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Abstract

Cholesterol can be detrimental or vital, and must be present in the right place at the right time and
in the right amount. This is well known in the heart and the vascular system. However, in the CNS
cholesterol is still an enigma, although several of its fundamental functions in the brain have been
identified. Brain cholesterol has attracted additional attention owing to its close connection to ApoE,
a key polymorphic transporter of extracellular cholesterol in humans. Indeed, both cholesterol and
ApOE are so critical to fundamental activities of the brain, that the brain regulates their synthesis
autonomously. Yet, similar control mechanisms of ApoE and cholesterol homeostasis may exist on
either sides of the blood-brain barrier. One indication is that the APOE ¢4 allele is associated with
hypercholesterolemia and a proatherogenic profile on the vascular side and with increased risk of
Alzheimer’s disease on the CNS side. In this review, we draw attention to the association between
cholesterol and ApoE in the aging and diseased brain, and to the behavior of the ApoE4 protein at
the molecular level. The attempt to correlate in vivo and in vitro observations is challenging but
crucial for developing future strategies to address ApoE-related aberrations in cholesterol metabolism
selectively in the brain.
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General background & significance of ApoE

Originally termed the ‘arginine-rich protein’, ApoE was identified approximately 35 years ago
in human plasma and associated with cholesteryl ester-rich VLDLSs [1]. Since then, tremendous
progress has been made in our understanding of its role in regulating plasma cholesterol
homeostasis. It was not until approximately two decades after the initial discovery of ApoE
that it was found in the brain, where it is the major transporter of cholesterol. The importance
of cholesterol in the brain and in the peripheral organs had been recognized much earlier. The
findings that ApoE is linked to neurodegenerative disorders have spurred further interest in
cholesterol metabolism in the brain. While ApoE has several different functions, its role in
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regulating lipoprotein metabolism is the most significant. This article focuses on the role of
ApOE in cholesterol homeostasis in the aging and diseased brain.

APpOE is encoded by the polymorphic APOE gene located on chromosome 19 in humans [2,
3]. Variation in the APOE gene sequence results in three common alleles, €2, €3 and ¢4,
represented with frequencies of 8%, 77% and 15%, respectively, in the population. The
products of the three alleles are the isoforms, ApoE2, E3 and E4, which differ in the amino
acids at positions 112 and 158 (Table 1). APOE ¢4 is considered the ancestral gene among
primates based on its similarities with primate APOE [4]. APOE &3 arose from APOE ¢4 during
recent stages of human evolution [5]. A subsequent single base change from APOE &3 gave
rise to APOE €2. The shift in diet from a largely plant-based (low-cholesterol) to a meat-based
(lipid-rich, high-cholesterol) diet possibly led to the selection for ‘meat-adaptive genes’, such
as APOE &3, which is relatively less susceptible to diseases such as cardiovascular disease and
Alzheimer’s disease (AD) [5]. ApoE3 is considered an anti-atherogenic protein. On the other
hand, individuals homozygous for the APOE €2 allele are prone to developing familial type
I11 hyperlipoproteinemia and premature atherosclerosis. The inheritance of one or more of the
APOE ¢4 alleles predisposes the bearer to hypercholesterolemia, as well as AD and cerebral
amyloid angiopathy, affecting both the age of onset and the severity of these diseases.
Approximately 65% of individuals with late-onset familial and sporadic AD bear the APOE
¢4 allele [6]. The precise mechanism by which ApoE4 is associated with AD is hotly debated
and some aspects will be discussed in this article.

ApoE in the brain

While plasma ApoE originates predominantly from the liver and macrophages, the CNS ApoE
is synthesized locally in the brain. The plasma pool of ApoE does not appear to exchange with
the brain pool owing to the presence of the blood-brain barrier (BBB), as deduced by the failure
to detect liver-derived ApoE in the cerebrospinal fluid (CSF) of liver transplant recipients
[7]. Similarly, there is no mixing of the cholesterol pools between the brain and the periphery
[8,9]. ApoE is the predominant and most widely studied apolipoprotein in the brain, although
other apolipoproteins, such as ApoJ, ApoD, ApoAl and ApoAlV, are present within the CNS.
In the brain, ApoE is mainly synthesized by the astrocytes [10-12]. Microglia [13] and neurons
under select pathological or physiological conditions [14-17] are also able to synthesize some
ApoE.

The direct study of ApoE in the brain parenchyma is difficult, but based on the observations
that plasma ApoE is present in lipoproteins, it is assumed that the same is true for the brain
[18]. Studies of astrocyte-derived lipoproteins and lipoproteins isolated from the CSF suggest
that brain astrocytes secrete ApoE in discoidal HDL-like particles composed of phospholipids
and unesterified cholesterol. It is not known if lipid-free ApoE is also secreted by astrocytes.
ApOE isolated from CSF is present in both discoidal and spherical lipoprotein complexes
[19-26]. Owing to its structural flexibility (discussed later), ApoE is able to associate with
discoidal as well as spherical HDL-sized particles. Thus, it appears that before reaching the
CSF some of these particles accumulate cholesterol and form spherical lipoproteins upon
esterification of free cholesterol [18,27]. Large triglycerides-containing lipoprotein particles
have not been detected in the CNS.

Cholesterol dynamics in the brain

In recent years, interest in brain cholesterol metabolism and ApoE has increased dramatically
after the recognition that cholesterol plays a pivotal role in neurodegenerative disorders such
as AD and Niemann-Pick type C disease, and that ApoE is the only risk factor consistently

associated with nonfamilial forms of AD. Cholesterol is crucial in the development and normal
functioning of the CNS and plays a vital role in the development and maintenance of neuronal
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Functions

plasticity [28-30], in synaptic vesicle transport along microtubules [31] and in neurotransmitter
release [30].

The brain is the organ richest in cholesterol [8], with the CNS accounting for 20-25% of the
total-body cholesterol; interestingly, the brain accounts for only 5% of the body mass [32]. In
the brain, cholesterol is a major component of myelin, is present in membranes of neurons and
glial cells and is also localized to lipoprotein particles. Peripheral and brain cholesterol pools
are separated by the BBB and are independently regulated [9]. The half-life of brain cholesterol
was reported to be 6 months to 1 year [33] or even 5 years in other studies [34], much longer
than its half-life in plasma, which is in the order of hours. Cholesterol synthesis in the brain is
sufficient to meet the demands of the CNS during development and in adult life; this local
synthesis decreases with age [9,35,36]. Brain cells maintain cholesterol homeostasis by
regulation of cholesterol synthesis and cholesterol uptake through ApoE-related receptors [9,
37]. Glial cells produce two- to three-times more cholesterol than neurons. As discussed above,
astrocytes secrete cholesterol in HDL-like particles with ApoE. With respect to neurons,
although they can synthesize cholesterol, there is sufficient evidence indicating that the growth
of neuronal processes and effective synapse formation depend on cholesterol supplied by the
astrocytes (reviewed in [9,38]). In this regard, we have participated in the studies that
demonstrated that when cholesterol synthesis is inhibited in neurons, axonal elongation is
supported by lipoprotein-derived cholesterol [39,40]. As neurons mature they reduce
endogenous cholesterol synthesis and become more dependent on exogenous cholesterol [37,
41]. Pfrieger has hypothesized that after astrocyte differentiation is completed neurons rely
constitutively on lipoprotein-derived cholesterol [42].

