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Abstract. The critical roles of apolipoprotein E (apoE) in
regulating plasma lipid and lipoprotein levels have been
extensively studied for over 2 decades. However, an un-
derstanding of the roles of apoE in the central nervous
system (CNS) is less certain. This review will summarize
the available experimental results on the role of apoE in
CNS lipid homeostasis with respect to its modulation of
sulfatide trafficking, alteration of CNS cholesterol home-
ostasis and apoE-induced changes in phospholipid mole-
cular species in specialized subcellular membrane frac-
tions. The results indicate that apoE mediates sulfatide
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trafficking and metabolism in the CNS. Moreover, al-
though apoE does not affect the cholesterol mass content
or the phospholipid mass levels and composition in the
CNS as a whole, apoE modulates cholesterol and phos-
pholipid homeostasis in selective subcellular membrane
compartments. Through elucidating the roles of apoE in
CNS lipid metabolism, new insights into overall func-
tions of apoE in neurobiology can be accrued ultimately,
leading to an increased understanding of CNS lipid me-
tabolism and the identification of novel therapeutic tar-
gets for CNS diseases.
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Introduction

The intercellular transport of lipids through the circula-
tory system requires the packaging of hydrophobic mole-
cules into water soluble carriers (lipoproteins) and the
regulated targeting of these molecules to appropriate tis-
sues by receptor-mediated endocytic pathways as well as
scavenger receptor-mediated pathways. Plasma lipopro-
teins have been classified into five major groups based on
their size and density. These include chylomicrons, very
low density lipoproteins (VLDL), intermediate-density
lipoproteins (IDL), low-density lipoproteins (LDL) and
high-density lipoproteins (HDL) [1]. Chylomicrons and
VLDL possess high lipid:protein ratios, and are the ma-
jor carriers of triglycerides. IDL and LDL are smaller
particles that contain large amounts of cholesterol and

cholesterol esters; in humans, LDL are the principal cho-
lesterol-transporting lipoproteins in plasma [2]. HDL are
the smallest of these particles and contain the highest pro-
tein/lipid ratio. HDL can be further subfractioned into
HDL2 and HDL3. Specific types of HDL particles are in-
volved in the process of ‘reverse cholesterol transport’, a
pathway whereby these particles acquire cholesterol from
peripheral tissues and transport it to the liver for excretion
in the bile (see [3–5] for recent reviews). In addition to
the presence of lipoproteins in the plasma, lipoproteins
are also present in cerebrospinal fluid (CSF), the intersti-
tial space of the brain and in other body fluids. CSF
lipoproteins are predominantly the size and density of
plasma HDL [6, 7], although they may have distinct func-
tions from plasma HDL, such as participation in reverse
cholesterol transport.
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Each type of lipoprotein has distinct protein (called
apolipoprotein) and lipid constituents, and varying phys-
iological activities as a result of this compositional het-
erogeneity. Apolipoproteins present in lipoprotein parti-
cles function to (i) mediate binding of the lipoproteins to
cell-surface receptors; (ii) act as cofactors for enzymes of
lipid metabolism and (iii) maintain the structural integrity
of lipoprotein particles as they are transported [8]. The
soluble apolipoprotein gene family includes apolipopro-
teins E and J (apoE and apoJ), which encode proteins
with amphipathic a-helical structures in the C-terminus
that allow these proteins to exist at the lipoprotein parti-
cle surface [9]. CSF lipoproteins appear to be heteroge-
neous in apolipoprotein content, with apoE localized to
the largest particles, apoAI and apoAII localized to
smaller particles that may originate from the plasma, and
apoJ distributed among the entire particle size range [6].
The metabolism of CNS lipoproteins and its potential re-
lationship with the neurodegenerative diseases has re-
cently been extensively reviewed [6, 10].
Human apolipoprotein E (apoE, protein; APOE, gene) is
a 299-amino acid (34-kDa) protein. The human APOE
gene is located on the long arm of chromosome 19q13.2,
and numerous mutations and polymorphisms within the
exons, introns and the promotor region have been de-
scribed [11–13]. There are three major isoforms of hu-
man apoE that differ in amino acid composition at posi-
tions 112 and 158 [14]. The most common isoform,
apoE3, has cysteine at position 112 and arginine at 158
and is considered to be the ‘normal’ form of apoE.
ApoE2 and apoE4 occur less frequently, differing from
apoE3 by only a single amino acid. ApoE2 has cysteine
at both 112 and 158 positions, whereas apoE4 contains
arginine at both positions. Linkage analysis and/or asso-
ciation studies on the genes playing a role in longevity
revealed that APOE has given the most reproducible and
strongest association with longevity (see [15] for recent
review).
ApoE messenger RNA (mRNA) is predominantly ex-
pressed in the liver [16] with the brain having the next
highest levels of expression [17]. For example, a level of
220–280 pg/mg RNA is present in mouse liver, and
35–40 pg/mg RNA is contained in mouse brain [18].
Plasma apoE is primarily derived from liver parenchymal
cells (at least three-fourths of circulating apoE) and, to a
much lesser extent, from macrophages throughout the
body [16, 19]. ApoE in the CNS is known to be derived
from the brain and not from the liver [20]. ApoE mRNA
in the CNS is predominantly synthesized by astrocytes
[21, 22]. Why apoE is predominantly expressed in astro-
cytes remains an unanswered question in neuronal cell bi-
ology. However, evidence from multiple recent studies
supports a hypothesis that apoE expression in astrocytes
is the result of lipid metabolic cooperation between neu-
rons and astrocytes that allows neurons to specialize in

