
Abstract We examined the brains of Tg2576 transgenic
mice carrying human amyloid precursor protein with the
Swedish mutation and Alzheimer’s disease (AD) by
means of immunohistochemistry and electron microscopy
to clarify the characteristics of amyloid-associated pathol-
ogy in the transgenic mice. In 12- to 29-month-old
Tg2576 mice, congophilic cored plaques in the neocortex
and hippocampus were labeled by all of the Aβ1-, Aβ40-
and 42-specific antibodies, as seen in the classical
plaques in AD. However, large-sized (>50 µm in core di-
ameter) plaques were seen more frequently in the older
mice (18–29 months) than in those with AD (approxi-
mately 20% vs 2% in total cored plaques), and Tg2576
mice contained giant plaques (>75 µm in core diameter),
which were almost never seen in the brain of those with
AD. Neither thread-like structures nor peripheral coronas
were observed in the cored plaques of the transgenic mice
in the silver impregnations. Immunohistochemically,
plaque-accompanied microglia showed a slight enlarge-
ment of the cytoplasm with consistent labeling of Mac-1
and macrosialin (murine CD68), and with partial labeling
of Ia antigen and macrophage-colony stimulating factor
receptor. Ultrastructurally, the microglia surrounding the
extracellular amyloid fibrils in the large, cored plaques

showed some organella with phagocytic activity, such as
secondary lysosomal, dense bodies, but intracellular amy-
loid fibrils were not evident. Dystrophic neurites in the
plaques of the transgenic mice contained many dense
multilaminar bodies, but no paired helical filaments. Our
results suggest that giant cored plaques without coronas
or paired helical filament-typed, dystrophic neurites are
characteristic in Tg2576 mice, and that plaque-associated
microglia in transgenic mice are activated to be in phago-
cytic function but not sufficient enough to digest extracel-
lularly deposited amyloid fibrils.
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Introduction

It is important to establish an animal model of Alzhei-
mer’s disease (AD) to study its pathogenesis and develop
therapeutic drugs. Recent studies in transgenic mice have
indicated that overproduction of mutant β-amyloid pro-
tein precursor (APP) causes increases in Aβ deposition
forming senile plaques [2, 5, 9, 10, 14, 15, 17, 20, 27,
29]. Of these transgenic models, Tg2576 mice carrying
human APP with the Swedish mutation are considered as
a good model for AD, since the Tg2576 mice develop
age-dependent behavioral deficits and elicit amyloid
plaques with a dense core that are similar to the classic
neuritic plaques seen in AD [6, 31]. Thus, a detailed
pathological assessment of Tg2576 mice is necessary to
evaluate how close the pathology associated with dense
amyloid deposits in the mice fits that seen in AD.

Activated microglia were consistently observed in
primitive and classic plaques in the brains of AD patients
[16, 21, 25]. In vitro studies showed the production of
cytokine and neurotoxic molecules by activated micro-
glia [8, 11, 22, 23]. These data support an important role
of microglia in the disease process of AD. In addition, a
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recent study has shown that passively administered anti-
bodies against Aβ peptide reduced the extent of plaque
deposition in a transgenic mouse model of AD and sug-
gested that microglia are responsible for clearing plaques
through Fc receptor-mediated phagocytosis and/or astro-
glia-derived, transforming growth factor β1 (TGFβ1)
production [3, 26, 32].

In the present study, to clarify the similarities and dif-
ferences between AD and Tg2576 plaques, and to char-
acterize microglial activation in Tg2576 at light micro-
scopic and ultrastructural levels, we studied the brains of
Tg2576 mice using immunohistochemistry with various
microglia/macrophage markers, immunoelectron micros-
copy, and transmission electron microscopy.

Materials and methods

Animals

Tg2576 mice expressing βAPP695K595N/M596L used in this study
have been described previously [14, 29]. We used a total of ten
Tg2576 mice (five male and five female) between 12 months and
29 months of age. Non-transgenic littermates served as controls.
The animals were sacrificed by ether, and the organs were immedi-
ately extracted and processed according to the following procedure.

AD brains

We examined the brains of 11 clinically and histopathologically con-
firmed AD cases (age 66–84 years), which were obtained at autopsy.

