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Abstract

Stroke is one of the leading causes of death 
and even the survivors suffer from severe 
aftereffects. Although effective treatments 
have long been awaited, early therapeutic 
approaches focused on neuronal death had 
been insufficient due to the heterogeneous 
etiology of stroke. From the fact that brain 
function along with dysfunction arise from 
integrated interactions between a network of 
cellular components, conceptual structural 
unit, so-called “neurovascular unit” was pro-
posed as a new paradigm for the investigation 
of stroke. Since then, variety of cell–cell and 
cell–extracellular matrix interactions have 
been discovered, which lead us to profound 
understanding of the pathophysiology of 
stroke. Besides neuronal damage, pathophys-
iology of stroke also consists of glial activa-
tion and transformation, vascular and 
blood–brain barrier alteration, and inflamma-
tory reactions. Recent investigation shows 

that mediators of these reactions are not only 
detrimental but also could turn out to be ben-
eficial for neurovascular repair in the chronic
phase of the disease. In this chapter, we 
briefly overview the mechanisms of cell–cell 
interactions within the neurovascular unit 
under the normal conditions, and then dis-
cuss the crosstalk between different cell 
types during the acute and chronic phases of 
stroke.

17.1 Introduction

Stroke is one of the leading causes of death 
around the world. Even if stroke patients sur-
vive, they often suffer from devastating neuro-
logical deficits needing sufficient rehabilitation 
and medication for secondary prevention. For 
this reason, increasing number of stroke patients 
has been one of the main reasons of swelling 
medical expenses in developed countries for 
decades.

Until the late 1990s, various experiments 
had been carried out for the breakthrough of 
this situation, and their results brought us pro-
found understanding of the pathophysiology of 
stroke. However, neuroprotective drugs that 
were developed based on the findings of these 
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studies came up empty-handed in human trials. 
Under such circumstance, first meeting of 
Stroke Progress Review Group was convened 
by National Institute of Neurological Disorders 
and Stroke in 2001. In this workshop, based on 
the complex pathophysiology of stroke which 
involves multiple cell–cell interactions, failure 
of clinical trials was attributed to the narrow-
ness of therapeutic target limited to neuronal 
death. Scientists emphasized that purely focus-
ing on neurons is not sufficient, since brain 
function along with dysfunction arise from 
integrated interactions between a network of 
cellular components such as neurons, glia, and 
cerebral endothelium. This conceptual struc-
tural unit as a new paradigm for investigation 
of the central nervous system (CNS) was pro-
posed as “neurovascular unit (NVU)” [1] 
(Fig. 17.1).

17.2  The Neurovascular Unit 
(NVU) and Its Components

The NVU is responsible for the regulation of 
blood flow through the vascular system. Large 
arteries on the surface of the brain separate into 
smaller arteries and arterioles known as pial 
arteries. Pial arteries are innervated by nerves 
from autonomic and sensory ganglia sending sig-
nals for constriction and dilation. These signals 
are considered to mediate global changes in cere-
bral blood flow (CBF).

In the parenchyma, the arterioles become 
closely associated with astrocytes, which play an 
important role in regulating diameter of the arte-
rioles. As vessels continue to run deeper into the 
brain, they lose their smooth muscle cell and pia 
mater coverage, and gain pericytes between the 
vascular endothelial cells and astrocyte end-feet. 

Microglia-Neuron
Promotion of neurotransmission efficiency

Deletion of the dead cells

Neuron-Oligodendrocyte
Myelin sheath formation for saltatory conduction

Supplement of trophic factorsAstrocyte-Neuron
Regulation of synapse conduction

Supplement of trophic factors

Pericyte-Endothelial cell-Astrocyte
Regulation of BBB

Regulation of microcirculation

Microglia-Endothelial cell-Astrocyte
Protection of BBB (in normal state)

Destruction of BBB (in acute phase after injury)
Regeneration of BBB (in recovery phase after injury)

Microglia-Astrocyte
Conversion of cell nature (beneficiary    detrimental)

Astrocyte Endothelial cell Oligodendrocyte Microglia PericyteNeuron

Fig. 17.1 Schematic of the neurovascular unit: Neuron, 
astrocyte, cerebral endothelium, oligodendrocyte, microg-
lia, and pericyte compose the neurovascular unit. Cell–

cell interactions between the NVU components are critical 
to maintain the brain function
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Astrocytic end-feet occupy a larger surface area 
of the vasculature than neural processes at this 
depth, consistent with the major role of astro-
cytes in the regulation of vessel diameter. Along 
the length of the vasculature, neuronal and astro-
cyte processes contact with other NVU compo-
nents, which regulate the function of the whole 
unit. In this section, we briefly describe individ-
ual components of the NVU and their roles inside 
the NVU.

