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RB4CD12 Epitope Expression and
Heparan Sulfate Disaccharide Composition

in Brain Vasculature

Tomomi Hosono-Fukao, Shiori Ohtake-—Nnml, Kazuchika lehltsujl,
Md. Motarab Hossain,' Toin H. van Kuppevelt,” Makoto Michikawa,’

A

and Kenji Uchimura

Section of Pathophysiology
Aichi, Japan

and Neurobiology, National Center for Geriatrics and Gerontology,

*Department of Alzheimer’s Disease Research, National Centel for Geriatrics and Gerontology,

Aichi, Japan

Department of Biochemistry 280, Nijmegen Centre for Molecular Life Sciences,
Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands

RB4CD12 is a phage display antibody that recognizes
a heparan sulfate (HS) glycosaminoglycan epitope. The
epitope structure is proposed to contain a trisulfated di-
saccharide, [-IdoA(2-OS03)-GIcNSO3(6-0S03)-], which
supports HS binding to various macromolecules such as
growth factors and cytokines in central nervous tissues.
Chemically modified heparins that lack the trisulfated
disaccharides failed to inhibit the RB4CD12 recognition
of HS chains. To determine the localization of the
RB4CD12 anti-HS epitope in the brain, we performed an
immunohistochemical analysis for cryocut sections of
mouse brain. The RB4CD12 staining signals were colo-
calized with laminin and were detected abundantly in the
vascular basement membrane. Bacterial heparinases
eliminated the RB4CD12 staining signals. The RB4CD12
epitope localization was confirmed by immunoelectron
microscopy. Western blotting analysis revealed that the
size of a major RB4CD12-positive molecule is ~460 kDa
in a vessel-enriched fraction of the mouse brain. Disac-
charide analysis with reversed-phase ion-pair HPLC
showed that [-ldoA(2-OSO3)-GIcNSO3(6-0OS03)-] trisul-
fated disaccharide residues are present in HS purified
from the vessel-enriched brain fraction. These results
indicated that the RB4CD12 anti-HS epitope exists
in large quantities in the brain vascular basement mem-
brane. © 2011 Wiley-Liss, Inc.

Key words: basement membrane; brain vessels; heparan
sulfate; HPLC; scFv antibody

Heparan sulfate proteoglycans (HSPGs) are found
on the cell surface and in the extracellular matrix, and
they consist of core protein to which one or more hepa-
ran sulfate (HS) chains are covalently bound (Bernfield
et al.,, 1999; Esko and Lindahl, 2001). HS chains and
heparins, structural analogues of HS chains, are members
of the family of glycosaminoglycans made up of
repeating disaccharide units of glucuronic/iduronic acid

© 2011 Wiley-Liss, Inc.

(GlcA/1doA) and glucosamine (GlcN), which are modi-
fied through a set of deacetylation, epimerization, and
sulfation reactions (Gallagher, 2001). The N-, 3-O, and
6-O positions of GIcN and the 2-O position of
the uronic acid residues in the disaccharide units are
potentially substituted by sulfate groups by a series of
Golgi-resident HS sulfotransferases (Habuchi et al,
2004). These synthetic reactions along the HS chains are
spatially and temporally regulated, conferring upon the
chains structural diversity, which underlies important
roles in pathological and biological processes (Nakato
and Kimata, 2002; Parish, 2006; Bishop et al., 2007;
Yan and Lin, 2009). HS contains highly sulfated domains
and partially sulfated or nonsulfated domains, which are
transitional (Gallagher, 2001). Highly sulfated domains
are the most common units in heparin. Within the
domains, a trisulfated disaccharide structure [~IdoA(2-
OS03)-GIeNSO;(6-0OSO3)—] is present. This structure is
considered to be a key element in molecular interactions
between HS/heparin and many ligands, including
growth factors, chemokines, morphogens, and lipopro-
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teins (Bernfield et al., 1999; Esko and Selleck, 2002).
The wisulfated disaccharides of heparin (Morimoto-
Tomita et al., 2005; Saad et al., 2005) and heparan sul-
fate (Ai et al, 2003; Viviano et al., 2004; Lamanna
et al., 2008) are degraded by endoglucosamine 6-sulfa-
tases, Sulf-1 and Sulf-2, in the extracellular space. The
Sulfs are thought to reverse the association between
angiogenic factors and heparin/HSPGs (Morimoto-
Tomita et al., 2005; Uchimura et al., 2006).

