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Abstract.

Background: Vascular pathology is a common feature in patients with advanced Alzheimer’s disease, with cerebral amyloid
angiopathy (CAA) and microvascular changes commonly observed at autopsies and in genetic mouse models. However,
despite a plethora of studies addressing the possible impact of CAA on brain vasculature, results have remained contradictory,
showing reduced, unchanged, or even increased capillary densities in human and rodent brains overexpressing amyloid-f3 in
Alzheimer’s disease and Down’s syndrome.

Objective: We asked if CAA is associated with changes in angiogenetic factors or receptors and if so, whether this would
translate into morphological alterations in pericyte coverage and vessel density.

Methods: We utilized the transgenic mice carrying the Arctic (E693G) and Swedish (KM670/6701NL) amyloid precursor
protein which develop severe CAA in addition to parenchymal plaques.

Results: The main finding of the present study was that CAA in Tg-ArcSwe mice is associated with upregulated angiopoietin
and downregulated hypoxia-inducible factor. In the same mice, we combined immunohistochemistry and electron microscopy
to quantify the extent of CAA and investigate to which degree vessels associated with amyloid plaques were pathologically
affected. We found that despite a severe amount of CAA and alterations in several angiogenetic factors in Tg-ArcSwe mice,
this was not translated into significant morphological alterations like changes in pericyte coverage or vessel density.
Conclusion: Our data suggest that CAA does not impact vascular density but might affect capillary turnover by causing
changes in the expression levels of angiogenetic factors.
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INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of
dementia, currently estimated to affect more than 50
million people worldwide, with numbers rapidly
increasing [1]. AD is characterized by an insidious
onset and neuropathological features developing de-
cades before symptoms of memory loss, cognitive
decline, and behavioral changes occur [2]. The amy-
loid cascade hypothesis, dominating the field since its
proposal in 1992 [3], holds that cleavage of amyloid-
B protein precursor (ABPP) into amyloid-B (AB)
initiates a pathological cascade, where A3 aggre-
gates into A3 plaques in the brain parenchyma, in
turn causing extensive loss of neurons, and eventu-
ally of cognitive function. Even though numerous
studies point to a strong involvement of AP in the
development of AD, alternative pathophysiologi-
cal mechanisms must be considered. Since vascular
abnormalities are commonly observed in AD brains
[4, 5] several studies have explored the vascular
components of the disease. Early anatomical studies
in human AD cases report abnormal tortuous, kink-
ing, looping, twisting, spiraling, bundle forming,
and knob-like structures in vessels [6—10]. Cerebral
amyloid angiopathy (CAA), characterized by accu-
mulation of AP around cerebral blood vessels, is
reported in approximately 90% of AD patients [11,
12]. Epidemiological data suggest that vascular fac-
tors like mid-life hypertension, atherosclerosis, and
diabetes may increase AD risk, and several reports
indicate that the first change in AD is a decrease of
cerebral blood flow [13—15]. Angiogenetic changes,
aberrant vascular cell function, reduced vascular cov-
erage, and a loss of blood-brain barrier integrity
may be consequences of amyloid toxicity, but may
also contribute to increased A3 deposition in the
parenchyma and around vessels in a vicious cycle
that enhances disease progression [13, 16]. How-
ever, attempts to study these vascular changes in
both rodents and humans have yielded contradic-
tory results, in particular with respect to angiogenesis
(reviewed in [13]).

Angiogenesis is a complex process involving both
hypoxia-inducible factor (HIF)-dependent angioge-
netic factors (e.g., vascular endothelial growth factor
(VEGF) and its tyrosine kinase receptor; VEGFR-1,
angiopoietins (ANGPT-1 and ANGPT-2), and the en-
dothelial tyrosine kinase receptor, TIE-2 and the VE
GF co-receptor neuropilin; NRP-1) and HIF-indepe-
ndent angiogenetic factors (e.g., vascular endothelial

growth factor receptor (VEGFR-2)). These factors
are crucial in controlling and timing regenerative
angiogenesis in the adult rodent brain [17-19]. Ubiq-
uitously expressed hypoxia-inducible factor-1, alpha
subunit (HIF- 1) is involved in the cellular adapta-
tion to low oxygen tension and has evoked interest for
its potential neuroprotective role [16]. HIF- 1o seems
to be a crucial compensatory mechanism against
overexpression of ABPP and diminished clearance of
AB. While recent experimental studies suggest a neu-
roprotective effect of stabilizing HIFs, there is limited
knowledge of their role in AD [16].