17.2.1  Neurons

Neuronal processes physically contact with the 
vasculature, and mediate a local increase in 
CBF in response to the increased metabolic 
demand of the neurons. This mechanism is 
known as functional hyperemia. Vasoconstriction 
and dilation are thought to be conducted by the 
contractility of smooth muscle cells of the arte-
rioles, and capillary pericytes responding to 
vasoactive substances released by neurons and 
astrocytes during synaptic activity such as 
metabolites of cyclooxygenase- 2 [2], cyto-
chrome P450 epoxygenases [3], acetylcholine 
[4], corticotropin-releasing factor [5], neuro-
peptide Y [6] nitric oxide [7], somatostatin [8], 
and vasoactive intestinal polypeptide [9]. 
Neurons are assumed to regulate regional CBF 
depending on the area of the brain and popula-
tions of neurons nourished by the vasculature, 
the presence of glial cells that mediate local 
stimuli, the magnitude and duration of neuronal 
activity, and the effects of brain insult that may 
influence any of the above factors. Association 
of neuronal processes with vasculature of the 
brain is crucial for the nascent stage of blood–
brain barrier (BBB) as well as its maintenance. 
Vascular endothelial growth factor (VEGF) sig-
naling is thought to regulate vascular patterning 
during development [10], and neural progenitor 
cells contribute to stabilizing the incipient vas-
cular network [11]. It is speculated that neuro-
nal activities continue to maintain the vascular 
network even after the developmental stage by 
supporting astrocytes which are the main regu-
lators of cerebrovascular permeability [12].

17.2.2  Vascular Endothelial Cells

Vascular endothelial cells are the core anatomi-
cal component of the BBB, protecting the brain 
by limiting transcellular and paracellular trans-
portation of pathogens and deleterious factors 
from cerebral vessels. No fenestrae are seen in 
vascular endothelial cells of the brain and trans-
cytosis occurs at very low rate [13]. Tight junc-
tions and adherens junctions formed between 
adjacent endothelial cells build a physical bar-
rier that blocks paracellular diffusion of ions 
and molecules. Tight junctions are composed of 
combinations of integral membrane proteins 
such as claudins and occludins and cytoplasmic 
accessory proteins including ZO-1, ZO-2, ZO3, 
and cingulin that link these transmembrane pro-
teins to the cytoskeleton of actin [14]. This 
builds up tight inter-endothelial seal with maxi-
mum of 1800 ohms/cm2 trans-endothelial elec-
trical resistance in  vivo [15]. Besides physical 
barrier, vascular endothelial cells form a trans-
port interface between the blood and the brain. 
The luminal as well as abluminal membranes of 
endothelial cells contain polarized transporters, 
receptors, ion channels, and metabolite-degrad-
ing enzymes, so that molecules such as amino 
acids, electrolytes, glucose, and nucleosides can 
be delivered to the brain from the blood, and 
efflux metabolite waste products and solutes to 
the opposite direction [16]. Endothelial cells 
nourish neighboring neurons by supporting the 
development of axons [17], by protecting them 
from stress, and by providing niche for support-
ing neural stem cells. This cell–cell signaling 
called “neurovascular niche,” between the endo-
thelial cells and neuronal precursor cells medi-
ate and sustain ongoing neurogenesis and 
angiogenesis in adult brains [18]. Endothelial 
cells are also known to be supportive for oligo-
dendrocyte lineage cells. Endothelial cells and 
oligodendrocyte precursor cells (OPCs) are 
speculated to provide an “oligovascular niche,” 
wherein endothelium-derived growth factors 
facilitate the proliferation of OPCs [19]. This 
support is attenuated under certain pathologic 
conditions such as cerebral ischemia and trau-
matic brain injuries [20].

