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Abstract

Medium from cocultures of human aortic endothelial cells
(HAEC) and smooth muscle cells (HASMC) taken from the
same donor contained approximately two- to fourfold more mac-
rophage colony-stimulating factor, granulocyte/macrophage
colony-stimulating factor, and up to 5.1-fold more transforming
growth factor fi than could be accounted for by the sum of the
activities of media from equivalent numbers of HAECand
HASMCcultured separately. After pulse labeling, immuno-
precipitated I35Slfibronectin and I'4Cicollagen were also found
to be substantially increased in the coculture compared to the
sum of HAECand HASMCcultured separately. The coculti-
vation of HAECand HASMCresulted in a 2.7-fold increase in
connexin43 messenger RNA. Whendirect physical contact be-
tween HAECand HASMCwas prevented by a membrane that
was permeable to medium, the levels of ['Sfibronectin and
114Cjcollagen in the coculture were significantly reduced. Mono-
cytes cultured alone contained low levels of PI5Slfibronectin and
['4Cjcollagen but when added to the coculture there was up to a
22-fold increase in I3Slfibronectin and a 1.9-fold increase in
[14Cjcollagen compared to the coculture alone. The increase in
fibronectin was prevented in the presence of neutralizing anti-
body to interleukin 1 and antibody to interleukin 6 by 45%and
67%, respectively. Addition of monocytes to cocultures also in-
duced the levels of mRNAfor connexin43 by 2.8-fold. Wecon-
clude that the interaction of HAEC, HASMC,and monocytes
in coculture can result in marked increases in the levels of sev-
eral biologically important molecules and that increased gap
junction formation between the cells and interleukins 1 and 6
may be partially responsible for these changes. (J. Clin. Invest.
1991. 87:1763-1772.) Key words: collagen - colony-stimulating
factor * endothelial cell * fibronectin * smooth muscle

Introduction

Under normal conditions there are only a limited number of
smooth muscle cells (SMC)1 and monocytes present in the sub-
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1. Abbreviations used in this paper: COL/SMC, human aortic smooth
muscle cell layers grown on a filter and covered with a collagen layer;

endothelial space (1). However, in the course of development
of an atherosclerotic lesion there is a marked migration of
monocytes and SMCinto the subendothelial space (2). The
presence of endothelial cells (EC), SMC, and monocytes in
such a confined space might be predicted to favor cellular inter-
actions. In tissue culture, the interaction of EC and SMChas
been shown to lead to increased low density lipoprotein (LDL)
receptor activity (3), increased lysosomal cholesteryl esterase
activity (4), and reduced rates of SMCproliferation (5). The
coculture of SMCand EC has also been shown to alter the
amount and the composition of the extracellular matrix (6).
Recently two laboratories (7, 8) have shown that bovine EC
and pericytes or SMC, when cultured together, produced active
transforming growth factor-fl (TGF-f,) in the culture medium.
Both EC(9) and SMC(10) have been shown to express message
for connexin43, a member of the family of related gap junction
proteins. These junctions are membrane structures involved in
intercellular communication and have been implicated in
buffering of cytoplasmic ions (1 1), synchronization of cellular
behavior such as contraction of myocardial cells (12), growth
control and embryonic differentiation (1 3), and suppression of
deleterious effects of somatic cell mutations in a variety of en-
zymes (14). The induction of connexin43 as a result of the
interaction of EC, SMC, and monocytes in coculture has not
been previously reported. In the present report we demonstrate
that the coculture of adult human aortic EC(HAEC) with adult
human aortic SMC(HASMC) taken from the same donor re-
sulted in increased levels of several biologically important mole-
cules when the cells were cultured under conditions permitting
direct cell-cell contact. Moreover, we show that the addition of
human monocytes to the coculture markedly enhanced the
levels of these matrix components. Wealso present evidence
indicating that cell-cell interaction results in increased induc-
tion of mRNAfor connexin43 and that interleukins 1 and 6
(IL- 1 and IL-6) are involved in increased levels of matrix pro-
teins.

Methods

Materials. Tissue culture medium, reagents, fetal bovine serum (FBS),
and pooled human serum (HS) were obtained from sources described
(15). Microporous filters, Transwells, and plasticware were purchased

