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TGF-,81 and 25-Hydroxycholesterol Stimulate
Osteoblast-like Vascular Cells to Calcify
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Abstract

Previous studies in our laboratory demonstrated messenger
RNA for bone morphogenetic protein-2a in human calcified
plaque, suggesting that arterial calcification is a regulated pro-
cess, similar to osteogenesis. To further test this hypothesis, we
have isolated and cloned a subpopulation of cells from bovine
aortic media that show osteoblastic potential. These novel cells
are primarily distinguished from smooth muscle cells by ex-
pression of a surface marker preliminarily identified as a modi-
fied form of the ganglioside sialyl-lactosylceramide (GM3).
Osteoblastic potential was indicated by high levels of alkaline
phosphatase and collagen I, expression of osteopontin and os-
teonectin (SPARC), and production of bone-specific osteocal-
cin and hydroxyapatite. Cultures of these cells were stimulated
to form increased numbers of calcium-mineral-producing nod-
ules by the oxysterol 25-hydroxycholesterol as well as by trans-
forming growth factor-?1, both known to be present in athero-
sclerotic lesions. The stimulation of calcifying vascular cells in
the artery wall by these two factors suggests a possible mecha-
nism for the colocalization of calcification with atherosclerosis
in vivo. (J. Clin. Invest. 1994. 93:2106-2113.) Key words: ath-
erosclerosis * calcification * oxysterol - pericytes * gangliosides

Introduction

Calcification is a prominent feature of atherosclerosis ( 1 ), fre-
quently associated with myocardial infarction and other ad-
verse cardiovascular outcomes (2-6). Currently, calcification
is widely viewed as an end-stage, degenerative process which is
inevitable in advanced atherosclerosis. However pathologists
have long noted that calcification mayoccur early in atheroscle-
rosis and, at times, may appear histologically similar to orga-
nized bone, including areas resembling bone marrow (7). In
addition, matrix vesicles, the nucleation sites for the beginning
of organized bone formation have been detected within athero-
sclerotic lesions (8). These observations suggest that rather
than being a passive process, atherosclerotic calcification may
instead be an active, regulated process similar to that of osteo-
genesis.
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Though significant morphologic data exist regarding athero-
sclerotic calcification, little is known about the molecular or
cellular mechanisms involved. In the present study, we have
identified cells present in the wall of human and bovine arteries
which undergo spontaneous hydroxyapatite calcification in tis-
sue culture (9), and which we term calcifying vascular cells
(CVC). ' Wehave now characterized calcifying vascular cells as
a unique subpopulation of artery wall cells which are capable of
exhibiting several of the phenotypic features of bone-forming
osteoblasts in vitro. In addition, the behavior of calcifying vas-
cular cells can be modulated by certain mediators known to
exist in atherosclerotic arteries.

These results suggest that calcifying vascular cells may play
a role in atherosclerotic calcification. Furthermore, calcifying
vascular cells offer a unique opportunity to study arterial calci-
fication in vitro, and they may ultimately offer another target
at which to direct anti-atherosclerotic therapies.

Methods
Cell cultures. Bovine aortic endothelial cells (BAEC) were isolated by
collagenase digestion, as previously described ( 10), and clones were
established by limiting dilution. Bovine aortic smooth muscle cells
(BASMC) were isolated by outgrowth from medial explants from tho-
racic aortas as previously described (9). Calcifying vascular cells were
isolated from cultures of BASMCin which multicellular nodules spon-
taneously appeared. From these nodule-forming cultures, cells were
cloned by limiting dilution and single cell harvesting. Clonal lines were
identified as CVCby their positive staining with monoclonal antibody
3G5 ( 11), and by their ability to form calcified nodules in tissue cul-
ture. The standard tissue culture media for all cell types was Dulbecco's
Modified Eagle's medium (DME) (Irvine Scientific, Santa Ana, CA)
with 15% fetal bovine serum (Hyclone Laboratories; Logan, UT) sup-
plemented with L-glutamine (2 mM), sodium pyruvate (1 mM), peni-
cillin (100 U/ml), streptomycin (100 U/ml), and fungizone (0.25
,ug/ml) all from Irvine Scientific.

Indirect immunofluorescence. Cells were grown in two-well
chamber slides (Costar; Pleasanton, CA), fixed in 4% paraformalde-
hyde (Sigma Chemical Co., St. Louis, MO), and incubated for 1 h with
fluorescein isothiocyanate-conjugated antibodies against CD2 and
CDl lc, diluted 1:100. Immediately after staining, the cells were
washed and then examined by fluorescence photomicroscopy (Zeiss
Axioscop 20; Carl Zeiss Inc., Thornwood, NY).

Immunostaining. Fresh specimens of human abdominal aorta, tho-
racic aorta, and carotid endarterectomy were obtained from the UCLA
Medical Center renal transplant, cardiac transplant and vascular sur-
gery services. Specimens were frozen in OCTcompound (Tissue Tek,
Miles Inc., Elkhart, IN), 5-,um cryosections were prepared, and the
slides were post-fixed in 4% paraformaldehyde. Mouse monoclonal
antibody (mAb) 3G5 directed against a surface ganglioside present on
CVCwas used either as undiluted hybridoma supernatant (American
Type Culture Collection, Rockville, MD) or as purified antibody di-
luted 1:100 (kindly provided by Dr. Ramesh Nayak, Boston, MA).

