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Pathophysiology of the neurovascular unit (NVU) is commonly seen in neurological diseases. The
typical features of NVU pathophysiology include tissue hypoxia, inflammatory and angiogenic
activation, as well as initiation of complex molecular interactions between cellular (brain endothelial
cells, astroctyes, pericytes, inflammatory cells, and neurons) and acellular (basal lamina)
components of the NVU, jointly resulting in increased blood–brain barrier permeability, brain
edema, neurovascular uncoupling, and neuronal dysfunction and damage. The evidence of
important role of the brain vascular compartment in disease pathogenesis has elicited the debate
whether the primary vascular events may be a cause of the neurological disease, as opposed to a
mere participant recruited by a primary neuronal origin of pathology? Whereas some hereditary and
acquired cerebral angiopathies could be considered a primary cause of neurological symptoms of
the disease, the epidemiological studies showing a high degree of comorbidity among vascular
disease and dementias, including Alzheimer’s disease, as well as migraine and epilepsy, suggested
that primary vascular pathology may be etiological factor causing neuronal dysfunction or
degeneration in these diseases. This review focuses on recent hypotheses and evidence,
suggesting that pathophysiology of the NVU may be initiating trigger for neuronal pathology and
subsequent neurological manifestations of the disease.
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Neurovascular unit anatomy to
function: overview of recent progress

Although the concept of the neurovascular unit
(NVU) arose from long-known and studied phenom-
enon of coupling between neuronal activity (energy
demand) and local blood flow (energy supply), in the
last decade, the term came to symbolize and promote
the research into the integrated system of vascular
and neuronal cells and their milieu working in
concert to enable proper brain homeostasis and
function. From the initial description as ‘interactions
between circulating blood elements and the blood
vessel wall, extracellular matrix, glia, and neurons

(together, the NVU)’ (Report of the Stroke Progress
Research Group, 2002; http://www.ninds.nih.gov),
the concept has evolved towards ‘extended NVU’
that includes other cell types, notably pericytes and
microglia, and specialized cellular compartments
such as endothelial glycocalyx. The current cellular
anatomy and organization of the NVU, described in
detail in recent review articles (Abbott et al, 2006;
Neuwelt et al, 2011), and shown in upper inset
of Figure 1, incorporates specialized endothelium
lining brain capillaries, sealed by tight junctions
and demarcated from the surrounding brain cells by
a continuous basement membrane (BM). Tightly
apposed to brain endothelial cells (BECs) and
enveloped in the BM are pericytes, whose long
processes extend over the vessel wall. End-feet of
perivascular astrocytes cover large domains of the
outer brain capillary BM. Astrocytes also commu-
nicate with neurons acting as a liaison for endo-
thelial–neuronal coupling. Axonal projections from
neurons containing vasoactive neurotransmitters and
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peptides extend into the close vicinity of cerebral
microvessels: perivascular neuronal ‘boutons’ abut
primarily on astrocytic end-feet surrounding blood
vessel walls, with a smaller proportion directly
contacting the vessel basal lamina (Hamel, 2006).
The cellular anatomy of the NVU has recently been
extended to include inflammatory circulating cells
that participate in CNS (central nervous system)
immune surveillance by probing and interacting
with the luminal surface of brain endothelium
covered by thick glycocalyx, as well as perivascular
macrophages and microglia, participating in innate
immune responses in the neurovascular ‘niche’
(Neuwelt et al, 2011). Functional NVU adaptations
to physiological and pathological stimuli are effected
through complex cell–cell and cell–extracellular
matrix interactions and paracrine cell–cell commu-
nication. Regulation of the local cerebral blood flow
(CBF), blood–brain barrier (BBB) permeability and

transport mechanisms, neuroimmune responses, and
neurovascular remodeling (angiogenesis) are princi-
pal functions integrated in the NVU.

In the last decade, a significant progress has been
made in the understanding of the role of different
cellular constituents of NVU and their intercellular
and molecular interactions and signaling during
development, physiological, and pathological condi-
tions. During development, the neuroepithelium
signals to the vascular endothelium through the
canonical Wnt/b-catenin pathway to induce a CNS-
specific vascular system and BBB specialization
(Stenman et al, 2008; Daneman et al, 2009; Liebner
and Plate, 2010). The critical role of pericytes in
these processes, especially in the formation and matu-
ration of the BBB during development (Daneman
et al, 2010) and its dysfunction during aging (Bell
et al, 2010) has recently emerged from elegant
studies in pericyte-defective Pdgfrb+ /� animal models.