electrical signaling [23]. Additional studies will be re-
quired to verify this intriguing hypothesis.
ApoE is a constituent of several classes of plasma
lipoproteins, including chylomicrons, VLDL and HDL.
ApoE plays a prominent role in the transport and metab-
olism of plasma cholesterol, triacylglycerols and phos-
pholipids among various cells of body [14]. This role is
achieved through its ability to interact with the LDL re-
ceptor and the LDL receptor-related protein [14, 24]. Un-
derstanding of the role of apoE in lipid metabolism was
greatly advanced by the discovery that apoE2 is defective
in lipoprotein receptor binding and is genetically associ-
ated with type III hyperlipoproteinemia (see [25, 26] for
reviews). 
ApoE is one of the primary apolipoproteins in the CNS
[7, 27, 28], mediating the transport of cholesterol, phos-
pholipids and sulfatides [29–31] and playing a key role
in neurobiology (see [13, 32, 33] for recent reviews). In
vitro studies utilizing neuronal models of the central and
peripheral nervous systems revealed that apoE can pro-
mote neurite outgrowth [17, 34–37] and that this effect is
lipid dependent [35]. Furthermore, it has been speculated
that apoE plays a role in the development, remodeling
and regeneration of the nervous system in animal models
[38–41], but apoE may be not essential for nervous re-
generation in the peripheral nervous system [42]. ApoE4
has been shown to be a major known risk factor of AD
(see [43, 44] for reviews). However, the role of apoE in
the pathogenesis of AD is not entirely clear. Recent stud-
ies suggest that apoE influences amyloid-b (Ab) deposi-
tion and toxicity in the brain [45–49]. Current evidence
has also identified the e 4 allele as a major risk factor for
the poor clinical outcome of certain forms of brain injury,
including that due to head trauma [50–53], spontaneous
intracerebral hemorrhage [54, 55] and possibly stroke
[56]. ApoE4 also appears to influence the age of onset of
Parkinson’s disease [57]. To date, the mechanisms of how
apoE is involved in these biological processes are unclear
(see [33] for recent review).
Studies with peripheral nerves in vitro suggested a model
in which apoE may function in lipid transport following
nerve injury and assist in the growth and remyelination of
damaged neural processes (ensheathment by Schwann
cell processes and their lipid-rich membrane) [58]. For
example, following peripheral nerve injury, lipids and
cholesterol are removed from damaged neural and glial
processes and associate with apoE-containing lipopro-
teins. Over time, it appears that these apoE-containing
lipoproteins are then able to deliver cholesterol and lipid
to regenerating neural and glial processes for synthesis of
new membrane [59]. Handelmann and colleagues [60]
provided evidence that apoE and cholesterol could di-
rectly play a role in stimulating neural process (axon/den-
drite) growth and remodeling of the peripheral nervous
system. In that study, cholesterol- and apoE-enriched 



