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ABSTRACT: Considerable evidence now indicates that Alzheimer’s disease (AD)
is primarily a vascular disorder. This conclusion is supported by the following
evidence: (1) epidemiologic studies linking vascular risk factors to cerebro-
vascular pathology that can set in motion metabolic, neurodegenerative, and
cognitive changes in Alzheimer brains; (2) evidence that AD and vascular
dementia (VaD) share many similar risk factors; (3) evidence that pharmaco-
therapy that improves cerebrovascular insufficiency also improves AD symp-
toms; (4) evidence that preclinical detection of potential AD is possible from
direct or indirect regional cerebral perfusion measurements; (5) evidence of
overlapping clinical symptoms in AD and VaD; (6) evidence of parallel cerebro-
vascular and neurodegenerative pathology in AD and VaD; (7) evidence that
cerebral hypoperfusion can trigger hypometabolic, cognitive, and degenerative
changes; and (8) evidence that AD clinical symptoms arise from cerebro-
microvascular pathology. The collective data presented in this review strongly
indicate that the present classification of AD is incorrect and should be
changed to that of a vascular disorder. Such a change in classification would
accelerate the development of better treatment targets, patient management,
diagnosis, and prevention of this disorder by focusing on the root of the problem.
In addition, a theoretical capsule summary is presented detailing how AD may
develop from chronic cerebral hypoperfusion and the role of critically attained
threshold of cerebral hypoperfusion (CATCH) and of vascular nitric oxide
derived from endothelial nitric oxide synthase in triggering the cataclysmic

cerebromicrovascular pathology.
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INTRODUCTION

There is now substantial evidence from the fields of epidemiology, pharmacology,
neuroimaging, clinical medicine, histopathology, and molecular biology strongly
supporting the position that sporadic Alzheimer’s disease (AD) is a disorder of the

vascular system in the aging subject.

We have reviewed much of this evidence elsewhere! ¢ and will briefly outline
here the major findings that support the conclusion that AD is a vascular disorder
with neurodegenerative consequences rather than a neurodegenerate disorder with
vascular consequences. The latter has been the accepted paradigm for the last 20
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years. The question of whether AD has its causal roots in vasculopathic or neuro-
degenerative processes is of critical importance if doors to new research avenues are
to open and patients with this dementia are to benefit more than in the past with
respect to improved management and treatment.

If indeed AD is a vascular disorder that initiates its pathology through cerebral
microvascular abnormalities,!2:¢ then its origin, clinical signs, diagnosis, and
potential treatment should revolve around a “vasculopathic complex” that provides
its defining qualities. This appears to be the case because AD has been identified
with the following evidence:

» epidemiologic evidence linking vascular factors to cerebrovascular pathology
that can set in motion metabolic, neurodegenerative, and cognitive changes in
Alzheimer brains;

 evidence that AD and vascular dementia (VaD, defined here as a “post-stroke-
hypoperfusion” dementia) share similar risk factors;

* evidence that pharmacotherapy that improves cerebrovascular insufficiency
also improves AD symptoms;

 evidence that pharmacotherapy that benefits AD also benefits VaD,;

 evidence that preclinical or prodromal detection of potential AD is possible
from direct or indirect regional cerebral perfusion measurements;

» evidence of overlapping clinical symptoms in AD and VaD;

* evidence that shows parallel cerebrovascular and neurodegenerative pathology
in AD and VaD;

» evidence that cerebral hypoperfusion can trigger hypometabolic, cognitive,
and degenerative changes;

» evidence that AD clinical symptoms arise from cerebromicrovascular
pathology, particularly involving endothelial cells and vascular nitric oxide
dysfunction.

