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A monoclonal antibody (HK-249) that recognizes
a glucosamine sulfate alpha 1 - 4 glucuronic acid-
containing determinant in heparan sulfate (HS)
chains of a basement membrane-derived heparan
sulfate proteoglycan identified and immunolocal-
ized HS specifically to the amyloid deposits in neu-
riticplaques (NPs), congophilic angiopathy (CA),
as well as in neurofibrillary tangles (NFTs) and
non-tangle-bearing neurons in the brains of Alz-
heimer's and Down's syndrome (DS) patients. U-
trastructural immunohistochemistry demonstrated
that HS within neurons ofAlzheimer's disease (AD)
brain was localized to lipofuscin granules, an aging
pigment previously shown also to contain beta-
amyloid protein (BAP). Heparan sulfate also was
localized to neurite-containing, nonfibrillar prim-
itive'plaques that also demonstratedpositive BAP
immunoreactivity in both AD and DS brains. An-
tibodies to laminin, fibronectin, and a chondroitin
sulfate proteoglycan failed to show positive im-
munostaining of the HS-containing sites described
above. Analysis ofDS patients at diferent ages re-
vealed that HS accumulated within neurons of the
hippocampus and amygdala as early as I day after
birth. Young age-matched controls did not dem-
onstrate similar positive HS immunoreactivity in
neurons, whereas positive immunostaining for HS
was observed in other regions thought to normally
contain HS. The earliest deposition ofBAP wasfirst
observed as 'amorphous' or 'diffuse' cortical de-
posits in DS brain in patients aged 18 and 24years
before the accumulation offibrillar amyloid (ob-
served in DSpatients who are 35 years and older).
These cortical deposits also contained positive HS

immunoreactivity, implying thatHS accumulation
in conjunction with the BAP is an early event that
ultimately may contribute to the early age-related
accumulation (ie, as early as 35 years of age in
DS) ofNPs, NFTs, and/or CA. Furthermore the col-
ocalization ofHS and BAP in a number ofspecific
locales in AD and DS brain indicates apossible in-
teraction between these two macromolecules that
may be important in lesion development in these
two diseases. (AmJPathol 1990, 13 7:1253-1270)

The characteristic lesions of Alzheimer's disease (AD)
consist of the presence of neuritic plaques (NPs), neu-
rofibrillary tangles (NFTs), and cerebrovascular amyloid
deposits termed congophilic angiopathy.12 In addition,
granulovacular degeneration34 and Hirano bodies4 also
may be considered pathogenetic markers in the brains
of AD patients. Although some of these lesions may be
found in the brains of aged individuals, they are present
in much lesser amounts, indicating that the diagnosis of
AD relies primarily on the quantitative assessment of these
lesions.5

A number of different components have been identified
and localized to the characteristic lesions of both AD and
Down's syndrome (DS). The amyloid deposits within NPs
and congophilic angiopathy contain the beta-amyloid67
or A48 protein, and the serine protease inhibitor, alpha 1-
antichymotrypsin.9 Recent studies also demonstrate that
the neuritic component of NPs in the AD brain contain
protease nexin 11 (thought to represent the secreted version
of the beta-amyloid protein precursor containing the Kunitz
inhibitor domain)10"11 as well as binding sites for protease
nexin 1.12

A number of different components also have been
identified and localized within the substructures of NFTs,
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Figure 1. Immunolocalization of heparan sulfate glycosaminoglycans in neurons and in the characteristic lesions ofAlzbeimer's
disease. A: Immunostaining ofan amyloid plaque in the hippocampus of a 90-year-old woman with AD (5.5 hours after death)
using the HS monoclonal antibody (HK-249, undiluted supernatant) recognizing HS GAG chains.3' Note positive immunostaining
of central amyloid core and periphery. Formic acid pretreatment; hematoxylin counterstain. Bar, 21 zm. B: Immunostaining of
primitiveplaques (arrows) in the amygdala ofa 64-year-old man withAD (4 hours afterdeath) usingHK-249 (undiluted supernatant).
Formic acid pretreatment; hematoxylin counterstain. Bar, 80 Am. C: Heparan sulfate GAG immunostaining (HK-249,
1:5 dilution) in the periphery (arrows) ofa primitive plaque in the hippocampus ofa 90-year-old woman with AD (5 hours after
death). Note HS immunostaining also in the cell bodies ofadjacent neurons (arrowheads). Formic acidpretreatment; hematoxylin
counterstain. Bar, 20 um. D: Strong immunostaining ofa primitive plaque using HK-249 (undiluted) in the hippocampus ofa 67-
year-old man with AD (5.5 hours after death). Note immunostaining of neurites in plaque (arrows). Formic acid pretreatment;
hematoxylin counterstain. Bar, 20,um. E: Heparan sulfate immunostaining (HK-249, 1:5) ofNFTs (arrowheads) in the amygdala
ofa 64-year-old man with AD (4 hours after death). Formic acid pretreatment; hematoxylin counterstain. Bar, 40 itm. F: Strong
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such as microtubule-associated phosphoproteins, includ-

ing the 'tau protein,'13-15 neurofilaments,1-18 and ubi-
quitin.19,20

Previous studies21-23 demonstrated that the amyloid
deposits within NPs and congophilic angiopathy also
contain a specific class of complex carbohydrates known
as proteoglycans. Immunocytochemical studies recently
identified heparan sulfate proteoglycan (HSPG) core pro-

tein localized to the amyloid deposits in these lesions.24
However it was not known whether HSPG accumulation
is an early or late event in the accumulation of BAP. Be-
cause similar, if not identical, pathologic changes to those
of AD are observed in the brains of nearly all patients with
DS who live longer than approximately 35 years, DS has
been considered a useful model for studying the sequence
of changes that occur in AD.252 In the present study, in
addition to the identification and localization of heparan
sulfate (HS) glycosaminoglycan (GAG) chains in the AD
brain, we examined the brains of DS patients at various
ages for evidence of early changes that precede the for-
mation and accumulation of fibrillar amyloid.

