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Review Article

Cerebrovascular phenotypes in mouse
models of Alzheimer’s disease

Jenny | Szu' and André Obenaus?

Abstract

Alzheimer’s disease (AD) is a devastating neurological degenerative disorder and is the most common cause of dementia
in the elderly. Clinically, AD manifests with memory and cognitive decline associated with deposition of hallmark amyloid
beta (AB) plaques and neurofibrillary tangles (NFTs). Although the mechanisms underlying AD remains unclear, two
hypotheses have been proposed. The established amyloid hypothesis states that A accumulation is the basis of AD and
leads to formation of NFTs. In contrast, the two-hit vascular hypothesis suggests that early vascular damage leads to
increased accumulation of AP deposits in the brain. Multiple studies have reported significant morphological changes of
the cerebrovasculature which can result in severe functional deficits. In this review, we delve into known structural and
functional vascular alterations in various mouse models of AD and the cellular and molecular constituents that influence
these changes to further disease progression. Many studies shed light on the direct impact of AP on the cerebrovascu-
lature and how it is disrupted during the progression of AD. However, more research directed towards an improved
understanding of how the cerebrovasculature is modified over the time course of AD is needed prior to developing
future interventional strategies.
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troductio of various isoforms of AP peptides with A4y and APy,

Alzheimer’s disease (AD) is a progressive degenerative  being the most common.” Abnormal regulation of kin-

disorder and is the most common cause of dementia in
the elderly.' Clinically, AD manifests with memory and
cognitive deficits alongside changes in mood and
behavior,” which diminish a person’s ability to perform
everyday tasks.! There are two main types of AD:
1) sporadic with a late onset (LOAD), which is
observed in ~95% of AD cases, and 2) familial with
an early onset (familial Alzheimer’s disease; FAD),
which is seen in ~5% of AD cases.” Cardinal patho-
logical features of AD include aggregation of extracel-
lular senile plaques composed of amyloid-B (AP)
peptide® and intracellular neurofibrillary tangles
(NFTs) consisting of accumulation of filamentous
hyperphosphorylated tau protein.* In brief, Ap is gen-
erated from sequential proteolytic cleavage of its large
amyloid precursor protein (APP) where B-amyloid
cleaving enzyme (BACE) produces a C-terminal APP
fragment that is subsequently cleaved by y-secretase.
This sequence of events ultimately leads to the release

ases and phosphatases are thought to contribute to for-
mation of NFTs which are comprised of paired helical
filaments (PHFs) and straight filaments of hyperphos-
phorylated tau.®

Although the pathogenesis of AD remains stubborn-
ly unclear, two hypotheses have been proposed. The
amyloid hypothesis states that accumulation of AP is
not only the main cause of AD pathology but that it
leads to formation of NFTs, impaired vasculature, and
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cell loss.” For example, mice overexpressing both APP
and tau exhibited increased NFTs compared with
mutant mice expressing tau protein alone, suggesting
that accumulation of AB impacts formation of NFTs.®
Additionally, genetic variability in APP processing has
also been linked to increased risk of LOAD.’
Currently, the apolipoprotein E (4POE) gene is the
only known genetic risk factor for LOAD® and genetic
variability on the low-density lipoprotein receptor-
related protein (LRP) gene has demonstrated that
LRP may be involved in the pathogenesis of AD.'°
While the amyloid hypothesis is strongly supported,
findings challenging it have also emerged. Most nota-
bly, a lack of correlation between amyloid burden and
the degree of cognitive decline has yet to be deter-
mined."" Moreover, NFTs were observed in autopsied
human brains devoid of amyloid.'?

A reconsideration of the amyloid hypothesis has
been recently proposed.'? The alternative two-hit vas-
cular hypothesis suggests that vascular damage (hit 1)
can result in increased accumulation of AP deposits in
the brain (hit 2)."* While aging remains the most crit-
ical risk factor of AD, mounting evidence suggests that
vascular pathology is involved in the development of
AD, and thereby in support of the vascular hypothesis.
Multiple epidemiological and clinical studies have
examined vascular risk factors including cardiovascular
disease, hypertension, hyperlipidemia, diabetes melli-
tus, and atherosclerosis attributing to the development
of AD."® Early studies showed that chronic cerebrovas-
cular insufficiency in young and aged rats not only led
to reduced cerebral blood flow (CBF) but also
impaired spatial memory dysfunction and hippocampal
neuronal damage,'¢ deficits observed in human AD
pathology.!”” A correlation between traumatic brain
injury (TBI) and AD is also well-recognized.'®"” In
particular AP plaques have been observed within
hours following a head injury’®™?!' which can
persist years later'® thereby accelerating the risk of
developing AD.

While most of the AD research has focused primar-
ily on neuronal and glial dysfunction, compelling data
are emerging identifying a significant vascular compo-
nent during disease progression. For example, individ-
uals with early cognitive dysfunction exhibited brain
capillary damage and compromised blood-brain barri-
er (BBB) independent of AP and tau.?” Patients with
mild cognitive impairments (MCI) also exhibit various
vascular derangements, including impaired cerebral
hemodynamics, and have an increased probability of
developing AD.* In the 3xTg AD mouse model,
early reductions in brain vascular volume precede the
presence of AD hallmark lesions.>* These studies and
others suggest that early vascular dysfunction may be a
significant driver in AD pathology. Unfortunately, at

present the role of the cerebrovasculature in AD is
poorly understood both in clinical populations and in
preclinical AD models.

Given the known vascular dysfunction and its asso-
ciation with AD, the architecture of the cerebrovascu-
lature has been relatively unexplored in preclinical
models of AD. In this review, we begin by highlighting
the structural and functional vascular modifications
observed in mouse models of AD, primarily focusing
on mouse lines that overexpress APP. This is followed
by a discussion on mechanisms of vascular AP clear-
ance and how impairments in these pathways may con-
tribute to AD. Next, we describe the functional role of
the neurovascular unit (NVU), specifically focusing on
pericytes, astrocytes, and neurons to examine how a
compromised NVU potentially contributes to the
observed cerebrovascular phenotypes in AD. We
conclude by discussing putative cerebrovascular
directed therapies that may mitigate or prevent the
progression of AD.

Cerebral amyloid angiopathy in transgenic
mouse models of AD

Increasing evidence suggests a critical role of cerebro-
vascular dysfunction in the development and progres-
sion of AD.?® Early accumulation of vascular Ap not
only impairs cerebrovascular function but contributes
to cerebral amyloid angiopathy (CAA), a common fea-
ture of AD, which has been shown to affect an
astounding 80-90% of AD cases.”® Recently, two
types of sporadic CAA have been identified. Type 1
CAA is characterized by the presence of A in cortical
capillaries, leptomeningeal and cortical arteries, arte-
rioles, veins, and venules, whereas Type 2 is character-
ized by AP in the leptomeningeal and cortical vessels
only.?” In rodent models of AD, CAA deposits were
found between vascular smooth muscle cells (VSMCs)
in a banding®®?® or ring®® pattern. The banding of
CAA increased over time with increasing CAA severity
and age suggesting new AP deposits and expansion of
existing A deposits.”®* Similarly, in autopsied human
AD brains, AP deposition in the leptomeningeal arte-
rioles form discrete banding patterns that was associ-
ated with the VSMCs.*' Although CAA can occur
independent of AD, the incidence and severity of
CAA was increased in AD and correlated with AR
plaques and NFTs.*?

