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Epidemiological studies suggest links between cholesterol metabolism and Alzheimer’s disease (AD) , with
hypercholesterolemia associated with increased AD
risk , and use of cholesterol-lowering drugs associated
with decreased risk. Animal models using cholesterolmodifying dietary or pharmacological interventions
demonstrate similar findings. Proposed mechanisms
include effects of cholesterol on the metabolism of
amyloid-␤ (A␤) , the protein that deposits in AD brain.
To investigate the effect of genetic alterations in
plasma cholesterol on A␤ pathology , we crossed the
PDAPP transgenic mouse model of AD-like cerebral
amyloidosis to apolipoprotein AI-null mice that have
markedly reduced plasma cholesterol levels due to a
virtual absence of high density lipoproteins , the primary lipoprotein in mice. Interestingly and in contrast to models using non-physiological high fat diets
or cholesterol-lowering drugs to modify plasma cholesterol , we observed no differences in A␤ pathology
in PDAPP mice of the various apoAI genotypes despite
robust differences in plasma cholesterol levels between the groups. Absence of apoAI also resulted in
reductions in brain but not cerebrospinal fluid cholesterol , but had no effect on brain apolipoprotein E

levels. These and other data suggest that it is perhaps
the level of brain apolipoprotein E, not cholesterol
per se , that plays a primary role in brain A␤ metabolism. (Am J Pathol 2004, 165:1413–1422)

Recent evidence suggests a link between cholesterol
metabolism and the pathogenesis of Alzheimer’s disease
(AD). Epidemiological studies report positive associations between hypercholesterolemia (high plasma cholesterol levels) and risk for AD,1– 4 although findings are
inconsistent.5 Potentially consistent with such a link is the
observation that the ⑀4 allele of apolipoprotein E (apoE),
the isoform associated with elevated levels of plasma
cholesterol,6 is also the strongest genetic risk factor for
late-onset AD.7 ApoE4 also influences the age of clinical
disease onset in families exhibiting an AD-causing gene
mutation8 and in AD associated with Down syndrome.9
Finally, retrospective epidemiological studies demonstrate associations between use of HMG-Co-A reductase
inhibitors (the cholesterol-lowering drugs known as statins) and reduced AD prevalence10 and dementia risk.11
Experimental studies suggest a potential mechanism
by which cholesterol influences AD may be via effects on
the metabolism of amyloid-␤ (A␤), the protein that accumulates and deposits in the AD brain. Cholesterol is
found in dense core plaques in AD and transgenic mouse
models of AD-like cerebral amyloidosis.12 In addition, a
portion of A␤ in plasma and cerebrospinal fluid (CSF) is
associated with cholesterol-containing lipoproteins13–16
and thus may be influenced by processes governing
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lipoprotein metabolism. Cholesterol can regulate amyloid
precursor protein (APP) processing and A␤ generation in
vitro,17–19 and alterations in A␤ deposition have been
observed in animal models of hyper- and hypocholesterolemia induced by high fat diets20 –23 or treatment with
cholesterol-lowering drugs,19,24 respectively. Finally, data
from recent clinical trials demonstrate decreases in serum
A␤25 and APP metabolites in CSF26 after statin treatment,
although other studies report minimal effects.27,28
While these data are suggestive, several issues must
be resolved. With the exception of one study,23 experimental high fat diets can be considered non-physiological because of other pathological consequences, including vascular inflammation and blood-brain barrier
disruption.29 In addition, potential effects of cholesterollowering drugs on AD risk differ for the various compounds despite equivalent cholesterol-lowering capabilities.10,11 The statins also have pleiotropic effects
(including anti-inflammatory, vascular, and antioxidant effects)30 apart from their ability to lower cholesterol, thus
raising the question of mechanism of action. Therefore, to
circumvent the limitations and caveats of previous studies, we used a direct genetic approach to investigate
whether life-long, non-dietary, non-pharmacological differences in plasma cholesterol levels influence the development of A␤-related pathology in a well-characterized
transgenic mouse model of AD-like cerebral amyloidosis.
Genetic variations in plasma cholesterol levels in
APPV717F (PDAPP) transgenic mice were achieved by
modifying apoAI gene dose through breedings to
apoAI⫺/⫺ mice, known to exhibit marked deficiencies in
plasma cholesterol level.31,32 We observed significant
reductions in plasma cholesterol in PDAPP⫹/⫺, apoAI⫺/⫺
mice, but no differences in brain A␤ pathology. Absence
of apoAI also resulted in significant reductions in cholesterol measured in brain but had no effect on brain apolipoprotein E (apoE) levels. These data suggest that it is
perhaps the level of brain apoE, and not cholesterol per
se, that may be playing a primary role in brain A␤ metabolism.