Light microscopy and immunohistochemistry

For light microscopy and immunohistochemistry, the brains from
Tg 2576 mice were fixed in 4% paraformaldehyde (PFA) with
0.1 M phosphate-buffered saline (PBS, pH 7.6) and embedded in
paraffin, and the autopsy brains of the AD cases were fixed in buf-
fered formalin and embedded in paraffin. The paraffin-embedded
sections were cut 5 µm thick and stained using hematoxylin and
eosin (HE), Congo red, Bodian, methenamine-silver (M-S), Gal-
lyas, and modified Bielshowsky methods. Some blocks of the mice
brains were fixed with a periodate–lysine–PFA (PLP) fixative at
4°C for 4–6 h, washed with PBS containing 10, 15, and 20% su-
crose, and embedded in OCT compound (Miles, Elkhart, USA).
The specimens were frozen in liquid nitrogen and cut into 
6- 8-µm-thick sections using a cryostat. The primary antibodies
used in immunohistochemistry are summarized in Table 1. Aβ im-

munohistochemistry was performed on the paraffin sections using
a Vectastain Elite ABC kit (Vector), while immunohistochemical
analyses for the other primary antibodies were performed on cryo-
stat-cut tissue sections. Some of the frozen sections were fixed in
4% PFA for 30 min at 4°C. After incubation with the anti-mouse
monoclonal antibodies described in Table 1, biotinylated goat-
anti-rat Ig (1:50 diluted, Tago, Inc., Camerillo, Calif.) was used as
a secondary antibody, followed by the addition of streptavidine/
biotin-peroxidase complex (1:1, Nichirei Corp, Tokyo). After 
visualization with 3, 3′-diaminobenzidine, the sections were brief-
ly stained with hematoxylin for nuclear staining. For semiquantita-
tive analysis, the size of the amyloid core was measured using a
×10 eye piece micrometer and a ×40 objective lens (0–250 µm in
diameter) in the cerebral sections stained with Aβ40- or Aβ42-
specific antibodies in the brains of Tg2576 mice and AD cases.

Immunoelectron microscopy

The brain tissue samples from 20-month-old Tg2576 mice were
fixed in PLP for 6 h at 4°C. After washing in PBS containing a
graded series of sucrose, the tissues were embedded in OCT com-
pound and rapidly frozen in liquid nitrogen. Frozen sections
(6–8 µm) of the cerebral cortices were incubated with Mac-1 anti-
body followed by the addition of horseradish peroxidase-conjugat-
ed goat anti-rat IgG (H+L) (Tago). After immunostaining, the sec-
tions were embedded in Quetol 812 (Nisshin EM), and ultrathin
sections were cut. They were contrasted with uranyl acetate and
examined using electron microscopy.

Transmission electron microscopy

Cerebral cortical tissues of 20-month-old Tg2576 mice were cut
into small pieces, immersed in fixative (2.5% glutaraldehyde,
0.1 M phosphate buffer, pH 7.4) for 4 h and washed several times
in 0.1 M phosphate buffer containing 7% sucrose. They were post-
fixed in 2% osmium tetroxide, dehydrated in a graded series of
ethanol and propylene oxide, and embedded in Quetol 812. Ultra-
thin sections were cut, then stained with uranyl acetate and lead
acetate prior to electron microscopy.

Results

Dense-cored plaques in Tg2576 mice were labeled 
with Congo red and Aβ immunostaining, and associated
with astrogliosis, as in classic plaques of AD

Dense-cored plaques labeled with either Aβ40 or Aβ42
were present in the Tg2576 brain at 12 months. Only a
few β-amyloid deposits were observed in 12-month-old

Table 1 Antibodies used in the study. GFAP glial fibrillary acidic protein, SR scavenger receptor, CSF-1R colony stimulating factor-1
receptor, M-CSFR macrophage-colony-stimulating factor receptor

