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Lipoprotein lipase (LPL) is a member of a lipase family
known to hydrolyze triglyceride molecules in plasma lipopro-
tein particles. LPL also plays a role in the binding of lipopro-
tein particles to cell-surface molecules, including sulfated gly-
cosaminoglycans (GAGs). LPL is predominantly expressed in
adipose and muscle but is also highly expressed in the brain
where its specific roles are unknown. It has been shown that
LPL is colocalized with senile plaques in Alzheimer disease
(AD) brains, and its mutations are associated with the severity
of AD pathophysiological features. In this study, we identified
a novel function of LPL; that is, LPL binds to amyloid 8 pro-
tein (A ) and promotes cell-surface association and uptake of
A in mouse primary astrocytes. The internalized A3 was de-
graded within 12 h, mainly in a lysosomal pathway. We also
found that sulfated GAGs were involved in the LPL-mediated
cellular uptake of AB. Apolipoprotein E was dispensable in the
LPL-mediated uptake of Af. Our findings indicate that LPL is
a novel AB-binding protein promoting cellular uptake and
subsequent degradation of A.

Lipoprotein lipase (LPL)? catalyzes the hydrolysis of triacyl-
glycerol and mediates the cellular uptake of lipoproteins by
functioning as a “bridging molecule” between lipoproteins
and sulfated glycosaminoglycans (GAGs) or lipoprotein re-
ceptors in blood vessels (1, 2). Sulfated GAGs are side chains
of proteoglycans normally found in the extracellular matrix
and on the cell surface in the peripheral tissues and brain.
Sulfation modifications vary within the GAG chains and are
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crucial for interaction between GAGs and various protein
ligands (3), including LPL (4, 5).

It has been shown that LPL is distributed in numerous or-
gans and is highly expressed in the brain (6, 7). Although the
catabolic activity of LPL on triacylglycerol is observed in the
brain (8), the finding that apolipoprotein CII (apoClII), an es-
sential cofactor for LPL, is not expressed in the brain (9, 10),
suggests that LPL has a novel nonenzymatic function in the
brain. However, little is known about LPL function in the
brain. Interestingly, it has been shown that LPL is accumu-
lated in senile plaques of Alzheimer disease (AD) brains (11).
Moreover, SNPs in the coding region of the LPL gene are as-
sociated with disease incidence in clinically diagnosed AD
subjects, LPL mRNA expression level, brain cholesterol level,
and the severity of AD pathologies, including neurofibrillary
tangles and senile plaque density (12). These results suggest
that LPL may have a physiological role in the brain, whose
alternation is associated with the pathogenesis of AD.

The occurrence of senile plaques in the brain is one of the
pathological hallmarks of AD. They contain extracellular de-
posits of amyloid 3 protein (Af), and the abnormal A depo-
sition or the formation of soluble A3 oligomers is crucial for
AD pathogenesis. A is a physiological peptide whose main
species are 40 and 42 amino acids in length, and AB42 is the
predominant specie in senile plaques (13). The A levels are
determined by the balance between its production and degra-
dation/clearance, and an attenuated A catabolism is sug-
gested to cause A3 accumulation in aging brains (14). Previ-
ous studies have shown that astrocytes and microglia directly
take up and degrade AB42 (15, 16) and that A degradation
occurs in late endosomal-lysosomal compartments (17, 18).
These lines of evidence, together with the finding that LPL
mediates the cellular uptake of lipoproteins (1, 2), led us to
carry out experiments to determine whether LPL interacts
with AB to promote Af cellular uptake and degradation in
astrocytes. Here, we provide evidence that LPL forms a com-
plex with AR and facilitates A cell surface binding and up-
take in mouse primary astrocytes through a mechanism that
is dependent on heparan sulfate and chondroitin sulfate GAG
chains, leading to the lysosomal degradation of AB.

MATERIALS AND METHODS

Materials—Bovine LPL, heparinases, and a polyclonal anti-
actin antibody were purchased from Sigma. Synthetic
AB1-42 was purchased from the Peptide Institute (Osaka,
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Japan). Heparin, chondroitin, chondroitin sulfates, and chon-
droitinase ABC were from Seikagaku (Tokyo, Japan). Mono-
clonal anti-A antibodies (6E10, 4G8) were purchased from
Signet Laboratories (Dedham, MA), and a goat polyclonal
anti-ApoE antibody and mouse control IgG were from Milli-
pore (Bedford, MA). An anti-LPL antibody and Cy3- and
FITC- conjugated secondary antibodies were purchased from
Abcam, Inc. (Cambridge, MA). A monoclonal anti-Af anti-
body (2C8) was purchased from Medical and Biological Labo-
ratories (Nagoya, Japan).