A small amount of cholesterol is transported from the brain to the CSF via an ApoE-dependent
mechanism [12], however from a quantitative viewpoint, the most important mechanism of
elimination of cholesterol from the brain is its conversion to 24S-hydroxycholesterol, which
takes place in brain neurons [34,43]. Contrary to cholesterol, 24S-hydroxycholesterol is able
to cross the BBB [34,43,44]. 24S-hydroxycholesterol might also play other important roles in
brain cholesterol homeostasis (discussed later).

of ApoE in lipid transport in the brain

The fact that ApoE is expressed in the brain and that neurons and glial cells have ApoE receptors
suggests the following concepts:

«  There is a dynamic exchange of ApoE among brain cells
«  ApoE is a major transporter of extracellular lipids and cholesterol in the brain

« ApoE-mediated cholesterol exchange occurs between neuronal and non-neuronal
cells

The synthesis and distribution of cholesterol among neurons and glial cells mediated by ApoE
is schematically represented in Figure 1.

ApoE may also play a crucial role in lipid clearance and recycling, particularly after injury
[27,45]. The presence of ApoE-containing lipoproteins in the CSF indicates its role in brain
lipid clearance. Moreover, following injury of the CNS there is a dramatic upregulation of
ApOE that parallels cholesterol and lipid debris clearance from the site of injury [11,46-48].
Further supporting this cholesterol-’scavenging’ role of ApoE, degeneration products are not
efficiently cleared from the hippocampus after injury in ApoE-null mice [49].

The importance of ApoE in cholesterol transport in the brain could explain the contribution of
ApOE to the regulation of synapse formation, plasticity and repair [45,50]. The regulation of
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cholesterol supply to neurons by ApoE-containing lipoproteins is not completely understood
and further studies are required, although some mechanisms are emerging. Two very important
aspects that warrant further investigation are the neuronal location at which cholesterol
transport takes place (synapses vs cell bodies) and the possibility that cholesterol delivery is
regulated by electrical activity [42]. Future studies may link the contribution of ApoE in cell
signaling directly or indirectly to the cholesterol status in the neuronal membrane and its
microdomains.

Cholesterol in normal aging

Aging is the primary risk factor for AD and other neurodegenerative disorders. Therefore, in
order to identify the roles of ApoE and cholesterol in the pathophysiology of
neurodegeneration, it is essential to understand the changes that take place in cholesterol and
ApoE during normal brain aging. Some other aspects of brain aging have been reviewed
elsewhere [51,52].

Numerous studies have demonstrated that the human brain decreases in weight and size during
aging. The brain volume reduction becomes more significant over the age of 70 years [53].
During normal aging, brain cholesterol levels change depending on the region considered, with
some regions showing no change in cholesterol while others show a 40% decrease [54]. De
novo synthesis of cholesterol in the brain is reduced, at least in the hippocampus [35], and
cholesterol content in the cortex decreases linearly from early in life (~20 years old), and more
rapidly after 80 years of age [55]. This decrease seems to represent the loss of axons, dendrites
and astrocyte processes [55].

Macroscopic brain changes during normal aging are not due to dramatic neuronal loss, which
is undetectable or relatively mild, but are perhaps due to a reduction in neuronal size and the
number of synapses (reviewed in [53]). Synapse loss and reduction in the number and density
of spines during aging might correlate with deteriorating cognitive performance. These changes
may depend on ApoE and cholesterol availability.

Cholesterol is a limiting factor in synapse development [30], dendrite differentiation [56], long-
term potentiation [57] and axonal elongation [39,40]. Neurons have an intrinsic ability to form
synapses. However, cholesterol delivered by ApoE-containing lipoproteins secreted by
astrocytes dramatically enhances synapse formation [30] by increasing the number of synaptic
vesicles and the formation of the machinery for releasing vesicles (Figure 2) [58]. The
membranes of synaptic vesicles contain high amounts of cholesterol and cholesterol-
interacting proteins [59,60]. Furthermore, cholesterol is required for synaptic vesicle
biogenesis [60]. The lack of cholesterol supply to neurons causes failure of neurotransmission
and decreased synaptic plasticity [61]. Cholesterol distributes primarily to cholesterol- and
sphingolipid-rich microdomains (lipid rafts) in synaptic vesicle membranes, presynaptic active
zones, postsynaptic membranes and at the edge of synapses, to promote cell adhesion [42].
The presence of these cholesterol-rich microdomains serves to compartmentalize membrane
protein components in discrete microenvironments. Significantly, lipid rafts harbor several
signaling proteins and allow organization and formation of complexes involved in the initiation
of signaling cascades [62,63]. The molecular basis for the cholesterol dependence of synapses
and synaptic vesicle formation has been explained by the requirement of cholesterol to support
lipid rafts. There is evidence that postsynaptic proteins accumulate in lipid rafts, which are
present in abundance in dendrites of cultured hippocampal neurons. Cholesterol depletion
results in gradual loss of synapses and dendritic spines [64]. On the other hand, Thiele and
collaborators made a case against the view that lipid rafts are crucial for synaptic vesicle
formation by pointing out the low sphingolipid content of synaptic vesicles and the exclusion
of the major cholesterol-binding protein synaptophysin from lipid rafts [60]. These authors
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propose an alternative role for cholesterol in synaptic vesicle formation, which is the
association of cholesterol with oligomeric transmembrane cholesterol-binding proteins, such
as synaptophysin. This association may induce the appropriate curvature of the nascent bud
for vesicle formation.

ApoE in normal aging

There is extensive evidence of the modulation of brain morphology by ApoE [65-68], which
suggests that ApoE could have a pivotal role in aging. The role of ApoE in brain aging has
been studied in animal models with conflicting results. Originally developed as an animal
model to study the role of ApoE in atherogenesis, ApoE-null mice are valuable tools to study
the function of ApoE in the human nervous system in general and during aging and disease in
particular. In some studies ApoE-null mice displayed no signs of synaptic degeneration [69],
showed normal brain histology and absence of neurodegenerative markers [70], had no signs
of deterioration of the cholinergic system of the basal forebrain [49,71,72], and exhibited
normal cholinergic activity and neuronal function [71,73-75].

Conversely, other studies demonstrated that ApoE-null mice develop severe spatial learning
and memory deficits [76]. Poirier and colleagues suggested that the absence of ApoE makes
these mice deficient in a procedural component of the Morris Water Maze test (commonly used
to assess learning and spatial memory), rather than impaired in spatial memory per se [77].
Memory impairment in the absence of ApoE was associated with cholinergic deficits [78,79].
Infusion of recombinant ApoE via the intracerebroventricles improved cognitive deficits in
ApoE-null mice [80], highlighting the importance of ApoE in this process. The impairment of
spatial learning and memory of ApoE-null mice could be explained by synaptic changes
associated with the lack of ApoE [81-87]. ApoE might also be important in age-associated
neurodegeneration, since ApoE-null mice are more susceptible to neurodegeneration than the
wild-type control animal [88,89]. The discrepancies in results from studies using ApoE-null
mice have been explained by the genetic background strains [90], environmental variables and
methodological approaches [91], and the behavioral test used in the studies [77].