EPIDEMIOLOGIC EVIDENCE

The Rotterdam Study is one of the most important epidemiologic studies to
examine risk factors associated with AD. The Rotterdam Study includes over 7000
elderly people who have been identified since 1990 and consists of demented
subjects and nondemented, age-matched controls.” The dementia group was further
divided into vascular and Alzheimer’s dementia using accepted neurological,
neuroimaging, and psychological screening techniques.’-®

Based on the collective data gathered by the Rotterdam Study, it was concluded
that vascular risk factors, and indicators of vascular disease, particularly in elderly
subjects, have an established association with AD.%10 The risk factors for AD
reported thus far in the Rotterdam Study, many of which have been confirmed by
other independent studies, include hypertension,'? diabetes mellitus,'!-!2 thrombotic
episodes,!3 high serum homocysteine,!* atrial fibrillation,'> smoking,1¢-17 alcohol-
ism,!® low level of education,!® high serum cholesterol,319 and atherosclerosis??
(TABLE 1).
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TABLE 1. Reported Alzheimer risk factors

m hi serum viscosity

head injury-LOC
menopause V

hi HDL-cholesterol V

cardiac disease V . . .
transient ischemic attack

hi fat intake
m microvessel pathology Vv

NoTE: Reported risk factors for AD compiled from epidemiologic studies of elderly subjects.
Despite the discrete etiogenesis, pathologic course, and clinical outlook of each risk factor, they
are linked by two characteristics: (1) all are vascular-related and (2) all impair or reduce cerebral
perfusion. In addition, about one-half of the risk factors listed are associated with vascular NO
dysfunction (V). It should be noted that most of the risk factors listed here are also risk factors
for VaD. See text for details.

KEey: HDL, high-density lipoprotein:cholesterol ratio; apoE4, apolipoprotein E—€4 allele;
LOC, loss of consciousness.
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Other epidemiologic studies have reported additional vascular-related risk factors
for AD in addition to confirming many of those mentioned above: migraine,?! high
intake of saturated fat,2? presence of APOE4 allele,?3:24 transient ischemic attacks,
high serum cholesterol levels,2* depression,2%-27 alcoholism,2%-28 high serum homo-
cysteine levels,2%-3 menopause,!-32 high fibrinogen concentrations,3* hemorheo-
logic abnormalities,3*35 hypotension,3>-3% ischemic stroke,3*#0 head injury,*!~43
cardiac disease including arrhythmias,***3 and aging*® (the most important risk fac-
tor of all). Most of these risk factors are present not only in the early stages of AD,
but often decades before any cognitive symptoms develop!?-20.25.29.30.33.36,38.40,43
(TABLE 1). All these conditions have a vascular involvement and are known to reduce
cerebral perfusion.*©

Thus, despite the discrete pathologies involved in each of these risk factors, as
well as their different clinical course and outlook, all share one common action: the
reduction or impairment of optimal cerebral perfusion' ¢ (TABLE 1). By applying
elementary statistics, the possibility that these reported AD risk factors share a single,
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common biological pathology that is due to chance alone is highly improbable. In
addition, we can think of no other common denominator that connects these risk
factors more fittingly than the link to vascular pathology. It is worthwhile to note that
many of the risk factors described for AD are also associated with vascular nitric
oxide dysfunction.*’ This activity by vascular nitric oxide will be discussed below.

Not surprisingly, most of the AD risk factors mentioned above are also risk
factors for VaD (TABLE 1). This relationship, if considered only by itself, suggests
that these two dementias share a common origin. It should be noted that about 30%
of all AD brains show some form of cerebrovascular pathology, and practically all
AD brains reveal periventricular white matter lesions, microvessel degeneration,
cerebral amyloid angiopathy, or combinations of these lesions;*® the connection
between AD and VaD appears more than coincidental. The flip side of the coin is
equally intriguing because about 40% of brains meeting clinical VaD diagnosis have
concurrent AD pathologic deposits involving senile plaques and fibrillary tangles.*
Moreover, difficulties in diagnosing AD from VaD on clinical grounds alone are well
known,? creating the suspicion that their pathophysiologic roots are offshoots of a
common source.

