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Apolipoprotein E particle size is increased in Alzheimer’s disease
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Abstract Introduction: Apolipoprotein E4 (apoE4) is the predominant risk factor for late-onset Alzheimer’s
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disease (AD), but the question of which structural differences might explain its effect remains un-
clear.
Methods: We compared high-density lipoprotein–like apoE particles from 12 AD and 10 control pa-
tients using size-exclusion chromatography.
Results: ApoE particles from patients genotyped as ε4/ε4 were 2.26 0.3 times as massive as parti-
cles from ε3/ε3 control subjects and 1.46 0.1 times as massive as particles from ε3/ε3 AD patients.
The increased particle size was not because of incorporation of amyloid b or apoE proteolysis prod-
ucts. Particles from AD patients genotyped as ε3/ε3 were 1.596 0.27 times as massive as ε3/ε3 con-
trol subjects.
Discussion: Increased particle size in AD is affected by APOE genotype and by disease-related dif-
ferences in assembly or stability. These differences suggest that lipoprotein assembly or stability in
AD brain plays an important role in determining apoE4 pathogenicity.
� 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

In the human population, apolipoprotein E (apoE) is
found in three major isoforms, which differ at two amino
acid positions. The APOE ε4 allele, found in 13% of the
general population, is the predominant risk factor for
late-onset Alzheimer’s disease (AD), whereas APOE ε2,
found in approximately 10% of the population, confers
protection, and APOE ε3, present in most patients, pro-
vides an intermediate level of risk [1]. One ε4 allele in-
creases the risk over ε3 by 3.7-fold; two ε4 alleles
increase the risk by 12-fold [2]. In patients with ε4/ε4,
91% eventually suffer from AD, whereas little AD is
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seen in ε2/ε2 subjects. ApoE2 is also associated with
less cognitive decline during aging [3]. In addition, two
ε4 alleles reduce the age of disease onset by 15 years.
The question of how apoE4 contributes to AD is therefore
of major public health significance.

Astrocytes, the principal exporters of apoE in the brain,
undergo complex changes early in the course of AD [4];
however, neurons and microglia also produce significant
amounts of apoE. ApoE expression is greatly increased af-
ter traumatic brain injury, and apoE strongly promotes
synaptogenesis [5]. APOE ε4 transgenic mice develop
more brain atrophy and neurodegeneration and exhibit as-
trocytic activation and tumor necrosis factor a (TNF-a)
release, suggesting a toxic gain of function [6]. These re-
sults suggest that apoE is intimately involved in neuronal
maintenance, growth, and repair. However, no explanation
has yet emerged that could explain the protective effects of
apoE2 or the high prevalence of late-onset AD in APOE
ε4/ε4 patients.
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The strong risk effect of apoE4 is reflected in the fact
that the three-dimensional structure of apoE differs
greatly among the three major isoforms. Nuclear mag-
netic resonance and X-ray crystallographic studies of
the receptor-binding NH2 domain of apoE3 (residues
1–191) showed that apoE exists as a four-helix bundle,
with basic amino acids clustered onto a surface patch
(residues 136–150) of one helix [7,8]. The linker
between the NH2 and CO2H-terminal domains becomes
less protease-sensitive on lipid binding. Molecular
modeling studies have shown [9] that apoE4 is topologi-
cally less rigid than apoE3 and can exist in a “molten
globule” state.

Nuclear magnetic resonance [7] and hydrogen-
deuterium exchange mass spectrometry studies [10–12]
also showed that Arg112 interacts with Lys95, leading to
a marked change in protein folding. On the basis of
these and other structural studies, phthalazinone
derivatives known as “correctors” were designed in an
attempt to inhibit this interaction and convert apoE4 to
an E3-like configuration [13]. However, apoE is not usu-
ally found free in solution, but is lipidated and assembled
in large, stable high-density lipoprotein–like particles.
Lipidation has a major contribution to apoE configuration;
for example, it enables apoE4 to adopt a closed conforma-
tion [14], which somewhat mimics the effect of the phtha-
lazinones. ApoE4 is less lipidated in cerebrospinal fluid
[15], but is the most lipidated form in astrocytes [14].
Thus, modifying the lipidation state of apoE4 particles
may be an alternative means of mitigating AD pathology.