Despite considerable research effort, the vascular
pathophysiology of AD remains unclear. To identify
the mechanisms underlying AD and the development
of successful treatments requires preclinical animal
models that recapitulate human AD. Over the past
few years, the generation of transgenic mouse lines
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with elements of AD-like pathology have been instru-
mental in identifying potential pathways to AD.*
Studies utilizing animal models that develop CAA or
vascular amyloid deposits can assist in identifying
mechanisms underlying AD. The most common
mouse lines generated are those overexpressing APP
with over 50 transgenic mouse lines.>* Below, we
describe known transgenic mouse models of AD that
have been reported to exhibit marked morphological
and functional vascular impairments, as summarized
in Table 1 and Figure 1.

Vascular abnormalities of transgenic
mouse models overexpressing APP

PDAPP

The PDAPP mice were developed by using a platelet
derived growth factor-B (PDGF-B) promoter to drive
human APP transgene encoding the FAD APP717
mutation. These mice exhibit age-dependent A} depos-
its in the hippocampus, corpus callosum, and cortex,
which were found to be surrounded by reactive astro-
cytes. Additionally, PDAPP mice displayed dystrophic
neuritic components, gliosis, and reductions in synaptic
density.*® Structurally, the vessels of 9mo old PDAPP
mice exhibited significantly increased VSMC wall
thickness compared to WT mice, indicative of hyper-
trophy and/or hyperplasia. Amyloid deposits were con-
sistently found situated next to degenerative vessels,
particularly around and within the VSMC layers.*¢
Interestingly, whole brain multiphoton imaging did
not reveal widespread CAA in 22-24mo old PDAPP
mice.”®

Tg2576. The Tg2576 strain is one of the most widely
used mouse models of AD. It was developed by over-
expressing human APP695 with a double Swedish
mutation (K670N/M671L) under the control of ham-
ster prion protein promoter (PrP). These mice develop
significant parenchymal Af by 11-13mo of age.
Learning and memory is normal at 3mo of age, how-
ever, declines by 9-10mo of age.?” Using various ages
of Tg2576 mice (10 to >22mo old), three consistent
stages of CAA progression were identified. In the
“limited” stage, CAA can be observed in the anterior
and middle cerebral arteries. In the “intermediate”
stage, the presence of CAA can be found in smaller
vessels in the anterior half of the dorsal surface.
Finally, in the “wide-spread” stage, extensive CAA
can be seen in almost all vessels on the dorsal surface
spreading towards the ventral surface.”® Compared to
control mice, quantification of PECAM-1 for brain
capillary vessels revealed an ~30% decrease in vascular
density in the cortex and hippocampus of 9 and 17 mo

old male Tg2576 mice, respectively.*® In the corpus cal-
losum, 10 mo old male Tg2567 mice exhibited a marked
decrease in the capillary total length, volume, and sur-
face area compared with age-matched controls.*”

Cerebrovascular dysfunction was also observed in
19 mo old Tg2576 mice. CBF was significantly reduced
in 19mo old Tg2576 mice compared to age-matched
controls and in 8 mo old Tg2576 mice after hypercapnic
challenge and whisker stimulation. Moreover, the vaso-
constrictive response was measured by inducing corti-
cal spreading depression by occluding the distal middle
cerebral artery.*® Cortical spreading depression causes
an initial transient hypoperfusion followed by a pro-
longed post-cortical spreading depression oligemia.*!
The initial hypoperfusion and post-cortical spreading
depression oligemia were diminished in 19mo old
Tg2576 mice compared to age-matched controls and
8mo old Tg2576 mice. Finally, the vasodilatory
response was tested by measuring resting CBF using
isoflurane and o-choloralose. An increase in resting
CBF is generally observed under normal conditions,
however a decrement in resting CBF was observed in
19 mo old transgenic mice that was not present in 8 mo
old Tg2576 mice or control mice under these condi-
tions.*® This suggests that the presence of vascular
amyloid contributes to impairments in vasoconstriction
and vasodilation. Indeed, 19mo old Tg2576 mice
exhibited severe vascular AP deposits whereas 8 mo
old Tg2576 mice have virtually no AP in the vascula-
ture despite the presence of parenchymal Ap.*°

APP23

The APP23 transgenic mouse line overexpresses human
APP751 containing the Swedish (K670N/M671L) and
London V7171 mutations. These mice display extensive
amyloid pathology and increased hyperphosphorylated
tau protein as early as 6mo of age.** Spatial memory
deficits, which worsen with aging, have also been
reported.*’ Despite being a widely used model of AD,
only a handful of studies have reported altered cerebro-
vasculature in these mice.

Using vascular corrosion casts and scanning elec-
tron microscopy (SEM),** the 3D cerebrovascular
architecture of 7-27mo old APP23 and WT mice
were characterized.*>* In WT mice vascular casts dis-
played a dense capillary network where arteries and
veins were distinguishable by imprints of either elon-
gated or rounded endothelial cells (ECs), respectively.*®
In contrast, APP23 mice displayed a multitude of vas-
cular malformations including swelling, looping, twist-
ing, and kinking, similar to vascular alterations present
in the human AD brains.*’~**? Functionally, flow pat-
terns in WT mice were normal as measured by magnet-
ic resonance angiography (MRA), but in APP23 mice



1824

Journal of Cerebral Blood Flow & Metabolism 41(8)

Table 1. Summary of cerebrovascular phenotypes in mouse models of AD.

Strain Sex

Age

Cerebrovascular phenotype

References

PDAPP nfa

n/a

Tg2576 nla

n/a

n/a

APP23 Both

APP/PS| M

Both

n/a

5XFAD F

10-26 mo
9mo

10-26 mo

2d, 12mo, 20mo

8 and 19mo

1026 mo
10 mo

3-27mo

7 mo
24 mo

12mo

9mo

24 mo

8 mo

2—-12mo
4.5 and 9mo

Significant but not extensive CAA by 22 mo
Vessels have significantly increased smooth
muscle thickness indicative of hypertrophy
and/or hyperplasia

Amyloid deposits consistently found next to
degenerative vessels

Significant decrease in vascular density in the
hippocampus compared to cortex

Significant decrease in cortical vascular density
at 9 and 17mo

Significant decrease in hippocampal density

at 17mo

Widespread thioflavin-s staining in pial arterioles
at 19mo

No vascular amyloid deposits at 8 mo
Attenuated resting CBF at 19 mo

Significant CBF reductions during hypercapnic
challenge and whisker stimulation at 19 mo
Attenuated CBF at 19mo

Age-dependent progressive accumulation of CAA
Marked decrease in length, volume, and surface
area of capillaries in the corpus callosum

Vessels exhibited deformations such as swelling,
kinking, twisting, and looping

Holes and microvascular density are increased in
late-stage AD

Significant reduction in capillary segments
Significant increase in BBB permeability at

14 and 24 mo

Compromised BBB in CAl with loose tight
junctions

Vessels appear bended and tangled and thicker
basement membrane contained transparent
bubble-like structures

Non-uniform vessel diameters

Capillaries exhibited microaneurysms within
individual segments and spanning bifurcations
Numerous protrusions on discrete sections of
capillary walls

Thinner, disorganized, and less uniformed vessels
Significant reductions of hippocampal vessel
diameter and volume

Increased branching pattern with greater distal
fine branches

Significant reductions in branched angles
Vascular lumen appear rugged with irregular
lumen at new branch openings

Disconnected short length capillaries near
amyloid deposits

Significantly shorter tight junctions

Progressive CAA on leptomeningeal and
penetrating vessels as early as 3 mo

Sporadic perivascular amyloid accumulations on

Domnitz et al.2®

Zago et al >

Paris et al.®®

Shin et al.*°

Domnitz et al.?®
Zhang et al.*
Beckmann et al.,*®
Heinzer et al.,*®
Heinzer et aI.,49, Meyer
et aI.,46
Krucker et al
Lee et al.?°

47
l.

