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Abstract Introduction

In the fetal ductus arteriosus (DA) disruption in the assembly
of elastin fibers is associated with intimal thickening and we
previously reported that fetal lamb DA smooth muscle cells
incubated with endothelial conditioned medium produce two-
fold more chondroitin sulfate (CS) compared with aorta (Ao)
cells (Boudreau, N., and M. Rabinovitch. 1991. Lab. Invest.
64:187-199). We hypothesized that CS or dermatan sul-
fate (DS), both N-acetylgalactosamine glycosaminoglycans
(GAGs), may be similar to free galactosugars in causing release
of the 67-kD elastin binding protein (EBP) from the smooth
muscle cell surfaces and impaired elastin fiber assembly. Using
immunohistochemistry, immunoelectron microscopy, and west-
ern immunoblot we demonstrated a reduction in the 67-kD
EBP in fetal lamb DAsmooth muscle in tissue and in cultured
cells. Also, reduced EBPwas observed in fetal lamb and neona-
tal rat Ao smooth muscle cells incubated with N-acetylgalac-
tosamine GAGs, CS, and DS, but not with N-acetylglucosa-
mine containing GAGs, heparan sulfate (HS), or hyaluronan.
Reduction in EBPwas related to shedding from cell surfaces
into the conditioned medium. This was associated with im-
paired elastin fiber assembly in cultured cells, assessed both
morphologically and by a relative increase in tropoelastin and
decrease in desmosines. The EBPextracted from smooth mus-
cle cell membranes binds to an elastin affinity gel and can be
eluted from it with CSbut not with HS. Moreover, the amount
of EBPextractable from smooth muscle cell membranes corre-
lated with the morphologic assessment. Wepropose that in-
creased CSor DS, may impair assembly of newly synthesized
elastin in the media of the ductus arteriosus associated with the
development of intimal thickening. (J. Clin. Invest. 1991.
88:2083-2094.) Key words: glycosaminoglycans * extracellular
matrix * intimal thickening - vascular disease
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The mechanism responsible for assembly of elastin fibers in
blood vessels and other organs is not known. It has been pro-
posed that the soluble precursor tropoelastin is secreted from
cells and finds its way through the extracellular space to the
growing elastin fiber where it interacts with glycoprotein mi-
crofibrils and becomes oriented in the proper alignment for
cross-linking (see reviews, 1, 2). Previous studies (3-6) suggest
that the assembly process is mediated at the cell surface by an
elastin-binding complex. This complex has been isolated from
elastin-producing cells and consists of three proteins. Two inte-
gral membrane proteins (55 and 61 kD) form a transmem-
brane link between the extracellular compartment and the cyto-
skeleton. The third subunit is a 'detachable' 67-kD elastin-
binding protein (EBP)' that also has galacto-lectin properties. It
binds the hydrophobic VGVAPGsequence in elastin, the cell
membrane, and galactosugars via three separate sites. Binding
of galactosugars to the lectin site of the 67-kD EBPlowers its
affinity for both tropoelastin and for the cell binding site, re-
sulting in the release of bound elastin and the dissociation of
the 67-kD subunit from the cell membrane.

Galactosugar-containing microfibrillar glycoproteins may
therefore be involved in the coordinated release of tropoelastin
from the 67-kD binding protein on the cell membrane to the
growing elastin fiber. An excess ofgalactose-containing compo-
nents of the extracellular matrix, e.g., glycoproteins, glycosami-
noglycans, or galactolipids may, however, impair elastin assem-
bly by causing premature release of tropoelastin and the elas-
tin-binding protein from the cell surface. In previous reports
we have in fact shown impaired formation of mature elastin
fibers in cultured or transplanted elastin-producing cells
treated with agarose (7) or following the addition of excess free
nonsulfated galactosugars such as lactose, galactose, orgalactos-
amine (3).

The ductus arteriosus (DA), an embryologic derivative of
the sixth aortic arch, located between the pulmonary artery and
the aorta, is a vessel in which there is impaired assembly of
elastin fibers (8, 9). An increase in chondroitin sulfate (CS), an
N-acetylgalactosamine containing GAGhas been described in
the media and neointima of the DA (10), and in DAsmooth
muscle cells in vitro (1 1). Wespeculated that increased CSmay
lead to premature release of the EBPfrom DAsmooth muscle
cells and this may underlie the impaired elastin assembly ob-

1. Abbreviations used in this paper: CS, chondroitin sulfate; DA, duc-
tus arteriosis; DS, dermatan sulfate; EBP, elastin-binding protein,
GAGs, glycosaminoglycans; GAM, goat anti-mouse; GAR, goat anti-
rabbit; HA, hyaluronan; HRP, horseradish peroxidase; HS, heparan
sulfate.
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served. In association with impaired elastin assembly in the
media of the DAvessel wall, there is smooth muscle cell migra-
tion into the subendothelium and proliferation leading to the
formation of intimal cushions. These structures are essential
for the DA to close when it constricts in the postnatal period
(12-14). Intimal cushions have some features which resemble
intimal thickening associated with atherosclerosis and ad-
vanced pulmonary vascular disease and impaired assembly of
elastin is a feature of both systemic (15) and pulmonary hyper-
tension (16, and Todorovich-Hunter, L., H. Dodo, L.
McCready, F. W. Keeley, and M. Rabinovitch, submitted for
publication). Moreover, -increased galactosamine containing
glycosaminoglycans (GAGs), CS, and dermatan sulfate (DS)
are observed in wounded vessels (I17-19) and in atherosclerosis
(20-27). The relationship between altered vascular elastin as-
sembly and production of galactosamine containing GAGshas
not, however, been established particularly in the setting of
intimal thickening.

In this study, the amount of 67-kD EBPwas compared in
fetal lamb DAand Ao smooth muscle cells and tissue by im-
munohistochemistry and immunoelectron microscopy. The
morphologic appearance was correlated with the amount of
EBPextractable from smooth muscle cells. Wetested the hy-
pothesis in fetal lamb and in neonatal rat Ao smooth muscle
cells, that a reduction EBPand impaired elastin assembly can
result from excess N-acetylgalactosamine containing GAGs,
e.g., CSand DScompared with N-acetyl-glucosamine contain-
ing GAGs(HA) and (HS). Wethen compared CSwith HSin its
ability to elute the 67-kD EBPdirectly from an elastin affinity
column. Wealso assessed whether the effect of the GAGson
elastin fiber assembly influenced tropoelastin and protein syn-
thesis.