AD has been associated with pericyte degenera-
tion, which might impact important brain functions
and cause blood-brain barrier leakage, reduced blood
flow, and aberrant angiogenesis [20, 21]. Pericytes
play an important dynamic and at times opposing role
in angiogenesis [20], while reduced blood flow is an
early marker of AD [13, 22]. Recent studies have
indicated that this is caused by constriction of cap-
illaries by contractile pericytes, probably evoked by
oligomeric A [14, 23].

The Tg-ArcSwe mouse model carries a human
ABPP cDNA with the Arctic (p. E693G) and Swe-
dish (p. KM670/671INL) mutations (Tg(Thyl-
APPSweArc)BLngn; MGI: 4420229), and develops
severe CAA from around 8 months in addition to
parenchymal plaques (between the age 5-6 months)
[24, 25]. The Swedish mutation is located imme-
diately adjacent to the [(3-secretase site in ARPP
[26], while the Arctic mutation is located within the
APB sequence. A pathological mutation within the
AP sequence, like the Dutch (E693Q) and Flemish
(A692G) mutations, generally causes a phenotype
slightly different from AD, with intracerebral hemor-
rhages in addition to massive amyloid accumulation
in cerebral blood vessel walls and parenchymal amy-
loid plaques [27]. However, despite a vast amount of
CAA being observed in the Tg-ArcSwe model [28],
intracerebral hemorrhages, are not observed [27].
This makes the Tg-ArcSwe model a promising tool
for assessing the impact of CAA on angiogenesis and
vascular density and turnover.

With the aim of arriving at a better understand-
ing of AD, we set out to test if CAA in Tg-ArcSwe
is associated with changes in angiogenetic factors
or receptors and morphological changes in pericyte
coverage and vascular density. To address these ques-
tions, we utilized immunohistochemistry at the light
microscopic and electron microscopic level com-
bined with unbiased stereology and qPCR analysis
methods.



G.H.E.S. Skaaraas et al. / Cerebral Amyloid Angiopathy in a Mouse Model of Alzheimer’s Disease

MATERIALS AND METHODS

Animals

Thirty mice carrying a human ABPP cDNA with
the Arctic (p. E693G) and Swedish (p. KM670/
671NL) mutation (Tg-ArcSwe), and twenty-eight
wild type littermate controls (WT) were used for dif-
ferent analyses as indicated in Table 1. The animals
were housed under standard conditions with 12-h
dark-light cycles and unrestricted access to food and
water. All animal procedures were in accordance with
European (2010/63/EU and ETS123) guidelines for
the care and use of laboratory animals and approved
by the Norwegian Food Safety Authority (FOTS id
5693).

Synthesis of Methoxy-X04

Methoxy-X04 [29] was synthesized largely
according to published methods. First, 1,4-bis(bro-
momethyl)-2-methoxybenzene 2, obtained by dibro-
mination of 2,5-dimethylanisole 1, was converted to
the corresponding bisphosphonate 3 in a Michaelis-
Arbuzov reaction (Scheme 1) [30]. Next, this was
deprotonated with NaH and allowed to react with
two equivalents of 4-(ethoxymethoxy)benzaldehyde
5 in a double Wittig-Horner/Horner-Wadsworth-
Emmons reaction, giving the diene 6 [30, 31]. Finally,

Table 1
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Scheme 2. Protection of the phenolic hydroxy group of 4.

deprotection of 6 under acidic conditions afforded
Methoxy-X04 7 [29].

Some minor adjustments were made to the pub-
lished methods, one being the replacement of
methoxymethyl (MOM) with ethoxymethyl (EOM)
as protecting group for the phenolic hydroxy group
of 4-hydroxybenzaldehyde 4 (Scheme 2) [32].

Experimental details and spectroscopic data for
the intermediates and Methoxy-X04 are provided in
the Supplementary Material. The large coupling con-
stants observed for the olefinic protons (/=17 Hz)
strongly suggest that the configuration at both double
bonds is (E).

Tissue processing for light microscopic
immunohistochemistry and gPCR analysis

The animals were weighed and injected intraperi-
toneally with 7mg/g Methoxy-X04 dissolved in
0.1 M phosphate buffer saline (PBS) 24 h before they
were sacrificed. In previous experiments, we have
injected several wild type mice to ensure no unspe-
cific binding of Methoxy-X04. Animals (Tg-ArcSwe

Animals used in the study

Data analysis Genotype Age (mo) Number of animals
Quantitative-real time WT littermates 11-13 8
polymerase chain reaction Tg-ArcSwe 11-13 8
Stereology: Area fraction WT littermates 11-13 12
fractionator quantification Tg-ArcSwe 11-13 14
Electron microscopy WT littermates 4 16 4 4
quantification Tg-ArcSwe 4 16 4 4
OMe OMe 0 OMe
<§ NBS Bry <§ P(OEt)5 EOR <§ NaH, 5
(PhCO,),, CCly, Br reflux, 6h P/OOEét THF, reflux,
1 reflux, 4h 2 3 O” 2h
47% 31%
AcOH/H,0
—_—=
90°C, 80 min

Scheme 1. Synthesis of Methoxy-X04. 5, 4-(ethoxymethoxy)benzaldehyde; EOM, ethoxymethyl
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and WT littermates) used for qPCR analysis was not
injected with Methoxy-X04.

