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Abstract

Growing evidence suggests that vascular perturbation plays a critical role in the pathogenesis of Alzheimer’s disease (AD).
It appears to be a common feature in addition to the classic pathological hallmarks of amyloid beta (Aβ) plaques and
neurofibrillary. Moreover, the accumulation of Aβ in the cerebral vasculature is closely associated with cognitive decline,
and disruption of the blood–brain barrier (BBB) has been shown to coincide with the onset of cognitive impairment.
Although it was originally hypothesized that the accumulation of Aβ and the subsequent disruption of the BBB were due
to the impaired clearance of Aβ from the brain, a body of data now suggests an alternative hypothesis for vascular
dysfunction in AD that amyloidogenesis promotes extensive neoangiogenesis leading to increased vascular permeability
and subsequent hypervascularization. In this review, we discuss the role Aβ plays in angiogenesis of the neurovasculature
and BBB and how it may contribute to the pathogenesis of AD. These studies suggest that interventions that directly or
indirectly affect angiogenesis could have beneficial effects on amyloid and other pathways in AD.
Introduction: Alzheimer’s disease, the blood–brain
barrier, and angiogenesis
For decades, the possible causes of Alzheimer’s disease
(AD) have been debated, yet the true cause of this age-
related neurological disorder remains unclear. Since the
hallmark pathologies of AD are the amyloid beta (Aβ) pla-
ques, the dominant hypothesis regarding AD (the ‘amyloid
cascade hypothesis’) is that this 39- to 43-amino acid Aβ
peptide is the neurotoxic cause of brain dysfunction and
that its increased accumulation in the brain parenchyma
leads ultimately to the memory loss and cognitive decline
that are clinically characteristic of the disease [1]. How-
ever, efforts in developing effective AD therapeutics based
on this hypothesis have so far proven unsuccessful. The
reasons for this are complex, and clinical trial measures
such as achieving effective drug levels, targeting an appro-
priate phase of the disease, adequate ‘end-point’ measures,
and toxicity should all be considered. The failure of clin-
ical trials based on the amyloid cascade hypothesis has
also prompted a reassessment of AD pathogenesis.
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Although Aβ is still clearly implicated in AD, the field has
been prompted to consider alternative hypotheses beyond
Aβ as the central nexus of AD. The disease pathogenesis
of AD is undoubtedly complex and multi-factorial. There
is mounting evidence that changes in the cerebral and
peripheral vasculature can lead to altered blood flow to
the brain, and is a risk factor for developing AD [2,3]. This
alternative theory of AD pathogenesis has arisen through
a variety of experimental AD studies in which blood–brain
barrier (BBB) dysfunction and impaired cerebral blood
flow (CBF) have been observed [4-9] and reviewed in
[10,11], suggesting that compromised clearance mecha-
nisms at the BBB contribute to the accumulation of Aβ in
the AD brain. New research also indicates that patho-
logical cerebral angiogenesis may occur as a result of Aβ
accumulation and result in BBB dysfunction in AD. Here,
we review the current body of evidence regarding the vas-
cular origins of AD and assess the conflicting reports re-
garding the role of cerebral angiogenesis in AD etiology.
Mechanisms of Alzheimer’s disease pathogenesis:
the amyloid cascade hypothesis versus the
vascular hypothesis
Alzheimer’s disease is the most common age-related
neurological disorder of the first world. Biochemically, it is
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characterized by Aβ plaque formation, intraneuronal tau
hyperphosphorylation, and neuronal loss [12,13]. Elevated
cytokine expression and microglial activation have also
been observed and are contributors to the neuroinflam-
matory changes observed in post-mortem brains [14].
Clinically, the disease is characterized by worsening mem-
ory impairment, decline in cognitive ability, and eventual
death [15]. Effective therapies for AD have so far eluded
researchers and clinicians; however, the huge social and
economic cost of caring for patients with AD means it is
necessary to continue to research its causes in the hopes
that effective therapies may be found.
For the last two decades, the dominant hypothesis re-