Materials and Methods

Autopsy Material

Brain tissue (hippocampus, amygdala, and cerebellum)
obtained within 5 hours after death from seven cases of
AD (confirmed at autopsy) was used in the present study.
The brain tissue was obtained from a 90-year-old woman,
a 74-year-old man, two 72-year-old men, a 67-year-old
man, a 66-year-old woman, and a 64-year-old man. These
tissues were obtained from cases of rapid autopsy at the
University of Washington Alzheimer's Disease Research
Center. Brain tissue (including hippocampus, amygdala
and cerebellum) also was obtained from 12 cases of DS,
acquired either from the Department of Neuropathology
at the University of Washington or from Children's Hospital
in Seattle (courtesy of Dr. J. Sibert). Eight of these DS
cases were younger than 25 years old (and included ages

of 1 day, 4 months, and 2, 7, 15, 16, 18, and 24 years),
whereas 4 of these cases were older than 35 years (and
included ages of 36, 37, 47, and 51 years). In addition,
brain tissue (including hippocampus, amygdala, and cer-

ebellum) was obtained at autopsy from an 11-year-old
child with congenital heart disease, a 13-year-old child

with Huntington's disease, a 14-year-old child with cystic
fibrosis, and a 18-year-old man with cardiomyopathy.

Fixation and Processing of Tissue

The AD brain tissues obtained at rapid autopsy were fixed

in Carnoy's solution'0 for light microscopy, whereas the

brain tissue obtained from cases of DS and age-matched
controls were fixed in 10% formalin for 24 to 48 hours.

All tissues were processed routinely and embedded in

paraffin. From each paraffin block, 6-,u serial sections were
cut and placed on gelatin-coated slides. For electron mi-

croscopy (two cases of AD were analyzed), small pieces
of hippocampus were fixed in a solution of 3% parafor-
maldehyde and 0.25% glutaraldehyde in 0.05 mol/l (molar)
phosphate buffer and processed as previously de-
scribed.24

Antibodies Used for Immunocytochemistry

A monoclonal antibody (known as HK-249), recognizing
a specific epitope on the GAG chain of the basement-
membrane derived HSPG, was used for immunocyto-
chemical identification and localization of HS in AD, DS,
and age-matched control brain tissue. Detailed charac-
terization of this antibody is described elsewhere.31 Briefly,
a HSPG fraction (a mixture of a low-density and a high-
density form, designated LD and HD, respectively) was

prepared from the mouse Engelbreth-Holm-Swarm (EHS)
sarcoma.' A mixture of HSPG fractions (400 ,g HSPG
as protein in 250 ,ll of phosphate-buffered saline) and an

equal volume of Freund's complete adjuvant was injected
intraperitoneally into a 5-week-old Wistar rat. The rat re-

ceived booster injections with Freund's incomplete ad-
juvant at 2-week intervals. Three days after the sixth in-
jection, the spleen was harvested. According to a con-

ventional method,33 hybridomas were produced from rat
spleen cells and NS-1 mouse myeloma cells. Hybridoma
supernatants were tested for reactivity by enzyme-linked
immunoassay with the HSPG preparation used as the im-
munogen. Hybridomas showing a positive reaction were

cloned and then subcloned after dilution. One of the
cloned hybridomas (designated HK-249) was found to
recognize both the intact LD and HD but not after hepar-
itinase treatment. HK-249 was also found to react with

immunostaining in the cell bodies ofneurons (arrowheads) using HK-249 (undiluted) in the hippocampus ofa 90-year-old woman
with AD (5.5 hours after death). These neurons do not contain NFTs because on adjacent serial sections they were negative with
Congo red staining (not shown). Formic acidpretreatment; hematoxylin counterstain. Bar, 40 ,.sm. G: Positive congo red staining
(as viewed underpolarized light) ofmeningeal blood vessels (arrows) in the cerebellum ofa 74-year-old man withAD indicating
the presence ofamyloid in these vessels. Bar, 108,Am. H: Serial section of tissue shown in G demonstrates HK-249 immunostaining
(undiluted supernatant) in meningeal blood vessels containing amyloid deposits (arrows). Bar, 108Am.
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Figure 2. Specificity ofbeparan sutfate glycosaminoglycan immunostaining in Alzbeimer's brain. A: Immunostaining ofamyloid
plaques (arrowbeads) using HK-249 (1: 10 dilution) in the amygdala ofa 64-year-old man witb AD. Note immunostaining ofvessel
(v), wbicb on adjacent section wasfound to contain amyloid due to positive Congo red staining as viewed underpolarized ligbt
(not sbown). Formic acidpretreatment; bematoxyUn counterstain. Bar, 140 Am. B: Adjacent serial sectionfrom A immunostained
witb an antibody againstfibronectin (dilution 1:10). No positive immunostaining ofamyloidplaques (sbown in A) is observed.
Howeverpositive immunostaining ofcapillaries in tbeparencbyma is demonstrated. Formic acidpretreatment; bematoxylin coun-
terstain. Bar, 140;im. C: Adjacent serial section from C immunostained witb an antibody against laminin (dilution 1:10). No
positive immunostaining of amyloid plaques (sbown in A) is observed. Positive immunostaining of meningeal vessels witb the
laminin antibody wasfound (not sbown), indicating that the antibody detected laminin in the AD brain. Identical vessel as in A
and B is marked (v). Formic acidpretreatment; bematoxyUn counterstain. Bar, 140 Am. D: Strong immunostaining of neurons
and NFTs (arrowbeads) using HK-249 (1: 10 dilution) in the amygdala ofa 64-year-oldpatient witb AD. Formic acidpretreatment;
bematoxylin counterstain. Bar, 108Am. E: Adjacent serial sectionfrom D demonstrates lack ofpositive immunostaining in neurons
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the HS released from the protein core of the HSPG by
either proteolysis or alkaline beta elimination.31 HK-249
also was found to be inactive at the highest concentrations
tested (1 mg/ml) with hyaluronic acid, chondroitin sulfate,
chondroitin-4-sulfate, chondroitin-6-sulfate, dermatan sul-
fate, keratan sulfate, heparin, dextran sulfate, polyvinyl
sulfate, and DNA. Further characterization of the HK-249
antibody reveals that the epitope it recognizes is a cluster
of glucosamine-sulfate glucuronic acid units in intact HS
chains, which are particularly rich in the side chains of the
EHS proteoglycan.

The HS antibody (medium of the HK-249-producing
hybridoma) was used in the present study on deparaffin-
ized sections, either undiluted or at a dilution of 1:5 or 1:
10. Other antibodies used in the immunocytochemical
studies at the light microscopic level include 1) an affinity-
purified polyclonal antibody against fibronectin (Cappel,
West Chester, PA; used at a dilution of 1:10 and 1:100),
2) a rat monoclonal antibody that recognizes laminin (ICN
Biochemicals, Cost Mesa, CA; used at a dilution of 1:10
and 1 :100), 3) two mouse monoclonal antibodies (known
as MAB-938 and MAB-941) that recognize epitopes pres-

ent on the GAG chains of the chondroitin sulfate
proteoglycan3 (used at dilutions of 1: 10, 1:50 and 1: 100),
and 4) a polyclonal antibody against the beta-amyloid or

A4 protein (residues 1-42 of the BAP; used at a dilution
of 1:100; courtesy of Dr. C. Masters, Australia).

