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Inefficient clearance of Af, caused by impaired
blood-brain barrier crossing into the circulation,
seems to be a major cause of Af3 accumulation in the
brain of late-onset Alzheimer’s disease patients and
hereditary cerebral hemorrhage with amyloidosis
Dutch type. We observed association of receptor for
advanced glycation end products, CD36, and low-den-
sity lipoprotein receptor (LDLR) with cerebral amy-
loid angiopathy in both Alzheimer’s disease and he-
reditary cerebral hemorrhage with amyloidosis
Dutch type brains and increased low-density lipopro-
tein receptor-related protein-1 (LRP-1) expression by
perivascular cells in cerebral amyloid angiopathy. We
investigated if these A receptors are involved in A3
internalization and in AB-mediated cell death of hu-
man cerebrovascular cells and astrocytes. Expression
of both the LRP-1 and LDLR by human brain pericytes
and leptomeningeal smooth muscle cells, but not by
astrocytes, increased on incubation with AB. Recep-
tor-associated protein specifically inhibited AB-medi-
ated up-regulation of LRP-1, but not of LDLR, and
receptor-associated protein also decreased A} inter-
nalization and AB-mediated cell death. We conclude
that especially LRP-1 and, to a minor extent, LDLR are
involved in A internalization by and Af-mediated
cell death of cerebral perivascular cells. Although
perivascular cells may adapt their AB internalization
capacity to the levels of Af3 present, saturated LRP-1/

LDLR-mediated uptake of Af3 results in degeneration
of perivascular cells. (Am J Pathol 2007, 171:1989-1999;
DOI: 10.2353/ajpath.2007.070050)

In patients with late-onset Alzheimer’s disease (AD) or
hereditary cerebral hemorrhage with amyloidosis of the
Dutch type (HCHWA-D), inefficient clearance of amy-
loid-B protein (AB) seems to be the key event leading to
accumulation of AB in the brain, rather than increased AB
production.’? In cerebral amyloid angiopathy (CAA),
both in AD and HCHWA-D, accumulation of AB in the
vessel walls results in degeneration of cerebrovascular
cells and disruption of the blood-brain barrier.>°

It has been suggested that vascular AB receptors,
expressed by endothelial cells, transfer AB across the
blood-brain barrier into the circulation and thus mediate
clearance of A from the brain.® Alternatively, AB recep-
tors may also mediate AB clearance via phagocytosis of
AB by microglia and astrocytes.”® Both the low-density
lipoprotein receptor (LDLR) and the LDLR-related pro-
tein-1 (LRP-1) may act as AB receptors.®'" LDLR also
regulates apolipoprotein E (ApoE) levels in the central
nervous system and LDLR-deficient mice show in-
creased cerebral AB deposition.”® LRP-1 binds both
ApoE/AB complexes and AB and regulates their clear-
ance from brain to blood.®'® In addition, megalin (LRP2)
might also regulate AB transport from the brain.’ Be-
sides the LDLR family, six other potential AB-binding
receptors have been identified. P-glycoprotein (multidrug
resistance 1, MDR1) is suggested to be involved in the
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efflux of AB from the brain."® In contrast, the receptor for
advanced glycation end products (RAGE) binds and
transports AB from blood to brain.’®'” In addition, the
scavenger receptor CD36 acts as a receptor for fibrillar
AB,'® whereas the formylpeptide receptor-like-1 (FPRL1)
plays a role in the endocytosis and aggregation of AB in
mononuclear phagocytes.'® Finally, the transmembrane
amyloid precursor protein (APP) itself also functions as
an AB receptor.??’

AB is produced by neurons and, via interstitial fluid drain-
age,?? first encounters pericytes in capillaries and smooth
muscle cells in large parenchymal and leptomeningeal ves-
sels, before receptor-mediated trans-endothelial transport
results in clearance of AB from brain to blood.® This sug-
gests that perivascular cells, next to endothelial cells, may
contribute to AB clearance from the brain by transporting
AB from the brain to the endothelial cells and that AB accu-
mulation in CAA might result from a disturbed balance of AB
transport from perivascular cells to endothelial cells.

To estimate the relative contribution of AB receptors to AB
clearance, we investigated the distribution of AB receptors
in AD brains and their co-localization with CAA and senile
plagues in AD and HCHWA-D brains. Furthermore, we in-
vestigated the effect of AB on the expression levels of AB
receptors on cultured pericytes, leptomeningeal smooth
muscle cells, and astrocytes. Finally, the role of AB recep-
tors in AB internalization and ApB-mediated cell death of
cerebrovascular cells and astrocytes was studied.

Materials and Methods
Autopsy Material

Tissue samples from the occipital cortex and hippocam-
pus were obtained after rapid autopsy and immediately
frozen in liquid nitrogen. Material was obtained from 11
AD patients (age, 82 * 7.0 years; postmortem delay,
4.2 = 1.0 hours), 7 of them with moderate to severe CAA
and 4 control cases without neurological disease (age,
76 * 7.7 years; postmortem delay, 4.3 = 1.3 hours).
Furthermore, tissue samples from the frontal cortex of five
patients with HCHWA-D (age, 55 * 3.3 years; postmor-
tem delay, 3.4 = 1.8 hours) were collected. Diagnosis
and grading of AD patients were performed according to
the Braak and Braak and The Consortium to Establish a
Registry for Alzheimer’s Disease criteria.?®?* CAA grad-
ing was performed as described in a previous report.?®

Supplemental Table 1 (see http.//ajp.amjpathol.org) pro-
vides an overview of the diagnosis, Braak and Braak
score, The Consortium to Establish a Registry for Alzhei-
mer’s Disease score, CAA grade, age, postmortem inter-
val, gender, and apolipoprotein E genotype of the pa-
tients included in this study.

