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Abstract

Several pieces of evidence suggest that blood—brain barrier (BBB) dysfunction is implicated in the pathophysiology of Alzhei-
mer’s disease (AD), exemplified by the frequent occurrence of cerebral amyloid angiopathy (CAA) and the defective clearance
of AP peptides. However, the specific role of brain microvascular cells in these anomalies remains elusive. In this study, we
validated by Western, ELISA and immunofluorescence analyses a procedure to generate microvasculature-enriched fractions
from frozen samples of human cerebral cortex. We then investigated AP and proteins involved in its clearance or production
in microvessel extracts generated from the parietal cortex of 60 volunteers in the Religious Orders Study. Volunteers were
categorized as AD (n=238) or controls (n=22) based on the ABC scoring method presented in the revised guidelines for
the neuropathological diagnosis of AD. Higher ELISA-determined concentrations of vascular Ap40 and Ap42 were found
in persons with a neuropathological diagnosis of AD, in apoE4 carriers and in participants with advanced parenchymal
CAA, compared to respective age-matched controls. Vascular levels of two proteins involved in A clearance, ABCB1 and
neprilysin, were lower in persons with AD and positively correlated with cognitive function, while being inversely correlated
to vascular AB40. In contrast, BACEI, a protein necessary for Ap production, was increased in individuals with AD and in
apoE4 carriers, negatively correlated to cognitive function and positively correlated to AB40 in microvessel extracts. The
present report indicates that concentrating microvessels from frozen human brain samples facilitates the quantitative bio-
chemical analysis of cerebrovascular dysfunction in CNS disorders. Data generated overall show that microvessels extracted
from individuals with parenchymal CAA—AD contained more A and BACE1 and less ABCB1 and neprilysin, evidencing
a pattern of dysfunction in brain microvascular cells contributing to CAA and AD pathology and symptoms.
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia,
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been described, including decreased glucose uptake and cer-
ebral blood flow in AD patients compared to controls [45,
50, 75]. Beside their extracellular accumulation in neuritic
plaques, the accumulation of A in vessel walls, which is
termed cerebral amyloid angiopathy (CAA) [17, 77], is fre-
quently observed in the cortex while rarely seen in deep
brain regions and absent in white matter [95]. Two types of
CAA have been reported, i.e., CAA type 1 when AP deposits
are found in leptomeningeal and cortical arteries, arterioles,
veins and venules, as well as capillaries; and CAA type 2
when leptomeningeal and cortical vessels, except capillar-
ies, are affected [83]. CAA is very common in persons with
AD, with proportions, regardless of severity, ranging from
55% to virtually 100%, depending on the study [7, 53, 54,
74, 82, 106]. The extent of CAA, determined by immuno-
logical detection of AP or Congo Red staining on brain sec-
tions and quantified either as a continuous severity score or
the number of Ap-laden microvessels, was also shown to
be correlated to cognitive decline [7, 53] or other hallmark
pathological features of AD [9, 107]. Other sets of reports
indicate that apolipoprotein E4 (apoE4) carriage increases
the risk of developing CAA [24, 74, 82], possibly through
enhancing deposition of AB40, but not Ap42 [62].

The hypothesis that brain endothelial cells forming the
blood-brain barrier (BBB) become dysfunctional in AD is
currently gaining support [10, 34, 112]. Accumulated data
suggest that brain-to-blood Af clearance is reduced in AD
[65], which could be explained by a shift toward more influx
(receptor for advanced glycation end products/RAGE) and
less efflux (low-density lipoprotein receptor-related protein
1/LRP1 and ABCB 1/P-glycoprotein) transporters and recep-
tors at the BBB [32, 66, 79, 102], although it has also been
reported that RAGE and LRP1 were not altered in AD com-
pared to controls [103]. Neprilysin, a major AB-degrading
enzyme in the brain [100], is also found in the cerebral vas-
culature [23] and experiments on brain sections revealed that
neprilysin levels in microvessels of the frontal cortex were
reduced in AD compared to controls [68]. Finally, although
most of the cerebral Af is produced by neurons, brain micro-
vascular endothelial cells were also shown to harbor amyloid
precursor protein (APP) and p-secretase (BACEI) and may
thus be directly involved in AP production locally [30, 105].
In light of these reports, brain microvascular cells have the
enzymes and transporters/receptors to alter the clearance and
production of AP. Nevertheless, the extent by which they
contribute to the accumulation of A in brain vasculature
and how their dysfunction is associated with the develop-
ment of CAA and AD remain undefined.

Most of the postmortem data gathered so far on vascu-
lar pathology and BBB dysfunction in AD have come from
histological staining or immunological detection on brain
sections. For instance, CAA, AP and its BBB transporters
and receptors, as well as Ap-degrading enzymes and key
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players in the amyloidogenic pathway have rarely been stud-
ied directly in cerebral microvessels by techniques other than
immunohistochemistry or immunofluorescence, which offer
limited possibilities for size- or solubility-based separation
and quantification. It has been proposed that methods using
isolated cerebral microvessels could provide better estimates
of the true prevalence and distribution of CAA in AD or at
least give a different perspective on the role of CAA in the
etiology of AD [101]. Hence, we established, based on pre-
viously published methodologies using fresh tissue [2, 18,
109], a method to generate a fraction enriched in microves-
sels from frozen human brain samples. We used parietal
cortex samples from participants in the Religious Orders
Study who underwent detailed clinical and neuropsycho-
logical evaluation [1, 14]. In this study, we focused on the
analysis of A concentrations, BBB transporters and recep-
tors putatively involved in A transport, neprilysin and key
players in AP production to improve our comprehension on
the role of brain microvascular cells regarding Af clearance
and production in the pathogenesis of CAA and AD.

Methods

Human samples: Religious Orders Study (Rush
Alzheimer’s Disease Center)

Inferior parietal cortex samples were obtained from partic-
ipants in the Religious Orders Study, a longitudinal clini-
cal and pathological cohort study of aging and dementia
from which extensive amounts of clinical and neuropatho-
logical data were available [1, 11, 14]. Each participant
enrolled without known dementia and underwent uni-
form structured clinical evaluations until death. Briefly,
dementia and AD diagnosis required evidence of mean-
ingful decline in cognitive function and impairment in at
least two domains of cognition, one of which was episodic
memory, based on the results of 21 cognitive performance
tests and their review by a clinical neuropsychologist and
expert clinician [12]. “MCI” refers to participants with
cognitive impairment as assessed by the neuropsychologist
but without a diagnosis of dementia, as determined by the
clinician [16]. A global measure of cognition along with
five cognitive domains (episodic, semantic and working
memory, perceptual speed and visual-spatial ability) was
generated from 19 cognitive performance tests [104]. Each
participant was also interviewed about their current pre-
scription medication usage, such as antihypertensive and
diabetes medications, in the last 2 weeks prior to follow-
up as reported [5, 8]. At death, a neurologist, blinded to
all pathologic data, reviewed select clinical data and ren-
dered a summary diagnostic opinion regarding the clinical
diagnosis at the time of death. Participants thus received
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a clinical diagnosis of MCI (n=20) or AD (n=20), and
persons with no cognitive impairment were classified as
NCI (n=20), as previously described [13]. The neuro-
pathological assessment was performed using the ABC
scoring method found in the revised National Institute of
Aging-Alzheimer’s Association (NIA-AA) guidelines for
the neuropathological diagnosis of AD [70]. Each case was
given, by examiners blinded to all clinical data [15], an
ABC score integrating the scores obtained from the evalu-
ation of three different parameters: (A) Thal score assess-
ing phases of AP plaque accumulation [85], (B) Braak
score assessing neurofibrillary tangle pathology [20],
and (C) CERAD score assessing neuritic plaque pathol-
ogy [69]. ABC scores were reported as AX, BX, CX with
X ranging from 0 to 3 for each parameter [70]. Neuritic
plaques, diffuse plaques, and neurofibrillary tangles in
the parietal cortex were counted following Bielschowsky
silver impregnation, as previously described. Using the
chart described in the revised NIA-AA guidelines, each
ABC score was converted into one of four levels of AD
neuropathological changes: not, low, intermediate or high.
According to this chart, intermediate or high levels of AD
neuropathological changes are consistent with a neuro-
pathological diagnosis of AD, while no or a low level of
AD neuropathological changes are not [70]. Therefore, in
this study, individuals with intermediate or high levels of
AD neuropathological changes were pooled together as
the AD group, while participants with no or a low level
of AD neuropathological changes were pooled together
as the control group. In addition, the presence of cerebral
macroinfarcts and microinfarcts was determined during
neuropathological evaluations and coded as a binary scale
as following: 0, no infarcts; 1, one or more infarcts, as
described previously [6]. Table 1 summarizes clinical,
neuropathological and biochemical data of participants
grouped by the level of AD neuropathological changes.