EC/COL, endothelial cells grown on a layer of collagen on a filter;
EC/COL/SMC, a multilayer of smooth muscle cells grown on a filter,
covered with a layer of collagen, with an endothelial monolayer grown
on the surface of collagen; FBS, fetal bovine serum; FN, fibronectin;
GM-CSF, granulocyte/macrophage colony-stimulating factor; HA,
human aortic; HI, heat-inactivated; HS, pooled human serum; IDME,
Iscoves modified Eagle's medium; M-CSF, macrophage colony-stimu-
lating factor; RI, radiolabeled and immunoprecipitated; SMC, human
aortic smooth muscle cells; TGF-fl, transforming growth factor-,B.
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from Costar Corp., Cambridge, MA, and from sources reported (16).
Purified, recombinant human macrophage colony-stimulating factor
(M-CSF) and granulocyte/macrophage CSF (GM-CSF) were kindly
provided by Dr. Steve Clark, Genetics Institute, Cambridge, MA. Neu-
tralizing antibody to M-CSF was a gift of Dr. E. R. Stanley, Albert
Einstein College of Medicine, Bronx, NY; and neutralizing antibody to
GM-CSFwas kindly provided by Dr. Judith Gasson, University of
California, Los Angeles. TGF-31 (100-B) and neutralizing antibody to
TGF-0 (AB-IO-NA), to IL-l (AB-202-NA), and to IL-6 (AB-2 10-NA)
were purchased from R&DSystems, Minneapolis, MN. The AKR-2B
cell line was a gift of Dr. Harold Moses, Vanderbilt University, Nash-
ville, TN. [35S]methionine (specific activity 1,254 Ci/mmol, SJ.1015)
was from Amersham Corp., Arlington Heights, IL; and [U-'4CJ-proline
(specific activity 250 mCi/mmol, 101 17E) was from ICN Radiochemi-
cals, Irvine, CA. Human fibronectin (no. 4008) was obtained from
Collaborative Research, Lexington, MA. Anti-human fibronectin an-
tibody (IgG fraction, no. 0201-0832), was obtained from Cappel Labo-
ratories, Organon Technika Corp., Malvern, PA; and antibody to hu-
man type I collagen (no. AB745) was purchased from Chemicon Inter-
national, Temecula, CA. Tricine mini-gels (EC 1675) were from
Novex, Encinitas, CA. Protein-A Sepharose and collagen type I (C
3511) were obtained from Sigma Chemical Co., St. Louis, MO. The
cDNA probes for connexins32 and 43 (17, 18) were a gift from Drs.
Denise Polacek and Peter Davies of University of Chicago and Dr.
David L. Paul of Harvard University.

Cells and cultures. HAEC, SMC, and human peripheral blood
monocytes were isolated as described (19, 20). In brief, polycarbonate
filters with 1-,gm pore diameter were coated with gelatin and assem-
bled in the U-shaped chambers of a transport device forming separate
compartments on each side of the filter (15). HASMCwere grown on
filters at 1.5 x I05 cells/cm2 and allowed to grow for 2 d and cover the
surface of the filter. The SMCwere then covered with a solution (5
gl/cm2) of native collagen type I (0.2% wt/vol) which was allowed to
polymerize and form a thin gel layer at 37°C (19). The collagen layer
was subsequently washed with culture medium at 37°C and HAEC
were seeded at 2.5 x 106 cells/cm2 and allowed to grow and form a
complete monolayer of confluent ECin 24-48 h (19). For mixed cocul-
tures, the procedure described by Antonelli-Orlidge and colleagues (7)
was followed where ECwere added to subconfluent SMCand the re-
sulting coculture was in the form of a layer of mixed islands (or patches)
of ECand SMC. In all experiments, the propagated HAEC, and their
autologous (matching) HASMC(from the same donor) at passage lev-
els of 5-7 were used. In some experiments cocultures were formed on
filters in the form of Transwells. Blood monocytes were obtained from
individuals from a large pool of healthy donors by a modification of the
Recalde procedure (20). The human monocytes isolated by the modi-
fied Recalde procedure have been demonstrated to be comparable to
monocytes isolated by conventional procedures in terms of cell viabil-
ity, protein content, purity, and monocyte chemotaxis (19, 20). A por-
tion of isolated monocytes was cryopreserved in growth medium con-
taining 10% dimethyl sulfoxide according to standard procedures (21)
and were found to be indistinguishable from freshly isolated monocytes
in adhesion, chemotaxis, and their interaction with HAECand
HASMC.The use of cryopreserved monocytes was found to be a useful
approach for reducing the problem of large variability in different
monocyte isolates from various donors. Cocultures, or their compo-
nents, in tissue culture flasks or on microporous filters were cultured as
described (19), except that in the present study the growth medium
(20% heat-inactivated FBS in medium 199) was replaced with 10-15%
heat-inactivated pooled human serum (HIHS) in Iscove's modified Ea-
gle's medium (IDME). This resulted in improved purity, growth pat-
tern, and cell morphology. The HAECand HASMCisolated from the
aortic specimens were shown to be essentially free of contaminating
cells. Thus, the HAECwere pure as determined by morphology and by
assays for factor VIII-related antigen, uptake of LDL modified by ma-
londialdehyde, and labeled with 1, I'-dioctadecyl-3,3,3',3'-tetramethyl-
indo-carbocyanine perchlorate, and for angiotensin-converting en-
zyme activity (19). The HASMCwere determined to be pure as judged