Before proceeding further, however, it is necessary to
understand how lipidation and particle composition are
affected in AD, and how particle structure and composi-
tion affect apoE4 pathogenicity. Most previous studies
have examined apoE using native gel electrophoresis or
KBr gradient ultracentrifugation. These studies showed
that in cerebrospinal fluid, APOE ε2/ε3 subjects had
larger high-density lipoprotein–like complexes than
APOE ε4/ε4 subjects, suggesting possible differences in
transport or clearance as well as abundance. In this study,
we used size-exclusion high-pressure liquid
chromatography (HPLC) to characterize the particle
size profile in AD brain and human APOE–targeted
replacement mice. We found that apoE4 particles exhibit
significant size differences that depend not only on APOE
genotype, but on disease state in patients with identical
genotype as well.

2. Methods

2.1. Cell culture and astrocyte-conditioned medium

Human-derived SH-SY5Y cells were cultured in Dul-
becco’s Modified Eagle Medium/ Ham’s Nutrient
Mixture F-12 (DMEM/F12K) 1 10% FCS and differenti-
ated to a neuronal phenotype by incubation in neuronal
medium (ScienCell 1521) for 1 week. This medium
contains Neuronal Growth Supplement (ScienCell
1562), which provides retinyl acetate (final
concentration 5 0.01 mg/mL) and growth factors, hor-
mones, and antioxidants necessary for neuronal cell cul-
ture. This treatment produced cells comparable to other
retinoic acid differentiation protocols such as that
described by Encinas et al. [16]. Differentiated cells
were used within 3 days. Medium could be replaced
with phosphate-buffered saline (PBS) for up to 1 hour.
For longer-term experiments, the continued presence of
medium was necessary for cell survival. Human astro-
cytes (ScienCell) were cultured in Astrocyte Medium
containing 2% fetal bovine serum, astrocyte growth sup-
plement (ScienCell 1852), and penicillin/streptomycin.
After expansion, astrocytes were replated in serum-free
medium (DMEM/F12, 1:1) and serum-free astrocyte-
conditioned medium was collected after 48 hours and
stored at 220�C.

2.2. Size-exclusion HPLC

To measure apoE particle size, autopsy samples from
AD temporal lobe were homogenized by sonication in 9
vol of 1! PBS containing protease inhibitor cocktail
(Roche) and centrifuged at 100,000g for 20 minutes at
4�C. The supernatant was injected (5–25 mL) onto a
4 ! 300 mm MabPac size-exclusion chromatography
HPLC column (Thermo) eluted with 0.1 M sodium
phosphate 1 0.1 M sodium sulfate, pH 6.65, at a flow
rate of 0.2 mL/min, and 0.2-minute fractions were
collected. The fractions were blotted onto a nitrocellu-
lose membrane, stained with anti-apoE antibody and
alkaline-phosphatase–linked secondary antibody, and
developed with 5-bromo-4-chloro-3-indolyl phosphate
(BCIP)/nitro blue tetrazolium (NBT). The blots were
imaged while still wet and spot densities were measured
using the fixed-diameter circle densitometry algorithm
in Imal, which uses fuzzy k-means clustering to calcu-
late the background value from the surrounding area for
each measurement. Retention time was calculated by
smoothing the chromatograms with a 21-point Gaussian
convolution filter, then numerically differentiating the
curve and determining the x-axis coordinate of the
zero intercept. Molecular weight was estimated from
an exponential curve fitted to the data points obtained
from protein standards. Particle size was estimated us-
ing protein molecular weight (MW) standards and con-
verted to volume using a lipoprotein density of 1.23
[17] using an established formula [18].

2.3. Genotyping

Genomic DNA was isolated from cultured cells or
autopsy samples using DNAzol or a Qiagen QIAmp
extraction kit. Cells were washed with PBS and lysed



T.J. Nelson and A. Sen / Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring 11 (2019) 10-1812
in DNAzol added at 0.1 mL/cm2 culture plate area. Tis-
sue was lysed with 1 mL DNAzol per 25 mg tissue.
Genomic DNA was ethanol-precipitated and APOE ge-
notype was determined using TaqMan end point sin-
gle-nucleotide polymorphism (SNP) genotyping in a
Roche LightCycler 480 using VIC/FAM-labeled probes
rs429358 and rs7412.

