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Abstract The major apolipoproteins (apo) on human cere-
brospinal fluid lipoproteins are apoA-1 and apoE. Given the
association between inheritance of the €4 allele of the apoE
gene (APOE4) and increased susceptibility to Alzheimer’s
disease, we tested the hypothesis that cerebrospinal fluid
apolipoproteins may be influenced by APOE genotype and
Alzheimer’s disease. Lipoprotein fractions (d < 1.210 g/
ml) were isolated from cerebrospinal fluid obtained from
individuals with different APOE genotypes and with or with-
out pathologically verified Alzheimer’s disease. Apolipopro-
teins were separated by SDS-polyacrylamide gel electro-
phoresis and identified by silver nitrate staining, Western
blotting, and N-terminal amino acid sequencing. Four pro-
tein species were detected by silver nitrate staining in sub-
jects with an APOES allele: apoA-l, apoE monomer, apoE-
apoA-1l1 heterodimer, and apoE homodimer. In APOE4
homozygotes, only apoA-l1 and apoE monomer were de-
tected. ApoA-lIl homodimer was demonstrated in all sub-
jects by Western blotting. The relative levels of apoE- and
apoA-ll-containing apolipoproteins correlated with APOE
genotype but were not altered by Alzheimer’s disease. In
contrast to apoE, no apoA-ll immunoreactivity was observed
with pathological structures in Alzheimer’s disease brain.il
These differences in cerebrospinal fluid apolipoproteins
may influence lipoprotein trafficking and may be an ele-
ment in the stratification of risk for Alzheimer’s disease
with APOE genotype.—Montine, K. S., C. N. Bassett, J. J.
Ou, W. R. Markesbery, L. L. Swift, and T. J. Montine. Apolip-
oprotein E allelic influence on human cerebrospinal fluid
apolipoproteins. J. Lipid Res. 1998. 39: 2443-2451.

Supplementary key words ApoA-1l « ApoE-ApoA-ll heterodimer -
apoA:-l « Alzheimer’s disease

The presence of lipoproteins in human cerebrospinal
fluid (CSF) was first reported by Swahn, Bronnestam, and
Dencker (1) in 1961. Roheim and coworkers (2) subse-
quently identified specific apolipoproteins in human CSF
and demonstrated that these were associated with the d <
1.210 g/ml fraction. Further studies characterized CSF
lipoproteins and showed that there are two major parti-
cles with sizes in the range of plasma high density lipopro-

tein (HDL) and low density lipoprotein (LDL) (3, 4). The
two most abundant CSF apolipoproteins are apoA-l and
apoE; CSF lipoproteins do not contain apoB. ApoE in the
human CSF is derived from astrocytes in brain and not
from plasma (1, 5-7). In contrast, apoA-l in human CSF is
not produced in brain, but is derived from plasma (3, 5).
Although the mechanisms by which apoA-l crosses the
blood-brain barrier are not known, it has been proposed
that apoA-l-enriched HDL particles are transported para-
cellularly between cerebral endothelial cells (8). If so,
apoA-Il might also be expected in CSF because apoA-1l is
the other major apolipoprotein of plasma HDL. To date,
there has been no definitive identification of apoA-Il in
human CSF. Although Roheim and coworkers (2) initially
presented immunochemical evidence for apoA-Il in hu-
man CSF, a result recently corroborated (9), other labora-
tories have published conflicting results about apoA-Il in
human CSF lipoproteins (3, 4).

Little is known about the role of apoE or the functional
differences among apoE isoforms in central nervous sys-
tem (CNS) lipoprotein metabolism. Humans have three
common alleles of the apolipoprotein E gene (APOE): &2
allele (APOE2), €3 allele (APOE3), and ¢4 allele (APOE4)
(10, 11). The most common allele in humans is APOE3,
followed by APOE4 and APOEZ2, with the corresponding
isoforms being apoE3, apoE4, and apoE2, respectively.
ApoE4 and apoE2 differ from apoE3 by single amino acid
substitutions: cys!12 [ arg in apoE4 and arg%8 O cys in
apoE2. Thus apoE2 has two cysteines, apoE3 has one cys-
teine, and apoE4 is devoid of cysteines. These differences
in primary structure underlie the differences among apoE
isoforms with respect to disulfide bond formation, low
density lipoprotein (LDL) receptor binding, and plasma

