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Apolipoprotein E Genotype Affects Size of ApoE Complexes
in Cerebrospinal Fluid

Nicolette Mary Heinsinger, BS, Mariam Alexandra Gachechiladze, and G. William Rebeck, PhD

Abstract

Apolipoprotein E (apoE) is associated with lipoproteins in the
cerebrospinal fluid (CSF). APOE4 increases and APOE?2 decreases
the risk for Alzheimer disease (AD) compared to the risk associated
with APOE3. Because apoE4 is less efficient at cholesterol efflux
than apoE2 or apoE3 in vitro, we hypothesized that APOE genotype
may affect apoE particle size in vivo and that these size differences
may be related to AD risk. We used nondenaturing gel electrophor-
esis to test for differences in the size of apoE complexes in human
CSF samples of various APOE genotypes and created profiles of
each sample to compare the patterns of apoE distribution. For
middle-aged adults with no dementia, APOE 2.3 individuals had sig-
nificantly larger apoE complexes than APOE 3.3 subjects, who had
significantly larger apoE complexes than APOE 3.4 and APOE 4.4
individuals. Similarly, in an independent cohort of older adults, CSF
apoE complexes of APOE4-positive individuals were smaller than
those of the APOE4-negative individuals. Compared to individuals
with no dementia, those with the mildest stages of dementia had
similar sized CSF apoE complexes. These results identify a novel
phenotypic difference in the size of CSF apoE complexes in middle
age that correlate with the risk of AD later in life.

Key Words: Alzheimer disease, Cerebrospinal fluid, Clinical de-
mentia rating, Cognitively normal, Lipoproteins, Risk factor.

INTRODUCTION
Several apolipoproteins are found in association with
lipids in the cerebrospinal fluid (CSF), including apolipopro-
tein E (apoE), apolipoprotein J, and apolipoprotein A-I (1, 2).
The most abundant apolipoprotein in the CSF, apoE, is a
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34-kDa protein produced by astrocytes and secreted into the
brain parenchyma (3, 4). Newly synthesized astrocyte par-
ticles contain little lipid and are discoidal in shape, but by the
time they reach the CSF, these particles have more spherical
shapes and contain a cholesterol ester core (5). Nondenaturing
gel electrophoresis has revealed that apoE lipoproteins se-
creted from astrocytes or present in the CSF ranged from 8 to
17 nm in diameter (6-8), which is comparable to the size of
the HDL lipoproteins found in the plasma (9). However, not
much is known about differences in the size of CSF lipopro-
teins among various groups of individuals.

In humans, apoE exists in 3 isoforms (APOE2, APOE3,
APQOE4), which differ at amino acid residues 112 and 158.
APOE4 is the strongest genetic risk factor for AD, while
APOE?2 strongly decreases a person’s risk compared to
APOE3 (10). Because apoE2 is a more efficient acceptor
of cholesterol efflux than apoE3 or apoE4, and because
apoE3 can induce cholesterol efflux 3—4 times better than
apoE4 (11, 12), endogenous apoE4 lipoproteins might be less
lipidated than apoE3 or apoE2 particles. In mouse brains,
viral-mediated overexpression of apoE?2 increased the average
size of apoE lipoproteins, whereas overexpression of apoE4
decreased the average size of apoE lipoproteins (13). Here, we
use nondenaturing gel electrophoresis to identify APOE geno-
typic differences in the size distribution of human CSF apoE
that is complexed to other molecules both in middle aged and
in older adults. We report that, in comparison to APOE 3.3 in-
dividuals, APOE 2.3 individuals have larger apoE complexes
and individuals with an APOE4 allele have smaller apoE com-
plexes. These findings suggest that the size distribution of
apoE in CSF may serve as a biomarker correlating early meas-
ures with an individual’s risk of developing AD later in life.

