, T.; Kitazono, T.
PDGF receptor beta signaling in pericytes following ischemic brain injury. Curr. Neurovasc. Res. 2012, 9, 1–9. [CrossRef]

137. Fernández-Klett, F.; Potas, J.; Hilpert, D.; Blazej, K.; Radke, J.; Huck, J.; Engel, O.; Stenzel, W.; Genové, G.; Priller, J. Early Loss
of Pericytes and Perivascular Stromal Cell-Induced Scar Formation after Stroke. J. Cereb. Blood Flow Metab. 2013, 33, 428–439.
[CrossRef]

138. Underly, R.G.; Levy, M.; Hartmann, D.A.; Grant, R.I.; Watson, A.N.; Shih, A.Y. Pericytes as Inducers of Rapid, Matrix
Metalloproteinase-9-Dependent Capillary Damage during Ischemia. J. Neurosci. 2017, 37, 129–140. [CrossRef]

139. Nikolakopoulou, A.M.; Montagne, A.; Kisler, K.; Dai, Z.; Wang, Y.; Huuskonen, M.T.; Sagare, A.P.; Lazic, D.; Sweeney, M.D.;
Kong, P.; et al. Pericyte loss leads to circulatory failure and pleiotrophin depletion causing neuron loss. Nat. Neurosci. 2019, 22,
1089–1098. [CrossRef]

140. Chow, J.; Ogunshola, O.; Fan, S.Y.; Li, Y.; Ment, L.R.; Madri, J.A. Astrocyte-derived VEGF mediates survival and tube stabilization
of hypoxic brain microvascular endothelial cells in vitro. Dev. Brain. Res. 2001, 130, 123–132. [CrossRef]

141. Li, L.; Lundkvist, A.; Andersson, D.; Wilhelmsson, U.; Nagai, N.; Pardo, A.; Nodin, C.; Ståhlberg, A.; Aprico, K.; Larsson, K.; et al.
Protective Role of Reactive Astrocytes in Brain Ischemia. J. Cereb. Blood Flow Metab. 2008, 28, 468–481. [CrossRef]

142. Krum, J.M.; Mani, N.; Rosenstein, J.M. Roles of the endogenous VEGF receptors flt-1 and flk-1 in astroglial and vascular
remodeling after brain injury. Exp. Neurol. 2008, 212, 108–117. [CrossRef] [PubMed]

143. Fordsmann, J.C.; Ko, R.W.Y.; Choi, H.B.; Thomsen, K.; Witgen, B.M.; Mathiesen, C.; Lønstrup, M.; Piilgaard, H.; MacVicar, B.A.;
Lauritzen, M. Increased 20-HETE Synthesis Explains Reduced Cerebral Blood Flow but Not Impaired Neurovascular Coupling
after Cortical Spreading Depression in Rat Cerebral Cortex. J. Neurosci. 2013, 33, 2562–2570. [CrossRef]

144. Rovegno, M.; Saez, J.C. Role of astrocyte connexin hemichannels in cortical spreading depression. Biochim. Biophys. Acta Biomembr.
2018, 1860, 216–223. [CrossRef] [PubMed]

http://doi.org/10.1038/jcbfm.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/25669909
http://doi.org/10.1161/STROKEAHA.115.011147
http://www.ncbi.nlm.nih.gov/pubmed/26786117
http://doi.org/10.1161/STROKEAHA.115.007643
http://www.ncbi.nlm.nih.gov/pubmed/25813191
http://doi.org/10.1016/S0008-6363(03)00511-X
http://doi.org/10.1096/fj.01-0563fje
http://www.ncbi.nlm.nih.gov/pubmed/11821255
http://doi.org/10.1161/hc4201.097835
http://doi.org/10.1161/01.CIR.0000074209.17561.99
http://doi.org/10.1038/jcbfm.2009.11
http://doi.org/10.1007/s12031-011-9496-4
http://doi.org/10.1016/j.neuron.2014.03.003
http://doi.org/10.1038/nature13324
http://doi.org/10.1016/j.neuron.2017.03.043
http://doi.org/10.1177/0271678X16629976
http://www.ncbi.nlm.nih.gov/pubmed/26823471
http://doi.org/10.1177/0271678X15608396
http://www.ncbi.nlm.nih.gov/pubmed/26661190
http://doi.org/10.2174/092986707780363014
http://doi.org/10.4103/1673-5374.112854
http://doi.org/10.1006/mvre.2002.2413
http://doi.org/10.2174/156720212799297100
http://doi.org/10.1038/jcbfm.2012.187
http://doi.org/10.1523/JNEUROSCI.2891-16.2016
http://doi.org/10.1038/s41593-019-0434-z
http://doi.org/10.1016/S0165-3806(01)00220-6
http://doi.org/10.1038/sj.jcbfm.9600546
http://doi.org/10.1016/j.expneurol.2008.03.019
http://www.ncbi.nlm.nih.gov/pubmed/18482723
http://doi.org/10.1523/JNEUROSCI.2308-12.2013
http://doi.org/10.1016/j.bbamem.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28864364


Cells 2022, 11, 2823 31 of 39

145. Shibahara, T.; Ago, T.; Nakamura, K.; Tachibana, M.; Yoshikawa, Y.; Komori, M.; Yamanaka, K.; Wakisaka, Y.; Kitazono, T.
Pericyte-Mediated Tissue Repair through PDGFRbeta Promotes Peri-Infarct Astrogliosis, Oligodendrogenesis, and Functional
Recovery after Acute Ischemic Stroke. Eneuro 2020, 7, ENEURO.0474-19.2020. [CrossRef]

146. Yenari, M.A.; Kauppinen, T.M.; Swanson, R.A. Microglial activation in stroke: Therapeutic targets. Neurotherapeutics 2010, 7,
378–391. [CrossRef]

