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Microglial cells are considered to play an impor-
tant role in the pathogenesis of Alzheimer disease.
Apart from producing the Alzheimer amyloid precur-
sor (APP) as an acute phase protein, microglial cells
seem to be involved in the deposition of its amy-
loidogenic cleavage product, the amyloid- b peptide
(Ab). Ab is bound by apolipoprotein E (APOE) in an
isoform-specific manner, and it has been demon-
strated that inheritance of the AD susceptibility
allele, APOE e4, is associated with increased deposi-
tion of A b in the cerebral cortex. However, the rela-
tionship between APOE e4 gene dose and microglial
activation is unknown. Using microglial expression
of major histocompatibility complex class II mole-
cules as a marker, we have performed a quantitative
genotype-phenotype analysis on microglial activa-
tion in frontal and temporal cortices of 20 APOE
genotyped AD brains. The number of activated
microglia and the tissue area occupied by these
cells increased significantly with APOE e4 gene
dose. When a model of multiple linear regression
was used to compare the relative influence of APOE
genotype, sex, disease duration, age at death, dif-
fuse and neuritic plaques as well as neurofibrillary
tangles on microglial activation, only APOE geno-
type was found to have a significant effect. Thus, the

APOE gene product represents an important deter-
minant of microglial activity in AD. Since microglial
activation by APP has been shown to be modulated
by apoE in vitro, a direct role of microglia in AD
pathogenesis is conceivable.

Introduction
Microglial cells are the resident macrophages of the

brain and spinal cord. It has become clear in recent years
that these cells are exquisitely sensitive “sensors” of tis-
sue pathology (28). Thus, alterations in the phenotype of
microglial cells are among the earliest indications of
pathological tissue change and often represent its first
sign. Microglia have been suggested to play an active
role in several important disease conditions including
neurodegenerative disorders such as Alzheimer disease
(AD) (14, 33, 38). The involvement of microglia in the
pathogenesis of AD is under intense scrutiny. Activated
microglia are predominantly found within and around
neuritic or core plaques (33, 50) but are usually absent
from diffuse amyloid deposits (20, 43). This selectivity
in the distribution of activated microglia suggests that
specific signals within neuritic and core plaques mediate
their activation. Apart from producing the Alzheimer
amyloid precursor protein (APP) (3) and apoE (41, 55,
59), microglial cells are activated by amyloid-b peptide
(Ab) (39) and are likely involved in the processing of
APP (33). Microglia could thus facilitate Ab deposition
and plaque formation (31, 33). In addition, microglial
cells have been shown to express receptors which are
considered necessary for the clearance of compact amy-
loid (2, 42), and are primary candidates for the produc-
tion of inflammatory mediators in the AD brain (35, 61). 

Major histocompatibiltiy complex (MHC) antigens
are established markers of microglial activation in both
rodent and human CNS (26, 37, 56, 57). Expression of
MHC class II molecules has been found in numerous
neurodegenerative diseases and is prominent in AD (36).
Yet, the function of reactive upregulation of MHC class
II by microglia is unclear (10, 18). Although activation
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of T cells may ensue following presentation of antigen
in the molecular context of MHC class II molecules, a
neuroprotective role of MHC class II molecules in neu-
rodegeneration seems possible (4, 10). 

The APOE e4 allele (APOE4) is a strong susceptibil-
ity factor for AD (reviewed in (49)). It confers an
increased risk of expressing the disease and is associat-
ed with a younger mean age of onset as well as modifi-
cation of the neuropathological phenotype in a dose-
dependent manner (8, 48, 52, 53, 58). Microglial activa-
tion by APP has been shown to be modulated by apoE in
vitro (5). We were therefore interested in the question
whether the activation of microglial cells in AD brain
may be related to APOE genotype. 

Materials and Methods 

Subjects.Brain tissue was obtained from 20 cases
with clinically and neuropathologically confirmed AD
(mean age 75.957.31 years) and 5 controls (mean age

71.656.23 years). All cases had been collected at the
Institute of Neuropathology of the University of
Munich. The neuropathological diagnosis of AD was
made according to established criteria (6, 40). The con-
trol group consisted of brains from cases without neuro-
logical and neuropathological abnormalities. 

DNA extraction.Genomic DNA was extracted from
paraffin-embedded brain tissue as described (27). In
brief, tissue was scraped off from paraffin blocks using
a sterile scalpel blade, deparaffinized with xylene and
ethanol, and digested in 4 mg/ml (80 U) of proteinase K
(Boehringer Mannheim, Germany) at 55°C for 24 h
(27). DNA was further purified with phenol-chloroform-
isoamylalcohol (25:24:1) and concentrated with an
Amicon microcon-30 concentrator. 

APOE Genotyping.APOE genotypes were deter-
mined using a previously established polymerase chain
reaction (PCR) assay which allows analysis of DNA iso-
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Figure 1. Comparative cortical pathology of the frontal lobe in
an APOE e3 (A) and an APOE e4 (B) homozygote AD patient,
respectively. There are significantly more activated microglial
cells expressing MHC class II molecules in the APOE e4/4 AD
brain. CR3/43 monoclonal antibody, peroxidase/DAB. Magnifi-
cation: X 190.

