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Abstract

Human aortic endothelial cells (EC) and smooth muscle cells
(SMC) were isolated and used to form a multilayer of EC-
SMCseparated by a layer of collagen. SMCand/or collagen
layers exerted minimal effects on Na' transport but impeded
the transport of LDL. The presence of an endothelial mono-
layer markedly reduced the transport of Na' and LDL. When
monocytes were presented to the complete coculture, in the
absence of added chemoattractant, one monocyte entered the
subendothelial space for every one to three EC present. In
contrast, neither collagen nor SMCplus collagen nor ECplus
collagen induced comparable monocyte migration. Despite
massive migration of monocytes into the coculture, no signifi-
cant alteration in Na+ transport was observed. LDL transport
into the preparation during massive monocyte migration in-
creased modestly, but this was far less than the amount of LDL
transported in the absence of an endothelial monolayer. We
conclude that (a) the endothelial monolayer was the principal
permeability barrier, (b) a substantial migration of monocytes
occurred in the absence of added chemoattractant when both
EC and SMCwere present in the coculture, (c) endothelial
barrier function was largely maintained after monocyte migra-
tion; and (d) these experiments indicate the need to study all
three cell types (monocytes, EC, and SMC) together to under-
stand the complex interactions that occur between these cells.

Introduction

Investigation of the interactions that occur between the cells of
the artery wall and blood components is essential to under-
standing normal vascular biology and the pathogenesis of such
various conditions as atherosclerosis, tumor invasion, and in-
flammation. Such investigations, however, require appropriate
techniques and systems, which several groups of investigators
have attempted to establish. In all blood vessels except capillar-
ies, endothelial (EC)' and smooth muscle cells (SMC) coexist
in close apposition. To study the interactions of vascular cells,

Address reprint requests to Dr. MahamadNavab, Division of Cardiol-
ogy, Department of Medicine, 47-123 CHS, UCLASchool of Medi-
cine, Los Angeles, CA 90024-1679.

Receivedfor publication 15 January 1988 and in revisedform 27
June 1988.

1. Abbreviations used in this paper: EC, endothelial cells; ER, electrical
resistance; FBS, fetal bovine serum; IEL, internal elastic lamina;
M199, medium 199; SMC, smooth muscle cells.

Jones (1) cultured bovine EC on layers of rat SMC. Studies
using this preparation indicated that the substratum had
marked effects on the attachment and growth kinetics of EC
(1). Merrilees and Scott (2) showed that the coculture of EC
and SMCresulted in an increased production of hyaluronic
acid and glycosaminoglycans as compared with the separate
cultures of the two cell types. Using special coculture tech-
niques, Davies and colleagues (3) demonstrated that EC-SMC
interactions produced an increased receptor-mediated uptake
and degradation of LDL by SMC. Hajjar et al. (4) reported that
EC reduced cholesterol ester hydrolysis in cocultured SMC,
compared with that in SMCcultured without EC. Moreover,
the proliferation rate of SMCdecreased by 50% in the cocul-
ture with EC (4). More recent studies by Hajjar and colleagues
(5) have demonstrated that eicosanoids secreted from con-
fluent EC significantly stimulated lysosomal cholesteryl ester-
ase activity in cocultured SMC. Apparently, the state of EC
growth and degree of confluence of EC on cocultured SMC
can influence the modulation of cholesterol ester catabolism in
cocultured SMC(5). Moving closer to reconstitution of a
blood vessel in vitro, Weinberg and Bell have reported the
development of a blood vessel model that reproduces many of
the physical and biological characteristics of an artery (6).
These investigators reported that their vessel model was able to
withstand physiological pressure; the endothelial cell lining
produced prostacyclin and vWf and functioned as a perme-
ability barrier to albumin (6). However, because of the com-
plexity of the model and the need to cannulate this model to
perform metabolic experiments, the use of this model appar-
ently has the same limitations as an isolated artery taken from
an animal. The number of experiments thus is limited and
there is as yet no evidence that repeated experiments on the
same vessel are feasible.

