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Apolipoprotein E4 (ApoE4) is associated with Alzhei-
mer’s disease by unknown mechanisms. We gener-
ated six transgenic mice strains expressing human
ApoE4 in combination with mutant amyloid precur-
sor protein (APP) and mutant presenilin-1 (PS1) in
single-, double-, or triple-transgenic combinations.
Diffuse, but not dense, amyloid plaque-load in subic-
ulum and cortex was increased by neuronal but not
glial ApoE4 in old (15 months) double-transgenic
mice, whereas both diffuse and dense plaques formed
in thalamus in both genotypes. Neuronal and glial
ApoE4 promoted cerebral amyloid angiopathy as ex-
tensively as mutant PS1 but with pronounced regional
differences: cortical angiopathy was induced by neu-
ronal ApoE4 while thalamic angiopathy was again
independent of ApoE4 source. Angiopathy correlated
more strongly with soluble A�40 and A�42 levels in
cortex than in thalamus throughout the six geno-
types. Neither neuronal nor glial ApoE4 affected APP
proteolytic processing, as opposed to mutant PS1.
Neuronal ApoE4 increased soluble amyloid levels
more than glial ApoE4, but the A�42/40 ratios were
similar, although significantly higher than in single
APP transgenic mice. We conclude that although the
cellular origin of ApoE4 differentially affects regional
amyloid pathology, ApoE4 acts on the disposition of
amyloid peptides downstream from their excision
from APP but without induction of tauopathy. (Am J
Pathol 2006, 168:245–260; DOI: 10.2353/ajpath.2006.050752)

Alzheimer’s disease (AD) is characterized by pathologi-
cal accumulations in the brain of extracellular amyloid
plaques and intraneuronal accumulations of protein tau
known as neurofibrillary tangles. The amyloid peptides
A�40 and A�42 are the major components of the amyloid
deposits in parenchyma and vasculature.1 The amyloid
peptides are excised from the integral membrane protein
amyloid precursor protein (APP) by sequential endopro-
teolytic cleavages by �- and �-secretases.2 The exact
causes and consequences, in terms of normal processes
and mechanisms that are disturbed by the amyloid pep-
tides and causing neurodegeneration, remain primarily
unclear.3

Besides APP and presenilins (PS1, PS2), the apoli-
poprotein E (ApoE) is genetically linked to AD.4 The
ApoE4 lipoprotein or its encoding �4 allele, are epidemi-
ologically associated with AD and confer an increased
risk and earlier age of onset relative to the more common
ApoE3 protein or �3 allele.5–7 ApoE is a 34-kd protein
abundantly expressed in liver and brain. In the circula-
tion, ApoE-lipoproteins mediate transport of lipids and
cholesterol from and to liver and extrahepatic tissues. In
contrast to the peripheral functions of ApoE that are well
understood, details of its actions in the central nervous
system remain primarily unknown. Actually, the epidemi-
ological association of the �4-allele to AD provided a
strong impetus to research, by pointing out our lack of
understanding the physiology of lipid and cholesterol
homeostasis and of their transport in brain, in particular
the contribution of ApoE and various ApoE receptors.8,9

Supported by the Instituut voor Wetenschappelijk en Technologisch
onderzoek, the European Commission 6th Framework Program, the
Fonds voor Wetenschappelijk Onderzoek-Vlaanderen, the Rooms fund,
the Katholieke Universiteit Leuven Special Research Fund (BOF), and KU
Leuven Research and Development.

Accepted for publication September 6, 2005.

Address reprint requests to Fred Van Leuven, Ph.D., Dr.Sc., Experi-
mental Genetics Group, LEGT�EGG, K.U. Leuven, Campus Gasthuisberg
O&N 06, B-3000 Leuven, Belgium. E-mail: fredvl@med.kuleuven.be.

American Journal of Pathology, Vol. 168, No. 1, January 2006

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2006.050752

245



Similar to the physiology of ApoE, its pathological con-
tributions to amyloid and tau pathology in AD have been
studied in different types of transgenic mouse models,
either deficient in murine ApoE and/or overexpressing
human ApoE isoforms. Combination in double-transgenic
models carrying also a mutant human APP has revealed
shortcomings and even conflicts into the contributions in
the pathogenesis of AD, while many aspects and data,
including the cholesterol conundrum, remain intriguing if
not controversial.10–12

The deficiency of endogenous murine ApoE in combi-
nation with mutant APP in double-transgenic mice, sig-
nificantly delayed amyloid deposition overall, with less
parenchymal and almost no vascular amyloid.13–18

Thereby, ApoE was proposed to cause aggregation of
amyloid and/or induce conformational changes in the
amyloid peptides to form fibrils. In contrast, deposition of
amyloid was also delayed by expression of human ApoE,
in an isoform-specific manner, while ApoE even ap-
peared to affect the metabolism of APP before plaques
developed.13,16,17 Another study demonstrated, how-
ever, that expression of human ApoE4 but not of ApoE3,
both under control of the transferrin gene promoter, ac-
celerated deposition of amyloid in APP/Swe transgenic
mice.19 In a similar study, overexpression of either ApoE
isoform under control of the prion gene promoter neither
accelerated nor increased the amyloid burden, nor mark-
edly affected the metabolism before amyloid deposition
even in the presence of mutant presenilin-1 in triple-
transgenic mice.20

In addition to parenchymal amyloid plaques, the vas-
cular deposits presenting as cerebral congophilic amy-
loid angiopathy (CAA) are a major pathological sign in
AD21 with a prevalence of more than 90% in the oldest
patients.22 The severity of CAA was, in contrast to paren-
chymal amyloidosis, strongly associated with the pres-
ence of ApoE4 alleles,23 similar to reduced A�42 levels in
cerebrospinal fluid.24

Although not consistent throughout all studies, the
combined clinical, pathological, and experimental find-
ings suggest that ApoE4 favors vascular over parenchy-
mal deposition of amyloid, although the mechanisms are
unclear. The shift in amyloid deposition from the paren-
chyma to the vasculature by human ApoE4 in brain of
double-transgenic APP�ApoE4 knockin mice, corrobo-
rates this hypothesis.25

ApoE is synthesized and secreted mainly by nonneu-
ronal glial cells and is taken up by neurons by receptor-
mediated endocytosis.8,9,26 Neurons can synthesize
ApoE as observed in human and mouse brain.27–30 In-
terestingly, brain regions that express ApoE in neurons
also correlate with more severe amyloid and neurofibril-
lary tangle pathology in AD. The exact contribution or
even the importance of neuronal expression of ApoE to
amyloid or tau pathology is unknown. We have previously
tested this hypothesis in vivo, by deriving transgenic mice
that differentially expressed ApoE4 in neurons or
glia.28,29 Neuronal but not glial expression of ApoE4 re-
sulted in hyperphosphorylation of protein tau and caused
prominent axonopathy by disruption of axonal trans-
port.28,29 A recent independent study not only confirmed

our data, but additionally reported proteolytic cleavage of
ApoE4 to be involved.31

We investigated the pathological contributions of
different cellular origins of ApoE4 further and report
here the in-depth analysis of six transgenic mouse
strains expressing human ApoE4 in combination with
mutant APP[V717I] and mutant PS1[A246E] in either
single-, double-, or triple-transgenic combinations. The
aim was to assess the contribution of the differential
expression of ApoE4 in either neurons or glia cells on
the amyloid pathology in parenchyma and vasculature
relative to the parental APP[V717I] transgenic
mice.32–34 We explored with progressing age, the dif-
ferential effects of neuronal versus glial ApoE on amy-
loid pathology, and analyzed the processing of APP as
well as the eventual emergence of tauopathy. The data
demonstrate that the cellular origin of ApoE4 differen-
tially modulated the amyloid pathology in brain paren-
chyma and in the vasculature, without affecting the
processing of APP. Moreover, despite hyperphospho-
rylation of protein tau at different AD-related epitopes,
no tauopathy was induced by the neuronal expression
of ApoE4, demonstrating that the major, if not only,
pathological effect of ApoE4 is to be situated in the
cellular or extracellular handling of the amyloid pep-
tides, subsequently to their excision from APP.

