Immunocytochemistry— Astrocytes grown on poly-L-lysine-
coated coverslips were incubated with a mixture of Af3 (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
¢ 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 Af 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 A3. We
also determined the assembly state of Af 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—W'e then determined whether LPL affects
the cellular binding of Af 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 AB42
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 AS, 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 (o-LPL), and the immunoprecipi-
tates (IP) were analyzed by Western blotting using 6E10, an anti-Ap 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 A 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-AfS antibody. /B, immunobilot.

we determined the time-dependent effect of LPL-mediated
A uptake into astrocytes. Astrocyte cultures were incubated
with AB (500 nm) and LPL (2 pg/ml) at 37 °C for various
hours, and the Ap level in the cell lysate was determined. The
level of A in the cell lysate increased in a time-dependent
manner (Fig. 2E). The Af 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
AB in astrocytes. A, mouse primary astrocytes were incubated with LPL
(0-5 pg/mi) 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 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 wg/ml. £ and F, astrocytes were incubated with AB (500 nm)
and LPL (2 ug/mi) 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 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 Af 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 AB 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. 44). Three to five hours after washing, the
level of AB remaining in the cell lysate partially disappeared
(Fig. 44). Twelve and twenty-four hours after washing, the
internalized A completely disappeared, indicating that the
internalized A3 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-LAMP?2 antibody, whose
staining signal is considered as a marker of late endosomes/
lysosomes (21). We found that some portions of anti-Af3 anti-
body-positive signals were co-localized with staining signals
reactive to the anti-LAMP2 antibody, showing that the inter-
nalized AB 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 AB, we determined the effect of chloroquine on the
localization of AR 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 Af. 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. Ag 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-AS antibody, 6E10, in a detergent extract of
whole cells. B, astrocytes were plated on poly-L-lysine-coated coverglasses and incubated with LPL (2 wg/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 A did not show any anti-A 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 A 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 Af3 in astrocytes. Mouse primary astrocytes
were pretreated with a mixture of heparinase II and hepari-
nase III 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 AB). Pretreatment with hepari-
nases or chondroitinase ABC partially decreased the level of
LPL-mediated cellular binding of A 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 Af 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 Af binding, hepari-
nases and chondroitinase ABC decreased the level of LPL-
mediated cellular uptake of A in astrocytes to 30 and 50% of

AEENI
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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 AB 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 pug/ml (Fig. 5C). The suppressive effect
of heparin on LPL-mediated A 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 A 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 A3
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 Il (0.03 wg/ml) and heparinase Il (0.03 wg/ml), and/or chondroitinase ABC (0.03 ug/ml) at
37 °Cfor 24 h. After washing in DMEM three times, cells were incubated with LPL (2 ug/ml) and A (500 nm) at 4 °C for 3 h (for cell surface association) (A) or
37 °Cfor 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 AB (500 nm) or LPL (2
g/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 ug/ml) and AB (500 nwm) 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 °C for 5 h. The level of AB in a detergent extract of whole cells was determined by Western blotting using 6E10. F, LPL (2 wg/ml) and AS (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 wg/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 AB, including its aggregation and clearance

6398 JOURNAL OF BIOLOGICAL CHEMISTRY

(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, AB
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FIGURE 6. ApoE 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 A levels in the lysate was analyzed by Western blotting. The graph shows the cellular A 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 Af. 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 A3
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, apoCl], 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 apoCII 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 A binding molecule; that is, exogenous LPL binds to A
and promotes cellular binding and uptake of A in astrocytes.
The internalized AB 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 AB clearance and subsequent accumulation of Af,
accelerating AD development. Because the accumulation of
AP in the extracellular space is considered to trigger Af ag-
gregation and deposition, the function of LPL to enhance A
binding, uptake, and degradation in astrocytes may decrease
Aplevels 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 AP 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 A3 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
AB uptake, and cotreatment with heparinases and chondroiti-
nase ABC completely suppressed the LPL-mediated cellular
uptake of A (Fig. 4), indicating that the LPL-mediated cellu-
lar uptake of A is mediated via HS proteoglycans and CS
proteoglycans. Interestingly, heparin, a highly sulfated form of
HS, and 4-0-, 6-O-disulfated chondroitin sulfate, a highly
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sulfated CS, selectively suppressed the promotion of A 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 apoFE 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 Af3 (16, 31).
These lines of evidence suggest that ApoE affects A3 metabo-
lism. Thus, we examined whether ApoE could be involved in
the LPL-mediated cellular uptake of AB. LPL promoted the
cellular uptake of A 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 A3
internalized in an LPL-mediated manner. These results sug-
gest that ApoE is not required for the LPL-mediated cellular
uptake of AB in astrocytes.

In this study, we demonstrated a novel LPL function; that
is, LPL binds to A 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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Supplemental Materials

LIPOPROTEIN LIPASE IS A NOVEL AB-BINDING PROTEIN THAT
PROMOTES GLYCOSAMINOGLYCAN-DEPENDENT CELLULAR UPTAKE
OF AB IN ASTROCYTES

Kazuchika Nishitsuji, Takashi Hosono, Kenji Uchimura,
and Makoto Michikawa

Methods

AP oligomers were prepared as previously described (Lambert et al., Journal of
Neurochemistry, 2001, 79, 595-605). In brief, AP42 was dissolved in
hexafluoro-2-propanol (HFIP) and aliquots were placed into to microcentrifuge tubes.
HFIP was removed by evaporation with traces removed under vacuum and the tubes
were stored at -80 °C. An aliquot of AP42 was mixed with DMSO to a final
concentration of 5 mM, which was then added to ice-cold F12 medium without phenol
red to 100 uM. This solution was incubated at 4 °C for 24 h and then centrifuged at

14,000 x g for 10 min. The supernatant was used as the AP oligomer preparation.

