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ABCA1 (ATP-binding cassette transporter A1) is a major regula-
tor of cholesterol efflux and high density lipoprotein (HDL) metab-
olism. Mutations in human ABCAI cause severe HDL deficiencies
characterized by the virtual absence of apoA-I and HDL and preva-
lent atherosclerosis. Recently, it has been reported that the lack of
ABCAL1 causes a significant reduction of apoE protein level in the
brain of ABCA1 knock-out (ABCA17/") mice. ApoE isoforms
strongly affect Alzheimer disease (AD) pathology and risk. To
determine further the effect of ABCA1 on amyloid deposition, we
used APP23 transgenic mice in which the human familial Swedish
AD mutant is expressed only in neurons. We demonstrated that the
targeted disruption of ABCAI increases amyloid deposition in
APP23 mice, and the effect is manifested by an increased level of A3
immunoreactivity, as well as thioflavine S-positive plaques in brain
parenchyma. We found that the lack of ABCA1 also considerably
increased the level of cerebral amyloid angiopathy and exacerbated
cerebral amyloid angiopathy-related microhemorrhage in APP23/
ABCA1~’~ mice. Remarkably, the elevation in parenchymal and
vascular amyloid in APP23/ABCA1~’~ mice was accompanied by a
dramatic decrease in the level of soluble brain apoE, although insol-
uble apoE was not changed. The elevation of insoluble A fraction
in old APP23/ABCA1~'" mice, accompanied by a lack of changes in
APP processing and soluble B-amyloid in young APP23/ABCA1 ™/~
animals, supports the conclusion that the ABCA1 deficiency
increases amyloid deposition. These results suggest that ABCA1
plays arole in the pathogenesis of parenchymal and cerebrovascular
amyloid pathology and thus may be considered a therapeutic target
in AD.

The deposition of AB? in the brain parenchyma and vessels is a path-
ological hallmark of AD, and it is believed that A plays a central role in
the pathogenesis of the neuronal dysfunction and cognitive impairment
during the progression of the disease. Unlike familial early onset forms
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of AD, which are caused by mutations in APP or presenilins, the cause of
late onset AD (LOAD) remains unknown. The inheritance of the apoE
€4 allele (apoE4) is considered a strong and independent risk factor of
AD and is associated with increased neuritic plaques and CAA (1-3). It
has been reported that in APP transgenic mice the disruption of the
apoE gene causes a dramatic reduction of parenchymal amyloid plaques
and CAA (4-6).

Two independent groups have reported recently that the lack of
ABCAI causes >75% reduction of apoE protein level in the brain of
ABCA1~'~ mice (7, 8). The decreased apoE level in the central nervous
system was not related to apoE gene expression but likely was caused by
increased metabolism of abnormally lipidated apoE containing lipopro-
tein (8). ABCA1 is a major regulator of cholesterol efflux, HDL metab-
olism, and reverse cholesterol transport (9, 10). Mutations in the
ABCAI gene cause severe HDL deficiencies, the most prominent of
which is Tangier disease, which is characterized by the virtual absence
of apoA-I and HDL, the accumulation of cholesterol in cells, and the
prevalence of atherosclerosis (11-13). The transcriptional activation of
ABCAL1, and other genes involved in cholesterol metabolism, is con-
trolled by nuclear liver X receptors o and 8 LXRa/f (14, 15). Target
genes of LXRa/B have already been implicated in the control of APP
proteolytic processing (16 —18). The effect was attributed primarily but
not only to ABCAL. It was also reported that a set of genetic variants of
ABCA1 modifies the risk for AD (19, 20) in Scottish, Swedish, and
English populations, although another study of American and UK pop-
ulations found that ABCA1 variants do not appear to influence the risk
of LOAD (21). Experiments with any of those genetic variants or com-
plex AD model systems (APP transgenic/ ABCA1 knock-out animals for
example) have not been reported, and so there is no definitive conclu-
sion about the role of ABCA1 in AD. To determine further the effect of
ABCA1 on amyloid deposition, we used APP23 transgenic mice in
which APPsw is expressed only in the brain. These mice develop com-
pact amyloid plaques in brain parenchyma and CAA, reminiscent of the
pathological features of AD (22—24). In this study APP23 mice were
bred to ABCA1 knock-out mice, and AB-related pathology was evalu-
ated in APP23 mice with intact (APP23/ABCA1™'") or disrupted
(APP23/ABCA17'") ABCAI gene. Our results demonstrate that in
APP23 mice the lack of ABCA1 increases Af3 deposition.

MATERIALS AND METHODS

Transgenic Mice—This study fully conformed to the guidelines out-
lined in the Guide for the Care and Use of Laboratory Animals from the
United States Department of Health and Human Services and was
approved by the University of Pittsburgh Institutional Animal Care and
Use Committee. We used APP23 transgenic mice expressing human
familial AD mutant APP751 with Swedish double mutation at positions
670/671 (APPK670N, M671L) (23). The expression of human APPsw is
driven by the murine Thy-1 promoter and is restricted to neurons.
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APP23 (C57BL/6 background) were cross-bred to ABCA1*'~ het-
erozygous mice (DBA/1-Abcal™V*™/J; The Jackson Laboratory) to
generate APP23/ABCA1™/~ progeny (C57BL/6 X DBA/1). The prog-
eny was identified by PCR, and APP23/ABCA1 "'~ mice were bred to
ABCA1"/~ littermates (F1, no APP transgene, mixed C57BL/6 X
DBA/1 background) to yield APP23/ABCA1~/~, APP23/ABCA1"/~,
and APP23/ABCA1™/" bigenic littermate mice. All mice used in this
study are hemizygous APP23. At weaning, a distortion in the Mendelian
inheritance of the APP23/ABCA1 ™'~ genotype was observed that was
three times less than expected, suggesting a perinatal lethality of APP23/
ABCA1™'~ pups. APP23/ABCA1~'~ mice appeared normal and
weighed slightly less (statistically insignificant) compared with APP23/
ABCA1"'" littermates. APP23/ABCA1 ™'~ developed similarly to
APP23/ABCA1"", and no gross anatomical abnormalities were
observed until 13 months of age.

