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Abstract
Microvascular accumulation and neuronal overproduction of amyloid-β peptide (Aβ) are pathologic
features of Alzheimer’s disease (AD). In this study, we examined the receptor for advanced glycation
endproducts (RAGE), a multi-ligand receptor found in both neurons and cerebral microvascular
endothelia that binds Aβ. RAGE expression was assessed in aged controls (n=6), patients with early
AD-like pathology (n=6), and severe, Braak V-VI AD (n=6). Human hippocampi were stained with
a specific polyclonal antibody directed against RAGE (Research Diagnostics, Flanders, NJ).
Immunoreactivity was localized in both neurons and cerebral endothelial cells. Quantitative image-
analyses were performed on grayscale images to assess the total surface area of endothelial RAGE
immunoreaction product in cross sections of cerebral microvessels (5–20 μm). Confocal images were
acquired for confirmation of RAGE immunoreactivity in both microvessels and neurons by coupling
RAGE with CD-31 and neurofilament, respectively. A significant increase in endothelial RAGE
immunoreactivity was found in severe Braak V-VI AD patients when compared to aged controls
(p<0.001), and when compared to patients with early AD pathology (p=0.0125). In addition, a
significant increase in endothelial RAGE immunoreactivity was witnessed when comparing aged
controls having no reported AD pathology with patients having early AD-like pathology (p=0.038).
Our data suggest that microvascular RAGE levels increase in conjunction with the onset of AD, and
continue to increase linearly as a function of AD pathologic severity (p<0.0001).
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1. INTRODUCTION
Amyloid-β peptide (Aβ) burden is a hallmark feature of Alzheimer’s disease (AD) [Wisniewski
et al. 1997; Hardy 2006; Deane and Zlokovic 2007; Haass and Selkoe 2007]. As a result, its
questionable source has been a key area of interest. Historically, it has been proposed that
cerebral Aβ is neuronal in origin [Masters et al. 1985], and that reactive astrocytes may also
make a contribution [Siman et al. 1989]. However, growing evidence suggests that Aβ may
stem from an even greater variety of sources, one of which may be receptor-mediated transport
across the blood-brain barrier (BBB) [Zlokovic et al. 1993, Vitek et al. 1994, Poduslo et al.
1999]. RAGE, the human receptor for advanced glycation end-products, is a member of the
immunoglobulin superfamily of cell surface molecules that binds candidates such as advanced
glycation end-products and Aβ [Sasaki et al. 2001, Deane et al. 2003]. Because of its molecular
structure and nature, RAGE has been under scrutiny for its potential role in mediating
circulating plasma Aβ across the BBB and into the brain, where its deposition is seen in AD
pathogenesis [Deane et al. 2003]. The direction of transport of Aβ by RAGE is of key interest,
as it is in direct contrast to the outward-going movement of Aβ from the brain, across the blood-
brain barrier, and into the plasma by way of other well-known receptors such as the low density
lipoprotein receptor-related protein 1 (LRP-1) and P-glycoprotein (P-gp) [Shibata et al.
2000, Cirrito et al. 2005].

It has been reported that RAGE is present at high levels during development, especially in the
central nervous system, and that its levels decline during maturity in normal aging [Leclerc et
al. 2007]. However, increased expression of RAGE is reported to be associated with several
pathological states, including Alzheimer’s disease, diabetic nephropathy, and immune/
inflammatory reactions of the vessel walls [Sasaki et al. 2001]. The majority of data collected
for age-related changes in RAGE expression has made use of animal models, with relatively
little being collected from post-mortem human subjects until recently. In a previous published
report [Donahue et al. 2006], we compared RAGE expression in advanced AD patients to aged
normal controls. In humans, it is suggested that in advanced Braak and Braak stage V-VI AD
[Braak and Braak 1991, Small 1998, Braak et al. 2006], hippocampal neuronal RAGE
immunoreactivity is faint compared to aged controls, while microvascular RAGE
immunoreactivity is significantly increased compared to aged controls [Donahue et al. 2006].
The goal of this investigation is to quantify changes in human RAGE expression as they may
relate to AD pathogenesis by establishing a continuum of normal aged controls without evident
AD pathology, early AD pathology, and advanced AD samples. Our intent is to assess whether
changes in RAGE precede or coincide with the appearance of AD-like pathology. Unlike our
previous investigation in which optical density was assessed, in this study, a novel approach
was utilized in which we calculated an average surface area of microvascular immunoreaction
product across each sample per group as our mode of analysis using previously published
methodologies [Wu et al. 1997, Stopa et al. 2008].