Materials and Methods

Transgenic Mice

Transgenic mice with neuronal and glial overexpression
of human ApoE4, respectively, driven by the mouse thy1
gene promoter and by the GFAP gene promoter, were
generated previously.28,29 Two different strategies were
used to generate offspring in a F1 background of FVB/
N � C57BL6 and with co-expression of human ApoE4
with APP-V717I and PS1-A246E. Homozygous thy1-
ApoE4 mice and hemizygous GFAP-ApoE4 transgenic
mice in the C57BL6 genetic background28,29 were
crossed with APP[V717I] single-transgenic mice and with
APP[V717I] � PS1[A246E] double-transgenic mice both
in the FVB/N background.32–34 Genotyping by polymer-
ase chain reaction identified all six possible genotypes,
ie, double ApoE4 � APP and triple ApoE4 � APP � PS1
transgenic mice, respectively with ApoE4 driven by either
the mouse thy1 gene promoter or by the GFAP gene
promoter.

Importantly, all transgenic mice analyzed in this study
were all females, all hemizygous for the transgenes they
express, and moreover, were all from the F1 generations
of different crossings resulting in all having an identical
mixed FVB/N � C57BL6 genetic background (Table 1).
The time line of analysis was defined at ages 4, 6, 8, and
15 months, based on the characteristics of the four pa-
rental mouse strains28,29,32–34 and a total of 112 trans-
genic mice, ie, three or four transgenic mice per age
group per genotype, were analyzed. Genotyping of all
transgenic offspring for human APP, human PS1, and
human ApoE4 was performed by six independent poly-
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merase chain reaction assays on DNA extracted from tail
biopsies as described.28,32–34

Brain Sections and Extracts

Anesthetized mice were perfused transcardiacally with
ice-cold saline and their brain was rapidly excised. One
hemisphere was immersion-fixed overnight in 10 vol of
4% paraformaldehyde in phosphate-buffered saline
(PBS) at 4°C, rinsed, and stored in PBS containing 0.1%
azide at 4°C. Sagittal free-floating vibratome sections (40
�m) were transferred to microtiter plates, and kept in PBS
containing 0.1% azide at 4°C.

The other hemisphere was snap-frozen in liquid N2 and
used for biochemical analysis by differential extraction.
Hemispheres were homogenized with a Potter-type me-
chanical homogenizer (Zipperer GmbH, Staufen, Ger-
many), in 10 vol of ice-cold Tris-proteinase/phosphatase-
inhibitor buffer (TPI-buffer), containing 20 mmol/L Tris-
HCl (pH 8.5), 20 mmol/L ethylenediaminetetraacetic acid,
10 mmol/L ortho-phenanthroline, 20 mmol/L NaF, 200
�mol/L Na3VO4, and a cocktail of proteinase inhibitors
(Roche Diagnostics GmbH, Germany). A portion equiva-
lent to 2 vol of the total homogenate was stored at �70°C
and the remainder was centrifuged (100,000 � g, 4°C, 80
minutes).

The supernatant, designated as soluble fraction was
aliquoted and stored at �70°C. The pellet containing the
membranes was resuspended in 500 �l of ice-cold TPI-
buffer containing 1% Triton X-100 (v/v) and after com-
plete solubilization was centrifuged again (100,000 � g,
4°C, 80 minutes). The supernatant, designated as Triton-
soluble membrane fraction (MT) was aliquoted and
stored at �70°C. The pellet was solubilized in formic acid
(80%) and after centrifugation (20,000 � g, 4°C, 60 min-
utes) the supernatant was dried under vacuum and the
residue solubilized by boiling in sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) sam-
ple buffer.

Biochemical Analysis of APP and Its Metabolites

Western blotting was performed to quantify full-length
human APP (APPm) and the C-terminal fragments of APP
(�- and �-CTF, or C83 and C99) as described.34,35

Briefly, the MT fraction was denatured and reduced by
incubation at 95°C for 10 minutes after addition of an
equal volume of SDS-PAGE sample buffer [final concen-
trations of 2% SDS and 2.5% 2-mercaptoethanol (2-ME)].

Equal volumes of all samples were applied on polyacryl-
amide gels, respectively, APPm and CTF on 8% Tris-
glycine gels, and on 4 to 12% Bis-Tris NuPAGE gels
(Invitrogen, Germany). After electrotransfer to nitrocellu-
lose filter membranes (Hybond-ECL; Amersham Bio-
sciences, UK), membranes were blocked in 5% nonfat
dry milk in Tris-buffered saline (pH 7.6) containing 0.1%
Tween-20. APPm and CTF were detected by Western
blotting with our polyclonal antibody B10.4 directed
against the C-terminal 20 residues of APP.34,35 The
�-CTF were detected with monoclonal antibody WO2
(The Genetics Company, Switzerland) directed against
human amyloid peptide (sequence 4 to 10) after the
nitrocellulose blots were microwaved for 5 minutes in PBS
to enhance sensitivity.34–36 After incubation with appro-
priate secondary antibodies, the Western blots were de-
veloped by the ECL detection system (Amersham Bio-
sciences) and images were recorded photographically
with different exposure times. All blots were reprobed
with an antibody against mouse �-tubulin (Amersham
Biosciences) as loading controls.

Sandwich enzyme-linked immunosorbent assay
(ELISA) for human soluble A�40 and A�42 was per-
formed as described.34,35 Briefly, a portion of the soluble
fraction (25%) was applied on small reversed phase col-
umns (C18 Sep-Pack cartridges; Waters Corp., Milford,
MA) and washed with increasing concentrations of ace-
tonitrile (25% and 80%) containing 0.1% trifluoroacetic
acid. The 80% eluted fraction contained all amyloid pep-
tides, was dried under vacuum, and after solubilization
used for measurement of the soluble amyloid peptides by
specific sandwich ELISA (The Genetics Company). Ab-
sorbance at 450 nm was measured in a microtiter plate
reader (Victor Wallac;2 Perkin Elmer, UK).