Several in vitro systems have been designed to study the
interaction and transport of blood components across endo-
thelial monolayers. Taylor and colleagues (7) studied the in-
teraction of neutrophils with endothelial monolayers grown on
micropore filters. Shasby and colleagues (8) reported that
granulocytes increased the movement of albumin across the
EC monolayers by elaborating oxygen radicals. The increased
permeability was reversible and depended on changes in EC
shape and actin filaments which were related to EC calcium
homeostasis (8). Territo et al. (9) reported that monocyte mi-
gration across EC monolayers produced increased LDL and
albumin transport. Stoll and Spector (10) have demonstrated
that fatty acids, including AA can be transferred between EC
and SMCin coculture.

Wehave developed a coculture of human artery wall EC
and SMCto study the early events of such chronic inflamma-
tory processes as atherosclerosis. In this system, we are able to
maintain and study the cells of adult human aorta together
with extracellular matrix in various combinations, including
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that resembling the human artery wall, under different physio-
logic and pathologic conditions. Wefound that the major bar-
rier to the passage of sodium ions and LDL across this cocul-
ture of human artery wall cells was the endothelial monolayer.
Wehave been able to induce human monocytes to diapedese
across the endothelial monolayer and enter the subendothelial
space of this EC-SMCcoculture. Based on both morphologic
and biochemical data obtained from this model, we provide
direct evidence that massive monocyte migration across the
endothelium can occur without a substantial loss in endothe-
lial barrier function. Furthermore, we demonstrate that all
three cell types (monocytes, EC, and SMC) must be studied
together to understand the complex interactions that occur
between these cells.

Methods

Materials. Medium 199 (catalogue 12-1 17B; M199) was purchased
from M. A. Bioproducts Inc., Walkersville, MD. HHF35, an anti-actin
MAb(catalogue EAB-931) was obtained from Enzo Biochem, Inc.,
New York, NY. HAM56, a human macrophage-specific MAbwas
kindly provided by Dr. Allen Gown, University of Washington, Seat-
tle, WA. Native collagen type I (catalogue C 351 1) was purchased from
Sigma Chemical Co., St. Louis, MO. Other materials and reagents were
obtained from sources reported previously (1 1, 12).

Aortic cells. Humanaortic ECand SMCwere isolated from aortic
specimens obtained from the heart donors ( 18±3 yr old) in our heart
transplant program. A segment of the ascending aorta was dissected
out and immediately placed in growth medium. This medium con-
sisted of M199 containing 20% fetal bovine serum (FBS), supple-
mented with 2 mML-glutamine, 1 mMsodium pyruvate, 100 U/ml
penicillin, and 100 ug/ml streptomycin. The aortic specimens were
maintained in the growth medium supplemented with 20 ,g/ml EC
growth factor and 90 ltg/ml heparin and kept at 4°C until used. EC
were isolated in a device developed for this purpose that allowed us to
initially expose only the endothelium to enzymatic digestion. The de-
vice was constructed from polycarbonate and is composed of two
plates. The bottom plate serves as a base and the top plate has openings
of different diameters for specimens of various sizes. The aortic tissue
was securely held between the two plates and the enzyme solution
(0.1% wt/vol collagenase in M199) was introduced into the well that
was formed over the endothelium. After three consecutive 10-min
intervals at 37°C, and dislodging of ECby a stream of M199 at the end
of each interval, the cells were washed with M199 containing 10%FBS
(note that FBS used in media for washing and seeding of cells was not
heat inactivated), and seeded in wells that were previously coated with
1%gelatin and treated with 1 Mg/cm2 human fibronectin. The remain-
ing EC were removed with a sterile cotton applicator and further di-
gestion of the aortic specimen was carried out using the enzyme mix-
ture described by Colucci et al. (13) for the isolation of SMC. Human
aortic EC were identified by their typical cobblestone morphology,
presence of Factor VIII-related antigen, and uptake of acetylated LDL
labeled with 1,1'-dioctadecyl-1-3,3,3',3'-tetramethyl-indo-carbocyan-
ine perchlorate (Dil-acetyl-LDL) (14). Humanaortic SMCwere iden-
tified morphologically and immunohistochemically using HHF35,
which was then visualized by a fluorescently labeled second antibody
or using a biotin-streptavidin complex immunoperoxidase system
(15). EC were grown and propagated in the growth medium supple-
mented with heparin and EC growth supplement (16). SMCwere
grown in M199 containing 15% FBS. The cells were passaged using a
0.1% solution of trypsin pH 7.2 containing 2 mMEDTA. Cells from
passage levels 4-6 that had gone through 8-14 population doublings
were used in the experiments reported here.