Abbreviations: AD, Alzheimer’s disease; CSF, cerebrospinal fluid;
apo, apolipoprotein; APOE, human apolipoprotein E gene; DTNB,
5,5’-dithiobis(2-nitrobenzoate); HDL, high density lipoprotein; LDL,
low density lipoprotein.
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lipoprotein distribution. Furthermore, in plasma, the dif-
ferences in apoE isoforms are known to alter lipoprotein
metabolism and to contribute to human diseases, such as
hyperlipoproteinemia and atherosclerosis.

In addition to influencing plasma lipoprotein metabo-
lism and altering the risk for vascular disease, inheritance
of different APOE alleles appears to modify the pathogen-
esis of Alzheimer’s disease (AD) in some populations
(12). Specifically, inheritance of APOE4 is associated with
an increased risk of developing AD and decreased average
age of onset (13). Moreover, APOE4 has been associated
with poorer neurological outcome in patients afflicted
with cerebral hemorrhage and closed head injury or un-
dergoing cardiopulmonary bypass surgery, suggesting a
broader role for apoE isoforms in the pathogenesis of de-
generative and destructive lesions of the CNS (14-16). Al-
though several mechanisms have been proposed, it is not
yet known which apoE isoform-specific effects underlie
the increased risk for AD.

The seminal work on CSF lipoproteins was performed
before there was a clear understanding of the different hu-
man APOE alleles; therefore, the influence of different
APOE alleles on human CSF apolipoproteins was not ad-
dressed. Moreover, there have been conflicting reports on
whether significant differences in CSF apoE concentrations
exist between AD patients and control subjects (17-19).
Previously, we examined the lipid constituents of CSF lipo-
proteins and showed significant differences between pa-
tients with AD and age-matched control subjects that were
not related to inheritance of APOE3 or APOE4 (20). In the
present study we have examined the apolipoproteins of
CSF lipoproteins and have tested the hypothesis that the
molecular distribution of CSF apolipoproteins is influ-
enced by APOE alleles and also may be affected by AD.

METHODS

Rabbit polyclonal anti-apoE antiserum was obtained from
DAKO (Carpinteria, CA). Goat polyclonal anti-apoA-11, goat anti-
rabbit alkaline phosphatase-conjugated 1gG, rabbit anti-goat alka-
line phosphatase-conjugated IgG, rabbit polyclonal anti-human
apoA:-l antiserum, and recombinant human apoA-Il were pur
chased from Calbiochem (San Diego, CA). Gels for sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE),
Immunlite and polyvinylidene difluoride (PVDF) membranes,
and blotting grade Tween were bought from Bio-Rad (Hercules,
CA). Chemiluminescence substrate was obtained from Schlei-
cher and Schuell (Keene, NH). Photographic film was from East-
man Kodak Co. (Rochester, NY). All other reagents were from
Sigma Chemical Co. (St. Louis, MO).

Sixteen cases were selected from autopsies performed in 1995
or 1996 at Vanderbilt University Medical Center and the Univer-
sity of Kentucky Medical Center. An additional two AD cases were
obtained in 1998. All AD patients carried a clinical diagnosis of
“probable AD” during life and were verified as AD postmortem
using standardized criteria. Control subjects were age-matched
individuals without clinical evidence of dementia or other neuro-
logical disease and who had annual neuropsychological testing
with all test scores in the normal range. All control subjects also
underwent postmortem examination and were demonstrated to
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be free of significant neuropathological changes. No case with a
postmortem interval greater than 5 h was included. After in-
formed consent, CSF was removed postmortem from the lateral
ventricles, sedimented at 1000 g for 10 min, and frozen at —80°C
until analyzed. After aspiration of CSF, brains were removed and
weighed prior to fixation and subsequent histopathological ex-
amination. APOE genotype was determined postmortem in all
cases (21). The 11 AD patients were either APOE4 homozygotes
(n = 5), APOE3-4 heterozygotes (n = 2), or APOE3 homozy-
gotes (n = 4). The 6 control subjects were either APOE3 homo-
zygotes (n = 3) or APOE3-4 heterozygotes (n = 3). A single
APOE?2 heterozygote was available for study. Neither APOE2
homozygotes nor age-matched nondemented APOE4 homozy-
gotes were available for study.

