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Abstract

Vascular smooth muscle cells (SMCs), the major cellular constituent of the medial layer of an artery,

synthesize the majority of connective tissue proteins, including fibrillar collagen types I, lll, and V/XI. Proper collagen
synthesis and deposition, which are important for the integrity of the arterial wall, require the antioxidant vitamin C.
Vitamin C serves as cofactor for the enzymes prolyl and lysyl hydroxylase, which are responsible for the proper
hydroxylation of collagen. Here, the role of type V collagen in the assembly of collagen fibrils in the extracellular matrix
(ECM) of cultured vascular SMCs was investigated. Treatment of SMCs with vitamin C resulted in a dramatic induction
in the levels of the cell-layer associated pepsin-resistant type V collagen, whereas only a minor induction in the levels
of types | and 11l collagen was detected. Of note, the deposition of type V collagen was accompanied by the formation
of striated collagen fibrils in the ECM. Immunohistochemistry demonstrated that type V collagen, but not type I
collagen, became masked as collagen fibrils matured. Furthermore, the relative ratio of type V to type | collagen
decreased as the ECM matured as a function of days in culture, and this decrease was accompanied by an increase in
the diameter of collagen fibrils. Together these results suggest that the masking of type V collagen is caused by its
internalization on continuous deposition of type | collagen on the exterior of the fibril. Furthermore, they suggest that
type V collagen acts as framework for the initial assembly of collagen molecules into heterotypic fibrils, regulating the

diameter and architecture of these fibrils. J. Cell. Biochem. 80:146-155, 2000. © 2000 Wiley-Liss, Inc.

Type V collagen, and the highly related type
XTI collagen, belong to the group I fibrillar col-
lagens. Type V collagen was originally discov-
ered in human placenta [Chung et al., 1976]
and in skin [Sage and Bornstein, 1979]. Type
V/XI collagen is also expressed in a variety of
other tissues including smooth muscle tissue
[Liau and Chan, 1989; Brown et al., 1991].
Atherosclerotic lesions were found to contain
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increased levels of collagen type V compared to
the normal vessel wall [Ooshima, 1981]. Type
V/XI collagen contains a long triple helical re-
gion, a small globular carboxy-terminal do-
main, and a large globular amino-terminal do-
main. Between the major triple helical region
and the amino-terminal domain, there is a
“hinge region” that introduces a bend to the
molecule, and three short triple helical do-
mains [Fessler and Fessler, 1987]. Previous
studies showed that in the avian corneal
stroma, collagen type V participates, along
with collagen type I, in heterotypic fibrils [Lin-
senmayer et al., 1993]. It was speculated that
the hinge region in type V molecule allowed the
amino-terminal domain to lie on the surface of
the heterotypic fibril. Immunohistochemical
studies on chick cornea showed that in hetero-
typic fibrils formed with collagen types I and V,
the collagen molecules were arranged in such a
way that collagen type I hinders type V
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epitopes in the normal fibrillar structure [Lin-
senmayer et al., 1985; Birk et al., 1988; Linsen-
mayer et al., 1993]. Other studies, originally in
vitro and later in vivo, showed that fibril diam-
eter is related to the amount of type V collagen
within heterotypic type I/V fibrils, and it is the
amino-terminal globular domain that confers
this regulatory property [Birk et al., 1990;
Marchant et al.,, 1996]. Additional data ob-
tained from transgenic animal studies showed
that collagen type V plays a very important
role in the architecture of collagen fibrils dur-
ing matrix assembly [Andrikopoulos et al.,
1995].

Collagen synthesis and correct assembly into
mature fibrils is a multistep process that re-
quires the antioxidant vitamin C [Linsen-
mayer, 1991]. Vitamin C acts as a cofactor for
two important enzymes: prolyl- and lysyl-
hydroxylase, which are responsible for the
proper hydroxylation of collagen. Properly hy-
droxylated collagen « chains assemble into a
triple helical structure with increased stability
against thermal denaturation [Rosenbloom et
al., 1973; Berg and Prockop, 1973; Jimenez et
al., 1973a]. However, even in the absence of
vitamin C, collagen o chains can assemble in-
tracellularly into triple helices with normal pe-
riodicity, although the rate of secretion of these
trimers and their thermal stability are reduced
[Jimenez et al., 1973b; Peterkofsky, 1991].