Animals—C57BL/6 mice were purchased from SLC, Inc.
(Hamamatsu, Japan). ApoE-KO mice were obtained from
Jackson ImmunoResearch Laboratories (Bar Harbor, ME).
The National Center of Geriatrics and Gerontology Institu-
tional Animal Care and Use Committee approved the animal
studies.

Preparation of LPL—Because the sequence of LPL is highly
conserved among mammalian species and the ability of LPL
to interact with proteoglycans is also well conserved, we used
LPL purified from bovine milk. An LPL suspension (sus-
pended in 3.8 M ammonium sulfate, 0.02 m Tris-HCI, pH 8.0)
was centrifuged (10,000 X g for 20 min at 4 °C), and the re-
sulting pellet was dissolved in PBS. The prepared LPL was
stored at 4 °C and used within 3 days.

Cell Culture—Highly astrocyte-rich cultures were prepared
according to a method described previously (19). In brief,
brains of postnatal day 2 C57BL/6 mice or ApoE knock-out
mice were removed under anesthesia. The cerebral cortices
from the mouse brains were dissected, freed from meninges,
and diced into small pieces; the cortical fragments were incu-
bated in 0.25% trypsin and 20 mg/ml DNase [ in PBS at 37 °C
for 20 min. The fragments were then dissociated into single
cells by pipetting. The dissociated cells were seeded in 75-cm?
dishes at a density of 5 X 107 cells per flask in DMEM-con-
taining 10% FBS. After 10 days of incubation in vitro, flasks
were shaken at 37 °C overnight, and the remaining astrocytes
in the monolayer were trypsinized (0.1%) and reseeded. The
astrocyte-rich cultures were maintained in DMEM-contain-
ing 10% FBS until use.

Assay of AB Binding and Uptake in Astrocytes by Western
Blotting—Assays were carried out on confluent monolayers of
astrocytes grown in 12-well plates. A3 was dissolved in di-
methyl sulfoxide to a final concentration of 1 mm and stored
at —40 °C. AB (500 nm) and LPL (1-10 pg/ml) were mixed in
DMEM. Immediately, the mixture was added to the culture
medium of astrocytes. Cells were incubated at 37 °C for 5 h to
assess the cellular uptake of AB or at 4 °C for 3 h to evaluate
the binding of A to the cell surface of astrocytes. In these
assays, cells were incubated in serum-free DMEM. After incu-
bation, cells were washed with PBS three times, harvested
using a cell scraper and lysed by sonication in radioimmune
precipitation assay buffer (1% Nonidet P-40, 0.5% sodium de-
oxycholate, 0.1% SDS, 150 mm NaCl, 50 mm Tris-HCI (pH
8.0), 1 mm EDTA). Cell lysates were subjected to SDS-PAGE
with 4-20% gradient gels (WAKO Pure Chemicals, Osaka,
Japan) and transferred to polyvinylidene difluoride mem-
branes (Millipore). AB was probed with 6E10 antibody fol-
lowed by horseradish peroxidase-labeled anti-mouse antibody
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(Cell Signaling Technology, Inc., Beverly, MA) and chemilu-
minescent substrate ECL Plus (GE Healthcare). The protein
contents of cell lysates were normalized to the expression
level of actin protein. To examine the involvement of GAGs,
heparin, chemically modified heparins, chondroitin, or chon-
droitin sulfates (3 ug/ml) were incubated with a mixture solu-
tion of AB and LPL. Astrocytes were pretreated with a mix-
ture of heparinase II and heparinase III or chondroitinase
ABC (0.03 units/ml) for 24 h at 37 °C to evaluate endog-
enously expressed glycosaminoglycans. Signals were visual-
ized and quantified using a LAS-3000 luminescent image ana-
lyzer (Fujifilm, Tokyo, Japan) and Image] software (National
Institutes of Health, Bethesda, MD). For analyzing protein
band densities, a region of interest was drawn around a band,
and protein band densities were calculated.

siRNA Interference of LPL—siRNA specific for mouse LPL
(sense strand, 5'-CAGCUGAGGACACUUGUCAUCU-
CAUdTdT-3’; antisense strand, 5'-AUGAGAUGACAAGU-
GUCCUCAGCUGATAT-3") and control siRNA (sense strand,
5'-CAGAGGGCACAUUUGACCUUUCCAUdTAT-3'; anti-
sense strand, 5'-AUGGAAAGGUCAAAUGUGCCCUCUG-
3") was purchased from Invitrogen. Astrocytes grown in 12-
well plates for 24 h were transfected with either LPL siRNA or
control siRNA with Lipofectamine RNAiMAX (Invitrogen).
Forty-eight hours after transfection, cells were treated with
AP (1 uMm) and then incubated at 4 °C for 3 h, and cell-surface
associated A3 was analyzed as described above. An anti-LPL
antibody (Gene Tex, Inc.) was used for the detection of LPL.