Animal Tissue Processing—Mice were anesthetized with pentobarbi-
tal (150 mg/kg, intraperitoneal) and perfused transcardially with 100 ml
of PBS (0.1 M, pH 7.4). Brains were rapidly removed; the olfactory bulb
and cerebellum were deleted and divided in hemibrains. One hemibrain
was snap-frozen on dry ice and the other was drop-fixed in 4% phos-
phate-buffered paraformaldehyde at 4 °C for 48 h.

Antibodies—Rabbit polyclonal anti-ABCA1 antibody was purchased
from Novus Biologicals (Littleton, CO). The 6E10 monoclonal antibody
(Signet, Dedham, MA) recognizes the first 17 amino acids of the A3
peptide. 6E10 antibody was used for Western blotting (WB) to detect
full-length human APP and sAPPa. Rabbit C8 polyclonal antibody (25)
was used to detect CTF resulting from a- or B-secretase cleavages.
Rabbit 869 antibody (25) was used to detect sSAPPS by WB. This anti-
body does not recognize full-length APP but recognizes the neoepitope
generated after cleavage by B-secretase. Murine-specific apoE antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA). TAU-5 antibody
(NeoMarkers, Fremont, CA) is a phospho-independent antibody that
recognizes total tau protein. Glyceraldehyde-3-phosphate dehydrogen-
ase monoclonal antibody was purchased from Chemicon International
(Temecula, CA). Secondary antibodies conjugated to horseradish per-
oxidase were from Jackson ImmunoResearch (West Grove, PA).

Histology and Immunohistochemistry—HistoPrep (Fisher)-embed-
ded hemibrains were cut in the coronal plane at 30 um on a cryostat.
Sections were selected 300 wm apart, starting from a randomly chosen
section about 300 wm caudal from the first appearance of CA3 and the
dentate gyrus. The immunostaining procedure was performed on float-
ing sections as described by Matsuoka et al. (26). Briefly, after washing in
PBS containing 0.2% Triton X-100 (PBST), nonspecific binding was
blocked by incubating the sections in PBST, 3% normal goat serum
(Vector Laboratories) for 1 h before the incubation in biotinylated 6E10
at 4 °C overnight. Sections were then washed in PBST and incubated in
ABC Elite reagent (Vector Laboratories), and immunoreactivity was
visualized by using diaminobenzidene/nickel (DAB/NI). The specificity
of immunoreactivity was confirmed by the lack of signal when applying
the same protocol on brain sections from nontransgenic wild type lit-
termates. For thioflavine S (Thio-S) staining, floating sections were
washed in PBST, mounted on Superfrost Plus slides (Fisher), coated
with Vectabond (Vector Laboratories), and processed essentially as
described previously (27). Sections mounted on the slides were post-
fixed in 10% formalin for 10 min, washed in PBS, incubated in 0.25%
potassium permanganate for 10 min, treated with 2% potassium met-
abisulfite, 1% oxalic acid until they appeared white, and finally stained
for 10 min in 0.015% Thio-S in 50% ethanol. After washing in 50%
ethanol and water, the slides were dried and dipped into Histo-Clear
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before being coverslipped with Permount. All chemicals were from
Sigma at the highest recommended grade of purity.

Parenchymal and cerebrovascular amyloidoses were evaluated on the
same sections but were recorded and presented separately. Microscopic
examinations were carried out using Leica DM fluorescent microscope
and images captured by CCD camera (DG 300F, Leica). For quantitative
analysis, AB and amyloid deposition in the neocortex and hippocampus
was defined as the percent area covered by A immunoreactivity (% A
load) and Thio-S positivity (% Thio-S load), respectively. For each
mouse, A immunoreactivity or Thio-S-positive plaques were counted
in 67 sections per hemibrain 300 wm apart at a magnification of 50.
The percentage of area covered by AB-IR or Thio-S positivity was deter-
mined by examining the entire area of the section using IPLab 3.1
software.

Cerebrovascular amyloidosis was evaluated on Thio-S-stained slides
in pia, cortex, hippocampus, and thalamus, using the same approach
and presented as % vascular amyloid.

A qualitative rating scale of CAA severity, similar to that reported
previously for APP23 mice was used (28) as follows: severity grade 1,
with amyloid confined to the vessel wall; severity grade 2, vascular amy-
loid with amyloid infiltrating the surrounding neuropil; and severity
grade 3, dyshoric amyloid with amyloid deposition within the vessel wall
and with a thick and complete amyloid coat around the vessel wall. A set
of seven coronal sections/mouse equally spaced throughout the brain
was evaluated, and Thio-S-positive vessel surface area was measured in
each of four regions (pia, cortex, hippocampus, and thalamus). It should,
however, be stated that because coronal sections were used in all cases,
this value may be influenced by vessel orientation (e.g. if vessels that run
perpendicular to the plane of section were more likely to contain fibrillar
amyloid, the reported percentage would be an underestimate of the total
affected surface area).

Quantitation of Cerebral Hemorrhage—30-um sections were
mounted on microscopic slides, fixed for 10 min in 10% freshly prepared
formalin, and processed according to Carson (29). The slides were well
rinsed in distilled water, incubated in Perl’s solution, equal parts of 2%
potassium ferrocyanide and 2% hydrochloric acid, and rinsed again. The
sections were counterstained with Nuclear Fast Red (Vector Laborato-
ries) for 5 min, rinsed under running tap water for 5 min, and cover-
slipped. All sections were scanned using 5X objective and focal hemor-
rhages analyzed and counted at X250. The numbers of Perl’s Berlin
blue-stained clusters of hemosiderin staining (or Prussian blue-positive
sites) were counted on all sections, and the average number of sites per
section was quantified. A set of six equally spaced sections throughout
the neocortex, hippocampus, and thalamus were examined, and the
number of positive profiles was determined and averaged to a per sec-
tion value.