Materials

Both AB,_,, peptide (96% pure, high pressure liquid
chromatography analysis) containing the Glu22GIn mu-
tation (D-AB_40), Wild-type AB4_4- (95% pure, high pres-
sure liquid chromatography analysis), and wild-type
AB1_40 (98% pure, high pressure liquid chromatography
analysis) were obtained from Biosource (Etten-leur, The
Netherlands). AB.q.; peptide (99% pure, high pressure
liquid chromatography analysis) was obtained from
American Peptide Company (Sunnyvale, CA). Lyophi-
lized peptides were dissolved in 1,1,1,3,3,3-hexafluoro-
2-propanol (Sigma-Aldrich, Zwijndrecht, The Nether-
lands), dried overnight, and subsequently dissolved in
dimethyl sulfoxide, at a concentration of 5 mmol/L and
stored at —80°C. Fibrillar AB;_4» or D-AB;_,, was ob-
tained by incubating 10 umol/L of AB in Eagle’s minimal
essential medium (BioWhittaker Europe, Verviers, Bel-
gium) for 3 days at 37°C and analyzed by electron mi-
croscopy; an extensive network of mature A fibrils was
observed in these preparations.®®

Immunohistochemistry

To examine the expression pattern of AB receptors in
control, AD, and HCHWA-D brains, serial cryosections (4
pm) were used. Sections were fixed and treated as de-
scribed in previous reports.?>27 An overview of the anti-
bodies used in this study is given in Table 1.

Cell Culture

Human brain pericytes (HBPs), human leptomeningeal
smooth muscle cells (HLSMCs), and human brain
astrocytes were isolated and characterized as de-
scribed previously.®282" Cerebrovascular cells were
maintained in Eagle’s minimal essential medium
(BioWhittaker Europe) supplemented with 10% human
serum (Gemini BioProducts, Calabasas, CA), 20%

Table 1. Primary Antibodies Used in This Study

Primary antibody Antigen Species raised in Dilution Source (reference)
6C6 AB Mouse 1:2000 Elan Pharma, San Francisco, CA
100011 CD36 Rabbit 1:1000 Cayman Chemical, Ann Arbor, Ml
Ab13177 FPRL1 Rabbit 1:1000 Abcam, Cambridge, UK
ST1025 RAGE Goat 1:6000 Calbiochem, Darmstadt, Germany
Ab10333 MDR1 Mouse 1:100 Abcam
H-245 Megalin Rabbit 1:100 Santa Cruz Biotechnology, Santa Cruz, CA
8G1 LRP-1 (a-chain) Mouse 1:100 Progen, Heidelberg, Germany
3501 LRP-1 (B-chain) Mouse 1:100 American Diagnostica Inc., Stanford, CA
Pab HLDL-R LDLR Chicken 1:200 Progen
p2—1 APP Rabbit 1:1000 Dr. W.E. Van Nostrand (28)




newborn calf serum (Life Technologies, Rockville, MD),
0.1% basic fibroblast growth factor, and 2% penicillin/
streptomycin at 37°C and 5% CO,. Astrocytes were
maintained in Dulbecco’s modified Eagle’s medium/
HAM-F10 (1:1) containing 10% (v/v) fetal calf serum, 2
mmol/L glutamine, penicillin (100 IU/ml), and strepto-
mycin (50 ng/ml). For degeneration studies, cells were
incubated in an eight-well chamber slide (Nunc, Rosk-
ilde, Denmark) with Eagle’s minimal essential medium
and 0.1% bovine serum albumin (serum-free medium)
supplemented with 10 umol/L D-AB4_40, 10 umol/L
wild-type AB4_ 4o, Or 10 umol/L AB4o.1,2"32with or with-
out 1 umol/L receptor-activated protein (RAP) or cyclo-
heximide (0.5 wg/ml) for 6 days. Control cells incu-
bated with Eagle’s minimal essential medium or
Dulbecco’s modified Eagle’s medium/HAM-F10 and
0.1% bovine serum albumin (serum-free medium) dem-
onstrated normal morphology. Cell viability was quan-
tified using a fluorescent Live/Dead Viability/Cytotoxic-
ity kit according to the manufacturer’s description
(Molecular Probes, Eugene, OR) and analyzed using a
fluorescence microscope (Leica, Wetzlar, Germany).
The percentage of dead cells was determined from at
least four counts per well (~800 cells per count), and
experiments were performed in duplicate. Each exper-
iment was repeated at least three times. HLSMCs in-
cubated with scrambled sequence AB,.,, demon-
strated neither signs of degeneration nor loss of cell
viability, in line with previous data.®

Immunofiuorescence Staining of AB Receptors
on the Cell Surface

Cells cultured on eight-well chamber slides were incu-
bated with10 wmol/L D-AB,_4, or 10 uwmol/L wild-type
AB,_4- for 3 days at 37°C, with or without 1 umol/L RAP
or cycloheximide (0.5 wg/ml). Cultures were washed
once with phosphate-buffered saline (PBS) and then
fixed with periodate-lysine-paraformaldehyde for 10
minutes. The cell preparations were incubated with
monoclonal antibody 8G1 or 3501 (both anti-LRP-1) or
chicken polyclonal anti-LDLR (Table 1). Subsequently,
cells were incubated with Alexa Fluor 488-labeled goat
anti-mouse (1:200, Molecular Probes) or biotin-labeled
goat anti-chicken (Vector Laboratories, Burlingame,
CA) followed by Alexa Fluor 488-labeled streptavidin
(1:400, Molecular Probes). Finally, slides were incu-
bated with Topro-3 for nuclear staining (Vector) for 45
minutes. Antibodies were diluted in PBS/0.1% bovine
serum albumin, which also served as a negative con-
trol. In addition, incubation with nonspecific IgG was
performed as a negative control. After each incubation,
slides were extensively washed with PBS. Immunoflu-
orescence staining was analyzed using a confocal la-
ser-scanning microscope (Leica).