Legend

Supplemental Fig.1. Determination of assembly state of AP which binds to LPL. (A,
Left blot). Freshly dissolved AB (50 ng) was separated by SDS-PAGE and transferred
to a PVDF membrane. AB was probed with 6E10 followed by the horseradish
peroxidase-labeled anti-mouse antibody and the chemiluminescent substrate ECL Plus.
(A, Right blot). LPL (5 pg/ml) and AB (500 nM) were incubated in DMEM at 37 °C for
3 h. Protein complexes formed were immunoprecipitated with an anti-LPL antibody
(a-LPL) and the immunoprecipitates were analyzed by Western blotting using 6E10, an
anti-A[ antibody. (B, Left blot). AB oligomer preparation (1 ng) was separated by
SDS-PAGE and transferred to a PVDF membrane. A3 was probed with 6E10 followed
by the horseradish peroxidase-labeled anti-mouse antibody and the chemiluminescent
substrate ECL Plus. (B, Right blot). LPL (5 pg/ml) and AP oligomer (500 nM)
preparation were incubated in DMEM at 37 °C for 3 h. Protein complexes formed were
immunoprecipitated with an anti-LPL antibody (a-LPL) and the immunoprecipitates
were analyzed by Western blotting using 6E10, an anti-Af3 antibody. '
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WEHBERERPERINIT E VX BTN E NI BN 2 5. #
DB, Bk, =¥~ —Mt, B7EeFl, U aundl, BAKERE, U CEb
ENEIENL. BHOBBILEIAN 7+ bF VAT 25 —F L) INIVRBEREICL
Db, AR VARG VBRI Y FOA FURBE Vo 2T arF 7)) B v Ol
RERICE K ADNAS. TRBR LM ITHRERE L X CHlast < ) v 7 ZIZBWTHRBE LI
RET 5. TRERLEESITHIBMIC D AT N E, VYV —LIGERSh AL 7 7 ¥ —E L
I BRI DB ING, BE, VI V—2RBEANVT 77 —FLIi3R% M
FaSA N7 7 & — € Sulf-1 B & O Sulf-2 DFEFHRE SNz, Sulf-1 B X OF Sulf-2 iZ~s%
)Y S NRG CIRERD 6 LR &2 A CIHEM LT 2 AN T 7 ¥ —ETH B Z LA
Lh ke o7z. Sulf-1 B XU Sulf-2 iZ Wnt, BMP, GDNF, FGF &\ o 7208 VEa R
FONNTG VRO EE MBI TRE L, ThORTO Y 7 FIVIEEE iz Hl
HLTWwAEZEPHLNPITRo TEL. MEACHBRELENT S L V) FIRSHEA D =
ALDFEFRE NI ¥ NG CRBAEEOMBINI BT HBREHIM L v &I LS
BREE L7z, ABRH TR ANV T 77— Sulf I2DWTZ DT, 4 Mk

BILUHEREANOBEGIZDOWTHRS,

1. ANNSUomEBIOs+JUhr

ANST VIR T v T A 27 ) J1 v (heparan sulfate proteo-
glycan : HSPG) 1%, & AL OZHBLAEYIZ BT
EHICHEREL, TN~ MY v 7 X (extracellular ma-
trix - ECM) OERSTHH A", HSPG IZ LML H 4k
RS X ER AT A LI NS OEYREES
b0, INSFUNRIBEYH Y FREERTF, =T+
Y, WAL, FEIL Y, TUFT—E, M)y
7 AT, BEST, TRIRS VN 0BELRETHD (R
1, HSPG I 7 & ¥ /87 BIC 1 R E 2RO~
YHEE (HS) LA Z Y a%I ) YAy (GAG) ¥

) B BFEFRMIE L~ 5 — (T474-8511 BB K
2R B HT R 5 35 F )

Sulfs: extracellular endosulfatases that regulate physiological
functions of heparan sulfate

Kenji Uchimura (National Center for Geriatrics and Geron-
tology, 35 Gengo, Morioka, Obu, Aichi 474-8511, Japan)

SO AERELEEER L5 (W)Y, HSPG D&HTIZ T
TE YRS EOBBEIL D iya s, RN MR
HSPG & LT¥ 74 v (Syndecan 1-4) & 7 ) ¥ v
(Glypican 1-6) 7 7 3 V) —ASFEHET B, X—=Nh ¥, T
Y, 25—4"v X Wit ECM HSPG TH 5*°,

HS #5813 Z DGRBS BB [ H# S U7, HSPG A%
OEYBEBOAREEZHI S TFTHA. —20HE LT,
HS #ESH AR RIBIZ X 2~y 2AEBREREFESH TSN
A%, HSHESHIE, vuvBE 7L aH I O RENEER
Liie o7z, BOPNOZWEERR)~—THhb. Zh
MR LA K TI00 BALc 22 Eddhb. vu v
BEE Vs 0 VB (glucuronic acid © GleA) F 721X €D
BEN Y —{bick W E B4 X B (iduronic acid -
IdoA) T, #NEN2MNPHEILINES. SV aH3
YR 6AL, 3AAEMLE N, E5HI, NMIETEF
WAL E B b a3, TheyurBERLU Vo
HIURBREOBBILEZINVIEKBEOAN T+ T VX
75— EHICL VbR A", HS HHIIHEBILORE
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General class Examples

Adhesion molecules

L-selectin, Mac-1, NCAM, PECAM-1

HB-EGF, VEGF, PDGF, FGF-1, FGF-2, FGF-8, HGF, amphiregulin, midkine, pleiotrophin

Chemokines IL-8, CXCL12, CCL21, CXCL10, CCL2
Cytokines IL-7, IFN-y, IL-3, TNF-0, GM-CSF
Growth factors

Morphogens Wnts, Shh, BMPs, TGF-B

Axon guidance molecules
ECM molecules
Enzymes

Netrin-1, slit, semaphorin-5A, ephrin-A3
Laminin, fibronectin, thrombospondin, fibrin, collagens, tenascin, vitronectin
Lipoprotein lipase, urokinase, elastase, hyaluronidase, superoxide dismutase, thrombin

a7EROH

SRA(Y  SFaqy [

vV mEE
@ T ronvE A XnVE ~/ ﬁ%y%@’&j’m%;}'b Uj’_]:/
& yuavsy

1 ~AXSUHBTaTF+27 8 oK

ARG VBT OT A7) H Y (HSPG) a7y vy B
EHRDOANNT B (HS) D 1 K- BALEHEE LS
FThHhH. BSEMHIT [S-FAL V] EMENEEHEILEI N
FrTAEEAT A -8 AT o o AL Y EED. [S-FA4 V]
BHEBALENTWEWRAAL Y [NA-FAAL V] XYk s
NWBaELd, TIIWIIRERZVD, S-FAL VICERETAF
A A 1% [transition F X A4 ¥ ] EFHEN BRI BRI
HWTHEBAM X VKA. Sulf-l, Sulf-2 i3 HS HESHAERS-F XA

Y OEELBIFEALTH B 1doA2S-GIeNS6S D 6 L DHEEE
HEPBEHTALANT 7 ¥ —¥ThHh ALBE. XH5 L0
7.

XYWL oD VAL VHERE TR IS, £5ERb

ENFFAL L [S-FAAL V] EFTHh, 2, 6, N fias
R L & 117> IdoA2S-GleNS O TR BAAT 2 T 2 A AT &
ThH., S-FAL VIZHET S F A4 ~id [transition KA A
v EIEERRATREB L OBEIMEN. ZhE5DF XA
VIIHREBEE ARSNGB WN-TEF VTV T Vv EED
THEMAASEMARE B [NA-F AL ] LRI B I
T OVHEEINTHEY, AXRY VY IRZFOHEEMNOH
80% H% 1doA2S-GIcNS6S T 0, HSHEH [S-F A4 V| D
FIANTFRTELTCRRZTIENTE S,

HS HEH IR AR S A R AR L 1Tk v 2 0 TR BALH
B, EHOEESBIURBLONRY -V IZEHEZ D
ot T gt HS HEEOMBILOMNED X UTREI
INZFDFUNTEYH Y FEOBEEFHIHIN TS L
Ez2o6N5E. E5ICVAIE, BB/ Sy — 12X HS
B OEYBEFEEESNTW A, 2, HSHH#HO
FVatI UREMNOMBILIEIZL D) T VI s
BOHSEHEEAICLETHLZ LFHEIN TV .