2.4. Gas chromatography

Combined samples (0.2 mL) from multiple injections
of human high-speed temporal lobe extract on size-
exclusion HPLC were extracted with 0.2 mL hexane
and evaporated to dryness. Hexane (0.1 mL) and N,
O-bis(trimethylsilyl) trifluoroacetamide (BSTFA)
(0.1 mL) were added. The samples were incubated in a
sealed vial with Teflon cap at 70�C for 20 minutes and
1–5 mL were injected into a 30 m Restek Rxi-Sil MS col-
umn in a Shimadzu GC-2014 gas chromatograph equip-
ped with a flame ionization detector and eluted with a
temperature gradient from 220�C to 300�C. Cholesterol
eluted at 18.30 minutes and peak areas were quantitated
using custom data analysis software (Xdata).

2.5. Statistical analysis

Experiments in which two or more factors are measured
were analyzed by one-way analysis of variance (ANOVA),
followed by Tukey Honest Significant Difference multiple
comparisons of means (95% familywise confidence level)
using R. Kinetic parameters (Kd) and inhibition constants
were calculated by nonlinear least-squares analysis using
custom software (Xdata). Other statistics were calculated
in R using the two-tailed Welch two-sample t test. One-
way robust repeated measures ANOVAs were calculated in
R by the method of Wilcox [19].

2.6. Amyloid b oligomers

Synthetic (amyloid b 1–42) Ab1–42 was converted to
monomers by incubating for 18 hours at 4�C with
1,1,1,3,3,3-hexafluoropropanol followed by 3 hours of incu-
bation at 37�C. The solvent was then removed by lyophiliza-
tion. The monomers were dissolved in PBS at 1 mM,
transferred to a 1.5 mL polypropylene centrifuge tube, and
oligomerized into amylospheroidal oligomers by rotating
at 1 rpm at 4�C for 14 hours to produce highly toxic oligo-
mers [20,21].

2.7. Oxidized lipids

Peroxidized egg yolk phosphatidyl choline was prepared
by the method of Bielicki et al. [22]. Egg yolk phosphatidyl
choline (10 mg) was incubated with 200 nmol CuCl2 in
200 mL ethanol for 1 h at 37�C, then extracted with ethyl ac-
etate/hexane (1:1), washed with 20 mM EDTA in 0.5 mL
Tris-HCl pH 8.0 to remove any remaining Cu21, evaporated,
and dissolved in 50 mL ethanol. The peroxidized lipid solu-
tion was added at a final concentration of 18 mg/mL to astro-
cytes in six-well plates containing 2 mL of Astrocyte
Medium.

2.8. Animals

Human APOE3 and APOE4–targeted replacement mice
(male, 1548-M and 1549-M, B6.129P2-Apoetm3(APOE*3)Mae

N8 or B6.129P2-Apoetm3(APOE*4)Mae N8) were purchased
from Taconic. Animals were euthanized in a flow-
controlled CO2 inhalation chamber in accordance with
American Veterinary Medical Association guidelines and
brain tissue was homogenized under the same conditions
as human autopsy samples. All animal experiments were
carried out in accordance with the National Institutes of
Health guide for the care and use of Laboratory animals
(NIH Publications No. 8023, revised 1978).
3. Results

