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Highlights

o Age and cardiovascular conditions initiate cerebral hypoperfusion

e Chronic cerebral hypoperfusion (CCH) causes blood-brain barrier (BBB) dysfunction

e BBB dysfunction causes oxidative stress, inflammation, and mitochondrial dysfunction

¢ BBB dysfunction mediates a vicious circle causing CCH aggravation and neuronal damage

e BBB dysfunction is worsened bypfendothelium interaction
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Abstract

Late-onset demmeia is a major health concern in the aging population. Alzheimer’s disease (AD) ac-
counts for the largest proportion (65-70%) of dementia cases in the older population.

Despite considerable research effort, the pathogenesis of late-onset AD remains Snblgtantial
evidence suggests that the neurodegenerative process is initiated by chrona bgpmmerfusion
(CCH) caused by aging and cardiovascular conditio@$1 €auses reduced oxygen, glucose and oth-
er nutrient supply to the brain, with direct damage not only to parencloetis) but also to the
blood-brain barrier (BBB), a key mediator of cerebral homeostasis. BB&irtition mediates the
indirect neurotoxic effects d8CH by promoting oxidative stress, inflammation, paracellular permea-
bility, and dysregulation of nitric oxide, a key regulator of regional blood flosvséch, BBB dys-
function mediates a vicious circle in which cerebral perfusion is reducée fushd the neurodegen-
erative process is accelerated. Endothelial interaction with pericytes and astcocjdealso play a
role in the process. Reciprocal interactions between vascular dysfunction and neuratiegener
could further contribute to the development of the disease.

A comprehensive overview of the complex scenario of interacting endothelium-megatiatedses is
currently lacking, and could prospectively contribute to the identification of adequedpabc in-
terventions.

This study reviews the current literature of in viemad ex vivo studies on endothelium-mediated
mechanisms underlying vascular dysfunction in AD pathogenesis, with the aim of ipgeseodm-
prehensive overview of the complex network of causative relationships. Parémpaasis is given

to vicious circles which can accelerate the process of neurovascular degeneration.

Keywords: Alzheimer’s disease; blood-brain barrier permeabilitgerebral hypoperfusion; endotheli-

al dysfunction; mitochondrial dysfunction; ultrastructural damage



1. Introduction

Late-onset dementia an irreversible and debilitating condition characterized by progressive cogni-
tive decline— is a major health concern in the aging populatiizheimer’s disease (AD) accounts

for the largest proportion (65-70%) of dementia cases in the older popUiliatBlnDespite consider-
able research effort, the pathogenesis of sporadic AD remains unclear. A longstaypmbtigesis
proposed by Hardy and Higgins [4known as the “amyloid cascade hypothesis suggests that AD
pathology is initiated by the depositiofiinsoluble amyloid  (AB) fragments resulting from amyloid
precursor protein (BPP) proteolysisAn imbalance between AP production and clearance results in
toxic AP concentrations, neuronal tau protein hyperphosphorylation and consequent neurofibrillary
tangle formation [5]. However, substantial evidef@€el0] suggests that the neurodegenerative pro-
cess is initiated by chronic cerebral hypoperfusion caused by aging, vascular cosditiorzs hy-
pertension, atherosclerosis, type Il diabetes, hypercholesterolemiallf, &nd possibly cardiac
conditions such as atrial fibrillation and chronic heart failure [7, 12, 13pri@hhypoperfusion caus-
es reduced oxygen, glucose and other nutrient supply to the brain [14], wittddimaxge not only to
parenchymal cells, but also to the blood-brain barrier (BBB), a key mediateraiiral homeostasis.
BBB dysfunction mediates the indirect neurotoxic effects of chronic hypoperfusion bgtprgrox-
idative stress [6, 15, 16], inflammation [220], impaired glucose transport across the BBB-23],
BBB permeability [21, 24, 25], and dysregulation of nitric oxide (NO)-EB3, a key mediator of
vascular tone and regional blood flow regulation [29, 30]. As such, BBB dysfurctidd mediate a
vicious circle in which cerebral perfusion is reduced further and the neerustagjve process is ac-
celerated [3133]. Adjacent to endothelial cells, astrocytes and pericytes could also qakeyia this
process. Indeed, astrocytes are known to amplify the endothelial response dusimgnatfbn [34,
35], and some studies suggest that pericytes could contribute to microvasculeegidagon and
regional blood flow distribution [3&8]. Reciprocal interactions between vascular dysfunction and

neurodegeneration have also been proposed [39, 40], supported by a large body of in vitro evidence of



oligomeric A interaction with endothelial [446] and smooth muscle cells [47, 48], and by post
mortem studies showing coexisting cerebrovascular disease in most AD patient$16, 49
Neurofibrillary tangles (NFT), aharacteristic hallmark of AD together with senile plaques, have also
been proposed to originate from chronic cerebral hypoperfusion [52], although manifesting ierthe lat
stage of AD progression [53]. However, there is limited quantitative evidencairgicalink between
microvascular dysfunction and NFT formation, and microvascular abnormalities &ppearlate to

AP deposition rather than neurofibrillary tangles [54, 55].

As early elements which could precede the clinical manifestation of AD by geangen decades
[56-59], chronic cerebral hypoperfusion and BBB dysfunction emerge as a crucial tapiestiga-

tion, with prospective potential for therapeutic intervention.

1.1 Review focus

The endothelium-mediated processes implicated in the vascular component of AD pathogenesis int
act in a complex network of cause-effect relationships. A comprehensive oveniieis oétwork is
currently lacking, and could prospectively contribute to the identification of adequedpahtc in-
terventions.

This study reviews the current literature of in vild ex vivo studies on endothelium-mediated
mechanisms underlying vascular dysfunction in AD pathogenesis (sections 2-4headiimtof pre-
senting a comprehensive overview of the network of causative relationshipen(€c Particular
emphasis is given to mediators of detrimental vicious circles, such as hypoxia/ischenadive
stress, inflammation and mitochondrial dysfunction. The potential role of permyteastrocytes in

this complex scenario is also investigated.

2. BBB dysfunction in AD

In the cerebral circulation, the BBB is a highly specialized structurehwhaintains neuronal home-

ostasis by regulating the flux of electrolytes, metabolites, toxic molecules, xenobiotics, andmjrculati
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immune cells between the bloodstream and the brain parenchyma [60, 61]. The BBR:&sgrtne
capillary endothelium, the basement membrane, and the surrounding pericytes and astrdegte end
The endothelial cells of the BBB adhere to one another through junctional ssdenmed tight
(TJ) and adherens junctions, which regulate paracellular permeability (th#esio‘gate function),

and maintain the polarity of enzymes and receptors on the luminal and abluminaisiofrithie en-
dothelial membrane (‘fence function’) [34, 62]. Small lipid-soluble molecules, such as oxygen, car-
bon-dioxide, and typical therapeutic drugs, can diffuse freely across the BBB [63]awtieeeex-
change of larger molecules occurs by active transport (transcytosis) thiheugll body or by para-
cellular transport [9, 64].