6PLOTEALIEANT + PS5 VAT 25— (HS6ST-1,
HS6ST-2, HS6ST-3) IC L ) TN IHEKTEEENSY, &
D 6 MLOTEAL 2 FRINCHET HEER, Ml xvT 7
& — ¥ Sulf-1, Sulf-2 %2001 42> 5 2002 T V) THEs
BN RER LS B HIIA T ORRERE &
ThHEVD), FHBEENTHEA S =X AOFR & HS HEH
ORI BT BRI & W) E<HFLWGEIEE L
7. LT, Iho Sulfl, Suf2o7u—=r7BL U004
PRI L CHAEZ CITHLPIC R o T A EEHZRN
ELTEEDA.

2. MBS AT 7 a2 —F Sulf DER

2-1. ANT77E—ET773IVU-—

ANT 7 E-E3MkA BROTFOWHBEL AT VEEEZ MK
DBTAIBETHL. BEF TR TR ITEOA L
775 —EREFIERINTEY, £3Y VY -4l
BETHY. VI V—LREANT 75— ¥R, BlES
HTIZBWTANT VR, a2 Fuf FURRB L0
55 UIRER L o 7z GAG RTHREE LR E 2 &2 EHRYIC
REHMETH. 72, L FOFY 70— VERERZ KD
BT HATFO—NVANT 77 —FiE, 370V —-LICBE
THBEEARD Y Yy ETH D, MR TV IERICE
TTHANT 77 —EHHELETHY.

2-2. QSulf-1 DEER

Dhoot bl ASKEDEE LY Vv sy Uk 7
(Shh) WEMEEFLLTQSuf-l Bz FA2 7 u—=r 7L
7219, OSulf-1 mRNA V&, v X5 RFEA P OMKE, MR
W, MREREAE, FRIBVWTEL NV THREENS.
TrvFEr ARGV Shh BEFREBREEICLY OSulf-1
DGR ORE B L MBS ICBT 28BS Tuy 7
STz, OSulf-1 HEHEIB X OHEEICBIT 5 Shh IREH
EFTHEIEFHLMICENT. /42, QSulf-1 EIZETF
DFEBEEIC LY HoLREEF MyoD O FEH AR
ICHHE S 7. MyoD 15 FHIL Wnt ¥ 7 F VEFHE
THHI LML, QSulf-lidWnt ¥ 7 F vz IEIlHIET 5
HFTHDHEFHEENI. Dhoot 5 iF C2C12 75 3E i otk
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B LUTCF (T cell factor) BERFIEN Y T =T —E€
7 v eAd BT, QSulf-1 A Wat ¥ 7 FVEIHEKEFTH
HTERFERLLD, Sulf-l ¥ ¥ 87 EiZ, HS, ~/%Y
Y, TIY YRBAEEOIERITCEKE SNV I I YO 6 LD
TREEEIER T ABETH DY YV —LBEI VT I -
6-ANT 7 ¥ —F (G6S) L BRI EET2HEE b o
Tz, F—HOY YV —LAREMANT 7 ¥ —¥ LIk
720, QSulf-1 %€ DOFFMEOMILRmMICRIE L 7.
QSulf-1 2’ HiNB K B HSPG A5 A3 % Wat % BBEERLIC &
DiERESE, Wnt Y7 FIVEIEICHIBT A EAURBEE R
oo HEICBWTZ oEHBEIHBEAAV Y 75 —¥
Sulf Db B MRFL S N7 BREDO—DTH ), BICHh~<3B
TREITEICBWTHEE L %2 5. Dhoot HIZHWT, T v
k @ QSulf-1 # [l & 5 F RSulfFP1 S HME X h/2®, L
L7Z256, QSulf-1, RSulffP1 WFNIZBWTL AL T 7
F—BHEBEETLI LR EIN o7,

2-3. HSulf-1, HSulf-2 DER EHMBH AN T 742 —HE

i

HEPRFEL TV A) T VT REF VTSV VA
I Steven Rosen TR E TR L ELL B a7 7T u—
FUIZEY Sulf BIEFORRE 70—V 727727 L
L7 FrEREINAMBERSFIE, LIFrO—HET
S BT A, T OB, 6 MIAYHREME &
N VayIv2ELYTINGANT VA A X
ETHE. ZOWMBILEZEIANVTH FF VAT 2F5—F

A

HFIN RALTTE—E
RTFE 45k

(Efb %83% %35

i& GIcNAC6ST-1, GIcNAC6ST-2 TdH 5%, Rosen B 58 &
TEHIDYTIIVEANT + VA AKX D6 MOWHEEE
MM THRELL-2 L7 F v ORBEHMT 2 BERD
ZOTRLZVIE VIR EILT, OO EEE
BELTV ZOBRTRERDOY VY — 2 BER NV
T8 =B ZBERLy NI B a— FTABEFR 2
i, e PERTRCBWTHRELLY. ZhZFh, B
LU~y 20, O, B, FE, BRSO AERRCE
WT mRNA LV THEBHRE SN, FLlZ 28O
BETFICa—FENDE 7 V37 EH5aH 53 cCHO #ila o
HBRLBBCOWEINDEZEEHLNI L., FWENRS
VRZBHIFEDIAAFNY YN T 2 ) VR (-
MUS, MBBHNBEANT 75 —EOIEERZIZE < Hw
BNAEE)ICHLTTYNANT 7 & —ViEkERL.
WOIEFEAEDANT 75 —FLRED, BEERICHT
LEMpH SHHETH B Z LI OBEZISHRATEH L 2
ERCRFLZT. FREGRRY LB Lo F vk
BIZINODBRICL VOB EINLholods, B+ U
Weh o LEHEREK O T 7 4 —B LUK GAG
HEHWET vy AENS, T 2Oy V37 EHHI
s E B ~8) v /HS iR HH v 5 v F
B (BN ORBREIZEH ) Avy 7y —ETHIHI L
ZRELD. SHITFEL BT LR, HS FEH [s-
FA A ¥ ] @ 1doA2S-GIcNS6S BiAL O 6 W ifEEE % ik 5
AEEE DD EEFHLMIILE (W2). Fx RO

G6S&

FoKiEfEE BUOERNE

871 a.a. ——]

64.5% identity

IdoA2S - GIcNS6S

ldoA2S - GIcNS

X2 HESNANT 7 & —F Sulf DR L BEF SR

A. & b Sulfl, Sulf-2 #7RT. ANVT 7 7 —BIEMICHIETH D Y A
T A4 YFRZE (CC) W Sulf-1 BLUSUE2 THRESNTWA, G6S: Y
VV—LARHEITNVIAY IV 6ANT 77—, B. Sulf-l, Sulf-2 i3 HS
PESHNER TS-F A 4 ] @ 1doA2S-GIcNS6S 3D 6 (il it % B4