Vessels in the brain are essential for functions of
the blood-brain barrier as well as CNS angiogenesis
(Risau and Wolburg, 1990). The brain vasculature is
also considered to be a niche that conditions brainstem
cells for further lineaging (Palmer et al.,, 2000). Mole-
cules of the basement membrane of brain vasculature
include HSPGs and laminin. The basement membrane
HSPGs can function as both pro- and antisignaling mol-
ecules. They can stimulate cell signaling by binding to
and concentrating growth factors through their HS
chains in close proximity to cell-surface receptors. On
the other hand, basement membrane HSPGs can reduce
signaling by sequestering growth factors away from their
receptors. Regulation is achieved by the balance of
inhibitory vs. stimulatory forms of HS, which is ulu-
mately controlled by the specific sulfation modifications
on the HS chains (Gallagher, 2001).

To evaluate the expression and localization of the
specific sulfation modifications of HS in cultures and
tissues, antibodies against HS have been established as
useful tools (van den Born et al,, 2005). The HS epi-
topes of recently developed phage display antibodies
have been defined using derivatives of HS and heparins
(van Kuppevelt et al., 1998). One of them, RB4CD12,
recognizes N- and O-sulfated saccharides of HS/heparin
(Dennissen et al., 2002; Jenniskens et al., 2000). The N-,
2-0, and 6-0 sulfaton and C-5 epimerization of HS are
important determinants for the antibody recognition. The
recognition epitope is proposed to be a trisulfated disaccha-
ride-containing HS oligosaccharide  (Jenniskens et al,
2002). We have shown that the RB4CD12 epitope is
degraded by Sulfs in vitro and ex vivo and that the
antibody can’ be utilized to measure the activity of the
Sulfs (Hossain et al., 2010; Lemjabbar-Alaoui et al., 2010;
Uchimura et al., 2010). Here we describe the RB4CD12
anti-HS epitope abundant in the brain vascular basement
membrane and structural analysis of HS chains in brain
vessel-enriched fractions.

MATERIALS AND METHODS
Materials

The RB4CD12 phage display-derived antiheparan sul-
fate antibody (also known as HS3A8) was produced as a VSV
(vesicular stomatitis virus)-tag version and purified as described
previously (Dennissen et al., 2002). The following materials
were obtained commercially from the sources indicated. Hep-
arin conjugated with bovine serum albumin (heparin-BSA),
heparinases (I, II, and III), polyclonal rabbit antilaminin anti-
body (Ab), monoclonal anti-VSV  glycoprotein-Cy3 Ab,
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monoclonal anti-FLAG Ab, and biotinylated WFA lectin
were from Sigma (St. Louis, MO); N-desulfated, 2-O-desul-
fated, and 6-O-desulfated heparins were from Neoparin
(Alameda, CA); polyclonal rabbit anti-VSV-G Ab was from
Bethyl Laboratories (Montgomery, TX); alkaline phosphatase-
conjugated polyclonal goat anti-rabbit IgG (H + L), Cy2-
conjugated goat anti-mouse IgG (H + L), and Cy2-conjugated
goat anti-rabbit IgG (H + L) were from Jackson Immunore-
search Laboratories (West Grove, PA); biotinylated swine anti-
goat IgG (H + L) and streptavidin conjugated with alkaline
phosphatase were from Caltag Laboratories (Burlingame, CA);
mouse anti-NeulN Ab was from Millipore (Billerica, MA); rabbit
anti-Ibal Ab was from Wako Pure Chemical Industries (Osaka,
Japan); rabbit anti-GFAP Ab was from Thermo Scientific
(Rockford, IL); mouse anti-CNPase Ab was from Abcam
(Cambridge, MA); chondroitinase ABC, keratanase I, hyaluroni-
dase, chondroitin, and chondroitin sulfate C were from Seika-
gaku (Tokyo, Japan); polyclonal goat anti-rabbit IgG Nanogold,
diameter 1.4 nm was from Nanoprobes (Yaphank, NY); and
horseradish peroxidase-conjugated goat anti-rabbit IgG was from
Cell Signaling Technology Beverly, MA).

Animals

C57BL/6 mice were from Japan SLC Inc. (Hamamatsu,
Japan). Mice were maintained in barrier facilities. The National
Center of Geriatrics and Gerontology Institutional Animal Care
and Use Committee approved the animal studies.