Antibody Specificity Type Dilution Source

Ab-9204 Amyloid beta 1–6 aa Rabbit serum ×500 T. Saido
S40 Amyloid beta 36–40 aa Rabbit serum ×500 Y. Harigaya
S42 Amyloid beta 38–42 aa Rabbit serum ×500 Y. Harigaya
Anti-GFAP GFAP (40–55 kD) Rabbit serum ×1000 Y. Nakazato
Mac-1 CD11b/CD18, CR3 Rat monoclonal antibody ×20 Behringer-Mannheim
F4/80 Pan-macrophages Rat monoclonal antibody ×1 S. Gordon
M5/114 Mouse Ia antigen Rat monoclonal antibody ×20 Behringer-Mannheim
C-20 C-fms/CSF-1 R (M-CSFR) Rabbit serum ×1000 Santa-Cruz
2F8 SR class AI/II Rat monoclonal antibody ×250 S. Gordon
FA-11 SR class D (macrosialin/CD68) Rat monoclonal antibody ×1000 M. Naito
ER-MP20 Macrophage precursor antigen Rat monoclonal antibody ×100 M. Naito
ER-MP58 Macrophage precursor antigen Rat monoclonal antibody ×100 M. Naito
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Tg2576 mice, while the density of β-amyloid deposits
considerably increased at 18 months (Table 2). In 20-,
23-, and 29-month-old Tg2576 mice, large numbers of
dense-cored plaques which were labeled with Aβ1,
Aβ40 or Aβ42 were observed in the neocortex and hip-
pocampus (Fig. 1a–c). Congophilic, β-amyloid deposits
were observed not only in the amyloid plaques, but also
in the vascular wall of the meninx and cerebral paren-
chyma. Increased astrocytic processes of astrogliosis
around the amyloid core, which is a common finding of

classic plaques in AD, were detectable in the cored
plaques in Tg2576 mice by glial fibrillary acidic protein
immunohistochemistry (Fig. 1d). Diffuse plaques with
Aβ40-negative and Aβ42-positive immunohistochemis-
try were observed in Tg2576 (Fig. 1b, c), although dif-
fuse plaques were not a predominant form of senile
plaques in Tg2576 in contrast to AD. Neither Aβ immu-
nostaining nor positivity for Congo red staining could be
detected in the brains of the controls. 

Fig. 1 Amyloid deposits in the Tg2576 mouse brain. Senile
plaques with large dense cores and amyloid angiopathy in 
23-month-old transgenic mice were visualized by means of Aβ im-
munohistochemistry using Aβ1 (a), Aβ40 (b), and Aβ42 (c) anti-

bodies. Note astrogliosis in close proximity to the dense-cored
plaques in 20-month-old Tg2576 mice visualized using double
staining of Congo red and glial fibrillary acidic protein immunohis-
tochemistry (d). Bars 1 mm (a), 200 µm (b, c), 50 µm (d)

Table 2 Quantification of
Aβ40-positive, cored plaques
in Tg2576 mice. The cerebral
hemisphere was stained with
anti-Aβ40 antiserum, and the
immunopositive plaques were
counted per section. Numbers
in parentheses show the per-
centage of total cored plaques
in the section

Mouse Age Total Plaques in different core size
number (months) plaques

<50 µm 50–75 µm >75 µm

1 12 17 14 (82.35) 1 (5.88) 2 (11.76)
2 14 23 21 (91.30) 1(4.34) 1 (4.34)
3 15 14 13 (92.85) 0 (0) 1 (7.14)
4 15 38 33 (86.84) 3 (7.89) 2 (5.26)
5 18 56 41 (73.21) 11 (19.64) 4 (7.14)
6 18 72 58 (80.55) 7 (9.72) 7 (9.72)
7 23 111 73 (65.76) 30 (27.02) 8 (7.20)
8 29 96 69 (71.87) 21 (21.87) 6 (6.25)
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Compared with AD, Tg2576 mice showed larger plaques,
including giant plaques, and neither thread-like structures
nor peripheral coronas

Quantitative data of cored plaques in different ages 
of Tg2576 mice are summarized in Table 2. Giant
plaques (>75 µm in the core diameter) were present at
12 months, and increased between 18 months and
23 months, comprising approximately 5–10% of the total
cored plaques (Fig. 1b–d, Fig. 2a). Plaques larger than
50 µm in diameter of the core represented approximately
20% (19.3±3.4%, mean±SEM; n=8) of all dense-core
plaques in Tg2576 mice, while those plaques were ap-