Tissue Homogenizing and Western Blotting—The frozen hemibrains
(only cortices and hippocampi) were homogenized in tissue homogeni-
zation buffer (THB) (250 mMm sucrose, 20 mM Tris base, 1 mMm EDTA, 1
mM EGTA, 1 ml per 150 mg of tissue) and protease inhibitors essentially
as described before (25). Protein extracts were prepared by 1:1 dilution
of the initial homogenate with 2X RIPA buffer (10 mm Tris-HCI, pH 7.3,
1 mm MgCl,, and 0.25% SDS, 1% Triton X-100) in the presence of
protease inhibitors (10 ug/ml leupeptin, 10 ug/ml aprotinin, and 10
pg/ml 4-(2-aminoethyl)benzenesulfonyl fluoride) and sonication. WB
for ABCA1, APPf], and CTFa/ B were made as described previously (25).
sAPPa and sAPP 3 were determined by WB in soluble extracts prepared
from brain homogenate using cold 0.4% diethylamine in 100 mm NaCl,
centrifuged at 135,000 X g for 1 h at 4 °C, and neutralized by adding 0.5
M Tris-HCI, pH 6.8.
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AB ELISA—Soluble AB was extracted with 2X RIPA buffer and cen-
trifuged at 135,000 X g. Insoluble A was extracted from the resulting
pellet using 70% ice-cold formic acid. The soluble and insoluble AB
extracts were additionally diluted in EC buffer (20 mm sodium phos-
phate, 2 mm EDTA, 400 mMm NaCl, 0.2% bovine serum albumin, 0.05%
CHAPS, 0.4% Block Ace, 0.05% NaN,, pH 7.0), and AB;_,,and AB;_,,
concentrations were measured by sandwich ELISA as described previ-
ously (25). Briefly, ELISA for AB was performed using 6E10 as the cap-
ture antibody, and anti-AB40 (G2-10 monoclonal antibody) and anti-
AB42 (G2-13 monoclonal antibody) monoclonal antibodies conjugated
to horseradish peroxidase (Genetics Co., Schlieren, Switzerland) were
used as the detection antibodies. The reaction was developed by TMB
Microwell peroxidase substrate system (Kierkegaard & Perry Laborato-
ries, Gaithersburg, MD). The final values of A were based on AB;_ 4,
and AB,_,, peptide standards (Bachem Biosciences, King of Prussia,
PA). The amount of A was normalized either to the total protein or to
the expression of APPfl as measured by WB and was expressed as
picomoles/mg.

WB for insoluble AB was performed using 10 ul of formic acid-ex-
tracted AB. The solvent (formic acid) was evaporated, and the pellet was
resuspended in 2X NuPAGE loading buffer. The proteins were resolved
on 4-12% NuPAGE gels and transferred on the nitrocellulose mem-
branes. Membranes were boiled for 5 min in PBS, and AB,,., was
detected with 1:1000 dilution of 6E10 antibody.

WB for Soluble and Insoluble ApoE—The soluble apoE was extracted
from brain homogenates using 2X RIPA buffer and sonication and was
centrifuged at 135,000 X g. The insoluble pellet was dissolved in 70%
formic acid, sonicated for 30 s, and centrifuged at 135,000 X g. WB for
soluble and insoluble apoE were made using 30 ug of total protein. For
insoluble apoE, formic acid was evaporated (as for AB WB), and the
pellet was resuspended in 2X NuPAGE loading buffer. For soluble and
insoluble apoE, the proteins were resolved on 4—12% NuPAGE gels and
transferred on the nitrocellulose membranes. Insoluble apoE was
detected with a 1:100 dilution of anti-mouse apoE antibody, and soluble
apoE was detected with 1:500 dilution of the same antibody. To avoid
stripping and re-probing of the membranes for a loading control, we
used anti-tau antibody Tau5, which is phospho-independent and rec-
ognizes total tau (55— 65 kDa).

Statistical Analysis—Results are reported as means * S.E. Statistical
significance was determined by two-tailed Student’s ¢ test or Mann-
Whitney test. We used Spearman correlations to determine the unad-
justed relationships between continuous variables (GraphPad Prism
software, Windows version 3.0, San Diego).

RESULTS

ABCAI Deficiency Does Not Affect the Expression of Human APP but
Substantially Decreases Brain ApoE Level in APP23 Mice—To deter-
mine the effect of genetically engineered disruption of ABCA1 on A
deposition in APP23 transgenic mice, we generated APP23/ABCA1 ™/~
animals. In this study we examined the following 13-month-old bigenic
animals: APP23/ABCA1 ™/~ (9 mice, 5 females and 4 males), APP23/
ABCA1™'~ (16 mice, 13 females and 3 males), and their wild type
APP23/ABCA1™'" littermates (14 mice, 7 females and 7 males). We
first evaluated the expression of ABCA1 and full-length human amyloid
precursor protein (hAPPfl) by Western blotting in aliquots of SDS
extracts of cortices and hippocampi. As expected, the results proved
that ABCA1 protein expression in APP23/ABCA1 ™" mice is reduced
by 50% as compared with APP23/ABCA1™/™" and is absent in APP23/
ABCA1~'" mice (Fig. 14, upper panel). ABCA1 deletion did not influ-
ence human APPsw transgene expression (751 amino acids, “Swedish”
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FIGURE 1. Analysis of ABCA1, APP, and apoE expression in the brain of 13-month-
old APP23/ABCA1*/*, APP23/ABCA1~'*, and APP23/ABCA1~/~ mice. Each lane
was loaded with 100 ug (for ABCA1 and APP) or 30 ug (for apoE) of total protein from
RIPA-extracted cortices and hippocampi, and the expression of mouse ABCA1, full-
length human APPsw (hAPPsw), and mouse apoE was determined by Western blotting.
A, representative Western blots from APP23/ABCA1*/", APP23/ABCA1 /", and APP23/
ABCA1~/~ mice demonstrate ABCA1 (upper panel) and hAPPsw (lower panel) expression.
Note the lack of ABCA1 signal in APP23/ABCA1 /™ (ko) mice. The expression of ABCA1 in
APP23/ABCA1 /" mice (het) is 2-fold less than in APP23/ABCA1 /" (wt) mice. Thereis no
change in the expression of human APPsw (hAPP) as detected by 6E10 antibody. B,
substantial reduction of ApoE levels in the cortex and hippocampus of APP23/
ABCA1~/~ mice as compared with APP23/ABCA1*/* and APP23/ABCA1~/*. ApoE pro-
tein was determined by WB using a polyclonal antibody against murine apoE (upper
panel), and representative WB from APP23/ABCA1"/", APP23/ABCA1 /", and APP23/
ABCA1~/~ mice are shown. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(lower panel) was used to control for equal protein loading and for normalization. The
graph represents means * S.E. of at least two independent experiments. n = 14 for
APP23/ABCA1*/*, n = 16 for APP23/ABCA1 /", and n = 9 for APP23/ABCA1 ™/~ mice.
Statistics were performed by two-tailed Student’s t test.

isoform) (Fig. 14, lower panel). Because ABCAL1 deficiency as reported
considerably decreases the amount of endogenous apoE protein in the
brains of ABCA1~/~ mice (7, 8), we determined the level of soluble
(RIPA-extractable) apoE. In confirmation of the previous studies, we
found that the level of soluble apoE in 13-month-old APP23/
ABCA1™'" mice was reduced more than 70% when compared with
APP23/ABCA1*'" (Fig. 1B). The same decrease was observed in
3-month-old APP23/ABCA1 ™" mice (data not shown).

