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Abstract

In the past decade, evidence has emerged that thereis a variety of bidirectional cell-cell and/or
cell-extracellular matrix interactions within the neurovascular unit (NVU), which is composed of
neuronal, glial, and vascular cells along with extracellular matrix. Many central nervous system
(CNS) diseases, which lead to NVU dysfunction, have common features such as glial activation/
transformation and vascular/blood-brain-barrier alteration. These phenomena show dual opposite
roles, harmful at acute phase and beneficial at chronic phase. This diverse heterogeneity may
induce biphasic clinical courses, i.e. degenerative and regenerative processes in the context of a
dynamically coordinated cell-cell/cell-matrix interactions in the NVU. A deeper understanding of
the seemingly contradictory actionsin cellular levelsis essential for NV U protection or
regeneration to suppress the deleterious inflammatory reactions and promote adaptive remodeling
after CNSinjury. Thismini-review will present an overview of recent progress in the biphasic
roles of the NVU and discuss the clinical relevance of NVU responses associated with CNS
diseases, such as stroke and other chronic neurodegenerative disease.
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1. Introduction

The neurovascular unit (NVU) is composed of neurons, glial cells (astrocytes, microglia,
oligodendrocytes), vascular cells (endothelial cells, smooth muscle cells, and pericytes), and
extracellular matrix (ECM)1~7 (Figurel). The dynamic interactions among each component
within the NVU lead to multifactorial clinical outcomes of central nervous system (CNS)
diseases. Over the past decade, since the 2002 Report of the Stroke Progress Review Group,
more attention has been paid to this concept of NVU in the field of stroke, because neuron-
centered approaches have not achieved successful therapeutic trandlation to stroke patients.
Recently, besides stroke, the multifaceted eventsin the NVU has been shown to be closely
related with the pathogenesis of other CNS diseases including Alzheimer’s disease, vascular
dementia, Parkinson’s disease, amyotrophic lateral sclerosis, and multiple sclerosis®.

Recent research advances have shown that NVU components have diverse heterogeneity in
their morphology, developmental origin, gene expression profile, physiological properties,
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function, and response to injury and disease®14. These diversities may endow the NVU with
its dual roles of deleterious and protective properties at different phases after injury. For
instance, NVU injury by ischemia and reperfusion after stroke triggers delayed restorative
processes, such as heuronal and microvascular sprouting, synaptogenesis, and glial
activation/transformation to create a beneficial environment for neuronal growth and
plasticity!>19, |nnate and adaptive immune systems also show fine-tuned balance reactions
in both inflammatory (del eterious) and anti-inflammatory (beneficial) responses after
stroke?0. Similar to conditions after stroke, many other CNS diseases have been reported to
accompany the endogenous repair and remodeling mechanisms in delayed phase. However,
when prolonged inflammation and injury outweighs endogenous regenerative reactions,
cumulative brain damage leads to poor clinical outcome!® 21, Hence, the dynamic and
coordinated mechanisms of cellular function within the NV U under pathol ogic conditions
needs to be elucidated for us to protect or restore the brain homeostasis after injury or
disease.

In this mini-review, we will survey recent progress in understanding the roles of NVU
components after brain injury, with afocus on their heterogeneous and dual nature
properties. Then we will summarize how this complexity affects clinical outcomes of CNS
diseases, such as stroke and other neurodegenerative diseases.

2. Components of the neurovascular unit

Over the past several decades, studies of CNS pathologies have focused on intra-neuronal
mechanisms. However, as the concept of the NVU emphasizes, it is hot easy to achieve
neuroprotection without considering other brain cell types. The trophic coupling between
neurons and other NV U cells plays important roles under both normal and pathologic
conditions. Moreover, these hon-neuronal NVU components may also affect cellular
function of neighboring non-neuronal brain cells. Here, we will introduce key mechanisms
of those non-neuronal NV U components, focusing on their cell-cell/cell-matrix interactions.

2.1 Astrocytes

The astrocyte is particularly important in the NV U. They constitute nearly half of brain
cells, and outnumber neurons in the human brain. Thereis no CNS disease that does not
substantially involve astrocytes!3 22, A single astrocyte extends thousands of fine
membranous processes that ensheath synapses/micro-vessels and help fill the neuropil. In
addition to the traditionally recognized role of regulating extracellular ionic balance,
emerging research has now revealed awide variety of astrocyte functions on NVU
regulation.

First, astrocytes play a pivotal role on the formation, function, and elimination of synapses,
which regulate neuronal activities!3. Previous /n vitrostudy showed that retinal ganglion
cells co-cultured with astrocytes form functional synapses whose activity increases by
nearby 100-fold?3. Astrocyte-secreted thrombospondins (TSP)24, cholesterol 25, and glypican
4 and 628 have been shown to powerfully promote synaptic formation, presynaptic function,
and postsynaptic function, respectively. Also, astrocytes possess many receptors as neurons
do. Neurotransmitters from neurons activate cal cium-based signaling cascades in astrocytes
to release various active substances such as ATP. These astrocyte-derived substances (i.e.
gliotransmitters) act back on neurons to either inhibit or enhance neuronal activities.

Second, astrocytes control vascular tone and cerebral blood flow through their numerous
fine processes, which form close associations with both blood vessels and synapse?’: 28, In
response to enhanced neuronal activity, astrocytes signal to blood vessels directly (through
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gap junctions) or indirectly (releasing soluble factors) about the need for regional increase in
blood flow, resulting in enhanced delivery of oxygen and glucose to the active brain region.

Third, astrocytes regulate blood brain barrier (BBB). Scar-forming reactive astrocytes play a
critical rolein seaing the BBB injury?®. Conversely, in amouse model of multiple sclerosis
(MS), recent cell-specific loss-of-function study has shown that reactive astrocyte-derived
vascular endothelial growth factor (VEGF)-A causes BBB breakdown accompanied with
lymphocyte infiltration, tissue damage, and clinical deficit3C.