HumanEC-SMCcoculture. Using the cells obtained from aortas of
our heart donors, we constructed a multilayer coculture of EC-colla-
gen-SMC. In this model, polycarbonate filters with l-gm-pore-diam

and 13-mm-filter-diameter (catalogue 114010; Nucleopore Corp.,
Pleasanton, CA) were treated for 15 min with 70% ethanol, rinsed
extensively in double-distilled water, and impregnated with gelatin by
boiling for 30 min in a solution of 0.1% gelatin (catalogue G 2500;
Sigma Chemical Co.) in PBS. The excess gelatin on the filters was
removed by gently rinsing in PBS, and the filters were placed on top of
wells in a 48-well tissue culture plate and were dried at 60C for 30
min. The filters were gas-sterilized with ethylene oxide, thoroughly
aired to remove the residual ethylene oxide, and assembled in the
U-shaped chambers of a transport device forming separate compart-
ments on each side of the filter (1 1). Because of the gaskets holding the
filters in place, the surface area available for seeding cells on each filter
was 0.71 cm2. Humanaortic SMCin M199 containing 15% FBS were
seeded on filters at a density of 1.5 X I0O cells/cm2 and allowed to grow
for 2 d, at which time they covered the entire surface of the filter. The
wells on the basal side of the SMCmultilayer (the side of the filter
without cells) were closed with a special plug developed for this pur-
pose and the units were placed on their side, bringing the filters with
the SMClayers to a horizontal position. The medium above the SMC
was removed, the cell layer was washed with M199, and 10 or 25 MAl of a
solution of native collagen type I (0.2% wt/vol) was layered over the
SMC. The collagen layer was allowed to polymerize and form a gel at
370C for 30 min (17). The collagen layer was subsequently treated with
a solution of human fibronectin (20 Mg/cm2) for 2 h at 370C. The
excess fibronectin was washed away with M199 and human aortic EC
in M199 containing 20% FBS were seeded on the collagen layer at a
density of 2.5 X 105 cells/cm2. After 3 h of incubation at 370C, the EC
had attached to the collagen surface, the cells were gently washed with
M199 containing 10% FBS, and the units were placed upright. The
plugs were removed from the basal side, complete growth medium was
placed in the wells on both sides of the filter, and ECwere allowed to
grow and cover the entire surface of the collagen layer. After 24-48 h,
the electrical resistance across the multilayers was determined using an
electrode and measuring system described previously (1 1). Only prepa-
rations with an electrical resistance (ER) of > 12 Q* cm2 were used for
these experiments, and hence a confluent endothelial monolayer was
always present over the entire coculture.

LDL transport. HumanLDL was isolated from the sera of fasting
human donors by sequential ultracentrifugation at d = 1.019-1.063
g/ml (18). lodination of LDL was performed by the method of
McFarlane (19) as modified by Bilheimer et al. (20). The concentration
of each lipoprotein is given as the protein concentration determined by
the method of Lowry et al. (21). Study of the transport of human
'25I-LDL (60,000 cpm/Mg) into the EC-SMCcoculture was carried out
as follows: a solution of '251-LDL (100 Mg/1 50 Ml) in M199 containing
10% heat-inactivated FBS (M1 99-FBS) was placed on the endothelial
side of the multilayer in the well above the filter with the unit on its
side; the well below the filter had previously been plugged and con-
tained the same medium as that in the upper well but without added
LDL. After 90 min in a 37°C incubator, the ERacross the filter was
determined and the media on both sides of the filter were removed and
saved for LDL determination. The multilayers were washed twice with
I ml of M199 at 37°C and were used for biochemical or histologic
studies. For quantitation of LDL, the multilayers were scraped from
the filters and were transferred to microfuge tubes in 0.5 ml of M199
containing 10% bovine serum. After 5 min of vigorous homogeniza-
tion, the TCA-precipitable 1251 radioactivity was determined.

