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We quantified the amount of amyloid B-peptide (AB) immunore-
activity as well as amyloid deposits in a large cohort of transgenic
mice overexpressing the V717F human amyloid precursor protein
(APPV717F+/— TG mice) with no, one, or two mouse apolipoprotein
E (Apoe) alleles at various ages. Remarkably, no amyloid deposits
were found in any brain region of APPV717F+/= Apoe~/~ TG mice as
old as 22 mo of age, whereas age-matched APPV717F +/= Apoe*/—
and Apoe*/* TG mice display abundant amyloid deposition. The
amount of A immunoreactivity in the hippocampus was also
markedly reduced in an Apoe gene dose-dependent manner
(Apoet’* > Apoe*/~ > Apoe~'~), and no AB immunoreactivity
was detected in the cerebral cortex of APPV7'7F+/= Apoe~/~ TG
mice at any of the time points examined. The absence of apoli-
poprotein E protein (apoE) dramatically reduced the amount of
both AB1-40 and AB1_s2 immunoreactive deposits as well as the
resulting astrogliosis and microgliosis normally observed in
APPV717F TG mice. ApoE immunoreactivity was detected in a subset
of AB immunoreactive deposits and in virtually all thioflavine-S-
fluorescent amyloid deposits. Because the absence of apoE alters
neither the transcription or translation of the APPV7'7F transgene
nor its processing to ApB peptide(s), we postulate that apoE pro-
motes both the deposition and fibrillization of AB, ultimately
affecting clearance of protease-resistant Ap/apoE aggregates.
ApoE appears to play an essential role in amyloid deposition in
brain, one of the neuropathological hallmarks of Alzheimer’s
disease.

Individuals who inherit one or two &4 alleles of the human
apolipoprotein E (APOE) gene have an increased risk of
developing and an earlier age of onset of Alzheimer’s disease
(AD), when compared to individuals who inherit the more
common &3 allele (1, 2). In addition, the &2 allele is associated
with reduced risk of developing and/or a later age of onset of AD
and thus may constitute a protective factor (3). Recently, several
polymorphisms in the APOE gene promoter have also been
linked to AD risk (4, 5), and, in general, these promoter variants
result in an increase in transcriptional activity when studied in
isolated expression systems (6). Of all the genes so far found to
contribute to the risk of developing AD, APOE4 is by far the
most important, because it has been estimated to increase the
age-adjusted relative risk by 3- to 10-fold in heterozygotes and
homozygotes, respectively (1-7). Nevertheless, individuals who
are homozygous for the &4 allele do not invariably develop AD,
even when examined well into their 90s, and therefore other
genetic and nongenetic factors undoubtedly contribute to dis-
ease onset and progression in many cases (8).

Apolipoprotein E protein (apoE) is a 34-kDa very low-density
lipoprotein synthesized primarily by the liver, which functions in the
periphery as a mediator of lipoprotein metabolism and lipid
clearance through binding of apoE-containing lipoprotein particles
to the low-density lipoprotein receptor-related protein (2, 9, 10). In

the central nervous system, apoE is synthesized and secreted
primarily by astrocytes and microglia, and its importance is under-
scored by the low abundance of other apolipoproteins (11-13).
Additionally, apoE is believed to play a pivotal role in the redis-
tribution of lipid and cholesterol during membrane repair and has
been postulated to be important for maintaining synaptic plasticity,
especially after neuronal injury (14-16). In humans, APOE is a
single gene located on chromosome 19q 13.2 with three major
allelic variants (£2, €3, and e4) encoding three protein isoforms (2).
Rodents, however, have only a single gene, which differs from the
human amino acid sequence by 30% at the C terminus, a region that
is intimately associated with the core of neuritic plaques (17-19).
Functionally, it is not clear how similar rodent apoE is to the human
isoform(s). Targeted replacement studies demonstrate that when
mouse Apoe is replaced with human APOES3, the resulting E3/E3
mice are more susceptible to diet-induced hyperlipidemia, suggest-
ing that human apolipoproteins may not be good ligands for mouse
receptors (20).