Z) 17,36, 63
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TIN—TDEDHBDEH S, GlcA/IdoA-GleNS6S HL AL
D6 MBI Z T AEE L RIFT A2 LWL RIS
N7z, 2D 5 b—21% QSulf-1 DHFAEETFE LT
v MEEFE HSufD, < ABETE MSuf-1, &2
7z, F72, b9 —olRedH LTy I —#ifzFE L
TENFI HSulf-2, MSulf-2 L% L7z,
2-4, Sulf D#EE IO+ > J | pre-pro-protein
QSulf-1 % RSulfFP1 O & [k, FHEI W -e b b
XU A® Sulf-1, Sulf-2 1 870-8757 I/ # (aa) T
Hot (K2). W Sulfid NKIGIZ22-27aa DY 7+
NRTFR, VIV—LRBEANVT 77 —CHLHEREE D
D 370aa D AN T 7 ¥ — B, #3202 OFAKME:HE
i (UUF, HD $#HIR) BLUe b G6S L EVWHFAMEZ D
#5100 aa @ C KGHEIBZEZ A LTz (K 2). Sulf-1, Sulf-2
D7 3 JBEMTFNRLER, b MRO< Y AR TIREIC
BRI D o 72 (93-94%). Sulf-1 B & UF Sulf-2 DH
Tl 63-65% O T X J BEFI S —FH L T 5. [ Sulf D
ANT 7 F—VHEBIIZESEYOEANVT 7 ¥ —EiTdHk
WMTBYATA VEEPETFATHZYY. ZOYATA
v B% ¥ 13 sulfatase modifying factor 112 & Y o-F WV I V7
VY VBB ENANT 7§ —BERICHETDH 7%,
Sulf-1 3 &£ UF Sulf-2 i& [pre-pro-protein] & L THEAR SN

2N TP~ R

Pre-pro-protein N l
4

i TP NRTFR

Pro-protein

l Furin-type

Mature heterodimer
(faRE X AR )

Furin Y87 E84z
W

75kDa 50kDa

®3 #HaHAVTZ 7y —¥Suftn7Taty vy

v b Sulf-1, Sulf-2 (HSulf-1, HSulf-2) ¥ 7N XTFF V%
D [pre-pro-protein| & LTAHEGHEINS, MMagiZBWTY
T FINRTF FIAIEF &N [pro-protein] & 7% 5. FKiE: (HD)
FEIBRNICHFLET S furin 7O F 7T —EBMLICBNTTTT T —
PEIW % 21T, 75kDa, 50kDa D7 F 7 X ¥ PR E NS,
INBRIANT 4 FEARICE VAT ZRAEL 20 fifast~
S ENLPHBEETICEET S, Tus 7 —EETiE Sulf ®
ANT 7 7 —ViEHICEREE5 2 2w, SufogEs 7 P
DREEB LT Wit ¥ 7T VEEREERICESLHETH Y. K
XEMR. Xk 60) X bz,
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T2, PTFANRTF FREBEN T, $125kDa D
[pro-protein] & 75 (B3). €0, furin 70757 —£*
k) HD BN T T Ot Y Y /XN 75kDa & 50 kDa @D
TSTAYNERDETN . EHIL, TNLEDTITTAY

MEIVANVT 4 FHEAICLIVEESTS. e MBLIPTA
MSufidohs7aty y 7250, MEEE /23
faspic i E ™, —F, 7 X5 O Sulf MR
WCRAEL, AW ENRZWSY, oMM OE VA
BERELZOPEHL IR TR,

Sulf @ HD #8313 Sulf ¥ ¥ 237 HoOMBEEHEBAEIIB W
THOERELRGE 23599, ZoMBFEAHL/ERZHE
WEICLDTLERTH A7, & b Sulf-1, Sulf-2i3RE S
7 MRS TB DY, MBS S N TEMEE Sulf
FBEEFE M DALy PELTHERRTE S Z XS
M ENT?, REBBRENZ LI, fuin iC& b T oty
YT Suf D 4AMUS ERBEETATINANT 75—
W, A Y HS SR ERE LT A FANLT 7
7 —BEEOWT IS LETERVWIIRES 7 PO
FERCRBETHLY, IBES 7 VB4 v 08
DEEN, LDV TFMVEECBOWTERELRI LD,
Sulf 70t ¥ v A YEEEWRTF Y 7 Vi
WELS BB I EHURENT.

3. EREMES VT 74— Sulf DAEYREEE

3-1. SulfiCkdUHLRNENIE-HS D FHEMBEEE
FDERE] : bioavailability DHI4

BAETTIZ, SUEREL DT Y RTE)H Y KO~
VERITHS BHAORE LM L T b Z EAH LRI
ENTWBEHE0  htd Sulf-2 I LTHEL RS
NTWB™%  MAENEMREEMET (VEGF) 165, #if
3 i B 38 58 A ¥ (PGF)-1, SDF-1/CXCL12, SLC/CCL21
DOEGEA) ADFEED, VA rEFr PEIEAA
54 7O HSulf-2 BIAEIZ X 0, WEET RS T 57,
VEGF165, FGF-1 2% 3 A2{ERIE 7V a4 3 » 6 i Oinhk
ENENORFOBEIIERETH S L) LURIOHEICE
CEFLZ o) F Y PRIl LT, 6 Mo
BEUENH- MR E oz, 512, HSulf-2 25EE1L
NS VHEE LTINS DAY FOTREREAKRIY
BEEET AERZ DO EAURENAY, Thbh, Mgk
W MRS~ N Y v 7 20 HSPG (2 FREE I H (seques-
tration) SNTWAH Y H ¥ FoF% Sulf RS €, £D
SEERE BT HMEANOVEHZRET 2 A H = X2 DFF
FEDSRME X 7z, EBE, HSulf-2 (& in vivo TILEHAE 2142
9, HSPG [ S Nz mEH AR F (B 21X VEGF165)
s, FOEYFENFIEZE (bioavailability) Z I
BEIERTHLIEFTHEN.
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3-2. Sulf ICKBHBELANITOHS BEMRERFITFI
DIEOFIHE : Wnt, BMP, GDNF
QSulf-1 BIZFHEROE TRz X 512, Wat JSEMM
BIC QSulf-l # M EE L L, Wntl U H Y FiIck s v 7
FVEEPLFMBTHEBEN B, £, QSulflid
Wnt8 @ HSPG DA % REI T 5. QSulf-1 THE I
7245513 HSulf-1, HSulf-2 ® Wnt Y 4> F (Wntl, Wnt3,
Wnt3a, Wntd) 28T 2EHICBVTHRER S /20,
A R4 CRTEFTVERBLTWS, Sulfl #5IH L
TWRWHIRETIE, Wnt ) &~ Fid#llEE HSPG Lo
HSS{ L BEICHA LB/ I N TV B 720, # O Frizzled
ZRARE OBBEN L HE/ERAPEETH L. 20720 Wt
VITFMEENPZ O TWwWA EEZ BNA, —T5, Sulf-1
7 B4 AT Sulf-1 12 X Y HS 85D 6-FREEAS M X
M, HSSHIZHEAE L TW5DH Wnt & HS 88 & OBAEAMET
T 5. TOFEE, Wnt O Frizzled ~DFEEMFE S, Wat-
HS-Frizzled D=8 A0SR SN b LEZ DN b. BREH
W Wnt THRO Y 7 FUREEES N, Wt BEHEETO
BENFEINS (H4). ALLI) BT Tu—-FI2LY,
Sulf DEEREF BMP)-4238 L U7 ) 7 M kg
KAEHF (GDNF) O ¥ 7 F MREREERPSH L2 & 2o
727 BMPOBEEZHET AT V¥ IR NTH 5
Noggin iZ BMP & #5& L, BMP & Z DR AL OMEE
H%HEET S, F72, Noggin DHIRETL? S ORH B X
CLHE, HSSAIC X DV RE S TH D, Noggin i HS H
BS-FAL VOEEZ ML THS HICHEAT 5™, Sulf
I HS HEEH S K A £ ¥ D IdoA2S-GIcNS6S ELAZ D 6 {7 ik
Er DM A EH,5, SulfiZ & ) Noggin 28 HS 20 5
HERE SN B TREMEI D W CREEEMINIE & B W TR &
M7z, QSulf-1 OBFEBICI VHMBERTIIHEAL TS