ELISA for RB4CD12 Recognition

To immobilize heparin, 100 ng/ml heparin-BSA in PBS
was added to the wells (100 pl/well) of a 96-well plate
(Immulon 2HB; Dynex Laboratories). The plate was kept at
4°C overnight. The wells were washed three times with PBS
containing 0.1% Tween-20 (PBS-T) and then blocked with
3% BSA (Sigma) in PBS containing 0.01% NaNj at room
temperature (RT) for 2 hr. The wells were washed as
descfribed above and incubated with 100 pl/well RB4CD12
(1:750 diluted by 0.1% BSA in PBS) mixed with intact hepa-
rins, chemically modified heparins, chondroitin sulfates, or
heparinase-treated heparins at RT for 1 hr. The wells were
washed as described above and incubated with 100 ul/well
secondary rabbit anti-VSV antibody (1 pg/ml in 0.1% BSA in
PBS) at RT for 45 min. Then, the wells were washed and
incubated with 100 pl/well of alkaline phosphatase-conjugated
goat anti-rabbit IgG (0.3 pg/ml in 0.1% BSA in PBS) at RT
for 45 min. The wells were washed as described above and
incubated with p-nitrophenyl phosphate (PNPP; Pierce,
Rockford, IL) at RT for 5 to 10 min. OD 405 nm was read
on a microplate reader (Bio-Rad, Hercules, CA).

Fractionation of Brain Samples

A snap-frozen mouse cortex (~25 mg) was placed in a
tube containing 600 pl (30 vol of the tissue weight) of ice-
cold TBS (20 mM Tris and 137 mM NaCl, pH 7.6) and pro-
tease inhibitors (complete protease inhibitor cocktail; Roche
Diagnostics, Indianapolis, IN). The tube was placed in a water
bath of the Bioruptor ultrasonic vibration (CosmoBio, Tokyo,
Japan). The tissue was fragmented by sonicating the tube for



1842 Hosono-Fukao et al.

15 sec with the maximum ultrasonic wave output power four
or five times until solid materials in the tube became invisible.
The material was ultracentrifuged at 100,000¢ for 20 min at
4°C. The supernatant was collected and stored frozen as the
“TBS-soluble fraction.” The resulting precipitate was sus-
pended in 600 pl (the same volume as mentioned above) of
TBS containing 1% SDS. The suspension was centrifuged at
12,000 rpm for 20 min at RT. The resulting supernatant was
collected and stored frozen as the “SDS-soluble fraction.”
The protein concentrations of both fractions were measured
with a BCA Protein Assay Reagent Kit (Thermo Scientific).
Twenty-five milligrams of frozen mouse brain cortex was
placed on a glass Petri dish and minced with a blade. The tis-
sues were transferred into a tube containing 1 ml ice-cold
TBS. The tissues were homogenized with a Dounce homoge-
nizer. The homogenate was filtered with a 100-um nylon
mesh. The filtered materials were collected and then applied
to a 40-pm nylon mesh. Residues on the filters were sus-
pended in 100 pl TBS containing 1% SDS (“vessel-enriched
fraction”). Materials filtered through the 40-pm nylon mesh
“were collected and mixed with the same volume of TBS con-
taining 2% SDS (“flow-through fraction”). Methylene blue
staining and brightfield microscopy confirmed cerebral blood
vessels on the filters.

Immunohistochemistry

Fresh brains from 12-week-old C57BL/6 mice were
embedded in the O.C.T. compound (Sakura Finetek, Tor-
rance, CA) and frozen in liquid nitrogen. The brains were
stored at —80°C until analysis. Cryostat-cut sections (10 pm
thick) were prepared on MAS-coated glass slides (Matsunami,
Osaka, Japan), fixed in ice-cold acetone for 15 min, and then
air dried for 30 min. Sections were incubated with blocking
solution (3% BSA in PBS) for 15 min at RT. Sections were
washed twice with PBS and then incubated with a mixture of
RB4CD12 (1:100 dilution) and rabbit antilaminin antibody
(1:100 dilution; Sigma) for 1 hr at RT. Then, primary
antibodies were detected with Cy3-conjugated monoclonal
anti-VSV-G (4 pg/ml) and Cy2-conjugated polyclonal goat
anti-rabbit IgG (3 pg/ml). Sections were mounted in Fluo-
rSave Reagent (Merck, Darmstadt, Germany). Digital images
were captured by fluorescent microscopy (model BX50;
Olympus) at the same setting for all images. To determine the
effects of GAG-degrading enzymes, 3% BSA-blocked sections
were pretreated with 100 pl of a reaction mixture containing
5 pwmol HEPES, pH 7.5, and enzymes (a mixture of 1 mU
heparinase I, 0.25 mU heparinase II, 0.1 mU heparinase III,
50 mU chondroitinase ABC, 250 mU keratanase 1, or
250 mTRU hyaluronidase) at 37°C overnight. For pretreat-
ment with the mixture of heparitinases, 1 pmol MgCl, was
added to the reaction mixture.