To preclude nonspecific binding and to ensure spec-

ificity of the HS monoclonal antibody, sections also were

treated with the HS antibody after preincubation (overnight
at 4°C) in the presence of excess HSPG antigen (antigen:
antibody protein concentration of 7:1). Isolation of the
HSPG antigen used for the immunoabsorption experi-
ments was described previously.32 In addition, TRIS-buf-
fered saline rather than the primary HS antibody also
served as a control.

Histochemical and Immunocytochemical
Methodology

Congo red staining35 was used on paraffin sections to
detect and localize the NPs, NFTs, and cerebrovascular
amyloid deposits in each of the cases. In addition, detec-
tion of sites of BAP accumulation was identified by im-

munostaining with the beta-amyloid or A4 antibody. Ad-

jacent serial sections were immunostained for laminin, fi-

bronectin, or chondroitin sulfate proteoglycan, as

described above.
Immunostaining of tissue sections was accomplished

using the avidin-biotin-immunoperoxidase method, using
the appropriate biotin-labeled secondary antibodies, fol-

lowed by incubation with avidin-conjugated horseradish
peroxidase complex (Vector Labs, Burlingame, CA). Per-

oxidase activity was detected by treatment with 3,3-di-
aminobenzidine, as previously described.24 For immuno-
cytochemical staining, the primary antibody was used ini-

tially through a series of dilutions to obtain the best

specificity with the least background staining. Only the

optimum dilutions of primary antibody are reported. En-

hancement of immunodetection of HS and other antigens
was achieved by pretreatment of tissue sections for 5
minutes with 88% formic acid before immunostaining.24
The precise mechanism by which formic acid treatment
enhances proteoglycan and amyloid antigenicity is not
known. In most instances, tissue sections following im-
munostaining were counterstained with hematoxylin.

Ultrastructural Immunolocalization of
Heparan Sulfate in Alzheimer's Brain

Before ultrastructural studies, HK-249 was used to im-
munolocalize HS in the hippocampus in two cases of AD
using ultra-thin (1 ,u) sections after removal of epon.3738
Briefly, before immunostaining, slides with 1- to 2-,um
plastic sections were submerged in a solution of saturated
sodium hydroxide in absolute ethanol (sodium ethoxide),
diluted 1:1 with fresh absolute ethanol for 15 to 20 minutes
at room temperature, and processed for immunocyto-
chemical staining, as previously described.39

Heparan sulfate was immunolocalized at the ultra-
structural level in the hippocampus in two cases of AD.
Thin sections were etched by submersion in a solution of
saturated sodium hydroxide in absolute ethanol and diluted
1:1 with fresh absolute ethanol for 1.5 minutes at room

temperature. The immunostaining procedure was as fol-
lows: 1) grids first were blocked with 10% normal goat
serum in 0.05 mol/l TRIS-HCI buffered saline (TBS), pH
7.6 for 10 minutes; 2) four rinses with TBS during a 10-

and NFTs using an antibody directed against fibronectin (1:10 dilution). Only staining of capillaries is observed. Formic acid
pretreatment; bematoxylin counterstain. Bar, 108Am. F: Adjacent serial sectionfrom E demonstrates lack ofpositive immunostaining
in neurons and NFTs using an antibody directed against laminin (1:10 dilution). Formic acid pretreatment; bematoxylin coun-
terstain. Bar, 108,um. G: Immunostaining witbin the cell bodies ofpyramidal neurons (arrowbeads) using the HS antibody (HK-
249, 1:10 dilution) in the bippocampus ofan 80-year-old woman witb AD. Noformic acidpretreatment; no counterstain. Bar, 80
Mm. H: Adjacent serial section from G demonstrates lack ofpositive immunostaining in pyramidal neurons using a monoclonal
antibody (known as MAb 938) (1:50 dilution) directed against the GAG cbains ofa cbondroitin sulfateproteoglycan. Similar results
were obtained witb the monoclonal antibody known as MAb 941. The walls of meningeal vessels were found to stain witb this
antibody (not sbown). Noformic acidpretreatment; bematoxylin counterstain. Bar, 90 Am.
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Figure 3. Light microscopic and ultrastructural immunolocalization ofheparan sulfate inAlzbeimer's brain tissue. All tissue sections
shown are from the hippocampus ofa 72-year-old man with AD (4 hours after death). A: Heparan sulfate immunostaining (HK-
249, 1:10 dilution) ofamyloid deposits (arrowheads) in a neuriticplaque. One-micron section immunostained afterplastic removal.3'8
Bar, 13 lim. B: Heparan sulfate immunostaining (HK-249, 1:10 dilution) ofinclusions (arrowheads) within a pyramidal neuron.
One-micron-thick section immunostained after plastic removal. Bar, 11 lim. C: Heparan sulfate immunostaining (HK-249, 1:10
dilution) ofneuronal inclusions (believed to be lipofuscin granules) (arrowheads) andfilaments (arrow) in a NFT. One-micron-
thick section immunostained afterplastic removal. Bar, 8 Am. D: Heparan sulfate immunostaining (HK-249, 1:200 dilution) in a
burned-out amyloidplaque at the ultrastructural level. Reaction product (arrowheads) (using 4-chloro-1-naphthol) is specifically
localized to the amyloid fibrils. Avidin-biotin-peroxidase method. Bar, 0. 78 ,im. E: Serial section from D showing the identical
burned-outplaque, immunostained with HS antibody (HK-249) preabsorbed with excess HSPG antigen. No positive immunostaining
ofamyloidfibrils is observed. Avidin-biotin-peroxidase method. Bar, 0. 78jm. F: Heparan sulfate immunostaining (HK-249, dilution
of 1:200) in a neuron is specifically localized to lipofuscin granules (arrows) at the ultrastructural level. Avidin-biotin-peroxidase
method. Bar, 0.83 jum. G: Serial section from F demonstrates lack ofpositive immunostaining in lipofuscin granules (arrows) in
neuron after immunostaining with HK-249 (final dilution of 1:200) preabsorbed with excess antigen. Avidin-biotin-peroxidase
method. Bar, 0.83 jim. H: Heparan sulfate immunostaining (HK-249, 1:200 dilution) ofpaired helical and straightfilaments (ar-
rowheads) in an intraneuronal NFT at the ultrastructural level. This thin section was pretreated with 88% formic acid (1:100
dilution)for 3 minutes before immunostaining. Avidin-biotin-peroxidase method. Bar, 0.40,um. I: Serial section from H demonstrates
lack ofpositive immunostaining ofpaired helical and straightfilaments in an intraneuronal NFT, after immunostaining with HK-
249 (final dilution of 1:200) preabsorbed with excess HSPG antigen. Avidin-biotin-peroxidase method. Bar, 0.48Am