Figure 1 Neurovascular unit (NVU) reorganization in response to pathogenic stimulus. Highly structured multicellular anatomy of the
NVU (shown in the upper right inset) undergoes profound changes in response to pathogenic stimulus, such as tissue hypoxia,
schematically shown in the lower inset. The subsequent ‘sequence of events’ leading to neuronal injury includes the expression and
release of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF), by astrocytes and surrounding cells and
upregulation of their receptors in brain endothelial cells, stimulating endothelial proliferation and migration with consequent
disruption of tight junctions and increased blood–brain barrier (BBB) permeability. Release of metaloproteases by migrating
endothelial cells and pericytes leads to proteolytic disruption of the basement membrane and additional release of pro-angiogenic
breakdown products of the extracellular matrix. Accompanying influx of serum proteins and water through disrupted BBB results in
vasogenic edema, which further disconnects cellular interactions within the NVU; toxic serum components cause astrocyte
activation. Upregulation and secretion of inflammatory mediators from both activated astrocytes and endothelial cells stimulates the
expression of adhesion molecules in endothelial cells and the recruitment of inflammatory cells into the brain. Reactive oxygen
species and proteases released from leukocytes and activated perivascular cells cause oxidative injury to neurons. Secondary injury to
neurons, if prolonged or repeated, could cause dissociation of neuronal projections from the NVU, uncoupling and subsequent
retrograde degeneration. Some of the described events and their manifestation occur at specific sites of the brain microcirculatory
tree: uncoupling at the level of arterioles, BBB disruption at the level of capillaries, and leukocyte recruitment at the level of
postcapillary venules.
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Specialized properties of the brain endothelium have
been extensively studied, leading to systematic catalo-
ging of proteins, receptors, and transporters polarized
to BEC luminal and abluminal membranes involved in
ion-, metabolite-, and vesicular transport across the
BBB (Uchida et al, 2011; Haqqani et al, 2011). Mole-
cular and structural studies of tight junctions painted
a picture of complex, yet dynamic and highly
regulated molecular structures in which claudins
(1/3, 5, and possibly 12) contribute to tight barrier
properties, junctional adhesion molecules participate
in the tight junction maintenance, and occludin and
zonula occludens-1 in their regulation through tar-
geted signaling (Bazzoni, 2006; Abbott et al, 2010).
The ‘classical’ role of perivascular astrocytes in
inducing and maintaining the BBB properties of BEC
(Arthur et al, 1987) has been expanded to include
their multifaceted functions in water homeostasis and
blood flow regulation. Perivascular astrocytic end-
feet, polarized through influence of pericytes (Armu-
lik et al, 2010), exhibit a high density of particles
containing the water channel AQP4 (aquaporin 4) and
the Kir4.1 K+ channel, segregated by the basal lamina
components agrin and a-dystroglycan, which are
involved in ion and volume regulation (Noell et al,
2011). The anatomical, pharmacological, and molecu-
lar underpinnings of the astrocyte role as interface
between endothelial and neuronal responses, which
mediate blood flow regulation, have recently been
understood in more detail (Takano et al, 2006; Hamel,
2006; Gordon et al, 2007). Basal forebrain neurons
send projection fibers to cortical microvessels and
surrounding astrocytes; specific receptors for the
vasoactive mediators they release exist on both
microvascular endothelial and/or smooth muscle cells
and on astrocytes, providing means for modulation of
microvascular tone in response to changes in neuronal
activity (Hamel, 2006). Increased intracellular Ca2 + in
astrocytes triggers the production of AA (arachidonic
acid) via a Ca2 +-sensitive phospholipase A2 that could
elicit either vasoconstriction via a conversion of AA to
20-hydroxyeicosatetraenoic acid or dilation from the
production of prostaglandin E2 or epoxyeicosatrienoic
acid; which of these two pathways is recruited
appears to be regulated by the levels of NO (nitric
oxide) (Gordon et al, 2007). Forebrain neurons also
project to g-aminobutyric acid-ergic interneurons,
which then indirectly modulate vasoactive responses
of cortical microvessels via the release of somatostatin
and vasoactive intestinal peptide (Hamel, 2006).
Smooth muscle cells in arterioles and pericytes in
capillaries (Peppiatt et al, 2006) effect contraction or
dilation in response to vasoactive stimuli released in
their vicinity. The prevailing concept of the role of
intercellular interactions in ‘functional specialization’
of the NVU is schematically shown in Figure 2.

This accelerated understanding of molecular
mechanisms governing NVU functions has aided in
understanding the pathophysiology of brain dis-
eases. It has become apparent from these studies
that NVU is not simply a ‘passive responder’ but

rather an active participant in pathogenesis of
virtually all brain pathologies, ranging from chronic
neurodegenerative diseases to brain tumors and
infections (for extensive list, see Neuwelt et al,
2011). This has recently elicited the debate whether
primary vascular events may be a cause of the neuro-
logical disease, as opposed to being a mere partici-
pant in disease pathogenesis recruited by a principal
neuronal origin of pathology? This article aims to
further this debate by summarizing current hypoth-
eses, experimental and clinical evidence in support
of vascular origin for some CNS pathologies. If indeed
specific CNS diseases originate from primary NVU
pathology which then causes neuronal dysfunction,
then, conceptually, the diagnostic and treatment
strategies should be (re)focused to chiefly address/
target vascular component of the disease, avoiding
often insurmountable problems of drug delivery across
the BBB and side effects associated with targeting
neuronal compartment(s).

Neurovascular unit pathophysiology:
common molecular features

The pathophysiology of the NVU, whether a source
or participant in brain disease, could be scoped
through the lens of common molecular/functional
processes that are observed across the neurological

Figure 2 Cellular interactions implicated in the development,
maturation and functional responses of the neurovascular unit
(NVU). Current understanding places pericyte–endothelial cell
interactions, mediated via canonical Wnt/b-catenin signaling, at
the core of central nervous system (CNS)-specific vascular
morphogenesis, the blood–brain barrier (BBB) specialization and
maintenance during development. Whereas astrocytes provide
trophic influence involved in inducing and maintaining BBB
functions, their principal role is in establishing metabolic and
functional link between endothelial and neuronal compartments,
resulting in neurovascular coupling and local cerebral blood flow
regulation. Pericytes contribute to the blood flow regulation by
responding with contraction or relaxation to vascoactive stimuli
released by surrounding cells.
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disease spectrum. Perhaps, the most prevalent chara-
cteristics of the NVU pathophysiology detected at
various degrees of interplay in many neurological
diseases, where they combine with disease-specific
pathologies (e.g., Ab accumulation, fibrosis, etc.), are
tissue hypoxia, inflammation, and angiogenic neuro-
vascular remodeling.

Tissue hypoxia is often an initial trigger of a
cascade of pathophysiological changes in the NVU.
Tissue hypoxia could be caused by nonvascular
mechanisms (e.g., altitude disease) or by acute or
chronic processes affecting brain vasculature, in-
cluding common cardiovascular risk factors such as
atherosclerosis and hypertension. In hypoxic tissues,
immediate early genes that encode many function-
ally different products including secreted pro-in-
flammatory cytokines and chemokines, cytoplasmic
enzymes such as cyclo-oxygenase-2, and inducible
transcription factors, are promptly induced in a
protein synthesis-independent manner. Hypoxia-in-
ducible factor-1 (HIF-1) is a transcription factor that
is specifically activated by hypoxia by both mod-
ifications in protein processing and by transcriptional
induction (Semenza, 2011). Hypoxia-inducible fac-
tor-1 is a heterodimeric protein composed of HIF-1a
and HIF-1b (ARNT) subunits; whereas ARNT is only
marginally affected by changes in oxygen tension,
hypoxia markedly increases HIF-1a protein levels
(Semenza, 2011). This in turn leads to upregulation
of HIF-1-dependent genes that promote cell survival
by increasing oxygen delivery (erythropoietin, trans-
ferrin, and heme oxygenase), glucose transport
(glucose transporter-1), glycolysis (lactate dehydro-
genase A), and angiogenesis (vascular endothelial
growth factor (VEGF), inducible NO synthase, angio-
poietin-2, fibroblast growth factor) (Semenza, 2011).
The end-result of this gene induction program is
tissue adaptation to hypoxia through increased blood
and oxygen supply. The accompanying pathophy-
siology includes increased BBB permeability, water
and ion redistribution and cerebrovascular oxidative
stress, which, if unresolved, create secondary injury
to NVU (Stanimirovic and Satoh, 2000). Vascular
endothelial growth factor, a multitasking cytokine,
which stimulates differentiation, survival, migration,
proliferation, tubulogenesis, and vascular permeabil-
ity in endothelial cells through VEGF receptors,
tyrosine kinases flt-1 (VEGFR-1), KDR/flk-1 (VEGFR-
2), and flt-4 (VEGFR-3), and coreceptor neuropilin-1
(Koch et al, 2011), is the major pro-angiogenic factor
induced through HIF-1a activation.