Materials and Methods

collected from the cisterna magna as described,36 and
blood (for plasma) was obtained via cardiac puncture.
Following transcardial perfusion with 0.1 mol/L phosphate-buffered saline (PBS) (pH 7.4), brains were divided
into left and right hemispheres. The right hemisphere was
immersion-fixed in paraformaldehyde (4% in 0.1 mol/L
phosphate buffer, pH 7.4) overnight and cryoprotected
for 24 hours in 30% sucrose in PBS at 4°C for subsequent
histological analysis. The left hemisphere was regionally
dissected and frozen in dry ice for subsequent biochemical analysis.

Histological Analysis
Tissue sections were cut at 50 m in the coronal plane on
a freezing sliding microtome from the genu of the corpus
callosum through the caudal extent of the hippocampus.
For analysis of A␤-immunoreactive (IR) deposits, sections were immunostained with a pan anti-A␤ antibody
(Biosource; Camarillo, CA) as described.37 Thioflavine-S
(Thio-S) staining was used to identify amyloid (ie, fibrillar
A␤), as described.35 Quantitative analysis of A␤ and
amyloid deposition in the hippocampus was performed,
defined as the percent hippocampal area covered by
A␤-IR and Thio-S-positivity, respectively, in three tissue
sections, 300 m apart starting 900 m caudal to the
beginning of the hippocampus in coronal section. The
percentage of hippocampal area covered by A␤-IR or
Thio-S-positivity (% 〈␤ or amyloid load, respectively) was
determined in an unbiased fashion using the Cavalieri
point counting method38,39 with the assistance of a stereology system (MicroBrightField, Inc.; Colchester, VT).
Statistical comparisons were made with analysis of variance followed by Tukey post-hoc tests using GraphPad
Prism software (version 4.0) for Windows (San Diego,
CA). In addition, sections from a subset of animals of
each genotype displaying amyloid deposition at 15
months of age were stained with the de Olmos silver
stain40 to identify neuritic dystrophy associated with amyloid plaques. Power calculations indicate that we can
detect a 30 to 40% difference in the amount of A␤ deposition between groups (at 15 months of age) using 10 to
15 animals per group.

Animals and Tissue Preparation
Transgenic mice expressing APPV717F (PDAPP;33 were
bred with mice lacking the gene for apolipoprotein AI
(apoAI⫺/⫺)31 (Jackson Labs, Bar Harbor, ME) to ultimately generate PDAPP⫹/⫺ mice expressing two
(apoAI⫹/⫹), one (apoAI⫹/⫺), or no (apoAI⫺/⫺) copies of
the endogenous mouse apoAI gene within the same litter.
PDAPP animals were on a mixed (50% C57BL/6/DBA,
50% Swiss Webster) background,34 and apoAI⫺/⫺ mice
were on a C57BL/6 background. Animals were screened
for the presence of the APPV717F transgene35 and apoAI
genes (Jackson Labs) by PCR from tail DNA. ApoAI
genotype was further confirmed by semi-quantitative
Western blotting of plasma (see below). Animals were
sacrificed at 6, 9, 12, or 15 months of age. Mice were
anesthetized with sodium pentobarbital, and CSF was

Biochemical Analysis
Soluble and insoluble fractions of brain tissue were prepared for A␤ analysis as described.41 Half of the hippocampus from each animal was Dounce homogenized
in carbonate buffer (100 mmol/L Na2CO3, 50 mmol/L
NaCl, pH 11.5) containing protease inhibitors (20 g/ml
aprotinin, 10 g/ml leupeptin) and centrifuged at 14,000
rpm for 20 minutes at 4°C. The supernatant (soluble
fraction) was transferred to another tube, kept on ice, and
immediately analyzed (see below). The pellet was then
homogenized in 5 mol/L guanidine buffer (5 mol/L guanidine-HCl in 50 mmol/L Tris-HCl, pH 8.0) and rotated for
3.5 hours at room temperature (RT). Following centrifugation at 14,000 rpm for 20 minutes at 4°C, the supernatant (insoluble fraction) was transferred to another tube
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and stored at ⫺70°C until analyzed. Levels of human
A␤40 and A␤42 in the soluble and insoluble brain fractions
and CSF and plasma were quantified by sensitive ELISA,
as described.41 Statistical comparisons were made with
analysis of variance followed by Tukey post-hoc tests or
Pearson’s correlation. Power analyses indicate that we
would be able to detect a 20% difference in tissue A␤
levels between groups before A␤ deposition (ⱕ9 months)
and a 60 to 70% difference between groups with deposition (eg, 15 months) using 10 to 15 animals per group.
Thus, non-statistical differences in A␤ levels are interpreted as indicating differences less than 20% for young
animals and 60% for older animals.