MATERIALS AND METHODS
CSF Samples

Sixty-four anonymized human CSF samples and clinical
information of the individuals were obtained from lumbar
punctures at Washington University in St. Louis as part of a
longitudinal study of CSF biomarkers in middle aged and pre-
clinical AD individuals (Table) (14). Subjects had APOE
genotypes of 2.3, 3.3, 3.4 or 4.4 with an average age of
54.5 years, and all had a Clinical Dementia Rating (CDR) of
0, indicating no cognitive impairment. Of these 64 young con-
trol CSF samples, [''C]PiB PET imaging was conducted on
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55 (86%); of those, 54 (98%) were scored as [“C]PiB—nega—
tive. Another set of 65 CSF samples of an older cohort with an
average age of 68.0 years was also obtained from Washington
University (Table). These subjects had APOE genotypes of
3.3, 3.4, or 4.4 and had CDR scores of 0, 0.5, or 1 indicating
no dementia, very mild dementia, or mild dementia. Of this
older cohort, relatively fewer of the CDR 0 individuals had
[''C]PiB PET imaging (20/26, 74%), and a smaller proportion
were scored as [llC]PiB-negative (80%). All of the [HC]PiB-
positive CDR 0 individuals were APOFE4.4, as might be
expected given the risk of amyloid accumulation in this
population (15).

Native Gel Electrophoresis

About 1 pL of CSF was added to 2.5 pL. of NativePage
4x loading buffer and diluted with phosphate-buffered saline
(PBS) to a total volume of 10 pL. Proteins were separated on
Native Page 4-16% Bis—Tris gels (Invitrogen, Billerica, MA) at
125 V for 2 hours and transferred to polyvinylidene fluoride
membrane (Millipore Billerica, MA) at 100 V for 2 hours. Nati-
veMark Unstained Protein Standard (Invitrogen) was used to es-

TABLE. Characteristics of Individuals Contributing CSF

timate protein complex size. After transfer, membranes were
treated with boiling PBS 2 times for 5 minutes each and then
10% formic acid for 7 minutes. Membranes were then blocked
overnight in 10% nonfat milk at 4°C and subsequently incu-
bated overnight at 4 °C with goat anti-apoE antibody (1:1000)
(Calbiochem, San Diego, CA, Catalog #178479). Blots were
washed with PBS-0.5% Tween-20 4 times for 7 minutes each
and incubated with peroxidase-conjugated AffiniPure Rabbit
Anti-Goat antibody (1:2500) (Jackson ImmunoResearch, West
Grove, PA). Membranes were developed with SuperSignal
West Dura (Thermo Scientific, Waltham, MA) and imaged via
Amersham Imager 600. Nondenaturing polyacrylamide gel elec-
trophoresis provides a relatively convenient method that allows
separation of a tight range of particle sizes compared to other
techniques such as density gradient electrophoresis, high per-
formance liquid chromatography (either using gel filtration or
anion exchange columns) (16) or dynamic light scattering (17).
Nondenaturing polyacrylamide gel electrophoresis is particu-
larly useful because it does not require isolation of fractions
through ultracentrifugation or column separation, which have
reduced ability to separate particles of subtle size differences
(16). This approach has previously been used to study apoE
complexes in brain samples (8, 13, 18).

Statistical Analysis

i;rgg les CDR Average age Male/ Number of Plot profiles fgr each'CSF sample were generated using
genotype score (years=SD) female samples ImageJ and normalized using GraphPad Prism 4 so that the
darkest point of each lane was designated at 100%, defined as
23 0 35.3+3.5 710 17 the point of “maximum apoE”. The x-axis of the plot profiles
33 0 24.9x4.2 5/16 21 corresponds to the distance from the 1000-kDa molecular
34 0 24133 oz 21 weight marker, where the 1000-kDa band is 0 and 450-kDa
a4 0 31.6+37 1/4 3 band is 0.83 in (Fig. 1). The plot profiles were then averaged
3.3 0 08.5x7.1 6/4 10 by APOE genotype and normalized so that the position of
03 05744 > 10 maximum apoE was equal to 100%. In addition to the average
! 728164 4/ 3 plot profiles, the area under the curve of the plot profile of
34 0 69.6=5.6 6/3 ? each individual sample was summed and the distance from the
0.5 68.0+2.8 6/4 10 1000 kDa was calculated for the largest 25%, 50% and 75%
! 68.5=10.1 32 > of the total apoE. Individual data points for the positions at
44 0 69.756.1 43 7 maximum, 25%, 50%, and 75% apoE were statistically ana-
0.3 638=10.3 32 > lyzed with one-way ANOVA'’s using Graph Pad Prism 4.
! 69.5-10.3 22 4 Tukey’s multiple comparison test with p < 0.05 significance
(*p < 0.05, **p < 0.01, ***p < 0.001) was used for post hoc
Maximum apoE
2 ™ Plot Profile Pt bt profil
0 g o)
< <
2 E
c &
o o
0.83 = & R &
23 33 34 44 00 02 04 05 08 0.0 02 04 06 0.8
AFOQE Genatype distance from 1000 kD distance from 1000 kD