2. RESULTS
Distribution of 6E10 amyloid immunoreactivity

To verify the pathological diagnoses of the subjects used, we examined each case for the
presence of senile plaques using a 6E10 amyloid immunostain. While both groups with AD
pathology show signs of plaques and amyloid deposition, cases with advanced AD pathology
have mature plaques with much more robust staining (Figure 1C), when compared to controls
(Figure 1A) and cases with early AD pathology (Figure 1B).
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Distribution of RAGE immunoreactivity
RAGE immunoreactivity was seen in early AD subjects, advanced AD subjects, and aged
controls using low power magnified survey shots of the stained tissue sections. Representative
samples from each group are shown in Figure 2. Both neurons and microvascular endothelial
cells from the CA1 region of the hippocampus were positively stained for RAGE (Figures 3
and 4). In advanced AD, on average, we witnessed a strong RAGE signal in the
microvasculature, while a notably weaker signal was seen in the microvasculature of both early
AD and aged control patients (Figure 2). Hence, microvascular RAGE expression was notably
upregulated in advanced AD when compared to early AD and control samples. It is also worth
noting that microvascular RAGE staining in patients with early AD pathology appeared more
robust optically than in the aged controls (Figure 2). As for neuronal RAGE expression in the
CA1 region of the hippocampus, differences in number and expression were seemingly
unremarkable on average across each group.

Double-labeling and co-localization studies
To confirm that RAGE staining was in fact present in the microvessels across all groups, we
employed double-labeled fluorescent immunohistochemistry. We chose a common endothelial
marker, CD-31, with which RAGE could be double-labeled. Co-localization was seen, with a
representative photograph shown in Figure 3. For confirmation of RAGE staining in neurons,
we double-labeled RAGE with neurofilament (Figure 4).

When probing through advanced AD cases, it is important to note that when examining neuritic
plaques, no co-localization was evident between RAGE and Aβ in either the plaques or the
vessels (Figure 5). However, there is high signal for RAGE in the vessels (red) and high signal
for Aβ in the plaques (green).

Quantitative immunohistochemical analyses
The gradation of staining varied across the three groups (Figure 6), as supported by the
calculated areas of immunoreaction product on microvascular endothelia. The raw surface area
measurements, expressed in square microns, are shown in TABLE 1. A graphical
representation of the data is given via a boxplot (Figure 7), depicting a quantitative difference
in RAGE immunoreactivity in the microvascular endothelia across the control, early AD
pathology, and advanced AD pathology subjects. From these data, a significant increase
(p=0.0001) in endothelial RAGE immunoreactivity was found in severe AD patients when
compared to aged controls, supporting our previous findings [Donahue et al. 2006]. In addition,
a significant increase in endothelial RAGE immunoreactivity was found in severe Braak V-VI
AD patients when compared to individuals with early AD pathology (p=0.0125), and in
individuals having early AD-like pathology when compared to aged controls having no
reported AD pathology (p=0.038). Looking at the entire continuum of groups using one-way
ANOVA, a significant difference in endothelial RAGE surface area was also indicated among
the three groups [F-value = 14.24 with associated p-value less than 0.001, d.f. (numerator) =
2 and d.f. (denominator) = 15]. There were no significant differences in age (p=0.4670), brain
weight (p=0.5612), or postmortem interval (p=0.9068) among the control, early AD, or
advanced AD groups. There were 8 females and 10 males, and there was no difference in mean
RAGE immunoreactivity across the sexes (p=0.9780). An increasing linear trend in mean
RAGE across controls, early AD, and advanced AD pathology was examined using linear
contrast (p<0.0001), indicating evidence of a positive linear effect of RAGE immunoreactivity.