Figure 2. Numerous microglial cells in AD cortex show an acti-
vated morphology exhibiting enlarged, class II positive cell bod-
ies and tortuous ramified cell processes. CR3/43 monoclonal
antibody, peroxidase/DAB.; X 400 (A). Double immunostaining
for bA4 and tau protein in neuritic plaques; X 400 (B).



lated from paraffin-embedded brain tissue (16). The
primer pairs Rup1 (5’-CTGGGCGCGGACATGGAG-
3’)/Rup2 (5’-GCAGGTGGGAGGCGAGGC-3’), and
Rup3 (5’-GGCCAGAGCACCGAGGAG-3’)/Rup4 (5’-
GCCCCGGCCTGGTACACT-3’) amplify 115- and
119-bp fragments, respectively, each encompassing one
of the two polymorphic sites at codons 112 and 158 of
the APOE gene. HhaI digestion of the Rup 1/2 and Rup
3/4 amplicons distinguishes between e3/4 and e2/3 alle-
les. Conditions for PCR amplification were denaturation
at 94°C (5 min), followed by 43 cycles at 94°C (30 sec),
68°C (30 sec) and 72°C (1 min) on a TRIO-Ther-
moblock (Biometra). Final extension was carried out at
72°C for 10 min. Nucleotides (250mM) from Invitrogen
were used in combination with a buffer containing 300
mM Tris-HCl, pH 9.5, 75 mM (NH4)2SO4, and 10 mM
MgCl2 (Buffer J, 5x, Invitrogen) in a total volume of
50ml. PCR products were cleaved with HhaI and sepa-
rated on a 5% intermediate melting temperature agarose
gel containing 0.15 mg/ml ethidium bromide.

Immunohistochemistry.After fixation of whole
brains in 3.7% formaldehyde for 5-7 days, tissue blocks
were embedded into paraffin. 12 mm thick paraffin sec-
tions were dewaxed in xylene and rehydrated using an
descending ethanol series. After quenching of endoge-
nous peroxidase activity in 7.5% H2O2 for 10 min, tissue
sections were incubated in 0.01 M phosphate buffered
saline (PBS) for 15 min followed by incubation in 1%
rabbit normal serum for 20 min. Incubation with the fol-
lowing monoclonal antibodies was carried out at 4°C
overnight (dilutions in PBS are given in brackets): mon-
oclonal anti-bA4 (DAKO; 6F/3D; M 0872; 1:100),
monoclonal anti-PHF-tau (Innogenetics; AT-8; 1:2000),
and polyclonal anti-tau (DAKO; A 0024; 1:8000).
Detection of antibody binding was performed using
biotinylated secondary antibodies (DAKO) and peroxi-
dase-conjugated streptavidin (DAKO). Visualization
was performed with DAB Chromogen (DAKO) in 0.05
M TRIS-HCl, containing 0.15 M NaCl, pH 7.6, and 3%
H2O2. 

For labeling of microglial cells, the monoclonal anti-
body CR3/43 (DAKO; M 0775, 1:50) was used. This
antibody recognizes the b-chain of all products of the
MHC class II gene subregions HLA-DR, -DQ and -DP
and is a marker for activated microglia in paraffin-
embedded human brain tissue (21). Sections were first
immersed in 0.01 M citrate buffer (pH 6.0) and boiled in
a microwave oven for 9 min (600 W). Detection and
visualization of primary antibody binding was carried
out as described above. Visualization of neuritic plaques
was performed using two-color double-labeling
immunohistochemistry with monoclonal anti-bA4
(DAKO) and polyclonal anti-tau (DAKO). First, tau-
positive structures were detected using the anti-tau anti-
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Case Age Age Sex APOE No. No. Area Area No. No. Area Area
no. at death at onset genotype CR3 CR3 CR3 CR3 plaques plaques plaques plaques

