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Increased expression of the receptor for advanced
glycation end products in neurons and astrocytes in a
triple transgenic mouse model of Alzheimer’s disease

Bo-Ryoung Choi1,4, Woo-Hyun Cho1,4, Jiyoung Kim2, Hyong Joo Lee2, ChiHye Chung1, Won Kyung Jeon3

and Jung-Soo Han1

The receptor for advanced glycation end products (RAGE) has been reported to have a pivotal role in the pathogenesis of

Alzheimer’s disease (AD). This study investigated RAGE levels in the hippocampus and cortex of a triple transgenic mouse

model of AD (3xTg-AD) using western blotting and immunohistochemical double-labeling to assess cellular localization.

Analysis of western blots showed that there were no differences in the hippocampal and cortical RAGE levels in 10-month-old

adult 3xTg-AD mice, but significant increases in RAGE expression were found in the 22- to 24-month-old aged 3xTg-AD mice

compared with those of age-matched controls. RAGE-positive immunoreactivity was observed primarily in neurons of aged

3xTg-AD mice with very little labeling in non-neuronal cells, with the notable exception of RAGE presence in astrocytes in the

hippocampal area CA1. In addition, RAGE signals were co-localized with the intracellular amyloid precursor protein (APP)/

amyloid beta (Ab) but not with the extracellular APP/Ab. In aged 3xTg-AD mice, expression of human tau was observed in the

hippocampal area CA1 and co-localized with RAGE signals. The increased presence of RAGE in the 3xTg-AD animal model

showing critical aspects of AD neuropathology indicates that RAGE may contribute to cellular dysfunction in the AD brain.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-related disorder character-
ized by cognitive impairments.1,2 Two major pathological
characteristics of AD are the formation of senile plaques
(SPs) and numerous neurofibrillary tangles (NFTs).
Deposition of amyloid beta (Ab), the main component of
SPs, is found in extracellular SPs, although accumulation of
intraneuronal Ab is also observed in patients with AD and in
animal models for AD.2–5 NFTs are composed of
hyperphosphorylated tau.6

The receptor for advanced glycation end products (RAGE),
a multiligand receptor belonging to the immunoglobulin
superfamily, functions as a cell surface-binding site for
advanced glycation end products (AGEs), which are adducts
resulting from non-enzymatic glycation and oxidation of
lipids, proteins and nucleic acids.7 In addition, RAGE acts as

a receptor for Ab, and its expression level is increased in AD
brains, indicating that it has a role in the pathogenesis of
neuronal dysfunction.8 Recent studies implicate a role for
RAGE in mediating the effects of AGEs on tau
phosphorylation.9,10

Previous reports have examined the distribution and
expression levels of RAGE using the brain tissue from patients
with AD and control patients without dementia. RAGE
expression levels in AD brains were increased compared with
control brains, and RAGE was shown to be present in neurons,
glia and microglia in the hippocampus and cortex.11–13 Studies
employing transgenic animals with targeted neuronal
overexpression of a mutant amyloid precursor protein (APP)
have reported that the increased expression of RAGE
exacerbated the changes caused by mutant APP (that is,
impairment of memory and of synaptic plasticity and
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neuropathologic markers). Conversely, experimental treatments
that suppress RAGE expression in transgenic mice with an Ab-
rich environment prevent memory impairment and diminish
neuropathologic changes.14,15 These results indicate that RAGE
is a facilitator for Ab-induced neuropathologic changes.

In addition to plaque formation, NFTs are involved in the
AD neurodegenerative process.16 Paired helical filament tau in
NFTs is co-localized with AGEs, another ligand of RAGE.10 A
recent study demonstrated that exogenous infusion of AGEs
induces tau hyperphosphorylation and memory impairment
through RAGE-mediated glycogen synthase kinase-3 activity.9

Thus, expression of RAGE might be influenced by Ab and tau
in the AD neurodegenerative process. Therefore, the present
study was conducted to examine the expression levels and
cellular localization of RAGE and the degree of co-localization
between RAGE and Ab or tau in the hippocampus and cortex
of triple transgenic AD (3xTg-AD) mice. This is a mouse
model of AD that overexpresses human tau and APP in a
mutant presenilin1 knock-in background and shows AD-like
SPs and NFTs, thus exhibiting the full spectrum of AD
neurology.5,17

