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Microglia are a key component of the inflammatory

response in the brain and are associated with senile

plaques in Alzheimer’s disease (AD). Although there is

evidence that microglial activation is important for

the pathogenesis of AD, the role of microglia in cere-

bral amyloidosis remains obscure. The present study

was undertaken to investigate the relationship be-

tween b-amyloid deposition and microglia activation

in APP23 transgenic mice which express human mu-

tated amyloid-b precursor protein (bPP) under the

control of a neuron-specific promoter element. Light

microscopic analysis revealed that the majority of the

amyloid plaques in neocortex and hippocampus of

14- to 18- month-old APP23 mice are congophilic and

associated with clusters of hypertrophic microglia

with intensely stained Mac-1- and phosphotyrosine-

positive processes. No association of such activated

microglia was observed with diffuse plaques. In

young APP23 mice, early amyloid deposits were al-

ready of dense core nature and were associated with a

strong microglial response. Ultrastructurally, bundles

of amyloid fibrils, sometimes surrounded by an in-

complete membrane, were observed within the mi-

croglial cytoplasm. However, microglia with the typ-

ical characteristics of phagocytosis were associated

more frequently with dystrophic neurites than with

amyloid fibrils. Although the present observations

cannot unequivocally determine whether microglia

are causal, contributory, or consequential to cerebral

amyloidosis, our results suggest that microglia are

involved in cerebral amyloidosis either by participat-

ing in the processing of neuron-derived bPP into

amyloid fibrils and/or by ingesting amyloid fibrils via

an uncommon phagocytotic mechanism. In any case,

our observations demonstrate that neuron-derived

bPP is sufficient to induce not only amyloid plaque

formation but also amyloid-associated microglial ac-

tivation similar to that reported in AD. Moreover, our

results are consistent with the idea that microglia

activation may be important for the amyloid-associ-

ated neuron loss previously reported in these mice.

(Am J Pathol 1999, 154:1673–1684)

Substantial evidence supports the view that process-

ing of the amyloid-b precursor protein (bPP) and ac-

cumulation of the amyloid-b peptide (Ab) in the brain of

Alzheimer’s disease (AD) patients is crucial to the

pathophysiology of the disease.1,2 Senile amyloid

plaques in AD brains are surrounded and infiltrated by

activated microglia, which acquire an amoeboid mor-

phology and express various proteins involved in the

central nervous system inflammation.3–5 The tight as-

sociation of amyloid fibrils and microglia has sug-

gested that microglia are somehow involved in either

the formation or the phagocytosis of amyloid

fibrils.3,6 –10 Activation of microglia is thought to induce

an inflammatory response in the central nervous sys-

tem and to be a mediator of the amyloid-associated

neurodegeneration in AD brain.11,12 The involvement of

inflammation in the progress of AD is underlined by

clinical studies showing an attenuation of AD symp-

toms by nonsteroidal anti-inflammatory drugs.13,14

Recently, transgenic mice have been produced that

overexpress mutant human bPP (APP23 line, Swedish

double mutation) under the control of a neuron-specific

Thy-1 promoter element.15 These mice develop amyloid

plaques, predominantly in neocortex and hippocampus,

progressively with age. The plaques have most charac-

teristics of human AD plaques, including fibrillar Ab

cores, and are surrounded by dystrophic neurites and

activated glial cells. Region-specific amyloid-associated

neurodegeneration including neuron loss, synapse defi-

cits, and cholinergic alterations have been reported16,45

in these mice. To study the involvement of microglia in

amyloid plaque formation and neurodegeneration, we

have analyzed the microglial response in both young and

adult APP23 transgenic mice at light microscopic and

ultrastructural levels.
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Materials and Methods

Animals

The APP23 transgenic mice used in this study have been

described previously.15 The mice express mutated hu-

man bPP (Swedish double mutation) under a brain and

neuron-specific murine Thy-1 promoter element. We

used a total of 12 hemizygous and homozygous male

APP23 mice between 14 and 18 months of age and 10

control mice from the F3-F5 generation (most of these

animals have been used to assess neurodegenera-

tion.16,45 In addition, a group of young male 4- to

9-month-old hemizygous APP23 mice and littermate con-

trols from the F6-F8 generation were used. APP23 mice

were initially on a B6D2 background and subsequently

have been backcrossed with B6 mice.