frontal temporal frontal temporal frontal temporal frontal temporal

S 001 79 74 F 44 129,05 120,83 3,14 1,93 97,20 94,60 9,41 8,81
S 002 71 65 F 44 154,74 183,40 3,38 2,68 98,10 63,90 10,95 7,83
S 003 63 54 M 33 59,60 51,04 1,04 1,14 33,35 44,55 2,91 4,40
S 004 80 76 F 33 21,53 0,00 0,23 0,00 80,55 27,75 4,85 2,54
S 005 80 75 F 44 163,31 193,10 4,37 4,73 146,00 119,00 10,95 9,44
S 006 74 67 M 33 47,33 26,70 0,69 0,54 57,50 32,20 3,18 1,85
S 007 80 75 F 33 12,85 7,99 0,16 0,10 59,85 21,50 3,91 1,50
S 008 70 67 F 34 109,49 33,90 1,71 0,60 61,70 40,50 2,68 2,15
S 009 70 68 F 33 0,23 0,35 0,04 0,04 54,95 24,45 2,23 1,44
S 033 85 77 F 34 49,42 6,48 0,71 0,08 104,85 101,45 9,65 8,48
S 034 78 71 F 34 82,41 104,70 1,54 0,91 139,40 126,60 10,00 9,49
S 035 85 79 F 33 51,74 49,88 0,63 0,68 60,15 66,15 3,88 5,19
S 036 83 75 F 34 26,97 95,25 0,63 0,99 144,40 126,20 10,89 15,70
S 037 79 68 F 34 67,82 95,49 1,19 1,05 89,40 82,35 7,26 6,26
S 039 63 60 M 34 60,53 103,00 1,11 1,83 134,00 68,15 9,11 6,56
S 040 70 61 F 34 84,03 167,80 0,61 2,84 55,65 55,35 6,75 7,64
S 042 63 56 F 34 113,43 125,23 2,20 3,91 73,20 62,85 6,89 5,69
S 043 80 69 F 34 78,70 53,13 1,43 0,69 127,15 115,00 15,60 11,48
S 044 83 76 M 34 28,01 74,88 0,38 1,08 120,00 60,65 9,86 6,03
S 046 81 65 M 33 4,40 40,74 0,09 0,91 128,40 112,65 15,96 12,04

No. pl. No. pl. Area  pl. Area  pl. NFT NFT
neurit. neurit. neurit. neurit. frontal temporal
frontal temporal frontal temporal

31,01 26,50 2,90 3,03 23,96 21,99
11,10 24,18 2,68 3,48 22,34 16,67
3,13 3,35 0,50 0,66 9,61 14,43
3,47 5,90 0,54 0,93 13,08 6,94
11,10 10,76 2,58 2,13 15,39 22,92
3,47 5,21 0,38 0,51 16,55 22,45
3,82 5,21 0,50 0,71 15,63 11,92
9,49 11,34 0,99 2,11 20,37 19,09
6,59 5,60 1,20 1,03 11,92 11,34
17,01 13,43 2,03 1,81 10,07 15,86
7,75 2,43 1,99 0,48 13,42 20,60
2,43 3,70 0,39 0,66 7,99 7,41
7,29 6,71 1,03 2,24 16,55 33,45
1,04 2,31 0,14 0,38 8,92 17,01
6,01 6,94 1,15 1,10 20,60 18,51
16,32 11,23 2,63 1,75 12,27 12,73
8,45 16,55 1,08 2,00 22,57 43,41
4,98 4,40 1,11 0,91 9,26 15,40
3,13 5,90 0,40 1,23 13,08 18,52
2,08 2,20 0,69 0,63 7,64 14,01

Area, number [mm-2]; age [yrs]

Table 1. Clinical, molecular genetic and histopathological data
of the AD cases used in this study.



body which was visualized using a blue peroxidase sub-
strate (Vector SG substrate Kit, Vector Laboratories).
Subsequently,bA4-immunohistochemistry was per-
formed as described above with DAB Chromogen as a
peroxidase substrate giving Ab-deposits a brownish-red
color. 

Image analysis.Sections from the medial frontal and
the medial temporal gyrus were used. Immunopheno-
types of AD brains were analyzed quantitatively by
determining the number and tissue area covered by
CR3/43 labeled microglial cells, cortical bA4-
immunoreactive plaques and bA4/tau-positive neuritic
plaques, as well as the number of neurofibrillary tangles.
Slides were imaged using a Leitz Aristoplan microscope
with a 10X or 6.3X objective connected to a color video
camera (Sony, 3 CCD, DXC-930P) and analyzed using
the computer-based image analysis system Optimas
(version 5.1, Optimas Corporation, Seattle, Washing-
ton). Illumination voltage, camera setup and calibration

parameters were held constant throughout all measure-
ments. In each slide, 8 consecutive representative fields
from severely affected tissue areas (53) were evaluated.
Areas used for quantification of microglia, neurofibril-
lary tangles (NFT), and neuritic plaques were 1.08 mm2

(0.90 x 1.20 mm) and 2.48 mm2 (1.38 x 1.80 mm) for
bA4-positive plaques, respectively. The Optimas image
analysis software package allows the identification of
individual immunoreactive profiles. In brief, after back-
ground correction, profiles were identified based on
color-thresholds that had been empirically determined
for each type of profile, i.e., microglia, plaques, neuritic
plaques, NFT. Minimum object boundaries were defined
with 10 pixels in the case of microglial profiles and neu-
rofibrillary tangles, and 40 pixels for amyloid plaques.
Finally, manual correction of selected fields was per-
formed to achieve a complete match between the visual
screen mask and the original microscopic fields and to
prevent counting of rare artifacts. For discrimination of
neuritic from diffuse plaques by means of double-
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Figure 3. Relationship between APOE e4 gene dose and the number of activated microglia (A, B ) and the tissue area taken by these
cells (C, D) in AD brain. Quantitative image analysis was performed using the computer program Optimas 5.1.
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immunostaining, two independent thresholds were set
for each color. Neuritic plaques were defined as bA4-
positive amyloid deposits containing tau-positive pro-
files (Fig. 2B) (11). Dense core plaques without neurites
were not assed in this analysis.

