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Background-—Animal and human studies indicate that ABCA1-mediated cholesterol transport is important in Alzheimer’s disease
(AD). We hypothesized that the efficiency of cerebrospinal fluid (CSF) to facilitate ABCA1-mediated cholesterol efflux would be
reduced in participants with mild cognitive impairment (MCI) or AD compared with cognitively healthy participants.

Methods and Results-—CSF was collected from a cross-sectional study of cognitively healthy participants (n=47) and participants
with MCI (n=35) or probable AD (n=26).The capacity of CSF to mediate cholesterol transport was assessed using a BHK cell line
that can be induced to express the ABCA1 transporter. ABCA1-mediated cholesterol efflux capacity was 30% less in participants
with MCI or AD compared with cognitively healthy participants (P<0.001 for both). Cholesterol efflux capacity correlated with CSF
cholesterol content (r=0.37, P<0.001). CSF phosphatidylcholine decreased in participants with MCI and AD compared with
cognitively healthy participants (9% less in MCI and 27% less in AD compared with cognitively healthy participants, P=0.01) and
correlated with CSF efflux capacity (r=0.3, P=0.001). CSF sphingomyelin also correlated with the efflux capacity (r=0.24, P=0.02).
Concentrations of CSF apoA-I and apoE did not significantly correlate with measures of efflux capacity.

Conclusions-—In people with MCI and AD, the capacity of CSF to facilitate ABCA1-mediated cholesterol efflux is impaired. This
lesser cholesterol efflux in MCI supports a pathophysiological role for ABCA1-mediated cholesterol transport in early
neurodegeneration. ( J Am Heart Assoc. 2016;5:e002886 doi: 10.1161/JAHA.115.002886)
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T he human brain is the largest repository of cholesterol in
the body,1 so, not surprisingly, cholesterol homeostasis

altered in the pathology of Alzheimer’s disease (AD).2 Adding
to this unique lipid environment is the synthesis of cholesterol
within the brain, predominantly in glial cells, without signif-
icant import from the liver.3 Neuronal cholesterol is dysreg-
ulated in AD, and persistent neuronal damage response may
increase cholesterol biosynthesis.4 Genomewide association

studies in AD have implicated genes in cholesterol metabo-
lism.5 The many roles of cholesterol, especially when altered
in the neuronal membranes, would affect brain function
widely. The mechanisms and priority of when cholesterol is
altered in relation to early AD pathology are not fully
understood.2

Cholesterol efflux is an essential part of its transport and
metabolism, mediated when cholesterol acceptors
(apolipoproteins) interact with membrane transporters (eg,
ABCA1, ABCG1, SRB1) or through passive mechanisms to
export cholesterol from cells.6 Cerebrospinal fluid (CSF) is
enriched with high-density lipoproteins7 (containing apoE and
apoA-I) that can maintain cholesterol homeostasis in brain
cells. A previous study suggested that CSF lipoproteins
participate in cholesterol efflux and that this function might be
impaired with cognitive decline8; however, there is conflicting
evidence about whether levels of the CSF lipoproteins
significantly differ between participants with and without
AD.8–11 CSF lipoproteins are highly enriched with phos-
phatidylcholine (PC) and sphingomyelin (SM), and both PC and
SM participate in cholesterol efflux. Experiments by Stein
et al demonstrated that the removal of cholesterol from cells
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could be enhanced by addition of sonicated suspensions of
PC or SM to human high-density apolipoproteins.12 Using
reconstituted discoidal high-density lipoprotein particles pre-
pared with apoA-I, it was shown that increasing the content of
SM up to 20 mol per particle was associated with significantly
increased ability of high-density lipoprotein to promote
cholesterol efflux from human skin fibroblasts,13 erythrocyte
ghost membranes,14 or Fu5AH cells that overexpress SRB1.15

SM promoted cholesterol efflux in control, familial high-
density lipoprotein deficiency, or Tangier disease fibroblasts
that lack ABCA1 receptors.16 We recently reported alterations
in CSF phospholipids and sphingolipids in both the super-
natant and brain-derived nanoparticles from CSF of partici-
pants with late-onset AD.17,18 The functional relevance of
these compartmentalized alterations in CSF phospholipids on
cholesterol efflux capacity is not known. Cholesterol efflux
capacity has not been well defined in AD brain because fresh
tissue is limited; however, the readily available brain-derived
CSF19 offers a sample source that can contribute to
cholesterol efflux studies.