minute period; 3) primary HS antibody (HK-249) (1:10, 1:
50, and 1:200 dilution in TBS) overnight at 40C; 4) six
rinses with TBS during a 15-minute period; 5) incubation
with biotinylated goat anti-rat IgG at a dilution of 1:200 for
1 hour at room temperature; 6) seven rinses with TBS
during a 30-minute period; 7) incubation with horseradish
peroxidase conjugated strepavidin at a dilution of 1:400
for 1 hour at room temperature; 8) seven rinses with TBS
during a 30-minute period; 9) incubation with 4-chloro-1 -

naphthol for 2 minutes; 10) ten rapid rinses with TRIS
buffer during a 1 0-minute period; 1 1) rinse under a stream
of filtered deionized water for 30 seconds; 12) blot dry;
and 13) counterstaining with 4% aqueous uranyl acetate
and lead citrate. In addition, some thin sections were pre-

treated with 88% formic acid (diluted 1:100 in distilled
water) for 3 minutes and washed in running distilled water
for 10 minutes before application of the primary antibody.
This procedure was used to determine whether formic
acid pretreatment was effective in enhancing HK-249 im-
munostaining at the ultrastructural level.

Results

Immunolocalization of Heparan Sulfate in
Alzheimer's Brain

To determine whether HS was localized to sites of amyloid
deposition and/or BAP accumulation, antibodies to HS
and BAP were used. Amyloid present in NPs and in the
walls of blood vessels and the presence of NFTs in AD
brain were identified by positive congo red staining (as
viewed under polarized light).35 Tissue sections immu-
nostained with the BAP antibody not only identified BAP
accumulation in fibrillar amyloid-containing NPs and blood
vessels but also in neurite-containing 'primitive' plaques.
These plaques contained neurites as demonstrated by
positive silver staining (not shown) and little or no fibrillar

amyloid as shown by congo red staining on serial sections.
No positive immunostaining of NFTs was observed with
the BAP antibody. Serial sections immunostained with HK-
249 clearly demonstrated positive immunostaining of NPs
containing a central amyloid core (Figure 1 A) and 'primi-
tive' plaques without amyloid cores (Figures 1 B to D).
Positive immunostaining of 'amorphous' or 'diffuse'
plaques, which on adjacent serial sections were congo
red negative (suggesting absence of fibrillar amyloid) and
BAP positive, also were strongly positive with the HS an-
tibody (not shown).

The HS antibody also strongly immunostained tangle-
bearing (Figure 1 E) and non-tangle-bearing neurons (Fig-
ure 1 F). Positive HS immunoreactivity in neurons appeared
either as small discrete granules in the cell body (Figure
1 C) or as large coalescing granules that completely filled
the cytoplasm of the neuron (Figure 1 F). Most of the py-
ramidal cell and granular cell neurons of the hippocampus
and amygdala demonstrated positive intraneuronal im-
munostaining with the HS antibody. The HK-249 antibody
did not immunostain blood vessels in the brain paren-
chyma but did immunostain the choroid plexus basement
membrane, ependyma, and astrocytes (particularly astro-
cytes located in the white matter; not shown). These latter
locations also demonstrated HS immunoreactivity in the
normal non-AD brain (Figures 6 and 7), implying that these
areas normally contain HS and are not necessarily related
to AD pathology.

Blood vessels that demonstrated accumulation of
amyloid deposits (Figure 1 G) also were immunostained
positively with the HS antibody (Figure 1 H). This was
true in all regions of brain examined (ie, hippocampus,
amygdala, and cerebellum). The immunostaining ob-
served in the brain tissue of AD patients with the HS
antibody was consistently similar in all seven cases of
AD examined.

To determine if other extracellular matrix molecules
were localized to these sites, serial sections stained pos-
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Figure 4. Immunolocalization ofheparan sulfate in older (>35years) Down 's syndrome brain. A: Heparan sulfate immunostaining
(HK-249, undiluted supernatant) ofprimitiveplaques (arrows) in the hippocampus ofa 3 7-year-old woman with Down 's syndrome.
Bar, 213 lum. B: Higher magnification ofprimitive plaque immunostained positively with the HS GAG chain antibody (HK-249,
undiluted supernatant). Bar, 30 ,m. C: On the adjacent serial section the primitive plaques (shown to be positive with HK-249 in
A) werefound to immunostain with a polyclonal antibody (1:100 dilution) directed against the BAP (synthetic peptide to residues
1-42 ofthe BAP). Bar, 30,um. D: Heparan sulfate immunostaining (HK-249, undiluted supernatant) ofpyramidal neurons in the
hippocampus (long arrows) and the granular cell layer of the dentate gyrus (short arrows) in a 37-year-old woman with Down's
syndrome. These neurons did not contain NFTs as shown by negative Congo red staining on the adjacent serial section (not shown).
Formic acidpretreatment. Bar, 833Mm. E: Heparan sulfate immunostaining (HK-249, 1:5 dilution) inpyramidal neurons (arrows)
in the hippocampus of a 37-year-old woman with Down's syndrome. Immunostaining for HS was also observed in the apical
dendrites ofneurons (arrowheads). Bar, 40Mm. F: Heparan sulfate immunostaining (HK-249, 1:10 dilution) inpyramidal neurons
demonstrating granulovacular degeneration (arrowheads) in the hippocampus ofa 51-year-old woman with Down 's syndrome.
Positive HS immunostaining also is demonstrated in an intraneuronal NET (arrow). Bar, 40um. G: Heparan sulfate immunostaining
(HK-249, 1:10 dilution) in the cytoplasm of astrocytes (arrowheads) in the white matter of a 47-year-old woman with Down's
syndrome. Formic acidpretreatment; hematoxylin counterstain. Bar, 40 Am. H: Adjacent serial section (from G) immunostained
with HK-249 (1:10 dilution) preabsorbed in thepresence ofHSPG antigen. Lack ofpositive immunostaining ofastrocytes demonstrates
the specificity ofthe HS antibody. Formic acidpretreatment; hematoxylin counterstain. Bar, 40Mzm.
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itively for HS were immunostained with antibodies to lam-
inin, fibronectin, and a chondroitin sulfate proteoglycan.
No positive immunostaining for these matrix proteins and
the chondroitin sulfate proteoglycan was observed in
amyloid-containing plaques, 'primitive' plaques, and
'amorphous' plaques (Figures 2A to 20). Positive immu-
nostaining for laminin was observed in capillaries and ar-

terioles (Figure 2B), whereas positive immunostaining for

fibronectin was observed only in large arteries and men-

ingeal vessels (not shown). Tangle-bearing and non-tan-
gle-bearing neurons that immunostained with the HS an-

tibody (Figures 2D and G) were not immunostained with
antibodies to fibronectin (Figure 2E), laminin (Figure 2F),
or chondroitin sulfate (Figure 2H). Preabsorption of the
HS antibody with excess HSPG antigen completely re-

moved positive immunostaining of NPs, NFTs, cerebro-
vascular amyloid deposits, neurons (not shown for AD
cases; see Figure 5 for DS cases).