147. Jolivel, V.; Bicker, F.; Binamé, F.; Ploen, R.; Keller, S.; Gollan, R.; Jurek, B.; Birkenstock, J.; Poisa-Beiro, L.; Bruttger, J.; et al.
Perivascular microglia promote blood vessel disintegration in the ischemic penumbra. Acta Neuropathol. 2015, 129, 279–295.
[CrossRef] [PubMed]

148. Lou, N.; Takano, T.; Pei, Y.; Xavier, A.L.; Goldman, S.A.; Nedergaard, M. Purinergic receptor P2RY12-dependent microglial
closure of the injured blood–brain barrier. Proc. Natl. Acad. Sci. USA 2016, 113, 1074–1079. [CrossRef]

149. Rodrigo, R.; Fernandez-Gajardo, R.; Gutierrez, R.; Matamala, J.M.; Carrasco, R.; Miranda-Merchak, A.; Feuerhake, W. Oxidative
Stress and Pathophysiology of Ischemic Stroke: Novel Therapeutic Opportunities. CNS Neurol. Disord. Drug Targets 2013, 12,
698–714.

150. Xu, C.; Tang, F.; Lu, M.; Yang, J.; Han, R.; Mei, M.; Hu, J.; Zhou, M.; Wang, H. Astragaloside IV improves the isoproterenol-induced
vascular dysfunction via attenuating eNOS uncoupling-mediated oxidative stress and inhibiting ROS-NF-kappaB pathways. Int.
Immunopharmacol. 2016, 33, 119–127. [CrossRef]

151. van Leeuwen, E.; Hampton, M.B.; Smyth, L.C. Redox signalling and regulation of the blood-brain barrier. Int. J. Biochem. Cell Biol.
2020, 125, 105794. [CrossRef] [PubMed]

152. Takeuchi, K.; Morizane, Y.; Kamami-Levy, C.; Suzuki, J.; Kayama, M.; Cai, W.; Miller, J.; Vavvas, D.G. AMP-dependent Kinase
Inhibits Oxidative Stress-induced Caveolin-1 Phosphorylation and Endocytosis by Suppressing the Dissociation between c-Abl
and Prdx1 Proteins in Endothelial Cells. J. Biol. Chem. 2013, 288, 20581–20591. [CrossRef] [PubMed]

153. Zhu, Y.; Liao, H.-L.; Niu, X.-L.; Yuan, Y.; Lin, T.; Verna, L.; Stemerman, M.B. Low density lipoprotein induces eNOS translocation
to membrane caveolae: The role of RhoA activation and stress fiber formation. Biochim. Biophys. Acta 2003, 1635, 117–126.
[CrossRef] [PubMed]

154. Drab, M.; Verkade, P.; Elger, M.; Kasper, M.; Lohn, M.; Lauterbach, B.; Menne, J.; Lindschau, C.; Mende, F.; Luft, F.C.; et al. Loss
of Caveolae, Vascular Dysfunction, and Pulmonary Defects in Caveolin-1 Gene-Disrupted Mice. Science 2001, 293, 2449–2452.
[CrossRef] [PubMed]

155. Ming, X.-F.; Viswambharan, H.; Barandier, C.; Ruffieux, J.; Kaibuchi, K.; Rusconi, S.; Yang, Z. Rho GTPase/Rho Kinase Negatively
Regulates Endothelial Nitric Oxide Synthase Phosphorylation through the Inhibition of Protein Kinase B/Akt in Human
Endothelial Cells. Mol. Cell. Biol. 2002, 22, 8467–8477. [CrossRef]

156. Noma, K.; Kihara, Y.; Higashi, Y. Striking crosstalk of ROCK signaling with endothelial function. J. Cardiol. 2012, 60, 1–6.
[CrossRef]

157. Gibson, C.L.; Srivastava, K.; Sprigg, N.; Bath, P.M.W.; Bayraktutan, U. Inhibition of Rho-kinase protects cerebral barrier from
ischaemia-evoked injury through modulations of endothelial cell oxidative stress and tight junctions. J. Neurochem. 2014, 129,
816–826. [CrossRef]

158. Hiroi, Y.; Noma, K.; Kim, H.-H.; Sladojevic, N.; Tabit, C.E.; Li, Y.; Soydan, G.; Salomone, S.; Moskowitz, M.A.; Liao, J.K.
Neuroprotection Mediated by Upregulation of Endothelial Nitric Oxide Synthase in Rho-Associated, Coiled-Coil-Containing
Kinase 2 Deficient Mice. Circ. J. 2018, 82, 1195–1204. [CrossRef]

159. O’Donnell, M.E. Blood-brain barrier Na transporters in ischemic stroke. Adv. Pharmacol. 2014, 71, 113–146.
160. Brzica, H.; Abdullahi, W.; Ibbotson, K.; Ronaldson, P.T. Role of Transporters in Central Nervous System Drug Delivery and

Blood-Brain Barrier Protection: Relevance to Treatment of Stroke. J. Central Nerv. Syst. Dis. 2017, 9, 1179573517693802. [CrossRef]
[PubMed]

161. Winkler, E.A.; Nishida, Y.; Sagare, A.P.; Rege, S.V.; Bell, R.D.; Perlmutter, D.; Sengillo, J.D.; Hillman, S.; Kong, P.; Nelson, A.R.;
et al. GLUT1 reductions exacerbate Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 2015, 18,
521–530. [CrossRef] [PubMed]

162. Munji, R.N.; Soung, A.L.; Weiner, G.A.; Sohet, F.; Semple, B.D.; Trivedi, A.; Gimlin, K.; Kotoda, M.; Korai, M.; Aydin, S.; et al.
Profiling the mouse brain endothelial transcriptome in health and disease models reveals a core blood–brain barrier dysfunction
module. Nat. Neurosci. 2019, 22, 1892–1902. [CrossRef] [PubMed]