Methods

Materials. Affigel- 10 for the preparation of affinity columns was pur-
chased from Bio-Rad Laboratories, Inc. (Richmond, CA). Species and
type-specific secondary antibodies, goat anti-rabbit (GAR) and goat
anti-mouse (GAM), conjugated with gold particles for EM-immunolo-
calization were purchased from Janssen Life Science Products (Piscata-
way, NJ). Horseradish peroxidase (HRP)-conjugated antibodies used
in western immunoblotting were from Boehringer Mannheim Bio-
chemicals (Indianapolis, IN). Fluorescein (FITC) or rhodamine
(RITC) conjugated GAMand GARsecondary antibodies were from
ICN Immuno Biologicals (Lisle, IL). Peroxidase-antiperoxidase stain-
ing kit came from Dako (Santa Barbara, CA). Wepurchased [3H]-
leucine from NewEngland Nuclear (Boston, MA). Collagenase type Ia,
human plasma fibronectin, chondroitin sulfate type A from bovine
trachea, chondroitin sulfate type B (dermatan sulfate) from bovine in-
testinal mucosa, heparan sulfate from bovine kidney, hyaluronan from
bovine vitreous humor, lactose, octa-beta glucoside (OBG), dithio-
treithol (DTT), guanidine, and other reagent grade chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Medium 199, PBS,
HBSS, FBS, and other tissue culture reagents were from Gibco (Grand
Island, NY). Kappa-elastin, insoluble elastin 400-am mesh and tropo-
elastin standards were from Elastin Products (Pacific, MO). Desmosine
antibody, desmosine standard, and [1251] desmosine were gifts from Dr.
B. Starcher, University of Texas, Tyler, TX.

Cell cultures. Smooth muscle cells were harvested from the Ao and
DA of 138-d gestation fetal Rabouillet lambs (term = 145 d) by a
protocol previously described (28). The timepoint chosen was concur-
rent with normal elastin fiber assembly in the Ao and disruption in
elastin fiber assembly associated with the formation of intimal cushions
in the DA(9, 11, 28). Smooth muscle cells were grown from explants of

the media as described (29) or were isolated after collagenase digestion
(30). The cultured cells were similar morphologically using either tech-
nique, and were characterized as smooth muscle using a monoclonal
antibody specific to smooth muscle actin (31). Also, no differences
were seen in the following studies when comparing cells grown from
explants or isolated after collagenase digestion. To determine whether
features observed in fetal lamb Ao smooth muscle cells might be simi-
lar in other species, selected studies were also carried out with newborn
rat Ao cells obtained after collagenase digestion. All cultures were
maintained in medium 199 supplemented with 20 mMHepes, 1%
antibiotics/antimycotics and 10% FBS, and all experiments were per-
formed on first and second passage cells only. No differences were
noted between first and second passage cells. In studies relating the
distribution of the 67-kD EBPto elastin fiber assembly, Ao or DAcells
were cultured in the same medium with and without exogenous GAGs
added. These included chondroitin sulfate (CS), dermatan sulfate (DS),
heparan sulfate (HS), and hyaluronan (HA) each in a concentration of
200 ,g/ml. Changes in the distribution of the 67-kD protein were as-
sessed 24 h after cell attachment, and at 7 d incubation at confluence.
The latter timepoint was used to evaluate elastin fiber assembly. All
experiments were repeated at least three times with cells from three
different lambs or rats.

Measurement of tropoelastin, total protein, and desmosines. Total
protein and tropoelastin synthesis were measured in triplicate from
confluent 25-ml flasks (- 2 X 106 smooth muscle cells) on days 1, 2, 3,
5, and 7 in untreated cultures or following addition of CS, DS, HS, or
HA as previously described. Values of tropoelastin were expressed as

(ng/ 106 cells), the mean±SDobtained from three different experiments
(nine samples). Protein synthesis (cpm/106 cells) was monitored at
each timepoint under each condition and triplicate measurements
from two different experiments were expressed as mean±SD.

Soluble elastin (tropoelastin) in media and cell layer extracts was

quantified separately by the direct-binding ELISA method (32) using
rabbit monospecific antiserum to bovine tropoelastin. The culture me-
dia were assayed directly or after appropriate dilution (1:50) with fresh
culture medium containing 10% FBS while the cell layers were ex-

tracted with 0.5 Macetic acid for 18 h in presence of proteinase inhibi-
tors. Cell layer extracts were neutralized before dilution (1:50) with
fresh culture medium containing 10% FBS so that all values fell within
the standard curve. Samples (100 Ml), were added directly to each well
of the microtiter plate. The plate was then incubated for 1.5 h at 37°C
to allow the tropoelastin to absorb, then washed with PBS. Tropoelas-
tin antibody diluted in the same buffer (1:2,000) was added to the plate
and incubated for 1.5 h at 37°C. Preimmune rabbit serum and saline
controls were included on each plate. Peroxidase-labeled GAR-HRP
diluted 1:1,000 was used as the second antibody for another 1.5 h at

37°C and then the reaction was developed with diamino-benzidine.
The tropoelastin content in each sample was calculated from a stan-
dard curve prepared with known concentrations of tropoelastin (1-32
ng) incubated in the same manner on the same plates. Because the
amount of tropoelastin extractable from the cell layers was relatively
small (6-24% of total amount), values for both media and cell layers are

combined in the results and figures.
Total protein synthesis in cultures with and without exogenous

GAGs was determined after radiolabelling with I MtCi/ml of [3H]-
Leucine for 3 h. Culture media were removed and the cells scraped and
pelleted. Newly synthesized proteins in media and cell layers were mea-

sured separately after precipitation with 10% TCA for 30 min at 4°C
and scintillation counting of the precipitate, and then the values were

combined.
Desmosine is a cross-linking amino acid, unique to elastin and to a

large part responsible for the stability and elasticity of the molecule, so

the levels of this amino acid provided us with additional information
related to the degree of cross-linking and insolubility of elastin depos-
ited by aortic SMCcultured with and without GAGs. Wemeasured
desmosines in matrices from three different Ao smooth muscle cell
cultures treated for 7 d with CS and from non-CS-treated controls.
Desmosines were analyzed by radioimmunoassay as described by King
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Figure 1. Immunolocalization of the 67-kD elastin binding protein using a (BCZ 67) monoclonal antibody in aorta and ductus arteriosus tissue
from 138-d-gestation fetal lambs. Representative light microscopic photomicrographs of the vascular media show PAPimmunolocalization of
EBPover smooth muscle cells (arrows) with increased intensity of staining in aortic tissue. (A) compared to ductus arteriosus (B). Magnification,
400. Electron photomicrographs of immunogold localization of EBPshow more antigenic sites marked with 15-nm gold particles (arrows) on

the surface of a representative Ao smooth muscle cell (C) than on the surface of a representative DAsmooth muscle cell (D). Magnification, 45,000.

et al. (33) with triplicate determinations from each sample and values
were normalized as picomoles per microgram DNA.