Although there are several pathways for cholesterol
transport in the brain, cholesterol efflux through the ABCA1
transporter is particularly important. First, facilitating ABCA1
cholesterol efflux decreased amyloid plaques and improved
cognition in mouse models.20 Second, the lack of the ABCA1
gene decreased brain apoE levels and increased amyloid
deposition in APP23 mice.21 Third, loss-of-function mutations
in the ABCA1 gene in humans are associated with AD.22,23

The goal of this study was to test whether the efficiency of
CSF to facilitate ABCA1 cholesterol efflux is reduced in
participants with mild cognitive impairment (MCI) or AD
compared with cognitively healthy (CH) participants and to
define determinants of this efflux capacity.

Methods

Clinical Samples
The institutional review board of Huntington Memorial Hospi-
tal approved the study (HMH-99-09), and all study partici-
pants gave written informed consent. Participants were
classified as CH, MCI, or probable AD, as described.24

Biochemical Measurements
ApoE and apoA-I were measured by an enzyme-linked
immunosorbent assay (Academy Biomedical) with intraplate
and interplate coefficients of variation <10%. Fasting plasma
total cholesterol was measured in the routine clinical
laboratory; CSF total cholesterol was measured using the
Amplex Red cholesterol kit, as described by the manufacturer
(Life Technologies). ApoE was genotyped, as reported.24 A dot

blot performed on nitrocellulose membrane was used
to assess apoE or apoA-I content of nanoparticles with
antibodies from Academy Biomedical. After the protein
samples were spotted onto the membrane, the membrane
was placed in a plastic container and sequentially incubated in
blocking buffer, antibody solutions, and enzyme substrate and
imaged by chemiluminescence.

ABCA1-Mediated Cholesterol Efflux
The protocol to measure ABCA1-mediated cholesterol efflux
was published25 and modified for using CSF as the cholesterol
acceptor. Briefly, BHK cell lines transfected with a mifepris-
tone switch to express ABCA1 was used.26 BHK cell lines
were plated at 20 000 per well with high-glucose DMEM plus
10% FBS in 96-well plates. On the second day, cells were
labeled with 1 lCi/mL (3H) cholesterol (Moravek) using
serum-free high-glucose DMEM, 2 mg/mL fatty acid–free
albumin (Sigma-Aldrich), and 2 lg/mL acyl-coenzyme A:c-
holesterol acyltransferase inhibitor (Sigma-Aldrich). On the
third day, ABCA1 gene expression was induced with 10 nmol/
L mifepristone overnight. On the following day, cholesterol
acceptors or media alone were added to each well, with efflux
assessed by the ratio of cholesterol in the media by total
cholesterol (cells and media) 4 hours after incubation with
acceptor or media. To test the efficiency of ABCA1 expres-
sion, purified apoE and apoA-1 (Academy Biomedical) were
used in increasing doses as cholesterol acceptors with and
without mifepristone. As demonstrated in Figure S1A, apoA-I
and apoE efficiently accepted labeled (3H) cholesterol and did
so in a dose-dependent manner (Figure S1B). Control CSF
between 0% and 100% of media was used to optimize the
concentration of the CSF used in this assay. CSF was an
efficient acceptor of cholesterol, and increasing CSF volume
from 25 to 100 lL demonstrated a linear cholesterol efflux
response (Figure S1C). Cholesterol efflux from the individual
samples was then assessed using 35 lL CSF per well.
Samples were run in triplicate, and the intraplate coefficient of
variation for CSF samples was <10%. Furthermore, 5 lg/mL
of purified apoE was run as a control in every plate. The
interplate coefficient of variation was 11%.