Immunoelectron Microscopy

Cryostat-cut  sections from 12-week-old C57BL/6
mouse brain were prepared on MAS-coated glass slides, fixed
in 4% paraformaldehyde for 5 min, then washed with PBS for
1 hr. Sections were incubated with 3% BSA for 30 min at
RT. Diluted RB4CD12 antibody (1:40) was then applied

overnight. After washing, diluted rabbit anti-VSV secondary
(7.2 pg/ml) was applied for 1 hr. After several washes, diluted
goat anti-rabbit IgG antibody coupled with 1.4-nm-diameter
tertiary gold particles (1:40) was applied for 30 min. The sam-
ples were then washed and fixed in 2% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.4) for 3 hr, followed
by enlargement of the gold particles with an HQ-Silver
Enhancement Kit (Nanoprobes). The specimens were exam-
ined in a Hitachi H-7600 transmission electron microscope.

Immunoblots

The proteins (40 (g per lane) were separated by
NuPAGE 3-8% polyacrylamide gel electrophoresis (Invi-
trogen, Carlsbad, CA) and blotted onto a PVDF membrane
(Millipore, Bedford, MA). The membrane was blocked with
5% skim milk /PBS-T for 1 hr at room temperature and then
incubated overnight with RB4CD12 antibody (1:500) in
TBS-T at 4°C. The membrane was washed and incubated
with horseradish peroxidase-conjugated mouse anti-VSV
(1:2,000) for 1 hr at RT. Bound antibodies were visualized
with  SuperSignal West Dura Chemiluminescent reagent
(Thermo Scientific). Signals were visualized and quantified
using a LAS-3000 mini-luminescent image analyzer (Fujifilm,
Tokyo, Japan).

Preparation and Structural Analysis of HS

Two hundred fifty milligraqms of frozen mouse cortex or
the cortical vessel residue that remained on the filters described
above was suspended in 2 ml of 0.2N NaOH and incubated
overnight at RT. The samples were neutralized with 4 N HCI
and then treated with DNase I and RNase A (0.04 mg/ml each;
Roche) in 50 mM Tris-HCI, pH 8.0, 10 mM MgCl, for 3 hr at
37°C. Subsequently, the samples were treated with actinase E
(0.04 mg/ml; Kaken Pharmaceutical, Tokyo, Japan) overnight
at 37°C. The supernatant was collected by centrifugation at
5,000¢ at 4°C for 10 min after heat inactivation of the enzyme
and then mixed with the same volume of 50 mM Tris-HCI,
pH 7.2. The HS was purified by DEAE-Sepharose column
chromatography as reported previously (Habuchi et al., 2007).
The disaccharide compositions of the HS were determined
by reversed-phase ion-pair chromatography with postcolumn
fluorescent labeling adapted from a method described in a
previous report (Toyoda et al., 2000). The level of total HS was
determined by summing amounts of all disaccharides detected
in each sample. All data are presented as mean & SD unless
noted otherwise. The values were analyzed in Prism software
(GraphPad Software, La Jolla, CA).

RESULTS

Modified Heparins That Lack Trisulfated
Disaccharide Units Do Not Interfere
With the RB4CD12 Recognition

RB4CD12 is a single-chain variable-fragment
(scFv) antibody selected for reactivity to skeletal muscle
heparin/HS glycosaminoglycans utilizing a phage display
system (Jenniskens et al, 2000). Antibody binding
depends on all three sulfate modifications (Dennissen
et al,, 2002). To characterize further the RB4CD12
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Fig. 1. Inhibition ELISA for the RB4CD12 recognition determinant. A: Binding of the RB4CD12
antibody to heparin-BSA-coated on plates was measured in the presence of heparin, chemically
modified heparin, or chondroitin sulfate shown at right. B: The binding of RB4CD12 in the pres-
ence of heparin that was pretreated with a mixture of heparinase I, heparinase I, and heparinase 111
was measured. Hep-de2S, 2-O-desulfated heparin; Hep-de6S, 6-O-desulfated heparin; Hep-deNS,
N-desulfated heparin; CS-C, chondroitin 6-sulfate; Ch, chondroitin.
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Fig. 2. Immunoreactivity of RB4CD12 is colocalized with laminin
in the mouse brain. RB4CD12 binding was visualized using a
Cy3-conjugated anti-VSV tag antibody with fluorescence micros-
copy (red). Basement membrane of brain vasculature and different
types of cells were costained by cell-type-specific antibodies, lami-
nin, NeuN, CNPase, GFAP, Ibal, or biotinylated WFA lectin in