b-VLDL increased rabbit neurite outgrowth (neurite
length) and branching of dorsal root ganglion neurons in
culture, while nonesterified cholesterol had similar but
less pronounced effects. This suggested that cholesterol
delivery might be responsible for the neurite-promoting
effects. Furthermore, addition of b-VLDL that had been
enriched with rabbit apoE resulted in greater neurite ex-
tension with less neurite branching than with b-VLDL
alone, indicating that b-VLDL may facilitate neurite ex-
tension by promoting cholesterol uptake, a process
known to be facilitated by apoE. Because it has been
demonstrated that b-VLDL is a ligand for LDLR and
apoE-enriched b-VLDL is a ligand for LDL receptor and
the LDL receptor-related protein [61], these results are
consistent with the possibility that the promotion of neu-
rite extension by apoE-enriched b-VLDL is mediated
through the LDL receptor-related protein. Further studies
by Nathan and colleagues [35] utilizing the same in vitro
system showed that human apoE3-enriched b-VLDL had
similar effects as rabbit apoE-enriched b-VLDL in stim-
ulating neurite extension, while conversely, human
apoE4-enriched b-VLDL decreased neurite extension.
On the basis of protein mass, apoE is the predominant
apolipoprotein found in the CSF that lacks apoB, another
major cholesterol transport protein found in plasma [27].
Thus, it has long been postulated that apoE is critical for
lipid transport and cholesterol homeostasis within the
CNS, and many investigators have examined the effects
of apoE or apoE isoforms on CNS lipid metabolism.
However, despite these studies, the precise role of apoE in
modulating lipid homeostasis in the CNS has not been
thoroughly resolved. Therefore, the remainder of this re-
view will attempt to explore whether apoE or apoE iso-
forms influence lipid content in the CNS. Recent results
regarding the influence of apoE upon lipid homeostasis
will be summarized with respect to apoE-mediated mod-
ulation of sulfatide content, cholesterol mass content and
phospholipid molecular species in subcellular fractions in
the CNS. The potential effects of these alterations on neu-
robiology will be also discussed. 

Modulation of sulfatide metabolism by apoE

ApoE may play an important role in lipid metabolism and
trafficking in the CNS where lipids including phospho-
lipids, sphingolipids and cholesterol are very enriched
and moreover, many kinds of specialized lipids such as
cerebrosides, sulfatides and plasmalogens predominate.
Recently, we have investigated the effects of apoE on
lipid homeostasis using a lipidomics approach by ex-
ploiting the power inherited in electrospray ionization
mass spectrometry (ESI/MS) [31]. By using this ap-
proach, we are able to profile and quantify each individ-
ual molecular species of all major and many minor lipid
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classes including phospholipids, sphingolipids, glycol-
ipids, lipid metabolites, sterols and triacylglycerols (see
[62, 63] for recent reviews). We determined the mass lev-
els of individual molecular species of all classes of phos-
pholipids, sphingomyelins, cerebrosides and sulfatides as
well as the cholesterol in brain samples from human
apoE3 and apoE4 transgenic mice and apoE knockout
mice in comparison with those obtained from wild-type
mice [31]. We demonstrated specific alterations in sul-
fatide mass and molecular species modulated by apoE.
Sulfatides are a class of sulfated galactocerebrosides that
only differ in the acyl constituents linked to the amino
group of the sphingosine (scheme 1). Sulfatides are ex-
clusively synthesized in oligodendrocytes in the CNS
[64, 65]. 
Specifically, the mass content of sulfatides in hippocam-
pus, cortex and cerebellum of apoE–/– mice were higher
by 61, 114 and 7 mol%, respectively, relative to those
found in apoE+/+ mice at the same age (12 months). Sim-
ilar results were observed with other brain regions exam-
ined, such as thalamus, striatum and septum [31]. The
levels of sulfatide mass in the CNS were modulated in an
apoE isoform-dependent manner, resulting in mouse
CNS sulfatide contents in decreasing order: apoE knock-
out > wild type > apoE3 transgenic > apoE4 transgenic
[31]. It was also found that alterations of sulfatide content
in apoE transgenic or knockout mice relative to wild-type
mice are age dependent [31]. Accordingly, these experi-
mental results demonstrate the isoform-specific regula-
tion of sulfatide mass levels by apoE. The fact that human
apoE3 and apoE4 transgenic mice, which express apoE
selectively in brain, have lower levels of sulfatide than
wild-type mice demonstrates that the regulation of brain
sulfatide levels occurs through apoE produced in the
brain. Importantly, in contrast to sulfatides, the mass lev-
els of all major classes of phospholipids and sphin-
golipids in the CNS are not affected by mouse apoE
and/or human apoE isoforms [31]. 
To elucidate the mechanism(s) by which apoE mediates
sulfatide mass levels in the CNS, multiple assays to test
the direct and/or indirect interactions between sulfatides
and apoE were conducted [31]. It was found that sul-
fatides precisely colocalized with HDL-like lipoproteins
present in human CSF. Because the two most abundant