Monocyte migration. Humanblood monocytes were obtained by
counterflow centrifugation as described by Fogelman and associates
(22) or by a modification of the procedure of Recalde (23). For migra-
tion studies, 5 X 105 monocytes were presented to the endothelial side
of the multilayer (containing 25 Ml of added collagen and with the unit
on its side and filter and multilayer in a horizontal position) in the
presence or absence of a gradient of the chemotactic factor FMLP
added at a concentration of 1 X 10-8 M. This concentration of FMLP
was chosen after study of monocyte chemotaxis across human endo-
thelial monolayers on filters in response to concentrations of FMLP
ranging from 1 X 10-9 to 1 x 10-6 M. The concentration of 1 X 1o08 M
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was found to produce the maximum directed migration of monocytes
(data not shown). To determine the role of each component of the
multilayer in the migration of monocytes in the absence of added
chemoattractant, the following preparations were prepared and stud-
ied: (a) a layer of collagen alone (25 giO) on filter, (b) SMCgrown on a
filter and covered with a layer of collagen, (c) an EC monolayer grown
on a layer of collagen previously formed on a filter, and (d) the com-
plete multilayer composed of SMCgrown on a filter covered with a
layer of collagen with an ECmonolayer grown on top of the collagen
layer. For quantitation of monocyte migration, the preparations were
embedded in paraffin and 4-jsm transverse sections were prepared as
described below (see Histology). The sections were treated with
HAM56stained with an avidin-biotin immunoperoxidase system (15),
and counted under 400 or 1,000 magnification in randomly selected
fields from each condition. Statistical significance was determined
using the t test. A P value of < 0.05 was considered significant.

Histology. The preparation on each filter was washed with Tyrode's
solution at 370C and then fixed in a solution of 10% neutral buffered
formalin or a solution of 1% glutaraldehyde in Tyrode's buffer for 15
min at 370C. After dehydration in graded alcohol solutions of 10 to
100%, the preparations were embedded in paraffin or in Spurr (24).

Results

Human EC-SMCcoculture. A multilayer of human aortic
SMCgrown on a micropore filter was covered with a gel layer
of native collagen and a monolayer of human aortic EC was
grown on top of the collagen layer. As demonstrated in Fig. 1
A, the thick collagen layer, resembling the internal elastic lam-
ina (IEL) in large arteries (25), separated the SMClayers from
the endothelial monolayer that expressed Factor VIII-related
antigen (Fig. 1 B). The transverse section shown in Fig. 1 C
depicts a preparation in which a smaller volume of collagen
(10 vs. 25 Ml for A and B) was layered over the SMC, producing
a thinner collagen layer between the EC and SMCresembling
the IEL in small elastic arteries (25). Exposure of this coculture
to human monocytes resulted in monocyte attachment to the
EC (Fig. 2) followed by monocyte migration across the endo-
thelial monolayer into the collagen layer of the subendothelial
space (Fig. 2 C). The monocytic nature of the leukocytes that
attached to the ECand migrated into the subendothelial space
was confirmed with a MAb to the human monocyte-macro-
phage HAM56(15). As noted by Gown and co-workers (15),
HAM56also reacted slightly with some of the EC (Fig. 2 C).
After the exposure of 5 X 10 monocytes to the multilayer for
90 min in the absence of added chemotactic factor (FMLP),
1.1±0.3 X 105 monocytes migrated across the endothelial
monolayer into the collagen layer (Fig. 3). This was 38% of the
maximum monocyte migration (2.8±0.4 X l05 cells/90 min)
induced by a gradient of FMLPadded at a concentration of 1
X 10-8 M(Fig. 3). The number of monocytes that entered the
subendothelial space made up 22±6 and 57±8% of the 5 X 105
monocytes that were presented to the endothelial side of the
preparation in the absence or presence of FMLP, respectively.

To determine the role of each component of the coculture
in the migration of monocytes in the absence of added che-
moattractant, the experiments shown in Fig. 4 were per-
formed. Collagen alone had a minimal effect on monocyte
migration; only 0.81±0.76% of the added monocytes entered
the collagen layer. SMCplus collagen or EC plus collagen
induced only 2.79±1.88 and 1.98±1.91% of monocytes to mi-
grate into the collagen layer, respectively. However, EC and
SMCtogether with collagen induced 11.18±4.07% of the
monocytes to migrate into the subendothelial space of the

multilayer preparation (Fig. 4). The experiments in Fig. 4 rep-
resent the mean± 1 SD of values obtained in four separate
experiments. In these experiments, which were conducted in
the absence of added chemoattractant, one monocyte mi-
grated into the subendothelial space for every two to three EC
present in the preparations containing EC and SMCtogether
with collagen. In four out of four of these experiments, the
monocyte migration induced by the preparations containing
ECand SMCtogether with collagen was greater than the sum
of that induced by ECand collagen plus that induced by SMC
and collagen.

