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Lipoprotein Lipase Is a Novel Amyloid 3 (AB)-binding Protein
That Promotes Glycosaminoglycan-dependent Cellular

Uptake of A in Astrocytes™
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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 (AB) and promotes cell-surface association and uptake of
- AP in mouse primary astrocytes. The internalized A 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 AB. Our findings indicate that LPL is
a novel AB-binding protein promoting cellular uptake and
subsequent degradation of AB.

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 (apoClI), 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 B protein (Ap), and the abnormal A depo-
sition or the formation of soluble A oligomers is crucial for
AD pathogenesis. Af 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 Af catabolism is sug-
gested to cause AP accumulation in aging brains (14). Previ-
ous studies have shown that astrocytes and microglia directly
take up and degrade AB42 (15, 16) and that AS 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 AB and facilitates AB 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
Ap1-42 was purchased from the Peptide Institute (Osaka,
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Japan). Heparin, chondroitin, chondroitin sulfates, and chon-
droitinase ABC were from Seikagaku (T okyo, 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). i

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-HCl, 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. AB was dissolved in di-
methyl sulfoxide to a final concentration of 1 mum 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 AS 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-HCl (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). A 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 pg/ml) were incubated with a mixture solu-
tion of AP 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'-CAGAGGGCACAUUUGACCUUUCCAUATAT-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 um) and then incubated at 4 °C for 3 h, and cell-surface
associated A 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—Af (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-A 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 pg/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-AS 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 AB recovered in the
supernatant was assessed by Western blotting as described
above. For detection of endogenous AB, 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 AB 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 ug/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
t 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-AB 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 pg/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 A 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 AB oligomers were subjected
to immunoprecipitation/immunoblot analysis, and Ap42
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 Ap42
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 pug/ml (Fig. 2C, lysate). Consistent with the
increase in the level of cellular uptake of AB, the level of AB
remaining in culture medium was decreased (Fig. 2C, me-
dium). The AB 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 AB 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-Ag 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 Ag 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 A3 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 cerebrumwas 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 ABin the
immunoprecipitates was detected by Western blotting using 4G8, an
anti-AB antibody. /B, immunoblot.

we determined the time-dependent effect of LPL-mediated
AB uptake into astrocytes. Astrocyte cultures were incubated
with AB (500 nm) and LPL (2 pg/ml) at 37 °C for various
hours, and the AB level in the cell lysate was determined. The
level of AB in the cell lysate increased in a time-dependent
manner (Fig. 2E). The AB 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
Ap 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 A
(500 nm) and LPL (0, 1, 2, and 5 pg/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-g-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 AS (500 nm)
and LPL (2 ug/ml) at 37 °C for 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 AB42
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 ABin
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 AS level in the
cell lysate was analyzed by Western blotting. The strong sig-
nal representing internalized AB during the initial incubation
for 5 h was detected in the cell lysate at the point of 0 min
after washing (Fig. 44). 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 AB, 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 pg/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-LAMP2 antibody, whose
staining signal is considered as a marker of late endosomes/
lysosomes (21). We found that some portions of anti-A anti-
body-positive signals were co-localized with staining signals
reactive to the anti-LAMP2 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 A, we determined the effect of chloroquine on the
localization of AB 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 AB. 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 pg/ml) and AB (500 nwm) at 37 °Cfor 5 h. Cells were washed in DMEM three times and then incubated in DMEM at 37 °Cfor 0, 3, 5,
12, and 24 h. The amount of A remaining in the cells was determined by Western blotting using the anti-AS antibody, 6E10, in a detergent extract of
whole cells. 8, 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 pm. C, astrocytes were incubated with LPL (2 pg/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 AB in a Heparan Sulfate-
and Chondroitin Sulfate-dependent Manner—LPL has a high
affinity with heparan sulfate (HS) and chondroitin sulfate (CS)
(5, 24, 25). Therefore, we next investigated whether HS and
CS are involved in the LPL-mediated cellular binding and cel-
lular uptake of AB in astrocytes. Mouse primary astrocytes
were pretreated with a mixture of heparinase II and hepari-
nase Il and/or chondroitinase ABC for 24 h at 37 °C, followed
by incubation with AB42 and LPL at 4 °C for 3 h. There were
no significant differences among the values in the absence of
LPL (one-way ANOVA; p = 0.0929 for cell-surface-associated
AB, p = 0.4350 for cellular Ap). Pretreatment with hepari-
nases or chondroitinase ABC partially decreased the level of
LPL-mediated cellular binding of AB in astrocytes to 40 or
50% of that observed in the nontreated control, respectively
(Fig. 5A). Interestingly, pretreatment with both heparinases
and chondroitinase ABC decreased the level of LPL-mediated
binding of AB to astrocytes to 20% of that observed in non-
treated control (Fig. 54). Next, we determined the effect of
HS and/or CS on the LPL-mediated cellular uptake of AB. In
conjunction with the effect of LPL on AB binding, hepari-
nases and chondroitinase ABC decreased the level of LPL-
mediated cellular uptake of A in astrocytes to 30 and 50% of
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that observed in the nontreated control incubated with LPL,
respectively (Fig. 5B). Pretreatment with both heparinases and
chondroitinase ABC did not show an additive effect on the
attenuation of LPL-promoted Ap uptake (Fig. 5B). These
findings indicate that HS and CS expressed in astrocytes are
involved in the LPL-mediated association of A with astro-
cytes and A cellular uptake.