garding the cause of sporadic, non-familial AD has been
the ‘amyloid cascade hypothesis’, which suggests that in-
creased aberrant accumulation of the Aβ peptide in the
brain leads to formation of plaque deposits, ultimately
causing neuronal dysfunction and death. The Aβ peptide
is generated from the cleavage of the amyloid precursor
protein (APP), a normally expressed transmembrane pro-
tein (for extensive review, see [16]). Cleavage of APP by
β-site cleaving enzyme and γ-secretase generates Aβ,
whereas processing of APP by α-secretase precludes Aβ
formation by cleaving the protein within the Aβ domain.
The accumulation of the Aβ peptide in the brain is central
to the amyloid cascade hypothesis, despite the fact that Aβ
can be extensively present in the human brain in the
absence of AD symptoms [17-20].
Despite this paradox, much attention has been focused

on determining the mechanisms that lead to the accumu-
lation of Aβ in AD. Research increasingly points to im-
paired clearance of brain Aβ as a more relevant factor in
AD pathogenesis. A critical step in understanding the
cause of AD is identifying what the initiating steps are in
Figure 1 Schematic diagram of the structure of the blood–brain barri
cells lining blood vessels in the brain, forming a barrier between the circula
composed of laminin, fibronectin, and other proteins, surrounds the endot
mechanical support and a barrier function. (B, C) Electron micrograph of a
Magnification is 9,000× (B) with a magnified inset of 60,000× (C). Scale bars
the neurodegenerative cascade. Two key vascular precur-
sors to the neurodegenerative changes and Aβ deposition
occurring in AD are the breakdown of the BBB [21,22]
and impaired CBF (hypoperfusion) [23]. In addition, the
inflammatory changes observed in AD brains can lead to
the upregulation of angiogenic mediators such as vascular
endothelial growth factor (VEGF), causing pathological
angiogenesis through which Aβ may further be generated
[24]. The influence of these factors will be discussed in
greater detail below, and collectively they provide a strong
case that AD is a disease of vascular origin.

The blood–brain barrier in Alzheimer’s disease:
vascular dysfunction
CBF in the brain is a key factor impacting BBB permeability
and brain Aβ concentration. Although CBF decay is associ-
ated with normal aging, more severe CBF reductions have
been detected in older individuals at a high risk of develop-
ing AD prior to the onset of Aβ accumulation and cognitive
decline [4-8]. Recent studies into CBF in humans carrying
the apolipoprotein E (ApoE) ε4 allele (the major genetic risk
factor for late-onset AD) showed that these individuals had
a larger regional proportion of deteriorated CBF compared
with individuals not carrying the allele [25-28]. Several stud-
ies of AD pathogenesis in rats and mice have also described
impaired CBF (reviewed extensively by Zlokovic [23]).
A compromised BBB in AD can result in the accumula-

tion of unwanted and potentially neurotoxic molecules in
the brain. The BBB is defined as the ‘microvasculature’ of
the brain and is formed by a continuous layer of capillary
endothelium joined by tight junctions that are generally
impermeable (except by active transport) to most large
molecules, including antibodies and other proteins
(Figure 1) [29]. The unique properties of the BBB preclude
er (BBB). The BBB is created by the tight apposition of endothelial
tion and the brain parenchyma. (A) A thin basement membrane,
helial cells, associated astrocytes, and pericytes, providing both
n endothelial type II tight junction (simple overlap; black arrows).
are 500 nm respective to the magnification.
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the free exchange of solutes between the brain and blood,
thereby protecting the brain from indiscriminate exposure
to macromolecules, peptides, and other potentially toxic
molecules that may enter via the peripheral circulation
[29]. Physical breakdown of the BBB may result from dis-
ruption of tight junctions, adherens junctions, pericyte re-
duction, and degradation of the capillary basement
membrane [23,30]. Age-dependent loss of pericytes can
lead to reduced expression of tight junction adaptor pro-
teins such as occludin and ZO-1 and to an increase in
bulk flow across the BBB [30].
We have previously examined the permeability of the