Permeability studies. The human aortic EC grew and
formed a monolayer on polycarbonate filters and developed a
peak electrical resistance (ER) of 14.2±1.6 U. cm2 at con-
fluence. As previously demonstrated, ER is an excellent mea-
sure of sodium ion transport (11). SMCseeded on micropore
filters grew to confluence and formed multilayers covering the
entire surface of the filter. The SMCmultilayers did not pro-
duce a significant impediment to the movement of small ions
such as Na', as indicated by the low ER of 3.1±0.6 j . cm2.
However, the SMCmultilayers partially inhibited the trans-
port of LDL, as 2,048+81 ng LDL/90 min was transported
across the SMCmultilayer on the filter to the basal compart-
ment, compared with 14,030±1,048 ng LDL/90 min trans-
ported across filters without cells or collagen. Collagen alone
(25 1l) on filters without cells did not present a significant
barrier to the transport of Nae as measured by ER (0.31±0.2
Q cm2). The collagen layer in the absence of cells accumulated
significant amounts of LDL and markedly reduced the trans-
port of LDL from one side of the filter to the other. Large
quantities (6,039±475 ng) of LDL were contained in the col-
lagen layer and 1,820±178 ng LDL/90 min was transported
across filters with collagen (without cells). In other experi-
ments, the LDL content of collagen layer was determined to be
proportional to the amount of collagen added in the multi-
layer. The presence of 25 Al of collagen on the filter thus re-
sulted in the retention of 6,590±951 ng of LDL, compared
with 3,650±491 ng of LDL retained by 10 Ml of collagen gel.
The presence of ECon the collagen layer increased the ERof
the preparation by threefold (from 4.8±1.0 to 14.2±1.7
U _ cm2). Monocyte diapedesis across the ECmonolayer along
a gradient of the chemoattractant FMLPadded at a concen-
tration of 1 X 10-8 Mdid not significantly change the transport
of Na+, as indicated by a lack of significant alteration in ER
(14.6±1.3 and 12.9±1.8 Q-_cm2 before and after monocyte
diapedesis, respectively). The presence of the endothelial
monolayer produced a 47-fold reduction in the LDL content
of the collagen layer (from 6,039±475 to 128±19 ng LDL/25
Mg of collagen gel, Fig. 5). The amount of LDL that was trans-
ported across the endothelial monolayer and was retained by
the collagen layer increased significantly, from 128±19 to
251±31 ng LDL/25 Mgof collagen gel, P < 0.001, when mono-
cytes were induced to diapedese across the endothelial mono-
layer by a gradient of FMLPadded at a concentration of 1
X 10-8 M(Fig. 5). This concentration of FMLPhad been de-
termined to induce maximal migration of human monocytes
across a monolayer of human aortic EC on filters (data not
shown). Note that the increase in the LDL content of the
collagen layer produced by monocyte transmigration in re-
sponse to FMLP, was very small compared with the LDL

. content of the collagen layer in the absence of the endothelial
monolayer (6,039±475 ng LDL/25 ,g of collagen gel, Fig. 5).
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Figure 1. Coculture of human aor-
tic ECand SMC. Humanaortic
SMCwere seeded at a density of 1.5
X 105 cells/cm2 on a polycarbonate
filter (F) with 1-Mm pores as de-
scribed in Methods. After 2 d of
SMCgrowth, the cells were covered
with 10 (C) or 25 ,l (A and B) of a
solution of native collagen type I
(0.2% wt/vol in M199), which was
allowed to polymerize at 370C for
30 min. The gel surface was subse-
quently treated with a solution of fi-
bronectin (20 Mg/cm2) and human
aortic ECwere seeded on top of the
collagen layer (COL) at a density of
2.5 X 105 cells/cm2. A and Cshow
1-Mm transverse sections of Spurr
embedded preparations stained with
toluidine blue-basic Fuchsin.
X 4,000 and X 1,500, respectively.
(B) A transverse section of a paraf-
fin-embedded human EC-SMC
preparation stained with a fluores-
ceinated goat anti-human Factor
VIII-related antigen. X 4,800. The
figure shows a confluent human aor-
tic EC monolayer and a SMCmulti-
layer separated by a layer of collagen.
The ECmonolayer expressed Factor
VIII-related antigen (B).
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Figure I (Continued)