recognition determinants, we performed a cell-free ELISA
with chemically modified heparins. The RB4CD12 anti-
body recognized heparin-BSA (10 ng) immobilized onto
plastic wells (Fig. 1). RB4CD12 binding to heparin-BSA
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conjunction with Cy2-conjugated secondary antibodies or strepta-
vidin (green). RB4CD12 staining signals were colocalized with
laminin staining in the basement membrane of brain vessels
(arrowheads). GFAP partially colocalized with the RB4CDI12 sig-
nals at the interface between vessels and astrocytes (arrows). Scale
bar = 50 pm.

was substantially reduced by premixing with an intact
heparin in a dose-dependent manner. Chemically modi-
fied heparins that are 2-O-desulfated or 6-O-desulfated

showed much less inhibition even at higher concentra-
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Fig. 3. Immunoreactivity of RB4CD12 is eliminated by pretreatment
of brain sections with heparinases. Cryostat-cut sections of mouse
brains were preincubated overnight with glyosaminoglycan-degrading
enzymes. RB4CD12 binding was visualized using a Cy3-conjugated
anti-VSV tag antibody with fluorescence microscopy (red). Basement
membranes of vessels were costained using an antilaminin antibody in
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Chase ABC Keratanase | Hyaluronidase

conjunction with a Cy2-conjugated secondary antibody (green).
RB4CD12 signals in the microvasculature basement membrane of ves-
sels were eliminated by a mixture of heparinase I, heparinase II, and
heparinase III (Heparinases). Chase ABC, chondroitinase ABC. Scale
bar = 50 um.

200 nm

Fig. 4. Immunoelectron microscopy for the RB4CD12 epitope in the mouse brain. Low-magnifi-
cation (left) and high-magnification (right) scanning electron micrographs. RB4CD12 immunogold
particles, singly or in clusters, decorate electron-lucid layers in the basement membrane (BM) of a
vessel indicated by arrowheads. N, nucleus; L, vessel lumen.

tions (Fig. 1A), suggesting that the RB4CD12 antibody
is highly specific to a trisulfated disaccharide-containing
HS oligosaccharide. N-desulfated heparin, chondroitin,
and chondroitin 6-sulfate (CS-C) did not affect the
RB4CD12 recognition. Pretreatment of the heparin-BSA
with a mixture of heparitinases eliminated the RB4CD12
recognition (Fig. 1B).