Western Blotting

Immunoblot analysis was performed with cell lysates
from HBPs, HLSMCs, or astrocytes cultured in six-well
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plates in the presence of 10 umol/L D-AB,_ 4 10
wmol/L wild-type AB;_45, or 10 umol/L wild-type AB .40
for 3 days at 37°C, with or without 1 umol/L RAP or
cycloheximide (0.5 ng/ml). Cells were homogenized in
RIPA buffer with protease inhibitors (Complete Mini;
Roche, Mannheim, Germany), and equal amounts of
protein were loaded and electrophoresed on 15% poly-
acrylamide gels. Nonspecific protein binding was
blocked by preincubation with Odyssey-blocking
buffer (according to the manufacture’s guidelines; LI-
COR, Bad Homburg, Germany). Bound anti-LRP (8G1)
or anti-LDLR (chicken) was detected using Alexa Fluor
680- or 800-labeled goat anti-mouse, or biotin-labeled
goat anti-chicken followed by Alexa Fluor 680-labeled
streptavidin (Molecular Probes). All immunoblots were
performed at least three times, and a representative
blot is shown in the Results section. Western blot anal-
ysis and quantification was performed using the Odys-
sey infrared imaging system (LI-COR).

Quantitative Immunofluorescence Staining

A quantitative immunofluorescence staining assay with
infrared detection using the Odyssey infrared imaging
system was performed as described.®®3* In short, ce-
rebrovascular cells and astrocytes (20,000 cells/well)
were cultured in fibronectin-coated 96-well plates
(Nunc), for 1 to 2 days until confluence. Additionally,
the cells were incubated with serum-free medium for at
least 4 hours. Next, fresh medium containing 0.1%
bovine serum albumin with or without 1 to 10 umol/L
D-ABy.40, 1 to 10 umol/L wild-type AB4_45,1 wmol/L
RAP, or cycloheximide (0.5 png/ml) was added to the
cells. On incubation for 3 days at 37°C, cells were
rinsed twice with PBS and fixed with 4% paraformalde-
hyde for 20 minutes at room temperature. Cells were
then washed with either PBS (to quantify cell surface
immunoreactivity only) or PBS containing 0.1% Triton
X-100 (to quantify overall cellular immunoreactivity)
and rinsed again before blocking with 150 ul of LI-COR
Odyssey blocking buffer (1:1 in PBS) for 90 minutes at
room temperature. Primary antibodies [anti-AB (40-4)
and anti-LRP-1 (8G1)] were diluted in Odyssey block-
ing buffer, and cells were incubated with the diluted
antibodies (50 ul/well) overnight at 4°C. Cells were
repeatedly washed with PBS or PBS-0.05% Triton
X-100 (PBS-T) and incubated with secondary antibod-
ies diluted in Odyssey blocking buffer at room temper-
ature for 1 hour; ie, Alexa Fluor 680-labeled goat anti-
mouse, IRDye 800CW-labeled goat anti-rabbit (1:400;
Rockland Immunochemicals, Gilbertsville, PA) or bi-
otin-labeled secondary antibody goat anti-chicken (1:
200, Vector). Cells were again rinsed with PBS and
PBS-T and, in case of the secondary anti-chicken an-
tibody, incubated with Alexa Fluor 680-labeled strepta-
vidin for another 60 minutes at room temperature. Anal-
ysis was performed using the Odyssey infrared
imaging system. The intracellular levels of immunore-
activity were determined by subtracting the signal ob-
tained in cells, treated with PBS only, from those
treated with PBS containing 0.1% Triton X-100.
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Figure 1. Immunohistochemical staining of AB receptor antibodies in neo-
cortex of control brains. Both anti-LRP-1 (A, arrow) and anti-RAGE (C,
arrow) antibodies demonstrated immunoreactivity in normal medium-sized
parenchymal vessels in control brains. Both anti-CD36 (B, arrow) and
anti-LDLR (D, arrow) antibodies were immunoreactive in medium-sized
parenchymal vessels in control brain. Original magnifications, X250.

Results

Expression of AB Receptors in Control, AD, and
HCHWA-D Brains

Patterns and levels of expression of AB receptors in
vessels in which no AB had accumulated were similar in
AD, HCHWA-D, and control brains. No AB was detected
(mAb 6C86) in brain vessels of control brains. Immunore-
activity for RAGE was observed in astrocytes of white and
gray matter and in medium-sized parenchymal vessels
(diameter, 75 to 150 um) (Figure 1C), whereas no stain-
ing in leptomeningeal vessels and capillaries was seen
(Table 2). LRP-1 immunostaining was observed in astro-
cytes of the white matter, in neurons, and in both lepto-
meningeal vessels and medium-sized parenchymal (Fig-
ure 1A) vessels in control brains. Expression of MDR1
was observed in capillaries (data not shown). APP, as
well as CD36 (Figure 1B), immunostaining was observed
in astrocytes and both leptomeningeal and medium-
sized parenchymal vessels (Table 2). Anti-APP staining
was also present in neurons (data not shown). LDLR

immunostaining was observed in astrocytes, neurons,
and capillaries and was also present in leptomeningeal
and medium-sized parenchymal vessels in control brains
(Figure 1D). Both anti-FPRL1 and anti-megalin staining
was demonstrated in astrocytes but was absent in lepto-
meningeal and medium-sized parenchymal vessels (Ta-
ble 2), and anti-FPRL1 immunoreactivity was observed in
neurons.