In AD, the BBB undergoes functional and structural changes which disrupt théugation, impair
energy supply to the brain, reduce the clearancefpBAd produce neurotoxic molecules. Due to its
central role in cerebral homeostasis, the BBB becomes both a target anco$mjog in the devel-

opment of the disease.

2.1 Impaired glucose transport

Glucose- the main energy source for the brainequires a carrier (transporter) to cross the BBB. In
the human BBB, this is mainly achieved by glucose transporter 1 (GLUT-1).

Glucose uptake in the brain is determined by the concentration of glucose in the, @asvell as the
concentration of GLUT transporters in the BBB. Positron emission tomography (REi&sshave
demonstrated reduced regional metabolic rate in the AD brain, especially inaéampbparietal cor-
tical regions [6568]. Impaired glucose transport across the BBB could contribute to this condition by
acting as rate limiting factor [22], as suggested by autopsy studies showing redaoceudtration of
GLUT transporters in the microvasculature of the AD brain [23, 69, 70].

Among possible causes of impaired glucose transport, it has been proposeitottadndrial dys-
function in the BBB endothelium could play an important role [22, 71]. In addition, tifastalictural
alterations observed in capillary walls of the AD brain—{/4] might— in principle— induce structur-

al alterations of transport proteins [75], thus hindering the active trandpotitrgents across th
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BBB. However, it is also possible that this putative transport defect doeswaatihtra-cerebral glu-
cose content to a sufficient extent to alter the metabolic rate [76, 77]. Furthetmeneains unclear
whether the hypothesised rate limiting effect of impaired transport could expagarly manifesta-
tion of hypometabolism observed in AD [78].

Taken together, the available evidence suggests, but does not prove, thadirGhaifT-dependent
transport could contribute to the reduced glucose metabolism observed in AD, and tiitisitaamt

could be aggravated by mitochondrial dysfunction and ultrastructural cellular damage.

2.2 Oxidative stress

At low concentrations, reactive oxygen speciR®$ participate in the regulation of cell functioning
by activating intracellular signalling cascades, whereas at higher caimer® ROS may cause oxi-
dative stress, a condition in which the production of ROS overcomes antioxidant defences [79], result
ing in damage to lipids, proteins, abD#lA [80].

Oxidative stress is a feature of aging [81, 82], and age-related diseases [88]ninélD [26, 84,

85]. Due to its high rate of oxygen consumption, presence of redox-active metals &aail dimioxi-

dant enzymatic defences, the brain is particularly vulnerable to oxidative damad@s][8@nd in-
creased levels of lipid peroxidation and nucleic acid oxidation are a conéiistidmg in the AD brain

[72, 87].

Because @ plaques sequester redox-active metals [31], angl deposits have been found in peri-
vascular cells and perivascular spaces surrounding cortical microvessels$ fiz®] been suggested
that the cerebral microvasculature, and in particular the BBB, could gativetribute to the oxida-
tive injury observed in the AD brain. This view is supported by the highlyiveatature of thé3BB
endothelium, which is both a source of, and a target for, ROS and inflammat@inp{@s, 88]; and

by the peculiar features of the ultrastructural daniagendothelial and perivascular cells, which is
characterised by large lipid-laden vacuoles and damaged, swollen mitochondria [72]. Although
causative link between oxidative stress and microvascular damage has not béishexbiatthe AD

brain in vivo, in vitro studies have shown that chronic oxidative stresedase®88BB permeability
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promotes leukocyte adhesion, and alters endothelial signal transduction and redogeréanacrip-
tion factors [89].

Taken together, these data suggest that the dysfunctional BBB could activelyhi@stearodegener-
ative process through separate (and possibly synergistic) pathways, by increasing/dhed R@S in
the brain, by promoting the extravasation of monocytes and toxic molecules into thecp&ivas

space, and by further reducing regional perfusion in a vicious circle.

2.3 NO-mediated disruption of microvascular homeostasis

NO is an important regulatory molecule with a fundamental role in neurovabcumeeostasis. In en-
dothelial cells, NO regulates vascular tone, platelet aggregation, leukocyte adhesiemd@thdlial
junctional permeability [9692]. NO is produced by three isoforms of NO synthase (NOS), endotheli-
al (eNOS), neuronal, and inducible (iNOS). The latter is induced (also in endothd$ipbgeiran-
scription factors which are activated by cytokines during inflammation [93], anddbleagf increas-

ing overall NO production, far beyond the levels produced by eNOS [94].

A common feature of aging and cerebrovascular disease is the decrease of leaskitheliaNO
synthesis [27]. Reduced endothelial NO production/bioavailability resultsipaiied vasodilation
reduced regional cerebral blood flo@BF), and accumulation of oxidative stress, which are common
features in AD [95]. There is evidence that pharmacological or genetiivataan of eNOS in cul-
tured brain microvascular endothelial cells increase the expressigiPéfandp-site ABPP cleaving
enzyme 1 BACE-1), as well as B production [96]. Consistently with these findings, other studies
[97, 98] have showan inverse correlation between eNOS-positive capillariesAgheenile plaques

in cortical samples of AD brains.

Chronic inhibition of constitutive NO production also increases endotipdiaheability during in-
flammation [99]. Exposure of cultured human brain endothelial cells to cytokinesuftumacrosis
factor (TNF)e, interleukin (L)-1B, interferon (IFN)y), decreased transendothelial electrical re-

sistance (TEER) and increased TJs permeability [99], which could be reverted by NO donors.
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Constitutive endothelial N@ reduced in chronic hypoperfusion, as evidenced by reduced eNOS im-
munostaining in rat hippocampal capillaries following chronic bilateral idaoatlusion [100], with
concomitant evidence of mitochondrial damage in endothelial and perivascular celésabhesmal-

ities were associated with amyloid deposition surrounding the capillary sugibesting a possible
interaction of the vascular damage with AP deposits. In addition, occluded rats (but not controls)
showed worsened spatial memory following administration of eNOS inhibitors &waftek occlu-

sion. These findings suggest that vasc@rderived from eNOS may play an important role in regu-
lating microvascular tone in the attempt to contrast the chronic reduction of CBF [100].

Collectivdy, these data indicate that endothelial NO dysregulation may contribute to BBB dysfunc-
tion and permeability, oxidative stress, chronic regional hypoperfusion, amdsed & production.

The effects of reduced endothelial NO could also be increased during inflammatiorramid big-
poperfusionin a detrimental vicious circle, which could accelerate the neurodegenerative pnocess

AD.