SMCs are the major cellular constituent of
the medial layer of an artery. During the de-
velopment of an artery, SMCs are in a syn-
thetic stage, where they produce the bulk of the
proteins of the ECM, including collagen types I,
III, and V/XI [Ross, 1993, 1999]. In a developed
artery, SMCs differentiate into a contractile
state, and are primarily responsible for main-
taining the vascular tone [Chamley-Campbell
et al., 1979]. In response to vascular injury,
SMCs migrate from the medial layer of the
artery into the intimal layer, where they revert
to synthetic phenotype [Chung et al., 1976;
Chamley-Campbell et al., 1979; Ross, 1993].
Initial stages of proliferation are followed by
the synthesis of the collagenous proteins,
which constitute the atherosclerotic plaque.

SMCs in culture similarly revert to synthetic
state, synthesizing and depositing fibrillar col-
lagen protein types I, I1I, and V/XI [Beldekas et
al., 1982; Brown et al., 1991]. Cultured vascu-
lar SMCs have been used extensively to char-
acterize the regulation of collagen synthesis.

Work from several laboratories, including our
own, has shown that the level of collagen syn-
thesis varies inversely with the rate of prolif-
eration of the vascular SMC [Beldekas et al.,
1982; Kindy et al., 1988; Liau and Chan, 1989;
Ang et al., 1990; Brown et al., 1991; Chang and
Sonenshein, 1991]. For example, SMCs plated
at low density grew exponentially but synthe-
sized only low levels of type I, III, or V/XI
collagen, whereas, as cells approached conflu-
ence, the levels of synthesis of these collagen
species increased dramatically [Beldekas et al.,
1982; Brown et al., 1991]. Here we examine the
synthesis and assembly of collagen fibrils by
the vascular SMCs, and the role of vitamin C.
We show that treatment of bovine aortic SMCs
with vitamin C results in a selective induction
in the protein levels of type V collagen. This
induction is accompanied by enhanced deposi-
tion of type V collagen in the ECM. Impor-
tantly, in the developing collagen fibril type V,
collagen is localized internally, forming a
framework that appears to regulate hetero-
typic fibril diameter.

MATERIALS AND METHODS

Cell Culture and Treatment Conditions

Tissue culture reagents were purchased from
Life Technologies, Inc., except for DMEM,
which was purchased from JRH Biosciences.
SMC explants were derived from the aortic
arches of female calves, as we have described
previously [Beldekas et al., 1982]. Cultures
were fed every 2—-3 days. For the effects of cell
density on collagen protein levels, cells were
cultured in the presence of 20 pg/ml vitamin C
(in ddH,0), for the indicated amount of time.
For the effects of vitamin C on collagen synthe-
sis and deposition in the ECM, cells were
plated at an initial density of 5.0 X 10° cells/
P150 dish (0.35 x 10* cells/cm? and grown for
9 days (postconfluent cultures), in medium
supplemented with 10% FBS (10% FBS-
DMEM), in the absence of vitamin C. Postcon-
fluent cultures were incubated then treated
with 20 pg/ml vitamin C or the equivalent vol-
ume of ddH,O as control, for an additional
24 h.