Expression of AB Receptors in CAA and SPs in
AD and HCHWA-D Brains

In both AD and HCHWA-D brains, AB-affected vessels
were identified by their intense staining by the anti-AB
antibody (mAb 6C6) (not shown) and demonstrated
thickening of the vessel wall, a general feature of CAA.
Anti-RAGE (Figure 2A), anti-CD36 (Figure 2B), and anti-
LDLR (Figure 2C) antibodies stained CAA of leptomen-
ingeal and medium-sized parenchymal vessels of both
AD and HCHWA-D brains. Anti-LRP-1 immunoreactivity
was observed at the abluminal side of CAA-affected ves-
sels (Figure 2D), suggestive of increased expression by
perivascular cells, and in endothelial cells (Figure 2E), in
both leptomeningeal and medium-sized parenchymal
vessels. No immunostaining for APP, MDR1, megalin,
and FPRL1 was observed in CAA.

The anti-AB antibody (mAb 6C6) stained both classic
and diffuse SPs (Figure 3, A-E) in AD brains and diffuse
SPs in HCHWA-D brains. A comparison with the staining
of the AB receptor antibodies in serial sections demon-
strated co-localization of CD36 (Figure 3F), LRP-1 (Figure
3G), megalin (Figure 3H), FPRL1 (Figure 3l), and APP
(Figure 3J) immunostaining with classic SPs in AD brains,
but not with diffuse SPs in AD and HCHWA-D brains. No
immunostaining for RAGE, MDR1, and LDLR was ob-
served in both classic and diffuse SPs in AD and diffuse
SPs in HCHWA-D brains. No staining was observed using
nonspecific IgG as a negative control. The results of the
immunohistochemical stainings for the AB receptors in
normal, AD, and HCHWA-D brains are summarized in
Table 2. Because we observed a close association of
LRP-1, LDLR, RAGE, and CD36 with CAA, we investi-

Table 2. Overview of the Expression of AB Receptors in Vessels of Control, AD, and HCHWA-D Brains, and Their Association
with CAA and SPs in These Brains
Vessels in control, AD, and HCHWA-D brains
Medium-sized CAA
Leptomeningeal parenchymal Leptomeningeal and SPs

vessels vessels Capillaries Astrocytes parenchymal vessels Classic Diffuse
APP + + - + - + -
MDR1 - + + - - - -
RAGE - + - + + - -
LRP-1 + + - + + + -
Megalin - - - + - + -
CD36 + + - + + + -
FPRL1 - - - + - + -
LDLR + + + + + - -

Expression of AB receptors in various brain vessels and in cerebral amyloid angiopathy (CAA) and diffuse senile plagues (SPs) in Alzheimer’s
disease (AD) and hereditary cerebral hemorrhage with amyloidosis of the Dutch type (HCHWA-D). The presence of AB receptors staining in a specific

vessel or lesion is indicated as follows: absent (—), present (+).
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Figure 2. Immunohistochemical staining of AB receptor antibodies in CAA in
the neocortex of AD brains. RAGE (A), CD36 (B), and LDLR (C) immuno-
staining was observed in CAA, whereas LRP-1 expression was increased in
perivascular cells but not in CAA itself (D). E: Immunofluorescent staining of
LRP-1 (green) was also observed in endothelial cells in CAA vessels (AB
stained red). Original magnifications: X250 (A-D); X400 (E).

gated the effect of AB on the levels of expression of these
AB receptors by cerebrovascular cells and astrocytes.

AB-Mediated Up-Regulation of AB Receptors
by Cerebrovascular Cells

We analyzed expression of the AB receptors in cultured
HBPs, HLSMCs, and astrocytes. LRP-1, LDLR, RAGE,
and CD36 were observed in both HBPs and HLSMCs
using Western blot analysis (Figure 4A). In astrocytes,
however, LRP-1, LDLR, and RAGE were observed,
whereas expression of CD36 was absent (Figure 4A).
LRP-1 and LDLR expression, but not that of CD36 or
RAGE, was increased in HBPs and HLSMCs incubated
with 10 wmol/L D-AB;.4o for 3 days compared to the
control situation (Figure 4A), whereas similar incubations
in astrocytes did not result in up-regulation of any of the
AB receptors studied (Figure 4A). Several independent
incubations of HBPs with 10 umol/L D-AB,_4, for 3 days
demonstrated an increase of both LRP-1 and LDLR by an
average factor of 3.1 and 1.9, respectively, compared to
control levels. In addition, up-regulation of LRP-1in HBPs
was sustained until 10 days after treatment with 10
pmol/L D-AB4_4o (Figure 4B).

To antagonize both LRP-1 and LDLR up-regulation in
HBPs, cells were co-incubated with RAP (1 umol/L) or
cycloheximide (0.5 pg/ml).353¢ Treatment of HBPs for 3
days with RAP or cycloheximide alone had no effect on
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Figure 3. Immunohistochemical staining of AB receptor antibodies in classic
SPs in the neocortex of AD brain. The anti-AB (mAb 6C6) antibody stained
both classic and diffuse SPs in AD brains (A-E). CD36 (F, arrow), LRP-1 (G,
arrow), megalin (H, arrow), FPRL1 (I, arrow), and APP (J, arrow) immu-
nostaining was observed in classic SPs. Serial sections: A, F; B, G; C, H; D, I;
E, J. Original magnifications, X250.