Taking a moment to reflect on these correlations that appear to fuse these two
dementias, a reasonable explanation emerges for the cerebrovascular component
seen in some AD brains, which is arguably due to “mixed” dementia, that is, patho-
logic lesions characteristic of AD and VaD existing comorbidly, and as a separate
entity from a “pure” dementia where only neurodegenerative lesions (AD) or cerebro-
vascular lesions (VaD) are present. However, this argument does not explain why
“pure” AD still retains a powerful vascular basis. For example, as shown in TABLE 1,
many of the risk factors reported for AD, such as atherosclerosis, cardiac disease,
diabetes, etc., are not in themselves cerebrovascular events characteristic of VaD. In
fact, these reported risk factors appear to convert just as easily to VaD as they do to
AD.20:51-53 [t should be recalled that VaD usually arises from immediate ischemic,
hemorrhagic, hypoxic, or anoxic events and, as seen from TABLE 1, AD can develop
from other conditions that might not give exclusive rise to VaD.

PHARMACOLOGIC TREATMENTS FOR AD

There is no drug treatment at the present time that is truly effective in the treat-
ment of AD or in altering the course of this disorder. Only three drugs have been
approved in the United States for prescriptive use in AD: Cognex (tacrine), Aricept
(donepezil), and Exelon (rivastigmine tartrate). All three act to block the synaptic
breakdown of acetylcholine, a neurotransmitter important in memory and learning.
A fourth drug, Reminyl (galantamine hydrobromide), targets “mixed” dementia, that
is, VaD or AD complicated by cerebrovascular pathology. Mixed dementia is
presently more common than AD or VaD.>*

These treatments generally provide modest damage control at the early stages of
AD and offer minor to no improvement at later stages of the disease. For this reason,
other drug therapies for AD have been tried, including nonsteroidal anti-inflammatory
agents (NSAIDs),>5 ginkgo biloba, %37 estrogen during menopause,’® 0 dimethyl
sulfoxide,®! aspirin,62 vitamin E,03.64 acetyl-L-carnitine,“’66 antihypertensives,67
statins, %899 and selegiline.”? While the biologic activity and pharmacokinetics of
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these compounds differ from one another, and their effect in reducing the symptoms
or delaying the progress of AD is debatable, they all share to a degree one common
effect: namely, to improve or increase cerebral perfusion.

PRODROMAL DETECTION OF AD

There is now good evidence that a transitional stage of AD begins with mild cog-
nitive impairment (MCI), defined as memory dysfunction with preservation of other
cognitive and functional activities.”!~73 Identifying MCI means that AD diagnosis
and preventive treatment can be applied much earlier than previously practiced. One
technique that offers such preclinical assessment of AD during the MCI stage is
based on detection of cerebral hypoperfusion patterns using SPECT or PET among
individuals complaining only of memory problems. In one study, subjects with
memory complaints not meeting ADRDA criteria for AD had their regional CBF
measured using SPECT and they were separated into two groups. The majority of the
subjects with significant hypoperfusion of the hippocampal-amygdaloid complex
(areas linked to memory function) converted to AD within a 3-year follow-up, while
patients with normal cerebral perfusion in these and other brain areas did not.”+73

Other neuroimaging studies have supported the above findings. In MCI patients
who later converted to AD, the presence of temporoparietal (including hippocampal)
hypoperfusion,’® hippocampal-parahippocampal hypoperfusion,’’ and posterior
cingulate hypoperfusion’® distinguished this population group from non-MCI sub-
jects. Other markers indirectly reflecting reduced cerebral perfusion are used with
equal success. Positron emission tomography (PET), when used to measure cerebral
glucose metabolism, shows specific decline of glucose metabolic rate utilization in
the hippocampus in subjects with MCI??-30 and in the brains of subjects who later
convert to MCIL.8! Cerebral hypometabolism is generally caused by a lowering of
cerebral perfusion.