How do the three APOE alleles and their encoded protein
isoforms alter the risk of developing AD? Several hypotheses have
been proposed, including differential isoform-specific neurotrophic
(21-24) and neurotoxic properties (25), antioxidative activity (26),
and amyloidogenic effects (27-29). The latter hypothesis is sup-
ported by postmortem neuropathological findings from several
laboratories, which have consistently demonstrated increased amy-
loid burden in APOE4 carriers (30-32). Although in vitro studies
have demonstrated avid binding of amyloid B-peptide (AB) to the
three apoE isoforms, forming in some cases rather stable com-
plexes, the isoform-dependent specificity of this binding is contro-
versial (34), and its relationship to amyloid clearance, deposition,
and/or fibrillogenesis is still poorly understood.

To investigate the role of apoE on amyloid deposition in vivo, we
crossed Apoe knockout mice (35) with transgenic mice overexpress-
ing a mutant (valine to phenylalanine at position 717; V717F)
amyloid precursor protein (APP) gene (36, 37). We have previously
reported the absence of amyloid deposits in 6-mo-old TG mice that
are homozygous for APPV7'7F as well as being Apoe deficient (37).
We hypothesized that the lack of amyloid deposition in these
Apoe-deficient TG mice would be influenced by age, and that older
mice would eventually develop amyloid deposits like their wild-type
counterparts. We now report that heterozygous APPY7'7F*+/~ TG
mice that lack Apoe do not develop amyloid deposits even when
examined at 21-22 mo of age. Furthermore, the area occupied by
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AB immunoreactive deposits is dramatically decreased in the
hippocampus and completely absent in the cerebral cortex of these
mice. The marked astrogliosis and microgliosis observed in
APPY"'Apoet’™ TG mice are also greatly reduced in Apoe-
deficient TG mice. Our findings strongly suggest that apoE expres-
sion is critical for AB deposition and for its subsequent fibrillization
into protease-resistant amyloid deposits.

Materials and Methods

Mice Deficient in Apoe Containing the APP V717F Transgene. Mice
(both male and female) that were homozygous for the APPV717F
transgene (36) were crossed to an Apoe knockout mouse (35). The
resulting hemizygous progeny (APPV7'7F+/~ Apoe*/~) were subse-
quently bred, and the following genotypes were selected for this
study: APPVTITF+/— Apoef/f; APPV7ITF+/— Apoe”*; APPV7VTE+/—
Apoe*t’*. Age-matched littermates with the following genotypes:
APPYTVE=1= Apoe*/* and/or APPY7'F~/= Apoe~'~ were used as
controls. Three to six animals from each of the above gentoypes at
9, 15, and 21/22 mo of age were perfused and the brains processed
for paraffin sectioning (see below).

Tissue Preparation and Immunohistochemistry. Animals were hepa-
rinized (500 U. S. Pharmacopeia units ip.), anesthetized, and
perfused transcardially with 60 ml of saline followed by 120 ml of
4% paraformaldehyde in 0.1M phosphate buffer (pH 7.2). Brains
were postfixed in the same fixative, dehydrated in graded ethanols,
cleared in xylene, and embedded in paraffin. Serial coronal sections
of 10-um thickness were cut using a Leica RM 2135 microtome and
placed on poly-L-lysine-coated slides (two sections per slide). Every
tenth pair of sections was stained for thioflavine-S histochemistry
(39). Additional sets of adjacent sections were immunoreacted with
one of the following monoclonal antibodies: 10D5 (ApB;-zs, 1:100)
or 21F12 (ABs3-42, 1:1,000) (38) or an A B;_4p-specific antibody (no.
44-348; Quality Control Biochemicals, Hopkington, MA). ApoE
antiserum (1:1,500; Chemicon) was used to detect apoE. Antibod-
ies were visualized by using goat anti-mouse IgG by the peroxidase-
antiperoxidase method utilizing 3,3’diaminobenzidine (DAB) as
the chromogen. For immunofluorescence, secondary antibodies
were FITC-conjugated anti-mouse IgG and rhodamine red-
conjugated anti-goat (1:100; Jackson ImmunoResearch). Six sec-
tions from each animal of each genotype were immunolabeled with
antibodies specific for AB;_s> and AB;_40. An additional six sections
per animal per genotype were immunolabeled with glial fibrillary
acidic protein antisera (GFAP, 1:1,000; Boehringer Mannheim).
Both AB, as well as GFAP, immunoreactivity was visualized by
using DAB. The specificity of AB immunoreactivity was confirmed
by preadsorption with the appropriate peptides as well as lack of
signal when the primary antibody was omitted. Activated microglia
were visualized by using tomato lectin histochemistry on paraffin-
embedded sections, as previously described (40).