Forth, astrocytes are highly secretory cells and communicate with other cells by releasing
various molecules including soluble trophic factors. It iswell known that astrocytes nourish
neurons3L, They have been also shown to influence either positively or negatively
oligodendrocyte lineage cells through releasing multiple trophic factors32 33, Moreover,
interaction between astrocytes and endothelial progenitor cells (EPCs) may mediate
neurovascular remodeling after stroke34.

Fifth, astrocytes are interconnected with neighboring cells through gap junction channels
that are regulated by extra- and intracellular signals and allow exchange of information3.
Astrocyte-endothelial and astrocyte-neuronal gap junctions are mediated by connexin-43
(CX43) and CX 30 hemichannels that allow cell-cell transfer of nutrients, metabolite,
secondary messengers and ions36.

Notably, reactive astrocytes after brain injury can be beneficial under some conditions,
while they are traditionally thought as detrimental. Reactive astrocytes are harmful in that
they produce several proinflammatory cytokines and astroglial scar can inhibit axon
regeneration. Inhibitory substrates from reactive gliosis interfere with neuroplasticity3’, and
preventing the accumulation of the inhibitory signals promotes recovery in animal models of
stroke or trauma3®. However, they can be also helpful for neurons through upregulating
synaptogenesis-inducing genes?* or secreting trophic factors3®. A conditional knockdown of
reactive astrocytes showed larger |esions with more inflammation responses in mice after
brain trauma®®. Moreover, reactive astrocytes may release tissue-type plasminogen activator
to enhance neuronal dendrite formation*L. Of course, it remains mostly unknown why
reactive astrocytes show the dual roles after injury. But, astrocytes may be afar more
heterogenous group of cells than previously thought. Astrocytes are broadly divided into two
main classes in their morphology, antigenic phonotype, and location. Protoplasmic
astrocytes in gray matter express low levels of glial fibrillary acidic protein (GFAP) and
their processes ensheath synapses and blood vessels!l 1342, On the other hand, fibrous
astrocytes in white matter express high levels of GFAP and contact nodes of Ranvier and
blood vesselst!: 13. 42 Thus far, the most widely and homogeneously expressed astrocyte
specific protein is Aldh1L 142, Recent translational profiling approach has revealed a
surprising amount of regional astrocyte heterogeneity. Translated mRNAsin cortical
astrocytes, cerebellar astrocytes, and cerebellar Bergman glia are substantially heterogenous
at the different brain regions™. Physiological studies have revealed that astrocytes are
highly diversein their electrophysiological properties, calcium dynamics, and gap junction
coupling®®. Interestingly, different groups of astrocytes exhibit distinct features of
spontaneous Ca2* activity. Cortical layer astrocytes show frequent asynchronous Ca?*
activity, while layer 2/3 astrocytes showed infrequent synchronous Ca?* activity*4. After
brain injury, gene profiles of reactive astrocytes are radically altered at different time points.
The profile changes occur at different brain regions and even within the same brain
regions't. However, whether each single astrocyte can transform its phenotype and whether
there exists phenotypically different cell populationsin specific brain regions remain to be
determined. Furthermore, the altered gene expression of reactive astrocytesis specific to a
given injury type, aswas shown by the transcriptomic study using mouse models of middie
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cerebral artery occlusion (MCAO) and systemic LPS injection2. Hence, this highly
heterogeneity of astrocytes might contribute to the dual opposite roles of the NVU after
brain injury. How disease processes affect the phenotype of astrocytes, including
transcriptional, posttranscriptional, or epigenetic regulation as well as autocrine or paracrine
mechanisms, needs to be clarified in future studies.

2.2 Cerebral Endothelium

Vascular cells are major cellular constituent of the brain. The importance of the circulatory
system to the human brainsis highlighted by the fact that, while the brain comprises ~2% of
total body mass, it receives up to 20% of cardiac output and is responsible for ~20% and
~25% of the body’ s oxygen and glucose consumption, respectively?°. The cerebrovascular
tree originates from large, interconnected arteries forming the circle of Willis at the base of
the brain. These arteries sequentially divide and once inside the brain parenchyma, giverise
to pial arteries, penetrating intracerebral arteries, arterioles and a vast capillary network. The
cerebrovascular system was traditionally thought as a passive conduit for blood stream,
however, recent research has proposed that the system plays amore activerolein
maintaining the CNS homeostasis with neighboring cellsin the NVU.

First, cerebral endothelial cells with astrocytes, and pericytes form BBB. Astrocytic-endfeets
ensheath both endothelial cells, and pericytes, while a basal 1amina surrounding these céllsis
shared with astrocytes. The BBB constitutes anatomical, physiochemical, and biochemical
barrier that controls the exchange of materials between blood, brain and cerebrospinal fluid.
Vascular integrity, specifically the permeability of the BBB, isan important mediator of
brain damage. BBB breakdown due to endothelial dysfunction is frequently associated with
amyriad of neurological pathologies, including chronic CNS diseases® 4647, Therefore,
cerebral endothelial function has attracted growing attention as a novel and important target
for intervention in the setting of brain injury.