Hypoxia-inducible factor-1a is an initial trigger of
inflammatory gene transcription in both BEC and
astrocytes; secreted cytokines then strongly amplify
inflammatory response through recruitment of nu-
clear factor-kB in the context of ischemic injury
(Zhang et al, 2006; Stanimirovic, 2001) or acti-
vator protein 1 in the context of Ab-induced injury
(Vukic et al, 2009). Two major routes employed in
amplifying inflammation are propagation through
receptor signaling and autocrine/paracrine recruitment

of neighboring cells (Stanimirovic, 2001; Stanimiro-
vic and Satoh, 2000). This inflammatory cascade is
another typical feature of NVU pathophysiology and
consists of two components, an acellular inflamma-
tory component characterized by the production of
inflammatory cytokines, chemokines, and eicosa-
noids by NVU cells (BEC, astrocytes, pericytes, and
perivascular macrophages), and cellular inflamma-
tion characterized by the recruitment (intravascular
and parenchymal) of peripheral inflammatory cells
(Stanimirovic and Satoh, 2000; del Zoppo, 2010).
Leukocytes are selectively recruited via a sequence of
interactions with BEC adhesion molecules (Green-
wood et al, 2011) governing leukocyte tethering and
rolling along endothelial surface, firm adhesion (arrest),
and diapedesis from the luminal to the abluminal
side of BEC. Whereas initial steps of leukocyte–BEC
interactions have been well understood in the
context of ischemic and neuroinflammatory disease
(Greenwood et al, 2011), the mechanisms of their
abluminal extravasation are still poorly understood.
Traditionally, leukocytes were believed to extrava-
sate mainly through the paracellular route, leading to
redistribution and a subsequent loss of the tight
junction proteins occludin and zonula occludens-1
from BEC (Kebir et al, 2007). However, recent
histological and electron microscopy studies demon-
strated that leukocytes can also migrate through the
transcellular pathway, that is, through the BEC
themselves, leaving the tight junctions morphologi-
cally intact (Engelhardt and Wolburg, 2004; Wittch-
en, 2009). Several putative mediators released by
activated leukocytes including free radicals, metal-
loproteinases, and eicosanoids have been implicated
in endothelial injury, disruption of the BM, and
transient permeabilization of the BBB (Stanimirovic,
2001; del Zoppo, 2010).

Angiogenic NVU remodeling initiated by the
secretion of VEGF and modulated by inflammatory
milieu involves dynamic interactions of proliferating
cells with the extracellular matrix mediated by
specific adhesion molecules, integrins, transmem-
brane receptors composed of different heterodimeric
combinations of a and b subunits (del Zoppo and
Milner, 2006). The composition of the extracellular
matrix is changed to reflect modified secretory status
of extracellular protein-producing cells, including
astrocytes, pericytes, and BEC, as well as its proteo-
lysis through plasminogen activator and matrix
metalloproteases cascades (Arai et al, 2009; Cande-
lario-Jalil et al, 2009). Signaling pathways elicited in
NVU cells via integrins are responsible for changes
in cell morphology and migration within the given
extracellular matrix environment—processes essential
for both acute response to injury and late reorganiza-
tion and vessel maturation (del Zoppo and Milner,
2006).

In summary, the process of NVU reorganization in
response to tissue hypoxia and inflammatory activa-
tion (schematically shown in the lower inset of
Figure 1) includes the disruption of interendothelial
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tight junctions, retraction of pericytes from the ablum-
inal surface of the capillary, breakdown of the basal
lamina with transudation of plasma, infiltration of
inflammatory cells, endothelial cell proliferation and
migration, and in some cases formation of new vessels
through angiogenesis and remodeling. At the mole-
cular level, this reorganization is accompanied by
increased expression of endothelial cell-leukocyte
adhesion receptors, loss of endothelial cell and astrocyte
integrin receptors, loss of their matrix ligands,
expression of members of several matrix-degrading
protease families, and the appearance of receptors
associated with angiogenesis and neovascularization
(del Zoppo, 2010). This remodeling causes profound
functional changes in the NVU unit, including BBB
dysfunction, impaired neurovascular coupling, leu-
kocyte adhesion and infiltration, pro-thrombotic
conversion, angiogenesis and vasculogenesis. Although
initiated as adaptive response aiming to limit injury
and promote recovery, in the environment of neuro-
logical disease, this adaptive process can be either
interrupted or pathologically perpetuated, leading to
amplification of initial pathology.

The relationship of the NVU reorganization in-
itiated by the noxious stimulus to subsequent acute
or chronic neuronal injury will be further examined
in this article using examples from experimental and
clinical studies. The issue in focus will remain: can
primary vascular pathophysiology elicit and sustain
neuronal pathophysiology that produces neurologi-
cal manifestations often identified as ‘disease,’ such
as for example Alzheimer’s disease?

Vasculopathies and neurological
phenotype

Epidemiological studies have recently provided strong
evidence of cooccurrence of neurological manifesta-
tions such as migraine, dementia, and mood dis-
orders with primary genetic vasculopathies, most
notably cerebral autosomal dominant arteriopathy
with subcortical infarcts and leucoencephalopathy
(CADASIL), as well as acquired small vessel disease.

