
Acta Neuropathol (2006) 112:405–415 

DOI 10.1007/s00401-006-0115-3

ORIGINAL PAPER

RAGE, LRP-1, and amyloid-beta protein in Alzheimer’s disease

John E. Donahue · Stephanie L. Flaherty · Conrad E. Johanson · 
John A. Duncan  III · Gerald D. Silverberg · Miles C. Miller · 
Rosemarie Tavares · Wentian Yang · Qian Wu · Edmond Sabo · 
Virginia Hovanesian · Edward G. Stopa 

Received: 24 April 2006 / Revised: 30 June 2006 / Accepted: 1 July 2006 / Published online: 25 July 2006
©  Springer-Verlag 2006

Abstract The receptor for advanced glycation end
products (RAGE) is thought to be a primary trans-
porter of �-amyloid across the blood–brain barrier
(BBB) into the brain from the systemic circulation,
while the low-density lipoprotein receptor-related
protein (LRP)-1 mediates transport of �-amyloid out
of the brain. To determine whether there are Alzhei-

mer’s disease (AD)-related changes in these BBB-
associated �-amyloid receptors, we studied RAGE,
LRP-1, and �-amyloid in human elderly control and
AD hippocampi. In control hippocampi, there was
robust RAGE immunoreactivity in neurons, whereas
microvascular staining was barely detectable. LRP-1
staining, in contrast, was clearly evident within
microvessels but only weakly stained neurons. In AD
cases, neuronal RAGE immunoreactivity was signiW-
cantly decreased. An unexpected Wnding was the
strongly positive microvascular RAGE immunoreac-
tivity. No evidence for colocalization of RAGE and
�-amyloid was seen within either microvessels or
senile plaques. A reversed pattern was evident for
LRP-1 in AD. There was very strong staining for
LRP-1 in neurons, with minimal microvascular stain-
ing. Unlike RAGE, colocalization of LRP-1 and
�-amyloid was clearly present within senile plaques
but not microvessels. Western blot analysis revealed
a much higher concentration of RAGE protein in
AD hippocampi as compared with controls. Concen-
tration of LRP-1 was increased in AD hippocampi,
likely secondary to its colocalization with senile
plaques. These data conWrm that AD is associated
with changes in the relative distribution of RAGE
and LRP-1 receptors in human hippocampus. They
also suggest that the proportion of amyloid within
the brains of AD patients that is derived from the
systemic circulation may be signiWcant.
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Introduction

The source of the amyloid-� (A�) burden in the brains
of patients with Alzheimer’s disease (AD) is contro-
versial. Many researchers favor a neuronal or neuritic
origin [14], but there may actually be several diVerent
origins. The glia may make a contribution [23], though
this is likely inconsequential compared to other possi-
ble sources such as the systemic circulation [12, 18].
Increased levels of A� on plasma lipoproteins and pro-
teins in AD suggest that circulating A� could be a pre-
cursor of brain A� [32].

While some circulating A� may enter the brain via a
“leaky” blood–brain barrier (BBB) [24], active transport
of A� across the BBB does occur [11], where a number
of A� receptors have been discovered [10, 13]. Two of
the better characterized are the receptor for advanced
glycation end products (RAGE) [6] and the low-density
lipoprotein receptor-related protein (LRP)-1 [20].
RAGE is a multi-ligand receptor in the immunoglobulin
superfamily of cell surface molecules. It binds a wide
range of molecules, including the products of nonenzy-
matic glycoxidation (advanced glycation end products, or
AGEs), A�, proinXammatory cytokine-like mediators in
the S-100/calgranulin family, and a DNA-binding pro-
tein, amphoterin [29]. LRP-1 is a member of the LDL
receptor family. It functions both as a multi-functional
scavenger and signaling receptor and as a transporter and
metabolizer of cholesterol and apolipoprotein E (apoE)-
containing lipoproteins [9]. Like RAGE, LRP-1 binds a
wide range of ligands, including apoE, �2-macroglobulin,
amyloid precursor protein, and A� [32]. Transport of A�
from the bloodstream into the brain is mediated by
RAGE [6], and A� transport from the brain into the
bloodstream is mediated by LRP-1 [20]. The net Xux of
A� into or out of the brain is the algebraic sum of the
inward Xux and outward Xux and presumably depends
upon the density and activity of these two receptors.