Second, cerebral endothelia cells nourish neighboring neurons. They guide developing
axons®®, protect neurons against stress*® %0, and provide a niche for supporting neural stem
cells®l. In this so-called neurovascular niche, cell-cell signaling between cerebral endothelial
cells and neuronal precursor cells help mediate and sustain pockets of ongoing neurogenesis
and angiogenesis in adult brain®1: 52,

Third, cerebral endothelial cells are also supportive for oligodendrocyte lineage cells.
Cerebral endothelial cells and oligodendrocyte precursor cells (OPCs) may provide an
oligovascular niche, wherein endothelial-derived growth factors promote the proliferation of
OPCs3, Notably, those trophic support from endothelial cells might be attenuated under
pathol ogic conditions®*. Moreover, recent in vitro studies have shown that VEGF-A
secreted from cerebral endothelial cells can promote the migration but not the proliferation
of OPCs® %6, As seen here, cerebral endothelial cells are rich source of soluble factors.
Because the endothelium in blood vessels surveys the entire brain, cerebral endothelial cells
might play central rolesin cell-cell signaling in the NVU.

2.3 Oligodendrocytes

As noted, the NV U is now relatively well-accepted as a conceptual model to understand
phenomenain acute injury and chronic recovery. Although, the NVU has been mostly
utilized to discuss phenomenain gray matter, cell-cell interactions could be also very
important for white matter. Oligodendrocytes are one of the major cell typesin the white
matter, and within the CNS, they produce alipid-rich membrane called myelin to enwrap
axons for efficient conduction of electrical impulses. Developmentally, myelin-forming
oligodendrocytes are generated by subventricular cells that give rise to committed OPCs’.
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Although most myelination occur early in the life, myelination continues at least into late
adolescence and, in some regions of the CN'S, may increase throughout much of adult life?S,
Interestingly, myelin in the adult CNS may have some plasticity in response to changesin
neural activity. Successful learning of juggling is associated with an increase in fractional
anisotropy in the white matter underlying the intraparietal sulcus, suggesting an increase in
myelination even in adult brain®. Animal models have also shown detectable increasesin
myelination in the adulthood under environmental enrichment®0. Notably, adult OPCs are
abundant in both grey and white matter areas, comprising 5-8% of all the cellsin adult
brain®l. Here we introduce key mechanisms of mature oligodendrocytes and their precursors
on the cell-cell interactions with other types of brain cells.

Oligodendrocyte-neuron interactions have been extensively examined because matured
oligodendrocytes myelinate axons. It iswell known that oligodendrocytes can signal to
neurons via myelin-axon interactions®2 63, Mouse models of oligodendrocyte injury, such as
proteolipid protein (p/pl)-null mice®* and Crp mutant mice®®, have demonstrated axon loss
without considerable demyelination, suggesting that oligodendrocytes support axon survival
through a myelin-independent mechanism®. Recently it has been demonstrated that
oligodendrocytes metabolically support neuronal axons. Oligodendrocytes may serve as a
principal metabolic supplier of lactate, which isintegral for axonal energy support, through
monocarboxylate transporter 1 (MCT1)%7. In addition, oligodendrocyte-derived trophic
factors, such as IGF1 and GDNF, promote neuron survival and axon outgrowth /7 vitrc®.
On the other hand, axonal surface ligands, axon-secreted molecules, and axonal activities
control highly-regulated processes for oligodendrocyte differentiation/maturation®3. One of
the axonally expressed ligands Jagged signals OPCs via Notch pathway to inhibit their
differentiation®?. In addition, other axonal ligands PSA-NCAM 70 or LINGO-171 are also
known as inhibitory molecules for myelination. By contrast, promyelination signals such as
laminin and neuregulin can activate certain intracellular signaling pathwaysin
oligodendrocyte lineage cells%3. For instance, Wnt signaling may exert complex rolesin
myelination. The signal actsin conjunction with Tcf4 to promote the initial stage of
oligodendrocyte differentiation, but prevent subsequent differentiation steps unless down-
regulated®3. Furthermore, there is evidence that myelination is at least in part driven by the
level of electrical activity in the axons themselves. OPCs can generate postsynaptic
potentials in response to synaptic input such as glutamate stimulation. This response is
rapidly lost as the cells differentiate into mature oligodendrocytes’2. Finally, SVZ-derived
OPCs receive synaptic input in the white matter in amouse model of remyelination,
suggesting that like developmental myelination, remyelination may be in part mediated by
neuronal activity /2.

As shown previously, endothelial-oligodendrocyte interactions in the so-called oligovascular
niche may contribute to ongoing angiogenesis and oligodendrogenesis in adult white matter,
particularly after brain injury. During chronic phase after white matter injury, MMP-9 from
oligodendrocytes may promote vascular remodeling’3. Also in demyelinating diseases such
as MS, leukodystrophy, and vascular dementia, OPCs attempt to remyelinate in areas of
myelin damage®2. While there is no evidence that cerebral endothelial cells can promote
oligodendrogenesis during chronic phase in those diseases, cerebral endothelium show some
potentials to enhance OPC proliferation and migration in cell culture studies®3. Hence, it
seems likely that strategies targeting the oligovascular signaling may help promote
remyelination along with vascular remodeling in white matter-rel ated diseases.

2.4 Microglia

Microglial cells are the resident immune cells of the CNS, constituting about 10% of CNS
glia. In contrast to neuroglia (astrocytes, ependymal cells, and oligodendrocytes), microglia
cells are mesodermal in origin and serve as the CNS' s innate immune apparatus (i.e.
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perform immunological functions). They constantly monitor the CNS environment, and act
asfirst responders to CNS damage. Unlike other glia cells such as astrocytes or
oligodendrocytes, microglia are not electronically coupled with syncytial network. Rather,
microglia are more individualistic and keep their own surveillance territory 4. Hence, this
cell type may contribute to the NVU function in a unique way. Indeed, microglial processes
and arborizations are highly mobile and continually rebuilt, with de novo formation and
withdrawal of processes as well as motile filopodium-like protrusions’. The random
scanning by their processes rapidly changes to atargeted movement toward the site of injury
when microlesions are induced”®. Those processes may involve assistance from neighboring
astrocytes releasing purinoreceptor ligands’’. Furthermore, microglial cells can react rapidly
to even tiny rupturesin blood vessels’8. Notably, circulating immune cellsincluding
microglia can open the BBB under certain conditions, such as toxins, pathogens and some
drugs in the blood stream?8,