2.4 AB-endothelium interaction

2.4.1 AB trafficking and impaired A clearance

AP clearance from the brain is mediated by various mechanisms, such as glial phagecypsia-

ic degradation, transport to the cerebrospinal fluid with subsequent re-absanfiitimei venous cir-
culation, and direct transport across the BBB [101].

As macromoleculesA peptides cross the BBB by active transport. The receptor for advanced gly-
cation endproducts (RAGE) mediates AP transcytosis to the perivascular spagg (nflux) [102,

103], whereag\p efflux is mediated by multiple receptors, and in particular the lipoprotein receptor
related protein 1 (LRP-1) [39, 104], and ATP binding cass&BC] subfamily B member 1, also
termed P-glycoprotein (P-gp) [16807]. Data from mouse models suggest that RAGE expression

increases with age [108], whereas LRP-1 and P-gp decline [106], suggesting a jpassilibe in-
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creasedAp deposition, and decreased clearance, respectively. P-gp expression was also iicund t
versely correlate with the deposition of ABi1-40and ABi-42in elderly non-demented humans [109], indi-
cating a possible dose-dependent pattAfbaccumulation with increasing age.

Due to the potential implication of impaired Aransport across the BBB on the development of AD,
this topic has attracted substantial research effort. While some biopsy studieshbem increased

AB influx mediated by RAGE upregulation in the human AD brain [55, 110, 111], repomtsafi-

mal studies are conflicting. On the other hand, evidendengfired Ap efflux appears to be more
consistent, with an implication of g and LRP-1 transporters [39].

Using PET imaging, P-gp function has been found to be reduced in AD patientsddfd@mitant

with increased Ap deposition. This finding is consistent with a later in vitro study [112], in whichAB:-

42 reduced P-gp expressionamurine BBB model. Interestingly, theBAnduced decrease of P-gp
was attenuated when astrocytes were in close contact with endothelial cells tisggggzotective

role for astrocytes in preserving the expression of this transporter. As biopsy studies show morpholog-
ical alterations of endothelial cells, the question arises whether theseegbaulg “detach” astro-

cytes from the basement membrane of the BBB endothelium, creating a favouraktiiercdéodihe
inhibition of AB efflux transporters. This hypothesis appears to be supported by the observation that
the above morphological alterations precede the formation of perivasquldepdsits [113]. Con-
sistent with [112], another recent post mortem study [114] reported an inverdatonm between the
burden of AP senile plaques and P-gp positive capillaries.

Biopsy studies alssuggest that A alters LRP-1 activity [55, 111, 115]. Owen and colleagues [115]
proposedhat Af could impair its own efflux from the brain by idising LRP-1, thereby progressive-

ly inhibiting its vascular clearance pathway. A different view was presdmytétiihelmus and col-
leagues [116] who found that3Ancreased LRP-1 expression, and proposed that LRP-1 uptalfe of A
could ultimately saturate, resulting A accumulation. There is also evidence thBBB-mediated
clearance of AP could be modulated by ApoE, in an isoform-dependent manner. Data from mouse
models suggest that ApoE (especially Ap@lE-could divert AP efflux to slower receptors than LRP

— such as the very low density lipoprotein receptoltimately resulting in Ap accumulation [117].
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Taken together, the above data indicate a possible pathveRymediatedAp accumulation, pre-
dominantly based on reduced efflux rather than increased influx across the barrieveHdhe in-
crease of influx transporters or decrease of efflux transporters only suggessible pathwayf Ap
accumulation, it does not prove that the parenchymal accumulation of thespsegitidlly occurs be-
cause of this pathway [39], especially in vivo. Furthermore, it has rededly estimated that in the
human brain, A efflux across the BBB accounts for approximately 25% of the overall clearance of
ApB [118], whereas other pathways including glial phagocytosis, proteolytic degradation, and
transport to the cerebrospinal fluid with subsequent re-absorption into the venou§lBtboti19]-
cumulatively account for the predominant proportion, suggesting that imgi®ednediated efflux

might contribute to A accumulatioronly marginally.

2.4.2 Endothelium-mediated mechanisms of Af production

It has been suggested that ABPP and AP observed in the perivascular space of the AD brain may be of
endothelial origin [120, 121According to this hypothesis, altered expression of ABPP in endothelial
cells could contribute to the accumulation of AB. Evidence from cultured endothelial cells suggests
that thrombin could be implicated in this process by indugifBP secretion through both intracellu-
lar and cell surface pathways [122]. Prolonged endoplasmic reticlHBRnsfress could also induce
intracellular ABPP accumulation and processing, leading to increased intracellular A levels [123].

The possible effects of other stressors such as hypoxia, decreased glucoseasdpekposure to
growth factors, on endothelial AP production have also been studied. Oxygen-glucose deprivation

an accepted model of ischemia [14, 124jas recentlypeen shown to increase APi-a2 production in
the rat brain capillary endothelium through the upregulation of BA@kediated by hypoxia induci-
ble factor 1o (HIF-1a) [120].

It has been suggested that endothelial cells in the BBB could also contriBitedaduction through
the activity of enzymes which would cleaX@PP retained by circulating platelets (whose number is
increased in AD), leading to the formatiohAp fragments [39]. This hypothesis, however, appears to
be supported by limited experimental evidence.
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Collectively, these data suggest a potential active role of the BBB efidothin the production of
AP through proteolytic processing &f3PP. However, the extent to which this phenomenon could
contribute to the parenchymal accumulation of the peptide and to the neurodegemecatss re-

mains to be established in vivo.

2.4.3 AB-induced BBB permeability and transmigration of mononuclear cells

Exposure of endothelial cells #3 induces morphological and biochemical alterations which affect
BBB permeability. Deli and colleagues [125] reporteh.A-induced ultrastructural changes in cul-
tured rat brain endothelial cells such as vacuolization, decreased number cheareblGolgi bod-

ies, and shrunken mitochondria. Irregular interendothelial junctions with fewer pbirdatact were

also observed, with decreased TEER and increased paracellular permeafhilityescein and albu-
min. TJ integrity in mouse endothelial cells was also regulated by ApoE, fh26AB:-4-RAGE in-
teraction [127, 128]. Some line of evidence also suggesta fhmtduced BBB permeability might be
mediated by protein kinase C (PKC), a family of enzymes involved in transmembrane signattransdu
tion. PKC participates in the regulation of ion and water transport in tlwe thyastimulating the
(Na'/K*)-ATPase pump [129], and has been indicated as potential mediator of BBB permeability [44]
Alterations in this enzyme have been reported in aging and dementia [130]. In Aaxtithky of

PKC and its isoforms is reduced in the cortex and hippocampus138}l and also in cerebral mi-
crovessels [44, 135Endothelial cells exposed to ABi4o, have shown PKC translocation from the
plasma membrane to the intracellular domainctiina state), suggesting that AB-endothelium interac-

tion might contribute to PKC inactivation [136] and, ultimat®BB permeability.