The lipoprotein fraction (d < 1.210 g/ml) was isolated from
8.5-10 ml of CSF by ultracentrifugation and washed once. In the
two patients from 1998, CSF was directly aspirated into the thiol
trapping agent 5,5'-dithiobis(2-nitrobenzoate) (DTNB) accord-
ing to published methods (22). For these samples, lipoprotein
fractions were prepared and dialyzed in the presence of DTNB
and compared to the same patient’s CSF lipoproteins collected
and prepared without DTNB. After dialysis to remove salt
(DTNB-containing samples were dialyzed in the presence of
DTNB), protein concentration was determined by the bicincho-
ninic method. The lipoprotein fraction was lyophilized and de-
lipidated using ethanol/ether. Proteins were analyzed by SDS-
PAGE under reducing and nonreducing conditions, and stained
with silver nitrate or immunoblotted for apoE, apoA-l, apoA-Il,
or apoB (20). Silver nitrate-stained gels and apoA-1l immuno-
blots were quantified under linear conditions established by se-
rial dilutions of CSF d < 1.210 g/ml fractions or human recombi-
nant apoA-ll using a Bio-Rad GS-700 Imaging Densitometer with
Molecular Analyst software as previously described (4). Partial
amino acid sequencing was performed on proteins electroblot-
ted to PVDF membranes as described (23). Proteins were electro-
eluted from gels using an Amicon Centrilutor according to the
manufacturer’s specifications.

Immunohistochemistry was performed on formalin-fixed, par-
affin-embedded tissue sections of hippocampus and superior
temporal gyrus from four AD patients and three control subjects
according to previously published methods (24). Immunohis-
tochemistry also was performed on sections of human liver from
two different patients with no known hepatic disease and no
pathological lesions identified postmortem. Liver tissue had
been formalin-fixed and embedded in paraffin the same as brain
tissue. Anti-apoE antiserum was used at 1:1000 dilution and anti-
apoA:-1l antiserum was used at 1:10,000 dilution in immunohis-
tochemistry experiments. Competition experiments used anti-
apoA-1l at 1:10,000 dilution and human recombinant apoA-11 at
1 mg/ml.

Values between AD patients and control subjects were com-
pared by Student’s t-test and values among patients with different
APOE alleles were compared with Spearman ranked correlations
using Prism 2.0, GraphPad Software Inc., San Diego, CA.

RESULTS

CSF apolipoprotein composition in individuals
with different APOE genotypes

A lipoprotein fraction (d < 1.210 g/ml) was purified
from human CSF by ultracentrifugation. No d < 1.210
g/ml fraction had detectable apoB by immunoblotting,
indicating that CSF aspirates were free from contamina-
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Fig. 1. CSF apolipoproteins in patients with different APOE gen-
otypes. CSF d < 1.210 g/ml fraction from APOE3 (panel 1) and
APOE4 (panel 2) homozygotes was separated by SDS-PAGE under
nonreducing conditions. A: Silver nitrate staining of a 10% gel. B:
Anti-apoE immunoblot of a 10% gel transferred to Immunlite mem-
brane. Two different subjects of each APOE genotype are pre-
sented. C: Anti-apoA-ll immunoblot of a 10-20% linear gradient
gel transferred to Immunlite membrane. The same subjects are
presented as in blot B.