163. Su, X.; Huang, L.; Qu, Y.; Xiao, D.; Mu, D. Pericytes in Cerebrovascular Diseases: An Emerging Therapeutic Target. Front. Cell.
Neurosci. 2019, 13, 519. [CrossRef] [PubMed]

164. ElAli, A.; Thériault, P.; Rivest, S. The Role of Pericytes in Neurovascular Unit Remodeling in Brain Disorders. Int. J. Mol. Sci. 2014,
15, 6453–6474. [CrossRef] [PubMed]

165. Keaney, J.; Campbell, M. The dynamic blood-brain barrier. FEBS J. 2015, 282, 4067–4079. [CrossRef]
166. Zhao, C.; Ma, J.; Wang, Z.; Li, H.; Shen, H.; Li, X.; Chen, G. Mfsd2a Attenuates Blood-Brain Barrier Disruption After Sub-arachnoid

Hemorrhage by Inhibiting Caveolae-Mediated Transcellular Transport in Rats. Transl. Stroke Res. 2020, 11, 1012–1027. [CrossRef]
167. Chow, B.W.; Gu, C. Gradual Suppression of Transcytosis Governs Functional Blood-Retinal Barrier Formation. Neuron 2017, 93,

1325–1333.e3. [CrossRef]
168. Peppiatt, C.M.; Howarth, C.; Mobbs, P.; Attwell, D. Bidirectional control of CNS capillary diameter by pericytes. Nature 2006, 443,

700–704. [CrossRef]

http://doi.org/10.1523/ENEURO.0474-19.2020
http://doi.org/10.1016/j.nurt.2010.07.005
http://doi.org/10.1007/s00401-014-1372-1
http://www.ncbi.nlm.nih.gov/pubmed/25500713
http://doi.org/10.1073/pnas.1520398113
http://doi.org/10.1016/j.intimp.2016.02.009
http://doi.org/10.1016/j.biocel.2020.105794
http://www.ncbi.nlm.nih.gov/pubmed/32562769
http://doi.org/10.1074/jbc.M113.460832
http://www.ncbi.nlm.nih.gov/pubmed/23723070
http://doi.org/10.1016/j.bbalip.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/14729074
http://doi.org/10.1126/science.1062688
http://www.ncbi.nlm.nih.gov/pubmed/11498544
http://doi.org/10.1128/MCB.22.24.8467-8477.2002
http://doi.org/10.1016/j.jjcc.2012.03.005
http://doi.org/10.1111/jnc.12681
http://doi.org/10.1253/circj.CJ-17-0732
http://doi.org/10.1177/1179573517693802
http://www.ncbi.nlm.nih.gov/pubmed/28469523
http://doi.org/10.1038/nn.3966
http://www.ncbi.nlm.nih.gov/pubmed/25730668
http://doi.org/10.1038/s41593-019-0497-x
http://www.ncbi.nlm.nih.gov/pubmed/31611708
http://doi.org/10.3389/fncel.2019.00519
http://www.ncbi.nlm.nih.gov/pubmed/31824267
http://doi.org/10.3390/ijms15046453
http://www.ncbi.nlm.nih.gov/pubmed/24743889
http://doi.org/10.1111/febs.13412
http://doi.org/10.1007/s12975-019-00775-y
http://doi.org/10.1016/j.neuron.2017.02.043
http://doi.org/10.1038/nature05193


Cells 2022, 11, 2823 32 of 39

169. Puro, D.G. Physiology and pathobiology of the pericyte-containing retinal microvasculature: New developments. Microcirculation
2007, 14, 1–10. [CrossRef]

170. Freitas-Andrade, M.; Raman-Nair, J.; Lacoste, B. Structural and Functional Remodeling of the Brain Vasculature Following Stroke.
Front. Physiol. 2020, 11, 948. [CrossRef]

171. Molofsky, A.V.; Krenick, R.; Ullian, E.; Tsai, H.-H.; Deneen, B.; Richardson, W.D.; Barres, B.A.; Rowitch, D.H. Astrocytes and
disease: A neurodevelopmental perspective. Genes Dev. 2012, 26, 891–907. [CrossRef] [PubMed]

172. Clavreul, S.; Abdeladim, L.; Hernández-Garzón, E.; Niculescu, D.; Durand, J.; Ieng, S.-H.; Barry, R.; Bonvento, G.; Beaurepaire, E.;
Livet, J.; et al. Cortical astrocytes develop in a plastic manner at both clonal and cellular levels. Nat. Commun. 2019, 10, 4884.
[CrossRef] [PubMed]

173. Batiuk, M.Y.; Martirosyan, A.; Wahis, J.; de Vin, F.; Marneffe, C.; Kusserow, C.; Koeppen, J.; Viana, J.F.; Oliveira, J.F.; Voet, T.; et al.
Identification of region-specific astrocyte subtypes at single cell resolution. Nat. Commun. 2020, 11, 1220. [CrossRef] [PubMed]

174. von Bornstädt, D.; Houben, T.; Seidel, J.L.; Zheng, Y.; Dilekoz, E.; Qin, T.; Sandow, N.; Kura, S.; Eikermann-Haerter, K.; Endres,
M.; et al. Supply-demand mismatch transients in susceptible peri-infarct hot zones explain the origins of spreading injury
depolarizations. Neuron 2015, 85, 1117–1131. [CrossRef]