Statistical analysis.The number of MHC class II
positive microglial cells and the cortical tissue area cov-
ered by them were compared between Alzheimer and
control cases using the Mann-Whitney test. Significance
of the differences in distribution of activated microglia
between AD patients carrying one, two or no APOE4
alleles was computed using the Kruskal-Wallis test. The
correlation between different immunohistochemical
phenotypes was tested using the Pearson correlation
coefficient. In addition, multiple linear regression analy-
sis was performed. SPSS 6.1.3. (Statistical Package for
the Social Sciences) was employed for the statistical
analyses.

Results

Activated microglia in AD and controls.MHC class
II immunoreactive microglia were readily detectable in
the cerebral cortex of all AD cases (Fig. 1). In contrast,
in the cortical grey matter of controls the number of acti-
vated microglial cells was very low. Whereas the tissue
area taken by cell processes of activated microglia in
grey matter was more than 50 times larger in AD cases
than in controls (p<0.005), the average number of acti-
vated microglial cells was 16 times higher in AD
patients (p<0.005). Cells resembling microglia were
often found in the vicinity of dense plaques as already
shown by Alzheimer (1). Plaque-associated activated
microglia possessed a characteristic morphology with
stout and sometimes tortuous cell processes (Fig. 2A).
Their cell bodies were occasionally rounded and
enlarged especially in the immediate vicinity of plaques,
and in some instances rounded microglia showing fea-
tures of phagocytosis were also present (22). 

APOE e4 dosage effect on microglia in AD brain.In
our sample of 20 sporadic AD cases, 7 patients were
APOE e3/3, 10 patients were APOE e3/4 and 3 patients
possessed the genotype e4/4. This corresponds to APOE
allele frequencies of 0.00 e2, 0.60 e3 and 0.40 e4,
respectively, which is in agreement with published
APOE allele frequencies in autopsy confirmed sporadic
AD. Original data are shown in Table 1. 

When the degree of microglial activation was ana-
lyzed in relation to the number of APOE4 alleles, an

APOE4 allele-dependent increase in the number of
microglia as well as in the tissue area taken by MHC
class II positive microglial cellular profiles was found
(Figs. 1A, 1B). This difference was statistically signifi-
cant for both the frontal (Figs. 3A, 3C) and temporal
cortex (Figs. 3B, 3D). When time of disease duration,
age at death, and APOE genotype were analyzed in a
model of multiple linear regression, only APOE geno-
type showed a significant influence upon microglial
activation. 

Correlation between activated microglia, amyloid
plaques and neurofibrillary tangles.Quantitative mor-
phometric analysis of diffuse and neuritic amyloid
plaques, neurofibrillary tangles and microglia demon-
strated a positive correlation between the presence of
activated microglia and neuritic plaques (Figs. 4A, 4B).
This association was confirmed for both the number and
the tissue area occupied by neuritic plaques in the
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frontal and temporal cortex (Table 2). In contrast, there
was no correlation between activated microglia and dif-
fuse amyloid deposits (Table 2). 

Multiple linear regression.In order to determine
whether microglial activation was influenced by sex,
time of disease duration, age at death, the number and
distribution of plaques and tangles and APOE genotype,
a model of multiple linear regression was employed
where the number of MHC class II immunoreactive
microglia and the cortical tissue area taken by their pro-
files were studied as a function of APOE genotype, sex,
duration of disease, age at death, the number of neu-
rofibrillary tangles, diffuse amyloid depositis and neu-
ritic plaques. Only APOE genotype was found to have a
significant effect on microglial activation. Both the
number of MHC class II immunoreactive microglia
(frontal, p<0.001; temporal, p<0.02) and the tissue area
occupied by their processes (frontal, p<0.02; temporal,
p<0.05) were significantly influenced. 

Discussion
Our finding of an association between microglial

activation and APOE genotype in AD raises the question
whether microglia are directly involved in AD patho-
genesis. Since microglial activation by APP has been
shown to be modulated by apoE (5), the involvement of
microglial cells in APP and Ab metabolism deserves
special consideration. Both genetic and molecular bio-
logical data provide support for the role of amyloid
deposition as a causative factor in AD (24). Microglial
cells have been shown to produce the Alzheimer amy-
loid precursor protein (APP) (3) as well as apoE (41, 55,
59), and they are activated by Ab (39). In turn, activat-
ed microglia can mediate neuronal injury in response to
Ab through the release of neurotoxic factors (20) and

proinflammatory cytokines such as TNF-alpha (13)
which enhance the release of NO and other reactive oxy-
gen species. Preincubation of mixed glial cultures with
apoE reduces TNF-alpha secretion in a dose-dependent
fashion (30). The recent finding that microglia-derived
nerve growth factor causes cell death in the developing
retina (19) further points to the possibility that microglia
have an active role in neuronal degeneration. Interest-
ingly, microglia show a predominant association with
neuritic or core plaques (33, 50) but largely ignore dif-
fuse deposits (20, 43). This selectivity in the distribution
of activated microglia suggests that specific signals are
associated with neuritic or core plaques which can acti-
vate microglial cells. Our finding of a positive correla-
tion between neuritic plaques and activated microglia
would also support the notion of a microglial involve-
ment in the formation of amyloid plaques (33).