both LRP-1 and LDLR expression, whereas co-incubation
of 10 wmol/L D-AB,_4, with RAP or cycloheximide re-
duced LRP-1 expression to control levels but did not
affect LDLR expression (Figure 4C). Incubation of HBPs
with 10 wmol/L AB;_4, resulted in up-regulation of LRP-1
expression but not of LDLR (Figure 4D). Co-incubation
with 10 wmol/L AB,_,» and RAP or cycloheximide again
reduced LRP-1 expression to control levels, whereas ex-
pression of LDLR remained unaffected (Figure 4D).
AB_40 had no effect on LRP-1 or LDLR expression and,
consequently, co-incubation with RAP or cycloheximide
remained ineffective (Figure 4E). In astrocytes incubated
with AB4_40, AB1.42, O D-AB;_40, NO effects on both LRP-1
and LDLR expression were observed (Figure 4F). Treat-
ment of HBPs with either 10 umol/L fibrillar D-AB4_40
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Figure 4. Western blot analysis of LRP-1 and LDLR expression in cultured
HBPs and astrocytes. A: HBPs and astrocytes were incubated with or without
10 wmol/L D-AB, 4, for 3 days at 37°C. In HBPs, expression of LRP-1, LDLR,
RAGE, and CD36 was observed, and both LRP-1 and LDLR were up-regulated
by incubation with 10 wmol/L D-AB,_4,. In astrocytes expression of LRP-1,
LDLR, and RAGE was observed, but AB did not affect receptor expression. B:
Treatment of HBPs with 10 umol/L D-AB,_4, resulted in LRP-1 up-regulation
after 1 day and sustained until 10 days after treatment with 10 pwmol/L
D-AB;_4. C: In HBPs co-incubated with RAP (1 umol/L) or cycloheximide
(0.5 pg/mb for 3 days at 37°C, reduction of LRP-1 up-regulation was ob-
served, whereas LDLR expression remained unaffected. D: Similar effects on
both LRP-1 and LDLR expression on HBPs were observed after incubations
with AB,_4,. E: Incubation of HBPs with AB,_4, had no effect on both LRP-1
and LDLR expression. F: Astrocytes incubated with 10 umol/L of AB, 4,
AB,_ 4, or D-AB, 4, demonstrated no effects on both LRP-1 and LDLR
expression. G and H: Incubation of either 10 umol/L fibrillar D-AB, 4, (G) or
ABy 4, (HD resulted in increased LRP-1 expression by HBPs, whereas no
differences were observed for LDLR levels. In addition, co-incubation of
fibrillar AB with RAP or cycloheximide inhibited this effect.

(Figure 4G) or fibrillar AB,_4» (Figure 4H) also resulted in
an increase in LRP-1 expression by HBPs (average factor
of 1.6 and 1.3, respectively), whereas no differences
were found for LDLR levels (Figure 4G). Co-incubation of
fibrillar D-AB;_40 (Figure 4G) or fibrillar AB4_45 (Figure 4H)

with either RAP or cycloheximide reduced the LRP-1
up-regulation by fibrillar AB.

The effects of D-AB4_4o On LRP-1 expression in HBPs
were confirmed by confocal laser-scanning microscopy
(Figure 5). In untreated cells, LRP-1 demonstrated a low
cytoplasmic expression level. After incubation with 10
pmol/L D-AB,_4 for 3 days at 37°C, the overall anti-LRP-1
immunoreactivity was increased throughout the cyto-
plasm, whereas co-incubations with RAP or cyclohexi-
mide decreased anti-LRP-1 immunoreactivity compared
to D-AB4_40 alone (Figure 5). Taken together, in contrast
to LDLR, LRP-1 up-regulation by AB is inhibited using
RAP and cycloheximide. This suggests a different mech-
anism of receptor induction by AB. To investigate further
the relation between AB and LRP-1 expression, LRP-1
expression was studied in more detail by quantitative
immunofluorescence. Treatment of HBPs with 1 to 10
pmol/L D-AB,_4o resulted in a dose-dependent increase
in LRP-1 expression that was antagonized by RAP as well
as by cycloheximide (Figure 6A). Neither RAP nor cyclo-
heximide affected the association of D-AB,_,, with the
cell surface (Figure 6B). Similar to D-AB;.4o, 1 to 10
pwmol/L AB4_4, also induced a dose-dependent increase
in LRP-1 expression by HBPs (Figure 6C), and co-incu-
bation with RAP or cycloheximide inhibited this increase
(Figure 6C). As observed for D-AB;_4o, both RAP and
cycloheximide did not affect AB,_,, immunoreactivity on
the cell surface (Figure 6D). We observed similar effects
on LRP-1 expression and anti-AB immunoreactivity when
cultured HLSMCs were used (not shown). Incubation of
fibrillar D-AB;_40 Or AB4_4» (NOt shown) resulted in in-
creased expression of LRP-1 by HBPs, which could be
inhibited both by RAP (~68% reduction) and cyclohexi-
mide (~52% reduction) (Figure 6E). Co-incubation of
fibrillar D-AB_40 OF AB4_45 (NOt shown) with RAP resulted
in a slightly, but significantly, decreased (~20%) anti-AB
immunoreactivity on the cells, whereas incubation of cy-
cloheximide had no effect (Figure 6F). Thus, although
RAP inhibits AB-mediated LRP-1 induction, it is not ca-
pable of preventing AB accumulation at the cell surface.

Treatment

Control 10 uM D-AB, 4o

Staining
Anti-LRP

D-AB, 4 / RAP D-AB,_,, / cycloheximide

Figure 5. Confocal laser-scanning microscopy analysis of AB-mediated up-regulation of LRP-1 in HBPs. HBPs incubated with 10 wmol/L D-AB, 4, or in
combination with RAP (1 umol/L) or cycloheximide (0.5 pg/ml for 3 days at 37°C. Increased immunoreactivity of anti-LRP antibody (red) was observed after
treatment with 10 wmol/L D-AB,_4,, compared to control levels of LRP-1 in HBPs. Co-incubation of D-AB,_4, with RAP or cycloheximide demonstrated a reduced
immunoreactivity of the anti-LRP-1 antibody. Nuclei are counterstained blue. Original magnifications, X630.
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LRP Is Involved in AB Internalization and
AB-Mediated Cell Death of Cerebrovascular
Cells