Cerebral amyloid angiopathy staging

CAA staging of parenchymal vessels in the parietal cor-
tex was performed as previously described [19]. Briefly,
paraffin-embedded sections from the angular gyrus were
immunostained for f-amyloid using one of three monoclo-
nal anti-human antibodies: 4G8 (1:9000; Covance Labs,
Madison, WI), 6F/3D (1:50; Dako North America Inc.,
Carpinteria, CA), and 10D5 (1:600; Elan Pharmaceuticals,
San Francisco, CA). Parenchymal vessels from the whole
gyrus were evaluated for amyloid deposition and staged
from O to 4, where 0 =no deposition, 1 =scattered segmen-
tal but no circumferential deposition, 2 = circumferential
deposition up to 10 vessels, 3 = circumferential deposition

up to 75% of the region, and 4 = circumferential deposition
over 75% of the total region.

Preparation of whole brain homogenates

Each inferior parietal cortex sample (~ 100 mg) was sequen-
tially centrifuged to generate a Tris-buffered saline (TBS)-
soluble protein fraction containing soluble intracellular,
nuclear and extracellular proteins, a detergent-soluble frac-
tion containing membrane-bound proteins and a detergent-
insoluble fraction containing insoluble aggregates, as previ-
ously shown [47, 48, 89]. The resulting whole homogenates
of total soluble proteins were then used for comparison with
microvessel-enriched extracts.

Isolation of human brain microvessels

The protocol used for microvessel enrichment, schema-
tized in Fig. la, was designed for frozen human brain
samples as starting material. It was adapted from our pre-
vious publications [2, 3, 31, 87], as well as from Yousif
et al. [109] and from Boulay et al. [18]. We performed
microvessel isolation in the parietal cortex as this brain
region was shown to be affected early in the development
of AD and to be plagued by neuropathological hallmarks
of AD such as amyloid plaques, neurofibrillary tangles,
synaptic protein deficiency and TDP43 aggregation
[88-90], and CAA [84], making it particularly relevant for
studying the relationship between CAA and AD. Separate
inferior parietal cortex samples (~400 mg) were thawed
on ice in 500 pl of a microvessel isolation buffer (MIB;
15 mM HEPES, 147 mM NaCl, 4 mM KCl, 3 mM CaCl,
and 12 mM MgCl,) containing a cocktail of protease and
phosphatase inhibitors (Bimake, Houston, TX). Meninges
and all visible white matter were removed with tweezers
and samples were transferred in a 2 ml tissue grinder.
Samples were then homogenized in a total of 1.5 ml of
MIB, transferred in a 15 ml conical tube and centrifuged at
1000 g for 10 min at 4 °C. The supernatant was removed,
the pellet was resuspended in 5 ml of MIB containing
18% dextran (from leuconostoc mesenteroides, M.W.
60,000-90,000; Sigma-Aldrich, St. Louis, MO) and spun
at 4000 g for 20 min at 4 °C. The resulting supernatant
was discarded to avoid contamination of the pellet by the
myelin layer. Then, the tube was cleaned with absorbent
paper and the pellet was resuspended in 1 ml of MIB. The
homogenate was then filtered through a 20 pm nylon filter
(Millipore, Temecula, CA). The material that was retained
on the filter consists of cerebral microvessels, whereas the
filtrate consists of microvessel-depleted parenchymal cell
populations. The collected vascular tissue was washed off
the filter with 500 pl of lysis buffer (150 mM NaCl, 10 mM
NaH,PO,, 1% Triton X-100, 0.5% SDS and 0.5% sodium

@ Springer



804

Acta Neuropathologica (2019) 137:801-823

Table 1 Cohort characteristics

Characteristics Control AD Statistical analysis

N 22 38 -

Men, % 41 29 C; Pearson test,;(z=0.897; p=0.3436
Mean age at death 86.7 (4.3) 87.5(5.7) Mann—Whitney test, p =0.5548

Mean education, years 18.3 (3.5) 18.1 (3.1) Mann—Whitney test, p =0.5236

Mean MMSE 25.0 (4.5) 21.6 (7.9) Mann—Whitney test, p=0.0791

Global cognition score —0.32 (0.81) —0.94 (0.93)* Mann—Whitney test, p =0.0044

apoE &4 allele carriage (%) 9 45% C; Pearson test, y*=8.182; p=0.0042
Clinical diagnosis NCI/MCI/AD (n) 11/8/3 9/12/17 -

Thal amyloid score 0/1/2/3 (n) 7/13/2/0 0/3/15/20 -

Braak score 0/1/2/3 (n) 0/7/15/0 0/0/27/11 -

CERAD score 0/1/2/3 (n) 14/4/4/0 1/3/16/18 -

Parenchymal CAA stage in parietal cortex 0/1/2/3/4 (n) 15/4/1/1/0 18/7/5/2/3 C; Pearson test, y* = 3.830; p = 0.4295
Presence of chronic cortical macroinfarcts 0/1 (r) 20/2 33/5 C; Pearson test, y> = 0.224; p = 0.6363
Presence of chronic cortical microinfarcts 0/1 (r) 17/5 34/4 C; Pearson test, y*> = 1.627; p = 0.2021
Usage of antihypertensive medication 0/1 (n) 2/20 5/33 C; Pearson test, y* = 0.224; p = 0.6363
Usage of diabetes medication 0/1 (n) 15/7 33/5 C; Pearson test,;(2 =3.032; p =0.0816
Cerebellar pH 6.39 (0.37) 6.29 (0.36) Mann—Whitney test, p=0.2933
Postmortem delay, h 7.93(5.11) 7.53 (5.15) Mann—Whitney test, p=0.6652
Diffuse plaque counts in parietal cortex 3.8 (8.0) 20.3 (16.8)% Mann—Whitney test, p <0.0001
Neuritic plaque counts in parietal cortex 1.333.2) 15.7 (12.5)% Mann—Whitney test, p <0.0001
Neurofibrillary tangle counts 0.09 (0.43) 2.92 (8.35)* Mann—Whitney test, p =0.0096
Soluble AB40 concentration, pmol/L 125.4 (245.9) 363.2 (695.2)1 Mann—Whitney test, p =0.0009
Soluble AB42 concentration, pmol/L 299.6 (475.0) 1173.6 (503.9)¢ Mann—Whitney test, p <0.0001
Soluble AB40/AP42 ratio 0.99 (1.09) 0.34 (0.59) Mann-Whitney test, p <0.0001
Cyclophilin B in microvessel extracts (loading control) 2.74 (0.77) 2.66 (0.79) Mann—Whitney test, p=0.7309
Claudin-5 levels in microvessel extracts (normalized ROD) 1.17 (0.50) 1.16 (0.41) Mann—Whitney test, p=0.6613

CD31 levels in microvessel extracts (normalized ROD) 0.45 (0.40) 0.41 (0.36) Mann—Whitney test, p=0.7366