Western Blot
SDS-PAGE and Western blotting were performed as described.42 Blots of mouse plasma were incubated with
rabbit anti-mouse apoAI antibodies (Biodesign International; Saco, ME), followed by HRP-conjugated goat antirabbit antibodies (BioRad; Hercules, CA). Signal was
detected by chemiluminescence (SuperSignal West Pico
Chemiluminescence Substrate, Pierce; Rockford, IL) and
quantified by Kodak Image Station (Rochester, NY).

Gel Filtration Chromatography
Samples of plasma (250 l) from PDAPP⫹/⫺ , apoAI⫹/⫹
and PDAPP⫹/⫺, apoAI⫺/⫺ mice (12 months old, n ⫽ 2
each, fasted and non-fasted) were fractionated under
non-denaturing conditions over tandem Superose-6 HR
10/30 columns (Amersham Biosciences; Piscataway, NJ)
using a BioLogic Workstation (BioRad) as described.43
Adjacent fractions were pooled and assayed for total
cholesterol as described below.

Cholesterol Assay
Plasma from all animals and cortical brain lysates (homogenized in PBS containing protease inhibitors) from a
subset of 9- to 12-month-old animals before A␤ deposition were assayed for total cholesterol (Amplex Red Cholesterol Assay Kit, Molecular Probes; Eugene, OR) as
previously described44 and normalized to tissue wet
weight. Small tissue volumes prevented us from analyzing both A␤ and cholesterol in the same hippocampal
region, so another region known to exhibit A␤ deposition
(parietal cortex) was chosen for cholesterol measures.
Tissue homogenates included both soluble and insoluble
(eg, membrane) fractions. Statistical comparisons between groups were made as described above.

Mouse apoE ELISA
Plasma from 15-month-old animals and brain tissue from
9-month-old animals before A␤ deposition were assayed
for endogenous mouse apoE expression by an ELISA
developed in our lab. Briefly, brain tissue (parietal cortex)
was sonicated for 3 seconds on ice in apoE ELISA lysis

buffer (PBS containing 0.05% Tween and protease inhibitors) before centrifugation at 14,000 rpm for 15 minutes
at 4°C. The supernatant was transferred to another tube
and stored at ⫺70°C until analyzed. For the apoE ELISA
procedure, microtiter plates were coated overnight with a
monoclonal mouse anti-apoE antibody that recognizes
mouse apoE (WUE445) at a concentration of 4.5 g/ml in
carbonate-coating buffer (35 mmol/L NaHCO3, 16
mmol/L Na2CO3, 0.02% Na azide, pH 9.6), and then
blocked with 1% dry milk in PBS for 2 hours at RT. ApoE
standards (Swiss Webster mouse plasma estimated to
contain 50 g/ml apoE) and samples of plasma or brain
lysate from PDAPP⫹/⫺, apoAI mice were diluted in apoE
ELISA sample buffer (PBS containing 0.025% Tween,
0.1% bovine serum albumin (BSA) and protease inhibitors), loaded onto blocked ELISA plates, and incubated
for 4 hours at RT. Plates were then incubated overnight at
4°C in biotinylated goat anti-apoE antibodies (125 g/ml;
Calbiochem; San Diego, CA) in PBS containing 1% BSA
and 0.1% Na azide, followed by a 2-hour incubation in
Strep-Poly HRP (Pierce) at RT and color development in
Slow TMB for ELISA (Sigma; St. Louis, MO). Plates were
read at 650 nm and quantified via FL600 Fluorescence
Reader (Bio-Tek; Winooski, VT). Plates were rinsed 5 to 8
times with PBS between each step, and all incubations
were carried out with rotation. This assay is sensitive
down to 1.5 ng apoE/ml. ApoE levels in brain lysates were
normalized to total protein levels, as measured by bicinchoninic acid (BCA) assay (Pierce). Statistical comparisons between groups were made as described above.
Power analyses indicate an ability to detect differences of
ⱖ60% between groups given the relatively small number
of animals (n ⫽ 5) in each group.