3.1. ApoE-containing particles are larger in patients with
AD

Size exclusion HPLC of temporal lobe proteins from
12 AD and 10 age-matched control subjects obtained at
autopsy revealed that apoE-containing lipoprotein parti-
cles extracted from AD brain were significantly larger
than particles from control subjects (ANOVA F
(4,15) 5 0.0091; Fig. 1A). This is equivalent to a
1.82 6 0.26–fold higher MW (P , .001, Table 1.)
ApoE3 in unaffected (control) patients showed the
greatest abundance of 13.0 nm diameter particles, corre-
sponding to an MW of 790 6 110 kDa. ApoE particles
in patients with AD genotyped as ε3/ε3 and ε3/ε4 were
larger, with modal values of approximately 14.8 6 0.4
and 15.3 6 0.7 nm, whereas apoE particles from pa-
tients genotyped as ε4/ε4 were even larger, with a
modal value at 16.5 6 0.3 nm, corresponding to an
MW of 1750 6 100 kDa [18] (P , .001, Table 1).
Thus, particles in ε4/ε4 AD patients were 2.2 6 0.3
times as massive as particles in ε3/ε3 control subjects.
Significant amounts of apoE monomers were also pre-
sent in all samples, whereas little signal was detected
in low-MW regions corresponding to fragmented apoE.

3.2. Increased particle size is not due to apoE isoform
alone

Particles from patients with AD genotyped as APOE ε3/
ε3 were 1.59 6 0.27 times as massive as particles from
APOE ε3/-ε3 control subjects (n 5 4 AD, n 5 8 control,
P 5 .026). This indicates that increased particle size is
not only due to apoE isoform alone, but also shows that
disease-related differences in the structure or composition
of apoE high-density lipoprotein–like particles leading to
increased particle size may play a significant role in deter-
mining AD pathogenicity.



Fig. 1. (A) Size-exclusion chromatography of apoE particles in control and AD temporal lobe segregated by genotype. HPLC fractions were stained with anti-

apoEmonoclonal antibody (sc-13521) and analyzed densitometrically. Chromatograms are normalized to constant area. Values are mean6 SEM (N5 8 control

ε3/ε3, 4 AD ε3/ε3, 5 AD ε3/ε4, 3 AD ε4/ε4). Robust repeated measures ANOVA F (4, 15)5 5.3, P5 .0091. One way ANOVA F (4, 15)5 5.01, P5 .0091. (B)

Western blot of apoE HPLC fractions (autopsy sample, aged control). Abbreviations: AD, Alzheimer’s disease; ANOVA, analysis of variance; apoE, apolipo-

protein E; SEM, standard error of the mean.
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Some researchers have suggested that apoE4 is more
susceptible than apoE3 to proteolysis, and that proteo-
lytic fragments from apoE4 may produce toxic effects
[23–25]. Fig. 1B confirms that the apoE in our samples
was largely undegraded, indicating that the different
sizes are not because of the presence of degraded
Table 1

Subject description and effect of AD and genotype on apoE particle size

Group n Age Braak stage tR (min)

All control 10 83.0 6 2.2 0.0 8.31 6 0.17

All AD 12 80.5 6 2.1 5.2 6 0.2 7.41 6 0.17

Con ε3/ε3 8 82.5 6 2.7 0.0 8.42 6 0.20

AD ε3/ε3 4 79.2 6 4.2 5.0 6 0.4 7.73 6 0.14

AD ε3/ε4 5 85.4 6 1.7 5.4 6 0.2 7.56 6 0.27

AD ε4/ε4 3 74.0 6 3.6 5.1 6 0.2 7.21 6 0.09

Abbreviations: AD, Alzheimer’s disease; apoE, apolipoprotein E; MW, molecu

NOTE. All values are the mean 6 SE. tR 5 retention time. P values (two-taile
apoE. This was additionally confirmed by Western blots
of crude homogenates (not shown). In all patients,
approximately 50% to 75% of the apoE was at the
MW corresponding to sialylated apoE (apparent MW
35.3 kDa) and 25% to 50% unsialylated (33.6 kDa).
The particles contained cholesterol; the distribution of
Diameter (nm) MW (kDa) MW ratio P value

13.0 6 0.5 850 6 90 1.00 6 0.15 —

15.8 6 0.5 1530 6 16 1.82 6 0.26 ,.001

12.7 6 0.6 790 6 110 1.00 6 0.21 —

14.8 6 0.4 1250 6 110 1.59 6 0.27 .026

15.3 6 0.7 1380 6 210 1.75 6 0.37 .019

16.5 6 0.3 1750 6 100 2.22 6 0.35 ,.001

lar weight; SE, standard error.

d) are calculated from MW.