MATERIALS AND METHODS

Subjects
Female adult (10 months old) and aged (22–24 months old) 3xTg-AD
mice (adult: n¼ 6; aged: n¼ 10) and their non-Tg control littermates
(adult: n¼ 6; aged: n¼ 14) were used. Transgenic and non-Tg
breeding pairs were kindly provided by Dr Frank LaFerla from the
University of California Irvine (Irvine, CA, USA). The generation of
3xTg-AD mice has been reported previously.5,17,18 Genotypes were
determined by polymerase chain reaction analysis of DNA obtained
from tail biopsies. Mice were housed in groups of four per cage and
were placed in a temperature- and humidity-controlled room with a
12-h light/dark cycle (lights on from 0700 to 1900 hours). Food and
water were available ad libitum. Experiments were conducted in
compliance with the Konkuk University’s Council Directive for the
use and care of laboratory animals.

Western blot analysis
Young and aged 3xTg-AD and non-Tg control mice (n¼ 6 per each
group) were anesthetized with an overdose of ketamine
(100 mg kg�1) and xylazine (5 mg kg�1). The mice were then
intracardially perfused with 0.1 M phosphate-buffered saline
(pH 7.4) to remove RAGE in the blood. Following perfusion, the
brains were removed, and the hippocampus and cortex were rapidly
dissected and frozen at �80 1C until further processing. Proteins for
RAGE analysis were extracted in the following manner. Individual
tissue samples were weighed and then homogenized in ice-cold buffer
(0.2 mg ml�1) containing 20 mM Tris, pH 7.5, 5% glycerol, 1.5 mM

ethylenediaminetetraacetic acid, 40 mM KCl, 0.5 mM dithiothreitol and
protease inhibitors (No. 539131, Calbiochem, Darmstadt, Germany).
Homogenates were centrifuged at 18 000 g for 1 h at 4 1C. The
supernatant was removed from each sample, and an aliquot was
taken for determination of total protein concentration using the
Bradford reagent. The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
a polyvinylidene difluoride membrane. The membrane was incubated
with a primary antibody (Ab) against RAGE (1:2000, Thermo

Scientific, Waltham, MA, USA, 45 kDa), which was used to detect
the RAGE signal of the brain in previous studies.19,20 Following
primary incubation, blots were incubated with the horseradish
peroxidase-conjugated secondary Ab (1:2000, Cell Signaling,
Danvers, MA, USA). Blots were visualized using an enhanced
chemiluminescence system and developed using Hyperfilm
(Amersham, Piscataway, NJ, USA). The relative expression level of
RAGE was determined by densitometry and normalization to b-actin
(1:5000, Sigma, St Louis, MO, USA), an invariant cytoskeletal protein.

Immunohistochemistry
Aged 3xTg-AD (n¼ 4) and non-Tg control mice (n¼ 8) were
intracardially perfused with ice-cold 0.01 M phosphate-buffered saline
and subsequently 4% paraformaldehyde under deep anesthesia. The
brain was then removed and post-fixed in 4% paraformaldehyde for
2 days, cryoprotected in phosphate-buffered saline containing 30%
sucrose for 48 h, frozen on powdered dry ice and sectioned using a
microtome.