by morphology and by immunohistochemical staining using the mono-
clonal antibody HHF-35 (19). In all experiments the number of HAEC
and HASMCwere equivalent whether the cells were cultured sepa-
rately or together. In all cases the HAECand HASMCwithin each
experiment were from the same donor and aortic specimen. For collec-
tion of conditioned medium for TGF-# bioassays, after three 3-h incu-
bations in IDME, the cultures were incubated in IDMEwithout serum
present and 24-h conditioned media were collected. Protease inhibitors
pepstatin (1 lsg/ml), leupeptin (1 ug/ml), and aprotinin (3 jg/ml), plus
human serum albumin (0.05% wt/vol) were added, the media were
centrifuged at 1,500 g for 10 min, and the supernatant solutions were
concentrated 10-fold with Centricon units (molecular weight cutoff of
10,000, Amicon Corp., Danvers, MA). A portion of the medium was
transiently acidified (22) before storage at -20'C. Experiments on the
activation of TGF-# by mixed cocultures of HAECand HASMCwere
carried out in a manner identical to that reported by Antonelli-Orlidge
and colleagues (7). For CSFbioassays the medium incubated with the
artery wall cells contained 2.5% FBS. After 24 h, the conditioned me-
dium was collected, and as for TGF-f3, protease inhibitors were added,
samples were centrifuged, and supernatant solutions were concen-
trated and stored at -20'C. For Northern blot analyses, cocultures or
their individual components were prepared and after interaction
among HAEC, HASMC,and monocytes, the media were removed, cell
layers were washed with PBS, pH 7.4, and total cellular RNAwas
isolated by lysis of cell layers in guanidinium isothiocyanate, phenol-
chloroform extraction, and precipitation (23). 10 yg of each RNAprep-
aration from cocultures or components was denatured and subjected to
electrophoresis on a 1.2% formaldehyde agarose gel. This was followed
by blotting onto nylon filters and UVcross-linking (24). TGF-(3 North-
ern analysis was performed as described (24). The blots were then
washed at a final stringency of 0.5X SSC/0.1% SDS, at 65°C (IX SSC:
0.15 MNaCl/ 15 mMsodium citrate), and were autoradiographed. For
connexin Northern analyses, the blots were prehybridized for 1 h at
65°C, in 20 ml solution of 0.75 MNaCI, 0.15 MTris - HCO(pH 8.0), 10
mMEDTA, 0.1% Ficoll/0. 1% polyvinylpyrolidone/0. 1% SDS, 0.1%
bovine serum albumin. The buffer was then discarded and the hybrid-
ization to cDNAprobes for connexins 43 and 32 was performed in the
same buffer for 16 h at 55°C. The probes were previously labeled to a
specific activity of - 109 cpm/,gg (25) and 2 X 106 cpm/ml was used for
each blot. The blots were then washed for 30 s with 100 ml of 2X SSC,
were washed twice with 500 ml of l x SSC for 30 min each at room
temperature and twice with 0.5x SSC for 30 min each at 55°C, and
were autoradiographed. The autoradiographs were scanned by laser
densitometry, signals were quantitated, and those for connexin were
normalized for a-tubulin values.

Bioassays. The biological activity due to CSFs in the conditioned
media of the cocultures or the components (i.e., equivalent numbers of
HAECor HASMCcultured separately) was determined by the colony
formation assay employing mouse bone marrow cells for M-CSF(26)
and human bone marrow cells for GM-CSF(27). For calculating the
CSFactivity in the conditioned media from cell cultures, the number
of colonies produced by medium from collagen alone was considered
as background and was subtracted from values obtained for medium
from cell cultures. Bioassays for TGF-,B based on anchorage-indepen-
dent growth and colony formation of AKR-2B cells in soft agar were
performed as described (28, 29).

Metabolic labeling of cells. HAECcultured on collagen (EC/COL)
on a filter (0.6- or 4.5-cm2 surface area), collagen layered on HASMC
(COL/SMC) on a filter, or the combination (EC/COL/SMC) on a filter
were metabolically labeled with [35S]methionine (200 ,Ci/ml) for 2 h in
methionine-free medium, or with [14C]proline (20 1ACi/ml) for 2 h in
proline-free medium in the presence of 2.5% HI serum. The culture
media were collected and the protease inhibitors (30) were added. The
cultures were then washed with medium containing 40 zM
nonradioactive methionine and incubated in this medium for 2 h. The
chase medium was collected, protease inhibitors were added, the me-
dium was centrifuged at 350 g, and the supernatants were kept at
-20°C. The cell layers on filters were washed three times with phos-
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phate-buffered saline (PBS) pH 7.4, and 1.0 ml of buffer A (30) was
added to each of the filters which were subsequently kept at room
temperature for 30 min. The cell lysates together with matrices were
quantitatively transferred to microcentrifuge tubes containing protease
inhibitors and kept at -20'C.

Immunoprecipitation of radiolabeledfibronectin and collagen. Be-
fore immunoprecipitation, the thawed media were precleared with pro-
tein A-Sepharose. Trichloroacetic acid (TCA)-precipitable counts were
then determined (31). To equal TCA-precipitable counts (50-200 dl)
from each sample, was added 10 MAl of anti-human fibronectin IgG
fraction or 2 Ml of anti-human collagen IgG fraction and the volume
was adjusted to 500 gl with buffer A. Immunoprecipitation and gel
electrophoresis were then carried out as described (30-32). The gels
were fixed, treated with Enhance, and autoradiographed. The levels of
the radiolabeled and immunoprecipitated (RI) fibronectin or collagen
were determined by direct counting of 10-Ml aliquots of RI samples
before polyacrylamide gel electrophoresis (PAGE), by laser densitome-
try of the autoradiograms obtained after PAGE, and by cutting out of
the gels of the areas corresponding to RI fibronectin or collagen bands
on autoradiograms followed by counting for their 35S or '4C content.