The association between APOE4 gene dose and amy-
loid deposition (53, 62) complicates the interpretation of
our results because apoE4 protein and Aß may interact
directly (58). Since activated microglia are predomi-
nantly found in the vicinity of dense plaques, the
observed APOE4-dependent increase in the number of
activated microglial cells could result from the increased
number of neuritic plaques in carriers of the APOE4
allele. However, we found that the effect of APOE4 gene
dose on microglial activation was stronger than on neu-
ronal changes, i.e., the formation of neurofibrillary tan-
gles and neuritic as well as diffuse plaques (data not
shown). Therefore, microglia may participate in early
stages of neuritic plaque development (23, 46). Yet, the
possibility that APOE4 dose dependent microglial acti-
vation represents a secondary phenomenon cannot be
ruled out completely.

There is evidence that microglia can play a role in the
phagocytosis and/or processing of amyloid (54). Specif-
ically, it has been shown that microglial cells internalize
aggregates of Ab via a scavenger receptor (17, 42) and
that secreted Ab (1-40) and Ab (1-42) peptides are con-
stitutively degraded by a metalloprotease released by
microglial cells (44). These findings suggest a possible
microglial mechanism of Ab clearance in brain tissue.
The ability of factors secreted by cells of the mono-
cyte/macrophage lineage to reduce Ab accumulation in
smooth muscle cells supports this view (34). Further-
more, apoE has been linked to the clearance of Ab (29),
and apoE may induce microglial plasticity either by
interacting directly with the microglial plasma mem-
brane or by binding to receptors for VLDL, LDL, or low
density lipoprotein receptor related protein (LRP) (30).
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Correlation (r) Significance(p)

Number AM vs. NFT frontal 0.5521 0.012

Number AM vs. plaques frontal 0.1489 0.531

Number AM vs. NP frontal 0.5292 0.016

Area AM vs. plaques frontal 0.2691 0.251

Area AM vs. NP frontal 0.6607 0.002

Number AM vs. NFT temporal 0.4121 0.071

Number AM vs. plaques temporal 0.4067 0.075

Number AM vs. NP temporal 0.4990 0.025

Area AM vs. plaques temporal 0.2801 0.232

Area AM vs. NP temporal 0.5255 0.017

AM, Activated microglia; NFT, Neurofibrillary tangles; NP, Neuritic plaques

Table 2. Correlation  between microglial activation and hall-
marks of AD histopathology in frontal and temporal cortices



Consequently, Ab processing by microglia may be mod-
ified by apoE.

The association between APOE4 genotype and
microglial activation first observed for MHC class II
molecules (15) is in line with the finding of an effect of
APOE risk on the distribution of microglial cells in AD
brain (51). These associations could be due to several
factors. One possibility concerns a differential influence
of apoE isoforms on microglial activation as the ability
of b-APP to activate microglia can be blocked by incu-
bation with apoE3 but not apoE4 (5). This hypothesis
would be in agreement with the finding that Ab can acti-
vate microglia through receptors for advanced glycation
end-products (AGE) (60). AGEs co-localize with apoE
as shown by immunohistochemical studies on AD
brains (14), and apoE4 exhibits significantly greater
AGE-binding activity than the apoE3 isotype (32). Thus,
apoE could participate in the formation of amyloid
aggregates in the AD brain by binding to AGE-modified
plaque components (32). The presence of glycated sub-
stances could also attract microglia to senile plaques and
subsequently activate the cells (12).

Epidemiological studies (7, 25) and the results of
preliminary clinical trials (47) indicate that anti-inflam-
matory drugs have some therapeutic effect in AD. Yet,
the underlying mechanisms have remained unclear (9).
Since activated microglial cells represent a potent
source of various immunological mediators (39),
inflammatory mechanisms in the AD brain are likely to
involve these cells. Therefore, means to control the in
vivo effects of apoE on microglial activation could be of
therapeutic relevance.

Acknowledgements
We would like to thank Angelika Henn and Ulrike

Mautsch for excellent technical assistance. This work
was funded by the Deutsche Forschungsgemeinschaft
(Gerhard Hess-Programm) and the Friedrich Baur-
Stiftung. R.E. and U.v.E. were recipients of fellowships
from the Deutsche Forschungsgemeinschaft during part
of this study. We are indebted to Prof. Parviz Mehraein
for continuous support of the project.