Assay of AB Degradation in Astrocytes—Astrocytes were
incubated with AB (250 nm) and LPL (2 pg/ml) at 37 °C for
5 h. Subsequently, cells were washed with DMEM and incu-
bated in DMEM for additional hours. Then, Af in cell lysates
was analyzed by Western blotting as described above.

Immunoprecipitation—AB (500 nm) and LPL at various
concentrations were incubated in DMEM at 37 °C for 3 h.
LPL-AB complexes were immunoprecipitated with an anti-
LPL antibody and magnetic protein G beads (Dynal, Ham-
burg, Germany). For detection of LPL-Af3 complexes in the
mice brains, brain homogenates from 12-week-old C57BL/6
mice were used. In brief, anesthetized mice were perfused
with PBS containing 35 ug/ml heparin for 15 min. The cere-
brum was dissected out and homogenized by sonication in 4
volumes of PBS containing a protease inhibitor mixture
(P8340; Sigma) and centrifuged at 1,000 X g for 10 min at
4. °C. The supernatants were harvested and LPL-Af com-
plexes were immunoprecipitated with an anti-LPL antibody
and magnetic protein G beads. The obtained precipitates were
washed three times with PBS and incubated at 70 °C for 10
min in SDS sample buffer. Dissociated A recovered in the
supernatant was assessed by Western blotting as described
above. For detection of endogenous A, the supernatants
were subjected to SDS-PAGE with 4—20% gradient gels and
transferred to polyvinylidene difluoride membranes. The
membranes were exposed to microwave irradiation for 20 s,
and A was probed with 4G8 antibody followed by horserad-
ish peroxidase-labeled anti-mouse antibody and the chemilu-
minescent substrate ECL Plus.
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Immunocytochemistry— Astrocytes grown on poly-L-lysine-
coated coverslips were incubated with a mixture of AB (250
nm) and LPL (2 pug/ml) at 37 °C for 5 h. After treatment, the
cells were fixed with 4% paraformaldehyde in PBS at room
temperature for 10 min, blocked, and permeabilized with 10%
normal goat serum and 0.05% saponin in PBS at room tem-
perature for 20 min. In some experiments, cells were washed
twice with DMEM followed by incubation at 37 °C for 3 h in
DMEM and fixed. The cells were then incubated with primary
antibodies followed by Cy3- and FITC-conjugated secondary
antibodies. The stained specimens were mounted with Fluor-
Save reagents (Calbiochem) and examined under an LSM 510
confocal laser microscope (Carl Zeiss Microlmaging GmbH,
Jena, Germany).

Statistical Analysis—The collected data were analyzed by
one-way analysis of variance (ANOVA) including appropriate
variables followed by the Dunnett’s test or unpaired Student’s
¢ test. Results were considered significant when p < 0.05.

RESULTS

LPL Binds to AB in Vitro—LPL was incubated with freshly
prepared AB42 in vitro, and the complexes formed were im-
munoprecipitated with an anti-LPL antibody coupled with
magnetic beads, followed by probing Western blots of protein
complexes using an anti-Af antibody (Fig. 14). AB42 was
immunoprecipitated with an anti-LPL antibody, but not with
control IgG. The levels of AB42 recovered in the immunopre-
cipitates from samples in the presence of 2—5 ug/ml LPL were
significantly higher than those from samples in the presence
of 0, 0.5, or 1 ug/ml of LPL (Fig. 1, B and C), suggesting that
LPL directly interacts with AB42, and these two molecules
form a complex in an LPL dose-dependent manner. Further-
more, endogenous mouse AB was immunoprecipitated with
the anti-LPL antibody from brain homogenates prepared
from C57BL/6 mice (Fig. 1D), indicating that endogenous
mouse LPL directly interacts with endogenous mouse AB. We
also determined the assembly state of A that forms complex
with LPL. Solutions containing A oligomers were subjected
to immunoprecipitation/immunoblot analysis, and A342
monomers were immunoprecipitated by an anti-LPL antibody
(supplemental Fig. 1).