tion by blood (not shown). Figure 1 shows representative
results from APOE3 and APOE4 homozygotes. Under
non-reducing conditions, SDS-PAGE followed by silver
nitrate staining revealed either two or four major protein
bands in the d < 1.210 g/ml fraction depending on the
APOE allele (Fig. 1A). In APOE3 homozygotes, four
bands were present with approximate molecular masses
of 69, 43, 34, and 27 kDa. In APOE4 homozygotes, only
two bands were present with approximate molecular
masses of 34 and 27 kDa. APOE3-4 heterozygotes had a
banding pattern similar to APOE3 homozygotes (not
shown). Under reducing conditions, the protein band-
ing pattern of all d < 1.210 g/ml samples, regardless of
APOE genotype, simplified to the 34 kDa and 27 kDa
bands (as in Fig. 1A, lane 2), indicating that the 69 and
43 kDa species were disulfide-linked dimers. There were
no differences in the amounts of these disulfide-linked
dimers of apoE by silver-stained SDS-PAGE gels or anti-
apoE immunoblots when samples were collected and
prepared in the presence or absence of the thiol-trap-
ping agent DTNB, indicating that the apoE-containing
disulfide-linked dimers did not form ex vivo. Moreover,
the d > 1.210 g/ml fraction of CSF contained less than
10% of each of these 4 proteins compared to the d <
1.210 g/ml fraction from the same patient.

Western blot analysis was then performed on nonre-
duced d < 1.210 g/ml fractions from CSF. Anti-apoA-I
antiserum was immunoreactive with the 27 kDa band
(not shown). Anti-apoE immunoreactivity was observed
in the 34 kDa band in all samples (Fig. 1B). The 43 kDa
and 69 kDa bands present in APOE3 homozygotes also
were immunoreactive with anti-apoE antisera. ApoE3 is
known to form a disulfide-linked homodimer in plasma
and CSF (11). Therefore tentative assignments were
made for three of the bands: the 27 kDa protein was A-l,
the 34 kDa protein was apoE monomer, the 69 kDa pro-

tein was apoE dimer. These results agreed well with data
from others (2-4).

As a 43 kDa apoE-apoA-1l disulfide-linked heterodimer
has been identified in human plasma from patients with
unestablished APOE genotypes (25), we hypothesized
that the 43 kDa protein complex in CSF lipoproteins
from people with an APOE3 might also be apoE-apoA-Il.
Western blot analysis using anti-apoA-Il antiserum dem-
onstrated two apoA-Il immunoreactive species in nonre-
duced d < 1.210 g/ml fraction (Fig. 1C); these migrated
with approximate molecular masses of 18 kDa and 43
kDa. Human plasma apoA-ll is known to exist as an ap-
proximately 18 kDa homodimer (26). Both bands were
present in APOE3 homozygotes; however, only the 18
kDa band was present in APOE4 homozygotes. Reduction
of CSF d < 1.210 g/ml fraction shifted apoA-1l immu-
noreactivity to an 8 kDa species (as in Fig. 2C, lane 2).
Therefore, tentative assignments for the 43 kDa and 18
kDa proteins were apoE3-apoA-1l and apoA-1l homo-
dimer, respectively.

In order to identify definitively the 43 kDa protein, CSF
lipoproteins of two APOE3 homozygotes were separated
by electrophoresis and the 43 kDa band was excised, elec-
troeluted, concentrated, and subjected to further electro-
phoresis. Figure 2 shows the results for one of these indi-
viduals. Silver staining under nonreducing conditions
showed one protein band that migrated at 43 kDa (Fig.
2A, lane 2). Immunoblotting established that this protein
band was immunoreactive with both anti-apoE and anti-
apoA-Il antisera (Fig. 2B, lane 2, and Fig. 2C, lane 1, re-
spectively). Reducing conditions yielded a 34 kDa protein
immunoreactive with anti-apoE antiserum (Fig. 2B, lane
3) and an 8 kDa protein immunoreactive with anti-apoA-11
antiserum (Fig. 2C, lane 2). Identical results were ob-
tained from the other APOE3 homozygote (not shown).
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Fig. 2. Identification of the 43 kDa protein complex in CSF of
APOE3 homozygotes. CSF d < 1.210 g/ml fraction was separated
by SDS-PAGE and the 43 kDa species was purified by excision, elec-
troelution, and concentration. All gels were 10-20% linear gradi-
ents. A: Silver nitrate stain of original nonreduced d < 1.210 g/ml
fraction (lane 1) and nonreduced purified 43 kDa band (lane 2). B:
Anti-apoE immunoblot of original nonreduced d < 1.210 g/ml
fraction (lane 1), nonreduced purified 43 kDa protein (lane 2),
and reduced purified 43 kDa protein (lane 3). C: Anti-apoA-11 im-
munoblot of nonreduced purified 43 kDa protein (lane 1), re-
duced purified 43 kDa protein (lane 2), and reduced human recom-
binant apoA-1l (lane 3).
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Partial amino acid sequencing of the four major pro-
teins in the d < 1.210 g/ml fraction also was performed.
Nonreduced CSF d < 1.210 g/ml fractions were separated
by electrophoresis, transferred to PVDF membrane, and
visualized by Coomassie stain. The four major proteins
from two APOE3 homozygotes were excised and sub-
jected to N-terminal amino acid sequencing. The six N-
terminal amino acids were KVEQAV for the 69 kDa and 34
kDa proteins, and DEPPQS for the 27 kDa protein, match-
ing the known sequences for human apoE and apoA-I, re-
spectively (26). The 43 kDa reducible complex yielded
two amino acids of equal concentration per cycle: one se-
quence corresponded to human apoE, KVEQAV, and the
remainder matched the sequence of human apoA-ll,
QAKEP (26). Only one amino acid, V, was detected in the
sixth cycle. This was expected because the sixth amino
acid in human apoA-1l is C (27).

