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Abstract. When a confluent monolayer of bovine aor- 

tic endothelial (BAE) cells is wounded with a razor 

blade, endothelial cells (ECs) spontaneously move into 

the denuded area. If bovine pericytes or smooth mus- 

cle cells (SMCs) are plated into the denuded area at 

low density, they block the movement of the ECs. 

This effect is dependent upon the number of cells 

plated into the wound area and contact between ECs 

and the plated cells. Antibodies to transforming growth 

factor-/31 (TGF-B1) abrogate the inhibition of BAE cell 

movement by pericytes or SMCs. TGF-/31, if added to 

wounded BAE cell monolayers, also inhibits cell 

movement. When cultured separately, BAE cells, peri- 

cytes, and SMCs each produce an inactive TGF- 

/31-like molecule which is activated in BAE cell-peri- 

cyte or BAE celI-SMC co-cultures. The activation 

appears to be mediated by plasmin as the inhibitory 

effect on cell movement in co-cultures of BAE cells 

and pericytes is blocked by the inclusion of inhibitors 

of plasmin in the culture medium. 

T 
HE organization of the cellular elements of the micro- 
vasculature is relatively simple since most capillaries 
and postcapillary venules consist only of endothelial 

cells (ECs) t and pericytes. In these vessels, the pericytes 
are located on the abluminal side of the ECs and appear 
to make direct contact with the ECs. In larger blood ves- 
sels, the two major cell types, the EC and the smooth 
muscle cell (SMC), are separated by the basal lamina 
which delineates the intima from the media. 

While there is some data available on the effects of in vivo 
interactions between ECs and SMCs (Reidy et al. 1982, 
1983), there is increasing evidence that pericytes may be 
negative regulators of EC proliferation and neovasculariza- 
tion in vivo (Ausprunk and Folkman, 1977; Crocker et al., 
1970; De Olivera, I966; Feldman et al., 1978; Kuwabara 
and Cogan, 1963). Recently Orlidge and DAmore (1987) 
published experiments demonstrating that pericytes or SMCs 
suppressed EC division when co-cultured with ECs. The 
mediators and mechanisms for these in vitro and in vivo in- 
teractions have not been defined. 

We have recently shown that when a confluent EC 
monolayer is wounded with a razor blade, the ECs move rap- 
idly into the denuded space (Sato and Rifldn, 1988). This 
process requires basic fibroblast growth factor (bFGF) and 
is blocked by neutralizing antibodies to bFGF or by trans- 
forming growth factor-/31 (TGF-/51). In this paper, we report 

1. Abbreviations used in this paper: BAE, bovine aortic endothelial; bFGE 
basic fibroblast growth factor; EACA, e-amino-n-caproic acid; EC, en- 

dothelial cell; MEM, minimal essential medium; PA, plasminogen activa- 
tor; SMC, smooth muscle cell; TGF-/31, transforming growth factor-/31. 

that EC movement into a denuded area is blocked by peri- 
cytes or SMCs. This process appears to involve the activation 
of latent TGF-/31-1ike molecules produced by the ceils. 
Moreover, the conversion of the latent molecule to its active 
form is mediated by the protease plasmin. 

Materials and Methods 

Cell Culture 

Bovine aortic endothelial (BAE) cells were isolated as described previously 

(Gross et al., 1982), and were cultured on gelatin-coated dishes in alpha 

minimal essential medium (MEM) containing 10% calf serum. Pericytes, 

isolated from bovine retinae, were the generous gift of Dr. Patricia A. 
D~more, (Harvard Medical School, Boston, MA) and grown in alpha 

MEM containing I0% calf serum. 

SMCs were explanted from bovine or rat aortas. Bovine SMCs were 
grown in alpha MEM containing 10% calf serum, while rat SMCs were 
grown in DME containing 10% FCS. Fibroblasts were explanted from hu- 

man foreskins or bovine embryonic skin and grown in DME containing 
10% calf serum. NIH 3T3 cells were grown in DME containing 10% calf 

serum. 

Wound Assays for BAE Cell Migration 

Wound assays were performed as previously described (Sato and Riikin, 
1988). Briefly, confluent monolayers of BAE cells in 35-ram dishes were 
wounded with a razor blade. After wounding, the ceils were washed with 

PBS and further incubated in alpha MEM containing 0.1% gelatin for 20 h 
at 37°C. The cells were fixed with absolute methanol after the incubation 
and stained with Giemsa. Cells that had migrated from the edge of the 

wound were counted in successive (seven) 125-#m increments at 100× 

using a light microscope with an ocular grid. The cell numbers represent 

the mean from at least four different fields. 
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Cell Migration in the Presence of a Second Cell l~pe 

Immediately after wounding a BAE monolayer as described above, the sec- 
ond cell type was inoculated into the culture dish usually at 15,000 cells per 
dish, and incubated in alpha MEM containing 0.1% gelatin. After 20 h, the 
number of BAE cells that had migrated across the original wounded edge 
were counted at 100x. The values represent the mean from four different 
fields. BAE cells were distinguished from other cell types by shape, size, 
and nuclear morphology. In some experiments, the confluent BAE cells 
were prelabeled with 10 /~g/ml of 1,1'-dioctodecyl-3,3,3',Y -tetramethyl- 
indocarbocyanine perchlorate-labeled acetyl LDL (DiI-acetyl-LDL) (Bio- 
medical Technologies Inc., Stoughton, MA) for 4 h at 37°C. The cells were 
then washed three times with PBS, and the monolayer wounded. The cells 
were washed again with PBS and co-cultured with BAE cells which were 
plated at a density of 15,000 cells per 35-ram dish in alpha MEM containing 
0.1% gelatin. After 20-h incubation, the culture was washed three times with 
PBS and fixed in 3 % formaldehyde in PBS. Labeled cells were visualized 
by fluorescence microscopy using standard rhodamine excitation. Labeled 
cells that had migrated from the edge of the wound were counted at 400×. 
The values represent the mean from 10 different fields. 