175. Nakamura, H.; Strong, A.J.; Dohmen, C.; Sakowitz, O.W.; Vollmar, S.; Sué, M.; Kracht, L.; Hashemi, P.; Bhatia, R.; Yoshimine,
T.; et al. Spreading depolarizations cycle around and enlarge focal ischaemic brain lesions. Brain 2010, 133 Pt 7, 1994–2006.
[CrossRef]

176. Lauritzen, M.; Strong, A.J. ‘Spreading depression of Leao’ and its emerging relevance to acute brain injury in humans. J. Cereb.
Blood Flow Metab. 2017, 37, 1553–1570. [CrossRef]

177. Beck, H.; Semisch, M.; Culmsee, C.; Plesnila, N.; Hatzopoulos, A.K. Egr-1 Regulates Expression of the Glial Scar Component
Phosphacan in Astrocytes after Experimental Stroke. Am. J. Pathol. 2008, 173, 77–92. [CrossRef]

178. Parkhurst, C.N.; Yang, G.; Ninan, I.; Savas, J.N.; Yates, J.R., III; Lafaille, J.J.; Hempstead, B.L.; Littman, D.R.; Gan, W.-B. Microglia
promote learning-dependent synapse formation through brain-derived neurotrophic factor. Cell 2013, 155, 1596–1609. [CrossRef]

179. Haruwaka, K.; Ikegami, A.; Tachibana, Y.; Ohno, N.; Konishi, H.; Hashimoto, A.; Matsumoto, M.; Kato, D.; Ono, R.; Kiyama, H.;
et al. Dual microglia effects on blood brain barrier permeability induced by systemic inflammation. Nat. Commun. 2019, 10, 5816.
[CrossRef]

180. Eldahshan, W.; Fagan, S.C.; Ergul, A. Inflammation within the neurovascular unit: Focus on microglia for stroke injury and
recovery. Pharmacol. Res. 2019, 147, 104349. [CrossRef]

181. Rawlinson, C.; Jenkins, S.; Thei, L.; Dallas, M.L.; Chen, R. Post-Ischaemic Immunological Response in the Brain: Targeting
Microglia in Ischaemic Stroke Therapy. Brain Sci. 2020, 10, 159. [CrossRef] [PubMed]

182. Holfelder, K.; Schittenhelm, J.; Trautmann, K.; Haybaeck, J.; Meyermann, R.; Beschorner, R. De novo expression of the hemoglobin
scavenger receptor CD163 by activated microglia is not associated with hemorrhages in human brain lesions. Histol. Histopathol.
2011, 26, 1007–1017. [PubMed]

183. Pedragosa, J.; Salas-Perdomo, A.; Gallizioli, M.; Cugota, R.; Miro-Mur, F.A.; Briansó, F.; Justicia, C.; Pérez-Asensio, F.; Marquez, L.;
Urra, X.; et al. CNS-border associated macrophages respond to acute ischemic stroke attracting granulocytes and promoting
vascular leakage. Acta Neuropathol. Commun. 2018, 6, 76. [PubMed]

184. Koizumi, T.; Kerkhofs, D.; Mizuno, T.; Steinbusch, H.W.M.; Foulquier, S. Vessel-Associated Immune Cells in Cerebrovascular
Diseases: From Perivascular Macrophages to Vessel-Associated Microglia. Front. Neurosci. 2019, 13, 1291. [CrossRef] [PubMed]

185. Faraco, G.; Sugiyama, Y.; Lane, D.; Garcia-Bonilla, L.; Chang, H.; Santisteban, M.; Racchumi, G.; Murphy, M.; Van Rooijen, N.;
Anrather, J.; et al. Perivascular macrophages mediate the neurovascular and cognitive dysfunction associated with hypertension.
J. Clin. Investig. 2016, 126, 4674–4689. [CrossRef] [PubMed]

186. Kang, M.; Yao, Y. Basement Membrane Changes in Ischemic Stroke. Stroke 2020, 51, 1344–1352. [CrossRef]
187. Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood Flow

Metab. 2017, 37, 3300–3317. [CrossRef]
188. Hangai, M.; Kitaya, N.; Xu, J.; Chan, C.K.; Kim, J.J.; Werb, Z.; Ryan, S.J.; Brooks, P.C. Matrix Metalloproteinase-9-Dependent

Exposure of a Cryptic Migratory Control Site in Collagen is Required before Retinal Angiogenesis. Am. J. Pathol. 2002, 161,
1429–1437. [CrossRef]

189. Yao, Y. Basement membrane and stroke. J. Cereb. Blood Flow Metab. 2019, 39, 3–19. [CrossRef]
190. Kwon, I.; Kim, E.H.; del Zoppo, G.J.; Heo, J.H. Ultrastructural and temporal changes of the microvascular basement membrane

and astrocyte interface following focal cerebral ischemia. J. Neurosci. Res. 2009, 87, 668–676. [CrossRef]
191. Heo, J.H.; Lucero, J.; Abumiya, T.; Koziol, J.A.; Copeland, B.R.; del Zoppo, G.J. Matrix Metalloproteinases Increase Very Early

during Experimental Focal Cerebral Ischemia. J. Cereb. Blood Flow Metab. 1999, 19, 624–633. [CrossRef]
192. Becker, B.F.; Jacob, M.; Leipert, S.; Salmon, A.H.J.; Chappell, D. Degradation of the endothelial glycocalyx in clinical settings:

Searching for the sheddases. Br. J. Clin. Pharmacol. 2015, 80, 389–402. [CrossRef] [PubMed]
193. Steiner, E.; Enzmann, G.U.; Lyck, R.; Lin, S.; Rüegg, M.A.; Kröger, S.; Engelhardt, B. The heparan sulfate proteoglycan agrin

contributes to barrier properties of mouse brain endothelial cells by stabilizing adherens junctions. Cell Tissue Res. 2014, 358,
465–479. [CrossRef] [PubMed]