Experiments deWning the functions of RAGE and
LRP-1 described above have been performed in mice
[6, 20]. This study attempts to explore both RAGE and
LRP-1 in human brain tissue and to determine whether
there are AD-related changes in these BBB-associated
A� receptors that might shed light on the mecha-
nism(s) of A� accumulation.

Materials and methods

Human tissues

All brains (AD, n = 6, mean age = 79 § 7 years, three
male, three female; normal aged controls, n = 6, mean

age = 70 § 8 years, three male, three female) were
obtained at autopsy (postmortem interval, 2–24 h). Tis-
sue was obtained from both the Brown Brain Bank and
the Harvard Brain Tissue Resource Center. The diag-
nosis of AD was made in accordance with widely
accepted National Institute on Aging Criteria [1], as
well as the Braak and Braak neuropathological staging
of Alzheimer-related changes [2]. In this study, all AD
brains were diagnosed as having Braak and Braak
stage V–VI disease, the most severe form of AD. Con-
trol brains were obtained from aged hospital patients
with no history of neurological disease and no patho-
logic evidence of AD or other degenerative brain dis-
eases, even in the earliest stages.

Samples of hippocampus were Wxed by immersion in
4% paraformaldehyde in 0.1 M phosphate buVer (pH
7.4) for 24 h and cryoprotected with 30% sucrose in
0.1 M phosphate buVer (pH 7.4). Samples then were
snap-frozen in liquid nitrogen and stored at ¡70°C
until they were used.

ImmunoXuorescence

Fixed-frozen tissue samples of human hippocampi were
embedded in OCT compound, sectioned at 50 �m, and
rinsed in Tris-buVered saline (TBS). Sections were then
incubated for 1 h in 5% normal serum (Vector Labora-
tories), of either rabbit (RAGE) or goat (LRP-1). After
incubation with primary antibody for 24 h (RAGE
1:400 dilution, Research Diagnostics Inc.; LRP-1 1:500
dilution, Orbigen Inc.; neuroWlament 1:100 dilution,
Novocastra; CD31 1:100 dilution, Research Diagnostics
Inc.), tissue sections were washed and stained with an
appropriate secondary antibody conjugated to either
Cy2 or Cy3 (Jackson ImmunoResearch) and then
rinsed in TBS. For A� colocalization experiments, sec-
tions were then rinsed in 70% ethanol and incubated
for 30 min in 0.1% thioXavin S (Sigma), rinsed for
15 min in 70% ethanol, and incubated for 30 min in
0.7% Sudan Black B (Sigma) to eliminate autoXuores-
cence from tissue lipofuscin. Sections were Wnally rinsed
in distilled water, mounted onto glass slides with 0.1%
gelatin, and cover-slipped with Vectashield mounting
medium (Vector Laboratories).

Quantitative Immunohistochemistry

For quantitative RAGE immunohistochemical studies,
5 �m paraYn hippocampal sections were cut, mounted
on Superfrost Plus glass slides, and placed in a 60°C
degree oven for 1 h. Sections were then deparaVinized
and quenched with peroxidase blocking reagent (Dako
Cytomation) for 20 min at room temperature to
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eliminate endogenous peroxidase activity. This was fol-
lowed by blocking overnight with 10% normal rabbit
serum in Tris buVer. Sections were then incubated with
avidin (Vector Laboratories) for 15 min, brieXy rinsed
with Tris buVer, and then incubated with biotin (Vec-
tor Laboratories) for an additional 15 min. Sections
were then rinsed three times in Tris buVer for 5 min for
each wash and incubated with primary RAGE anti-
body (Research Diagnostics Inc.) at 1:75 dilution over-
night in a humidity chamber placed in a refrigerator (at
4°C). After primary incubation, sections were rinsed in
Tris buVer as above and inoculated with anti-goat IgG
biotinylated secondary antibody (Vector Laboratories)
for 30 min at room temperature. Sections were then
rinsed in Tris buVer as above. For detection of primary
antibody, slides were treated with avidin-biotin com-
plex (ABC) (Vector Laboratories) for 30 min. Slides
were then incubated with diaminobenzidine (DAB) as
the chromagen for 5 min for visualization. No counter-
stain was used. Slides were coverslipped with Cytoseal
(Stevens ScientiWc).