To further confirm the involvement of HS and CS in LPL-
mediated A uptake, we incubated astrocytes with various
glycosaminoglycans. Heparin, which is a structural analog of
HS, substantially suppressed the effect of LPL on A uptake
at a concentration of 3 pg/ml (Fig. 5C). The suppressive effect
of heparin on LPL-mediated AB uptake was also observed in
the presence of de-N-sulfated heparin, whereas either de-2-O-
sulfated heparin or de-6-O-sulfated heparin had no effect on
LPL-mediated AB uptake (Fig. 5C). None of these heparins
interfered with the interaction between LPL and A (Fig. 5D).
In addition, 4-O-, 6-O-disulfated chondroitin sulfate (3 pg/
ml) completely suppressed the promotive effect of LPL on AB
uptake (Fig. 5E). 4-O-Sulfated chondroitin sulfate and 6-O-
sulfated chondroitin sulfate moderately attenuated the func-
tion of LPL, whereas chondroitin (a nonsulfated form of
chondroitin sulfate) and 2-O-, 6-O-disulfated chondroitin
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FIGURE 5. LPL-mediated cellular binding and uptake of AB depends on heparan sulfate and chondroitin sulfate in astrocytes. A and B, astrocytes
from wild-type mice were pretreated with a mixture of heparinase |1 (0.03 pg/ml) and heparinase ili (0.03 ng/ml), and/or chondroitinase ABC (0.03 ug/ml) at
37°C for 24 h. After washing in DMEM three times, cells were incubated with LPL (2 pg/ml) and AB (500 nm) at 4 °C for 3 h (for cell surface association) (4) or
37 °C for 3 h (for uptake) (B). The level of AB 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 A3 (500 nm) or LPL (2
ng/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 AS
in the detergent extract of whole cells was determined using 6E10. (D) LPL (2 ug/ml) and A (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 pg/ml. Protein complexes in DMEM were immunopre-
cipitated {/P) with an anti-LPL antibody {a-LPL) and the Ap recovered in the immunoprecipitates was analyzed by Western blotting using 6E10. These data
are representative of at least three independent experiments. de25, 2-O-desulfated heparin; de6s, 6-0-desulfated heparin; deNS, N-desulfated heparin.

E, astrocytes were incubated with LPL (2 ug/ml) and AB (500 nw) in the presence or absence of chondroitin sulfates (chondroitin, chondroitin 4-sulfate (C5-
A), 2-O-, 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°C for 5 h. The level of AB in a detergent extract of whole cells was determined by Western biotting using 6E10. F, LPL (2 ug/mi) and Ap (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 pg/ml. Protein complexes were immunopre-
cipitated with the anti-LPL antibody (a-LPL), and the A 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). (26), we analyzed the effects of ApoE on the LPL-mediated
None of these CS interfered with the interaction between LPL  cellular uptake of AB in astrocytes. We collected culture me-
and A in vitro (Fig. 5F). dia of primary astrocytes prepared from ApoE-KO mice and

ApoE Is Dispensable for LPL-mediated Cellular Uptake of C57BL/6 (WT) mice. The astrocyte cultures prepared from
AP in Astrocytes—Because ApoE is reported to be involved in  wild-type mouse cortices were incubated in conditioned me-
the metabolism of AB, including its aggregation and clearance  dia in the presence of AB42 and LPL. As shown in Fig. 6A, AS
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FIGURE 6. ApoE is dispensable for the LPL-mediated cellular uptake of AB 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 AS in a detergent extract of whole celis (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 AB 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 °Cfor 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 ABin
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 AS
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, apoCIl, 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 Af binding molecule; that is, exogenous LPL binds to A3
and promotes cellular binding and uptake of A in astrocytes.
The internalized AB was degraded within 12 h, mainlyin 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 A 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 A clearance and subsequent accumulation of AS,
accelerating AD development. Because the accumulation of
AP in the extracellular space is considered to trigger AB ag-
gregation and deposition, the function of LPL to enhance AS
binding, uptake, and degradation in astrocytes may decrease
Ap 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 AB 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 AB accumulation, thereby causing neuronal cell
death (36, 37) and that chloroquine, which disrupts lysosomal
pH balance, enhances A accumulation in a microglial cell
line (38). Our results show that almost all of the internalized
AP 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-A 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
AB 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 AB 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 A (16, 31).
These lines of evidence suggest that ApoE affects Af3 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 AB
internalized in an LPL-mediated manner. These results sug-
gest that ApoE is not required for the LPL-mediated cellular
uptake of Af in astrocytes.

In this study, we demonstrated a novel LPL function; that
is, LPL binds to AB and enhances the cellular uptake of AB 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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Apolipoprotein E (apoE) is a major apolipoprotein in the
brain. The €4 allele of apoE is a major risk factor for Alzheimer
disease, and apoE deficiency in mice leads to blood-brain barrier
(BBB) leakage. However, the effect of apoE isoforms on BBB
properties are as yet unknown. Here, using an in vitro BBB
model consisting of brain endothelial cells and pericytes pre-
pared from wild-type (WT) mice, and primary astrocytes pre-
pared from human apoE3- and apoE4-knock-in mice, we show
that the barrier function of tight junctions (TJs) was impaired
when the BBB was reconstituted with primary astrocytes from
apoE4-knock-in mice (apoE4-BBB model). The phosphoryla-
tion of occludin at Thr residues and the activation of protein
kinase C (PKC)n in mBECs were attenuated in the apoE4-BBB
model compared with those in the apoE3-BBB model. The dif-
ferential effects of apoE isoforms on the activation of PKCn, the
phosphorylation of occludin at Thr residues, and TJ integrity
were abolished following the treatment with an anti-low density
lipoprotein receptor-related protein 1 (LRP1) antibody or a
LRP1 antagonist receptor-associated protein. Consistent with
the results of in vitro studies, BBB permeability was higher in
apoE4-knock-in mice than in apoE3-knock-in mice. Our studies
provide evidence that T] integrity in BBB is regulated by apoE in
an isoform-dependent manner.