Inaddition to the presence of ApoE, the levels of this protein might be important for maintaining
brain homeostasis during aging. This concept was proposed based on a study that indicated
that ApoE expression increases in the liver in an age-dependent manner [92]. In the brain,
however, it is still unclear whether ApoE expression is altered during aging. Studies in mice
showed that the expression level of ApoE decreases more than fivefold in the aged
hypothalamus and cortex [93], but increases in the hippocampus [94]. In aged rats, glial
expression of ApoE is elevated in a region-specific manner [95] and ApoE mRNA is modestly
elevated in the striatum [96]. However, in a more recent study Gee and collaborators found no
change in ApoE mRNA and protein in the cortex, striatum and hippocampus of aged rats
[97]. The authors interpreted that the inability of the brain to increase ApoE levels upon aging
may contribute to the reduced ability of the brain to respond to stress at an older age.

ApoE polymorphism & aging

Little information is available regarding the differential effects of ApoE isoforms in the normal
human brain; however, each ApoE isoform is believed to have different effects on neuronal
repair mechanisms [98]. The APOE ¢4 allele has been associated with functional brain
abnormalities, some of which are present even at a young age [99]. Reduction in cerebral
glucose metabolism and reduced cognitive function are evident in healthy adults with ApoE4
[100,101]. Moreover, these individuals have relatively poor recovery after injuries to the brain
[102-106].
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The association of the ApoE genotype with aging has been extensively examined and
conflicting results reported. While some studies indicated that APOE €2 is over-represented in
centenarians [107] and is associated with better learning activity in nondemented elderly
subjects [108], others found that the ApoE polymorphism was not associated with longevity,
at least in certain groups of octo- and nonagenarians [109]. The role of ApoE in cognition, a
crucial process in successful aging, is also unresolved. A number of studies proposed that the
expression of the APOE ¢4 allele is linked to cognitive decline in the elderly [109-115] and
may predispose people to dementia [116]. However, other research suggested that the APOE
€4 allele may not influence cognitive performance in adults without dementia [67,117]. Even
in those studies in which ApoE genotype was demonstrated to play a role in aging, the
mechanisms involved remain uncertain. One such mechanism could involve the transport of
cholesterol from astrocytes to neurons for efficient synaptic plasticity.

ApoE isoforms & synaptic plasticity

With respect to the isoform-specific effect of ApoE in the maintenance of synaptic plasticity
and cognitive function, a few studies demonstrate that both ApoE3 and ApoE4 successfully
reversed presynaptic deficits and the cognitive impairment present in ApoE-null mice [80].
However, most evidence suggests that the ApoE4 isoform is less efficient than ApoE3 in
facilitating brain function. Expression of ApoE3, but not of ApoE4, protects against neuronal
damage and the age-dependent neurodegeneration seen in ApoE-null mice [91]. Compared
with ApoE3 mice, ApoE4 mice display significantly lower excitatory synaptic transmission
and dendritic arborization [118]. The number of synapses per neuron [69] and the number of
dendritic spines [87] are also lower in mice expressing ApoE4 than those expressing ApoE3.
While ApoE4 mice, but not ApoE3 mice, have synapto—dendritic alterations like ApoE-null
mice, both ApoE4 and ApoE3 mice have better performance on cognitive tests [119] compared
with ApoE-null mice. In addition, ApoE4-mice have a worse recovery from traumatic brain
injury than ApoE3 mice [120] and are more susceptible to global cerebral ischemia [121] and
lesions of the entrorhinal cortex [122].

Thus, an unresolved issue is whether ApoE4 performs certain brain functions less effectively
than ApoE3 or whether it has detrimental effects, some of which could interfere with the
neuroprotective actions of ApoE3. In some studies, the phenotype of mice expressing ApoE4
did not differ significantly from ApoE-null mice, suggesting a loss of function of ApoE4 in
the maintenance of dendritic spines during normal aging [87]. In other studies, ApoE4 was not
only less protective than ApoE3 but acted as a dominant-negative factor in ApoE function
suggesting a gain of function [123]. Other indications of gain of an inhibitory function with
ApoE4 come from studies in which ApoE-null mice and mice expressing ApoE3 or ApoE4
were exposed to environmental stimulation. Mice expressing ApoE3 and ApoE-null mice, but
not ApoE4 mice, responded with an increase in synaptic markers in the hippocampus [124].
The observation that ApoE-null mice responded more than ApoE4 mice suggests that ApoE4
has gained an inhibitory function.

A few mechanisms have been proposed to explain the role of ApoE on synaptic function. There
is evidence that ApoE may regulate intracellular calcium levels [125], significantly reducing
excitatory synaptic transmission. ApoE may also have neurotrophic capabilities by binding to
APpOE receptors and activating signaling proteins [126]. Here, we focus on the mechanisms
that involve the transport, uptake and redistribution of cholesterol. It has been proposed that
APpoE4 is unable to support the development of mature synapses and cannot provide the
necessary lipids for extensive neuronal remodeling as efficiently as ApoE3 [118]. The variation
may be explained by possible differences in the ability to bind to ApoE receptors (discussed
later in this review) or in the composition of the brain lipoproteins formed with ApoE3 and
ApoE4 [22,127-130].
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ApoE & age-related oxidative stress

An additional aspect that may be relevant to the role of ApoE in aging is the influence of
oxidative stress. Aging is associated with heightened oxidative stress manifest as increased
oxidative insult to cellular and membrane components, including free radical-mediated damage
to protein and lipids. Significantly, compared with wild-type mice, ApoE-null mice have higher
levels of lipid peroxidation products and other oxidative stress markers in different parts of the
brain [131], including increased levels of oxidized cholesterol [132,133] and increased
susceptibility to oxidative modification [133,134]. Furthermore, oxidative stress and aging
appear to be significant contributing factors towards impaired permeability and leakage of the
BBB [135-137], which is exacerbated under conditions of ApoE deficiency. These
observations warrant future studies examining the mechanistic effects of oxidative stress and
ApOE deficiency in aging.

Cholesterol & ApoE in AD

The association between ApoE, cholesterol and AD has been reviewed by several researchers
[32,37,45,138-142] and has been the subject of intense scrutiny by numerous groups. Among
the many mechanisms that have been proposed to explain the link of AD with ApoE and
cholesterol, in this review we emphasize the hypothesis that the isoform-specific effect of ApoE
in AD is due to the differential ability to provide astrocyte-derived cholesterol to neurons, such
that ApoE4 performs this activity less efficiently. We acknowledge that although the exchange
of cholesterol between astrocytes and neurons mediated by ApoE is an attractive mechanism,
we still need direct evidence that brain neurons require astrocyte-derived cholesterol in vivo
[42] and that ApoE4 does provide less cholesterol than ApoE3. We highlight here the available
information and point out the aspects that require further investigation.