Results
Total Cholesterol Levels in Plasma and Brain of
PDAPP⫹/⫺ Mice Are Significantly Reduced in
the Absence of apoAI
The goal of the present study was to create a mouse
model that develops AD-like pathology (ie, cerebral amyloidosis) and has variable levels of plasma cholesterol
without the use of non-physiological dietary or pharmacological interventions. Consistent with previous studies
of apoAI⫺/⫺ mice,31,32 PDAPP⫹/⫺ mice lacking the endogenous mouse apoAI gene exhibited significant reductions (mean, 77%) in plasma cholesterol levels (Figure 1A) at all ages analyzed. Levels within groups did not
differ as a function of age (data not shown). Isolation of
plasma lipoproteins from PDAPP⫹/⫺, apoAI⫹/⫹ and
PDAPP⫹/⫺, apoAI⫺/⫺ mice via size exclusion chromatography confirmed that this reduction was due to a marked
decrease in plasma high density lipoprotein (HDL), the
primary plasma lipoprotein in mice (Figure 1B), although
decreases were also observed in very low density lipoprotein (VLDL) and low density lipoprotein (LDL). Fasting did not alter this pattern (data not shown). Thus we
were successful in creating an animal model of AD-like
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Figure 1. Effects of apoAI gene dose on plasma and brain lipid profiles in PDAPP⫹/⫺ mice. A: Mean plasma total cholesterol levels significantly differ as a function
of apoAI genotype in a gene dose-dependent manner (apoAI⫹/⫺, 33% decrease compared to apoAI⫹/⫹; apoAI⫺/⫺, 77% decrease). B: Representative fractionation
profile of plasma from 12-month-old PDAPP⫹/⫺, apoAI⫹/⫹ and PDAPP⫹/⫺, apoAI⫺/⫺ mice via gel filtration chromatography demonstrates a virtual absence of
plasma HDL (the primary plasma lipoprotein in mice), as well as decreases in plasma VLDL and LDL in apoAI⫺/⫺ mice. Total plasma cholesterol level in apoAI⫹/⫹ ⫽
4827 g/ml. Total plasma cholesterol level in apoAI⫺/⫺ ⫽ 318 g/ml. C: Absence of apoAI (apoAI⫺/⫺ ) also results in a significant decrease (43%) in mean total
cholesterol levels measured in the brain (parietal cortex) of PDAPP⫹/⫺ mice (9 to 12 months of age). D: Levels of brain total cholesterol are positively correlated
(Pearson correlation) with levels of plasma total cholesterol in PDAPP⫹/⫺, apoAI mice. HDL, high density lipoproteins; LDL, low density lipoproteins; VLDL, very
low density lipoproteins.

cerebral amyloidosis that markedly differed in its level of
plasma cholesterol (predominantly HDL).
Interestingly, we also observed significant reductions
in cortical brain cholesterol levels in PDAPP⫹/⫺, apoAI⫺/⫺
mice compared to PDAPP⫹/⫺, apoAI⫹/⫹ mice (Figure
1C), although the magnitude of the difference was not as
dramatic as was seen in plasma. There was ⬃40% less
total brain cholesterol measured in PDAPP⫹/⫺, apoAI⫺/⫺
mice compared to PDAPP⫹/⫺, apoAI⫹/⫹ mice, although
there was overlap between the groups. Brain cholesterol
levels were significantly correlated with plasma cholesterol levels (Figure 1D). However, we observed no differences in the level of cholesterol in the CSF of apoAI⫺/⫺
mice compared to C57BL/6 controls (17.7 ⫾ 1.26 g/ml
in C57BL/6; 17.02 ⫾ 0.49 g/ml in apoAI⫺/⫺, P ⬎ 0.05,
mean ⫾ SEM), nor significant differences between CSF
apoE level in these animals (618 ⫾ 304 ng/ml apoE in
C57BL/6; 863 ⫾ 240 ng/ml in apoAI⫺/⫺, P ⬎ 0.05,
mean ⫾ SEM). To the extent that CSF reflects the composition of brain extracellular fluid, these data suggest
that the reduction in brain total cholesterol we observed
in PDAPP/apoAI⫺/⫺ mice is due to changes in lipid pools
other than lipoproteins in brain extracellular fluid. This
could represent changes in brain cellular pools or could