Additional wound assays were performed under conditions in which con- 
tact between the wounded monolayer and the second cell type was prevented 
by using 60 x 15-ram Cooper dishes (Falcon Labware, Oxnard, CA). BAE 
cells were grown to confluence in 60-mm dishes. Pericytes (1 x 105), BAE 
cells (4 x 105) or combinations of pericytes (1 x l0 s) and BAE cells (4 
× 105) were plated on the inverted upper side of a Cooper dish and allowed 
to attach to the surface at 37°C. After 4 h, the upper side of the Cooper dish 
was washed with PBS to remove unattached cells. The BAE cell monolayer 
was wounded, covered with medium, and the upper side of the Cooper dish 
was placed over the BAE culture so that the monolayer of pericytes rested 
above the wounded BAE cells. After 20 h of incubation, the BAE cells that 
migrated were counted as before. 

Preparation of Conditioned Medium 
from BAE Cells and Pericytes 

BAE cells and pericytes were seeded separately in 100-ram plastic dishes 
with MEM containing 10% calf serum. When the cells had reached conflu- 
ence, the cultures were rinsed with PBS and fresh serum-free media added. 
After 24-h incubation, media were collected and centrifuged to remove cell 
debris. Medium from co-cultures of BAE cells and pericytes was prepared 
as follows. 1.6 x 106 BAE cells and 4.0 × 105 pericytes were seeded in the 
same 100-ram plastic dish with MEM containing 10% calf serum, and in- 
cubated for4 h at 37°C. The cells were rinsed with PBS and fed with serum- 
free medium. After 24 h, the medium was collected and centrifuged to re- 
move debris. The conditioned media were acidified to pH 2.0 with HCI, and 
after 1 h neutralized with NaOH at room temperature. 

Proteinase Inhibitors and Antisera 

Alpha2 plasmin inhibitor was a generous gift from Dr. E Harpel (Cornell 
University Medical School, New York). Aprotinin and e-amino-n-caproic 

acid (EACA) were purchased from Sigma Chemical Co. (St. Louis, MO). 
Rabbit anti-porcine TGF-/$1 IgG was purchased from R & D Systems (Min- 

neapolis, MN). This antibody has previously been shown to neutralize 
porcine and human TGF-~I (Keski-Oja et al., 1987). According to the 
manufacturer this antibody does not cross-react with either acidic or bFGFs, 
EGF, or platelet-derived growth factor. This antibody neutralizes the TGF-/~ 
stimulation of anchorage-independent growth of normal rabbit kidney cells 
as well as TGF-/ffl binding to its receptor. Nonimmune serum was prepared 
from normal rabbits. 

Results 

On one occasion in the course of analyzing the requirements 
for bFGF in BAE cell migration (Sato and Rifldn, 1988), we 
observed that at the site of wounding of the BAE cell 
monolayer the migration of the ECs appeared to be inhibited 
by two cells whose morphology was quite different than that 
of the surrounding cells (Fig. 1 A). The normal migration of 
the BAE cells in this experiment can be seen at the edges of 
Fig. 1 A. Since Orlidge and DAmore (1987) have demon- 
strated that pericytes and/or SMCs could block EC division 
and since the major contaminant of BAE cell cultures might 
be expected to be SMCs, we tested, in a separate experiment, 
the effects on BAE cell migration of pericytes and SMCs 
plated directly into wounded cultures. As can be seen in Fig. 
1, B and C, the presence of pericytes or SMCs inhibited the 
movement of the BAEs into the wound area. It appears that 
the BAE cells were able to migrate a short distance and then 
ceased moving. The migration of the control BAE cells in 
this experiment can be seen in Fig. 1 D. The total distance 
migrated by the cells in this experiment was not as great as 
that observed in the experiment illustrated in Fig. 1 A. This 
may result from the fact that the cells used in the experiment 
illustrated in Fig. 1 A were from a lower passage than those 
used in the experiment depicted in Fig. 1, B-D. 

When the cell migration was qu'antitated by counting the 
number of BAE cells that had moved into the denuded area, 
the inhibition of movement was between 40 and 60 % (Fig. 
2). This experiment has been repeated over 25 times and the 
degree of inhibition has averaged 47 %. In this assay all cells 
that had either partially or completely moved across the ini- 
tial wound boundary are scored as positive. Thus, the value 
obtained is weighted towards a lack of inhibition, since cell 
movement which occurs before inhibition is established is in- 

Figure 1. BAE cell migration in the presence  of  pericytes or  SMCs.  Confluent  monolayers of  BAE cells were wounded with a razor blade 

as descr ibed in Materials and Methods.  The cells were then either incubated overnight (,t and D) or  co-cultured with SMCs  (B) or  pericytes 