Scheme 1. The structure of sulfatide. R represents aliphatic chain
with or without a hydroxy group at a-carbon position.



apolipoproteins produced in the CNS are apoE and apoJ
[7, 28], further experiments were performed to identify
the specific carrier(s) of sulfatides in human CSF by im-
munoprecipitation, followed by ESI/MS quantitation of
sulfatide content, and demonstrated that sulfatide mole-
cules are specifically associated with apoE-containing
HDL-like lipoproteins in CSF. These results also imply
that sulfatides are transported by apoE-associated
lipoproteins in brain interstitial fluid and CSF and endo-
cytotic recycling of apoE particles through LDL receptor
or its family members [66].
We also examined whether the sulfatide composition of
both astrocyte-secreted apoE particles and human CSF
are dependent upon the presence of specific apoE iso-
forms [31]. Purified astrocyte-secreted lipoproteins con-
taining either human apoE3 or human apoE4 were pre-
pared from cultured astrocytes. Following quantification
of sulfatide content by ESI/MS, it was found that the sul-
fatide content of these particles was low, although apoE4
particles contained more sulfatide mass than that found in
apoE3 particles (0.73 ± 0.05 vs. 0.56 ± 0.02 nmol/mg
apoE, respectively). The sulfatide content in CSF samples
from age-matched cognitively normal human subjects
was analyzed by ESI/MS techniques. The sulfatide mass
(nmol/mg apoE) in apoE3/E3 homozygous subjects was
46.4 ± 3.3, whereas sulfatide levels were significantly
higher in subjects with 1 or 2 alleles of apoE4 (53.7 ± 4.6,
P < 0.01). It should be noted that the sulfatide content in
CSF samples from subjects who were either heterozy-
gous or homozygous for APOE4 (3/4 or 4/4) were indis-
tinguishable in the study. Thus, human CSF contains sig-
nificant amounts of sulfatide, and the mass level of sul-
fatide in human CSF is apoE isoform dependent. Because
sulfatides are almost exclusively synthesized by oligo-
dendrocytes in the central nervous system and are present
predominantly in the myelin sheath surrounding axons
[65], these results also suggest that apoE particles mainly
acquire sulfatides in the CNS after secretion from astro-
cytes.
Sulfatides play critical roles in various biological
processes such as the regulation of cell growth, protein
trafficking, signal transduction, cell adhesion, neuronal
plasticity and cell morphogenesis (see [65, 67, 68] for re-
views). For example, accumulation of sulfatides, due to a
sulfatidase deficiency, is responsible for metachromatic
leukodystrophy [69]. Mice deficient in sulfatide and
galactosylcerebrosides, generated by knocking out a ce-
ramide galactosyltransferase, generally die by 3 months
of age and demonstrate many abnormalities including ab-
normal axonal function, dysmyelinosis and loss of axonal
conduction velocity [70–73].
Thus, the implications of the role of apoE-mediated sul-
fatide mass alteration in neurobiology are significant. Al-
though the apoE e 4 allele is the only known genetic risk
factor for late-onset Alzheimer’s disease (AD) [43, 74,