The presence of FMLPon the basal side without monocytes
on the endothelial side did not produce an increase in the LDL
content of the collagen layer. Exposure of the multilayer to
monocytes in the absence of added FMLPdid not result in a
significant increase in the LDL content of the collagen layer
(Fig. 5), despite a marked monocyte migration (Figs. 2 and 4).
The amount of LDL transported across the preparations is
shown in Fig. 6. The data in Fig. 6 demonstrate that the pres-
ence of the endothelial monolayer reduced the amount of the
transported LDL by 10-fold (from 1,820±178 to 180±51 ng
LDL/90 min). Monocyte migration induced by FMLP pro-
duced a modest 63% increase in LDL transport across the
EC-SMC multilayer (from 180±51 to 294±48 ng LDL/90

min, P < 0.001, Fig. 6). The transport of LDL was not signifi-
cantly altered when FMLPor monocytes alone were present
(Fig. 6).

Discussion

The in vitro system that we report here allows culture of the
cells of the human adult aorta together with extracellular ma-
trix in various combinations, including that resembling the
human artery wall. In contrast to the Weinberg and Bell model
(6), this system easily permits repeated measurements on
many preparations. Weobserved that the endothelial mono-
layer was the primary barrier to the transport of sodium ions
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Figure 2. Monocyte adhesion to the
endothelial monolayer and migra-

Ame~t. .' tion into the subendothelial space.
FMLPat a concentration of I
X 10-8 Mwas placed on the basal
side of the preparation. 60 min
later, the wells on the basal side
were plugged, the unit was placed
on its side, and human blood
monocytes (5 X 10' cells) were pre-
sented to the endothelial side of the
preparation. After 90 min of incu-
bation at 370C, the unit was placed
upright, the plugs were removed,
and the multilayers were washed
with Tyrode's buffer and the prepa-
rations in A and B were processed
and stained as described for Fig. 1.

(C) Transverse sections were treated
with HAM56, an MAbto human
monocyte-macrophage and were
subsequently visualized using an

avidin-biotin complex immunoper-
oxidase system. As seen in this fig-
ure, after monocyte adhesion to the
endothelial monolayer, numerous
monocytes (MONO, arrowhead)
traversed the endothelium and mi-
grated into the subendothelial
space. X 1,500, A; X 4,000, B; and
X 3,000, C. Other abbreviations are
as in Fig. 1.
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Figure 2 (Continued)

and LDL, whereas the collagen layer selectively reduced the
movement of LDL but not that of sodium ions. Several groups
of investigators have demonstrated that the vascular endothe-
lium is the primary barrier to the transport of various mole-
cules into the vessel wall (26-28). Chobanian and colleagues
(27) reported that the removal of rabbit carotid artery endothe-
lium induced a 10-fold increase in permeability to 251I-albu-
min and a threefold increase in the transport of [3H]3-methyl-
D-glucose into the artery wall. Ramirez et al. (28) found that
the removal of rabbit aortic endothelium increased the con-
centration of tracer '25I-albumin in the medial layer 10-40-
fold. O'Donnell and Vargas (29) determined the hydraulic
conductivity and the ERof rabbit aortas before and after de-
tergent removal of the endothelium and found that the endo-
thelium contributed > 50% of the total artery wall ER

(9.7±4.1 and 18.4±6.5 Q cm2, respectively). These ERvalues
are remarkably similar to those reported in this study of
human cells, as well as that previously reported for cultured
rabbit aortic endothelial cells (1 1, 12).

Work from several laboratories has shown that there is a

strong attraction between human monocytes and endothelial
cells in culture (30-32). Pawlowski and colleagues (30) re-

ported a high degree of attachment of monocytes (8-10 mono-
cytes per EC) after 60-90 min of incubation at 370C. Miglior-

isi and colleagues (32) reported that when they incubated
human monocytes with human umbilical vein EC, - 10% of
the monocytes migrated across the EC monolayer in the ab-
sence of an added chemotactic factor. This value increased to

25-35% when they produced a chemotactic gradient by addi-
tion of leukotriene B4 or FMLPto the basal side of the endo-
thelial monolayer (32). Furie and colleagues recently studied
neutrophil migration across monolayers of EC (33). After 1-2
h of incubation, 29±12% of the neutrophils emigrated through
the endothelial monolayer grown on human amnion connec-
tive tissue.