Alzheimer’s disease is clinically characterized by progressive cognitive decline and dementia.
The extracellular accumulation of amyloid B (Ap) peptide, the intracellular presence of
neurofibrillary tangles composed of hyperphosphorylated tau and the loss of cholinergic
neurons in the brain are major neuropathological hallmarks of AD [143,144]. Accumulation
of soluble and insoluble assemblies of AB (a peptide composed of 39-43 residues) in the brain
parenchymaand in the cerebral vasculature is considered the primary event in AD pathogenesis
by the amyloid hypothesis. The rest of the disease process results from the imbalance between
AP production and clearance [145,146]. AB derives from the ubiquitously expressed
transmembrane protein amyloid precursor protein (APP) by regulated intramembranous
proteolysis [144]. AB is secreted under normal metabolic conditions and is present in normal
CSF and plasma [147,148]. A gradual increase of AB levels in brain interstitial fluid and inside
neurons [149,150] leads to AP oligomerization and eventually to fibrillization [144]. Soluble
oligomeric Ap assemblies are primary effectors in AD [151-153]. While in the familial form
of AD AP accumulation correlates directly with increased production, in the nonfamilial forms
it results from intricate interactions of factors that affect Af clearance and aggregation [154].
The familial and nonfamilial forms of the disease are almost phenotypically indistinguishable.
The nonfamilial form occurs in approximately 95% of AD patients. The only risk factor
consistently associated with the non-familial form of AD is the €4 allele of the APOE gene
[155-157].

In the brain, plasma, CSF and senile plaques A is associated with ApoE [158-160]. Although
the presence of amyloid plaques in the brain is required for a definitive identification of AD,
there is no correlation between amyloid plaque abundance and the degree of dementia [161].
Conversely, the degree of degeneration of cholinergic neurons from the basal forebrain
correlates closely with the degree of dementia in AD [162,163]. Hence, the salvage of
cholinergic neurons in the brain by blocking Ap neurotoxic effects is one of the major, but still
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elusive, therapeutic goals of current research in AD. The cholinergic deficit that results from
basal forebrain neuron degeneration contributes significantly to the neuropsychiatric
manifestations of the disease (reviewed in [143]). Moreover, the extent of cholinergic
dysfunction is associated with inheritance of the APOE &4 allele. In ApoE4 carriers with AD,
the total number of cholinergic neurons is reduced to a greater extent [164-167], the
compensatory mechanisms and repair (plastic neuronal remodeling) are impaired [166], and
basal forebrain neurons have lower metabolic activity [168]. In addition, patients carrying the
APOE &4 allele responded less to cholinergic therapy than patients with the €3 allele [164],
although some studies demonstrated no difference in choline acetyltransferase activity between
€4 and €3 patients [169-171].

The mechanisms by which ApoE affects AD in an isoform-specific manner have been
extensively studied. An important issue still under debate is whether the ApoE2/ApoE3
proteins protect the brain from AD or the ApoE4 protein initiates the pathology [155,172].
Supporters of the concept that ApoE has neuroprotective and neurotrophic functions in the
normal, aging brain argue that ApoE2 and ApoE3 perform these functions more efficiently
than ApoE4 [50]. On the other hand, some evidence suggests that it is the presence of ApoE4
and not the absence of ApoE3/ApoE2 that contributes to AD pathology [173,174]. Several
hypotheses have been proposed to explain the association of ApoE4 with AD [175,176]. They
include impairment of the antioxidative mechanisms [177-179], dysregulation of neuronal
signaling pathways [180], altered phosphorylation of tau and neurofibrillary tangle formation
[181-184], potentiation of Ap-induced lysosomal leakage and apoptosis in neuronal cells
[185], promotion of endosomal abnormalities linked to Ap overproduction [186,187] and
modulation of plaque formation, deposition and clearance of Ap [188-194]. With respect to
the clearance of Ap from the extracellular milieu, we have recently demonstrated that although
the peptide is internalized by neurons in a complex with ApoE, a mechanism of AB uptake
independent of ApoE also exists [195].

The importance of cholesterol in the development and progression of AD has been established
(reviewed in [37,139,154]). The best studied role of cholesterol in AD is in APP processing
and Ap generation. Increased cholesterol leads to increased cleavage of APP and increased
AP production [196], while reduction of cellular cholesterol decreases the y-secretase activity
that is responsible for AB generation [197-201]. Conversely, at least one report demonstrated
increased AP generation upon moderate reduction of cellular cholesterol levels [202]. The
discrepancies in findings have been reconciled in a model that takes into consideration the
impact of different levels of cholesterol on the structure of lipid rafts [203].

There is little consensus that total brain cholesterol is altered in patients with AD [204]. Some
studies reported changes in cholesterol levels in specific brain areas in AD patients, in
particular, in regions with extensive AB deposits and neurofibrillary tangles. In patients with
ApoE4, these regions included the middle frontal gyrus [205] and frontal cortex [206], but not
the unaffected cerebellum [205]. There is also indication that as the severity of the disease
progresses, there is an increase in membrane-associated cholesterol [205], some of which may
be part of the amyloid plaques [207]. In addition, cholesterol and cholesteryl ester accumulate
in lipid droplets exclusively in AB-immunopositive neurons [208].

With respect to the role of peripheral cholesterol in AD, some studies indicate a direct
correlation between plasma cholesterol levels and the incidence of AD [209-211] and
epidemiological data suggest that treatment of the elderly with statins that inhibit cholesterol
synthesis lowers the incidence of AD [212-214]. Yet, some of these correlations have not been
confirmed [215], and the efficacy of statins to prevent AD has been questioned [37,216].
Besides, the mechanisms by which statins act in the brain are not well understood and not all
statins are equally effective in lowering brain cholesterol levels [217]. In addition, the
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beneficial effect of statins could be a result of their anti-inflammatory rather than cholesterol-
lowering action [218]. A previous review in this journal series addressed the issue of statins
and their efficacy in preventing or treating AD [219]. The authors concluded that the
epidemiological data provided little evidence to support a correlation between statin use and
protection against AD.

As indicated earlier, we favor the hypothesis that neurodegeneration in AD may result from
impaired delivery of cholesterol from astrocytes to neurons. This impaired delivery would be
accentuated by the presence of Ap and the expression of the ApoE4 isoform [42] (and
references herein). Gong and collaborators concluded that the isoform-specific effect of ApoE
in AD may be explained by the differential ability of ApoE3 and ApoE4 to supply cholesterol
to neurons after injury [26]. The authors found that astrocytes expressing human ApoE3
generate lipoprotein particles that contain significantly less ApoE than astrocytes expressing
ApoE4. However, the size of the lipoprotein particles did not differ significantly between those
containing ApoE3 and ApoE4, as also noted by others [22]. This suggests that each lipoprotein
particle could provide the same amount of lipids to neurons, if the two isoforms bear a similar
receptor binding-competent conformation (see discussion on ApoE conformation below).
Therefore, for this hypothesis to be correct, the levels of ApoE-containing lipopro-teins in the
extracellular milieu of the brain would be the limiting factor.