Analysis of Human ApoE

Total homogenate was analyzed for human ApoE4 levels
by Western blotting. Briefly, total homogenate was dena-
tured and reduced in SDS-PAGE sample buffer as de-
scribed above. Equal volumes were resolved by 4 to 12%
Bis-Tris NuPAGE in MES running buffer (Invitrogen) and
proteins electrotransferred to nitrocellulose filter mem-
branes (Hybond-ECL, Amersham Biosciences). Mem-
branes were blocked in 5% nonfat dry milk in Tris-buff-
ered saline (pH 7.6) containing 0.1% Tween-20 and
incubated overnight with a rabbit antibody against hu-
man ApoE (DAKO, Glostrup, Denmark) followed by goat
anti-mouse IgG secondary antibody conjugated to horse-

Table 1. The Six Genotypes of Transgenic Mice Analyzed

Genotype
Expression of human

ApoE4 Notation

APP�V717I� APP
APP�V717I� � PS1�A246E� APP.PS1
Thy1-ApoE4 � APP�V717I� Neuron APP.TE4
GFAP-ApoE4 � APP�V717I� Astrocyte APP.GE4
Thy1-ApoE4 � APP�V717I� � PS1�A246E� Neuron APP.PS1.TE4
GFAP-ApoE4 � APP�V717I� �PS1�A246E� Astrocyte APP.PS1.GE4
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radish peroxidase (Bio-Rad Laboratories, Hercules, CA)
and development with ECL (Amersham Biosciences). All
blots were reprobed with an antibody against mouse
�-tubulin (Amersham Biosciences) as loading controls.
On all gels for quantitative analysis, serial dilutions of
samples were loaded to define the linear response range
of the system. Protein bands corresponding to transgenic
human ApoE4 and to endogenous mouse �-tubulin were
measured by densitometric scanning and analyzed
with dedicated software (ImageMaster 1D, Amersham
Bioscience).

Histology and Immunohistochemistry for
Parenchymal and Vascular Amyloid Pathology,
for Intracellular Amyloid, and for
Microhemorrhages

Quantitative analysis of amyloid was performed by stain-
ing with thioflavinS, with X34 and by immunostaining with
biotin-labeled monoclonal antibody (mAb) 3D6 (A�-
epitope 1 to 5) (Innogenetics, Ghent, Belgium) on 40-�m
sagittal free-floating vibratome sections. For each
method and per mouse brain, three well-defined sections
located between bregma lateral 1.44 to 2.16 were se-
lected. Dense amyloid plaque-load was quantified by
thioflavinS and X34-staining33,37,38 while immunohisto-
chemistry with mAb 3D6 was used to measure total amy-
loid load, ie, dense and diffuse plaques combined, which
is �10 times higher than the dense plaque load. Brain
sections were rinsed in PBS and quenched for endoge-
nous peroxidase by incubation at room temperature for
15 minutes in 1.5% H2O2 in methanol/water (50%, v/v).
After blocking with PBS containing 0.1% Triton X-100 and
10% fetal calf serum, sections were incubated with the
primary antibody overnight. After rinsing and incubation
with the avidin-biotin-peroxidase complex (Vectastain
Elite ABC; Vector Laboratories, Burlingame, CA) the sig-
nal was developed with 3,3� diaminobenzidine. Sections
were counterstained with hematoxylin.

Quantification of dense and total plaque load was per-
formed routinely in the subiculum, and in other brain
regions as indicated. Microscopic images were recorded
and digitalized with a 3 CCD color video camera, and
analyzed with dedicated software (Leica QWin Standard
V2.8; Leica, Cambridge, UK). The plaque-load in the
subiculum of individual mice was expressed as percent-
age of total surface of brain tissue covered by amyloid
plaques. The amyloid load in blood vessels in cortex and
thalamus was quantified by counting thioflavinS-positive
vessels per section (see also Results section).

Immunohistochemical staining for all cellular amyloid
peptides, and for APPm and C99 was performed with
mAb 6E10 (A�-epitope 1 to 16) (Chemicon, Temecula,
CA), whereas for intracellular amyloid peptides we used
the polyclonal antibody PanA� (A�-epitope 15 to 30)
(Calbiochem, San Diego CA) by standard procedures as
described, using diaminobenzidine as chromogen.33 The
PanA� antibody did not react with APP or its metabolites
in Western blotting (results not shown).

Cortex and thalamus were analyzed histologically for
the presence of microhemorrhages by Prussian Blue or
Perls iron-staining as described.17 Briefly, 40-�m vi-
bratome sections were mounted, dried, and incubated
for 60 minutes with 23.6 mmol/L potassium ferrocyanide
in 0.12 N HCl. After rinsing three times in water, sections
were counterstained with nuclear fast red (Vector Labo-
ratories). Additional brain sections were analyzed by in-
cubation with 3,3� diaminobenzidine subsequent to
quenching of endogenous peroxidase. As positive con-
trols we stained sections of brain and spleen of very old
APP[V717I] single or APP[V717I]�PS1[A246E] double-
transgenic mice (27 to 30 months of age).33,39

Analysis of Tau Phosphorylation

Biochemical analysis of phospho-epitopes on endoge-
nous protein tau was performed by Western blotting as
described.28,29,40 Briefly, total homogenate was resolved
by SDS-PAGE (8% Tris-glycine, Invitrogen) and after
electrotransfer to nitrocellulose membranes (Hybond-
ECL, Amersham Biosciences), total protein tau and se-
lected phospho-epitopes were detected, respectively,
with monoclonal antibodies Tau5, AT8, and AD2. Anti-
body AT8 (Innogenetics) recognizes phosphorylated
serine-202 and threonine-205 whereas AD2 (kindly pro-
vided by A. Delacourte, Lille, France) is specific for phos-
phorylated serine-396/404. Immunohistochemical analy-
sis with AT8 and AD2 was performed on five sections per
mouse brain as described.28,29

Statistical Analysis

Variance analyses of the histochemical and biochemical
data were performed by analysis of variance tests (SPSS
version 12.0; Tukey HSD) and nonparametric Kruskal-
Wallis tests (Mann-Whitney U) at a significance level of
P � 0.05. Unless otherwise indicated in the figures, dou-
ble-transgenic strains were compared to the parental
APP[V717I] mice and triple combinations were compared
to the APP[V717I] � PS1[A246E] double-transgenic
mice. Correlations were analyzed by Spearman’s corre-
lation at a significance level of P � 0.01.

Results

Generation and Major Characteristics of the Six
Transgenic Mouse Strains

To analyze the synergistic effects of ApoE4 on amyloid
pathology and eventually on tauopathy, we have generated
and compared six genotypically different transgenic mouse
models with amyloid pathology, ie, the parental single
APP[V717I] mice and three double-transgenic and two tri-
ple-transgenic strains (Table 1). The aim was to express
human ApoE4 either in neurons or in glia in combination
with neuronal expression of mutant APP[V717I] alone and in
addition with mutant PS1[A246E] (Table 1).
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The heterozygous APP[V717I] and APP[V717I]�-
PS1[A246E] double-transgenic mice and the homozy-
gous PS1[A246E] transgenic mice were generated be-
fore in the FVB/N genetic background with all of the
transgenes expressed specifically in neurons by the
mouse thy1 gene promoter. These mice have been ex-
tensively characterized as robust models for the paren-
chymal and vascular amyloid pathology in AD and for the
contribution of mutant PS1.32–34,37,41,42