Quantification of A Deposits. Immunoreactive AB deposits and
thioflavine-S-fluorescent AB deposits were quantified semiauto-
matically by using a Quantimet 570 (Leica) image processing and
analysis system fitted to a Leitz Aristoplan microscope. Control of
the image analysis system and the automated microscope was
achieved by using the standard Quantimet 570 QUIC and QBASIC
software written in the QBASIC language. AB (10D5 immunoreac-
tivity), and thioflavine-S-reactive deposits were measured by using
a X 16 objective in a binary plane and Quantimet’s color detection
function and, when necessary, image editing. The number of
deposits and the area of their cross-sectional profiles were obtained
automatically on every set of 20th sections and accumulated
separately for cortex and hippocampus. Data collected for areas
were converted to square microns.

Analysis of immunoreactive deposits for apoE alone and Ap
colocalized with apoE were performed on a Macintosh computer
by using the public domain NIH IMAGE program (http:/
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rsb.info.nih.gov/nih-image) by defining a region of interest, mea-
suring the area, and counting immunopositive deposits. Two re-
gions were analyzed: an area of parietal cortex comprising layers
I-VI (approximately 650 um?) and an area of the hippocampal CA1
region comprising layers oriens, pyramidal, and stratum radiatum
(approximately 350 um?).

Reverse Transcriptase-PCR and Western Blot Analysis. Total RNA
(2.5 pg), extracted from the cortices of 15-mo-old APPV717F+/~
Apoe™'= or APPVTVFH= Apoet’t TG mice, was reverse tran-
scribed by using Superscript (GIBCO/BRL). One microliter of
a 1:10 dilution of reverse-transcribed cDNA was used as the PCR
template. Primers and cycling conditions were identical to those
previously published (36, 38). Total protein was extracted from
hippocampi of the above mice by homogenization in buffer
containing 1% Nonidet P-40, 0.1% SDS, 50 mM Tris (pH 8.0),
50 mM NacCl, 0.05% deoxycholate, and protease inhibitors
(Boehringer Mannheim). Samples were size fractionated on a
4-12% polyacrylamide gradient gel (NOVEX, San Diego) and
transferred onto nitrocellulose (Hybond N, Amersham). The
nitrocellulose filter was then probed sequentially with a mono-
clonal antibody specific for the human amyloid precursor protein
(antibody 8ES5) (36-38) and a polyclonal antibody specific for
mouse apoE (BioDesign, Kennebunk, ME). The specific signal
was then visualized by using enhanced chemiluminescence (Am-
ersham).

AB ELISA Measurements. Hippocampi and cortices from 10 2-mo-old
TG mice from each of the following genotypes: APPV77F+/~
Apoe™~ and APPV'VF+/= Apoe*/™ were microdissected and
quickly homogenized in 5.5 M guanidine buffer. Homogenates
were diluted 1:10 with cold casein buffer (0.25% casein/0.05%
sodium azide) followed by centrifugation for 20 min at 4°C at
10,000 X g. Total AB and ABj_4 were measured by sandwich
ELISA, as previously described (37).

Statistical Evaluation. Inferences made in this work are based on P
values from # tests and ANOVA contrasts. Because these methods
assume that the data are normally or Gaussian distributed, the data
were power transformed to better meet this assumption. The
optimal power for the transformation was determined to be 0.2
following the method of Box and Cox (41). The areas of both
thioflavine-S-positive staining and A immunoreactivity were thus
transformed, and the transformed data were tested for normality.
Because the sample sizes were small, a test was used that adjusts for
bias in small samples. The Brown-Hettmansperger tests for nor-
mality (42) indicated that the transformed data are approximately
normally distributed. A series of ANOVA contrasts on the trans-
formed data were then preformed.