Participants were assigned to the “Control” or “AD” group based on the level of AD neuropathological changes associated with their ABC
scores [70]. ABC scores were converted into one of the four levels of AD neuropathological changes (not, low, intermediate or high) using the
chart described in the revised NIA-AA guidelines [70]. Intermediate or high levels of AD neuropathological changes were assigned to the “AD”
group, while those with no or a low level of AD neuropathological changes were rather assigned to the “Control” group [70]. Parenchymal CAA
stages in the parietal cortex were determined in the angular gyrus. Brain pH was measured in cerebellum extracts. Soluble Af peptide concentra-
tions were determined by ELISA in whole homogenates of inferior parietal cortex. Values are expressed as means (SD) unless specified other-
wise. Statistical analysis (compared to controls): Mann—Whitney test, *p <0.01; Tp <0.001; €p<0.0001; Pearson test, *p <0.01. Claudin-5 and
CD31 data in microvessel extracts were normalized with cyclophilin B as loading control. AD Alzheimer’s disease, C contingency, CAA cerebral
amyloid angiopathy, CERAD Consortium to Establish a Registry for Alzheimer’s Disease, MCI mild cognitive impairment, NCI healthy controls

with no cognitive impairment, ROD relative optical density

deoxycholate) containing protease and phosphatase
inhibitors and 1 mM EDTA. The microvessels were then
homogenized and disrupted by sonication (3 xX45 s) in a
Sonic Dismembrator apparatus (Thermo Fisher Scientific,
Waltham, MA) and spun at 100,000g for 20 min at 4 °C.
The resulting supernatant was concentrated by a centrifu-
gation at 16,000g for 60 min at 4 °C in a Vivaspin device
(MWCO, 3 kDa; Sartorius Stedim Biotech, Aubagne,
France) and preserved for Western immunoblotting anal-
yses as the vascular fraction. The pellet, containing the
detergent-insoluble material, was homogenized in 125 pl
of formic acid, sonicated and spun at 16,000 g for 20 min
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at 4 °C. Formic acid was evaporated from the resulting
supernatant and the material was either resuspended in
Laemmli’s loading buffer (for Western blot analyses;
not used in this study) or in a 5 M guanidium solution in
Tris—HCI 50 mM (for ELISA analyses). In parallel, the fil-
trate was spun at 16,000 g for 20 min at 4 °C. The resulting
pellet was homogenized in 100 ul of lysis buffer, sonicated
and spun at 100,000 g for 20 min at 4 °C. The supernatant
was preserved for Western immunoblotting analyses as
the microvessel-depleted parenchymal fraction. Protein
concentrations in all fractions were determined using the
bicinchoninic acid assay (Thermo Fisher Scientific).
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Fig.1 Validation of the microvessel enrichment protocol. a Work-
flow leading to the separation of the microvessel-enriched and the
microvessel-depleted parenchymal fractions, respectively, illustrated
in green and red in the filtration scheme, from whole homogen-
ates of cerebral cortex, and subsequent steps allowing for Western
blot, ELISA and immunofluorescence experiments. b Microves-
sel extracts show enrichment in endothelial markers like claudin-5,
occludin, CD31/PECAM and ABCBI/P-glycoprotein, and mural
cell markers PDGFRp and a-SMA, while synaptophysin and NeuN,
both neuronal markers, are rather enriched in the microvessel-
depleted parenchymal fraction. All samples were generated from
frozen blocks of parietal cortices. Consecutive bands were taken for
all representative photo examples. The same amount (8 pg) of pro-

teins per sample was loaded. ¢—f Validation by immunofluorescence
showed that microvessels, stained with type IV collagen, a marker
of basal membrane (green), are concentrated in the vascular fraction
(c) compared to the microvessel-depleted parenchymal fraction (d).
On the contrary, immunostaining of neuronal nuclei (NeuN, red) in
both fractions revealed that neurons are predominantly found in the
microvessel-depleted parenchymal fraction (d). Type IV collagen-
positive microvessels were also stained by claudin-5 (e), ABCBI (f),
PDGFRp (g) and a-SMA (h) antibodies. Magnification used: 20 X.
Scale bar: 20 um. P microvessel-depleted parenchymal fraction, T
total homogenate, Va vascular fraction, enriched in microvessels, WB
Western blot
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Western blot

Proteins from human microvessel extracts or total soluble
protein homogenates were added to Laemmli’s loading
buffer and heated 10 min at 70 °C. Equal amounts of
proteins per sample (8 pg) were resolved on a sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were electroblotted on PVDF
membranes, which were then blocked during 1 h at RT
with a PBS solution containing 5% non-fat dry milk,
0.5% BSA and 0.1% Tween 20. Membranes were then
incubated overnight at 4 °C with the primary antibod-
ies listed in Table 2. Membranes were then washed three
times with PBS containing 0.1% Tween 20 and incubated
during 1 h at RT with the secondary antibody (goat anti-
rabbit HRP, goat anti-mouse HRP or goat anti-rat HRP;
Jackson ImmunoResearch Laboratories, West Grove, PA;
1:50,000 in PBS containing 0.1% Tween 20 and 1% BSA).
Membranes were probed with chemiluminescence reagent
(Luminata Forte Western HRP substrate; Millipore) and
imaged using the myECL imager system (Thermo Fisher
Scientific). Densitometric analysis was performed using
the myImageAnalysis™ Software provided with the imag-
ing system.

Table 2 List of antibodies used in this study

Immunofluorescence analysis of isolated
microvessels

For immunofluorescence experiments, samples of vascular
tissue collected from the filter after dextran separation were
resuspended in 3 ml of MIB with 1% BSA and protease
and phosphatase inhibitors and spun at 2000 g for 10 min
at 4 °C. The supernatant was discarded and the pellet was
resuspended in 100 pl of phosphate buffer saline (PBS). In
parallel, the filtrate containing the microvessel-depleted
parenchymal material was spun at 12,000 g for 5 min at 4 °C
and the resulting pellet was resuspended in 200 ul of PBS.
Vascular and microvessel-depleted extracts were then depos-
ited on glass slides (5 pl per slide) and left at RT for 30 min
to allow adhesion. Afterwards, both extracts were fixed
using a 4% paraformaldehyde solution in PBS for 20 min
at RT, washed three times with PBS and then blocked with
a 10% normal horse serum (NHS) and 0.1% Triton X-100
solution in PBS for 1 h at RT. For Ap immunolabeling only,
a pretreatment with 90% formic acid during 10 min was
performed between the fixation and blockage steps. Follow-
ing an incubation overnight at 4 °C with primary antibod-
ies (Table 2) diluted in a 1% NHS and 0.05% Triton X-100
solution in PBS, vascular and microvessel-depleted extracts
were incubated with secondary antibodies (donkey anti-goat
Alexa Fluor 488, donkey anti-mouse Alexa Fluor 647 or
donkey anti-rabbit Alexa Fluor 647, all 1:500) diluted in the

Protein Role/localization Host Dilution Company Catalog number
WB IF
a-SMA Smooth muscle cell Rabbit 1:1000 1:100 Abcam ab5694
AB40 AP peptide Mouse - 1:100 BioLegend 805401
Ap42 AP peptide Mouse - 1:100 BioLegend 805501
ABCBI BBB transporter Rabbit 1:2000 1:100 Abcam ab170904
APP AP precursor Mouse 1:500 - BioLegend 803003
BACEI AP production Rabbit 1:500 - Abcam ab108394
CD31 EC intercellular junctions Rabbit 1:1000 - Abcam ab28364
Claudin-5 EC intercellular junctions Rabbit 1:2000 1:100 Santa Cruz Biotechnology sc-28670; discontinued
Cyclophilin B Loading control Rabbit 1:1000 - Abcam ab16045
LRP1 BBB receptor Rabbit 1:20000 - Abcam ab92544
Neprilysin Ap-degrading enzyme Rabbit 1:2000 - Abcam ab79423
NeuN Neuronal nuclei Rabbit 1:1000 1:1000 Abcam ab177487
Occludin EC intercellular junctions Rabbit 1:1000 - Invitrogen 71-1500
PDGFRp Pericyte receptor Rabbit 1:2000 1:100 Abcam ab32570
RAGE BBB receptor Rat 1:2000 - R&D Systems MABI11795
Synaptophysin Presynaptic vesicles Mouse 1:20000 - Millipore MAB368; discontinued
Type IV collagen Basal membrane Goat - 1:500 Millipore AB769

Ap beta-amyloid peptides, ABCBI P-glycoprotein, APP amyloid protein precursor, BACEI f-secretase, BBB blood-brain barrier, CD31 platelet
endothelial cell adhesion molecule, EC endothelial cell, IF immunofluorescence, LRPI low-density lipoprotein receptor-related protein 1, NeuN
neuronal nuclei, RAGE receptor for advanced glycation end products, WB Western blot
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same solution as the primary antibodies during 1 h at RT.
Cell nuclei were counterstained with DAPI (Thermo Fisher
Scientific, 0.02% in PBS) and slides were mounted with
Mowiol mounting medium. Between each step, three washes
of 5 min in PBS were performed. Incubations were all per-
formed in a humid chamber. Images were taken using a con-
focal laser scanning microscope (Olympus IX81-FV1000;
Ontario, Canada) and were acquired by sequential scanning
using optimal z-separation at a magnification of 20 X.