AD-VAD CORRELATES

The differential diagnosis of Alzheimer and vascular dementia based on clinical
grounds is at best very difficult.¥2-8* This problem exists because of overlapping
features found in both disorders. For example, AD and VaD share features involving
cerebral hypoperfusion, white matter changes,3-37 pathophysiologic markers,3%92
genetic links,?3~¢ overlapping symptoms, and diagnostic criteria of dubious reli-
ability.97-104 Several objective clinical criteria are presently used to distinguish AD
from VaD, such as from the Alzheimer Disease Diagnostic and Treatment Centers
(ADDTC), the National Institute of Neurological Disorders and Stroke—Association
Internationale pour la Recherche et I’Enseignement en Neurosciences (NINDS-
AIREN), the Diagnostic and Statistical Manual of Mental Disorders (fourth edition)
(DSM-1V), and the Hachinski Ischemia Score.!%3 The use of CT or MRI neuro-
imaging contributes little to characterizing either dementia when white matter
changes and medial temporal atrophy are involved.1%

Recently, it was reported that both AD and VaD patients release intrathecal
vascular endothelial growth factor (VEGF) and transforming growth factor-beta
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(TGE-P) locally,!07 two cytokines that modulate angiogenesis following ischemia-
hypoxia. The intrathecal levels of these two molecules appear related to disease
severity of AD and VaD and are associated with intrathecal levels of AB.!%7 The find-
ings suggest that vascular factors play a pathogenic role not only in VaD, but also in
AD. The collective data argue in favor that AD and VaD are not mutually exclusive
disorders.

CEREBRAL HYPOPERFUSION AND HYPOMETABOLISM IN AD

The collective findings discussed thus far suggest that brain hypoperfusion
precedes the hypometabolic and neurodegenerative state seen in AD. This is a logical
assumption based on Darwinian rules of survival since it would seem unlikely that
neurons exposed to oxidative stress and impaired energy substrate delivery would
further reduce blood flow to accelerate their death. Moreover, the conclusion that brain
hypoperfusion “pushes” oxidative stress, cognitive decline, and neurodegeneration
is further reinforced by the following six findings.

First, regional microvessel degeneration is independent of AD stage severity
(Braak I-VI), a finding that indicates these microvascular changes are not a conse-
quence of AD pathology.'%® Second, regional hypometabolism found in Alzheimer
brains does not appear to result from neurodegenerative damage or senile plaque
formation, but is present prior to significant tissue pathology.!9%-110 Third, abundant
density of senile plaques, neurofibrillary tangles (NFTs), and neurodegenerative
changes that met neuropathologic criteria for AD have been found in a large per-
centage of cognitively normal, elderly brains at autopsy.!1! Fourth, the same struc-
tural capillary aberrations seen in AD have been observed also in Down’s syndrome
at a young age, when no senile plaque or NFT has yet formed.'!2 Fifth, young
patients with Down’s syndrome show abnormal patterns of cerebral perfusion simi-
lar to those found in AD at an age when senile plaques and NFTs are still absent from
their brains and before any dementia symptoms are manifested.!!3-114 Sixth, oxida-
tive stress seems to precede AP_4, deposition by many years in Down’s syndrome
subjects who die in their teens and twenties,'!> a finding that indicates amyloid-B
pathology is not the trigger of neuronal metabolic disruption in Down patients and,
by deduction, nor is it in AD.