Coronal sections containing the hippocampus or cortex were used
for evaluating RAGE co-localization with neuron, glia and AD-related
markers (bregma anterior–posterior, �3.12 to �4.56 mm for the
hippocampus; þ 1.7 to þ 0.5 mm for the cortex). Sections were
blocked with 10% fetal horse serum (GIBCO, Carlsbad, CA, USA)
with 3% triton X-100 in phosphate-buffered saline for 1 h. Sections
were then incubated in the appropriate primary antibody solution.
For RAGE co-localization, mouse anti-NeuN antibody (Millipore,
Darmstadt, Germany; 1:1000), rabbit anti-Iba-1 antibody (Wako,
Osaka, Japan; 1:1000) and mouse anti-GFAP antibody (BD
Bioscience, San Jose, CA, USA; 1:1000) were used with goat anti-
RAGE antibody (Serotec, Raleigh, NC, USA; 1:1000) or rabbit anti-
RAGE antibody (ABR, Golden, CO, USA; 1:1000). For AD-related
marker co-localization, mouse anti-beta amyloid (4G8) antibody
(Covance, Princeton, NJ, USA; 1:1000), mouse anti-tau (HT7)
antibody (Thermo Scientific, 1:200), goat anti-RAGE antibody
(Serotec, 1:1000) and rabbit anti-RAGE antibody (ABR, 1:1000) were
used. Sections were incubated in primary antibody solution for 20 h
at room temperature. After subsequent washing, the sections were
incubated in Alexa dye-conjugated secondary antibody solution
including Alexa 488 conjugated donkey anti-mouse antibody, Alexa
568-conjugated donkey anti-rabbit antibody and/or Alexa 633-con-
jugated donkey anti-goat antibody (Invitrogen, Carlsbad, CA, USA;
1:200). After staining, sections were mounted onto silane-coated
glasses and coverslipped with ProLong Gold Antifade reagent (Invi-
trogen). Before observing the sections, stained sections were kept in
the freezer at �20 1C. Stained sections were observed under a confocal
microscope (Olympus, Tokyo, Japan) and signal intensity was
integrated to measure fluorescence signal density strength with the
FluoView 1000 confocal microscope analysis program FV10-ASW 2.0
(Olympus). Five regions of interest (ROI) were selected within the
cortex, each measuring 5000mm2. These ROIs contained all cortical
layers in each hemisphere, and both hemispheres in one section were
used for quantification. An ROI containing the fifth layer of the cortex
was analyzed separately, and the other four ROIs contained all layers
except the fifth layer. Five ROIs were also selected within the
hippocampus, each measuring 3000mm2. These ROIs were drawn
within the CA1, CA3 and dentate gyrus areas of the hippocampus.

Statistical analysis
Western blot data were analyzed by two-way analysis of variance
(ANOVA) with group (non-Tg control vs 3xTg-AD) and age (adult vs
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aged) to examine the levels of RAGE. Immunoreactivity data from
immunohistochemistry experiments were analyzed by two-way
ANOVA with group (non-Tg control vs 3xTg-AD) and region (cortex
and hippocampal subregions). Post hoc comparisons used Student’s
t-tests to assess differences between non-Tg control and 3xTg-AD
groups. Any P-values that were less than 0.05 were considered
significant. All data are expressed as the mean±s.e.m.

RESULTS

Increased RAGE levels in the hippocampus and cortex of
aged 3xTg-AD mice
Many studies have reported that patients with AD have
increased RAGE (45 kDa) levels in the brains compared
with aged-matched controls.12,13,21 Similarly, RAGE levels are
higher in the brains of 24-month-old Tg2576 mice, an animal
model for AD with overexpression of the Swedish mutant
form of APP, which is linked to early-onset familial AD.15

However, mouse models of AD expressing mutant forms of
APP or PS are limited in that they do not exhibit the full
spectrum of AD pathologies and characteristics. Therefore, the
present experiment examined alterations of RAGE in the
3xTg-AD model, which was constructed to overcome this
limitation.

Protein levels of RAGE in the hippocampus and cortex of
adult (10 months old) and aged (22–24 months old) 3xTg-AD
mice and age-matched non-Tg control mice were examined
using western blot analysis. Figure 1 shows the RAGE
immunoblots for the hippocampus and cortex. Two-way
ANOVA of the hippocampal levels of RAGE showed that the
main effects of group were not significant (F(1,20)¼ 3.268,
P¼ 0.09), but the main effects of age were significant
(F(1,20)¼ 6.78, Po0.01), and there was a significant

interaction effect of age and group (F(1,20)¼ 9.48, Po0.01).
The post hoc analyses showed that in the hippocampus, the
aged 3xTg-AD mice expressed increased levels of RAGE
compared with the other groups (Po0.05). Statistical analysis
of RAGE levels in the cortex exhibited a similar pattern of
results. Specifically, two-way ANOVA of RAGE levels in the
cortex showed that the main effects of group and the
interaction effects of group and age were not significant
(F(1,20)o2.948, PX0.10), but the main effects of age were
significant (F(1,20)¼ 9.87, Po0.01). Post hoc analyses showed
that the cortical RAGE levels of aged 3xTg-AD mice were
significantly higher than those of the other groups (Po0.05)
and differences between the other groups were not significant.
Taken together, these results indicate that age is a key
determinant in the effects of group on RAGE expression levels.