FIGURE 1. Quantification of NativePage gel electrophoresis assay. (A) Nondenatured proteins from human CSF samples were
separated using NativePage gel electrophoresis and immunostained for apoE. (B) A plot profile of each sample was generated
starting from the 1000-kDa marker (0.0) and ending below the apokE staining under the 480-kDa marker (0.83). (C) Each plot
profile was normalized so that the darkest apoE staining was the point of maximum apoE. (D) An example plot profile of the
different measurements used in the data analysis.
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analyses. For comparisons of 2 groups, a Student r-test was
conducted. Averages are reported as = SD.

RESULTS

We were interested in studying the effects of APOE
genotype on CSF apoE complexes before the onset of AD
pathology in order to identify biomarkers that correlated with
an individual’s risk of developing AD. Sixty-four human CSF
samples from nondemented individuals with APOE genotypes
of 23 (n=17),3.3 (n=21),3.4 (n=21), or 4.4 (n=15) were
analyzed (Table).

Using NativePage nondenaturing gel electrophoresis of
these CSF samples, most of the apoE was in complexes be-
tween 1000 and 400 kDa in size (Fig. 1A), with <5% apoE at
its molecular weight of 34 kDa (data not shown). The largest
majority of the apoE runs between the 720- and 480-kDa mo-
lecular weight markers, corresponding to complexes between
~17 and 12 nm in size (19, 20). This size distribution of apoE
complexes was consistent with patterns seen from apoE iso-
lated from mouse brain (18) and human CSF (7, 9). In order to
compare the distributions of apoE complex sizes, we used the
Plot Profile feature on ImageJ to generate a graph for each
sample based on the intensity of the apoE bands (Fig. 1B, C).
The x-axis of each plot spans from 1000 to ~450 kDa
(Fig. 1B); positions closer to 0.0 correspond to larger

complexes, and positions closer to 0.83 correspond to smaller
complexes. Because we wanted to assess patterns in the apoE
complexes and not relative levels of apoE in the CSF samples,
the plot profile data was then normalized so that the darkest
point of each lane was 100%, or the point of “maximum apoE”
(Fig. 1C, D). For the 64 CSF samples analyzed, the average
maximum apoE was 0.55 = 0.08, corresponding to complexes
~500-600 kDa in size. From the plot profile, the area under
each curve was summed, and the x-axis position of the largest
quartile, median, and smallest quartile of apoE complexes
were identified. We refer to these points as the largest 25%,
50% and 75% of the total apoE (Fig. 1D).

