An ABCA1-independent pathway for recycling a poorly
lipidated 8.1 nm apolipoprotein E particle from glia

Jianjia Fan,* Sophie Stukas,* Charmaine Wong,* Jennifer Chan,* Sharon May,* Nicole DeValle,'
Veronica Hirsch-Reinshagen,* Anna Wilkinson,* Michael N. Oda,' and Cheryl L. Wellington"**

Department of Pathology and Laboratory Medicine,* University of British Columbia, Vancouver, British
Columbia, Canada; and Children’s Hospital of Oakland Research Institute,Jr Oakland, CA

Abstract Lipid transport in the brain is coordinated by glial-
derived lipoproteins that contain apolipoprotein E (apoE)
as their primary protein. Here we show that apoE is secreted
from wild-type (WT) primary murine mixed glia as nascent
lipoprotein subspecies ranging from 7.5 to 17 nm in diameter.
Negative-staining electron microscropy (EM) revealed rou-
leaux, suggesting a discoidal structure. Potassium bromide
(KBr) density gradient ultracentrifugation showed that all sub-
species, except an 8.1 nm particle, were lipidated. Glia lack-
ing the cholesterol transporter ABCA1 secreted only 8.1 nm
particles, which were poorly lipidated and nondiscoidal but
could accept lipids to form the full repertoire of WT apoE
particles. Receptor-associated-protein (RAP)-mediated inhibi-
tion of apoE receptor function blocked appearance of the
8.1 nm species, suggesting that this particle may arise through
apoE recycling. Selective deletion of the LDL receptor
(LDLR) reduced the level of 8.1 nm particle production by
approximately 90%, suggesting that apoE is preferentially
recycled through the LDLR. Finally, apoA-I stimulated se-
cretion of 8.1 nm particles in a dose-dependent manner.Hli
These results suggest that nascent glial apoE lipoproteins are
secreted through multiple pathways and that a greater un-
derstanding of these mechanisms may be relevant to several
neurological disorders.—Fan, J., S. Stukas, C. Wong, J. Chan,
S. May, N. DeValle, V. Hirsch-Reinshagen, A. Wilkinson,
M. N. Oda, and C. L. Wellington. An ABCAl-independent
pathway for recycling a poorly lipidated 8.1 nm apolipopro-
tein E particle from glia. J. Lipid Res. 2011. 52: 1605-1616.
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High density lipoprotein (HDL) mediates reverse cho-
lesterol transport (RCT), which is the process by which
excess cholesterol is collected from peripheral tissues and
delivered to the liver for biliary excretion or to steroido-
genic organs for steroid hormone biosynthesis (1). The
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rate-limiting step in HDL biogenesis is catalyzed by the
cholesterol transporter ABCA1, which effluxes cholesterol
and phospholipids from the plasma membrane to apolipo-
protein acceptors (2—4). In plasma, the primary apolipo-
protein acceptor for ABCA1 is apolipoprotein A-I (apoA-I),
whereas in the central nervous system (CNS) itis apoE (5, 6).
Deficiency of ABCAI1 causes Tangier disease (TD), which
is characterized by a nearly total loss of plasma HDL and
increased catabolism of poorly lipidated apoA-I in the kid-
ney (7). TD subjects also present, to various degrees, with
hepatosplenomegaly, tissue cholesteryl ester deposition,
peripheral neuropathology, and a moderate increase in
cardiovascular disease (CVD) risk (7). Despite the well-
known effects of ABCAl mutations on peripheral lipid and
HDL metabolism, there are no reports of the impact of
ABCALI deficiency on brain HDL metabolism in humans.
The brain is the most cholesterol-rich organ in the body,
containing over 25% of total body cholesterol in only 2%
of total body weight (8). Dysfunctional brain lipid metabo-
lism contributes to several neurodegenerative disorders,
including Alzheimer’s disease (AD) (9), Smith Lemli Opitz
syndrome (10), and Neiman-Pick disease type II (11). De-
spite the importance of brain lipid metabolism for lifelong
neuronal function, less is known about lipid and lipopro-
tein metabolism in the CNS compared with non-CNS tissues,
primarily because CNS lipid metabolism is largely segre-
gated from that of plasma. Under normal conditions, di-
etary cholesterol does not cross the blood-brain barrier
(BBB), and all cholesterol required in the CNS is synthe-
sized in situ (8). Unlike plasma, the CNS does not contain
apoB-containing lipoproteins, including low-density lipo-
proteins (LDL), very low-density lipoproteins (VLDL), and
chylomicrons (12). Instead, cholesterol and other lipids in
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the CNS are transported on lipoprotein particles that
resemble plasma HDL in size and density (12). ApoA-I is
present in cerebrospinal fluid (CSF) at approximately
0.5% of its levels in plasma and may enter CSF by transfer
across the BBB or via expression in choroid plexus epithe-
lial cells (13-17). In contrast, full-length apoE does not
cross the BBB (18), and the apoE in the CNS is synthesized
and secreted by astrocytes and microglia (19, 20).

ApoE is a 299 amino acid protein that, in humans, is
expressed as three genetic variants that differ by a single
amino acid (21). These variants are apoE2 (cys112, cys158),
apoE3 (cys112, argl58), and apoE4 (argl12, argl58) (21).
ApoE genotype is the most established genetic risk factor
for Alzheimer’s disease in the general population (22).
Carriers of the apoE4 allele display increased AD preva-
lence and an earlier age of onset in a gene dose-dependent
manner (23), whereas inheritance of the apoE2 allele de-
lays the age of onset and reduces AD prevalence (24). Al-
though the precise mechanisms by which apoE contributes
to AD pathogenesis is not entirely understood, apoE has a
significant influence on the metabolism of AP peptides,
which are the toxic species that accumulate as amyloid
plaques in the neural parenchyma and cerebrovasculature
of AD patients (9).

We and others have recently shown that the amount of
lipids carried by apoE is an important determinant of A
metabolism in mice. Specifically, ABCA1™/~ mice have
poorly lipidated apoE that exacerbates the formation of am-
yloid plaques (25—27), whereas selective overexpression of
ABCAI by 6-fold or greater results in lipid-enriched apoE
that inhibits amyloiodogenesis (28). Recently, ABCAl-medi-
ated lipidation of apoE was shown to facilitate the proteolytic
degradation of AP peptides by neprilysin and insulin-de-
grading enzyme (29). In addition to AD, the apoE4 geno-
type is associated with a worse prognosis after several types of
acute neuronal insults (30). ApoE levels are presumably el-
evated in the injured brain to scavenge the vast amount of
lipids released by degenerating neurons and myelin, which
are later delivered to surviving neurons during reinnerva-
tion and synaptogenesis. These observations underscore the
importance of understanding apoE HDL metabolism in the
CNS for both acute and chronic neurological applications.