Distribution and cellular localization of RAGE-positive cells
RAGE expression occurs in neurons, microglia and endothelial
cells in the brain.22 Using double-labeled fluorescent
immunohistochemistry with human brain tissue, including
those of patients with AD, RAGE expression was shown to be
expressed in neurons, glial cells and microglial cells.12,13,21 To
our knowledge, no study has examined the cellular localization
of RAGE in transgenic AD mice such as the 3xTg-AD mouse.
Therefore, the present study examined the distribution and
cellular localization of RAGE in the hippocampus and cortex
in aged 3xTg-AD mice.

Immunohistochemistry was used to determine the pattern
of RAGE expression in aged 3xTg-AD mice (Figure 2a).
Consistent with western blot results, increased RAGE immu-
noreactivity was found in aged 3xTg-AD mice. Two-way

Figure 1 Levels of hippocampal and cortical RAGE in adult and aged 3xTg-AD and non-Tg control mice. Representative immunoblots of
RAGE (45 kDa) expression in the hippocampus (a) and cortex (b) in adult and aged 3xTg-AD and non-Tg control mice. Levels of RAGE
were significantly higher in aged 3xTg-AD mice than in aged non-Tg control, adult 3xTg-AD and adult non-Tg control mice (c, d). Data are
expressed as the ratios of RAGE/actin (means±s.e.m.; n¼6 per each group). *Po0.05, **Po0.01.
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Figure 2 Distribution and cellular localization of RAGE in aged 3xTg-AD. Immunofluorescent RAGE images in the hippocampus and
cortex (CTX) in aged non-Tg control and 3xTg-AD mouse (a). Confocal images of double-labeling with RAGE and NeuN or Iba-1 in the
hippocampus and cortex in aged non-Tg control (b) and 3xTg-AD (c) mouse. The immunoreactivity of RAGE and Iba-1-positive microglia
were increased in 3xTg-AD mice compared with non-Tg controls (d, e). No differences in NeuN immunoreactivity were observed between
these two groups (f). The majority of RAGE labeling overlapped with NeuN-positive neurons, although some labeling was found in non-
neuronal cells (c). Data are the means±s.e.m. (adult: n¼6; aged: n¼10). *Po0.05, **Po0.01. Scale bar¼200mm.
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ANOVA of RAGE revealed that the main effects of group were
significant (F(1,40)¼ 15.21, Po0.001), but the main effects of
region (cortex, CA1, CA3 and DG) and the significant
interaction effect of group and region were not significant
(F(3,40)p0.81, P40.49). Post hoc analyses revealed that
significant differences between 3xTg-AD and non-Tg control
groups were observed in the cortex, hippocampal area CA1
and DG (Po0.05) (Figure 2d).

Inflammatory responses are increased in the brains of
patients with AD and transgenic AD mice,1 and

correspondingly, the immunoreactivity of Iba-1, a microglial
marker, was increased in 3xTg-AD mice compared with non-
Tg control mice (Figures 2b–e). Two-way ANOVA of Iba-1
immunoreactivity showed that the main effects of group were
significant (F(1,40)¼ 27.02, Po0.001), but the main effects of
region and the significant interaction effect of group and
region were not significant (F(3,40)p0.09, P40.97). Post hoc
analyses revealed that there were significant differences
between 3xTg-AD and control groups in all regions observed
(Po0.05) (Figure 2e).

Figure 3 Co-localization of RAGE with GFAP-positive astrocytes in the hippocampal area CA1 of aged 3xTg-AD mice. Confocal images of
triple-labeling with RAGE, GFAP and Iba-1 in the hippocampus and cortex (CTX) in aged non-Tg control (a) and 3xTg-AD (b) mouse.
Immunoreactivity of GFAP-positive astrocytes in aged 3xTg-AD mice was not significantly different from that in aged non-Tg control mice,
even though immunoreactivity in the CA1 was higher (c). However, the signals of RAGE (blue) co-localized with GFAP (green)-positive
astrocytes (Iba-1 (red), d) (see reverse triangles). The number of RAGE-expressing astrocytes in the hippocampal area CA1 in aged3xTg-
AD was significantly higher than in non-Tg controls (e,*Po0.05). Data are the means±s.e.m. (adult: n¼6; aged: n¼10). Scale
bar¼200mm.
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Notably, the immunoreactivity of NeuN, a specific marker
of neurons, in 3xTg-AD mice was not different from that in
non-Tg control mice (Figures 2b, c and f). Double-labeled
fluorescent immunohistochemistry was conducted to localize
the expression of RAGE in aged 3xTg-AD mice and aged non-
Tg control mice. Most RAGE-positive expression co-localized
with neurons, although some expression was observed in non-
neuronal cells in aged 3xTg-AD mice and non-TG control
mice (Figures 2b and c).