Fig. 2. (A) Cholesterol and Ab content of apoE particles from patient with AD and aged control patient. ApoE was fractionated by size-exclusion HPLC and

cholesterol content in each fraction was measured by gas chromatography. (B) Ab40 in size exclusion HPLC fractions of extract from human patient with AD.

Ab40 was measured by fluorescent enzyme-linked immunosorbent assay. Ab40 was found only in the low-MW region (16 minutes,z5–10 kDa), whereas apoE

particles (tRz 8–10minutes) contained no detectable Ab40 (,1 pg/mL). Abbreviations: Ab, amyloid b; AD, Alzheimer’s disease; apoE, apolipoprotein E;MW,

molecular weight.
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cholesterol paralleled the size distribution of apoE
(Fig. 2A). Little or no cholesterol was associated with
monomeric apoE.

Some evidence suggests that apoE may participate in
clearance of Ab. Thus, the possibility was considered that
the higher MW in ε4/ε4 patients was because of the presence
of Ab. However, we did not detect any Ab associated with
authentic apoE particles in patients with AD (Fig. 2B), indi-
cating that the larger particle size is not because of incorpo-
ration of Ab.

3.3. ApoE3 more readily dissociates from aggregates

Fig. 1A also shows that a smaller proportion of apoE
from patients genotyped as ε4/ε4 is found in monomeric
form compared with control ε3/ε3, AD ε3/ε3, and AD
ε3/ε4. Previous structural studies on recombinant apoE
in solution have suggested that differences in dissociation
of apoE aggregates reflect properties that may determine
in vivo function. For example, Garai et al. [26] found
that dissociation of apoE to monomers is essential for
membrane binding, suggesting that physical properties
that underlie aggregation also play a role in particle sta-
bility. Native apoE forms predominantly tetramers that
spontaneously disaggregate in solution. To determine
whether differences in apoE protein structure could ac-
count for the larger particle size, recombinant apoE2,
E3, or E4 was incubated at 35�C at 1.0 mg/mL
(29 nM) in the presence of 1 mg/mL micellar cholesterol
and protease inhibitors. Under these conditions, apoE3
consistently disaggregated into monomers, whereas
apoE2 and apoE4 aggregates were stable for up to
4 hours, thereafter gradually precipitating onto the walls
of the sample vial. By 48 hours, 70% of the apoE2 and
30% of the apoE4 disappeared from solution (Fig. 3).

3.4. ApoE particle size in APOE-targeted replacement
mice

Targeted replacement mice (Taconic) exhibit reduced
levels of brain-derived neurotrophic factor (BDNF)
[27,28] and TNF-a [6,29], apoE isoform–dependent
inflammation [30], and impaired spatial learning [31].



Fig. 3. Size exclusion HPLC A280 profiles of 29 nM recombinant (A)

apoE2, (B) apoE3, and (C) apoE4 incubated at 35�Cwith protease inhibitors

and 2.59 mMmicellar cholesterol. ApoE3 tetramers slowly disaggregated to

monomers, whereas apoE4 remained intact, indicating that structural differ-

ences among apoE isoforms affect its oligomerization properties. This result

shows that apoE3 dissociates faster, indicating differences in binding prop-

erties. (Typical results of three to four experiments with each isoform

shown.) Abbreviation: apoE, apolipoprotein E.

Fig. 4. (A) ApoE particle size exclusion profile in transgenic targeted

replacement APOE mice. Black 5 wild-type murine apoE,

green 5 human transgenic replacement apoE3, red 5 human transgenic

replacement apoE4 (n 5 3). (B) ApoE particle size profile in human astro-

cytes treated with PSC833, an ABCA1 inhibitor (n 5 3). (C) Normalized

size exclusion HPLC of apoE particles in undifferentiated human SH-

SY5Y cells (green), differentiated SH-SY5Y cells (black and red), and hu-

man astrocyte-conditioned medium (brown). ApoE particles in astrocyte-

conditioned medium are approximately 18 nm in diameter, identical in

size to the apoE particles in ε4/ε4 AD temporal lobe. (Typical results of

three experiments are shown.) Abbreviations: ABCA1, adenosine

triphsphate-binding cassette transporter 1; AD, Alzheimer’s disease;