Minogue et al.®®

Wang et al.®?

Kelly et al.>"8

Zhang et al®®

Kook et al.”®

Giannoni et al.%®

(continued)
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Table I. Continued.

Strain Sex

Age

Cerebrovascular phenotype References

TgCNRD8 n/a

Tg-SwDI n/a nfa

APPDutch n/a

APPLd/2 nfa

3xTg-AD n/a n/a

2-12mo

3-12mo

3 and 6 mo

Variable

15-25mo

10—I1 mo

3-18mo

parenchymal microvessels

Parenchymal microvascular damage parallels

plaque formation starting in fronto-parietal

cortices and later into hippocampus

Microvascular leakage appearing at 4 mo

Reduction in microvascular length as early as

2 and 4 mo

Decrease vessels and deteriorated vessels

Vessels associated with Af plaques appear fuzzy

and distorted

Decrease in tight junction protein ZO-I|

Significant reduction in brain vessels of 9 mo mice Ahn et a
Increased vascular Af4 and Af4, with age Dorr et al.>°
Progressive CAA with age

Increased arteriolar tortuosity and curvature and

smaller arteriolar radius

Early-onset and robust accumulation of Af in Davis et a
isolated microvessels

Significant increases in Af40 and Af4; in isolated
microvessels as early as 3 mo

Apparent microhemorrhage on microvessels

next to A deposits

Accumulation of fibrillary amyloid in microvessels

at 3mo

CAA highest in subiculum Xueta
CAA appears at ~22-25mo with females having Herzig et al.”®
earlier onset

Greater Af40:Afl4; in leptomeningeal vessels

Increased basement membrane thickness, loss of

smooth muscle cells with weakened walls, and

hemorrhages

Decreased vascular Af40:Af4, Van Dorpe et al 8
Significant CAA in leptomeningeal, cortical, tha-

lamic, and hippocampal vessels

Thioflavin-s staining in severe vessels displayed

concentric ring patterns

Congo red staining detected amyloid fibers in

vessels

Vessels are dilated and pial arterioles exhibited

aneurysms

Increased basal lamina thickness Bourasset et a
Microvessels have less regular shape

Reduced cerebrovascular volume as early as Do et al.**
3—-18mo

Facilitated diffusion significantly reduced by 18 mo

Significantly lower GLUT-1 in capillaries

|.69

|'77

71
I

|.86

d: days; mo: months.

flow disturbances were observed in carotid arteries at The size of the voids increased with age and were
11 mo of age with significant flow voids in the major attributed to smaller voids progressing into a single

arteries of the Circle of Willis by 20mo of age.
Moreover, vascular casts showed areas devoid of ves-  cesses

454748 arger cavity and thought to be sites of angiogenic pro-

484953 (Figure 2). Additionally, the cavities

sels that were sites of thioflavin S-positive AP plaques. appeared to preferentially cluster in the frontal and
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Onset of Vascular Abnormalites

15 21

________________________________

___________________________________________________

_____________________________________________________________________

o

,,,,,,,,,,,,,,,

_______________

_______________

1826
Age (mo) ? ? EIJ
PDAPP___E __________ ' __________ . ________
Tg2s76 | _ee
APP2 ® e |
APPIPS1 | @ | ®
SXFAD @0 @ | L
TGCNRDS | ® | o |
Tg-swDl ® |
APPDutch | |
APPLA |
3xTg-AD | ® |
@ Abnormal vessel morphology @ Impaired vascular function
@ Decreased vessel length

@® Decreased vessel density @

@ BBB dysfunction

Vascular amyloid deposition

Figure 1. Summary timeline of vascular decrements in mouse models of AD. A schematic timeline detailing the age at which
cerebrovascular deficits are first reported to appear. It is evident that cerebrovascular structure and function are impaired at early
ages. Note that the occurrence of vascular amyloid also temporally coincides with altered vessel structure (green and red circles).
Red: abnormal vessel morphology; blue: decrease in vessel length; purple: decrease vascular density; orange: impaired vascular
function; black: BBB dysfunction; yellow: appearance of vascular amyloid.

X-ray Tomography

APP23 WT

APP23 Tg

Figure 2. Vascular corrosion casts of APP23 mice. (a) High-resolution 3D reconstruction of a vascular cast acquired using X-ray
synchrotron tomography (17 x 12 x 7mm? at 10 um resolution) illustrating the dense vascular plexus in a control (wildtype, non-
transgenic, age-matched mouse). (b) Cortical vascular density is reduced and exhibits large voids in 12.7mo old APP23 mice com-
pared to age-matched WT controls. The vascular voids have been attributed to AP deposition (see Meyer et al.*¢). Images courtesy of
T. Krucker, E.P. Meyer, M. Stampanoni, A. Obenaus. Images were acquired at the Swiss Light Source, Paul Scherrer Institute, Villigen,

Switzerland.

temporal cortices,*® mirroring a similar phenotype
observed in human AD’*! where early depositions
of AP were first detected in the frontal and temporal
regions. >

Abnormal AB-positive structures, characterized as
“pompons” (small fibrillary structures) and “cubes”
(structures with flat, rough, and rounded surfaces),
appeared in the casts of young (3-5mo old) APP23

mice. Pompons and cubes were found colocalized to
the same vessel and were often associated with capillary
distortions. The authors suggested that pompons
undergo morphological transformation to form cubes
which later develop into large aggregates of vascular
AP deposits contributing to exacerbating vessel degen-
eration.*® Similar morphological structures were also
observed in capillaries of autopsied human AD brains
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where small AB deposits are flat and ellipsoidal and
found parallel to ECs while larger spherical A depos-
its appeared to distort capillary lumens.>' Together,
these findings strongly suggest that the presence of vas-
cular A prior to the manifestation of parenchymal A
plaques contribute to and possibly accelerate AD
pathology.'

APP/PS |

APP/PS1 transgenic mice co-express FAD mutant
human PS1 variant (A2463) and a chimeric mouse/
human APP with Swedish FAD mutations (APPswe).
The co-expression in APP/PS1 transgenic mice results
in accelerated production of AP plaques along with
dystrophic neurites and reactive gliosis by 12mo of
age.”® The vascular structure and architecture of
APP/PS1 mice have been examined using vascular cor-
rosion casting and SEM.”"*® Vascular casts from 4-5
and 9mo old male APP/PS1 mice displayed microa-
neurysms along the length of the capillary or at bifur-
cation points®’ where extravasation of the casting
solution was observed as “tags” on capillaries® indic-
ative of BBB impairment. Similar to vascular casts
from APP23 mice, casts from 4-5mo old APP/PS1
mice also revealed discrete protrusions from capillary
walls®’ further supporting the vascular hypothesis that
abnormalities in the vasculature precedes the manifes-
tation of AD. In stark contrast, casts from WT mice
exhibited normal capillary networks with smooth lumi-
nal surfaces where visible elongated and rounded
imprints of ECs on arteries and veins could be seen,
respectively. Quantitatively, no significant differences
in intracerebral arteriolar width nor capillary width
or length was observed between genotypes.’’>®

In a recent study, high resolution mapping of the
whole mouse brain cerebrovasculature was performed
using the advanced Micro-Optical Sectioning
Tomography (MOST) imaging in 24 mo old APP/PS1
male mice. Compared to WT mice, APP/PSI mice dis-
played abnormal vessel morphology in the cortex and
hippocampus where vessels appeared to be thinner, dis-
organized, and less uniform. In the hippocampus, vas-
cular diameters and volumes were significantly lower
compared to WT mice although no significant differ-
ences in vessel length were observed between geno-
types. Specifically, greater vascular alterations were
detected in subregions of the hippocampus including
the dentate gyrus. For example, decreased vessel diam-
eters and volumes were detected in the CA3 and the
dentate gyrus while decreased vessel lengths were
observed in the CA1-2 and dentate gyrus. Although
APP/PS1 mice lack the hierarchical branching pattern
observed in WT mice, they exhibited increased branch-
ing pattern with greater distal fine branches. APP/PSI

mice displayed significantly decreased branch angles
which correlated with reduced cerebrovasculature spa-
tial coverage. In addition to MOST imaging, virtual
endoscopy was employed to visualize the vascular
lumen. Compared with WT mice which displayed a
smooth luminal surface and smooth circles at new
branch points, APP/PS1 mice had a jagged appearance
of their vascular lumen with an irregular lumen at
new branch openings.” These abnormalities may sig-
nificantly impair hippocampal CBF in this mouse
model of AD.