Molecular distribution of CSF apolipoproteins in
AD patients and control subjects

CSF d < 1.210 g/ml fractions were prepared from 17
different individuals (Table 1) and assayed for the distri-
bution of apoE- and apoA-ll-containing proteins. CSF
apolipoproteins were separated by SDS-PAGE, stained
with silver nitrate, and the bands were quantified by den-
sitometry (see Fig. 1A for example). Previously, we have
shown that total protein concentration in the d < 1.210
g/ml fraction is significantly diminished in AD patients
relative to control subjects, likely secondary to brain at-
rophy with increased ventricular volume and dilutional
effects in AD patients (20). Moreover, we showed that
despite this difference in total protein in the d < 1.210
g/ml fraction, the ratio of total apoE to apoA-l is not
changed between AD and control subjects (20). Further
analysis of these data revealed no significant difference
in the ratio of total apoE to apoA-l as a function of
APOE genotype: total apoE to apoA-1 was 3.2 = 0.5 in
APOE3 homozygotes and 3.5 = 1.1 in APOE4 homozy-
gotes (P > 0.05). Thus, the ratio of total apoE to apoAl
in CSF d < 1.210 g/ml fraction is constant with respect
to the presence or absence of AD and inheritance of
APOE3 or APOEA4. Therefore, the integrated peak area
of each apoE-containing apolipoprotein was expressed
relative to that of apoA-1 to control for dilutional effects
of brain atrophy and variation in sample preparation
among patients.

TABLE 1. Clinical and pathological information on the
17 individuals included in this study

Female Postmortem Brain
Subjects n Age to Male Interval Weight
yr h g
AD Patients 9 774 £22 5:4 3.0+04 1049 = 54
Control 6 81.0 + 2.6 3:3 28 +0.3 1255 + 482

Values are given as mean = SEM. Age at death, gender ratio, post-
mortem interval, and unfixed brain weight are presented. The only
variable significantly different between AD and control subjects was
brain weight (3P < 0.05).

2446 Journal of Lipid Research Volume 39, 1998

In a subset of subjects with the same APOE genotypes
(APOE3 homozygotes or APOE3-4 heterozygotes), the
presence or absence of AD did not appear to alter signifi-
cantly the relative amounts of the three apoE-containing
proteins (P > 0.05). In contrast, there was a significant
gene dosage effect of APOE on the relative levels of all
three apoE-containing proteins (Fig. 3). Changes in the
relative level of each apoE-containing protein were signifi-
cantly correlated with the number of APOES3 alleles; apoE
homodimer and apoE3-apoA-ll increased with increasing
copy number of APOE3 (P < 0.001) while apoE mono-
mer decreased with increasing copy number of APOE3
(P = 0.01).