CADASIL is the hereditary disease of small
cerebral arteries that affects middle-aged adults and
leads to disability and dementia, which accounts for
11% of lacunar stroke cases with leukoaraiosis in
patients younger than 50 years (Chabriat et al, 2009;
Herve and Chabriat, 2010). The disease is essentially
characterized by five main symptoms: migraine with
aura, subcortical ischemic events, mood distur-
bances, apathy, and cognitive impairment. The most
frequent manifestations of CADASIL, occurring in
60% to 85% of patients, are transient ischemic attacks
and subcortical ischemic strokes, in most cases in the
absence of conventional vascular risk factors (Chabriat
et al, 2009; Herve and Chabriat, 2010). Microscopic
ultrastructural studies show a specific arteriopathy
affecting mainly the small penetrating cerebral and

leptomeningeal arteries characterized by a thicken-
ing of the arterial wall leading to luminal stenosis,
accumulation of a nonamyloid granular osmiophilic
material in the BM, and prominent morphological
alterations of smooth muscle cells with their even-
tual disappearance (Chabriat et al, 2009; Herve and
Chabriat, 2010). Clinical and neuroimaging features
resemble those of sporadic small artery disease
(Jouvent et al, 2008). CADASIL is autosomal domi-
nant disease caused by mutations in NOTCH3 (Notch
homolog 3), which encodes a transmembrane recep-
tor primarily expressed in systemic arterial smooth
muscle cells (Monet-Leprêtre et al, 2009). Pathogenic
mutations alter the number of cysteine residues in
the extracellular domain of NOTCH3, which accu-
mulates and forms aggregates around smooth muscle
cells and pericytes of brain arteries and capillaries
(Monet-Leprêtre et al, 2009). Recent studies suggest
that CADASIL mutations produce gain of novel
function(s) of mutated protein arising from novel
protein–protein interactions rather than a loss of its
canonical function (Yamamoto et al, 2011). On the
basis of genetic, clinical, and imaging studies, the
proposed pathogenic mechanism of the disease
arising from both structural and functional changes
in brain arteries centers on an early decrease in the
CBF with chronic subcortical ischemia. Functional
studies have indicated a blunted increase in CBF
response to carbon dioxide inhalation in patients
with CADASIL (Pfefferkorn et al, 2001). This chronic
subcortical ischemia can cause recurrent lacunar
infarcts and microstructural alterations that correlate
with cognitive decline (Chabriat et al, 2009; Herve
and Chabriat, 2010).

By contrast, the pathophysiology of another com-
mon symptom of CADASIL, migraine with aura, is
mostly unknown. Migraine with aura generally starts
long before the first ischemic attacks and before
changes on magnetic resonance imaging are detectable
(Stam et al, 2009; Chabriat et al, 2009). Furthermore,
migraine with aura is not seen in chronic, hyperten-
sion-related small artery diseases of the brain, which
suggests specific mechanisms for migraine with aura
in CADASIL.

Cortical spreading depolarization, a slowly propa-
gating wave of neuronal and glial depolarization that
can be evoked in the cortex, cerebellum, basal ganglia,
thalamus, and hippocampus, is a putative biologic
substrate for migraine aura (Charles and Brennan,
2009). Indeed, migraine visual aura and spreading
depolarization share several characteristic functional
magnetic resonance imaging findings including that
both are associated with an initial hyperemia lasting
3 to 4.5 minutes, which is followed by mild hypo-
perfusion lasting 60 to 120 minutes (Charles and
Brennan, 2009). The hypothesis that endothelial
dysfunction may cause spreading depolarization
and in consequence migraine aura was inspired by
experiments in which topical brain application of
the vasoconstrictive peptide, endothelin-1, potently
induced spreading depolarization (Dreier et al,
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2002). This concept stipulates that NVU misbalance
between vasoconstrictors and vasodilators that
favors vasoconstriction leads to energy compromise
of the neurons and consequent spreading depolari-
zation (Dreier, 2011; Charles and Brennan, 2009).

Experimental and epidemiological evidence sug-
gested that hypoperfusion disorders, stroke, and
microemboli reduce the threshold for the induction
of spreading depolarization (Dalkara et al, 2010).
Whereas migraine aura and ischemic stroke share
spreading depolarization as a common element, they
differ fundamentally in that the ischemic stroke is
typically associated with nonspreading or persis-
tent depression, with sudden multiple neurological
deficits, whereas in migraine aura slowly spreading
depression of spontaneous activity correlates with
clinical presentation of slowly creeping neurological
deficits that successively affect various functions
such as vision, language, somatosensory, or motor
function (Dreier, 2011).

Spreading depolarization, induced by acute neu-
ronal hyperexcitability, normally stimulates the NVU
to respond with marked vasodilatation and spread-
ing hyperemia (normal neurovascular coupling) to
match the increased neuronal energy demand. In the
healthy tissue, spreading depolarization does not
cause neuronal damage (Nedergaard and Hansen,
1988), because it is coupled with reactive hyperemia.
In contrast, under pathological conditions, NVU may
respond to spreading depolarization with marked
vasoconstriction and spreading ischemia (inverse
neurovascular coupling), leading to widespread secon-
dary neuronal injury (Dreier et al, 1998, 2001; Shin
et al, 2006). Direct recordings from the surface of the
brain from patients with subarachnoid hemorrhage,
traumatic or ischemic brain injuries support the high
frequency of spreading depolarization waves in these
patients, and indicate that they may be associated
with ‘inverse’ neurovascular coupling increasing the
likelihood of cortical damage (Lauritzen et al, 2011;
Dreier et al, 2009). Inverse neurovascular coupling
and spreading ischemia may explain the clinical
syndrome of migraine stroke (Dreier, 2011).

Whereas pathogenesis of the third common symp-
tom of hereditary and acquired vasculopathies, mood
disorders, is far from being clear, a recent hypothesis
(Shalev et al, 2009) proposed that a focal BBB
breakdown triggers events within the NVU asso-
ciated with dysfunction of brain astrocytes and
local inflammatory response, leading to pathological
synaptic plasticity, increased network connectivity
with manifestations of psychiatric illness (see below).
Observations of increased markers of the BBB break-
down, CSF albumin and serum S100b, inflammatory
cytokines and astroglial activation, along with
changes in glutamate levels, neuronal connectivity,
and, in some cases, neuronal loss, are consistent with
this hypothesis. This chain of events could further
explain the high rate of psychiatric illness following
brain injury, acute stress reactions, and vascular
pathologies (e.g., systemic lupus erythematous),

which are frequently associated with malfunction
of the BBB (Shalev et al, 2009).