17 Emerging Mechanism of Cell Death Caused by Stroke: A Role of Neurovascular Unit
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17.2.3  Astrocytes

Astrocytes are found throughout the brain consti-
tuting nearly half of brain cell population. They 
exhibit heterogeneous morphology that varies 
depending on cell populations they interact with. 
Traditionally, astrocytes have been considered to 
physically, biochemically, and metabolically sup-
port cells of the CNS.  However, recent studies 
have revealed variety of its functions regarding 
the regulation of NVU. Individual astrocytes play 
an important role on the formation, function, and 
elimination of the synapses. They extend numer-
ous processes to several neurons which can result 
in the formation of 140,000 synapses [21]. 
Synaptic formations and pre-/postsynaptic func-
tions are promoted by transmitters secreted from 
astrocytes. Astrocytes possess many receptors 
like neurons. This enables neurotransmitters to 
activate calcium-based signaling cascades in 
astrocytes to release active substances which act 
back to neurons to regulate their activities. Each 
astrocyte has its own spatial domain which will 
not overlap with other astrocytes. However, they 
are closely interconnected with neighboring 
astrocytes by gap junctions for the promotion of 
long ranged signaling [22]. In the context of the 
NVU, astrocytes tune vascular tone and CBF 
through their fine processes that form close liai-
son with blood vessels and synapses [23]. When 
neuronal activity is enhanced, nearby astrocytes 
send signals about the need for a regional increase 
of CBF to blood vessels, directly through gap 
junctions or indirectly by releasing soluble fac-
tors. As mentioned previously, astrocytes regu-
late BBB. Scar-forming astrocytes play a pivotal 
role when the sealing of BBB injury is necessary. 
Historically, reactive astrocytes after brain injury 
were considered as detrimental, but can become 
beneficial under certain conditions. Reactive 
astrocytes produce pro-inflammatory cytokines 
and astroglial scar that are likely to inhibit axon 
regeneration. However, they can also support 
neurons through upregulation of the genes that 
induces synaptogenesis [24] or by the secretion 
of trophic factors. When reactive astrocytes were 
conditionally knocked down in mice, enlarge-
ment of the lesion with more inflammatory 

responses were observed after brain trauma [25]. 
Additionally, reactive astrocytes are reported 
release tissue-type plasminogen activator which 
promoted neuronal dendrite formation [26]. The 
dual function of reactive astrocytes after brain 
injury remains mostly unknown and awaits eluci-
dation. As they are highly secretory in nature, 
astrocytes are also known to influence oligoden-
drocyte linage cells either positively or negatively 
by releasing multiple trophic factors. End-feet of 
the astrocytes cover 99% of the abluminal ves-
sels, and express high levels of water channel 
proteins (aquaporin-4), which are assumed to 
play pivotal role for perivascular clearance mech-
anism called the “glymphatic system” [27].

17.2.4  Pericytes

Pericytes are mural cells buried within the base-
ment membrane which surrounds the vessels. 
They extend thin processes along the (precapil-
lary) arterioles, capillaries, and (postcapillary) 
venules [28]. Morphology of the pericytes is 
known to change according to their position in 
the vascular bed. They show diverse functions 
such as formation and maintenance of the ves-
sels, clearance of cellular debris, and CBF regu-
lation. Density of pericytes and population of the 
pericyte-covered endothelial cells are also known 
to vary among the organs. CNS has higher cover-
age of pericytes compared to other organs, cover-
ing approximately 30% of the abluminal surface. 
In areas without basement membrane, pericytes 
are able to communicate directly with endothelial 
cells through gap junctions and with other peri-
cytes through peg-and-socket contacts [29]. 
Transduction cascades that include angiopoietin, 
Notch, PDGF-B, sphingosine-1 phosphate, and 
transforming growth factor (TGF)-β, are respon-
sible for the functional coupling between peri-
cytes and endothelial cells [30]. Angiogenic 
actions of pericytes are triggered by the expres-
sion of several matrix metalloproteinases 
(MMPs) and urokinase plasminogen activator 
receptor that enhance extracellular matrix degra-
dation. These reactions remove mechanical inhi-
bition of endothelial cell migration, and facilitate 
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the release of matrix-sequestered angiogenic fac-
tors [31]. Pericytes are known to secrete tissue 
inhibitor of metalloproteinase 3, which protects 
basement membrane proteins from degradation 
during the vessel stabilization phase. Maintenance 
of BBB is also one of their important roles. In 
vivo experiment which used mice with PDGFRβ 
signaling deficiency (shows deficits in embryonic 
pericyte recruitment) showed that loss of peri-
cytes resulted in the increased permeability of 
BBB [32].