The RB4CD12 Epitope Is Abundant in the
Basement Membrane of Vessels in the Brain

Previous study has shown that different HS epi-
topes should have a defined distribution and be tightly
topologically regulated (Dennissen et al., 2002). To
determine whether expression of the trisulfated disaccha-
ride-containing HS is spatially regulated in the brain, we
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Fig. 5. Immunoblotting analysis of the RB4CD12 epitope in vessel-
enriched fractions of the mouse cortex. Immunoblot with RB4CD12
and antilaminin antibodies for vessel-enriched fractions of the mouse
cortex. Lane 1, vessel-enriched fraction; lane 2, flow-through frac-
tion; lane 3, whole-cortex fraction.
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immunohistochemically analyzed the distribution of the
RB4CD12 epitope in the brain. Cryostat-cut sections of
C57BL/6 mouse brains were immunostained with the
RB4CD12 antibody and each cell type-specific anti-
body. As shown in Figure 2, RB4CD12 staining signals
clearly colocalized with laminin, which is abundant in
the basement membrane of vessels and is used as a
marker for brain vasculature (Laurie et al., 1982). GFAP,
a marker for astrocytes, partially colocalized with the
RB4CD12 staining signals at the gliovascular interface
(Fig. 2, arrowheads). The RB4CD12 epitope was hardly
detected 1n cells that were positive for NeuN, a marker
for neurons. Neither Ibal, a marker for microglia, nor
CNPase, a marker for oligodendrocytes, was immunolo-
calized with the RB4CD12 staining signals (Fig. 2).
WFA lectin, which is often used as a marker for peri-
neuronal nets that are rich in chondroitin sulfates, did
not colocalize with the RB4CD12 signals (Fig. 2). Simi-
lar results were also observed in the hippocampus
and cerebellum (not shown). These results indicated that
the RB4CD12 epitope exists in large quantities in the
basement membrane of brain vessels. To confirm that
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the observed signals in Figure 2 arose from a trisulfated
disaccharide-containing HS oligosaccharide, we pre-
treated brain sections with a mixture of heparinases,
chondroitinase ABC, karatanase I, or hyaluronidase and
then stained with the RB4CD12 antibody and an antila-
minin antibody. Only treatment with a mixture of hepa-
rinases eliminated RB4CD12 immunoreactivity (Fig. 3).
To determine the ultrastructural localization of the
RB4CD12 epitope in the basement membrane of the
brain vessels, we carried out immunoelectron micros-
copy. Cryostat-cut sections from C57BL/6 mouse brains
were immunostained with the RB4CD12 antibody fol-
lowed by probing with a rabbit anti-VSV secondary
antibody and a goat anti-rabbit IgG tertiary antibody
conjugated with gold particles. After enlargement of the
gold particles, the specimens were embedded in water-
miscible epoxy resins and examined under a transmission
electron microscope. We observed that most RB4CD12
immunogold particles were present in the area of the
basement membrane of cerebral vessels (Fig. 4, right
panel, arrowheads).

The RB4CD12 Epitope Is Borne Predominantly
on Molecules of 460 kDa in Vessel-Enriched
Fractions

Next, we prepared vessel-enriched fractions of
mouse . cortices and examined the immunoreactivity
of the RB4CD12 antibody. Immunoblotting with the
antilaminin antibody indicated that the vessel-enriched
fraction was properly fractionated (Fig. 5, lower panel).
A band with a molecular weight of ~460 kDa was dom-
inant in an immunoblot with the RB4CD12 antibody in
the vessel-enriched fractions (Fig. 5).

Trisulfated Disaccharides of Heparan Sulfate Are
Detected in Vessel-Enriched Fractions

Finally, we carried out structural analysis of HS
chains in the vessel-enriched fractions of mouse brain.
HS was isolated from the whole cortex and the cortical
vessel-enriched fractions of adult mice and depolymer-
ized into its constituent disaccharides by a mixture of
bacterial heparitinases. The disaccharide compositions of
the HS were determined by reversed-phase ion-pair
chromatography. We found that 2.3% of the total disac-
charides were trisulfated disaccharides in the vessel-
enriched fractions. The presence of the trisulfated disac-
charides was consistent with the fact that RB4CD12 rec-
ognizes the vessels in the brain. The content of total HS
in the vessel-enriched fractions of the adult mouse cor-
tex was 5% of that in the whole-cortex fraction (Fig. 6).

DISCUSSION

The present study shows that the immunoreactivity
of the RB4CD12 antibody was colocalized with the
laminin  immunoreactivity,  suggesting  that  the
RB4CD12 epitope 1s present largely in the basement
membrane of vessels in the brain. The immunoelectron
microscopic analysis confirmed the localization of the
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Fig. 6. Disaccharide analysis of heparan sulfate in vessel-enriched
fractions of the mouse cortex. Heparan sulfates were purified from
whole tissues (whole) or vessel-enriched fractions (vessels fr) of
mouse cerebral cortices and then degraded with a mixture of

RB4CD12 epitope in the vascular basement membrane.
These findings are correlated with those of a previous
report that demonstrated that RB4CD12 stains the skel-
etal muscle basal lamina (Jenniskens et al., 2000). We
also found that the RB4CD12-positive ~460-kDa band
was present in the immunoblot of the vessel-enriched
fractions. Perlecan, agrin, and type XVIII collagen are
the major HSPGs present in the basement membrane of
the brain vasculature (Bezakova and Ruegg, 2003; lozzo,
2005). The size of the core protein of perlecan is known
to be ~460 kDa. It can reach a molecular weight of
over 800 kDa together with HS chains. Agrin has a
225-kDa core protein, and its glycosylation modifica-
tions increase the molecular weight to ~500 kDa in the
brain (Donahue et al,, 1999). Type XVIII collagen
shows molecular weights of ~200 kDa (Elamaa et al,,
2003). Our results from Western blotting suggest that
the observed immunoreactivity of the RB4CD12 anti-
body in the cortex might arise from the HS chains of
perlecan and/or agrin. Further investigation is needed
for identification of the core proteins that bear the
RB4CD12 epitope expressed in the brain vasculature.