Tissue Preparation for Light Microscopy

Animals were injected with an overdose of pentobarbital

and transcardially perfused with phosphate buffered sa-

line (PBS) (pH 7.4) followed by 4% paraformaldehyde in

PBS at room temperature. Brains were removed and

postfixed in the same fixative overnight and placed in

30% sucrose in PBS for 2 days, all at 4°C. Brains were

then frozen in 2-methylbutane at 225°C and serially sec-

tioned on a freezing-sliding microtome at 10–40 mm.

Immunohistochemistry and Congo Red Staining

Immunohistochemical staining was performed according

to a previously published protocol.17 In brief, sections

were preincubated for 30 minutes in 1% H2O2 followed

by 0.3% Triton X-100 in Tris-buffered saline for 10 min-

utes and 5% blocking serum for 30 minutes. Sections

were reacted overnight at 4°C with primary antibodies in

0.3% Triton and 2% serum. The avidin-biotin-peroxidase

method (ABC Elite Kit, Vector Laboratories, Burlingame,

CA) with diaminobenzidine (DAB) as the chromogen was

used to visualize the antibodies (brown reaction product).

In some experiments NiCl2 was added to the DAB lead-

ing to a black reaction product. Some sections were

counterstained with cresyl-violet according to standard

protocols.

The following antibodies were used: rat monoclonal

anti-mouse CR3 (CD11b; Mac-1; diluted 1:2000; Serotec,

Oxford, UK), mouse monoclonal antibody to phosphoty-

rosine (PT-66; diluted 1:500; Sigma, St. Louis, MO), and

polyclonal antibody NT-11 to human Ab (1:2000).15

For double labeling, a sequential protocol was used.

The first primary antibody (NT-11) was visualized with

DAB alone and the second primary antibody (Mac-1) was

visualized with Vector SP (Vector Laboratories). Congo

Red staining was performed on Mac-1 immunostained

sections according to standard protocols and viewed

under cross-polarized light.

Semithin Sections and Ultrastructural Analysis

For electron microscopy, mice were transcardially per-

fused with PBS followed by 4% paraformaldehyde plus

1–2.5% glutaraldehyde in PBS. Mice used for immuno-

electron microscopy were perfused with PBS followed by

4% paraformaldehyde containing 0.1% glutaraldehyde in

PBS. Brains were removed and postfixed overnight in 4%

paraformaldehyde. Sections were cut with a vibratome

(60 mm). Sections used for immunoelectron microscopy

were stained free-floating with the Mac-1 antibody under

the same conditions as described above but without

H2O2 and Triton X-100. Sections prepared for both elec-

tron and immunoelectron microscopy were postfixed with

0.5% OsO4 in PBS containing 6.86% sucrose for 30 min-

utes, dehydrated in ascending series of ethanol and ac-

etone, and flat-embedded between glass slides and cov-

erslips in EMbed-812 (Electron Microscopy Sciences,

Fort Washington, PA). Using an ultramicrotome, semithin

(2 mm) and ultrathin sections were cut from the tissue

surface. Ultrathin sections were mounted on copper grids

and some sections were contrasted with uranyl acetate

and lead citrate and finally analyzed with a Zeiss EM 900

electron microscope.

Semiquantitative Analyses

To study early plaque formation serial 15-mm sections

were cut from the brain of young 4- to 9-month-old APP23

mice. A sequence of sections was alternately immuno-

stained for Mac-1 (microglia) and NT-11 (amyloid

plaques). Early Ab-immunoreactive deposits were iden-

tified and the corresponding microglia activation in adja-

cent sections was quantified. In reverse, activated micro-

glia were identified and evidence for corresponding Ab

deposits was determined in adjacent sections. Microglia

were considered activated when clustering of at least 2

microglia was observed and both cell body and pro-

cesses were intensely immunoreactive and hypertrophic.

The quantification (number of amyloid plaques with a

corresponding microglial reaction, number of clusters of

activated microglia with corresponding amyloid deposi-

tion) was carried out by two different raters and results

were within 10% of each other.