In plasma, HDL is not a single entity but, rather, exists
as a complex and dynamic mixture of subclasses that differ
in size as well as cholesterol, lipid, and protein composi-
tion (31, 32). These differences endow each HDL subclass
with unique physiological properties with respect to recep-
tor affinity, enzyme and protein association, cholesterol
efflux capacity, size, and stability (31, 32). Subclass-specific
properties are important aspects of RCT, where HDL must
first accept lipids, become stabilized for transport through
the bloodstream, and then offload its lipid cargo at target
tissues (31, 32). ApoA-l, the key protein component of plasma
HDL, is expressed in liver and intestine. Upon synthesis,
ApoA-I is rapidly lipidated by ABCAI to form nascent
discoidal HDL particles, with liver ABCAI generating ap-
proximately 70% of plasma HDL and intestinal ABCAl
contributing the remaining 30% (33, 34). These newly
synthesized HDL particles have a discoidal shape, are com-
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posed of two or three molecules of apoA-I, and form several
distinct particle subtypes (1). For example, reconstituted
nascent apoA-I HDL particles range from 7.8 to 17.0 nm in
diameter and differ in their abilities to stimulate ABCA1-
dependent cholesterol efflux and to bind and activate leci-
thin cholesterol acyltransferase (LCAT) (1). The LCAT
reaction converts free unesterified cholesterol to choles-
teryl ester (CE) during the maturation of immature nascent
discoidal particles to mature spherical HDL (35), which is
the preferred substrate for scavenger receptor class B type I
(SR-BI)-mediated CE uptake by the liver and steroidogenic
organs (36).

Compared with nascent apoA-I HDL particles in the pe-
riphery, less is known about the structure, function, and
metabolism of nascent apoE HDL particles in the brain.
Previous studies have shown that nascent apoE and apo]
are secreted as distinct particles from cultured primary as-
trocytes (37, 38). After 72 h of media conditioning, apo] is
found on particles approximately 8-11 nm in diameter with
an irregular structure and contains approximately three
parts protein and one part ethanolamine glycerophospho-
lipids, whereas apoE forms nascent discoidal particles
approximately 8, 11, and 14 nm in diameter, composed
roughly of two parts protein, one part unesterified choles-
terol, and one part phospholipids, with ethanolamine
glycerophospholipids being approximately 3-fold more
abundant than choline phospholipids (37, 38).

Similar to its role in plasma HDL biogenesis, ABCA1 has
critical functions in the generation of apoE HDL in the
CNS (39). Mice deficient in ABCA1 have an 80% loss of
total apoE protein levels in brain tissue and exhibit re-
duced levels and abnormally small apoE lipoprotein par-
ticles in CSF (5, 6). Nascent apoE HDL particles secreted by
ABCA1 ™/~ glia are smaller and contain approximately 30%
of the cholesterol found on wild-type (WT) particles (6).
Intriguingly, ABCA1 /" glia secrete less apoE during the
first 6-8 h of media conditioning (5), but by 72 h, total se-
creted apoE levels become equivalent between WT and
ABCA1~/~ cells (6). These observations suggest that glial
apoE secretion also involves ABCAl-independent path-
ways. Here we show that ABCAL facilitates the rapid secre-
tion and lipidation of nascent apoE from primary glia to
produce nascent HDL particles ranging from 7.5 to 17 nm
in diameter. An ABCAl-independent pathway promotes
the secretion of a poorly lipidated 8.1 nm apoE subspecies
from both WT and ABCA1 ™/~ glia, which is recycled pri-
marily through the LDL receptor (LDLR).

MATERIALS AND METHODS

Animals

ABCA1 /™ mice were obtained from Dr. Omar Francone (Pfizer
Global Research and Development) and were on a DBA/1Lac]
genetic background (40). LDLR /™ and ap0E7/7 mice, each on
a C57Bl/6 background, as well as C57Bl/6 inbred mice, were ob-
tained from Jackson Laboratories. Double LDLR/ABCA1 ™/~
mice were generated by intercrossing single knockout lines fol-
lowed by one backcross. Animals were maintained on a standard
chow diet (PMI LabDiet 5010, containing 24% protein, 5.1% fat,



and 0.03% cholesterol). All procedures involving experimental
animals were performed in accordance with approved protocols
from the Canadian Council of Animal Care and the University of
British Columbia Committee on Animal Care.

Primary glial culture

Primary mixed glia were prepared from postnatal day 0 to day 2
pups as described (5). Brains were removed and placed in ice-
cold Hanks buffered salt solution (HBSS) adjusted to 6 g/1 glu-
cose and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer. Meninges were removed, cortices and hip-
pocampi were isolated, and tissues samples were minced with for-
ceps and then homogenized by gentle trituration through a 5 ml
pipette. Suspensions were centrifuged at 1,000 rpm for 4 min.
The supernatant was discarded, and cells were resuspended in 3 ml
of growth media (DMEM:F12 containing 10% fetal bovine se-
rum, 2 mM L-glutamine, and 1% penicillin/streptomycin; Invit-
rogen). Each preparation from an individual pup was seeded
into one T75 tissue culture flask with 13-15 ml growth media.
Media were changed every 3-5 days until cells were fully confluent at
approximately 14-20 days. Once confluent, cells were washed
once with serum-free conditioning media and then incubated
with serum-free conditioning media (1:1 DMEM:F12 with 0.2 mM
penicillin and 0.05 mM streptomycin) for 72 h unless otherwise
indicated. Glial-conditioned media (GCM) were harvested and cen-
trifuged at 1,000 g for 3 min to remove any remaining cells, then
concentrated 10x using Vivaspin 15 centrifugal concentrators
with a molecular weight cutoff of 10,000 Da (Sartorius Mecha-
tronics). GCM were stored at —20°C until analyzed. For cellular
analysis, cells from one T75 flask were collected after incubation
with 3 ml of 0.25% trypsin with EDTA for 5 min and centrifuga-
tion at 1,000 gfor 3 min. Cell pellets were washed once with PBS.
For protein analysis, cell pellets were lysed in 500 pl of radioim-
munoprecipitation assay (RIPA) lysis buffer (20 mM Tris, 1%
NP40, 5 mM EDTA, 50 mM NaCl, 10 mM Na pyrophosphate, 50 mM
NaF, and complete protease inhibitor, pH 7.4). Cell lysates were
sonicated at 30% output for 10 s. Overall protein concentration
was determined by Lowry protein assay (Bio-Rad). Glial lysate
samples were kept at —80°C until analyzed by 10% SDS-PAGE.