To investigate the interaction of these factors, we conducted
triple-labeled fluorescent staining against Iba-1, glial fibrillary
acidic protein (GFAP) and RAGE to reveal the localization of
RAGE expression in non-neuronal, namely glial, cells. First,
expression of GFAP, which is used to measure glial reactivity,
was examined in aged 3xTg-AD mice and non-Tg control
mice, and its immunoreactivity was observable in the hippo-
campal CA1 of aged 3xTg-AD mice (Figures 3a and b).
However, two-way ANOVA revealed that the main effects of
group and region (cortex, CA1, CA3, DG and stratum
radiatum) were not significant (F(1,50)¼ 2.06, P¼ 0.16;
F(4,50)¼ 0.55, P¼ 0.70), and the significant interaction effect
of group and region was not significant (F(4,50)¼ 0.55,
P¼ 0.70). Interestingly, GFAP-positive glial cells were evident
in the CA1 of aged 3xTg-AD mice (Figures 3a and b).
Although there were a few instances of Iba-1-positive glial
cells expressing RAGE, most of the RAGE-positive expression
overlapped with GFAP-positive glial cells (Figure 3b). Specifi-
cally, RAGE-expressing astrocytes were frequently observed in
the strata radiatum layer in the hippocampal area CA1 of aged
3xTg-AD mice (Figure 3d). On the other hand, the other brain
areas, such as hippocampal area CA3 and DG, showed very
few RAGE-expressing astrocytes, and there were no observed
instances of RAGE-expressing astrocytes in the cortex
(Figure 3e). Two-way ANOVA of RAGE-positive GFAP
revealed that the main effects of group were significant
(F(1,40) ¼ 12.80, Po0.01) and that the main effects of region
and the significant interaction effect of group and region were
significant (F(3,40)X10.55, Po0.001). Post hoc analyses
revealed significant differences between 3xTg-AD and non-
Tg control mice in the hippocampal area CA1 (Po0.05)
(Figure 3e).

Distribution and co-localization of 4G8 APP/Ab
immunoreactivity with RAGE
To characterize the deposition of APP and Ab in aged 3xTg-
AD mice, tissue sections were stained with the monoclonal
antibody 4G8, which detects APP and Ab.23 Two-way ANOVA

of 4G8 immunoreactivity revealed that the main effects of
group were significant (F(1,50)¼ 16.16, Po0.001), but the
main effects of region (5th layer in the cortex, non-5th layer in
the cortex, CA1, CA3, and DG) and the significant interaction
effect of group and region were not significant (F(4,50)p1.06,
PX0.42). Post hoc analyses revealed that in the cortex area of
3xTg-AD mice, intracellular 4G8 labeling was significantly
increased in the fifth layer and was co-localized with RAGE
immunoreactivity in neuronal-shaped cells. However, in other
layers of the cortex, no difference was detected in 4G8 signal
compared with non-Tg control mice (Po0.05) (Figure 4c). In
addition, 4G8 immunoreactivity in hippocampal areas CA1
and CA3 were significantly increased in 3xTg-AD mice
(Po0.05) (Figure 4b). Interestingly, 4G8 labeling in the CA1
and CA3 of 3xTg-AD mice was observed in both intracellular
and extracellular APP/Ab, but only intracellular 4G8 labeling
was co-localized with RAGE (Po0.05). There was no sig-
nificant difference of 4G8 immunoreactivity in the DG of
3xTg-AD mice compared with non-Tg control mice.