One more important feature of microgliain the NVU would be their phenotypic

heterogeneity " 7>, When microglia are challenged by bacterial invasion, phagocytosis
occurs together with the release of inflammatory mediators (M 1-like phenotype). By
contrast, when removing apoptotic cells or myelin debris, microglia release anti-
inflammatory factors (M2-like phenotype). Although parenchymal microglia are distinct
from other macrophage-like populations such as perivascular or meningeal locations,
microgliamay contain region-specific phenotype’. The structural organization (white or
grey matter), proximity to the vasculature, BBB features and biochemical micromilieu could
impose specific phenotypic adjustments’®. For instance, hippocampal microglia express
higher levels of mMRNA for TNFa, CD4, and FcyRII compared with those from the
diencephal on, tegmentum, cerebellum, and cerebral cortex8%. Neurotrophin-3 expression is
selectively found in microgliafrom the cerebral cortex, globus pallid us and medulla, but not
in those from other CN'S tissue’.

Those phenotypic heterogeneities may be related to complex microglial roles after brain
injury. Following insults, if microglia cells do not efficiently limit damage and keep
homeostasis, they transform from the surveillance mode to activated phenotype, by
expanding their ramified morphology and assuming an ameboid (macrophagelike) structure
that enables them to migrate’. Chemotactic reorientations and other nontranscriptional
adjustments can occur in seconds to minutes, and even massive induction of complex gene
setsis achieved within afew hours, and can be long-lasting. Reactive microglia upregulate
cytokine and surface receptor expression, and increase phagocytosis. Notably, as mention in
the astrocyte section above, microglia also have seemingly contradictory cyto-protective and
cyto-toxic properties under pathological conditions. Reactive microglia secrete
proinflammatory molecules, such as tumor necrosis factor (TNF) a, interferon (IFN) y, and
interleukin (IL) B. On the other hand, they also release trophic and anti-inflammatory
factors, such as IGF1, IL4, and 1L107> 8183 |n injured brains, accumulated dead cells and
tissue debris inhibit brain repairing, and microglia (and infiltrating macrophages) constitute
the predominant phagocytes to clean up them to promote the brain remodeling.2% 84
Furthermore, recent studies have shown that microglia may also affect neuronal and synaptic
functions’. Interestingly, inflammation-associated-microglia can attenuate neurogenesis,
while microglia activated by certain T cell cytokines can promote neurogenesis®®. Overall,
there may be anal ogies within the concept of M1 versus M2 macrophages, wherein
classically acknowledged macrophases are detrimental while under some conditions, they
may promote tissue repair in the diseased brain®6.

2.5 Pericytes

Pericytes are located surrounding the endothelial cell layers of the capillary network in the
brain. They are avery important component of the NVU in serving as integrators,
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coordinators and effectors of neurovascular functions, including regulation of BBB
integrity#’- 87. 88 regulation of CBF#7: 89, clearance and phagocytosis of cellular debris or
byproducts*> %, and a source of pluripotent stem cells.% The pericyte density and the
proportion of the pericyte coverage to endothelial cells vary among different organs and
vascular beds. The pericyte coverage in CNSis higher than in other organs, with 1:1-3:1
ratio between endothelia cells and pericytes, and an approximately 30% coverage of the
endothelial abluminal surface.9-93 within the NVU, pericyte is closely associated with
cerebral endothelial cellsto maintain normal NV U functions. Here we focus on the key
mechanisms of pericytes on vascular systems.

First, pericytes project elongated processes that ensheash the capillary wall. In areas lacking
a basement membrane, interdigitations of pericyte and endothelial cell membrane make
direct peg-and-socket contacts containing cell-cell junction proteins, including N-cadherin
and connexin which form adherence and gap junction, respectively?4. The crosstalk and
functional coupling between pericytes and endothelial cellsisthe result of several
transduction cascades, including PDGF-B, transforming growth factor-f (TGF-f3), Notch,
sphingosine-1 phosphate and angiopoietin signaling®. For instance, pericyte-derived TGF-B
binds to TGFBR2 in endothelium to activate ALK 1-Smad1/5/8 pathway and ALK5-
Smad?2/3/4. The former pathway favors proliferation and migration of pericyte, while the
latter pathway inhibits pericyte proliferation,

Second, pericytes have several angiogenic actions after initial embryonic CNS vascular
establishment. For instance, pericytes express several MM Ps and urokinase plasminogen
activator receptor capable of enhancing extracellular matrix degradation early in
angiogenesis, thereby removing mechanical restraints to endothelial cell migration and
facilitating the release of more matrix-sequestered angiogenic factors®: 97, Furthermore,
pericytes directly contribute to the synthesis of essential extracellular matrix proteins,
including laminin, nidogen and fibronection®*. They also secrete tissue inhibitor of
metalloproteinase 3 (TIMP3), a potent inhibitor of several MMPs, which inhibits
degradation of basement membrane proteins during the vessel stabilization phase®.
Pericytes-derived angiogenic factors such as VEGF-A have also been suggested to stimulate
endothelial survival, proliferation, and sprout formation®. Thus pericytes have multiple and
sometimes opposing rolesin angiogenesis or vascular stabilization.