Ultrastructural Immunolocalization of
Heparan Sulfate in Alzheimer's Brain

Heparan sulfate immunostaining with HK-249 was dem-
onstrated in 1 -i deplasticized sections in AD hippocam-
pus, specifically localized to 1) amyloid fibrils in neuritic
plaques (Figure 3A), 2) inclusions in the cell bodies of
neurons (Figures 3B and C), 3) both intraneuronal (Figure
3C) and extraneuronal NFTs (not shown), and 4) amyloid-
containing blood vessels (not shown). At the ultrastructural
level, HS immunostaining was demonstrated in neuritic
and 'burned-out' plaques specifically localized to the
amyloid fibrils (Figure 3D), and in the amyloid deposits in
the walls of some arterioles within the brain parenchyma
(not shown). Heparan sulfate immunostaining also was

localized within the cell bodies of neurons and oligoden-
drocytes to lipofuscin granules (Figure 3F). This was ap-

parent in all neurons and oligodendrocytes that contained
lipofuscin granules. Some NFTs (10% to 20%) demon-
strated immunostaining for HS, which was localized to
paired helical and straight filaments, following pretreatment
of thin sections with 88% formic acid (1:100 dilution; Figure
3H). Tissue sections treated with the HS antibody, which
had been preabsorbed with excess HSPG antigen, dem-
onstrated no positive immunostaining in the regions of
brain described above (Figures 3E, G, and 1).

Immunolocalization of Heparan Sulfate in the
Down's Syndrome Brain

The brains from all four cases of DS, older than 35 years,

demonstrated the characteristic lesions (NPs, NFTs, and
cerebrovascular amyloid deposits) found in the brains of

AD patients. These lesions were identified by positive
congo red staining (ie, red-green birefringence as viewed
under polarized light),35 or immunostaining (except in
NFTs) with the BAP antibody. Tissue sections immuno-
stained with the HS antibody strongly immunostained
amyloid-containing neuritic plaques (not shown) and
'primitive' plaques (Figures 4A and B), which on adjacent
serial sections were immunostained with the BAP antibody
(Figure 4C). In addition, HS immunostaining was observed
in the DS brain (in patients older than 35 years) in the
pyramidal neurons of the hippocampus and in the granule
cell layer of the dentate gyrus (Figure 4D). Many of the
pyramidal neurons demonstrated HS immunoreactivity in
both the cell body and apical dendrites (Figure 4E). Also
many of the HS-positive neurons contained granulovacular
degeneration (Figures 4E and F) or NFTs (Figure 4F). He-
paran sulfate immunostaining also was observed in DS
brains (in patients older than 35 years) in a number of
different sites found to be present in normal brains (Figures
6 and 7), including 1) the cytoplasm of astrocytes, primarily
those located in the white matter (Figures 4G and H); 2)
the basement membrane of the choroid plexus (not
shown); 3) the ependymal lining of the ventricle (not
shown); 4) in the walls (primarily media) of meningeal ves-
sels (similar to fibronectin immunostaining of vessels
shown in Figure 5H); and 5) in Purkinje cells in the cere-
bellum (not shown).

The specificity of the HS immunostaining observed in
the DS brain (older than 35 years) was confirmed when
HS immunostaining of NPs, NFTs and congophilic angio-
pathy (not shown), and neurons (Figures 5A to 5D) was
abolished when serial sections were either incubated with
HS antibody (undiluted) preabsorbed with excess HSPG
antigen, or using TRIS-buffered saline instead of the pri-
mary HS antibody. Antibodies to laminin (Figure 5F), fi-
bronectin (Figure 5G), or chondroitin sulfate (not shown)
did not immunostain the DS neurons or characteristic le-
sions. Immunostaining of blood vessels (primarily men-
ingeal vessels) was, however, observed with the laminin
(not shown), fibronectin (Figure 5H), and chondroitin sul-
fate (not shown) antibodies within the same tissue sec-
tions.

The brains from DS cases younger than 30 years (in-
cluding ages 1 day, 4 months, and 2, 7, 15, 16, 18, and
24 years) did not contain NPs, NFTs, or cerebrovascular
amyloid deposits in the brain (hippocampus, amygdala,
and cerebellum) as indicated by 1) negative congo red
staining as viewed under polarized light and 2) negative
BAP immunostaining for these lesions. However the 18-
and 24-year-old DS cases demonstrated 'amorphous' or
'diffuse' cortical deposits immunostained with the BAP
antibody in some areas of the hippocampus and amygdala
(Figure 6A). These regions represented one of the earliest
detectable changes observed in the DS brain before the
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Figure 5. Specificity ofheparan sulfate immunostaining in older (>35years) Down 's syndrome brain. A: Heparan sulfate (HK-249,
undiluted supernatant) immunostaining ofneurons (arrowheads) in the hippocampus ofa 37-year-old man with Down 's syndrome.
Nonamyloid containing blood vessel is shown in parenchyma by arrow and is not immunostained with this antibody. Formic acid
pretreatment; hematoxylin counterstain. Bar, 80Mm. B: Adjacent serial sectionfrom A using TRIS-buffered saline instead ofthe HS
antibody. No positive immunostaining of neurons is observed. Arrow marks the same vessel as in A. Formic acid pretreatment;
hematoxylin counterstain. Bar, 80 Am. C: Heparan sulfate (HK-249, 1:10 dilution) immunostaining within the cell bodies of
pyramidal neurons (arrowheads) in the hippocampus ofa 47-year-old woman with Down 's syndrome. Formic acidpretreatment;
hematoxylin counterstain. Bar, 32um. D: Adjacent serial sectionfrom C immunostained with HK-249 (1:10 dilution) preabsorbed
with excess HSPG antigen. Nopositive immunostaining is observed in the cell bodies ofpyramidal neurons (arrowheads) indicating
the specificity of the HS antibody. Formic acidpretreatment; hematoxylin counterstain. Bar, 32MAm. E: Heparan sulfate (HK-249,
1:10 dilution) immunostaining of neurons (arrowheads) in the hippocampus of a 47-year-old woman with Down's syndrome.
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appearance of NPs, NFTs, and congophilic angiopa-
thy.40,4 On adjacent serial sections, these BAP-positive
cortical deposits also were immunostained with the HK-
249 antibody (Figure 6B). All young DS cases (less than
35 years old) demonstrated HS immunostaining in the 1)
cell bodies of pyramidal (Figures 6C to E) and granule
cell neurons (Figures 7E and F) in the hippocampus; 2)
astrocytes, particularly those located in the white matter
(Figures 7G and H); 3) the choroid plexus basement
membrane (not shown); 4) the ependymal lining of the
ventricles (not shown); 5) the walls of meningeal vessels
(not shown); and 6) in the cell bodies of Purkinje cells in
the cerebellum (Figure 7B). The young non-DS brains did
not demonstrate HS immunostaining in the cell bodies of
neurons (Figure 7C), whereas HS immunoreactivity was