Sulf JEFEIRHMAE

(Mt %83% %35

Noggin 25 A L, BMP VY 7+ VO THIZEET 5
SMAD D) Y ALPMRHE S NS Z LWL & ko 722,
Thbhb, HSHH & O AT L D Noggin 25H R R 1 12
RE SN TwB41E, BMP IZMIFEERE D Noggin (255 H
SRS, Z2OZEEL OME/ERIHE SRS ERIE
ENse. —7, Sulf iZ & D Noggin DML T D B A
N5 &, BMP DZ DZEMENDOFE (accessibility) »*
BHERD, BMP V7 VoEH SR EEI LN
7z. Sulf-1 %% Noggin DM B L PHE#HEZ I bu— g
HIEIZEY, BMP Y7 IVOZRZHBL AV THR
L CTW AT EEMEAE  FRIB S sz,
3-3. Sulf ICLBMBELANILTOHS BEERFSTFI
DEDHI{H : HB-EGF, FGF-2, HGF

Sulf [ZX DIEICHIB S NG LY F Y FOF & E iR
W2, A2 VA R RR TR T (HB-EGP),
FGF-2, FF#lila¥iAF (HGF) O ¥ 7 F VIEE L Sulf 5
B CRICHIM S a7, Sulf-1 I FEBEMI 2 ~/%
) U AR T CH 5 HB-EGF TALE ¢ 5 &, HB-
ECF 2B KDY VLB L UZDY VY F A I A — KD
T W #F 4§ %5 MAPK/ERK (mitogen activated protein
kinase/extracellular signaling regulated protein kinase) @ 1)
YEALL ANV, SERBHRRICIERTEST AT, R
2N UREEMEETER T T B FGF-2 % HGF THLBL L 723
£, HB-EGF TULHE L 72HE L AMRICZED Y 7 ) IV irE
DTFVRICHEAET 5 MAPK/ERK O Y L L R VIZIRA§
BEEO I NEIHL, AN Y EREELEVERERER
F (EGF) THifaz ¥ L Td EGE B Y BiL*
MAPK/ERK @V Y EAL L Xvid, Sulf-1 SR Ss B &
MR TR TH 2™, MBEREICBITA) 4~ F-HS-
SO =84 (FGF2-HS-FGFR1) # W3 5 =

Sulf FIRHMRE

Wit #RRIEARF D FE TG

4 SulfiZX B wWnt ¥ 7 FVOHI#EEF IV

Wrt B EEFOFER

Sulf BEAMETIE, Sulf AAHSES-FAAL 0 G2 ML, HSEIS-F AL >
EALTHEL TS Wnt D HS i~ #{E T X8 5. Wnt ® Frizzled ~ D
EHMR SN, Wnt-HS-Frizzled D=ZBEPBR EN L LW SN E, Wt THROY 7+
WSEHEALE N, Wt BMEETFOBENFEENS. HSPG (FYVEH V) 20D
TEER LA Wnt D FFMZERIZED B L) DRI OMEIZZ OFEF V& LR$ 559,

AW, 3k 25) L D&,
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EICX D, Sulf-l MBI~ DOHEIE S 7 F VORD % FHE
LTWAT AR E N, SV ad3 o6 ikl
I% FGF-2-HS ##$H Tid 7% { FGFR1-HS #ESE DRFE A IV ET
HBIzD, Suf i ZBEEOSTRMEER %W+ 5 Wk
MHA. Sulf-l HSHEH)EF) YLV ZEAE Y
WX BAHEZRETATWEEIMFE L2 ITHEWIT 2
W MSulf-1, MSulf-2 BIZFRB I AL DRE LK
MEFEMIC BWTFCR212 & 5 ¥ 7 iz& & B s
BPEFERIZIRTHEMT 28 H81E, hiREE X
L7z,
3-4. Sulf DEFRICHITBHRE (Salf /v I T RTY
ADFREE '
BEIZaE~72 X 912, Sulf-1 & Wat ARFEHY 72 F Ak o0 56 4
WD BT, L Lad 5, T Sulfl, Sulf-2idlfs4R
OWnt Y 7 FVICHEEIZVA R WY, TOZ LI YA
ZBWTHLATH S, Wnt ) F Y FAFOBEFRIET
BBAREE ZEHAEBRORTHEESINS (hp://
www.stanford.edu/group/nusselab/cgi-bin/wnt/). L 2 L,
Sulf-1 F 7213 Sulf-2 WOBETF/ v 777 M T, 12
EAEDEEDLTPREENPRERBIIBESNLIOATH
B DV NGy T D Sulf-2 BIEF /v T
7 PTR, BEFTY AOEFEN, HAEBROKEDORL
EMOBRER—HMOYY ATHELENLY, BAERTLIC
BoleSulf-2 BIET /v 277 b AINBRERE L
BE 5%, Sulf-1 B & U Sulf-2 OWBIZFRIBTIE, #
50% OMABEHDFTHFBESIN L DR DT ALK
HRETHRET B, JREBIE TR\ Sulf-1, Sulf-2 T
BARFRIB~ T 2B AR R TERE AN S0, »wi
NOBEHEDMEM LAV TORFEIALNLE WY, —7,
Sulf MBIET KRB~ 7 20 b TP BHREEREE I HE S
N7z Sulf-1, Sulf-2 MEZTFRE~ T AOERBRIT
BOELUBIRENTVAIOPBERETHLT. Al b
Sulf TEETRIB T AOEBICBT 5 FHEH~OMEES
HOBRELZBEL, 2O EHIUHEOBELF| X
LTwb EfEmo7. $4bb, M Sulf AHME~D
MRS ATIZ BT B GDNF A L7z ¥ 7 F VimE 2 N &
FTWBLIERHLNIILAT. EHITA B, HiEL
VY MR ASEBLT B Sulf-1 B X U Sulf-2 %%, GDNF ¥ 7
FVRETHE S N A B FERENRE CEEZ ENICH
FELTWAZEEZHLMILAY (R5). F72, SulflB
L O Sulf-2 BT T A4 ML O FGF-2 KA 3l % #
Z, R~ EFELHHELRLTHE I L2,
Sulf MEETFREB T ALVELRE RS2, wiho
BE b Sulf-1 7203 Sulf-2 BOBIEF /v T M T
BERERALLEV. B L —T50 Sulf 25, HS 2
T 7 F—BEEEEL SV THEER 2 RTOn, T
BRI 2 EER 2R T OPBHEO NI T ALEND .
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Sulf-1, Sulf-2
5,0w @