More than two decades ago, Florey and Grant (34), Still
and Marriott (35), and Geer (36) presented evidence for the

possible role of monocytes in the development of the athero-
sclerotic lesion. A decade later, Gerrity and colleagues reported
that monocyte invasion of the subendothelial space was the
earliest cellular event in the development of atherosclerotic
lesions in cholesterol-fed swine (37). Subsequently, Ross and
colleagues confirmed that monocyte invasion of the intima
was the earliest cellular event in monkeys and rabbits on an

atherogenic diet (38). In all these studies, by morphologic crite-
ria, the integrity of the endothelium appeared to be initially
maintained despite a massive monocyte migration into the
subendothelial space.
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Figure 3. Monocytes in the collagen layer. Transverse 4-,gm sections
from EC-SMCcocultures exposed to human monocytes in the pres-
ence (+) or absence (-) of the added chemoattractant FMLPwere
stained with HAM56, an MAbto human monocyte-macrophage,
and counted under a magnification of 400 or 1,000. The data repre-
sent mean± 1 SDof the number of monocytes in each collagen layer
calculated from the number of monocytes in 960 randomly selected
fields from 18 sections taken from three preparations exposed to
monocytes in the absence of FMLPand 692 randomly selected fields
from 22 sections taken from five preparations exposed to monocytes
in the presence of FMLP. *P < 0.001. As seen in this figure, for
every endothelial cell present in the monolayer, one to three mono-
cytes entered the subendothelial space in the absence or presence of
FMLP, respectively.

In this study, a massive monocyte migration (one to three
monocytes per EC) into the EC-SMC coculture occurred
without a substantial loss of endothelial barrier function. The
mechanism of leukocyte migration across the endothelium re-
mains to be explained, but regardless of the path taken, mono-
cyte migration does not seem to severely disrupt the endothe-
lium. Furie et al. (33) reported that morphologically close
contacts persisted between neutrophils and EC throughout
migration. The contacts between EC and migrating neutro-
phils nearly always appeared intact. Nash and colleagues (39)
have reported on the transmigration of neutrophils across a
monolayer of the epithelial cell line T84, which produces a very
high ER (1,100 Q- cm2). At low neutrophil/epithelial cells
ratios ( 1:10), there was no significant alteration of the ERafter
neutrophil migration (39). Moreover, the ER reduction ob-
served when high neutrophil densities (10 for each epithelial
cell) were used was reversed in < 24 h (39).

When human monocytes were added to the endothelial
side of the EC-SMCcoculture, a substantial migration of
monocytes into the subendothelial space occurred in the ab-
sence of added chemoattractant (Fig. 3). The induction of
monocyte migration in the absence of added chemoattractant
is consistent with the presence of endogenous factors chemo-
tactic for monocytes. Berliner and colleagues (40) have dem-
onstrated that rabbit aortic and human carotid artery EC in
culture produce chemotactic factor(s) for human blood mono-
cytes. Jauchem and colleagues showed that baboon arterial

COL COL/SMC

Figure 4. The relative role of the components of the coculture in in-
ducing monocyte migration. Filters with collagen alone (COL), with
SMCcovered with a layer of collagen (COL/SMC), with an EC
monolayer (I X 105 EC) grown on a layer of collagen (EC/COL), or
with an ECmonolayer (I X I05 EC) grown on the surface of collagen
that had been layered on SMC(EC/COL/SMC) were exposed to
monocytes (5 X 101) in the absence of added chemoattractant for 90
min at 370C. At the end of the incubation, the filters were washed
with Tyrode's buffer and processed and stained as described in Figs.
1 and 2. The data represent the mean±ISD of the number of mono-
cytes in each collagen layer (expressed as a percent of the added
monocytes). The data were calculated from the number of mono-
cytes in 9,620 randomly selected fields from 481 sections taken from
32 preparations in four separate experiments. Monocyte migration
induced by EC/COL/SMCwas significantly greater than that in-
duced by COL, COL/SMCor EC/COL (P < 0.001).