Elisa

AP40 and AP42 concentrations in TBS-soluble protein
fractions from whole homogenates and both detergent-sol-
uble and detergent-insoluble fractions obtained from brain
microvessel extracts were determined using highly sensi-
tive ELISA Kkits according to the manufacturer’s instructions
(Wako, Osaka, Japan), as previously described [88, 89].

Data and statistical analysis

When comparing two groups, the normality of data distribu-
tion within each group was assessed using the Shapiro—Wilk
test. If the data distribution of either one or both groups
failed to pass the normality test, groups were compared
using a non-parametric Mann—Whitney test. Otherwise, an
unpaired Student’s ¢ test was performed. When more than
two groups were compared, non-parametric Kruskal-Wallis
ANOVA followed by Dunn’s multiple comparison tests or
two-way ANOVA were used. Correlations with antemortem
clinical scores were adjusted for the following covariates:
gender, age at death, educational level and APOE genotype.
For all data, statistical significance was set at p <0.05. Indi-
vidual data were excluded for technical reasons or if deter-
mined as an outlier. All statistical analyses were performed
with Prism 6 (GraphPad, San Diego, CA, USA) or JIMP (ver-
sion 13; SAS Institute Inc., Cary, IL) softwares.

Results

Generation of a vasculature-enriched fraction
from frozen human brain tissue

The vascular enrichment procedure we used in this study is
schematically represented in Fig. 1a. Given that we started
with frozen human brain samples as compared to fresh
brain samples in previous studies, we first validated that
microvessels were efficiently enriched using this type of
processing. Various endothelial, mural and non-endothe-
lial markers were probed using both Western blot and
immunofluorescence, with antibodies described in Table 2.
As shown in Fig. 1b, endothelial markers claudin-5,

occludin, CD31/PECAM and ABCB1/P-glycoprotein
were greatly enriched in the vascular fraction. Platelet-
derived growth factor receptor f§ (PDGFRp) and alpha
smooth muscle actin (a-SMA), the respective markers of
pericytes and smooth muscle cells, were also concentrated
in the vascular fraction. Conversely, synaptophysin and
neuronal nuclei (NeuN), antigens exclusively expressed
in neurons, were predominantly found in the microvessel-
depleted fraction. Densitometry analysis revealed that all
the endothelial markers selected were enriched at least
eightfold in the vascular fraction, demonstrating that the
method used successfully concentrated brain microvessels,
compared to the microvessel-depleted fraction containing
the rest of the parenchyma. To extend our validation using
immunofluorescence experiments, we exposed both frac-
tions to type IV collagen and NeuN antibodies as markers
of microvessels and neurons, respectively (Fig. 1c, d). We
observed an abundant type IV collagen staining and scarce
NeuN-positive cells in the vascular fraction (Fig. 1c). In
sharp contrast, NeuN-positive cells heavily outnumbered
type IV collagen-positive capillaries in microvessel-
depleted filtrates (Fig. 1d). Type IV collagen-positive
microvessels were also positive for claudin-5 (Fig. le),
ABCBI1/P-glycoprotein (Fig. 1f), PDGFRp (Fig. 1g), and
a-SMA (Fig. 1h). Altogether, these observations indicate
that capillaries, as well as larger vessels like arterioles and
arteries, were concentrated using our method, retaining
expression of endothelial and mural markers. Since we
did not use markers to discriminate venules and veins, we
cannot rule out their presence, given that their diameter
is similar to that of arterioles. Throughout this study, the
term “microvessel” refers to all vessel types found in our
vascular extracts.

Parenchymal microvessel CAA in the parietal cortex

Since AP40 peptides have been previously reported to accu-
mulate preferentially in the cerebrovasculature [49], we also
investigated the proportion of AB40 and AP42 in vascular
extracts from the 60 individuals included in this study. As
presented in Fig. 2a, ratios of soluble AP40/Ap42 from
microvessel extracts were approximately threefold higher
compared to whole homogenates from the same parietal
cortex samples (1.5 versus 0.5), confirming the tendency of
Ap40 to be more abundant than AB42 in microvessels. Fur-
thermore, qualitative evaluation of parenchymal microvessel
CAA by immunostaining confirmed previously described
CAA staging. Indeed, a clear signal highlighting amyloid
accumulation was seen in larger vessels of the parietal cortex
at stage 4 CAA (Fig. 2b, c), whereas no immunoreactiv-
ity for AP was detected at stage 0 CAA (AB42 shown in
Fig. 2d). No signal was found in smaller vessels.
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Fig.2 Localization of Ap
peptides in microvessel extracts
from the parietal cortex. a
Concentrations of Ap40, Ap42
and AP40/Ap42 ratios were

B Whole homogenates
[J Microvessel extracts

*%

determined in brain microvas- 2 -
cular extracts by ELISA. A
threefold higher AB40/Ap42
ratio was observed in brain
microvessel extracts com-
pared to whole homogenates
from the same parietal cortex
samples. Data are represented
as mean + SEM. Sample size
is indicated in the graph bars.

1.51

AB40/AB42 ratio

T

Coll IV DAPI

54

AB40

Statistical analysis: unpaired
Student’s ¢ test. **p <0.01. b—d
Immunolabeling of AB40 and
Ap42 following formic acid
pretreatment revealed that both
peptides accumulated on larger
vessels at stage 4 parenchymal
CAA in parietal cortex, while
no immunoreactivity was
observed at stage O parenchy-
mal CAA. Markedly, for both
stages, no signal was found in
smaller capillary-like vessels.
Magnification used: 20 X. Scale
bar: 20 um

Coll IV DAPI

AB42

Concentrations of both AB40 and AB42

in microvessel extracts are higher in individuals
with a neuropathological diagnosis of AD,

and in apoE4 carriers

Before comparing groups of individuals for amyloid-related
parameters investigated, it was important to determine
whether major differences existed for the total amount of
microvascular proteins extracted from human brain sam-
ples. Indeed, previous authors performing experiments
on brain sections stained for markers of basal membrane
have reported a decrease in total microvessel density in AD
[21, 22]. Throughout this study, Western blot data of pro-
teins of interest were normalized with cyclophilin B, as it
was the loading control with the lowest variation between
groups compared to other markers tested (f-actin, GAPDH
and p-tubulin) (Table 1). Although a downward trend was
noted, we did not observe a significant difference between
individuals with AD and controls when assessing total levels
of claudin-5 and CD31, two major endothelial markers, in
microvessel extracts (Table 1).