CSF Fractionation
CSF was fractionated into supernatant fluid and nanoparticle
fractions, as described previously.19 Nanoparticles are not
just debris, rather they include important structures: intact
synaptic vesicles, large dense-core vesicles, and nanoparticle-
specific enzymes with neuromodulators such as cyclooxyge-
nases that are absent from supernatant.19 Briefly, 4 mL CSF
per person was centrifuged at 17 000g, the supernatant
was centrifuged again at 200 000g, and the supernatant
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(supernatant fluid [SF]) was stored at �80°C. The final pellet
containing CSF nanoparticles was washed with 4 mL PBS and
repelleted at 200 000g, and the final pellet (nanoparticles)
was resuspended in 50 lL PBS. The supernatant and
nanoparticle fractions reported in this study are both from
this final fractionation step. Electron microscopy of nanopar-
ticles with negative staining was performed using a Morgagni
268D transmission electron microscope (FEI), as described
previously.19 Examples of nanoparticles revealed by trans-
mission electron microscopy from a control participant are
shown in Figure S2A, which demonstrates their high abun-
dance, heterogeneity, and prominent membranes. Both apoA-
1 and apoE were assessed in nanoparticles and SF using a dot
blot assay that confirmed nanoparticles carry these 2
apolipoproteins (Figure S2B). In an enzyme-linked immunosor-
bent assay, apoE concentrations were 30-fold less in
nanoparticles compared with SF (SF 3.59 versus nanoparti-
cles 0.12 lg/mL). Total protein concentrations were less in
the nanoparticles compared with the SF (SF 561 versus
nanoparticles 49 lg/mL). In addition, 35 lL nanoparticle and
SF were added to BHK cells to assess their capacity to
facilitate ABCA1-mediated efflux (Figure S2C). The nanopar-
ticles were able to facilitate ABCA1-mediated efflux capacity;
however, their efflux capacity was much lower than that of the
SF and proportional to the lower concentrations of
apolipoproteins in these nanoparticles. These results indi-
cated that the majority of lipoproteins were in the SF of CSF.

CSF Lipids
Total lipids were extracted from each CSF fraction using a
modified Bligh and Dyer method.27 PC and SM in each
fraction were measured using liquid chromatography–tandem
mass spectrometry and parent ion monitoring of the phos-
phocholine head group (m/z=184).17

Phospholipase A2 and Sphingomyelinase
Activities
CSF phospholipase A2 activity was measured using a fluores-
cent assay with a substrate cocktail, as described previ-
ously.17 Sphingomyelinase activity was measured using a
fluorescent assay kit following the instructions of the
manufacturer (Molecular Probes). Enzyme assays were nor-
malized to CSF total protein concentration and expressed as
relative fluorescent units per minute per microgram of protein.

Statistics
Mean (standard deviation) or median (25th, 75th percentile)
for nonnormally distributed data were computed. Pearson or
Spearman coefficients for nonnormally distributed data were

used to correlate lipoprotein levels, CSF lipids, cholesterol,
and efflux. The groups were compared using linear regression
to allow adjustment for CSF lipids or apolipoproteins. The
association between APOE genotype and efflux and the
interaction between disease groups and APOE genotype on
efflux were also modeled using linear regression. The statis-
tical program R version 3.2.3 (R Foundation for Statistical
Computing) was used. Significance was defined as P<0.05.

Results
We examined the capacity of CSF to facilitate ABCA1 efflux
capacity in 3 groups of participants: CH, MCI, and AD. We
previously reported the criteria used to classify the 3 clinical
groups using a comprehensive medical and neuropsycholog-
ical examination and consensus diagnosis and conferenc-
ing.24 A summary of participant demographics is presented
in Table 1. Our findings demonstrate that CSF efflux
capacity was 30% less in those with MCI and AD compared
with CH participants (P<0.001 for both) (Figure 1A and
Table 2). CSF PC and SM levels in the SF were also lower in
those with MCI and AD compared with CH participants
(Figure 1B and 1C). The difference in CSF cholesterol efflux
capacity among the 3 groups was attenuated after adjusting
for CSF PC in the supernatant fraction but remained
significant (P=0.04). The concentrations of apoA-I and apoE
in the CSF were significantly correlated with the concentra-
tions of SM and PC in the CSF SF (Figure 2) but not in the
nanoparticles (data not shown). CSF efflux capacity was
correlated with SM levels (r=0.23, P=0.02) (Figure 3A) and
PC levels (r=0.3, P=0.001) in the SF (Figure 3B). A weak

Table 1. Demographic Data for Study Participants

Parameters CH (n=47) MCI (n=35) AD (n=26) P Value

Age,
mean (SD)

78 (7) 77 (7) 77 (10) 0.93

Female (%) 58 60 64 0.81

Years of
education,
mean (SD)

17 (3)* 16 (3) 14 (3) <0.001

MMSE,
mean (SD)