conceivably be related to residual plasma cholesterol
associated with brain vasculature that is possibly not
removed with standard systemic perfusion methods. Together these data suggest that apoAI, a protein produced predominantly by cells of the periphery (liver and
intestine) and not the CNS (except perhaps by brain
endothelial cells46,47), in some way influences cholesterol
levels measured in the CNS, either through direct effects
of apoAI on the brain or perhaps through interactions
between cholesterol and/or lipoproteins in the plasma
and the brain.

Reduction in Plasma Cholesterol Level Has No
Effect on Age-Dependent Increases in Soluble
or Insoluble A␤40 and A␤42 in the Hippocampus
of PDAPP⫹/⫺ Mice
Results from cell culture experiments17–19 and in vivo
models of pharmacological or dietary induced hypo- or
hypercholesterolemia, respectively,19 –24 suggest a role
for cholesterol in APP processing and A␤ generation. To
directly test whether non-dietary and non-pharmacologi-
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Figure 2. Levels of soluble and insoluble A␤40 and A␤42 in the hippocampus of PDAPP⫹/⫺, apoAI mice with age. Levels of soluble (A) A␤40 and (B) A␤42 and
insoluble (C) A␤40 and (D) A␤42 increase with age in PDAPP, apoAI mice, but do not differ significantly as a function of apoAI genotype. Values correspond to
means ⫾ SEM, 6 months, n ⫽ 2 to 3 animals per group; 9 months, n ⫽ 9 to 12 animals per group; 12 months, n ⫽ 9 to 14 animals per group; 15 months, n ⫽
9 to 10 animals per group.

cal variations in plasma cholesterol levels influence brain
A␤ levels, PDAPP⫹/⫺, apoAI⫹/⫹ (mean plasma cholesterol ⫾ SEM ⫽ 3931 g/ml ⫾ 180), PDAPP⫹/⫺, apoAI⫹/⫺
(mean plasma cholesterol ⫾ SEM ⫽ 2631 g/ml ⫾ 166),
and PDAPP⫹/⫺, apoAI⫺/⫺(mean plasma cholesterol ⫾
SEM ⫽ 896 g/ml ⫾ 68) mice were sacrificed at various
ages, and the hippocampus was assayed for human
A␤40 and A␤42 in the carbonate-soluble and carbonateinsoluble (guanidine-soluble) fractions. Consistent with
previous reports of total A␤ (soluble plus insoluble),48,49
levels of soluble and insoluble A␤40 and A␤42 in the
hippocampus of PDAPP mice increased with age (Figure
2). These increases were all statistically significant (P ⬍
0.001) except for soluble A␤40 (P ⫽ 0.07). Levels of
insoluble A␤42 increased between 500- to 1000-fold from
6 to 15 months of age in all genotype groups. However,
despite significant reductions in plasma and brain cholesterol levels (by 77% and 43%, respectively) with the
absence of apoAI, the amount of soluble and insoluble
A␤40 and A␤42 in the hippocampus and the time course
of its increase did not differ between the genotype
groups (Figure 2), nor was there a significant genotype
by age interaction. Although levels of insoluble A␤40 and
A␤42 in PDAPP⫹/⫺, apoAI⫺/⫺ mice were lower than the
apoAI-expressing groups at 12 months of age (Figure 2,
C and D), this difference was not observed in younger
animals (6 to 9 months old) and values were not statisti-

cally different between the genotypes at older ages (15
months old). Consistent with the above findings, we observed no correlations between the level of brain cholesterol and any of the hippocampal A␤ levels (data not
shown). In addition, levels of A␤40 and A␤42 in the CSF
and plasma did not differ between the genotype groups
(data not shown). These data demonstrate that life-long,
non-dietary and non-pharmacological variations (up to
fourfold) in the level of plasma cholesterol do not significantly influence steady-state A␤ levels in the CNS or
plasma of PDAPP mice.