Results

Apoe-Deficient APPV717F+/— TG Mice Fail to Develop Amyloid Deposits.
Transgenic mice (APPV7V7F+/~) with the three Apoe genotypes
(Apoe™"=; Apoe™'~; Apoe™'*) were studied at 9, 15, and 21/22 mo
of age. Age-matched littermates without the APPV7V7F transgene
served as controls. No amyloid deposits were observed in any brain
region examined in APPV7'7F*/= 4poe~/~ mice at any of the ages
examined (9, 15, or 21/22 mo; Figs. 1 and 2). There was an
age-dependent increase in the area occupied by amyloid deposits in
both the hippocampus and cortex of APPV17¥*/~ Apoe™/* and
APPYTVE+= Apoet'~ TG mice (Fig. 3 A and B). However, a
dramatic decrease in amyloid deposits was observed in Apoe
hemizygous TG mice (compared with Apoe wild-type TG mice) at
all time points examined. For example, at 21/22 mo of age, the
amount of amyloid in Apoe*/~ TG mice was =30% of that observed
in Apoe*'™ TG mice (P < 0.01 compared with Apoe™* TG mice)
(Figs. 2 and 3). Similar results were observed in the hippocampus
and cerebral cortex (Fig. 24 and B). No amyloid deposits were seen
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Fig. 1. Lack of apoE reduces both A immunoreactive as well as amyloid deposits in a transgenic mouse model of AD. In 21/22-mo-old APPV717+/~ TG mice wild-type
for Apoe (APPV717F+/= Apoe*!*), numerous thioflavine-S-fluorescent (A) and AB immunoreactive deposits (B and C) are evident in both the hippocampus and the
cerebral cortex. By contrast, in 21/22-mo-old APPV717F+/= Apoe™~ mice, no thioflavine-S-fluorescent AB deposits are observed in any brain region. Furthermore,
Ap-immunoreactive deposits are confined to the hippocampus. APPV717F+/~ Apoe*/~ mice had an essentially intermediate level of both thioflavine-S-fluorescent and
A immunoreactive deposits. Neither thioflavine-S-fluorescent nor Ag-immunoreactive deposits were found in APPV717F~/= Apoe*/* mice. The photomicrographs are

from representative sections of each of the genotypes indicated. (Original magnification, A and B X9, C X35.)

in age-matched mice lacking the APPV7'7F transgene (data not
shown).
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Fig. 2.  ApoE expression is required for amyloid deposition in the APPV717F TG
mouse. APPV717F+/= TG mice with various apoE alleles (Apoe*/*: +/=i=/~) were
studied at 9, 15, and 21/22 mo of age. Serial coronal sections were stained with
thioflavine-S, and the area occupied by fluorescence was quantified for both the
hippocampus and the cerebral cortex (see text for details). Note the complete
absence of amyloid deposits in APPV717F+/~ TG mice in the absence of Apoe and
the modest increase with age in Apoe*/~ mice. Amyloid deposition in APPV717F+/—
Apoe*’~ mice never exceeds 20-30% of that observed in APPV717F+/~ Apoe*/+
mice despite significant ABimmunoreactive depositsin the hippocampus (see Fig.
3). All data were log transformed and tested for normality before statistical
analysis (see Materials and Methods). ***, P < 0.001; **, P < 0.01; P = not
significant (ns) compared with APPV77F~/= Apoe*/* mice. #, P < 0.01 compared
with APPV717F+1= Apoet/+ mice.
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The Deposition and Distribution of A Immunoreactivity Is Markedly
Influenced by apoE. The area occupied by AB immunoreactivity in
the hippocampus of APPVVF+/= Apoe*/* TG mice increases
dramatically with age (Fig. 34). The age-associated increase in
hippocampal AB immunoreactivity observed in APP V717F+/~
Apoe™~ TG mice was similar but delayed when compared with that
found in APPY7VF /= Apoe*'* TG mice. For example, the overall
area of hippocampal AB immunoreactive deposits was significantly
lower at 9 mo in Apoe*’~ TG mice (P < 0.001 compared with
Apoe** TG mice), but reached levels similar to Apoe™’* TG mice
by 21/22 mo of age (P = not significant vs. Apoe '™ TG mice) (Fig.
3A). In the cerebral cortex of APPV7'7F+/~ Apoe*'~ TG mice, the
increase in AP immunoreactivity eventually equaled the area
occupied by AB immunoreactivity in the hippocampus of
APPVTVTE+= Apoe*’™ TG mice (i.e., by 21/22 mo of age). Like the
hippocampus, however, the increase in AB immunoreactivity was
delayed in Apoe*’~ TG mice and was significantly reduced com-
pared with Apoe™* TG mice at 9 and 15 mo of age (P < 0.01) (Fig.
3B). Strikingly, and in contrast to the hippocampus, no A immu-
noreactive deposits were observed in the cortex of Apoe-deficient
APPVTVE+= TG mice at any age examined (Fig. 3B).