Lack of ABCAI Increases the Level of Insoluble AB in 13-Month-old
APP23 Mice—Next we examined whether the deficiency of ABCA1
could alter brain AB levels in APP23/ABCA1 ™'~ mice. We measured
levels of AB,, and AB,, in both RIPA-soluble and -insoluble brain
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FIGURE 2. Lack of ABCA1 increases insoluble AB,, and AS,, levels in aged APP23/ABCA1~'~ mice. A-D, A was extracted first by RIPA (soluble or RIPA-extracted AB) followed
by formic acid extraction (insoluble or formic acid-extracted AB) and was quantified by WB (B) or ELISA (A and Q). A, soluble AB,, and AB,,, as measured by ELISA, were elevated in
APP23/ABCA1~/~ versus APP23/ABCA1*/* and APP23/ABCA1"/~ mice; however, the difference did not reach statistical significance. B, insoluble AB.., (ABso + ABs,) Was
determined by WB of formic acid-extracted AB by using 6E10 antibody that recognizes both AB,,and AB,, (see text). Upper panel is a representative WB of insoluble A, in female
mice (lanes 1-7 are APP23/ABCA1*/* and lanes 812 are APP23/ABCA1~/"). Lower panel is a representative WB of insoluble AB,..,, in male mice (lanes 1-7 are APP23/ABCA1"/* and
lanes 811 are APP23/ABCA1~/7). The bands were quantified, and the level of AB,. was normalized to the level of full-length human APP (APPfl). Note the increase of AB,qy in
APP23/ABCA1~/" mice versus APP23/ABCA17/* (p < 0.015). The graph represents the means * S.E. of three independent experiments. C, insoluble AB,, and AB,, as measured by
ELISA were increased in APP23/ABCA1~/~ versus APP23/ABCA1*/* mice. D, the percent soluble AB,, and AB,, as a fraction of total AB (soluble and insoluble) was elevated in
APP23/ABCA1/* versus APP23/ABCA1 /™ mice. E, insoluble apoE was determined by WB of formic acid-extracted brain homogenate (see under “Materials and Methods"). Upper
panel is a WB of insoluble apoE in female mice, and the lower panel is a representative WB of insoluble apoE in male mice. The bands were quantified, and the level of apoE was
normalized to the level of total Tau. Values are means + S.E. of at least two independent experiments. n = 14 for APP23/ABCA1"/*, n = 16 (except for B, n = 14) for APP23/ABCAT/*,
and n = 9 for APP23/ABCA1 ™/~ mice. Statistics were performed by Mann-Whitney test. het, heterozygous; wt, wild type; ko, knock-out; N.S., not significant.
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homogenates of APP23/ABCA1 /™ mice, and we compared the values
to those in APP23/ABCA1™'" and APP23/ABCA1~'" mice. We found
that in APP23/ABCA1™/~ versus APP23/ABCA1™’* mice, the lack of
ABCAI1 resulted in an increase of soluble (RIPA-extractable) AB,, and
AB,,, although the difference did not reach statistical significance (Fig.
2A). We also examined the level of insoluble (formic acid extractable)
AB by WB using 6E10 antibody, which recognizes both AB,, and AB,,
(referred as A,y in Fig. 2B). The level of AB,, ., showed very high
variability among all mice, with male mice (except one animal) having
less A B, than the female mice. Fig. 2B shows that insoluble A, in
APP23/ABCA1 ™/~ was increased more than 2-fold (p < 0.015 versus
APP23/ABCA1™'"). The level of insoluble AB total in APP23/
ABCA1~'" mice was intermediate to that in APP23/ABCA1~'~ and
APP23/ABCA1"'™". To assess specifically the proportion of AB,, and
AB,, in the increased insoluble A, we evaluated their levels by ELISA.
The results demonstrated a less than 2-fold increase of insoluble A, in
APP23/ABCA1 ™'~ mice (p < 0.035 versus APP23/ABCA1™'") and a
more than 2-fold increase of insoluble AB,, (p < 0.025 versus APP23/
ABCA1™/*, Fig. 2C). We concluded that the disruption of ABCA1 in
APP23 mice significantly increases the level of insoluble AB,,and AB,,.
To determine which of the two AB forms (soluble or insoluble) is pre-
dominantly increased in APP23/ABCA1"/~, we measured the percent-
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age of soluble A in the total A (soluble plus insoluble). Fig. 2D dem-
onstrates that when compared with APP23/ABCA1*'* mice, the
proportion of soluble AB,, in APP23/ABCA1~/~ mice was consider-
ably decreased, suggesting that more A converts from the soluble to
the insoluble state in the absence of ABCA1. The difference in the pro-
portion of soluble AB,, in APP23/ABCA1~’~ showed a trend toward a
decrease; however, the difference was statistically insignificant. Because
it was reported previously that apolipoprotein E co-localized with amy-
loid plaques in APP transgenic mice (30) and AD brain, we examined
apoE level in RIPA-insoluble brain fractions. Insoluble apoE was deter-
mined in formic acid-extracted brain fractions, the same used to deter-
mine insoluble AB. We found a very small amount of apoE in the insol-
uble fraction (Fig. 2E), which was detected only after a longer exposure
to x-rays films. There was no difference in the level of insoluble apoE
between APP23/ABCA1™/" and APP23/ABCA1 "™ mice. The level of
insoluble apoE in knock-out mice was 1.1-fold of insoluble apoE in wild
type animals, whereas the level of soluble apoE in knock-out mice was
0.25-fold of soluble apoE in wild type mice.