The plot profiles of each CSF sample were grouped by
APOE genotype and averaged (Fig. 2A). Individuals with the
APOE 2.3 genotype had a broad spread of apoE complexes be-
tween 720 and 480 kDa. Those with an APOE 3.3 genotype
had a similar broad range of apoE complexes, with slightly
smaller sizes. Individuals with an APOE4 allele (3.4 or 4.4
genotype) had the smallest complexes, with the average com-
plexes <500 kDa. Qualitatively, each APOE genotype seemed
to have a unique pattern of apoE that corresponded to differ-
ences in the size of complexes. The APOE 2.3 and APOE 3.3
groups had 1 broad peak while the APOE 3.4s and APOE 4.4s
had a narrower main peak with several small peaks of larger
sizes. The differences in the distribution of the apoE complexes
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FIGURE 2. The size of apoE complexes varies by APOE genotype in a middle aged cohort. Sixty-four CSF samples were analyzed
and grouped by APOE genotype (APOE 2.3, n=17; APOE 3.3, n=21; APOE 3.4, n=21; APOE 4.4, n=35). The positions at
maximum, 25%, 50%, and 75% apoE were found from the plot profile of each sample. (A) The normalized plot profile of each
sample was averaged by genotype. (B) An overlaid image of the average plot profiles for each APOE genotype. Arrows indicate
the position of maximum apoE. (C-F) The x values for the point at (€) maximum apok, (D) 25% apokE, (E) 50% apoE, and (F)
75% apoE were averaged and analyzed using a one-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 3. The sizes of apoE complexes vary by APOE genotype in an older cohort without dementia. Twenty-six CSF samples
were analyzed as in Figure 2, and grouped by APOE genotype (APOE 3.3, n=10; APOE 3.4, n=9; APOE 4.4, n=7). (A) Plot
profiles from individuals with CDR scores of O were overlaid by APOE genotype. (B) The position of maximum apoE for APOE4-
positive individuals was significantly different from APOE4-negative individuals (Student t-test, *p < 0.05).

are best seen when the average plot profiles are overlaid, particu-
larly in the position of the maximum apoE indicated by the
arrowheads (Fig. 2B). The APOE 2.3 graphs were shifted to the
left, while the APOE4 genotypes were more shifted to the right
compared to the APOE 3.3 genotype.

We then quantified the position at maximum apoE for
each individual sample and averaged these numbers by APOE
genotype. Individuals with an APOE 2.3 genotype had an
average position of maximum apoE at 0.49 = 0.07, which cor-
responds to an average apoE complex of ~600-650 kDa.
APOE 3.3 individuals had an average position of maximum
apoE at 0.55 = 0.07, which corresponds to apoE complexes
between ~500 and 600 kDa. The APOE 3.4 and 4.4 individ-
uals had average positions of maximum apoE at 0.60 = 0.06
and 0.62 = 0.02, respectively, corresponding to complexes of
~500 kDa (Fig. 2C). The APOE 2.3 complexes were signifi-
cantly larger than each of the APOE 3.3, 3.4 and 4.4 com-
plexes (p<0.05, p<0.001, p<0.001, respectively), and
APOE 3.3 complexes were significantly larger than the APOE
3.4 complexes (p < 0.05). Thus, CSF complexes from APOE
2.3 individuals were ~100 kDa larger on an average than com-
plexes from APOE 3.4 and APOE 4.4 individuals, a statistic-
ally significant difference in size.

Next, we tested whether there were differences in distri-
bution patterns of the subpopulations of apoE-containing com-
plexes by examining the positions of the largest 25%, 50% or
75% apoE. We determined the area under the curve of each of
the average plot profiles, and found the positions of the largest
25%, 50%, and 75% of the total apoE (Fig. 1D). We did not de-
tect a significant difference in the position at 25% apoE by
APOE genotype (Fig. 2D), indicating no difference in the rela-
tive levels of the largest apoE complexes. There were signifi-
cant differences in the relative levels between APOE 2.3 and
APOE 3.4 CSF samples in the positions at 50% and 75% apoE
(Fig. 2E, F). There was also a significant difference in the size
of the largest 75% of apoE complexes between the APOE 2.3
and the APOE 3.3 genotypes (Fig. 2F). These data demon-
strate that the main differences in CSF complex sizes are in
the smaller complexes, which were most abundant in individ-
uals carrying the APOE4 allele. These results show that the
size of CSF apoE-containing complexes increase with an

APOE?2 allele and decrease with an APOE4 allele in cogni-
tively normal individuals in their 50s.