References

1. Alzheimer A (1911) Über eigenartige Krankheitsfälle des
späteren Alters. Zeitschr ges Neurol Psych 4: 356-385

2. Ard MD, Cole GM, Wei J, Mehrle AP, Fratkin JD (1996)
Scavenging of Alzheimer's amyloid beta-protein by
microglia in culture. J Neurosci Res 43: 190-202

3. Banati RB, Gehrmann J, Czech C, Mönning U, Jones LL,
König G, Beyreuther K, Kreutzberg GW (1993) Early and
rapid de novo-synthesis of Alzheimer bA4-amyloid pre-
cursor protein (APP) in activated microglia. Glia 9: 199-
210

4. Banati RB, Graeber MB (1994) Surveillance, intervention
and cytotoxicity: Is there a protective role of microglia?
Dev Neurosci 16: 114-127

5. Barger SW, Harmon AD (1997) Microglial activation by
Alzheimer amyloid precursor protein and modulation by
apolipoprotein E. Nature 388: 878-881

6. Braak H, Braak E (1991) Neuropathological stageing of
Alzheimer-related changes. Acta Neuropathol 82: 239-
259

7. Breitner JCS (1996) Inflammatory processes and antiin-
flammatory drugs in Alzheimer's disease: A current
appraisal. Neurobiol Aging 17: 789-794

8. Corder EH, Saunders AM, Strittmatter WJ, Schmechel
DE, Gaskell PC, Small GW, Roses AD, Haines JL, Peri-
cak-Vance MA (1993) Gene dose of apolipoprotein E type
4 allele and the risk of Alzheimer's disease in late onset
families. Science 261: 921-923

9. Curran M, Middleton D, Edwardson J, Perry R, McKeith I,
Morris C, Neill D (1997) HLA-DR antigens associated with
major genetic risk for late-onset Alzheimer's disease.
Neuroreport 8: 1467-1469

10. De Simone R, Giampaolo A, Giometto B, Gallo P, Levi G,
Peschle C, Aloisi F (1995) The costimulatory molecule B7
is expressed on human microglia in culture and in multi-
ple sclerosis acute lesions. J Neuropathol Exp Neurol 54:
175-187

11. Defigueiredo RJP, Cummings BJ, Mundkur PY, Cotman
CW (1995) Color image analysis in neuroanatomical
research: Application to senile plaque subtype quantifica-
tion in Alzheimer's disease. Neurobiol Aging 16: 211-223

12. Dickson DW (1997) The pathogenesis of senile plaques.
J Neuropathol Exp Neurol 56: 321-339

13. Dickson DW, Lee SC, Mattiace LA, Yen SHC, Brosnan C
(1993) Microglia and cytokines in neurological disease,
with special reference to AIDS and Alzheimer's disease.
Glia 7: 75-83

14. Dickson DW, Sinicropi S, Yen SH, Ko LW, Mattiace LA,
Bucala R, Vlassara H (1996) Glycation and microglial
reaction in lesions of Alzheimer's disease. Neurobiol
Aging 17: 733-743

15. Egensperger R, Kösel S, Mehraein P, Graeber MB (1995)
Apolipoprotein E genotype and neuropathological pheno-
type in sporadic Alzheimer's disease. Soc Neurosci Abstr
21: 1485

16. Egensperger R, Kösel S, Schnabel R, Mehraein P, Grae-
ber MB (1995) Apolipoprotein E genotype and neu-
ropathological phenotype in two members of a German
family with chromosome 14-linked early onset
Alzheimer's disease. Acta Neuropathol 90: 257-265

R. Egensperger et al: Microglial Activation in Alzheimer Disease 445



17. ElKhoury J, Hickman SE, Thomas CA, Cao L, Silverstein
SC, Loike JD (1996) Scavenger receptor-mediated adhe-
sion of microglia to beta-amyloid fibrils. Nature 382: 716-
719

18. Ford AL, Foulcher E, Lemckert FA, Sedgwick JD (1996)
Microglia induce CD4 T lymphocyte final effector function
and death. J Exp Med 184: 1737-1745

19. Frade JM, Barde YA. Microglia-derived nerve growth fac-
tor causes cell death in the developing retina. Neuron 20:
35-41

20. Giulian D, Haverkamp LJ, Li J, Karshin WL, Yu J, Tom D,
Li X, Kirkpatrick JB (1995) Senile plaques stimulate
microglia to release a neurotoxin found in Alzheimer
brain. Neurochem Int 27: 119-137

21. Graeber MB, Bise K, Mehraein P (1994) CR3/43, a mark-
er for activated human microglia: application to diagnostic
neuropathology. Neuropathol Appl Neurobiol 20: 406-408

22. Graeber MB, Streit WJ, Kreutzberg GW (1988) The
microglial cytoskeleton: vimentin is localized within acti-
vated cells in situ. J Neurocytol 17: 573-580