AP interaction with endothelial cells has also been shown to increase adheretremsmdyration of
monocytes across the BBB [43, 137, 138]. Transmigrated monocytes can then undergo difberentiati
into microglia [139], and become activated in inflammatory conditions.

In vitro studies have identified potential mechanisms by whilcould promote endothelial adhe-
sion and transmigration of monocytes. Using a BBB model of human brain micrarasedothelial
cells, Giri and colleagues [137] found3Asw-induced monocyte transmigration to be inhibited by
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RAGE and platelet endothelial cell adhesion molecule (PECAM-1) antibodies, which suggests
diating role of the @ influx transporter. A subsequent study from the same group [43] showed in-
creased transmigration when the apical surface (luminal side) of the endotvabuexposed to [\

40, Suggesting that cell polarity is another important factor.

AP aggregation state has also been shown to play a role. Isolated s¢luddgragagsactivated ad-
hesion and transmigration of monocytes, whereas un-aggregated monomers andhrittutiel hot
[138]. A further study from the same group also demonstrated an implication of the facieakB
(NF-kB) in mediatingAp-induced endothelial permeability to monocytes [140}-induced BBB
permeability to mononuclear cells has also been demonstrated in vivo. Farkas and colle&ijues [
observed T-lymphocyte transmigration @srthe BBB after carotid infusion of ABzs.ssin rats.

In the perivascular space, the vasoactive agents and cytokines released by antoraglch can
modify TJ assembly, further enhancing BBB permeability [34, 142] and the paracetular for
mononuclear cell extravasation [60Jhis condition could trigger an “autotoxi¢’ vicious circle in
which the activation of microglia could cause neuronal damage, leading to fmitimeglial activa-
tion [143, 144] The latter effect appears to be sensitive to AB. Indeed, microglia exposed to AP1.a2
show increased expression of cytokines [14ddgesting that AP might exacerbate the effects of the
vicious cycle.

In the AD brain, activated microglia have been shown to co-localize witvepeular deposits of (A
[146], suggesting a possible implication in the neurodegenerative process.e@fhjlaccumulation
of microglia seem to play a neuroprotective role by promotifigcla@arance [147], data from mouse
models suggest that this neuroprotective effect might be unable to cope with peffistentimula-
tion, especially in increasing age and progressing AD pathology [148], thus tiugptloe hypothesis
that A3-induced monocyte transmigration could play a role in the neurodegenerative process.
Taken together, these data corroborate the hypothesis that activated mamoigliaontribute to ex-
acerbating the inflammation-mediated neurodegenerative process of AD, espetualyconditions

of chronic inflammation and AP accumulation.
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2.4.4 Vasoactive and apoptotic effects of A

AP has vasoactive effects on endothelial cells in vitro, which might contributedticing cerebral
perfusion in AD. Deane and colleagues [102] observed reduced cortical CBF follosusgpm of
AP140 in the mouse brain, which they showed to IfeRGE dependent and mediated by the upreg-
ulation of the vasoconstrictor endothelinET¢1). This vasoactive effect of fAwas later confirmed

by Palmer and colleagues [148ho reported ABi-40- and APi-azinduced increases in ET-1 release in
primary cultures of human brain endothelial cells.

AP has also been shown to cause endothelial cell death in vitro [42, 46, 150]. Expbsaebral
endothelial cells to elevated (micromolar) dos€#\p1.40 caused mitochondrial dysfunction, nuclear
and mitochondrial DNA damage, and cell death [46]. Consistent with finelsegs, a later study by
Fonseca and colleagues showed the activation of ER stress-induced unfolded protein fg&idnse
in rat brain endothelial cells incubatedth AB: 4. UPR caused Caleakage from the ER store into
the cytoplasm, and the activation of both mitochondria-dependent and independent apoptotic pat
ways [42]. A further study from the same group showg@dso-induced increases of nuclear Hik;
vascular endothelial growth factor (VEGF) and GLUT1, which correlated withatixe stress mark-
ers [45]. Despite the above VEGF upregulation, several studies have shown the ladkgeresis
[151-153], suggesting that in AD, AB-endothelial interaction could alter the ability of vessels to repair
and regenerate after injury.

AP has also been shown to dysregelndothelial NO production [154, 155], possibly through the
alteration of cytosolic Ga homeostasis caused by Inositol 1,4,5-triphosphBreceptor leakage in
the ER [154]. There is also evidence tHat AB-induced reduction of NO bioavailability could be
mediated by oxidative stress [156].

Collectively, the above in vitro evidence suggests ttfaeAdothelium interaction is able to disrupt
intracellular C&" homeostasis, with detrimental effects on NO synthesis, mitochondrial function, and
ROS production, leading to accelerated cell senescence and death. These effects woultking-
gravated by a chronic state of hypoperfusion, such as resulting from sustaidechétiliated micro-

vascular vasoconstriction.
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2.5 Endothelial response to chronic hypoperfusion-related hypoxia/ischemia

Chronic regional hypoperfusion in the brain has been shown to compromise meotaysps [14]
Substantial evidence from in vitro and biopsy studies also supports the hiygpttheshronic cere-
bral hypoperfusion plays an important role in the development of AD [7, 72, 7518997 Hy-
poperfusion-induced hypoxia evokes vascular responses, in which endothelial cells irelhal ce
microcirculation play a central role. In vitro and biopsy studies have shown that &aypogulates
endothelial junctional permeability, ROS generation [160, 161] and stimulatésflammatory gene
expression [18, 162].

The transcription factor HIFe is a key regulatory mediator of cellular responses to hypoxia, acting
assensor of low oxygen tension [18]. HIFx is elevated in the cerebral microcirculation of AD pa-
tients and AD mouse models [163, 164], and several studies have reported elevated inflaproratory
teins in brain endothelial cells exposed to hypoxia [18, 164], suggesting a link betvpesialgnd
cerebrovascular inflammation. This hypothesis is also supported by the w¥einafgata and col-
leagues [21] who reported a decrease in TEER of endothelial cells expdsgubkia, which was
associated with IL-B and NO.

Hypoxia also affect&\fPP processing andlp production [165], which could further contribute to the
development of AD pathology. Acute hypoxia increased the expression and activity of BAGE-1,
sulting in increasedf production [166]. Consistently with the above, exposure of cultured endothe-
lial cells to ischemia stimulatedpPP expression and cleavage inA@, resulting in increased
production [167].