After analyzing this cohort of individuals, we asked
whether the same pattern of apoE complex distribution by
APOE genotype existed in an older cohort of control individ-
uals or in a cohort demonstrating cognitive decline. This
experiment tested whether the correlation between APOE
genotype and size of apoE complex was maintained, strength-
ened, or lost with the onset of clinical disease to determine
whether smaller complexes correlated with APOE4 through
the earliest stages of AD. We examined CSF samples from 65
individuals with an average age of 68.0 years who had CDR
scores of 0, 0.5 or 1, and APOE genotypes of 3.3, 3.4, or 4.4
(Table). For this set, we did not have CSF from individuals of
the APOE 2.3 genotype. Again, we used nondenaturing gel
electrophoresis and developed plot profiles to quantify the dis-
tribution of apoE-containing complexes. In the older cohort of
cognitively normal individuals (CDR 0), we observed the
same pattern of apoE complex sizes as in the younger cohort
(Fig. 3A). The APOE 3.3 individuals had an average position
of maximum apoE at 0.60 = 0.07, corresponding to complexes
~500 kDa in size, while APOE 3.4 and 4.4 individuals had an
average position of maximum apoE at 0.64 = 0.05 and
0.67 = 0.04, respectively, which are both <480 kDa in size.
Overall, the average migration of apoE complexes for all 3
APOE genotypes was slightly lower in the older cohort com-
pared to the younger cohort (Fig. 2C), suggesting an effect of
aging on the decreasing the size of CSF apoE complexes.

There was a significant difference between the size of
apoE-containing complexes from CDR 0 individuals who
were APOFE4-negative vs. those who were APOE4-positive
(Fig. 3B, p <0.05). These data reproduced the finding from
the younger cohort that apoE4 was part of smaller CSF com-
plexes (Fig. 2C). There were no significant differences in the
distribution of the largest 25%, 50%, or 75% of the complexes
(data not shown).

Next, we tested whether the early stages of dementia
also affected the size distribution of apoE complexes. Within
each of the APOE genotypes there were no significant differ-
ences in the position of maximum apoE between individuals
with CDR scores of 0, 0.5, and 1 (Fig. 4A—C). Similarly, when
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FIGURE 4. The sizes of apoE complexes in the older cohort do not differ by stage of dementia. (A-C) APOE 3.3 (A), 3.4 (B), and
4.4 (C) samples (Table) were separated by CDR score and the average plot profiles were overlaid by APOE genotype. (D) All
APOE genotypes were combined and analyzed by CDR scores 0, 0.5, and 1. No significant differences were observed among

these grouped samples.

we combined all of the APOE genotypes together and took the
average plot profile by CDR score, there was no significant
difference in the distribution of CSF apoE complexes at differ-
ent stages of disease progression (Fig. 4D). Because there was
no effect of CDR score on CSF apoE complex distribution, we
compared CSF apoE complexes from individuals of the 3
APOE genotypes, combining the CDR scores. As with the
CDR 0 subgroup, the position of maximum apoE of the
APOEA4-positive individuals was significantly different from
the APOE4-negative individuals, with the APOE4 group
showing smaller complexes (p < 0.03) (data not shown).
Thus, although APOE genotype reproducibly affected the size
of CSF apoE complexes, the stages of dementia did not have
an effect.

DISCUSSION

We report here APOE genotype-specific patterns of
CSF apoE complex distribution in independent cohorts of
middle aged and older adults, based on nondenaturing gel
electrophoresis. In the middle-aged cohort, CSF apoE com-
plexes from those with an APOE?2 allele were significantly
larger than those from APOE 3.3 individuals, who had signifi-
cantly larger apoE complexes than those with an APOE4 al-
lele. A similar pattern was also seen in a cohort over a decade
older, which included APOE 3.3, 3.4, and 4 .4 individuals. Pat-
terns within individual APOE genotypes were not affected by
the development or progression of dementia, as judged by
CDR scores. We hypothesize that differences in the compos-
ition of these apoE-containing complexes may be responsible
for differences in risk for AD. Indeed, these results suggest

922

that more apoE4 is associated with smaller complexes in the
CNS, and thus may be deficient in clearing lipid debris or de-
livering lipid to CNS cells, compared to apoE2 and apoE3.