The argument that hypometabolism in AD may elicit microvascular changes at
some point is not supported by a considerable number of animal experiments that
reveal that chronic brain hypoperfusion can trigger oxidative stress, energy
metabolic deficits, and memory loss before any neuronal structural pathology
materializes, 107126 whereas there are no data that we are aware of that indicate the
reverse process can or does occur. Moreover, the recent discovery of “neuroglobin”
in rodent and human brain could partly explain why CA1 hippocampal neurons are
exquisitely sensitive to hypoperfusion leading to hypometabolism.127 Neuroglobin
in brain appears to act much like myoglobin in cardiac muscle cells; it aids oxygen
diffusion to the mitochondria. Lower resistance by CA1 to ischemia may be due to
lower oxygen supply resulting from less available neuroglobin, whose lowest
expression is in the hippocampus.'?’ Consequently, brain hypoperfusion could
reduce neuroglobin levels in CA1 and initiate mitochondrial oxidative stress.
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THEORETICAL BASIS OF AD PATHOGENESIS

We have previously proposed a theoretical scheme that fits well with the vascular
basis of Alzheimer pathogenesis. In this scheme, AD would begin when at least two
biological events converge: advanced aging and the presence of a vascular risk
factor for AD (TABLE 1). These two events create a critically attained threshold of
cerebral hypoperfusion (CATCH).*128:129 CATCH is an unremitting and progressive
hemodynamic deficiency affecting cerebral capillaries in specific brain regions that
will ultimately destabilize neurons, synapses, neurotransmission, and intellectual
function, creating in its wake regional neurodegenerative lesions characterized by
the formation of senile plaques, NFTs, and amyloid angiopathy.

FIGURE 1 shows a theoretical sketch of how CATCH may develop. From an early
age, CBF shows a tendency to normally decline with time. The older we get, the less
blood flow reaches the brain.!30 Ordinarily, this is not a problem (white circles,
FIG. 1) unless an additional burden to CBF, such as an AD risk factor that can further
lower cerebral perfusion (TABLE 1). If a cerebrovascular-lowering condition is
expressed, CBF can reach a “critical flow level” (black squares, FIG. 1) beginning in
the fifth decade of life or even before. Reaching a “CATCH flow level” has a variable
time course and may depend not only on age, but on state of health, lifestyle,
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FIGURE 1. Theoretical sketch showing how Alzheimer’s disease (AD) may develop.
White circles correspond to normal decline of cerebral blood flow (CBF) during aging. Note
that critically attained threshold of cerebral hypoperfusion (CATCH) flow is not necessarily
reached even at the ninth decade of life (dashed line). However, if CBF is burdened by a
condition (see TABLE 1) that further reduces cerebral perfusion, such as from a vascular risk
factor for AD (gray squares), CATCH flow (an arbitrary flow value) and suboptimal delivery
of energy substrates are reached much sooner during aging (black squares). When CATCH
flow is reached, neuronal energy compromise may begin a metabolic cycle that eventually
involves the cellular and subcellular pathology known to result in AD.
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genetics, gender, diet, environmental exposure, and other confounding factors.
When CATCH reaches the critical flow level, a chain of events involving subcellular
and energy-related metabolic abnormalities are expressed in ischemic-sensitive
neuronal populations located mainly in the hippocampus and entorhinal cortex. The
outcome of this process is initially gradual and then accelerates to create cognitive
dysfunction, beginning with mild visuospatial memory changes (mild cognitive
impairment) and terminating in severe cognitive failure. During this neuronal-energy
crisis, histopathologic elements of tissue breakdown in the form of senile plaques
and NFTs may appear.

Curiously, memory function, as with CBF, also appears to decline with time.
When healthy subjects from the ages of 20-80 were examined for cerebral functional
changes using MRI, hippocampal signals were observed to decline with advancing
age and, in some elderly subjects, showed a pathological decline suggestive of an
incipient dementia.!3! Memory decline in relation to aging probably follows a
similar curve as CBF during aging and at some point can become disabling when
accompanied by vascular pathology (F1G. 1). The driven pathologic process further
pushes normal cerebral perfusion to CATCH and eventually AD expression.