Fig. 2 Comparison of dense-cored plaques in the hippocampal re-
gion between the Tg2576 mice (a, c, e) and those with Alzhei-
mer’s disease (AD; b, d, f). Twenty-month-old Tg2576 mice
showed amyloid plaques with large dense cores lacking corona
and Gallyas-positive neurites, while those with AD contained
smaller classic plaques and compact plaques with corona and tuft-
shaped neurites. Neurofibrillary tangles were also observed by
Gallyas impregnation in those with AD. Aβ40 immunohistochem-
istry (a, b), methenamine-silver (c, d) and Gallyas (e, f) stainings.
Bars 50 µm (a, b, e, f), 100 µm (c, d)



362

proximately 2% (1.7±0.8%, mean±SEM; n=11) in those
with AD. Giant plaques were almost never seen in the
brains of those with AD (Fig. 2b). In the dense-cored
plaques of the Tg2576 mice, amyloid cores were posi-
tively stained with Bodian, M-S (Fig. 2c), and Gallyas
(Fig. 2e) stainings, as in classic plaques in AD. In con-

trast to AD, however, neither peripheral coronas nor
thread-like structures were observed in the cored plaques
of the mice in M-S and Gallyas preparations, respective-
ly (Fig. 2c–f).

Cored plaque-associated microglia showed 
immunophenotypical activation

Clusters of Mac-1-stained microglia were found around
the cores of amyloid plaques in all the regions containing
compact amyloid plaques throughout the neocortex and
hippocampus (Fig. 3a). The F4/80 antibody showed less

Fig. 3 Cored plaque-related activation of the microglia in trans-
genic mice. Immunocytochemical analysis of 20-month-old
Tg2576 brain showed that the microglia surrounding dense amy-
loid core had consistent labeling of Mac-1 (a) and macrosialin (f),
and with partial labeling of Ia antigen (c) and macrophage-colony
stimulating factor receptor (d). Note a weak staining of F4/80 (b)
and the absence of scavenger receptor A (e). Bars 50 µm (a–f)
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intensity of microglial staining than Mac-1 (Fig. 3b). A
subpopulation of microglia surrounding the compact
plaques was positive for Ia antigen (Fig. 3c). Only a
small portion of plaque-associated microglia showed a
positive reactivity for the macrophage-colony-stimulat-
ing factor (M-CSF) receptor (Fig. 3d). With regard to the
expression of the scavenger receptor (SR), SR class A
reactivity was not found in the plaque-associated micro-
glia, while SR class D – macrosialin (murine CD68) –
was found in those cells (Fig. 3e, f). The plaque-associ-
ated microglia stained with each of the above markers
showed a mild increase in the cytoplasm, but no ameboid
shape, at the light microscopic level. No reactivity of
monocyte/macrophage-precursor cell markers, ER-MP20
and ER-MP58, was found within the activated microglia
(data not shown).

Microglia at the interface with amyloid fibrils showed
characteristics of phagocytosis but no intracellular 
amyloid fibrils

Immunoelectron micrographs of Mac-1-immunostained
sections confirmed Mac-1 specificity to the surface of
microglial cell bodies and processes at the periphery of
amyloid plaques (Fig. 4a, b). The nucleus had a block of
heterochromatin under the nuclear membrane, and the
cytoplasm was narrow with few developed cell organ-
elles.

Ultrastructure of small amyloid plaques revealed mild
to moderate amyloid deposits in the center, and the pres-
ence of dystrophic neurites and increased microglia in
the periphery (Fig. 5a). The amyloid–microglia interface
was partly ruffled, and the microglial cell membrane

formed a close association with the radially oriented,
amyloid fibrils (Fig. 5b). In the large plaques, an amy-
loid core of very dense extracellular amyloid fibrils, nu-
merous dystrophic neurites, neuronal cell bodies, astro-
cytic processes, and microglial cells was embedded in
the plaque. The amyloid fibrils consisted of filaments of
approximately 10 nm in diameter. The microglia in con-
tact with the dense amyloid fibrils had typical character-
istics of phagocytosis of lipofuscin-like, lysosomal inclu-
sion bodies in the cytoplasm (Fig. 6). In both the small
and large cored plaques, amyloid fibrils were absent
within the microglial cytoplasm. The dystrophic neurites
contained numerous structures such as dense bodies, la-
mellar structures, mitochondria and Hirano body-like
changes. No paired helical filaments (PHFs) were ob-
served. 