The low levels of apoA-Il as compared to the other
CSF apolipoproteins precluded quantification of differ-
ent molecular forms by silver nitrate staining (see Fig.
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Fig. 3. Relative levels of CSF apoE-containing apolipoproteins in
patients with different APOE genotypes. CSF d < 1.210 g/ml frac-
tions from 11 AD patients and 6 control subjects. Samples were sep-
arated by 10% SDS-PAGE, stained with silver nitrate, and their band
densities quantified. The integrated band density for each subject’s
apoE homodimer (E-E), apoE-apoA-Il heterodimer (E-A-ll), and
apoE monomer (E) was divided by the integrated band density for
apoA-l. A scatter plot was made of the resulting relative levels of
each apoE-containing apolipoprotein versus the number APOE3 al-
leles. Note scale differences in ordinates for the two graphs. Spear-
man ranked correlations for relative levels versus number of APOE3
alleles were statistically significant for E-E (r = 0.93, P < 0.001),
E-A-1l (r = 0.88, P < 0.001), and E (r = —0.51, P < 0.05).
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2A, lane 1). For this reason, we assessed the distribution
of apoA-Il using immunoblots probed with anti-apoA-I11
antiserum. Figure 1C illustrates typical results from
four different subjects. The relative distribution of
apoA-lIl immunoreactivity in apoE3-apoA-lIl hetero-
dimer and apoA-Il homodimer was computed for each
subject (Fig. 4). Again, there was a significant APOE3
gene dosage effect; the percentage of A-l1l as homo-
dimer or apoE3-apoA-ll heterodimer significantly
changed with increasing copy number of APOE3 (P <
0.001).

Our only patient with an APOE2 was a neurologically
normal woman (87 years), not included in the above
dataset. She was APOE heterozygous with APOE2 and
APOES alleles. This subject displayed yet another protein
band in her CSF d < 1.210 g/ml fraction that was not ob-
served in APOE3 homozygotes (not shown). This addi-
tional protein was approximately 50 kDa and was immu-
noreactive with both anti-apoE and anti-apoA-Il antisera.
Others have identified apoE2-(apoA-11), in human plasma
(28), and, therefore, we also provisionally classify this CSF
apolipoprotein as apoE2-(apoA-I1),.
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Fig. 4. Molecular distribution of apoA-Il in CSF from patients
with different APOE genotypes. CSF d < 1.210 g/ml fractions from
11 AD patients and 6 control subjects. Samples were separated by
10-20% linear gradient SDS-PAGE, transferred to membrane, im-
munoblotted with anti-apoA-Il antiserum, and the band density
quantified. The percentage of integrated band density present as
apoA-1l homodimer or apoE-apoA-11 was graphed as a scatter plot
versus the number of APOES3 alleles. Spearman ranked correlations
for percent total immunoreactive protein versus number of APOE3
alleles were statistically significant for E-A-1l (r = 0.95, P < 0.001)
and A-llI-A-1l1 (r = —0.95, P < 0.001).

ApoA-Il immunohistochemistry of human brain tissue
from AD patients and control subjects

ApoA-11 immunohistochemical analysis was performed
on tissue sections of human liver, cerebral cortex, and
hippocampus. Tissue sections of liver from three control
subjects (aged 73 to 86 years) were examined. Vesicular
apoA-1l immunoreactivity was present in hepatocyte cy-
toplasm (Fig. 5), a pattern consistent with synthesis and
secretion of apoA-1l by hepatocytes. ApoA-ll immunore-
activity was completely blocked in hepatocytes by
preincubation of antiserum with human recombinant
apoA-Il. Tissue sections of brain from three control sub-
jects as well as four patients with AD (aged 68 to 85 years,
two APOE3 homozygotes and two APOE4 homozygotes)
also were examined. In all seven individuals, apoA-Il im-
munoreactivity was present only in the cytoplasm of chor-
oid plexus epithelium as well as intravascular immunore-
activity, a pattern consistent with transport into CSF but
not with synthesis in brain tissue. ApoA-1l immunoreactiv-
ity in brain sections also was ablated by preincubation of
antiserum with human recombinant apoA-ll. Impor-
tantly, no apoA-lIl immunoreactivity was observed with
neuritic plaques or neurofibrillary tangles even in the AD
APOE3 homozygotes. In contrast, consecutive tissue sec-
tions from the same AD patients demonstrated apoE
immunoreactivity with numerous neuritic plaques and
neurofibrillary tangles in both APOE3 and APOE4 ho-
mozygotes, as has been observed by others (29). Thus, de-
spite a significant fraction of apoE being present as
apoE-apoA-1Il in APOE3 homozygotes and extensive
apoE immunoreactivity with plaques and neurofibrillary
tangles, no apoA-1l immunoreactivity was identified on
these structures.