BBB in the Tg2576 mouse model of AD. Using the quan-
titative Evans blue analysis, we demonstrated that the
BBB is compromised in Tg2576 mice compared with
non-transgenic controls [21]. Critically, BBB disruption
was present in young (4-month-old) Tg2576 mice before
any signs of AD were apparent, indicating that early BBB
disruption may facilitate the accumulation of Aβ in the
brain before other symptoms are apparent [21]. Zlokovic
[29] has similarly described an age-dependent decline in
BBB ability to clear Aβ in animal brains. These findings
were also supported by a later study by our laboratory
which showed BBB permeability and subsequent restor-
ation of BBB integrity with Aβ immunization in Tg2576
mice compared with non-transgenic controls in 12- and
15-month-old mice [22].
Additional proteins at the BBB which act to regulate

brain Aβ levels may be disrupted in AD. The receptor for
advanced glycation products (RAGE) is a multi-ligand re-
ceptor that regulates the entry of peripheral Aβ to the
brain and is also implicated in BBB breakdown and AD
pathogenesis. It binds soluble Aβ in the nanomolar range,
and its expression is upregulated by the variety of ligands
it binds, including Aβ and pro-inflammatory cytokine-like
mediators [31-34]. Because of this, increases in Aβ levels
lead to the upregulation of RAGE, further facilitating the
entry of Aβ into the cerebral neurons, microglia, and vas-
culature [34]. Beyond facilitating the entry of Aβ into the
brain, in vitro studies have implicated RAGE in the vascu-
lar pathogenesis of AD by mediating apoptosis in the
brain and suppression of CBF [31,34].
In addition to RAGE, low-density lipoprotein receptor-

related protein 1 (LRP1) is the main receptor clearing Aβ
from the abluminal side of the BBB [35]. It is a member of
the low-density lipoprotein receptor family and has been
linked to AD both biochemically and genetically [36,37]
and may be involved in APP processing [35]. Deane and
Zlokovic [35] used surface plasmon resonance analysis to
show that LRP1 has a high affinity for Aβ1-40 and less af-
finity for β-sheet Aβ1-42. Interestingly, LRP1 is downregu-
lated with age and in AD, and, although the mechanisms
behind this downregulation remain unclear [35], research
in mouse brains demonstrates that the presence of the
ApoE 4ε allele blocks LRP1-mediated clearance of Aβ
from the brain parenchyma [38]. Although there are many
additional factors that ultimately impact Aβ concentration
in the brain, including the rate of Aβ production and
oligomerization [39-41], a disruption to these critical BBB
proteins will have a significant influence in determining
brain Aβ concentration and, in turn, its pathological con-
sequences [42].

Pathological angiogenesis in Alzheimer’s disease
The case for a vascular etiology of AD is strengthened by
the close association of AD with cerebrovascular amyloid
angiopathy (CAA), which is present in approximately 90%
of AD cases and 50% of the population over 90 [43]. CAA
is characterized by the presence of Aβ in the pial and
intracerebral small arteries and capillaries [44,45] and is
associated with microaneurysms and dementia [46].
Recently, angiogenesis has been proposed as a possible
mediator of Aβ accumulation in AD, although there are
conflicting reports regarding whether angiogenesis is a
direct or indirect initiator of BBB disruption in response
to direct activation by Aβ or by other mechanisms such as
oxidative stress, inflammation, and hypoxia.
Research supporting a role for pathological angiogenesis