Neurovascular hypothesis of
Alzheimer’s disease: or is it
vasculoneuronal?

Acquired cerebrovascular disease is common in
several cognitive disorders, including multiinfarct
dementia, poststroke dementia, mild cognitive im-
pairment, degenerative dementias such as Alzhei-
mer’s disease (AD) and others (Iadecola et al, 2010;
Iadecola, 2010; Humpel and Marksteiner, 2005).
Dementia is more likely to be present when vascular
and AD lesions coexist, and association between
stroke and AD in elderly individuals is especially
strong in patients with vascular risk factors (Jellinger,
2008; Iadecola, 2010). Pathologically, cerebral amy-
loid angiopathy is found in both AD and cerebral
atherosclerosis and is associated with the develop-
ment of cognitive deficits (Iadecola, 2010; Jellinger,
2008; Humpel and Marksteiner, 2005). These epide-
miological observations and experimental studies
have started challenging the common view that ‘the
earliest manifestation of AD is synaptic failure,’
(Selkoe, 2002) and that, consequently, the disease is
inherently neuronal, and have brought about an
alternative, vascular hypothesis of AD.

The vascular hypothesis of AD proposes that
vascular risk factors including hypercholesterolemia,
hypoglycemia, hypertension, etc. damage the NVU
during the process of aging, leading to chronic hypo-
perfusion, BBB dysfunction, and common NVU
pathophysiological responses described in ‘Neuro-
vascular unit pathophysiology: common molecular
features’ (Figure 2) (Zlokovic, 2010; Iadecola, 2010).
Dysregulation and uncoupling of NVU due to
disassembly of cellular architecture and dissociation
of cholinergic nerve terminals establishes vicious
circle, leading to degeneration of nerve endings
and retrograde death of cholinergic neurons. These
processes also impair the BBB functions, diminish-
ing its ability to clear soluble brain b-amyloid through
reverse transcytosis, contributing to its accumulation
and deposition in vessels and neuropil. Perpetual
microglial activation during failed attempts to
remove Ab deposits, leads to chronic inflammation,
oxidative stress, and further damage to NVU compo-
nents. These processes amplify neurotoxicity, synap-
tic loss, and NVU uncoupling, leading to the clinical
presentation of cognitive impairments. Importantly,
not only neurons suffer degenerative process; BEC
undergo accelerated senescence with permanent
growth arrest, fail to respond to hypoxic conditions
by mounting adaptive angiogenic response and, in
contrast, undergo vascular regression (Zlokovic,
2010). The vicious cycle of vascular insufficiency
and neuronal death is thus accelerated, leading
to brain atrophy and severe cognitive decline. The

Neurovascular unit pathophysiology
DB Stanimirovic and A Friedman

1212

Journal of Cerebral Blood Flow & Metabolism (2012) 32, 1207–1221



chain of proposed events is schematically shown in
Figure 3.

Several elements of the vasculoneuronal hypo-
thesis of AD are supported by strong experimental
evidence obtained in animal models. Morphological
and architectural analyses of cerebral vasculature
using scanning electron microscopy of brain vascular
corrosion casts (Meyer et al, 2008) showed that
significant microvascular alterations, often accom-
panied by small amyloid deposits attached to the
vessels, could be detected in APP23 transgenic mice
at young ages before the appearance of parenchymal
amyloid plaques. In older animals, vasculature abruptly
ended at amyloid plaques, resulting in holes in
microvascular and capillary network; between such
holes, the surrounding vascular array appeared more
dense and showed features typical of angiogenesis
(Meyer et al, 2008).

Vascular insufficiency with underlying tissue hypoxia
can accelerate Ab production through upregulation
of the b-site amyloid precursor protein (APP) cleav-
ing enzyme, BACE1 (Guglielmotto et al, 2009),
favoring pro-amyloidogenic processing of APP.
Hypoxic activation of BACE1 is initially triggered
by the release of ROS (reactive oxygen species) from
mitochondria, and sustained by HIF-1a-mediated
BACE1 gene induction (Guglielmotto et al, 2009).
Ab in turn stimulates ROS production in endothelial
cells; ROS scavenge endothelium-derived relaxing
factor (NO) thus impairing resting cerebrovascular
tone and NO-dependent dilatation (Thomas et al,
1996). Cerebrovascular function in transgenic animal
models overexpressing human APP can be comple-
tely rescued by the antioxidants, tempol and
N-acetyl-L-cysteine, without affecting brain levels of
Ab (Nicolakakis et al, 2008).

Mechanistic studies have generated a substantial
body of evidence that brain accumulation of Ab is
not solely a consequence of increased production,

but also of reduced brain clearance and/or increased
uptake (Zlokovic et al, 2010; Deane et al, 2009). Both
later processes are controlled by the polarized BBB
transporters (Figure 4). Whereas systemic Ab is taken
into the brain by luminally expressed endothelial
receptor for advanced glycation, its brain efflux is
largely mediated by the abluminal low-density
lipoprotein receptor-related protein 1 (LRP1); LRP1
expression in brain endothelium naturally declines
with age in both wild-type mice and human AD
patients (Zlokovic et al, 2010; Deane et al, 2009),
reducing brain clearance of Ab. In support of the role
of impaired brain efflux of Ab in AD pathogenesis,
LRP1 antisense reduced BBB clearance of Ab,
increased Ab levels in the brain and, after chronic
administration, resulted in impaired hippocampal
spatial learning and memory (Jaeger et al, 2009). In
normal human plasma, a soluble form of LRP1
(sLRP1) is the major endogenous brain Ab ‘sinker’
that sequesters some 70% to 90% of plasma Ab
peptides (Zlokovic et al, 2010). In AD, the levels of
sLRP1 and its capacity to bind Ab are reduced
(Zlokovic et al, 2010), which may increase brain Ab
burden through increased Ab influx across the BBB.
In a mouse model of AD, restoring plasma sLRP1
with recombinant LRP-IV cluster reduces brain Ab
burden and improves functional changes in CBF and
behavioral responses (Zlokovic et al, 2010; Deane
et al, 2009). Recent evidence also implicated other
BBB transporters in Ab trafficking between brain and
circulatory compartments; luminal efflux transporter
ABCG2 has been shown to prevent systemic Ab entry
into the brain (Xiong et al, 2009), whereas reduced
P-glycoprotein function has been associated with
reduced Ab clearance (Cirrito et al, 2005; Hartz et al,
2010) in transgenic AD models. Efflux of Ab by LRPs
(LRP1, LRP2, and LRP8) is modulated by ApoE and
ApoJ (Jaeger and Pietrzik, 2008; Bell et al, 2007).
ApoJ–Ab complex has high affinity for LRP2 (glyco-