29 (1.2)† 28 (1.4)‡ 15 (8) <0.001

Race, white (%) 98 97 92 0.58

Ethnicity,
Hispanic or
Latino (%)

2 3 8

The 3 groups were compared using a linear regression model. AD indicates Alzheimer’s
disease; CH, cognitively healthy; MCI, mild cognitive impairment; MMSE, mini–mental
state examination score.
*AD compared with CH, P=0.004.
†AD compared with CH, P<0.001.
‡AD compared with MCI, P<0.001.
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correlation between cholesterol efflux capacity and CSF
apoA-I concentrations (r=0.16, P=0.09) (Figure 3C) and no
correlation between cholesterol efflux capacity and apoE
concentrations (r=0.06, P=0.4) (Figure 3D) was observed.
CSF apoA-I levels did not significantly differ by group. In
contrast, apoE concentrations were significantly less in the
AD group compared with the CH and MCI groups (Table 2).
The relationship of apoE with cholesterol efflux capacity
differed in the 3 groups of participants (Figure 4). A
significant correlation between CSF cholesterol efflux capac-
ity and apoE was observed in the AD group (r=0.62,
P<0.001) but not in the MCI or CH groups. Consequently,
the reduced efflux in AD can be explained in part by the
lower CSF apoE concentrations; however, reductions of
cholesterol efflux capacity early in the disease process (MCI)

were not reflected by measures of apoE in the CSF. In
contrast, CSF SM and PC in the supernatant were less in
MCI and AD, paralleling the differences observed with
cholesterol efflux capacity.

CSF-mediated ABCA1 cholesterol efflux was significantly
correlated with CSF cholesterol levels (r=0.37, P<0.001)
(Figure 5A). The relationship, however, was driven by the CH
subgroup (n=47, r=0.34, P=0.02) (Figure 5B). The correlation
between cholesterol efflux and CSF cholesterol was weaker in
participants with MCI (n=35, r=0.29, P=0.08) and with AD
(n=26, r=0.22, P=0.27).

We previously reported that decreased CSF PC was
associated with changes in phospholipase A2 activity.17

Changes in phospholipase A2 activity did not correlate with
changes in CSF efflux (r=�0.1, P=0.3). In addition, CSF efflux

* P<0.001, **P<0.05

* *

** **

A

B

C

Figure 1. CSF cholesterol efflux capacity is reduced in MCI and AD. A, CSF cholesterol efflux capacity was measured in the 3 groups of
participants: CH (n=47), MCI (n=35), and AD (n=26). CSF from CH participants demonstrated greater efflux capacity compared with participants
with MCI or AD (*P<0.001). B, In agreement with cholesterol efflux capacity, PC levels were greater in CSF from CH participants compared with
those with MCI and AD. C, The differences in CSF SM among the 3 groups were not significant. PC and SM were measured in the supernatant
fraction of CSF. The 3 groups were compared using a linear regression model. The differences in cholesterol efflux among the 3 groups remained
significant after adjusting for CSF PC (P=0.04). AD indicates Alzheimer’s disease; CH, cognitively healthy; CSF, cerebrospinal fluid; MCI, mild
cognitive impairment; PC, phosphatidylcholine; SM, sphingomyelin.
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did not correlate with the activities of acid (r=0.12, P=0.2) or
neutral sphingomyelinase (r=�0.06, P=0.5). Our findings
demonstrated 3 biochemical changes in the CSF of AD
participants compared with CH participants or those with
MCI: decreased apoE, decreased b-amyloid (Ab) 42, and
elevated tau concentrations (Table 2). These results indicate
that these biochemical changes appear later in the course of
the disease, in contrast with CSF-mediated cholesterol efflux
and decreases in phospho- and sphingolipids that appeared
earlier in participants with MCI.

Given that the homozygous APOE e4 genotype imparts a
12-fold risk for AD,28 we examined whether differences in
CSF-mediated cholesterol efflux capacity were mediated in
part by APOE genotype (Table 3). APOE genotype was
available for 87 of the 108 participants. Among the 87
participants, 14 were heterozygous for the e4 allele and 2
were e4 homozygotes. There was no significant correlation
between APOE genotype and CSF efflux in this study. Using a
linear regression model, the interaction between APOE e4
genotype and disease group on efflux was not significant;
however, CSF efflux capacity from 2 e4 homozygotes was less
than half of the mean cholesterol efflux of the group.
Consequently, it is possible that there is an interaction
between carrying the e4 allele and the ability of CSF to
facilitate ABCA1-mediated cholesterol efflux in the CSF from
homozygous e4 participants.