Addition of monocytes to cocultures. EC/COL, COL/SMC, or EC/
COL/SMCon filters were exposed on the basal side (side opposite to
the cells), to the reference chemoattractant n-formyl-methionyl-leucyl-
phenylalanine (FMLP) at a concentration of 10-' M for 60 min at
37°C. This concentration was previously found to be optimal for maxi-
mummonocyte chemotaxis in this system (19). Humanmonocytes (1
X 106 cells/ml. cm2) were presented to the apical side of the cell layers
on filters and the incubation was continued for 60 min. This medium
contained 2.5% HI autologous serum. After this step of incubation, the
medium containing the nonadherent leukocytes was removed. The cell
layers on the filters were washed with I ml of IDME at 37°C to remove
the cells that were loosely attached to the endothelial monolayer. Hu-
man monocytes were also presented to filters with collagen matrix
alone and exposed on the opposite side of the filter to FMLPat a IO-'
Mconcentration. The cultures on the filters were maintained in IDME
containing 30% HI autologous serum, supplements, and antibiotics
(19) for up to 5 d. Cultures were metabolically labeled with [355]-
methionine or with ['4C]proline 1-5 d after the addition of monocytes,
and the levels of fibronectin and collagen were determined. In addition
to the procedure described for immunoprecipitation of fibronectin or
collagen, a simple immunoadsorbtion assay was developed, based on
reported procedures (33), for rapid detection of the levels of radiola-
beled fibronectin. In this assay antihuman fibronectin antibody (IgG
fraction, 15.9 mg/ml) was diluted 1:1,000 in 0.1 Mcarbonate buffer,
pH 9.6. Wells in microtiter plates were coated with 150 ul of diluted
antibody. Wells with nonimmune IgG or with no antibody were in-
cluded as controls. The plates were incubated at 4°C for 16 h. The wells
were then washed three times in a PBS/Tween-20 solution (33). The
antibody solution was aspirated and 10 Ml samples to be tested were
diluted 1:10 (vol/vol) in PBS supplemented with BSA (5 mg/ml) and
were applied to wells in duplicates of 100 ul each. Wells with excess
nonradioactive fibronectin were also included as controls. After incu-
bation for 16 h at 4°C the plates were washed five times with PBS-
Tween and were rinsed five times with distilled water. The wells were
cut out, and the I'S content was determined. In addition to the stan-
dard gel electrophoresis procedure used, in later stages of these studies a
tricine mini-gel system (34) was employed for the analyses of RI fibro-
nectin, which was found to resolve the fibronectin into a pattern that
was spatially identical but qualitatively superior to that obtained by
polyacrylamide gels containing 8 Murea. In addition the mini-gel sys-
tem, required only one-third the sample size, and one-tenth the length
of time compared to the standard SDS-PAGE systems. In order to
determine the level of fibronectin in the conditioned medium of the
same cocultures at several time intervals without 3"S radiolabeling, an
established ELISA for fibronectin (33) was used.

Other procedures. Measurement of cell protein content was done by
the method of Lowry et al. (35), and determination of cell number was
carried out by standard procedures (21).

Results

Growth factor activity. Using the HAECand HASMCfrom the
same heart donor, multilayer cocultures were established, con-
ditioned media were obtained, and the biological activities of
the CSFs were determined. For M-CSF, after subtracting the
number of colonies produced by medium incubated with colla-
gen alone, the medium conditioned by cocultures was found to
produce 2.3-fold more colonies than could be accounted for by
those from the same number of HAECand HASMCcultured
separately (Fig. 1 A). Preincubation of the conditioned me-
dium with neutralizing antibody to M-CSF prevented colony
formation, indicating that the bioactivity was indeed due to
M-CSF (Fig. 1 A). The coculture medium also contained 3.7-
fold more GM-CSFbioactivity compared to the sum of the
activities in the medium from HAECand HASMC(Fig. 1 B).
Preincubation of the conditioned medium with neutralizing
antibody to GM-CSFprevented colony formation, indicating
that the bioactivity was in fact due to GM-CSF(Fig. 1 B).

Northern analyses demonstrated that both the HAECand
HASMCcontained mRNAfor TGF-fl. The levels of mRNA
from the cocultures were at least equal to the sum of those from
the components (data not shown). AKR-2B cells form colonies
specifically in response to TGF-(i (28). As demonstrated in Fig.
1 C, the addition oftransiently acidified media from the compo-
nents did not significantly stimulate colony formation but ad-
dition of transiently acidified media from the coculture had a
marked stimulatory effect (up to 5. 1-fold over the sum of the
components). The colony formation was inhibited in the pres-
ence of neutralizing antibody to TGF-f3 but not when an irrele-
vant antibody was added (Fig. 1 C). In contrast to previous
reports of cocultures of bovine EC and SMC(7, 8) the in-
creased TGF-j activity seen in the cocultures established for
the present studies was entirely latent (i.e., required transient
acidification for expression; data not shown). When, however,
conditions employed by Antonelli-Orlidge and colleagues (7),
where ECand SMCare grown not as multilayers of confluent
EC and SMCbut as mixed cultures were used, the growth of
HAECwas inhibited by coculture medium indicating the pres-
ence of active TGF-,3 in these coculture media (data not
shown).