Discussion

This study demonstrated age-related β-amyloid deposi-
tion as cerebral amyloid angiopathy and senile plaques in
the neocortex and hippocampus, and that cored plaques,
not diffuse plaques, appear early and are the predomi-
nant form of plaques. These findings are almost compati-
ble with the observations previously described in APP
transgenic mice [17, 27]. The cellular components of the
cored plaques in Tg2576 mice were very similar to those
of classic plaques in AD with regard to a core of dense
amyloid fibrils, dystrophic neurites, activated microglia,
and astrocytic processes. However, this study showed
that the cored plaques of Tg2576 lacked peripheral amy-
loid coronas (the crown) of the plaque, which are stained
by Aβ immunohistochemistry and silver impregnation
methods in classic plaques of the cerebrum in AD [33,
34]. Moreover, in contrast to AD, the formation of large
plaques, including giant plaques more than 75 µm in the
core diameter, was characteristic in the cored plaques of
Tg2576 mice. As a comparative study with regard to the
size of the cored plaques in the hippocampus between
Tg2576 mice and AD brains, this study indicated that

Fig. 4 Immunoelectron micrograph using Mac-1 antibody in
Tg2576 transgenic mice. Mac-1 immunostaining revealed labeling
of the microglial cell surface (arrows) at the periphery of the amy-
loid plaque with bundles of amyloid fibrils (am). Bars 10 µm (a),
5 µm (b)
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Tg2576 mice contained large plaques of more than
50 µm, approximately tenfold those of AD, and that the
giant plaques are a distinct feature in Tg2576 mice. Our
quantitative data showed that giant plaques were present
in 12-month-old mice, and increased in aged mice, from
18 months of age, correlating with markedly increased
numbers of cored plaques. Plaque size in APP transgenic
mice has not been investigated in detail in previous stud-
ies, but previous studies using different APP transgenic
mice (Tg2576, APP23, PDAPP) have demonstrated sim-

ilar histological findings of dense-cored plaques [2, 5, 9,
20, 27]. Thus, these characteristics appear common to
each of the APP transgenic mice.

To better understand the microglial reaction, we eval-
uated its activation state in the brains of Tg2576 mice
using various types of microglia/macrophage markers,
light microscopy and electron microscopy. Using Mac-1
antibody, an increased cell number and size of microglial
cells around cored amyloid plaques was observed in this
study. These observations are similar to findings in the
brains of APP transgenic mice and AD patients [5, 9, 16,
21, 25, 27]. From the Mac-1 staining, most of the
plaque-associated microglia were considered to be acti-
vated slightly or moderately at light microscopic levels.
The mechanism for microglial proliferation and activa-
tion in APP transgenic mice remains unclear. This study
first demonstrated the expression of the M-CSF receptor
on plaque-associated microglia in APP transgenic mice.
However, the receptor does not seem to be a strong can-
didate as an important mediator of microglial activation
at plaques in the brains of Tg2576 mice, since only a
subpopulation of microglia showed upregulation of the
M-CSF receptor in this study.

Fig. 6 Ultrastructure of large amyloid plaques in Tg2576 mice.
Inset Higher magnification of the area indicated by arrows. The
microglia surrounding abundant very dense amyloid cores shows
typical characteristics of phagocytosis such as vacuoles and inclu-
sion bodies. Bars 20 µm (a), 2 µm (inset)

Fig. 5 Ultrastructure of small amyloid plaques in Tg2576 mice. 
a An amyloid core was surrounded by two microglial cells and
dystrophic neurites containing abundant electrondense multilami-
nar bodies. b The microglia made close contact with radially ori-
ented, amyloid fibrils but contained no amyloid fibrils in the cyto-
plasm. Bars 6 µm (a), 5 µm (b)

▲
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Regarding the microglia surrounding the amyloid
cores, Ia antigen (MHC class-II protein) immunohisto-
chemistry showed less reactivity than Mac-1 staining, as
described in a previous study of APP23 transgenic mice
[5]. In plaque-associated, activated microglia, the MHC
class-II antigen expression of the transgenic mice
seemed less marked than that of human AD. It is impor-
tant to note that MHC class II in mice is much less easily
induced on microglia than that in humans [1, 18], and
that phagocytic microglia in non-human gray matter are
generally not MHC class-II positive, if phagocytosis is
not associated with a strong, immune-response-mediated
activation [4, 28]. This possibility is supported by the
observation that we did not obtain any evidence of lym-
phocytic infiltration in the gray matter of Tg2576.