1. Abbreviations used in this paper: BAEC, bovine aortic endothelial
cells; BASMC,bovine aortic smooth muscle cells; BMP-2a, bone mor-

phogenetic protein 2a; CVC, calcifying vascular cells.
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Mouse monoclonal anti-BMP-2a (h3b2/17.8.1, kindly provided by
Genetics Institute, Inc., Cambridge, MA) was used at a dilution of
1:100 and rabbit polyclonal antibody to human osteopontin (LF-7,
kindly provided by Dr. Larry Fisher, National Institutes of Health,
Bethesda, MD) was used at a dilution of 1:300. Specimens were first
incubated with a blocking solution containing 1.5% (vol/vol) nonim-
mune goat serum. Primary antibody was applied for 2 h, followed by
application of biotinylated secondary antibodies for 30 min. Endoge-
nous peroxidase activity was quenched with 0.3% H202 before incuba-
tion with the avidin-biotinylated peroxidase complex (Vector Labora-
tories, Burlingame, CA). The reaction was developed using 3-amino-9-
ethyl carbazole (Sigma Chemical Co.) and specimens were
counterstained with hematoxylin (EM Diagnostic Systems, Gibbs-
town, NJ).

Characterization of the 3G5 epitope. The binding specificity of
mAb3G5 was characterized using the procedure of Ravindranath et al.
( 12). Polystyrene microtiter wells (Falcon, Lincoln Park, NJ) were
coated with 4 Mg each of a panel of glycolipids consisting of lactosyl
ceramide, galactosyl ceramide, asialo-GM,, GM,, GM2, GM3, GD3,
GDi,, GDlb, and GT~b (all from Sigma Chemical Co.). The wells were
treated with 4% human serum albumin (Hyland-Baxter, Glendale,
CA), followed by addition of 100 ,l of mAb3G5 ( 1:100) to each well.
The plates were incubated for I h at 37°C then washed with 0.1%
Tween-20 (Sigma Chemical Co.) in PBS. Antibody binding was as-
sessed with peroxidase-coupled goat anti-mouse IgM ( 1:1,000) using
ortho-phenylenediamine dihydrochloride as the substrate. The absor-
bance at 490 nm was measured in a kinetic microplate reader (UV
Max; Molecular Devices, Menlo Park, CA). To assess ganglioside af-
finity of mAb 3G5 after periodate oxidation, antigen-coated plates
were first treated with 100 g1 of 0.04 M periodic acid for 30 min
at 370C.

TGF-# treatment of endothelial cells. Cloned BAECs were plated
sparsely into two-well chamber slides and cultured in standard media.
After 48 h, the cells were washed with PBS and treated with media
containing I ng/ml TGF-,BI. Media was changed every 3 d. Cells were
tested by immunofluorescent staining with mAb3G5 at 4, 7, and 21 d
of treatment.

Northern analysis. RNAwas isolated using the guanidinium thiocy-
anate method ( 13) from confluent monolayers of cells grown in 15%
fetal bovine serum. Equal amounts of RNAwere loaded onto a 1%
agarose and formaldehyde gel, separated, then transferred to a nylon
membrane (Zeta-Probe Blotting Membranes; BioRad Laboratories,
Richmond, CA) and fixed with 0.05 N NaOH. The membranes were
prehybridized for I h in buffer and hybridized for 18 h at 55°C using
cDNAprobes for human osteopontin (kindly provided by Dr. Marion
Young, National Institute of Dental Research, Bethesda, MD) and
human osteonectin (ATCC), labeled with [32P]dCTP (ICN, Irvine,
CA). The membranes were washed, dried and exposed to film (3M
Corporation, St. Paul, MN) at -70°C.

Western analysis. Phenol red-free DME(GIBCO BRL, Gaithers-
burg, MD) without serum was conditioned on confluent cell mono-
layers for 72 h, centrifuged at 14,000 g for 15 min, then either concen-
trated with Centriprep" concentrator (Amicon Corp., Beverly, MA) or
lyophilized and reconstituted with deionized water. Cell extracts were
prepared from confluent monolayers by scraping into 20 mMTris-HCI
buffer, with 0.2% aprotinin, sonication, and centrifugation at 14,000 g
for 15 min. Cell lysates and conditioned media proteins were separated
on a 7%SDS-polyacrylamide gel, (Novex X-Cell Mini-Cell, San Diego,
CA) loaded with equal amounts of protein per lane and transferred
onto polyvinylidene difluoride membranes (Immobilon-P Transfer
Membrane; Millipore Corp., Bedford, MA) using an electrophoretic
transfer cell (Trans Blot; Bio Rad Laboratories). Immunoblotting was
performed using mouse anti-human osteonectin (Haematologic Tech-
nologies Inc., Essex Junction, VT), and rabbit anti-bovine collagen
type I (Chemicon International, Temecula, CA) diluted 1:100, de-
tected with avidin-biotin-horseradish peroxidase (HRP-streptavidin;
Zymed, South San Francisco, CA) and 4-chloro-I-naphthol (Sigma
Chemical Co.).