Figure 3 Vascular hypothesis of neurodegeneration in Alzheimer’s disease. Early triggers of homeostatic misbalance are
common vascular risk factors, including age, hypertension, and cholesterol, leading to atherosclerotic disease and microvascular
fibrosis. Functional consequence of these changes is chronic hypoperfusion that initiates neurovascular remodeling cascade.
While the aberrant clearance of amyloid-b (Ab) across the blood–brain barrier (BBB) initiates ‘seed’ accumulation of Ab in the
brain and brain vessels, endothelial senescence, and impaired adaptive angiogenic response perpetuates chronic hypoxia, jointly
leading to increased Ab burden and clinical symptoms of mild cognitive impairment. Subsequent accelerated synapse loss and
neurodegeneration in combination with progressive vascular pathology result in advanced cognitive loss characteristic of progressive
disease.
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protein 330 or megalin) that mediates its influx into
the brain (Zlokovic et al, 1996) (Figure 4); ApoE4 and
ApoJ (clusterin) are both involved in lipid metabo-
lism/homeostasis as components of high-density
lipoprotein and are only two genes independently
associated with late-onset AD by large-scale Genome-
Wide Association Studies (Seshadri et al, 2010).
These and other pathological and molecular studies
in transgenic animal models of AD collectively
suggested that NVU pathophysiology is evident early
in the disease process, often preceding and poten-
tially causing appearance of parenchymal Ab depos-
its and neuronal loss.

Passive and active immunotherapy against Ab, one
of the principal avenues pursued in the development
of disease-modifying treatments for AD, was founded
on important elements of the ‘vascular hypothesis’
described above—that the balance among circulatory
and brain ‘pools’ of Ab could be modified by
reducing circulatory Ab (‘sink’ effect) such that the
net brain efflux of Ab across the BBB will reduce
neurotoxic Ab load (Menéndez-González et al, 2011).
In addition to LRP-1-mediated efflux, Ab immuno-
complexes with Ab antibodies can be eliminated
from the brain via a reverse-transcytosis initiated by
IgG binding to the endothelial neonatal Fc receptor
(FcRn) (Figure 4; Deane et al, 2005); since LRP1
expression diminishes with aging (Deane et al, 2005),

the FcRn-mediated elimination of Ab immuno-
complexes may become the predominant route for
reducing central Ab load using immunotherapy.
Immunotherapy strategies are currently being tested
in over 10,000 patients enrolled in one of > 40
ongoing clinical trials, most of which are expected to
report final results within 2 years.

Nevertheless, the question whether AD is princi-
pally a vascular disease remains difficult to answer
based solely on pathological and clinical evidence
of association. Recent comparative studies in two
animal models of AD-like pathology attempted to
dissect whether cerebrovascular insufficiency/
chronic brain hypoperfusion is causally linked to
functional manifestations of the disease, most nota-
bly cognitive impairment (Nicolakakis et al, 2011;
Nicolakakis and Hamel, 2011). In aged mice transge-
nically overexpressing TGFb1 (transforming growth
factor b1) in astrocytes that exhibit cerebrovascular
fibrosis, chronic hypoperfusion and neurovascular
uncoupling, indices of cholinergic and cognitive
function remained intact (Nicolakakis et al, 2011).
However, in transgenic mice overexpressing mutated
human APP, along with both vascular and paren-
chymal Ab deposition, aging induced cerebrovas-
cular oxidative stress and dysfunction accompanied
with cognitive deficits (Nicolakakis and Hamel,
2011). Interestingly, while the PPARg (peroxisome

Figure 4 Current understanding of amyloid-b (Ab) transport across the blood–brain barrier (BBB). Soluble Ab efflux from the brain
across the BBB is mainly mediated by lipoprotein receptor-related protein 1 (LRP1); LRP1 expression declines in aging and
Alzheimer’s disease, leading to brain Ab accumulation due to reduced clearance. Ab complexes with ApoE and ApoJ could be
eliminated from the brain via other LRP-family members, LRP8 and LRP2, respectively, but the capacity of these transporter systems
and their age-dependent modulation is not known. Whereas a role for luminal P-glycoprotein (Pgp) in Ab efflux has been proposed,
molecular mechanisms and potential ‘collaboration’ between LRP1 and Pgp remain uncertain. Ab transported from the brain into
circulation binds soluble LRP (sLRP) and is removed through liver degradation of the complex. Brain accumulation of Ab could also
result from increased influx of circulating Ab; the principal receptor involved in this process is RAGE (receptor for advanced
glycation). Ab complexes with ApoJ could also be transported into the brain via LRP2 (gp330/Megalin), although the capacity of this
route is significantly reduced due to receptor saturation by high circulating levels of ApoJ. Brain endothelial ABCG2 (BCRP) limits Ab
influx from peripheral compartment. Disturbed balance of Ab influx and efflux across the BBB could be therapeutically targeted to
reduce amyloid burden in the brain; for example, brain delivered anti-Ab antibodies complex soluble brain Ab; immunocomplexed Ab
is then eliminated by reversed transcytosis across the BBB via both LRP1 (recognizing Ab-component of the complex), and via FcRn
(recognizing Fc domain of the antibody)—later route becomes more important in aged animals, where vascular LRP1 expression
declines with age.
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proliferator-activating receptor-g agonist), pioglita-
zone, prevented or reversed cerebrovascular deficits
in both animal models, it failed to improve accom-
panying cognitive impairment (Nicolakakis and
Hamel, 2011). Therefore, whereas elements of the
vascular hypothesis await confirmation from clinical
studies, these and other experimental studies are
leaving the ‘vascular cause-neuronal consequence’
debate of AD wide opened.