Fluorescence-activated cell sorting

Mixed glial cells were detached from a T75 culture flask with
0.25% trypsin for no more than 2 min, washed three times with
ice-cold PBS, and triturated to a single-cell suspension in a fluo-
rescence-activated cell sorting (FACS) buffer (2% FBS in 1x
PBS). Cells were distributed into 96-well U-bottomed plates at
approximately 1 x 10° cells per well and manipulated in the dark.
Cells were incubated on ice for 30 min with 1:50 PE-anti-mouse
CD11b antibody (#557397; BD Pharmingen). After two washes
with FACS buffer, cells were fixed and permeabilized with BD
Cytofix/Cytoperm solution (#554722; BD Biosciences) for 30 min
on ice, washed twice with saponin-containing BD Perm/Wash
buffer (#554723; BD Biosciences), and incubated with 1:25 Alexa
Fluor 488-conjugated-anti-mouse GFAP antibody (#3655; Cell
Signaling Technology) on ice for 30 min. After another two washes
with saponin-containing buffer, the cells were resuspended in
2% PFA prior to FACS analyses. Cell fluorescence signals were
determined by using a FACS Calibur (Becton Dickinson) equipped
with highly sensitive blue (480 nm) and red (635 nm) lasers for
quantitative analysis applications. Data were acquired and ana-
lyzed using CellQuestPro software (Becton Dickinson).

Conditioned media exchange

After 72 h, conditioned media were collected from a whole
T75 flask of WT or ABCA1 ™/~ primary glia and centrifuged at
1,000 gfor 3 min to remove cellular debris. Half of the collected

media was stored at —20°C, and the other half was transferred to
a T75 flask of apoE™’~ glia for another 48 h incubation. All col-
lected media were concentrated 10x as above prior to analysis.

Electrophoresis and Western blotting

For native PAGE, GCM samples were mixed with nondenatur-
ing loading dye to a final concentration of 0.04% bromophenol
blue, 4.0% glycerol, and 100 mM Tris (pH 6.8) and resolved on
6% nondenaturing Tris-HCI polyacrylamide gels. For SDS-PAGE,
media and cell samples were mixed with loading dye containing
2% SDS and 1% B-mercaptoethanol, incubated for 10 min at
90°C, and resolved on 10% Tris-HCl polyacrylamide gels. Proteins
were transferred onto polyvinylidene difluoride (PVDF; Millipore)
membranes at 24 V overnight at 4°C. After blocking with 5% non-
fat milk in PBS for 1 h, membranes were probed with 1:1000 goat-
anti-murine apoE (Santa Cruz Biotechnology and Chemicon),
1:2500 goat-anti-human apoE (Biodesign), 1:1000 rabbit-anti-
human apo] (Signet), 1:1000 monoclonal anti-ABCAI (a gift from
Dr. Michael Hayden), 1:1000 goat-anti-LDLR (R and D Systems),
and 1:2000 rabbit-anti-LRP (a gift from Dr. Joachim Herz) over-
night at 4°C. The Biodesign antibody to human apoE cross-reacts
with murine apoE. Membranes were washed with 2x PBS-T (2x
PBS with 0.05% Tween-20) four times for 8 min each and then
incubated for 1 h with 1:1000 horseradish peroxidase (HRP)-
labeled anti-goat secondary antibody (Santa Cruz Biotechnology).
Results were visualized using chemiluminescence (Amersham).
Particle diameters on native gels were determined by comparison
with a native high molecular weight marker standard (Amer-
sham). Protein molecular weights on denaturing gels were deter-
mined by comparison with the kaleidoscope molecular weight
marker standard (Bio-Rad).

Potassium bromide gradient ultracentrifugation

An amount of 3 ml of CGM, conditioned for 72 h and concen-
trated 5x, was adjusted to a density of 1.25 g/ml with potassium
bromide (KBr) salt and overlaid with 2.0 ml of 1.225 g/ml, 4.0 ml
of 1.100 g/ml, and 3.0 ml of 1.006 g/ml KBr solutions. Gradients
were centrifuged for 21 h 15 min at 40,000 rpm at 20°C in a SW41
rotor (Beckman). Four fractions were collected from the top of
the gradient: fraction 1 = 4 ml (1.060 g/ml), fraction 2 = 3 ml
(1.122 g/ml), fraction 3 = 3 ml (1.195 g/ml), and fraction 4 = 2 ml
(1.252 g/ml). Fractions were dialyzed against PBS at 4°C overnight,
then concentrated 10x using Centriprep YM-10 concentrators with
molecular weight cutoft of 10,000 Da (Millipore) and analyzed by
6% native PAGE and 10% SDS-PAGE. Total cholesterol (TC) con-
tent of fractions was measured using commercially available enzy-
matic kits (Invitrogen) following the manufacturer’s instructions.

Electron microscopy

Three hundred fifty microliters of concentrated GCM was dia-
lyzed against electron microscopy (EM) dialysis buffer (0.125 M
ammonium acetate, 2.6 mM ammonium carbonate, and 0.26 mM
EDTA) overnight at 4°C. Then, 2 ul of each sample was mixed
with 2 pl of 2% sodium phosphotungstate and incubated for
1 min. Next, 5 pl of the stained sample was loaded onto formvar-
and carbon-coated copper grids (Canemco). Excess solution was
immediately absorbed with filter paper, and the samples were air
dried on the grid. Particles were imaged on a Hitachi H7600
transmission electron microscope using an AMT Advantage HR
Digital CCD camera.

Oil Red O staining

Glial cells were seeded in poly-D-lysine-coated 12-well plates at
300,000 cells/well. After 24 h in DMEM containing 10% fetal
FBS, cells were air dried, fixed in neutral-buffered formalin,
and stained with Oil Red O. Nuclei were counterstained with

Secretion of glial apoE lipoprotein subspecies 1607



hematoxylin. Cells were photographed on a Zeiss Axioplan 2
microscope using a CCD camera equipped with AxioVision Rel.
4.6 (Carl Zeiss, Inc.) imaging software.