Data for tropoelastin and for total protein synthesis were analyzed
by one-way analysis of variance and Tukey's test of multiple compari-
sons was used to establish which groups were different. Desmosine
levels in CSand non-CS-treated cultures were compared by Student t
test. Statistical significance is reported with P < 0.05.

Immunohistochemistry. Light microscopic localization of the 67-
kD EBPwas carried out on DAand Ao paraffin embedded tissue from
three different lambs using a monoclonal antibody to the 67-kD EBP
(BCZ 67) (5 mg/ml initial concentration, diluted 1:500) (34). The reac-

tion was developed with the peroxidase anti-peroxidase (PAP) kit ac-

cording to the manufacturer's instructions. For immunofluorescent lo-
calization of the 67-kD EBP in cultured cells, DA and Ao smooth
muscle cells (SMC) cultured on four-well plastic slides were quickly
fixed for 2 min with 0.5% paraformaldehyde (nonpermeabilized),
washed in PBS, blocked with 0.5 Mglycine and 1% BSAin PBS, and

incubated with the monoclonal antibody to the 67-kD EBP(BCZ 67)
(5 mg/ml, diluted 1:200). The cells were then stained with fluorescein-
labeled goat anti-mouse immunoglobulin (GAM-FITC) diluted 1:100.
Elastin was visualized on separate slides which were fixed in 3%para-

formaldehyde for 10 min, then blocked with 0.5% Mglycine and 1%
BSA in PBS, and incubated with a polyclonal anti-elastin antibody (5
mg/ml, diluted 1:200) (35), followed by rhodamine-conjugated goat
anti-rabbit secondary antibody (GAR-RITC) diluted 1:100. As a con-

trol for studies using the monoclonal antibody, normal ascitic fluid was

used and as a control for studies using the polyclonal antibodies, nor-

mal rabbit serum was substituted for the primary antibody. Additional
controls included secondary antibody alone.

Immunoelectron microscopy. Immunolocalization of elastin and its
67-kD EBP by electron microscopy was performed by a postembed-
ding method previously described (3). Briefly, 4 mm2full thickness
sections of Ao and DA tissue from 100- and 138-d gestation lambs or

cultured cells were fixed with 0.5% glutaraldehyde and 0.5% parafor-
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maldehyde in 0.1 MTris-buffered saline (TBS), pH 7.4. Reactive alde-
hydes were blocked with 0.5 Mglycine, the samples were washed with
TBS, postfixed with 1%osmium tetroxide in 0.1 Mcacodylate buffer,
dehydrated in ethanol, and embedded in Epon. Thin sections were
placed on nickel grids, blocked with 1% BSA and 0.5% Tween 20 in
TBS, and treated with polyclonal anti-elastin antibody (5 mg/ml; di-
luted 1:400) or with monoclonal anti-67-kD antibody (BCZ 67; di-
luted 1:500) washed with appropriate secondary antibodies conjugated
with 15-nm gold particles. Sections were then stained with uranyl ace-
tate and lead citrate. In all immunostaining procedures, controls in-
cluded substitution of nonimmune and antigen adsorbed sera for the
first antibody. To quantify differences in EBPsurface antigenic sites in
DAcompared to Ao, 10 smooth muscle cells selected at random from
each vessel were assessed. Five adjacent l-m distances on each cell
surface (50 per vessel) were marked off and the number of antigenic
sites indicated by gold label was counted. Background counts were
subtracted.

Electron microscopy. SMCcultures were also prepared for standard
electron microscopic examination, i.e., fixed in 2% glutaraldehyde in
0.1 Mcacodylate buffer, postfixed with 1% osmium tetroxide in the
same buffer, dehydrated in ethanol, and embedded in Spurr low viscos-
ity resin, which assures high contrast of elastin even when thin sections
are stained with uranyl acetate and lead citrate (30).

Displacement of the 67-kD EBPfrom elastin affinity columns by
GAGs. The elastin affinity resin was prepared using Affi-Gel 10 and
coupled by mixing 20 mgKappa-elastin/ml of resin accordingto manu-
facturer's directions. Active sites on resins were blocked by 0.1 Metha-
nolamine, pH 8. As controls, plain affi-gel columns blocked with etha-
nolamine, and insoluble elastin affinity columns prepared without affi-
gel or other artificial supports were also used.

To investigate the ability of CS to bind selectively to the lectin site
on the 67-kD EBPand dissociate the receptor-ligand complex, plasma
membranes were prepared from cultured cells as previously described
(36). Membrane-bound proteins were extracted with 3 Mguanidine
HCI, 10 mMHepes, 0.1 Mdithiotreitol (DTT), 0.5% octyl-B-glucoside
(OBG) in the presence of proteinase inhibitors in the following final
concentrations: 2 mMbenzamidine, 2 mMEACA, 2 mMPMSF, 1
mMEDTA, and I mg/ml Trasylol. Extraction was carried out over-
night at 4VC with constant stirring and the insoluble material was pel-
leted by centrifugation. The supernatant was dialyzed exhaustively
(12,000-14,000 mol wt cutoff membrane) at 4VCagainst 0. I Msodium
bicarbonate, pH 8, containing proteinase inhibitors, then mixed with
elastin affinity resins and rotary shaken for 4 h at 4VC. At the end of the
incubation, the unbound material was removed by washing the elastin
affinity resins with 0.1 Msodium bicarbonate buffer, pH 8, until the
absorption A280 of the eluant returned to background level. Protein
bound to the elastin affinity resin was then eluted with either CS (200
,ug/ml) or HS (200 gg/ml) dissolved in 0.1 M sodium bicarbonate
buffer, pH 8.0, containing 0.1% OBG. The affinity columns were sub-
sequently washed with a solution of 100 mMlactose and 0.1% OBGto
remove any uneluted protein. All procedures were carried out at 4VC.
Proteins eluted from the affinity columns were dialyzed exhaustively
against water and concentrated by lyophilization. Concentrated sam-
ples were suspended in SDSsample buffer with DTT and analyzed by
SDS-PAGEon 0.45-mm-thick 12%gels (37). Protein bands were visual-
ized by silver staining. For western blot analysis, proteins were trans-
ferred to nitrocellulose at 100 V for 1 h. The blots were incubated with
monoclonal antibody to the elastin receptor (BCZ 67) diluted 1:200
and visualized using peroxidase-conjugated goat antibody against
mouse immunoglobulin diluted 1:100.