Distribution of HT7 human tau immunoreactivity and its
co-localization with RAGE
We examined the distribution of tau and its co-localization
with RAGE in the hippocampus and cortex of aged 3xTg-AD
mice using double-labeled fluorescent staining with HT7
antibody, one of the human-specific tau antibodies, and RAGE
antibody (Figures 5a and b).17 Two-way ANOVA of the HT7
immunoreactivity revealed that the main effects of group were
significant (F(1,40)¼ 18.64, Po0.001), and the main effects of
region (cortex, CA1, CA3 and DG) and the significant
interaction effect of group and region were significant
(F(4,40)X10.55, Pp0.001) (Figure 5c). Post hoc analyses
revealed that the immunoreactivity of HT7 was significantly
increased only in the hippocampal area CA1 of aged 3xTg-AD
mice (Po0.05). In the cortex of 3xTg-AD mice, HT7 was
expressed in RAGE-expressing neurons but was not signifi-
cantly increased compared with non-Tg control mice. In the
hippocampal area CA1 of 3xTg-AD mice, HT7 expression was
co-localized with RAGE and expressed in the neuronal, but not
glial, cells. Furthermore, HT7-positive neurons in hippocam-
pal area CA1 of 3xTg-AD mice were located along the outer
perimeter of the cell layer rather than inside, and HT7 labeling
was observed throughout the axon. RAGE was mostly localized
in neuronal cell bodies merged with signals of HT7
(Figure 5e). Signals of HT7 were almost localized in the
cortical neurons of 3xTg-AD mice but were not significantly
increased compared with non-Tg control mice.

Figure 4 Distribution of 4G8-positive APP/Ab and its co-localization with RAGE in aged 3xTg-AD mice. Confocal images of double-
labeling with RAGE and 4G8 in the hippocampus and cortex (CTX) in aged non-Tg control (a, d) and 3xTg-AD (b, e) mouse.
Immunoreactive labeling for 4G8, a monoclonal antibody detecting APP/Ab, was increased in aged 3xTg-AD mice compared with aged
non-Tg controls (c). Notably, in the cortex, the immunoreactivity of 4G8 was significantly increased only in layer 5, whereas there were no
differences in other layers (c). In the hippocampus, 4G8 immunoreactivity was significantly increased in area CA1 and CA3 but not in the
DG (c). Labeling for intracellular 4G8 in neurons was co-localized with RAGE expression, whereas that for extracellular 4G8 was not (e).
Data are means±s.e.m. (adult: n¼6; aged: n¼10). *Po0.05. Scale bar¼100mm.
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DISCUSSION

Recent research efforts have been focused on understanding
the molecular and cellular mechanisms underlying age-related
neurodegenerative disorders. AD is the most common neuro-
degenerative disorder and is associated with SPs and NFTs in
the brain. Advances in transgenic technology have established
animal models exhibiting one or both of the main pathological
hallmarks of AD, such as SPs and NFTs. However, clinical
symptoms in humans have not always been paralleled in
animal models. Using the 3xTg-AD mouse model, which
exhibits the full spectrum of AD neuropathology,5,17 the
present study was conducted to examine age-dependent
changes in and the cellular localizations of RAGE as well as
the co-localization between RAGE and SPs or NFTs.

Immunohistochemical studies with human tissues have
demonstrated that RAGE levels are increased in the brains of
patients with AD in comparison with those of aged-matched
controls,11–13,21 and a similar increase in RAGE expression has
been reported in transgenic AD mice with overexpression of
the Swedish mutant form of APP.15 In parallel, the role of
RAGE in the pathological processes of AD has been the focus
of many studies attempting to reveal the mechanisms
underlying cellular dysfunction.9,14,24–26 In accord with the
results of these investigations, the present study demonstrated
that RAGE expression was increased in the cortex and
hippocampus of the aged 3XTg-AD mice (22–24 months old).

Several transgenic AD mouse models have been developed
for studying the cellular mechanisms of AD pathogenesis and/
or drug development. Most of these models express mutant
forms of genes linked to early-onset familial AD, such as APP,
PS or tau,27 and provide invaluable contributions to the
studies related to AD but do not mimic the full spectrum of
AD pathology, including the SPs and NFTs. To overcome this, a
3xTg-AD mouse model was generated to express the three major
genes associated with familial AD, namely APP, presenilin1 and
tau. 3xTG-AD mice show AD-like SPs and NFTs.5,17 In addition
to these markers of AD, RAGE is reported to have a role in
amyloidosis and tau pathology.9,14,28 Therefore, to determine a
role of RAGE in the 3xTg-AD mouse model, representing the
full spectrum of AD neuropathology, the present study
examined the distribution and cellular localization of RAGE in
aged 3xTg-AD and non-Tg control mice.