194. Iwata, A.; Koike, F.; Arasaki, K.; Tamaki, M. Blood brain barrier destruction in hyperglycemic chorea in a patient with poorly
controlled diabetes. J. Neurol. Sci. 1999, 163, 90–93. [CrossRef]

http://doi.org/10.1080/10739680601072099
http://doi.org/10.3389/fphys.2020.00948
http://doi.org/10.1101/gad.188326.112
http://www.ncbi.nlm.nih.gov/pubmed/22549954
http://doi.org/10.1038/s41467-019-12791-5
http://www.ncbi.nlm.nih.gov/pubmed/31653848
http://doi.org/10.1038/s41467-019-14198-8
http://www.ncbi.nlm.nih.gov/pubmed/32139688
http://doi.org/10.1016/j.neuron.2015.02.007
http://doi.org/10.1093/brain/awq117
http://doi.org/10.1177/0271678X16657092
http://doi.org/10.2353/ajpath.2008.070648
http://doi.org/10.1016/j.cell.2013.11.030
http://doi.org/10.1038/s41467-019-13812-z
http://doi.org/10.1016/j.phrs.2019.104349
http://doi.org/10.3390/brainsci10030159
http://www.ncbi.nlm.nih.gov/pubmed/32168831
http://www.ncbi.nlm.nih.gov/pubmed/21692033
http://www.ncbi.nlm.nih.gov/pubmed/30092836
http://doi.org/10.3389/fnins.2019.01291
http://www.ncbi.nlm.nih.gov/pubmed/31866808
http://doi.org/10.1172/JCI86950
http://www.ncbi.nlm.nih.gov/pubmed/27841763
http://doi.org/10.1161/STROKEAHA.120.028928
http://doi.org/10.1177/0271678X17722436
http://doi.org/10.1016/S0002-9440(10)64418-5
http://doi.org/10.1177/0271678X18801467
http://doi.org/10.1002/jnr.21877
http://doi.org/10.1097/00004647-199906000-00005
http://doi.org/10.1111/bcp.12629
http://www.ncbi.nlm.nih.gov/pubmed/25778676
http://doi.org/10.1007/s00441-014-1969-7
http://www.ncbi.nlm.nih.gov/pubmed/25107608
http://doi.org/10.1016/S0022-510X(98)00325-6


Cells 2022, 11, 2823 33 of 39

195. Starr, J.M.; Wardlaw, J.; Ferguson, K.; MacLullich, A.; Deary, I.J.; Marshall, I. Increased blood-brain barrier permeability in type II
diabetes demonstrated by gadolinium magnetic resonance imaging. J. Neurol. Neurosurg. Psychiatry 2003, 74, 70–76. [CrossRef]

196. Liao, Y.J.; Ueno, M.; Nakagawa, T.; Huang, C.; Kanenishi, K.; Onodera, M.; Sakamoto, H. Oxidative damage in cerebral vessels of
diabetic db/db mice. Diabetes/Metabolism Res. Rev. 2005, 21, 554–559. [CrossRef]

197. Mooradian, A.D.; Haas, M.J.; Batejko, O.; Hovsepyan, M.; Feman, S.S. Statins Ameliorate Endothelial Barrier Permeability
Changes in the Cerebral Tissue of Streptozotocin-Induced Diabetic Rats. Diabetes 2005, 54, 2977–2982. [CrossRef]

198. Huber, J.D.; VanGilder, R.L.; Houser, K.A. Streptozotocin-induced diabetes progressively increases blood-brain barrier permeabil-
ity in specific brain regions in rats. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H2660–H2668. [CrossRef]

199. Hawkins, B.T.; Lundeen, T.F.; Norwood, K.M.; Brooks, H.L.; Egleton, R.D. Increased blood-brain barrier permeability and altered
tight junctions in experimental diabetes in the rat: Contribution of hyperglycaemia and matrix metalloproteinases. Diabetologia
2007, 50, 202–211. [CrossRef]

200. Shao, B.; Bayraktutan, U. Hyperglycaemia promotes cerebral barrier dysfunction through activation of protein kinase C-β.
Diabetes, Obes. Metab. 2013, 15, 993–999. [CrossRef]

201. Sun, Y.-N.; Liu, L.-B.; Xue, Y.-X.; Wang, P. Effects of insulin combined with idebenone on blood-brain barrier permeability in
diabetic rats. J. Neurosci. Res. 2015, 93, 666–677. [CrossRef]

202. Chao, A.; Lee, T.; Juo, S.H.; Yang, D. Hyperglycemia Increases the Production of Amyloid Beta-Peptide Leading to Decreased
Endothelial Tight Junction. CNS Neurosci. Ther. 2016, 22, 291–297. [CrossRef] [PubMed]

203. Fujihara, R.; Chiba, Y.; Nakagawa, T.; Nishi, N.; Murakami, R.; Matsumoto, K.; Kawauchi, M.; Yamamoto, T.; Ueno, M. Albumin
microvascular leakage in brains with diabetes mellitus. Microsc. Res. Tech. 2016, 79, 833–837. [CrossRef] [PubMed]

204. Fukuda, S.; Nakagawa, S.; Tatsumi, R.; Morofuji, Y.; Takeshita, T.; Hayashi, K.; Tanaka, K.; Matsuo, T.; Niwa, M. Glucagon-Like
Peptide-1 Strengthens the Barrier Integrity in Primary Cultures of Rat Brain Endothelial Cells Under Basal and Hyperglycemia
Conditions. J. Mol. Neurosci. 2016, 59, 211–219. [CrossRef]