The regional distribution of AB immunoreactive deposits was
similar in APPV7V7¥+/= TG mice with one or two Apoe alleles. AS
deposits varied from small single to large multifocal deposits
reaching up to 100 wm in diameter and affecting all regions of the
cerebral cortex as well as the hippocampus. However, the poly-
morph layer of the dentate gyrus of the hippocampus did not show
A immunoreactivity in Apoe ™' or Apoe '~ TG mice. The amount
and regional distribution of AB immunoreactivity differed dramat-
ically in APPV7V7F+/= Apoe™'~ TG mice as compared with Apoe™+
or Apoe™~ TG mice. Of significance was the reduction in the area
occupied by AB immunoreactivity in the hippocampus (Figs. 1, 2,
and 34) and the complete lack of AB immunoreactivity in the
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Fig.3. Effectof apoE on ABimmunoreactivity in the hippocampus and cerebral

cortex of APPV717F+/~ TG mice with various Apoe alleles. Serial coronal sections
were stained for total A3 (10D5, 1:1,000), and the area occupied by immunore-
active deposits was quantified (see Materials and Methods). The area occupied by
AB immunoreactivity increased significantly from 9 to 21/22 mo in APPV717F+/~
Apoe™’t and APPV717F+/~— Apoet/~ mice. A reduction in the area occupied by AB
immunoreactivity was seen in the hippocampus (A) of APPV717F+/= Apoe~/~ mice
at all ages examined. In contrast to the hippocampus, no A immunoreactive
deposits were observed in the cortex (B) of Apoe-deficient APPV717F+/~ mice. Note
that by 21/22 mo, Apoe hemizygous mice have a similar amount of Ag immuno-
reactivity as Apoe homozygous mice, whereas the amount of amyloid deposition
is significantly decreased to =30% of homozygous mice (Fig. 2). All data were log
transformed and tested for normality before statistical analysis (see Materials and
Methods). *%%, P<0.001; **, P<0.01; P= ns compared with APPV717F =/~ Apoe*/*
TG mice. #, P < 0.01 compared with APPV77F+/= Apoet/* TG mice.

cerebral cortex of APPY7V¥*/~Apoe~/~ mice at any of the ages
examined (Fig. 3B). In the hippocampus of APPV7'7F+/~ Apoe~'~
TG mice, nearly all AB immunoreactivity was ABi_4» (Fig. 4).
Furthermore, the distribution of AB immunoreactivity in the
hippocampus was similar to the other genotypes examined, with the
distinct exception of the dentate gyrus, where the polymorph layer
was preferentially affected (Figs. 1 and 4).

Glial Activation Associated with Ap Deposition Is Markedly Reduced
in Mice Lacking apoE. In AD, deposition of A in senile plaques
is associated with astrocytic and microglial proliferation. Thus,
we investigated whether the lack of amyloid observed in
APPVTVE+=Apoe™'~ TG mice would result in decreased astro-
gliosis and microgliosis. The astroglial and microglial response
was evaluated in 15- and 21/22-mo-old APPV7V7F+/= Apoe™* and
APPYVFH= Apoe~/~ TG mice. The degree of gliosis, as deter-
mined by GFAP immunolabeling, differed among genotypes,
being more severe in the cerebral cortex and molecular layer of
the hippocampus of APPV'VF+/= Apoe*’* TG mice (Fig. 5A4).
Qualitatively, clusters of intensely GFAP-positive astroglial cells
were present in APPV7VF*/~ Apoe™’* TG mice in both the
hippocampus and frontal cortex (Fig. 54 and Inset). These
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Fig. 4. Ap immunoreactivity in APPV717F+/~ TG mice with the three Apoe
genotypes: (A) Apoe™~; (B) Apoe™'~; and (C) Apoe™'* at 21/22 mo of age. Sections
were stained with an antibody specific for ABi_s, (21F12; see Materials and
Methods for details). There is a decrease in the area occupied by A immunore-
activity in the hippocampus of APPV717F+/= Apoe =/~ mice and a complete absence
of Agimmunoreactivity (including total AB; see also Fig. 1) in the cerebral cortex
(A). The distribution of AB1_42 immunoreactivity was similar in all genotypes, with
the exception of the dentate gyrus of the hippocampus where the polymorph
layer was preferentially affected in APPV717F+/= Apoe~/~ mice. Note the absence
of AB deposits in the outer molecular layer of the dentate gyrus in Apoe™/~
compared with Apoe™’* mice (A vs. B). (Original magnification X5.)