For quantitative LRP-1 immunohistochemical stud-
ies, 5 �m paraYn hippocampal sections were cut,
mounted on Superfrost Plus glass slides, and placed in a
60°C degree oven for 1 h. Sections were then deparaVi-
nized and incubated with target retrieval solution
(Dako Cytomation) diluted 1:10 with distilled water in a
pressure cooker in the microwave on high for 11 min.
Sections were allowed to come to room temperature
over 30 min and then washed with distilled water three
times for 3 min each. This was followed by quenching
with peroxidase blocking reagent (Dako Cytomation)
for 20 min at room temperature to eliminate endoge-
nous peroxidase activity. Sections were then washed
three times with Tris buVer (3 min each) and incubated
with normal goat serum (diluted 1:10 with Tris buVer)
overnight in a 4°C refrigerator. Then sections were
incubated overnight with primary LRP-1 antibody
(Orbigen Inc.) at 1:75 dilution in a 4°C refrigerator. Sec-
tions were then rinsed three times with Tris buVer as
above and incubated with labeled polymer-HRP (anti-
rabbit HRP—horseradish peroxidase; Dako Cytomation)
for 30 min at room temperature. This was followed by
three rinses with Tris buVer as above and incubation
with substrate-chromagen (DAB) for 5 min. No coun-
terstain was used. Sections were then washed with tap
water, rinsed three times with distilled water, and
coverslipped with Cytoseal (Stevens ScientiWc).

Quantitative image analysis

Immunohistochemically-stained slides were scanned
using a light microscope (Olympus BX41, Olympus

Optical Co. Ltd., Tokyo, Japan) at a 400£ magniWca-
tion. The microscopic images were captured with a dig-
ital camera (MicroPublisher 3.3 RTV, QIMAGING,
Burnaby, BC, Canada). In each case, between Wve and
ten mostly intense microscopic Welds were submitted
for the quantitative analysis. Image ProPlus 6.0 (Medi-
aCybernetics, Silver Spring, MA, USA) software was
used to segment and measure the intensity of pixels in
the green channel, representing the cytoplasm of the
neurons and vascular endothelial cells. Pixel intensities
(OD: optical density) ranged from 0 (most densely-
stained pattern; i.e., black) to 255 (most lightly-stained
pattern; i.e., white). Comparison of the gray levels
between each two parametric groups was done using
the unpaired Student t test. The equality of variances
was tested using the Levene’s test. Two-tailed P values
of 0.05 or less were considered to be statistically signiW-
cant. The SPSS 10.0.1 program was utilized for the sta-
tistical analysis.

Western blot analysis

For RAGE western blotting analysis, protein was lysed
into NP-40 protein lysis buVer (1% NP-40, 150 mM
NaCl, 50 mM Tris–HCl, pH 7.4, and 100 �g of each
aprotinin and leupeptin), and cell lysates were cleared
of cell debris by centrifugation at 14,000 rpm (Eppen-
dorf Bench Top Centrifuge) for 10 min at 4°C, sepa-
rated on an 8% SDS-PAGE gel and electroblotted.
The membrane was blocked with 5% milk for 1 h and
then incubated for 2 h or overnight at 4°C with primary
anti-RAGE antibody (Research Diagnostics Inc.), fol-
lowed by HRP-conjugated secondary antibody. Immu-
noblots were developed with chemiluminescence
reagents (Amersham).

For LRP-1 western blotting analysis, 600 �l of lysis
buVer (1% Triton X-100, 10 mM Tris base, 5 mM
EDTA, 50 mM NaCl, 30 mM tetra-sodium pyrophos-
phate, 50 mM sodium Xuoride, 100 �l orthosodium
vanadate, one complete ®protease inhibitor tablet per
10 ml, pH = 7.6) was added to 300 mg of human brain
tissue. This was then mechanically homogenized using
a Tekmar tissumizer. These samples were then centri-
fuged at 4°C at 14,000g for 10 min. Supernatant was
then removed, and protein concentration was deter-
mined using the BioRad protein assay. Lysate of 75 �g
was loaded in each lane of a 5% Tris–HCl gel and run
under nonreducing conditions. The gel was then trans-
ferred to nitrocellulose. The nitrocellulose was then
probed with a primary polyclonal antibody to LRP-1
(Orbigen Inc.) overnight at 4°C at a concentration of
2 �g/ml. Secondary HRP-labeled antibody was used to
detect bound primary antibody and developed using
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Amersham ECL detection reagents. The nitrocellulose
was then exposed to Amersham hyperWlm ECL for
2 min and put into the developer.