Quantification of 67-kD elastin receptor subunit extractedfrom DA
and Ao cells. The relative amounts of the 67-kD elastin receptor sub-
unit which could be extracted from the surfaces of Ao and DAcells
derived from fetal lambs was also compared by western immunoblot
after treatment of the cells with lactose or chondroitin sulfate. Briefly,
confluent cultures containing 10 x 106 SMCfrom each vessel were
incubated for 15 min with 5 ml of 100 mMlactose or chondroitin
sulfate (200 ,g/ml) in PBS. The media were collected and immediately
dialyzed exhaustively at 4VC (3,500-4,000 mol wt cutoff membrane)
against 0.1 Msodium bicarbonate, pH 8, containing proteinase inhibi-
tors, and mixed with 2 ml of elastin affinity resin for 4 h at 4VC. The
resins were washed as described above. All columns were then eluted
using 100 mMlactose and 0.1% OBG. Subsequent washing of the col-
umns with the same solution failed to elute any further protein indicat-
ing that the initial elution had been complete. The eluted proteins were
dialyzed, lyophilyzed, and run on SDS-PAGE. The identity of the elas-
tin binding protein was confirmed by western blot using the BCZmono-
clonal antibody and the amount quantified by densitometry. Parallel
blots were negative using either a monoclonal antibody to BSA or a
polyclonal antibody to tropoelastin (proteins of similar molecular
weight).

To address the fate of EBP lost from the surfaces of SMCtreated
with CS or DS, we assessed relative amounts of EBP extractable both
from culture media as well as from the cell layers in 3-d cultures con-
taining 10 X 106 Ao SMCfollowing the same procedures described
above and using insoluble elastin affinity columns. The identity of the
EBPwas assessed by western blot using the BCZmonoclonal antibody
and the amount quantified by densitometry.

Results

Distribution of the elastin binding protein in Ao and DA cells
and tissue. Immunostaining of Ao and DA light microscopic
tissue sections from fetal lambs localized the 67-kD EBP to the
smooth muscle cells of the vessel wall. A consistent increase in
intensity of immunostaining was apparent in Ao compared to
DA tissue sections from all three lambs (Fig. 1 A and B). In
tissue prepared for electron microscopy, immunogold labeling
of the EBPwas primarily localized to the cell surface although
some intracellular staining was apparent as well. A greater num-
ber of EBPantigenic sites were labelled on Ao compared to DA
cell surfaces (Fig. 1, C and D). There were 20±8 (SD) EBP
antigenic sites/Mm on Ao cell surfaces compared with 8±4 (SD)
EBPantigenic sites/Mm on DAcell surfaces (P < 0.0001). Con-
sistent with these observations in tissue, cultured Ao cells from
these lambs, when lightly fixed in the nonpermeabilized state at
confluence or subconfluence, demonstrated strong fibrillar im-
munostaining over the entire cell surface (Fig. 2 A). In contrast,
cultured DA smooth muscle cells from these animals showed
relatively scant, punctate, and focal distribution of immuno-
staining (Fig. 2 B). The method of fixation made staining of
intracellular components unlikely.

Influence of exogenous GAGson distribution and amounts
of 67-kD EBP extractable from surfaces of Ao and DA cells.
When Ao smooth muscle cells were cultured with N-acetylga-
lactosamine containing GAGs, e.g., CS or DS, the distribution
of the EBP by immunofluorescence was punctate and focal,

Figure 2. Localization of the 67-kD elastin binding protein in cultured smooth muscle cells by immunohistochemistry using fluorescein labeled
secondary antibody. Cultured aortic smooth muscle cells harvested from 138-d-old fetal lambs in A demonstrate fibrillar distribution of elastin
binding protein over the entire cell surface, whereas cells from the ductus arteriosus in B show sparse punctate perimembranous immunostaining.
When fetal lamb aortic cells were cultured with chondroitin sulfate in Cand dermatan sulfate in D the fibrillar distribution of the 67-kD elastin
binding protein on the smooth muscle cell surface is lost, and sparse, punctuate immunostaining is visible instead. Cells treated with heparan
sulfate in E do not differ from control cells and show normal distribution of elastin binding protein on their surfaces. Magnification, 400.
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similar to that observed on DAcells (Fig. 2, Cand D) and this
was evident at both 2 d after seeding as well as at 7 d when the
cells were fully confluent. Addition of N-acetyl glucosamine-
containing GAGs, HS, or HA, had no effect on the strong fi-
brillar staining of the EBP over the entire Ao smooth muscle
cell surface (Fig. 2 E). When DA smooth muscle cells were
incubated with either N-acetyl glucosamine or galactosamine
containing GAGs, the punctate pattern of distribution of the
EBPwas not further altered.

Further studies confirmed that the 67-kD EBP could be
eluted from an elastin affinity column with CSbut not HS(Fig.
3). Wethen showed that the amount of EBPextractable from
Ao smooth muscle cell surfaces with CS or lactose was - 2.5
times greater than the amount extractable from DA surfaces
(Fig. 4). Wethen confirmed by densitometric analysis of west-
ern immunoblots that even after treatment with CSor DSfor 3
d, a large part of the EBP lost from cell surfaces could be de-
tected in the culture media (Fig. 5). This suggested that in the
presence of galacto-GAGs, EBP lost from the cell surface stays
in the medium, i.e., there is no evidence indicating major reup-
take by the cells or incorporation in the matrix. In this experi-
ment, we also showed that the 67-kD EBP could be immobi-
lized and subsequently eluted from insoluble elastin affinity
columns without any artificial support, whereas it failed to
bind to affi-gel alone.