(C)  as descr ibed in Materials and Methods.  After  20-h incubation the cells were fixed, stained, and photographed.  The  arrows point to 

the original edge of  the wound. The arrowheads in B and C identify the SMCs  and pedcytes  added to the wounds. Bar, 200/~m. 
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Figure 2. Quantitative inhibition of BAE cell migration by pericytes 
or SMCs. Confluent cultures of BAE cells were wounded as de- 
scribed in Materials and Methods. Immediately thereafter 1.5 x 
104 pericytes or SMCs were added to the cultures and the cells in- 
cubated for 20 h, fixed, and stained. Migration was quantitated by 
observing the cells with a grid marked in increments of 125 #m. 
The number of cells within each 125 x 875/zm area in four fields 
was counted using the original mark made by the razor blade as the 
origin. The results are presented as the average number of cells per 
field. At least four fields were counted in each sample. A, control; 
B, SMCs; C, pericytes. The total number of cells in each sample 
was (A) 143, (B) 75, and (C) 79. The number of cells that had 
moved >125/~m was (A) 60, (B) 6, and (C) 6. 

cluded in the calculation. However, if the number of cells 
present in the first 125-/~m segment is excluded and only 
those cells that had moved 125/~m or more from the wound 
edge are scored, an even greater inhibition of movement was 
observed. For example, in Fig. 2 the inhibition by SMCs in- 
creases from 48 to 88%, and that by pericytes from 45 to 
88%. While the experiment reported in Fig. 2 was per- 
formed in the absence of serum, similar results were ob- 
tained in the presence of 10% calf serum (data not shown). 

The cell specificity of the inhibition was explored by seed- 
ing different types of cells after wounding the BAE monolay- 
er (Table I). Bovine SMCs and pericytes inhibited movement 
as did bovine embryonic skin fibroblasts. Human fibroblasts 
did not inhibit nor did NIH 3T3 ceils or rat SMC. BAE cells 
did not block the movement of ECs from the wound edge. 
This was shown by first labeling the BAE cells in the mono- 
layer with DiI-acetyl-LDL, wounding and seeding fresh 
BAE cells which were not labeled with DiI-acetyl-LDL. 
Cells that had migrated were scored using a fluorescence mi- 
croscope to distinguish between the original cells and the 
freshly plated cells. BAE cells were capable of blocking 
the movement of pericytes when a pericyte monolayer was 
wounded and BAE cells plated into the denuded area (data 
not shown). These results indicate that there is a cellular 
specificity to the inhibition. In addition, the lack of an effect 
of BAE cells plated into the wound area of a BAE culture in- 
dicates that the decrease in cell movement is not simply a 
result of contact inhibition of movement since BAE cells 
are known to be contact inhibited in a homotypic fashion 
(Schwartz et al., 1980). The inhibitory effect of bovine peri- 
cytes on BAE cell migration was density dependent (Fig. 3). 
Some inhibition was observed with as few as 5 x 103 cells. 
The degree of inhibition increased with increasing cell num- 
ber and reached a maximum at l0 s cells per dish. 

In an earlier paper (Sato and Rifldn, 1988), we demon- 
strated that TGF-6q blocked cell migration when added to 
cultures of wounded BAE cells. Because of this result and 
the fact that most cells produce TGF-/3, we investigated the 
effect of a neutralizing anti-TGF-/~l IgG on pericyte and 
SMC inhibition of BAE cell migration. Fig. 4 shows the 
results obtained when wounded BAE cell monolayers were 
incubated with pericytes in the presence of anti-TGF-/31 IgG 
or nonimmune IgG. Incubation of the BAE cells with peri- 
cytes resulted in an inhibition of cell movement by 36% 
(68% if only cells that had moved 125 #m were counted) 
(Fig. 4 D). The inclusion of nonimmune IgG or anti-TGF-/31 
IgG induced a small increase in the movement of control 
BAE cells (Fig. 4, B and C), but anti-TGF-/31 IgG com- 
pletely neutralized the inhibition mediated by the pericytes 
(Fig. 4 E). A slight stimulation of migration was observed 
with the nonimmune serum. The reason for this is unknown 
but has been described previously (Sato and Rifldn, 1988). 
When the migration assays were conducted in the presence 
of nonimmune IgG and pericytes (Fig. 4 F), pericyte inhibi- 
tion of cell migration was relatively unaffected when com- 
pared to the immune control (Fig. 4 E) but was inhibited 
when compared to the movement of BAE cells in nonimmune 
serum (Fig. 4 C). Similar results were obtained with SMCs 
(data not shown). 

These results suggested that the co-culture of BAE cells 
and pericytes caused the release of a molecule that was in- 
hibitory for cell movement and whose activity was elimi- 
nated by neutralizing antibodies to TGF-/31. Under normal 
conditions, many cultured cells release TGF-/31 in an inactive 
or latent form (Lawrence et al., 1984; Kryceve-Martinerie 
et al., 1985; Lyons et al., 1988). This inactive form can be 
converted into an active form by acid or denaturing agents. 
Indeed, both BAE cells and pericytes released a molecule 
into their culture medium which after acid treatment in- 
hibited BAE cell migration and whose activity was abolished 
by anti-TGF-/$1 IgG (Fig. 5). The conditioned medium with- 
out acid treatment was noninhibitory as was acid-treated 
MEM (Fig. 5). However, conditioned medium collected 
from co-cultures of BAE cells and pericytes inhibited BAE 
cell movement without acid pre-treatment (Fig. 5). This in- 
hibition was abrogated by the anti-TGF-/$1 IgG (Fig. 5). 