Densitometry

Both RAGE and LRP-1 western blots were scanned
with an Epson 636 scanner (Epson, Torrance, CA) and
calibrated; densitometry measurements were pre-
formed with NIH Image 1.62 (National Institutes of
Health, SpringWeld VA).

All procedures involving experiments on human
subjects are done in accord with the ethical standards
of the Committee on the Protection of Human Subjects
at Rhode Island Hospital (Federal Wide Assurance
FWA00001230, assurance date 2005).

Results

Localization of RAGE and LRP-1 in normal aged 
control and AD hippocampus

We Wrst examined the distribution of RAGE and
LRP-1 within the hippocampi of both normal aged
controls and AD brains. In control brains, there was
robust RAGE immunoreactivity in neurons, whereas
staining within the microvasculature was barely
detectable (Fig. 1a, c). LRP-1 staining, in contrast,

was clearly evident within brain microvessels but only
weakly evident in neurons (Fig. 2a, c). In severe AD
cases, neuronal RAGE immunoreactivity was almost
completely lost (Fig. 1b). An unexpected Wnding was
the strongly positive RAGE immunoreactivity within
the microvasculature (Fig. 1d). A reversed pattern
was evident for LRP-1 in AD. There was strong stain-
ing for LRP-1 in neurons, with minimal staining
within the microvasculature (Fig. 2b, d). Thus, there
is a shift in immunoreactivity between the neurons
and vasculature for both RAGE and LRP-1. Robust
RAGE immunoreactivity shifts from the neurons in
control cases to the vasculature in AD cases. The
reverse is true for LRP-1: robust immunoreactivity
shifts from the vasculature in control cases to the neu-
rons in AD cases.

Staining for both RAGE and LRP-1 within blood
vessels was conWrmed with double-labeling of either
RAGE (Fig. 3) or LRP-1 (Fig. 4) with the endothelial
cell marker CD31, while staining within neurons was
conWrmed with double-labeling of either RAGE
(Fig. 5) or LRP-1 (Fig. 6) with neuroWlament (NF).

We then looked for evidence of colocalization of
RAGE and LRP-1 with A� in the AD cases. No evi-
dence for colocalization of RAGE and A� was seen
within either senile plaques or cerebral microvessels
(Fig. 7). Unlike RAGE, colocalization of LRP-1 and
A� was clearly present within senile plaques but not
blood vessels (Fig. 8).

Fig. 1 Human hippocampal 
sections stained with RAGE 
antibody conjugated to Cy2. 
a and c represent control 
brains, while (b) and (d) 
represent AD brains. Note the 
robust neuronal staining 
(arrows) in control brains 
(a), compared with the 
relatively weak neuronal 
staining (arrow) in AD brains 
(b). Note also the weak micro-
vascular staining (arrow) in 
control brains (c), compared 
with the robust vascular stain-
ing (arrows) in AD brains 
(d). Scale bar 10 �m
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Fig. 2 Human hippocampal 
sections stained with LRP-1 
antibody conjugated to Cy2. 
a and c represent control 
brains, while (b) and (d) 
represent AD brains. Note the 
weak neuronal staining 
(arrows) in control brains 
(a), compared with the robust 
neuronal staining (arrows) in 
AD brains (b). Note also the 
robust microvascular staining 
(arrows) in control brains (c), 
compared with the weak vas-
cular staining (arrow) in AD 
brains (d). Scale bars are as 
indicated

Fig. 3 Microvessel in section of human AD hippocampus stained
with both RAGE (a) and CD31, an endothelial cell marker (b),
antibodies conjugated to Cy3 and Cy2, respectively, and imaged

using confocal microscopy. Both antibodies robustly stain the
endothelial cells (arrows) and colocalize, as conWrmed in the
merged image (c). Scale bar 10 �m

Fig. 4 Microvessel in section of human control hippocampus
stained with both LRP-1 (a) and CD31, an endothelial cell mark-
er (b), antibodies conjugated to Cy3 and Cy2, respectively, and

imaged using confocal microscopy. Both antibodies robustly stain
the endothelial cells (arrows) and colocalize, as conWrmed in the
merged image (c). Scale bar 20 �m
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Optical density quantiWcation of RAGE and LRP-1
in normal aged control and AD hippocampus

Representative immunohistochemical photomicro-
graphs that served as the basis of the quantitative stud-
ies are shown in Fig. 9. Optical density (OD) is
measured in “gray level” units on a scale of 0–255, with
an OD of “0” representing black (most densely-stained
pattern) and “255” representing white (most lightly-
stained pattern). Therefore, a lower OD indicates
darker staining and thus increased positivity for a given
antibody.