75], the mechanism(s) by which apoE participates in AD
pathogenesis is not clear. Moreover, we recently demon-
strated that substantial sulfatide deficiency (up to 92%)
occurs in both AD white and gray matter in all examined
brain regions, including frontal, temporal, parietal and
cerebellum at the earliest clinically recognizable stage of
the disease (i.e. mild cognitive impairment due to
Alzheimer’s type dementia) [76]. It was found that in ad-
dition to the sulfatide deficiency, which occurs in post-
mortem brain tissues of AD subjects, substantially de-
pleted CSF sulfatides were manifest in subjects with in-
cipient dementia of Alzheimer’s type [77]. Although the
cause(s) of this deficiency remains unclear, a linkage be-
tween apoE function and sulfatide deficiency in the de-
velopment of AD is obvious.
Zarepesi and colleagues [57] observed that apoE4 ap-
pears to influence the age of onset of Parkinson’s disease.
Intriguingly, we have recently found that sulfatides sub-
stantially accumulated in subjects with Parkinson’s dis-
ease (PD) [78]. It is well known that the accumulation of
sulfatides is responsible for metachromatic leukodystro-
phy. Whether gradual accumulation of sulfatides in neu-
ronal cells is associated with the pathogenesis of PD re-
mains to be elucidated. Very recently, Tarkowski and col-
leagues [79] demonstrated alterations in sulfatide mass in
CSF of subjects with vascular dementia, suggesting that
apoE-mediated sulfatide metabolism might be involved
in this disease too.
Although available evidence supports the conclusion that
sulfatides are only synthesized in oligodendrocytes [64,
65], the presence of sulfatides in neurons and astrocytes
(e.g. [80, 81]) suggest the existence of transport and en-
docytotic pathways for sulfatide-associated apoE particles
and the requirement of sulfatides in some of the neuronal
functions such as neuronal regeneration. Following this
line, it can be speculated that sulfatides may play a role in
neuronal regeneration directly through uptake of sulfatide
in neurons through endocytotic pathways or indirectly
through myelin sheath function. Conversely, accumulation
of sulfatides caused by deficient lysosomal enzyme sul-
fatidase activity in neuronal cells results in metachromatic
leukodystrophy, in which there is encephalopathy, de-
posits of metachromatic granules in both CNS and PNS,
and degeneration of CNS myelin [69]. This evidence fur-
ther supports the importance of sulfatide metabolism
through the endocytotic pathway of apoE particles and
suggests the critical role of apoE-mediated sulfatide me-
tabolism in normal neuronal homeostasis.
Mahley and Rall [33] discussed the nontraditional roles
of apoE in immunoregulation and in susceptibility to in-
fectious disease. Intriguingly, numerous studies have
shown that sulfatides are ligands for a family of receptor
proteins, called selectins, located on activated vascular
endothelial cells, leukocytes and activated platelets
[82–88]. While the relationship between the role of apoE

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1899



in immunoregulation and sulfatide as a potential ligand
for selectins is unclear, it has been shown that sulfatides
are potent anti-inflammatory agents [89]. As such, sul-
fatides in apoE particles may serve as anti-inflammatory
immunomodulatory molecules. It is also possible, partic-
ularly in the case of multiple sclerosis and possibly
stroke, that apoE is in some way regulating CNS inflam-
matory processes such as cytokine production, as has
been seen in some models (e.g. [90]). 
ApoE4 lipoproteins can carry more sulfatides than their
apoE3 counterparts in the CNS [31], and it is probable
that sulfatides play important roles in anti-inflammation
and in protection against certain infectious diseases [89].
Such evidence supports an evolutionary theory proposed
by Finch and Sapolsky [91] that e 4 could have survived
because it might be advantageous early in life but disad-
vantageous later in life. Therefore, the frequency of
apoE4 is higher in certain areas where protection against
infectious disease remains a priority, such as in the
African subcontinent and in certain other isolated popu-
lations (e.g. in Papua New Guinea). Clearly, apoE-asso-
ciated sulfatides and their roles in neurobiology, inflam-
mation and infectious disease need to be further explored.