DISCUSSION

Using the largest series of human subjects to date, we
corroborated that apoE and apoA-I are the major apolipo-
proteins in human CSF. In addition, despite previously
conflicting reports, we have conclusively demonstrated
the presence of apoA-Il in human CSF. Moreover, we de-
finitively identified a CSF apolipoprotein complex formed
in vivo, apoE3-apoA-Il. We showed that the relative levels
of all apoE-containing CSF apolipoproteins as well as the
molecular distribution of CSF apoA-1l are significantly re-
lated to APOE genotype but not to AD. Finally, immuno-
histochemical data indicated that apoA-ll is not synthe-
sized at detectable levels by human brain, and that, unlike
apoE, pathological structures in AD brain are not apoA-ll
immunoreactive.

Although it may seem trivial that apoE-apoA-Il found
in plasma also exists in CSF lipoproteins, there are valid
reasons to expect this might not happen in CSF. Human
CNS apoE is derived from a different source than is
plasma apoE and the two pools do not mix (2, 3, 6, 7, 10).
Also, Northern blot data of others and our immunohis-
tochemical data indicate that apoA-11 is not synthesized in
brain (30). Thus, our demonstration of apoE-apoA-II het-
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erodimer in CSF lipoproteins suggests that astrocyte-
derived apoE and plasma-derived apoA-ll interact in the
CNS. A possible explanation for why apoE3-apoA-Il has
not been identified previously in CNS is that of the species
studied only humans, rabbits, and cows have cysteinyl-
containing apoE, and only humans and chimpanzees have
cysteinyl-containing apoA-Il (10). Therefore, a disulfide-
linked heterodimer of apoE and apoA-11 would be present
only in humans.

Several previous studies have measured total apoE lev-
els immunochemically in human lumbar CSF aspirates
from control subjects and patients with AD (17-19). Some
have observed reduced CSF apoE concentration in AD pa-
tients as compared with controls, while others have not
observed this difference between groups. Those studies
that did detect lower total CSF apoE levels have shown
that it was not related to APOE genotype. We have demon-
strated that the overall apolipoprotein concentration in
CSF is reduced in AD patients relative to age-matched
controls, while the ratio of total apoE to apoA-lI remains
unchanged between AD and control subjects as well as
among patients with different APOE genotypes (20).
Given that the average decrease in overall CSF apolipo-
protein concentration in AD patients is equivalent to the
average increase in ventricular volume secondary to brain
atrophy in AD, we interpret this general reduction in apo-
lipoprotein concentration to be due largely to dilutional
effects from brain atrophy in AD patients.

In order to control for dilutional effects and any differ-
ences in sample preparation, we directly quantified indi-
vidual apolipoproteins with silver nitrate staining and
then expressed levels of apoE-containing apolipoproteins
relative to the level of apoA-l. It is important to note that
as different proteins bind different amounts of silver stain,
these ratios are indices of relative levels of apoE-contain-
ing apolipoproteins and cannot be interpreted as mass ra-
tios of apolipoproteins. Using this approach, we found
that the relative levels of each individual apoE-containing
protein displayed significant APOE allele dosage effects.
Recently, another group has identified apoA-l1l immu-
nochemically in human CSF and noted the co-localization
of apoE and apoA-I1l immunoreactivity in Western blots of
human CSF d < 1.210 g/ml fraction. This group quanti-
fied the percentage of apoE immunoreactivity as dimers
in AD patients’ CSF, but not control subjects’, and ob-
tained results very similar to ours (9).