17.2.5  Microglia

Microglia are the resident immune cells of the 
brain which constitute nearly 10% of CNS glia. 
Unlike astrocytes, ependymal cells, and oligo-
dendrocytes, microglial cells are mesodermal in 
origin. During early development, myeloid pre-
cursors are seeded throughout the brain and 
develop into cells with high plasticity and mobile 
capability. In contrast to other glial cells, microg-
lia are not electronically coupled with syncytial 
network and retain their own surveillance terri-
tory [33]. During their native resting state, 
microglia have small cell bodies with numerous 
long and highly branching processes. Random 
scanning by their processes rapidly leads them 
even to tiny ruptures in the blood vessels. When 
microglia transform into amoeboid morphology 
under pathological condition, they become highly 
phagocytic, and start producing and secreting 
numbers of cytokines with soluble factors. These 
processes are thought to be assisted by neighbor-
ing astrocytes which release purinoreceptor 
ligands [34]. Activated microglia have hetero-
genic phenotypes. Two famous phenotypes 
would be M1 and M2 microglia. When microglia 
are challenged by the invasion of pathogens, M1 
phenotype releases inflammatory mediators such 
as interferon (IFN)-γ, interleukin (IL)-1β and 
tumor necrosis factor (TNF)-α along with phago-
cytosis. On the other hand, M2 phenotype 
releases anti-inflammatory factors such as 
insulin- like growth factor (IGF)-1, IL-4, and 
IL-10 to remove apoptotic cells or myelin debris. 
However, in vivo, there is a broad range of acti-

vated microglial phenotypes that reflect the spe-
cific stimulus and the status of the surrounding 
cells that compose the NVU. For example, it is 
known that expression of CD4, FcγRII, and 
TNF-α mRNA in hippocampal microglia is 
higher than those from the cerebellum, cerebral 
cortex, diencephalon, and tegmentum [35]. 
Expression of Neurotrophin-3 is known to local-
ize in microglia within the cerebral cortex, globus 
pallidus, and medulla. Recent studies showed 
that while microglia associated with inflamma-
tion attenuate neurogenesis, microglia activated 
by certain T cell-derived cytokines may promote 
neurogenesis [36]. Modulation of microglial 
polarization, which presumably could serve as an 
effective therapeutic tool for stroke, is currently 
under investigation.

In the NVU, there are also perivascular 
microglia/macrophages that originate from resid-
ing microglia of the CNS and monocytes from 
bone marrow circulating the vessels. Perivascular 
microglia couple with tip cells on sprouting ves-
sels to facilitate angiogenesis during develop-
mental stage. In the adult brain, perivascular 
macrophages are known to derive from circulat-
ing monocytes, and fight against pathogens in the 
very front line [37]. Perivascular macrophages 
maintain contact with other types of cells com-
posing the NVU, and the crosstalk between these 
cells presumably contributes to the NVU func-
tion and dysfunction. Recent studies utilizing 
two-photon laser scanning microscopy showed 
that under certain pathological condition, paren-
chymal microglia could migrate to form perivas-
cular cuffs that lead to vascular degradation and 
progression of the disease [38].

17.2.6  Oligodendrocytes

Although the NVU is relatively a well-accepted 
conceptual model for profound understanding of 
the phenomena occurring during brain injuries in 
the gray matter, cell–cell interactions are very 
important for white matter as well. 
Oligodendrocyte is one of the major types of cell 
found in the white matter. Lipid-rich myelin pro-
duced by oligodendrocytes enwraps axons and 

17 Emerging Mechanism of Cell Death Caused by Stroke: A Role of Neurovascular Unit
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enable saltatory conduction of electrical impulses. 
Myelin-forming oligodendrocytes are derived 
from OPCs which originate from subventricular 
neuronal stem/progenitor cells [39]. In the adult 
brain, OPCs can be found within the whole brain, 
comprising 5–8% of all cell components. It is 
known that most of the myelination process 
occurs early in life, and continues at least into 
late adolescence. In certain regions of the CNS, 
ongoing myelination may also be seen in adults. 
Experiments indicate that myelin in adult CNS 
may show some plasticity when stimulated by 
alternations in neural activities. For example, 
successful learning of juggling in human was 
shown to be correlated with an increased frac-
tional anisotropy within the white matter under-
neath the intraparietal sulcus, suggesting that 
increase in myelination could occur in adult 
brains [40]. Rat experiment has also shown that 
environment modification could result in a  
detectable increase of myelin in adulthood [41].