observed in all the other tissue sites described above,
including the choroid plexus (Figure 6H), the ependymal
lining of the ventricles (Figure 7C), the walls of meningeal
vessels (Figure 7D), and the astrocytes (not shown). The
specificity of HS immunostaining was confirmed when
immunoreactivity was abolished after immunostaining with
the HS antibody preabsorbed with excess HSPG antigen
(Figures 6D and 6F). The HS immunostaining observed
in young DS brains in the areas of brain described above
was found in all cases, regardless of age. Heparan sulfate
immunostaining in the neurons of the hippocampus,
amygdala, and cerebellum (ie, Purkinje cells) was ob-
served even in the 1-day- and 4-month-old DS brains (Fig-
ures 7A and B). In comparison, immunostaining with the
HS antibody in young controls (including an 11-year-old
child with congenital heart disease, a 13-year-old child
with Huntington's disease, a 14-year-old child with cystic
fibrosis, and an 18-year-old with cardiomyopathy) dem-
onstrated weak to no HS immunostaining of pyramidal
and granule cell neurons in the hippocampus and amyg-

dala (Figures 6G and 7C). However HS immunostaining
was demonstrated in non-DS cases in 1) astrocytes in
the white matter (not shown), 2) the choroid plexus base-
ment membrane (Figure 6H), 3) the ependymal lining of
the ventricles (not shown), 4) the walls of meningeal ves-

sels (Figure 7D), and 5) in the cell bodies of Purkinje cells
in the cerebellum (not shown), indicating that the lack of
immunostaining of the neurons was not due to preparation
artifact. These observations suggest that HS accumulation
in neurons of the hippocampus and amygdala is amplified

in DS brain at an early age (even at 1 day) and is not
observed to the same extent in non-DS patients.

Discussion

The specific localization of HS GAG chains to the BAP-
containing amyloid deposits in NPs and congophilic an-

giopathy in AD and DS brain correlates with the previous
demonstration of a basement membrane HSPG core pro-

tein in these amyloid sites in the AD brain.24 These results
now indicate that both the protein and carbohydrate com-
ponents of a basement membrane-derived HSPG are

present in amyloid deposits, either separately as degra-
dation products or together as part of an intact HSPG.
Although HS was localized to amyloid deposits, NFTs and
neurons in AD and DS brains, other basement membrane
components such as laminin and fibronectin, or a chon-
droitin sulfate proteoglycan, were not present at these
sites. This correlates with previous studies demonstrating
the lack of immunoreactivity for laminin and fibronectin at
these locales.2442

Heparan sulfate accumulation in both the AD and DS
brains also was observed in BAP-positive neuritic plaques.
These 'primitive' plaques' and their containing neurites
previously have been shown to contain epitopes for BAP
(residues 1 to 24 and 1 to 28)4'3-4 and BAPP (residues
46 to 62 of the BAPP).45 The presence of HS in both
neurons and astrocytes in AD and DS brains suggest that
these cells may serve as a source for the HS found lo-
calized to the BAP-containing lesions.

Heparan sulfate GAG immunoreactivity also was ob-
served in tangle-bearing neurons and extraneuronal NFTs
(known as 'ghost tangles') in both AD and DS brains.
Heparan sulfate immunostaining was localized to the
paired helical and straight filaments in some (about 10%
to 20%) intraneuronal and extraneuronal NFTs in the AD
brain. This represents the first demonstration of a PG
component present in NFTs. The finding of HS GAGs as

a common component in both NPs and NFTs in the AD
brain merely may be incidental, but it is consistent with
the hypothesis that plaques and tangles are related.47 Al-
though HS GAGs were found only in some NFTs, cationic
dye studies22 suggest that PGs and/or GAGs are present
within all NFTs, specifically localized to the paired helical

Vessel in brain parenchyma is marked (v). Formic acidpretreatment; hematoxylin counterstain. Bar, 125 Atm. F: Adjacent serial
sectionfrom E immunostained with an antibody to laminin (1:100 dilution) demonstrates no positive immunostaining ofneurons
in hippocampus. The antibody did detect laminin localized to meningeal vessels in the same tissue section (not shown). Formic
acidpretreatment; hematoxylin counterstain. Bar, 125Atm. G: Lack ofpositive immunostaining in pyramidal neurons (arrowheads),
using an antibody tofibronectin (1:10 dilution), in the hippocampus ofa 47-year-old woman with Down's syndrome. This same
antibody demonstrated positive immunostaining of meningeal vessels (H). Formic acid pretreatment; hematoxylin counterstain.
Bar, 27Am. H: Immunostaining in the wall (arrows) ofa meningeal vessel in the hippocampus ofa 47-year-old woman with Down 's
syndrome using an antibody tofibronectin (1:10 dilution). This same antibody did not immunostain neurons in the same section
(see G). Formic acidpretreatment; hematoxylin counterstain. Bar, 98 lsm.
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Figure 6. Immunolocalization ofheparan sulfate in young (<30years) Down 's syndrome and control brains. A: Afine diffuse area
ofpositive BAP immunoreactivity (arrow) in the hippocampus ofa 24-year-old woman with Down's syndrome detected using a
polyclonal antibody (1:100 dilution) to the BAP (residues 1-42 of the BAP). These localized cortical deposits were found to be
Congo red negative, suggesting the absence offibrillar amyloid. Formic acidpretreatment; no counterstain. Bar, 40gm. B: Adjacent
serial section from A demonstrating the same cortical deposit (arrow) immunostained positively with the monoclonal antibody to
HS (HK-249, 1:5 dilution). This particular patient did not have any NPs or NFTs in the hippocampus. Formic acid pretreatment;
hematoxylin counterstain. Bar, 40,pm. C: Strong immunostaining ofpyramidal (arrowheads) and granule cell (arrows) neurons
with the HS antibody (HK-249, 1:10 dilution) in the hippocampus ofa 16-year-old girl with Down's syndrome. Thispatient did not
have NPs, NFTs or primitive plaques as detected by negative congo red staining and negative immunostaining with the BAP
antibody. Formic acidpretreatment; hematoxylin counterstain. Bar, 160,m. D: Adjacent serial section ofC immunostained with
HK-249 (1:10 dilution) preabsorbed with excess HSPG antigen. No positive immunostaining ofpyramidal neurons or granule cell
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filaments and straight filaments. These latter observations
suggest that NFTs may contain other PGs that have not
been identified. Preliminary evidence (Snow, Kresse, and
Wight, unpublished data) suggests that dermatan sulfate
PG core protein is present also in intraneuronal and ex-