Oxysterols & ApoE

As previously indicated, cholesterol is converted to 24S-hydroxycholesterol in brain neurons
and crosses the BBB. It is also believed that the conversion to 24S-hydroxycholesterol is a
mechanism to maintain cholesterol homeostasis in the brain. Almost all circulating 24S-
hydroxycholesterol originates from the brain [220,221] and may reflect CNS cholesterol
turnover [222]. The correlation between peripheral levels of 24S-hydroxycholesterol and
cholesterol has been explained by the similar distribution of both sterols into lipoproteins
[223]. Plasma concentrations of 24S-hydroxycholesterol are utilized as a biomarker and a
diagnostic tool for neurological disorders. The circulating levels of 24S-hydroxycholesterol
are age-dependent, decreasing dramatically in the first decades of life [220]. This decrease
however, might not indicate a reduction of the flux of 24S-hydroxycholesterol from the brain
to the periphery but might result from the difference in size increase of the brain (~ 30% in the
first 2 years) and the liver (up to sixfold during this period), this last organ being responsible
for 24S-hydroxycholesterol elimination [224]. Neuronal damage is accompanied by
destruction of neuronal membranes, which provides higher levels of cholesterol to be converted
into 24S-hydroxycholesterol. In agreement, significantly higher peripheral concentrations of
24S-hydroxycholesterol were found in AD and vascular demented patients [223]. Importantly,
the latter study demonstrated that the ApoE genotype does not contribute significantly to the
elevated plasma levels of 24S-hydroxycholesterol in AD patients. Plasma levels of 24S-
hydroxycholesterol decreased as the severity of AD and vascular dementia increased,
suggesting that this oxysterol derives from degenerating neurons at an early stage when the
CNS atrophy is minimal [223,225]. By contrast, other studies report that plasma levels of
24S-hydroxycholesterol in AD patients were not significantly different than in control subjects
[226]. The difference in findings could be explained by the degree of severity of the disease.

In contrast to plasma levels, the CSF levels of 24S-hydroxycholesterol seem to be more
sensitive to changes in the brain and are not affected by hepatic clearance of this oxysterol.
Therefore, CSF 24S-hydroxycholesterol levels may be better markers both for
neurodegenerative diseases and for disturbances of the BBB [227,228]. In the early stages of
AD there are significantly higher CSF concentrations of 24S-hydroxycholesterol, suggesting
increased cholesterol turnover in the CNS during degeneration [226,229,230]. These levels
decrease as the disease advances, possibly reflecting the loss of cells expressing cholesterol
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24S-hydroxylase (CYP46A 1), the enzyme responsible for the conversion of brain cholesterol
into 24S-hydroxycholesterol [226]. In AD and mild cognitive impairment, but not in normal
individuals [231], the levels of 24S-hydroxycholesterol significantly correlate with CSF levels
of ApoE. Furthermore, these levels correlated positively with the number of APOE &4 alleles
independent of dementia severity and of CSF cholesterol levels [226]. Two interpretations were
provided for these findings: that the three APOE alleles differentially regulate transport of
cholesterol, and/or that the activity of the 24S-hydroxylase is ApoE-dependent, with the
APOE4 allele associated with higher 24S-hydroxylase activity. The elevation of 24S-
hydroxycholesterol in CSF is consistent with a significant role for this oxysterol as a signaling
molecule during neuronal degeneration. It has been shown that 24S-hydroxycholesterol
synthesized by neurons from free cholesterol is able to induce expression of ApoE and ATP-
binding cassette (ABC) transporters in astrocytes through activation of liver X receptor and to
stimulate cellular cholesterol efflux [232]. 24S-hydroxycholesterol-mediated elevation of
ABCAL1 levels has been linked to increased levels of extracellular AB [233]. On the other hand,
more recent studies in cultured cells showed that 24S-hydroxycholesterol affects APP
processing by increasing a-secretase activity as well as the a-secretase:B-secretase activity
ratio, a beneficial mechanism [234]. The roles of other oxysterols in neurodegeneration have
been reviewed elsewhere [34,235].

Box 1. Specific features of ApoE4 compared with ApoE3 or ApoE2

«  Greater protease sensitivity & neurotoxicity of fragments[182,183,277,278,281,
282]

«  Less protein stability (thermal and chemical) [252—255]

«  Greater tendency to aggregate and cause aggregation of AP [189,243,283-285]
«  Poor intracellular recycling* [289,290]

»  Lower CNS levels [45,139]

+ Increased plasma clearance [320]

«  Lower plasma levels [318-322]

«  Altered ability to promote cellular cholesterol efflux* [26,263,265—268]

«  Altered LDLr interaction affinity* [300,301]

*These functions may be dependent on the cell type studied. AB: Amyloid  peptide; LDLr:
Low-density lipoprotein receptor.

Unique biochemical & biophysical features associated with ApoE4

In an effort to understand the unique physiological and pathological behavior associated with
ApoE4, in this section we attempt to compare some biochemical, biophysical and structural
features between the isoforms. It must be noted that some of the features described are relevant
to the behavior of ApoE in peripheral tissues and the plasma as well. By the same token, there
may be significant cell type-specific differences in the behavior of ApoE isoforms. The aberrant
behavior of ApoE4 in CNS cholesterol homeostasis in normal aging and disease states may be
attributed to one or a combination of the properties that are outlined in Box 1 and discussed
below.

Structural features of lipid-free ApoE

ApoE is comprised of two domains that are linked by a protease-sensitive loop (Figure 3): a
22 kDa N-terminal domain (residues 1-191) housing binding sites for the LDL receptor (LDLr)
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family of proteins and a 10 kDa C-terminal domain (residues 210-299) bearing high-affinity
lipid-binding sites [236]. The N-terminal domain consists of a series of amphipathic a-helices
that are folded into a four-helix bundle [237]. Receptor binding is believed to occur via a stretch
of conserved basic residues predominantly located on helix 4 in the N-terminal domain [236].
In addition, ApoE bears a high-affinity heparan sulfate proteoglycan (HSPG)-binding site
(residues 142-147) in the N-terminal domain and a low-affinity site (residues 243-272) in the
C-terminal domain [238]. Interaction with cell surface-localized HSPG plays a major role in
internalization of the lipoproteins, either directly or by optimal presentation of the lipoproteins
to the lipoprotein receptors [239]. While the two domains may be independently folded in the
case of ApoE3, it is believed that an interaction between the N- and C-terminal domains in
ApoE4 plays a critical role in determining the functional behavior of this isoform [240-243].

A salt bridge between Arg61 in the N-terminal domain and Glu255 in the C-terminal domain
of ApoE4, but not ApoE3 or ApoE2, constitutes the domain interaction. Although all three
isoforms bear an Arg at position 61, high-resolution structural analysis of the N-terminal
domain suggests that the side chain of this Arg is exposed for interaction with Glu255 only in
the case of ApoE4. Recently, a weak interaction between the two domains was reported in a
monomeric, albeit functional, full length ApoE3 variant [244]. Further studies are required to
validate the physiological relevance of monomeric ApoE and to investigate whether the weak
domain interaction reported in the ApoE3 variant is also present in the wild-type protein.
Although it is not known if lipid-free ApoE exists in the CNS, it is essential to understand the
structural organization of the intact wild-type ApoE isoforms at a high resolution in the absence
of lipids in order to obtain valuable insights into the molecular basis of their physiological and
pathological behavior in the brain.