23. Griffin WST, Sheng JG, Roberts GW, Mrak RE (1995)
Interleukin-1 expression in different plaque types in
Alzheimer's disease: Significance in plaque evolution. J
Neuropathol Exp Neurol 54: 276-281

24. Hardy J (1997) Amyloid, the presenilins and Alzheimer's
disease. Trends Neurosci 20: 154-159

25. Haruda FD (1995) Nonsteroidal anti-inflammatory drugs
in Alzheimer's disease. Neurology 45: 2116-2116

26. Konno H, Yamamoto T, Iwasaki Y, Saitoh T, Suzuki H,
Terunuma H (1989) Ia-expressing microglial cells in
experimental allergic encephalomyelitis in rats. Acta Neu-
ropathol 77: 472-479

27. Kösel S, Graeber MB (1994) Use of neuropathological tis-
sue for molecular genetic studies: parameters affecting
DNA extraction and polymerase chain reaction. Acta Neu-
ropathol 88: 19-25

28. Kreutzberg GW (1996) Microglia - a sensor for pathologi-
cal events in the CNS. Trends Neurosci 19: 312-318

29. LaDu MJ, Pederson TM, Frail DE, Reardon CA, Getz GS,
Falduto MT (1995) Purification of apolipoprotein E attenu-
ates isoform-specific binding to beta-amyloid. J Biol Chem
270: 9039-9042

30. Laskowitz DT, Goel S, Bennett ER, Matthew WD (1997)
Apolipoprotein E suppresses glial cell secretion of TNF
alpha. J Neuroimmunol 76: 70-74

31. LeBlanc AC, Xue R, Gambetti P (1996) Amyloid precursor
protein metabolism in primary cell cultures of neurons,
astrocytes, and microglia. J Neurochem 66: 2300-2310

32. Li YM, Dickson D, Vlassara H (1996) Enhanced binding of
advanced glycation endproducts (AGE) by apo E4 isotype
links mechanisms of plaque deposition in Alzheimer's dis-
ease. FASEB J 10: A677

33. Mackenzie IRA, Hao CH, Munoz DG (1995) Role of
microglia in senile plaque formation. Neurobiol Aging 16:
797-804

34. Mazur-Kolecka B, Frackowiak J, Le VineIII H, Haske T,
Wisniewski HM (1997) Factors produced by activated
macrophages reduce accumulation of Alzheimer's beta-
amyloid protein in vascular smooth muscle cells. Brain
Res 760: 255-260

35. McDonald DR, Brunden KR, Landreth GE (1997) Amyloid
fibrils activate tyrosine kinase-dependent signaling and
superoxide production in microglia. J Neurosci 17: 2284-
2294

36. McGeer PL, Itagaki S, Boyes BE, McGeer EG (1988)
Reactive microglia are positive for HLA-DR in the sub-
stantia nigra of Parkinson's and Alzheimer's disease
brains. Neurology 38: 1285-1291

37. McGeer PL, Itagaki S, McGeer EG (1988) Expression of
the histocompatibility glycoprotein HLA-DR in neurologi-
cal disease. Acta Neuropathol 76: 550-557

38. McGeer PL, Kawamata T, Walker DG, Akiyama H, Tooya-
ma I, McGeer EG (1993) Microglia in degenerative neu-
rological disease. Glia 7: 84-92

39. Meda L, Cassatella MA, Szendrei GI, Otvos L, Baron P,
Villalba M, Ferrari D, Rossi F (1995) Activation of
microglial cells by beta-amyloid protein and interferon-
gamma. Nature 374: 647-650

40. Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ,
Brownlee LM, Vogel FS, Hughes JP, van Belle G, Berg L
(1991) The consortium to establish a registry for
Alzheimer's disease (CERAD). Part II. Standardization of
the neuropathologic assessment of Alzheimer's disease.
Neurology 41: 479-486

41. Nakai M, Kawamata T, Taniguchi T, Maeda K, Tanaka C
(1996) Expression of apolipoprotein E mRNA in rat
microglia. Neuroscience Letters 1: 41-44

42. Paresce DM, Ghosh RN, Maxfield FR (1996) Microglial
cells internalize aggregates of the Alzheimer's disease
amyloid beta-protein via a scavenger receptor. Neuron 17:
553-565

43. Perlmutter LS, Scott SA, Barron E, Chui HC (1992) MHC
class II-positive microglia in human brain: Association
with Alzheimer lesions. J Neurosci Res 33: 549-558

44. Qiu WQ, Ye Z, Kholodenko D, Seubert P, Selkoe DJ
(1997) Degradation of amyloid beta-protein by a metallo-
protease secreted by microglia and other neural and non-
neural cells. J Biol Chem 272: 6641-6646

45. Rebeck GW, Reiter JS, Strickland DK, Hyman BT (1993)
Apolipoprotein E in sporadic Alzheimer's disease: allelic
variation and receptor interactions. Neuron 11: 575-580

46. Roe MT, Dawson DV, Hulette CM, Einstein G, Crain BJ
(1996) Microglia are not exclusively associated with
plaque-rich regions of the dentate gyrus in Alzheimer's
disease. J Neuropathol Exp Neurol 55: 366-371