The results of the experiment illustrated in Fig. 5 indicated 
that in co-cultures of BAE cells and pericytes a diffusible in- 

Table L Specificity of lnhibition of BAE Cell Movement 

Cell type added Degree of inhibition 

% 

- 0 

SMCs 48 

Pericytes 45 

BAE 0 

Human foreskin fibroblasts 7 

Bovine embryonic skin fibroblasts 53 

3T3 12 

Rat smooth muscle cells 9 

Confluent monolayers of BAE cells were wounded as described in Materials 
and Methods. The cell type to be tested was added to the cultures at a density 
of 1.5 x 10 4 cells/dish, incubation continued overnight, and the cell move- 
ment quantitated as described in Materials and Methods. 
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Figure 3. Cell number-depen- 
dent inhibition of BAE cell 
movement by pericytes. Con- 
fluent cultures of BAE cells 
were wounded as described in 
Materials and Methods. In- 
creasing numbers of pericytes 
were plated into wounded BAE 
cell cultures, the cells incubat- 
ed for 20 h, and the cells fixed, 
stained, and counted. The re- 
sults are presented as the per- 
cent of cells which had moved 
in the control cultures. C, con- 

trol; 1, BAE cells plus 0.5 x 104 pericytes; 2, BAE cells plus 
1.5 x l04 pericytes; 3, BAE cells plus 3.0 x l(P pericytes; 4, BAE 
cells plus 1.0 x l0 s pericytes, am, total cells that had moved across 
wound margin; [], cells that had moved further than 125 #m. The 
absolute number of cells counted in the control was 97, while the 
number of cells that had moved >125 #m in the control was 27. 

sion of the serine protease inhibitor aprotinin had little effect 
on the normal movement of endothelial cells (Fig. 7, Erpt. 

1, row 4). However, when migration in the presence of peri- 
cytes was monitored with aprotinin included in the culture 
medium, BAE cell migration was no longer suppressed (Fig. 
7, Expt. 1, row 5). The effect of the aprotinin was not directed 
against TGF-B1, since added active TGF-/~I fully suppressed 
cell migration in the presence of aprotinin (Fig. 7, Expt. I, 

row 6). Two other plasmin inhibitors, EACA, which is a 

broad spectrum serine protease inhibitor, and ix2 plasmin 
inhibitor, which is a rather specific plasmin inhibitor, blocked 
the effect of pericytes on BAE cell migration (Fig. 7, Expt. 

2 rows 3 and 4) but had no effect on normal BAE cell move- 
ment. Preliminary experiments using bovine anti-urokinase 
PA antibodies also neutralized the inhibition (data not shown). 

Thus, plasmin appears to be required for the inhibition of 
BAE cell movement by pericytes. Similar results were ob- 
tained with co-cultures of BAE cells and SMCs (data not 

shown). 

hibitory substance is liberated, with the properties of TGF- 

/~1, and suggested that if heterotypic co-cultures of BAE cells 
and pericytes were positioned in close proximity to a wounded 
BAE cell monolayer, inhibition of movement should be ob- 
served. We attempted to demonstrate this by the following 

experiment (Fig. 6). Either homotypic cultures of BAEs or 
pericytes or heterotypic co-cultures of BAE cells and peri- 
cytes were plated on the upper surfaces of Cooper dishes, 
allowed to attach, and the tops inverted and placed over 
wounded monolayers of BAE cells. In this conformation the 
two surfaces are separated by <1.5 mm. After 20-h incuba- 
tion, the BAE cell monolayer was fixed, stained, and the cells 
that had migrated counted. Under these conditions, homo- 

typic co-cultures of BAE cells or pericytes positioned above 
the wounded BAE cells had no effect on migration of cells, 

while the heterotypic co-cultures of BAE cells and pericytes 
inhibited BAE cell movement by 50%. The activity in the co- 
culture medium was stable to freezing and thawing and could 
be used to inhibit migration of target cells in the absence of 
the activating cells (data not shown). The effect of the hetero- 

typic co-cultures was blocked by anti-bFGF-B1 IgG, where- 
as the inclusion of nonimmune IgG did not affect the inhibi- 
tion of migration (data not shown). This indicates that the 

inhibitory effect of the co-cultures is mediated through the 
release of a soluble active TGF-BI-like molecule and that this 

requires heterotypic cell contact or very close apposition of 

the two cell types. 