RAP purification

A single colony of BL21 E. coli containing pGEX-KG-RAP (a
gift from Dr. Joachim Herz) was inoculated into 10 ml of 2x YT
media and cultured overnight at 37°C, with shaking at 220 rpm.
The 10 ml culture was diluted with 1 1 of 2x YT media and cultured
using the same conditions until OD600 = 0.8-1.0. Expression of
GST-RAP was induced by adding 0.5 M isopropyl-beta-d-thio-
galactopyranoside (IPTG) to a final concentration of 0.2 mM for
1 h. Cells were harvested by centrifugation at 5,000 rpm for 10 min
at 4°C, then washed with 1x PBS and centrifuged as before. Cells
were resuspended in 60 ml of lysis buffer (1x PBS, protease in-
hibitor, 10% glycerol, and 1% Triton X-100 and fresh lysozyme
powder [100 mg/ml]) and incubated on ice for 15 min. Cells
were sonicated three times for 15 s at 20% amplitude and cleared
by centrifugation at 12,000 rpm for 15 min. The supernatant was
then incubated for 3 h at room temperature (RT) with 1 ml glu-
tathione sepharose beads (previously equilibrated with 1x PBS)
for every liter of culture. Beads were centrifuged at 2,000 rpm,
and then washed three times with 1x PBS. Beads were then equili-
brated with 1x precision protease buffer (50 mM Tris-Cl pH 7.0,
150 mM NaCl, 1 mM EDTA, and 1 mM DTT) before incubation
with protease solution (30 units in 1 ml of protease buffer per 11
culture) at RT overnight. Eluate was collected, and another 1 ml
of fresh protease buffer was added to the beads and incubated at
RT overnight. Eluate samples were pooled and concentrated 10x
using Centriprep YM-10 concentrators (Millipore), and then ana-
lyzed on a 10% SDS-PAGE gel stained with Coomassie Blue for
quantification.

RAP inhibition of apoE uptake

Wild-type and ABCA1~/~ glia were reseeded into 12-well plates
at a density of 400,000-500,000 cells/well in 1 ml of maintenance
media (DMEM:F12 containing 10% FBS, 2 mM L-glutamine, and
1% penicillin/streptomycin). After 48 h, cells were treated with
either 500 pl of serum-free conditioning media (DMEM:F12) or
serum-free conditioning media containing 1 pM BSA, 70 nM
RAP, or 1 pM RAP for 72 h. Conditioned media were collected,
and cells were harvested using 100 wl of RIPA lysis buffer fol-
lowed by Western blot analysis on nondenaturing or denaturing
gels as described above.

ApoE ELISA

The 96-well ELISA plates (Costar cat. #3590; Fisher) were
coated with 3.13 ng/well WUE4 apoE antibody (a kind gift from
Dr. David Holtzman) at 4°C overnight, then washed five times
with PBS-0.025% Tween (pH 7.4), blocked with 1% nonfat dry
milk in PBS (pH 7.4) for 1 h, and then washed as above. Stan-
dards or samples were diluted with dilution buffer (DB, 0.5%
BSA and 0.025% Tween 20 in PBS, pH 7.4) and heated at 52°C
for 3 h. Wells were loaded with 100 pl of sample in duplicate
and 100 pl of apoE standards in triplicate, incubated in a hu-
mid chamber for 24 h at 4°C, then aspirated and washed as be-
fore. Next 100 pl per well of Calbiochem anti-apoE (1:12,000)
in DB was added and incubated for 90 min at 37°C. After wash-
ing, 100 pl per well of biotinylated anti-goat IgG (1:160,000;
Vector) in DB was added and incubated for 90 min at 37°C.
Streptavidin-poly-HRP antibody (1:4000; Pierce) was then
added and incubated at RT for 90 min. Color was developed by
adding 100 pl/well Sigma ELISA TMB and stopped immedi-
ately by adding 100 pl of 1M HCL. Plates were read at 450 nm
absorbance.
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Cholesterol and phospholipid measurement

Total cholesterol measurements of GCM samples were performed
using the fluorogenic Amplex Red Cholesterol Assay Kit (Invitro-
gen) following the manufacture’s protocol. To measure total choles-
terol and phospholipids levels in cells, cellular lipids were extracted
using a modified Bligh and Dyer method. Briefly, a cell suspension
was added to 1:2 (v/v) chloroform:methanol, vortexed for 30 s, and
centrifuged at 1,000 g for 5 min. The supernatant was then trans-
ferred to 1:1 (v/v) chloroform:0.9% NaCl solution. After another
centrifugation at 1,000 g for 5 min, the chloroform phase was trans-
ferred to new glass tube and dried under nitrogen. After the lipid
pellet was dissolved in 2% Triton-X 100, cellular total cholesterol
and phospholipid content was measured by Wako kits following
the manufacture’s protocols (#439-35801 for Cholesterol E kit and
#433-36201 for Phospholipids C kit; Wako).

Preparation of recombinant apoA-I

Human apoA-I was expressed in bacteria as previously de-
scribed (41). The protein was expressed in E. coli strain BL21 (DE-3)
pLysS and cultured in NZ amine, Casamino acids, Yeast extract,
Mgso4 (NZCYM) media containing 50 pg/ml ampicillin. Ex-
pressed proteins were purified via Hi-Trap nickel chelating col-
umns (GE Biosciences) as described (41). Protein purity (>95%)
was confirmed by SDS-PAGE.

Statistical analysis

Data are shown as mean + standard error. One-way ANOVA
with a Tukey’s multiple comparison post test or two-tailed un-
paired Student’s ttest were used for statistical analysis. For #test
analyses, Welch’s correction for unequal variances was applied
when variances were significantly different between groups. All
statistical analyses were performed using GraphPad Prism (ver-
sion 5.0; GraphPad Software for Science, Inc.).

RESULTS

Nascent apoE particle subspecies are secreted from WT
and ABCA1™~/~ glia in a distinct temporal pattern

Previous studies have suggested that ABCA1 ™/~ glia se-
crete less apoE within the first 6-8 h of conditioning com-
pared with WT glia but that total apoE levels become
equivalent after 72 h (5, 6). To further delineate the dy-
namic nature of glial apoE secretion, we characterized the
electrophoretic pattern of apoE subspecies secreted from
mixed primary WT and ABCA1~/~ glia after 6, 24, 48, and
72 h of conditioning. FACS analysis showed that WT and
ABCA1 ™/~ cultures contained comparable amounts of
GFAP-positive astrocytes and CD11b-positive microglia (as-
trocytes: WT' =80.71 +4.73%, N =5, ABCA1 =84.07 + 3.39%,
N =5, P>0.05; microglia: WT' =2.68 + 1.17%, N = 5, ABCALI =
3.25+1.95%, N =5, P>0.05). Native PAGE analysis showed
that WT glia secreted several apoE nascent particles ranging
in diameter from approximately 7.5 to 17 nm, including an
8.1 nm species that required at least 48 h of conditioning to
become detectable in WT glial-conditioned media (Fig. 1).
ABCA1 ™/~ glia secreted only the 8.1 nm particle. SDS-PAGE
analysis confirmed that ABCA1 ™/~ glia secreted less total
apoE during the first 6 h of conditioning.