Figure 1. Activated microglia are associated with dense core amyloid plaques in neocortex of APP23 transgenic mice. A: Clusters of microglia immunostained with
antibodies to Mac-1 in the frontal cortex (layer II/III) of a 16-month-old transgenic mouse. An unstained amyloid core surrounded by activated microglia
(arrowhead) was detectable when the center of a plaque was sectioned while an aggregation of microglia (arrow) was observed when the periphery was
sectioned. B: No such microglia aggregates were present in control mice. C and D : Similarly, antibodies to phosphotyrosine revealed labeling of clusters of
microglia around amyloid plaques in APP transgenic (C) but not in control (D) mice. E: High-power light microscopy shows cell surface-staining of Mac-1-positive
microglia cell bodies (one cell body is indicated by an asterisk) in close vicinity of the amyloid core (A). Microglia processes appear to cover nearly the entire
surface of this dense core plaque. F: Mac-1-positive microglia (brown reaction product) counterstained with cresyl-violet reveals the numerous microglial nuclei
at the periphery of an amyloid plaque (two are indicated by arrowheads). From the amyloid-facing pole of these microglia long and hypertrophic processes
penetrate into the star-shaped amyloid core. Calibration bars are 100 mm (B, D) and 25 mm (E, F).
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Figure 2. Activated microglia are associated with dense core and congophilic amyloid plaques but not with diffuse amyloid deposits. A: Double labeling of Mac-1
immunostaining (blue-black reaction product) and Congo red histochemistry revealed that virtually all birefringent plaques are surrounded by activated microglia.
Shown is the molecular layer of the hippocampus of a 14 month-old APP23 transgenic mouse. g, granular cell layer. B and C: Similarly, serial sections alternately
immunostained for Ab and Mac-1 revealed that the vast majority of compact plaques were surrounded by intensely stained and hypertrophic Mac-1 positive
microglia. D, E, F, and G: Occasionally, NT-11 positive diffuse amyloid was seen as a band in the neuron-rich layer II of the cingulate cortex (D) and in areas
such as the striatum (F). Note that the diffuse amyloid spares cell bodies (arrows). No corresponding microglia reaction was observed in adjacent sections
immunoreacted with Mac-1 (E and G). All calibration bars are 50 mm.

1676 Stalder et al
AJP June 1999, Vol. 154, No. 6



Results

Activated Microglia Associated with Congophilic

Plaques but not with Diffuse Amyloid Deposits

Consistent with previous reports in mice and hu-

mans,18,19 immunostaining using an antibody to CD11b

(Mac-1) revealed specific labeling of microglia in all white

and gray matter regions of the APP23 mouse brain. In 14-

to 18-month-old APP23 transgenic mice clusters of mi-

croglia intensely stained with Mac-1 were observed in all

regions with plaque formation, primarily neocortex and

hippocampus (Figure 1A). The microglia clusters ap-

peared as focal aggregations when the periphery of a

plaque was sectioned and as clusters around an un-

stained center when the core of an amyloid plaque was

sectioned. No such aggregations of Mac-1-positive mi-

croglia were observed in nontransgenic littermates (Fig-

ure 1B). Similarly, using an antibody to phosphotyrosine,

which is a specific marker for microglia in the central

nervous system,20,21 clusters of intensely stained micro-

glia were observed in transgenic mice but not in litter-

mate controls (Figure 1, C and D). In contrast to anti-

Mac-1 staining, antibodies to phosphotyrosine revealed

only weak staining of microglia in nontransgenic control

mice (Figure 1D). Overall, the activation of microglia as

characterized by swollen processes and cell bodies was

restricted to the plaque areas. Based on morphological

and immunohistochemical observations, no global acti-

vation of microglia in transgenic compared to nontrans-

genic brains was observed.

Microglial cell bodies were located in the close vicinity

of the amyloid (Figure 1, E and F). Depending on the size

of the plaques, between 3 and ;20 microglial cell bodies

were observed at the periphery of amyloid plaques. Mac-

1-positive microglial cells, with their processes penetrat-

ing deeply into the amyloid, appeared to cover nearly the

entire surface of a plaque (Figure 1, E and F). These

amyloid-associated microglial cells revealed a polar mor-

phology with thin processes away from the plaque and

hypertrophic processes directed toward the plaque (Fig-

ure 1, E and F). Mac-1-positive cell bodies were not

observed within the center of amyloid plaques. Occa-

sionally, a microglial cell body had the appearance of

being trapped between a main plaque and satellite

plaques, giving the impression that the microglia resides

in the center of a large plaque.