The metabolic and biochemical cycle initiated by CATCH results from lowered
delivery of glucose and oxygen to neurons and glia (FIG. 2). Brain metabolic energy
is almost exclusively served by a steady supply of glucose, which together with
oxygen generates the main fuel of the brain, adenosine triphosphate (ATP).132
Lowered ATP production stemming from chronic brain hypoperfusion triggers a
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FIGURE 2. Proposed pathogenic evolution of Alzheimer’s disease. Theoretical sketch
showing how, after CATCH is reached, dysregulation of endothelial NO production leading
to capillary degeneration triggers mitochondrial oxidative stress resulting from impaired
delivery of energy substrates, glucose and oxygen. The resulting energy crisis further leads
to cellular and subcellular pathology involving protein synthesis, development of plaques
and tangles, inflammation, and synaptic damage, a collection of neurodegenerative changes
associated with progressive cognitive failure.
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series of metabolic events characterized by increased hippocampal-glial activation
and oxidative stress.!33 Depressed ATP levels further drain energy metabolism and
weaken mitochondrial oxidation of glucose, cytochrome oxidase levels, and aerobic
glycolysis!32:134 (FiG. 2). This neuronal-energy drain reflecting hemodynamic
compromise has been reviewed by us in previous publications.3--47:128.129

PROTEIN ABERRATION AND FORMATION OF A3 AND NFTs

The subcellular organelles where protein aberrations can occur are the endoplasmic
reticulum (ER) and the Golgi complex. Brain ischemia is reported to disturb the
function of the ER more in the hippocampus than in the cortex.!33:13¢ This is an
intriguing piece of information considering that (1) aminoacylation (the adding of
an amino acid to a tRNA molecule) requires ATP to drive the enzymatic reaction and
(2) the hippocampus is known to be a region extremely vulnerable to ischemia. Conse-
quently, if tRNA is altered in some way by suboptimal availability of energy sub-
strates, mutations of specific proteins (see below) can damage or block the cell’s ability
to carry out normal cytoplasmic functions. Correct amino acid sequence and protein
folding during protein synthesis require high-energy consumption, and disturbances of
such protein synthesis can injure the neuron from within.!37 Thus, it seems reasonable
that a dysfunctional ER in ischemic-sensitive neuronal populations following CATCH
can cause APy, to accumulate intracellularly and be secreted extracellularly.!38

One function of the Golgi complex is to modify and sort secretory particles from
the ER and then transport them for release in terminals.!3® This process may be
relevant to AD because recent data show that Af;_4¢ is generated and packaged into
secretory vesicles exclusively in the Golgi, whereas AB;_4, is made and retained
within the ER in an insoluble form and then somehow secreted extracellularly.!40-141
Both AP, and AB4, peptides are known to accumulate excessively in selected
Alzheimer brain regions, but AB4, appears more toxic of the two and is believed to
form the core of senile plaques.

The mechanism governing fast-transported proteins requires that they cross the
Golgi complex where some proteins are modified posttranslationally by proteolytic
cleavage, glycosylation, and phosphorylation, and then packaged into vesicles and
transported to axons or dendrites where they are propelled by motor proteins
attached to microtubules. 437146 This orderly cytoskeletal traffic moves axonally in
both directions (anterograde and retrograde transport) and requires energy in the
form of ATP. When energy substrate supply is inadequate, intracellular transport,
including fast axonal transport, becomes dysfunctional and contributes to synaptic
and neurotransmission loss followed by cell death.!47 In addition, microtubule “ties”
or cross-bridges that keep microtubule “tracks” together by the protein tau would
undergo permanent disassembly from inability of energy-deficient motor proteins to
transport axonal proteins, including tau, to their source. Disassembly of microtubule
cross-bridges would result in the formation of paired helical filaments, which
ultimately coalesce into NFTs, a marker of AD pathology. Because retrograde
axonal transport from the terminal to the cytoplasm requires energy, dysregulation
of this shuttling mechanism would also affect growth and trophic factors (generally
picked up at the nerve ending by pinocytosis) needed for cell survival and protection
from such insults as chronic ischemia.
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ROLE OF VASCULAR NITRIC OXIDE IN AD