Apolipoprotein E (apoE)? is a polymorphic glycoprotein with
a molecular mass of 34 kDa. Its three isoforms, apoE2, apoE3,
and apoE4, are all products of the same gene, which exists as
three alleles (€2, €3, and €4) at a single locus (1). Among these
three isoforms, apoE4 is a major risk factor for Alzheimer dis-
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mBEC, mouse brain endothelial cell; RAP, receptor-associated protein;
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ease (AD) (2, 3). ApoE is expressed in several organs, with the
liver showing the highest expression level, followed by the
brain. In the brain, apoE is a major apolipoprotein and plays a
major role in the transportation of lipids as a lipid acceptor (1).
ApoE-containing lipoprotein particles are mainly produced by
astrocytes and deliver cholesterol and other essential lipids to
neurons through low density lipoprotein (LDL) receptor family
members (4—6). A number of studies revealed that astrocytes
are involved in the control of endothelium blood-brain barrier
(BBB) properties (7, 8) and that apoE deficiency leads to BBB
leakage (9-11).

BBB is formed by brain endothelial cells and is essential for
the protection of the central nervous system from harmful
blood molecules and cells (12). Brain endothelial cells form
tight junctions (TJs), which are the fundamental characteristics
of BBB (13, 14). The assembly of T]s requires at least three types
of transmembrane protein, namely, occludin, claudin, and
junctional adhesion molecule (15). Protein kinases are localized
at TJs or interact directly with TJ proteins (16-18). Among
protein kinases, PKCn has been shown to regulate the phos-
phorylation of occludin at its Thr residues and play a crucial
role in the assembly and/or maintenance of TJs (19). Cells sur-
rounding brain capillaries, such as astrocytes and pericytes,
contribute to the formation of a functional BBB (20). Interac-
tion between astrocytes and brain endothelial cells is likely
important for TJ formation and maintenance.

Recently, an in vitro BBB model in triple co-culture consist-
ing of brain endothelial cells, pericytes, and astrocytes has been
established (21). To determine whether apoE-containing parti-
cles secreted from astrocytes regulate T] integrity in BBB, we
investigated the effects of apoE isoforms on T] integrity, using a
triple co-culture model consisting of primary brain endothelial
cells and pericytes, both of which were prepared from wild-type
(WT) mice, and primary astrocytes prepared from human
apoE3- or apoE4-knock-in mice, WT mice, or apoE-knock-out
(apoE-KO) mice. Here, we provide evidence that apoE regulates
PKCn activity and the phosphorylation of occludin at its Thr
residues in an isoform-dependent manner, which regulate T]J
functions. The expression of occludin was not affected by
either isoform. Transendothelial electric resistance (TEER), an
important parameter of TJ integrity in a culture model, was
lower in the model using astrocytes from apoE4-knock-in mice
(apoE4-BBB model) than in the model using astrocytes from
apoE3-knock-in mice (apoE3-BBB model). Consistent with the
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results of in vitro studies, BBB permeability was higher in
apoE4-knock-in mice than in apoE3-knock-in mice.

EXPERIMENTAL PROCEDURES

Materials— A mouse monoclonal anti-LDL receptor-related
protein 1 (LRP1) antibody, a rabbit polyclonal anti-LDL recep-
tor antibody, a rabbit monoclonal anti-very low-density lipo-
protein (VLDL) receptor antibody, and an anti-phosphorylated
PKC% (pPKCn) antibody were purchased from Abcam Inc.
(Cambridge, MA). A mouse monoclonal anti-occludin anti-
body was purchased from Invitrogen, and a rabbit polyclonal
anti-actin antibody was from Sigma. A goat polyclonal anti-
apoE antibody was purchased from Millipore (Billerica, MA).
Anti-phosphorylated Tyr (Tyr(P)), anti-phosphorylated Thr
(Thr(P)), and rabbit polyclonal anti-PKCr antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse control IgG was from Millipore Corp. (Bedford, MA),
and rabbit control IgG was from Southern Biotech (Birming-
ham, AL). Recombinant receptor-associated protein (RAP) was
produced and purified as described previously (22, 23).

Animals—Mice expressing human apoE were generated by
the gene-targeting technique taking advantage of homologous
recombination in embryonic stem cells (knock-in) (24). Three-
week-old C57BL/6 mice were purchased from SLC Inc.
(Hamamatsu, Japan). For astrocyte culture, pregnant C57BL/6
mice were purchased from SLC Inc., and newborn mice at post-
natal day 2 were used for the experiment. ApoE-KO mice were
obtained from the Jackson Laboratories (Bar Harbor, ME). The
National Center for Geriatrics and Gerontology Institutional
Animal Care and Use Committee approved the animal studies.

Evans Blue Assay—BBB permeability was quantified using
the established Evans blue dye technique. Two hundred micro-
liters of 20% mannitol (Sigma) was injected into 6-month-old
apoE knock-in mice through the tail vein. After 30 min, 200 pl
of 2% Evans blue (Sigma) was injected intraperitoneally. Mice
were killed at 3 h after injection. The cerebellum and cerebral
cortex were collected and then incubated in 500 ul of formam-
ide for 72 h in the dark. Subsequently, the absorption (A) of the
extracted dye was measured at 630 nm by spectrophotometry.