In conjunction with the RB4CD12 immunoreac-
tivity in the laminin-positive basement membrane and
vessel-enriched  fractions, the disaccharide analysis
showed that trisulfated disaccharides are components of
HS chains in the vessel-enriched fractions. Although the
percentage of trisulfated disaccharides is not substantial, it
is possible that these disaccharides are clustered and form
highly sulfated domains that are RB4CD12 recognition
determinants within the chains. The recognition epitope
of RB4CD12 is proposed to be [-GIcNSO;(6-OSO3)-

heparinases I, II, and III. The produced disaccharides were analyzed
by postlabeling reversed-phase ion-pair HPLC. The values are repre-
sentative of two independent experiments.

[doA(2-OSO3)-GlcNSO5(6-OSO3)—] (Jenniskens et al.,
2002), so the cluster size might be two or more consec-
utive trisulfated disaccharides. It is known that N-sulfa-
ton of GleN residues is the initial HS sulfation and that
N-sulfated domains are primary sites for further modifi-
cation (Carlsson et al., 2008). It seems probable that
N-sulfation could occur densely, not sparsely, in the
brain vasculature, leading to the formation of trisulfated
disaccharide clusters within HS polysaccharides. Expres-
sion profiles of HS sulfotransferases and sulfatases in brain
vessels may provide approaches that are pertinent to
understanding the mechanisms underlying the formation
of the HS subdomains.

Sulf~1 and Sulf-2 are known to remove 6-O sul-
fates on glucosamine residues in the trisulfated disaccha-
rides of HS and heparin (Morimoto-Tomita et al., 2002;
Ai et al., 2003; Viviano et al., 2004; Saad et al., 2005).
Sulf~2 mobilizes heparin-bound vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF)-1,
and stromal cell-derived factor (SDF)-1/CXCL12 (Uchi-
mura et al., 2006). Our previous study has shown that
treatment of mouse brain sections with Sulf-1 or Sulf-2
diminished the immunoreactivity of RB4CD12 in the
brain vessels ex vivo (Hossain et al., 2010). Given the
results of the present study, the RB4CD12-positive HS
subdomains might be important for supporting interac-
tions between HS chains and macromolecules such as
growth factors in the basement membrane of the brain
vessels. Increasing evidence has shown that highly
sulfated domains within HS chains of HSPGs support
the interaction with HS-binding factors. VEGF binds to
perlecan (Jiang and Couchman, 2003). HSPGs could act
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as storage sites of VEGF in the vessel wall. The release
of growth factors from the complex with HSPGs
through proteolytic processing and HS degradation is a
physiological mechanism that disengages biologically
active molecules from its storage site (Iozzo, 1998; Berg-
ers et al., 2000). In the basement membrane of vessels,
VEGF i1s stored by binding to HSPGs and could be
released by the action of Sulfs to exert proangiogenic ac-
tivity (Morimoto-Tomita et al., 2005; Uchimura et al.,
2006). Our results describing the abundance of the
RB4CD12 epitope in the basement membrane of the
brain vessels could emphasize the roles of the trisulfated
disaccharide-containing HS domains in the storage and
release of HS-bound growth factors, especially VEGF.
Furthermore, endothelial cells bind to the perlecan pro-
tein core (Hayashi et al., 1992), which is modulated by
the presence of glycosaminoglycan chains. Our results
also highlight a possible role of the RB4CD12 epitope
in migration and growth of endothelial cells in the brain
vasculature. Within an angiogenic niche, adult neuro-
genesis has been shown to occur (Palmer et al., 2000).
Growth factors that are bound to the RB4CD12-posi-
tive HS subdomains might be involved in defining the
neurogenic microenvironment. Future efforts to investi-
gate the biological roles of the RB4CD12 epitope and
the Sulfs in brain vessels will provide essential informa-
tion on the contribution of the trisulfated disaccharide-
containing HS domains to cerebrovascular angiogenesis
and neurogenesis.
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Lipoprotein Lipase Is a Novel Amyloid 8 (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 Af. Our findings indicate that LPL is
a novel AS-binding protein promoting cellular uptake and
subsequent degradation of AS.