in AD suggests that it occurs as a compensatory response
to impaired CBF [47], which has been found in AD mouse
models [48-50] and post-mortem studies [51]. The release
of angiogenic cytokines such as thrombin and VEGF via
stimulation of inflammatory pathways in AD also contrib-
utes to angiogenesis [24]. Vagnucci and Li [47] hypothe-
sized a cycle of neurotoxicity and death initiated by the
release of thrombin following Aβ-induced neuroinflam-
matory responses. The release of thrombin causes cerebral
endothelial cells to secrete Aβ, promoting generation of
reactive oxygen species and further endothelial damage.
The accumulation of thrombin then stimulates further
angiogenesis and Aβ production in a cycle of neurotoxic
insult [47]. Other studies further support the interaction
of Aβ with thrombin and fibrin throughout the clotting
cascade to increase neurovascular damage and neuroin-
flammation [52-54]. Expression of other pro-inflammatory
cytokines, such as interleukin-1β, is known to be increased
[55] during AD. These cytokines can then induce VEGF
expression [56], yielding the growth of new blood vessels.
Cultured astrocytes stimulated with Aβ [57,58] release
neuroinflammatory cytokines, resulting in the increased
expression of VEGF. In mice, the reduction of Aβ-induced
neuroinflammation [59] and angiogenesis [60] using the
drug thalidomide has been documented.
There is substantial evidence implicating Aβ as a modu-

lator of blood vessel density and vascular remodeling
through angiogenic mechanisms [61]. Moreover, the
mechanism by which Aβ stimulates angiogenesis is highly
conserved and may be mediated through γ-secretase
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activity and Notch signaling. In vitro studies have demon-
strated an angiogenic effect in human umbilical vein
endothelial cells exposed directly to Aβ1-40 and Aβ1-42
[62]. Furthermore, the same cell line, when exposed to
monomeric Aβ or γ-secretase inhibitors, exhibited an in-
crease in the number of tip cells and branches [63]. Other
studies in post-mortem human brains also found evidence
of increased angiogenesis in the hippocampus, midfrontal
cortex, substantia nigra pars compacta, and locus ceruleus
of AD brains compared with controls [24]. Further ana-
lysis found no correlation between the number of micro-
glia and angiogenesis or microglia with vessel density,
suggesting that it may be the presence of Aβ that is initiat-
ing angiogenesis and subsequent vascular dysfunction.
The evidence for Aβ-related angiogenesis has been ex-

tended in vivo. When the chick embryo chorioallantoic
membrane assay was used, embryos stimulated with
Aβ1-40 and Aβ1-42 had an increase in vascular growth
[62]. Studies in zebrafish that express green fluorescent
protein in vascular endothelial cells corroborated these re-
sults. Treatment with γ-secretase inhibitors or Aβ resulted
in significantly more vascular branching in the brain [63].
Studies in various APP mutant AD mouse models have
also shown alterations in brain vasculature as a result of
Aβ. APP23 mice exhibit significant blood flow alterations
correlated with structural modifications of blood vessels
[49]. Three-dimensional architectural analysis of young
(3-month-old) and aged (up to 27-month-old) mice re-
vealed significant alterations, particularly of the microvas-
culature. In young animals, small deposits were observed
on microvessels, whereas in aged animals the vasculature
appeared to abruptly end at amyloid plaques. Moreover,
the brains of the aged mice exhibited a significant increase
in β-3-integrin (a specific marker of activated endothe-
lium) immunoreactivity, which was restricted to amyloid-
positive vessels. Interestingly, brain homogenates from
these mice resulted in the formation of new vessels in an
in vivo angiogenesis assay that was blocked by a VEGF an-
tagonist [56]. Overall, in both young and aged mice, the
morphology of the vasculature appeared more dense and
showed features typical of angiogenesis [64]. Although it
should be noted that the vascular changes observed in these
mice may be due to unrelated, ‘off-target’ effects of the APP
mutation, this seems unlikely since the vascular changes
observed in transgenic mice correlate well with vascular
disturbances reported in human AD brains [21,65].
In addition, the link between cerebral angiogenesis and