Cell Cultures—Primary cultures of mouse brain capillary
endothelial cells (mBECs) were prepared from 3-week-old mice
in accordance with the method described previously (21). The
mice were killed, and the gray matter was dissected out. The
gray matter was minced in ice-cold Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) and then dissociated into single
cells by 25 times of up- and down-strokes with a 5-ml pipette in
10 ml of DMEM containing 100 pul of collagenase type 2 (100
mg/ml; Sigma), 150 ul of DNase I (1 mg/ml; Roche Applied
Science) followed by digestion for 1.5 h at 37 °C. The digest in
20% bovine serum albumin (BSA) (Sigma) in DMEM was cen-
trifuged at 1,000 X g for 20 min to obtain cell pellets. The
microvessels obtained from the pellets were further digested
with collagenase and dispase (1 mg/ml; Roche Applied Science)
for 1 h at 37 °C. Microvessel endothelial cell clusters were sep-
arated on a 33% continuous Percoll (Pharmacia) gradient, col-
lected, and washed twice in DMEM before plating on 60-mm
plastic dishes coated with collagen type IV (Nitta Gelatin) and
fibronectin {Calbiochem) (both 0.1 mg/ml). mBEC cultures
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were maintained at 37 °C for 2 days in DMEM/F12 (Invitrogen)
supplemented with mBEC medium I containing 10% FBS, basic
fibroblast growth factor (1.5 ng/ml; Roche Applied Science),
heparin (100 pg/ml; Sigma), insulin (5 pg/ml; Sigma), transfer-
rin (5 pg/ml; Sigma), sodium selenite (5 ng/ml; Sigma) (insulin-
transferrin-sodium selenite media supplement), penicillin,
streptomycin (Invitrogen), and puromycin (4 ug/ml; Sigma).
On the 3rd day, the medium was replaced with a new medium
that contained all of the components of mBEC medium I except
puromycin (mBEC medium II). When the cultures reached 80%
confluence (4th day in vitro), the purified endothelial cells were
passaged and used. Pure cultures of mouse cerebral pericytes
were obtained by a 2-week culture of isolated brain microvessel
fragments, which contain pericytes beside endothelial cells.
When the cultures reached confluence, cells were treated with
trypsin (Invitrogen), replated onto uncoated dishes, and cul-
tured in DMEM supplemented with 10% FBS. Culture medium
was changed every 3 days. Highly astrocyte-rich cultures were
prepared in accordance with a method described previously
(25). In brief, brains of day 2 postnatal human apoE-knock-in
mice, WT mice, or apoE-KO mice were removed under anes-
thesia. The cerebral cortices from the mice were dissected,
freed from meninges, and diced into small pieces; the cortical
fragments were incubated in 0.25% trypsin and 20 mg/ml
DNase I in PBS at 37 °C for 20 min. The fragments were then
dissociated into single cells by pipetting. The cells were seeded
in 75-cm? dishes with DMEM-containing 10% FBS at a density
of 5 X 107 cells/dish. 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 astro-
cyte-rich cultures were maintained in DMEM-containing 10%
FBS until use.

Construction of in Vitro BBB Models—To construct in vitro
models of BBB, pericytes (1.5 X 10* cells/cm?®) were seeded on
the bottom side of the polyester membrane of the Transwell
inserts (Corning Inc., Corning, NY) coated with collagen type
IV and fibronectin. The cells were allowed to adhere firmly
overnight, then endothelial cells (1.5 X 10° cells/cm?) were
seeded on the upper side of the inserts placed in the wells of
24-well culture plates (for measurement of TEER) or 6-well
plates (for Western blotting). Astrocytes (1 X 10° cells/cm?) on
the 6-well plates or 24-well plates were maintained in mBEC
medium IL. Finally, the Transwell inserts with mBECs and peri-
cytes were placed into the 6-well or 24-well plates with astro-
cytes and maintained for 7 days. For the experiment to examine
the effect of apoE-containing medium on BBB integrity, the
double co-cultured model using pericytes and mBECs in the
absence of astrocytes was used. For the preparation of condi-
tioned media, primary astrocytes prepared from apoE3- or
apoE4-knock-in mice were cultured in mBEC medium II for
48h, and the conditioned media of apoE3-expressing astrocytes
(apoE3-CM) or apoE4-expressig astrocytes (apoE4-CM) were
collected. To determine the effect of apoE3-CM or apoE4-CM
on BBB integrity, each CM was added only to the luminal side of
the double co-cultured model, and the abluminal side was filled
with mBEC medium I These culture media were replaced with
newly prepared CM or fresh mBEC medium II on the 3rd and
5th days, and TEER was determined on the 7th day.
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Measurement of TEER—Barrier integrity in in vitro BBB
models was analyzed by measurement of TEER. TEER was
measured using an epithelial-volt-ohm meter and Endohm-24
chamber electrodes (World Precision Instruments). TEER of
coated but cell-free filters was subtracted from the measured
TEERSs of models shown as { X cm?.

Real-time PCR Analysis—The mRNA levels of T] proteins
were evaluated by real-time PCR analysis. Total RNA was
extracted using a Cell Amp™ Direct RNA Prep kit (Takara Bio
Inc., Shiga, Japan) and reverse-transcribed with oligo(dT) and
random primers using a PrimeScript RT reagent kit (Takara Bio
Inc.). Relative real-time PCR was carried out using SYBR Pre-
mix Ex Taq™ 1I (Takara Bio Inc.) and Thermal Cycler Dice
Real-time system TP-800 (Takara Bio Inc.) in accordance with
the manufacturer’s protocols. The oligonucleotide sequences
used for the primer sets were 5'-GCTTATCTTGGGAGCCTGG-
ACA-3' and 5'-GTCATTGCTTGGTGCATAATGATTG-
3’ for occludin, 5'-CACCACTACCAGCAGTCGATAA-3' and
5'-GTGTCGTCTGTCACCATCTGGAA-3’ for claudin 3, 5'-
AGTTAAGGCACGGGTAGCACTCAC-3' and5'-CAACGA-
TGTTGGCGAACCAG-3' for claudin 5, and 5'-GCCAATCA-
CAATTGCGAAGATG-3' and 5'-GCCACTCGAGCTGATC-
TGTCAC-3’ for apoE.