Matrix components. The results of immunoprecipitation of
radiolabeled fibronectin from the media and cell lysates of the
components and the coculture are demonstrated in Fig. 2. In
each instance equal TCA-precipitable counts were applied to
each lane in the gels. There was a marked increase (up to 3.2-
fold for the medium and 2.8-fold for the cells) in the incorpora-
tion of ["Sjmethionine into RI fibronectin in the coculture (E
+ S, lane 3; arrow) as compared to the components (E, lane 1;

S, lane 2). Addition of neutralizing antibody to TGF-,B to the
cultures produced significant increases in the levels of fibronec-
tin in the culture medium (up to 2.2- and 5. 1-fold, from EC
and SMC, respectively, panel A) and in the cell layers (up to
2.9-fold and 3.2-fold from ECand SMCrespectively, panel B);
compare lanes 4 and I and lanes 5 and 2. Addition of the
antibody to cocultures, however, resulted in a 73% decrease in
the RI fibronectin levels in the culture medium and less of a
decrease (48%) in the cell lysates from the coculture (compare
lanes 6 and 3). Immunoprecipitation of media and cell lysates
from coculture (E + S) using a nonimmune IgG (NI) produced
a much reduced signal for RI fibronectin levels (6% and 9%of
controls in the media and in the cell layers, respectively); com-
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Figure 1. Increased levels of growth factors in cocultures of human
artery wall cells. Conditioned media from EC/COL, COL/SMC, and
the cocultures, EC/COL/SMC, were concentrated 10-fold and were

tested in CSFor TGF-,B assays. The collagen background was sub-
tracted from all of the values and the sum of the values for separate
cultures of EC and SMCis compared with the value for EC/SMC
coculture. In these assays the colony formation in soft agar was al-
lowed to proceed for 7-10 d after which the colonies containing 50
or more cells were counted. Antibodies to M-CSF, GM-CSF, or

irrelevant IgG were preincubated with the media and were added to
some of the cultures, designated EC/SMC+ ANTI M-CSF, EC/SMC
+ ANTI GM-CSF, or EC/SMC+ IRREL. IgG. respectively. (A)
Values obtained using a mouse bone marrow assay for M-CSFbioac-
tivity. (B) Results obtained employing a human bone marrow assay

for GM-CSFbioactivity. The values shown are the mean±SDof trip-
licate samples from two (M-CSF) and three (GM-CSF) assays. The
values are given in units of CSF. One unit of CSF is the amount of
the growth factor that produces one colony for each 105 cells plated.
For the TGF-,3 bioassay, conditioned media were concentrated, tran-
siently acidified, and presented to AKR-2B cells in soft agar (panel C).
To some of the media (EC/SMC + ANTI TGF-,8), neutralizing anti-
body to TGF-,B, 50 gg/ml, and to some others (EC/SMC + IRREL.
IgG), 50 ,gg/ml of an irrelevant IgG were added. Colonies containing

pare lanes 7 and 3. Immunoprecipitation of samples from co-
cultures in the presence of excess (75-100 gg/tube)
nonradioactive fibronectin also produced markedly reduced
signals for RI fibronectin levels, down to 11% and 16% of con-
trols in the media and in the cell layers, respectively (compare
lanes 9 and 3), indicating the authenticity of the fibronectin
signal. When HAECand HASMCwere separated by a filter
with 0.2-,gm pore diameter in the same chamber and medium
(E + S, filter) permitting access of media but preventing EC-
SMCcontact, there was a marked decrease (down to 9%and
37%of controls) in RI fibronectin levels in the media and in the
cell layers, respectively (compare lanes 8 and 3).

The results of immunoprecipitation of type I collagen from
the medium and cell lysates from cocultures and components
is shown in Fig. 3. The coculture (E + S) demonstrated colla-
gen levels that were higher (2.7-fold in the media, panel A and
2.4-fold in the cell layers, panel B) than could be accounted for
by the sum of the contributions of the components (E + S, lane
3 vs. E, lane I or S, lane 2, arrow). The presence of neutralizing
antibody to TGF-3 (+antiTGF-f3, lanes 4-6) reduced the colla-
gen levels in the coculture medium (by 43%) and in the cell
layers by 47% but markedly enhanced the amount of collagen
in HASMCcultures (1.9-fold for the media and 2.3-fold for the
cell layers; compare lanes 5 and 2. The presence of a filter with
0.2-gm pore diameter between the HAECand HASMC(E + S,

filter, lane 8) which permitted access of the media but pre-
vented EC-SMCcontact, reduced the collagen levels by 79% in
the medium from cocultures (E + S) and by 63% in the cell
layers (compare lanes 8 and 3). The addition of excess
nonradioactive collagen to the samples before incubation with
anticollagen (E + S, COL, lane 9) produced markedly reduced
signals (9% and 13% of controls for the media and the cell
layers, respectively); compare with lane 3. Incubation of sam-
ples with nonimmune IgG (E + S, NI, lane 7) resulted in mark-
edly reduced levels of RI collagen (down to 4% and 12% of
controls for the media and the cell layers, respectively; compare
with lane 3), indicating the authenticity of the collagen signal.