3. DISCUSSION
Aβ accumulation in the brains of AD patients and the mechanism behind its origin has garnered
much attention in recent years. It has been postulated that the source of this pathology could
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stem from alterations in the influx and efflux of Aβ at the site of the blood-brain barrier [Deane
et al. 2003] in conjunction with reduced CSF clearance and rate of production noted in AD
[Selkoe et al. 2000, Silverberg et al. 2001, Silverberg et al. 2003]. RAGE has been characterized
as a transporter of Aβ from the plasma and into the brain via the blood-brain barrier [Deane et
al. 2003, Deane et al. 2004]. That being said, an increase in RAGE expression in conjunction
with AD severity could be physiologically too much to overcome, given the already reduced
CSF turnover in AD [Silverberg et al. 2001].

The data that we collected support the general hypothesis that hippocampal microvascular
RAGE immunoreactivity increases in advanced AD in human patients [Yan et al. 1996;
Donahue et al. 2006]. In contrast to previous studies, we were able to provide a comparison of
RAGE expression at very early versus advanced stages of Braak AD pathology. Our data
suggests that RAGE is upregulated in the microvascular endothelium as the Braak stage of AD
pathology increases. We used surface area calculations in this study, which are consistent with
the microvascular optical density measurements in the advanced AD and control subjects used
in our previous study [Donahue et al. 2006].

Our data show a significant difference between severe AD and controls, severe AD and early
AD, and early AD and controls. Seeing statistical significance in this small sample size holds
favorably for a trend toward increased RAGE surface area in patients with AD pathology, and
suggests that increased RAGE levels may coincide with the onset of AD. Although Aβ is
normally cleared in plasma, our data suggest that age-related hepatic insufficiency [Fisman
1990] combined with compromised CSF clearance and BBB integrity may initially lead to
compromised Aβ clearance and resultant RAGE-mediated brain Aβ deposition. Because
RAGE has been identified as a BBB influx transporter of soluble Aβ peptides, of which the
blood is a major source, RAGE is becoming a significant therapeutic target in the treatment of
AD [Zlokovic 2008]. Seeing as our data suggest that changes in RAGE expression at the BBB
coincide with the onset of AD, use of RAGE blockers may have a role in early intervention
and treatment of AD. A worthwhile future direction would be a replication of the same
morphometric methods for other BBB-associated receptors such as LRP-1 and Pgp that been
shown to transport Aβ in a manner opposite to that of RAGE, as overall regulation of Aβ in
the brain is not restricted to just influx, but rather a combination of both influx and efflux
transport [Zlokovic 2008].