LPL Promotes Cell Surface Binding and Cellular Uptake of
AP in Astrocytes—We then determined whether LPL affects
the cellular binding of A to astrocytes. Soluble AB42 and
various concentrations of LPL were added to primarily cul-
tured astrocytes prepared from WT mice and then incubated
at 4 °C. LPL (2-5 pg/ml) of significantly augmented A 342
binding to astrocytes by 5.8- to 9-fold of that in the case with-
out LPL (Fig. 2, A and B). To examine the effect of LPL on the
cellular uptake of AB, we incubated primary astrocytes with
soluble AB42 at 37 °C for 5 h. Apparently, the level of AB up-
take by astrocytes increased in the presence of LPL at concen-
trations of 2 to 5 ug/ml (Fig. 2C, lysate). Consistent with the
increase in the level of cellular uptake of AB, the level of A
remaining in culture medium was decreased (Fig. 2C, me-
dium). The A levels in the cell lysate quantified are shown in
Fig. 2D, indicating that A levels were significantly increased
by 5—8-fold that in astrocytes incubated without LPL. Next,
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FIGURE 1. LPL binds to A in vitro. A, LPL (5 ng/ml) and AB (500 nm) were
incubated in DMEM at 37 °C for 3 h. Protein complexes formed were immu-
noprecipitated with an anti-LPL antibody (a-LPL), and the immunoprecipi-
tates (IP) were analyzed by Western blotting using 6E10, an anti-AS anti-
body. These data are representative of three independent experiments.

B, LPL at various concentrations of 0, 0.5, 1, 2, and 5 ug/ml and AB at 500 nm
were incubated in DMEM at 37 °C for 3 h. Protein complexes formed were
immunoprecipitated with an a-LPL, and the immunoprecipitates were sub-
jected to Western blotting using 6E10. C, quantification of AB immunopre-
cipitated with a-LPL. The data presented are the means = S.D. of three in-
dependent experiments. *, p < 0.001 versus samples without LPL treatment.
D, the mouse cerebrum was homogenized by sonication in 4 volumes of
PBS containing a protease inhibitor mixture and centrifuged at 1000 X g for
10 min at 4 °C. The supernatants were harvested. LPL-AB complexes in the
supernatant were immunoprecipitated with an a-LPL, and the AB in the
immunoprecipitates was detected by Western blotting using 4G8, an
anti-AB antibody. /B, immunoblot.

we determined the time-dependent effect of LPL-mediated
AP uptake into astrocytes. Astrocyte cultures were incubated
with AB (500 nm) and LPL (2 ug/ml) at 37 °C for various
hours, and the A level in the cell lysate was determined. The
level of AB in the cell lysate increased in a time-dependent
manner (Fig. 2E). The A levels in the astrocytes incubated
for 3 and 5 h were significantly higher by 9—14-fold of that in
astrocytes incubated without LPL (Fig. 2F). These concentra-
tions of LPL are comparable with the concentrations with
which LPL could act as “bridging molecules” (2, 20). There
were no significant differences among the values for cultures
without LPL (one-way ANOVA, p = 0.1386). No change in
cellular morphology or cell number in astrocyte cultures was
observed during the incubation (data not shown). To examine
the involvement of LPL expressed by astrocytes, we carried
out experiments using the gene silencing technique for LPL.
The transient knockdown of LPL expression was achieved by
the transfection of siRNA specific for LPL. After transfection,
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FIGURE 2. LPL augments cell-surface association and cellular uptake of
A in astrocytes. A, mouse primary astrocytes were incubated with LPL
(0-5 pg/ml) and AB (500 nm) at 4 °C for 3 h. The astrocytes were washed in
cold PBS three times, and the cells were harvested using a scraper. The level
of AB on the cell surface was determined by Western blotting in a deter-
gent extract of whole cells. B, quantification of cell-surface-associated AB.
The data are the means =+ S.D. of three independent experiments. *, p <
0.001 versus LPL at 0 ug/ml. C and D, astrocytes were incubated with AB
(500 nm) and LPL (0, 1, 2, and 5 ug/ml) at 37 °C for 3 h. The cultured cells
were then washed thoroughly in PBS for three times, and the cells were
collected. The level of AB in the whole cell lysate (lysate), and the condi-
tioned medium of cultured cells (medium) were determined by Western
blotting using 6E10 antibody. The level of actin demonstrated by Western
blotting using an anti-B-actin antibody was used as the loading control.
These data are representative of at least three independent experiments.
D, quantification of cellular AB is shown. The data presented are the

means = S.D. of three independent experiments. *, p < 0.05; **, p < 0.01
versus LPL at 0 ug/ml. E and F, astrocytes were incubated with A (500 nm)
and LPL (2 ug/ml) at 37 °Cfor 0, 3, and 5 h. The cultured cells were then
washed thoroughly in PBS three times, and the cells were collected. The
amount of AB in the whole cell lysate was determined by Western blotting
using 6E10 antibody. The level of actin demonstrated by Western blotting
using the anti-B-actin antibody was used as the loading control. These data
are representative of at least three independent experiments. F, quantifica-
tion of cellular AB is shown. The data are the means = S.D. of three inde-
pendent experiments. *, p < 0.001 versus LPL (+) at 1 h.

cells were treated with AB42 (1 um) and then incubated at
4 °C for 3 h. As shown in Fig. 3, the cellular binding of AB342
to astrocytes was significantly decreased by LPL protein
knockdown.