Prior to sacrifice, the mice were anesthetized with
Isofluran (Isoflo, Abbot Laboratories, Abbot Park,
IL, USA) and ZRF mixture (Zolazepam 3.8 mg/ml,
Tiletamin 3.8 mg/ml Xylazine 0.45 mg/ml, and Fen-
tanyl 2.6 pg/ml; single intraperitoneal injection) and
transcardially injected with 100 w1 Texas red-labeled
dextran (molecular weight 70kDa; lysine fixable;
25 mg/ml stock solution diluted to 5 mg/ml in PBS;
cat# D1830; Thermo Fisher Scientific) for 5 min
before decapitation, using a protocol adapted from
Walchli et al. [33]. The lysine-fixable dextran used
in this study is a hydrophilic polysaccharide with low
toxicity that has covalently bound lysine residues.
This permits the dextran tracer to be conjugated
to surrounding biomolecules by aldehyde-mediated
fixation for subsequent detection by immunohisto-
chemical and ultrastructural techniques [34].

Following decapitation, the brains were dissected
out. For 16 of the brains (8 Tg-ArcSwe and 8 WT lit-
termates), the right hemisphere was immersion fixed
in freshly dissolved 4% formaldehyde in 0.1 M phos-
phate buffer (PB) for 3 days before being transferred
to 0.1% formaldehyde in 0.1 M PB at 4°C until fur-
ther usage. For these animals the left hemisphere was
subdivided into tissue blocks including frontal cor-
tex, hippocampus, cerebellum, and the rest of the
brain, which were frozen and stored in —80°C pending
analysis.

Cryoprotective steps in graded sucrose solution
(10%, 20%, and 30% sucrose in PB) were performed
on the immersion fixed material, before cutting each
hemisphere in serial 40 wm thick sagittal free-floating
sections on a freeze microtome (Thermo Scientific'
Microm KS 34). Sections were stored in 0.1%
formaldehyde in PB at 4°C, protected from light, until
further use. Every 12th section from the right hemi-
sphere were mounted on glass slides with ProLong
Gold Antifade Mountant (Invitrogen, Thermo Fisher
Scientific) and stored at —20°C and protected from
light.

Stereological evaluation of vessel area fraction
in cerebral cortex

To estimate the area fraction of cerebral vessels,
unbiased stereology of Texas red-labeled blood ves-
sels was performed in cerebral cortex of Tg-ArcSwe
mice and WT littermates. Animals with insufficient
Texas red-labeled dextran labelling were excluded
from the analysis, and 14 Tg-ArcSwe animals and

12 WT littermates were chosen for final analysis.
The analyst was blinded for the genotype. For stere-
ological quantification, each 12th section, starting
randomly at section number 4, 8, or 12 in the series
were chosen. This yielded 8-11 sections for anal-
ysis of the entire cerebral cortex per animal. The
sections were examined by an Olympus Bx52 micro-
scope (Olympus, Tokyo, Japan) equipped with a
motorized stage (LEP MAC5000, LUDL Electronic
Products Ltd., Hawthorne, NY, USA), and Optron-
ics MicroFire digital camera (Optronics Goleta CA,
USA) running the Stereo Investigator software (ver-
sion2017.02.2; MBF Bioscience, Chicago, IL, USA).

Regions of interest were manually drawn using
a 4 x objective (Olympus UPlanApo, NA 0.16) in
bright field mode. The cerebral cortex was delin-
eated anteriorly by a line connecting the rhinal fissure
and corpus callosum, ventrally by the outer bound-
ary of corpus callosum, posteriorly by the dorsal
subiculum and dorsally by the external surface of the
brain. Texas red — labeled blood vessels were identi-
fied and marked through a 40 x objective (Olympus
UPlanApo, NA 0.85) using the Area Fraction Frac-
tionator approach [35]. A 300 x 300 wm counting
frame were positioned within the region of interest
on an isotropic sampling grid (850 x 850 wm) with
gridlines spaced at 50 wm. Texas red - labeled blood
vessels were counted if their outer boarder fell within
the intersection.