Although the amyloid core in the center of such micro-

glial clusters could easily be recognized in unstained

sections using Nomarski optics, double labeling with

Congo Red and Ab antibodies was performed. Results

revealed that virtually all congophilic amyloid plaques in

14- to 18-month-old APP23 mice were associated with

clusters of activated microglia (Figure 2A). When adja-

cent serial sections were immunolabeled alternately for

Ab and Mac-1 it was noted again that the vast majority

(.90%) of compact amyloid deposits were surrounded

by hypertrophic microglia (Figure 2, B and C). Diffuse

amyloid was observed in the striatum, the dentate gyrus

molecular layer, and the cingulate and entorhinal cortices

but overall accounted for less than 10% of the total amy-

loid burden in 14- to 18-month-old APP23 mice.16 Com-

parison of adjacent sections that immunoreacted either

with Ab or Mac-1 revealed that diffuse amyloid was not

associated with a detectable microglia activation (Figure

2, D-G).

Microglia and Amyloid in Semithin and Ultrathin

Sections

To study more closely the interaction between microglia

and amyloid fibrils, semithin and ultrathin sections were

cut from unstained and Mac-1-immunostained plastic

embedded sections. In both semithin and ultrathin sec-

tions, specificity of Mac-1 staining to the surface of mi-

croglial cell bodies and processes was confirmed (Fig-

ures 3 and 4).

In semithin sections, the star-shaped morphology of

most amyloid plaques was clearly evident using Nomar-

ski optics (Figure 3). Microglia cell bodies were typically

located at the periphery of the plaques, where the amy-

loid fibrils had the appearance of “streaming out” and

forming amyloid stars. At least one Mac-1-positive hyper-

trophic process was always in direct contact with an

amyloid finger. At the interfaces between amyloid and

microglia, the Mac-1-positive microglial surface mem-

brane appeared to be discontinuous (Figure 3).

Electron and immunoelectron micrographs confirmed

the observations obtained from semithin Mac-1-immuno-

stained sections (Figures 4, 5, and 6). Microglia were

observed at the periphery of amyloid plaques, often

Figure 3. Morphology of an amyloid plaque surrounded by Mac-1-positive
microglial cells in a semithin plastic section using Nomarski optics. The
microglia cell bodies are located at the periphery of the amyloid plaque. At
their amyloid-facing pole, Mac-1-positive membrane surfaces appear inter-
rupted: here, amyloid has the appearance of streaming out (arrowheads) and
forming the fingers of the amyloid star (A). Calibration bar is 50 mm.
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among a group of dystrophic neurites and often in contact

with amyloid fibrils. Similar to the observations at light mi-

croscopic levels, Mac-1-positive cell surface membranes

appeared discontinuous in the region of communicating

fibrils between microglial cells and amyloid deposits and

parallel arrays of amyloid bundles were observed close to

both microglial organelles and nucleus (Figure 4A).

Only fixation employing 0.1% glutaraldehyde revealed

reliable Mac-1 staining at the ultrastructural level. Tissue

treated with higher concentrations (1–2.5%) revealed an

improved ultrastructure, particularly of the microglia cy-

toplasm. In such tissue parallel bundles of amyloid fibrils

were observed within the microglial cytoplasm (Figure 5).

Sometimes, a membrane surrounding these bundles was

detectable. The microglia cytoplasm had a characteristic

dense granular appearance with prominent endoplasmic

reticulum and numerous free polyribosomes (Figures 5

and 6).

At the amyloid-microglia interface lysosomes, vacu-

oles, lipofuscin, and other inclusion bodies indicative of

microglial phagocytosis were absent22 (Figures 5 and 6).