The other parental transgenic mouse strains that over-
express human ApoE4 either in neurons or in glial cells
driven, respectively, by the mouse thy1gene promoter
and the GFAP gene promoter, were characterized previ-
ously28,29 and were back-crossed into the C57BL6 ge-
netic background (n � 11), respectively, to heterozygous
and homozygous status at the onset of the current study.
The expression of human ApoE4 in neurons of heterozy-
gous offspring of thy1-ApoE4 mice (TE4 mice) or in glia in
offspring of GFAP-ApoE4 mice (GE4 mice) resulted in
very similar overall levels of ApoE4 in brain (Figure 1).
Thereby, the strains are confirmed to differ not quantita-
tively in transgenic human ApoE4 levels, but only quali-
tatively in the cell type of expression.28,29

Importantly, the genetic constellation of the four paren-
tal single transgenic mouse strains, ie, thy1-APP, thy1-
PS1, thy1-ApoE4, and GFAP-ApoE4, allowed us to gen-
erate for each of the six genotypes, the F1 offspring all
with an identical mixed genetic background of C57BL6 �
FVB/N. Moreover, all of the double- and triple-transgenic
mice studied here were heterozygous for all of the human
transgenes that they express, similar to previous studies
of single- and double-amyloid transgenic mice based on
the parental APP[V717I] mice.32–35,37,41,43 The neuronal
expression of the human PS1[A246E] transgene is so
high that even in hemizygous mice the endogenous PS1
gene product is completely replaced by the mutant hu-
man PS1 transgene product due to titering out the
needed and limiting co-factors nicastrin, Aph2 and
Pen1.34,35,44,45

Based on the characteristics of the parental strains, we
analyzed mice from the six genotypes at ages of 4, 6, 8,
and 15 months to define the progressive effects of the
differential expression of ApoE4 in neurons versus glial
cells on the amyloid pathology and eventually on induc-
tion of tauopathy. We analyzed biochemically and histo-
chemically a total of 112 transgenic mice, with three to
four mice per age point and per genotype, and we re-
stricted the analysis to female mice.

Expression Levels of Human ApoE4 and
Neuronal Proteolytic Fragmentation

Because we aimed primarily at defining the conse-
quences of expression of human ApoE4, we first demon-
strated that very comparable levels of human ApoE4
were present in total brain extracts in all strains of trans-
genic mice, independent of the neuronal or glial origin of
ApoE4 (Figure 1). The parental thy1-ApoE4 transgenic
mice were maintained as a homozygous strain, resulting
in human ApoE4 levels that are approximately double

those in the other strains, which are all hemizygous for
human ApoE4. The parental thy1- and GFAP-ApoE4 mice
were used only for generating the F1 multiple transgenic
offspring (Table 1) and are included only in the quantita-
tive analysis of ApoE4 for the sake of completeness.

Figure 1. Expression levels of human ApoE4 and neuron-specific fragmen-
tation. A: Western blotting of total brain extracts of mice with the six
genotypes as indicated for human ApoE and for murine �-tubulin, as loading
control. B: Concentrations of human ApoE4 in brain of the six strains of
transgenic mice (mean 	 SEM, n � 4) generated and analyzed in this study
and of the two parental strains, ie, thy1-ApoE4 and GFAP-ApoE4.28,29 Human
ApoE4 is evidently absent in the parental APP mice and in the APP.PS1 mice.
Note that for all of the other genotypes the mice are hemizygous for ApoE4,
except for the parental thy1-ApoE4 mice that are homozygous for ApoE4. C:
Western blotting showing human ApoE4 and the 16-kd proteolytic fragment
(arrow) in the brain of the following transgenic mice: 1, APP; 2, thy1-ApoE4;
3, GFAP-ApoE4; 4, APP.PS1; 5, APP.TE4; 6, APP.GE4; 7, APP.PS1.TE4; 8,
APP.PS1.GE4. Note that the 16-kd fragment is only observed in brains of mice
that express human ApoE4 in neurons, and that these also appear to contain
a fragment of �26 kd (see Results for details).31
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Interestingly, Western blotting with the polyclonal anti-
body to human ApoE revealed in addition to the mature
34-kd ApoE4 human protein, a 16-kd proteolytic fragment
(Figure 1C, arrow). This fragment accumulated in the
brain of thy1-ApoE4 transgenic mice and in the double-
and triple-transgenic strains derived from it, as opposed
to its near complete absence in the brain of GFAP-ApoE4
mice and in their double and triple derivatives (Figure 1C,
arrow). Some additional, but less abundant fragments of
22 to 28 kd were also evident in brain extracts of the
thy1-ApoE4 mice (results not shown). These data corrob-
orate recent findings on the fragmentation of ApoE in
neurons as opposed to glia,31 an aspect that was not
further analyzed here.

Neuronal ApoE4 Promotes Diffuse Plaques in
the Parenchyma of Subiculum and Cortex

Onset of diffuse amyloid plaque deposition is somewhat
variable in individual APP mice, but becomes notable at
approximately age 10 to12 months. Diffuse and subse-
quently dense amyloid plaques develop robustly in all old
APP[V717I] transgenic mice that we have analyzed to
date, regionally appearing first in subiculum and entorhi-
nal cortex, progressively followed by neocortex and fi-
nally thalamus by age 16 to 18 months.32–35,37,41 In
APP.PS1 double-transgenic mice, amyloid pathology de-
velops more early (�6 months) and progresses more
rapidly,33,34 like in other comparable double-transgenic
mouse models.46,47 Vascular amyloid pathology follows
the parenchymal pathology with a delay of some months
in both the APP single and APP.PS1 double-transgenic
mice.32–35,37,41

Here, we comparatively analyzed the parental APP
and APP.PS1 single- and double-transgenic mice to their
double- and triple-transgenic combinations containing
either thy1-ApoE4 or GFAP-ApoE4 transgenes (Table 1
and 2). The primary aim was to define differential and
progressive effects of neuronal and astrocytic ApoE4 on
amyloid pathology in aging female mouse brain. The
patterns of timing and intensity of amyloid pathology in
the cortex are very similar to those in the subiculum and
are therefore not presented separately.

Immunostaining with mAb 3D6 and histological stain-
ing with thioflavinS and X34 demonstrated total and
dense core amyloid plaques in subiculum (Figure 2, A
and B) and cortex of all old APP mice (15 months). In
age-matched APP.PS1 double-transgenic mice, the

dense and total amyloid plaque load was approximately
four times higher (Figure 2) and, as expected, diffuse and
dense amyloid deposition was already evident at age 6
months in APP.PS1 double-transgenic mice (Figure 2C).
The early pathology is consistent with increased levels of
amyloid peptides, combined with a higher A�42/40 ra-
tio.33,34 Total plaque-load measured with mAb 3D6 can
be equated to diffuse plaque load because it is approx-
imately an order of magnitude higher than dense plaque-
load in all genotypes and at all time points in this and
previous studies.

Neuronal co-expression of ApoE4 with mutant APP
produced in the oldest APP.TE4 double-transgenic mice
(15 months) a trend to increased total plaque-load (P �
0.075), without appreciably affecting the age of onset
because no diffuse or dense plaque pathology was ob-
served at age 8 months (Figure 2C). In contrast, the glial
ApoE4 expression in APP.GE4 mice did not affect the
amyloid pathology, neither in age of onset nor in intensity
of diffuse or dense plaques (Figure 2C).