Capillary parameters have also been quantified in
the corpus callosum of 7mo old male APP/PS1 mice.
Beta-nicotinamide adenine di-nucleotide phosphate
(NADPH)-diaphorase histochemistry was utilized for
visualization of capillaries and computerized stereolog-
ical approaches were employed to quantify various
capillary parameters in the corpus callosum. Overall,
compared with their WT counterparts, APP/PS1 mice
had a 21% reduction in the total number of capillary
segments (or branch points), suggesting that
capillary length or density participates in the loss of
capillary segments. Interestingly, no significant differ-
ences were found in the total capillary length or length
density between APP/PS1 and WT mice. The volume
of the corpus callosum was not statistically different
between genotypes.®

The reduced capillary segments may be due to
increased  vessel  tortuosity (see  Figure 3).
Coincidently, vessel tortuosity has been observed in
the corpus callosum of human AD brains.’*>' Vessel
tortuosity in the form of kinking or looping, is in part
influenced by the anatomy of the vessel. For example,
large vessels with no branch points may twist into one
loop (where it appears as a C or S-shape) while smaller
vessels with branches can exhibit more complex tortu-
ous structures.®’ Therefore, it is plausible that the
reductions in capillary segments or branch points
observed in APP/PS1 mice may lead to the microvessels
having a single loop without gross changes in total
capillary length or density.

Findings regarding BBB integrity in APP/PS1 mice
have been conflicting. As described above, corrosion
casts from 7mo old male APP/PS1 mice exhibited
extravasation of the casting materials from the vessels
into the perivascular space, indicative of impaired
BBB.® Consistent with this finding, enhanced Evans
blue extravasation was observed in 12 mo old transgen-
ic mice and electron microscopy revealed altered BBB
integrity in the CA1 with loose tight junctions (TJs).®
Gadolinium-enhanced contrast magnetic resonance
imaging (MRI) also revealed significant increases of
hippocampal BBB permeability in 14 and 24mo old
male and female APP/PS1 mice.®® In contrast, studies
using in situ brain perfusion did not detect any
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Figure 3. Cortical vessels in 5xFAD mice appear more tortuous. Increased vessel tortuosity was observed in the cortex of 8 mo old
5xFAD female mice. In WT mice, vessels appear more linearly oriented perpendicular to the cortex while in the same cortical region
vessels from 5xFAD mice appear more tortuous (arrows). Vessels were stained with tomato lectin. 5xFAD mice were provided by the

MODEL-AD consortium at University of California Irvine.

difference in the integrity and function of the BBB in
8mo old APP/PS1 mice compared to controls. The
vascular volume in the hippocampus and the total
hemisphere, as measured with ['*C]-sucrose, was
unchanged between WT and transgenic mice.
Moreover, passive and facilitated diffusion across the
BBB measured by [’H]-diazepam and [?H]-D-glucose,
respectively, were similar in controls and APP/PSI
mice’® suggesting an intact BBB structure and func-
tion. Similarly, lack of BBB dysfunction was not
observed in 5-12mo old APP/PS1 male mice after
bolus injection of human APy, ®* In vivo two-photon
imaging also did not reveal any differences in blood
vessel volume in 15mo old APP/PS1 and control
mice. However, a marked increase in blood vessel
volume was observed when APP/PS1 mice were crossed
with the tauopathy mouse line, Tg4510 (APP/PS1-
Tg4510), suggesting that amyloid plaques alone do
not contribute to vascular changes in AD.® Thus, it
is not clear if the vascular alterations in APP/PS1 mice
definitively lead to disruptions to the BBB. Alternate
explanations include differences in the mouse strain
background, among others.

5xFAD

The 5xFAD mice were generated to facilitate rapid
development of AP plaques using APP/PS1 double
transgenic mice that co-express five FAD mutations
(APP K670N/M671L (Swedish), 1716V (Florida),
V7171 (London), and two PSENI mutations (PS1
M146L and L286V) under control of mouse 7/y/ min-
igenes. These mice express intraneuronal A4, as early
as 1.5mo of age with progressive A depositions and
gliosis as early as 2mo of age. Female 5xFAD mice

also express more APP than their male counterparts
due to the estrogen response element in the Thyl pro-
moter,’® which could contribute to the more severe
phenotype in female mice. Moreover, loss of synaptic
markers, accompanied by memory impairments are
also observed in these mice.®’

Alterations in vessel morphology have been
observed in 5xFAD mice where changes in microvas-
culature appeared first in the fronto-parietal cortices
and later in the hippocampus®® paralleling Ap accumu-
lation that appears first in the cortices and later in the
dentate gyrus.’” Compared to controls, 89mo old
female SxFAD mice vessels had a damaged and deteri-
orated morphology®”’® with “scratches” along the ves-
sels.®” In our own preliminary findings, we observed
also tortuous cortical vessels in 8mo old 5xFAD
female mice (Figure 3).

Not surprisingly, abnormal morphology of the cer-
ebrovasculature can impair and damage vessels. FITC-
albumin labeled microvessels revealed capillary leakage
appearing at 4mo of age which became more promi-
nent by 9 and 12mo of age in 5xFAD female mice
compared to controls.®® Similar findings were also
observed in 8 mo old 5xFAD mice, where reconstructed
3D super resolution structured-illumination microsco-
py (SIM) images showed disconnected short length cor-
tical capillaries where TJs also exhibited significantly
shorter lengths as compared with WT mice.”
Prominent loss of TJ protein zona occludens-1 (ZO-1)
have been reported in these transgenic mice.®
Furthermore, cultured ECs incubated with Ay, dis-
played significant reductions in ZO-1 and claudin-5"°
suggesting that amyloid deposition can disrupt expres-
sion ofTJs proteins, leading to increased BBB
permeability.
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Changes in the cerebrovascular density have also
been quantified in 5XFAD mice. Reductions in micro-
vascular length have been reported as early as 2 and
4mo of age®® which coincides with the timing of intra-
neuronal and parenchymal Ap accumulation.®’
Significant reductions in brain vessels, as measured
by levels of GLUT-1, were also observed in 9mo old
female 5XxFAD mice.®” Similar pathological alterations
in the cerebrovasculature have also been investigated in
postmortem human AD brains.”*>' Staining against
heparin sulfate proteoglycan, a glycoprotein found in
the vascular basement membrane and in amyloid
deposits, revealed decreased microvessel density, reduc-
tions in cortical vessel length, and overall loss of
angioarchitecture. Decreases in microvessel density
could be due to the observed string (thinned) vessels
and fragmented microvessels with loss of intact
branches.”*!