205. Yoo, D.Y.; Yim, H.S.; Jung, H.Y.; Nam, S.M.; Kim, J.W.; Choi, J.H.; Seong, J.K.; Yoon, Y.S.; Kim, D.W.; Hwang, I.K. Chronic type 2
diabetes reduces the integrity of the blood-brain barrier by reducing tight junction proteins in the hippocampus. J. Vet. Med. Sci.
2016, 78, 957–962. [CrossRef]

206. Xu, Z.; Zeng, W.; Sun, J.; Chen, W.; Zhang, R.; Yang, Z.; Yao, Z.; Wang, L.; Song, L.; Chen, Y.; et al. The quantification of blood-brain
barrier disruption using dynamic contrast-enhanced magnetic resonance imaging in aging rhesus monkeys with spontaneous
type 2 diabetes mellitus. NeuroImage 2017, 158, 480–487. [CrossRef] [PubMed]

207. Zanotto, C.; Simão, F.; Gasparin, M.S.; Biasibetti, R.; Tortorelli, L.S.; Nardin, P.; Gonçalves, C.-A. Exendin-4 Reverses Biochemical
and Functional Alterations in the Blood–Brain and Blood–CSF Barriers in Diabetic Rats. Mol. Neurobiol. 2017, 54, 2154–2166.
[CrossRef] [PubMed]

208. Hayden, M.R. Type 2 Diabetes Mellitus Increases the Risk of Late-Onset Alzheimer’s Disease: Ultrastructural Remodeling of the
Neurovascular Unit and Diabetic Gliopathy. Brain Sci. 2019, 9, 262. [CrossRef]

209. Friker, L.L.; Scheiblich, H.; Hochheiser, I.V.; Brinkschulte, R.; Riedel, D.; Latz, E.; Geyer, M.; Heneka, M.T. β-Amyloid Clustering
around ASC Fibrils Boosts Its Toxicity in Microglia. Cell Rep. 2020, 30, 3743–3754.e6. [CrossRef]

210. Baumbach, G.L.; Sigmund, C.D.; Faraci, F.M. Cerebral arteriolar structure in mice overexpressing human renin and angiotensino-
gen. Hypertension 2003, 41, 50–55. [CrossRef]

211. Ueno, M.; Sakamoto, H.; Tomimoto, H.; Akiguchi, I.; Onodera, M.; Huang, C.-L.; Kanenishi, K. Blood-brain barrier is impaired in
the hippocampus of young adult spontaneously hypertensive rats. Acta Neuropathol. 2004, 107, 532–538. [CrossRef] [PubMed]

212. Pelisch, N.; Hosomi, N.; Mori, H.; Masaki, T.; Nishiyama, A. RAS Inhibition Attenuates Cognitive Impairment by Reducing
Blood- Brain Barrier Permeability in Hypertensive Subjects. Curr. Hypertens. Rev. 2013, 9, 93–98. [CrossRef] [PubMed]

213. Mohammadi, M.T.; Dehghani, G.A. Acute hypertension induces brain injury and blood–brain barrier disruption through
reduction of claudins mRNA expression in rat. Pathol. Res. Prac. 2014, 210, 985–990. [CrossRef] [PubMed]

214. Fan, Y.; Yang, X.; Tao, Y.; Lan, L.; Zheng, L.; Sun, J. Tight junction disruption of blood–brain barrier in white matter lesions in
chronic hypertensive rats. NeuroReport 2015, 26, 1039–1043. [CrossRef] [PubMed]

215. Tayebati, S.K.; Tomassoni, D.; Amenta, F. Neuroinflammatory Markers in Spontaneously Hypertensive Rat Brain: An Immunohis-
tochemical Study. CNS Neurol. Disord. Drug Targets 2016, 15, 995–1000. [CrossRef]

216. Diaz, J.R.; Kim, K.J.; Brands, M.W.; Filosa, J.A. Augmented astrocyte microdomain Ca2+ dynamics and parenchymal arteriole
tone in angiotensin II-infused hypertensive mice. Glia 2019, 67, 551–565. [CrossRef]

217. Methia, N.; André, P.; Hafezi-Moghadam, A.; Economopoulos, M.; Thomas, K.L.; Wagner, D.D. ApoE Deficiency Compromises
the Blood Brain Barrier Especially After Injury. Mol. Med. 2001, 7, 810–815. [CrossRef]

218. Nishitsuji, K.; Hosono, T.; Nakamura, T.; Bu, G.; Michikawa, M. Apolipoprotein E Regulates the Integrity of Tight Junctions in an
Isoform-dependent Manner in an in Vitro Blood-Brain Barrier Model. J. Biol. Chem. 2011, 286, 17536–17542. [CrossRef]

219. Ng, K.F.; Anderson, S.; Mayo, P.; Aung, H.H.; Walton, J.H.; Rutledge, J.C. Characterizing blood–brain barrier perturbations
after exposure to human triglyceride-rich lipoprotein lipolysis products using MRI in a rat model. Magn. Reson. Med. 2016, 76,
1246–1251. [CrossRef]

220. Mooradian, A.D. Blood-brain barrier transport of choline is reduced in the aged rat. Brain Res. 1988, 440, 328–332. [CrossRef]