Discussion
Our results indicate that CSF capacity to facilitate ABCA1
efflux is less in those with AD and MCI compared with CH
persons. The normal cholesterol efflux in the asymptomatic
stage differs at the first detectable clinical deterioration, the
MCI stage. This reduced ability to transport cholesterol in MCI
supports a pathophysiological role for reduced ABCA1-
mediated cholesterol efflux in early AD-associated neurode-
generation. We found that changes in CSF PC and SM
paralleled the changes of CSF cholesterol efflux capacity. CSF
is highly enriched with phospholipids, and our findings link
alterations in CSF lipids with changes in CSF cholesterol
homeostasis.

Several studies imply a role for deviation from cholesterol
homeostasis in the development of AD. A hallmark for
diagnosing AD is the formation and deposition of amyloido-
genic Ab peptides. Variants in the cholesterol 24-hydroxylase
gene (which mediates removal of cholesterol from brain) were
associated with amyloid deposition and the risk of AD in
several populations.29–31 Because cholesterol concentration
in neuronal membranes affects amyloid precursor protein
processing, CSF lipoproteins may have an indirect role in the
production of Ab.32 Cholesterol efflux mediated by CSF
lipoproteins reduces membrane cholesterol levels and thus
alters the formation of Ab peptides. Previous groups

Table 2. Biochemical Measurements for Study Participants

Parameters CH (n=47) MCI (n=35) AD (n=26) P Value

Cholesterol efflux (ratio) 1.56 (0.73)*† 0.94 (0.35) 1.02 (0.43) <0.001

CSF supernatant PC, ng/mL 9047 (6668, 11 802)*† 7382 (6108, 8717) 6669 (5506, 8367) 0.016

CSF nanoparticle PC, ng/mL 19 (14, 23) 19 (14, 29) 18 (14,22) 0.80

CSF supernatant SM, ng/mL 2091 (718) 1837 (643) 1722 (561) 0.14

CSF nanoparticle SM, ng/mL 102 (50) 90 (35) 93 (41) 0.11

Plasma cholesterol, mg/dL 181 (31) 180 (39) 185 (33) 0.99

CSF cholesterol, lg/mL 3.49 (0.84) 3.21 (0.75) 3.16 (0.56) 0.04

ApoE levels, lg/mL 7.2 (2.0) 7.5 (2.6) 5.3 (2.1) ‡ <0.001

ApoA-I levels, lg/mL 1.76 (1.3) 1.74 (1.3) 1.74 (1.1) 0.99

CSF PLA2 activity, RFU/min 887 (233) 917 (220) 980 (269) 0.32

CSF acid sphingomyelinase, RFU/min 25 (10) 24 (8) 15 (6)‡ 0.001

CSF neutral sphingomyelinase, RFU/min 22 (17,26) 19 (17,24) 20 (18,24) 0.38

CSF tau, pg/mL 275 (154) 278 (175) 489 (227)‡ <0.001

CSF b-amyloid 42, pg/mL 727 (288) 737 (269) 522 (223)‡ <0.001

Data presented as mean (SD) or median (25%, 75% percentile) for nonnormally distributed data. Cholesterol efflux capacity of CSF was measured in all samples and normalized to efflux of
5 lg of purified apoE run in every plate. The 3 groups were compared using a linear regression model. The difference in cholesterol efflux capacity persisted after adjusting for CSF lipids or
apolipoprotein levels. AD indicates Alzheimer’s disease; CH, cognitively healthy; CSF, cerebrospinal fluid; MCI, mild cognitive impairment; PC, phosphatidylcholine; PLA2, phospholipase A2;
RFU, relative fluorescence unit; SM, sphingomyelin.
*CH compared with AD, P<0.001.
†CH compared with MCI, P<0.001.
‡AD compared with CH and MCI, P<0.001.
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demonstrated that reduced plasma cholesterol in neuronal
membranes favors the production of nonamyloidogenic Ab
peptides by a-secretase and lysosomal degradation of
amyloidogenic Ab peptides in microglia. In contrast, increased
cholesterol levels in neuronal membranes increased presenilin
and BACE activities favoring amyloidogenic Ab production and
inhibited microglial lysosomal degradation of amyloidogenic
Ab peptides.33,34 It is also possible that increased cholesterol
accumulation in brain endothelial cells due to reduced efflux
can impair the flux of Ab into and from the nervous system;
however, this pathway has not been investigated.