Degradation of Internalized AB in a Lysosomal Pathway in
Astrocytes—Next, we examined the degradation of internal-
ized AB. Mouse primary astrocytes were incubated with solu-
ble AB42 and LPL at 37 °C for 5 h, washed in DMEM three
times, and cultured at 37 °C for additional time (0, 3, 5, 12,
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FIGURE 3. Effect of LPL knockdown on cell-surface association of A in
cultured astrocytes. Astrocytes were transfected with 10 nm siRNA specific
for LPL (siRNALPL) and control siRNA (siRNACON). Forty-eight hours after
transfection, cells were treated with AB42 (1 um) at 4 °C for 3 h. The cells
were washed in cold PBS three times, and the cells were harvested using a
scraper. The level of AB42 on the cell surface was determined by Western
blotting in a detergent extract of whole cells. The graph shows the levels of
cell-surface-associated AB. The data are the means = S.D. of three inde-
pendent experiments. *, p < 0.001 versus control siRNA by unpaired Stu-
dent’s t test.

and 24 h). Cells were then harvested, and the A level in the
cell lysate was analyzed by Western blotting. The strong sig-
nal representing internalized A during the initial incubation
for 5 h was detected in the cell lysate at the point of 0 min
after washing (Fig. 4A4). Three to five hours after washing, the
level of AB remaining in the cell lysate partially disappeared
(Fig. 4A). Twelve and twenty-four hours after washing, the
internalized AB completely disappeared, indicating that the
internalized AB was degraded in astrocytes in a time-depen-
dent manner (Fig. 44). To gain insight into the degradation
pathway of the internalized A, we investigated the localiza-
tion of AB by immunocytochemical analysis. Mouse primary
astrocytes were plated on poly-L-lysine-coated coverglasses
and incubated with AB42 (500 nm) and LPL (2 ug/ml) at 37 °C
for 5 h. In some experiments, cells were washed in DMEM
three times and further incubated in serum-free DMEM for
3 h. Cells were then permeabilized and stained with an anti-
AP antibody, 6E10, and an anti-LAMP?2 antibody, whose
staining signal is considered as a marker of late endosomes/
lysosomes (21). We found that some portions of anti-Af anti-
body-positive signals were co-localized with staining signals
reactive to the anti-LAMP?2 antibody, showing that the inter-
nalized A was trafficked into late endosomal/lysosomal
compartments (Fig. 4B). To confirm the involvement of a ly-
sosomal pathway in the degradation of LPL-mediated inter-
nalized A3, we determined the effect of chloroquine on the
localization of A internalized in an LPL-mediated manner.
Chloroquine is a weak base and is taken up by cells, which
results in the neutralization of acidic organelles such as lyso-
somes and impairment of their functions (22, 23). Chloro-
quine treatment at concentrations of 25 and 50 ug/ml pre-
vented the degradation of internalized AB 12 h after washing
out (Fig. 4C). We also tested inhibitors of neprilysin, an insu-
lin-degrading enzyme, and cathepsin B, all of which are
known to degrade A. These inhibitors failed to suppress the
degradation of internalized A in astrocytes (data not shown).
Thus, AB internalized in an LPL-mediated manner was de-
graded in a lysosomal pathway in astrocytes.
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FIGURE 4. AB is trafficked to late endosomal/lysosomal compartments and degraded after the LPL-mediated uptake. A, mouse primary astrocytes
were incubated with LPL (2 ug/ml) and AB (500 nwm) at 37 °C for 5 h. Cells were washed in DMEM three times and then incubated in DMEM at 37 °C for 0, 3, 5,
12, and 24 h. The amount of AB remaining in the cells was determined by Western blotting using the anti-Ap antibody, 6E10, in a detergent extract of
whole cells. B, astrocytes were plated on poly-L-lysine-coated coverglasses and incubated with LPL (2 ug/ml) and AB (250 nm) at 37 °C for 5 h. Then, cells
were permeabilized and double stained with an anti-LAMP2 antibody and 2C8. Bound antibodies were visualized with Cy3-conjugated (red) and FITC-con-
jugated (green) secondary antibodies for the anti-LAMP2 antibody and 6E10, respectively. Astrocytes incubated without AB did not show any anti-AB anti-
body-positive signals (not shown). Scale bar, 10 um. C, astrocytes were incubated with LPL (2 wg/ml) and AB (500 nm) at 37 °C for 5 h. Cells were then
washed in DMEM and cultured with or without chloroquine in DMEM at 37 °C for an additional 12 h. The level of AB in the detergent extract of whole cells
was determined by Western blotting with 6E10. These are representative data of at least three independent experiments.