Alkaline phosphatase detection. Cells were grown on two-well
chamberslides and fixed in 4%paraformaldehyde. Alkaline phospha-
tase activity was demonstrated in cultured cells by incubating the slides
with 5-bromo-4-chloro-3-indoyl-phosphate,4-toluidine salt (Boeh-
ringer Mannheim, Indianapolis, IN). Secreted alkaline phosphatase
activity was assayed in phenol red-free DMEwithout serum, condi-
tioned on confluent monolayers for 72 h, by measuring release of p-ni-
trophenol from p-nitrophenyl phosphate (Alkaline phosphatase assay;
Sigma Diagnostics). Secreted alkaline phosphatase activity was normal-
ized for total protein content as determined by the dye binding method
of Bradford (Bio-Rad Protein Assay).

Osteocalcin assay. Cell supernatants were collected from confluent
monolayers incubated in culture medium with 5% fetal calf serum for
72 h. Secreted osteocalcin was quantified by radioimmunoassay for
bovine osteocalcin (INCSTAR, Stillwater, MN) with duplicate mea-
surements performed for each sample. The assay was checked for repro-
ducibility in validation tests consisting of triplicate assays on four dif-
ferent CVCclones. The mean standard deviation for the four different
clones was 5.7% of the mean osteocalcin value. The background osteo-
calcin level (that present in the serum) was assessed by performing the
assay using media conditioned by U20S cells-an osteosarcoma line
known to lack osteocalcin secretion ( 14). Osteocalcin content was nor-
malized for total protein.

Growth factor treatment of CVC. Calcifying vascular cells were
plated sparsely into two-well chamber slides to delay spontaneous nod-
ule formation. After 72 h, media was replaced with media containing
either 5 ng/ml of platelet-derived growth factor-BB (PDGF-BB; R&D
Systems, Minneapolis, MN), 1000 U/ml of interferon-y (IFN--y; En-
dogen Inc., Boston, MA), or I ng/ml TGF-#I (R&D Systems). The
media was renewed every 3 d.

Sterol treatment of CVC. Calcifying vascular cells, BAEC, and
BASMCwere plated on 6-well tissue culture plates (Costar Corp.,
Cambridge, MA) at a density of 100,000 cells/well in standard media.
After 48 h, this media was replaced with media containing either I
Mg/ml of 25-hydroxycholesterol (Sigma Chemical Co.), 10-7 M1,25-
dihydroxyvitamin D3 (BIOMOL Research Labs, Inc., Plymouth Meet-
ing, PA), or vehicle alone. All sterols were diluted in 100%ethanol to a
final concentration of 0.1% ethanol. The media was changed every 3 d
for a total of 24 d, and the nodules in each well were counted under
phase contrast microscopy.

Results

Nodule-forming cells were obtained from six of six bovine aor-
tas harvested. Approximately 80 clones were derived from
three of these aortas, and 20-40% of the clones formed calcified
nodules. The nodule-forming clones were defined as CVC.

Table I. Immunocytochemical Profiles
of Vascular Wall Cells in Culture

SM NonSM Factor mAb
actin actin VIII CD1 lc CD2 3G5

Endothelial Cells - + + n.d. n.d. -

Smooth Muscle
Cells + - - n.d. n.d. -

Monocytes - - - +
Lymphocytes - - - - +
Fibroblasts - + - n.d. n.d.
Pericytes + + - n.d. n.d. +

Calcifying
Vascular Cells + + - - - +

nd., not determined.

Vascular Cells with Osteoblastic Features 2107
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Figure 3.

Figure 1. Pattern of 3G5 positivity in abrtic wall. The majority of 3G5
positive cells were found in the aortic intima in a variety of different
patterns. (A) Sparse pattern of immunostaining in a frozen section of
human abdominal aorta (X25). (B) Focal pattern in a frozen section
of human abdominal aorta with a mild intimal lesion (X4).
Figure 2. Colocalization of 3G5 with osteopontin in human abdomi-
nal aortic intima. (A) Diffuse pattern of 3G5 staining. (B) Sequential
section stained with anti-osteopontin antibody. (C) Sequential section
stained with irrelevant antibody (negative control) shows no staining.
Figure 3. Colocalization of BMP-2a with calcification in human aor-
tic intimal lesion. (A) Hematoxylin and eosin staining shows calcifi-
cation in purple. (B) Sequential section stained with anti-BMP-2a
antibody.
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CVC were characterized immunocytochemically using
markers for cells present in or able to migrate into the vessel
wall. CVCdid not stain with antibodies directed against CD2
and CDl Ic, indicating their distinction from typical lympho-
cytes and monocytes. They also did not stain for Factor VIII-
related antigen indicating their distinction from endothelial
cells. They did, however, stain positively for a-smooth muscle
actin, f3-nonsmooth muscle actin, and monoclonal antibody
3G5 (9). This immunocytochemical profile of CVCis identi-
cal to that of microvascular pericytes (9, 15), but distinct from
the profiles of normal BASMC, BAEC, fibroblasts, lympho-
cytes and monocytes (Table I).