Influence of apoE phenotype on cholesterol mass
content in the CNS

Numerous studies have demonstrated the role of apoE in
the normal maintenance and transport of plasma lipids in
an isoform-dependent manner (see [14, 33] for reviews).
As a particular example, Dallongeville and colleagues
[92] did a meta-analysis to illustrate the association be-
tween the apoE phenotype and lipid levels in the com-
bined data of published studies between 1983 and 1991.
A total of 14799 individuals from 45 population samples
from 17 different countries were included in the analysis.
In the analysis, they confirmed previous observations that
individuals carrying the APOE2 and APOE4 alleles have
lower and higher levels of plasma cholesterol, respec-
tively, than those with the homozygous APOE3 genotype.
They found that a similar relationship is present within
the different populations, suggesting that the role of the
apoE polymorphism in modulating mass levels of plasma
cholesterol is homogeneous within different ethnic
groups or metabolic situations [92]. However, different
investigators might observe the effects of the apoE phe-
notypes on the modulation of plasma cholesterol levels to
varying degrees, because the magnitude of the effects of
various apoE alleles could differ among populations and
individual health states [93, 94].
It has been demonstrated that apoE is a major apolipopro-
tein constituent of CSF (~5 mg/ml), where it is associated
with HDL-like particles [29, 95]. Multiple investigators
have undertaken studies to determine the relationship be-
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tween the composition of CSF lipoproteins and the apoE
genotype [96–103]. The determination of this relation-
ship is necessary because CSF apoE could potentially be
produced either in the CNS or by the liver and reach the
CNS by diffusion across the blood-brain barrier, as has
been observed for apoAI (~4 mg/ml) in CSF [103]. These
studies demonstrated, however, that there is no correla-
tion of apoE and associated lipids between CSF and
serum, suggesting that apoE lipoproteins are unable to
cross the blood-brain barrier and that the concentrations
of CSF apoE are regulated within the CNS.
One of the first questions to be addressed was whether the
apoE genotype affects the mass content of CSF choles-
terol, as has been found for serum apoE. Yamauchi and
colleagues [101] determined the mass levels of CSF apoE
and CSF total cholesterol.  After analyzing the relation-
ship between the mass levels of CSF cholesterol and the
apoE phenotype, they found that although no significant
differences in total CSF cholesterol with respect to sex or
age were present, the cholesterol concentrations in indi-
viduals with the apoE phenotype E4/E3 (1.34 ± 0.723
mg/l, mean ± SD, n = 8) were significantly lower 
(P = 0.004) than in those with the apoE phenotype E3/E3
(2.78 ± 1.295 mg/l, n = 38) and E3/E2 (2.98 ± 2.391, 
n = 6). 
However, in a later study, Fagan and colleagues [103] for
the first time employed stringent selection criteria for the
identification of cognitively normal, healthy, elderly sub-
jects. Samples (both CSF and plasma) were collected in a
fasted state; therefore, it is possible to directly compare
plasma and CSF lipoproteins from different subjects.
They determined the mass levels of both CSF and serum
apoE and total cholesterol with other biochemical par-
ameters. They found (i) no correlation between CSF and
serum in the mass levels of apoE or cholesterol in cogni-
tively normal subjects, suggesting local regulation of
brain lipoprotein metabolism; (ii) a significant correla-
tion between the mass levels of CSF apoE and CSF total
cholesterol, suggesting the association of CSF choles-
terol with CSF apoE; and (iii) a strong correlation be-
tween the mass levels of CSF apoAI and serum apoAI, in-
dicating a plasma source of CSF apoAI.  In contrast to Ya-
mauchi and colleagues [101], Fagan and colleagues [103]
did not observe effects of differences in apoE phenotype
on the CSF cholesterol levels when comparing E3/E3
subjects (n = 13, 2.40 ± 0.2 mg/l) with any E4 (i.e. E3/E4
and E4/E4) subjects (n = 12, 2.47 ± 0.19 mg/l). It is in-
teresting to mention that Fagan and colleagues did ob-
serve a much lower CSF cholesterol mass level from two
E4/E4 subjects than other groups. Because this observa-
tion was only from two cases, no conclusion was made by
the authors. Definitive answers to questions regarding the
relationship between apoE genotype and CSF cholesterol
mass levels may need studies utilizing larger number of
subjects, as has been done for plasma apoE [92]. How-



ever, selection of well-controlled individuals is undoubt-
edly important for such studies.
A logical second question in this context is whether apoE
actually modulates cholesterol mass levels in brain tis-
sues. Very recently, we determined the mass levels of cho-
lesterol in different brain regions, including cerebral cor-
tex, cerebellum and hippocampus, from wild-type and
various apoE transgenic mice, including apoE knockout,
human apoE3 transgenic and human apoE4 transgenic at
4–24 months of age [31]. We found that the cholesterol
mass levels were very consistent in each specific brain re-
gion, such as cortex, cerebellum or hippocampus, be-
tween wild-type and various apoE transgenic mice,
whereas differences in cholesterol mass levels between
the brain regions were present within the same type of
mice. These results are consistent with multiple recent
studies on cholesterol mass content in apoE knockout
mice [30, 104–106]. In another study, Kirsch and col-
leagues [106] examined the effects of dietary cholesterol
on the mass levels of cholesterol in the brain. They fed
young Albino Wistar rats a diet containing 2% choles-
terol for at least 6 months and found no effects on brain
cholesterol levels of synaptosomal plasma membranes of
the cortex relative to the control animals, whereas plasma
and liver cholesterol significantly increased, suggesting
the differential role of apoE in cholesterol homeostasis in
plasma and in the CNS. Following this line, however, a
number of other studies using AD model (e.g. APP trans-
genic) mice demonstrated that brain cholesterol content
was significantly increased when the mice were fed with
a high-fat/high-cholesterol diet for several weeks
[107–109]. Because brain cholesterol mass levels in
wild-type mice were not altered after being fed a high-
cholesterol diet [106], the reason behind the higher brain
cholesterol levels in AD model animals after being fed a
high-cholesterol diet is important and needs to be further
investigated.
During the assessment of lipid alterations in subcellular
membranes induced by apoE deficiency, Tietz and col-
leagues [110] found that the cholesterol levels of micro-
somal membranes are affected by apoE. However, they
did not observe changes in cholesterol mass levels within
the synaptosomal membranes due to the absence of apoE.
Although they did not observe alterations in cholesterol
mass levels in brain tissues due to apoE depletion,
Hayashi and colleagues [105] did find that the cholesterol
content in the exofacial leaflet of synaptic plasma mem-
branes is altered in human apoE4 knockin mice. More-
over, recent studies by Pfrieger and colleagues [111, 112]
demonstrated that CNS synaptogenesis required a large
amount of cholesterol, which was derived from glial cells
through the transport of apoE-containing lipoproteins.
Other studies on the metabolism of cholesterol in the
CNS have recently been reviewed [112, 113]. Further-
more, Michikawa and colleagues [114, 115] showed that