Evidence for blood–brain barrier
dysfunction as trigger of disease

In addition to generalized or localized cerebro-
vascular insufficiency and hypoperfusion, recent
focus has also been directed to a transient or chronic
dysfunction of the BBB as a potential trigger of acute
or chronic neurological symptoms. Perhaps, the two
most striking examples of the BBB breakdown
causing or transforming clinical presentation of
neurological disease are the hemorrhagic transforma-
tion after thrombolysis in stroke patients, and iatro-
genic seizures caused by the osmotic BBB disruption
procedure in neuro-oncological patients (Neumann-
Haefelin et al, 2002; Marchi et al, 2007). Occasional
clinical reports also indicated a role for BBB break-
down in familial hemiplegic migraine-associated
spreading depolarization (Dreier et al, 2005) and in
pathogenesis of seizures in the cerebral hyperperfu-
sion syndrome (Ivens et al, 2010). Whereas notion
that the massive, overt BBB opening will lead to
brain influx of circulating proteins, water and cells,
thus causing acute neurological manifestations is not
questioned, whether more subtle, transient and
presumed innocuous changes in the BBB integrity
could lead to evolution of neurological syndromes
requires further scrutiny.

Indeed, accumulating experimental evidence sup-
port the hypothesis that primary vascular lesions
and, specifically an opening of the BBB, could trigger
a chain of events leading to neuronal dysfunction
and damage, as well as to specific clinical syn-
dromes, including epilepsy and dementia (Friedman
et al, 2009; Marchi et al, 2007; van Vliet et al, 2007).
A direct evidence that localized and transient BBB
breakdown could trigger both acute epileptiform
activity and chronic seizures has been recently
provided by a series of studies showing that focal
application of bile salts onto the rat neocortex, which
opened the BBB in a spatially and temporally restric-
ted manner (Greenwood et al, 1991), resulted in
delayed appearance of a hypersynchronous epilepti-
form activity (Seiffert et al, 2004; Ivens et al, 2007:
Tomkins et al, 2007). More recently, Marchi
et al (2011) demonstrated that glucocorticoids atte-
nuated both pilocarpine-induced seizures in animals
and in pediatric drug-resistant epileptic subjects by
protecting BBB integrity. The authors further suggest
that because BBB dysfunction plays an etiological

role in seizure disorders, that combination therapies
utilizing an antiepileptic drug in conjunction with a
‘cerebrovascular’ drug should be used to control
seizures more effectively (Marchi et al, 2011).
Interestingly, the loss of BBB integrity may also be
considered as causative for specific neurological
manifestations in AD in light of data showing fre-
quent subclinical seizures, as well as BBB leakiness,
in animal models of the disease (Noebels, 2011).

What are the mechanisms by which such BBB
dysfunction leads to neuro-glial changes? The accu-
mulating data suggest that acute increase in BBB
permeability changes brain extracellular ionic envi-
ronment (e.g., increase [K+]o and decrease [Ca+ +]o

and [Mg+ +]o) to promote increased synchronicity
and excitability of the neuronal network (Ivens et al,
2007; Marchi et al, 2007). Furthermore, when the
BBB is disrupted for large-size molecules such are
serum proteins, their accumulation in the brain,
apart from driving water influx and edema, may
affect glial and neuronal cells by triggering specific
signaling pathways. For example, serum albumin has
been shown to potently induce calcium signaling
and DNA synthesis in astrocytes in culture (Nadal
et al, 1995) and in brain slices (Nadal et al, 1998).
In vivo animal studies have shown that upon local
BBB disruption, albumin is selectively transported
into astrocytes via TGFb receptors, where it triggers
transcriptional and functional changes, resulting in
neuronal hyperexcitability (Ivens et al, 2007). Astro-
cytic signaling in the presence of BBB dysfunction
and subsequent serum protein exposure involve
transcriptional changes (David et al, 2009), which
include downregulation of potassium inward rectify-
ing channels (Kir4.1), water channels (AQP4), gap
junction proteins and glutamate transporters. Func-
tionally, these changes are associated with reduced
uptake of the extracellular potassium and glutamate.
During neuronal activation, such reduced capacity of
astrocytes to ‘buffer’ potassium and glutamate will
lead to activity-dependent increase in excitability
due to membrane depolarization and activation of
NMDA (N-methyl-D-aspartate) receptors (David et al,
2009). Perivascular astrocytes activated in such manner
also show upregulation of cytokines and chemo-
kines, including interleukin-1b and tumor necrosis
factor a, latter known as modulator of glutamate
release (Bezzi et al, 2001), further potentiating
glutamate-mediated NMDA currents (Viviani et al,
2003). Inflammatory process initiated by the release
of cytokines from astrocytes or their diffusion from
the systemic compartment through the compromised
BBB, is then sustained through endothelial-leuko-
cyte recruitment (Fabene et al, 2008) exacerbating
tissue damage and excitability. Other serum proteins,
normally excluded from the brain by the BBB, most
notably the blood coagulation serine protease throm-
bin, were also shown to increase the excitability of
the neuronal network (Maggio et al, 2008) and to
facilitate hippocampal long-term potentiation (Han
et al, 2011; Maggio et al, 2008). The proposed chain
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of molecular events that trigger epileptogenesis upon
BBB disruption is schematically shown in Figure 5.
It is important to remark that the BBB permeability
changes that trigger these events may be transient
and fully repaired, while the cycle of ‘epileptogenic’
events continue, lowering the threshold of the local
neuronal network to hypersynchronicity clinically
manifested as epileptic seizures.

In summary, accumulating experimental data
suggest that BBB dysfunction is not simply an
‘epiphenomenon’ or ‘biomarker’ for injury, but by
itself contributes to glial immune response within
the exposed brain, which directly affects the func-
tion of the neuronal network and may be sufficient to
cause clinical manifestation of epilepsy.