Third, pericytes play essentia rolesin maintaining BBB. Recent work using mice with
deficient PDGFR signaling and resulting deficits in embryonic pericyte recruitment have
demonstrated that pericyte loss increases the BBB permeability mediated by endothelial
transcytosis®8, BBB forms early in embryogenesis, during atime period that coincides with
initial pericyte recruitment and precedes astrocyte generation88. The role of pericytesin
maintaining BBB integrity has been demonstrated not only at the perinatal period but also in
the adult and aging brain*’: 87, Pericyte-deficient mice with deficient PDGFRP signaling
demonstrate both BBB breakdown and reductions in brain microcirculation, which lead to
neuroinflammation and neurodegeneration in the adult and aging brain®’. A loss of brain
pericytes and resulting BBB breakdown have been shown to impair neurovascular function
through leakage and deposition of several vasculotoxic and/or neurotoxic blood-derived
macromolecules, such as fibrin, thrombin, plasmin, and hemoglobin-derived hemosiderin,
which causes accumulation of iron and reactive oxygen species?’: 94,

3. CNS diseases and Neurovascular Unit

As seen above, glial and vascular cellsin the NV U work together to maintain brain function.
The diverse phenotypic plasticity of those cells may exert dual actions — detrimental vs.
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beneficial — under diseased conditions. Here we introduce key mechanisms for the biphasic
properties of NV U responses in representative CNS diseases.

Stoke is the second most common cause of death worldwide and a major cause of acquired
disability in adults®. In the past several decades, remarkable progress in understanding
stroke pathophysiology has been made. However, most translational efforts into effective
therapies have failed, except for the thrombolytic or intravascular clot removal therapy that
only benefits asmall proportion of patientsl: 3 1517, 18,20, 100 |n regard to the NVU
responses, stroke is the most well examined CNS disease because stroke pathophysiology
shows relatively significant biphasic phenomena (Figure 2). Under acute phase after stroke
onset, ischemic injury results in an abrupt deprivation of nutrient supplies that quickly leads
to irreversible damage in the core of affected area. On the other hand, during chronic phase,
remodeling signaling may occur in the partly preserved peri-infarct area (so-called
penumbra). While precise mechanisms of the biphasic properties after stroke onset are still
mostly elucidated, some key molecules are being identified to modulate the NV U responses.

After stroke onset, ischemia-reperfusion injury induces a robust inflammatory response,
which would be necessary for tissue repair and regeneration in the later time pointst>: 17: 18,
Within minutes to hours after the onset of cerebral ischemia, a cascade of inflammatory
eventsisinitiated through activation of resident cells and recruitment of circulating
leucocytes. Primary signals that trigger the upregulation of inflammatory mediators are
endogenous molecules (i.e. damage-associated molecular patterns; DAMPS). Most DAMPs
including HMGB-1, hyaluronan, or heat shock proteins are released from dying and dead
cells'O, and sensed by pattern recognition receptors, including Toll-like receptors (TLRS)
and scavenger receptors, which are widely expressed on microglia, privascular
macrophages, and brain endothelial cells. Once the DAMP-receptor signaling is activated,
inflammatory mediators such as cytokines (IL-13, TNF-a, and IL-6 etc.), chemokines, nitrix
oxide, and reactive oxygen species are released from the NVU component cellsto
exacerbate cell death and lead to BBB breakdown?? 190, A|so, the cytokines and
chemokines induce upregulation of adhesion molecules including P-selectin, E-selectin, and
ICAM1, on the vascular endothelium?20: 100, These molecules then attract circulating
leucocytesin the brain parenchyma. Notably, the inflammatory cytokine TNF-a released by
the DAMP family may show both noxious and beneficia actions under stroke

conditions?%: 100, The dual roles of TNF-a might depend on its cellular target or
corresponding selective signals recruited after binding to TNF-a receptors'92, Among the
DAMP family, HMGB-1 has now attracted the attention as a biphasic mediator. HMGB-1
shows an acute inflammatory noxious effect at the early stage, followed by a promotion of
delayed neurovascular remodeling, such as neurogenesis and angiogenesis'02.

Similar to HMGB1, some other molecules can also play dual roles, i.e., harmful and
beneficial at different phases after stroke (Figure 2). N-methyl-D-aspartic acid (NMDA)
signaling, which induces excitotoxicity if overactivated at acute neurodestructive phase, is
necessary for delayed neuronal plasticity193. Matrix metalloproteinases (MMPs) are
traditionally thought as a biphasic mediator for neurovascular signaling. At early phase of
stroke, MM Ps cause multiple NV U dysfunctions, such as anoikis-like neuronal death and
BBB leakagel®. On the other hand, during stroke recovery, the same proteinases contribute
to beneficial neurovascular remodeling including angiogenesis and neurogenesis®5-109,
Reactive oxygen species (ROS) would be another example. ROS iswell known to cause
multiple harmful eventsin the multiple cells after stroke. But low levels of ROS may be
essential for cellular homeostasis. Recently, ROS is shown to mediate the VEGF-induced
OPC migration, which is an essential step for oligodendrogenesis®. Importantly, all these
molecules may work as critical mediators for bidirectional cell-cell interactionsin the NVU.
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Although the biphasic properties (i.e. detrimental at acute phase and beneficial at delayed
phase) after stroke onset are now relatively well-accepted, chronic neurodegenerative
process might also exist, leading to the progression of the disease. About 30% of stroke
survivors have dementia, often associated with brain atrophy19. Pathological studies have
shown that an inflammatory infiltrate, such as mononuclear cells, perivascular cuffing,
macrophages, T cells, and dendritic cells, persists for years after the strokel13 114, These
findings may suggest that along-lasting immune response is related to neurodegenerative
processes in chronic phase after stroke?0: 111. 112 Therefore, future studies might need to
carefully examine the mechanisms of harmful responses in the chronic phase.