Cholesterol efflux through the ABCA1 transporter is of
particular importance in AD. Loss-of-function ABCA1 gene
variants were associated with an increased risk for AD.22,23

Rodent studies confirmed that loss-of-function mutations in
the ABCA1 gene increased amyloid deposition in APP23
mice.21 In one study, activation of ABCA1-mediated efflux by
an apoE-mediated therapeutic (RXR agonist bexarotene)
ameliorated AD pathology in mice.20 Attempts to reproduce

this work confirmed some aspects of the original report but
failed to replicate others.35–38 A challenge for using such
therapeutics is the lack of a biomarker that can assess the
efficacy of treatment. Our results suggest that homozygosity
for the e4 allele may be associated with lower CSF efflux;
therefore, an apoE-directed therapeutic may not induce
cholesterol efflux capacity equally in carriers and noncarriers
of this allele.

The changes in cholesterol efflux capacity were explained
in part by changes in CSF PC and SM levels but were not
explained by changes in the concentrations of CSF apoA-I or
apoE. It is possible that this study was underpowered to
observe significant correlations between CSF apolipoproteins
and cholesterol efflux capacity; however, lipoproteins exist in
multiple forms and are susceptible to posttranslational
modifications. Their levels may not necessarily reflect their
functional properties. Indeed, oxidation, glycation, and glyco-
oxidation of CSF lipoproteins have been reported in AD,39,40

and oxidized apoA-I has a limited capacity to mediate

Figure 2. Association of CSF apoA-I and apoE with CSF lipids. Greater concentrations of the apoE and apoA-I were associated with greater
CSF lipids SM and PC. The CSF lipids were measured in the supernatant fraction of CSF. The correlation coefficients and P values were obtained
using Pearson correlations for normally distributed data or Spearman correlations for nonnormal distributions. CSF, cerebrospinal fluid; PC,
phosphatidylcholine; SM, sphingomyelin.
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cholesterol efflux in plasma.26 Moreover, the lipidation state
of lipoproteins can alter their affinity for lipid transporters.
Lipid-poor apoA-I, also known as pre-b1 high-density lipopro-
tein based on its electrophoretic mobility, is a major
determinant of ABCA1-mediated efflux in plasma.41 Detailed
characterization of apolipoprotein forms and modifications in
the CSF merit additional study.

Our study has several areas of strength. This study is the
largest to date assessing the functional capacity of CSF
lipoproteins to mediate cholesterol efflux in relation to
cognitive decline. Our findings are in accordance with a
previous smaller scale study8 that reported reduced choles-
terol efflux to CSF in 3 participants with AD. In contrast to the
number of study participants in the study by Demeester et al,
our AD group size was substantially larger (n=26). In addition,
Demeester et al used rat astrocytes as the donor of
cholesterol. Rat astrocytes express multiple cholesterol

transporters, making it difficult to isolate the contributions
of ABCA1 versus the other transport pathways. An additional
strength of our study is the measurement of CSF PC and SM
by mass spectrometry in both the SF and nanoparticle
fractions. Our findings suggest a role for CSF PC and SM in
cholesterol efflux, consistent with in vitro studies demonstrat-
ing that PC or SM can facilitate cholesterol transport.12–15

Recent studies have proposed the measurement of plasma
phospholipids as biomarkers of AD.42,43 Our group has
extended these observations to the central nervous system,
in which aberrations in CSF glycerophospholipids and sphin-
golipids appear early in cognitive decline.17,18 Our results
suggest that decreases in CSF lipids have functional relevance
to CSF cholesterol homeostasis early in the process of
neurodegeneration.