Since axons are myelinated by matured oligo-
dendrocytes, interactions between oligodendro-
cytes and neurons have been broadly examined. 
Oligodendrocytes are known to send signal to 
neurons through myelin–axon interactions. 
However, axon loss without severe demyelin-
ation was observed in mouse models with dys-
functional oligodendrocyte, implicating that 
oligodendrocytes could also support axon sur-
vival without through myelin sheath [42, 43]. It 
has been recently demonstrated that oligodendro-
cytes may serve as a principal supplier of lactate, 
which is indispensable for energy support of the 
axons [44]. Additionally, trophic factors such as 
IGF-1 and glial cell-derived neurotrophic factor 
(GDNF) released from oligodendrocytes have 
been shown to facilitate survival of neurons and 
outgrowth of axons in  vitro [45]. Meanwhile, 
axonal activities, axon-secreted molecules, and 
axonal surface ligands have been proposed to 
regulate differentiation and maturation processes 
of oligodendrocytes. Examples are: (1) Jagged 
ligands expressed in axons that send signal to 
OPCs through Notch pathway inhibiting their 
differentiation [46], and (2) PSA-NCAM or 
LINGO-1 which are also known as molecules 
that inhibit myelination [47, 48]. There is an 

experimental evidence that myelination is partly 
triggered by electrical activities of the axons in 
developmental stage. Study using a mouse model 
of remyelination has shown that OPCs derived 
from the subventricular zone were observed to 
receive synaptic input of remyelination [49]. This 
result suggests possible involvement of neuronal 
activity in remyelination process as well.

As mentioned above, interaction between the 
endothelial cells and oligodendrocytes in the 
“oligovascular niche” after brain injury presum-
ably triggers angiogenesis and oligodendrogene-
sis in the white matter of adult brain. MMP-9 
released from oligodendrocytes is proposed to 
promote vascular remodeling during the chronic 
phase after white matter injury [50]. Also in 
demyelinating diseases such as vascular demen-
tia, leukodystrophy, and multiple sclerosis, OPCs 
are speculated to attempt remyelination in degen-
erated areas during the chronic phase [51]. 
Although ability of endothelial cells to promote 
oligodendrogenesis remains unknown, they have 
shown potential to facilitate migration and prolif-
eration of OPCs in cell culture studies.

17.2.7  Basement Membranes

A specialized extracellular matrix is made up 
from secreted proteins to form the basement 
membrane between endothelial cells and peri-
cytes, and between astrocytes and pericytes. 
Since pericytes cover the vasculature discontinu-
ously, astrocytes and endothelial cells share sin-
gle basement membrane in the discontinued area. 
Proteomic studies of rodents show that composi-
tion of extracellular protein in brain vasculature 
differs from those found in the peripheral vessels. 
Basement membrane protein composition varies 
even between the large and small vessels within 
the brain, indicating functional heterogeneity of 
NVU throughout the brain [52]. Major proteins 
of the basement membranes include numbers iso-
forms of extracellular matrix proteins such as  
collagens, fibrillins, fibronectins, laminins, and 
vitronectin. Cytokines, growth factors, enzymes 
responsible for the degradation and processing of  
MMPs, and proteins like lectins that bind to 
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extracellular matrix are also included. 
Extracellular matrix and protein components that 
support basement membrane are essential for the 
proper operation of NVU as they directly regu-
late signals from many activated receptors found 
on the cellular components of NVU.

17.3  Stroke Pathophysiology 
and NVU

Among the CNS diseases which have been stud-
ied in relation to the NVU, stroke is the most 
investigated type of disease, since its pathophysi-
ology consists of fairly significant biphasic reac-
tions of chemical mediators. In the acute phase 
after the onset of stroke, severe decline of CBF 
causes abrupt deprivation of nutrient supplies 
that leads to irreversible damage in the “core” of 
the affected area. During chronic phase, remodel-

ing signal may occur within the semi-preserved 
area surrounding the “core” called “penumbra” 
(Fig.  17.2). Although precise mechanisms of 
post-stroke biphasic pathophysiology remain to 
be elucidated, in this section we will discuss 
some of the key phenomena that were identified 
to modulate the responses of NVU in acute and 
chronic phases of stroke.

17.3.1  NVU Dysfunction in Acute 
Phase of Stroke

In ischemic stroke, cells in the “core” of the lesion 
are exposed to rapid loss of adenosine triphosphate 
and energy stores due to severe decline of blood 
flow. As neuronal cell death within the “core” 
occurs within a few minutes, it is usually impossi-
ble to protect those neurons by medication. In 
hemorrhagic stroke, area surrounding the hema-

Core

• Severe impairment
• Rapid cell death
• Low chance of recovery

Penumbra

• Residual perfusion from anastomosis
• Edematous
• Inflammatory and cell death pathways activated
• Therapeutic approach challengeable