clusters appeared as two or more GFAP immunoreactive astro-
cytes that were hypertrophied and had multiple thick cytoplas-
mic processes. These clusters were found mostly in the CA1 and
CA3 regions and the dentate gyrus of the hippocampus, as well
as the cerebral cortex. Fewer GFAP-positive astrocyte clusters
were observed in both the hippocampus and cortex of
APPYVE*= Apoe~'= TG mice when compared with Apoe™*
TG mice (Fig. 5 A and B). The intensity (and clustering) of
tomato lectin staining for activated microglia was also greatly
decreased in the cerebral cortex and hippocampus of
APPYVE*= Apoe~~ TG mice compared with APPV717F+/~
Apoe*'™ TG mice (Fig. 5 C and D).

ApoE Immunoreactivity Is Associated with a Subset of Ag Immuno-
reactive Deposits and Virtually All Thioflavine-S-Fluorescent Ag De-
posits. To determine whether apoE is associated with immunore-
active AB deposits and amyloid, we quantified them in serial
sections of the cerebral cortex of APPY7'7F+/= Apoe™* TG mice at
21/22 mo of age. It is apparent from Fig. 6 that apoE immunore-
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Fig.5. Reduced glial activation in APPV717F+/= Apoe ™~ TG mice. Glial activation
was evaluated by GFAP immunohistochemistry (A and B) and tomato lectin
histochemistry (Cand D) on paraffin-embedded brain sections from 21/22-mo-old
APPVTTFH= Apoe™/* and APPV7V7F+~ Apoe '~ mice (see Materials and Methods
for details). A range of glial staining for each genotype analyzed was apparent
with an increase in GFAP immunoreactivity and lectin staining in the superficial
layers of the cerebral cortex and hippocampus in APPY717F+/~ Apoe*/* mice (Aand
C, respectively) compared with APPY717F+/= Apoe~/~ mice (B and D, respectively).
Note clusters of intensely stained astrocytes (A, Inset) and microglia (G, Inset),
which are more prominent in APPV7'7F+/= Apoe*/* than in APPV7V7F+/~ Apoe~/~
mice. (X5; Inset, X40.)

active AB deposits represent a subpopulation of the total AB
deposits labeled with the 10D5 antibody (all AB species), because
the number of apoE-positive deposits represents =50% of the total
ApB deposits quantified in alternate sections from the same brain
region (Fig. 6D). As a control for nonspecific binding of the apoE
antisera to AB deposits, we stained brain sections from APPV717F+/~
Apoe~'~ TG mice with the anti-apoE antisera and failed to detect
any staining (data not shown). Furthermore, thioflavine-S-
fluorescent AR deposits represent only a subset of the total
apoE-positive AB deposits (Fig. 6). Nevertheless, by double staining
it is apparent that virtually all (>99.9%) thioflavine-S-fluorescent
AP deposits are apoE immunoreactive (Fig. 6 legend).

Lack of Apoe Does Not Affect APPV7'7F Transgene Expression. To
investigate whether the lack of murine Apoe reduces the expression
of the APPV7V7F transgene (either mRNA or protein processing), we
analyzed APPV7'7F*/~ TG mice at various ages with the three Apoe
genotypes by using reverse transcription-PCR, Western blot anal-
ysis, and ELISA measurements of the AB peptides. No obvious
decrease in the level of either mRNAs (4PP 695, 751, 770) or
protein was observed. In APPV717F*/~ mice, brain-tissue AB levels
measured by ELISA rise as a function of age, which parallels the
dramatic increase in AB immunoreactivity detected immunohisto-
chemically (36-38). We therefore measured hippocampal and
cortical total AB and AB;_4 levels before AB deposition in young
APPY7VF+/= mice with and without Apoe. Total AB and ABi_4
levels in both the cerebral cortex and hippocampus were not
significantly different at 2 mo of age (data not shown).