To determine whether this surface marker was expressed on
cells in vivo, we used mAb 3G5 to stain frozen sections of
human arteries. One section from each of 10 human arterial
specimens was examined, including seven abdominal aortas,
one thoracic aorta, and two carotid endarterectomy specimens.
All sections examined contained 3G5 positive cells, and these
were located primarily in the intima rather than the media
(479 vs 77 cells). The pattern of 3G5 staining varied greatly
from single isolated cells, to small clusters, to diffuse intimal
staining (Figs. 1 and 2 A). All specimens also exhibited adven-
titial staining, in a pattern consistent with pericytes known to
exist in the capillaries of the vasa vasorum ( 16).

Frozen sections were also stained for osteopontin, a bone-
related phosphoprotein, and bone morphogenetic protein-2a.
Osteopontin staining often colocalized with 3G5 staining (Fig.
2). BMP-2a staining colocalized with calcification (Fig. 3),
however it did not appear to colocalize with 3G5, suggesting
that this epitope may be lost as mineralization occurs.

Nodule formation by the CVCpreceded mineralization,
and in all clones tested, mAb 3G5-positivity was correlated
with nodule formation. To assess the nature and possible role
of the 3G5 epitope in arterial calcification, characterization of
this molecule was undertaken. Nayak and colleagues previ-
ously reported that mAb3G5 recognizes a ganglioside that mi-
grates on thin layer chromatography midway between GM1
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Figure 4. Binding affinity of mAb3G5 to specific gangliosides. Affin-
ity for gangliosides of defined structure, including periodate-treated
ganglioside GM3(signified as GM3*).
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Figure 5. Alkaline phosphatase activity in calcifying vascular cells.

Photomicrograph of histochemical staining showing alkaline phos-

phatase activity concentrated in nodule containing calcifying vascular

cells. x25.

and GM2(17). Thus, we tested 3G5 for its ability to bind to a

panel of known gangliosides and related glycolipids. mAb3G5

bound most avidly to the ganglioside GM3(sialyl-lactosylcera-

mide; NeuAca -*~ 3Galf~l ---o 4GlcIll ---o Cer) (Fig. 2); it did

not bind to glycolipids, lacking the sialic acid side chain. Bind-

ing of mAb3G5 to GM3was enhanced approximately twofold

by periodate oxidation (Fig. 4), which cleaves unsubstituted

1,2 glycols in the glycerol side chain of sialic acid ( 18).

Alkaline phosphatase activity was identified in cloned CVC

and in the cell supernatant. Calcifying vascular cells in sparse

monolayer had only faint staining for alkaline phosphatase ac-

tivity. Those in nodules, however, demonstrated intense stain-

ing for alkaline phosphatase activity (Fig. 5). Secreted alkaline

phosphatase was also demonstrated in the supernatant of all

CVCclones assayed, and the level of alkaline phosphatase was

significantly greater in cultures producing nodules compared
with those without nodules (3.87 ± 0.93 vs. 2.28 ± 0.40 U/mg

protein; P < 0.05).

The bone-specific protein osteocalcin was identified in sev-

eral CVCclones assayed. The level of osteocalcin varied from

0.24 to 3.21 ng/mg protein, with a background level of 0.038

ng/mg protein. This variability in osteocalcin level is a feature

consistent with the known phenotypic heterogeneity among

clonal osteoblastic lines ( 19).

Messenger RNAfor the protein osteonectin was detected in
CVCcultures by Northern analysis (Fig. 6 A), and the protein

was detected in both CVClysate and conditioned medium by

Western analysis (Fig. 6 B). The level of osteonectin produced
by CVCwas approximately equivalent to the level produced by

BASMC, as measured by densitometry. The CVClysate, how-

ever, displayed two bands on Western blotting, one which mi-

grated with the osteonectin band seen in the BASMCand one
which migrated at a slightly higher molecular weight. In the

supernatant, however, only the higher molecular weight band

was present, suggesting posttranslational modification of os-

teonectin by the CVCwith secretion of only the modified form.

The presence of two osteonectin bands has previously been

described in cultured osteoblasts (20, 2 ).

Messenger RNAfor osteopontin, a factor involved in bind-

ing of cells to bone mineral, was detected in all CVCclones

tested by Northern analysis (Fig. 6 No osteopontin mRNA

Vascular Cells with Osteoblastic Features 2109
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Figure 6. Expression of bone
related proteins in calcifying
vascular cell clones. (A)
Northern analysis of CVC
and BASMCfor osteonectin.
(B) Western analysis of CVC
and BASMCcell lysates and
supernatants for osteonectin.
(C) Northern analysis of
CVCand BASMCfor osteo-
pontin.

was detected in cloned BASMC,however a very faint band for
osteopontin mRNAwas detected in non-cloned BASMC.This
is apparently due to production of osteopontin by some but not
all BASMCas other authors have described (22, 23), whereas
all CVCclones tested produced mRNAfor osteopontin.

Collagen type I, the primary collagen in bone, was identi-
fied in CVCby immunofluorescence (Fig. 7 A) and secreted

B

type I collagen was detected in CVCsupernatants by Western
analysis (Fig. 7 B). Collagen type I was detected in BASMC
supernatants as well, but at a level 3-10 times lower than
in CVC.