The three genotypes that contained mutant human PS1
(one double- and two triple-transgenic strains) were
marked by a similar early onset (at 6 months) of amyloid
pathology in the subiculum (Figure 2C) and by a similar
intensity in total amyloid plaque-load (Figure 2, A and B;
panels 2, 5, and 6), which was evident at all ages. Over-
all, the neuronal or glial overexpression of human ApoE4
in combination with mutant APP and mutant PS1 neither
affected the age of onset nor the dense plaque-load
(thioflavinS or X34) (Figure 2C). If anything, human
ApoE4, rather independent of its cellular origin, tended to
reduce the increase in amyloid pathology provoked by
mutant PS1 with a most marked reduction in dense
plaques at age 15 months in APP.PS1.GE4 mice (Figure
2C, right).

The data demonstrated not only that mutant PS1 was
the much stronger mediator of amyloid pathology than
human ApoE4, but moreover pointed to attenuating, dif-
ferential effects of neuronal versus glial origin of ApoE4.
An intracellular interaction of ApoE4 with APP or with A�,
inside the producing neurons, could alter trafficking and
relocation of APP, its C-terminal fragments, and/or intra-
cellular amyloid peptides.48–51 Therefore, we analyzed
all of the old transgenic mice (age 15 months) for intra-
neuronal accumulations of amyloid by immunohisto-
chemistry with two different antibodies (6E10 and
PanA�). Although both antibodies reacted with neurons
in the subiculum, dendate gyrus, and neocortex (Figure

Table 2. Overview of Amyloid Pathology in Transgenic Mice of the Six Genotypes Analyzed in This Study

Genotype Plaques subiculum/cortex Plaques thalamus CAA A�

Diffuse Dense Diffuse Dense Cortex Thalamus 40 42 42/40 ratio
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The intensity of each pathological parameter in the indicated brain regions is expressed relative to the pathology in the parental APP�V717I�
transgenic model as represented by a proportional number of 
 signs, with � indicating no difference.
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3E), neither antibody revealed major differences among
the six genotypes (results not shown) indicating that ac-
cumulations of amyloid peptides were not different by
intraneuronal ApoE4 expression.

ApoE4 Accelerates Amyloid Pathology in the
Thalamus Similar to Mutant PS1

The very similar patterns of timing and intensity of amy-
loid pathology in subiculum and cortex contrasted with
that in the thalamus. Neither immunohistochemical nor
thioflavinS staining revealed any appreciable amyloid pa-
thology in the thalamus of the parental APP[V717I] trans-
genic mice at age 15 months (Figure 3) as documented
before.33 In contrast, in the double-transgenic, and par-
ticularly in both types of triple-transgenic mice, an impor-
tant accumulation of diffuse as well as senile plaques was
evident in the thalamus (Figure 3, A and B).

Surprisingly, thalamic deposition of amyloid plaques in
contrast to thalamus CAA (detailed in the next section)
was promoted more extensively by neuronal than by glial
ApoE4 at age 15 months, although not as prominent as
by mutant PS1 (Figure 3C) (Table 2). In the thalamus, in
contrast to the cortex and subiculum (Figure 2), human
ApoE4 independently of its cellular origin, even in-
creased diffuse and dense amyloid plaques synergisti-

cally with mutant PS1 in triple-transgenic mice (Figure
3C). Moreover, a marked earlier age of onset was evident
in the triple transgenic and also in the APP.TE4 double-
transgenic mice. Immunoreactive plaques were already
present in the thalamus of APP.TE4 mice at age 8
months, as opposed to the plaque-free thalamus of age-
matched parental APP and APP.GE4 mice (Figure 3D).
The diffuse nature of these plaques was evidenced by
the negative reaction with thioflavinS or X34 in the thala-
mus before the age of 15 months (results not shown).
Again, neuronal ApoE4 was more potent than glia-de-
rived ApoE4 in inducing early diffuse amyloid pathology.
Remarkably, this was typical for the thalamus, and not
observed in subiculum or cortex, demonstrating impor-
tant brain-regional differences in ApoE4-mediated amy-
loid metabolism or disposition.

To delineate in the thalamus, eventual intracellular dif-
ferences in the contribution to or the origin of the depos-
ited amyloid, we analyzed immunohistochemically with
antibodies PanA� and 6E10 and concentrated on the
detection of intraneuronal reaction for A� with PanA� and
for APP metabolites that carry the amyloid sequence, ie,
mainly APPm, C99, and A�. Remarkably, neither anti-
body revealed important intracellular signals in the thal-
amus, not even in the APP.PS1.TE4 triple-transgenic
mice (Figure 3E). We conclude that local production of

Figure 2. Amyloid plaque-load in subiculum. A and B: Staining with mAb 3D6 (A) and with thioflavinS (B) of the subiculum of the six transgenic mouse strains
(age, 15 months). C: Quantification of relative total and dense plaque-load expressed as surface area covered by plaques (percent; mean 	 SEM, n � 3 or 4 per
genotype and per time point) in the six genotypes at ages 4, 6, 8, and 15 months as indicated on the ordinate. Asterisks denote statistical differences at P � 0.05.
Scale bars, 100 �m.
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A� is minimal in the thalamus, and the amyloid deposi-
tions there must be primarily due to import from other
brain regions, and must be facilitated by ApoE
lipoproteins.

CAA in Cortex and Thalamus Is Differentially
Affected by Neuronal and Glial ApoE4

Conform our previous studies demonstrating that CAA de-
velops later than parenchymal amyloid deposits, the current
analysis by staining with thioflavinS and X34, revealed CAA

predominantly in the old mice of all genotypes (Figure 4,
A–D). CAA was quantified by counting the number of thio-
flavinS-positive blood vessels in similarly positioned and
equally spaced brain sections (Figure 4E) (see Materials
and Methods).33,37 In single APP transgenic mice of 15
months, CAA was evident in the thalamus but not yet in the
cortex that is attained only later, ie, at age 16 to 18 months
with dramatic increases up to age 24 months.33,37 As ex-
pected, mutant PS1 increased both cortical and thalamic
CAA in APP.PS1 double-transgenic mice at age 15 months
(Figure 4E).33,37

Figure 3. Amyloid pathology in thalamus. A and B: Staining with mAb 3D6 (A) and with thioflavinS (B) of the subiculum of the six transgenic mouse strains (age,
15 months). C: Quantification of absolute levels (�m2) of plaque-load (mean 	 SEM) in 15-month-old mice. *P � 0.05. D: Frequency of presence of diffuse
plaques (mAb 3D6) in thalamus: 0 � not present; 1 � present in all three sections analyzed per mouse. E: Immunostaining with polyclonal antibody PanA� and
with mAb 6E10 detects intraneuronal amyloid in hippocampus and cortex but not in thalamus of APP.PS1.TE4 triple-transgenic mouse. Arrows indicate location
of amyloid plaques. Scale bars: 200 �m (A, B); 400 �m (E, hippocampus); 50 �m (E, cortex and thalamus).
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Surprisingly, neuronal but not glial expression of hu-
man ApoE4 significantly increased CAA in cortex of
APP.TE4 mice as pronouncedly as mutant PS1 in age-
matched APP.PS1 mice (Figure 4E, left; groups of 15
months). In the thalamus, on the other hand, glial ApoE4
promoted thalamic CAA as prominently as neuronal
ApoE4 and as mutant PS1 (Figure 4E, right; groups of 15
months). This differential regional effect paralleled
closely the total plaque-load in subiculum and cortex,
which was also promoted less by glial than by neuronal
ApoE4 (compare Figures 2C and 4E, left panels; age
group, 15 months). In contrast, in the thalamus the glial
ApoE4 provoked very similarly CAA levels as neuronal
ApoE4, clearly in excess of its effect on plaque-load
(compare Figures 2C and 4E, right panels; age group, 15
months).