http://doi.org/10.1136/jnnp.74.1.70
http://doi.org/10.1002/dmrr.579
http://doi.org/10.2337/diabetes.54.10.2977
http://doi.org/10.1152/ajpheart.00489.2006
http://doi.org/10.1007/s00125-006-0485-z
http://doi.org/10.1111/dom.12120
http://doi.org/10.1002/jnr.23511
http://doi.org/10.1111/cns.12503
http://www.ncbi.nlm.nih.gov/pubmed/26842741
http://doi.org/10.1002/jemt.22708
http://www.ncbi.nlm.nih.gov/pubmed/27333535
http://doi.org/10.1007/s12031-015-0696-1
http://doi.org/10.1292/jvms.15-0589
http://doi.org/10.1016/j.neuroimage.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27402601
http://doi.org/10.1007/s12035-016-9798-1
http://www.ncbi.nlm.nih.gov/pubmed/26927659
http://doi.org/10.3390/brainsci9100262
http://doi.org/10.1016/j.celrep.2020.02.025
http://doi.org/10.1161/01.HYP.0000042427.05390.5C
http://doi.org/10.1007/s00401-004-0845-z
http://www.ncbi.nlm.nih.gov/pubmed/15042385
http://doi.org/10.2174/15734021113099990003
http://www.ncbi.nlm.nih.gov/pubmed/23971690
http://doi.org/10.1016/j.prp.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/24996562
http://doi.org/10.1097/WNR.0000000000000464
http://www.ncbi.nlm.nih.gov/pubmed/26426859
http://doi.org/10.2174/1871527315666160527155014
http://doi.org/10.1002/glia.23564
http://doi.org/10.1007/BF03401973
http://doi.org/10.1074/jbc.M111.225532
http://doi.org/10.1002/mrm.25985
http://doi.org/10.1016/0006-8993(88)91002-5


Cells 2022, 11, 2823 34 of 39

221. Elahy, M.; Jackaman, C.; Mamo, J.C.; Lam, V.; Dhaliwal, S.S.; Giles, C.; Nelson, D.; Takechi, R. Blood–brain barrier dysfunction
developed during normal aging is associated with inflammation and loss of tight junctions but not with leukocyte recruitment.
Immun. Ageing 2015, 12, 2.

222. Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P.; Zhao, Z.; Toga, A.W.; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-Brain Barrier Breakdown in the Aging Human Hippocampus. Neuron 2015, 85, 296–302. [CrossRef] [PubMed]

223. Bake, S.; Sohrabji, F. 17beta-estradiol differentially regulates blood-brain barrier permeability in young and aging female rats.
Endocrinology 2004, 145, 5471–5475. [CrossRef] [PubMed]

224. Wilson, A.C.; Clemente, L.; Liu, T.; Bowen, R.L.; Meethal, S.V.; Atwood, C.S. Reproductive hormones regulate the selective
permeability of the blood-brain barrier. Biochim. Biophys. Acta 2008, 1782, 401–407. [CrossRef] [PubMed]

225. Burek, M.; Arias-Loza, P.A.; Roewer, N.; Förster, C.Y. Claudin-5 as a Novel Estrogen Target in Vascular Endothelium. Arterioscler.
Thromb. Vasc. Biol. 2010, 30, 298–304. [CrossRef] [PubMed]

226. Maggioli, E.; McArthur, S.; Mauro, C.; Kieswich, J.; Kusters, D.H.M.; Reutelingsperger, C.P.M.; Yaqoob, M.; Solito, E. Estrogen
protects the blood-brain barrier from inflammation-induced disruption and increased lymphocyte trafficking. Brain Behav. Immun.
2016, 51, 212–222. [CrossRef] [PubMed]

227. Faraci, F.M.; Baumbach, G.L.; Heistad, D.D. Cerebral circulation: Humoral regulation and effects of chronic hypertension. J. Am.
Soc. Nephrol. 1990, 1, 53–57. [CrossRef]

228. Heistad, D.D.; Baumbach, G.L. Cerebral vascular changes during chronic hypertension: Good guys and bad guys. J. Hypertens.
Suppl. 1992, 10, S71–S75. [CrossRef]

229. Dorrance, A.M.; Rupp, N.C.; Nogueira, E.F. Mineralocorticoid receptor activation causes cerebral vessel remodeling and
exacerbates the damage caused by cerebral ischemia. Hypertension 2006, 47, 590–595. [CrossRef]

230. Mulvany, M.J.; Baumbach, G.L.; Aalkjaer, C.; Heagerty, A.M.; Korsgaard, N.; Schiffrin, E.L.; Heistad, D.D. Vascular remodeling.
Hypertension 1996, 28, 505–506.

231. Prado, C.M.; Ramos, S.G.; Alves-Filho, J.C.; Elias, J.; Cunha, F.Q.; Rossi, M.A. Turbulent flow/low wall shear stress and stretch
differentially affect aorta remodeling in rats. J. Hypertens. 2006, 24, 503–515. [CrossRef] [PubMed]

232. Knox, C.A.; Yates, R.D.; Chen, I.L.; Klara, P.M. Effects of aging on the structural and permeability characteristics of cerebrovascu-
lature in normotensive and hypertensive strains of rats. Acta Neuropathol. 1980, 51, 1–13. [CrossRef] [PubMed]

233. Fredriksson, K.; Kalimo, H.; Westergren, I.; Kåhrström, J.; Johansson, B.B. Blood-brain barrier leakage and brain edema in
stroke-prone spontaneously hypertensive rats. Effect of chronic sympathectomy and low protein/high salt diet. Acta Neuropathol.
1987, 74, 259–268. [CrossRef] [PubMed]

234. Liang, Z.; Wu, G.; Fan, C.; Xu, J.; Jiang, S.; Yan, X.; Di, S.; Ma, Z.; Hu, W.; Yang, Y. The emerging role of signal transducer and
activator of transcription 3 in cerebral ischemic and hemorrhagic stroke. Prog. Neurobiol. 2016, 137, 1–16. [CrossRef]

235. Plump, A.S.; Smith, J.D.; Hayek, T.; Aalto-Setälä, K.; Walsh, A.; Verstuyft, J.G.; Rubin, E.M.; Breslow, J.L. Severe hypercholes-
terolemia and atherosclerosis in apolipoprotein E-deficient mice created by homologous recombination in ES cells. Cell 1992, 71,
343–353. [CrossRef]