To analyze the role of LRP-1 in AB internalization by
HBPs, quantitative immunofluorescence of AB internal-
ized by the cells was performed. HBPs were incubated
with 5 wmol/L AB,_4o for O, 1, 4, 21, and 24 hours at 37°C.
Increasing levels of intracellular AB were observed
throughout time (Figure 7A). Co-incubation of 5 umol/L
AB,_40 With either RAP or cycloheximide inhibited inter-
nalization of AB (Figure 7A). Similar effects on internal-
ization were observed using 5 umol/L D-AB;_4, (data not
shown). Internalization of 5 umol/L D-AB,_,, was com-
pletely blocked by co-incubation with the endocytosis
inhibitor,®” colchicine (2 umol/L) (Figure 7B). Astrocytes
incubated with 5 pmol/L AB4_4o for 0, 1, 4, and 24 hours
at 37°C, also demonstrated internalization of AB but co-
incubations with either RAP or cycloheximide were inef-
fective in preventing A internalization (not shown). Thus,
AB internalization by cerebrovascular cells is mediated
by LRP-1, whereas AB internalization in astrocytes is
mediated via a different mechanism possibly involving a
different receptor(s). To investigate the role of A inter-
nalization in AB-mediated cerebrovascular cell death, we
incubated cerebrovascular cells with AB and LRP-1 an-
tagonists and quantified cell viability. Incubation of cul-
tured HBPs with 10 umol/L D-AB,_4, for 6 days reduced
the percentage of viable cells to 51%, whereas in control
incubations 4% of the cells were dead (Figure 8A). AB
treatment resulted in visible signs of cellular degenera-
tion, with cell contours becoming blurred, although all cell
bodies remained attached to the culture dish. RAP and
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Syclohednids Figure 6. Quantitative immunofluorescence anal-

ysis of LRP-1 expression in HBPs. HBPs were
incubated with peptide concentrations as indi-
cated for 3 days at 37°C, and anti-LRP-1 and
anti-AB immunoreactivity were analyzed as de-
scribed in Materials and Methods. A: Treatment
with 1 to 10 umol/L D-AB,_4, resulted in a dose-
dependent increase in LRP-1 expression. This
increased expression was antagonized by co-
incubations with RAP (1 umol/L) or cyclohexi-
mide (0.5 ug/mbD. B: Co-incubations of D-AB; 4,
with both RAP and cycloheximide had no effect

on cell surface AB compared to D-AB,_4, alone.
C and D: Similar effects were also observed in
treatment with 1 to 10 uwmol/L AB, 4, and in
co-incubations of AB;_4, with RAP or cyclohex-
imide. E: Treatment of HBPs with 10 wmol/L of
fibrillar D-AB_4, (F-D-AB,_4,) resulted in in-
creased LRP-1 expression, whereas co-incuba-
tion of fibrillar D-AB,_4, with either RAP or cy-
cloheximide reduced this effect. F: In addition,
co-incubation of 10 wmol/L fibrillar D-AB, 4, with
RAP resulted in moderately decreased D-AB,_4,
accumulation at the cell surface, compared to
D-AB,_4 alone, whereas co-incubations with cy-
cloheximide had no effect on accumulation of
D-AB,_4 at the cell surface. Statistical analysis was
performed using Student’s #test. The level of sig-
nificance of the difference with 10 wmol/L (F-)
D-ABy_4o or AB;_4, and the combination with RAP
or cycloheximide is indicated as follows: *P <
0.05, *P < 0.01, **P < 0.001, P > 0.05 is not
indicated. Mean * SD of quadruplicates are
shown.

5 UM AB .40

ApB internalization

30000

D-A|
15000 DA

Ap Internalization

Figure 7.Internalization of AB by HBPs. HBPs were incubated with 5
pumol/L AB, 4o (A) or D-AB, 4, (B), with or without RAP (1 uwmol/L) or
cycloheximide (0.5 pug/mb for 0, 1, 4, 21, and 24 hours at 37°C, or colchicine
(1 or 2 pmol/L) for 2 days at 37°C. AB immunoreactivity was analyzed, as
described in Materials and Methods. Cell surface immunoreactivity was
subtracted from overall immunoreactivity resulting in the percentage of AB
that is internalized. A: Increasing levels of AB, 4, were observed in time,
whereas co-incubation of 5 wmol/L AB, 4, with RAP or cycloheximide in-
hibited A internalization after 24 hours, compared to AB,_, alone. B:
Co-incubation of D-AB, 4, with colchicine (2 umol/L) completely blocked
D-AB,_4 internalization by HBPs.



1996  Wilhelmus et al
AJP December 2007, Vol. 171, No. 6

% dead cells
% dead cells

Figure 8. LRP antagonists reduce AB-mediated cell death of cerebrovascular
cells. Effects of RAP or cycloheximide on cerebrovascular and astrocyte cell
death after incubation with 10 umol/L D-AB, 4, 10 wmol/L AB, 4, with or
without RAP (1 uwmol/L) or cycloheximide (0.5 wg/ml) for 6 days at 37°C. Az
Incubation of both 10 umol/L D-AB; 4, or 10 umol/L AB, 4, resulted in cell
death of HBPs, ~51% and 43%, respectively. Co-incubations with either RAP
or cycloheximide significantly reduced both D-AB,_;, and AB,_4,-mediated
cell death of HBPs. B: Astrocytes incubated with 10 wmol/L D-AB, 4, showed
a cell death of ~18%, whereas co-incubation with RAP or cycloheximide had
no effect on cell viability compared to D-AB,_, alone. Statistical analysis was
performed using Student’s rtest. The level of significance of the difference
with 10 wmol/L D-AB, 4, or AB,_4, and combinations with RAP or cyclohex-
imide is indicated as follows: *P < 0.05, *P < 0.01, **P < 0.001, P> 0.05 is
not indicated. Mean = SD are shown.

cycloheximide had no effect on cell viability (Figure 8A).
Co-incubation of 10 umol/L D-AB;_4o with RAP reduced
the percentage of dead cells to 21%, whereas co-incu-
bation of cycloheximide reduced cell death to 18% (Fig-
ure 8A). After 6 days, the percentage of dead cells in
cultured HBPs treated with 10 umol/L AB,_4- was 42%,
whereas after co-incubation with RAP (17%) or cyclohex-
imide (18%) cell death was similar to incubations of
D-AB;_40 With RAP or cycloheximide (Figure 8A). Treat-
ment with 10 umol/L AB,_4 did not affect cell viability.
Incubation with 25 umol/L of the inverted wild-type se-
quence AB,q.4 had no effect on cell death, compared to
the control incubations (not shown).2® Incubation of cul-
tured astrocytes with 10 umol/L D-AB,_4 for 6 days re-
sulted in 18% cell death, whereas in controls 4% cell
death was observed (Figure 8B). Co-incubation of 10
pmol/L D-AB,_4o with RAP or cycloheximide resulted in
approximately similar percentages of dead cells com-
pared to D-AB,_,, alone (Figure 8B).