For ease of comparison, we have regrouped all of
the quantitative pathological data in the oldest mice
(age group, 15 months) of all genotypes (Figure 5,
Table 2). Thereby, additional important regional differ-
ences in the response to neuronal or glial synthesis of

ApoE4 were revealed. Remarkably, in conjunction with
mutant PS1, both neuronal and glial ApoE4 dramati-
cally increased cortical CAA in both types of triple-
transgenic mice (Figure 4E, left, age 15 months, top
right bars; Figure 5) while thalamic CAA increased
preponderantly due to glial ApoE4 (Figure 4E, right,
age group 15 months, top right bar; Figure 5). Since
this difference was already evident as a trend at
younger age (Figure 4E, right, age groups 6 and 8
months, top right bars), the underlying mechanisms
and the pathological repercussions are not anecdotal
and concluded to be important.

CAA Is Not Associated with Microhemorrhages

The presence of CAA and its promotion by ApoE might
increase the incidence of hemorrhages, and we therefore
analyzed all of the transgenic mice of the six genotypes in
the oldest age group for the presence of microhemor-
rhages by Perl’s iron staining.17,25,52–54 As positive con-

Figure 4. Amyloid angiopathy (CAA) in
cortex and thalamus. A–D: Representative
images of vascular amyloid in cortex (A,
C) and thalamus (B, D) of an
APP.PS1.GE4 triple-transgenic mouse
stained with thioflavinS and with X34. E:
Quantification of CAA in cortex and tha-
lamus, expressed as number of positive
blood vessels per three sections (mean 	
SEM) of the six genotypes in function of
age (4, 6, 8, and 15 months). Asterisks
denote statistical significance at P � 0.05.
Scale bars: 50 �m (A, B); 100 �m (C, D).
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trol we reanalyzed brain sections of very old APP and
APP.PS1 transgenic mice that had been identified by MRI
in vivo and were confirmed by postmortem MRI and by
histochemistry to show discrete but very limited microhe-
morrhages in the thalamus (Figure 6, B–E).39 In addition,
we stained sections of mouse spleen to validate the
histochemical method, which faithfully identified accumu-
lation of iron (Figure 6A).

In none of the old mice (15 months) of the six trans-
genic genotypes that were generated and analyzed in
the current study, did we detect any convincing signs of
the presence of extensive microhemorrhages, either in
the cortical meninges or in the thalamus (Figure 6, F and
G). Additional brain sections from all transgenic mice
were analyzed by enhancing the Perls staining by incu-
bation with diaminobenzidine (see Materials and Meth-

Figure 5. Amyloid pathology in transgenic mice of the six genotypes at age 15 months. For clarity and ease of comparison, this figure compiles all data of the
amyloid pathology, ie, diffuse and dense plaques and angiopathy as indicated, in the oldest transgenic mice with the six genotypes (age, 15 months). The left
panels represent subiculum and cortex, and right panels contain data for the thalamus as indicated. Asterisks denote statistical significance at P � 0.05 between
groups connected by the horizontal bars (mean 	 SEM).
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ods) only to confirm the negative outcome of the overall
analysis (data not shown). We therefore conclude that in
all of the six transgenic mouse strains studied here, nei-
ther minor nor major hemorrhages were a significant
pathological problem, despite the massive occurrence of
amyloid angiopathy in thalamus and in other brain
regions.

CAA in Cortex but Not in Thalamus Correlates
with Soluble A� Levels

The levels of soluble A� peptides, measured by specific
sandwich ELISA, were highest in the brain of mice in the
old age group, and significantly higher in the complex
genotypes relative to the parental APP mice (Figure 7A).
In the APP.PS1 mice, the co-expression of mutant PS1
with mutant APP significantly increased both the absolute
levels of A�40 and A�42 (P � 0.01 and P � 0.001,

respectively) as well as the A�42/40 ratio (P � 0.01)
relative to the parental APP mice (Figure 7, A and B).
Increased levels were evident earlier in life (results not
shown) consistent with the earlier appearance of the
amyloid pathology (6 months) in APP.PS1 double-trans-
genic mice (Figures 2 to 4),33,34,35 and as reported in
comparable mouse models.42

In the APP.TE4 mice, the neuronal expression of hu-
man ApoE4 produced a nearly similar rise in soluble
A�40 as mutant PS1 (P � 0.01), with a less pronounced,
significant increase in A�42 levels (P � 0.001) (Figure
7A). This contrasted with much lower A�40 and A�42
levels produced by glial expression of human ApoE4 in
the APP.GE4 mice (Figure 7A). Although both neuronal
and glial ApoE4 elevated the A�42/40 ratio significantly
(P � 0.05) relative to the parental APP mice, the increase
was less than that inflicted by mutant PS1 (Figure 7B). An
important further difference with mutant PS1 was the fact
that either type of ApoE4 expression failed to increase A�
levels at young age (data not shown) nor advanced the
onset of amyloid pathology (Figures 2 and 4). Combined,
these data indicate that ApoE4 and mutant PS1 operated
by different mechanisms on the amyloid metabolism.

Unexpectedly high levels of soluble A�40 and A�42
were observed in both the triple-transgenic combinations
whereby PS1 dominated and obscured any difference
between neuronal and glial ApoE4 with respect to abso-
lute levels (Figure 7A) and A�42/40 ratio (Figure 7B). This
outcome paralleled completely the amyloid pathology in
subiculum, cortex, and thalamus described above in the
triple-transgenic mice with the notable exception of CAA
in the thalamus (Table 2, Figure 5). This was confirmed by
analysis of the quantitative data of amyloid plaques and
CAA for all of the individual mice over all genotypes for all
possible correlations with the levels of soluble A�40 and
A�42 and their ratio. The correlation observed for CAA in
the cortex with the concentrations of A�40 and A�42 was
higher (r � 0.766 and 0.821, respectively), than for CAA
in the thalamus (r � 0.606 and 0.657, respectively) but
both were significant (P � 0.01) (Figure 7, C and D).

Neuronal ApoE4 Did Not Affect Proteolytic
Processing of APP or Increase Phosphorylation
of Tau

The observation that ApoE4 increased the concentrations
of soluble A� in brain more strongly when expressed in
neurons than in glia in double-transgenic mice (Figure
7A) prompted us to compare the proteolytic processing
of APP. We measured the steady-state levels of the major
metabolites of APP, ie, membrane-bound APPm, soluble
secreted APPs, and the � and � C-terminal fragments
(CTF) (C83 and C99, respectively) in brains of all trans-
genic mice at age 15 months.