Microglia cells with the typical characteristics of phago-

cytosis were observed but these microglia were not usu-

ally the ones in contact with the amyloid fibrils (Figures

Figure 4. Electron micrograph of microglial cells in closest vicinity of amyloid fibrils and dystrophic neurites in 18-month-old APP23 transgenic mice. A: Mac-1
immunostaining revealed labeling of the microglial cell surface (arrowheads). At the amyloid-facing pole the cell membrane appears to be open and parallel
running bundles of amyloid fibrils (small arrows) are observed in intimate relationship to the microglia nucleus (N). The nucleus itself is of regular shape. Toward
the core of the amyloid plaque (A) amyloid bundles become more dense and less oriented. B and C: Microglia at the periphery of an amyloid plaque often show
the typical characteristics of phagocytosis such as vacuoles, lipofuscin granules, and other inclusion bodies (asterisks) and are closely associated with dystrophic
neurites (DN). Note the typical multilaminar and membranous electrodense bodies of the dystrophic neurites. B shows an immunoelectron micrograph using
Mac-1 antibody, whereas C represents a normal (unstained) electron micrograph. Calibration bars, 2 mm.

Figure 5. Electron micrograph of the interface between extracellular amyloid fibrils (A) and the cytoplasm of two microglial cells (M) in a 15-month-old APP23
transgenic mouse. Since a high concentration of glutaraldehyde was used in the fixative, the ultrastructure is better conserved compared to the immunoelectron
micrographs shown in Figure 4, A and B. Within the microglia cytoplasm, pockets filled with parallel oriented amyloid fibrils (arrowheads) are observed. Cellular
organelles such as rough endoplasmic reticulum (rer) and mitochondria (m) are in close vicinity of the amyloid fibrils. Insert: Amyloid bundles in the microglia
cytoplasm surrounded by an incomplete membrane (arrows). Calibration bars, 1 mm and 0.5 mm (insert).
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4A, 5, and 6). Rather, microglia with the typical features of

phagocytosis were the ones preferentially associated

with dystrophic boutons at the plaque periphery (Figure

4, B and C). Dystrophic boutons contained the typical

membranous dense bodies but no paired helical fila-

ments were observed.

Because tissue prepared for immunoelectron micros-

copy revealed a suboptimal preservation of the ultra-

structure, it was difficult to determine unequivocally

whether membranes surrounding amyloid fibrils in the

microglia cytoplasm were part of the Mac-1-positive cell

surface membrane or part of the subcellular membrane

system. Therefore, it is possible that these membrane-

bound bundles of amyloid within the microglia cytoplasm

may be transversely sectioned deep infoldings of the

microglia cell surface that are filled with amyloid (Figures

5 and 6).

Early Amyloid Deposits in Young Mice

Associated with Activated Microglia

To investigate the role of microglia in early amyloid dep-

osition we studied the distribution and appearance of

microglia in young hemizygous 4- to 9-month-old APP23

mice. The earliest plaques in hemizygous APP23 mice

appear at about 6 months of age.15 A series of serial

15-mm sagittal sections was cut through the brains and

alternately immunostained for Mac-1 (microglia) and

NT11 (amyloid) (Figure 7). Additional sections were

stained for Congo red. Results revealed that the early

plaques were preferentially deposited in the frontal cortex

and subiculum and ranged from tiny focal amyloid ag-

gregates (,5 mm) to medium-sized plaques (15–30 mm).

Interestingly, the tiniest and earliest plaques already ap-

Figure 6. High-power electron micrograph of microglia cytoplasm with amyloid bundles (A) in a 15-month-old APP23 transgenic mouse. The cytoplasm reveals
a dense-granular appearance which is rich in free polyribosomes (arrowhead) and rough endoplasmic reticulum (rer). Mitochondria (m) are also present.
Occasionally a membrane surrounding the amyloid bundles is evident (arrow). Insert: Oriented amyloid fibrils in high magnification. DN, dystrophic neurite.
Calibration bars, 1 mm and 0.2 mm (insert).