GDNF
&

/l

EEME

FRErEE

)L
B 5 SulfiZ& 5 GDNF ¥ 7+ Vofi#EEs v

FHEL L MU MIIE (Sertoli cell) X Y BB EN 5 Sulf-1, Sulf-2
PMHSES-F2 4 24 LAREERLMEsA~ M) v 7 212k
¥, WE#E (sequestration) & L T\V>% GDNF % HS#4S-F % 4
VHEZE D V) —ASE D, FERENICH TS (sper-
matogonial stem cell) 0 GDNF A=) 519 5 (bioavailability)
ZHRSEL. BTFERBNESHEET 2 Ret B X U GFRal
EN L7V TP VEEPEICHE ST S, B b MIRC
BT S Sulf-1, Sulf-2 DHEETHRBE WIIERERTIC L ) #E
ENBD, KRB, XEL40) X bz

BT, AT UEER 6-TRBRERERE OV At V6
ORI T L 5 RBEEH OB ED HE L 2 hd%
bipw, /2, ) —2DFRE LT, Sulfidinviro T
BELK DY T FNMRERZ G T 2 EENRIER 2 RS
A, E#ZEEREEICB VTR Suf O BIRAB IR
WRELDTIERL, VY7 FIVEREDRE & MMET 5
T7A v Fa—F—0FEEESTULD0E Lk,
SHIZRHELWET S ULETH 5.

4. FEMEESZILT 74 —+E Sulf DIREANDEE
Sulf DB AIZE T 3 RIBHESG L

HSulf-1, HSulf-2 O 0—=r 7%, FLIVPAICBT
% Sulf OBE5- % 55123 % 728 SAGE (serial analysis of
gene expression, 5t 1 H 1R F BT L E 1T o 7.
SAGE {# & &, Zh 21D mRNA 25 10-11bp D E 5T
By (77) #HMBLAERLEZSA 750 —%2b ki, #
MIZBIT 5 mRNA RBEZERTLHETHA. 947
F) =BT ARFERETICHIET 2 5 FOBBIE, M
WMTOZOMEFOERBEEZEL TS, 9477 —D
¥ 7 ORI T A B L EEREET S S HOHE R
HEHZ LIl oT, RBHEEZRDLILEHNTES.
HSulf-2 #1zF (SULF2) WL T, ¥ 7ORBHEER3
HOMRA, TRbBEIABA, PHEARERMEA, KEFAI
BOWTZOEFRKR LB LAGEE L LGP/, F0
¥ 7 OFBFEIEEHKICBYT -8 Nl Twa.
HSulf-1 #B{ZF (SULF1) WCBL T, 04wy 7k
TlEd o 72D A & FFEMFER A A B W TEORIUR
BIEE L o Tz, TS ORI Sulf DASA~DH
BEoRfoe s ko, F0O%H, t MFAILBITS
SULF1, SULF2 O3B EAVHER I WY, §l&fHEa~
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TADINAEFTNVTHSMMIVNeu v 7 A B L O
MMTV-Wntl = 7 X % A7 U 72468, Sulf-2 1 I1E# LR
BTk a i wds, BERILED L OLBREE CIZ#
ORBHFBE SN, LERICMZ, BET TICER PCR
R4 78T VAMFICELD PPAIRBITS
SULF1, SULF2 DEBRLEAPLLHFEEI N TS, #lz
&, SULF1 WZHFRIREASAY, BEIEASA, BESHINRF LR
AD, BHEAT, MEEAY, WRELEDAS THREA
ML Twa., SULF2 X, FFHIRRASA®, Ml A®, Hif
RELEPAPTEAPEML TS, ARSI TWSER
4 797 VA RITF— ¥ ~X— A Oncomine (www.oncomine.
com) ZHWT, IEEHEKEEEHEBICBIIAEH LV
BT AL, HBE (p<0.0001) 2PEIEBHDS B,
SULF1 1% 30 D HIEFIT 3-60 D FREBMMATER S 5.
2HIDLBIZB T OARFEHRBI A LNS., SULF2 1
FH7ZE (p<0.0001) 2SI EHIFAETIIBNT 2-8 %
OFEBWIMDFER S N7z, BB o FEM1E STk 60) 123
BENTwsb, T2, Lo L VARHEW:TY RHEA
BRFFH T AT 2O, Sulf-2 BHRBIEICBWT
BRARBEFO—2THEI EFHELMISNAY, K
EHELRE W &2, Ll Oncomine D SULF2 f#AT # 53
9flDH L sHlide MRRBRIETSH Y.

5. 3 b U K

Wnt, BMP, GDNF, FGF %2 &0 7 F MRED L&
L AHEBIIBWT, Sulf-l & Sulf-2 OFEBOFIE R HEIT~
DHEPPSL PR > TETWS, Otsuki 5, & MEE
BB AT BT % BIETIKE T Sulf-1, Sulf-2 ® mRNA &
B8 7 B EERE IR THEAEMT 22 2R L
oo 0%, b FPEREMBRE X O Sulf-1 F 7203 Sulf-2 &
ZFRE~ T A2 AT, EEEEEEHEICEST 5 Sulf
DEENZHIEIR Lz, $7%b b5, Sulf-1, Sulf-2 i BMP7
YTFNEEEREY, FGR2 VSNV EREIE TS T LI
XY, BHMRECBIEEEMEFLEoTWEY. 20
NG Y ADWHES B ERFOEEPFREINL ERBE SN
7o. B BT, TIESICEE o THIMIKE BT S Sulf-1, Sulf-2
OFBHIWEMT B L ER LAY, ML DL MEA
WBWTYRAZ 7725 —CkhoTBY, Sulf DINERCEE
WRIET 2R BIZET VYA < —BEBEE) ~
DOHEDH 500 LNk, e iddrHEOMBREERER
BT 5 Sulf-2 & HSHHEH S- F A4 Y ORBAH AL E R
HWLTHEY, SBIOSWFIZBITS HS B & Sulf OFERE
BHICEBTENE L Ho T 5.