Grouping participants according to the ABC neuropatho-
logical diagnosis revealed that microvascular concentrations of
AP40 and AP42 were higher in individuals with AD compared
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to controls (Fig. 3a, b). However, no difference was observed
for the microvascular ratio of Ap40/Ap42 (Fig. 3c). On the
other hand, when dividing groups based on the clinical diag-
nosis (Fig. 3d—f), no significant differences in cerebrovascular
AP were detected. AP40 and AP42 concentrations in vascu-
lar extracts were inversely correlated with visuospatial abil-
ity but not with other cognitive domains or global cognition
(Fig. 3g—i; Table 3). Interestingly, we also observed that sub-
jects carrying one apoE4 allele had higher concentrations of
vascular AB40 and AP42 compared to non-carriers (Fig. 3j, k).
Finally, given the high frequency of mixed vascular patholo-
gies involving infarcts in AD [78] and their association to CAA
[39] and cognitive function [6], we compared groups based
on the presence of chronic cortical macro- and microinfarcts.
We observed that the presence of chronic cortical infarcts was
associated with higher concentrations of both Ap40 and Ap42,
while no difference was noted for Ap40/AP42 ratios (Table 4).
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Concentrations of both AB40 and AB42

in microvessel extracts are elevated in individuals
with higher stages of parenchymal CAA

in the parietal cortex

Ap42 levels in microvessel extracts were greater in subjects
given a parenchymal CAA stage of 3 or 4 in parietal cor-
tex compared to those without parenchymal CAA (stage
0), while a trend towards greater Ap40 concentrations in
individuals with advanced parenchymal CAA was noted
(Fig. 4a, b). No difference was found between groups for
the AP40/AP42 ratios (Fig. 4c). We extended our analysis
by grouping participants based on the ABC neuropathologi-
cal diagnosis and by subdividing them based on whether
or not they were rated as having parenchymal CAA in the
parietal cortex, regardless of severity. We noted that AD
was associated with a rise in vascular AP40 and Ap42,
while parenchymal CAA was associated with higher vascu-
lar Ap42 concentrations (Fig. 4e). Nonetheless, the highest
levels for both Ap40 and AB42 were found in participants
with AD and parenchymal CAA, for which AB40 concentra-
tions were sixfold greater than participants with AD and no
parenchymal CAA (Fig. 4d, e). In addition, despite a lack of
statistical significance, we found an upward trend for the cer-
ebrovascular ratio of Ap40/Ap42 in volunteers with AD and
parenchymal CAA (Fig. 4f). Similar observations were made
following analyses in detergent-insoluble vascular fractions,
where AD was also associated with greater concentrations
of AB40 and Ap42 (Suppl. Figure 1a, b).

The AB efflux transporter ABCB1 is reduced

in participants with a clinical diagnosis of AD
and is correlated to cognitive function and Ap
content in brain microvessels

The accumulation of AP in the brain parenchyma has been
hypothesized to be caused by defects in its clearance through
the BBB, implicating transporters and receptors expressed
in brain microvascular endothelial cells [108, 111]. We
thus quantified, in microvessel-enriched extracts, AP trans-
porters and receptors reported to be involved in efflux or
influx of AP across the BBB. When groups were distin-
guished based on the clinical diagnosis, we observed lower
ABCBI levels in persons with AD compared to NCI and
MCI (Fig. 5¢). In addition, ABCB1 levels were positively
correlated to global cognition, episodic memory, semantic
memory, perceptual speed and visuospatial ability (Fig. 5d,
e; Table 3). On the other hand, vascular levels of LRP1 and
RAGE, respectively, involved in the efflux or influx of AP
across the BBB, remained similar among clinical diagnostic
groups (Fig. 5j, o). Nevertheless, we noted that LRP1 levels
were positively associated with global cognition, semantic
memory, perceptual speed and visuospatial ability (Table 3).

Levels of ABCB1, LRP1 and RAGE were similar between
individuals with a neuropathological diagnosis of AD com-
pared to controls (Fig. 5b, i, n). As indicated in Table 4,
RAGE levels were significantly increased in participants
with AD and chronic cortical infarcts compared to persons
with AD without infarcts, whereas no difference was noted
for ABCB1 and LRP1. However, no difference was observed
when groups were compared based on the apoE4 carriage
or parenchymal CAA stage in the parietal cortex, for all
transporters and receptors investigated (not shown). A nega-
tive association was found between ABCB1 and Ap40 in
microvessel extracts (Fig. 5f). No significant correlation was
found for RAGE or LRP1 (Fig. 5k, p). Moreover, we did not
observe any significant correlation between Ap transport-
ers and receptors and AP42 levels in microvessel extracts

The AB-degrading enzyme neprilysin is reduced
in microvessel extracts from AD individuals

and is correlated to cognition and AB40
concentrations

Enzymatic degradation is also thought to be a major clear-
ance pathway for AP in the brain, also active in the vascu-
lature [23, 36]. We noted a significant decrease in levels of
neprilysin in microvessel-enriched extracts from participants
clinically diagnosed with AD (Fig. 6b), but not after group-
ing according to autopsy-confirmed diagnoses (Fig. 6a).
Moreover, vascular neprilysin levels were positively associ-
ated with global cognition, semantic memory and perceptual
speed (Fig. 6¢, d; Table 3). No difference was observed when
participants were differentiated based on their apoE4 car-
riage or parenchymal CAA stage in the parietal cortex (not
shown). As indicated in Table 4, neprilysin levels in brain
microvessels were not altered in participants rated as having
chronic cortical infarcts. A trend towards a negative correla-
tion between neprilysin and APB40 in microvessel extracts
was found (Fig. 6e), while no correlation was noted with
AP42 (Fig. 6f).

The amyloid protein precursor cleaving enzyme
B-secretase is elevated in microvessel extracts

from participants with AD and apoE4 carriers

and is correlated to cognition and A concentrations

Although neurons display the strongest expression of amy-
loid protein precursor (APP) and produce the bulk of cer-
ebral AP, APP expression and processing have been detected
in brain microvascular cells in humans and rodents [30, 52,
72, 105]. We thus evaluated APP and f-secretase (BACE1)
levels by WB as a potential mechanism underlying varia-
tions in vascular Ap. We observed higher BACEI levels in
participants with a neuropathological or a clinical diagnosis
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«Fig.3 Ap40 and AP42 concentrations in brain microvessels are
increased in persons with AD and in apoE4 carriers. Concentra-
tions of AB40, AP42 and AP40/AP42 ratios were determined in brain
microvascular extracts by ELISA. a—c Participants were divided
according to their neuropathological diagnosis based on the ABC
criteria; d—f their clinical diagnosis and j-1 their apoE4 allele car-
riage. Higher concentrations of AB were observed in individuals with
a neuropathological diagnosis of AD (a, b) and in apoE4 carriers (j,
k). For all groups, no significant variation was found for the Ap40/
AP42 ratios (c, f, ). Data were log transformed for statistical analy-
sis and are represented as scatter plots with a logarithmic scale. Hori-
zontal bars indicate mean +SEM. Statistical analysis: Mann—Whitney
test. *¥p<0.01, *** p < 0.001, ****¥p <0.0001. Correlative analyses
revealed that AP40 and AP42 levels in microvessel extracts were both
negatively associated with visuospatial ability scores (g, h). Statistical
analysis: Coefficient of determination (1%). Ip <0.05. AD Alzheimer’s
disease, MCI mild cognitive impairment, NCI healthy controls with
no cognitive impairment

of AD (Fig. 8a, b) and in apoE4 carriers (Fig. 8c), while
similar non-significant trends were found for APP in the
same groups (Fig. 7a—c). In addition, we noted trends for
increased APP and BACEI levels in individuals with AD
and chronic cortical infarcts (Table 4). However, no differ-
ence was observed when individuals were grouped based
on their parenchymal CAA stage in the parietal cortex (not
shown). BACEI levels in microvessel extracts were nega-
tively associated with global cognition and specific cogni-
tive domains, namely episodic memory and perceptual speed
(Fig. 8d, e and Table 3), while APP levels were negatively
correlated with working memory, with trends for global
cognition (%= — 0.063; p=0.0665) and visuospatial ability
(r*=—0.065; p=0.07) (Table 3). Both APP and BACEI
were positively correlated to vascular Ap40 concentrations
(Figs. 7d, 8f). APP levels were also associated with vascular
ApP42 (Fig. 7e), while only a trend was found for BACE1
(Fig. 8g). Finally, we observed strong inverse relation-
ships between vascular BACE1 and ABCB1 (+2=— 0.549;
p <0.0001) and neprilysin (**=-0.330; p<0.0001) in this
cohort.