Immunohistochemistry

The procedure for preparing cells for indirect
immunohistochemistry was described previ-
ously [Grushkin-Lerner et al., 1991; Wu et al.,
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1994]. Bovine aortic SMCs were seeded in four-
well glass slides at a density of 7 X 10* cells/
well (0.35 X 10* cells/cm?) in 10% FBS-DMEM,
supplemented daily with 20 pg/ml vitamin C,
and allowed to grow for the indicated amount
of time. Then, some of the cultures were
washed twice with PBS, fixed with 4% parafor-
maldehyde for 15 min, and then washed once
more with PBS. The rest of the cultures were
incubated with 0.15M acetic acid for 1 min,
washed with PBS, and then fixed, as described
above. For the immunohistochemical analysis,
cells were rinsed with PBS containing 1% bo-
vine serum albumin (BSA), incubated with an-
tibodies to either type I (1:500 dilution) or type
V collagen (1:500 dilution) (Novotec, Lyon,
France) at 4°C for 1 h, rinsed with PBS, and
washed for 10 min in 3% BSA in PBS. Then,
cells were incubated with goat anti-rabbit flu-
orescein isothiocyanate immunoglobulin G
(IgG) (1:40 dilution) (Vector Labs, Burlington,
CA) at 4°C for 1 h. Negative controls were
incubated with rabbit IgG instead of the pri-
mary antibody.

Cells were imaged on a Leica upright confo-
cal laser microscope equipped with an argon
ion laser with an output power of 2-50 mV, two
photomultiplier tubes, and a narrow-band fil-
ter. Controls were always examined first, and
the aperture and voltage were set to obtain
background levels. All experimental cultures
were then examined under these conditions. A
series of 8 um was taken for each sample, and
each slide was scanned in three random areas.
Representative basal sections were taken from
each scan. All images were processed identi-
cally.

Pepsin Digestion of Conditioned Media
and ECM Proteins

Cultures of aortic SMCs were labeled with
25 mCi/ml [*H]-proline, as described previously
[Lawrence et al., 1994]. The medium was re-
moved, and the cell layers were washed three
times in ice-cold PBS. The cell layer was
scraped in pepsin digestion buffer, transferred
to a 50-ml Falcon conical tube, and digested at
4°C for 16 h. The pepsin-digested, cell-layer-
associated matrix was dialyzed exhaustively
against 0.5 M acetic acid, lyophilized, and re-
constituted to 1 ml distilled H,O supplemented
with protease inhibitors (2 mM PMSF and
2 mM PHMB). Samples were normalized for
DNA content as described previously [Kypreos

and Sonenshein, 1998] and resolved by electro-
phoresis in a 7.5 or 5-15% polyacrylamide
gradient—sodium dodecyl sulfate (SDS) gel. To
resolve «1(III) and ol(I) collagen chains by
polyacrylamide gel electrophoresis (PAGE)-
SDS, a modification of a delayed reduction pro-
tocol of Nakamura et al. [1989] was used. The
radioactive signal was enhanced using fluorog-
raphy with 2,5-diphenyloxazole/dimethyl sul-
foxide, as described [Laskey and Mills, 1975].
Molecular mass markers used included species
at 200, 97.4, 69, 46, 30, 21.5, and 14.3 kDa
(Rainbow molecular mass markers, Amersham
Corp.). The molecular mass of the species was
estimated based on their migration relative to
the markers.

Conventional Transmission Electron Microscopy

Cells were fixed in 4% paraformaldehyde/
2.5% glutaraldehyde/ 0.1 M sodium cacodylate,
pH 7.4 with 8.0 mM CaCl, for 2 h on ice fol-
lowed by postfixation with 1% osmium tetrox-
ide for 1 h. After dehydration in a graded eth-
anol series, the cells were infiltrated and
embedded in a mixture of Polybed 812, nadic
methyl anhydride, dodecenylsuccinic anhy-
dride, and DMP-30 (Polysciences, Warrington,
PA). Thin sections were prepared using a
Reichert Ultracut E ultramicrotome and a dia-
mond knife. Staining was with 2% aqueous
uranyl acetate followed by 1% phosphotungstic
acid pH 3.2. Sections were examined and pho-
tographed at 80 kV using a Philips CM-10
transmission electron microscope. The micro-
scope was calibrated using a line grating. Fibril
diameter measurements were done using cali-
brated micrographs. The micrographs were
digitized and diameters were measured using
an RM Biometrics-Bioquant Image Analysis
System (Memphis, TN).