hypoxia has been explored. Although cerebral hypoxic
conditions are known to induce pro-angiogenic cytokines
both in vitro [66] and in vivo [67], evidence of hypoxic
angiogenesis is still unclear. For example, Aβ has been
shown to sequester VEGF [68], suggesting limited bio-
availability of the cytokine. This study by Yang and col-
leagues [68] proposes that VEGF co-aggregates with Aβ in
AD brains. The authors proposed that the very slow
release of VEGF from the co-aggregated VEGF/Aβ com-
plex causes VEGF deficiency under the hypoxic conditions
observed in AD brains. A related study attempted to
examine the restorative effect of VEGF for AD in vivo [69]
and found that intraperitoneal injection of VEGF in an
AD mouse model ameliorated memory impairment in
these mice compared with non-transgenic controls.
Conflicting studies such as these on the role of pro-
inflammatory cytokines in AD reflect the complexity of
the etiopathology of AD. Although further work is needed
to clarify the vascular response to conditions in the AD
brain, these studies, taken together, show that disruptions
to the neurovascular unit can influence cerebral ischemia,
hypoxia, and neurodegeneration [70].
Finally, BBB dysfunction was initially identified in

animal models of AD [21] and was later confirmed as a
prominent, though unexplained, clinical feature of AD in
patients [71]. Recently, we have demonstrated a significant
increase in the incidence of disrupted tight junctions in
aged Tg2576 AD model mice compared with controls and
young animals. Moreover, we found that the pathology of
the tight junction proteins occludin and ZO-1 was directly
linked to an increased microvascular density but not
apoptosis resulting from impaired CBF [65]. These data
suggest that Aβ itself is vasculotropic and support the no-
tion that amyloidogenesis-triggered hypervascularity may
be the basis for BBB disruption in AD (Figure 2) [65]. Our
observations in patients with AD parallel those in the ani-
mal model of AD in which we find a significant increase
in cerebrovascular density compared with control patients.
On the basis of these observations, we proposed a new
hypothesis that is consistent with the literature relating to
the BBB in AD: amyloidogenesis promotes extensive
neoangiogenesis, leading to increased vascular permeabil-
ity and subsequent hypervascularization in AD [65], which
seeks to increase cerebrovascular flow. Although the
direct involvement of Aβ in influencing angiogenesis is
controversial, recent direct evidence supports this hypoth-
esis. Cameron and colleagues [63] demonstrated that Aβ
can directly influence angiogenesis via Notch signaling.
The authors suggest that Aβ acts as competitive inhibitor
to de-repress signals for angiogenesis.
Immunotherapy continues to be explored as an experi-

mental treatment option for AD. The unexpected negative
vascular side effects seen in the early clinical trials of the
human AD vaccine have prevented these therapies from
reaching patients with AD; however, recent evidence sug-
gests some optimism on this front [72]. We have recently
examined whether immunization with Aβ peptides can
resolve amyloidogenesis-triggered angiogenesis and hyper-
vascularity in the Tg2576 AD mouse. We find that a
dramatic reversion of hypervascularization follows
immunization with Aβ [73]. This appears to be the first
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Figure 2 Angiogenesis, not apoptosis, induces alterations in blood–brain barrier (BBB) permeability in Alzheimer’s disease (AD).
Representative confocal micrographs of tight junctions (TJ). Hippocampal sections from aged wild-type and Tg2576 AD model mice are stained
with either (A) Occludin (red) or (B) ZO-1 (red), and double-stained for CD105 (green), a known marker of angiogenesis. All vessels stained for
CD105 regardless of the TJ expression pattern. Scale bar represents 20 μm. (C) Aged Tg2576 mice had significantly increased CD105 protein levels
in the hippocampus compared with age-matched wild-type mice (n = 7, *P <0.05). (D) The hippocampus of the AD patient had a significantly
increased microvascular density (MVD), as measured by percentage area occupied by laminin staining, compared with the ND (no disease) patient
(n = 4, ***P <0.001). Representative images of immunohistochemical staining for laminin in the cortex of the ND patient (E) and the AD patient
(F). Scale bar represents 95 μm. Values represent mean ± standard error of the mean. Adapted from [65].