Lipid metabolism is important in the context of neuronal
injury and neurodegeneration. ApoE is upregulated following
neuronal injury (21, 22) and plays a role in cell survival and
protection from neuronal injury and stress (23-25). APOE 4.4
AD patients have less neuronal reparative capacity compared
to APOE 3.4 patients, who have less reparative capacity com-
pared to APOE 3.3 patients (26). In mice, APOE4 was associ-
ated with impaired neuronal plasticity after entorhinal cortex
injury compared to APOE3 (27), as well as with poorer out-
comes after traumatic brain injury (28) and more cognitive
deficits after experimental autoimmune encephalomyelitis
(29). CNS apoE lipoproteins can clear lipids from dead or
injured cells and deliver those lipids to neurons and astrocytes
(30). Smaller CSF lipoprotein particles could be indicative of
less lipid clearance from some locations and less lipid delivery
to cells for membrane synthesis or other cellular functions.
This hypothesis is consistent with other data that shows that
apoE3 lipoproteins can enhance neurite outgrowth signifi-
cantly better than apoE4 lipoproteins (31, 32).

Lipid efflux via the ATP-binding cassette A1 (ABCA1)
transporter is particularly important in AD. ABCAL facilitates
cholesterol efflux to apoE (33), and apoE4 is less efficient at
this efflux in cell culture compared to apoE2 or apoE3 (11, 12).
In mouse models, deletion of the ABCAI gene decreases levels
of apoE and increases deposition of A in the amyloid plaques
(34, 35). Similarly, in humans, mutations in the ABCAI gene
are associated with increased risk of AD and decreased A in
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the CSF, which is a core biomarker of AD (36), and the effi-
ciency of ABCAl-mediated cholesterol efflux in the CSF is
impaired in patients with mild cognitive impairment or AD
(37). Activating expression of ABCAIl through the RXR
agonist bexarotene has been explored as a therapeutic target
because of its ability to decrease levels of A plaques and im-
prove cognition in mouse models of AD (38). Overexpression
of ABCAI may increase AP clearance in the brain (39)
because increased lipidation of apoE facilitates proteolytic
degradation of AP (40). Our data only address the size of
apoE-containing complexes, which may represent forms of
apoE on single or multiple lipoproteins, or apoE complexed
to other molecules. However, these data support the hy-
pothesis that the impaired formation of CNS lipoproteins
may be an important risk factor of AD and that measuring
lipidation levels might provide insight to an individual’s
risk of AD.

These results highlight the importance of identifying
differences between people at high and low risk of developing
AD and of identifying biomarkers for high risk individuals.
Currently, there are several well-accepted biomarkers of AD
based on amyloid PET imaging and CSF protein levels.
Decreased CSF levels of AB42 are associated with a greater
risk of AD (41, 42), and increased CSF levels of phosphory-
lated tau and total tau are seen in early stages of AD (43, 44).
These biomarkers based on AD neuropathological changes
may help define the progression from -amyloid and tau accu-
mulation to clinical manifestations of AD (45). We tested
whether the size of apoE complexes affected the transition
from control to the earliest stages of dementia, but found that
apoE complex size did not affect disease progression at this
stage. Identifying biomarkers related to genetic risk of AD
(specifically APOE) early in life is a related but independ-
ent goal, potentially allowing early interventions to prevent
disease. Focus on CSF lipoproteins is supported by data for
the potential usefulness of measures of the CSF apolipoproteins
apoE (46) and apoJ (clusterin) (47). Detailed examination
of the protein and lipid composition of CSF lipoproteins
may help in establishing new biomarkers correlating with
the risk of amyloid accumulation prior to AD neuropatho-
logical changes.

Our observation that APOE genotype significantly af-
fects the size of apoE complexes in 2 independent cohorts sup-
ports the hypothesis that there is a structural difference in CNS
apoE isoform complexes in control individuals. A more quan-
titative analysis of the structure and composition of CSF apoE
lipoproteins in the future would help evaluate whether their
characteristics could be useful as biomarkers of AD risk.
Moreover, if there are elements of apoE lipoproteins that are
useful as preclinical biomarkers, then altering their character-
istics through drugs or lifestyle changes might modify a
person’s risk for AD before the onset of neuropathological al-
terations associated with AD.
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