Our study has several limitations. We focused on ABCA1
efflux and did not assess cholesterol efflux by the other

A

B

C

D

Figure 3. Association of CSF cholesterol efflux capacity with CSF lipid concentrations. CSF cholesterol efflux capacity correlated with CSF SM
(A) and CSF PC levels (B). The correlation of CSF cholesterol efflux capacity with apoA-I was weak (C). There was no significant correlation
between CSF cholesterol efflux capacity and CSF apoE concentrations (D). PC and SM were measured in the supernatant fraction of CSF. The
correlation coefficients and P values were obtained using Pearson correlations for normally distributed data or Spearman correlations for
nonnormal distributions. CSF, cerebrospinal fluid; PC, phosphatidylcholine; SM, sphingomyelin.
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pathways (eg, SRB1, ABCG1, or ABCA7). ABCA7 has recently
been identified in genomewide association studies of human
AD, but its contributions to cholesterol efflux are not known.28

We did not assess ABCA1-mediated phospho- or sphingolipid
efflux. Decreased CSF phospho- and sphingolipids can
contribute to decreased ABCA1 efflux or can result from
decreased ABCA1 activity. Future studies need to clarify the
role of the ABCA1 transporter on PC and SM efflux. Our study
did not have sufficient power to detect differences in SM or
apoA-I among the 3 groups.

Diagnosis of MCI or AD is imperfect without neuropathol-
ogy, but our consensus clinical diagnostic conferences with
biochemical evaluations give the best degree of clinical

Figure 4. Association of CSF apoE concentrations and CSF
cholesterol efflux capacity in AD. A significant correlation
between CSF apoE concentrations and CSF cholesterol efflux
capacity was observed only in participants with AD. This
association was driven by lower apoE concentrations in CSF of
AD participants. In contrast, this association was weak in
participants with MCI and was not observed in CH participants.
The correlation coefficients and P values were obtained using
Pearson correlations for normally distributed data or Spearman
correlations for nonnormal distributions. AD indicates Alzheimer’s
disease; CH, cognitively healthy; CSF, cerebrospinal fluid; MCI,
mild cognitive impairment.

A

B

Figure 5. Capacity of CSF to facilitate ABCA1-mediated choles-
terol efflux correlates with CSF cholesterol content. A, Correlation
between CSF efflux and CSF cholesterol concentrations in all the
participants. Greater efflux of cholesterol through the ABCA1
transporter was associated with greater cholesterol in the CSF. B,
When divided by the 3 subgroups, the correlation of CSF efflux
and CSF cholesterol was significant only in CH participants. The
correlation coefficients and P values were obtained using Pearson
correlations for normally distributed data or Spearman correla-
tions for nonnormal distributions. AD indicates Alzheimer’s
disease; CH, cognitively healthy; CSF, cerebrospinal fluid; MCI,
mild cognitive impairment.

Table 3. APOE Genotypes and CSF Cholesterol Efflux

APOE Genotype 2/3 2/4 3/3 3/4 4/4

CH

n 6 2 25 9

Mean (SD) 1.38 (0.77) 2.33 (0.62) 1.58 (0.77) 1.61 (0.89)

MCI

n 5 2 21 1 2

Mean (SD) 0.87 (0.27) 0.90 (0.23) 1.0 (0.36) 0.94 0.68 (0.02)

AD

n 10 4

Mean (SD) 1.07 (0.49) 1.31 (0.27)

AD indicates Alzheimer’s disease; CH, cognitively healthy; MCI, mild cognitive impairment.
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confidence. More information is needed to understand lipid
transport in health and AD, between CSF compartments and
how they correlate with brain lipid transport, and in terms of
temporal resolution with regard to disease progression. We
are pursuing CSF cholesterol efflux in longitudinal studies and
investigating brain lipid changes in autopsy tissues. The
extensive heterogeneity of older study participants, the wide
variety of lipolytic enzyme isoforms, and the varieties of
subcellular compartmentalization of brain chemistry are such
that only gross contributors will be detected, and their
interpretation is consequently limited. Nevertheless, our
finding that there is a significant change in CSF cholesterol
efflux in those with MCI compared with CH participants and
that this change is maintained in AD participants implies a
cholesterol disorder early in the process of AD-associated
neurodegeneration.

In conclusion, we reported reduced ABCA1-mediated
cholesterol efflux capacity of CSF in MCI and AD compared
with CH controls. Bexarotene and other agents that enhance
ABCA1 efflux are in clinical trials for AD; we propose that the
assessment of ABCA1 functional capacity of CSF can help
select at-risk persons and offers a mechanism-based outcome
measure for evaluating such therapies.
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