Immunohistochemistry for light microscopy

A subset of sections was washed in PBS 0.01 M for
10 min, followed by two times in 0.1% TritonX100
in PBS (PBST) for 5 min. The PBST was removed
and blocking (10% normal donkey serum (NDS), 1%
bovine serum albumin (BSA), 0.5 % Triton X100 in
PBS) was performed for 1 h at room temperature.
This was directly followed by incubation overnight at
room temperature with primary antibody (PDGFR3;
host: rabbit; diluted 1:100; Abcam; cat# ab32570)
diluted in antibody solution (ABS; 3% NDS, 1 %
BSA, 0.1% Triton X100 in PBS). The following day
the sections were rinsed in 0.1% PBST two times for
1 min and three times for 10 min. Secondary antibody
(CY2-conjugated donkey anti-rabbit; diluted 1:500;
Jackson ImmunoResearch Labs.; cat# 711-225-152)
was diluted in ABS, and the sections were incubated
for 1h at room temperature. After the second incu-
bation, the sections were washed in PBS for 10 min,
three times. All sections were transferred to ddH,O
and mounted with ProLong Gold antifade reagent
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(Thermo Fisher Scientific; cat# P36934). Z-stack
images were acquired using a Zeiss LSM 710 confo-
cal microscope, at 20 x, 40 x, or 63 x magnification
at an optical thickness of 1 wm. The stacks obtained
were 3D rendered using ImagelJ software, FIJT [36].
The images were used for qualitative purposes.

Tissue processing for electron microscopy

16 animals (8 WT littermates and 8 Tg-ArcSwe)
were used for electron microscopy analysis and sac-
rificed either at 4 months or 16 months of age. These
animals were anesthetized with 0.3 mL ZRF mixture
intraperitoneally and checked for absence of reflexes
before they were transcardially perfused with ice
cold 2% dextran (freshly dissolved in 0.1 M PB) for
20-30s, followed by 4% formaldehyde and 0.1% glu-
taraldehyde in 0.1 M PB (pH 7.4) for 10 min. The
brains were extracted and postfixed in the same solu-
tion for 72 h and stored in 1/10 fixative at 4°C until
further preparation. Pieces from cerebral cortex were
dissected and embedded in Lowicryl HM20 follow-
ing our laboratory’s standard protocol [37].

Briefly, the tissue pieces were cryoprotected in 4%
glucose dissolved in 0.1 M PB for 2h followed by
increasing concentrations (10%, 20%, and 30%) of
glycerol before plunging the tissue specimens into
liquid propane at —170°C in a liquid nitrogen-cooled
cryofixation unit KF80 (Reichert, Vienna, Austria).
Freeze substitution was undertaken in 0.5% uranyl
acetate in anhydrous methanol at —90°C for 48 h
in a freeze substitution unit (Leica EM AFS, Leica
Microsystems GmbH, Wien, Austria). The tempera-
ture was gradually increased to —45°C, and Lowicryl
HM20 was gradually substituted for methanol for
embedding the tissue. The specimens were poly-
merized under ultraviolet light for 48h at —45°C.
Ultrathin sections were cut at 80—100 nm and placed
on Formvar-coated single-hole grids. The grids were
incubated in 2% uranyl acetate followed by 0.3%
lead citrate for 90s each to enhance the contrast for
imaging.

Several sections, chosen randomly, from the frontal
cortex of each animal were investigated, and all capil-
laries deemed to be intact and without severe artefacts
were imaged. The frontal cortex was chosen for anal-
ysis as we have previously shown that this is a region
severely affected by CAA in Tg-ArcSwe mice [28].
For 4-month-old Tg-ArcSwe mice and WT litter-
mates this yielded a total number of 184 and 141
capillaries, respectively, while for the 16-month-old

animals, 196 capillaries were included from the Tg-
ArcSwe mice and 168 from the WT littermates.

Electron micrographs were obtained digitally from
a transmission electron microscope (Tecnai 12,
Philips Electron Optics BV, Eindhoven, The Nether-
lands). The images were exported at 11500x in tiff
format and blinded to the analyst.

On selected sections, postembedding immunogold
labeling with antibody ABx-40 [38] was performed to
identify amyloid deposit for qualitative purposes. The
procedure has previously been described [39].

Electron microscopic image analysis

Pericytes were defined as cells located within the
perivascular basal membrane, recognized by the split-
ting of the basal membrane on opposite sides of the
cells. Pericyte coverage was measured as percent-
age of endothelial membrane covered by pericytes
by measuring the total perimeter length of the capil-
lary endothelium and the parts of it lined by pericytes
(Fig. 1) [40]. The image analysis were performed in
MATLAB R2017a® (The MathWorks, Inc., Natick,
MA, USA) using software developed for automatic
detection of immunogold particles [41]. The resolu-
tion was set at 11500x, while the nm per pixel was
set at 4.3228.