Immunoelectron Microscopy

Preembedding immunoelectron microscopy
was done essentially as described previously
[Doane et al., 1992a]. Briefly, cells were fixed
with 4% paraformaldehyde in PBS (pH 7.3) for
30 min on ice followed by treatment with so-
dium borohydride (50 mg/100 ml PBS) for
15 min at room temperature, and nonspecific
binding sites were blocked by incubation in 5%
normal goat serum. Cells were then incubated
in primary antibody against type I collagen.
This was followed by secondary goat anti-
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rabbit gold-conjugated antibody [1:20]. Nega-
tive controls were incubated identically, but
without the addition of primary antibody.

RESULTS

Treatment of Bovine Vascular SMCs with
Vitamin C Results in Formation of Striated
Collagen Fibrils in the ECM

Previously, it had been noted that vitamin C
was critical for correct formation of fibrils [Lin-
senmayer, 1991]. Thus, first the effects of vita-
min C on fibril assembly by bovine aortic SMCs
in culture were monitored. To this end, bovine
aortic SMCs were seeded at a low cell density
(0.35 X 10* cells/cm?) in 10% FBS-DMEM, and
allowed to grow for 9 days (postconfluent cul-
tures), when collagen synthesis and deposition
is maximal [Brown et al., 1991; Beldekas et al.,
1982]. Cultures were then either treated daily
with 20 pg/ml vitamin C (dissolved in ddH,0),
or the equivalent volume of ddH,O, as control,
and analyzed for collagen fibril formation using
transmission electron microscopy. In the ab-
sence of vitamin C, only very thin nonstriated
filaments were detected (Fig. 1). Addition of
vitamin C resulted in the formation of striated
collagen fibrils with 67-nm periodicity (Fig. 1).
Thus, striated collagen fibril formation occurs
in the ECM in cultures only on incubation in
the presence of vitamin C.

Treatment of Bovine Vascular SMCs
with Vitamin C Increases the Levels of
Pepsin-Resistant Type V Collagen in the

Cell-Layer-Associated Matrix

Because type V collagen has been implicated
in control of fibril architecture, we sought to
determine whether treatment with vitamin C
affected the deposition of type V collagen. The
levels of type V collagen in the cell-layer-
associated matrix of cultures incubated in the
presence versus absence of vitamin C were
compared. Bovine aortic SMCs were seeded at
a low density (0.35 X 10* cells/cm?). Cultures
allowed to grow for 9 days (postconfluent cul-
tures) in normal medium (10% FBS-DMEM) in
the absence of vitamin C. Then, either 20 pg/ml
vitamin C or 20 pl/ml ddH,O, as control, was
added to the respective cultures. After incuba-
tion for 24 h, cultures were metabolically la-
beled with 25 p.Ci/ml [*H]-proline for 8 h, and
pepsin-resistant collagen was isolated from the
cell-layer-associated material. Samples for

Fig. 1. Collagen fibril formation and deposition in the ECM in
the presence of vitamin C. Transmission electron micrographs
of the ECM in cultures of bovine aortic SMCs. Cells were
seeded in four-well glass slides at a density of 7 X 10* cells/well
(0.35 X 10* cells/fcm?), in normal culture media, and were
allowed to grow for 9 days. Cultures were either supplemented
daily with 20 pg/ml fresh vitamin C (A) or the equivalent
volume of ddH,O, as control (B). At the end of this period,
cultures were analyzed by transmission electron microscopy for
the formation of striated collagen fibrils in the extracellular
matrix. In the presence of ascorbate, striated fibrils were de-
tected in the ECM. C, SMC. Scale bar = 500 nm.