The 8.1 nm particle secreted from WT and ABCA1~/~
glia is a lipid-poor and structurally distinct species

Wabhrle et al. previously reported that the total cholesterol
content of conditioned media from ABCA1™/~ astrocytes
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Fig. 1. Glial apoE is secreted as distinct nascent subspecies. WT
and ABCA1 ™/ primary mixed glia were cultured to confluency
and then conditioned in serum-free media for indicated time
points. Media were collected, concentrated 10-fold, and analyzed
by 6% native PAGE followed by immunoblotting for apoE. Stokes
diameter of standards are listed on the left.

is reduced by 70% compared with WT controls (6), indi-
cating that the 8.1 nm species is lipid poor. To confirm this
observation, we quantified the TC and total apoE levels in
72 h GCM by enzymatic assay and ELISA, respectively, and
observed a 79% decrease in TC (WT: 72.3 ng TC/ pg apoE;
ABCA1 /": 15.1 wg TC/pg apoE, P < 0.001), consistent
with Wahrle’s earlier observation (6). To determine if
there were differences in lipidation of individual glial-
derived nascent apoE subspecies, we next performed KBr
gradient ultracentrifugation to separate the particles by
buoyant density. Western blot analysis of KBr fractions
showed that all particles secreted by WT glia except the
8.1 nm species were recovered in fraction 2 (1.1-1.2 g/ml)
(Fig. 2A). In contrast, the 8.1 nm particle from both WT
and ABCA1 ™/ ~ glia was recovered in fraction 4 (>1.25 g/ml)
(Fig. 2A). Apo], a protein-dense lipoprotein secreted from
glia, was also recovered in fraction 4 from both WT and
ABCA1 /™ media (Fig. 2A). These observations indicate
that the 8.1 nm particle, detectable in WT GCM by 48-72 h,
is equivalent to the 8.1 poorly lipidated species that is
the sole apoE particle found in ABCA1~~ GCM. Negative-
staining EM of conditioned media from WT and ABCA1 o
glia revealed that the rouleaux characteristic of discoidal
HDL particles was observed in WT but not ABCA1 ™/~ sam-
ples, suggesting that the 8.1 nm particle is nondiscoidal
and structurally incapable of forming these distinctive
stacks (Fig. 2B).

Lipidation of the 8.1 nm apoFE particle by ABCAI restores
apoE subspecies distribution to resemble the WT pattern
Because the 8.1 nm apoE particle was a structurally dis-
tinct lipid-poor HDL particle relative to the other nascent
apoE HDL particles secreted by WT glia, we next queried
whether it was capable of accepting lipids from ABCAI.
Media from WT and ABCA1~/" glia were conditioned for
72 h and then added to apoE ™"~ glia for an additional 48 h
to allow the donor particles to be lipidated by ABCAI ex-
pressed in the recipient cells. Donor apoE particles secreted
from both WT and ABCA1 ™/~ glia gave rise to a nearly
identical pattern of apoE particles after incubation with
ABCAIl-expressing apoEﬁf glia (Fig. 3). The only particle
that ABCA1~’~ donor media failed to generate was a large

A
wT ABCAT1-/- wT ABCA1-/-

1234T7T1234T 1234T7T1234T

RN

ApoE

ApoJ

WT ABCA1-/-

100 nm

Fig. 2. The 8.1 nm apok particle is protein dense and incapable
of forming rouleaux. A: Confluent WT and ABCA1™/ primary
mixed glia were conditioned in serum-free media for 72 h. Media
were collected, concentrated 10-fold, and analyzed by KBr ultra-
centrifugation. Samples were separated into four fractions: fraction
1 =1.060 g/ml, fraction 2 = 1.122 g/ml, fraction 3 = 1.195 g/ml,
and fraction 4 = 1.252 g/ml. Fractions were dialyzed, concentrated,
and analyzed by 6% native PAGE followed by immunoblotting to
apoE and apo] relative to unfractionated total (T) conditioned me-
dia. Stokes diameter of standards are listed on the left. B Negative-
stain EM of media conditioned from WT and ABCA1~/ primary
mixed glia for 72 h, showing two representative images for each
genotype and magnification (bar).

species at approximately 17 nm. These observations dem-
onstrate that, despite its structurally distinct nature, the
8.1 nm apokE particles are not impaired in their ability to
accept lipids from ABCAI.

WT ABCAI-/-
A
170 —
122 — ' '
104 — ""!‘
71—

Fig. 3. The 8.1 nm apoE particle is an efficient lipid acceptor for
ABCAL. Confluent WT and ABCA1™/ primary mixed glia were
conditioned in serum-free media for 72 h. Media were collected and
added to confluent primary apoEf/ ~ mixed glia for an additional
48 h, then analyzed by 6% native PAGE followed by immunoblotting
to apoE. The gel shows media samples from two independent ammals
per genotype before (B) and after (A) exposure to apoE - glia.
Stokes diameter of standards are listed on the left.
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ABCAL deficiency reduces LDLR levels in cultured glia

We have previously shown that ABCAl-deficient glia
accumulate lipids under standard culture conditions (5).
We confirmed and extended these observations by first
staining for neutral lipids using Oil-Red-O in WT,
ABCA1 /7, and LDLR ™/~ glia. As expected, we observed
minimal lipid droplets in WT glia, abundant lipid drop-
lets in ABCA1™/~ glia, and no lipid accumulation in
LDLR /"~ glia (Fig. 4A). Because cellular lipid accumu-
lation in ABCA1 ™/~ cells is expected to activate sterol-
regulatory element binding protein 2 (SREBP2) that leads
to negative feedback regulation of LDLR but not LRP ex-
pression, we next quantified LDLR and LRP levels by
Western blot. As expected from the presence of lipid ac-
cumulation, ABCA1 ™™ cells exhibited a 75% reduction
in LDLR protein levels compared with WT glia (P <
0.0001, Fig. 4B) but no significant change in LRP levels
compared with WT glia. The selective reduction in LDLR
levels in ABCA1 ™~ glia indicates that the ratio of
LRP:LDLR is likely lower in ABCA1 ™/~ relative to WT
glia under the culture conditions employed. There were
no significant differences in cellular apoE levels among
WT, ABCA1 /", and LDLR /" glia (Fig. 4B).