Whengrown in -media supplemented with TGF-#3I, CVC
dramatically increased their rate of nodule formation. No in-
crease in nodule formation was seen with IFN-'y, and only a

small increase was seen with PDGF-BB(Fig. 8).
Despite this significant effect on CVCnodule formation,

TGF-,3l did not induce nodule formation in other cell-types
such as BAEC. However, TGF-#31 was unexpectedly found to
modulate expression of the 3G5 epitope in BAEC. After treat-
ment with TGF-(B1, an increasing fraction of BAECbecame

a

6

4

2

z

0

Figure 7. Collagen I production by calcifying vascular cell clones. (A)
Immunofluorescence of CVCfor collagen type I. X20. (B) Western
analysis of CVCand BASMCsupernatants for collagen type I.

0

TGF-B

PDGF

control
IFN-Y

10 20 30

Days in culture

Figure 8. Effect of cytokines on nodule formation by calcifying vas-

cular cells. Nodules were counted in sparsely seeded cultures for 20
d after continuous treatment with PDGF(PDGF; 5 ng/ml), inter-
feron-y (IFN-y; 1,000 U/ml), or transforming growth factor-#
(TGF-fl; I ng/ml). Nodule formation was accelerated with TGF-ft
and PDGF. IFN-y did not increase nodule formation compared with
control cultures.
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Figure 9. Effect of 25-hydroxycholesterol on nodule formation by calcifying vascular cells. (A) Bar graph showing control CVC(closed bars) and
25-hydroxycholesterol treated CVC(cross-hatched bars) for six different CVCclones. (B) Phase contrast photomicrographs of control CVC
treated with vehicle alone (X4) and (C) treated with 1 ug/ml 25-hydroxycholesterol (X4). (D) Von Kossa stain of 25-hydroxycholesterol treated
CVC(X 10), showing intense calcification of the nodules.

mAb3G5 positive, being evident in some at 4 d of treatment,
and in 30-50% at 21 d. Despite being 3G5 positive however,
the TGF-3li treated BAECdid not form nodules, even after
more than 30 d in culture.

Whengrown in media supplemented with 25-hydroxycho-
lesterol, nodule formation by CVC was increased approxi-
mately sixfold (ranging from a 1.5 to greater than a 10-fold
increase) in six of six clones tested (Fig. 9). These nodules were

highly calcified as demonstrated by von Kossa staining (Fig. 9
D). No increase in CVCnodule formation was induced by
vehicle alone (n = 13). 1,25-dihydroxyvitamin D3 induced ei-
ther no increase (n = 4) or a minimal increase (n = 4) in
nodule formation (data not shown). Neither 1,25-dihydroxy-
vitamin D3 nor 25-hydroxycholesterol induced nodule forma-
tion in BASMCor in BAEC(n = 3).

Discussion

Atherosclerotic calcification is a widely recognized, yet poorly
understood process. The prevailing view has been that this cal-
cification occurs by passive precipitation of calcium mineral, is
not regulated, and contributes little to the pathogenesis of clini-
cal coronary artery disease. These ideas, however, have re-

cently been changing, due in part to new imaging techniques

which allow the widespread prevalence of coronary calcifica-
tion to be appreciated ( 1, 24, 25) and the recognition that calci-
fication is associated with adverse clinical events (2-6, 26).

Wehypothesize that atherosclerotic calcification is similar
to osteogenesis, based on the morphologic similarities between
advanced arterial calcification and trabecular bone (7), the
presence of matrix vesicles in atherosclerotic lesions (8), and
the presence of bone morphogenetic protein-2a, one of the
most potent osteogenic factors known, in atherosclerotic
plaques (9). Given this hypothesis, the present investigation
was aimed at understanding some of the cellular and molecular
mechanisms of atherosclerotic calcification, in particular the
cells that produce the mineralizing matrix, and the factors pres-
ent in atherosclerotic plaques that mediate the process.

To identify potential artery wall cells producing calcium
mineral, we isolated from cultures of BASMCa subpopulation
of CVC. By immunocytochemistry, CVC are distinct from
other cell types known to exist in the aortic wall, they are large
and stellate, they produce extensive extracellular material, and

they readily form multicelular nodules which undergo sponta-
neous calcification. These cells exhibit many features charac-
teristic of osteoblasts including production of alkaline phos-
phatase, collagen type I, osteocalcin, osteonectin and osteo-
pontin (27, 28, 29), suggesting similarities to osteogenesis.

Vascular Cells with Osteoblastic Features 2111

A

On01)

z

C0

- im

-1 ,

41

e
i .

0

A.

*4*-.

:x
2 4p

4^.
.

1

16 IL
6



In examining possible factors in atherosclerotic plaques
that might induce CVCto express osteoblastic features, two
factors had the most consistent and dramatic effects on the
formation of mineralized nodules: TGF-f31 and the oxysterol
25-hydroxycholesterol. TGF-f31, which is secreted by osteo-
blasts (30), has been suggested to be a major regulator of bone
cell function (31, 32), and is found in high levels in atheroscle-
rotic plaques (33); it significantly increased the rate of mineral-
ized nodule formation by CVCand induced expression of the
3G5 epitope on endothelial cells. Despite 3G5 positivity how-
ever, treated-BAEC did not form nodules or calcify, indicating
that, despite being in an environment suitable for CVCmineral-
ization, the BAECwere apparently not the appropriate cellular
substrate for osteoblastic differentiation.