APP Processing Is Not Affected in APP23/ABCA1~"~—There can be
several reasons for the increased levels of insoluble AB in APP23/
ABCA1™’" mice, and among them are an increased secretion, impaired
clearance, or increased deposition of AB. To determine whether the lack
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FIGURE 4. AB and Thio-S load in the brain of APP23 mice are increased in the absence of ABCA1. A, percent area of the hippocampus and cortex covered by ABimmunoreactivity
(percent AB load) was determined on coronal sections stained with 6E10 antibody. AB load is significantly higher in APP23/ABCA1~/~ mice as compared with APP23/ABCA1*/*
animals. B, APP23/ABCA1~/~ mice, compared with APP23/ABCA1*/™, have significantly greater percent area of the hippocampus and cortex covered by Thio-S-positive staining
(percent Thio-S load). G, vascular amyloid was determined as percent area occupied by Thio-S-positive leptomeningeal, cortical, hippocampal, and thalamic blood vessels. Note that
vascularamyloid in APP23/ABCA1~/~ was increased more than 4- and 3-fold as compared with APP23/ABCA1"/* and APP23/ABCA1 /" mice, respectively. D, photomicrographs are
representative images from APP23/ABCA1"/* and APP23/ABCA1~/~ experimental groups of mice. Sections were immunostained with anti-Ag antibody or stained with Thio-S.
Magnification, X12.5. n = 13 for APP23/ABCA1*/*, n = 13 for APP23/ABCA1~/",and n = 9 for APP23/ABCA1~/~ mice. A-C statistics were performed by Mann-Whitney test. het,
heterozygous; wt, wild type; ko, knock-out.

of ABCAL1 affects APP processing, we examined the levels of cell-asso- APP23/ABCA1~"~ Have Significantly Increased Amyloid Deposition—
ciated carboxyl-terminal fragments (CTFa and CTEp) as well as the  Next we examined how ABCA1 affects the amyloid deposition in APP23
amount of secreted sAPP«a and sAPPf fragments derived after a- or  mice. In the APP23 mice, the first A plaques in brain parenchyma appear
B-secretase cleavages. There was no difference in the quantity of any of  at 6 months of age, and all mice develop A deposits at 8 months of age. We
those APP fragments in 13-month-old APP23/ABCA1 ™'~ and APP23/  found that most of the AB plaques are compact (Fig. 4D) and can be iden-
ABCA1™"* mice (Fig. 3, A and B). To determine the level of AB before tified by staining with thioflavine S in agreement with previous reports for
the start of amyloid deposition, we examined AfB,, and AB,, in young  these mice (23, 24). Diffuse plaques also occurred, but they were most fre-
mice (11 weeks old) where all AB is in the soluble form (25, 31). The  quently found in animals with a high plaque burden. AB burden (percent
results shown in Fig. 3C demonstrate that the lack of ABCA1 did not area covered by AB immunoreactivity) was evaluated by quantitative
affect the steady state of AB in young mice. immunohistochemistry with the 6E10 antibody (26). The amyloid deposits
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FIGURE 5. Cerebral amyloid angiopathy is increased in APP23/ABCA1~'~ mice. AB (A) and Thio-S staining (B) in APP23/ABCA1*/* mice reveal engagement predominantly of
leptomeningeal (long arrows) or neocortical (short arrows) blood vessels. All wild type mice had at least few leptomeningeal and some showed penetrating Thio-S-positive cortical
vessels. An arrowhead in B points to a parenchymal plaque. AB (C) and Thio-S staining (D-/) in APP23/ABCA1~/~ mice demonstrated vascular amyloid localized in hippocampal (C,
black arrows), leptomeningeal (D, long arrows), neocortical (D, small arrows), and thalamic vessels (G). Five (out of 9) knock-out mice showed widespread Thio-S-positive vascular
amyloid in cortex, similar to that visible in D, and four had engagement of hippocampal (as in ) and thalamic (as in G) vessels. Only one (out of 13) APP23/ABCA1*/* had widespread
vascular amyloid in cortex, hippocampus, and thalamus. Within these regions, CAA in APP23/ABCA1~/~ mice showed a great variability (G-/), ranging from vessels with amyloid
confined to the vessel wall (G; severity grade 1), to vascular amyloid with amyloid infiltrating the surrounding neuropil (/; severity grade 2), and to dyshoric amyloid with amyloid
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in APP23/ABCA1*"* were localized predominantly in the neocortex and
hippocampus, and plaque loads in neocortex and hippocampus were cor-
related (* = 0.67, p < 0.001) as reported previously (32). Lack of ABCA1
did not change the anatomical distribution of AB immunoreactivity.
Therefore, the presented percentage of A and Thio-S loads encompasses
amyloid plaques in the neocortex and hippocampus. A immunoreactivity
revealed that the lack of ABCAL1 increased the A3 load more than 2-fold in
APP23/ABCA1™'~ (n=9) versus APP23/ABCA1 ™™ (n = 13;2.6-fold, p <
0.019; Fig. 4, A and D). There was also a 1.8-fold increase of A burden in
APP23/ABCA1~"~ compared with the ABload in APP23/ABCA1"/™ het-
erozygous mice (n = 13), but the difference was statistically insignificant
(p < 0.08). The quantitation of AB load showed a very high variability
among APP23 mice with A immunoreactivity occupying from 0.01 to
0.5% of the surface area. To examine closely the effect of ABCA1 on 8-amy-
loid deposition, we divided the mice in groups according to their ABload as
follows: low with less than 0.1%, medium with more than 0.1%, and high
with more than 0.2%. The deficiency of ABCA1 increased the percentage of
the mice with high levels of A load as follows: 4 of 9 APP23/ABCA1 ™/~
mice (44%) had an AP load more than 0.2%, and only 2 of 13 APP23/
ABCAL™""* mice (15%) had a similar 8-amyloid load. Accordingly, the per-
centage of mice with low ABload in APP23/ABCA1 ™'~ decreased substan-
tially as follows: 33% of APP23/ABCAL ™'~ (3 of 9 mice) showed less than
0.1% A load versus 76% (10 of 13) among APP23/ABCA1 "™ mice.

Earlier it was reported that the absence or even an ~50% reduction of
apoE decreases dramatically the Thio-S-positive plaques or fibrillar
amyloid (5, 33, 34). Therefore, we were interested to see how the lack of
ABCA]1 and thus a decreased amount of soluble apoE in the brains of
APP23/ABCA1 ™'~ mice would affect a Thio-S-positive load. Most sur-
prisingly, regardless of the considerable decrease in apoE level, the per-
centage of Thio-S-positive plaques in APP23/ABCA1 ™'~ mice was
increased almost 3-fold compared with those in APP23/ABCA1*/"
(p <0.007, Fig. 4, Band D). Moreover, as seen with the A load, the lack
of ABCAL substantially increased the number of the mice with high
Thio-S-positive load as follows: in 4 of 9 (44%) APP23/ABCA1 ™/~ mice
the Thio S load was more than 0.1%, and only 2 of 13 APP23/ABCA1™/*
mice (15%) had the same value of Thio-S load. Accordingly, the number
of the mice with low Thio-S load substantially differed in the two
groups: whereas 7 of 13 APP23/ABCA1™'" mice (53%) had Thio-S bur-
den less than 0.02%, none of APP23/ABCA1 ™'~ mice had such a low
level.