Diagnostic and therapeutic targeting of
the neurovascular unit

The recognition of the importance of the NVU in
etiology and pathogenesis of a variety of neurological
diseases, including several that were not specifically
discussed in this review such as multiple sclerosis,
Parkinson’s disease, and amyotrophic lateral sclero-
sis, led to efforts to identify informative biomarkers
of brain vessel disease and to develop therapeutic
strategies that target ‘vascular’ component of the
disease. Since brain-specific biomarkers, compart-
mentalized by the BBB, are not readily accessible for
noninvasive detection and targeting, brain vascular
compartment is particularly attractive. Vessel-speci-
fic molecular biomarkers of disease are often
expressed in early stages of the disease and can be
detected in situ using molecular imaging, or in the
circulating compartment using ‘omics’ approaches.
Furthermore, functional read-outs including hemo-
dynamics, coupling, vascular reserve and reactivity,
and BBB permeability could also be used as infor-
mative disease biomarkers.

For example, specific and selective biomarkers of
angiogenic brain tumor (Pen et al, 2007) identified by
microarray screening have been exploited for the
detection of pathological vasculature by targeted
molecular imaging agents (Iqbal et al, 2010). Parti-
cularly thick (B90 nm compared with B40 nm in
cardiac EC) brain endothelial glycocalyx, the surface
coating comprised of oligosaccharide moieties
of plasmalemmal glycoproteins and glycolipids
(Figure 6), has been an exceptionally rich source of
vascular-specific circulating biomarkers, as it readily
sheds in response to inflammatory or ischemic
conditions. Not surprisingly, several identified blood
biomarkers that associated to various degrees with
the risk or progression of AD are ‘shed’ or secreted
molecules of vascular origin, including endothelial
adhesion molecules, adrenomedulin, and endo-
thelin-1 (Ewers et al, 2010). A key future challenge
in multiparametric disease evaluation and staging
remains meaningful integration of disease-specific
cerebrovascular biomarker profiles with functional
(neuro)vascular assessments using advanced imaging
techniques.

Along with advances in molecular understanding
of the NVU in disease, some new targets and
strategies to protect and repair damaged NVU have
started to emerge. For example, nuclear receptor
PPARg has been identified as potential target to
rescue cerebrovascular function in AD (Nicolakakis
and Hamel, 2011). Modulation of targets implicated
in Ab transport across the BBB holds promise in
controlling parenchymal pathology induced by Ab
(Zlokovic, 2010). New experimental strategies have
been tested to protect BBB integrity and offset side
effects of thrombolytic treatment of stroke; among
others, these include inhibitors of matrix metallo-
proteases (Wang et al, 2008) and desmoteplase, a
plasminogen activator derived from the saliva of
Desmodus rotundus vampire bat, shown to antag-
onize tissue plasminogen activator-induced neuro-
toxicity by competitively blocking LRP-mediated

Figure 5 Mechanisms involved in epileptogenesis triggered by the blood–brain barrier (BBB) permeability changes. Brain influx of
serum proteins at sites of the BBB disruption, in particular that of albumin and thrombin, trigger profound astrocytic responses.
Astrocytes internalize albumin via transforming growth factor (TGF)b receptors and this process triggers calcium-dependent
signaling, leading to transcriptional changes; as a result, potassium inward rectifier, Kir4.1, and glutamate transporters are
downregulated, whereas cytokines are upregulated and released by astrocytes. Consequently, synaptic buffering of potassium and
glutamate is reduced, leading to increased excitability during neuronal activity and changed neuronal network responses leading to
epileptogenesis.
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uptake of tissue plasminogen activator into brain
parenchyma at the BBB interface (López-Atalaya
et al, 2007).

In neuroinflammatory diseases, such as multiple
sclerosis, endothelial-expressed molecules are tar-
geted to inhibit brain infiltration of inflammatory
cells. While intercellular adhesion molecule-1 and
vascular cell adhesion molecule 1 are ‘prototypical’
of such brain endothelial targets, novel targets
compartmentalized in endothelial membrane sub-
domains such as lipid rafts (Cayrol et al, 2008) have
been implicated in recruitment of specific T-cell sub-
sets. Antibodies against some of these targets, such
as activated leukocyte cell adhesion molecule 1,
have shown efficacy in suppressing neurological
symptoms in experimental allergic encephalo-
myelitis model(s) of neuroimmune demyelination
(Cayrol et al, 2008). Notwithstanding a long history
of vascular therapeutic targeting in the area of
tumor angiogenesis, these examples demonstrate
an emerging spectrum of therapeutic targets and

experimental therapeutics identified specifically to
protect or modify functions of the NVU. It remains
to be seen whether this emerging arsenal of experi-
mental strategies will translate into efficacious
clinical therapeutics confirming that NVU, if not
origin of neurological disease, is targetable participant
that is inextricably linked to disease pathogenesis.

After-Word

The title of this review would have us debate whether
it is the blood vessel or the neuron that determines
the essence of the specific neurological phenotype
(i.e., clinical presentation of the disease)—headache,
seizure, dementia, or other. Although we attempted
to summarize evidence supporting vascular contri-
bution to some neurological phenotypes, it appears
that the field remains ‘trapped’ between neuro-
vascular (initiating event occurs at the level of
neuron and ‘mobilizes’ vascular response) and

Figure 6 Brain endothelial glycocalyx as a source of circulating biomarkers and therapeutic targets for neurovascular injury. Brain
endothelial cell (BEC) glycocalyx is an exceptionally thick layer composed of sugar residues decorating glycolipids, membrane and
adsorbed glycoproteins and proteoglycans that cover luminal lining of BECs and participate in essential functions of the
neurovascular unit (NVU) (i.e., blood–brain barrier permeability, blood flow control, interactions with inflammatory and immune
cells, as a source of adsorbed growth factors, thrombogenesis, and angiogenesis). Through the activation of membrane proteases by
hypoxic or inflammatory stimuli, BEC glycocalyx components (proteins, glycosylated fragments of proteins, glycosylated lipids,
oligosaccharides, etc.) are promptly ‘shed’ into circulatory compartment, creating a pool of unique endothelial-derived biomarkers
that could be used to assess NVU and brain pathology. Luminal BEC (glyco)proteins, such are for example adhesion molecules and
transporters, are systemically accessible imaging and therapeutic targets for assessing and modifying functions of the NVU in
disease.
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vasculoneuronal (vascular event triggers neuronal
pathology) intellectual seesaw. Perhaps, the term
‘NVU’ had it in mind to avoid this debate altogether
and instead focus our attention on the importance
of interplay between vascular and neuronal systems
in pathogenesis of the disease, and, by extension,
the necessity to target both for disease prevention,
treatment, and management.
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