electrophoresis were normalized for the
amount of DNA present in the cultures. The
collagen types present in these samples were
separated by delayed reduction analysis, and
the resulting gel was subjected to fluorography.
In the absence of vitamin C (control cultures),
types I and III collagen were the major species
present in the sample (Fig. 2). Only very low
levels of pepsin-resistant type V collagen were
detected in the absence of vitamin C. Addition
of vitamin C resulted in a significant induction
in the levels of the cell-layer-associated type V
collagen protein compared to the untreated cul-
tures. In contrast, only minor changes in the
levels of types I and III collagen were detected.
Thus, treatment of bovine vascular SMCs with
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Fig. 2. Treatment with vitamin C increases the levels of
pepsin-resistant type V collagen in the cell-layer-associated
matrix. SMCs were plated at a density of 5 X 10° cells/P150
(0.35 x 10* cells/cm?) dish in normal culture medium (10%
FBS-DMEM), and were allowed to grow for 9 days (postconflu-
ent cultures) in the absence of vitamin C. Then, cells were
treated with 20 wg/ml vitamin C or the equivalent volume of
ddH,O, as control. After a 24-h incubation period, cultures
were metabolically labeled with 25 wCi/ml [3H]—proline for 8 h,
and cell-layer-associated, pepsin-resistant material was ex-
tracted. Samples, normalized for DNA content, were analyzed
by delayed reduction in a 7.5% polyacrylamide gel
electrophoresis—sodium dodecyl sulfate gel and proteins were
visualized by autoradiography. Positions of the types I, 1ll, and
V collagen protein chains were determined on the basis of
comparison to molecular weight markers and purified collagen
protein standards [Lawrence et al., 1994, and data not shown].

vitamin C results in a selective increase in the
deposition of type V collagen protein in the
ECM. Furthermore, formation of fibrils corre-
lates with deposition of type V collagen.

Type V Collagen Lies Inside Heterotypic
Collagen Fibrils, Surrounded by Type I Collagen

Type V collagen acted as a framework for the
deposition of type I collagen into striated colla-
gen fibrils produced in cornea [Birk et al.,
1990]. To begin to assess the localization of
types I and V collagen within fibrils produced
by the vascular SMC, immunohistochemistry
was done on untreated and acetic acid treated
cultures. Minimal acetic acid treatment has
been shown to disrupt the normal triple helical
collagenous structure, and make internal col-
lagen epitopes more accessible to antibodies
[Doane et al., 1992b]. Bovine aortic SMCs were
seeded at a low cell density (0.35 X 10* cells/
cm?) in 10% FBS-DMEM. Cultures, supple-
mented daily with 20 pg/ml vitamin C, were
allowed to grow for either 2 days (subconflu-
ent), 6 days (approaching confluence), or 9 days
(postconfluent). Half of the cultures were ex-
tracted with 0.15 M acetic acid for 1 min. Cul-
tures were fixed with 4% paraformaldehyde
and analyzed by immunohistochemistry using
antibodies specific for either type I or type V
collagen or normal rabbit antiserum (IgG) and
confocal microscopy (Fig. 3).

In the subconfluent cultures (day 2), a low
level of type V collagen staining was easily
detected in untreated as well as in acetic acid—
treated cultures (Fig. 3, D2, upper panel). Dis-
ruption of the fibrillar structure by acetic acid
treatment increased the signal only slightly
(Fig. 3, D2, lower panel). In contrast, no stain-
ing was detected in acetic acid—extracted or not
extracted cultures, which were incubated with
the normal rabbit IgG (data not shown). Thus,
at this early stage of collagen fibril assembly,
epitopes of type V collagen are unmasked and
accessible to the antibodies.