CAA Is Increased in APP23/ABCA1~"~ Mice—APP23 develop signif-
icant deposition of A in the cerebral vasculature predominantly found
in pial, thalamic, cortical, and hippocampal vessels (28, 35). A previous
report demonstrated that with aging in 14 —22-month-old APP23 mice,
there was a pronounced increase in CAA, with detectable A accumu-
lation in vessels occurring slightly later than the first plaques (35).
Therefore, we examined how the lack of ABCA1 affects vascular amy-
loidosis by examining Thio-S load in leptomeningeal, neocortical, and
thalamic vessels in 13-month-old APP23/ABCA1~'~ and APP23/
ABCA1*"* mice. All APP23/ABCA1 "' mice showed vascular amyloi-
dosis detected primarily in leptomeningeal vessels; a few had Thio-S-
positive vessels in the cortex, and one mouse (with the highest
parenchymal Thio-S load) had numerous vascular amyloid deposits in
all examined regions (Fig. 4C and Fig. 5, A and B). In APP23/ABCA1*/*
mice, vascular amyloid was approximately one-third (37%) of parenchy-

mal amyloid. As shown in Fig. 4C, ABCA1 deficiency increased signifi-
cantly the level of vascular amyloidosis; APP23/ABCA1 ™'~ mice had
more than a 4-fold increase of the area of Thio-S-positive vessels as
compared with APP23/ABCA1™/" (p < 0.006) and a 3-fold increase
over APP23/ABCA1"'~ (p < 0.03). All APP23/ABCA1 ™'~ mice had
vascular deposits in the cortex in addition to leptomeningeal vessels; 5 of
9 mice had a very high level of vascular amyloidosis, and 4 of them
showed numerous Thio-S-positive deposits in hippocampal and tha-
lamic vessels. In APP23/ABCA1™'" mice, there was a statistically sig-
nificant positive correlation between parenchymal and vascular Thio-S
load (r = 0.77, p < 0.02). CAA in APP23/ABCA1 ™'~ mice showed a
great variability ranging from vessels with amyloid confined to the vessel
wall (Fig. 5G, severity grade 1), vascular amyloid with amyloid infiltrat-
ing the surrounding neuropil (Fig. 5 severity grade 2), and to dyshoric
amyloid with amyloid deposition within the vessel wall and with a thick
and complete amyloid coat around the vessel wall (Fig. 5H, arrow, sever-
ity grade 3). The vascular amyloid in APP23/ABCA1™'~ was spread
predominantly to the medium and small size vessels (Fig. 5, E, F, and H),
whereas big vessels were usually not engaged. Fig. 5E demonstrates a
long vessel through the piriform and lateral part of entorhinal cortices
without vascular amyloid deposits. We concluded that lack of ABCA1
increased significantly the CAA in APP23/ABCA1 ™/~ mice.

ABCA1 Deficiency Increases CAA-related Cerebral Hemorrhage in
APP23 Mice—The significant increase of cerebrovascular amyloid in
APP23/ABCA1 ™'~ mice led us to examine whether the lack of ABCA1
also increased spontaneous hemorrhagic stroke. The conversion of
hemoglobin to hemosiderin is the resolution of intracerebral bleeding
and requires living cells adjacent to hemorrhage. Blue hemosiderin
granules near hemorrhagic lesions appear ~6 days after the lesion, and
hemosiderin-positive microglia can be visualized later by Perl’s reaction
(36). All APP23 mice had focal hemosiderin deposits, most of which
were localized to the cytoplasm of perivascular microglial cells. Hemor-
rhages were localized primarily in the neocortex and pia (and to a lesser
degree in the thalamus and hippocampus) and had a distribution very
similar to that of CAA. As visible in Fig. 6C, the lack of ABCA1 signifi-
cantly increased the frequency of cerebral hemorrhage in APP23 mice.

DISCUSSION

Senile plaques in AD are extracellular deposits of A peptides, a prod-
uct of the proteolytic cleavage of APP. A deposition is considered a key
pathogenic mechanism in AD, but its cause in sporadic LOAD is still
unknown. Epidemiological data suggest that vascular dementia and
LOAD share common risk factors, such as hypertension, diabetes, and
high plasma cholesterol (37—40). Furthermore, the inheritance of
apoE4, a major risk factor for sporadic AD, is associated with increased
risk of cerebrovascular disease as well (41).

It is generally accepted that mutations in ABCA1, which is a major
regulator of HDL metabolism, increase the risk of atherosclerosis and
cardiovascular disease (42). Genetic data support the hypothesis that
ABCA1 may have alink to AD through its role in regulating HDL levels.
Wollmer et al. (20) found that the R219K variant of ABCA1, associated
with increased HDL-cholesterol levels and a decreased risk of athero-
sclerosis (43), delayed the age of onset of LOAD. Regardless that a causal
link between atherosclerosis and AD has not been established yet, there

deposition within the vessel wall and with a thick and complete amyloid coat around the vessel wall (H, arrow; severity grade 3). The arrow in | points to a blood vessel, and the
arrowhead points to a parenchymal plaque. A parenchymal plaque in H (arrowhead) does not appear to be associated with the vessel (arrow). The vascular amyloid in APP23/
ABCA1~/~ was spread predominantly to the medium and small size vessels (white arrows in E, F, and H), whereas the big vessels were not engaged (E, red arrows trace a long vessel
through the piriform and lateral part of entorhinal cortices). Note parenchymal amyloid plaques in E (white arrowheads) arising from or in a close vicinity to the blood vessels. Scale

bars for A, G, E, and F are 100 um, for Band D are 200 um, and for G-/ are 40 um.
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A

FIGURE 6. CAA-related hemorrhage is increased
in APP23/ABCA1~'~ mice. A and B, hemosiderin
staining (blue) in pia (A) and the neocortex (B) of
13-month-old APP23/ABCA1~/~ mouse indica-
tive of old hemorrhage. The sections are counter-
stained with Nuclear Fast Red. Perivascular hemo-
siderin-positive microglia (arrows) is usually found
in close vicinity of blood vessels. Scale bars: for A
60 um, and for B 30 um. C, frequency of hemosi-
derin-positive staining was assessed in six system-
atically sampled sections through pia, neocortex,
hippocampus, and thalamus. Lack of ABCA1
increased CAA-related hemorrhage in APP23/
ABCA1~/~ as compared with APP23/ABCA1"/*
mice (p < 0.03). n = 8 for APP23/ABCA1™/* and
n = 6 for APP23/ABCA1~/~ mice. Statistics were
performed by Mann-Whitney test. wt, wild type;
ko, knock-out.
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is growing evidence that cerebrovascular dysfunction might be an early
event in the mechanisms of AD (44).