Cell-cdll interactionsin the NVU may stimulate the endogenous repairing systems during
the delayed phase after stroke onset. Neurogenesis, axonal sprouting, and angiogenesis have
been reported to take place after stroke in humans as well as animals. In rodent stoke
models, cerebral ischemiaincreases neurogenesisin theipsilateral SVZ, along with
neuroblast migration from the SVZ site to lesion areal13. After focal ischemia, neuronal
progenitor cells show dynamic changesin the G1 phase of the actively dividing cell cycle at
2 to 4 days, resulting in subsequent neuronal differentiation!?. In addition, between 2 and
28 days after stroke, endothelial sprouting isinitiated at the border of the infarct area, and
new vessels develop in the ischemic boundaryl’. At the early stages, angiogenic vessels are
permeable, which are associated with the increase of VEGF while angiopoietinl/Tie2
decrease. However, new vessels become less penetrable as they mature, as both VEGF and
angiopoietinl/Tie2 increase®. Interestingly, those stoke-induced angiogenesis and
neurogenesis are closely linked together in the so-called neurovascular nichel’: 51, After
stroke, neuroblasts born in the SVZ migrate to the ischemic boundary, where angiogenesis
takes place16 117, During their migration, these neuroblasts are associated with cerebral
vessels!18, On the contrary, some angiogenic factors can regul ate neuroregeneration, and
have direct neuroprotective propertiest19-121 A|so, as noted previously, cerebral endothelial
cells guide devel oping axons, provide trophic support to neurons and their progenitor
cells”l 52, Taken together, cell-cell trophic coupling in the NVU is an important mechanism
for the biphasic responses in stroke pathophysiology, and therefore, deeper understanding of
the NVU mechanisms may lead to novel approaches for this devastating disease.

3.2 Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder associated with accumulation of
amyloid -peptide (AB) in brain and blood vessels, as well as the formation of
neurofibrillary tangles'?2. The pathogenesis of AD is also closely associated with NVU
dysfunction’ 46. 123 pathophysiological levels of Ap accelerate neuronal 122 and
neurovascular?4 125 dysfunctions, which lead to the development of cerebral p-
amyloidosis*. Changes in the brain vascul ature have been shown to contribute to the onset
and progression of the pathological processes, such as BBB breakdown?>: 126 microvascular
reduction?®, or impaired vascular reactivity. Vascular dysfunction impairs the clearance of
brain Ap*6, and may also increase the influx of peripheral Ap into the brain®. Furthremore,
reduction of blood perfusion enhances the expression and processing of AB-precursor
protein (APP)124, which induces AB accumulation in the brain. Recently, astrocyte-secreted
APOE4 has been shown to mediate BBB breakdown (e.g. degradation of basement
membrane and tight junction) through pericytes under the pathologic conditions of AD.
Astrocytic-APOE4 binds to the LRP1 receptor in pericytes, and activates the
proinflammatory cyclophilin A-nuclear factor-k B-MMP-9 pathway. Subsequently, the
pericytic MM P-9 causes neurovascular defects along with neuronal and synaptic
degeneration!?”.

Asseenin other CNS diseases, glial (e.g. astrocyte and microglia) activation is aso common
features of AD. One of the earliest neurovascular changesin AD brainsis the accumulation
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of reactive astrocytes at sites of AB deposition.128 Normal astrocytes can remove and
degrade AP without additional stimuli such as opsonins or cytokines!2?, while reactive
astrocytes surrounding Ap depositsin the AD brain seem incapable of removing Ap130,
Hence, this dysregulation of AP clearance by astrocytes may precede the AR accumulation in
AD. Asfor the microglia activation in AD brains, one important feature is that activated
microglia show both beneficial (i.e. phagocytosis and clearance) and detrimental (i.e.
inflammation) responses*, In amouse model of AD (PS1/APP-transgenic), recruited blood-
derived cells transform into microglia and the phenotype change of microglia may occur as
AD-like pathology progresses!3L. Depletion of microglia results in increased plague load,
indicating that the newly recruited populations have phagocytic properties!32. In terms of
the importance of microgliafor plaque removal, there is another study that has demonstrated
intraventricular transplantation of exogenous microglia can migrate into the parenchyma and
increase the clearance of amyloid plaques!33, Interestingly, microglia under AD pathology
may also exhibit functional changes with increasing aging. Microglia from aged PSL/APP-
transgenic mice showed less expression levels of AB-binding scavenger receptors (SRA,
CD36, and RAGE) and Ap-degrading enzymes (insulysin, neprilysin, and MMP-9)
compared to young transgenic micel3*. Furthermore, proinflammatory cytokines (e.g. IL-18
and TNFa) were increased in the aged microglia, which might act in an autocrine manner to
decrease the AP clearance capacity.134

Those heterogeneous function of activated glial cells on Ap clearance would contribute to
complex NV U responses during the chronic phase of this disease. An increasing number of
studies have reported reduced vascular density and impaired neurogenesisin AD brains!3®,
On the other hand, some enhancing angiogenic responses may occur at the later time
points!36, Probably, the capacity of endogenous restoration and plasticity in this disease
depends on the amount of amyloid burden, the property of Ap, the stage of disease, or
surrounding environment. For example, while physiological levels of Af stimulate
angiogenesis through a synergic effect with FGF-2 in endothelial cells!3/ and regulate
neuronal/synaptic activities'38, pathological levels of Ap would inhibit angiogenesist3?.
Furthermore, a decreased circulating pool of angiogenic cells may contribute to the impaired
angiogenic responses in AD brains.140 However, in APP23-transgenic mice, the surrounding
vascular array around the vascular holes at amyloid plagues appears denser and shows
typical features for angiogenesis, suggesting that angiogenic processes could be triggered to
compensate for the absence of blood vessels. 14! Ultimately, as the pathology progresses, the
endogenous responses may become suboptimal and can not compensate for all the abnormal
neurovascular changes, presumably |eading to neurodegenerative outcomes. 142