25-hydroxycholesterol, one of the oxidized sterols found in
atherosclerotic plaques (34, 35), consistently increased the rate
of mineralized nodule formation by CVC. This effect was not
seen with vehicle alone or with the steroid hormone 1,25-dihy-
droxyvitamin D3. Despite greatly increasing the rate of mineral-
ized nodule formation by the CVC, however, neither TGF-0 I
nor 25-hydroxycholesterol was able to induce nodulation or
mineralization in cloned BAEC or cloned BASMC, further
suggesting that calcification is specific to a particular precursor
cell.

In addition to osteoblasts, CVCalso share many similarities
in commonwith another cell of mesenchymal origin, the mi-
crovascular pericyte. These similarities include morphologic
characteristics, in vitro growth characteristics, and mAb3G5
positivity (1 1, 36, 37). The idea that pericytes or stellate peri-
cyte-like cells may play a role in atherosclerosis has been set
forth previously. Over 20 years ago Geer noted stellate-shaped
cells in the aortic intima (38) and Reckter, Orekhav, and col-
leagues described stellate cells in the aortic intima which they
felt resembled pericytes in ultrastructure and periendothelial
location (39, 40). Diaz-Flores and colleagues have suggested
that pericytes are responsible for the intimal thickening of ath-
erosclerosis (41 ), and Nayak and colleagues noted that mAb
3G5, which identifies pericytes, stained aortic intimal cells ( 11).

Few cells exist in the adult organism which retain pluripo-
tentiality. The pericyte is considered to be one (42, 43). Peri-
cytes have been reported to be precursors of several mesenchy-
mal cell types, including osteoblasts (44, 45) and smooth mus-
cle cells (46). Wespeculate that calcifying vascular cells may
represent one step along the mesenchymal lineage which is
intermediate between that of pericytes and osteoblasts. Calcify-
ing vascular cells may also relate to the "mesenchymal intimal
cells" identified by Wilcox and colleagues (47) and the "primi-
tive mesenchymal cells" described by others.

The final question we consider here is the possible origin of
the calcifying vascular cells. In situ immunostaining of normal
appearing human and bovine aortas show mAb3G5 positive
cells in the intima, and mAb3G5 positive cells were found in
primary cultures of BASMC. In addition, cloned BASMCand
cloned CVCexhibit separate and distinct phenotypes in vitro
which do not interconvert with standard culture conditions.
These observations suggest that CVCare not merely an artifact
of culture conditions, but rather a specific population of the
artery wall. The presence of CVCin morphologically normal
arteries suggests that they are not a phenotypic modulation in
response to injury or disease, however the possibility that they
are in some way derived from smooth muscle cells or other
indigenous intimal cells cannot be excluded. Migration of peri-

cytes of the adventitial vasa vasora is another possible origin of
CVC, as is migration into the intima of cells from the periph-
eral circulation. At present there is insufficient data to distin-
guish among these possibilities.

Wesuggest that calcifying vascular cells are a mesenchy-
mally-derived subpopulation of intimal cells which are capable
of exhibiting osteoblastic potential in vitro. It is possible that
under the appropriate conditions and under the influence of
mediators present in atherosclerosis, these cells may express
this osteoblast-like phenotype in vivo as well. And ultimately,
modifying calcifying vascular cell behavior may influence
some of the clinical outcomes of atherosclerosis.

Acknowledgements
The authors are grateful to Drs. Marshall Urist, Henry Honda, Judith
A. Berliner, William Goodman, RameshNayak, Thomas J. Rosenthal,
Hillel Laks, Davis Drinkwater, Samuel Ahn, and William J. Quinones-
Baldrich for advice and assistance. Weare also grateful to the Immunol-
ogy Department of Genetics Institute, Inc. for supplying murine mAb
to BMP2a(h4b2/5.10.24).

This work was supported in part by National Institutes of Health
grants HL-30568, HL-07412, HL-43379, and RR00865, the Stein/Op-
penheimer Research Foundation, the Streisand Research Fund estab-
lished by The Lincy Foundation, and the Laubisch Fund.

References
1. Agatston A. S., W. R. Janowitz, F. J. Hildner, N. R. Zusmer, M. Viamonte,

and R. Detrano. 1990. Quantification of coronary artery calcium using ultrafast
computed tomography. J. Am. Coll. Cardiol. 15:827-832.

2. BeadenkopfW. G., A. S. Daoud, and B. M. Love. 1964. Calcification in the
coronary arteries and its relationship to arteriosclerosis and myocardial infarc-
tion. Am. J. Roentgenol. 92:865-871.

3. Fitzgerald, P. J., T. A. Ports, and P. G. Yock. 1992. Contribution of local-
ized calcium deposits to dissection after angioplasty. An observational study us-
ing intravascular ultrasound. Circulation. 86:64-70.

4. Sharma, S. K., D. H. Israel, J. L. Kamean, C. A. Bodian, and J. A. Ambrose.
1993. Clinical, angiographic, and procedural determinants of major and minor
coronary dissection during angioplasty. Am. Heart J. 126:39-47.

5. Kragel, A. H., S. G. Reddy, J. T. Wittes, and W. C. Roberts. 1990. Morpho-
metric analysis of the composition of coronary arterial plaques in isolated unsta-
ble angina pectoris with pain at rest. Am. J. Cardiol. 66:562-567.