While structural changes of the cerebrovasculature
have been documented, the timing and accumulation of
CAA is variable in 5xFAD mice. In vivo two-photon
imaging revealed Methoxy-XO4 positive amyloid
deposits in the leptomeningeal and penetrating cortical
vessels in SXFAD female mice as early as 3mo of age
which progressed with aging, although CAA observa-
tions were limited to microvessels.®® Detection of
thioflavin-S positive AP in blood vessels has also
been difficult. For instance, 3 and 6 mo old 5xFAD
mice lack thioflavin-S positive vascular AB.”" In our
studies, we did not detect any thioflavin-S positive vas-
cular amyloid in 4 and 8 mo old 5xFAD mice and min-
imal thioflavin-S positive vascular amyloid in larger

cortical vessels of 12mo old SxFAD mice (Figure 4).
The limited thioflavin-S positive vascular amyloid
deposits could be attributed to the molecular composi-
tion of AP plaques present in these mice. For example,
thioflavin-S staining is positive in amyloid containing
fibrillar content with B-pleated sheet conformation’?
and findings have demonstrated greater dense core
AP plaques and reduced fibrillary amyloid in 5xFAD
mice.

TgCRNDS

The early onset TgCRNDS mouse encodes a double
mutant form of APP695 under the PrP promoter.
These mice develop AP plaques at 3mo of age with
plaque load increasing with age and an excess of
ABs and AP, by 6mo of age’® Specifically,
TgCRNDS mice exhibit significantly more Ay load
in vessel-depleted cortices than in isolated blood vessels
compared to AP4. CAA development was apparent in
4 mo old mice which increased with age and exhibited
thioflavin-S ~ positive  cortical ~ blood  vessels.
Furthermore, in vivo two-photon imaging revealed
striking differences in the arterioles between transgenic
and non-transgenic mice with arteriole abnormalities
increasing with age in transgenic mice. Specifically,
TgCRNDS mice exhibited greater arteriolar tortuosity
and curvature with smaller arteriolar radii.*® Increased
tortuosity of small arterioles, primarily in the white
matter, has also been reported in human AD.**! To
confirm whether vascular AP was correlated with
increased tortuosity, TgCRNDS8 mice were adminis-
tered prophylactic treatment of scyllo-inositol to

Figure 4. Vascular amyloid deposition in 5XFAD mice. Two examples of vascular amyloid deposition from 12 mo old 5XFAD mice.
Left Panel: A plaques (thioflavin-S, arrows) are observed wrapping around cortical vessels stained with tomato lectin. Large apparent
aggregates of degenerating or dissolved amyloid encased vessels are also observed (arrow heads). Right Panel: Another example of
dramatic aggregates of AP (thioflavin-S; green; arrows) surrounding a T-lectin-stained vessel. In this example the vessel appears more
intact compared to the vessel in left panel. Interestingly, AR deposition is not uniform in all vessels with some vessels preferentially
affected. (tomato lectin, blood vessels; red), thioflavin-S (AB; green). 5xFAD mice were provided by the MODEL-AD consortium at

University of California, Irvine.
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target AP oligomers in vivo, which significantly reduced
tortuosity, confirming that AP plaques and oligomers
cause vessel tortuosity and prevention of these plaques
and oligomers can restore normal vessel morphology.*°

To determine the role of AB on vascular function,
microvascular network efficiency was assessed. In late-
stage CAA, the microvascular transit time was
significantly longer in TgCRNDS8 mice compared to
non-transgenic mice and scyllo-inositol treated
TgCRNDS8 mice. Compared with non-transgenic mice
and scyllo-treated mice, the transit time dispersion was
higher in TgCRNDS mice in both air-breathing and
hypercapnia indicating that A impaired the functional
efficiency of the vascular network and that prevention
of AP oligomerization and deposition can restore vas-
cular function. During the hypercapnic challenge, con-
trol mice exhibited shortened transit times as expected,
whereas elongated transit times were observed in the
transgenic mice.’® The increased transit time reported
in the TgCRNDS8 mice may be due to the preserved
venous dilation®® as amyloid depositions are more
commonly found on arterioles rather than venules.”

In addition to arteriole pathology, structural and
functional venule degeneration has also been observed,
where 7mo old TgCRNDS8 mice compared to 5Smo old
TgCRNDS8 mice, exhibited a significant decrease in
mural cell coverage in penetrating venules.’®
Intracerebroventricular delivery of SU6668, an antag-
onist for PDGFR activity in TgCRNDS exacerbated
arteriolar amyloid accumulation as well as significant
loss of mural cell coverage on penetrating vessels.
Surprisingly, in vivo two-photon imaging revealed
increased coiling and looping in veins but not arteries
in SU6668 treated TgCNDRS mice, suggesting that
loss of mural cell coverage leads to structural changes
only in venules. Significant increases in PDGFR,
S100B, and AQP4 expression levels were observed in
TgCNDRS8 mice treated with SU6668 suggesting a
compensatory mechanism relating to BBB integrity.
Consistent with previous findings,*® attenuated flow
responses to a hypercapnic challenge were observed
in TgCNDRS mice while SU6668 treated mice had
increased venular flow indicating partial restoration
of venular activity’® which may be due to preserved
venous dilation, as previously suggested.*

Tg-SwDI

The Tg-SwDI strain is a triple transgenic expressing the
human neuronal amyloid precursor protein containing
Swedish K670N/M671L and vasculotropic Dutch
(E693Q) and Iowa (D694N) mutations (numbering
based on the APP;;, isoform) under the mouse
Thyl.2 promoter.”” These mice are unique in that
they develop early-onset AP in the cerebral

microvessels which increases with age.”"”” At 3mo of
age, significant increases in both APy and APy, are
observed in isolated microvessels of the forebrain
which increases dramatically by 12mo of age. At
6mo of age, accumulation of A is observed in and
around microvessels, particularly in the thalamus and
subiculum. The arterioles in these brain regions and in
the hippocampal fissure exhibit robust vascular and
perivascular AP deposits. Additionally, microhemor-
rhages were detected on microvessels adjacent to AP
deposits.”’

APPDutch

The recently generated APPDutch strain is the only
mouse model of AD that develops significant CAA
with little or no parenchymal amyloid plaques.
APPDutch mice were developed by overexpressing
the human APP751 harboring the E693Q mutation
under the control of neuron-specific murine Thy-1 pro-
moter. One disadvantage of this mouse model is the
late onset of cerebrovascular amyloid which appears
at ~22-25mo old with females displaying earlier
onset compared to males. APPDutch mice develop
CAA first in the leptomeningeal vessels with a greater
ratio of AP4o:AP4r. Increased basement membrane
thickness, loss of VSMCs with weakened vessel walls,
and hemorrhages were observed in these mice. This
demonstrates that neuron-derived AP can be trans-
ported to the cerebrovasculature where it leads to sig-
nificant deposition of vascular amyloid and
degeneration of VSMCs.”®  Studies  crossing
APPDutch mice with other transgenic mouse models
have been performed. For example, female
APPDutch mice crossed with transgenic mice overex-
pressing BACE (APPDutch/BACEL1) revealed similar
levels of amyloid-laden cortical vessels as the
APPDutch mice at 22 mo old, although significant tha-
lamic vascular amyloid deposition was observed in
APP/BACE1 compared with APPDutch mice.”’
Further, APPDutch mice crossed with APP23
(APPDutch/APP23) mice led to significant vascular
amyloid load and hemorrhage compared to APP23
mice at 24mo of age.® Both APPDutch/BACE] and
APPDutch/APP23 have greater levels of AB4y com-
pared with A4 7% These findings indicate that
APB49 Dutch mutation drastically reduces parenchymal
amyloid plaques but is sufficient for CAA induction.