Effect of GAGson elastin assembly in cultured cells. Im-
munohistochemistry of cell matrices revealed that the reduced
density of the 67-kD protein was associated with impaired as-
sembly of elastin judged by fewer well-organized elastin fibers
in DAand in Ao cells treated with CSor DSwhen compared to
control Ao cells or Ao cells treated with HS (Fig. 6, A-D) or
hyaluronan (data not shown). The lack of well-assembled elas-
tin in the DAcompared to the Ao was confirmed by immuno-
electron microscopy (Fig. 7 B). Well formed lamina in between
Ao smooth muscle cells densely packed with immunogold la-
bel reflecting elastin antigenic sites, were unaltered by treat-
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teins removed from the cell
surface by chondroitin sul-
fate or heparan sulfate were
applied to identical elastin
affinity columns or plain
affi-gel. Elastin binding
proteins were eluted with a
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and 0.1% OBGin 0.1 M
bicarbonate buffer, pH 8.
No elastin binding protein

SY< ,./ extracted from Ao SMC
can be absorbed and subse-
quently eluted from the
plain affi-gel column (A).

Approximately 2.5 times more of the elastin binding protein is ex-
tracted from 10 X 106 aortic smooth muscle cells (B) as compared to
the same number of cells derived ductus arteriosus (C). No
elastin-binding protein can be extracted from Ao SMCwith heparan
sulfate (D).

ment with HS (Fig. 7 E) or hyaluronan (data not shown). In
contrast, in DAsmooth muscle cells, and in Ao smooth muscle
cells treated with CS or DSsparse immunogold label was scat-
tered among a microfibrillar intercellular network, and well
assembled elastin fibers were not evident (Fig. 7, Cand D). In