Fig. 17.2 Schematic of ischemic infarction: In the cen-
tral core areas of stroke, blood flow deficits and/or hemor-
rhagic lesions are severe and brain cells die rapidly. On 
the other hand, in the peripheral areas (penumbra), it has 

been proposed that cell death, inflammation, and neuro-
vascular perturbations proceed at a slower pace. Hence, 
theoretically the penumbra region can be a therapeutic 
target

17 Emerging Mechanism of Cell Death Caused by Stroke: A Role of Neurovascular Unit
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toma may also suffer from expanding edema and 
progressive inflammation, although molecular 
mechanisms are not well defined in comparison 
with ischemic stroke. Fundamental mechanism of 
neuronal death in the acute phase of stroke is com-
plex. However, results of the experiments over the 
past three decades have implicated presumable 
involvement of excitotoxicity, oxidative stress, 
and, in some occasions, apoptotic-like pathways 
[53]. When the brain fails to generate sufficient 
adenosine triphosphate by reduction of CBF, 
energy failure and loss of ionic gradient occurs. 
Consequently, glutamate reuptake processes are 
impaired and excessive calcium entry and release 
are promoted by accumulation of glutamate. 
Degradation of cytoskeletal and enzymatic pro-
teins by calcium-dependent proteases and syn-
thases contribute to neuronal death. Calcium 
homeostasis abnormality also affects the neigh-
boring cells by generating nitric oxide and per-
oxynitrite, which directly attack cells. When 
dysfunction of oxidative phosphorylation occurs 
in mitochondria, reactive oxygen free radicals are 
discharged to further eliminate cells by attacking 
nucleic acids, lipids, and proteins. Along with 
these pathways related to ions and free radicals, 
deleterious molecules such as caspases also accel-
erate cell death via apoptosis. Besides these mech-
anisms related to cell death, inflammatory cascade 
is triggered by upregulation of damage-associated 
molecular patterns (DAMPs) within few hours 
after the onset of stroke. HMGB1, heat shock pro-
teins, and hyaluronic acid are included in DAMPs 
[54]. After being released from dead cells (passive 
pathway) and activated microglia and astrocytes 
(active pathway), DAMPs are captured by Toll-
like receptors and other scavenger receptors which 
are broadly expressed in NVU component cells 
such as endothelial cells, microglia, and perivascu-
lar macrophages. Once this signaling is activated, 
mediators such as chemokines, cytokines, nitric 
oxide, and reactive oxygen species (ROS) are 
excreted from cells mentioned above leading to 
breakdown in BBB function [55]. DAMPs also 
upregulate adhesion molecules lining the endothe-
lial cells such as ICAM-1, VCAM-1, and 
E-selectin, making it possible for circulating leu-
kocytes to enter into brain parenchyma through 

loosened BBB.  Homeostasis of BBB largely 
depends on interaction between endothelial cells, 
astrocyte, and extracellular matrix. Disruption of 
fibronectin, heparin sulfate proteoglycan, laminin, 
and type IV collagen break down signals between 
cells and extracellular matrix, and even between 
the cells that is needed for the function of 
NVU. Dysregulation of proteinases that contribute 
to proteolysis of extracellular matrix, and extracel-
lular proteases occurs during the disease. 
Particularly, the MMP family has been known to 
cause neurovascular damage following stroke. 
Increased levels of MMPs were confirmed in both 
animal stroke models and stroke patients [56–60]. 
When excessive, MMPs take on deleterious activi-
ties by degradation of the extracellular matrix 
comprising the basal lamina, which damages the 
BBB directly. Inhibition of MMPs is found to 
reduce volume of infarction and edema in experi-
mental models of stroke [61]. MMPs cause dys-
function of NVU also by inducing proteolysis of 
the extracellular matrix. This detaches cells from 
the extracellular matrix and leads to induction of 
anoikis [62]. These perturbations could be cap-
tured as failure of crosstalk between the NVU 
components. Lacking normal endothelial- 
astrocyte signaling may result in leakage of 
BBB. Signaling error between neurons and endo-
thelium may interrupt hemodynamic coupling 
needed for active brain function. Improper neu-
ron–glia signaling may affect release–reuptake 
kinetics of neurotransmitter and its transmission 
along the axons. Thus, focusing only on neuronal 
death will not be enough when thinking about 
therapeutic target for stroke. A truly effective ther-
apy would be, if any, to protect all the functional 
interactions between the multiple types of cells 
which are the constituent of NVU.  It is a disap-
pointing fact that none of previous convincing dis-
coveries toward the mechanisms of neuronal death 
during the acute phase of stroke have successfully 
provided benefits to stroke patients. Among all the 
translational barriers, heterogeneity of patients 
and very rapid cell–cell interaction after the onset 
of stroke make it difficult to suppress acute reac-
tions efficiently. Therefore, recent studies have 
gradually shifted their focus to promoting recov-
ery of the NVU in the chronic phase of stroke.