In cultures approaching confluence at day 6,
type V collagen immunoreactivity was still eas-
ily detectable even without acid treatment
(Fig. 3, D6, upper panel). However, acid disrup-
tion significantly increased the intensity of the
signal (Fig. 3, D6, lower panel), suggesting that
in this stage of collagen fibril assembly, type V
collagen epitopes are partially masked within
the fibrillar structure. On day 9, type V colla-
gen was not detectable in these postconfluent
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Type V

Fig. 3. Confocal localization of type I and V collagens in the
developing collagen fibril. Bovine aortic SMCs were seeded in
four-well glass slides at a density of 7 X 10 cells/well (0.35 X
10* cells/em®) in 10% FBS-DMEM, supplemented daily with
20 pg/ml vitamin C, and allowed to grow for 2, 6, or 9 days
(upper panels) (—extraction). Where indicated, cultures were
treated with 0.15 M acetic acid for 1 min, before fixation (lower
panels) (+extraction), to disrupt the normal triple-helical col-

cultures before treatment with acetic acid (Fig.
3, D9, upper panel). Disruption of the triple
helical structure of the fibril by acetic acid ex-
traction resulted in a dramatic induction in the
signal (Fig. 3, D9, lower panel). In contrast,
type I collagen was detectable at all time
points, including day 9, even without acid ex-
traction (Fig. 3 and data not shown). No in-
crease in the intensity of staining for this col-
lagen type was seen on treatment with acetic
acid (Fig. 3), suggesting that the epitopes for
this collagen type lie on the external portion of
the fibril. Furthermore, no staining was de-
tected when normal rabbit IgG was used in-
stead of primary antibody, as expected (data
not shown). Taken together, these results sug-
gest that type V collagen is incorporated early,
and becomes internalized when type I collagen
is laid down on the external portion of the
heterotypic fibril.

Diameter of Collagen Fibrils Increases as a
Function of Time in Culture

Previous work on the structure of in vitro
synthesized type I/V collagen heterotypic

y -extraction

I Type |

lagenous structure, and allow antibody access. Cultures were
then washed twice in PBS, fixed with 4% paraformaldehyde,
and subjected to immunohistochemistry using either antibodies
specific for type I (right panels) or type V (left panels) collagen.
Samples were analyzed using a Leica upright confocal micro-
scope, and all images correspond to the basal view of the cells.
D2, day 2; D6, day 6; D9, day 9. Upper panels: No acid
extraction; Lower panels: with acid extraction.

fibrils suggested that the relative amount of
type V collagen present in these fibrils corre-
lates inversely with their diameter [Birk et al.,
1990]. Because type V collagen appeared to be
masked as the fibril matured, the effects of
aging on collagen fibril diameter were next as-
sessed. SMCs were seeded at a density of
0.35 X 102 cells/cm? in normal culture medium
supplemented with 20 pg/ml fresh vitamin C,
and allowed to grow for 6 or 9 days. Then, the
diameter of collagen fibrils was determined us-
ing transmission electron microscopy. On day
6, thin filamentous structures with no appar-
ent periodicity were observed (Fig. 4A,B). The
diameter of these filaments was in the range of
8-10 nm. On day 9, collagen fibrils with nor-
mal periodicity were the most prominent ma-
trix structures (Fig. 4E,F). These fibrils were
significantly thicker than the nonperiodic fila-
ments seen on day 6 and readily detectable,
with a 67-nm normal periodicity. The diameter
of these fibrils was in the range of 25-35 nm.
To verify that the filaments were collagenous,
cultures on days 6 (Fig. 4C,D) and 9 (data not
shown) were analyzed by immunoelectron mi-
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Fig. 4. The diameter of collagen fibrils increases as a function
of days in culture. Bovine aortic SMCs were seeded in four-well
glass slides at a density of 7 X 10* cell/well (0.35 x 10*
cells/em?), and grown in 10% FBS-DMEM supplemented daily
with 20 wg/ml fresh vitamin C for 6 days (A-D) or 9 days (E and
F). Cultures were analyzed by electron microscopy for the

croscopy with a type I collagen-specific anti-
body, and visualized using a secondary anti-
body coupled to 5-nm gold particles. Gold
particles were detected along these filamen-
tous structures, indicating that they are made
of collagen. Thus, the diameter of collagen
fibrils increases as a function of time in culture.