Therefore, it appeared that when cultured separately both 
BAE cells and pericytes produced latent TGF-B1, while when 
the two cell types were cultured together an active TGF- 
/~l-like molecule was formed. It has been shown that one 
mechanism for the activation of latent TGF-/~I is by proteoly- 
sis by plasmin (Lyons et al., 1988). Both BAE cells and peri- 
cytes produce plasminogen activators (PA) (Gross et al., 
1982; Sato, Y., unpublished data), and, therefore, both are 
capable of generating plasmin, which, in turn, might activate 
latent TGF-/51. To test whether plasmin mediated the conver- 
sion of the latent TGF-/~l-like molecule to an active form, 
BAE cell migration was monitored in the presence of inhibi- 
tots of plasmin (Fig. 7). While both pericytes or TGF-B1 in- 
hibited cell movement (Fig. 7, Expt. l, rows 2 and 3), inclu- 
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Figure 4. Effect of anti-TGF-Bl IgG on pericyte inhibition of BAE 
cell movement. Confluent cultures of BAE cells were wounded 
with a razor blade as described in Materials and Methods. The cells 
were incubated 20 h with pericytes and/or the indicated additions, 
fixed, stained, and the number of cells that had moved quantitated 
as described in the legend to Fig. 2. A, control; B, BAE cells plus 
anti-TGF-/31 lgG (100/~g/ml); C, BAE cells plus nonimmune IgG 
(100 v.g/ml); D, BAE cells plus pericytes (1.5 x 104); E, BAE cells 
plus pericytes (1.5 × 104) plus anti-TGF-/31 lgG (100 #g/ml); F, 
BAE cells plus pericytes (1.5 × I(P) plus nonimmune lgG (100 
~g/ml). The number of cells that had moved from the origin was 
(A) 97, (B) 100, (C) 118, (D) 62, (E) 96, and (F) 75. The percent 
inhibition was (A) 0, (B) 0, (C) 0, (D) 36, (E) 4, and (F) 23. 
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Figure 5. TGF-/~I production by BAE cells and pericytes. Serum- 
free conditioned medium was collected from cultures of BAE cells, 
pericytes, or mixtures of BAE cells plus pericytes as described in 
Materials and Methods. The medium was treated as indicated and 
placed on wounded monolayers of BAE cells in the presence or ab- 
sence of either immune or nonimmune anti-TGF-/31 IgG. The cul- 
tures were treated as described in the legend to Fig. 2 and the num- 
ber of cells that had moved quantitated. The results are presented 
as a percent of the control culture. The total number of cells that 
had moved in the control culture was 98, while the number that had 
moved >125 /~m was 16. u, all cells; [], cells that had moved 
>125 #m. 

derives from the generation of TGF-/31, the following indi- 

cate that this is the most likely possibility. First, the inhi6i- 
tion is abrogated by a neutralizing antiserum to TGF-/31. 

Two, TGF-~I added to wounded BAE cell cultures blocks 
migration (Sato and Rifkin, 1988). Three, inhibitors of plas- 

min prevent the inhibition, and plasmin has been shown pre- 
viously to be capable of activating latent TGF-/3 (Lyons et al., 
1988). Fourth, preliminary experiments have demonstrated 
the presence of active TGF-~ in concentrated media from co- 

cultures of BAE cells and pericytes but not concentrated me- 
dia from BAE cultures using a receptor inhibition assay 
(Lyons, R., personal communication) (Tucker et al., 1984). 

However, unambiguous identification of the active species 
will require a more extensive characterization. 

TGF-/31 was first described as a protein that promoted the 
proliferation of fibroblasts in soft agar, but more recently it 
has been shown to have various effects on a variety of cell 
types (for review see Sporn et al., 1987). Frater-Shroeder et 

al., (1986) and Baird and Durkin (1986) demonstrated that 
TGF-/3 inhibited the proliferation of ECs. Heimark et al. 
(1986) and Sato and Rifldn (1988) demonstrated that "I'GF-~ 
blocked EC movement in wounded monolayers. The allevia- 

tion of the pericyte-mediated inhibition of BAE cell migra- 
tion by neutralizing antibodies to TGF-~I is consistent with 
these earlier reports on the action of TGF-~ on ECs and im- 

plies that when ECs and pericytes are co-cultured active 
TGF-~I may be produced. 

The mechanism for the formation of the active TGF- 
/31-like molecule in the co-cultures remains unclear. Several 
studies have demonstrated that TGF-/3 is released by various 
cell types in a biologically inactive form, termed latent TGF- 

(Lawrence et al., 1984; Kryceve- Martinerie et al., 1985; 
Lyons et al., 1988). While latent TGF-/3 is unable to bind to 

Discussion 

These experiments demonstrate that the migration of BAE 
cells can be severely impaired by bovine pericytes, SMCs, 
and fibroblasts but not by bovine ECs, human or mouse 
fibroblasts, or rat SMCs. Thus, there appears to be both a 
species and cell specificity to the inhibition. The effect ap- 

pears to be the result of the formation of an active TGF- 
/31-like molecule via the action of plasmin on latent TGF-/31 
produced by the cells. The activation of the latent TGF- 
Bl-like molecule appears to require cell-cell contact or very 
close apposition of the cells. However, once the active spe- 
cies is formed, it is freely diffusible. Heimark and Schwartz 
(1985) reported that cell membrane fractions from confluent 

ECs inhibited both the migration and proliferation of ECs. 
Our results differ somewhat from these results since we ob- 
served no inhibition of movement in homotypic co-cultures 
of BAE cells. Orlidge and D~Amore (1987) also described the 
contact-mediated inhibition of EC division by pericytes or 
SMCs. Our results are quite consistent with their results. 