traneuronal NFTs.
Heparan sulfate immunoreactivity also was localized

to intracellular structures within neurons in both AD and
DS brains. Analysis of the AD brain at the ultrastructural
level revealed a specific localization of HS GAG chains to
neuronal lipofuscin granules and represented the first
demonstration of a GAG in lipofuscin granules. Recent
immunocytochemical studies using monoclonal antibodies
to regions of the BAP clearly show that BAP is localized
also to lipofuscin granules in aging neurons in AD and
normal brains.4 50 This represents another site within the
AD brain that demonstrates the colocalization of HS and
BAP and further supports the hypothesis that there may
be an interaction between these two macromolecules.

Lipofuscin granules are believed to be age-related in-
tracellular inclusions, derived from lysosomes,5152 con-

sisting mainly of polymeric lipids and phospholipid struc-
tures.5' Previous studies have demonstrated that the av-

erage amount of lipofuscin increases in neurons with age,

at the same rate in AD, DS, and normal age-matched
40,41.54,55controls, suggesting that lipofuscin accumulation

in AD neurons is an age-related phenomenon not asso-

ciated with the pathology of AD. Although lipofuscin ac-

cumulation does not appear to be related to the pathology
of AD, it is nevertheless an aging phenomenon that should
not be regarded as a normal process. A number of studies
demonstrated a correlation between the accumulation of
lipofuscin in neurons and interference with normal meta-
bolic activity, loss of dendrites, decrease in total cellular
RNA, and cell death.415657

The significance of the colocalization of HS and BAP
in intraneuronal lipofuscin granules is not clear. It may be
that the intraneuronal accumulation of the BAP in lipofuscin
granules is due to its binding with HS. Previous studies
demonstrated that highly sulfated GAGs, such as heparin
and HS, can inhibit lysosomal enzyme activity.58'59 Such
an interaction may prevent BAPP processing, causing
BAPP/BAP to accumulate within cells. The accumulation

of BAPP/BAP and HS in the lysosome may be a prereq-
uisite for the eventual change in neuronal function, ulti-

mately leading to neuronal death, a morphologic hallmark

of AD and DS.' In addition, both BAPP/BAP and HS may
be exocytosed, leading to their accumulation as extra-

cellular cortical deposits such as those observed in young
DS patients. With time, some of these cortical deposits
eventually may develop into fibrillar amyloid.

It is also possible that HS accumulation in neurons

may be due to a lysosomal defect in an enzyme that

normally degrades HS. It is interesting to note that the

neuronal accumulation of HS appears morphologically
similar to the accumulation of HS in the mucopolysac-
charidoses, including Hunter's, Hurler's, and Sanfilippo
syndromes.613 In these diseases, specific lysosomal en-

zymes that normally degrade HS are deficient and lead

to the accumulation of HS in lysosomes in a number of

different tissues, including brain. Some of these patients
also demonstrate dementia at a young age, thus mimick-
ing one of the clinical hallmarks of AD.

In the present study, HS accumulation in neurons of
the hippocampus and amygdala was most prominent in
young DS brains, as early as 1 day after birth, whereas
age-matched controls (ages 11, 13, 14, and 18 years)
demonstrated weak or no positive HS immunoreactivity
in neurons (compare Figures 4D and 7C). The lack of HS
immunoreactivity in neurons of young age-matched control
patients was apparently not due to fixation or preparation
artifacts because positive HS immunoreactivity was ob-
served in other areas in the same tissue sections (ie, men-
ingeal blood vessels, choroid plexus) in which HS is nor-

mally found. It is not clear whether the early intraneuronal
HS accumulation in young DS patients occurs in lipofuscin
granules or in other sites (ie, Golgi region) within the neu-

ronal cell body. Previous studies suggest that lipofuscin
granules are first observed ultrastructurally in neurons at
about 9 years of age-'-' Because lipofuscin accumulation
in neurons of DS patients are no different than observed
in controls of the same age,54 the HS accumulation that
we observed in the neurons of DS cases at ages 1 day,
4 months, and 7 years may occur before the formation
of lipofuscin granules. These results suggest that HS ac-

cumulation in neurons is an early event in DS, which may

neurons (arrows) is observed indicating the specificity of the HS antibody. Formic acid pretreatment; hematoxylin counterstain.
Bar, 160Mm. E: Strong immunostaining within the cell bodies ofneurons (arrowheads) withHK-249 (1:10 dilution) in the hippocampus
ofan 18-year-old man with Down's syndrome. These neurons did not contain NFTs (congo red negative) nor demonstrate any
positive immunoreactivity with the polyclonal BAP antibody (not shown). Formic acid pretreatment; hematoxylin counterstain.
Bar, 40 jim. F: Adjacent serial section ofE immunostained with HK-249 (1:10 dilution) preabsorbed with excess HSPG antigen.
Lack ofpositive immunostaining is observed in neurons (arrowheads) indicating the specificity of the HS antibody. Formic acid
pretreatment; hematoxylin counterstain. Bar, 40 um. G: Lack ofpositive immunostaining in pyramidal neurons (arrowheads)
using the HS antibody (HK-249, undiluted supernatant) in the hippocampus ofa 13-year-old boy with Huntington 's disease. In the
same section, the HS antibody did immunostain the basement membrane ofthe choroidplexus (see H). Formic acidpretreatment;
hematoxylin counterstain. Bar, 70 um. H: Immunostaining of choroid plexus basement membrane (arrowheads) with HK-249
(undiluted supernatant) in the hippocampus ofa 13-year-old boy with Huntington's disease. This antibody did not immunostain
neurons present in the hippocampus (see G). Formic acidpretreatment, hematoxylin counterstain. Bar, 64 um.
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Figure 7. Immunolocalization of heparan sulfate in young (<30 years) Down's syndrome and control brains. A: Positive HS im-
munostaining (HK-249, 1:5 dilution) in pryamidal neurons in the hippocampus (arrowheads) in a 1-day-old Down's syndrome
brain. No counterstain. Bar, 33 pm. B: Positive HS immunostaining (HK-249, undiluted) in Purkinje cells in the cerebellum
(arrows) in a 4-month-old Down 's syndrome patient. The granular (g) and molecular (m) layers of the cerebellum are marked.
No counterstain. Bar, 32 Am. C: Negative HS immunostaining (HK-249, undiluted) in pyramidal neurons in the hippocampus
(arrowheads) in a 18-year-old with myocardiopathy. Note positive HS immunostaining ofadjacent ependyma (arrows). No coun-