What is the primary signal for AD neurodegeneration? In our judgment, nitric
oxide malfunction, particularly that derived from endothelial nitric oxide synthase
(eNOS), may be the pivotal factor in the pathogenesis of AD. This conclusion is
supported by a number of basic and clinical studies that we will briefly mention here.
Nitric oxide (NO) is the enzymatic product of nitric oxide synthase (NOS), which
exists in three isoforms in brain: eNOS, found mostly in the plasma membrane
caveolae of endothelial cells (producer of vascular NO); neuronal NOS (nNOS),
localized mainly in neurons; and inducible NOS (iNOS), released by neurons and
glia after cytokine or endotoxin activation. All three isoforms are aberrantly
expressed in AD and are often seen in direct association with AP brain deposits.!43

Release of NO from cerebral endothelial cells to produce vasodilation is a fairly
well established reaction.!#%139 NO produced by eNOS plays a key role in vascular
tone, blood pressure, and vascular homeostasis and acts to inhibit platelet and leuko-
cyte adhesion to the endothelium, a process that may downregulate proinflammatory
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FIGURE 3. Normal hippocampal cerebral capillary shows homeostatic release and
uptake of NO from endothelial cells in support of endothelial cell conformation, optimal
local blood flow, stabilization of the NF-k inhibitor IkBo, and mediation of TNF-o-
induced NF-kf activation. Structural capillary distortion may occur from shear stress changes
during chronic cerebral hypoperfusion, eventually reducing basal levels of NO. Low basal
levels of NO are unable to mediate TNF-a induction of NF-xf activation and resulting cyto-
kine production (IL-1, IL-6) and proinflammatory intracellular events. Basement membrane
thickening and endothelial cell shape changes may result from low basal levels of NO, a
process that would allow abnormal release of the powerful vasoconstrictor, endothelin-1
(ET-1), and impair glucose transporter-1 (GluT-1) from transporting plasma glucose across
the blood-brain barrier.
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events.!>17153 Vascular NO therefore acts as an antiatherogenic, antithrombotic, and
anti-ischemic molecule by reducing oxidative stress, by preventing platelet aggrega-
tion, and by stimulating angiogenesis via VEGF, while reducing shear stress on the
vessel wall, consequently protecting endothelial cell function.*”-154

NO has been shown to diffuse toward the lumen of blood vessels in humans
where it helps maintain blood fluidity!3> and, by inference, to reduce blood viscosity
and resistance, thus improving flow. However, normal blood flow can be hemo-
dynamically compromised via physical or chemical stimuli affecting eNOS levels
localized in the endothelial cell caveolae (small invaginations in the plasma mem-
brane of endothelial cells involved in cell signaling) (F1G. 3). When that happens,
abnormal movements in pressure or fluid shear stress can stimulate a rapid release
of NO via eNOS activation!¢ (Fia. 3).

Thus, dysregulation of vascular NO production can occur from chronic cerebral
hypoperfusion. The process might unfold as follows: chronic cerebral hypoperfusion
leading to CATCH initiates eNOS activation and dysregulation of NO release from
endothelium initially in the hippocampus and entorhinal cortex. This action results
in increased vascular resistance and viscosity causing microenvironmental hemo-
rheologic and hemodynamic disturbances. This mechanotransduction effect on eNOS
activity upregulates NO as a response to reset normal homeostasis and diminish the
damage caused by hypoperfusion. Unable to achieve homeostasis, basal NO levels
diminish and are unable to (i) regulate normal vascular perfusion, (ii) block granulo-
cyte adherence in blood vessels, and (iii) prevent proinflammatory reactions intra-
neuronally (F1G. 3). Additionally, low basal levels of NO are unable to maintain
endothelial cell conformation, resulting in endothelial cell shape distortions® (FiG. 3).
Such a phenomenon may explain basement membrane thickening commonly found
regionally in Alzheimer brain capillaries. Basement membrane thickening could be
a compensatory reaction to increased interendothelial distance created by NO
dysregulation.6 Endothelial cell distortion would also permit mobilization of the
powerful vasoconstrictor, endothelin-1 (ET-1),157 and impair glucose transporter-1
activity, the molecule responsible for glucose transport into brain.