Conformation of lipoprotein-associated ApoE

In the plasma, ApoE4 displays a binding preference for the larger VLDL-sized particles, while
ApoE3 displays a preference for HDL-sized lipo-proteins [241]. The lipoprotein-binding
preferences have been attributed to the domain interaction feature. However, in the CNS,
ApoE3 and ApoE4 appear to be located primarily on HDL-like particles, as deduced from CSF
analysis and in vitro studies examining ApoE isolated from astrocyte-conditioned medium
[18]. It is not known whether the lipoprotein-associated forms of ApoE3 and ApoE4 on HDL-
sized particles from the CNS display distinct conformational differences.

Our studies suggest a model of HDL-associated ApoE4, wherein positions 61 and 255 in the
N-and C-terminal domains, respectively, may remain proximal following lipid interaction. In
this model, ApoE4 adopts a conformation that resembles a ‘looped-back belt” in reconstituted
lipoproteins containing dimyristoylphosphatidyl-choline (DMPC) and recombinant protein
(Figure 4) [245]. These lipoproteins have a similar geometry and size as nascent discoidal
particles reported in the CNS and retain the functional conformation of ApoE in terms of LDLr
binding and uptake ability; therefore, they serve as excellent models for structural studies. A
similar conformation was reported for ApoE4 bound to dipalmitoylphosphatidylcholine
(DPPC) [246]. Recently, a low-resolution (10 A) x-ray analysis of DPPC particles containing
two ApoE4 molecules in the absence of neutral core lipids was described [247]. The authors
propose a spherical lipoprotein model with the ApoE molecules forming a helical hairpin bend
around a core containing the fatty acyl chains of DPPC. On the other hand, an extended “belt’
model was suggested for ApoE3 bound to discoidal lipoproteins containing DMPC (Figure 4)
[248]. It is not known if these conformational differences between lipid-associated ApoE3 and
ApoE4 account for their differential physiological behavior. Future studies aimed at examining
the structure and conformation of HDL-associated ApoE isoforms will aid in understanding
possible isoform-specific differences in cholesterol metabolism in the CNS.
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Conformational flexibility of ApoE

It can be envisaged that lipid-associated ApoE isoforms may exist in several different
conformational states that are governed by the size, geometry and lipid composition and content
of the lipoprotein particles, some of which are schematically depicted in Figure 5. Previously,
it was proposed that lipid-associated ApoE isoforms may exist in at least two different
conformations: one where the molecule is tethered to the lipoprotein particle only via the C-
terminal domain with the N-terminal domain in a lipid-free helix-bundle state, and a second
where the entire molecule is lipid-associated [249-251]. This model provides an attractive
structural explanation for the regulation of cholesterol and lipoprotein metabolism by ApoE.
Indeed, a differential ability of the two endogenously synthesized isoforms to associate with
released cholesterol in astrocytes may be a consequence of their abilities to exist in multiple
lipid-bound conformations [26]. However, the concept of a direct correlation between the
structure of ApoE isoforms and their corresponding function will be difficult to demonstrate
experimentally given the dynamic nature of the interaction between ApoE and lipids and the
interconversion between lipid-associated states. Therefore, a monumental task lies ahead for
the structural biologists: to understand and identify the molecular organization of ApoE
isoforms in the discoidal and spherical HDL-like particles in the CNS and to determine whether
cholesterol and other lipids alter the lipid-associated conformations. These structures will
provide a basis for interpreting the isoform-specific interaction of Ap with ApoE (discussed
below) and possible Ap-mediated alteration of ApoE/lipoprotein receptor interaction.

ApoE isoform-specific differences in protein stability

Lipid interaction of ApoE involves extensive structural rearrangement of the two domains
[249,251]. Since this interaction implies opening of the N-terminal domain helix bundle to
expose the hydrophobic interior, several studies have attempted to understand the physiological
basis of the ApoE-lipid interaction by comparing the relative abilities of the isoforms to unfold
during chemical and heat denaturation. The three isoforms display a striking difference in
stability of their N-terminal domains [252—-254]. The N-terminal domain of ApoE4 is the least
resistant to chemical and heat denaturation, while that of ApoE2 is the most resistant at neutral
and low pH. The lipid binding affinity of ApoE4 is higher than those of ApoE2 and ApoE3,
although the maximal binding capacity appears to be the same for the three isoforms [255,
256]. This raises the question: does the lipid binding affinity correlate with the protein stability
[252,257,258]? If so, the conformational flexibility of ApoE may be a key factor in regulating
cellular cholesterol release and delivery to the neurons.

Ability of ApoE isoforms to promote cellular cholesterol efflux

In addition to its role in mediating binding and uptake of plasma lipoproteins, ApoE can
promote cellular cholesterol efflux and HDL assembly via the ABCAL transporter [259—
262]. While some studies report no isoform-specific differences in the ability of ApoE to
stimulate ABCA1-dependent cholesterol efflux [263-265], others note significant variations
(ApoE3 > ApoE4 = ApoE2) [26,266,267]. The differences in observations may be attributed
to the cell types used or to the level of expression of ABCAL. However, studies using neuronal
cells and astrocytes suggest that ApoE4 is less efficient than ApoE3 in its ability to promote
cholesterol efflux [266,268,269], suggesting a differential capacity to bind cellular cholesterol.
Our studies demonstrate that the C-terminal lipid-binding domain of ApoE is necessary,
sufficient and highly efficient at mediating cholesterol efflux, with activities comparable to
that of intact ApoE or ApoAl [264]. AB interaction with the C-terminal domain of ApoE
[270-275] can potentially modulate the ability of the latter to bind lipids [276], promote
cholesterol efflux and generate HDL. More studies are required to clarify the role of ApoE
isoforms in promoting cholesterol efflux from astrocytes and/or neurons.
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Is the low protein stability of ApoE4 related to its neuropathological
behavior?

As far as the pathological role in the brain is concerned, the lower stability of ApoE4 may
account for:

+  Susceptibility of this isoform to protease degradation

« Its ability to aggregate or promote aggregation of A (more efficiently than ApoE3
or ApoE2)

« Aberrations in the lysosomal recycling process and/or a tendency to disrupt the
lysosomal membrane, alone or with Ap.