The mechanism of this inhibition appears to be via the ac- 
tion of TGF-~I or a molecule which is immunologically and 
functionally similar to TGF-/31. While we have not rigorously 
proven that the inhibition of migration that we have observed 
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Figure 6. Release of a diffusible inhibitor in co-cultures of pericytes 
and BAE cells. BAE cells (4 x 105), pericytes (1 x 105), or BAE 
cells (4 x 105) and pericytes (1 x 105) were allowed to attach to 
the tops of Cooper dishes as described in Materials and Methods. 
After attachment was completed, the tops were inverted and placed 
so that the adherent cells were located above a wounded BAE cell 
monolayer. The cultures were incubated overnight and the next day 
the number of cells which had moved quantitated as described in 
the legend to Fig. 2. The results are presented as percent of the con- 
trol culture which had no cells on the top of the Cooper dish. The 
total number of cells moved in the control culture was 73. 
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Figure 7. Effect of plasmin inhibitors on pericyte-dependent inhibi- 
tion of BAE cell movement. Confluent monolayers of BAE cells 
were wounded with a razor blade as described in Materials and 
Methods. The BAE cells were incubated with pericytes and/or the 
indicated additions for 20 h, fixed, stained, and the number of cells 
that had moved quantitated as described in the legend to Fig. 2. Ex- 
periment 1 (Expt. 1): 1, control; 2, pericytes (1.5 x 104); 3, TGF- 
/31 (4 ng/ml); 4, aprotinin (200/~g/ml); 5, pericytes (1.5 × 1@) 
plus aprotinin (200/~g/ml); 6, TGF-/3 (4 ng/ml) plus aprotinin (200 
#g/ml). Experiment 2 (Expt. 2): 1, control; 2, pericytes (1.5 × 
104); 3, perieytes (1.5 × 104) plus ~z plasmin inhibRor (2 #g/ml); 
4, pericytes (1.5 × 104) plus EACA (50 t~g/ml); 5, ~2 plasmin in- 
hibitor (2/~g/ml); 6, EACA (50 t~g/ml). The total number of cells 
that bad moved in Expt. 1, row 1, 113, and in Expt. 2, row 1, 109. 
The number of cells that had moved >125 #m were Expt. 1, row 
1, 58; and Expt. 2, row 1, 30; i ,  all cells; [], cells that had moved 
>125 t~m. 

the TGF-B receptor (Wakefield et al., 1987), it can be con- 
verted to an active form by transient acid treatment 
(Lawrence et al., 1985; Lyons et al., 1988). Our data indi- 
cate that both pericytes and BAE cells release latent TGF-/~I 
when cultured separately, but the latent TGF-/31 does not in- 
hibit migration when incubated with wounded monolayers of 
BAE cells. Co-cultivation of BAE cells and pericytes appears 
to result in the activation of a latent TGF-/31-1ike molecule. 
Lyons et al. (1988) have demonstrated that latent TGF-B can 
be activated by the serine protease plasmin in a cell-free sys- 
tem, and they have proposed this as a physiological mecha- 
nism for activation. Our observation that inhibitors of plas- 
min abrogate the inhibitory effects of TGF-/~I in heterotypic 
co-cultures of BAE cells and pericytes is consistent with this 
hypothesis. To our knowledge, our results may be the first 
indication of the possible activation of latent TGF-B1 by a 
serine protease under cell culture conditions. Proof of activa- 
tion of latent TGF-/~I under these experimental conditions 
will require the isolation of the active species. 

Why latent "I'GF-~ may be activated under these co-culture 
conditions and not when the cells are grown separately is not 
clear. Both BAE cells and pericytes produce PA when cul- 
tured separately (Sato, Y., unpublished observations). There- 

fore, co-cultivation does not result simply in the induction 

of the PA-plasmin system. It appears more likely that co- 
cultivation results in a more subtle modulation of this proteo- 
lytic cascade and its interaction with latent TGF-/ST The acti- 
vation of plasminogen probably occurs while the zymogen 
is bound to cell surface receptors (Hajjar et al., 1986; Miles 
and Plow, 1985, 1987; Plow et al., 1986; Vali and Patthy, 
1984). PA, itself, is also bound to a specific receptor (for re- 
view see Blasi et al., 1987). Therefore, the availability of 
specific receptors or the modulation of receptor number 
upon the establishment of ceU-ceU contact may have dra- 
matic effects on subsequent proteolytic events. An elegant 
example of the interaction of two cell types in plasminogen 
activation comes from the experiments of Huarte et al. 
(1987). They demonstrated that when spermatocytes mature 
they have no intracellular PA but express the PA receptor on 
their membranes. As the spermatocytes migrate through the 
ductus deferens, they bind proPA which has been secreted 
into the lumen by the epithelial cells of the duct, thereby initi- 
ating the activation of the PA-plasmin system. It is also possi- 
ble that in our co-culture system changes in PA inhibitor lev- 
els may regulate plasmin formation or that activation 
requires that the latent TGF-~I be localized via binding mol- 
ecules whose synthesis is induced by cell-cell contact. The 
molecular details of the activation reaction of TGF-/~I in 
these co-cultures is currently being studied. 

At first it may seem odd that interactions of cells in the in- 
tima and cells in the media are mediated by contact. How- 
ever, there is increasing evidence that contacts between ECs 
and SMCs do occur. Electron microscop!c studies have 
shown long processes extending from SMCs to ECs with the 
formation of junctions between the two cell types (Huttner 
et al., 1973a,b; Spagnoli et al., 1982). Our results are easier 
to reconcile with observations of pericytes and ECs, since 
the cells are in close proximity and junctions between peri- 
cytes and ECs have been described (Bruns and Palade, 1968; 
Matsusaka, 1970; Spitznas and Reale, 1975). In fact, Larson 
et al. 0987) have demonstrated the junctional transfer of 
small molecules between microvascular ECs and bovine 
pericytes in vitro. Furthermore, Guinan et al. (1988) recently 
described the intracellular communication of human ECs 
and human lymphocytes but not of human lymphocytes and 
Madin-Darby canine kidney cells. These results demon- 
strate that ECs are able to communicate not only with peri- 
cytes and SMCs but also other cell types in the same species. 
The functional significance of junctional communication is, 
perhaps, best characterized in a number of developing ver- 
tebrate organisms (see Schultz, 1985, for review). However, 
there are several reports of the in vitro arrest of growth of 
transformed ceils upon contact with normal cells (Stoker, 
1964; Stoker et al., 1966; Borek and Sachs, 1966; Eagle et 
al., 1968). Recently Mehta et al. (1986) have confirmed that 
growth inhibition of transformed cells is mediated by their 
junctional communication with normal cells. It would be in- 
teresting to determine if anti-TGF-Bl IgG neutralized this 
effect. 