Using double- or triple-labeled fluorescent immunohisto-
chemistry, we observed that RAGE expression was increased in
the aged 3xTg-AD mice and that the cellular localization was
mostly in neurons, although in rare instances, RAGE expres-
sion was observed in non-neuronal cells. In aged 3xTg-AD
mice, expression of Iba-1, a microglial marker, was also

increased and showed very little overlap with RAGE expres-
sion. Consequently, we investigated whether the RAGE-posi-
tive non-neuronal cells were astrocytes or microglial cells.
Triple-labeled fluorescent immunohistochemistry revealed that
some RAGE-positive non-neuronal cells were located in GFAP-
positive astrocytes, and very few RAGE-positive non-neuronal
cells were located in Iba-1-positive microglial cells. However,
because levels of Iba-1 expression were increased in aged 3xTg-
AD mice in the present study and because RAGE-dependent
signaling in microglia reportedly play a role in the pathogen-
esis of an inflammatory response and Ab accumulation,25,29,30

it will be interesting to measure the expression levels of
microglial RAGE in aged 3xTg-AD mice with several
markers more specific to microglia and to elucidate the role
of microglial RAGE in amplifying the neuronal toxicity of beta
amyloid in the presence of activated microglia.

AGEs, ligands of RAGE, accumulate in AD brains and
contribute to amyloidosis.28 Moreover, studies demonstrating
a role of RAGE in Ab transport have shown that RAGE is
involved in Ab transport across the blood–brain barrier24 and
in the intraneuronal transport of Ab.26 Arancio et al.,14 who
studied the effects of RAGE on Ab-induced impairment of
neuronal function, reported that neuronal overexpression of
RAGE in mice with mutant APP exacerbated impairments of
spatial memory and synaptic plasticity. In 3xTg-AD mice,
4G8-positive immunoreactivity of APP/Ab was observed in
neurons and in the extracellular regions, which is consistent
with a previous report.3 Further, 4G8-positive APP/Ab
neurons co-localized with RAGE-positive immunoreactivity.
However, to conclude that the RAGE signal is not co-localized
with extracellular Ab plaque in aged 3xTg-AD mice,
association of RAGE with extracellular Ab plaques must be
examined in the hippocampus and cortex of 3xTg-AD mice
using other markers to detect extracellular Ab plaques.
However, one study has reported that extracellular Ab
plaques examined by thioflavin-S staining were observed
only in the entorhinal cortex.5

The finding that AGEs are co-localized with paired helical
filament tau suggests an intrinsic link of AGEs with tau, and a
recent study revealed that AGE-induced tau hyperphosphor-
ylation impairs synaptic plasticity and spatial memory through
RAGE.9,10 In the 3xTg-AD mice, expression of HT7-positive
human tau was increased in the cortex and hippocampus,
particularly in the CA1 region, where HT7-positive human tau
immunoreactivity co-localized with labeling for RAGE.

The pathological features of AD are Ab accumulation, tau
protein hyperphosphorylation and increased inflammatory
activity in the cortex and hippocampus.9,18 RAGE

Figure 5 Distribution of HT7-positive human tau protein and its co-localization with RAGE in aged 3xTg-AD mice. Confocal images of
double-labeling with RAGE and HT7 in the hippocampus and cortex (CTX) in aged non-Tg control (a, d) and 3xTg-AD (b, e) mice.
Immunoreactivity of HT7, a marker of human tau protein, was higher in the hippocampal area CA1 of aged 3xTg-AD mice compared with
aged non-Tg control (c). HT7 labeling overlapped with RAGE. In aged 3xTg-AD mice, HT7 was expressed in some cortical neurons, CA1
neurons, and some axons of the mossy fiber, whereas the DG and hippocampal area CA3 did not show immunoreactivity for HT7 when
compared with aged non-Tg controls (e). Data are means±s.e.m. (adult: n¼6; aged: n¼10). **Po0.01. Scale bar¼100mm.
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and components of its signaling pathway have been shown to
interact with Ab and have a key role in tau hyper-
phosphorylation. Furthermore, increased RAGE expression is
found at sites of inflammation in AD brains.18 Thus, because
RAGE expression seems to be affected by several characteristics
observed in AD brains, the 3xTg-AD mouse model, which
encompasses all these characteristics, is a better model for
studying RAGE mechanisms and developing therapeutic drugs.
The results of the present study, such as the distribution of
RAGE, cellular localization and its co-localization with Ab or
tau, in 3xTg-AD mice might be very informative in studying
the interaction of RAGE with key players in AD pathology, and
this model may prove useful for evaluating drug candidates,
such as RAGE inhibitors, and interventions for Ab accumulation
and tau hyperphosphorylation.
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