Fig. 1. Procedure for quantification of pericyte coverage. Cross
section of a capillary in cortex. Pericyte coverage was measured as
the percentage of the endothelial cell perimeter covered by peri-
cytes. The black line outlines the endothelial cell perimeter, and the
white lines indicate endothelial cell membrane domains covered
by a pericyte. Green overlay shows the endothelium and magenta
identify pericytes while yellow outlines the astrocyte endfeet. Scale
bar 2 pm.
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RNA isolation and real time PCR

Prior to RNA extraction, tissues were suspended
in RNAlater™-ICE (Ambion; cat#: AM7030) for
48 h and then proceeded with extraction. The RNeasy
Mini Kit (QIAGEN, Hilden, Germany), including the
on column DNase digestion, was used to isolate total
RNA from the frontal cortex tissue samples. The RNA
concentration and integrity were determined using
NanoDrop 2000c spectrophotometer (ThermoFisher
Scientific) and ethidium bromide visualization after
agarose gel electrophoresis, respectively. 1 g of total
RNA was reverse-transcribed into cDNA with Oligo
(dT)15 using the GoScript Reverse Transcription Sys-
tem (Promega, Madison, WI, USA, cat#: A5001)
following manufacturer’s protocol. All the cDNA
samples were diluted in Tris-EDTA buffer (pH 8.0)
to a final concentration of 2.5 ng/ i 1. Real-Time PCR
was carried out in a total volume of 20 pul, con-
taining 2x AB Power SYBR® Green PCR Master
Mix (ThermoFisher Scientific) with gene specific
primers (at a final concentration of 200nM) and
2 1l cDNA samples. Amplification was performed
on the StepOnePlus system (Applied Biosystems)
with the following conditions: 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s and 60°C for
1 min, followed by melting curve analysis to check
for unspecific secondary products. Each sample was
run in duplicates. Using the NormFinder software
[42], HPRTI was determined as an internal control
for normalization of the gene expression. The primers
were designed online using Primer-BLAST and set-
ting the amplicon size to a maximum of 200 bp. All
the primers designed spans exon-exon junction and
standards were prepared for each primer pair as pre-
viously described [43]. List of primers used in the
study are presented in Table 2.

Statistical analysis

For qPCR analysis, mean copy number per ng
of total RNA was compared between genotypes by
Mann-Whitney U test in SPSS Statistics 26 (SP
SS, Chicago, IL, USA). To evaluate vessel density
unpaired two-sided Student’s #-test was performed
using GraphPad Prism version 8.0.1 for Windows
(GraphPad Software, San Diego, CA USA, http://
www.graphpad.com). Pericyte coverage was evalu-
ated by Student’s r-test in MATLAB R2017a®. A
p-value < 0.05 was considered significant. The data
are presented as mean with SEM.

Table 2

Primer list

Reverse (37)

Forward (57)

Accession

Protein names

Gene

AAGTGGCTTTGGAGTTTCCG
TGGCTTGTCACATCTGCAAG
CTTGTCACTTTCGCGGCTTC

TTTTGGCAGCGATGACACAG
AAAACACAGACTCGCGTTGC
CTCCCCAGCTGACATCATCC

NM_010431.2

Hypoxia inducible factor 1, alpha subunit
Vascular endothelial growth factor A

Vascular endothelial growth

factor B

Hifla
Vegfa
Vegfb

NM_001025250.3
NM_011697.3

transcript variant 1

Vegfrl/mFlt]