The Amount, Pattern, and Age of Onset of
Plaque Deposition in PDAPP⫹/⫺ Mice Does Not
Differ as a Function of Plasma Cholesterol
Levels Due to apoAI Genotype
Since cholesterol accumulates in senile plaques in AD
brain and APP transgenic mice,12 binds to A␤50 and
promotes A␤ fibril formation,51 we next investigated
whether the reductions in plasma cholesterol observed in
PDAPP⫹/⫺, apoAI⫺/⫺ mice had any effect on the deposition of A␤ as diffuse or amyloid plaques. PDAPP⫹/⫺
mice of the different apoAI genotypes were sacrificed at
6, 9, 12, and 15 months of age, and the amount of A␤ and
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Figure 3. A␤ deposition in the hippocampus of PDAPP mice as a function of apoAI genotype. A: A␤ load (defined as the percentage of hippocampal area in three
tissue sections covered by A␤ immunoreactivity) and (B) amyloid load (defined as the percentage of hippocampal area in three tissue sections covered by
Thioflavine-S positivity) increases with age in PDAPP⫹/⫺, apoAI mice, but do not differ significantly as a function of apoAI genotype. A␤ plaques are observed
in similar patterns throughout the hippocampus and overlying cortex in both (C) PDAPP⫹/⫺, apoAI⫹/⫹ and (D) PDAPP⫹/⫺, apoAI⫺/⫺ mice (12 months of age).
Values correspond to means ⫾ SEM, 6 months, n ⫽ 2 to 3 animals per group; 9 months, n ⫽ 9 to 12 animals per group; 12 months, n ⫽ 9 to 14 animals per group;
15 months, n ⫽ 9 to 10 animals per group.

amyloid deposition in the hippocampus was quantified
by unbiased, stereologic methods. In agreement with
previous reports,48,49 A␤ deposition in PDAPP⫹/⫺ mice
(wild-type for the apoAI gene) increased with age (Figure
3A). The amount and age of onset of A␤ deposition,
however, did not differ significantly between the apoAI
genotype groups (Figure 3A), nor did the pattern of
plaque distribution within the hippocampus (Figure 3, C
and D). There were also no significant differences between the numbers of amyloid plaques, as defined by
staining with Thioflavine-S (Figure 3B), nor in the amount
of neuritic dystrophy associated with amyloid plaques, as
assessed by the de Olmos silver stain (data not shown).
Consistent with these findings, we observed no correlation between plasma (R2 ⫽ 0.006, P ⫽ 0.64) or brain
(R2 ⫽ 0.045, P ⫽ 0.24) cholesterol levels and hippocampal A␤ deposition. Thus, dramatic reductions in
plasma cholesterol secondary to the absence of apoAI
does not appear to influence A␤ levels or deposition in
this mouse model.

ApoE Expression Is Increased in the Plasma But
Not the Brain of PDAPP⫹/⫺ Mice Lacking apoAI
Given the finding of a lack of effect of plasma cholesterol
on A␤-related pathology in this animal model, we quantified the expression of another apolipoprotein, apoE, in
the brain and plasma of PDAPP mice of the different

apoAI genotypes before A␤ deposition. ApoE is normally
expressed in both the brain and the periphery, but its
levels are regulated independently in these two compartments.16,52 Furthermore, apoE is known to exert profound
effects on A␤ fibrillogenesis,53,54 and A␤ metabolism in
human AD55 and mouse models of AD-like cerebral amyloidosis in a dose-dependent fashion.35,37,49,56 –58 ApoE
levels in plasma (15 months old) and homogenates of
parietal cortex (9 months old without A␤ deposition) from
animals of each genotype were quantified by a sensitive
ELISA. We observed a marked increase in apoE levels in
the plasma of PDAPP⫹/⫺ mice lacking apoAI, consistent
with previous studies of apoAI⫺/⫺ mice59,60 (Figure 4A).
Interestingly, however, there was no significant difference
in apoE levels in the brain between any of the apoAI
genotype groups (Figure 4B). Our combined observations of equivalent A␤ pathology in animals with equal
expression of brain apoE but reduced levels of cholesterol are consistent with the hypothesis that it is perhaps
the level of apoE, and not cholesterol per se, that influences A␤ metabolism in this mouse model.