apoE, apolipoprotein E.
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Human apoE3 and E4 in targeted replacement mice had
identical particle sizes (15 nm), comparable to apoE in pa-
tients with AD, whereas native mouse apoE, which is
believed to structurally resemble apoE4, was approxi-
mately 13 nm in diameter, as observed by previous re-
searchers [32], comparable in size to apoE3 in
unaffected human patients, and was accompanied by
smaller particles 5 to 8 nm in diameter (Fig. 4A). When
human astrocytes were treated with PSC833
(6-[(2S,4R,6E)-4-methyl-2-(methylamino)-3-oxo-6-octe-
noic acid]cyclosporin D), an inhibitor of adenosine
triphosphate-binding cassette transporter 1, which medi-
ates the assembly of high-density lipoproteins, the quantity
of apoE-containing particles produced by astrocytes was
decreased but there was no effect on particle size
(Fig. 4B). Induction of A1 astrogliosis by cytokines (inter-
leukin 1a, TNF-a, and C1q) [33], which produces marked
changes in astrocyte morphology, also had no effect on
particle size (Table 2). Incubation with oxidized phospha-
tidylcholine, a potent inhibitor of lecithin-cholesterol
acyltransferase [22], produced a small but statistically
significant increase in particle size, whereas
4-hydroxynonenal, a highly reactive marker of oxidative
stress, at the maximum concentration consistent with cell
survival (16 mM), had no effect.



Table 2

Effect of cytokines and enzyme inhibitors on apoE particle size in human astrocytes and neuronal cells

Cells/treatment Retention time (min) Diameter (nm) Molecular weight (kDa) P value

Astrocytes 6.90 6 0.09 17.7 6 0.3 2160 6 120 —

Neuronal cells 7.78 6 0.02 14.6 6 0.1 1200 6 10 .0015

Astrocytes 1 PSC833 6.97 6 0.06 17.4 6 0.2 2050 6 90 ns

Astrocytes 1 cytokines 6.10 6 0.04 17.3 6 0.2 2020 6 60 ns

Astrocytes 1 oxidized lipids 6.56 6 0.05 19.1 6 0.2 2680 6 80 .027

Astrocytes 1 4-hydroxy-nonenal 7.15 6 0.07 16.7 6 0.3 1830 6 90 ns

NOTE. Retention time was measured by differentiation of the smoothed chromatograms. P values are calculated relative to untreated astrocytes. Oxidized

lipids were added at 18 mg/mL and 4-hydroxynonenal was added at 16 mM.
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3.5. Correlation of apoE particle size and neuronal and
astrocyte pathology

To determine whether the increased particle size in AD
was caused by astrocyte pathology or neuronal pathology,
we treated differentiated SH-SY5Y cells with Ab42 amy-
lospheroids, a highly toxic oligomeric form of Ab
[20,21] at 200 nM for 24 hours, or with low (1%)
oxygen for 24 hours. Both the astrocytes and SH-SY5Y
cells in this experiment were genotyped as ε3/ε3. No
changes in apoE particle size were observed either in as-
trocytes or in differentiated neurons (not shown). Cultured
astrocytes produced particles of 17.72 6 0.33 nm, whereas
apoE particles from neuronal cells were only
14.57 6 0.05 nm. This means that lipoprotein particles
from astrocytes are 1.8 6 0.1 times as massive as neuronal
cells. Particles of w15 nm diameter from astrocytes have
been observed previously [32]. The particles from our as-
trocytes were nearly identical in size to particles from AD,
but not control, autopsy samples. In contrast, undifferenti-
ated SH-SY5Y cells produced apoE in a continuum of
sizes from 1.0 to 8.8 nm, containing monomers and multi-
mers in varying proportion (Fig. 4C). Thus, we conclude
that the larger particle size in APOE ε4/ε4 patients with
AD results from AD-specific processes, which may
include an increased contribution of apoE particles from
astrocytes instead of neurons.
4. Discussion