Addition of human blood monocytes (M) to the cocultures
(ES) produced a dramatic increase (up to 22-fold) in the fibro-
nectin levels in the culture media (Fig. 4 A, arrow). The in-
crease in type I collagen produced by the interaction of mono-
cyte-macrophages and the cells of the artery wall was less pro-
nounced (1.9-fold) (Fig. 4 B).

The results of immunoradioassay for fibronectin (Fig. 5 B)
confirmed the results generated by laser densitometry of the
autoradiograms obtained after gel electrophoresis of immuno-
precipitates (Fig. 5 A), which were both similar to the results
obtained by direct determination of radioactivity in aliquots of
immunoprecipitates before applying to gels (data not illus-
trated). There was complete agreement between the results in
Fig. 5 and those obtained by cutting the relevant bands out of
the gels, extracting the RI fibronectin, and counting their 35S
content (data not shown).

Gap junction protein mRNA. Northern analyses demon-
strated that interaction of HAECand HASMCresulted in lev-

more than 50 cells were counted after 10 d of incubation. The values
shown are the mean±SDof values from triplicate wells in three
AKR-2B bioassays.

1766 Navab et al.

A

IL
(A
9
L
0
o

z

B

IL

0

t

U)

z

2



A

E SEv+S E S E+S

+antiTGF-J) NI filt. F4'N\

A.. w-

0..1r
6

t,! - 4
1 2 3 4 5 6

E': S 1i:+ S 1i, S E+S

+anltiTGF-fJ
+ S

ATI filt. F

ki)

200

97

68

43

25

1 2 3 4 5 6 7 8 9

Figure 2. Fibronectin levels in cocultures of ar-

tery wall cells. HAECgrown on collagen on a
filter (E, lane 1), HASMCcovered with a thin
layer of collagen on a filter (S, lane 2), or the
combination of HAECand HASMCon a filter
(E + S, lane 3) were metabolically labeled with
[35Slmethionine. Someof the cultures contained
50 ug/ml of neutralizing antibody to TGF-,B
(+antiTGF-ft, lanes 4-6). Other treatments in-
cluded the use of nonimmune IgG fraction in
place of antifibronectin antibody during im-
munoprecipitation (NI, lane 7), inclusion of a

microporous filter (filt., lane 8) between the
cocultured HAECand HASMC,and addition of
an excess (75 Mug) of unlabeled fibronectin to
some samples before immunoprecipitation (FN,
lane 9). Equal TCA-precipitable counts were

taken and the fibronectin in the media (panel A)
and in the cell lysates (panel B) was analyzed by
immunoprecipitation followed by SDS-PAGEin
the presence of 8 Murea. The autoradiograms
shown are representative of three experiments.

els of mRNAfor the gap junction protein connexin43 that
were 2.7-fold higher than could be accounted for by the sum of
the contributions of the components (Fig. 6, compare ES, lane
3 vs. E, lane I and S, lane 2). There was no detectable signals
for mRNAfor connexin32 (data not shown). Interaction of
human monocytes with HAECproduced enhanced levels of
mRNAfor connexin43 that were 3.7-fold higher than could be
accounted for by the contribution of monocytes and HAEC
cultured separately (compare ME, lane 5 with E, lane I and M,
lane 4). Interaction with HASMCinduced an increase in mes-

sage for connexin43, which was 2. 1-fold that of the combined
values for monocytes and HASMCin separate cultures (com-
pare MS, lane 6 with S, lane 2 and M, lane 4). Interaction of
monocytes with cocultures of HAECand HASMCresulted in a

marked increase in the induction of message for connexin43 to

levels 2.8-fold greater than the combined values for culture of
monocytes and coculture of ECand SMC(compare MES, lane
7 with M, lane 4 or ES, lane 3).

IL-I and IL-6. Addition of neutralizing antibody to IL-l to
cocultures of ECand SMCdid not change the fibronectin levels
(Fig. 7). Presence of neutralizing antibody to IL- I or neutraliz-
ing antibody to IL-6 during the interaction of monocytes with
cocultures of HAECand HASMCresulted in 45% and 67%
reduction in the levels of immunoreactive fibronectin in the
culture media, respectively (Fig. 7), whereas the presence of
irrelevant IgG did not significantly change the fibronectin lev-
els (Fig. 7). Presence of antibody to IL-1 together with antibody
to IL-6 did not increase the blocking effect of anti-IL-6 alone
(data not illustrated). Neutralizing antibodies to M-CSF and
GM-CSFdid not produce a significant change in the increased
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Figure 3. Collagen levels in cocultures of the
artery wall cells. HAECgrown on collagen
on a filter (E, lane 1) HASMCcovered with
a thin layer of collagen on a filter (S. lane 2)
or the combination of the HAECand
HASMCon a filter (E + 5, lane 3) were

metabolically labeled with ['4C]proline. Neu-
tralizing antibody to TGF-fl, 50 Ag/ml,
(+antiTGF-fl, lanes 4-6) was added to some

of the cultures. Other treatments included
the use of nonimmune IgG fraction in place
of anticollagen (NI, lane 7), inclusion of a

microporous filter (filter, lane 8) between the
cocultured HAECand HASMC,and addi-
tion of an excess (75 ug) of nonradioactive
collagen to some samples prior to immuno-
precipitation (COL, lane 9). Collagen type I
in the medium (panel A) and the cell layers
(panel B) was analyzed by immunoprecipita-
tion of equal TCA-precipitable counts fol-
lowed by SDS-PAGEin the presence of 8 M
urea. The autoradiogram shown here is rep-
resentative of two separate experiments. (A)
Results for culture media; (B) results for cell
layer plus matrix.

levels of fibronectin produced by the interaction of monocytes
and cocultures of ECand SMC(data not shown).