236. Dias, I.H.; Polidori, M.C.; Griffiths, H.R. Hypercholesterolaemia-induced oxidative stress at the blood–brain barrier. Biochem. Soc.
Trans. 2014, 42, 1001–1005. [CrossRef]

237. Farkas, E.; Luiten, P.G. Cerebral microvascular pathology in aging and Alzheimer’s disease. Prog. Neurobiol. 2001, 64, 575–611.
[CrossRef]

238. Farrall, A.J.; Wardlaw, J.M. Blood-brain barrier: Ageing and microvascular disease—systematic review and meta-analysis.
Neurobiol. Aging 2009, 30, 337–352. [CrossRef] [PubMed]

239. Mooradian, A.D. Effect of aging on the blood-brain barrier. Neurobiol. Aging 1988, 9, 31–39. [CrossRef]
240. Mooradian, A.D.; Meredith, K.E. The effect of age on protein composition of rat cerebral microvessels. Neurochem. Res. 1992, 17,

665–670. [CrossRef]
241. Mooradian, A.D.; Smith, T.L. The effect of experimentally induced diabetes mellitus on the lipid order and composition of rat

cerebral microvessels. Neurosci. Lett. 1992, 145, 145–148. [CrossRef]
242. Franceschi, C.; Campisi, J. Chronic Inflammation (Inflammaging) and Its Potential Contribution to Age-Associated Diseases. J.

Gerontol. A Ser. Biol. Sci. Med. Sci. 2014, 69 (Suppl. 1), S4–S9. [CrossRef] [PubMed]
243. Kumagai, N.; Chiba, Y.; Hosono, M.; Fujii, M.; Kawamura, N.; Keino, H.; Yoshikawa, K.; Ishii, S.; Saitoh, Y.; Satoh, M.; et al.

Involvement of pro-inflammatory cytokines and microglia in an age-associated neurodegeneration model, the SAMP10 mouse.
Brain Res. 2007, 1185, 75–85. [CrossRef] [PubMed]

244. Donkor, E.S. Stroke in the 21(st) Century: A Snapshot of the Burden, Epidemiology, and Quality of Life. Stroke Res. Treat 2018,
2018, 3238165.

245. Montano, A.; Hanley, D.F.; Hemphill, J.C., 3rd. Hemorrhagic stroke. Handb. Clin. Neurol. 2021, 176, 229–248.
246. Cordonnier, C.; Demchuk, A.; Ziai, W.; Anderson, C.S. Intracerebral haemorrhage: Current approaches to acute management.

Lancet 2018, 392, 1257–1268. [CrossRef]
247. Godoy, D.A.; Piñero, G.R.; Koller, P.; Masotti, L.; Di Napoli, M. Steps to consider in the approach and management of critically ill

patient with spontaneous intracerebral hemorrhage. World J. Crit. Care Med. 2015, 4, 213–229. [CrossRef]
248. Topkoru, B.; Egemen, E.; Solaroglu, I.; Zhang, J.H.; Topkoru, E.E.B. Early Brain Injury or Vasospasm? An Overview of Common

Mechanisms. Curr. Drug Targets 2017, 18, 1424–1429. [CrossRef]

http://doi.org/10.1016/j.neuron.2014.12.032
http://www.ncbi.nlm.nih.gov/pubmed/25611508
http://doi.org/10.1210/en.2004-0984
http://www.ncbi.nlm.nih.gov/pubmed/15471968
http://doi.org/10.1016/j.bbadis.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18381207
http://doi.org/10.1161/ATVBAHA.109.197582
http://www.ncbi.nlm.nih.gov/pubmed/19910637
http://doi.org/10.1016/j.bbi.2015.08.020
http://www.ncbi.nlm.nih.gov/pubmed/26321046
http://doi.org/10.1681/ASN.V1153
http://doi.org/10.1097/00004872-199212000-00008
http://doi.org/10.1161/01.HYP.0000196945.73586.0d
http://doi.org/10.1097/01.hjh.0000209987.51606.23
http://www.ncbi.nlm.nih.gov/pubmed/16467654
http://doi.org/10.1007/BF00688844
http://www.ncbi.nlm.nih.gov/pubmed/7435136
http://doi.org/10.1007/BF00688190
http://www.ncbi.nlm.nih.gov/pubmed/3673518
http://doi.org/10.1016/j.pneurobio.2015.11.001
http://doi.org/10.1016/0092-8674(92)90362-G
http://doi.org/10.1042/BST20140164
http://doi.org/10.1016/S0301-0082(00)00068-X
http://doi.org/10.1016/j.neurobiolaging.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17869382
http://doi.org/10.1016/S0197-4580(88)80013-7
http://doi.org/10.1007/BF00968002
http://doi.org/10.1016/0304-3940(92)90007-T
http://doi.org/10.1093/gerona/glu057
http://www.ncbi.nlm.nih.gov/pubmed/24833586
http://doi.org/10.1016/j.brainres.2007.09.021
http://www.ncbi.nlm.nih.gov/pubmed/17949696
http://doi.org/10.1016/S0140-6736(18)31878-6
http://doi.org/10.5492/wjccm.v4.i3.213
http://doi.org/10.2174/1389450117666160905112923


Cells 2022, 11, 2823 35 of 39

249. Tao, X.; Yang, W.; Zhu, S.; Que, R.; Liu, C.; Fan, T.; Wang, J.; Mo, D.; Zhang, Z.; Tan, J.; et al. Models of poststroke depression and
assessments of core depressive symptoms in rodents: How to choose? Exp. Neurol. 2019, 322, 113060. [CrossRef]

250. Aronowski, J.; Zhao, X. Molecular pathophysiology of cerebral hemorrhage: Secondary brain injury. Stroke 2011, 42, 1781–1786.
[CrossRef]
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