Discussion

The main findings of our study are that 1) expression of
LRP-1, LDLR, RAGE, and CD36 are associated with CAA
in both AD and HCHWA-D brains; 2) AB increases LRP-1
and LDLR expression by cerebrovascular cells in vitro; 3)
RAP inhibits the AB-mediated increased LRP-1 expres-
sion, but not that of LDLR; and 4) both internalization of
AB and AB-mediated cell death can be inhibited by RAP
(summarized in Table 3).

We observed vascular expression of a number of po-
tential AB receptors (LRP-1, RAGE, CD36, LDLR, APP) in
control and AD and HCHWA-D brains. LRP-1 and CD36
were only observed in the larger brain vessels, whereas
MDR1 was predominantly found in capillaries. These
findings suggest that transvascular transport of A might
be mediated by different AB receptors in different types
of brain vessels. Well known A receptors such as LRP-1
and RAGE were predominantly observed in middle-sized
parenchymal vessels, suggesting that, apart from the
capillaries, the contribution of these larger vessels to AB
transport across the blood-brain barrier may be substan-
tial. However, how the distribution pattern of the various
AB receptors reflects AB transport in vivo remains to be
elucidated.

From several in vitro studies and observations in trans-
genic mouse models it was suggested that in AD brains
expression of AB receptors such as LRP-1 might be
decreased and that this change might be directly related
to the accumulation of A in AD brains.'316:38:39 |n con-
trast to these findings, we did not observe spatial and
quantitative differences in expression of LRP-1 or of other
potential AB receptors in brain vessels between control,
AD, and HCHWA-D brains. Nevertheless, because accu-
mulation of AB in AD is a long-term chronic process,
subtle differences in expression of LRP-1 or other AB
receptors that remain undetected by immunohistochem-
ical analysis may be significant for the process of AB
clearance.

AB is cleared from the brain via several clearance
mechanisms, such as uptake and degradation by astro-

Table 3. Summary of the Data Presented in This Study
HBPs/HLSMCs Astrocytes
LRP-1 LDLR LRP-1 LDLR
AB
accumulation Effects on
Effects on on cell Effects on cell
. o I Effects on L o
receptor expression surface cell viability Internalization receptor viability Internalization
- RAP CH - RAP CH RAP CH RAP CH RAP CH expression RAP CH RAP CH
Addition:
D-ABi4 h h - - - — h h i i - - - -
ABi_a0 - - - - I I - - - -
1an h i P- = - - - h h - - - -
F-D-ABi 4 h i P- = - i - h - - -
F-ABi 4 h i i - h - - -

HBPs, human brain pericytes; HLSMCs, human leptomenigeal smooth muscle cells; LRP-1, low-density lipoprotein receptor-related protein-1; LDLR,
low-density lipoprotein receptor; D-AB1_40, @amyloid-beta,_,o containing the Glu22GIn mutation; F-D-AB4_.q, fibrillar D-AB+_40; RAP, receptor-associated

protein; CH, cycloheximide; h, increased:; i, inhibited; —, no effect.



cytes and microglia,”® via AB-degrading enzymes, such
as neprilysin, endothelin-converting enzyme, and insulin-
degrading enzyme,*°~*2 and via transport by cerebral
cells across the blood-brain barrier into the blood. In
brain, AB is predominantly produced by neurons and
transported toward the cerebral vasculature by interstitial
fluid drainage.?® In several studies it has been demon-
strated that transport from brain to blood is mediated by
LRP-1 and vice versa by RAGE.® 3643 |n normal brain,
clearance of AB is the net result of these counteractive
mechanisms. Trans-endothelial LRP-1-mediated trans-
port of AB seems to be an essential part of this process.
In AD, endothelial LRP-1 expression seems to be re-
duced leading to impaired export of A from the brain.*3
However, because AB is a constituent of the interstitial
fluid flowing along perivascular cells toward the cerebro-
spinal fluid and because AB in CAA is initially deposited
in the adventitia,** it is very possible that perivascular
cells (ie, pericytes and smooth muscle cells) contribute to
the process of transport of A from brain to blood as well.
The deposition of AB might be a direct consequence of a
combination of increased cerebral production followed
by LRP-1-mediated perivascular accumulation and im-
paired export of AB by endothelial cells to the blood.
However, although we observed internalization of AB by
perivascular cells, both the cellular fate of AB after inter-
nalization by these cells and the transport route of AB
through the cell’s interior or via the membrane of these
cells remains to be determined.

Although immunohistochemical studies do not allow
for exact assignment of receptor expression to pericytes,
particularly because of the small size of pericytes,?® our
in vitro data demonstrated that both pericytes and SMCs
express LRP-1, LDLR, RAGE, and CD36. Additionally,
expression of LRP-1 and LDLR by these cerebrovascular
cells was increased in response to AB, suggesting that
the capacity to internalize AB is positively influenced by
the AB levels present. This, however, is in contrast to
published observations, describing down-regulated en-
dothelial LRP-1 expression in response to AB treat-
ment.*® Besides, both AB, .. and D-AB, .., induced
LRP-1 and LDLR expression, yet only LRP-1 expression
was inhibited by RAP. Furthermore, we described that
both cultured HBPs and SMCs internalize AB, which can
also be inhibited by RAP. These data suggest that pre-
dominantly LRP-1 mediates uptake of AB,*® although we
cannot exclude the possible role of LDLR because 1
umol/L RAP antagonizes both LRP-1 and LDLR.%¢ In
conclusion, both pericytes and SMCs may contribute to
AB clearance from the brain, a function that, given their
anatomical position and contact with the interstitial fluid,
seems to be relevant in vivo.