R. Ohtomo and K. Arai
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17.3.2  NVU Remodeling in Chronic 
Phase of Stroke

After the acute phase of stroke, patients present 
temporal recovery to some extent. Functional 
magnetic resonance imaging studies show that 
peri-infarcted regions retain plasticity [63], 
although cellular mechanisms underlying pro-
cesses for recovery remain to be clearly 
elucidated.

Primary neurovascular responses during the 
recovery phase of stroke involve angiogenesis 
and neurogenesis. Since their molecular mech-
anisms are evolutionarily conserved, both phe-
nomena share similar mediators and pathways. 
It is now a well-accepted fact that in adult 
brains, cell–cell signaling between the endo-
thelium and neuronal precursor cells serves to 
mediate and to sustain pockets of active angio-
genesis and neurogenesis. These interactions 
compose the “neurovascular niche,” where 
soluble signals mediate crosstalk between the 
vascular and neuronal compartments. 
Endothelial cells in the brain release trophic 
factors to partly mediate this phenomenon. In 
subgranular and subventricular zones of the 
normal brain where neurogenesis is known to 
occur, the neurovascular niche mediates the 
complicated cell–cell signaling mechanism 
that takes place between endothelial cells and 
neural precursor cells. Maintenance of close 
relationship between angiogenesis and neuro-
genesis as mentioned above is essential for 
post- stroke recovery. When neuroblasts 
migrate through perivascular routes, along 
with the enhancement of vascular regeneration 
by promotion of neurogenesis, angiogenic 
stimulation adversely facilitates neurogenesis 
[64]. As rodent stroke model and human stroke 
samples show active angiogenesis within the 
peri-infarct regions [65, 66], recovery mecha-
nism in the chronic phase of stroke is built on 
plasticity and remodeling processes controlled 
by mutually dependent neurovascular coupling 
that assemble various mediators and signals. 
Hence, our immediate goal for the treatment of 
stroke would be to discover medical therapies 
that can uplift endogenous signals and sub-

strates needed for neurovascular remodeling, 
although how such approaches could be applied 
in daily clinical settings remains unclear. 
Notably, most of the candidate target mole-
cules for stroke therapy act in biphasic manner 
during the course of stroke. As previously 
mentioned, in the early phase of stroke, MMPs 
trigger neurovascular dysfunction by breaking 
down BBB and inducing anoikis-like cell 
death. However, during the chronic recovery 
phase, the same mediators may become benefi-
cial to neurovascular remodeling which 
includes angiogenesis and neurogenesis. In an 
experiment using mouse model of stroke, 
endothelial cells and glial cells were shown to 
proliferate in peri- infarcted areas secondary to 
MMP-9 elevation. What is more interesting is 
that mice with inhibited MMPs during the 
delayed phase resulted in worse outcomes [67]. 
Additionally, there was a co-localization of 
secondary MMP-9 signals with neuroblasts 
migrating from the subventricular zone, and 
here, inhibition of MMPs also blocked the 
transference of the neuroblasts toward the 
legion as well [68]. Mediators such as VEGF 
and HMGB1 can also play dual roles in neuro-
vascular responses following stroke. While 
VEGF increases permeability of BBB in the 
acute phase, it facilitates angiogenesis and 
neurogenesis in the delayed recovery phase of 
stroke. HMBG1, which is normally present in 
the nucleus, is released in extracellular space 
under ischemic insult. As previously described, 
HMBG1 induces necrosis and accelerates the 
migration of destructive inflammatory cells 
during the acute phase of stroke. Conversely, 
during the delayed chronic phase, it mediates 
beneficial plasticity needed for recovery of the 
NVU.  Dual role is also found in TNF-α, 
released from activated glial cells upon stimu-
lation by the DAMP molecules. However, its 
dual mechanisms do not necessarily depend on 
timeline, and are thought to be affected by its 
target and secondary signals after the binding 
to corresponding receptors. Reactive oxygen 
species could be another example. Contrary to 
harmful events it may cause in the acute setting 
of stroke, it has been shown to mediate migra-

17 Emerging Mechanism of Cell Death Caused by Stroke: A Role of Neurovascular Unit
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tion of the OPCs essential for oligodendrogen-
esis [69]. Likewise, there are various mediators 
in the NVU with detrimental effects in the 
acute phase that turn out to be beneficial in the 
chronic phase (Fig. 17.3). Therefore, if we are 
to succeed in neurovascular protection of 
stroke patients, it is essential for us to consider 
when the acute phase of deleterious responses 
turns into recovering phase.