Susceptibility of ApoE4 to protease degradation

It has been suggested that ApoE4 is relatively more susceptible to protease digestion than
ApoE3[182,277]. ApoE and its fragments have been identified in the amyloid plaques in brains
affected by AD and in cultured neuronal cells [183,278]. The carboxyl terminal truncated
ApoE4 resulting from proteolysis was found to induce neuropathology resembling that found
in AD and behavioral deficits in ApoE4 transgenic mice. The C-terminal fragment may play
arole in inducing and stabilizing the oligomeric form of AB [279]. In addition, N-terminal
truncated fragments of varying lengths were also identified in neuroblastoma cells
overexpressing ApoE [279] and in amyloid plaques of brains affected by AD [280]. The 22-
kDa N-terminal fragment of ApoE4 has been shown to bear intense neurotoxic properties
[277,281,282]. Itis not known if the ApoE fragments were generated prior to or after interaction
with AB. Furthermore, considering that lipid-free ApoE is more susceptible to protease activity
than lipid-bound ApoE (the protease-sensitive loop linking the two domains is shielded in the
lipid-bound state) [236,248], the presence of ApoE fragments suggests that they may have
originated from lipid-free ApoE. Thus, the neurotoxicity associated with ApoE4 may be due
to increased generation of toxic fragments. Whether the presence of these fragments in brains
affected by AD is the cause or the consequence of amyloid aggregation and tangle formation
needs further investigation.

The ability of ApoE4 to aggregate or promote aggregation of A

ApoE4 has an inherent ability to aggregate into irregular protofilament-like structures that are
neurotoxic to a line of cultured mouse neuronal cells [243]. The aggregation rate follows the
order: ApoE4 > ApoE3 > ApoE2 and the aggregates are rich in a-helical structures.
Additionally, ApoE4 has a greater tendency than ApoE3 or ApoE2 to promote AB aggregation
in vitro and amyloid plaque deposition in vivo [189,283-285]. The tendency of ApoE4 to
induce self-aggregation or aggregation of Ap may be related to its low protein stability. More
studies are needed to evaluate if cholesterol and other lipids play a role in determining the
aggregation behavior of ApoE4 and if they contribute to the neuropathology associated with
this isoform.

ApoE4 & aberration in the lysosomal recycling process

The decreased stability of ApoE4 at low pH may promote its interaction with the lysosomal
membrane, where the protein is believed to adopt a molten globule conformation [286]. In
addition, studies employing a line of mouse neuronal cells indicate that ApoE4 may potentiate
Ap-associated apoptosis and leakage of lysosomes [287,288]. Interestingly, compared with
ApoE3, a pronounced accumulation of ApoE4 was noted in peripheral endosomes in human
hepatoma cells [289,290]. This observation was attributed to the lower pH in these
compartments, which possibly leads to protein aggregation and a decreased tendency of the
protein to be recycled back to culture medium. It is not known if this behavior of ApoE4 affects
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intracellular cholesterol trafficking. Future studies are expected to shed light on the potential
impact of isoform-specific differences on intracellular cholesterol redistribution in the neurons.

ApoE4 interaction with lipoprotein receptors: poor cholesterol delivery to
neurons and/or AB clearance?

The lipid delivery function of ApoE is primarily mediated by its ability to serve as a ligand for
the LDLr [291] and many of the members of the family of endocytic lipoprotein receptors. At
least seven of these receptors have been identified in the brain: the LDLr, LDLr-related protein
(LRP), VLDL receptor (VLDLYr), ApoE receptor 2 (LRP8), glyco-protein 330/megalin and
multiple epidermal growth factors domains (LRP4), SorLA or LR11 [292] and LRP1B [293].
These receptors are involved in diverse biological functions, including lipid delivery and
signaling [291,294]. A requirement for ApoE interaction with the LDLr is its prior association
with lipoproteins or lipids, although there is evidence that the lipid-free protein interacts with
VLDLr [295] or LRP [296]. Lipoprotein association is accompanied by a dramatic
conformational change in ApoE structure [238,249,250,297,298], which allows presentation
of the multivalent ligand for optimal interaction with the ligand binding sites on the LDLr.
Interestingly, while the LDLr displays poor interaction with ApoE2, VLDLr and LRP appear
to bind all three isoforms [295].

In addition to being considered a risk factor for AD, ApoE4 is also associated with high plasma
LDL-C and atherosclerosis. An increased clearance of plasma ApoE4 compared with ApoE3-
containing VLDL was noted in transgenic mice [299]. One possible explanation for this
observation is that the binding affinity to hepatic LDL is slightly higher for ApoE4 than ApoE3
[300,301]. Increased internalization and catabolism of lipo-proteins (bearing ApoE4) is
expected to downregulate the LDLr, which in turn leads to increased plasma cholesterol levels.
This raises an important question: are there similar possibilities in the CNS? While the observed
increased affinity may be due a net increase in the positive electrostatic potential in the
microenvironment of the receptor binding region in ApoE4, it is not known if a similar
difference in affinity is noted in the neuronal and non-neuronal cells. Furthermore, the isoform-
specific associations between ApoE and VLDLr and LRP in cholesterol metabolism, aging
and AD are less understood since these receptors, unlike the LDLr, are unable to discriminate
between the different isoforms Table 1 [295]. In summary, several factors modulate the ApoE/
lipoprotein receptor interaction, such as the type and location of the receptors, the cellular
source of ApoE, the cell type studied, the extent and type of lipidation, and the receptor binding
affinity of ApoE. Elucidating the significance of the various ApoE receptors in the brain and
their relative contribution to cholesterol metabolism are currently active areas of research.

Additional consideration is warranted regarding the involvement of proteoglycans in effects
elicited by ApoE in the neurons, at least via the LRP pathway. ApoE4, but not ApoE3, inhibits
neurite outgrowth [302-305] or causes degeneration of neurites [282,306] via the LRP/HSPG
pathway. In addition, the ApoE-mediated effects on lipid efflux from astrocytes and neurons
[268] may involve this pathway, as noted for the macrophages [307]. Whereas this pathway
has been studied in the liver regarding the clearance of remnant lipoproteins [308], less is
known about its role in the CNS. Although both the N- and C-terminal domains of ApoE can
interact with HSPG, albeit with different affinities, only the former is available for interaction
in both lipid-free and lipoprotein-associated states. The C-terminal site appears to be masked
owing to lipid association. The association of lipid-free ApoE with HSPG on the cell surface
may have a direct bearing on CNS lipoprotein metabolism, because this lipid-free ApoE may
serve as a reservoir that can be readily employed for cholesterol transport between neuronal
and non-neuronal cells. A two-step binding mechanism has been proposed for the interaction
of ApoE with heparin, a widely used model for HSPG that bears a higher sulfate content
[309]. The initial step involves a rapid electrostatic interaction [310], while the subsequent step
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involves a slower hydrophobic interaction. No significant isoform-specific differences were
noted in ApoE-heparin interactions [311]. Future studies may reveal whether the two-step
mechanism is applicable to cell surface HSPG and whether the ApoE polymorphism affects
this process. In addition to its relevance in cholesterol metabolism, the ApoE-HSPG interaction
also has tremendous implications in AD [312,313] and aging, given the age-related changes
that occur in the structure, composition and function of glycosaminoglycans [314].