The results are depicted numerically in Tables 1 and
2 and graphically in Fig. 10. They conWrm the observa-
tions noted above; namely, that RAGE immunoreac-
tivity shifts from the neurons to the blood vessels and
LRP-1 immunoreactivity from the blood vessels to the
neurons in AD.

Western blot analysis

RAGE A representative western blot for RAGE is
shown in Fig. 11a. A very large, strong band was pres-
ent at 50 kDa in the control lung tissue and in the brain

Fig. 5 Neuron in section of human control hippocampus stained
with both RAGE (a) and neuroWlament (b) antibodies conjugated
to Cy3 and Cy2, respectively, and imaged using confocal micros-

copy. Both antibodies robustly stain neuronal processes (arrows)
and colocalize, as conWrmed in the merged image (c). The nucleus
of the neuron is unstained (arrowheads). Scale bar 20 �m

Fig. 6 Neuron in section of 
human AD hippocampus 
stained with both LRP-1 (a) 
and neuroWlament (b) anti-
bodies conjugated to Cy3 and 
Cy2, respectively, and imaged 
using confocal microscopy. 
Both antibodies robustly stain 
neuronal processes (arrows) 
and colocalize, as conWrmed in 
the merged image (c). Scale 
bar 20 �m

Fig. 7 Section of human AD hippocampus stained with both
RAGE antibody conjugated to Cy3 (a) and thioXavin S for A� (b)
and imaged using confocal microscopy. RAGE robustly stains the
microvasculature (arrows), while A� is diVusely present within

neuritic plaques (P). The merged image (c), however, reveals a
lack of colocalization of RAGE and A� in either blood vessels or
plaques. Scale bar 20 �m
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homogenates, which corresponds to RAGE [28]. In
human hippocampi, there was a much stronger band at
50 kDa in the AD hippocampus than in the control
hippocampus, consistent with increased levels of
RAGE in the vasculature of AD hippocampus as seen
with immunoXuorescence. In prefrontal cortex, the
bands were not as strong as the hippocampus. The

band for control cortex was stronger than for AD cor-
tex, likely reXective of the enhanced neuronal levels in
control neurons as noted with immunoXuorescence.
(As we showed above, neuronal levels of RAGE
decrease in AD.) Quantitative densitometry analysis
conWrms the Wndings shown visually in the western
blot; this is shown in Fig. 11b.

Fig. 8 Section of human AD hippocampus stained with both
LRP-1 antibody conjugated to Cy3 (a) and thioXavin S for A� (b)
and imaged using confocal microscopy. LRP-1 weakly stains the
microvasculature (arrows), while A� is diVusely present within

neuritic plaques (P). The merged image (c) reveals colocalization
of LRP-1 and A� in the plaques (yellow staining), but not the ves-
sels. The arrowhead represents a dystrophic neurite. Scale bar
20 �m

Fig. 9 RAGE and LRP-1 
DAB immunohistochemical 
studies used in quantitative 
analysis. RAGE immuno-
staining in control hippocam-
pus (a) shows mostly weak 
and fragmented reactivity in 
the vasculature (solid arrows) 
compared with neurons (dot-
ted arrows), while in AD hip-
pocampus (b), microvascular 
immunoreactivity (solid ar-
rows) is much more intense 
then in neurons (dotted ar-
rows). The reverse is true for 
LRP-1. LRP-1 immunostain-
ing of control hippocampus 
(c) reveals much stronger 
reactivity in the microvascula-
ture (solid arrows) than in 
neurons (dotted arrows), 
while in AD hippocampus (d), 
neuronal reactivity (dotted ar-
rows) is much more intense 
than in the microvasculature 
(solid arrows). Scale bar 
100 �m
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LRP-1 A representative western blot for LRP-1 is
shown in Fig. 12a. A moderately strong band was pres-
ent at 600 kDa in control lung and liver tissue, which
corresponds to LRP-1 [7]. An unexpected Wnding was

stronger bands in both AD hippocampus and prefron-
tal cortex, as compared with controls. These increased
levels in AD cortex and hippocampus may partially be
explained by the increased neuronal immunoreactivity
of LRP-1 in AD. However, the main reason for the
increased levels is the intimate association of LRP-1
with senile plaques in severe AD, as demonstrated by
LRP-1 colocalization with A� in senile plaques (see
above immunoXuorescence results). Quantitative den-
sitometry analysis conWrms the Wndings shown visually
in the western blot; this is shown in Fig. 12b.