In this study we demonstrate that targeted disruption of ABCA1
transporter increases amyloid deposition in APP23 transgenic mice.
This effect was manifested by increased levels of AB immunoreactivity,
as well as Thio-S-positive plaques in brain parenchyma. The lack of
ABCAL1 also considerably increased the level of vascular amyloid in
APP23/ABCA1~'" mice. The elevation of the fraction of insoluble A3
in old APP23/ABCA1~’~ accompanied by no change in soluble AB in
young APP23/ABCA1™'~ mice supports the conclusion that the lack of
ABCA1 increases amyloid deposition. Our data are in agreement with
two other independent studies demonstrating that ABCA1 deficiency in
transgenic mice expressing human APP, harboring different familial AD
mutations and under the control of different promoters, increases amy-
loid deposition. Wahrle and co-workers et al. (76) used PDAPP mice
(45) and found considerable increase in insoluble AB level and trend
toward increase of Ap-immunoreactive deposits. By using the
TgSwDI/B transgenic AD model (46), Hirsch-Reinshagen et al. (77)
demonstrated a substantial increase in Thio-S load in the hippocampus
and the thalamus of these mice but no change in total AS levels. In the
same study, Wellington and co-workers (77) used a second APP trans-
genic model, APP/PS (47), and found no change in amyloid deposition.
All three studies demonstrate a considerable increase in vascular amy-
loid. The discrepancies in these three reports could be explained by the
expression of APP transgenes producing A species with a different
ability to aggregate or a different tendency for clearance. It is remarka-
ble, however, that in all three studies the elevation in parenchymal and
vascular amyloid was accompanied by a dramatic decrease in soluble
apoE levels in the brain. These findings are in contrast with previous
experiments in transgenic APP mice with genetically disrupted endog-
enous mouse apoE (4—6, 33, 34), demonstrating that in APP/apoE ™/~
mice fibrillar Thio-S-positive AB deposits in brain parenchyma and
vasculature are virtually missing. Moreover, in transgenic mice express-
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ing human APP driven by two different promoters (PDAPP and
Tg-2576 mice), the final effect of apoE disruption was dose-dependent,
and apoE /" animals showed few Thio-S-positive plaques (5, 33, 34).
A possible explanation for the increased AB deposition in APP23/
ABCA1™~'~ mice on the background of substantially decreased apoE is
that nonfunctional ABCA1 alters APP metabolism, and the result is an
increased production of AB. Previous in vitro data suggested that
ABCA1 may affect APP processing. It has been demonstrated, in our
studies and in others studies, that LXR ligands up-regulate ABCA1
expression and decrease Af3 secretion (16 —18). It should be noted that
following LXR ligand treatment in addition to ABCA1 other genes
could also have an impact on A3 secretion. Next, we found an increased
level of AB,, secreted from Tangier fibroblasts that express mutated,
nonfunctional ABCA1 protein (25). The data from the present study
demonstrate no difference in CTFa and CTFB and soluble A in young
mice if APP23/ABCA1~'~ and APP23/ABCA1*'* mice are compared,
suggesting that lack of ABCA1 does not affect APP processing. How-
ever, at this point we cannot exclude that ABCA1 affects APP process-
ing in a subtle way, and because of a better clearance mechanism in
young mice, changes could remain undetected until an older age. More-
over, the results from Wahrle et al. (76) show an increase of soluble A3
at an early age. Previously it was reported that A clearance is an age-
dependent process and was significantly decreased in old mice (44, 48).
Thus it is possible that the phenotype observed in APP23/ABCA1 ™/~
mice is a consequence of a combination of two defects, which affect APP
processing and/or AB deposition in two different ways. In our study
soluble AB in APP23/ABCA1~'~ versus APP23/ABCA1"'" mice
showed a trend toward an increase with age (Fig. 24). Alternatively, the
expression of mutated, nonfunctional ABCA1 (as in Tangier disease
patients) rather than its complete absence (observed in ABCA1~/~
mice) could affect AB production and results in a more severe pheno-
type than complete ABCA1 deficiency. Thus, an expression of nonfunc-
tional ABCAL in Tangier cells could have a dominant negative effect on
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another cellular component that normally limits the secretion of Ap.
Supporting this hypothesis are our previous studies demonstrating that
two different familial ABCA1 mutations (T1 and T2 as in Ref. (25)) have
a different effect on AB secretion in LXR-stimulated and -unstimulated
cells (25). Moreover, the clinical phenotypes observed in patients with
the above-mentioned ABCA1 mutations were different; patients from
the T2 pedigree suffered from premature atherosclerosis, which was not
observed in the T1 pedigree. In contrast, one of the two homozygous
Tangier patients in the T1 pedigree developed signs of severe dementia
and amyloid depositions at age 60 (25).° It is obvious that additional in
vitro studies performed with ABCA1~/~ neurons or in vivo experiments
with transgenic mice expressing mutated human ABCA1 are needed to
conclude whether and to what extent ABCA1 has an effect on AB
secretion.