Hypoxia [21, 25, 168170] and ischemia [171] have been shown to induce BBB permeability by alter-
ing the expression of junctional proteins. Importantly, the combined effect of hypoxéglodmia
appears to enhance the increased BBB permeability produced by hypoxia alone [172].

Hypoxia is also a potent stimulus for vascular activation and angiogenésievdssels isolated from
the brain of AD patients express a large number of angiogenic proteins, includirfg (&4, but

without evidence of vascular growth [173]. The lack of vascular responseaaudd a chronic state
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of activation of endothelial cells [174], resulting in the release ohffabhmatory and potentially
neurotoxic products.

Hypoxia might also contribute to the low levels of mesenchyme homeobox 2 (MEOXt&nscrip-
tion factor which regulasvascular cell differentiation and remodellingvhich have been found in
AD [175]. Downregulation of MEOX-2 itthe AD brain endothelium have been shown to mediate an
aberrant angiogenic response to VEGF resulting in vascular regression and eBEdéd6]. Low
levels of MEOX-2 also promote endothelial LRP degradation [176], thus favougirag@umulation
Because of the anti-angiogenic effect df An brain endothelial cells [151, 153, 177], MEOX-2
might mediate a cooperative effect of hypoxia afidto induce vascular regression, ultimately lead-
ing to reduced regional CBF.

Taken together, these data indicate multiple potential neurotoxic effearariic cerebral hy-
poperfusion, mediated by hypoxia/ischemia-induced activation of the BBB endotheliurtingeisul
AP production, expression of inflammatory proteins, BBB permeability, and vasegl@ssion. The
combined effects of hypoxia and aglycemia appear to cooperate in magnifyingdittbedial re-

sponse.

2.6 Microvascular endothelium as mediator of inflammatory processes

Due to their critical role as regulators of cerebral homeostasis, permdafi the microvascular en-
dothelium are closely linked to the pathophysiology of neuroinflammatory and neurodgigener
disease states, including AD [180].

Activated microglia and astrocytes are known endogenous sources of cytokines and chemokines in the
AD brain [181]. However, increasing evidence shows that cerebral microvesselsoacapable of
expressing inflammatory mediators. Endothelial cells isolated from Ahdiaave revealed in-
creased expression of INOS [94], and intercellular adhesion molecule-1 (ICALB2). Non-

stimulated AD microvessels release higher levels €ff, IL-6, TNF-a and transforming growth fac-

tor (TGF)$ compared to non-AD brains [181, 183]. In addition, cultured endothelial cells exposed to
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oxidative stress have been shown to release thrombin [180], a neurotoxic prdtedsdag been
observed in cerebral microvessels [20] as well as senile plaques andl8#TThrombin, in turn,
mediates the endothelial response to hypoxia by upregulatind diliRflammatory proteins (mono-
cyte chemoattractant protein (MCP)-1, IL-6), matrix metalloproteinase-2, and[E8RSnflamma-

tion and hypoxia have also been shown to cooperate in mediating BBB permeability [21].
Collectively, these data suggest that the cerebral microvasculatudeaotivkely contribute to the in-
flammatory process observed AD, contributing to the release of neurotoxic agents and increasing
endothelial permeability. However, whether inflammation contributes to AD pathsigemeit is a

neurovascular response to the developing neurodegenerative process, remains unclear [6].

2.7 Mitochondrial dysfunction and damage in BBB endothelial cells

The ATP-dependent transport of macromolecules across the BBB requires effidtigctiondrial
function for ATP production, which is reflected by the high number of mitochoidimdothelial
cells of brain capillaries [9, 75]. However, data from autopsy studies dfrAibs show reduced mi-
tochondrial density in the endothelium of cerebral capillaries [73, 74]ebhssvmitochondrial dam-
age— evidenced by broken cristae, membrane disruptions, swelling, and mitochondrial DINA del
tions— which co-localised with amyloid depositions and atherosclerotic lesions [72].

Structural as well as functional mitochondrial alterations may resultdifierent and possibly inter-

related causes, such as aging, oxidative stress, and AP toxicity.

2.7.1 The effect of aging

Aging — the main risk factor for sporadic AD [50, 185]s a recognized cause of progressive mito-
chondrial damage [80, 186, 182Aging cells are affected by increasing oxidative stress and perturbed
energy homeostasis [86, 187]. Mitochondria play a central role in this pragessrce of cellular
energy (through the production of ATR) major contributors td&ROS production, and regulators of

apoptosis [187]. Alterations of mitochondrial function are generally associétedmimpaired elec-
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tron-transport chain [187193]. Mutations of mitochondrial DNA (mtDNA) also accumulate with ad-
vancing age, possibly because of the proximity of mtDNA to the respireltaim (the major site of

oxidative stress), and a deficient mtDNA repair mechanism [187].

2.7.2 Effects of oxidative stress

Chronic hypoperfusion causes glucose and oxygen deprivation. These conditions in tuonitead t
creased ROS production through the disruption of the mitochondrial respiratoryandasnbsequent
depletion of ATP, elevation of matri@a?* concentration, and release of cytochrome C [194].
Mitochondria, however, are not only sources of ROS and oxidative stress, but alswr sargaf of
oxidative damage. Lipids and proteins in the inner mitochondrial membrane are highlyiblestep
ROS and lipid peroxidation has been observed in oxidative injury [187, 195]. Damalge itiner
membrane proteins and/or lipids can result in membrane depolarization and impeiatndrial
function [82]. In the AD brain, oxidative injury has been demonstratedtochondria of neuronal
[82, 187, 196], and also in vascular (endothelial) and perivascular cells [72, 89, 197]. €abutpr
failure is demonstrated in the AD brain by post mortem studies showing deterioratiitoafondri-
al ultrastructure, formation of nanature mitochondria (“hypoxic mitochondria” [72, 89]) and exces-

sive mtDNA deletions [72, 195].

2.7.3 The effect of AB

In addition to age and oxidative stress, structural and functional mitochoaltiiations may result
from the interaction with solublap peptides [46, 198, 199preceding the formation of fAplaques
[200]. AB interaction with mitochondria has been shown to inhibit or reduce thatyci the res-
piratory chain complex Il [201], complex IV [19201], cause mtDNA damage [46], and activate
apoptotic pathways [202]. Atamna and Frey [189posed a paradigm of AB-mediated mitochondri-

al dysfunction according to which AB would bind to heme and cause the loss of complex IV and sub-
sequent ATP deficit. According to this paradigm, due to its peroxidasgétythe AB-heme complex
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would cause oxidative damage to endothelial cells, contributing to endothelial digsfusnad ulti-

matelyBBB disruption [189].