SMCsecreted monocyte chemotactic activity in culture (41).
Mazzone and colleagues (42) demonstrated that cultured
human aortic SMCare capable of producing a potent factor
chemotactic for monocytes. Our observation that migration of
monocytes stimulated by FMLPproduced a small but signifi-
cant increase in the LDL content of the collagen layer and in
elevated levels of LDL on the basal side of the multilayer is
consistent with the findings of Territo and colleagues (9). We
cannot exclude the possibility that the increased collagen LDL
content resulted from the entry of LDL associated with mono-
cytes as they entered the collagen layer. However, as the mono-
cyte could not cross the filter (l-jim pores), the LDL would
have had to be released from the monocytes within the colla-
gen layer to explain the increased LDL concentration on the
basal side (Fig. 6). Despite the substantial monocyte migration
in the absence of FMLP, there was no significant increase in
LDL transport. FMLPalone had no effect on LDL transport,
indicating that the increased LDL transport in the presence of
FMLPrequired a monocyte-EC interaction. The finding that
the combination of both ECand SMCwas required to induce
a substantial monocyte migration into the subendothelial
space in the absence of added chemoattractant indicates the
need to study all three cell types (monocytes, EC, and SMC)
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Figure 5. LDL content of the collagen layer as a function of mono-
cyte migration. After 90 min of exposure to monocytes and LDL,
the preparations were washed with M199 and were scraped from the
filters, transferred to microfuge tubes and homogenized and TCA-
precipitable "II-radioactivity was determined. Radioactivity precipi-
tated from preparations containing ECalone and SMCalone were
subtracted from the values obtained from preparations with all three
layers (EC/COL/SMC) to obtain the LDL content of the collagen
layer. Data represent mean± 1 SDof values from 4-16 preparations.
*P < 0.001. EC/COL/SMC, a multilayer of smooth muscle cells
grown on a filter, covered with a layer of collagen with an endothe-
lial monolayer grown on the surface of the collagen layer; MONO'S,
monocytes. Whereas the increase in LDL content of the collagen
layer was statistically significant after monocyte diapedesis, the abso-
lute amount of the increase was very small compared with the LDL
content of collagen in the absence of an endothelial monolayer.

together to understand the complex interactions that occur
between these cells.

Diapedesis of monocytes through the wall of large vessels
appears to be a normal, continuous event, as demonstrated by
Joris and colleagues, who observed the presence of one suben-
dothelial monocyte per nine ECin rat aorta (43). Freudenberg
and Riese (44) found that 10% of all the cells in the endothe-
lium of rat aorta were white blood cells, with monocytes ac-
counting for 80% of the leukocytes. In normal swine, Gerrity
and associates (37) found mononuclear cells adherent to the
endothelium in 17-23% of the sections and found mononu-
clear cells in the subendothelial space in 4% of sections taken
from sites of predilection (areas of increased permeability).
Monocyte-like cells have also been seen in normal rabbit aorta
(45) and normal human aorta (36). In the two studies in which
a comparison was made between the number of monocytes
and macrophages, there were many more monocytes than
macrophages. This suggests that the movement of monocytes
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+FMLP

EC/COL /SMC

NONE

Filters: NOEC

Figure 6. Transport of LDL across the multilayer in relation to
monocyte migration. The media on the basal side of the preparations
in the experiments described in Figs. 5 and 6 were removed and
TCA-precipitable radioactivity was determined. The data represent
mean± 1SDof values from 4 to 12 preparations. *P < 0.001. Abbre-
viations are the same as in Figs. 3-5. The increase in LDL trans-
ported to the basal side was statistically significant after monocyte
diapedesis; however, the amount of the additional LDL transported
was very small compared with that in the absence of an endothelial
monolayer.

into and out of the intima may be a normal event, and under
normal circumstances only a small number of these cells will
be converted into macrophages in the artery wall (45). Gerrity
and Schwartz (46), Mitchell and Schwartz (47), and Cornhill et
al. (48) have demonstrated that atherosclerotic lesions develop
at predictable sites in the arterial tree. These sites of increased
monocyte adherence, diapedesis, and increased arterial perme-
ability are sites of low shear stress (49-5 1). The conditions of
our coculture may maximally exaggerate these conditions and
may allow us to explain the mechanisms of the interactions
between blood components and the cells of the artery wall.
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