6. Kragel, A. H., S. G. Reddy, J. T. Wittes, and W. C. Roberts. 1989. Morpho-
metric analysis of the composition of atherosclerotic plaques in the four major
epicardial coronary arteries in acute myocardial infarction and in sudden coro-
nary death. Circulation. 80:1747-1756.

7. Haust, M. D., and R. H. More. 1965. Spontaneous lesions of the aorta in
the rabbit. In Comparative Atherosclerosis: The Morphology of Spontaneous and
Induced Atherosclerotic Lesions in Animals and Its Relation to HumanDisease.
J. C. Roberts, and R. Straus, editors. Harper and Row, NewYork. 255-275.

8. Anderson, H. C. 1983. Calcific diseases: a concept. Arch. Pathol. Lab. Med.
107:341-348.

9. Bostrom K., K. E. Watson, S. Horn, C. Wortham, I. M. Herman, and L. L.
Demer. 1993. Bone morphogenetic protein expression in human atherosclerotic
lesions. J. Clin. Invest. 91:1800-1809.

10. Gimbrone, M. A. 1976. Culture of vascular endothelium. Prog. Hemosta-
sis Thromb. 3:1-28.

11. Nayak, R. C., A. B. Berman, K. L. George, G. S. Eisenbarth, and G. L.
King. 1988. A monoclonal antibody (3G5)-defined ganglioside antigen is ex-
pressed on the cell surface of microvascular pericytes. J. Exp. Med. 167:1003-
1015.

12. Ravindranath, R. M. H., and M. C. Graves. 1992. Monoclonal IgM anti-
bodies from cytomegalovirus infected mice recognize the GlcNAC-containing
receptor determinant of CMVas well as neutralizing anti-CMV IgG antibodies.
Virology. 188:143-151.

13. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNAisola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

14. Mahonen, A., A. Pirskanen, R. Keinanen, and P. H. MaenpUa. 1990.
Effect of 1,25(OH)2D3 on its receptor mRNAlevels and osteocalcin synthesis in
human osteosarcoma cells. Biochim. Biophys. Acta. 1048:30-37.

15. Herman, I. M., and P. A. D'Amore. 1985. Microvascular pericytes con-
tain muscle and non-muscle actins. J. Cell Biol. 101:43-52.

16. Tilton, D . 1991. Capillary pericytes: Perspectives and future trends. J.
Electron Microsc. 19:327-344.

2112 Watson, Bostrom, Ravindranath, Lam, Norton, and Demer



17. Powers, A. C., A. Rabizadeh, R. Akeson, and G. S. Eisenbarth. 1984.
Characterization of monoclonal antibody 3G5 and utilization of this antibody to
immobilize pancreatic islet cell gangliosides in a solid phase radioassay. Endocri-
nology. 114:1338-1343.

18. VanLenten, L., and G. Ashwell. 1971. Modification of glycoproteins. J.
Biol. Chem. 246:1889-1894.

19. Guenther, H. L., W. Hofstetter, A. Stutzer, R. Muhlbauer, and Fleisch, H.
1989. Evidence for heterogeneity of the osteoblastic phenotype determined with
clonal rat bone cells established from transforming growth factor-beta-induced
cell colonies grown anchorage independently in semisolid medium. Endocrinol-
ogy. 125:2092-2102.

20. Johansen, J. S., M. K. Williamson, J. S. Rice, and P. A. Price. 1992.
Identification of proteins secreted by human osteoblastic cells in culture. J. Bone
Miner. Res. 7:501-512.

21. Gehron Robey, P., and J. D. Termine. Humanbone cells in vitro. 1985.
Calcif Tissue Int. 37:453-460.

22. Giachelli, C., N. Bae, D. Lombardi, M. Majesky, and S. Schwartz. 1991.
Molecular cloning and characterization of 2B7, a rat mRNAwhich distinguishes
smooth muscle cell phenotypes in vitro and is identical to osteopontin (secreted
phosphoprotein I, 2aR). Biochem. Biophys. Res. Commun. 177:867-873.

23. Gadeau, A.-P., M. Campan, D. Millet, T. Candresse, and C. Desgranges.
1993. Osteopontin overexpression is associated with arterial smooth muscle cell
proliferation in vitro. Arterioscler. Thromb. 13:120-125.

24. Simons, D. B., R. S. Schwartz, W. D. Edwards, P. F. Sheedy, J. F. Breen,
and J. A. Rumberger. 1992. Noninvasive definition of anatomic coronary artery
disease by ultrafast computed tomographic scanning: a quantitative pathologic
comparison study. J. Am. Coll. Cardiol. 20:1118-1126.

25. Molloi, S., R. Detrano, A. Ersahin, W. Roeck, and C. Morcos. 1991.
Quantification of coronary artery calcification by dual energy digital subtraction
fluoroscopy. Med. Phys. (NY). 18:295-298.

26. Baroldi, G., F. Mariani, M. D. Silver, and G. Giuliano. 1988. Correlation
of morphologic variables in the coronary atherosclerotic plaque with clinical
patterns of ischemic heart disease. Am. J. Cardiovasc. Pathol. 2:159-172.

27. Ibaraki, K., J. D. Termine, S. W. Whitson, and M. F. Young. 1992. Bone
matrix mRNAexpression in differentiating fetal bovine osteoblasts. J. Bone
Miner. Res. 7:743-754.