Western Blotting—The protein expression levels of occludin,
PXCn, and phosphorylated PKCn in in vitro BBB models were
determined by Western blotting. Cells were washed with PBS
three times, harvested using a cell scraper, and lysed by sonica-
tion in radioimmuneprecipitation assay buffer (1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mm NaCl, 50
mM Tris-HCI (pH 8.0), 1 mMm EDTA). Cell lysates were sub-
jected to SDS-PAGE with 7.5% gels (WAKO Pure Chemicals,
Osaka, Japan) and transferred to polyvinylidene difluoride
membranes (Millipore). The membrane was blotted with a pri-
mary antibody followed by a horseradish peroxidase-labeled
secondary antibody (Cell Signaling Technology, Inc., Beverly,
MA). The blot was developed using chemiluminescent sub-
strate ECL Plus (GE Healthcare). Signals were visualized and
quantified using a LAS-3000 miniluminescent image analyzer
(Eujifilm, Tokyo, Japan). The protein level in cell lysates was
normalized to the expression level of the actin protein. The
phosphorylation state of occludin was analyzed by immunopre-
cipitation. For immunoprecipitation, cell lysates were incu-
bated with magnetic protein G beads (Dynal, Hamburg, Ger-
many) linked with an anti-Thr(P) or anti-Tyr(P) antibody. The
obtained precipitates were washed three times with PBS and
incubated at 70 °C for 10 min in SDS sample buffer. Dissociated
occludin in the supernatant was analyzed by Western blotting
as described above.:

Statistical Analyses—The collected data were analyzed by
one-way analysis of variance (ANOVA) including appropriate
variables followed by Dunnett’s test or unpaired Student’s ¢ test
(comparison between two groups). Results were considered sig-
nificant when p < 0.05.

RESULTS

BBB Integrity Was Impaired in ApoE4-BBB Model—TFirst, we
examined whether mBECs and primary pericytes express apoE.
We confirmed that the mRNA level of apoE in mBECs was
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FIGURE 1. TEER in apoE3-BBB, apoE4-BBB, WT-BBB, and apoE-KO-BBB
models. A, triple co-culture BBB models were prepared by using primary peri-
cytes and mBECs from WT mouse brains and primary astrocytes from human
apoE3- or apoE4-knock-in mice and were cultured for 7 days. TEER was mea-
sured on the indicated culture days and presented as 8 X cm? The data
presented are means = S.D. (error bars) (n = 3).*, p < 0.001 compared with
the values of apoE3-BBB models on day 7 or day 5 (unpaired Student’s t test).
B, triple co-culture BBB models were prepared by using primary pericytes and
mBECs from WT mouse brains and primary astrocytes from human apoE3-or
apoE4-knock-in mice, WT mice, or apoE-KO mice and were cultured for 7 days.
To determine the effect of the apoE-containing conditioned media, double
co-culture model using primary pericytes and mBECs in the absence of astro-
cytes was sued. The conditioned media (48 h) from apoE3-expressing astro-
cytes (apoE3-CM) or apoE4-expressing astrocytes (apoE4-CM) were added
only to the luminal side of double co-culture models and maintained for 7
days. Then, TEERwas measured, and the values are presented as X cm? The
data presented are means = S.D.(n = 3).*, p < 0.05 versus apoE3-BBB model.

about 1,000 times lower than that in primary astrocytes (data
not shown), and we did not detect apoE in the culture media of
mBECs and primary pericytes by Western blotting (data not
shown). Thus, we prepared mBECs and primary pericytes from
wild-type mice and astrocytes from apoE3- or apoE4-knock-in
mice, WT mice, and apoE-KO mice for the preparation of an in
vitro BBB model. TEER increased in a manner that depended on
the number of days of culture after preparing the in vitro BBB
model and was significantly lower in the apoE4-BBB model
than in the apoE3-BBB model on days 5 and 7 (Fig. 14). Wealso
evaluated TEER in in vitro BBB models with astrocytes pre-
pared from WT mice, expressing endogenous mouse apoE, and
astrocytes prepared from apoE-KO mice. We found that TEER

pCETON

VOLUME 286+ NUMBER 20+ MAY 20, 2011

1102 ‘61 Aepy uo ‘ABojojuoian) % soujelas 110 fieN 1e B10'ogl mmm wol pspeojumod



in the WT-BBB model was comparable with that in the apoE3-
BBB model, whereas TEER in the apoE-KO-BBB model was
significantly lower than that in the apoE3-BBB model (Fig. 1B).
Furthermore, we performed experiments to determine the
effect of apoE-containing media on BBB integrity. The condi-
tioned media of primary astrocytes expressing apoE3 (apoE3-
CM) or apoE4 (apoE4-CM) were added to the luminal side of
the co-culture model with pericytes and mBECs in the absence
of astrocytes. TEER was significantly lower in these models
than in the apoE3-BBB model (Fig. 1B).

ApoE Isoforms Do Not Affect Expression Levels of T] Proteins—
Next, we analyzed the expression levels of occludin, claudin 3,
and claudin 5, all of which were reported to be major constitu-
ents of T] strands (15). Each BBB model was cultured for 7 days,
and the mRNA levels of these proteins in mBECs were analyzed
by real-time PCR. Results are shown as relative ratios to actin.
The expression levels of occludin (Fig. 24), claudin 3, and clau-
din 5 (data not shown) in the apoE3-BBB model were compa-
rable with those in the apoE4-BBB, WT-BBB, and apoE-KO-
BBB models.