NO appears to directly affect NF-x, a transcription factor widely expressed in
the nervous system, for the activation of several inflammatory mediators, for example,
TNF-q, interferon-f3, IL-8, IL-1f, IL-2, and IL-6. 158 Upon NF-«f} activation, in most
types of cells, its inhibitor IkBo. is phosphorylated and proteolytically degraded.!®
After activation, free NF-xf3 dimers are directly translocated into the nucleus where
they bind to the promoter regions of target genes and induce transcription required
for DNA binding and protein dimerization!>3:159 (Fic. 3).

The expression of adhesion molecules on the endothelial surface is mediated by
TNF-o-induced NF-xp activation!69-162 (Fig. 3). NO inhibits NF-«f transcriptional
activation in a variety of cells, including monocytes and endothelial cells.!3%163
When NO is activated by TNF-o, [kBa (the inhibitor of NF-k) is no longer stabi-
lized and inflammatory cytokines such as IL-1 and IL-6 are activated in the brain
(F1G. 3). Structural microvessel pathology, which is frequently observed in AD brain,
results in basement membrane thickening, buckling of the lumen, and distortion of
the endothelium (F1G. 3). Such microvessel pathology will alter normal NO release
from endothelium, allowing IkBo degradation and, in so doing, preventing down-
regulation of proinflammatory events via inhibition of NF-kf.164
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Thus, it is possible that vascular NO, derived from eNOS, may tonically inhibit
NF-kB under nonstimulated conditions.'®> However, during advanced aging, coupled
to a vascular risk factor that further reduces cerebral perfusion, this influence may
be lost, allowing for greater sensitivity to NF-k[ activation. Supporting this impor-
tant hypothesis that associates vascular NO with AD is the finding that TNF-a., in
the presence of two NO donors, is unable to stimulate NF-kf3 from human endo-
thelial cells, allowing NO to stabilize the NF-kf} inhibitor, IxBa, by preventing its
degradation.!'®* The binding of NF-kP to the NF-kP binding site in the iNOS
promoter plays a crucial role in the transcriptional regulation of the iNOS gene.!6
Furthermore, NO donors can directly inhibit the DNA binding activity of NF-«f.!¢7
In short, NO derived from eNOS has the ability to downregulate proinflammatory
events by inhibiting NF-kf} activation of proinflammatory cytokines.

There are multiple pathologic permutations that can result from vascular NO dys-
regulation in Alzheimer capillaries, and this brief review can only underline some of
the most elemental. What is important to note is that these collective studies indicate
that capillary endothelial cell function and release of NO play a critical role in the
hemodynamic, humoral, and inflammatory signals to which it is constantly exposed
by circulating blood cells. AD therefore appears to develop from an endotheliopathy
spurred by CATCH.

Regardless of whether our theoretical proposal is correct or not concerning the
trigger of AD being caused by cerebrovascular hypoperfusion leading to CATCH
and to NO dysregulation, it is important to point out that we have presented here and
elsewhere!98:169 considerable evidence indicating that the pathogenesis of this dis-
order is rooted in vascular pathology and that; in light of such findings, AD should
be reclassified from its present status as a “neurodegenerative” condition to one that
identifies this illness as arising from vascular pathology with “neurodegenerative
consequences’ during advanced aging: To paraphrase Darwin, it would be incredible
that all these findings be found false or irrelevant.

We have stated in the past, “The goal of medicine is to provide patients with hope,
and when there is no hope to offer understanding.” For the first time in the history
of this disorder, we have the chance to provide Alzheimer patients with hope instead
of well-meaning, but helpless, understanding.
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