Figure 3 Schematic model of how angiogenesis results in the
breakdown of the blood–brain barrier (BBB) in Alzheimer’s
disease (AD). Impaired cerebral blood flow (CBF) [4-8,23,25-28], tight
junction (TJ) disruption [21,22,67], and disturbances in proteins
regulating amyloid beta (Aβ) levels in the brain, such as receptor for
advanced glycation products (RAGE) and lipoprotein receptor-related
protein 1 (LRP1) [31-38], are factors contributing to elevated Aβ levels
and subsequent angiogenesis [24,48,61,67,70]. Inflammation gives rise
to elevated pro-angiogenic cytokines such as vascular endothelial
growth factor (VEGF), further promoting vascular remodeling in the
AD brain [47,51-54]. Angiogenesis may also occur as a compensatory
response to impaired CBF [47]. These processes lead to further Aβ
secretion by endothelial cells, exacerbating angiogenesis and the
production of reactive oxygen species (ROS), endothelial damage,
and neurotoxicity.
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example of vascular reversion in which vascular density
reverts to normal levels following therapeutic interven-
tion. These findings clearly support a vascular angiogen-
esis model for AD pathophysiology and provide the first
evidence that modulating angiogenesis repairs damage in
the AD brain. In addition, we conducted a meta-analysis
that quantified the endothelial (laminin) staining in the
grey and white matter in the brain of a vaccinated patient
with AD, as originally described by Boche and colleagues
[74]. Overall, immunized AD brains had an apparent re-
duced vascular density compared with relevant controls.
In the grey matter, 390 brain endothelia were identified in
the untreated patient with AD compared with 262 brain
endothelia in the immunized patient with AD (a 33% re-
duction after immunization). Similarly, in the white mat-
ter, 536 brain endothelia were identified in the untreated
patient with AD compared with 402 brain endothelia in
the immunized patient with AD (a 25% reduction after
immunization). Clearly, this is a small data set but should
direct research toward expanding these analyses. It would
also be interesting, as an extension of this study, to deter-
mine whether this treatment regime could clear both par-
enchymal and vascular Aβ deposits. Overall, these data
are consistent with the hypothesis that BBB leakiness in
AD is due to Aβ-triggered angiogenesis resulting in hyper-
vascularity and that neutralizing this signal by
immunization with Aβ peptides removes the signal for
angiogenesis. These data provide a strong link between
brain vascularity and AD. However, in contrast to our re-
cent findings, the over-inducement of angiogenesis was
shown to reverse memory impairment and reduce AD-
like neuropathologies in an AD mouse model [69].
Although this experiment cannot be directly compared
with ours, it does support our idea that the key to AD
pathogenesis is in the neurovasculature.
It has been reported that the murine PirB (paired

immunoglobulin-like receptor B) and its human ortho-
log LilrB2 (leukocyte immunoglobulin-like receptor B2),
present in human brain, are receptors for Aβ oligomers,
with nanomolar affinity leading to enhanced cofilin sig-
naling. PirB contributes to memory deficits present in
adult mice and mediates loss of synaptic plasticity in ju-
venile visual cortex. These findings imply that LilrB2
contributes to human AD neuropathology [75]; however,
PirB is an alternate receptor for Nogo-B, a neurite out-
growth inhibitor, and mediates vascular protection and
facilitates vascular remodeling mediated by monocytes
and macrophages. Therefore, PirB may play a more gen-
eral role in regulating macrophage responses to vascular
injury and subsequent angiogenesis [76].
Recently, the anti-proliferative drug bexarotene (Targretin;