exogenously added or astrocyte-secreted apoE could pro-
mote cholesterol release or transport, respectively, in an
apoE-isoform-dependent fashion. Therefore, although
cholesterol mass levels are not affected by the apoE geno-
type or even by apoE depletion, the possibility that cho-
lesterol mass levels and trafficking of specialized subcel-
lular compartments are altered isoform-specifically by
apoE cannot be excluded. Further studies in this area are
necessary.
Collectively, although apoE plays an important role in
plasma cholesterol trafficking and metabolism, and it has
been assumed that apoE may serve a similar function in
the CNS, available data derived from CSF and brain tis-
sues do not support such a hypothesis. On the other hand,
substantial evidence indicates that the role of apoE in
neurobiology may be related to cholesterol homeostasis
([23], also see previous discussion), and it has been ob-
served that alterations of cholesterol mass content in
some subcellular membranes are induced by apoE.
Therefore, future studies on the effects of apoE on cho-
lesterol trafficking and metabolism may need to focus on
subcellular membrane compartments, membrane leaflets
and/or membrane microdomains such as caveolae and
lipid rafts.

ApoE-mediated alterations in phospholipid
molecular species containing polyunsaturated acyl
chains in specialized membrane compartments

Membrane phospholipids are classified into different
classes based on the nature of the polar head groups [63].
Three major subclasses are present in each phospholipid
class based on the covalent linkage of the aliphatic chain
at the sn-1 position of the glycerol backbone. Further-
more, individual phospholipid molecular species differ
in the constituents of two aliphatic chains due to the
chain length as well as the number and location of dou-
ble bonds [63]. Whether apoE plays a role in the traf-
ficking and metabolism of these complex phospholipids
in the CNS is an interesting topic. Many research groups,
including the author’s laboratory (e.g. [30, 31, 116,
117]), have exploited a variety of techniques to address
this issue. 
Montine and colleagues [116] reported significantly
lower total brain phospholipid mass (P < 0.05) in apoE-
deficient mice than that in control mice. However, by
employing a lipidomic approach [62, 63], we quantita-
tively analyzed global lipids, including each individual
molecular species of all phospholipid classes in different
mouse brain regions such as cerebral cortex, cerebellum
and hippocampus [31]. We did not observe any alter-
ations in either the mass levels of total phospholipids or
the profiles of individual molecular species in apoE
knockout, human apoE3 transgenic and apoE4 trans-
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genic mice in comparison with wild-type controls. These
results are comparable with a study on brain membrane
phospholipids from apoE knockout mice [30]. The dif-
ferences in phospholipid mass content as reported by
Montine and colleagues [116] may have resulted from
cross-contamination of isolated brain tissues, since a
large amount of tissue is required when traditional ana-
lytical methods are employed. In contrast, the purity of
tissue samples can be confirmed by examination of the
lipid profiles using an ESI/MS lipidomic approach, as
previously described [118].
Although no influence of apoE on phospholipid home-
ostasis in brain tissues and major membrane fractions has
been observed, changes in both the mass levels of total
phospholipids and the profiles of individual molecular
species in some specialized membrane compartments are
present. For example, Lomnitski and colleagues [30] an-
alyzed brain phospholipids employing traditional tech-
niques such as thin-layer chromatography and gas liquid
chromatography. They found that the total mass levels of
phosphatidylcholine (PtdCho) in brain microsomal mem-
brane fraction are significantly lower in apoE-deficient
mice (P < 0.05) compared with those in the control sam-
ples. This change would appear to be very specific, since
neither the mass levels of ethanolamine glycerophospho-
lipid (PE) in brain microsomal membrane nor the mass
levels of PtdCho and PE in the membrane fraction con-
taining plasma and mitochondrial membranes were al-
tered in apoE-deficient mice relative to the controls [30].
Furthermore, Lomnitski and colleagues found the effects
of apoE on fatty acid composition of phospholipids were
different from the effects of apoE on phospholipid mass.
No changes were observed in the fatty acid composition
of PtdCho between brain microsomal membranes pre-
pared from apoE-deficient in comparison with wild-type
mice. In contrast, analyses of the fatty acid composition
of PE and phosphatidylserine (PtdSer) revealed apoE-de-
pendent alterations. Specifically, PE contained lower
while PtdSer contained higher ratios of polyunsaturated
to saturated fatty acids, respectively, in apoE-deficient
mice compared with those in controls. Again, these ef-
fects of apoE on fatty acid composition were not found in
the subcellular membrane fractions containing plasma
membranes or mitochondrial membranes. These findings
indicate that the effects of apoE on phospholipid traffick-
ing and metabolism are specific and intracellular com-
partment dependent, suggesting a role of apoE in mediat-
ing multiple differential neuronal functions.
Igbavboa and colleagues [117] identified and quantitated
phospholipid molecular species by reverse-phase high-
performance liquid chromatography (HPLC)/electro-
spray ionization mass spectrometry and determined the
ability of apoE to alter specific phospholipid molecular
species in neuronal membranes (i.e. synaptic plasma
membranes). Although no obvious differences in mass of