Our results show that apoE particles in AD brain have a
significantly larger effective volume than control subjects.
ApoE particles from ε4/ε4 AD patients were, on average,
over twice as massive as particles from ε3/ε3 control sub-
jects and 1.4 times as massive as particles from ε3/ε3 AD pa-
tients. This result confirms earlier reports that apoE4
particles from patients with AD elute more rapidly in gel
filtration columns [34,35]. The largest particles (16–
18 nm) are 3.2 times more abundant in patients with AD
than in ε3/ε3 control subjects. The increased particle size
was not because of incorporation of Ab or apoE
proteolysis products.
Lipoprotein particle size in blood plasma is affected by a
number of factors, including inflammation [36], triglyceride
levels, and oxidative stress [37,38]. In our cultured cells,
particle size was not affected by inhibitors of lipoprotein
assembly, but was strongly affected by cell type and apoE
isoform, with astrocytes forming particles 1.82 6 0.26
times as massive as neuronal cells. The particle size in
APO ε4/ε4 patients was closer in size to particles
produced by astrocytes, whereas particle size in unaffected
patients was closer to neuronal apoE, suggesting that the
larger particle size in AD could result in part from an
increased contribution of apoE from astrocytes. However,
the finding that particles from ε3/ε3 AD patients were
significantly larger than ε3/ε3 control subjects indicates
that increased particle size is not only due to apoE isoform
alone, but also that AD pathology affects apoE particle
size. One limitation of the present study is the possibility
of postmortem changes in apoE. Although reconstituted
lipoprotein particles are highly stable, the possibility
cannot be ruled out that natural lipoproteins may exhibit
additional heterogeneity. Future research with larger
populations, preferably in genetically homogeneous cells
or animals, will be needed to understand the relative
mechanistic contributions of APOE genotype and AD.

In the brain, apoE is secreted primarily by astrocytes, but
neurons also produce significant quantities of apoE [39]. Un-
der conditions of physiological stress, neuronal apoE is up-
regulated. Traumatic brain injury also produces a large
increase in apoE expression [40]. ApoE2 is a potent inducer
of BDNF secretion in vitro, increasing secreted pro-BDNF
levels in astrocytes by 48.7 times, whereas apoE3 increases
it by 85.4 times, and apoE4 has no effect [41]. Exogenously
applied apoE4 preferentially accumulates in membranes,
suggesting that it is kinetically unable to dissociate from
its receptor or from its lipid environment [41]. The larger
particle size in ε4/ε4 patients and reduced ability of apoE4
to dissociate could inhibit binding or endocytosis of parti-
cles, thereby depriving neurons of adequate cholesterol for
repair. Further experimentation is required to address this
possibility.

These findings imply large structural and functional dif-
ferences among apoE isoforms, which could account for
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observed biochemical differences in AD, including dysregu-
lation of BDNF maturation, changes in membrane proper-
ties, or changes in Ab clearance. ApoE2 has long been
recognized as a protective factor in AD, but the reason for
its protection and for the increased risk associated with
apoE4 has remained elusive. Much previous work has
assumed that the differences were only because of differ-
ences in affinity for lipids or Ab. Our finding that both
apoE isoform and AD disease state determine particle size
shows that structural differences also play an important
role in AD pathogenicity.
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RESEARCH IN CONTEXT

1. Systematic review: ApoE4 is the strongest risk factor
for late-onset Alzheimer’s disease (AD). Review of
the research literature reveals that no clear under-
standing exists as to why APOE ε4 genotype con-
tributes to AD.

2. Interpretation:We present strong evidence that apoE-
containing lipoprotein particles in human brain are
significantly larger in patients with AD than in un-
affected patients. The difference was strongest in ε4/
ε4 patients, but ε3/ε3 patients with AD also had
larger particle sizes than ε3/ε3 control subjects. This
indicates that AD pathology is associated with ab-
errations in lipoprotein assembly that may play a role
in pathogenicity by interfering with cholesterol
transport and ApoE signaling.

3. Future directions: These findings show that the phys-
ical properties of apoE-containing lipoprotein parti-
cles in the brain are altered in AD. Finding ways to
manipulate lipoprotein structure could be a prom-
ising approach to treatment of late-onset AD.
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