Thus, although pericytes and SMCs may contribute to
vascular clearance of AB, it is conceivable that at rela-
tively high concentrations of AB the cells are unable to
remove this AB by either degradation or secretion. Be-
cause LRP-1 and LDLR continuously circulate between
the cell surface and cytoplasmic vesicles, a shift from
cytoplasmic to cell surface expression of these receptors
may precede the up-regulation induced by only high
levels of AB.#¢ Furthermore, both LRP-1 and LDLR may
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serve as an anchor for AB at the cell surface, although we
observed no effects of RAP on AB accumulation at the
cell surface. However, this effect was probably attribut-
able to an excess availability of AB or by AB binding other
receptors or proteins that function as its anchor on the
cell surface, such as APP. Thus, the saturated uptake of
AB, leading to the accumulation of AB at the cell surface,
may subsequently result in degeneration of cerebrovas-
cular cells, leading to CAA. Evidence that this saturated
uptake is, at least partly, mediated by LRP-1 comes from
the observation that 1 umol/L RAP antagonizes LRP-1
expression (this study)®®26 and inhibits AB-mediated cell
death (this study).

Accumulation of AB at the cell surface of cerebrovas-
cular cells is tightly linked to degeneration of these
cells.*547 However, in this study both RAP and cyclo-
heximide inhibited the monomeric as well as the fibrillar
AB-mediated increase in expression of LRP-1 and re-
duced monomeric and fibrillar AB-mediated cell death,
without affecting AB accumulation at the cell surface.
These data are in line with a single report describing a
similar uncoupling of AB cell surface association and cell
death after co-incubation with humanin.*® Thus, our study
suggests that rather than the association of AB with the
cell surface, resulting in disturbance of the cell mem-
brane integrity, downstream cellular signaling events,
possibly mediated by LRP-1 or, to a minor extent, LDLR,
are crucial for initiating cellular degeneration. This is also
supported by our observations that D-AB;_4o and AB4_4»
induced both LRP-1 up-regulation and cerebrovascular
cell death, in contrast to AB4_,,, which demonstrates no
effect on LRP-1 expression and on cell viability.

In contrast to the results with pericytes, LRP-1 and
LDLR expression by astrocytes that, to some degree,
may also contribute to cerebral AB clearance,” were not
increased in response to AB treatment. Thus, although
astrocytes may internalize AB, their capacity to do so is
not increased in the same way as observed for HBPs and
HLSMCs. Furthermore, both internalization of AB and
degeneration of these cells were not inhibited by RAP,
which suggests that receptor stability in astrocytes of
both LRP-1 or LDLR differs from cerebrovascular cells or
that AB receptors other than LRP-1 or LDLR, or receptor-
independent mechanisms are involved in the internaliza-
tion of AB by astrocytes. Thus, the exact role of these AB
receptors in AB internalization and Ap-mediated cell
death toward astrocytes remains to be elucidated.

Pericyte LRP-1 expression was up-regulated by AB;_,5,
D-AB;.40, and fibrillar forms of these AB peptides, but not by
the less amyloidogenic AB,_,o In addition, AB4_,, did not
result in up-regulation of LDLR, as observed for D-AB_4o.
It has been demonstrated that LRP-1 binds with higher
affinity to AB4_40 than AB;4. and D-AB4_,,, Which sug-
gests that receptor-mediated clearance of AB,_,, is more
efficient than for other AB isoforms and which may be an
explanation for both the lack of LRP-1 up-regulation by
ABi_40 and the absence of AB,_,o-mediated cell death of
HBPs and HLSMCs.*® In HCHWA-D patients, a mutation
in the AB4_4o sequence results in the more amyloidogenic
D-AB4_40. This ABisoform is cleared less efficiently,*® and
possibly as a compensation for this reduced efficiency,
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LRP-1 and LDLR expression is up-regulated by perivas-
cular cells. Both the amyloidogenic properties and the
endothelial clearance of AB,,, are intermediate com-
pared to AB,_4o and D-AB;_40, Which may accordingly be
compensated for by increased LRP-1 expression only.
D-AB;_40 induced a more extensive degeneration of ce-
rebrovascular cells than AB,_4,, which may be related to
the extensive development of CAA in HCHWA-D pa-
tients,**° possibly as a result of saturated uptake by
perivascular cells.

Our data suggest that cerebrovascular cell death in-
duced by AB might be a receptor-mediated process
instead of a nonspecific loss of membrane integrity and
that an excess of AB at the cell surface leads to binding
to cell surface compounds other than LRP-1/LDLR. In this
situation, the number of AB receptors is insufficient to
achieve complete internalization of AB. In contrast, inter-
nalization and cell death induced by AB in astrocytes
might be principally regulated by other receptors or by
yet other mechanisms. We suggest that expression of A
receptors by pericytes and SMCs may contribute to the
transport of AB from brain to blood and that these cells
may adapt their transport capacity to the levels of AB
present. If the cellular AB levels become saturated be-
cause of either high concentrations of A or the presence
of relatively amyloidogenic forms of AB (eg, D-ABi_40,
ABi_45), AB will accumulate in vessel walls resulting in
degeneration of cerebrovascular cells, and CAA will de-
velop. However, the relative contributions of endothelial
cells on the one hand and pericytes and SMCs on the
other, in the process of AB clearance from brain to blood
and the development and progression of CAA, requires
further study.
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