4. EXPERIMENTAL PROCEDURE
Human brain tissue

Brains from 18 different individuals were examined in this study: 6 normal aged controls, 6
with early AD pathology (less than Braak and Braak stage III), and 6 with advanced AD
pathology (Braak and Braak stage V–VI). Pathological and demographic data associated with
each individual can be found in Table 2. None of the aged controls had evidence of clinical
dementia or any AD neurofibrillary tangle pathology. One of the 6 individuals in the early AD
pathology group had evidence of mild cognitive impairment; the remainder showed no
evidence of clinical dementia. All of the patients from the severe Braak V–VI group fulfilled
the NIA-Reagan criteria for Alzheimer’s disease [Trojanowski et al. 1997]. Post-mortem
human hippocampal tissue samples were excised and fixed in a 4% paraformaldehyde solution
in 0.4M Sorensen’s Phosphate buffer (pH 7.2) for 24 hours. Samples were then rinsed in
phosphate buffer and placed in 30% sucrose in 0.1M Sorensen’s phosphate buffer (pH 7.4)
until sunken and cryoprotected.
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RAGE Immunohistochemistry (free-floating)
Specimens were snap frozen in liquid nitrogen, embedded in OCT compound, and cryo-
sectioned at a thickness of 50 microns. After a quick rinse in Tris-buffered saline (TBS),
sections were quenched in 30% hydrogen peroxide for 10 minutes to block endogenous
peroxidase activity, followed by a 48 hour blocking period with 5% normal rabbit serum at 4°
C. After an overnight incubation (at 4°C) in a goat polyclonal anti-human RAGE antibody
(Research Diagnostics, Flanders, NJ, USA), diluted 1:400, tissue sections were washed with
TBS prior to application of the secondary antibody. For the secondary antibody, a rabbit anti-
goat IgG (Vector Laboratories, Burlingame, CA, USA) was applied for 30 minutes at room
temperature, diluted 1:500. The ABC detection system (Vector Laboratories, Burlingame, CA,
USA) was utilized, and the tissue sections were stained using 3,3-diaminobenzidine (Vector
Laboratories, Burlingame, CA, USA) as the chromogen. Sections were mounted on glass slides
with the aid of a 1% gelatin solution and air dried overnight to dehydrate the tissue. Slides were
coverslipped and sealed using Cytoseal, a xylene-based mounting medium (Stevens Scientific,
Riverdale, NJ, USA). Primary antibody omission controls were run alongside the other samples
to check for non-specific binding due to the secondary antibody. Immunoblotting was
previously performed using this antibody to confirm specificity for RAGE [Donahue et al.
2006].

6E10 Amyloid Immunohistochemistry
Formalin-fixed paraffin embedded hippocampal tissue sections 10 μm in thickness were
incubated in an oven at 60°C for one hour, and then deparaffinized and rehydrated. Tissue
preparations were pretreated with 70% formic acid at room temperature for 10 minutes,
followed by three thorough distilled water washes. Sections were quenched with 3% H2O2 and
50% methanol diluted in distilled water for 10 minutes. Non-specific binding sites were blocked
by incubation with 5% normal horse serum for two hours at room temperature prior to
incubation with the primary antibody (monoclonal mouse anti-human Aβ clone 6E10 antibody,
Calbiochem, San Diego, CA, USA) overnight at 4°C. The tissue sections were then subjected
to a modified ABC technique using the Vectastain Elite ABC Mouse Peroxidase system
(Vector Laboratories, Burlingame, CA, USA) with 3,3-diaminobenzidine (Vector
Laboratories, Burlingame, CA, USA) as the chromogen. Slides were coverslipped and sealed
using Cytoseal, a xylene-based mounting medium (Stevens Scientific, Riverdale, NJ, USA).