Thr Phosphorylation of Occludin Was Regulated in an ApoE
Isoform-dependent Manner—The phosphorylation of occludin
at Tyr residues is reported to negatively regulate T] integrity
(26) whereas phosphorylation at Thr residues is required for
the assembly of occludin into TJs (19). We then determined
whether the phosphorylation of occludin is regulated in an
apoE isoform-dependent manner. On day 7, mBECs were har-
vested using a cell scraper, and the level of phosphorylated
occludin was determined by immunoprecipitation followed by
Western blotting. We did not detect the phosphorylation of
occludin at Tyr residues (data not shown). The levels of phos-
phorylated occludin at Thr residues were significantly lower
in the apoE4-BBB model than in the apoE3-BBB model (Fig.
2B). The phosphorylated occludin at Thr residues was abol-
ished in the apoE-KO-BBB model, whereas the level of phos-
phorylated occludin in the WT-BBB model was similar to that
in the apoE3-BBB model (Fig. 2B). Consistent with the results of
real-time PCR analysis, the protein level of occludin in the
apoE3-BBB model was comparable with those in the apoE4-
BBB, WT-BBB, and apoE-KO-BBB models (Fig. 2B). Recently,
it has been reported that PKCn regulates the phosphorylation
of occludin at Thr residues in epithelial TJs (19). We then ana-

lyzed the activation states of PKCn in the in vitro BBB models..

On day 7, mBECs in the BBB models were harvested, lysed, and
subjected to SDS-PAGE followed by immunoblotting with the
antibody specific for phosphorylated PKCn at the Ser-674 res-
idue, which is an activated form of PKCn (27). As shown in Fig.
2C, phosphorylation of PKCn was significantly attenuated in
the apoE4-BBB model compared with the apoE3-BBB model,
indicating that apoE isoforms differentially influence the acti-
vation of PKCn. The level of phosphorylated PKCv was signif-
icantly lower in the apoE-KO-BBB model than in the apoE3-
BBB model, and the level of phosphorylated PKCn in the
WT-BBB model was comparable with that in the apoE3-BBB
model (Fig. 2C). We examined the phosphorylation of other
PKC isoforms, PKCi and PKC{, which interact directly with TJs
(17), and found no significant difference in the levels of phos-
phorylated PKC isoforms (data not shown).
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FIGURE 2. Phosphorylation of occludin and PKCy in mBECs of apoE3-
BBB, apoE4-BBB, WT-BBB, and apoE-KO-BBB models. A, triple co-cul-
ture BBB models were prepared by using primary pericytes and mBECs
from WT mouse brains and primary astrocytes from human apoE3 or
apoE4 knock-in mice, WT mice, or apoE-KO mice and were cultured for 7
days. Total RNA of mBECs was collected. Relative real-time PCR analysis
was performed to compare the expression levels of occludin. Results are
shown as relative ratios to actin. The data presented are means = S.D.
(error bars) (n = 3). B, triple co-cultured models were cultured for 7 days.
On day 7, mBECs were harvested, and the obtained cell lysates were sub-
jected to immunoprecipitation and Western blotting. For the detection of
occludin phosphorylated at its Thr residues, immunoprecipitation with
the anti-Thr(P) antibody followed by immunoblotting with the anti-occlu-
din antibody was performed. For the detection of total occludin, cell
lysates were subjected to SDS-PAGE followed by probing with the anti-
occludin antibody. The anti-B actin antibody was used as the loading
control. The graph shows the levels of phosphorylated occludin at Thr
residues and total occludin. The data presented are means £ S.D.{(n = 3).
*, p < 0.001 versus apoE3-BBB model. , triple co-cultured models were
cultured for 7 days. On day 7, mBECs were harvested, and the obtained cell
lysates were subjected to Western blotting with the anti-phosphorylated
PKCn and anti-PKC antibodies. The graph shows the levels of phosphor-
ylated and total pPKCn. The data presented are means = S.D.(n = 3).*,p <
0.001 versus apoE3-BBB model.

LRP1 Is Involved in the Regulation of the T] Integrity in the
ApoE3-BBB Model—ApokE is a ligand for receptors of the LDL
receptor (LDLR) superfamily, several of which act both as endo-
cytic receptors (28) and signaling receptors (5). Thus, we exam-
ined the effect of the RAP on the phosphorylation of PKCn.
RAP, a 39-kDa protein, is a specialized chaperone of members
of the LDLR family, including LRP1 (29, 30). RAP binds to LRP1
at multiple sites (29, 30) with high affinity (K,, = 1-10 nm) (31).
RAP has also been used extensively as an antagonist of LRP1
(32). Onday 7, RAP (1 um) was added to the media of astrocytes
in an in vitro BBB model and cultured for 4 h at 37 °C. After
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FIGURE 3. LRP1 is involved in the regulation of TJ integrity in the apoE3-BBB model. A-D, apoE3- and apoE4-BBB models were cultured for 7 days. On day 7, the
in vitro BBB models were treated with RAP (4) (1 um) or the anti-LRP1 (B), anti-LDLR ((), or anti-VLDLR antibody (D) (25 pg/ml) for 4 hat 37 °C. After treatment, mBECs
were harvested using a cell scraper, and the obtained cell lysates were subjected to Western blotting using anti-phosphorylated PKCrn and anti-PKCn antibodies.
E, apoE3- and apoE4-BBB models were cultured for 7 days. On day 7, the in vitro BBB models were treated with the anti-LRP1 antibody or isotype IgG (25 pug/ml) for4h
at 37 °C. After treatment, mBEC lysates were immunoprecipitated with the polycional anti-Thr(P) antibody, and the immunoprecipitates were subjected to Western
blotting using the anti-occludin antibody or anti-phosphooccludin antibody. F, apoE3- and apoE4-BBB models were cultured for 7 days and then treated with the
anti-LRP1 antibody or isotype IgG (25 ug/ml) for 4 h at 37 °C. After treatment, TEER was measured, and the values are presented as ) X ¢m?. The data presented are
means = S.D. (error bars) (n = 3).*, p < 0.005 compared with the values of apoE3-BBB models treated with control IgG (Dunnett’s test).