Ratio of Type V to Type | Collagen Decreases as
a Function of Time in Culture

The observed order of collagen deposition, as
well as the increase in the diameter of the
fibrils with fiber maturation, suggested that
the ratio of type V to type I collagen might be
higher in the initial stages of fibril assembly,
and decrease as collagen fibers become mature.
To determine the relative ratio of type V to type
I collagen in the ECM of cultured SMCs as a
function of maturation, cells were plated at a
low cell density and incorporated newly synthe-
sized collagen proteins monitored as a function of
time. Cultures, maintained in 10% FBS-DMEM
supplemented daily with fresh 20 wg/ml vita-
min C, were incubated for 1 h with 25 pCi/ml
[®H]-proline at 6 h (day 0), or 2 days after

formation of striated collagen fibrils in the ECM. C and D: A
collagen type I specific antibody and colloidal gold conjugated
secondary antibodies were used for analysis of day 6 cultures
by immunoelectron microscopy (6 Day Anti-1). Dots represent
staining for type | collagen. Scale bar = 300 nm.

plating. Pepsin resistant collagen was isolated
from the cell-layer-associated material. Sam-
ples were normalized for DNA content, and
analyzed by delayed-reduction gel -electro-
phoresis (Fig. 5A). Positions of the various
bands were determined by migration of colla-
gen and molecular weight standards. The rel-
ative intensity of the bands corresponding to
al(V)/aI(XI) and o2(I) collagen chains was
measured by densitometric analysis of the re-
sulting autoradiograph. On day 0 (6 h after
plating), this ratio was 0.69. On day 2, it
dropped to 0.35. In a separate experiment, the
relative ratio of type V to type I collagen in the
pepsin-resistant fraction was similarly deter-
mined after 6 and 9 days (Fig. 5B). On day 6, a
ratio of 0.12 was obtained, whereas on day 9,
the value was only 0.06. Thus, the relative
amount of type V compared to type I collagen
deposited in the ECM varies inversely as a
function of days in cultures; it is very high
during the initial stages of fibril formation and
decreases dramatically as fibril structure be-
comes more mature. Thus, the relative amount
of type V collagen within these collagen fibrils
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Fig. 5. The ratio of type V to type | collagen decreases as a
function of days in culture. A: Bovine aortic SMCs were plated
at a density of 5 X 10° cells/P150 dish (0.35 x 10 cells/cm?)
and maintained in 10% FBS-DMEM, supplemented daily with
fresh 20 wg/ml vitamin C. Six hours (day 0), 2 days (day 2), or
6 days (day 6) after plating, cultures were incubated in
25 pCi/ml [*Hl-proline for 1 h. Pepsin-resistant collagen was
isolated from the cell-layer-associated material, and samples
were normalized for DNA content and analyzed in a 7.5%
PAGE-SDS gel. B: Bovine aortic SMCs were plated as described
above. Two days (day 2), 6 days (day 6), or 9 days (day 9) after
plating, cultures were incubated in 25 pCi/ml [*H]-proline for
8 h. After isolation of pepsin-resistant collagen from the cell-
layer-associated material, samples were normalized for DNA
content, analyzed by delayed reduction in a 7.5% PAGE-SDS
gel, and subjected to autoradiography. Positions of the types |,
11, and V/XI collagen protein chains were made on the basis of
comparison to molecular weight markers and purified collagen
protein standards [Lawrence et al., 1994, and data not shown].

decreases with fibril maturation, correlating
inversely with fibril diameter.

DISCUSSION

Vitamin C plays a critical role in deposition
of type V collagen into the ECM of vascular
SMCs. The dramatic increase in the level of
type V collagen was accompanied by the forma-
tion of striated collagen fibrils with a 67-nm
normal periodicity. Using immunohistochemis-
try, type V collagen appeared internal as colla-
gen fibrils matured. In contrast, type I collagen
was always on the external portion of the fibril.
Furthermore, the relative amount of type V
collagen present in the ECM varied inversely
with time in culture and the diameter of colla-
gen fibrils. These findings suggest that type V
collagen is an important structural component
of the ECM produced by the vascular SMC,
similar to its role in the developing cornea.
Type V collagen appears to act as a framework
for the assembly of collagen monomers into
mature fibrils, and regulates the diameter of
these fibrils.