The macrophage scavenger receptor (MSR) family
has recently been extended and is now divided into 
seven types, including classes A and D [13, 24]. The
broad ligand specificity of the receptor suggests multi-
functional roles in various physiological and pathologi-
cal conditions, such as athelosclerosis and AD. In 
this study, we examined the expression of two types of 
MSR – class A type I/II and class D (CD68/macrosialin) –
on plaque-associated microglia. The MSR class-A ex-
pression on plaque-associated microglia seemed to be
absent or very low in Tg2576 mice. In contrast to class A
type I/II, plaque-associated microglia accumulated mac-
rosialin in nearly all the compact amyloid plaques in this
study. Increased levels of CD68 indicate that the cells are
phagocytically active and digest internalized material be-
cause they accumulate lysosomal vacuoles [30]. Resting
microglia show a low macrosialin expression, as de-
scribed here and in a previous study [5]. Taken together,
an increase in macrosialin indicates evidence of a phago-
cytic capability of the microglia in mice. Consistent with
these results, we demonstrated microglia with typical
phagocytic morphology at the ultrastructural level. Our
immunohistochemical and ultrastructural studies indicat-
ed that plaque-associated microglia have the function of
phagocytic removal using a lysosomal system, but no 
evidence of digesting amyloid fibrils.

Our electron microscopic study consistently demon-
strated dystrophic neurites with large numbers of dense
laminar bodies around the small and large cored plaques.
These dystrophic neurites correspond to spherical (type
I) or dystrophic-type neurites. Another type of neurites,
fusiform (type II) neurites or PHF-type neurites, were
absent in this study and in PDAPP transgenic mice [20].
Dystrophic-type neurites are found in senile plaques in
AD and in transgenic mice, whereas PHF-type neurites
are specific to humans and highly characteristic of AD
[7, 19]. Tau phosphorylation had been reported in the
plaques with giant cores in our previous study using
Tg2576 mice [29]. The conversion of tau into PHF might
need longer periods.

The earliest amyloid deposits in humans are so-called
diffuse plaques, while amyloid appears in the transgenic
mice to form as an initial dense-cored plaques. In most
AD patients, moreover, very little Aβ40 is deposited 

in the brain [12]. It is not clear why diffuse amyloid de-
posits are not a prominent feature of the transgenic 
model and why large amounts of Aβ40 are deposited and
giant plaques are formed in the Tg2576 model. It may be
that more than one factor or some combination of fac-
tors, such as species, strain, promotor, expression level,
or mutated transgene, might cause these discrepancies.
Our study suggests that the lack of phagocytizing amy-
loid fibrils in the microglia may contribute to further en-
largement of the dense-cored plaques leading to the for-
mation of giant plaques.

In summary, the present results demonstrate that
Tg2576 mice share many histological and ultrastructural
alterations of dense-cored plaques with classic plaques of
AD that make them a valuable model in which to study
the mechanisms of local tissue pathology associated with
dense amyloid deposits in AD. Furthermore, some mor-
phological characteristics of plaques containing dense
amyloid core in the transgenic animal model were pre-
sented as follows: (1) the plaques containing amyloid
cores and dystrophic neurites often form giant plaques
and lack the corona of the plaque, (2) plaque-associated
microglia are activated but not sufficiently enough to di-
gest extracellular amyloid fibrils, and (3) dystrophic neu-
rites of plaques are lacking in PHF-type neurites. These
results could be helpful in the assessment for monitoring
the effects of local tissue pathology when therapeutic
drugs (e.g., anti-amyloid or anti-inflammatory drug treat-
ment) are administered in experimental model mice.
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