The steady-state levels of APPm were similar in all
genotypes (Figure 7E), as were the levels of the �-CTF
(results not shown). The best argument that neither neu-
ronal nor glial expression of ApoE4 interfered with the
proteolytic processing of APP was the similar levels of
�-CTF, very similar also to those in the parental APP mice

Figure 6. Histochemical staining for non-heme iron as index of microhem-
orrhages. A: Representative image of mouse spleen stained for non-heme
iron (blue) as positive control. B and C: Microbleedings (arrows) in thala-
mus (B) but not in cortex (C) of very old APP transgenic mouse (27 months)
included as positive control.39 D and E: Microbleedings in thalamus (D,
arrows) and cortical meninges (E, arrows) of a very old APP.PS1 mouse (30
months) included as positive control. F and G: Staining for non-heme iron of
thalamus of an APP.PS1.TE4 and APP.PS1.GE4 mouse. Note that no micro-
hemorrhages were observed in thalamus or cortical meninges of any of the
old transgenic mice analyzed in the current study (see text for details and
discussion). Arrowhead, blood vessel. Scale bars: 50 �m (thalamus); 100
�m (cortex).
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(Figure 7F). Mutant PS1 is known to increase �-secretase
cleavage of �-CTF to produce more A�42 peptides (Fig-
ure 7A), which was also faithfully reflected in higher
A�42/40 ratios (Figure 7B) and in lower �-CTF levels in
the three genotypes containing mutant PS1 (Figure 7F).
The comparable levels of �-CTF in the APP.PS1 mice and
in both the triple genotypes further corroborated the con-

clusion that mutant PS1 increased amyloidogenic pro-
cessing of APP, whereas ApoE4 did not, not even when
co-expressed in the same cells, casu quo neurons in the
thy1-ApoE4 combinations.

Finally, we analyzed the phosphorylation of endoge-
nous murine protein tau biochemically and immunohisto-
chemically, with the phosphorylation-specific antibodies

Figure 7. Biochemical analysis of amyloid peptides and processing of APP in brain. A and B: Levels of soluble A�40 and A�42 (A) and the A�42/40 ratio (B),
in brain of old transgenic mice (15 months) measured by specific sandwich ELISAs (mean 	 SEM, n � 3 or 4). Asterisks denote statistical significance at *P �
0.05, **P � 0.01, ***P � 0.001. C and D: Correlation between A�40 (C) and A�42 (D) levels with cortical and thalamic CAA over all genotypes analyzed in this
study. Spearman rho: (A�40 versus CAA-cortex: r � 0.766), (A�40 versus CAA-thalamus: r � 0.606), (A�42 versus CAA-cortex: r � 0.821), and (A�42 versus
CAA-thalamus: r � 0.657); all P � 0.01. E and F: Levels of total mature human APP (E) and of �-CTF (C99) (F) in brain of all transgenic mice at age 15 months.
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AT8 and AD2.40 Both tau epitopes were detected immu-
nohistochemically as a somatodendritic staining of neu-
rons throughout all cortical layers with highest intensity in
frontal cortex (results not shown). Occasional neurons
stained in CA1 and CA3 and in the molecular layer and
hilus of the dentate gyrus, while interestingly also most
neurons in the thalamus contained both epitopes. No
major reaction was evident with dystrophic neurites in
amyloid plaques. Importantly, and confirmed biochemi-
cally by quantitative Western blotting, no differential ef-
fects were observed between the six genotypes (results
not shown). We conclude that moderate neuronal or glial
overexpression of human ApoE4 in brain of transgenic
mice did not affect the proteolytic processing of APP or
induced hyperphosphorylation of endogenous protein
tau.

Discussion

The observation that ApoE can be expressed not only in
glia but also in neurons of cortex and hippocampus has
fuelled the hypothesis that the �4 allele could increase
neuronal synthesis of ApoE4 and thereby promote the
earlier development of AD pathology.27,55 In the current
study, we addressed experimentally the contribution of
ApoE4 to the amyloid and tau pathology in a mouse
model for AD. We generated and compared a unique set
of six transgenic mouse strains to differentiate the reper-
cussions of neuronal versus glial expression of human
ApoE4 on parenchymal and vascular amyloid pathology,
and eventually on the emergence of tauopathy.

The latter aspect is most easy to discuss because no
pertinent tauopathy became evident in any of the multiple
transgenic mouse strains even at age 15 months, which
thereby do not differ appreciably from the parental
APP[V717I] transgenic mice.33 In a previous study, we
demonstrated hyperphosphorylation of tau and progres-
sive axonopathy with Wallerian degeneration, motor de-
fects, and muscle wasting in homozygous thy1-ApoE4
transgenic mice, an outcome recently confirmed inde-
pendently.28,29,31 The current hemizygous ApoE4 com-
bination models were designed explicitly to 1) avoid the
motor defects, 2) to express similar levels of neuronal
and glial ApoE4, and 3) to have an identical genetic
background.

The ApoE4 strains differ only qualitatively in the cell
type of expression and not quantitatively in the level of
ApoE4, which is a usual and considerable problem with
transgenic mice. Significantly, the evident gene-dosage
effect of neuronal ApoE4 demonstrates that expression of
human ApoE4 in neurons, even to the same level as in
glia cells, affects only the amyloid pathology, but not by
interference with processing of APP, and fails to inflict a
tauopathy.

The pathological consequences of mutant PS1 in com-
bination with ApoE4 also need not to be discussed in
great detail because it is evident that mutant PS1 is a
much stronger booster of the amyloidogenic metabolism
than ApoE4 in transgenic mice, recapitulating very
closely the situation in the corresponding genetic variants

of human AD patients. The essential effect imposed by
mutant PS1, ie, increased production of amyloid peptides
and particularly of A�42, was not appreciably modified
by ApoE4 even when co-expressed in the same cells,
casu quo neurons. Further discussion is restricted here to
the most salient aspects revealed by the current analysis,
ie, 1) cortical versus thalamic amyloid pathology, 2) pa-
renchymal versus vascular pathology, and 3) potential
cellular mechanisms involving ApoE.

Cortical versus Thalamic Amyloid Pathology

In addition to the well-known diffuse and dense plaques
in cortex and subiculum in the parental APP[V717I] mice,
considerable amyloid pathology was produced in the
thalamus of all double- and triple-transgenic mice ana-
lyzed here (Figure 3, Table 2). Amyloid plaques have
been observed in the thalamus by us and others in
APP transgenic mice but this brain region is attained
much later than the cortex or the hippocampal
formation.33,53,56,57

The mouse thy1 gene promoter construct is devoid of
expression in the nuclei of the thalamus28,33,35,58 with the
possible exception of a limited population of neurons in
the zona incerta.40 Neither APP nor intracellular A� was
detectable inside neurons in the thalamus, as opposed to
neurons in the hippocampal formation and in cortex, ie,
the brain regions where amyloid is deposited earlier in
life. Because the amyloid peptides appear not to be
synthesized locally in the thalamus, they must be pro-
duced elsewhere and imported into the thalamus. Tha-
lamic amyloid appears mainly in later stages of the pa-
thology, and interestingly, was considerably augmented
and brought forward in time by neuronal ApoE4, eg, from
age 15 to 8 months in APP.TE4 double-transgenic mice.
In contrast, ApoE4 synthesized by glia was present at the
same overall concentrations and affected only marginally
the thalamic plaque-load, but was as affective as neuro-
nal ApoE4, and remarkably also as mutant PS1 in pro-
moting thalamic CAA.