TGCACGGGCCTGATGTG

TGTTTGAGGACTATCAGCTGGAC

NM_010228.4

Vascular endothelial growth

factor receptor 1

transcript variant 1

Vegfrl/mFLT1

CATTCGGCACATCTGTGACAT

GAGAGCATCTCTCAGCGCAT

NM_001363135.1

Vascular endothelial growth

factor receptor 1

transcript variant 2

Vegfr2/Kdr

NM_010612.3 ATAGTGTGAAGAGCTGGGAGCA GCTGAAAGCCTTGTAATCTCTCTA

Vascular endothelial growth

factor receptor 2

transcript variant 1

Vegfr2/Kdr

CCGGTACGAGCACTTGTAGG

AGATTACTTGCAGGGGACAGC

NM_001363216.1

Vascular endothelial growth

factor receptor 1
Angiopoietin 1

transcript variant 2

Angptl

AATGAACTCGTTCCCAAGCC

TACAACACCGGGAAGATGGAAG
ACCGCGGGCAAAATAAGTAG
GGTCTGCCATTGTGGTGGAT

NM_009640.3

AAGGACCACATGCGTCAAAC

NM_007426.4

Angiopoietin 2

Angpt2
Tiel

CATAAGGGCAGAAGGTCCCC

NM_011587.2

Tyrosine kinase with immunoglobulin-

like and EGF-like domains 1

GTACCTGGCCGAGTACACAC

CTTCATCCACTCAGTGCCCC

NM_013690.3

TEK receptor tyrosine kinase

Tie2
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RESULTS

Amyloid-B accumulates in vascular smooth
muscle cells and around capillaries

In Tg-ArcSwe mice, Af accumulates around
leptomeningeal vessels, penetrating arterioles, cap-
illaries and less frequently around veins. At appr-
oximately 12 months of age 13.66% £ 5.16 of the
vessels in cerebral cortex possess CAA (Fig. 2).
In the leptomeningeal arteries and arterioles, A is
deposited in smooth muscle cells, while around cap-
illaries it accumulates on the outside and inside of
astrocytic endfeet (Fig. 2). This is described in detail
in a 3D reconstruction of capillaries in our previous
paper [25].

Angiogenetic factors are altered in Tg-ArcSwe
animals with no changes in blood vessel density

In our study, we performed quantitative PCR
on RNA samples extracted from cerebral cortex
of 11-13-month-old Tg-ArcSwe mice (n=8) and
compared with WT littermates (n=38). Strikingly,
Hif-1o is strongly downregulated in the transgenic
animals compared to the WT littermates (p <0.001).
We also found a significant downregulation of
vascular endothelial growth factor receptor 2 variant
2 (Vegfr2-var 2) in Tg-ArcSwe compared to WT
littermates (p =0.038). However, angiopoietin 1
(Angptl) and angiopoietin 2 (Angpt2) were both
significantly upregulated in Tg-ArcSwe compared
to WT littermates (p=0.038 and 0.05), so was

CAA vessel burden (%)

T
Tg-ArcSwe

Fig. 2. AP accumulates in leptomeningeal and penetrating arterioles and around capillaries in Tg-ArcSwe. A) Light microscopic image of a
penetrating arteriole with CAA from the upper layer of cortex. Red, Texas red conjugated dextran; Cyan, Methoxy-X04. Scale bar 20 wm. B)
Light microscopic image of an arteriole (big arrow) and capillary (small arrow) in cerebral cortex in Tg-ArcSwe. The image demonstrates the
difference in appearance of A3 depositions. C) Electron micrograph of a leptomeningeal artery with AB accumulating in the vascular smooth
muscle cells. Scale bar 5 um. D) Enlargement of marked area demonstrated in C. The image shows in detail how the A fibrils deposits in
the vSMCs. The A fibrils are marked with immunogold histochemistry (black dots). Scale bar 500 nm. V, vessel; vSMC, vascular smooth
muscle cell. E) An electron micrograph of a cortical capillary with A accumulation marked with immunogold histochemistry. The dotted
line marks the outer boundary of the AR fibrils. The fibrils are so densely packed near the endothelial cell making it difficult to define other
cell types of the neurovascular unit. Scale bar 2 wm. F) Quantitative assessment by unbiased stereology of CAA burden in cerebral cortex in
11-13-month-old Tg-ArcSwe animals demonstrated by area fraction. In these animals (n=5) 13.66% % 5.16% of the total vessels in cortex

are affected by CAA. The data are presented as mean with SEM.
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Fig. 3. Genes involved in angiogenesis and stereological quantification of vascular density in cerebral cortex. A) Representative confocal
micrograph of Texas red-labeled blood vessels in the cerebral cortex of a wild type littermate animal. Scale bar 20 wm. B) Representative
confocal micrograph of Texas red-labeled blood vessels in the cerebral cortex of a Tg-ArcSwe animal. A penetrating arteriole with A deposits
and a parenchymal AB-plaque visualized by Methoxy-X04 can also be seen. C,D) Various genes of importance for angiogenesis were tested
by qPCR. There is a significant downregulation of Hifla (p <0.001) and Vegfr2 transcript variant 2 (p =0.038) in Tg-ArcSwe compared to
WT littermates (n =8 in both groups), while Angpt! (p=0.038), Angpt2 (p =0.05), and the most important receptor for the angiopoietins,
Tie2 (p=0.015), are all upregulated in Tg-ArcSwe (as seen in F). E) No significant difference in vessel density in the cerebral cortex of
11-13-month-old WT littermates (17.23% =+ 1.01%, n=12) compared to Tg-ArcSwe littermates (15.45% £ 0.74%; p=0,44, n=14). Data

are presented as mean with SEM.

Tie2, the most important angiopoietin receptor
(p=0.015). Vegfa, Vegfb, Vegfrl variant 1 and 2 and
Vegfr 2 variant 1 remained unchanged. Mean copy
numbers with SEM are demonstrated in Fig. 3 and
Supplementary Table 1.