Medicis, a division of Valeant, West Laval, Quebec,
Canada), a retinoid-X-receptor (RXR) agonist and previ-
ously approved as an oral anti-cancer agent, was shown to
reduce Aβ plaque burden and increase memory perform-
ance in an animal model of AD [77]. This study by
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Cramer and colleagues [77] interprets bexarotene acting
on RXRs to upregulate transcription of ApoE, a protein
that is implicated in Aβ plaque degradation. The improve-
ment in hippocampal function is ultimately attributed by
the reduction of plaque accumulation or turnover; never-
theless, other modes of action in AD are possible. These
data are highly controversial; however, several reputable
labs have reported that they have been unable to repro-
duce the key findings regarding the reduction in plaque
burden and memory improvement in mice [78,79]. Inter-
estingly, one of these studies did report a reduction in sol-
uble Aβ species [78], whereas another study observed
behavioral improvement [80]. Nonetheless, other studies
support bexarotene as a potential therapy for AD; for ex-
ample, Fitz and colleagues [81] recently reported cognitive
rescue and a reduction in A11-positive Aβ oligomers, and
this was generally consistent with the findings from
Cramer and colleagues [77]. The controversy surrounding
the original article reflects the need for data to be repro-
duced by multiple labs before potential therapies such as
bexarotene gain momentum as a panacea for AD. The re-
sponse to the initial study reflects the desperation with
which clinicians and patients are seeking an effective treat-
ment for the disease. For this reason, bexarotene will
undoubtedly continue to be assessed for its potential at-
tenuation of AD pathology and effectiveness in AD ther-
apy; however, other mechanisms of action for bexarotene
may be found to be relevant for AD therapy. For example,
bexarotene has been shown to directly exhibit an anti-
angiogenic effect by downregulating pro-angiogenic fac-
tors, such as VEGF, by acting through the activation of
peroxisome proliferator-activated receptors [82]. There-
fore, despite the controversy regarding bexarotene, studies
that examine medications that have been approved by the
US Food and Drug Administration for treatment of other
diseases such as cancer may direct research toward revers-
ing cerebrovasculature angiogenesis and provide a new
and unexpected therapeutic modality for AD.

Conclusions
Many working models have been proposed to explain, in
entirety, the pathophysiology of AD, from the tau and
amyloid hypotheses to the inflammation and lipodemic
hypotheses. None of these models fully explains or fully
incorporates all of the various aspects of the disease. It
may be easier to fit these models by acknowledging that
AD appears to be a syndrome rather than a single disease,
and segmentation of this syndrome into various subcat-
egories based on pathology or genetics may eventually
provide explanations for each subcategory. This would
also necessitate a reconsideration of the disparate disease
features that have long confounded a unified chrono-
pathological model of the disease. We had initially pro-
vided evidence of BBB leakiness and dysfunction in AD
and this was expanded as the vascular model of AD. This
BBB leakiness was first attributed to vascular dysfunction
and deterioration but now appears to be clearly related
to pro-angiogenic activity of amyloid itself. These new
observations have allowed us to evolve the vascular model
to incorporate our observations that hypervascularity
appears in AD as a feature of the disease in human and
animal brain (Figure 3). The question remains whether
these observations can provide an explanation of AD as a
syndrome or whether these observations apply to only a
subcategory of the disease. It is certainly true that some
patients with AD have no amyloid angiopathy at autopsy,
whereas in others there is massive angiopathy and overall
plaque burden. Similar discrepancies are seen with other
biochemical features such as tau burden, but the clinical
deterioration of these patients is very similar. Ultimately,
for AD to be successfully treated, it may be necessary for
us to consider that no single pharmacological intervention
will effectively target all of the different causes at play.
This can be likened to the treatment of cancer, in which
the myriad causes and types may require different
approaches to treatment for each patient. Although the
use of anti-angiogenics in treating AD has demonstrated
significant promise in experimental scenarios as we have
described in this review, further work will be important
for establishing the universal utility of anti-angiogenics for
effective AD therapy.
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