3.3 Parkinson’s disease

Parkinson’s disease (PD) is the second most common, progressive neurodegenerative
disorder characterized by numerous motor and non-motor symptoms'43, The motor
symptoms of PD are mainly related to the reduction of striatal dopamine secondary to loss of
dopaminergic neuronsin the substantia nigra. The previous studies have focused on the
molecular pathways underlying neuronal damagesin PD, and revealed that neuronal cell
death are largely caused by a-synuclein aggregation, proteosomal and lysosomal system
dysfunction, reduced mitochondrial activity, and oxidative stress!43. However, littleis
known about what drives PD to unstoppable progression, and still no effective, mechanism-
based treatment is available to retard the PD progression. Therefore, recent research has
gradually taken places on the mechanisms by which initial neuronal damages are
transformed into chronic progressive neurodegeneration. Thus far, several key mechanisms
are elucidated as to the PD progression, and some NV U responses may contribute to the
pathogenesis.
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First, chronic inflammation exacerbates the pathology in PD144. Reactive astrocytes and
microglia are abundant in the substantia nigra of PD cases in human brains'#®. In cellular
and animal models of PD, their toxicities toward dopaminergic neurons have been well
demonstrated#4. Whether inflammation is an initiating factor of PD in humansis still
unclear, however, intracranial infusion of bacterial lipopolysaccaharide, aligand for TLR-4
and a potent activator of microglia, is sufficient to induce the loss of tyrosine hydroxylase*
neurons in rodents'6. Under the pathophysiologic conditions, astrocytes can act as
amplifiers of microglia-derived toxic mediators4’. But again, asin the other CNS diseases,
they have been shown to secrete a number of neurotophic factors such as GDNF and BDNF
for injured dopaminergic neurons!48,

Second, extracellular a-synuclein is associated with the disease progression. Recent studies
have suggested that a-synuclein is actively secreted or released by dying neurons to the
extracellular space. Then, a-synuclein can be transferred between neurons (cell-cell
propagation), exerting the toxic actions on the recipient neurons. Interestingly, extracellular
a-synuclein can be also transferred to glia cells, and these a-synuclein-activated cells
would exacerbate the PD pathol ogy14°.

Self-repairing systems may also work during the chronic phase in PD brains. Sprouting of
dopaminergic neuron terminals and angiogenesis have been observed in both PD patients
and animal models™0. Doparminergic neurons that survived injury sprout to maintain
doparminergic neuron terminal density as a compensatory responsel®0. However, newly
formed dopaminergic neuron terminals have altered structure and function. This maladaptive
remodeling induces a diminished capacity for dopamine re-uptake, which leadsto
dysregulated striatal dopamine releasel®1. Asfor the vascular remodeling, post-mortem
investigations on PD brains of humans and animal models have provided evidence of
angiogenesis in the substantia nigral®2. However, the angiogenic activity accompanies with
BBB dysfunction in PD patients who had history of L-dopa-induced dyskinesial®3. What
mechani sms regul ate the balance between maladaptive and adaptive neurogenesis/
angiogenesis should be carefully dissected in future studies.

3.4 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) isafata disease characterized by progressive motor
neuron degeneration in the brain and spinal cord, and leads to muscle atrophy, paralysis and
death typically within three to five years from diagnosis!® 155, Asisthe case of other CNS
diseases seen above, microglial and astrocytic activations may modulate complex
pathological processes.

Microglial cells become activated before clinical disease outcome, and the numbers of
activated microglia and astrocytes increase further until the end stage of disease in amouse
model of ALS!6, The transgenic mice expressing a mutant form of human SOD1 have been
well used to examine the pathophysiology of ALS. Interestingly, selective expression of
mutant SOD1 in motor neurons, astrocytes, or microglia does not result in motor-neuron
degeneration in neither cases'>~159, suggesting that not only neurons but also glial cells
play an important part in motor-neuron degeneration!®>. Microglial cells may degenerate
motor-neurons through T-cell infiltration. Indeed, clinical studiesin post-mortem tissue of
patients with ALS confirmed the increased infiltration of T cells®0, T-cellsin the CNS are
rarely detected at the early disease stage, but readily infiltrate the spinal cord as disease
progresses. Notably, sometypes of T cells can enhance neuroinflammatory state of
microglia, while CD4+ T cells can be protective by enhancing the M2 character of microglia
over their M1 character in ALS model micel®® 161, But, cytotoxic T cells may predominate
at the end stage of diseasel>® 161,
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Besides microglia and astrocytes, oligodendrocytes may also mediate AL S pathogenesis.
ALS model mice exhibited enhanced proliferation and differentiation of OPCs in regions of
neurodegeneration’62, presumably in response to oligodendrocyte injury®’. Additionally,
cytoplasmic inclusions are found in human ALS oligodendrocytes!63. MCT1, which is
predominantly localized to oligodendrocytes and may metabolically support axons, is
reduced in affected brain regionsin AL S patients as well as the ventral horn of the spinal
cord of mutant SOD1 transgenic mice5’. These findings suggest that dysfunction of
oligodendrocytes may be related to neurotoxicity in ALS.

Thusfar, awide range of factors such as chemokine motif ligand 2 (CCL2) and colony
stimulating factor 1 (CSF1), has been suggested to mediate the dua roles of glial cellson
motor neuront®4, Under pathological conditions of ALS, surrounding environment or timing
of activation may switch the phenotype of glial cells from neurotoxic to neuroprotectivel®®,
These glial heterogeneities would be also important in the pathogenic mechanisms of
vascular functions. Clinical and experimental studies have shown that under the diseased
conditions, al the BBB, blood-spinal cord barrier (BSCB), and blood-cerebrospinal fluid
barrier (BCSFB), are impaired. Structural and functional BBB/BSCB impairments were
shown in animal models of ALS in the early stage, worsening with disease

progressiont®* 165 Recently, PDGFRp-deficient mice showed gross pericyte reductionsin
the spinal cord, which may cause the BSCB disruption with accumulation of blood-derived
toxic proteins in motor neurons and induce spinal neurodegenerative changes.166 Evidence
of BBB/BSCB damage has also been observed in post-mortem tissue from ALS patientst®’.
In addition, reduced capillary blood flow in spinal cords of ALS micel® and brainsof ALS
patients168 was noted.