2.7.4 Consequences of deficient ATP production

Mitochondrial dysfunction results in deficient ATP production, which impairs -dépendent
transport mechanisms in the plasma and ER membranes, such as the sodidkiiANRase) and
calcium (C&*-ATPase) pumps [9, 203], and the ABC transporters [9]. Impairécahih K homeo-
stasis in the perivascular space influences cell membrane depolarization in neurons, affectiaf neuron
and synaptic functions [9].

Impaired sodium and calcium pump function results in the dysregulation afeidfar calcium con-
centration and signalling. This in turn affects endothelial NO synthase (eNOS) agid4iyahd BBB
permeability [203]. The deficient ATP production of dysfunctional mitochondria eksdslto the
dysregulation of ABC transporteraffecting brain supply of glucose and other nutrients, as well as
AP clearance from the perivascular space [9]. ATP deficiency also results in the activation of apopto-
sis [187].

ATP deficiency, however, does not only affect transport (and ion flux) acroselttend ER mem-
branes. The ATP-sensitive potassium channels (mitdkexpressed in the mitochondrial membrane,
are also affected in dysfunctional mitochondria. In the brain, mitolre found at much greater con-
centrations than in cardiac myocytes, suggesting an important role of theselstia cerebral ho-
meostasis [194]. In normal conditions, the opening of miteEauses a net influx of Kinto the mi-
tochondrial matrix, resulting in membrane depolarisation (which reducesivivegdorce for Ca*-
uptake, thus opposing €aaccumulation [205] and excessive ROS production [206, 207], with acute
neuroprotective effect [207, 208]) and accelerated electron transfer iasgiigatory chain, resulting

in increased ATP production [194]. Preserving this mechanism through the aditionsof diazox-

ide — a mitoKare channel opener in conditions of chronic hypoperfusion or ischemia/reperfusion

injury has been shown to protect neural function [194] and the BBB barrier functionj208j.
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Taken together, ATP deficit causes the alteration of many key elemecediubdr homeostasis, re-
sulting in accelerated cell senescence and death. ATP deficit also impailsarance and nutrient
supply to the brain, thereby contributing to neuronal damage and AD progression. Hdevea-

jority of available quantitative data on mitochondrial dysfunction/damage telaturonal cells, and

only relatively few studies have investigated the phenomenon in vascular cells in relation to AD

2.8 Endothelial interaction with pericytes

Adjacent to the basement membraneB&B endothelial cells are pericytes, multifunctional cells
which contribute to structural stability, regulation of capillary blood flamg clearance of toxic by-
products [210, 211]. Cross-talk signalling pathways between endothelial cells and pbavgtbsen
identified [38, 210, 212], which regulate proliferation, migration, and recruitment of pericytegtin |
of these findings, it has been hypothesised [63] that the location of perilytggstee microvascular
tree could be determined functionally by the cross-talk with the adjacent endatkB$alThis hy-
pothesis is consistent with recent in vivo observations of adaptivecjilasfithe cerebral microvas-
culature in the rat brain [213].

Pericytes have typical properties of the contractile apparatus and their cétanenexpressrecep-
tors for multiple vasoactive mediators [38, 2247]. The resting membrane potential of pericytes
also appears to be regulated by similar mechanisms to those observed in vascular smd®th musc
cells, with C&'-activated potassium channels, L-type voltage-dependefit dbannels, agonist-
activated C# channels, and capacitative calcium entry [216]. Intracellular elevation?df-Caphe-
nomenon which in muscle cells precedes contractibas also been observed in stimulated pericytes
[215-217].

At present, evidence of actual contraction is limited, and predominantly basedito itata. How-
ever, a recent study by Hall and colleagues [37] demonstrated that capillaresesthetised mouse
somatosensory cortex dilate in response to neuronal activity, as a result diepeiayation. Dila-
tion of capillaries was found to precede that of the feeding arterioles, snggasactive role of per-
icytes in the hyperaemic response. The authors hypothesised that the reldxa¢iacytes could be
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induced by prostaglandin E2 or a related compound, also involving NO production to cibrtrast
synthesis of the vasoconstrictor 20-hydroxyeicosatetraenoic acid. Whetherestert®ive a signal
to dilate from pericytes or from vasoactive messengers, remains to beéatddciThe study also
showed that when exposed to ischemia, pericytes first caused vasoconstrictionafesagiien died
in rigor. Although this would be expected to cause a long-lasting increake lfcal resistance to
flow, the latter was not measured in the above study.

In summary, a potential role of pericytes in the regulation of region&l EBstarting to emerge,
which could shed new light on microvascular dysregulation in pathological conditionkich
chronic hypoperfusion and microvascular structural/functional damage are present. Alhlinigh
with AD has not been established [38], pericyte loss in mice overexpresBRigakcelerates amy-
loid angiopathy, and pericyte deficiency leads to the development of tau pathology ameesgrhal

loss [210], suggesting a potential role of these scaffolding cells in AD development.

2.9 Endothelial interaction with astrocytes

Endothelial cells of the BBB are surrounded by perivascular astrocytic end-fadtolevidence
suggests that astrocytes may influence the BBB phenotype in the endothelium [218 224 oM
cultured cells demonstrate that astrocytes can modulate TJs (physical barri@g, [320, 221], the
expression and localization of transendothelial transporters, includipcaRd GLUT-1 among oth-
ers [34, 222]. Astrocytes also upregulate the expression of transferrin recebt@ansaytotic mech-
anisms for low-density lipoproteins [223], and secrete PGgial-derived neurotrophic factor, basic
fibroblast growth factgrand angiopoetin 1, which have been shown to induce aspects of the BBB
phenotype in endothelial cells [34]. Furthermore, among agents modifying endotheliarfuarad
BBB permeability, several can be released by astrocytes, su€h-hsglutamate, cytokines (ILB1
IL-6, TNF-a), and macrophage inflammatory proteins [222].

While the above data support the hypothesis of an inductive influence of astrocyiesoddthelial
phenotype in the BBB, reciprocal influences may also exist [34, 224]. The perivascdifeet of

astrocytes show several specialized features, including the water channel agu§pQi4) and the
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inward rectifier (Kir4.1) K channel, which are involved in ion and volume regulation [34]. AQP4 co-
localizes with Kir4.1 and is segregated by agrin (a large proteoglycan inghiddraina of the BBB
endothelium) to the perivascular astrocytic end-feet [34], suggesting thatdbthedium may con-
tribute to specialising the astrocytic phenotype [34].