Previous work by many groups indicated
that collagen fibril formation and deposition in
the ECM requires vitamin C [Rosenbloom et
al., 1973; Berg et al., 1973; Jimenez et al.,
1973b; Faris et al., 1984]. This effect was at-
tributed to the high thermal stability of prop-
erly hydroxylated type I collagen trimers. In
the absence of vitamin C, type I collagen mol-
ecules are underhydroxylated [Hutton et al.,
1966; Kivirikko and Prockop, 1967; Pinnell,
1987]. Thus, the triple-helical structure is less
stable against thermal denaturation, with a
melting temperature of approximately 25°C vs.
42°C for properly hydroxylated collagens
[Rosenbloom et al., 1973; Berg and Prockop,
1973; Jimenez et al., 1973b]. Here, we show
that in the absence of vitamin C, essentially no
type V collagen was deposited in the ECM,
although significant levels of types I and III
collagen were detectable. Furthermore, no sig-
nificant reactivity for type V collagen was de-
tected in acid-extracted cultures that were cul-
tured in the absence of vitamin C (data not
shown), consistent with the absence of type V
collagen from the ECM of vitamin C deprived
cultures. Addition of vitamin C to the cultures
resulted in a selective induction in the levels of
type V protein. This induction occurred con-
comitantly with formation of striated fibrils
with 67-nm normal periodicity. Thus, in addi-
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tion to the previously reported underhydroxy-
lation of collagen monomers, the lack of type V
collagen in the ECM may also be responsible
for the lack of formation of striated fibrils in
the absence of vitamin C. Consistent with this
hypothesis, our findings suggest that type V
collagen is laid down early, during the initial
stages of collagen fibril assembly, and becomes
internal as collagen fibrils develop. Type V col-
lagen was readily detectable on day 2 even in
the absence of acetic acid treatment. As cul-
tures became older and fibrils became mature,
detection of type V collagen required disrup-
tion of the triple-helical structure. In contrast,
type I collagen was always readily detectable
even without acetic acid treatment, consistent
with an external position in the fibril. Taken
together, these results suggest that type V col-
lagen is important in the initiation of collagen
fibril formation, and may act as a framework
for the deposition of type I collagen molecules
into the developing fibrils.

Fibril diameter varied inversely with the rel-
ative amount of type V collagen present in the
ECM of cultured bovine aortic SMCs. A similar
inverse relationship between fibril diameter
and the amount of type V collagen present
within a fibril has been observed in collagen
fibrillogenesis experiments in vitro. Recent in
vivo studies also showed that type V collagen
regulates fibril diameter in the chicken cornea
[Marchant et al., 1996], where types I and V
collagen coassemble within heterotypic fibrils
[Birk et al., 1988]. In addition, data obtained
from transgenic animal studies showed that
collagen type V plays a very important role in
the regulation of collagen fibril diameter [An-
drikopoulos et al., 1995]. More specifically,
mice that express a structurally abnormal
a2(V) collagen chain, which lacks the hinge
region, exhibited skin fragility and collapse of
the corneal stroma. These abnormalities corre-
lated with type I collagen fibrils of unusually
large diameters.

Work by Ooshima [1981], Morton and Bar-
nes [1982], and Murata and coworkers [1986]
has shown that type V collagen is increased by
as much as twofold relative to types I and III
collagen in human atherosclerotic lesions. The
data presented here indicate that the relative
increase in the levels of type V collagen might
result in a decrease in fibril diameter. Consis-
tent with this hypothesis, Merrilees et al.
[1987] found a decrease in the average fibril

diameter within the intimal lesion versus the
normal medial layer. Thus, our findings sug-
gest that the physiologic consequences of the
increased expression of type V collagen in the
diseased artery is the altered fibril architecture
in the plaque compared to the normal artery.
The factors regulating expression of type V col-
lagen are currently under investigation.
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