Discussion

In normal arteries very few SMCare found in the subendothe-
lial space (1). Higher numbers of SMCin association with EC
have been observed in experimental atherosclerosis (2) and in
atherosclerotic human arteries (2, 36). Accumulating evidence
indicates that substantial direct physical contact and interac-
tion occurs between ECand SMCin vitro (4, 6-8, 37, 38) and
in vivo (38-42). In our studies, the interaction in vitro between
HAECand HASMCproduced a two- to fourfold increase in
M-CSF and GM-CSFlevels in the culture media (Fig. 1). M-
CSFcan support the growth and survival of monocyte-macro-
phages in vitro even in the absence of serum growth factors
(43). From the study of autopsy specimens of human coronary

arteries, Stary (36) speculated that many of the monocyte-
macrophages in the subendothelial space would have died un-

less their survival had been supported by growth factors (36).

M-CSF produced by the interaction of EC and SMCcould
potentially act as one such factor. GM-CSFcould be another
one. GM-CSFhas been shown to prolong the survival, differ-
entiation, proliferation and development of responsive cells in
vitro (43). Lang et al. (44) demonstrated that the expression of
GM-CSFgene in transgenic mice led to the accumulation of
monocyte-macrophages in tissues such as eyes, striated muscle,
and in peritoneal cells expressing this gene and resulted in sub-
stantial tissue damage (44).

Cocultures of HAECand HASMCunder the conditions
employed in the present study led to a marked increase in la-
tent TGF-f (Fig. 1 C). In contrast to the results of Antonelli-
Orlidge et al. (7) and Sato and colleagues (8, 48) all of the
activity in our culture media was latent. Since we were able to
reproduce the results of Antonelli-Orlidge by using growth-
arrested HASMCand culturing HAECdirectly mixed with
them following the exact conditions described (7), we cannot
ascribe the different results to the difference in cell types. It
seems more likely that the architecture of our culture model
(which is more similar to that of artery wall in vivo) favored the
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It is known that TGF-3 can have different and complex
effects on the same cells under different conditions and can be

NI under autocrine regulation (45-48). As shown in Figs. 2 and 3,
neutralizing antibody to TGF-#t stimulated HAEC and
HASMCto produce fibronectin and collagen type I when the
cells were cultured separately. Inclusion of the same antibody

~* together with the same number of HAECand HASMCin co-
culture led to a modest decrease in the production of these
molecules. The increase in RI fibronectin and collagen in the
presence of TGF-13 antibody in HAECand SMCis in contrast
to the well-known effect of TGF-,8 on various cell types where
this growth factor induced fibronectin and collagen message
expression or protein formation (47, 49-51). The state of
growth of the cells and the extent of cell-cell contact (51), the

7 composition of extracellular matrix and its activating potential
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Figure 4. Effect of monocyte-macrophages on RI fibronectin and
collagen levels produced by artery wall cells. Cocultures of HAECand
HASMCon microporous filters (ES, duplicate lanes 2 and 3 in A;
duplicate lanes 3 and 4 in B) were exposed on the basal side, to a 10-7
Msolution of FMLPat 370C for I h. Human monocytes (I X 106
cells/ml * cm2) were presented to filters alone (M, lane I in A; dupli-
cate lanes I and 2 in B) or to cocultures of HAECand HASMC
(EMS, duplicate lanes 4 and 5 in A; duplicate lanes 5 and 6 in B).
After 60 min at 370C the media containing the nonadherent mono-
cytes were removed. Subsequently the cultures were maintained in
IDME containing 30% HI autologous serum at 370C for 2 d. The
cultures were pulse labeled with [35S]methionine (A) or with [14C]-
proline (B) as described in Methods. Equal TCA-precipitable counts
were taken and fibronectin (A) or collagen (B) were immunoprecipi-
tated using the corresponding specific antibody (lanes 1-6 in A; lanes
1-7 in B) or nonimmune serum (NI, lane 7 in A; lane 8 in B) or

presence of excess nonradioactive ligand (75 gg fibronectin, FN, lane
6 in A; 75 gg collagen, COL, lane 7 in B). Samples were analyzed
using 10% tricine mini-gels (A) or 7.5% polyacrylamide gels contain-
ing 8 Murea (B). The autoradiograms presented here are representa-
tive of seven experiments (for fibronectin) and two experiments (for
collagen).