APOE genotype & ApoE isoform levels in the brain

Lastly, an aspect that deserves mention is the concept that the poor neurological function of
ApoE4 may simply be related to lower levels of this isoform being present in the brain. Some
attempts have been made to use the CSF levels of ApoE as an indicator of its levels in the brain,
in order to obtain a correlation between APOE genotype and brain ApoE levels ([201] and
references therein). The overall results are inconclusive and more definitive studies are needed
in this direction. While the catabolic rate of ApoE4 is the highest amongst all isoforms in the
plasma [315], it appears that the rate may be lowered for this isoform in the CNS [316]. A
recent study using LDLr-null mice [317] demonstrated that ApoE, but not cholesterol,
accumulates in the brain. This suggests that the LDLr is a major factor affecting brain ApoE
levels. In light of the observation that the plasma concentration of ApoE isoforms follows the
order ApoE2 > ApoE3 > ApoE4 [318-322], while the risk associated with AD follows the
order ApoE4 > ApoE3 > ApoE2, studies were carried out to correlate the brain tissue levels
of ApoE with AD [45,139]. Although based on a small set of data, it was observed that ApoE
levels in the CNS and AD were similarly related to genotype, with the highest ApoE levels
associated with APOE €2 and the lowest levels associated with APOE &4. While attempts to
increase ApoE levels in the CNS by administering agents that upregulate ApoE synthesis have
yielded moderately promising results [45], more studies are needed in this direction to employ
ApOE as a gene-based therapeutic target for treating AD.

Future perspective

While current evidence definitively indicates that elevated cholesterol is detrimental to vascular
health, the same cannot be stated emphatically for the brain. However, the following three
statements are well supported experimentally:

+  Cholesterol is vital for brain synaptic activities such as memory and learning
« ApokE is critical for brain cholesterol homeostasis
« ApoE4 is associated with neurodegenerative disorders

The next big challenge will be to obtain more direct information of the regulatory mechanisms
of ApoE and cholesterol in vivo in the brain. In parallel, the rapid advancement of the
spectroscopic tools available for protein structure analysis will allow intense examination of
subtle differences in the molecular architecture of ApoE isoforms. Together, the new
knowledge obtained will advance our understanding of the role of cholesterol and ApoE in the
amyloid pathogenesis in AD and other neurological disorders of the CNS involving lipids. The
knowledge of the regulation of cholesterol and ApoE in the peripheral tissues and plasma has
served as a springboard for our understanding of corresponding events in the brain. However,
it is not known whether there are differential requirements and regulation of cholesterol and
ApoE on the CNS side of the BBB. Progress in these issues is crucial to developing potential
preventive and therapeutic strategies targeting ApoE-related aberrations in cholesterol
metabolism in the CNS.

Executive summary
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Significance of ApoE

« Cholesterol is a critical player in governing fundamental synaptic activities and
neuronal plasticity in the brain.

«  ApoE aids in shuttling cholesterol between non-neuronal cells and neurons in the
brain.

Cholesterol & ApoE in normal aging

«  Synaptic development and plasticity are governed by the availability of cholesterol
and decline with aging, suggesting a pivotal role for ApoE in aging.

«  APOE &4 appears to be correlated with poor cognitive performance, possibly
related to altered cholesterol metabolism.

Cholesterol & ApoE in Alzheimer’s disease

«  ApoE4 is associated with a heightened risk for developing Alzheimer’s disease
(AD), poor cognitive performance and accumulation of soluble and insoluble
assemblies of amyloid B (AB).

«  Theincreased generation and poor clearance of Ap in AD may be associated with
altered ApoE4-mediated cholesterol metabolism.

Unique biochemical & biophysical features associated with ApoE4

«  Subtle conformational differences between ApoE isoforms may account for their
differential behavior.

« Both isoforms display conformational flexibility.

«  ApoE4 is the least stable of the three isoforms, which may be related to its
neuropathological behavior, increased susceptibility to proteolysis, ability to
promote AP aggregation and tendency to disrupt the lysosomal membrane.

+  ApoE4 is likely involved in poor cholesterol delivery to neurons and/or Ap
clearance.

«  Low expression levels of ApoE4 may account for its poor performance in
cholesterol delivery.
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Figure 1. ApoE-mediated cholesterol shuttle in the brain

ApoE shuttles cholesterol from the astrocytes to the neurons via lipoprotein complexes (green
disc or sphere) by serving as a ligand for lipoprotein receptors (brown). The overall concept is
that ApoE3 may mediate this function better than ApoE4. Conversion of cholesterol to 24S-
OH-cholesterol is a major pathway for elimination of brain cholesterol. It also probably plays

1duasnuely Joyiny vd-HIN

arole in regulating cholesterol synthesis in the astrocytes.
24S-OH-cholesterol: 24S-hyroxycholesterol; BBB: Blood-brain barrier.

Future Lipidol. Author manuscript; available in PMC 2009 August 1.



de Chaves and Narayanaswami Page 35

(A) Synapse

- Astrocyte

Figure 2. Potential involvement of astrocyte-derived cholesterol in synapse formation

(A) Cholesterol is delivered to neurons via ApoE-bearing HDL (green sphere) secreted by
astrocytes. The box represents the synaptic site that is enlarged in (B). Following receptor-
mediated lipoprotein uptake, there is intracellular redistribution of cholesterol (blue ovals) to
the membrane, preferentially to the lipid rafts. Lipid rafts are discrete cholesterol-rich
microdomains that harbor protein complexes involved in signaling pathways.
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Figure 3. Domain organization lipid-free ApoE

ApoE2, ApoE3 and ApoE4 are comprised of an N-terminal and a C-terminal domain that are
linked by a protease-sensitive loop. High resolution structural information is available only for
the N-terminal domains of the three isoforms [237,240,323]. The N-terminal domain is
composed of four long helices (green ribbon) that are folded into a helix-bundle architecture
with a short linker helix (pink). Helix 4 bears the LDL receptor-binding site (gold) with
overlapping heparan sulfate proteoglycan binding sites. The C-terminal domain is modeled as
a-helices (green cylinders) and bears high affinity lipid binding and ApoE self-association sites
(yellow patches).
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Figure 4. Discoidal HDL containing ApoE3 or ApoE4

ApoE3 (left) and ApoE4 (right) are modeled as a series of a-helices (ribbons) circumscribing
a bilayer of phospholipid molecules (blue-grey) yielding a discoidal lipoprotein particle. While
ApoE3 is depicted in an extended organization like a ‘belt’, ApoE4 is modeled like a ‘looped-
back belt’ with the molecule folded on itself. Only two ApoE molecules (one green and the
other yellow) are shown per particle for simplicity.

Future Lipidol. Author manuscript; available in PMC 2009 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

de Chaves and Narayanaswami Page 38

Phospholipids and
% AvoE cholesterol in spherical
N c P lipoprotein with cholesteryl

ester core

- iz alpes n_ Cholesterol
discoidal lipoprotein

Figure 5. Conformational adaptability of ApoE

(A) Lipid-free ApoE; (B and C) ApoE bound to discoidal phospholipid particles, with the N-
terminal domain remaining unbound (B) or bound to lipids (C); (D and E) ApoE bound to
discoidal phospholipid and cholesterol-containing particles, with the N-terminal domain
remaining unbound (D) or bound to lipids (E); (F and G) ApoE bound to spherical
phospholipid particles with cholesteryl ester core, with the N-terminal domain remaining
unbound (F) or bound to lipids (G). Since these are not discrete states, numerous intermediate
conformational states of ApoE with different extents of lipidation are possible between states
(A) and (G).
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