Figure 7. Early amyloid microdeposits in young APP23 transgenic mice are of dense core nature and are surrounded by intensely Mac-1-immunostained microglia.
Serial sagittal sections in young (4- to 9-month-old) transgenic mice were immunostained alternately for Mac-1 and Ab, respectively. Three series of 3 serial
sections are shown: A-C, parietal cortex layer V/VI; D-F, frontal cortex, layer III; G-I, ventral orbital cortex immunostained for Mac-1 (A, C, D, F, G, I) and Ab

(B, E, H). The amyloid deposits in each series are associated with a notable clustering of intensely stained Mac-1 immunoreactive microglia in either the preceding
or the following section of the series. Note that the smallest amyloid plaques with a diameter of ,5 mm were already dense-core in nature (small arrowheads
in H) and associated with a few activated microglia. Abbreviations: cc, corpus callosum; ac, anterior commissure. Calibration bar, 100 mm (I). All prints have the
same magnification.
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peared to have a dense core, were Congo red-positive,

and were surrounded by hypertrophic microglial pro-

cesses stained intensely with Mac-1 (Figure 7). This mi-

croglial activation around small plaques was confined to

only 2 or 3 microglial cells. Our semiquantitative results

revealed that in 85% of the amyloid deposits, a corre-

sponding microglial response was found in adjacent sec-

tions. In a reverse analysis, in 78% of the observed mi-

croglia aggregations an amyloid plaque was detected on

adjacent sections. It should also be noted that microglia

clusters consisting of 2 to 4 microglia (always without

hypertrophic cell bodies and processes) have been ob-

served in nontransgenic littermates.

Because the smallest detectable amyloid deposits had

a diameter of ,5 mm and our mean postprocessing

section thickness was 9.5 mm (as measured with a focus

drive attached to the microscope), it is possible that the

amyloid deposit and the corresponding microglia reac-

tion were confined to the same section and evaded our

quantification. Thus, it is likely that the percentage of

plaques with a corresponding microglia reaction is in fact

even higher. We also performed double labeling on the

same sections but noted that the amyloid reaction prod-

uct often masked identification of activated microglia pro-

cesses closest to the amyloid.

Discussion

Our results in APP23 transgenic mice demonstrate a tight

association of activated microglia with congophilic

plaques but not with diffuse amyloid deposits. We have

used Mac-1 and phosphotyrosine as microglia markers

and have shown an up-regulation of these proteins on

microglia near amyloid plaques. While microglial pro-

cesses frequently penetrated into the amyloid plaques,

microglial cell bodies were located at the periphery and

preferentially at the points of the amyloid star. At the

ultrastructural level, bundles of amyloid fibrils, sometimes

surrounded by an incomplete membrane, were found

within the microglial cytoplasm. Interestingly, these mi-

croglia did not show typical characteristics of phagocy-

tosis such as vacuoles, lysosomes, and other inclusion

bodies. Phagocytosing microglia, however, were often

found in contact with dystrophic neurites at the plaque

periphery.

These findings in APP23 mice are very similar to im-

munohistochemical and ultrastructural observations pre-

viously described in AD brain.4,8,23,24 In AD, activation of

microglia has been reported in association with neuritic

plaques but not with diffuse amyloid.5,25 In the present

study, we have found diffuse amyloid deposits in notice-

able amounts only in aged mice with a high overall

plaque load. Diffuse amyloid was always accompanied

by significant amounts of congophilic plaques. An excep-

tion was the striatum, where we found exclusively diffuse

amyloid, paralleling observations in AD brain.26 These

results suggest that, at least in APP23 mice, diffuse amy-

loid deposits are not a necessary precursor of dense-

core congophilic amyloid plaques. Moreover, even the

earliest amyloid deposits in young APP23 mice were

congophilic, compact, and surrounded by activated mi-

croglia.

The tight association of amyloid fibrils and microglia in

AD brain has led to the suggestion that microglia are

involved in either the phagocytosis or deposition of amy-

loid.3–5,7 In culture, there is clear evidence that microglia

are capable of taking up Ab and amyloid fibrils via the

receptor for advanced glycation end products (RAGE)