Discussion

It has been suggested that one cause for amyloid accumu-
lation in the brain of aged and AD patients is an age-
related inability to clear A� from the brain [16, 19]. Two
primary clearance routes from the brain exist for A�. The
main route, in healthy young adults, is across the capillary
endothelium; whereas a lesser amount is cleared via diVu-
sion and bulk Xow of interstitial Xuid and CSF [22].

Aged primates show an accumulation of A� in
blood vessel walls and in the perivascular brain tissue
that appears to result from a loss of LRP-1 transport
[10, 31]. It has also been shown that A� transport clear-
ance across the BBB in mice decreases signiWcantly

Fig. 10 Top Graphical representation of microvascular optical
densities for both LRP-1 and RAGE. LRP-1 reactivity is signiW-
cantly stronger (lower OD value) in control vessels than in AD
vessels. The reverse is true for RAGE. Bottom Graphical repre-
sentation of neuronal optical densities for both LRP-1 and
RAGE. LRP-1 reactivity is signiWcantly stronger (lower OD val-
ue) in AD neurons compared to control neurons. The reverse is
true for RAGE
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Table 1 Quantitative immunohistochemical optical densities in
the microvasculature for both RAGE and LRP-1 in AD and con-
trol hippocampi

AD Control P value

RAGE 62.5 § 9.2 84.2 § 14.6 < 0.0001
LRP-1 114.6 § 16.6 74.94 § 21.7 < 0.0001

Table 2 Quantitative immunohistochemical optical densities in
neurons for both RAGE and LRP-1 in AD and control hippo-
campi

AD Control P value

RAGE 73.1 § 8.0 56.8 § 6.0 < 0.001
LRP-1 74.2 § 32.0 99.0 § 19.0 < 0.001

Fig. 11 a RAGE western blot. Lane 1 prefrontal AD cortex.
Lane 2 prefrontal control cortex. Lane 3 AD hippocampus. Lane
4 control hippocampus. Lane 5 normal lung. A much stronger sig-
nal is seen in AD hippocampus than in control hippocampus,
while a somewhat stronger signal is noted in control cortex than
in AD cortex. See text for details. b RAGE densitometry. This
quantitative analysis of integrated optical density conWrms the
Wndings seen visually in the western blot; namely, there is in-
creased RAGE seen in AD hippocampus than in control hippo-
campus, while more RAGE is present in control cortex than in
AD cortex
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with age. Comparing 3–9-month-old mice, there is a
50% decrease in LRP-1 function in the latter [20]. We
have now shown not only that LRP-1 immunoreactiv-
ity on endothelial cells is reduced in AD, but there also
appears to be an increase in endothelial RAGE immu-
noreactivity. Taken together, the result is a net
increase in A� transport into the interstitial space of
the brain in AD. This added A� is likely to be in excess
of what can be removed via CSF turnover and clear-
ance, which is also reduced in AD [21].

Work done in mice [6, 20] has provided strong sup-
port for the hypothesis that RAGE and LRP-1 per-
form opposite functions in transporting A�. RAGE
transports A� into the brain, and LRP-1 transports A�
out of the brain. Our experiments here indicate that
severe AD is associated with signiWcant changes in the
relative distribution of RAGE and LRP-1 receptors in
human hippocampus. Both the neuronal and vascular
immunoreactivity of RAGE and LRP-1 are exactly
reversed in severe AD, when compared to age-
matched controls. The immunoreactivity of RAGE
increases in microvascular endothelium and decreases
on neurons, whereas that of LRP-1 decreases on endo-
thelium and increases on neurons. Given the increase
in RAGE and decrease in LRP-1 immunoreactivity in
the AD cerebral microvasculature, one would expect
to see a net Xux of A� across the BBB from the plasma
pool into the brain in AD, further worsening the brain
amyloid burden.