APP/Ld/2

The APP/Ld/2 mouse model of AD overexpresses the
common human APP695 V7171 London mutation
under the murine Thy-1 promoter.®' Studies showed
that V7171 missense mutation modifies y-secretase
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cleavage resulting in an increased ratio of Afy4;:
AP > % Like APPDutch mice, APP/Ld/2 mice exhib-
it significant vascular amyloid deposition. However,
unlike the APPDutch mice, APP/Ld/2 mice also con-
tain neuritic and diffuse plaques, as is seen in human
patients. Biochemical analysis in 15-24mo old APP/
Ld/2 mice found a decreased ratio of AB4:AB4 in
the vasculature. Thioflavin-S staining revealed AP in
the leptomeningeal, cortical, thalamic, and hippocam-
pal vessels which increased with age. Vessels with
increased thioflavin-S staining exhibited a pattern of
concentric rings,®® similar to the TgCNRDS§ mouse
model.*® On the other hand, Congo red staining
detected the presence of amyloid fibers in vessels with
vascular amyloid appearing first in the pial arterioles
while veins and capillaries had minor accumulations of
AB. Notably, amyloid was absent in the main branches
of the middle cerebral, anterior cerebral and posterior
communicating arteries, although smaller branches
exhibited high accumulation of AB. Transmission elec-
tron microscopy revealed dilated vessels and aneurysms
of pial arterioles, but hemorrhages were not detected.
In response to a hypercapnic challenge, 20-24 mo old
APP/Ld/2 mice exhibited a similar increase in CBF
compared to WT mice suggesting that the vasodilatory
properties of the cerebrovasculature was maintained
despite increased vascular amyloid load in these mice.®

Transgenic mouse line with A plaques
and neurofibrillary tangles

3xTg-AD

The triple-transgenic model (3xTg-AD) was the first
transgenic mouse line to develop both AP plaques
and NFTs. These mice were generated using pronuclear
microinjection where two transgenes were injected into
single-cell zygotes from homozygous Psenlyi 46y mice.
3xTg-AD mice develop extracellular AB plaques prior
to formation of NFTs and exhibit age-dependent
impairments in synaptic plasticity before the manifes-
tation of AP depositions and tangles.’

Functionally, 3xTg-AD mice exhibit reductions
cerebrovascular volume, particularly in the hippocam-
pus, where decreases begin as early as 6 mo of age® and
have been observed up to 11 mo of age.®® The uptake of
[*H]-diazepam was found to be similar to control mice
suggesting normative passive diffusion.>**® In contrast,
facilitated diffusion, as measured by in situ perfusion of
[*H]-D-glucose, was significantly reduced at 18 mo of
age.”* The decrease in brain uptake of D-glucose may
be attributed to the loss of GLUT-1, as 3xTg-AD mice
exhibit significantly lower brain GLUT-1 in capillar-
ies.>* Thus, alterations in cerebrovascular volume and
facilitated diffusion across the BBB may contribute to

both amyloid and tau pathology which worsen with
aging.

Mechanisms of vascular amyloid clearance

The presence of parenchymal and vascular A clearly
leads to marked changes in both the structure and func-
tion of the cerebrovasculature. Mounting evidence sug-
gests that vascular A} may play an integral role in the
development of AD and that the lack of AP clearance
from the cerebrovasculature can exacerbate AD
pathology.®” Ap homeostasis in the brain is regulated
by a multitude of pathways which can influence disease
progression (e.g., early or late onset).*® Indeed, failure
of appropriate AB elimination from the cerebrovascu-
lature is considered a primary factor in the etiology of
AD and CAA (Figure 5).

Studies have shown that transvascular clearance of
AP across the BBB is the predominant mechanism of
AP elimination.®® In human AD brains, BBB disrup-
tion is correlated with AD pathology and cognitive
impairments.® At the level of the BBB, the receptor
for advanced glycation end products (RAGE) is the
key transporter of AP across the BBB into the brain
while the low-density lipoprotein receptor-related pro-
tein-1 (LRP-1) aids in clearance of AP from brain to
blood.” Besides their interaction with Ap, RAGE and
LRP-1 are also expressed by various cell types.”’ While
a vast body of evidence has revealed altered cellular
expression of RAGE and LRP-1 in association with
AD, there is little evidence on how these proteins are
altered within the vasculature itself. In humans, signif-
icant increases in vascular RAGE expression have been
documented in individuals with advanced AD.
Compared with autopsy controls and early AD,
brains from severe AD individuals displayed robust
microvascular RAGE immunoreactivity in the hippo-
campus.’?>* It is not surprising then, that the upre-
gulation of RAGE can alter CBF. Indeed, infusion of
AP in mice, not only confirmed RAGE-mediated trans-
port of AP across the BBB, but also provided evidence
of decreased CBF, which may be caused, in part, by an
increase in endothelin-1 (ET-1), a known potent vaso-
constrictor.”® Increased ET-1 in reactive astrocytes
have been previously reported in AD cases, but the
significance of these findings remains to be clari-
fied.”>*® Together, these findings strongly suggest
that increased RAGE may coincide with increased
brain amyloid burden and contribute to vascular
amyloidosis.

In contrast to increased RAGE, downregulation of
vascular LRP-1 has been observed and is thought to
contribute to impaired AP clearance. In the hippocam-
pus of AD patients, weak LRP-1 immunoreactivity was
detected in microvessels compared to autopsy controls
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Figure 5. Proposed mechanisms of vascular amyloid clearance. (A) Vascular RAGE, expressed by endothelial cells, is the key
transporter of AP across the BBB into the brain. Upregulation of RAGE is observed in severe AD brains. (B) Vascular LRP-I,
expressed by endothelial cells, aids in clearance of AP from brain to blood. Downregulation of LRP-I is observed in brains of AD
patients. (C) Soluble AP is drained via the perivascular route along the arterial basement membrane and towards the leptomeningeal
arteries. (D) AP is cleared through the ‘glymphatic system’ in which soluble A is cleared via bulk flow facilitated by AQP4.
RAGE = receptor for advanced glycation end products, LRP-| = lipoprotein receptor-related protein-I, AQP4 = aquaporin-4.

which had strong LRP-1 staining.”® Evidence of
impaired AP clearance due to decreased LRP-1 in
human and mouse VSMCs has been reported.
Knockdown of LRP-1 using siRNA in human brain
vascular smooth muscle cells significantly increased
endogenous A4y and AP4,, while conditional deletion
of Lrpl in VMSCs of APP/PS1 mice exacerbated A
deposition in the cortex and leptomeningeal arteries.”’
Additionally, antisense targeted against LRP-1 mRNA
in mice resulted in reduced A4, clearance at the BBB
with increased parenchymal Af4, and learning and
memory deficits in mice.”® These and other studies
strongly support the neurovascular hypothesis
of AD.”

Another accepted mechanism of amyloid clearance
is via perivascular drainage of solutes and interstitial
fluid (ISF). As soluble AP enters the basement mem-
brane of capillaries it is subsequently drained along the
arterial basement membrane toward the leptomenin-
geal arteries. The force for perivascular drainage is
thought to arise from arterial pulsations.'®
Confirmation of this pathway has been demonstrated
using fluorescent tracers injected into the corpus stria-
tum of 6-8 wk old adult MF1 mice where tracer mol-
ecules initially diffused throughout the brain
parenchyma and drained along the basement mem-
brane of capillaries and arteries. Little or no tracer

molecules were detected in veins. While no evidence
of the tracer was detected in the leptomeningeal arteries
it was present in perivascular macrophages surround-
ing leptomeningeal arterial walls suggesting that the
tracer had moved through the leptomeningeal arteries
and out of the brain.'”"'% These and other findings
suggest that the meningeal lymphatic vessels are key
players in the removal of macromolecules from the
CNS and into the cervical lymph nodes. After ablation
of meningeal lymphatic vessels in normal aging wild-
type (WT) mice, injected fluorescent tracer molecules
did not reach the deep cervical lymph nodes and diffu-
sion of the fluorescent tracer molecules into the brain
along the blood vessels was reduced. Interestingly,
reductions in meningeal lymphatic vessel diameter
and coverage were observed in 20-24mo WT mice.
Destruction of meningeal lymphatic vessels in 5xXFAD
mice led to accelerated AP deposition in the meninges
and parenchyma as well as cognitive deficits, similar to
those in human AD brains.'** Thus, these studies sig-
nify a key role of the leptomeningeal arteries in the
clearance of AP via the perivascular drainage pathway.