Discussion

The present work aimed to investigate vascular A pathol-
ogy in CAA and AD using brain extracts enriched in micro-
vascular cells. To do so, we adapted a previously published
protocol to generate microvessel-enriched extracts from fro-
zen human parietal cortex samples from participants in the
Religious Orders Study. The focus was on A peptides and
markers involved in their clearance and production. Overall,
our data are consistent with the following conclusions: (1) it
is possible to effectively concentrate human brain microves-
sels from frozen samples; (2) a higher Ap40/42 ratio is found
in microvessels compared to the whole brain, (3) when com-
pared to controls, the cerebrovasculature of persons with

AD shows similar levels of endothelial markers but higher
concentrations in Af peptides, associated with changes
consistent with a deficit in clearance (ABCB1 and neprily-
sin) and an increased production (BACE1) of Ap by brain
microvascular cells; 4) cognitive decline is associated with
higher levels of BACE1 and lower concentrations of both
ABCBI and neprilysin in the brain vasculature. Such series
of observations highlight that brain microvascular cells play
an active role in the vascular A pathology that underlies
CAA and AD, and their consequent cognitive symptoms.

Advantages of the approach taken

The efficacy of the microvessel enrichment approach used
in this study, starting from frozen human brain samples, was
confirmed by a higher proportion of endothelial and mural
markers, combined with lower levels of neuronal markers,
as well as higher AP40/A42 ratios, as previously reported
in the cerebral vasculature [4, 38]. Generating homogen-
ates enriched in brain vasculature offers the possibility of
using biochemical techniques more suitable for quantifica-
tion in solution, such as ELISAs, Western immunoblotting
and enzymatic assays. ELISA is now considered a standard
and sensitive technique to specifically assess Ap40 and Ap42
concentrations in the CSF and other fluids [33, 57, 73], and
determine AP40/AP42 ratios. Western analysis confirms
protein sizes, therefore reducing bias from non-specific sig-
nals from primary and secondary antibodies. In addition,
microvessel-enriched extracts facilitate the investigation of
proteins located in the cerebrovasculature, including those
expressed at low levels by brain microvascular cells, such
as endothelial cells, while avoiding signal dilution among
other cell types. Finally, compared to fresh tissue, which
have to be processed when collected at autopsy, frozen brain
samples can be stored and are suitable for quantitative com-
parisons of a large number of samples.

Vascular amyloid pathology: its relation with clinical
and neuropathological AD

In the present study, we did not observe a significant reduc-
tion in the total amount of microvessels or capillaries as
indexed by Western blot measurements of cyclophilin B,
claudin-5 or CD31 in microvessel extracts in subjects with a
neuropathological diagnosis of AD (Table 1), suggesting no
massive change in the total microvascular compartment. This
is consistent with a previous report showing similar CD31
staining in AD versus controls [59]. Claudin-5 and CD31
are both involved in intercellular junctions and expressed
mostly in brain microvascular endothelial cells [27, 93]. It is
important however to consider that each microvessel marker
may give different information. For example, in postmor-
tem AD brains, levels of von Willebrand factor (VWF), a
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Table 3 Linear regressions between amyloid-related markers in brain microvessels and antemortem cognitive evaluation
Global

o Episodic Semantic Perceptual Visuospatial Working
cognitive memory memory speed ability memory
score
B—-amyloid peptide r r r r r r
AP40, pmol/L —0.022 —0.006 -0.011 —0.028 —0.080 —0.004
AB42, pmol/L —-0.043 —0.038 —-0.023 —0.016 - 0.076 -0.019
AB40/AB42 —0.001 0.003 <-0.001 —0.020 —-0.025 <0.001
B-amyloid peptide transporters r r r r r r
ABCBI (normalized ROD) ([ OHSEN or01  [IGNE OEEN 0.090 0.057
LRP1 (normalized ROD) 0.103 0.068 0.105 0.118 0.099 0.029
RAGE (normalized ROD) —-0.023 -0.010 —-0.023 —0.009 ‘—0.069 -0.013
AB-degrading enzymes r r r r r r
Neprilysin (normalized ROD) 0.090 0.030 0.105 0166 0.050 0.051
APP processing r r r r” r” r
APP (normalized ROD) —0.063 —0.052 —0.055 —0.043 —0.065 —0.076
BACE]1 (normalized ROD) —0.108 —0.090 -0.073 —0.136 -0.015 —0.028

ABCBI P-glycoprotein, APP amyloid protein precursor, BACEI f-secretase, LRP1 low-density lipoprotein receptor-related protein 1, RAGE
receptor for advanced glycation end products, ROD relative optical density

Correlations were adjusted for the following covariates: educational level, gender, age at death and APOE genotype. Linear regressions were per-
formed to generate coefficients of determination (r?). Blue and orange highlighted cells, respectively, indicate significant positive and negative
correlations with a p <0.05 (light colors) and p<0.01 (dark colors)

Table 4 Impact of chronic cortical infarcts on vascular amyloid

Controls AD Two-way ANOVA
- . - . (p values for infarcts
No infarcts ‘With infarcts No infarcts With infarcts effect)
N=16 N=6 N=26 N=8
B-Amyloid peptide
AB40, pmol/L 45.6.+9.30 181.6+184.2% 191.0+57.9 347.5+174.0* 0.0316
Ap42, pmol/L 65.6+12.6 158.5 + 108.0 264.2+30.7 336.5+55.6" 0.0221
AB40/AB42 0.66+0.11 1.15+0.50 0.72+0.19 1.10+0.48 0.1689
B-Amyloid peptide transporters
ABCBI (normalized ROD) 2.63+0.33 2.42+0.63 1.99+0.20 1.72+0.45 0.5308
LRP1 (normalized ROD) 3.07+0.13 2.78+0.16 2.87+0.12 3.12+0.20 0.9228
RAGE (normalized ROD) 0.89+0.14 0.72+0.23 0.71+0.09 1.35£0.24%% 0.1624
AB-Degrading enzymes
Neprilysin (normalized ROD) 0.41+0.04 0.41+0.11 0.36+0.04 0.31+0.04 0.1324
APP processing
APP (normalized ROD) 0.70+0.13 0.77+0.26 1.11+0.20 1.75+0.40 0.2010
BACE]1 (normalized ROD) 1.16+0.20 1.45+0.47 1.68+0.18 2.45+0.56 0.1068

ABCBI P-glycoprotein, APP amyloid protein precursor, BACEI f-secretase, LRPI low-density lipoprotein receptor-related protein 1, RAGE
receptor for advanced glycation end products, ROD relative optical density

Measurements of vascular AB40 and AB42 were performed by ELISA. Data were log transformed for statistical analysis and are represented as
mean+SEM. All other measurements were performed by Western immunoblotting. Data were normalized with cyclophilin B and are repre-
sented as mean+ SEM. The sample size for each group is indicated at the top of each column. Statistical analysis: two-way analysis of variance
followed by a Bonferroni’s post hoc test, *p <0.05 for infarcts effect, ¥p <0.05 and ¥*p <0.01 compared to individuals without infarcts within
each neuropathological diagnosis group
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AB measurements in microvessel extracts - Relation with parenchymal CAA
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Fig.4 AP40 and AP42 concentrations in brain microvessels are
increased in participants with higher stages of parenchymal CAA in
the parietal cortex. Concentrations of Ap40, AB42 and AP40/Ap42
ratios were determined in brain microvascular extracts by ELISA. a—c
Participants were divided according to their parenchymal CAA stag-
ing in the parietal cortex as following: 0, no deposition; 1, scattered
segmental but not circumferential deposition; 2, circumferential depo-
sition up to ten vessels; 3, circumferential deposition up to 75% of
the region; 4, circumferential deposition over 75% of the total region.
Stages 3 and 4 were pooled together for statistical analysis. AB42
concentrations were elevated in individuals with stage 3 and 4 paren-
chymal CAA (b), while only an upward trend was noted for Ap40
concentrations in the same group (a). Statistical analysis: Kruskal—
Wallis non-parametric one-way analysis of variance followed by a

glycoprotein stored in endothelial cells, were reported to be
unchanged or present in lower amounts, while type IV col-
lagen content was shown to be increased, consistent with a
thickening of the basal lamina [35, 40, 51, 59]. Comparisons