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 (apoCII), 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 8 protein (AB), and the abnormal A8 depo-
sition or the formation of soluble A oligomers is crucial for
AD pathogenesis. A is a physiological peptide whose main
species are 40 and 42 amino acids in length, and AB42 is the
predominant specie in senile plaques (13). The A levels are
determined by the balance between its production and degra-
dation/clearance, and an attenuated A catabolism is sug-
gested to cause A accumulation in aging brains (14). Previ-
ous studies have shown that astrocytes and microglia directly
take up and degrade AB42 (15, 16) and that AB 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 A to promote A cellular uptake and degradation in
astrocytes. Here, we provide evidence that LPL forms a com-
plex with A3 and facilitates Af3 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 AS.

MATERIALS AND METHODS

Materials—Bovine LPL, heparinases, and a polyclonal anti-
actin antibody were purchased from Sigma. Synthetic
AB1-42 was purchased from the Peptide Institute (Osaka,
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Japan). Heparin, chondroitin, chondroitin sulfates, and chon-
droitinase ABC were from Seikagaku (Tokyo, Japan). Mono-
clonal anti-A S 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-Af3 anti-
body (2C8) was purchased from Medical and Biological Labo-
ratories (Nagoya, Japan).

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

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

Cell Culture—Highly astrocyte-rich cultures were prepared
according to a method described previously (19). In brief,
brains of postnatal day 2 C57BL/6 mice or ApoE knock-out
mice were removed under anesthesia. The cerebral cortices
from the mouse brains were dissected, freed from meninges,
and diced into small pieces; the cortical fragments were incu-
bated in 0.25% trypsin and 20 mg/ml DNase I 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 i# 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. A was dissolved in di-
methyl sulfoxide to a final concentration of 1 mm and stored
at —40 °C. AB (500 nm) and LPL (1-10 pg/ml) were mixed in
DMEM. Immediately, the mixture was added to the culture
medium of astrocytes. Cells were incubated at 37 °C for 5 h to
assess the cellular uptake of AB or at 4 °C for 3 h to evaluate
the binding of A to the cell surface of astrocytes. In these
assays, cells were incubated in serum-free DMEM. After incu-
bation, cells were washed with PBS three times, harvested
using a cell scraper and lysed by sonication in radioimmune
precipitation assay buffer (1% Nonidet P-40, 0.5% sodium de-
oxycholate, 0.1% SDS, 150 mm NaCl, 50 mm Tris-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). AB was probed with 6E10 antibody fol-
lowed by horseradish peroxidase-labeled anti-mouse antibody
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(Cell Signaling Technology, Inc., Beverly, MA) and chemilu-
minescent substrate ECL Plus (GE Healthcare). The protein
contents of cell lysates were normalized to the expression
level of actin protein. To examine the involvement of GAGs,
heparin, chemically modified heparins, chondroitin, or chon-
droitin sulfates (3 pug/ml) were incubated with a mixture solu-
tion of AB and LPL. Astrocytes were pretreated with a mix-
ture of heparinase II and heparinase III or chondroitinase
ABC (0.03 units/ml) for 24 h at 37 °C to evaluate endog-
enously expressed glycosaminoglycans. Signals were visual-
ized and quantified using a LAS-3000 luminescent image ana-
lyzer (Fujifilm, Tokyo, Japan) and Image] software (National
Institutes of Health, Bethesda, MD). For analyzing protein
band densities, a region of interest was drawn around a band,
and protein band densities were calculated.

siRNA Interference of LPL—siRNA specific for mouse LPL

- (sense strand, 5'-CAGCUGAGGACACUUGUCAUCU-

CAUdTdT-3’; antisense strand, 5'-AUGAGAUGACAAGU-
GUCCUCAGCUGATAT-3’) and control siRNA (sense strand,
5'-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 AP 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 ug/ml) at 37 °C for
5 h. Subsequently, cells were washed with DMEM and incu-
bated in DMEM for additional hours. Then, AS in cell lysates
was analyzed by Western blotting as described above.
Immunoprecipitation—A (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-Af 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-Af com-
plexes were immunoprecipitated with an anti-LPL antibody
and magnetic protein G beads. The obtained precipitates were
washed three times with PBS and incubated at 70 °C for 10
min in SDS sample buffer. Dissociated Af recovered in the
supernatant was assessed by Western blotting as described
above. For detection of endogenous A, the supernatants
were subjected to SDS-PAGE with 4-20% gradient gels and
transferred to polyvinylidene difluoride membranes. The
membranes were exposed to microwave irradiation for 20 s,
and A3 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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