Reductions in perivascular drainage were also asso-
ciated with increased thickness of the vascular base-
ment membranes which occurred in an age-dependent
manner.'% Significant increases in capillary basement
membrane thickness in the cortex, hippocampus, and
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thalamus were observed in 23 mo old WT mice com-
pared to 2 and 7mo old mice. Injection of soluble
human APy revealed reductions in perivascular drain-
age that was more prominent in the hippocampus com-
pared to the thalamus, again consistent with the
concept that vascular amyloid impairs perivascular
drainage.'® Thus, the efficiency of perivascular drain-
age appears to differ between brain regions.

Subsequent studies further investigated perivascular
drainage in the hippocampus.'®? Intracerebral injec-
tions of fluorescent dextran in WT mice revealed sig-
nificant impairments in perivascular drainage in
hippocampal capillaries and arteries of 22mo old
mice compared to 3 and 7mo old mice. This deficit
was correlated with age-related changes in capillary
density and increased vascular basement membrane
thickness. As noted above, age related drainage
appeared to be within the arterial system but intrace-
rebral injections of fluorescent dextran in Tg2576 mice
revealed a significant increase in dextran-positive hip-
pocampal veins of 22mo old mice compared to 3 and
7mo old mice while no significant differences in dex-
tran labeling of hippocampal capillaries and arteries
between ages were found.'” The absence of dextran
labeling in the capillaries and arteries were attributed
to reductions in capillary density which has been
observed in other mouse models of AD.:105:106
However, the increased dextran labeling in veins sug-
gests that vascular amyloid deposition altered the
normal route of perivascular drainage. In support of
this, no significant differences in large diameter vessel
density was observed between ages in Tg2576 mice or
in WT mice. If perivascular drainage is indeed driven
by arterial pulsations, then it is likely that this driving
force may be lost due to impairments in CBF dynam-
ics. As described above, Tg2576 mice have reduced
CBF and deficits in vasodilatory and vasoconstrictive
properties.*” These findings would imply that perivas-
cular drainage is not only impaired with aging but that
increased severity of CAA further contributes to dis-
ruptions of AP perivascular drainage.

Recently, a new mechanism of AP elimination has
been proposed which has garnered widespread interest.
This pathway of AP removal is thought to be along the
paravascular routes. Because the brain parenchyma
lacks lymphatic vessels, a “glymphatic system” for
waste and solute removal has been suggested.'”” The
glymphatic pathway posits that interstitial solute clear-
ance, such as AP, is driven by convective bulk flow.
Using various small fluorescent tracers, it was found
that influx of the cerebrospinal fluid (CSF) is along
para-arterial routes and efflux of ISF is along parave-
nous routes facilitated by the astrocytic water channel
aquaporin-4 (AQP4). Injection of radiolabeled and
fluorescently tagged AP was shown to move along

the vasculature and accumulate in the capillaries and
large draining veins. Furthermore, radiolabeled A
clearance was reduced by ~55% in the absence of
AQP4 suggesting that AQP4 plays a role in soluble
AB clearance via bulk flow. However, this mechanism
of solute clearance has been highly debated.'*®!'% In
one study, the distance by which the intensity of
fluorescent-tagged AP was decreased from the injection
site was similar in both WT and mice lacking AQP4,
indicating that AQP4 does not aid in bulk flow A
clearance.''” These and other controversial findings
regarding Af clearance through the glymphatic path-
way warrant additional investigations.

Impact of a dysfunctional neurovascular
unit on AD cerebrovasculature

It is evident that failure of amyloid clearance can man-
ifest specific cerebrovascular phenotypes. However, it
remains unclear how vascular amyloid deposition
molds surrounding cells to alter vessel morphology
and function. The cerebrovascular network is a com-
plex and dynamic system composed of various cell
types including neurons, astrocytes, pericytes, ECs,
and VSMCs."'! Coined as the neurovascular unit
(NVU, or expanded NVU''"), these cells work syner-
gistically to maintain central nervous system (CNS)
homeostasis.'" Along with tight and adherens junc-
tions, the ECs of the NVU comprise the BBB to facil-
itate transport of nutrients and provide a barrier
against harmful molecules.''> Emerging evidence sug-
gests that damage to constituents of the NVU likely
plays a significant role in the pathophysiology of AD,
further supporting the vascular AD hypothesis. While
little is known on how cells of the NV U directly remod-
el the cerebrovasculature in AD, it is well established
that a dysfunctional NVU can generate a cascade of
events, ultimately leading to reductions in CBF,
increased BBB leakage, and associated complications
that have been reported in AD** (Figure 6).

Marked disturbances in vessel architecture and func-
tion can be also be attributed to changes in VSMCs and
ECs. In postmortem AD brains, morphological
changes of the cerebral vessels were attributed to irreg-
ularly shaped and swollen ECs and deteriorating
VSMCs.''*!!* The ability of these cells to synthesize
and release soluble AP may also be one mechanism
on how neurodegenerative processes are further exac-
erbated in AD. In an early study, cultured human
VSMCs incubated with AB;_4> not only caused degen-
eration of VSMCs but also led to induction of cellular
APP which can lead to an increase in soluble AP
levels.''® On the other hand, ECs are able to synthesize
the neurotoxin thrombin''® which can induce APP
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Figure 6. Development of a dysfunctional neurovascular unit (NVU) in AD. In the normal NVU (left), pericytes, astrocytes, and
endothelial cells, work synergistically to maintain homeostasis and provide a barrier against harmful molecules. In the AD brain, a
dysfunctional NVU may develop from swollen endothelial cells, loss of pericytes, impaired BBB, and mis-localization of aquaporin-4.
These deficits can lead to consequences such as decreased BBB integrity, impaired A clearance, altered vessel morphology, and
compromised cerebrovascular functions. BBB = blood-brain barrier.

through PKC-dependent mechanism."'” Thus, a posi-
tive feedback loop may exist in which initial amyloid
deposition causes VSMC and EC dysregulation leading
to synthesis of additional AP ultimately resulting in the
progression of AD.

Although reactive astrocytes are a common path-
ological feature present in both human and animal
models of AD,'"'® their contribution to cerebrovascu-
lar dysfunction and ultimately disease progression
remains largely unknown. One potential target is
the astrocytic water channel aquaporin 4 (AQP4).
In support of this, deletion of A¢gp4 in APP/PSI and
5xFAD mouse models of AD showed significant
increases in accumulation of parenchymal and vascu-
lar AB load,,”*""? increased neuronal and astrocyte
toxicity,”*"%120 and reduced AP uptake.'?®
Perivascular AQP4 redistribution has also been
observed in both rodent and human AD.?¢73:119.121-
123 Specifically, severe vascular AP deposition
resulted in redistribution of AQP4 from the endfeet
towards the neuropil away from the vascula-
ture.>®!21122 These findings suggest that AQP4 dys-
function is complicit in NVU impairments and
accelerates AD progression, ostensibly through a
compromised BBB. In fact, several studies have dem-
onstrated a role of AQP4 in BBB maintenance'>* and
that redistribution or downregulation of AQP4
results in increased BBB leakage.'?