B
AR T L7283 6 OWRHEE A 7+ V=T K
275 Y A 2% Steven Rosen 3% & O RIHF5E 12

(b %83% #£3%5
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Alzheimer’s disease (AD) is characterized by extracellular
cerebral accamulation of amyloid 8 peptide (Af3). Heparan
sulfate (HS) is a glycosaminoglycan that is abundant in the
extracellular space. The state of sulfation within the HS
chain influences its ability to interact with a variety of
proteins. Highly sulfated domains within HS are crucial
for AP aggregation in vitro. Here, we investigated the ex-
pression of the sulfated domains and HS disaccharide
composition in the brains of Tg2576, J20, and T41 trans-
genic AD mouse models, and patients with AD. RB4CD12,
a phage display antibody, recognizes highly sulfated do-
mains of HS. The RB4CD12 epitope is abundant in the
basement membrane of brain vessels under physiological
conditions. In the cortex and hippocampus of the mice
and patients with AD, RB4CD12 strongly stained both dif-
fuse and neuritic amyloid plaques. Interestingly, RB4CD12
also stained the intracellular granules of certain hip-
pocampal neurons in AD brains. Disaccharide compo-
sitions in vessel-enriched and nonvasculature fractions
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of Tg2576 mice and AD patients were found to be com-
parable to those of non-transgenic and non-demented
controls, respectively. The RB4CD12 epitope in amy-
loid plaques was substantially degraded ex vivo by
Sulf-1 and Sulf-2, extracellular HS endosulfatases. These
results indicate that formation of highly sulfated HS
domains may be upregulated in conjunction with AD
pathogenesis, and that these domains can be enzymat-
ically remodeled in AD brains. (4m J Patbol 2012, 180:
2056-2067: DOI: 10.1016/j.ajpath.2012.01.015)

Heparan sulfate (HS) is a linear polysaccharide that ex-
ists in large quantities in the extracellular space. One or
more HS chains are covalently bound to a core protein
comprising heparan sulfate proteoglycan (HSPG)."2 HS
chains and heparins, structural analogues of HS chains,
are a family of glycosaminoglycans consisting of repeat-
ing disaccharide units of glucuronic/iduronic acid and
glucosamine. Modification with sulfation as well as elon-
gation of these disaccharides is enzymatic,® bestowing
on the chains structural diversity.*~% HS contains highly
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sulfated domains and partially sulfated or non-sulfated
domains, which are transitional .® Highly sulfated domains
are formed by consecutive clusters of sulfated disaccha-
rides. It has been shown that a trisulfated disaccharide
structure [-iduronic acid(2S)-Glucosamine(NS,6S)-] oc-
curs within highly sulffated domains. RB4CD12, a phage
display anti-HS antibody, has been shown to recognize
trisulfated disaccharide-containing HS subdomains’®
Trisulfated disaccharides are considered to be key ele-
ments in molecular interactions between HS/heparin and
many ligands, including growth factors and morpho-
gens. 'O Trisulfated disaccharides, as well as the
RB4CD12 epitope, are degraded by extracellular sulfa-
tases, Sulf-1, and Sulf-2.%2'"'2 |n the brain, we have
shown that the RB4CD12 HS domains are abundantly
present in the vasculature® and that these domains can
be degraded by the Sulfs ex vivo.® However, the roles of
the RB4CD12 HS domains in pathological and physiolog-
ical processes in brain vasculature are not known.

Alzheimer's disease (AD) is a progressive neurode-
generative disorder. One of the pathological halimarks of
AD is the presence of extracellular amyloid plagues in
brain areas that are responsible for cognition and mem-
ory functions. The predominant composition of amyloid
plaques is fibrils made of amyloid B peptide (AB). A great
deal of biochemical and genetic evidence has indicated
that aggregation and accumulation of A in toxic forms
within the extracellular space play a central role in AD
pathogenesis. One of the authors previously reported
that certain structures of HS chains exist in amyloid
plaques of AD brains,'® and that structural variation of
HSPG correlates with amyloid plaque formation in the
brains of AD patients.™* HSPG is also known to facilitate
cerebral amyloid deposition induced exogenously in a rat
model in vivo."® Functional roles of HS and HSPG in AD
pathology are proposed to be acceleration of AB fibril
formation and protection of the fibril against microglial
phagocytosis.’® It was reported that the aggregation
state of AB requires its binding properties to heparin.'”
Pathological correlations between the RB4CD12 HS do-
mains, which are rich in heparin and AD have not been
established. Here we present evidence that the
RB4CD12 HS domains are accumulated in cerebral am-
yloid plagues of transgenic AD mouse models and pa-
tients with AD, and that these HS epitopes can be de-
graded by Sulf-1 and Sulf-2 ex vivo.

Materials and Methods

Materials

The RB4CD12 phage display-derived anti-heparan sul-
fate antibody was produced in a vesicular stomatitis virus
(VSV)-tag version and purified as previously described.”
Alternative nomenclature of RB4CD12 is HS3A8. The fol-
lowing materials were commercially obtained from the
sources indicated. Heparinases (I, Il and 1ll), polyclonal
rabbit anti-laminin antibody (Ab), horseradish peroxi-
dase-conjugated monoclonal anti-VSV Ab, and Cy3-con-
jugated monoclonal anti-VSV Ab were from Sigma (St.
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Louis, MO); biotinylated monoclonal anti-amyloid g (N-
terminus) Ab (82E1) was from IBL (Gunma, Japan); poly-
clonal rabbit anti-VSV Ab was from Bethyl Laboratories
(Montgomery, TX); Cy2-conjugated goat anti-mouse IgG
(H+L), Cy2-conjugated goat anti-rabbit IgG (H+L), Cy2-
conjugated goat anti-rat IgG (H-+L) Abs, and Cy2-conju-
gated streptavidin were from Jackson ImmunoResearch
Laboratories (West Grove, PA); rabbit anti-lbal Ab was
from Wako Pure Chemical Industries, Ltd. (Osaka, Ja-
pan); rabbit anti-glial fibrillary acidic protein and mono-
clonal anti-phospho-PHF-tau pThr231 (AT180) Abs were
from Thermo Scientific (Rockford, IL); goat anti-mouse
syndecan-3 Ab was from R&D Systems, Inc (Minneapo-
lis, MN); rabbit anti-glypican-1 (M-95) Ab was from Santa
Cruz Biotechnology, Inc (Santa Cruz, CA); polyclonal
goat anti-rabbit IgG Nanogold, ¢1.4 nm, was from Nano-
probes (Yaphank, NY); and horseradish peroxidase-con-
jugated goat anti-rabbit 1gG was from Cell Signaling
Technology, Inc. (Beverly, MA).

Anima/s

C57BL/6 mice were from Japan SLC Inc. (Hamamatsu,
Japan). Heterozygotic transgenic mice that expressed the
human amyloid precursor protein bearing the Swedish
(K670N, M671L) mutation (Tg2576 strain),'® the Swedish
and Indiana (V717F) mutations (J20 strain),*® or the Swed-
ish and London (V7171) mutations (T41 strain)*® were main-
tained in barrier facilities. Tg2576 mice were purchased
from Taconic Farms, Inc., Hudson, NY. J20 mice were from
the Jackson Laboratory (Bar Harbor, ME). The National
Center of Geriatrics and Gerontology Institutional Animal
Care and Use Committee approved the animal studies.