Inhibition of apoE receptor activity preferentially reduces
secretion of small apoE particles from glia

In several cell types, apoE is recycled through apoE
receptor-mediated endocytosis and resecretion (42—45). To
determine if apoE recycling also occurs in primary glia, we
first examined the distribution pattern of secreted apoE
particles over time in WT and LDLR /"~ glia. Appearance
of apoE particles in LDLR ™/~ GCM was delayed relative to
WT GCM (Fig. 5). Furthermore, the 8.1 nm apoE particle was
barely detectable even after 96 h of conditioning (Fig. 5).
Selective deletion of the LDLR did not alter cellular TC
content in LDLR ™'~ compared with WT glia (WT = 27.09 +
2.232 ng TC/ng protein, N = 4, LDLR /™ = 25.78 + 1.111 ng
TC/ng protein, N = 5, P=0.592). These observations are
consistent with a role for LDLR in apoE recycling and with
the effect of loss of LDLR activity on the 8.1 nm particle.

To further differentiate the roles of glial LRP and LDLR
on secretion of apoE subspecies, we also used recombinant
RAP, prepared as a GST-fusion protein, to block the activ-
ity of apoE receptors. RAP inhibits LRP at 70 nM and both
LRP and LDLR at 1 pM (46). The levels and pattern of
secreted apoE subspecies were not altered when WT,
ABCA1 ™/ ~, and LDLR /™ glia were incubated with 1 pM
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Fig. 4. ABCA1 /"~ glia accumulate lipids and have reduced LDLR levels. A: Oil-Red-O staining of neutral
lipids in WT, ABCA1 /", and LDLR ™/~ primary mixed glia at confluency. B: Quantification of cellular LDLR
and LRP expression in WT, ABCA1™", and LDLR ™/~ primary mixed glia by Western blot. Actin was used as
a loading control. Data represent means and standard error of N = 6-9 independent cultures. ***P < 0.001
using one-way ANOVA with Tukey’s multiple comparison post test.
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Fig. 5. LDLR deficiency leads to a selective loss in the 8.1 nm
apoE particle. WT and LDLR "/~ primary mixed glia were cultured
to confluency and then conditioned in serum-free media for indi-
cated time points. Media were collected, concentrated 10-fold, and
analyzed by 6% native PAGE followed by immunoblotting for apoE.
Stokes diameter of standards are listed on the left.

BSA as a negative control or with 70 nM RAP, suggesting
that LRP does not play a major role in regulating the levels
of secreted apoE (Fig. 6A, left panel). In contrast, treat-
ment of WT and LDLR ™/~ glia with 1 pM RAP reduced
the total level of secreted apoE and preferentially inhib-
ited the secretion of the smaller apoE subspecies, leaving
only the larger 12-17 nm particles evident in GCM (Fig. 6A,
left panel). Although treatment of ABCA1 ™/~ glia with
70 nM RAP had no impact on secreted apoE levels, treat-
ment with 1 wM RAP blocked the secretion of the 8.1 nm
apokE species, virtually eliminating the secretion of apoE
(Fig. 6A). That functional inhibition of apoE receptors re-
duces secreted apoL is consistent with the hypothesis that
apoE recycling, primarily via LDLR, contributes to the
steady-state apoE levels in GCM. Furthermore, by inhibiting
apoE uptake, RAP-mediated inhibition of glial apoE recep-
tors may prolong the extracellular half-life of secreted apoE
and increase its availability to ABCA1, thus generating larger
particles in cells that are capable of cholesterol efflux.

To specifically delineate the contribution of LDLR to
apoE recycling in glia, we generated double knockout
(DKO) ABCA1 /~/LDLR /" mice and evaluated apok se-
cretion from primary mixed glia. Densitometric analysis of
apokE levels in GCM by SDS-PAGE suggested at least a 70%
reduction in total apoE levels in 72 h DKO GCM (WT: 7.33 +
4.17 optical units, ABCA1 /7 7.21 + 4.93 optical units,
DKO: 2.12 + 1.01 optical units) (Fig. 6B). More accurate
quantitation of total apoE levels by ELISA showed that
apok secretion was reduced by approximately 93% in 72 h
DKO GCM (WT: 123.5 + 1.66 ng/ml, ABCA1 ™/ 7:123.9 +
10.83 ng/ml, DKO: 8.72 + 1.13 ng/ml) (Fig. 6C). Because
LDLR levels in ABCA1~/~ glia are only approximately 25%
of WT levels under the culture conditions employed here
(Fig. 6B, C), these observations clearly define a major role
for the LDLR in ABCAl-independent apoE recycling/se-
cretion, as LRP cannot compensate efficiently for LDLR
with respect to apoE recycling.

ApoA-I stimulates glial apoE recycling and lipidation in
primary glia

ApoA-I and HDL have been reported to stimulate apoE
recycling in a wide variety of cell types, including Chinese
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Fig. 6. Secretion of the 8.1 nm apoE particle involves LDLR func-
tion. A: Confluent WT, LDLR ™", and ABCA1 ™'~ primary mixed glia
were treated with serum-free media containing no additives (1),
1 LM BSA (2), 70 nM RAP (3), or 1 uM RAP (4) for 72 h (left panel).
Confluent WT and LDLR /"~ primary mixed glia were conditioned
for 72 h in the absence of RAP, and primary ABCA1™/" glia were
conditioned for 72 with and without 1 wM RAP as indicated (right
panel). Media were collected and analyzed by native PAGE followed
by immunoblotting to apoE. B: Confluent WT, ABCA1 /", and
ABCA1/LDLR ™~ primary mixed glia were conditioned in serum-
free media for 72 h. Media were collected at the indicated time points
and analyzed by native and SDS-PAGE followed by immunoblotting
to apoE. Stokes diameter of standards are listed on the left. C: Quan-
titation of apoE levels in media from WT, ABCA1 /", and ABCA1/
LDLR /" conditioned media by ELISA. Data represent means and
standard error from two independent cultures per genotype using
one-way ANOVA with Tukey’s multiple comparison post test.

hamster ovary (CHO) cells, fibroblasts, hepatocytes, mac-
rophages, adipocytes, and neuronal cells (42, 47-55). In
macrophages, apoA-I-mediated stimulation of apoE secre-
tion is independent of ABCA1 (56). To determine whether
apoA-I stimulates apoE secretion from primary glia, we
treated mixed glial cultures with recombinant human
apoA-I at doses ranging from 10 to 60 wg/ml for 48 h.
Conditioned media showed a clear dose-dependent in-
crease in 8.1 nm apoE particles (Fig. 7A), supporting our
hypothesis that this species represents recycled apoE that,
in WT cells, has not yet been lipidated by ABCAI. The de-
creased signal of larger particles (>10 nm) in WT media
suggests that secreted apoE might be driven more toward
the recycling pathway rather than lipidation in the pres-
ence of apoA-I. ApoA-I treatment of WT glia also led to a
significant increase in cellular LDLR levels, further sup-
porting a role for LDLR in glial apoE recycling (Fig. 7B, C).
It also led to a trend toward increased ABCA1 and de-
creased cellular apoE levels (Fig. 7B, C). Cellular LRP
levels were not significantly affected by apoA-I treatment