The problem of how plaques develop in the thalamus
without local cellular synthesis of APP or A�, implies that
these need to be transported from other regions, ie, likely
cortical or hippocampal areas. Moreover, this transport is
affected or even mediated by ApoE, possibly by direct
binding of A� to ApoE-lipoproteins59, facilitating diffu-
sion-mediated drainage, interstitially and/or into the ce-
rebrospinal fluid. Direct A� to ApoE lipoprotein interac-
tions occurring during or after co-lateral secretion and
reuptake could influence each others fate in terms of
diffusion and degradation. Besides possible ApoE iso-
form effects, not addressed in this study, differences in
the composition of neuronal and glial ApoE lipoproteins,
secreted or endocytosed, must be considered.

Although the transport mechanisms in brain of amyloid
peptides are not understood, the implications of these
findings for the pathology in AD are important. Thalamic
nuclei are functionally much more than simple relay sta-
tions of sensory input to and from the cortex. Direct
projections from thalamic nuclei to the hippocampal re-
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gion and cortex modulate hippocampal neurons.60–62 In
addition, projections from the entorhinal cortex to tha-
lamic nuclei confirm a thalamus-limbic-cortex connection
that has been implicated in memory and learning.63 Dis-
turbances of thalamic signals could affect processes in
the hippocampus and cortex, and vice versa. Obviously,
in vivo follow-up studies are required to define the impact
of thalamic amyloid pathology on AD-related defects of
cognition and neurodegeneration, and on their progres-
sion with age.

Parenchymal versus Vascular Amyloid
Pathology (CAA)

Amyloid is deposited abluminally in the wall of blood
vessels in most if not all AD patients21,22 and while
strongly associated with �4 alleles23 the mechanism re-
mains elusive. CAA is recapitulated, albeit dallied relative
to plaques, in our parental APP[V717I] transgenic mice at
old age33,37,39 as in other APP transgenic mice.13,17,64 In
other models, ApoE deficiency prevented CAA while
ApoE overexpression shifted parenchymal to vascular
amyloid (see Introduction).17,18,25 Our data demonstrate
that also the cellular origin of ApoE is important, and
moreover that different brain regions are affected differ-
ently. Importantly, the regional differences due to ApoE4
underline that CAA appeared subsequent to the amyloid
plaques in all genotypes analyzed, indicating that CAA is
secondary to and results from the parenchymal amyloid
deposits.

Thalamic CAA was already considerable at 8 months
in the APP.PS1.GE4 triple-transgenic combination, which
is approximately a year earlier than in the parental
APP[V717I] transgenic mice. The anatomical or func-
tional parameters that underlie thalamic CAA are not
known and require further analysis. The current observa-
tions are, however, reminiscent of our recent study of old
APP[V717I] mice by combination of histochemistry and in
vivo MRI, allowed us to identify the thalamus as the pref-
erential defective brain region with respect to amyloid-
laden blood vessels.39 In this context, a possible associ-
ation of CAA with microhemorrhages was noted in
transgenic mice17,25,53,65 and in AD patients.66,67 Exten-
sive investigation of all of the current old mice of all
genotypes did not reveal appreciable microbleedings or
major differences due to genotype, demonstrating that
amyloid pathology is neither cause nor consequence of
cerebrovascular accidents.

Cellular Mechanisms Involved in Neuronal
versus Glial ApoE4

Despite a significant increased A�42/40 ratio due to
ApoE4 in double-transgenic mice relative to the parental
APP mice, all parameters analyzed demonstrated that the
APP processing was not disturbed. This is direct proof
that even neuronal co-expression of ApoE4 with APP did
not affect the balance of amyloidogenic to nonamyloido-
genic secretase pathways.2,3 Our data contrast with hu-

man ApoE knockin mice wherein delayed amyloid plaque
deposition was claimed to be due to modulation of APP
processing and elevated A�40/42 ratio .25 We neither
find a delay, but a promotion of amyloid deposition, nor a
decrease, but an increase in A�42/40 ratio by ApoE4.
Our data are in line with a study demonstrating promotion
of parenchymal and vascular amyloid by human ApoE4,
without affecting the metabolism of APP.19

We conclude that any modulation of the amyloid pa-
thology by ApoE4 must be ascribed to postsynthetic
events, taking place after the amyloid peptides are ex-
cised from APP as a consequence of intra- or extracel-
lular interaction with ApoE4 lipoproteins that slow down
clearance and degradation of A�. Moreover, we demon-
strate that the cellular origin of ApoE4 plays an important
role in determining the fate of the amyloid peptides.

This does not necessarily imply an exclusive intracel-
lular versus extracellular mode of action for neuronal- and
glial-produced ApoE4, respectively. Obviously, in both
genotypes ApoE4 lipoproteins become localized not only
in the pericellular space, but also inside both cell types,
as observed by immunohistochemistry (unpublished re-
sults). This complex picture is due to superposition of
secretion and endocytosis of ApoE lipoproteins via vari-
ous members of the low-density lipoprotein receptor fam-
ily.8,26 In addition, intracellular and axonal transport could
explain that ApoE4 affects amyloid deposition in the thal-
amus without being produced there differently in glia and
neurons.

A final cellular aspect pertains to the fragmentation of
ApoE demonstrated in AD brain, and claimed to be as-
sociated with the �4 allele.68 In vitro as well as in vivo in
transgenic mice, accumulation of truncated ApoE corre-
lated with neurodegeneration and tangle-like intracellular
inclusions.68,69 Recently, neuronal ApoE fragmentation in
transgenic mice was correlated to increased phosphor-
ylation of tau, in contrast to a negative outcome for as-
trocytic ApoE.31 Our data corroborate the formation of a
16-kd ApoE fragment in a neuron-specific manner, ie, in
thy1-ApoE4 mice and not in GFAP-ApoE4 mice. Although
this aspect was not further elaborated on in this study, the
phenomenon could be informative for the intraneuronal
handling of amyloid peptides in relation to the differential
induction of amyloid pathology by neuronal or glial
ApoE4. On the other hand, despite increased phosphor-
ylation of protein tau on epitopes AT8 and AD2, neither
neuronal nor glial expression of ApoE4 triggered any sign
of tauopathy in our study (as opposed to Brecht et al31)
not even in the triple combination including mutant APP
and PS1 indicating that ApoE4-mediated modulation of
amyloid pathology is not synergistic with tauopathy.

In conclusion, our study demonstrates a pronounced
differential outcome by neuronal or glial overexpression
of human ApoE4 in transgenic mouse brain on the amy-
loid pathology provoked in first instance by mutant
APP[V717I]. Most remarkable is the observation that co-
expression of human ApoE4 with APP in neurons affected
diffuse amyloid plaques and cortical CAA, not only in
hippocampus and cortex, but also in the thalamus, where
expression of both transgenes in neurons is nearly ab-
sent. In contrast to cortex and hippocampus, the thalamic
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pathology differs in intensity and in age of onset, under-
lining that ApoE4 exerted an influence over apparently
very different mechanisms that provoke plaques and
CAA in cortex and thalamus. Our data support the hy-
pothesis that neuronally synthesized ApoE4 and A� in-
teract intracellularly, thereby influencing the cellular rout-
ing of A�, redirecting them to different brain regions.
Finally, the evident modulation of pathology in cortex,
hippocampus, and thalamus by endogenous genetic fac-
tors is likely to contribute to differences in clinical param-
eters in AD patients with different genetic make-up.
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