LPL Promotes Cellular Uptake of AP in a Heparan Sulfate-  that observed in the nontreated control incubated with LPL,
and Chondroitin Sulfate-dependent Manner—LPL has a high  respectively (Fig. 5B). Pretreatment with both heparinases and
affinity with heparan sulfate (HS) and chondroitin sulfate (CS)  chondroitinase ABC did not show an additive effect on the
(5, 24, 25). Therefore, we next investigated whether HS and attenuation of LPL-promoted A uptake (Fig. 5B). These
CS are involved in the LPL-mediated cellular binding and cel-  findings indicate that HS and CS expressed in astrocytes are
lular uptake of AB in astrocytes. Mouse primary astrocytes involved in the LPL-mediated association of A with astro-
were pretreated with a mixture of heparinase II and hepari- cytes and Af3 cellular uptake.
nase III and/or chondroitinase ABC for 24 h at 37 °C, followed To further confirm the involvement of HS and CS in LPL-
by incubation with AB42 and LPL at 4 °C for 3 h. There were mediated A uptake, we incubated astrocytes with various
no significant differences among the values in the absence of glycosaminoglycans. Heparin, which is a structural analog of
LPL (one-way ANOVA; p = 0.0929 for cell-surface-associated = HS, substantially suppressed the effect of LPL on A uptake

AB, p = 0.4350 for cellular AB). Pretreatment with hepari- at a concentration of 3 ug/ml (Fig. 5C). The suppressive effect
nases or chondroitinase ABC partially decreased the level of of heparin on LPL-mediated A3 uptake was also observed in
LPL-mediated cellular binding of A in astrocytes to 40 or the presence of de-N-sulfated heparin, whereas either de-2-O-
50% of that observed in the nontreated control, respectively sulfated heparin or de-6-O-sulfated heparin had no effect on

(Fig. 5A). Interestingly, pretreatment with both heparinases LPL-mediated AB uptake (Fig. 5C). None of these heparins
and chondroitinase ABC decreased the level of LPL-mediated interfered with the interaction between LPL and A (Fig. 5D).

binding of A to astrocytes to 20% of that observed in non- In addition, 4-O-, 6-O-disulfated chondroitin sulfate (3 ug/
treated control (Fig. 5A). Next, we determined the effect of ml) completely suppressed the promotive effect of LPL on A3
HS and/or CS on the LPL-mediated cellular uptake of AB. In uptake (Fig. 5E). 4-O-Sulfated chondroitin sulfate and 6-O-
conjunction with the effect of LPL on A binding, hepari- sulfated chondroitin sulfate moderately attenuated the func-
nases and chondroitinase ABC decreased the level of LPL- tion of LPL, whereas chondroitin (a nonsulfated form of

mediated cellular uptake of AB in astrocytes to 30 and 50% of ~ chondroitin sulfate) and 2-O-, 6-O-disulfated chondroitin
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FIGURE 5. LPL-mediated cellular binding and uptake of A3 depends on heparan sulfate and chondroitin sulfate in astrocytes. A and B, astrocytes
from wild-type mice were pretreated with a mixture of heparinase Il (0.03 pg/ml) and heparinase IIl (0.03 wg/ml), and/or chondroitinase ABC (0.03 ng/ml) at
37 °Cfor 24 h. After washing in DMEM three times, cells were incubated with LPL (2 ng/ml) and AB (500 nm) at 4 °C for 3 h (for cell surface association) (A) or
37 °Cfor 3 h (for uptake) (B). The level of A in the detergent extract of whole cells was determined by Western blotting using 6E10. The quantitative assess-
ment of cell-surface-associated AB (A) and cellular AB (B) in the present (closed bars) or absence (open bars) of LPL are shown. The data presented are the
means * S.D. of three independent experiments. * p < 0.001 versus levels of LPL (-). (C) Mouse primary astrocytes were incubated with AB (500 nm) or LPL (2
rg/ml) and AB (500 nm) in the presence or absence of heparin or chemically modified heparins at a concentration of 3 ug/ml at 37 °C for 5 h. The level of A
in the detergent extract of whole cells was determined using 6E10. (D) LPL (2 wg/ml) and AB (500 nm) were incubated in DMEM at 37 °C for 3 h in the pres-
ence or absence of heparin, heparan sulfate, or chemically modified heparins at a concentration of 3 ug/ml. Protein complexes in DMEM were immunopre-
cipitated (/P) with an anti-LPL antibody (a-LPL) and the AB recovered in the immunoprecipitates was analyzed by Western blotting using 6E10. These data
are representative of at least three independent experiments. de2S, 2-O-desulfated heparin; de6S, 6-O-desulfated heparin; deNS, N-desulfated heparin.