A B C D E F

67 kD -P 'ii.E4W"a '; _

66 kD- "wii" _Iq

45 kD-

SDS- PAGE Western Blot

Figure 3. SDS-PAGE(12.5%) silver stained and western immunoblots
of 67-kD elastin binding protein extracted from smooth muscle cell
membranes passed over an elastin affinity column and eluted with
GAGs. Far left shows molecular weight standards (ST): 200 kD
(myosin), 116 kD (B-galactosidase), 97 kD (phosphorylase B), 66 kD
(BSA), 45 kD (ovoalbumin). Chondroitin sulfate (CS) but not hepa-
ran sulfate (HS) eluted the 67-kD elastin binding protein. Western
immunoblot using the BCZ-67 monoclonal antibody to the 67-kD
elastin binding protein confirms the identity of the eluted protein.

~~~ 7~~7/77/ /777

Figure 5. Western blot with BCZ-67 monoclonal antibody and densi-
tometry of elastin-binding proteins immunoblotted. Proteins ex-
tracted from the cell layers and culture media were applied to identi-
cal insoluble elastin affinity columns. Elastin binding proteins were
eluted with a solution of 100 mMlactose and 0.1% OBGin 0.1 M
bicarbonate buffer, pH 8, resolved on SDS-PAGE, electrotransferred
to nitrocellulose, and immunoblotted. Approximately 10 times more

elastin binding protein is extracted from 10 X 106 control aortic
smooth muscle cells (A) as compared to the same number of cells
treated for 3 d with CS (B) and DS (C). Lanes D-F show, respectively,
the amounts of EBP present in the media of CS, DS, and control
cultures.
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Figure 6. Immunohistochemical localization of matrix-associated elastin using a polyclonal anti-elastin antibody, and a second antibody labeled
with rhodamine. 138-d-gestation fetal lamb aortic cells cultured 7 d under control conditions (A) with chondroitin sulfate (B), dermatan sulfate
(C), and heparan sulfate (D). Elastin fibers stain in A and D, but there is no staining of these structures evident in B or C. Magnification, 400.

neonatal rat aorta smooth muscle cells in culture, orderly as-
sembly of lamina was also prevented by incubation with CSor
DS (Fig. 8).

Using biochemical techniques, we also confirmed that CS
and CS-treated Ao smooth muscle cells assemble elastin poorly
when compared with control and HS-treated cells. This was
documented by ELISA using a specific anti-tropoelastin anti-
body as an increase in soluble tropoelastin measured in the
medium and cell layer extract over a one week period in CSand
DScompared to control and HStreated cells (P < 0.001 for all
determinations) (Fig. 9 A). In addition, assay of desmosines
(reflecting insoluble elastin) measured by immunoassay after 7
d revealed control Ao smooth muscle cell values that were sig-
nificantly higher than those from CS-treated cells (9,858±73
pmol/,gg DNAand 569±50 pmol/ug DNA, respectively) (P
< 0.006). Total protein synthesis was not affected by any of

these conditions (Fig. 9 B) confirming that these concentra-
tions of GAGswere not toxic to the cells.

Discussion

Impaired assembly of elastin in the DA is associated with
smooth muscle cell migration and proliferation in the subendo-
thelial space (intimal thickening), a feature which occurs in late
gestation and assures that the vessel will close when it constricts
postnatally. Congenital patency of the DA is associated with
normal assembly of elastin and lack of intimal cushion forma-
tion (8). In this study we have addressed the mechanism of
impaired elastin assembly in the DA.

Weobserved a reduction in the 67-kD EBP in DA com-
pared with Ao tissue judged by immunoperoxidase staining
and confirmed by immunogold labeling as fewer antigenic sites

Elastin Fiber Assembly and Glycosaminoglycans 2089
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Figure 8. Representative electron photomicrographs showing the effect of glycosaminoglycans on elastin assembly in 7-d-old cultures of neonatal
rat aortic smooth muscle cells. Control rat cells (A) similar to control aortic lamb cells, show assembly of elastin (EL) in laminae. Chondroitin
sulfate (B) and dermatan sulfate (C) but not heparan sulfate (D) cause impaired elastin fiber assembly as small particles (arrows) among the mi-
crofibrils. Magnification, 45,000.

(Fig. 1). The reduction in EBPwas manifest also in cultured
DAcells as sparse punctate immunofluorescent staining com-
pared with the homogeneous fibrillar appearance in Ao cells
(Fig. 2, A and B). These morphologic features correlated with
biochemical studies in which less EBPwas extracted from DA
compared with Ao cell surfaces (Fig. 4). Also, we confirmed in
cultured DAcells that decreased EBPwas associated with im-
paired assembly of elastin (Fig. 7). The DA contains a higher

concentration of CS, a galactosamine-containing GAG, than
the Ao (10, 1 1) and previously we reported that assembly of
elastin fibers in cell culture was impaired in the presence of
lactose, galactose, and galactosamine because these com-
pounds detach the EBP from cell surfaces (3). We therefore
investigated the effects of galactosamine containing GAGson
both the distribution of the EBP on Ao smooth muscle cell
surfaces and on the assembly of elastin fibers in cell culture.

Figure 7. Representative electron photomicrographs showing immunolocalization of elastin in the matrix of 7-d-old cultures of aortic smooth
muscle cells derived from 138-d-gestation fetal lambs. Thin sections were treated with polyclonal anti-elastin antibody and distribution of elastin
was visualized with the second antibody conjugated with 5-nm gold particles. In A, elastin produced by cultured aortic smooth muscle cells is
assembled into lamina which stain densely with gold label, whereas elastin secreted by ductus arteriosus cells in B, is scattered loosely among
microfibrils (mf). In the cultures of aortic smooth muscle cells treated with chondroitin sulfate in Cand dermatan sulfate in D, elastin is also
distributed loosely among the microfibrils while heparan sulfate treated cultures in E show dense staining over well-assembled laminalike struc-
tures. F shows the control when the normal rabbit serum was substituted for the first antibody. Magnification, 45,000.
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A speculated that normal release of tropoelastin from the 67-kD
receptor subunit occurs after it is engaged by galactosugars pro-
truding from microfibrillar glycoproteins associated with the
elastin fiber scaffold (4). The latter may regulate the orientation
and proper alignment of tropoelastin for cross-linking during

normal elastin fiber assembly. Moreover, such a mechanism

would provide for protection of the tropoelastin from prema-
ture cross-linking and would allow orderly accretion of newly
synthesized tropoelastin onto the growing elastin fiber. This
study suggests that galacto-sugars immobilized in the GAG
chains of proteoglycans can also bind to the lectin site on the
67-kD EBP resulting in the release of bound elastin and in the

0 2 4 6 8 dissociation of EBP from the cell membrane. Wedid in fact
show that CSbut not HScan release the 67-kD EBPbound to

B j elastin affinity columns. Thus, the presence of high concentra-
tions of galactosamine-containing GAGsin the matrix could
interfere with the orderly assembly of elastin by untimely re-
lease of tropoelastin from the elastin-binding protein. The close