terstain. Bar, 156 Am. D: In the same tissue section from C, although no HS immunostaining (HK-249, undiluted) is observed in
hippocampal pyramidal neurons, strong positive HS immunoreactivity is present in the walls (arrowheads) of meningeal vessels.
No counterstain. Bar, 104pAm. E: Positive HS immunostaining (HK-249, 1:10 dilution), within the cytoplasm ofneurons (arrowheads)
in the granular cell layer ofthe dentate gyrus in a 16-year-old girl with Down 's syndrome. Formic acidpretreatment; hematoxylin
counterstain. Bar, 40 pm. F: Adjacent serial section of E immunostained with HK-249 (1:10 dilution) preabsorbed with excess

HSPG antigen. No positive immunostaining ofgranule cell layer neurons is observed indicating the specificity ofthe HS antibody.
Formic acid pretreatment; hematoxylin counterstain. Bar, 40 pm. G: Heparan sulfate (HK-249, 1:10 dilution) immunostaining
within the cytoplasm ofastrocytes (arrowheads) in the white matter ofthe hippocampus ofa 16-year-old girl with Down 's syndrome.
Formic acidpretreatment; hematoxylin counterstain. Bar, 40 pm. H: Adjacent serial section ofG immunostained with HK-249 (1:
10 dilution) preabsorbed with excess HSPG antigen. No positive immunostaining ofastrocytes is observed. Formic acidpretreatment;
hematoxylin counterstain. Bar, 40 pm.
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play some role in predisposing these patients to the early
age-related accumulation (ie, that observed as early as
35 years of age) of NPs, NFTs, and/or congophilic angio-
pathy.

The DS model was used also to determine whether
the appearance of HS in conjunction with BAP, preceded
or occurred after the initial appearance and accumulation
of fibrillar amyloid. The 'amorphous' or 'diffuse' BAP-pos-
itive cortical deposits observed in the brains of DS cases
of ages 18 and 24 represented the earliest detectable
deposition of BAP, before the appearance of fibrillar amy-
loid (observed in DS patients 35 years and older).27 These
BAP-positive cortical deposits also contained HS sug-
gesting that HS accumulation in conjunction with the BAP
occurs before the appearance of fibrillar amyloid and is
an early event in the pathogenesis of amyloid and/or NP
development in Down's brain, and most likely in AD also.

The specific accumulation of HS in conjunction with
the BAP and/or BAPP in amyloid deposits in blood vessels
and plaques in AD and DS brains suggests that a particular
interaction occurs between HS and portions of the BAPP.
A recent study by Schubert et all suggested that the
core protein of a HSPG secreted from a pheochromo-
cytoma cell line (PC 12) has an amino acid sequence and
a size very similar to that of the BAPP and implied that
these two molecules are antigenically related. Whether
these two molecules are identical needs to be further
evaluated because these authors also suggest that during
purification and/or in gel analysis an interaction between
the HSPG and the BAPP may occur. Recent in situ (ie,
using tissue sections containing sites enriched in HSPGs)
and affinity column chromatography studies suggest that
there may be a characteristic binding affinity between
HSPGs and the BAP (residues 1 to 17 and 1 to 38).67 This
specific interaction may help explain the colocalization of
these macromolecules in a variety of BAP-containing de-
posits (described above).

The binding between HS and the BAP might be anal-
ogous to the binding of protease nexin to heparin and
related molecules such as HS.12'8 Recent studies sug-
gested that the secreted version of the BAPP containing
the Kunitz inhibitor domain is a serine protease inhibitor,
known as protease nexin 11.10,11 In addition, protease nexin
I has been localized to some NPs in AD brain, whereas
almost all NPs and NFTs in AD brain were found to contain
protease nexin binding sites.12 Because both protease
nexin I and 11 contain heparin-binding sites,68 one can en-
vision binding interactions between some forms of BAPP
(ie, protease nexin 11) and heparin or related macromole-
cules (such as HS). In addition, heparan sulfate bound to
BAPP molecules not containing the kunitz inhibitor domain
may stabilize these deposits and protect them from pro-
teolytic degradation at these sites, eventually leading to
the formation and deposition of fibrillar amyloid. An anal-

ogous situation has been described in which HS derived
from endothelial cells was found to protect basic fibroblast
growth factor from proteolytic degradation by the protease
plasmin.6

Heparan sulfate and related macromolecules colocal-
ized to BAP/BAPP also may increase the affinity of a pro-
tease inhibitor for a target protease and therefore the rate
of complex formation. For example, HS has been shown
to accelerate the inhibition of thrombin by protease nexin
1,7° whereas heparin (related to HS) increases the rate of
T-cell serine proteinase inhibition by protease nexin 1. In
the brain, glia-derived nexin is a proteinase inhibitor that
is homologous to, if not identical, protease nexin 1.71,72
Heparin has been shown to accelerate the inactivation of
the protease thrombin by glia-derived nexin.73 These
studies not only demonstrate that HS and related mac-
romolecules can participate in the inactivation of proteases
but also raises the possibility that cells may actively control
extracellular proteinases by modulating the amount and
composition of cell-surface GAGs.

Besides the possibility of HS inhibiting the degradation
of BAP and/or BAPP in the brain, it also may play a role
in the ultimate formation of fibrillar amyloid. Highly sulfated
PGs, such as HS, may influence the folding of the BAPP
or derivatives thereof (ie, BAP) to form a beta-pleated
sheet secondary structure characteristic of all amyloids.
Recently HS (and not heparin or chondroitin-6 sulfate)
was shown to increase significantly the beta-pleated sheet
conformational structure of SM2, the specific AA amyloid
precursor.74 These in vitro studies imply that HS may play
an important in vivo role in the ultimate folding of amyloid-
ogenic precursors (such as the BAPP) into beta-pleated
sheet structures characteristic of fibrillar amyloid.
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