Based on our qPCR results, it was reasonable to
expect that changes in angiogenetic factors could
influence vessel density. However, unbiased stere-
ological quantification showed no significant
difference in vessel density between Tg-ArcSwe ani-
mals and WT littermates (p =0.44), as demonstrated
in Fig. 3E.

No changes in pericyte coverage of aged
Tg-ArcSwe animals

Analysis of electron micrographs showed numer-
ous profiles of pericytes displaying distinct patho-
logical changes, ranging from swelling to outright

degeneration (Fig. 4A-C and Supplementary Fig-
ure 1). Many pericytes showed accumulation of inclu-
sion bodies. The pathologically altered pericytes were
found to be in direct contact with AR fibrils (Fig. 4
and Supplementary Figure 1), while pericytes not
associated with A fibrils did not display any overt
pathology. The identity of A fibrils was confirmed
by immunogold cytochemistry (Supplementary Fig-
ure 1). However, we did not observe any significant
differences in pericyte coverage between Tg-ArcSwe
and WT littermates, neither at 4 months (p =0.38) of
age (before the onset of parenchymal A3 plaques and
CAA) nor at 16 months (p=0.77) (Fig. 4).

DISCUSSION

We have demonstrated by stereological quantifica-
tion that a substantial fraction of cerebral vessels are
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Fig. 4. Degenerative pericytes in a terminal arteriole and capillary with AB. The figure demonstrates how A affects pericyte morphology.
A) Electron micrograph of a vessel found in a wild type littermate mouse demonstrating normal vessel morphology. Scale bar: 2 pm. B)
Pericytes in close proximity to a parenchymal AR plaque (arrow head). The outer pericyte (marked with asterisk) is swollen with large
inclusions. Scale bar: 2 um. C) Enlargement of framed area in B to demonstrate a pathological swollen pericyte with large inclusions
(marked with asterisk) in detail. The arrowhead points to A fibrils. Scale bar: 1 wm. D) Confocal image in a Tg-ArcSwe mouse stained with
PDGFRp (green), Methoxy-X04 (blue), and blood vessels visualized by Texas red conjugated dextran (red). Vessels without A shows no
sign of degenerated pericytes with a continuous and homogenous PDGFR3-immunostaining. In presence of AR, PDGFRB-immunostaining
is confluence or absent (indicated by arrows). Scale bar 40 wm. V, vessel; P, pericyte. E) Quantitative assessment of pericyte coverage in
cerebral capillaries. The box plot demonstrates no significant difference between Tg-ArcSwe and WT littermates (n=4 in both groups),
neither at 4 months (26.84% =+ 14.73% in Tg-ArcSwe and 28.33% =+ 15.50% in wild types; p =0.38) or at 16 months (25.86% =+ 15.04% in
Tg-ArcSwe and 25.44% =+ 12.72% in wild types; p=0.77).

affected by CAA at 11-13 months of age. Our gPCR
investigations showed that important angiogenetic
factors were significantly changed in Tg-ArcSwe
mice, with a downregulation of Hifla and Vegfr2
var 2 mRNA, and an upregulation of Angptl, Angpt2,
and Tie2 receptor mRNA. However, despite substan-
tial CAA, altered angiogenetic regulating factors,
and morphologically damaged pericytes, we found
no significant changes in pericyte coverage or vessel
density.

So far, research on angiogenesis in AD has pro-
vided conflicting results. Previous studies on post-
mortem human brains and AD mice models reported
reductions in vascular density in cortex, hippocam-
pus, and basal forebrain [6, 10, 44, 45], but there is
also considerable evidence of increased angiogenesis

in both human and AD mice model brains [46-49].
Further, a recent study by Xu et al. demonstrates a
decrease in vascular density in aged APP23 mice,
with a transient increase in density at 9 months [50].
It is worth noting that some studies and particularly
older ones fail to take possible cortical atrophy into
account (reviewed in [13]). Our use of intravasal flu-
orescent labelling allowed us to restrict our analysis
to perfused and thereby functional vessels in cerebral
cortex. By contrast, postmortem labeling of all blood
vessels, as used in several previous studies [44—47,
49, 51-53], includes non-perfused as well as aber-
rant vessels that may have contributed to inconsistent
results.

Pericytes play an important effect in angiogene-
sis. Early in the process, pericytes secrete VEGF-A
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to stimulate sprouting, endothelial proliferation and
survival, but later pericytes inhibit endothelial prolif-
eration [20]. Although we did not detect any global
difference in pericyte coverage or vessel density in
cerebral cortex, the considerable variance in vessel
density among animals may have precluded detec-
tion of local changes. Interestingly, the substantial
pathological alterations of pericytes in direct contact
with A fibrils did not correlate with reduced per-
icyte coverage or changed vessel density. Whether
vascular pathology increases and correlates with vas-
cular dysfunction at older age in Tg-ArcSwe mice is
unknown.