different phospholipid classes were present in mem-
branes prepared from apoE-deficient in comparison with
wild-type mice, there were substantial differences in
composition of phospholipid molecular species. Specifi-
cally, the predominant molecular species in choline,
ethanolamine and serine glycerophospholipids contained
polyunsaturated acyl chains at the sn-2 position, while in
synaptic plasma membranes prepared from apoE-defi-
cient mice were significantly decreased in their content of
polyunsaturated fatty acids. In contrast, molecular
species containing two polyunsaturated fatty acids, such
as 22:4/22:6 and 22:6/22:6 in PtdCho, PE and PtdSer, ac-
cumulated in synaptic plasma membranes of apoE-defi-
cient mice relative to control mice [117]. These mem-
branes, which were isolated from the terminals of neu-
rons, play critical roles in numerous neuronal functions
and are enriched with a variety of receptors, ion channels
and enzymes. Igbavboa and colleagues [117] found that a
substantial number of di-polyunsaturated phospholipid
molecular species were present in synaptic plasma mem-
branes, suggesting the requirement of a highly fluid en-
vironment for synaptic terminals and a new role for apoE
in regulating polyunsaturated phospholipid molecular
species trafficking in neuronal membranes.

Conclusion

Many studies have now shown that apoE is enriched in
glial cells, particularly astrocytes [17, 119, 120]. Al-
though neurons do not express apoE themselves [21, 22,
121, 122], they do posses receptors to endocytose apoE,
and the presence of apoE in the internal neural vesicles
has also been demonstrated [123]. Therefore, apoE can
directly modulate sulfatide mass content in the CNS
through the same metabolic pathways that regulate levels
of apoE-containing CNS lipoproteins (i.e. through endo-
cytosis and transporting to CSF), since sulfatides are
tightly associated with apoE-containing particles [31].
Available data demonstrate that apoE does not affect the
mass of cholesterol in both CSF and brain tissues. Simi-
larly, both the total mass levels and the molecular species
profiles of phospholipids in brain tissues are not altered
by apoE. However, multiple lines of evidence indicate
that the mass of cholesterol and phospholipids and/or the
molecular species profiles of phospholipids are altered in
specialized membrane compartments (e.g. synaptic
plasma membranes) or membrane leaflets. Collectively, it
can be concluded that apoE mediates sulfatide trafficking
and metabolism in the CNS. Moreover, although apoE
does not apparently affect cholesterol mass content and
phospholipid mass levels and composition in the CNS
overall, apoE has been demonstrated to modulate choles-
terol and phospholipid homeostasis in some specialized
subcellular membrane compartments, such as synaptic
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plasma membranes.  Because available data on the effects
of apoE on lipid homeostasis are still quite limited, fur-
ther studies in the area, particularly in the influence of
apoE on membrane compartment and/or microdomain
composition or trafficking, are certainly important.
Clearly, a thorough understanding of the role of apoE in
lipid metabolism in the CNS will provide important new
insights into the mechanism(s) underlying the roles of
apoE in neurobiology. 
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