incubation, the phosphorylation of PKC7 in mBECs was ana-
lyzed by Western blotting. The treatment of the apoE3-BBB
model with RAP attenuated the phosphorylation of PKCr to a
level similar to that of the apoE4-BBB model (Fig. 34). Because
RAP inhibits LRP1 as well as the LDLR (29) and because apoE-
containing particles can bind to the very low-density lipopro-
tein (VLDL) receptor (33), we next treated the apoE3-BBB
model with the anti-LRP1, anti-LDLR, or anti-VLDLR antibody
(25 pg/ml), which recognizes the extracellular domain of LRP1,
LDLR, or VLDLR, respectively, on day 7 for 4 h at 37 °C to
determine whether specific apoE receptors are involved in
PKCn phosphorylation. Among these antibodies, only the anti-
LRP1 receptor antibody suppressed the phosphorylation of
PKCn (Fig. 3, B-D). Consistent with this suppression of PKC7
phosphorylation, the treatment of the apoE3-BBB model with
the anti-LRP1 antibody also suppressed the phosphorylation of
occludin at Thr residues (Fig. 3E). Next, we examined whether
treatment of the apoE3-BBB model with the anti-LRP1 anti-
body impairs T] integrity. The prepared apoE3-BBB model was
cultured for 7 days, and the anti-LRP1 antibody (25 ug/ml) was
added to the astrocyte culture medium. After further incuba-
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tion of the cultures for 4 h at 37 °C, T] integrity was evaluated by
measuring TEER. Treatment of the apoE3-BBB model with the
anti-LRP1 antibody significantly decreased TEER (Fig. 3F),

indicating that T] integrity requires the function of apoE recep-

tor LRP1.

BBB Integrity Is Impaired in ApoE4-knock-in Mice—Finally,
we evaluated the BBB integrity in human apoE3-, apoE4-
knock-in mice, and apoE-KO mice. BBB integrity was evaluated
using an Evans blue dye technique. Consistent with the results
shown in Fig. 1, BBB integrity was impaired in the apoE4-
knock-in mice compared with the apoE3-knock-in mice (Fig.
4). Consistent with previous studies (9, 11), BBB integrity was
impaired in the apoE-KO mice (Fig. 4). We found a higher
amount of leakage in the cerebellum of human apoE-knock-in
mice than in the cerebrum, which is consistent with the find-
ings of previous studies using apoE-KO mice (9, 11).

DISCUSSION
In this report, we provided evidence that TEER is lower in the

apoE4-BBB and apoE-KO models than in the apoE3-BBB and
WT-BBB models. The activation of PKCv and the phosphory-
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FIGURE 4. BBB integrity isimpaired in apoE4-knock-in mice. The BBB integrity
in apoE3-knock-in mice, apoE4-knock-in mice, and apoE-KO mice was evaluated
using an Evans blue dye technique. Two hundred microliters of 20% mannitol
was injected through the tail vein. Thirty minutes after injection, 200 ul of 2%
Evans blue dye was injected intraperitoneally. The distribution of the dye was
confirmed by a visible change in the color of the skin within 1 h after injection.
Three hours after the injection, the mice were killed, and their brains were
removed. The cerebrum and cerebellum were immediately collected, weighed,
and incubated in 500 ul of formamide for 72 h at room temperature in the dark.
The absorbance of the extracted dye was measured at 630 nm, The data pre-
sented are means * S.D. (error bars) (n = 3).%, p < 0.05.

lation of occludin at its Thr residues, which regulates T] integ-
rity, were dependent on the apoE isoform. Furthermore, the
treatment of the apoE3-BBB model with the anti-LRP1 anti-
body diminished the activation of PKCn and phosphorylation
of occludin, suggesting that LRP1 may be involved in the regu-
lation of TJ integrity through the activation of PKCn and phos-
phorylation of occludin at its Thr residues in the apoE3-BBB
model. Our results also indicate that this pathway is impaired in
the apoE4-BBB model. Consistent with the results of in vitro
studies, BBB permeability was increased in the apoE4-knock-in
mice and apoE-KO mice compared with the apoE3-knock-in
mice. As revealed in previous studies (7, 8), astrocytes are
involved in the control of BBB integrity. Astrocytes are consid-
ered to be the major source of apoE in the CNS (4 ~6), and apoE
deficiency leads to BBB leakage (9—11). These lines of evidence
suggest that astrocytes may regulate BBB integrity through
apoE. In the present study, our findings indicate that apoE
secreted from astrocytes is involved in the regulation of TJ
integrity through the activation of PKCn and phosphorylation
of occludin at its Thr residues in an LRP1-mediated manner in
the apoE3-BBB model and that this pathway is impaired in the
apoE4-BBB model. We provide the first evidence that TJ integ-
rity in BBB is regulated in an apoE isoform-dependent manner.