17.4  White Matter Injury

The concept of NVU has been mainly utilized for 
investigations of stroke pathophysiology occur-
ring in the gray matter. However, since lacunar 
infarction is the most common type of ischemic 
stroke, knowledge about white matter damage is 

also clinically important for stroke treatment. In 
comparison with the cellular mechanisms of neu-
rovascular coupling in the gray matter, patho-
physiology of the white matter stroke still 
remains relatively unknown. As oligodendrocytes 
are one of the major component cells of the white 
matter, protection of oligodendrocyte lineage 
cells is of paramount importance when thinking 
about the treatment of stroke involving the white 
matter. From the notion that cell–cell trophic 
interactions are functioning in the white matter as 
well, the idea of NVU is now being applied to 
research of the white matter stroke. Neuronal 
axon, oligodendrocyte lineage cells (including 
myelinating oligodendrocytes and OPCs), endo-
thelial cell, and astrocyte are the main component 
of the white matter. Astrocytes and endothelial 
cells collaborate to maintain BBB in white matter 

L
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f 
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o

n
se

Elapsed time
from stroke onsetminutes hours days weeks

Repairing effects
Angiogenesis, neurogenesis

NVU mediators
MMPs, HMGB1, VEGF, TNFa etc.

Pathogenic effects
Oxidative stress, glutamate
excitoxicity, hypoxic load,

inflammation 

Injury

Recovery

Fig. 17.3 Schematic to summarize the biphasic responses 
after stroke onset: In the acute phase, deleterious responses 
lead to NVU damage. On the other hand, remodeling sig-

naling may emerge at the later time point. NVU mediators 
such as MMPs and VEGF would work in both phases, 
with opposite actions
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as seen in the gray matter. Astrocytes are in close 
apposition to oligodendrocytes within the white 
matter, and interact directly via gap junctions for 
the maintenance of their functions [70, 71]. 
Soluble factors secreted from astrocytes are also 
reported to protect oligodendrocyte lineage cells 
from ischemic stress [72]. Needless to say, inter-
action between myelin and axon is critical for 
homeostasis of the white matter. Oligodendrocytes 
also maintain functional integrity and survival of 
axons through a myelin-independent manner by 
releasing trophic factors such as IGF-1 and 
GDNF.  Just like the gray matter, activation of 
several deleterious factors and pathways takes 
place during the acute phase of stroke. Survival 
and normal functions of oligodendrocytes are 
affected by direct attack of MMPs to myelin 
components. Even if cells could avoid immediate 
death, metabolic dysfunction triggered by the 
assault would result in abnormal myelin replen-
ishment and synthesis of myelin-related proteins, 
ultimately leading to impairment of myelin–axon 
coupling. Biphasic reactions of endogenous 
mediators are also known to occur in the course 
of white matter stroke, and several molecules are 
shown to work for repairing in the chronic phase. 
OPCs, which migrate from the subventricular 
zone to form myelin sheaths during development, 
are also distributed in the adult brain. It has been 
proved that some of these cells are guided to the 
lesion where remyelination is needed after the 
white matter injury [73]. Although precise molec-
ular mechanism of migration after white matter 
stroke remains to be elucidated, oligovascular 
niche (corresponding to neurovascular niche 
within the gray matter) is speculated to play a 
crucial role in sustaining trophic interactions 
between the OPCs and vascular endothelial cells.

17.5  Conclusions

Ever since its birth, the concept of NVU has pro-
vided us with novel frameworks for the research 
of CNS diseases including stroke. Therapeutic 
target has shifted from “neuron-centric” to “neu-
rons + surrounding atmosphere” where dynamic 
interactions of different cell types take part in 

function and dysfunction of the brain. Besides 
neuronal damage, pathophysiology of stroke also 
consists of: (1) glial activation and transforma-
tion, (2) vascular and BBB alteration, and (3) 
inflammatory reactions. These responses are det-
rimental in the acute phase, and sometimes turn 
out to be beneficial for neurovascular repair in the 
chronic phase, leading to the biphasic course of 
clinical manifestation. Investigating cellular 
mechanisms within the transitional zone between 
these two phases may give us a new hint for the 
development of effective treatments for stroke.
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