A healthy vascular network is of paramount im-
portance for the continuous supply of oxygen and
glucose required for brain function. Several stud-
ies report that hypometabolism, characterized by
decreased brain glucose consumption, may cause
an imbalance in the production and clearance of
AP by altering the ABPP expression and turnover
[54-57]. The expression of HIFs is enhanced as a
compensatory mechanism that alters the expression
of genes involved in glycolysis, angiogenesis, and
cell survival [16]. Hence, we particularly focused
on HIF-1 o and HIF-dependent angiogenetic factors.
HIF-independent factors, like VEGFR2, are also rel-
evant as they are important in promoting capillary
recanalization and minimizing subsequent pruning
[58]. The most salient observation in our study is
a substantial decrease in mRNA levels of Hifla in
11-13-month-old Tg-ArcSwe mice. HIF-1a induces
transcriptions of more than 60 proteins involved
in inflammation and angiogenesis, including VEGF,
VEGFR-1, ANGPT-1, ANGPT-2, NRP-1, and TIE-1
[16]. Our finding is consistent with previous stud-
ies indicating a role of HIF-1a in neurodegenerative
diseases, including AD [16, 59, 60]. Notably, post-
mortem analyses of AD brains have shown reduced
levels of HIF-1, particularly HIF-1a [61]. Our find-
ing is, however, at odds with that of De Lemos et
al. who reported no significant difference in Hifla
mRNA levels in 3—12-month-old APP/PS1 mice [62].

Schubert et al. [63] have previously demonstrated
that AB-dependent astrocyte activation was impli-
cated in the long-term decrease in HIF-1a expression
and reduction in the rate of glycolysis. Activated
astrocytes are a well-known feature of AD [64, 65]
and occur in Tg-ArcSwe mice as well [25, 66].
Several studies have reported a possible correla-
tion between AD and ANG-TIE signaling, but its
exact role remains unclear [67]. Our present find-
ing that the Angptl/Tie2 system is transcriptionally

upregulated in Tg-ArcSwe mice might reflect dys-
regulation of vascular repair and vessel maturation, as
also suggested in several studies demonstrating that
ANGPT-2 inhibits the protective role of the ANGPT-
1/TIE-2-system [19, 68-70].

Having revealed significant changes in the lev-
els of angiogenetic factors—most notably Hifla
mRNA—we went on to investigate whether these
changes are translated into an alteration in vessel
density or pericyte coverage. Pericytes are instrumen-
tal in vessel neogenesis [71-73] and also directly
involved in the regulation of blood flow through
their contractile properties [14, 74—77]. However, we
found no evidence of a significant change in ves-
sel density, nor in the extent of pericyte coverage.
Despite that recent studies have reported pericyte loss
in association with AD [78, 79], our results regarding
pericyte coverage are in line with that of Fernandez-
Klett et al. [80], who did not discover any difference
in pericyte coverage between human AD cases and
controls. Obviously, if the observed changes in angio-
genetic factors are upstream of vascular pathologies
their effects must be more subtle. Future studies are
needed to clarify to which extent these factors affect
vessel turnover or vessel dynamics.

Even if pericyte coverage was unchanged in the
present model, pericyte pathology was rampant and
often extensive. Nortley et al. [14] demonstrated that
pericytes exposed to A3 caused a constriction of the
capillaries, and even a 30% reduction in the capil-
lary diameter was enough to reduce the blood flow
by 58%. In our study, pathological changes were
restricted to pericytes closely associated with amy-
loid deposits while pericytes distant from amyloid
deposits generally displayed normal morphology.
The present study thus clearly identifies pericyte
pathology as a prevalent component of CAA.

CONCLUSION AND PERSPECTIVES

Cerebrovascular changes have been implicated in
the pathophysiology of AD and are potential targets
for treatment. In this paper we utilized the Tg-ArcSwe
mouse model to investigate angiogenetic markers and
vascular density in the presence of marked CAA. We
observe a pronounced change in mRNA expression
level of Hifla, as well as a significant downregula-
tion in Vegfr2 var 2mRNA but an upregulation of
Angptl, Angpt2, and Tie2 receptor mRNA. Our mor-
phological analyses indicate that these changes are
not coupled to any alteration in vascular density or
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pericyte coverage. However, vessels with CAA show
extensive pathology in pericytes. Our observations in
the present AD model suggest that CAA is associated
with aberrant vessel turnover with no changes in vas-
cular density. Vessel turnover and pericyte pathology
stand out as an important issue for further studies on
the pathophysiology of AD.
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