As an initial assessment of the neurobiological signifi-
cance of apoA-ll-containing proteins, we performed anti-
apoA-Il immunohistochemistry on human cerebral corti-
cal and hippocampal tissue sections from AD patients
homozygous for APOE3 or APOE4 and age-matched con-
trol subjects. ApoA-lIl immunoreactivity was detectable
only in the cytoplasm of choroid plexus epithelium and

within blood vessels but not in any other normal or patho-
logical structure. Thus, apoA-ll appears similar to apoA-I
in that it is synthesized and secreted primarily by hepato-
cytes and enterocytes, but not in brain parenchyma, and
then transported into CSF perhaps in part associated with
HDL. It is noteworthy that apoAll immunoreactivity was
not observed with senile plaques or neurofibrillary tangles
in AD patients; both of these structures were strongly im-
munoreactive for apoE. ApoE binding to the extracellular
senile plaques is thought to occur via the low density lipo-
protein receptor-related protein or LRP (31). Lack of
apoA-Il immunoreactivity in APOE4 homozygotes sug-
gests that apoA-1l homodimer lacks affinity for these
pathological structures. In APOE3 homozygotes, a sub-
stantial fraction of apoE exists as an apoE3-apoA-Il het-
erodimer, yet there still was no apoA-ll immunoreactivity.
As others have reported that apoE-apoA-Il has greatly di-
minished LDL receptor binding compared to apoE (32),
one interpretation of these data is that formation of the
apoE—-apoA-Il complex alters the binding characteristics
of apoE for these pathological structures in AD brain.

The risk for AD has been statistically associated with in-
heritance of APOE4, yet the mechanisms underlying this
genetic association remain unknown. Considerable effort
has been devoted to understanding the neurobiological
effects of apoE isoforms in neuronal culture and alter-
ation of BA metabolism by apoE (33-41). Alternatively, we
have shown that the tissue distribution of neurotoxic lipid
peroxidation products in diseased regions of AD brain is
significantly associated with APOE genotype (24, 42, 43).
Specifically, we have shown that protein adducts of 4-hy-
droxynonenal accumulate exclusively in pyramidal neu-
rons of AD APOE4 homozygotes but are dispersed among
neurons and glia in AD APOE3 homozygotes. Recently
our laboratory has shown that the lipid constituents of
CSF lipoproteins are significantly modified in AD patients
relative to age-matched controls and that these changes
are indicative of extensive lipid peroxidation; however,
these modifications are independent of APOE genotype
(20).

Others have shown that apoE isoforms differ signifi-
cantly in their receptor binding activity; apoE2 has two or-
ders of magnitude less LDL receptor binding affinity than
apoE3 or apoE4, and apoE3 dimers have greatly dimin-
ished LDL receptor binding activity compared to apoE
monomer (10, 22, 32). Coupled with our results showing
that a significant fraction of CNS apoE3 exists as dimers,
one may speculate that the apoE receptor binding activity
in human CNS is inversely related to the APOE genetic
susceptibility for AD. Given that in vitro studies have
shown that CNS lipoproteins are delivered to neurons via
apoE-dependent mechanisms, that oxidized lipoproteins
may be neurotoxic, and that CNS lipoproteins are oxi-

Fig. 5. ApoA-1l and apoE immunohistochemistry. Photomicrographs of tissue sections analyzed by anti-apoA-11 or anti-apoE immunohis-
tochemistry and then stained with hematoxylin (all X400). Anti-apoA-l1l immunohistochemistry of tissue sections of human liver (A), chor-
oid plexus (B), and CAL1 of hippocampus from an AD patient (C). Anti-apoE immunohistochemistry of CA1 of hippocampus from the same
AD patient as in C that shows extensive immunoreactivity with plaques and neurofibrillary tangles (D).

Montine et al. APOE alleles and CSF apolipoproteins 2449

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

dized in AD patients (20, 44), we propose that mecha-
nisms which diminish apoE-mediated delivery of neuro-
toxic oxidized lipoproteins, e.g., inheritance of APOE2 or
formation of apoE dimers, may be neuroprotective and
contribute to the stratification of risk for AD with APOE
genotype.HR
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