(Fig. 7B, C).
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Fig. 7. ApoA-I stimulates apoE recycling from glia. A: WT primary glia were conditioned for 48 h in the
absence or presence of the indicated concentrations of recombinant human apoA-I. Samples were concen-
trated 10x and analyzed by nondenaturing PAGE and immunodetection for apoE. B: Cell lysates of primary
glia treated with the indicated concentrations of recombinant human apoA-I were separated by SDS-PAGE
and immunodetected for ABCAL, LDLR, apoE, LRP, and actin as a loading control. C: Quantitation of cel-
lular ABCA1, LDLR, apoE, and LRP levels in WT glia-treated apoA-I. Data represent means and standard
error from three independent experiments using one-way ANOVA with Tukey’s multiple comparison post

test.

DISCUSSION

Apok is at the hub of CNS HDL metabolism and the
most important genetic risk factor for sporadic AD. Sev-
eral lines of evidence suggest that aberrant CNS lipid
metabolism may contribute to AD pathogenesis (9). Of
particular interest is the discovery that ABCAl-mediated
lipidation of apoE facilitates the degradation and clear-
ance of AP peptides, potentially offering a mechanism
for novel therapeutic strategies for AD. Developing such
therapeutic approaches will likely require a deeper un-
derstanding of the metabolism of brain HDL particles
than presently exists. It is likely that CNS apoE HDL
comprise distinct specialized lipoprotein subspecies,
similar to complexity of plasma HDL, which are a het-
erogeneous mixture of subclasses with both structural
and functional differences (1, 32). In this article, we
provided evidence for structural and physiological dif-
ferences in nascent apoE-derived lipoproteins secreted
from glia.

ApoE appears in glial-conditioned media as a variety of
nascent particles ranging from 7.5 to 17 nm in diameter, a
larger size range than previously reported (6, 19, 37, 38).
Most of the earlier studies allowed media to condition for
extended periods of time (i.e., 72 h) to allow apoE to ac-
cumulate to sufficient levels for detection. We analyzed
secreted apoE subspecies from 6 to 72 h, and we demon-
strated that particle diameters are modulated over this
time course, suggesting that there may be extensive re-
modeling of apoE species that could occur through direct
interaction among secreted particles in the media, through
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interactions at the cellular membrane, or via apoE uptake
and recycling mediated by apoE receptors.

In particular, both WT and ABCA1 "/~ glia secrete an
8.1 nm apokE particle that is structurally and functionally
distinct from the other species secreted from WT cells. We
hypothesized that this particle is recycled apoE that
emerges from the cell in a lipid-poor state independent of
ABCALI and is rapidly lipidated if cells express functional
ABCAL. Supporting this hypothesis are the following ob-
servations. First, the 8.1 nm particle is lipid poor. The 8.1 nm
particle is the sole species secreted from ABCA1 /™ glia,
and previous studies using gel filtration chromatography
and media TC measurements demonstrated its paucity
of lipids (6). Here we showed that this 8.1 nm particle is
also detectable in WI GCM and that it resolves in a lipid-
poor fraction by KBr density gradient ultracentrifugation
when isolated from either WT or ABCA1 ™/~ glia. Second,
it is structurally distinct from the other apoE species. Neg-
ative-staining EM indicates that it is unable to form rou-
leaux characteristic of discoidal lipoprotein particles,
consistent with the “figure-8” structure for similarly sized
peripheral apoA-I-containing HDL particles predicted by
Catte et al. (57) and observed by Cavigiolio et al. (32) and
Zhang et al. (568). Nevertheless, it is not a dead-end parti-
cle with respect to RCT, as conditioned media swap ex-
periments demonstrated thatitis fully capable of accepting
lipids effluxed by ABCA1 to form the full repertoire of par-
ticles normally observed in WI' GCM. Third, blocking
apoE receptor function by RAP inhibits the appearance of
the 8.1 nm particle from ABCA1 ™/~ glia, suggesting that it



may arise through an ABCAl-independent recycling path-
way dependent on apoE receptors.

Our data suggests that apoE may be recycled primarily
through LDLR in glial cultures. In ABCA1 /™ glia, accu-
mulation of lipid droplets triggers feedback regulation
that suppresses LDLR expression to approximately 25% of
normal levels but does not significantly impair apoE secre-
tion after extended conditioning periods. However, decreas-
ing LDLR levels from 25% to zero by selectively deleting
LDLR in ABCA1 '~ glia greatly impeded apoE secretion
to approximately 10% of WT levels. Further, RAP added to
levels that would reduce only LRP function did not have
an effect on apoE secretion from WT or ABCA1 /= glia,
but addition of 1 wM RAP to inhibit both LRP and LDLR
markedly impaired apoE secretion from ABCAI /7 cells.
These findings suggest that even though LRP is abundantly
expressed in ABCA1 /"~ glia, it does not compensate well
for LDLR in glial apoE recycling.

Intriguingly, lipid-poor apoE particles secreted from
human embryonic kidney (HEK) cells were found to self-
assemble into a high molecular weight (MW) mass that
bound more avidly to LRP than LDLR (59). This may be
due to the size of these high MW species, as small apoE-
containing triglyceride-rich emulsions have impaired
LDLR-dependent clearance in rats but emulsions of large
particles are cleared independently of LDLR (60). Experi-
ments in primary hepatocytes showed that apoE reconsti-
tuted into VLDL particles was recycled normally in LDLR /™
cells even though uptake was reduced by 50% (61). Similar
experiments using RAP™/~ hepatocytes, which had a 75%
reduction in LRP levels, also indicated that apoE was re-
cycled normally (61). These results suggest that, in hepa-
tocytes, efficient apoE recycling can be mediated by either
LDLR or LRP, at least when apoE is reconstituted in VLDL
particles. Whether recycling of small nascent apoE-only
particles may have a preference for LDLR or LRP in hepa-
tocytes is not yet known. Understanding the differences
between high MW HEK-derived apoE particles, reconsti-
tuted apoE-VLDL particles, and nascent glial-derived apoE
particles may offer insight into the factors that govern
apok receptor preference.