Discussion

The inheritance of one or two APOE4 alleles confers increased
risk and an earlier age of onset of AD compared with individuals
who inherit the more common APOES3 allele (1, 2). Moreover,
APOE4 has been reported to be associated with increased plaque
burden in patients with Down’s syndrome, traumatic brain
injury, amyloid angiopathy, normal aging, and, in some families,

Bales et al.
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Fig. 6. ApoE immunoreactivity is associated with a subset of AB immunoreac-
tive deposits. (A) Total AB immunoreactive deposits (10D5 antibody); (B) apoE
immunoreactive deposits; (C) thioflavine-S-fluorescent deposits; and (D) quanti-
tation of AB, apoE, and thioflavine-S fluorescent (see Materials and Methods for
details). ApoE immunoreactive deposits represent a subpopulation of the total
AB deposits, but virtually all (=99%) thioflavine-S-positive AB deposits are im-
munoreactive for apoE. The latter was determined by counting thioflavine-S-
fluorescent AB deposits in both the hippocampus (n = 273) and cortex (n = 256)
and determining by double staining in the same sections (B and C) whether these
were also apoE positive (=99% of thioflavine-S-fluorescent Ag deposits in each
region were apokE positive) (data not shown).

with autosomal dominant APP mutations that cause early-onset
familial AD (43-49). Taken together, these genetic—epidemio-
logical studies suggest that the three apoE isoforms differentially
contribute to AD risk; however, the exact pathogenic mecha-
nism(s) remains obscure.

An association between apoE and amyloid deposition is sup-
ported by postmortem studies demonstrating significantly more A
deposits and amyloid in APOE4 carriers compared with noncarrier
AD patients (1). Numerous studies have shown avid, and in some
cases isoform-specific, binding of AB peptide(s) to apoE (33, 34).
However, both pro-(27, 28) and anti-amyloidogenic (29) actions of
apoE have been reported and/or postulated based on in vitro
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studies. To determine whether apoE directly impacts amyloid
deposition in vivo, we have crossed Apoe knockout mice with
transgenic mice overexpressing a human mutant APP gene
(V717F). The APPV'7F TG mouse develops age- and region-
dependent amyloid deposition in brain, which is accompanied by
neuritic changes (dystrophic neurites) and glial activation (36, 38).
Remarkably, in the absence of Apoe, these mice do not develop
amyloid deposits when examined as old as 21/22 mo of age (Fig. 1).
APPY7'F TG mice that are hemizygous for Apoe have greatly
reduced amyloid burden that increases with age but is still =30%
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ever, apoE also appears to affect the amount and anatomical
distribution of diffuse AB deposits and may be required for AB
deposition in certain brain regions (e.g., the cerebral cortex). We
and others have postulated that apoE may alter the clearance of A
in brain tissue, and over time it appears that apoE (probably in an
isoform-specific manner) reduces clearance, thus promoting dep-
osition and eventually fibrillogenesis. Recently, we have observed
that human apoE3 and apoE4 expression reduces AB deposition
(compared with murine apoE or no apoE) in young APPV717F+/~
TG mice (51). However, as these mice age, they eventually display
both nonfibrillar and fibrillar AB deposits like their murine apoE-
expressing counterparts and to a greater extent than that observed
in Apoe-deficient mice (unpublished data). Thus, it appears that in
young APPV7'7F TG mice expressing mouse or human apoE, AS
clearance may be enhanced or facilitated. However, as APPV7\7F
TG mice age, apoE expression somehow impedes Af3 clearance,
facilitating both nonfibrillar and fibrillar AB deposition. Impor-
tantly, we have recently observed a 10-fold greater amount of
amyloid in 15-mo-old apoE4 compared with apoE3-expressing
APPY7YTE+/= TG mice (unpublished data), confirming that the
effects of apoE on amyloid deposition are both qualitative (isoform
specific) and quantitative (dependent on level of expression) in
nature. Finally, our findings suggest that treatments that decrease
glial apoE expression should reduce amyloid plaque burden and
conceivably prevent or slow disease progression.
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