28. Lian, J. B., G. S. Stein, T. A. Owen, S. Dworetzky, M. S. Tassinari, M.
Aronow, D. Collart, V. Shalhoub, S. Peura, L. Barone, J. Bidwell, and S. Pock-
winse. 1992. Gene expression during development of the osteoblast phenotype:
an integrated relationship of cell growth to differentiation. In Molecular and
Cellular Approaches to the Control of Proliferation and Differentiation. G. S.
Stein and J. B. Lian, editors. Academic Press, Inc., San Diego, CA. 165-222.

29. Andrianarivo, A. G., J. A. Robinson, K. G. Mann, and R. P. Tracy. 1992.
Growth on type I collagen promotes expression of the osteoblastic phenotype in
human osteosarcoma MG-63 cells. J. Cell. Physiol. 153:256-265.

30. Gehron Robey, P., M. F. Young, K. C. Flanders, N. S. Roche, P.
Kondaiah, A. H. Reddi, J. D. Termine, M. B. Sporn, and A. B. Roberts. 1987.
Osteoblasts synthesize and respond to transforming growth factor-type beta
(TGF-fl) in vitro. J. Cell Biol. 105:457-463.

31. Strong, D. D., A. L. Beachler, J. E. Wergedal, and T. A. Linkhart. 1991.
Insulin-like growth-factor II and transforming growth factor-beta regulate colla-

gen expression in human osteoblast-like cells in vitro. J. Bone Miner. Res. 6:15-
23.

32. Pfeilschifter, J., 0. Wolf, A. Naumann, H. W. Minne, G. R. Mundy, and
R. Ziegler. 1990. Chemotactic response of osteoblast-like cells to transforming
growth factor beta. J. Bone Miner. Res. 5:825-830.

33. Ross, R., J. Masuda, E. W. Raines, A. M. Gown, S. Katsuda, M. Sasahara,
L. T. Malden, H. Masuko, and H. Sato. 1990. Localization of PDGF-Bprotein in
macrophages in all phases of atherogenesis. Science (Wash. DC). 248:1009-
1012.

34. Smith, L. L., and B. H. Johnson. 1989. Biological activities of oxysterols.
Free Radical Biol. & Med. 7:285-332.

35. Hodis, H. N., D. W. Crawford, and A. Sevanian. 1991. Cholesterol feeding
increases plasma and aortic tissue cholesteral oxidation levels in parallel: further
evidence for the role of cholesterol oxidation in atherosclerosis. Atherosclerosis.
89:1117-1126.

36. Schor, A. M., T. D. Allen, A. E. Canfield, P. Sloan, and S. L. Schor. 1990.
Pericytes derived from retinal microvasculature undergo calcification in vitro. J.
Cell Sci. 97:449-461.

37. D'Amore, P. A. 1990. Culture and study of pericytes. In Cell Culture
Techniques in Heart and Vessel Research, ed. H. M. Piper. Springer-Verlag,
Berlin. 299-314.

38. Geer, J. C. 1965. Fine structure of human aortic intimal thickening and
fatty streaks. Lab. Invest. 14:1764-1783.

39. Orekhov, A. N., E. R. Andreeva, A. V. Krushinsky, I. D. Novikov, V. V.
Tertov, G. V. Nestaiko, Kh. A. Khashimor, V. S. Repin, and V. N. Smirnov.
1986. Intimal cells and atherosclerosis. Relationship between the number of inti-
mal cells and major manifestations of atherosclerosis in the human aorta. Am. J.
Pathol. 125:402-414.

40. Rekhter, M. D., E. R. Andreeva, I. V. Andrainova, A. A. Mironov, and
A. N. Orekhov. 1992. Stellate cells of aortic intima: I. Humanand rabbit. Tissue
& Cell. 24:689-696.

41. Diaz-Flores, L., F. Valladares, R. Gutierrez, and H. Varela. 1990. The role
of pericytes of the adventitial microcirculation in the arterial intimal thickening.
Histol. Histopath. 5:145-153.

42. Rhodin, J. A. 1968. Ultrastructure of mammalian venous capillaries,
venules and small collecting veins. J. Ultrastruct. Res. 25:452-500.

43. Sims, D. E. 1991. Recent advances in pericyte biology-implications for
health and disease. Can. J. Cardiol. 7:431-443.

44. Brighton, C. T., D. G. Lorich, R. Kupcha, T. M. Reilly, A. R. Jones, and
R. A. Woodbury. 1992. The pericyte as a possible osteoblast progenitor cell. Clin.
Orthop. Relat. Res. 275:287-299.

45. Diaz-Flores, L., R. Gutierrez, A. A. Lopez, R. Gonzalez, and H. Varela.
1991. Pericytes as a supplementary source of osteoblasts in periostal osteogenesis.
Clin. Orthop. Relat. Res. 275:280-286.

46. Meyrick, B., and L. Reid. 1978. The effect of continued hypoxia on rat
pulmonary arterial circulation. Lab. Invest. 38:188-200.

47. Nelken, N. A., S. R. Coughlin, D. Gordon, and J. N. Wilcox. 1991.
Monocyte chemoattractant protein-l in human atheromatous plaques. J. Clin.
Invest. 88:1121-1 127.

Vascular Cells with Osteoblastic Features 2113