The proof that EC-pericyte or EC-SMC contacts have 
relevance in vivo will require model systems in which the 
function of one cell type is ablated or provided by specific 
chemical mediators. While the potential role of this type of 
cell-cell contact in endothelial processes such as neovascu- 
larization have been considered, it seems appropriate to 
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speculate as to whether processes involving SMCs may be 
regulated by EC contact. The proliferation of SMCs in ath- 
erosclerosis and pulmonary hypertension may be such con- 
ditions. 

The authors would like to thank Dr. P. Dg, more for the bovine pericytes 

and J. Chapman for technical assistance. 

This research was supported by grants from the National Institutes of 

Health. 

Received for publication 5 December 1988 and in revised form 20 March 

1989. 

References 

Ausprunk, P., and J. Folkman. 1977. Migration and proliferation of endothelial 
cells in preformed and newly formed blood vessels during tumor angiogene- 
sis. Microvasc. Res. 14:53-65. 

Baird, A., and T. Durkin. 1986. Inhibition of endothelial cell proliferation by 
type E-transforming growth factor: interactions with acidic and basic fibro- 
blast growth factors. Biochem. Biophys. Res. Commun. 138:466--482. 

Biasi, F., J.-D. Vassalli, and K. Dano. 1987. Urokinase-type plasminogen acti- 
vator: proenzyme, receptor, and inhibitors. J. Cell Biol. 104:801-804. 

Borek, C., and L. Sachs. 1966. The difference in contact inhibition of cell repli- 
cation between normal cells and cells transformed by different carcinogens. 
Proc. Natl. Acad. Sci. USA. 56:1705-1711. 

Bruns, R. R., and G. E. Palade. 1968. Studies on blood capillaries. II. Trans- 
port of ferritin molecules across the wall of muscle capillaries. J. Cell Biol. 
37:277-299. 

Crocker, D. J., T. M. Murad, and J. C. Green. 1970. Role of the pericyte in 
healing. An ultrastructural study. Exp. Mol. Pathol. 13:51-65. 

DeOliveira, F. 1966. Pericytes in diabetic retinopathy. Br. J. Ophthalmol. 
50:134-143. 

Eagle, H., E. M. Levine, and H. Koprowski. 1968. Species specificity in 
growth regulatory effects of cellular interaction. Nature (Lond.). 220:266- 
269. 

Feldman, P. S., D. Shneidman, and C. Kaplan. 1978. Ultrastructure of infantile 
hemagioendotheliorna of the liver. Cancer. 42:521-527. 

Frater-Schroder, M., G. Muller, M. Birchmeir, and P. Bohlen. 1986. Trans- 
forming growth factor-beta inhibits endothelial cell proliferation. Biochem. 
Biophys. Res. Commun. 137:295-302. 

Gross, J. L., D. Moscatelli, E. A. Jaffe, and D. B. Rifkin. 1982. Plasminogen 
activator and collagenase production by capillary endothelial cells. J. Cell 

Biol. 95:974-981. 
Guinan, E. D., B. R. Smith, P. F. Davis, and J. S. Potier. 1988. Cytoplasmic 

transfer between endothelium and lymphocytes: quantitation by flow cytom- 
etry. Am. J. Pathol. 132:406-409. 

Hajjar, K., P. C. Harpol, E. A. Jaffe, and R. L. Nachman. 1986. Binding of 
plasminogen to cultured human endothelial cells. J. Biol. Chem. 261 : 11656- 
11662. 

Heimark, R. L.., and S. M. Schwartz. 1985. The role of membrane-membrane 
interactions in the regulation of endothelial cell growth. J. Cell Biol. 100: 
1934-1940. 

Heimark, R. L., D. R. Twardzik, and S. M. Schwartz. 1986. Inhibition of en- 
dothelial regeneration by type-beta transforming growth factor from plate- 
lets. Science (Wash. DC). 233:1078-1080. 

Huarte, J., D. Belin, D. Basco, A.-P. Sappino, and J.-D. Vassalli. 1987. Plas- 
minogen activator and mouse spermatozoa: urokinase synthesis in the male 
genital tract and binding of the enzyme to the sperm cell surface. J. Cell Biol. 

104:1281-1289. 
Huttner, I., M. Bontet, and R. H. Moore. 1973a. Gap junctions in arterial en- 

dothelium. J. Cell Biol. 57:247-252. 
Huttner, I., M. Boutet, and R. H. Moore. 1973b. Studies on protein passage 

through arterial endothelium. Lab. Invest. 28:672-681. 
Keski-Oja, J., R. M. Lyons, and H. L. Moses. 1987. Immunodetection and 

modulation of cellular growth with antibodies against native transforming 
growth factor-/$. Cancer Res. 47:6451-6458. 