and scavenger receptors.27–29 However, our ultrastruc-

tural observations may be interpreted as having found

microglia engaged in the formation of amyloid rather than

in its phagocytosis. The absence of phagocytotic char-

acteristics of the microglia at the amyloid-microglia inter-

face is different from the subcellular alterations previously

identified in amyloid phagocytosing microglia in culture

and after stroke.9,30 Moreover, in AD brain membrane-

bound amyloid fibrils have been observed in direct con-

tact with the endoplasmic reticulum of the microglia, thus

implicating microglia as amyloid-producing cells.4,7,8,24

In AD, microglia express bPP31–33 and thus it is feasi-

ble that microglia in AD brain are both bPP-processing

cells and amyloid-producing cells.8 bPP or Ab might also

be taken up by microglia from the environment and sub-

sequently processed into amyloid fibrils.6,10 APP23 trans-

genic mice express bPP under the control of a brain- and

neuron-specific Thy-1 promoter element and we have

confirmed the exclusive neuronal expression of the human

bPP protein15 (Calhoun M, Wiederhold K, Staufenbiel M,

Jucker M, unpublished manuscript). If microglia in APP23

mice are involved in amyloid deposition, our results then

suggest that microglia take up neuron-derived human

bPP or Ab, which may then be processed into amyloid

fibrils. Along this line, the possibility must be considered

that in APP23 mice neuron-derived human bPP and/or Ab

activates microglia and may then stimulate the produc-

tion of endogenous mouse Ab.33,34 Therefore, we cannot

exclude that some of the amyloid in our transgenic mice

is in fact mouse Ab. However, our recent analysis of

amyloid plaque formation in crosses of APP23 mice with

APP-null mice (Sturchler-Pierrat C, Duke M, Wiederhold

K, Sommer B, unpublished work) suggests that the vast

majority of the deposited amyloid is human amyloid.

Moreover, the ultrastructure of microglia in APP23 3 APP-

null mice is identical to the present observations (results

not shown).

In APP23 mice, a discontinuous cell surface mem-

brane was observed at the amyloid-facing pole of micro-

glia and the same observation has been reported in AD

brain. Such a consolidated microglia-amyloid space may

give rise to leakage of cytotoxic and inflammatory micro-

glial proteins into the surrounding neuropil.10 However,

an open microglia membrane clearly suggests amyloid-

associated microglia cell death. In APP23 mice we have

not observed convincing evidence for microglia cell

death around amyloid plaques, although recent observa-

tions in AD brain suggest that amyloid-associated micro-

glial cell death may indeed occur.35

We have reported a significant correlation between

neuron loss and amyloid plaque load in the CA1 region of

hippocampus16 in the exact same APP23 mice used in

the present study. More than 90% of the amyloid deposits
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were congophilic in nature and here we report that these

plaques are surrounded by activated microglia. Because

plaque load, neuron loss, and activated microglia all

seem to be related, these observations suggest that amy-

loid-associated microglia activation may play a role in

CA1 neuron loss. Activated microglia release various

cytokines and neurotoxins including reactive oxygen

species25,36–38 and persistent activation of microglia may

give rise to chronic inflammation and neurodegenera-

tion.11,12

In PrP-APP transgenic mice, another mouse model

with amyloid plaque formation,39 a microglia activation

very similar to the one observed in APP23 mice has been

described at the light microscopic level.40 With a plaque

load significantly less than the one in APP23 mice, a

nonsignificant neuron loss was reported in PrP-APP

mice.41 In contrast, in a third mouse model with amyloid

plaque formation, PD-APP mice,42 significant amounts of

diffuse amyloid, no neuronal loss, and only occasional

microglial clustering around amyloid plaques were re-

ported.43,44 The observations from the APP23, PrP-APP,

and PD-APP transgenic mouse models suggest that amy-

loid-associated activated microglia may be important for

the neurodegeneration in these mice and perhaps in AD.

In summary, the present results together with previous

observations demonstrate that overexpression of human

mutated bPP in neurons is sufficient to induce amyloid

plaque formation, region-specific neurodegeneration,15,16,45

and amyloid-associated microglia activation. Although the

present observations cannot unequivocally determine

whether microglia are causal, contributory, or consequential

to cerebral amyloidosis, our results are most consistent with

the idea that microglia are intimately involved in cerebral

amyloidosis, by processing uptaken bPP or Ab into amyloid

fibrils and/or by ingesting neuron-derived bPP or amyloid

fibrils by an uncommon phagocytotic mechanism. In any

case, activation of microglia in APP23 mice seems to be

important for the pathogenesis of AD-like pathology.
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