We hypothesized an increase in total RAGE protein
in whole brain homogenates of AD hippocampus in
western blot analysis when compared to elderly con-
trols, as seen in Fig. 11a. The immunoXuorescence,
quantitative immunohistochemical, and western blot
data suggest not only a shift in the localization of
RAGE receptors from neurons to capillary endothelial
apical membranes, but also an increase in total RAGE
protein (Fig. 11a, b). It is not yet clear whether this
increase in capillary RAGE is due to an increase in
expression locally, or results from an eVect of increased
soluble RAGE generated elsewhere. Because the
immunoreactivity localizations of RAGE and LRP-1
are apparently reciprocal, as noted above, we expected
LRP-1 levels to be decreased in whole brain homogen-
ates of AD hippocampus when compared to controls.
Thus, it was initially surprising to Wnd that the levels of
LRP-1 were actually increased in AD hippocampus
(Fig. 12a, b). Although we showed by immunostaining
that increased LRP-1 is present in AD neurons, that
does not completely explain why total LRP-1 is
increased in AD hippocampus, given that severe AD is
associated with signiWcant neuronal loss. The likely
explanation is found in our LRP-1/A� colocalization
experiment (Fig. 8), where we showed that LRP-1 col-
ocalizes with A� in senile plaques. Total LRP-1 in
whole brain homogenates of AD hippocampus
increases because LRP-1 is intimately associated with
the large numbers of senile plaques in our severe AD
cases. Colocalization of LRP-1, but not RAGE, with
A� in senile plaques suggests a possible relationship
between the loss of capillary LRP-1, the increase in
neuronal LRP-1, and the toxicity of A�. It has been
suggested that LRP-1 on the endothelial cells of the
blood–brain barrier, as well as on neurons, can mediate
clearance of the toxic A� species, but this ultimately
leads to their demise [8]. Reduction of A� eZux results
from LRP-1/A�-mediated endothelial cell death;
increased neuronal clearance of A� via LRP-1 with
subsequent neuronal death may be one of the early
events in the pathogenesis of AD [8, 30]. To further
elucidate these changes that we have seen in AD hip-
pocampus, we are in the process of preparing micro-
vessel isolations of hippocampal cortex for RT-PCR
and western blot analysis of both LRP-1 and RAGE.

Our results are similar to those obtained in other
studies of human AD relating to either RAGE [17, 27]
or LRP-1 [15, 20, 25, 26]. In one study [27], increased
RAGE staining was seen immunohistochemically in
the microvasculature of AD hippocampi, and
increased quantity of RAGE was noted by ELISA in
AD brain versus control. Another human RAGE
study [17] focused on neuronal and astrocytic RAGE

Fig. 12 a LRP-1 western blot. Lane 1 prefrontal control cortex.
Lane 2 prefrontal AD cortex. Lane 3 control hippocampus. Lane
4 AD hippocampus. Lane 5 normal lung. Stronger signals are
seen in both AD cortex and hippocampus when compared with
corresponding controls. See text for details. b LRP-1 densitome-
try. This quantitative analysis of integrated optical density con-
Wrms the Wndings seen visually in the western blot; namely, more
LRP-1 is present in both AD cortex and hippocampus when com-
pared with corresponding controls
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immunoreactivity. Robust RAGE staining appears to
be present in hippocampal neurons and astrocytes of
brains with AD. The staining was also robust in control
brains, and it was visually diYcult to detect a diVerence
between AD and control cases. That study used Wve
AD and three control brains; however, the stage of the
AD cases was not documented.

In the human tissue component of an LRP-1 study
[20], reduced LRP-1 staining of the microvasculature
was also noted in AD brains, similar to the Wndings in
this investigation that characterizes the reciprocal rela-
tionship between RAGE and LRP-1. Other studies
[15, 25, 26] have noted the presence of LRP-1 in nor-
mal neurons. While our study also notes the presence
of LRP-1 in normal neurons, increased LRP-1 within
AD neurons was seen in our study. As noted above,
this may be a reactive phenomenon on the part of the
neuron to attempt to clear A� from the brain. One of
these studies [15] also demonstrated colocalization of
LRP-1 in senile plaques, similar to what we observed in
our study.

In conclusion, our data demonstrate that AD is asso-
ciated with signiWcant changes in the relative distribu-
tion of RAGE and LRP-1 receptors at the BBB in
human hippocampus. The data also support the
hypothesis that vascular amyloid deposition increases
within the brains of AD patients. This implies that
amyloid from the systemic circulation may be a major
contributor to the brain amyloid burden in severe Alz-
heimer’s disease.
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