Collectively, the above evidence suggests a complex interaction between astrocyteBasiBB
thelial cells, with potential implications in pathological conditionemehthe homeostatic function of
the BBB is impaired. Indeed, astrocytes contribute to increase BBB permeability shilammation

by releasing inflammatory cytokines [34, 35], and in vitro astrocytes antpéfgndothelial response
to ischemia by increasing junctional permeability, and adhesion molecule expr@@&brlthough
these data suggest a possible implication of astrocyte-endothelium interactionpatiddgenesis,

this link has not been establishe

3. Microvascular innervation in the AD brain

3.1 Intrinsic microvascular innervation and CBF regulation

Cholinergic neurons of the basal forebrain and medial septum provide thesmajoe of cholinergic
intrinsic innervation to the cortex and hippocampus [226, 227]. The cholinergic cortical vasiodila
induced by stimulation of the basal forebrain is mediated by NO productioch vghihought to re-

flect the activation of nitrergic interneurons and perivascular acetylcholine release [328]ndiion

of basal forebrain cholinergic neurons is a characteristic featlB ¢75, 228], which results in de-
nervation of cortical microvessels [229, 230], reduced expression of eNOS [231]recarodd
amount of nitrergic interneurons [230]. This condition likely compromisealthigy of cortical per-
fusion to adapt to the increased metabolic demand caused by neuronal activation [229, 23, result
in depressed CBF regulation, and ultimately, cerebral hypoperfusion. Experimetégiogvsupports

the hypothesis that the basal forebrain can participate in neocortical CBRioeglda it has been

shown that unilateral lesions of the basal forebrain are followed by reduced ipsil&ErgiS].

24



Taken together, the above data suggest that the loss of cortical cholinergic ionanight play a
role in the regional CBF reduction observed in AD. However, it is uncleather this phenomenon
would contribute to the neurodegenerative process from an early stage (promdatingsoircle), or

only become manifest at advanced stages.

3.2 Microvascular adrenergic innervation and BBB permeability

Adrenergic receptors exist in brain microvessels, with a predominargeectptors [23237]. In-
creased levels ¢, andaz adrenoceptors have been reported in AD [237], suggesting possible altera-
tions of the extrinsic regulation of the microvascular tone, which might comtrtbuimpairing re-
gional CBF distributionBecause microvascular noradrenergic innervation in cerebral microvessels
also participates in the regulation of the {l&)-pump [238] (an important feature of the BBB func-
tion which regulates water and electrolyte homeostasis) it could be hypethélsat alteration of
noradrenergic innervation could also alter fluid exchange at the BBB, thus creatihgrguitntial
pathway of impaired CBF distribution. However, quantitative evidence is needed to tomifsdry-

pothesis.

4. Microvascular ultrastructural alterations in the AD brain

Substantial evidence from post mortem biopsy studies shows ultrastrudenati@hs in cerebral mi-
crovessels of the cortex of the AD brain [74, 75, 239, 240], which appear to cedonih regions

of AP deposits [72]. Kalaria and Hedera [240] found capillaries with collapsed or degehendo-
thelium in AD, which were almost absent in brain regions fregpofleposits and in control subjects.
Another study from the same group [239] reported an increased content oérdNag the main
constituent of the basement membrarie microvessels of AD brains compared to age-matched con-
trols. This finding is consistent with the work of Farkas and colleague$ @1 observed a thick-
ened basement membrane and collagen accumulation in cortical microeégsBldrains. Similar

findings were described by Claudio [73], who additionally reported an inverseatiomebetween
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endothelial pinocytotic vesicle concentration and mitochondrial concentration. Evidemoeealsied
size/concentration of endothelial vesicles in AD has also been reported in other[F®2drégd. Con-
sistent with Claudio [73], Stewart and colleagues observed a reduced demsitgabfondria in the
cerebral capillary endothelium of AD patients [74]. The study also reported an etmmamber of
capillaries containing pericytes, which the authors interpreted as a protectiadstaB8upport the
weak endothelium which showed junctional leakiness. An interesting view proposRadgwell
and Salcman [242] is that pericytes could also limit the damage of a leakybBBi&ting as
macrophages, degrading extravasated serum proteins in their lysosomes.

Aliev and colleagues observed heterogeneous lesions in endothelial cells ddla@ietmvessels of
AD brains (and transgenic mice overexpressing ABPP), which were absent in age-matched controls
[72, 89, 113, 197]. These vascular abnormalities included custaritochondria-derived lysosomes,
large-sized lipid vacuoles, and necrotic structures. Interestingly, iy ABrlsamples without ultra-
structural damage, the luminal side of endothelial cells protrudedhateessel lumen, suggesting
that the effects of hypoperfusion might precede ultrastructural damage [8®jerfoe, the ultra-
structural abnormalities of the vascular wall cedtslocalised with AP deposits around the mi-
crovessels [72, 89, 197]. Immunocytochemical analyses also revealed the presenemsflatotic
lesions and mtDNA deletions in the damaged vascular wall, which were accomparnietebged
ABPP and oxidative stress markers [89]. These vascular abnormalities were asgottigtesi selec-
tive damage to cortical neurons [89, 197], suggesting that chronic hypoperfusiorbeiglprimary
cause of the accumulation of oxidative injury products [95], which wouliét®ithe process of neu-
rodegeneration. This hypothesis appears to be supported by the notion that oxidessvis sin early

event in AD pathogenesis [72, 87, 243].

5. Network of causative relationships
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Cerebral hypoperfusion and BBB dysfunction are key elements in the vascular pathiRy Ito

vitro findings supports the hypothesis that factors resulting from cereygraberfusion and BBB
dysfunction are also potential causing factors, suggesting the existence of detrimental vidasus cir

The complex interconnections of endothelium-mediated mechanisms reviewed in previous sections
are synthesised here in the form of a network of causative relationships timkingove mechanisms

(Figure 1.

5.1. Chronic cerebral hypoperfusion

Aging (the main risk factor for sporadic AD [50, 185]), vascular cdomt [6, 811], and possibly
cardiac conditions [7, 12, 13] cause chronic cerebral hypoperfusion. This iredwres oxygen and
energy supply to the brain tissue [14], ultimately leading to neuronal damage.

Hypoperfusion also damages the BBB and is aggravated by vasogenic oedema such as caused by per
icyte detachment [9] or vascular cell death. Basal forebrain cholinergict dafatiaracteristic feature
of AD [75, 228]) results in denervation of cortical microvessels [229, 230], further ingp&BF
distribution. Hypoperfusion is also aggravated by the ischemia-induced death ofgsdid3ady}, which
constrict in rigor before dying, increasing resistance to microvascular flow.

Indirect effects of chronic hypoperfusion such as oxidative stress, inflaomretid mitochondrial
dysfunction, cause BBB permeability and structural damage to the microvasculgv2jallhese
effects could mediate vicious circles, which could aggravate regional CBF rediacttbreduction of

oxygen/glucose supply to the brain), ultimately accelerating the neurodegenerative process.