Discussion
Results of the present study demonstrate that absence of
apoAI, the major plasma HDL-associated apolipoprotein,
leads to marked (mean, 77%) reductions in plasma cho-
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Figure 4. ApoE protein levels in the plasma and brain of PDAPP⫹/⫺ mice as
a function of apoAI genotype. A: ApoE level in the plasma of PDAPP⫹/⫺,
apoAI⫺/⫺ mice is significantly greater than that of PDAPP⫹/⫺, apoAI⫹/⫹ and
PDAPP⫹/⫺, apoAI⫹/⫺ mice (all 9 months old without A␤ deposition). B:
ApoE levels in the brain of PDAPP⫹/⫺, apoAI mice do not differ as a function
of apoAI genotype. Values correspond to means ⫾ SEM, n ⫽ 5 to 6 animals
per group.

lesterol levels in PDAPP⫹/⫺ mice. Hence, we were able to
use this genetic model to directly test whether non-dietary, non-pharmacological variations in plasma cholesterol level influence brain A␤ levels and deposition, a
hypothesis proposed to explain the reported link between
high plasma cholesterol and increased risk for AD.61,62
Interestingly and in contrast to animal models in which
non-physiological high fat diets or pharmacological
means are used to modify plasma cholesterol levels, we
observed no differences in the age-related development,
pattern or extent of A␤-related pathology in PDAPP mice
of the various apoAI genotypes despite up to fourfold
differences in normal plasma cholesterol levels between
the groups. The absence of apoAI also resulted in reduced levels of cholesterol measured in the brain (mean,
43% reduction) but not CSF, but had no effect on CNS
apoE levels. Together, these data are consistent with the
idea that it is the level of brain apoE, not plasma cholesterol per se, which influences A␤ metabolism and its
deposition in the brain.
Low HDL cholesterol is a known risk factor for coronary
artery disease,63,64 perhaps by impairing reverse cholesterol transport capability. ApoAI is the major apolipoprotein associated with HDL, and apoAI deficiency in humans leads to a phenotype of low plasma HDL levels and
premature atherosclerosis.65– 67 ApoAI knockout mice
also exhibit a marked reduction in plasma HDL levels31,32