47. Rogers J, Kirby LC, Hempelman SR, Berry DL, McGeer
PL, Kaszniak AW, Zalinski J, Cofield M, Mansukhani L,
Willson P, Kogan F (1993) Clinical trial of indomethacin in
Alzheimer's disease. Neurology 43: 1609-1611

48. Roses AD (1994) Apolipoprotein E affects the rate of
Alzheimer disease expression: beta-amyloid burden is a
secondary consequence dependent on APOE genotype
and duration of disease. J Neuropathol Exp Neurol 53:
429-437

R. Egensperger et al: Microglial Activation in Alzheimer Disease446



49. Roses AD (1996) Apolipoprotein E alleles as risk factors
in Alzheimer's disease. Annu Rev Med 47: 387-400

50. Rozemuller JM, Eikelenboom P, Stam FC, Beyreuther K,
Masters CL (1989) A4 protein in Alzheimer's disease: pri-
mary and secondary cellular events in extracellular amy-
loid deposition. J Neuropathol Exp Neurol 48: 674-691

51. Saitoh T, Kang D, Mallory M, Deteresa R, Masliah E
(1997) Glial cells in Alzheimer's disease: preferential
effect of APOE risk on scattered microglia. Gerontology
43: 109-118

52. Saunders AM, Strittmatter WJ, Schmechel D, St.George-
Hyslop PH, Pericak-Vance MA, Joo SH, Rosi BL, Gusella
JF, Crapper-MacLachlan DR, Alberts MJ, Hulette C, Crain
B, Goldgaber D, Roses AD (1993) Association of
apolipoprotein E allele epsilon-4 with late-onset familial
and sporadic Alzheimer's disease. Neurology 43: 1467-
1472

53. Schmechel DE, Saunders AM, Strittmatter WJ, Crain BJ,
Hulette CM, Joo SH, Pericak-Vance MA, Goldgaber D,
Roses AD (1993) Increased amyloid b-peptide deposition
in cerebral cortex as a consequence of apolipoprotein E
genotype in late-onset Alzheimer disease. Proc Natl Acad
Sci USA 90: 9649-9653

54. Shigematsu K, McGeer PL, Walker DG, Ishii T, McGeer
EG (1992) Reactive microglia/macrophages phagocytose
amyloid precursor protein produced by neurons following
neural damage. J Neurosci Res 31: 443-453

55. Stone DJ, Rozovsky I, Morgan TE, Anderson CP, Hajian
H, Finch CE (1997) Astrocytes and microglia respond to
estrogen with increased APOE mRNA in vivo and in vitro.
Exp Neurol 143: 313-318

56. Streit WJ, Graeber MB, Kreutzberg GW (1989a) Expres-
sion of Ia antigen on perivascular and microglial cells after
sublethal and lethal motor neuron injury. Exp Neurol 105:
115-126

57. Streit WJ, Graeber MB, Kreutzberg GW (1989b) Peripher-
al nerve lesion produces increased levels of major histo-
compatibility complex antigens in the central nervous sys-
tem. J Neuroimmunol 21: 117-123

58. Strittmatter WJ, Saunders AM, Schmechel D, Pericak-
Vance M, Enghild J, Salvesen GS, Roses AD (1993)
Apolipoprotein E: High-avidity binding to b-amyloid and
increased frequency of type 4 allele in late-onset familial
Alzheimer disease. Proc Natl Acad Sci USA 90: 1977-
1981

59. Uchihara T, Duyckaerts C, He Y, Kobayashi K, Seilhean D,
Amouyel P, Hauw JJ (1995) APOE immunoreactivity and
microglial cells in Alzheimers disease brain. Neuro-
science Letters 1: 5-8

60. Yan SD, Chen X, Fu J, Chen M, Zhu HJ, Roher A, Slattery
T, Zhao L, Nagashima M, Morser J, Migheli A, Nawroth P,
Stern D, Schmidt AM (1996) RAGE and amyloid-beta
peptide neurotoxicity in Alzheimer's disease. Nature 382:
685-691

61. Yan SD, Zhu HJ, Fu J, Yan SF, Roher A, Tourtellotte WW,
Rajavashisth T, Chen X, Godman GC, Stern D, Schmidt
AM (1997) Amyloid-beta peptide-receptor for advanced
glycation endproduct interaction elicits neuronal expres-
sion of macrophage-colony stimulating factor: A proin-
flammatory pathway in Alzheimer disease. Proc Natl Acad
Sci USA 10: 5296-5301

62. Zubenko GS, Stiffler S, Stabler S, Kopp U, Hughes HB,
Cohen BM, Moossy J (1994) Association of the
apolipoprotein E epsilon 4 allele with clinical subtypes of
autopsy-confirmed Alzheimer's disease. Am J Med Genet
54: 199-205

R. Egensperger et al: Microglial Activation in Alzheimer Disease 447