5.2 Hypoxia/ischemia

Hypoxia induces BBB permeability [21, 25, 183 0], ROS generation [160, 161] and stimulates pro-
inflammatory gene expression [18, 162]. Hypoxia and inflammation may cooperate in inBB&ng

permeability [21]. Likewise, aglycemia aggravates BBB permeability induced by hypoxia [172].
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Hypoxia/ischemia affecABPP processing andp production [165167]. Hypoxia also stimulates
endothelial angiogenic proteins, including VEGF [164]. However, the lack of vagpolath in re-
sponse to VEGF [173] might cause a chronic state of endothelial activagatting in the release of
proinflammatory and potentially neurotoxic products. Hypoxia is also assouidtetbw levels of
MEOX-2 in AD, resulting in degradation of endothelial LRP-1, regressionpmllary networks, and
reduced cerebral microcirculation [175, 176]. RedUude®-1 promotes perivascular accumulation of
AB. Because of the anti-angiogenic effect @ A51, 153, 177], there may be a cooperative effect of
hypoxia andAf to induce vascular regression and subsequent reduction of regional CBF, in & viciou
circle.

Ischemia causes pericyte death and detachment [37]. The detachment of paitsessie@akage of
serum proteins and focal microhaemorrhages [9], resulting in vasogenic oedefuali8 contrib-
uting to hypoperfusion and hypoxia of the surrounding parenchyma, thus aggravating neurpnal inj
Pericyte death in rigor causes a restriction of the capillary lumen WaH],increased resistance to

flow and consequent reduction of regional CBF.

5.3 Oxidative stress

Excessive ROS and RNS production in oxidative stress causes scavenging of NO gequdsyra-
tion into peroxynitrite), with subsequent reduction of NO bioavailability [2@4jdative stress also
damages mitochondria [82, 86]. Because mitochondria are a major source of ROS andiaolyafun
mitochondria can increase ROS production [196], this might lead to a vicious circle eduld ag-
gravate BBB damage.

Oxidative stress also decreases the expression of LRP-1 and upregulates RAGE, yd¢ewliiad
to increased perivasculapAleposition [15]. Furthermore, oxidative stress increB&# permeabil-
ity, promotes leukocyte adhesion [89], and endothelial release of the neurotoxaserbtembin

[180].

5.4 Inflammation
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Endothelial cells isolated from AD brains release inflammatory proteins [941&8]L Inflammation
enhances the endothelial response to hypoxia increasing BBB permeabilitgyfestralso contribute

to BBB permeability during inflammation by releasing inflammatory cytokines [34, 35].

5.5 Mitochondrial dysfunction

Glucose and oxygen deprivation caused by chronic hypoperfusion [194], oxidative stres} @] 86
AP [46, 189, 198202] contribute to the dysregulation of mitochondrial function. This in turn depletes
ATP stores, impairs ATRependent transport (of ions and AB), and increases intracellular Ca* con-
centration, disrupting vital signalling pathways, and leading to apoptosis [9,B@&3linctional mi-

tochondria also increase ROS production and oxidative damage in a vicious circle.

5.6 AB-endothelium interaction

AP efflux transporters P-gp and LRP-1 decreasAbn[107, 115], suggesting a possible pathway to
perivascular AP accumulation. However, this contribution is likely marginal [118].

AP dysregulates endothelial NO production [154, 155], possibly through the alteration adotigt
C&* homeostasis [154AB-induced reduction of NO bioavailability might also be mediated by oxida-
tive stress [156]. Inactivation of eNOS increases the expressiofR® 2ndBACE-1, as well as A
production [96], potentially sustaining a vicious circle. Reduced endothelial pr&luc-
tion/bioavailability in turn impairs regional CBF [100].

Ap-endothelium interaction induces BBB permeability 2P&3], possibly mediated by PKC inacti-
vation [136].Ap also increases adherence and transmigration of monocytes across the BB¥ [43,
138], mediated by the transcription fachtiF-kB [140]. Transmigrated monocytes undergo differenti-
ation into microglia [139], and become activated in inflammatory conditions. The vasoagénes
and cytokines released by activated microglia can in turn induce BBB perme&Mi)ity42], creating

a paracellular route for mononuclear cell extravasation [60], in a vicious circle.
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Furthermore, 8 indueesvasoconstrictor ET-1 release [102, 149hus reducing regional CBF [102]
— and activates the endothelial inflammatory response [245, 246]. Firtatlighaconcentrations A

causes endothelial apoptosis [42, 46, 150] by disrupting intracellliah@aeostasis.

5.7 BBB permeability

BBB permeability is influenced by hypoxia/ischemia [21, 25,-16®, 172], inflammation [19], oxi-
dative stress [15], andpy125-128]. Astrocytes also contribute to BBB permeability during inflam-
mation by releasing inflammatory cytokines [34, 35], and amplify the endothediabmse to ische-
mia by increasing junctional permeability [225].

Alterations of the adrenergic microvascular innervation might alee¢Nia’/K*)-pump function of the

BBB, possibly resulting in fluid balance impairment [238] and dysregulation afrralgCBF.

6. Conclusions

Based on the current literature on endothelium-mediated mechanisms underlying ehstufection

in AD pathogenesis, this study has presented a comprehensive overview of the complex afetwor

the interacting mechanisms, with particular emphasis on causative relationshipgdaitrs of det-

rimental vicious circles, such as hypoxia/ischemia, oxidative stress, imfliom and mitochondrial
dysfunction. The possible implication of other components of the BBB, such as pericytedrand a
cytes, in this complex scenario has also been investigated.

As new mechanisms are discovered in this rapidly evolving field of researchoffese@d network

can be expanded, adding new elements (mechanisms) and/or interactions. Prospectively, this network
could be exploited in the identification of adequate therapeutic interventidresat, delay or prevent

AD.
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Figure Captions

Figure 1.Causative relationships of endothelium-mediated mechanisms of vascular dysfunction

in AD pathogenesis. Green boxes indicate systemic factors causing regional cerebral hypoperfusion,
orange boxes indicate key mediators of vicious circles leading to hypoperfusianatigm. Arrows

indicate causal relationship in the direction of the arrow. Arrows pointing ugeirgssibox indicate
upregulation/increased quantity; arrows pointing down indicate the opposite. St farther de-

tail. ABC: ATP binding cassette (transporter); AB: amyloid{$3; ABPP: AB precursor proteinrBACE-1:

B-site ABPP Cleaving Enzyme 1; BBB: blood-brain barrier; BF: basal forebrain; ER: endoplasmic
reticulum; LRP-1: low-density lipoprotein receptor-related protein 1; MEZDKiesenchyme homeo-

box gene-2; NO: nitric oxidePKC: protein kinase C; P-gp: P glycoprotein; RAGE: receptor for ad-
vanced glycation end-products; RNS: reactive nitrogen species; ROS: reactive oxygen species; TEER:

Transendothelial resistance; VEGF: vascular endothelial growth factor.
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