Immunofluorescense
Specimens were snap frozen in liquid nitrogen, embedded in OCT compound, and cryo-
sectioned at a thickness of 50 microns. After a quick rinse in TBS, sections were quenched in
30% hydrogen peroxide for 10 minutes to block endogenous peroxidase activity, followed by
a 24 hour blocking period with 5% normal rabbit serum and normal horse serum at 4°C.
Sections were incubated with antibodies directed against RAGE (1:400 dilution, Research
Diagnostics, Flanders, NJ, USA), neurofilament (1:100 dilution, Novocastra, Newcastle, UK),
and CD-31 (1:100 dilution, Research Diagnostics, Flanders, NJ, USA) in various combinations
overnight at 4°C. After a TBS wash, sections were double-labeled with secondary antibodies
conjugated to either Cy-2 or Cy-3 (Jackson ImmunoResearch, West Grove, PA, USA) at room
temperature in the dark for one hour. To eliminate possible autofluorescense resulting from
lipofuscin, tissue sections were incubated in a 0.3% Sudan Black B (Sigma-Aldrich, St. Louis,
MO, USA) solution in 70% ethanol for 30 minutes at room temperature in the dark [Schnell
et al. 1999]. In addition, certain specimens were histologically stained with a 0.1% Thioflavin
S (Sigma-Aldrich, St. Louis, MO, USA) solution (made in 70% ethanol) for 30 minutes at
room temperature in the dark. Thioflavin S, a fluorescent dye, was used to detect beta-amyloid
deposition and also to confirm pathological diagnoses of the cases studied.
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Image Analysis
For sections having DAB as the chromogen, grayscale images were obtained using a Nikon
E800 microscope (Nikon Inc., Mellville, NY, USA) using a 60X objective. Images were
acquired with a Spot II digital camera (Diagnostic Images, Sterling Heights, MI, USA) using
the camera’s auto-exposure. Ten random fields were analyzed per specimen to confirm the
presence of RAGE in relation to capillary endothelia. Cross sections of cerebral microvessels
5–20 μm in diameter were selected out of the ten random field images acquired per specimen
for analysis. Image processing and analysis was performed using NIH Image shareware
(National Institute of Health, Springfield, VA, USA) along with previously reported methods
[Wu et al. 1997, Stopa et al. 2008]. For surface area calculations, all images were thresholded
by the same user at a single sitting in attempt to best reduce the error associated with this mode
of analysis. Using the collected surface areas of capillary endothelial immunoreaction product,
statistics were performed. A one-way analysis of variance was used to test for differences in
mean microvascular RAGE surface area measurements across all three groups (control, early
AD, and advanced AD) and Tukey’s test for multiple comparisons was used to test for all
pairwise differences among groups (controls and early AD, controls and advanced AD, and
early AD and advanced AD). The statistical software SAS (version 9.1) and Microsoft Excel
was used in the statistical analyses. For confocal microscopy, samples were optically sectioned
with a Nikon PCM 2000 microscope (Nikon Inc., Mellville, NY, USA) using the Argon (488)
and the Helium-Neon (543) lasers. Images were acquired with a Spot II digital camera
(Diagnostic Images, Sterling Heights, MI, USA).
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Aβ  

amyloid-β peptide

AD  
Alzheimer’s disease

RAGE  
receptor for advanced glycation end-products

BBB  
blood-brain barrier

LRP-1  
low density lipoprotein receptor-related protein 1

P-gp  
P-glycoprotein
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Figure 1.
6E10 amyloid immunohistochemical staining on control (A), early AD (B), and advanced AD
(C) cases, showing a progressive trend in Aβ deposition. Each photograph is of a 100X
magnification.
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Figure 2.
RAGE immunohistochemical staining, shown 100X, on control (A), early AD (B), and
advanced AD (C) cases, with arrows pointing to RAGE immunoreactivity in vessel walls.
There is a trend toward increased microvascular RAGE immunoreactivity across the continuum
of the three groups.
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Figure 3.
Section of human AD hippocampus double-labeled with RAGE (red) and CD-31 (green).
Shown is a merged image (600X) showing colocalization of RAGE and CD-31 in the
microvasculature (yellow staining).
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Figure 4.
Section of human control hippocampus double-labeled with RAGE (red) and neurofilament
(green). Shown is merged image (600X) depicting a sample neuron.
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Figure 5.
Section of human AD hippocampus double-labeled with RAGE (red) and Thioflavin S (green).
Shown is a merged image (600X) showing no colocalization of RAGE and CD-31 in the senile
plaque depicted.
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Figure 6.
Sections of human hippocampi (600X) stained with RAGE used in quantitative analyses. The
detection system is ABC (Vector Laboratories) with 3,3-diaminobenzidine as the chromogen.
RAGE immunoreactivity is weak to moderate in hippocampal microvasculature in aged control
samples (A), moderate in cases with early AD pathology (B), and robust in cases with advanced
AD pathology (C).
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Figure 7.
Summary of RAGE surface area measurements. The boxplots display the median (middle dark
line), the lower (25th percentile) and upper (75th percentile) quartiles, lines delimiting the
boxes, and the maximum and minimum value of the data sets, as indicated by the whiskers in
the plot.
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TABLE 1
Quantitative immunohistochemical surface areas in the microvasculature for RAGE in control, early AD, and advanced
AD hippocampi.

Control (μm2) Early AD pathology (μm2) Advanced AD pathology (μm2)
24.17 32.71 43.37
29.29 33.67 39.94
27.07 36.95 34.11
29.57 40.71 45.22
30.05 25.58 37.28
28.99 32.73 43.95
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