Alternatively, the lack of ABCAI in APP23/ABCA1~’~ mice and the
substantial decrease of apoE and apoA-I could collectively affect AB clear-
ance in these animals. ApoE and apoA-I are the two major brain apoli-
poproteins, with apoE produced by astrocytes and microglia and apoA-I
coming from systemic circulation or secreted by brain endothelial cells (49,
50). Binding of A3 to apolipoproteins (apoE and apo]) is considered impor-
tant for its clearance from the brain via low density lipoprotein receptor-
related proteins 1 and 2 (LRP1 and LRP2), and it has been shown that A3
clearance indeed was significantly reduced in young and old apoE knock-
out mice (44, 48). A further support for the role of lipoproteins in A3
clearance is a recent study demonstrating that deletion of apoE and apo]
accelerated ApB-related pathology in APP transgenic mice (51). It was
reported that LRP1 most efficiently removes wild type AB,,, whereas AB,,
and the Dutch variant of AB,, containing a higher percentage of 3-sheet
structures are removed less efficiently (52). Therefore, some of the differ-
ences regarding amyloid deposition in the three studies (Wahrle et al. (76),
Hirsch-Reinshagen et al. (77), and this study) could be explained by the
differences in the affinity of LRP1 to the prevailing AB species in these
transgenic models. For example, in PDAPP (76) and APP/PS1 (77), the
proportion of AB,, is higher than in APP23 mice. In Tg-SwDI/B (77), A,
is prevailing but contains the Dutch mutation. In addition to A clearance
across the blood-brain barrier, the removal of deposited A by astrocytes
was demonstrated to depend on apoE, in contrast to astrocytes derived
from wild type mice; apoE '~ astrocytes were not able to decrease A3 load
on isolated brain sections (53). However, it should be noted that the binding
of apoE to various low density lipoprotein receptors depends on its lipida-
tion status; although lipid-poor apoE could be endocytosed through VLDL
(very low density lipoprotein) receptor, delipidated apoE is a poor ligand for
LRP and LDL (low density lipoprotein) receptors (54). Previously, it was
shown that apoF in the cerebrospinal fluid of ABCA1™/~ mice as well as
apoE secreted in the conditioned media of ABCA1™/~ astrocytes is in a
lipid-poor state (7, 8). Therefore, insufficient and poorly lipidated apoE in
brain could decrease A clearance and degradation, and its retention in the
central nervous system will increase amyloid deposition. Moreover, it was
demonstrated that the apoE effect on A aggregation depends on its lipi-
dation status, with lipid-rich apoE being more effective in decreasing A3
aggregation (55, 56). In confirmation of this hypothesis, we found no
change of apoE in the insoluble fraction but a substantial decrease in the
soluble fraction. We also demonstrated that the proportion of soluble A as
a percentage of total AP was decreased in knock-out mice, implying that
more AR converts from the soluble to insoluble state in the absence of
ABCAL. The significant increase of insoluble AB in APP23/ABCA1~/~
mice is in agreement with the substantial increase of AB- and Thio-S-
positive deposits.

> M. Walter (University of Munster, Germany), personal communication.
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The role of apoA-I seems less obvious. ApoA-I and HDL bind AR in
vitro, in plasma and cerebrospinal fluid (57, 58). Experiments with neuronal
cell lines have shown that apoA-I binding to A3 decreases its aggregation
and toxicity (59, 60). In AD patients decreased plasma apoA-I and HDL
concentrations, both observed in ABCA1 ™/~ mice (61), are highly corre-
lated with the severity of Alzheimer disease (62). In addition, as shown by
Wahrle et al. (8), brain lipoproteins (which normally have characteristics of
HDL) had an abnormal structure in the cerebrospinal fluid of ABCA1
knock-out mice. ApoA-I itself may regulate apoE levels in brain intersti-
tium; a recent report showed that apoA-I facilitates apoE recycling in
macrophages, thus decreasing its intracellular degradation (63). In mice
with disrupted ABCA1, the virtual absence of apoA-I could affect the level
of functional apoE and its stability. However, opposing the role of apoA-Iin
AD is a recent report showing that the lack of apoA-I in APP transgenic
mice did not affect amyloid deposition (64). ApoA-I, which is not a ligand
for low density lipoprotein receptors and obviously could not participate in
AP clearance through LRP1, binds other scavenger receptors such as scav-
enger receptor-B1 and CD36 that have been implicated in the phagocytosis
of AB (65, 66). Scavenger receptors are localized on the cell surface of astro-
cytes, microglia, and endothelial cells, and their expression is increased in
APP23 mice (67).

Finally, the lack of ABCAL itself may have a role in increasing amyloid
deposition. ABCA1 was implicated in the process of phagocytosis and
engulfment of apoptotic bodies probably through the regulation of
membrane dynamics (68). A very recent study demonstrates that nem-
atode homologs of ABCA1 (CED-7) and LRP (CED-1) are required for
phagocytosis of apoptotic cells in Caenorhabditis elegans (69). There-
fore, ABCA1, which is expressed in smooth muscle and endothelial cells
(70) as well as in astrocytes and microglia (16), may participate in the
process of removing Af3 via phagocytosis.

The pathogenesis of CAA and CAA-related hemorrhage in APP mice
is not clear. In humans it has been suggested that increased A produc-
tion by smooth muscle cells leads to smooth muscle degeneration (71).
However, this cannot be the case in APP23 (28, 35) or Tg-SwDI/B mice
(72) because transgenic AB in these mice is of neuronal origin. Previ-
ously, it was demonstrated that fibrillar A is toxic for smooth muscle
cells (73). Therefore, it is possible that the increase of insoluble AB in
APP23/ABCA1 ™'~ mice aggravates the degeneration of smooth muscle
cells already observed in APP23 mice, thus increasing CAA and CAA-
related hemorrhages. Furthermore, the lack of ABCAL1 in mice may
induce changes in the artery wall similar to the atherosclerotic changes
in humans (and morphologically distinct from CAA) that could affect
the clearance of A through the blood-brain barrier. In addition, ath-
erosclerotic changes in the artery wall could decrease the supply of
nutrients to the brain, thus aggravating AD-related pathology. Recent
studies revealed the following: 1) AD patients have more severe ather-
osclerosis than age-matched controls without AD (74), and 2) there is a
positive correlation between the degree of atherosclerotic disease of
cerebral arteries in AD patients and the neuropathological features typ-
ical for the AD patients (74, 75).

In conclusion, the results from our study show that in APP23 mice,
ABCAL disruption substantially increases amyloid deposition in the brain
and vasculature, regardless of the very low apoE protein level and possibly
through an impaired A clearance. By understanding the complex regula-
tory network and the cross-talk between cholesterol transporters, brain
lipoproteins, and their receptors in the context of APP processing and A
clearance, it may be possible to identify new targets for AD therapies.
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