Pericytes are thought to play a role in vascular sta-
bility'?® and pericyte degeneration modulates cerebro-
vascular structure and function in AD.'?” A striking
“string vessel” morphology (thin microvessels that
lack ECs) are thought to be a consequence of pericyte

loss'?® and has also been observed in human AD

brains.'®® Loss of pericyte coverage on blood vessels
were observed in 8 mo old 5xFAD mice (Figure 5). In
mice that overexpress APP*"/? leading to reduced peri-
cytes (APP"? Pdgfrpt7).3" APP™ Pdgfrp™ mice
exhibited significant accumulation of AB4 and A4, in
the cortex and hippocampus resulting in loss of AP
clearance via the BBB'*’. Not surprising was the sig-
nificant increase of CAA in these mice as well as accel-
erated AD pathology which appears to contribute to
increased BBB breakdown and subsequent cerebrovas-
cular functional decifits."*® A compromised BBB can
have severe outcomes including accumulation of peri-
vascular IgG, hemosiderin, thrombin, and plasmin,13 !
toxic macromolecules, all of which are known to play
key roles in memory impairment'*> and vascular
damage'? that are associated with AD.!3134

Cerebrovascular targets for AD
treatment

Despite exhaustive research efforts, a successful treat-
ment for AD remains elusive. This may be attributed to
the fact that current drugs are targeted towards directly
reducing amyloid and tau aggregation, centered
around the amyloid hypothesis.'** It is now evident
that accumulation of amyloid plaques and NFTs,
even at early stages, can lead to vascular structural
abnormalities which can ultimately lead to functional
deficits. Thus, an alternative treatment option would be
to reestablish normal vascular architecture in hopes of
mitigating AD pathology. One study to date has dem-
onstrated that cerebral microvascular architecture can
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be restored pharmacologically with Liraglutide,” a
glucagon-like peptide-1 (GLP-1) agonist used for the
treatment of type 2 diabetes.'** GLP-1 has been
shown to cross the BBB'*” and be neuroprotective.'*®
Daily injections of Liraglutide for 8 wk improved vessel
architecture in 9 mo old APP/PS1 mice, including BBB
integrity and vessel diameters comparable to con-
trols.’® In vehicle treated APP/PSI mice, vessels were
abnormal with evidence of increased vessel permeabil-
ity. Thus, while treatment with Liraglutide shows
promise in restoring cerebrovascular architecture, fur-
ther studies are required to determine if the functional
aspects of these vessels are also improved.

Another target for cerebrovascular directed therapy
is the transferrin receptor (TfR) which is highly
expressed by brain capillary endothelial cells
(BCECs).'* Transferrins are iron-binding blood
plasma glycoproteins involved in iron homeostasis.'*
Abnormal accumulation of iron has been reported in
the brains of AD patients'*' and was correlated with
the presence of AP plaques and hyperphosphorylated
tau.'*! Several studies have demonstrated the potential
of TfR as a vector for drug delivery in the brain. For
example, systemic or intravenous injections of mono-
clonal antibodies against TfR alone or conjugated to
nanoparticles were shown to internalize into
BCECs'*#'* thereby allowing for controlled drug
delivery. One exemplar study employed poly(lactic-
co-glycolic acid) (PLGA) nanoparticles targeted with
anti-TfR antibodies for improved drug transport
across the BBB.'** Here, nanoparticles with anti-TfR
antibodies were used to deliver encapsulated iABs, a
peptide that binds to AP to inhibit the formation of
the oligomer B-sheet'*® in cultured porcine BCECs.'*
Compared to nanoparticles without functionalized
anti-TfR, the cellular uptake of nanoparticles targeted
with anti-TfR was enhanced significantly. Critically,
TfR levels were found to be similar between AD
patients relative to controls'**'*” and no significant
differences in TfR levels were detected in 12-18 mo
old 3xTg-AD'* or in 5mo old PS2APP mice.'’
Thus, the ability of TfRs to act as nanocarriers for
drug transport as well as the preservation of TfR in
both human AD and mouse models of AD would sug-
gest that TfR may be a good target candidate for drug
delivery approaches.

Although autopsy remains the clinical gold standard
for identifying the underlying pathology of AD, the
aforementioned studies significantly highlight the cere-
brovasculature as potential target for drug treatments.
Thus, diagnostic procedures that can detect vascular
changes associated with AD can be highly beneficial
in testing new evolving therapeutics.

Conclusions

Accumulating evidence validates that cerebrovascular
deficits are associated with AD, supporting the vascu-
lar hypothesis. Additionally, evidence has demonstrat-
ed that cerebrovascular dysfunction precedes AD
pathophysiology. Hence, the two-hit hypothesis of
AD could been modified wherein vascular factors com-
bined with genetics result in vascular damage (hit 1)
which is then followed by AP decrements in clearance
along with APP processing (hit 2).%° Despite consider-
able research, the underpinnings of AD remain to be
elucidated; nonetheless, the studies reviewed herein
seem to indicate that the cerebrovasculature is a
highly vulnerable target that is implicated in AD dis-
ease progression.

In critically reviewing these studies, it is now clear
that the cerebrovasculature undergoes drastic architec-
tural changes well in advance to the accumulation of
AP plaques. Moreover, severe AP plaque deposition
and hyperphosphorylated tau lead to serious vascular
disruptions. Profound structural changes such as loop-
ing, twisting, and kinking of blood vessels are expected
to dramatically influence the regulation of CBF. In this
cascade of pathology, vascular amyloid deposition can
further exacerbate AD pathology by increasing BBB
leakage which further alters CBF regulation. Clinical
and experimental (preclinical) AD studies have
reported impaired cerebrovascular function, which fur-
ther confirms the importance of vascular health in
abating the progression and pathophysiological mech-
anisms underlying AD. However, cerebrovascular dec-
rements have focused primarily on changes in arteries
and capillaries and attention to venule pathology has
been largely overlooked. Indeed, venular amyloid have
significant consequences on AD pathology'*® and eval-
uation of both arteriole and venule aberrations should
be seriously considered in future studies.

The effects of vascular amyloid or CAA are of
immense clinical importance. Expansion of research
efforts investigating the cerebral vasculature are direly
needed to gain a better understanding of the vascular
mechanisms underlying the pathophysiology of AD.
Increasing our understanding of the vascular progres-
sion leading to AD will enable future novel interven-
tional treatment strategies. While we have not
discussed inflammation within the context of this
review, it is clearly important to consider how the
inflammatory response, either within the parenchyma
or within vessels, could impact the pathological pro-
gression. It is conceivable that treatments to blunt or
reverse AD will require a combination of treatments,
targeting diverse physiological responses. Thus, as a
first step, rigorous characterization of the
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cerebrovasculature, including the NVU, is crucial to
clearly define its impact on AD symptomology and
pathology.

While significant AD research has been undertaken,
challenges remain due to variability in study methods
(i.e., animal models, age, methodology, parameters,
etc.). These differences between studies make compar-
isons almost impossible and future research should
consider employing similar criteria and utilize
common data elements (CDEs) to ensure standardiza-
tion and harmonization across investigators. The use of
“collaborative crosses”'* in preclinical disease models
may also provide crucial information on how natural
genetic variation influences vascular decrements in AD.
Overall, generation of reliable and complete data will
would further significant advancement in the field of
AD research.
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