Dunn’s post hoc test. **p <0.01. d—f Individuals were grouped based
on their ABC neuropathological diagnosis and subdivided based on
the presence or not of parenchymal CAA, regardless of the sever-
ity. Neuropathological diagnosis of AD was associated with higher
ApP40 and AP42 vascular concentrations (d, e), while parenchymal
CAA was associated with increased levels of Ap42 only (e). High-
est concentrations of AB40 were found in participants with AD and
parenchymal CAA. Statistical analysis: Kruskal-Wallis non-paramet-
ric one-way analysis of variance followed by a Dunn’s post hoc test.
$p<0.05, $$$p<0.001, $$$$p<0.0001 and two-way analysis of vari-
ance followed by a Bonferroni’s post hoc test. ¥p <0.05. Data were
log transformed for statistical analysis and are represented as scatter
plots with a logarithmic scale. Horizontal bars indicate mean + SEM.
pCAA parenchymal CAA

between groups were made based on ABC assessment to
determine a dichotomic neuropathological diagnosis (i.e.,
AD versus control). However, as exemplified by the overlap
between groups for Braak and CERAD scores (Table 1), it
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Measurements in microvessel extracts of AB transporters and receptors
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«Fig.5 Ap efflux transporter ABCB1 is reduced in vascular frac-
tions from individuals with AD. ABCB1 (P-glycoprotein), LRP1
and RAGE levels in microvessel extracts were determined by West-
ern blot. Data were normalized with cyclophilin B. Representative
immunoblotting examples for ABCB1, LRP1 and RAGE (a, h, m).
All samples, loaded in a random order, were run on the same immu-
noblot experiment for quantification. Consecutive bands are shown.
No difference was found when participants were divided according
to their AD neuropathological diagnosis (b, i, n). When individuals
were grouped based on their clinical diagnosis, a significant reduc-
tion was noted for ABCB1 in AD, while no difference was observed
for LRP1 and RAGE (c, j, o). Statistical analysis: Kruskal-Wal-
lis one-way analysis of variance followed by a Dunn’s post hoc test.
$p <0.05, $$p <0.01. ABCBI1 levels in microvessel extracts were posi-
tively associated to global cognition and episodic memory (d, e). In
microvessel extracts, among transporters investigated only ABCB1
levels were inversely correlated to ApP40 content (f). No significant
correlation was observed between AB42 concentrations in microves-
sel extracts and any of the transporter investigated (g, 1, q). Statistical
analysis: Coefficient of determination @. 1p<0.05, Mp<0.01. A/
AD Alzheimer’s disease, ABC Dx ABC neuropathological diagnosis,
C control, Clinical Dx clinical diagnosis, cypB cyclophilin B, M/MCI
mild cognitive impairment, N/NCI healthy controls with no cognitive
impairment, ROD relative optical density

is important to keep in mind that results of the present study
could be interpreted slightly differently depending on the
method used for the neuropathological diagnosis.

Despite similar levels of endothelial markers, individu-
als with a neuropathological diagnosis of AD had higher
microvascular levels of both Ap40 and AB42 compared to
controls. This corroborates a previous report using Western
immunoblotting for total AP [52]. AB40 and AP42 levels
were higher in apoE4 carriers, as expected because of their
greater proportion within the AD population. However,
apoE4 may also have a direct effect on Ap accumulation in
the cerebral vasculature. Indeed, the clearance of apoE4-Ap
complexes through both the BBB and perivascular drain-
age has been shown to be reduced compared to complexes
formed with other apoE isoforms [29, 43]. Such accumula-
tion of AP was negatively correlated to visuospatial ability,
but not to other cognitive domains, which is consistent with
the involvement of the parietal cortex in this particular cog-
nitive task [88].

The transit of A across the BBB is thought to be medi-
ated by several transporters and receptors expressed by brain
microvascular endothelial cells, including ABCB1 (efflux),
LRP1 (efflux) and RAGE (influx) [34, 112]. The lower con-
centrations of ABCBI1 in individuals clinically classified
as AD is in line with an increased brain entry of [11C]-
verapamil, a substrate of ABCBI, in several brain regions as
visualized by PET scan [91]. A stronger inverse association
between vascular levels of ABCB1 with AB40 than with
AP42, in agreement with a previous IHC report [96], sup-
ports the proposed key role of ABCB1 in the clearance of
AP [26, 56]. In vitro binding studies show that Ap40 has a
higher affinity and an increased ATPase-stimulating effect

for ABCB1 compared to AP42 [58], perhaps underlying
this stronger association. ABCB1 levels were also signifi-
cantly correlated to all cognitive domains evaluated except
working memory, suggesting a broader role for ABCB1 at
the BBB than clearance of AP. One potential explanation
is that ABCB1 has other endogenous substrates, such as
lipids, including cholesterol [37, 92, 98], for which ABCB1
is thought to transport them from the inner to the outer leaf-
let of the plasma membrane. Moreover, Szabady et al. [81]
recently showed that ABCB1 was involved in the release
of endocannabinoids from intestinal epithelial cells into the
lumen, where they maintain an anti-inflammatory environ-
ment for intestinal homeostasis, notably by inhibiting the
transmigration of immune cells. A similar role in brain
microvascular endothelial cells is plausible as they express
the cellular machinery to generate and respond to endo-
cannabinoids [61]. Therefore, ABCB1 reduction in brain
microvascular endothelial cells could lead to a deleterious
alteration of membrane microdomains, which have a pivotal
role in signal transduction and transcytosis, and to cerebro-
vascular inflammation.

Given their key role in Af transport, studies have aimed
to determine whether RAGE and LRP1 BBB levels are
modified in AD, but have so far yielded conflicting results
[32, 79, 103]. In line with the report from Wilhelmus et al.
[103], we did not observe any difference for persons with
AD, regardless of the diagnosis distinction applied. On the
contrary, Shibata et al. [79] observed a reduction of LRP1
immunolabeling in capillaries of the frontal cortex in AD
brains compared to controls. However, no quantification
was provided in that study. In addition, Donahue et al. [32]
showed that RAGE and LRP1 were, respectively, increased
and reduced in hippocampal capillaries in immunostained
brain sections from AD patients. These discrepancies may
originate from differences in brain regions investigated, sam-
ple size, study material or methodologies, as our immunob-
lotting approach allowed a more quantitative assessment of
the global level of proteins in vascular extracts, as mentioned
above.

Neprilysin is another key contributor to AP clearance
[36]. In the present work, we observed lower neprilysin lev-
els in microvessel extracts from the parietal cortex of par-
ticipants clinically diagnosed with AD, but not based on the
ABC neuropathological assessment or apoE4 carriage. This
is to some extent consistent with a previous study showing
strongly reduced vascular neprilysin in the frontal cortex of
participants with AD and in apoE €4 carriers [68]. In vitro
experiments revealed that neprilysin was more effective in
degrading Ap40 than AB42 [80], which could explain the
stronger inverse correlation between vascular levels of nepri-
lysin with AP40 than with AB42. Significant associations
with global cognitive scores and specific cognitive domains,
such as semantic memory and perceptual speed, suggest an
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Neprilysin in microvessel extracts
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Fig.6 Neprilysin levels are reduced in brain microvessels from indi-
viduals with AD and correlated to cognitive function and Ap40.
Neprilysin levels in microvessel extracts were determined by West-
ern blot. Data were normalized with cyclophilin B. No difference
was found when participants were divided according to their AD
neuropathological assessment (a), while a significant decrease was
observed in individuals with AD based on clinical diagnosis (b). All
samples, loaded in a random order, were run on the same immunob-
lot experiment. Consecutive bands are shown. Data are represented
as scatter plots. Horizontal bars indicate mean+SEM. Statistical

extended role for cerebrovascular neprilysin in AD symp-
toms, other than degradation of AP. Indeed, neprilysin is
involved in the catabolism of endothelin-1 (ET-1) [71], a
potent vasoconstrictor produced by brain microvascular
endothelial cells. Reduced microvascular levels of neprilysin
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Normalized relative O.D.