spatial relationship between various proteoglycans and elastin
control fibers has been reported and their potential role as inhibitors of

CS spontaneous elastin aggregation has been suggested by others

o DS (39, 40).

o HS It is possible that galacto-GAGs may, by causing nonenzy-
matic "shedding" of the receptor from the cell surface, play a

role in the natural process of elastin fiber assembly in vascular
0 2 4 6 8 and connective tissue by limiting the size of elastin fibers and

DAYSIN CULTURE elastic laminae. An untimely or excessive increase in galacto-
GAGsduring development may, however, completely disrupt

Effect of glycosaminoglycans on soluble tropoelastin the normal pattern of elastin fiber assembly as we have pro-

ed by specific ELISA. Each point represents the corm- posed in the DA, because we could detect no increase in elas-
of tropoelastin from the media and from the cell layer tase activity and no reduction in tropoelastin production (9) or

d in triplicate in three separate experiments. Results in lysyl oxidase activity (our unpublished observations) to ex-

as nanograms of tropoelastin per 1 x 106 cells plain this feature.

B) Total protein synthesis measured by [3H]-leucine in- She the6t

counts per minute per 1 x 106 cells, mean±SD) was Sheddig of the 67-kD receptor from the cell surface may
plicate in two separate experiments. Control, CS(chon- cause uncoupling of smooth muscle cells from the surrounding
); DS(dermatan sulfate); HS(heparan sulfate). matrix and may even promote their migration and maybe part

of the complex mechanism leading to intimal thickening in the
DA. The increased migration of DAsmooth muscle cells asso-

ciated with fibronectin (41, 42) secreted in increased amounts
on of fetal lamb Ao smooth muscle cells with galac- by ductus arteriosus cells ( 11) may be further stimulated and
ontaining GAGs(CS and DS) but not glucosamine directed through chemotaxis or haptotaxis by the local accu-

3AGs (HS or hyaluronan) reduced the amount of mutation of nonassembled elastin (43).
surfaces, judged by immunohistochemistry as loss It has been speculated that CS- and DS-proteoglycans de-

geneous fibrillar network of EBPand the presence stabilize focal cellular adhesions (44) by sterically interfering
inctate staining as observed in DA cells (Fig. 2). with binding of glycoproteins to specific cell surface receptors
emoval of the EBPfrom the surfaces of Ao smooth or by changing the configuration of the matrix glycoproteins
with CS or DS and its release into the medium causing a decrease in their association constant for the various

associated impaired elastin assembly assessed bio- receptors (45). Wespeculate that these compounds may also

by increased tropoelastin (Fig. 9 A) and reduced promote cell migration by effects related to shedding of the

as well as morphologically (Figs. 6 and 7). In stud- EBP described above.
)natal rat aorta smooth muscle cells results were Disruption of vascular elastic laminae associated with im-

cating that the response observed was not species paired assembly of newly synthesized elastin has been reported
. 8). While these studies do not directly prove that in systemic hypertension (15), atherosclerosis (46), and in pul-
embly of elastin in the DAis the result of increased monary hypertension (16, and Todorovich-Hunter, L., H.
of the EBPcaused by the increased accumulation Dodo, L. McCready, F. W. Keeley, and M. Rabinovitch, sub-

lata support this as a possible mechanism. mitted for publication). This feature is associated with migra-
N-acetyl galactosamine-containing GAGsimpair tion of smooth muscle cells into the subendothelial space and
nbly in whole tissue and in cell culture not by re- subsequent intimal proliferation. An increase in medial GAGs
hesis of soluble tropoelastin or proteins in general, has been reported in pulmonary vascular disease (16) and in-

oving the EBP from the cell surface, binding of creased chondroitin and dermatan sulfate specifically have

e cell surface appears to be an important step in the been reported in atherosclerosis (21, 25, 47). Thus, through the

lastin fiber assembly (Fig. 10). Wehave previously mechanism suggested above, it is possible that these GAGs
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Figure 10. A schema suggesting the mechanism of
elastin fiber assembly. The assembly process is
mediated at the cell surface by an elastin binding
complex consisting of three proteins. Two integral
membrane proteins (hatched bars) form a trans-
membrane link between the extracellular com-
partment and the cytoskeleton. The third subunit
is a "detachable" 67-kD elastin-binding protein
that also has galactolectin properties. It binds elas-
tin, one of the cell membrane subunits, and galac-
tosugars via three separate sites. Binding of galac-
tosugars to the lectin site of the 67-kD protein
lowers the affinity for both the elastin and for the
cell binding site, resulting in the release of bound
elastin and the dissociation of 67-kD subunit from
the cell membrane. Coordinated binding of galac-
tosugar-containing glycoproteins of the microfi-
brillar scaffold to the 67-kD subunit with subse-
quent release of tropoelastin may be important
in the normal assembly of the elastin fiber,
whereas excess galactosugars from matrix compo-
nents may "compete" and lead to abnormal as-
sembly.

may have a previously unappreciated influence on the assem-
bly of elastic laminae and on the mechanism of intimal thick-
ening both in disease as well as in development.

Acknowledaments

This work was supported by a grant from the Medical Research Coun-
cil of Canada, MT8546. M. Rabinovitch is a Career Investigator of the
Heart and Stroke Foundation of Ontario.

References

1. Cleary, E. G., and M. A. Gibson. 1983. Elastin associated microfibrils and
microfibrillar proteins. Int. Rev. Connect. Tissue Res. 10:97-209.

2. Prosser, I. W., and R. P. Mecham. 1988. Regulation of extracellular matrix
accumulation: a short review of elastin biosynthesis. In Self-Assembling Architec-
ture. J. E. Varner, editor. Alan R. Liss, Inc., NewYork. 1-23.

3. Hinek, A., D. S. Wrenn, R. P. Mecham, and S. H. Barondes. 1988. The
elastin receptor: a galactoside-binding protein. Science (Wash. DC). 239:1539-
1541.

4. Hinek, A., and R. P. Mecham. 1990. Characterization and functional prop-
erties of elastin receptor. In Elastin-Chemical and Biological Aspects. A. M. Tam-
burro and J. M. Davidson, editors. Gelatina Congedo Editore, Maratea, Italy.
369-381.

5. Mecham, R. P., A. Hinek, R. Entwistle, D. S. Wrenn, G. L. Griffin, and
R. M. Senior. 1989. Elastin binds to a multifunctional 67-kD peripheral mem-
brane protein. Biochemistry. 28:3716-3722.

6. Mecham, R. P., A. Hinek, G. L. Griffin, R. M. Senior, and L. R. Liotta.
1989. 67-kD elastin binding protein is homologous to the tumor cell 67-kD lami-
nin receptor. J. Biol. Chem. 264:16652-16657.

7. Hinek, A., J. Kawiak, E. Czarnowska, and B. Barcew. 1984. Effect of
agarose and dexamethasone on the nature and production of extracellular matrix
components by elastic cartilage chondrocytes. Acta Biol. Acad. Sci. Hung.
35:245-258.

8. Patterson, D. F. 1979. Genetic factors in persistence of the ductus arterio-
sus. In Pediatric Cardiology 2: Heart Disease in the Newborn. M. J. Godmanand