E, astrocytes were incubated with LPL (2 wg/ml) and AB (500 nm) in the presence or absence of chondroitin sulfates (chondroitin, chondroitin 4-sulfate (CS-
A), 2-0-, 6-O-disulfated chondroitin sulfate (CS-B), 6-O-sulfated chondroitin sulfate (CS-C), and chondroitin 4,6-disulfate (CS-E)) at a concentration of 3 ug/ml
at 37 °Cfor 5 h. The level of AB in a detergent extract of whole cells was determined by Western blotting using 6E10. F, LPL (2 ng/ml) and AB (500 nm) were
incubated in DMEM at 37 °C for 3 h in the presence or absence of chondroitin sulfates at a concentration of 3 ug/ml. Protein complexes were immunopre-
cipitated with the anti-LPL antibody (a-LPL), and the AB recovered in the immunoprecipitates was analyzed by Western blotting using 6E10. The data are
representative of at least three independent experiments. /B, immunoblot.

sulfate (also known as dermatan sulfate) did not (Fig. 5E).
None of these CS interfered with the interaction between LPL
and A in vitro (Fig. 5F).

ApoE Is Dispensable for LPL-mediated Cellular Uptake of
AP in Astrocytes—Because ApoE is reported to be involved in
the metabolism of A, including its aggregation and clearance

(26), we analyzed the effects of ApoE on the LPL-mediated
cellular uptake of AB in astrocytes. We collected culture me-
dia of primary astrocytes prepared from ApoE-KO mice and
C57BL/6 (WT) mice. The astrocyte cultures prepared from
wild-type mouse cortices were incubated in conditioned me-
dia in the presence of AB42 and LPL. As shown in Fig. 6A, A3
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FIGURE 6. ApokE is dispensable for the LPL-mediated cellular uptake of A in astrocytes. The astrocyte cultures prepared from WT or ApoE knock-out
(KO) mice were incubated in fresh serum-free DMEM for 3 days at 37 °C. The conditioned media of these cultures were then collected. The astrocytes pre-
pared from WT (A) or ApoE-KO (B) mouse brains were incubated in the conditioned medium of ApoE-KO astrocyte cultures or conditioned medium of WT
astrocyte cultures, and LPL (2 ug/ml) and AB (500 nm) were added into each culture; the cultures were then maintained for another 5 h at 37 °C. After the
incubation, the cultures were harvested, and the amount of cellular AB in a detergent extract of whole cells (lysate) was determined by Western blotting
using 6E10. The amount of ApoE in the conditioned medium of cultured cells (medium) was determined by Western blotting using an anti-ApoE antibody,
AB947. These data are representative of at least three independent experiments. The graphs show the cellular Ag levels. The data are the means = S.D. of
three independent experiments. CM, conditioned medium; Ast, astrocytes. C, mouse primary astrocytes from WT and ApoE-KO mice were incubated with

soluble AB42 in the presence or absence of LPL at 37 °C for 5 h, washed in DMEM three times, and further incubated at 37 °C for 3 h. Cells were then har-
vested, and the AB levels in the lysate was analyzed by Western blotting. The graph shows the cellular AB levels. The data are the means = S.D. of three

independent experiments.

uptake was promoted by LPL in astrocytes prepared from WT
mice incubated in a fresh medium, the conditioned medium
from ApoE-KO astrocytes, and the conditioned medium from
WT astrocytes. There were no significant differences between
these three groups (one-way ANOVA; p = 0.6419). This is
also the case for ApoE-KO astrocytes (one-way ANOVA; p =
0.9467) (Fig. 6B). These findings indicate that ApoE is
dispensable for the LPL-promoted cellular uptake of AB in
astrocytes. We also examined the effects of ApoE on the deg-
radation of internalized AB. Primary astrocytes from WT and
ApoE-KO mice were incubated with soluble AB42 and LPL at
37 °C for 5 h, washed in DMEM three times, and further incu-
bated at 37 °C for 3 h. Cells were then harvested, and the AB
level in the cell lysate was analyzed by Western blotting. As
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shown in Fig. 6C, there were no significant differences be-
tween the levels of AB remaining in the lysate of WT astro-
cytes and ApoE-KO astrocytes (p = 0.1031).

DISCUSSION

Previous studies have shown that the mRNA expression of
the LPL gene and the enzymatically active LPL are found in
the brain in several mammalian species (6, 7, 27). However,
considering that the main fraction of lipoproteins in the brain
is HDL, which contains negligible or no triacylglycerols, and
that the brain lacks an essential cofactor, apoClII, it is conceiv-
able that LPL has a different function in the brain from that in
the systemic circulation serving as an enzyme with the cofac-
tor apoClII to catalyze the hydrolysis of triacylglycerols (28). In
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the present study, we found a novel function of LPL serving as
an A3 binding molecule; that is, exogenous LPL binds to A3
and promotes cellular binding and uptake of Af in astrocytes.
The internalized A was degraded within 12 h, mainly in a
lysosomal pathway. Furthermore, we have demonstrated that
HS and CS glycosaminoglycans are involved in the promotion
of the LPL-mediated cellular uptake of A in astrocytes.