Kryceve-Martinerie, C., D. A. Lawrence, J. Crochet, P. Jullian, and P. Vigier. 
1985. Further study of beta-TGFs released by virally transformed and non- 
transformed cells. Int. J. Cancer. 35:553-558. 

Kuwabara, T., and D. G. Cogan. 1963. Retinal vascular patterns. VI. Mural 
cells of the retinal capillaries. Arch. Ophthalmol. 69:492-502. 

Larson, D. M., M. P. Carson, and C. C. Haudenschild. 1987. Junctional trans- 
fer of small molecules in cultured bovine brain microvascular endothelial 
cells and pericytes. Microvasc. Res. 34:184-199. 

Lawrence, D. A., R. Pircher, C. Kryceve-Martinerie, and P. Jullien. 1984. 
Normal embryo fibroblasts release transforming growth factors in a latent 
form. J. Cell. Physiol. 121:184-188. 

Lawrence, D. A., R. Pircher, and P. Jullien. 1985. Conversion of a high molec- 
ular weight latent ~-TGF from chicken embryo fibroblasts into a low molecu- 
lar weight active/3-TGF under acidic conditions. Biochem. Biophys. Res. 
Commun. 133:1026-1034. 

Lyons, R. M., J. Keski-Oja, and H. L. Moses. 1988. Proteolytic activation of 
latent transforming growth factor-~ from fibroblast-conditioned medium. J. 
Cell Biol. 106:1659-1665. 

Matsusaka, T. 1970. Ultrastructural differences between the choriocapillaries 
and retinal capillaries of human eye. Jpn. J. Ophthalmal. 14:58-71. 

Mehta, P. P., J. S. Bertram, and W. R. Loewenstein. 1986. Growth inhibition 
of transformed cells correlates with their junctional communication with nor- 
mal cells. Cell. 44:187-196. 

Miles, L. A., and E. F. Plow. 1987. Receptor mediated binding of the fibrino- 
lytic components, plasminogen and urokinase, to peripheral blood cells. 
Thromb. Haemostasis. 58:936-943. 

Miles, L. A., and E. F. Plow. 1985. Binding and activation of plasminogen on 
the platelet surface. J. Biol. Chem. 260:4303--4311. 

Orlidge, A., and P. A. D'Amore. 1987. Inhibition of capillary endothelial cell 
growth by pericytes and smooth muscle cells. J. Cell Biol. 105:1455-1462. 

Plow, E. F., D. E. Freaney, J. Plescia, and L. A. Miles. 1986. The plasmino- 
gen system and cell surface: evidence for plasminogen and urokinase recep- 
tors on the same cell type. J. Cell BioL 103:2411-2420. 

Reidy, M. A., A. W. Clowes, and S. M. Schwartz. 1983. Endothelial regenera- 
tion. V. Inhibition of endothelial regrowth in arteries of rat and rabbit. Lab. 
Invest. 49:569-575. 

Reidy, M. A., D. Standaert, and S. M. Schwartz. 1982. Inhibition of en- 
dothelial cell replication after balloon catheter denudation Arteriosclerosis. 
2:216-220. 

Sato, Y., and D. B. Rifkin. 1988. Autocrine activities of basic fibroblast growth 
factor: Regulation of endothelial cell movement, plasminogen activator syn- 
thesis, and DNA synthesis. J. Cell Biol. 107:1199-1205. 

Schultz, R. M. 1985. Roles of cell-to-cell communication in development. Biol. 
Reprod. 32:27-42. 

Schwartz, S. M., C. M. Gajdusek, M. A. Reidy, S. C. Selden III, and C. H. 
Haudenschild. 1980. Maintenance of integrity in aortic endothelium. Fed. 
Proc. 39:2618-2625. 

Spagnoli, L. G., G. G. Pietra, S. Villasehi, and L. W. Johns. 1982. Morpho- 
metric analysis of gap junctions in regenerating arterial endothelium. Lab. 
Invest. 46:139-148. 

Spitznas, M., and E. Reale. 1975. Fracture faces of penetrations and junctions 
of endothelial cells in human choroidal vessels. Invest. Ophthalmol. & Visual 
Sci. 14:98-107. 

Sporn, M. B., A. B. Roberts, L. M. Wakefield, and B. de Crombrugghe. 1987. 
Some recent advances in the chemistry and biology of transforming growth 
factor-beta. J. Cell BioL 105:1039-1045. 

Stoker, M. G. P. 1964. Regulation of growth and orientation in hamster cells 
transformed by polyoma virus. Virology. 24:165-174. 

Stoker, M. G. P., M. Shearer, and C. O'Neill. 1966. Growth inhibition of 
polyoma-transformed cells by contact with static normal fibroblasts. J. Cell 
Sci. 1:297-310. 

Tucker, R. F., E. L. Branum, G. D. Shipley, R. J. Ryan, and H. L. Moses. 
1984. Specific binding to cultured cells of ~:5l-labeled type B transforming 
growth factor from human platelets. Proc. Natl. Acad. Sci. USA. 81:6757- 
6761. 

Vali, Z., and L. Patthy. 1984. The fibrin-binding site of human plasminogen. 
J. Biol. Chem. 259:13690-13694. 

Wakefield, L. M., D. M. Smith, T. Masui, C. C. Harris, and M. B. Sporn. 
1987. Distribution and modulation of the cellular receptor for transforming 
growth factor-beta. J. Cell Biol. 105:965-975. 

Satu and Rifkin Co-culture Inhibition of Cell Movement 315 