Taken together, our results define two pathways that
regulate the steady-state levels of glial-derived secreted apoE.
One pathway requires ABCAI and leads to the accumula-
tion of several lipidated discoidal nascent apoE particles
from 7 to 17 nm in diameter. The other pathway requires
functional apoE receptors, primarily LDLR, and selectively
regulates the secretion of a distinct 8.1 nm poorly lipidated
apokE species, which is likely resecreted following LDLR-
mediated apoE uptake. Secretion of this particle does not
require ABCAI1, but when ABCAL is present, the particle is
rapidly lipidated and difficult to detect in WT GCM.

Previous studies suggest that 60-80% of internalized
apoE may be recycled (42-45) and directed to HDL par-
ticles (62) in non-CNS tissues. For example, triglycer-
ide-rich lipoproteins taken up by hepatocytes via apoE
receptors are differentially sorted after endocytosis. Core
lipids and apoB are targeted to lysosomes, whereas the ma-
jority of apok is delivered to recycling endosomes where it

can be mobilized by apoA-I or HDL to be recycled back to the
plasma membrane, followed by resecretion and relipida-
tion of apoE to form apoE HDL (42, 49). In macrophages,
FPLC analysis demonstrated that recycled apoE is present
on small HDL, suggesting that it either exits the cell in a
lipidated form or is swiftly lipidated by ABCA1 (50). The
results presented in this article suggest that glia also share
these pathways.

HDL or purified apoA-I stimulates the release of inter-
nalized apoE from CHO cells, hepatocytes, fibroblasts, adi-
pocytes, macrophages, and neuronal cells (42, 47-55).
The mechanism by which apoA-I or HDL stimulates apoE
recycling is not yet clear. In hepatoma cells, HDL-derived
apoA-I colocalizes with apoE in EEA-1 positive early endo-
somes (48). ABCA1 colocalizes with internalized apoA-I in
macrophages (63) and modulates late endocytic traffick-
ing (64). These observations suggest that ABCAI, apoA-],
and apoE may have intracellular interactions that promote
apoE recycling. Much remains to be learned, however, as
internalized apoA-I is apparently not resecreted efficiently
and has been reported to contribute to only 1.4% of total
HDL production (65). Further, because secreted apoE lev-
els are equivalent between WT and ABCA1 ™/~ glia after
extended conditioning times (6), ABCALI is clearly not re-
quired for apoE recycling in glia. These observations par-
allel the previous observation that apoA-I stimulates apoE
secretion from macrophages independent of ABCA1 (56).

Because most of the apoA-I in the CNS is found in CSF
and is not synthesized by glia (16, 17, 19), the relevance of
apoA-I-mediated stimulation of apoE recycling in the CNS
is not immediately evident. However, several recent stud-
ies suggest that apoA-I affects CNS function and impacts
the pathogenesis of AD. For example, although deletion
of apoA-I alone has no effect on memory, apoA—I_/_ mice
crossed with the APP/PS1 mouse model of AD exhibited
increased inflammation and impaired spatial learning and
memory retention compared with APP/PS1 controls (66).
Conversely, 2-fold overexpression of apoA-lI protected
APP/PS1 mice from inflammation and age-associated
learning and memory deficits (67). These changes were
independent of APP processing, did not influence soluble
or insoluble AB,, or AB,, levels or amyloid plaque burden
(66-68), and did not affect the levels of brain apoE (66,
68), ABCA1 (66), or cholesterol content (66, 67). How-
ever, APP/PS1 apoA-If/ " mice showed a 10-fold increase
in insoluble AB,, and a 1.5-fold increase in AR, in cortical
and hippocampal blood vessels, indicating that these mice
had significantly increased cerebral amyloid angiopathy
(CAA) (66). In contrast, levels of CAA were decreased by
44% in APP/PS1 mice overexpressing apoA-I (67). These
studies demonstrate that, although apoA-I is not a major
apolipoprotein in brain parenchyma, it nevertheless can
influence inflammation, cognitive function, and A me-
tabolism in the cerebral vasculature. Whether brain deliv-
ery of apoA-I can be used to stimulate apoE recycling and
promote brain RCT now becomes an important question
to pursue.

The relevance of this question is highlighted by recent
findings on the importance of apoE genotype on recycling
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and brain physiology. ApoE4 is impaired in HDL-induced
recycling of triglyceride-rich lipoproteins (69). Further-
more, the low pH of lysosomes may preferentially affect
the molten globule structure of apoE4 and retard its re-
lease into the recycling pathway (70-73). ApoE3 binds
HDL more readily than apoE4 (74), suggesting that it may
be more efficiently stimulated by HDL or apoA-I to enter
the recycling pathway. Recently, expression of apoE4 in
neurons was shown to impair glutamate receptor function
and apoer?2 receptor recycling by sequestering N-methyl-
D-aspartate (NMDA), 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-
4-yl) propanoic acid (AMPA), and apo E receptor 2 (ApoER2)
receptors intracellularly, thereby reducing their cell sur-
face expression (75). As such, Reelin-induced long-term
potentiation (LTP) is reduced, ultimately leading to im-
paired synaptic plasticity (75). Our results show that apoA-I
stimulation of apoE recycling in glia increases LDLR levels
in WT and ABCA1 ™/~ glia. Future studies will address
whether apoA-I can rescue impaired recycling of receptors
in apoE4-expressing cells.

Another question raised by our study is whether stimu-
lating apoE recycling may be beneficial or detrimental
with respect to AR clearance and AD pathogenesis. On the
one hand, increasing apoE recycling may promote brain
RCT and elevate glutamate receptor levels. Stimulation of
recycling may correct the relative deficit of apoE4 in the
brain and CSF, as the net levels of apoE4 are lower in
brain, CSF, and plasma of human apoE4-targeted replace-
ment mice compared with apoE2 and apoE4 controls (76).
Several other human and animal studies have also re-
ported reduced apoE4 levels in the brain (77-81), but this
is not always observed (82-84). On the other hand, our
data would suggest that recycled apoE emerges as a lipid-
poor particle that, unless rapidly lipidated by ABCAI,
would be expected to promote amyloidogenesis (25, 26,
85). Finally, nothing is known about whether the various
apok lipoprotein particles secreted by glia vary in their in-
teractions with AB or how such interactions may or may
not affect lipoprotein function in RCT. Although much
remains to be learned about how apoE functions in the
healthy and diseased brain, continued activity in this re-
search area may offer ways to overcome the detrimental
aspects of apoE4 for both acute and chronic neurological
conditions. B
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