that is reflected in levels of total plasma cholesterol since
HDL is the primary plasma lipoprotein in mice. Interestingly, apoAI⫺/⫺ mice do not develop atherosclerosis,60
although they have been reported to exhibit diminished
HDL cholesteryl ester flux and tissue uptake of HDL
cholesteryl esters.32 However, HMG-CoA reductase activity (important for cholesterol biosynthesis) and LDL
receptor levels are normal in apoAI⫺/⫺ mice (except in
steroidogenic tissues), as are cholesterol and cholesteryl
ester stores in a variety of tissues examined.32 Cholesterol levels in the brain with apoAI deficiency have not
been examined. We observed reduced levels of cholesterol in brain but not in CSF in mice lacking apoAI. Although our methods at the time did not permit assessment of the different pools of cholesterol in brain (ie, free
versus esterified cholesterol), more recent experiments
using tissue from various mouse strains (including apoAInull mice) has demonstrated that brain contains predominantly (⬎95%) free (non-esterified) cholesterol (S.
Wahrle, unpublished observations). Therefore, it is free
cholesterol that is most likely decreased in PDAPP/
apoAI⫺/⫺ mice.
The observation of reduced levels of brain cholesterol
in PDAPP/apoAI⫺/⫺ mice may indicate a direct or indirect
effect of apoAI on brain cholesterol metabolism or alternatively may reflect plasma HDL cholesterol associated
with brain vasculature that is possibly not removed by
systemic perfusion. ApoAI is synthesized primarily by
cells of the liver and intestine68,69 but is found in brain
homogenates,70 perhaps a product of brain endothelial
cells,46,47 and in CSF,16,71,72 as a presumed filtrate of
plasma. Thus, to the extent that apoAI can enter brain
parenchyma from the plasma and CSF, apoAI could conceivably interact directly with neural tissue elements and
modify local cholesterol metabolism. The cellular (eg,
neurons or glia) or subcellular (eg, myelin, lipid rafts,
interstitial fluid) origins of the observed brain cholesterol
deficit in PDAPP, apoAI⫺/⫺ mice remain to be determined. In general, the cellular and molecular mechanisms governing cholesterol metabolism in the CNS are
poorly understood and are likely complex. Indeed, the
overlap in brain cholesterol levels observed between the
apoAI genotype groups suggests that molecules in addition to apoAI are involved in brain cholesterol metabolism. The fact that CSF cholesterol did not differ between
wild-type and apoAI⫺/⫺ mice suggests that brain extracellular lipoprotein metabolism is not affected by apoAI
deficiency. As mentioned above, while our methods of
quantifying cholesterol in tissue are very sensitive and
reproducible, the possible contribution of residual
plasma HDL cholesterol that remains associated with
brain vasculature after systemic perfusion has not been
defined. Thus, the changes in total brain cholesterol in
PDAPP/apoAI⫺/⫺ mice may not be due to changes in
neuronal or glial cholesterol but may possibly reflect vascular cholesterol of a plasma origin. This issue will need
to be addressed in future studies.
Reduced brain cholesterol levels in the absence of
apoAI may alternatively indicate indirect actions of apoAI
on the brain, secondary to reductions in plasma HDL and
total cholesterol levels. Although regulation of brain cho-
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lesterol metabolism has long been considered to be independent of that in plasma, we have recently reported a
strong positive correlation between the level of CSF lipoproteins (known to be HDL-like) and plasma HDL, but
not LDL, in cognitively normal elderly individuals.16 Furthermore, a positive correlation was observed between
the level of apoAI, but not apoE, in CSF and plasma,
suggesting a possible role of plasma apoAI/HDL in modulating CNS lipoprotein metabolism.16 Interestingly, decreased HDL and plasma apoAI concentrations have
been reported to correlate highly with the severity of
dementia in AD.73 Whether other diseases that lead to
reduced plasma HDL levels (eg, apoAI mutations or
Tangier’s disease) affect CNS cholesterol levels or influence AD risk has not been reported.
The absence of an A␤ phenotype in PDAPP, apoAI⫺/⫺
mice was somewhat surprising given data supporting a
role for cholesterol in influencing AD risk and A␤ metabolism. However, a closer inspection of the published data
point to a possible reason for this discrepancy and, perhaps more importantly, allows for an alternative interpretation of the published data that is consistent with the
present results. In human and animal studies, hyper- and
hypocholesterolemia induced by high fat diets and use of
the cholesterol-lowering drugs known as statins, respectively, are also associated with alterations in brain apoE
levels. High fat diets not only increase the level of cholesterol, but also apoE, in the brain,20,21,74 and statins
decrease them both.75,76 Thus, it is not possible to distinguish putative effects of cholesterol from those of apoE
on brain A␤ metabolism in these studies. Indeed, it is
conceivable that effects of high fat diets and statin treatment previously attributed to cholesterol are actually due
to altered levels of brain apoE. Consistent with this idea
are studies showing that cholesterol effects on APP processing appear to require the presence of apoE,21 and
lovastatin treatment influences brain cholesterol levels in
wild-type mice but has no effect in apoE⫺/⫺ mice.77 Our
present finding of no alterations in A␤-related measures
in PDAPP, apoAI⫺/⫺ mice in the presence of reduced
plasma and brain cholesterol levels but equivalent levels
of brain apoE would thus be consistent with this proposed primary role of apoE, rather than cholesterol, in
brain A␤ metabolism in vivo. ApoE is known to exert
profound effects on A␤ fibrillogenesis in vitro53,54 and on
A␤ deposition in human AD.55 Murine and human apoE
have also been shown to have marked dose-dependent
effects on A␤ fibrillogenesis, clearance, and toxicity in
vivo in mouse models of AD-like cerebral amyloidosis.35,37,49,56 –58 It is particularly noteworthy that
apoE⫺/⫺ mice have extremely high levels of plasma cholesterol associated with VLDL and normal levels of brain
cholesterol,44 yet mouse models of amyloidosis lacking
apoE display significant reductions in A␤ deposition, especially deposits that are true amyloid (ie, Thioflavine-S
positive).35,37 This dissociation strongly argues that the
main effect of apoE on A␤ metabolism is not obviously
linked with total brain or plasma cholesterol but is much
more likely due to its direct effect as an A␤ chaperone.
Together, our findings suggest that the reported link
between plasma cholesterol metabolism and AD patho-

genesis may be due to mechanisms other than, or in
addition to, direct effects of cholesterol on A␤ metabolism, and further strengthen the idea that regulating the
level of brain apoE may be an important therapeutic
approach for AD treatment. Studies aimed at directly
modifying apoE level in the brain (independent of cholesterol) in mouse models, for example through gene
transfer approaches, are currently in progress to test this
hypothesis.
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