Normalized relative O.D.

analysis: Kruskal-Wallis ANOVA; $p<0.05. Neprilysin levels in
microvessel extracts were positively associated to global cognition
and perceptual speed (¢, d). A trend towards a negative correlation
between vascular neprilysin levels and AB40 (e) was noted, while no
significant association was found with Ap42 (f). Statistical analysis:
Coefficient of determination (1%). 1p <0.05, 11p <0.01. A/AD Alzhei-
mer’s disease, ABC Dx ABC neuropathological diagnosis, C control,
Clinical Dx clinical diagnosis, cypB cyclophilin B, M/MCI mild cog-
nitive impairment, N/NCI healthy controls with no cognitive impair-
ment, relative OD relative optical density

may lead to elevated ET-1 and subsequent reduction of cer-
ebral blood flow, often reported in AD [46, 64] and poten-
tially contributing to cognitive decline.

A recent report shows that BACEI is expressed in brain
microvascular endothelial cells where it processes APP to
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Amyloid protein precursor in microvessel extracts
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Fig.7 Amyloid protein precursor levels are correlated to AP pep-
tides concentrations in microvessel extracts. Amyloid protein precur-
sor (APP) levels in microvessel extracts were determined by Western
blot. Data were normalized with cyclophilin B. a—c Participants were
divided according to a their AD neuropathological diagnosis; b their
clinical diagnosis and c their apoE4 allele carriage. No difference was
observed in any of these comparisons. All samples, loaded in a ran-
dom order, were run on the same immunoblot experiment. Consecu-
tive bands were taken for the representative photo example. Data are
represented as scatter plots. Horizontal bars indicate mean+SEM.

Normalized relative O.D.

Statistical analysis: Mann—Whitney test and Kruskal-Wallis ANOVA;
p>0.05. Linear regression analyses revealed that APP levels were
positively correlated to both AB40 (e) and AB42 (f) concentrations in
microvessel extracts. Statistical analysis: Coefficient of determination
(?). 1p<0.05, Mp <0.01. — ApoE4 non-carrier, + ApoE4 carrier, A/
AD Alzheimer’s disease, ABC Dx ABC neuropathological diagnosis,
APP amyloid protein precursor, C control, Clinical Dx clinical diag-
nosis, cypB cyclophilin B, M/MCI mild cognitive impairment, N/NCI
healthy controls with no cognitive impairment, relative OD relative
optical density
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B-secretase in microvessel extracts
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Fig.8 f-secretase levels are increased in individuals with AD and
in apoE4 carriers, and are correlated to cognition and AB40 peptides
in microvessel extracts. p-secretase (BACEl) levels in microves-
sel extracts were determined by Western blot. Data were normalized
with cyclophilin B. a—c Participants were divided according to a
their AD neuropathological diagnosis; b their clinical diagnosis and
c their apoE4 allele carriage. We observed an increase in BACEL1 lev-
els in individuals with a neuropathological diagnosis of AD (a) or a
clinical diagnosis of AD (b). We also observed an increase for apoE4
carriers compared to non-carriers (c). All samples, loaded in a ran-
dom order, were run on the same immunoblot experiment. Consecu-
tive bands were taken for the representative photo example. Data are
represented as scatter plots. Horizontal bars indicate mean+SEM.

generate AP [30]. In accordance with this observation, we
found higher levels of APP and BACEI in brain microves-
sels from persons with AD, consistent with a microvascular
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Normalized relative O.D. Normalized relative O.D.

Statistical analysis: Mann—Whitney test, *p<0.05; Kruskal-Wal-
lis one-way analysis of variance followed by a Dunn’s post hoc test,
$p<0.05. Linear regression analyses showed that BACE] levels were
negatively associated with global cognition (d) and episodic memory
(e). In addition, BACELI levels were positively correlated to AB40
concentrations in microvessel extracts (f). In addition, a trend towards
a positive correlation was observed for Ap42 (g). Statistical analysis:
Coefficient of determination (r?). Tp<0.05, 11y <0.001. — ApoE4
non-carrier, + ApoE4 carrier, A/AD Alzheimer’s disease, ABC Dx
ABC neuropathological diagnosis, C control, Clinical Dx clinical
diagnosis, cypB cyclophilin B, M/MCI mild cognitive impairment, N/
NCI healthy controls with no cognitive impairment, relative OD rela-
tive optical density

production of Ap. Cerebrovascular levels of BACEI were
also associated with the antemortem global cognitive scores
and specific cognitive domains, notably with episodic
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memory and perceptual speed, suggesting a larger implica-
tion of vascular BACE1 in BBB pathology, not limited to A
production. Type Il interleukin-1 receptor (IL1-R2), a posi-
tive regulator of proinflammatory cytokine expression in its
intracellular form [63], was shown to be upregulated in brain
microvessels from AD cases compared to controls [99].
As BACEI is involved in the shedding of IL-1R2 into its
intracellular form [55], increased vascular levels of BACE1
could contribute to the spreading of neuroinflammation in
the cerebral vasculature. Consistent with the observation of
higher vascular levels of APP and BACEI in apoE4 carri-
ers, the apoE €4 isoform was reported to induce a higher
mRNA expression of APP and secretion of AP peptides in
cultured embryonic stem cell-derived neurons [44], suggest-
ing a similar apoE-mediated mechanism could be in place in
the cerebrovasculature.

Overall, cerebrovascular markers of Ap clearance and
production investigated in this study showed stronger asso-
ciations with AB40 than with AB42 concentrations. Deficient
ABCBI1- and neprilysin-mediated clearance and increased
local production may thus act as key contributors for the
increase of vascular AP40 resulting in higher Ap40/Ap42
ratios specifically in the microvessels. Such accumulation of
Ap40 could have detrimental effects on brain microvascular
endothelial cells, like reduction of ABCBI1 protein levels and
function through ubiquitination and proteasomal-dependent
degradation [41]. Recently, it has been shown that while
vascular ABCBI1 levels are reduced in AD, their ubiquitina-
tion status is increased [42]. AP40 has also been shown to
induce an upregulation of proinflammatory cytokine expres-
sion [97] and epigenetic changes on DNA promoters associ-
ated to the genes of neprilysin in murine brain endothelial
cells, leading to its reduced expression [25]. Finally, our
results indicate that vascular levels of ABCB1, neprilysin
and BACEI were strongly correlated with Ap40 concentra-
tions, supporting their role in its clearance and production.
Yet, AB40 only showed a weak correlation with visuospatial
ability, while ABCBI1, neprilysin and BACEI were corre-
lated with more cognitive domains, with stronger correlation
coefficients. This suggests that the role of these markers in
cognitive decline do not depend solely on their implication
in the accumulation of vascular Ap40.

Quantification of AB peptides in brain microvessels:
interconnection between vascular pathology
and AD

The present data strongly suggest that the accumulation
of AP40 and AP42 in the brain microvasculature is cen-
tral to the development of CAA. An apparent synergy
between AD and CAA was observed as participants with a

neuropathological diagnosis of AD associated with paren-
chymal CAA had the highest vascular concentrations of
both AB40 and AP42. Such an entrapment of AP in the
cerebrovasculature is in agreement with reports of lower
AB40 and AP42 concentrations in cerebrospinal fluid of
individuals with CAA [76, 94]. Despite a smaller inter-
individual variability for AB42, the associations between
AB40 and AP42 with CAA were comparable, indicating
that both species remain strongly interrelated. An addi-
tive effect was observed between AD neuropathology and
chronic cortical infarcts, with the highest vascular Ap40
and AB42 burden measured in AD individuals with preva-
lent infarcts. However, only a small number of subjects
with high parenchymal CAA scores or chronic cortical
infarcts were included in our study, limiting the strength
of our conclusions. The apoE €4 isoform may also be a
key contributor in CAA, as it was shown to alter mecha-
nisms regulating vascular AP [43, 67] and to facilitate the
deposition of AP40 [62]. In line with a role for AP42 in
CAA, experiments in cultured microvascular cells showed
that ApP42 was associated with increased APP production
and subsequent production of Af [28]. Thus, accumulat-
ing evidence suggest a self-stimulating loop involving
ApB, apoE4, BACE1, ABCBI1 and neprilysin, which could
explain the series of correlations observed here. Overall,
this study pinpoints that the vascular signature of AD
probably includes a complex pattern of changes (lower
ABCBI1 and neprilysin levels, higher BACE1 and AP lev-
els) ultimately contributing to the development of CAA
and cognitive symptoms.
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