ApoE-containing particles act as ligands of LDLR family
members such as LRP1 and play critical roles in maintaining
brain lipid homeostasis and associated synaptic and neuronal
integrity (4, 34). Previous studies have shown that apoE induces
lipid release to generate HDL-like particles from macrophages
and astrocytes in an isoform-dependent manner; apoE3
induces a greater lipid release than apoE4 (35-39). In addition
to functioning as lipid carriers, a recent study showed that
apoE3-containing particles act as signaling molecules through
LRP1 to activate PKC8, a novel PKC isoform (40), and protect
neurons from apoptosis in an apoE isoform-dependent manner
(41). Here, we showed that apoE regulates the activation of
PKCn, which is also a novel PKC isoform (40), through LRP1 in
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mBECs in the in vitro BBB model. Thus, our results suggest that
apoE-containing particles also act as signaling molecules to reg-
ulate the activation of PKCn), the subsequent phosphorylation
of occludin at its Thr residues, and TJ integrity. Our findings
also indicate that apoE4-containing particles might be less effi-
cient as signaling molecules than apoE3-containing particles.

ApoE4 is a major risk factor for AD. Although how apoE4
influences AD onset and progression has not been fully under-
stood yet, recent studies suggest that the differential effects of
apoE isoforms on amyloid-$ (AB) aggregation and clearance
could play important roles in AD pathogenesis. Human apoE-
transgenic mice display an isoform-specific pattern of AS dep-
osition (E3 < E4) (42-46). Previous studies have shown that
lipid-poor apoE4 and lipid-free apoE4 enhance A production
by increasing LRP1- and apoER2-mediated endocytosis of an
amyloid precursor protein (47, 48). ApoE also facilitates the
proteolytic clearance of AB from the brain in an apoE isoform-
dependent manner and requires its lipidation (49). Considering
BBB as a pathway of A clearance in the brain (50 -52), arecent
study has shown that AB complexed to apoE2 and apoE3 is
cleared out of the brain at a significantly higher rate than AS
complexed to apoE4 (53). Interestingly, several studies have
demonstrated that there is an increased permeability in the
BBB of the AD model mice compared with age-matched con-
trol mice (54, 55) and that A fibrils could increase the perme-
ability of bovine pulmonary arterial endothelial cells, as de-
tected by TEER measurement (56). Furthermore, a recent study
using pericyte-deficient mice has shown that BBB breakdown is
associated with the accumulation of neurotoxic and/or vascu-
lotoxic serum proteins in the brain, which leads to secondary
neurodegenerative changes (57). In this study, we provide evi-
dence that TJ integrity in BBB is impaired in the apoE4-BBB
model and apoE4-knock-in mice. Thus, these lines of evidence
suggest that apoE4 may affect AD pathogenesis and/or neuro-
degeneration through its effects on BBB. We have shown using
in vitro and in vivo models that apoE regulates the activation of
PKC, the phosphorylation of occludin at Thr restdues, and TJ
integrity in an apoE isoform-dependent manner. Further study
will be needed to elucidate the contribution of BBB impairment
to AD pathogenesis.
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Abstract

remain to be determined.

may worsen neuronal degeneration and memory loss.

Background: Several lines of evidence indicate that memory loss represents a synaptic failure caused by soluble
amyloid B (AB) oligomers. However, the pathological relevance of AB oligomers (ABOs) as the trigger of synaptic
or neuronal degeneration, and the possible mechanism underlying the neurotoxic action of endogenous ABOs

Results: To specifically target toxic ABOs in vivo, monoclonal antibedies (1A9 and 2C3) specific to them were
generated using a novel design method. TA9 and 2C3 specifically recognize soluble ABOs larger than 35-mers and
pentamers on Blue native polyacrylamide gel electrophoresis, respectively. Biophysical and structural analysis by
atomic force microscopy (AFM) revealed that neurotoxic 1AS and 2C3 oligomeric conformers displayed non-fibrilar,
relatively spherical structure. Of note, such ABOs were taken up by neuroblastoma (SH-SY5Y) cell, resulted in
neurcnal death. In humans, immunohistochemical analysis employing 1A9 or 2C3 revealed that 1A9 and 2C3 stain
intraneuronal granules accumulated in the perikaryon of pyramidal neurons and some diffuse plagues. Fluoro Jade-
B binding assay also revealed 1AS- or 2C3-stained neurons, indicating their impending degeneration. In a long-
term low-dose prophylactic trial using active 1A9 or 2C3 antibody, we found that passive immunization protected
a mouse model of Alzheimer's disease (AD) from memory deficits, synaptic degeneration, promotion of
intraneuronal ABOs, and neuronal degeneration. Because the primary antitoxic action of 1A9 and 2C3 occurs
outside neurons, our results suggest that extracellular ABOs initiate the AD toxic process and intraneuronal ABOs

Conclusion: Now, we have evidence that HMW-ABOs are among the earliest manifestation of the AD toxic
process in mice and humans. We are certain that our studies move us closer to our goal of finding a therapeutic
target and/or confirming the relevance of our therapeutic strategy.

Background

Alzheimer’s disease (AD) represents the so-called “storage
disorder” of amyloid B (AB). The AD brain contains solu-
ble and insoluble AB, both of which have been hypothe-
sized to underlie the development of cognitive deficits or
dementia [1-3]. The steady-state level of AP is controlled
by the generation of Af from its precursor, the degrada-
tion of AR within the brain, and transport of AB out of the
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brain. The imbalance among three metabolic pathways
results in excessive accumulation and deposition of AB in
the brain, which may trigger a complex downstream cas-
cade (e.g., primary amyloid plaque formation or secondary
tauopathy and neurodegeneration) leading to memory loss
or dementia in AD. Accumulated lines of evidence indi-
cate that such a memory loss represents a synaptic failure
caused directly by soluble AP oligomers (ABOs) [4-6],
whereas amyloid fibrils may cause neuronal injury indir-
ectly via microglial activation [7]. Thus, the classical
amyloid cascade hypothesis [8] underwent a modification
in which the emphasis is switched to the intermediate
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