production of latent TGF-,B. Histological studies of the multi-
layer cocultures have demonstrated the presence of a continu-
ous and confluent endothelial monolayer on top of a thin layer
of extracellular matrix (1-2 jLm thick) over confluent layers of
SMC(19). After 2-3 d in culture ECwere often found to make
frequent direct physical contacts with the underlying SMC(un-
published observations).
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Figure 5. Determination of levels of radiolabeled fibronectin. (A) The
autoradiograms obtained from SDSgels were analyzed by a laser
densitometer, and triplicate readings were obtained and utilized to
calculate mean±SD for signals corresponding to monocytes (M),
cocultures of HAECand HASMC(E + S), cocultures with monocytes
(E + M+ S), using nonimmune IgG (NI) or added nonradioactive
fibronectin (FN). (B) 10-,g samples of the chase media following the
metabolic labeling of the cocultures (E + S) with or without mono-

cytes (M) were used in the immunoradioassay developed for human
fibronectin as described in Methods. The values express mean±SDof
triplicate samples and the results are representative of three experi-
ments.
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(52), the TGF-3 receptor expression and its interaction with
matrix and modulation of TGF-j# binding to cell (53), the level
of TGF-,3 inhibitor and the composition of matrix (54, 55), and
the combination of other growth factors (56, 57) have all been
reported to affect the cellular responses to TGF-f3. According to
Sporn and Roberts (58), this peptide growth factor can have
both growth stimulatory and inhibitory activity in a single cell,
depending on the context of the other signal molecules present.
Streuli and Bissell (55) found that, in mammaryepithelial cells
grown on plastic, there was a dramatic induction of fibronectin
message, while the induction was inhibited in the same cells
grown on collagen gel. The authors noted that soluble factors
such as TGF-,3 are increased and/or activated and mediate
changes in matrix expression to varying degrees in cells cul-
tured on different substratum (55). Regardless of the role of
TGF-f3, the coculture of HAECand HASMCclearly led to an
increase in the production of both fibronectin and collagen
which depended on close physical approximation of the two
cell types (Figs. 2 and 3). The increased induction of the gap
junction protein connexin43 in cocultures of EC and SMC
(Fig. 6) indicates the possibility of increased junctional commu-
nication and interaction between the EC and SMCin these
cocultures (5, 10, 59). In the present study, addition of human
monocytes from nine different donors (but not from three
others) to the cocultures amplified the production of the extra-
cellular matrix molecules (Figs. 4, 5, and 7). Addition of mono-
cytes to cocultures also produced a marked induction of con-
nexin43 raising the possibility of increased direct heterotypic
cellular communications.

Upon activation, monocytes demonstrate markedly in-
creased activities for numerous factors including for IL- 1 (60).
Wehave observed that during the process of monocyte trans-
migration into the subendothelial space of the coculture the
cells acquire the typical appearance of spread monocytes sug-
gesting the activation of these cells (unpublished observations,
and reference 61). Injection of IL- 1 into rats has been reported
to produce elevated serum levels of fibronectin (62). Leukocyte
interleukins have also been reported to induce cultured EC to
produce a highly organized pericellular matrix (63). IL-1 in-
duces IL-6 in certain cell types (64). Hagiwara and co-workers

E S ES M ME MS MES

CONNEXIN43 6 r 9w 9

CK -TUBULIN

z

7-

O0 C

mr s-

().1) -

0.0 -

-F-

.
ES ES MES

ANTI IL-1

MES
ANTI IL-1

MES MES
ANTI IL-6 IRREL. IgG

Figure 7. Effect of antibody to interleukins on fibronectin levels. Co-
cultures of artery wall cells with monocytes and cultures of compo-
nents were prepared and the level of fibronectin in the culture super-
natants was determined in an ELISA. Somecultures received 2 4g/ml
of neutralizing antibody to each of IL-1,B (ES + ANTI IL-1, MES
+ ANTI IL-1), or IL-6 (MES + ANTI IL-6), or nonimmune IgG
(MES + IRREL. IgG). The values are mean±SD of three separate
experiments. *P < 0.04; **P < 0.027.

(65) demonstrated that monocytes stimulated by IL- 1 pro-
duced increased levels of IL-6 and that in turn resulted in ele-
vated levels of fibronectin in cultured hepatocytes. Lanser and
Brown (66) have shown that increased fibronectin production
by rat hepatocytes exposed to conditioned medium from stimu-
lated monocytes is due to IL-6. In the present study, the signifi-
cant inhibition of monocyte-induced increase in fibronectin
levels in cocultures of artery wall cells by neutralizing antibod-
ies to IL- 1 and to IL-6 strongly suggests the involvement of
these cytokines in the monocyte-artery wall cell interactions.

Both fibronectin and collagen type I have been implicated
in atherogenesis (67). Increased levels of fibronectin were seen
in rabbit aorta 4 wk after cholesterol feeding (68). Moreover,
substantial levels of fibronectin have been observed in the ex-
tracellular matrix of fatty streaks and in some areas of fibrous
plaque containing large numbers of subendothelial cells in hu-
man arteries (69). Similarly, increases in collagen have been
shown in several experimental models of atherosclerosis (70).
Additionally, atherosclerotic lesions of human intima are
known to have an increased collagen content (7 1) and collagen
type I was reported to be the prominent form in the diseased
vessels (72).

The results of the studies reported here suggest that the
migration of SMCand monocytes into the subendothelial
space of the early atherosclerotic lesion may lead to cell-cell
interactions that result in production of several biologically
important molecules that may amplify lesion development.
Consistent with this notion are our recent findings that high
levels of M-CSF mRNAare present in the atherosclerotic le-
sions of both Watanabe heritable hyperlipidemic and choles-
terol-fed rabbits (73).
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