3.5 Multiple sclerosis

Multiple sclerosis (MS) is characterized by inflammation, demyelination, axonal and
neurodegeration in the CNS with different degrees of autoimmune involvement169. 170, The
typical disease course after the first attack consists of remissions and relapses with slowly
progressing disability.1’0 Many components of the innate and adaptive immune systems
contribute to different aspects of the disease process. Entry of autoreactive T cells (adaptive
immune effectors) from the peripheral blood through the BBB into the CNSinitiates an
abnormal immunopathogenic cascade. Subsequently, innate immune effectors, including
resident CNS microglia, macrophages, dendritic and natural killer cells, and astrocytes are
activated. They produce proinflammatory cytokines and toxic molecules such as TNF-q,
IFN-y, glutamate, ROS, and RNS. Furthermore, they recruit other immune cells, including
other T cells, B cells and mast cells from the peripheral blood.169 Disease progression from
theinitial focal inflammatory phase to chronic neurodegenerative phase may relate an
immune balance shift characterized by abnormal activation of innate immune system. This
may in part explain why currently approved M S therapies that target the adaptive immune
system can prevent the appearance of new lesions but show little effect in progressive
stages.171

Although remyelination is often inadequate in MS patients®2 172, endogenous microglia and
infiltrating macrophages would work for promoting the oligodendrocyte remodeling (i.e.
oligodendrogenesis)84. The myelin debris, which contains proteins that inhibit OPC
differentiation, is generated during demyelination. But microglia and macrophagestry to
remove the myelin debris. Also, they can produce soluble mediators, which attract the
phagocytic and repair-promoting effectors and precursor cells. Lack of TNF-a leadsto a
significant delay in remyelination with areduction of proliferation and maturation of OPCs
in mouse MS models. Analysis with mice lacking TNFR1 or TNFR2 has demonstrated that
TNF-a signaling through TNFR2 promotes the accumulation of proliferating OPCs.173
Furthermore, recent transcriptomic analysis in amouse model of M S has demonstrated that
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under the diseased conditions, microglia can exhibit the phenotype of supporting
remyelination. Those microglia produce arich repertoire of cytokines and chemokines,
which activate and recruit endogenous OPCs to the lesion site for repairing the damaged
myelin sheathes. 10

As noted, axonal damage occurs early in the disease and increases over time, becoming the
main contributor to permanent disability. Post-mortem studies have reveal ed that
remyelination failure in chronic MS is associated with reduced recruitment and/or disturbed
maturation of OPCs1/2, Many of the positive regulators for remyelination are provided in
the context of acute inflammation at the early stages of lesion formation, but diminished in
the chronic inflammatory environment2: 172.174_0On the other hand, early stage inhibitors of
OPC differetiation, such as Semaphorin 3A and Notch-jaggedl signaling, appear during
phases of ongoing inflammation and may persist for extended periods. Appropriate
interactions of axons with oligodendrocyte processes are necessary to form myelin, and
therefore, effective therapeutic time window to promote remyelination following
demyelination would be pivotal for functional recovery treatment172. Notably, however,
recent study using multiphoton /17 vivoimaging techniques has demonstrated that axonal
injury may also occur independently from demyelination. The focal axonal degeneration
was induced by macrophage-derived ROS and RNS in a mouse model of MS.17> Thus, the
therapeutic strategies of M S should be also targeted for protection and restoration of axons,
according to the stage of axonal degeneration independent of demyelination.

4. Conclusions

The concept of NV U has provided a novel framework for both basic and clinical research in
CNS disease field. A purely neuro-centric focus has been shifted into a more integrated
view, wherein dynamic interactions between all cell types contribute to function and
dysfunction in the brain. As we have discussed in this mini-review, many CNS diseases
have common features, such as glial activation/transformation, vascular/BBB alteration, and
inflammatory reactions. These responses may play dual opposite roles (i.e. harmful and
beneficial) with diverse heterogeneity, leading to biphasic clinical course (Figure 3).
Multiple NVU mediators induce neurovascular dysfunction in the acute phase of CNS
diseases. In contrast, the same mediators in turn may underlie neurovascular repair processes
in the chronic phase. The notion that a damaged brain is surprisingly plastic will surely
present many parallels with many other CNS diseases. A deeper understanding of cellular
mechanisms of the transition zones between injury and repair will give us new directions for
more effective treatments.
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Figure 1.

Schematic of the Neurovascular Unit. Neuron, astrocyte, cerebral endothelium,
oligodendrocyte, microglia, and pericyte compose the neurovascular unit (NVU), and cell-
cell interactions between the NVU components may maintain the brain homeostasis. BBB:
blood-brain barrier
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Figure2.

Schematic to summarize the biphasic responses after stroke onset. In the acute phase,
deleterious responses occur. On the other hand, remodeling signaling may emerge at the
later time point. Interestingly, NVU mediators such as HMGB-1 would work in both phases,
with opposite actions. NVU: neurovascular unit, BBB: blood-brain barrier
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Figure 3.

Schematic to summarize the pathologic processes in CNS diseases. In most cases of CNS
diseases, glial activation, vascular alteration, and inflammatory reaction are observed after
the onset of stress. These responses lead to brain injury at the acute phase, but may
contribute to neurovascular remodeling in the chronic phase. BBB: blood-brain barrier
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