Astrocytes are a major glial cell type in the CNS and play a
crucial role in neuronal development, maintenance of synapse
functions, and CNS repair after injury. Additionally, astro-
cytes have phagocytic and proteolytic activities (29, 30) and
ingest AB (15, 31, 32). Our results indicate that LPL strongly
enhances cellular uptake of A, leading to increased degrada-
tion of AB in astrocytes. Previous studies have shown that
SNPs in the coding region of the LPL gene are associated with
AD development (33) and the severity of AD pathophysiologi-
cal features (12), with the molecular mechanisms underlying
this association remaining unknown. It may be possible that
altered function of LPL shown in this study would result in
impaired Af3 clearance and subsequent accumulation of Af3,
accelerating AD development. Because the accumulation of
A in the extracellular space is considered to trigger A ag-
gregation and deposition, the function of LPL to enhance A3
binding, uptake, and degradation in astrocytes may decrease
A levels in the brain. However, because LPL is known to reg-
ulate the uptake and transport of vitamin E to the brain, of
which deficiency results in increased A accumulation and
presynaptic defects accompanied by impaired learning and
memory function in vivo (34, 35), there may be other possibil-
ities as well, that the altered LPL function regulating vitamin
E transport may enhance A accumulation and impair synap-
tic function.

It has been suggested that lysosomal dysfunction plays a
major role in Af3 accumulation, thereby causing neuronal cell
death (36, 37) and that chloroquine, which disrupts lysosomal
pH balance, enhances A3 accumulation in a microglial cell
line (38). Our results show that almost all of the internalized
A was localized in lysosomes and degraded in a time-depen-
dent manner, and this degradation was markedly inhibited by
the treatment with chloroquine, suggesting that A was de-
graded mainly in a lysosomal pathway. These findings suggest
that lysosomal pathways play a critical role in the degradation
of AB that is internalized via a novel pathway as LPL-Af3 com-
plexes by astrocytes.

It has been shown that LPL associates with lipoproteins and
the formed LPL-bound lipoprotein complexes bind to cell-
surface HS proteoglycans and CS proteoglycans (1, 5, 39),
promoting the cellular uptake of lipoproteins by acting as a
bridging molecule (2, 40). HS proteoglycans and CS proteo-
glycans are present in astrocytes (41-43). We found that pre-
treatment of astrocytes with a mixture of heparinases or
chondroitinase ABC partially attenuated the LPL-mediated
A uptake, and cotreatment with heparinases and chondroiti-
nase ABC completely suppressed the LPL-mediated cellular
uptake of AB (Fig. 4), indicating that the LPL-mediated cellu-
lar uptake of AB is mediated via HS proteoglycans and CS
proteoglycans. Interestingly, heparin, a highly sulfated form of
HS, and 4-O-, 6-O-disulfated chondroitin sulfate, a highly
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sulfated CS, selectively suppressed the promotion of Af up-
take in astrocytes. These findings suggest that LPL could act
as a bridging molecule between not only cell-surface GAGs
and lipoproteins but also cell-surface GAGs and A and facil-
itate the cellular uptake of A in astrocytes and that certain
domains modified by multiple sulfate groups are necessary for
LPL to function in astrocytes.

ApoE is one of the major apolipoproteins in the brain and
plays a key role in lipid transport in the brain. ApoE affects
the aggregation of A in vitro (26). PDAPP and Tg2576 trans-
genic mice exhibit extensive cerebral AB deposition. When
these transgenic mice lack the murine apoE gene, a significant
decrease in amyloid plaque formation was observed (44, 45).
Furthermore, two in vitro studies have demonstrated that
ApoE can facilitate the cellular degradation of AS (16, 31).
These lines of evidence suggest that ApoE affects AB metabo-
lism. Thus, we examined whether ApoE could be involved in
the LPL-mediated cellular uptake of AB. LPL promoted the
cellular uptake of AB in wild-type and ApoE-deficient astro-
cytes in culture. The presence or absence of ApoE in the con-
ditioned medium of astrocytes did not alter the levels of A
internalized in an LPL-mediated manner. These results sug-
gest that ApoE is not required for the LPL-mediated cellular
uptake of A in astrocytes.

In this study, we demonstrated a novel LPL function; that
is, LPL binds to AP and enhances the cellular uptake of A in
a sulfated glycosaminoglycan-dependent manner, and the
internalized A is degraded in a lysosomal pathway. Although
further studies will be needed to confirm the role of LPL in
the clearance of A in vivo, our findings provide a new insight
into the molecular pathogenesis of AD and a potential strat-
egy for AD therapy.
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