M. Marquis, editors. Churchill Livingstone, Edinburgh.

9. Zhu, L., and M. Rabinovitch. 1990. Elastin synthesis and assembly is im-
paired in the fetal lamb ductus arteriosus. J. Cell Biol. 3:462a. (Abstr.)

10. De Reeder, E. G. 1989. Maturation of the ductus arteriosus. A model for'
intimal thickening. Ph.D. thesis. University of Leiden, The Netherlands.

11. Boudreau, N., and M. Rabinovitch. 1991. Developmentally regulated
changes in extracellular matrix precede intimal proliferation in the ductus arteri-
osus. Lab. Invest. 64:187-199.

12. Gittenberger-deGroot, A. C., L. Van Ertbruggen, A. J. M. Moulaert, and
F. Harink. 1980. The ductus arteriosus in the preterm infant. Histologic and
clinical observations. J. Pediatr. 96:88-93.

13. Gittenberger-deGroot, A. C., J. L. M. Strengers, M. Mentink, R. E. Poel-
mann, and D. F. Patterson. 1985. Histologic studies on normal and persistent
ductus arteriosus in the dog. J. Am. Coll. Cardiol. 6:394-404.

14. Yoder, M. J., F. G. Baumann, N. M. Grover-Johnson, I. Brick, and A. M.
Imparato. 1978. A morphological study of early cellular changes in the closure of
the rabbit ductus arteriosus. Anat. Rec. 192:19-39.

15. Wolinsky, H. 1970. Response of the rat aortic media to hypertension.
Cire. Res. 26:507-522.

16. Todorovich-Hunter, L., D. J. Johnson, P. Ranger, F. W. Keeley, and M.
Rabinovitch. 1988. Altered elastin and collagen synthesis associated with progres-
sive pulmonary hypertension induced by monocrotaline: a biochemical and ultra-
structural study. Lab. Invest. 58:184-195.

17. Benitz, W. E., and M. Bernfield. 1990. Endothelial cell proteoglycans:
possible mediators of vascular response to injury. Am. J. Resp. Cell. Mol. Biol.
2:407-408.

18. Berenson, G. S., B. Radhakrishnamurthy, S. R. Srinivasan, P. Vijayago-
pal, and E. J. Dalferes. 1988. Arterial wall injury and proteoglycan changes in
atherosclerosis. Arch. Pathol. Lab. Med. 1 2:1002-1010.

19. Merriles, M. J., and L. J. Scott. 1985. Effects of endothelial removal and
regeneration on smooth muscle glycosaminoglycan synthesis and growth in rat
carotid artery in organ culture. Lab. Invest. 52:409-419.

20. Berenson, G. S., B. Rahakrishnamurthy, S. R. Srinivasan, P. Viryagopal,
and E. J. Dalferes. 1985. Proteoglycans and potential mechanism related to ath-
erosclerosis. Ann. NYAcad. Sci. 3:69-78.

21. Wagner, W. D. 1985. Proteoglycan structure and function as related to
atherosclerosis. Ann. NYAcad. Sci. 3:52-68.

22. Robbins, R. A., W. D. Wagner, L. M. Sawyer, and B. Caterson. 1989.
Immunolocalization of proteoglycan types in aortas of pigeons with spontaneous
or diet-induced atherosclerosis. Am. J. Pathol. 134.3:615-626.

23. Wight, T. N. 1980. Vessels proteoglycans and thrombogenesis. Prog. He-
mostasis Thromb. 5:1-39.

24. Wight, T. N., K. D. Kurwen, M. M. Litrenta, D. R. Alonso, and C. R.
Minnick. 1983. Effect of endothelium on glycosaminoglycan accumulation in
injured rabbit aorta. Am. J. Pathol. 113:156. (Abstr.)

25. Wight, T. N. 1985. Proteoglycansinpathologicalconditions. Atherosclero-
sis. Fed. Proc. 44:381-385.

26. Wight, T. N., M. W. Lark, and M. G. Kinsella. 1987. Blood vessel proteo-
glycans. In Biology of Proteoglycans. T. N. Wight and R. P. Mecham, editors.
Academic Press, Orlando, FL. 267-300.

27. Wight, T. N. 1989. Cell biology of arterial proteoglycans. Atherosclerosis.
9:1-20.

28. Rabinovitch, M., T. Bothwell, S. Beharry, and G. Jackowski. 1988. Quali-
tative and quantitative differences in protein synthesis comparing fetal lamb duc-
tus arteriosus endothelium and smooth muscle with cells from adjacent vascular
sites. Dev. Biol. 130:250-258.

29. Ross, R. 1971. The smooth muscle cell. II. Growth of smooth muscle in
culture and formation of elastic fibres. J. Cell Biol. 50:172-186.

30. Hinek, A., J. Thyberg, and U. Friberg. 1976. Heterotopic transplantation
of isolated aortic cells, an electron microscopical study. Cell Tissue Res. 172:59-
79.

Elastin Fiber Assembly and Glycosaminoglycans 2093



31. Tsukada, T., D. Tippens, G. Gordon, R. Ross, and A. Gown. 1987.
HH35-a muscle actin specific monoclonal antibody I: immunocytochemical and
biochemical characterization. Am. J. Pathol. 126:51-60.

32. Prosser, I. W., L. A. Whitehouse, W. C. Parks, A. Hinek, P. W. Park, and
R. P. Mecham. 1990. Polyclonal antibodies to tropoelastin and the specific detec-
tion and measurement of tropoelastin in vitro. Conn. Tissue Res. 25:265-279.

33. King, G. S., V. S. Mohan, and B. C. Starcher. 1980. Radioimmunoassay
for desmosine. Conn. Tissue Res. 7:263-267.

34. Mecham, R. P., A. Hinek, E. G. Cleary, U. Kucich, and J. Rosenbloom.
1988. Development of immunoreagents to ciliary zonules that react with protein
components of elastic fibers microfibrils and with elastin producing cells. Bio-
chem. Biophys. Res. Commun. 151:822-826.

35. Mecham, R. P., and G. Lange. 1982. Antibodies to insoluble and solubi-
lized elastin. Methods Enzymol. 82:744-759.

36. Wrenn, D. S., A. Hinek, and R. P. Mecham. 1988. Kinetics of receptor-
mediated binding of tropoelastin to ligament fibroblasts. J. Biol. Chem.
263:2280-2284.

37. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 227:680-685.

38. De Reeder, E. G., N. Girard, J. C. Munsteren, D. F. Patterson, and A. C.
Gittenberger-de-Groot. 1988. Hyaluronic acid accumulation and endothelial de-
tachment in intimal thickening of the vessel wall. The normal and genetically
defective ductus arteriosus. Am. J. Pathol. 132:574-585.

39. Baccarani-Contri, M., C. Fornieri, and I. Pasquali-Ronchetti. 1985. Elas-
tin-proteoglycans association revealed by cytochemical methods. Conn. Tissue
Res. 13:237-249.

40. Fornieri, C., M. Baccarani-Contri, D. Quaglino, Jr., and I. Pasquali-Ron-
chetti. 1987. Lysyl oxidase activity and elastin glycosaminoglycan interaction in
growing chick and rat aortas. J. Cell Biol. 105:1463-1469.

41. Lacovara, J., J. B. Cramer, and J. P. Quisley. 1984. Fibronectin enhance-
ment of directed migration of B-16 melanoma cells. Cancer Res. 44:1657-1663.

42. Boudreau, N., E. Turley, and M. Rabinovitch. 1991. Fibronectin, hyal-
uronan and a hyaluronan binding protein contribute to increased migration of
ductus arteriosus smooth muscle cells. Dev. Biol. 143:1-13.

43. Senior, R. M., G. Griffin, R. P. Mecham, D. S. Wrenn, K. U. Prasad, and
D. W. Urry. 1984. Val-Gly-Val-Ala-Pro-Gly, a repeating peptide in elastin is
chemotactic for fibroblasts and monocytes. J. Cell Biol. 99:870-874.

44. Culp, L. A., J. Leterra, M. W. Lark, R. J. Beyth, and S. L. Tobey. 1986.
Heparan sulfate proteoglycans as mediators of some adhesive responses and cyto-
skeletal reorganization of cells on fibronectin matrices: independent versus coop-
erative functions. In Functions of the Proteoglycans. Ciba Found. Symp.
124:1580-1583.

45. Osterlund, E., I. Eronen, K. Osterlund, and M. Vuento. 1985. Secondary
structure of human plasma fibronectin: conformational change induced by calf
alveolar heparan sulfates. Biochemistry. 24:2661-2667.

46. Ross, R. 1986. The pathogenesis of atherosclerosis: an update. N. Engl. J.
Med. 314:488-500.

47. Wagner, W. D., T. E. Hardingham, and I. Edwards. 1983. Decreased
amount and size of artery chondroitin sulfate proteoglycan-hyaluronic acid ag-
gregate in atherosclerosis. Atherosclerosis. 3:47. la. (Abstr.)

2094 A. Hinek, R. P. Mecham, F. Keeley, and M. Rabinovitch