Human Postmortem Brain Tissues

Patients with sporadic AD received a pathological diag-
nosis according to the criteria of the Consortium to Es-
tablish a Registry for Alzheimer's Disease and the Braak
stage. Non-demented controls were elderly patients who
were age-matched and without significant neurological
disorders. Patients were also cognitively evaluated by
neuropsychological tests using the Mini-Mental State Ex-
amination and Hasegawa's dementia scale, which is
commonly used in Japan. Entorhinal cortex and hip-
pocampus postmortem tissue samples from neurologi-
cally unimpaired subjects (non-demented controls
[NDCs]) and from subjects with AD were obtained under
Committees on Human Research approval of National
Center for Geriatrics and Gerontology and Choju Medical
Institute of Fukushimura Hospital. Diagnosis of AD was con-
firmed by pathological and clinical criteria (Table 1). The
incidence of vascular risk factors (eg, atherosclerosis, myo-
cardial infarction, and so forth), the sex ratio, age, and the
postmortem interval were comparable between NDC and
AD (Table 1). Tissue was cut and frozen or fixed with for-
malin, and then embedded with paraffin. Frozen tissues
were subjected to structural analysis of HS. The embedded
tissues were cut using a microtome.
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Table 1. Clinical and Neuropathological Characteristics of Alzheimer’s Disease and Non-Demented Control Donor Patients used in the

Disaccharide Composition Analysis of Heparan Sulfate

Stage of amyloid NFT Cerebral Vascular
Age deposits stage amyloid risk
Patient number (years) Sex (0, A, B, C)* (I=V1) angiopathy factors PMI (hr)
Alzheimer’s disease patients
0508 94 F C \Y + Cl 43
0512 83 F C \ + ATH 2
0604 91 F C \Y - Cl 8
0805 93 F C Vi + Cl 27
0810 80 M C Y - Cl 15
0811 81 M C Vi - - 8
0814 91 M C \% + - 5
0824 87 F B Vi - - 9
Age-matched non-demented controls
0707 95 F A Il - M 4
0710 83 F A Il - CH/CI 24
0601 0 F B I - Mi 4
0802 93 F A i - CH/CI 20
0704 84 M B Il - Cl 3
0807 82 M 0 | - CH 8
0908 91 M A Il - - NA
0903 87 F 0 i - Cl 7

*0 = none, A = rare or a few, B = mild or moderate, C = numerous or marked.
ATH, atherosclerosis; CH, cerebral hemorrhage; Cl, cerebral infarction; F, female; M, male; MI, myocardial infarction; NA, not applicable; NFT,

neurofibrillary tangle; PMI, postmortem interval.

Fractionation of Brain Samples

A snap-frozen mouse cortex (~25 mg) was placed in a tube
containing 600 uL (30 volume of the tissue weight) of ice-cold
Tris-buffered saline (TBS) (20 mmol/L Tris and 137 mmol/L
NaCl, pH 7.6) and protease inhibitors (complete protease in-
hibitor cocktail; Roche Diagnostics, Mannheim, Germany). The
tube was placed in a water bath of the Bioruptor ultrasonic
vibration (CosmoBio, Tokyo). The tissue was fragmented by
sonicating the tube for 15 seconds with the maximum ultra-
sonic wave output power 4 to 5 times until solid materials in the
tube became invisible. The material was ultracentrifuged at
100,000 X g for 20 minutes at 4°C. The supernatant was
collected and stored frozen as TBS or “TBS soluble fraction.”
The resulting precipitate was suspended in 600 ul (the same
volume as previously described) of TBS containing 1% SDS.
The suspension was centrifuged at 12,000 rpm for 20 minutes
at room temperature. The resulting supernatant was collected
and stored frozen as TBS or “TBS-insoluble/1% SDS-soluble
fraction.” The protein concentrations of both fractions were
measured with a BCA Protein Assay Reagent Kit (Thermo
Scientific). Brain cortices were dissected out from 3 Non-Tg or
3 Tg2576 18-month-old mice and then snap frozen. Brain
samples were put together, placed on a glass Petri dish, and
minced with a blade. The tissues were transferred into a tube
containing 1 mL of ice-cold TBS. The tissues were homoge-
nized with a Dounce homogenizer. The homogenate was fi--
tered with a 100-um nylon mesh. The filtered materials on the
mesh were collected and then subjected to the structural anal-
ysis described as follows (“vessel-enriched fractions”). Mate-
rials filtered through the 100-um nylon mesh were collected
and then analyzed (“non-vasculature fractions”). Methylene
blue staining and bright field microscopy confirmed cerebral
blood vessels on the filters.

Immunohistochemistry

Fresh mouse brains were embedded in O.C.T. com-
pound (Sakura Finetek, Torrance, CA) and frozen in liquid
nitrogen. The brains were stored at —80°C until analysis.
Cryostat-cut sections (10-um thick) were prepared on
MAS-coated glass slides (Matsunami, Osaka, Japan),
fixed in ice-cold acetone for 15 minutes, and then air-
dried for 30 minutes. Sections were incubated with block-
ing solution (3% bovine serum albumin in PBS) for 15
minutes at RT. Sections were washed twice with PBS and
then incubated with a mixture of RB4CD12 (1:100 dilu-
tion), rabbit anti-laminin antibody (1:100 dilution, Sigma),
and biotinylated 82E1 (1:50 dilution) overnight at 4°C.
Then, primary antibodies were detected with Cy3-conju-
gated monoclonal anti-VSV-G (4 ng/mL), Cy2-conju-
gated polyclonal goat anti-rabbit 1gG (3 pg/mL), and
aminomethylcoumarin acetate-conjugated streptavidin
(6.8 ug/mL, Jackson ImmunoResearch, West Grove, PA).
Sections were mounted in FluorSave Reagent (Merck,
Darmstadt, Germany). Digital images were captured by
fluorescent microscopy (model BX50, Olympus, Tokyo,
Japan) at the same setting for each antibody. The fluo-
rescently stained area was guantitatively determined us-
ing Image-Pro Plus software (Media Cybernetics, Be-
thesda, MD). To determine the effects of the Sulfs and
heparinases, 3% bovine serum albumin-blocked sections
were pre-treated with 100 plL of a reaction mixture con-
taining 5 wmol HEPES, pH 7.5, 1 umol MgCl,, and en-
zymes at 37°C overnight. Recombinant human Sulf-1 (0.4
ng) and human Sulf-2 (0.4 ng) were prepared from con-
ditioned medium of transfected HEK293 cells and used
as previously described.® For pretreatment with hepariti-
nases, a mixture of 1 mU heparinase |, 0.25 mU hepari-
nase I, and 0.1 mU heparinase lll were added to the



