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Abstract. Confluent cultures of aortic endothelial cells 
contain two different cell-cell adhesion mechanisms 
distinguished by their requirement for calcium during 
trypsinization and adhesion. A hybridoma clone was 
isolated producing a monoclonal antibody Ec6C10, 
which inhibits Ca2+-dependent adhesion of endothelial 
cells. There was no inhibition of CaZ+-independent 
adhesion of endothelial cells and only a minor effect 
on Ca2+-dependent adhesion of smooth muscle cells. 
Immunoblotting analysis shows that the antibody 
Ec6C10 recognizes a protein in endothelial but not ep- 
ithelial cells with an apparent molecular weight of 
135,000 in reducing conditions and 130,000 in non- 
reducing conditions. Monoclonal antibody Ec6C10 
reacts with an antigen at the cell surface as shown by 

indirect immunofluorescence of confluent endothelial 
cells in a junctional pattern outlining the cobblestone 
morphology of the monolayer. Removal of extracellu- 
lar calcium increased the susceptibility of the antigen 
recognized by antibody Ec6C10 to proteolysis by tryp- 
sin. The role of the Ca2+-dependent cell adhesion mol- 
ecule in organization of the dense peripheral microfila- 
ment band in confluent endothelial cells was examined 
by adjusting the level of extracellular calcium to 
modulate cell-cell contact. Addition of the monoclonal 
antibody Ec6C10 at the time of the calcium switch in- 
hibited the extent of formation of the peripheral 
F-actin band. These results suggest an association be- 
tween cell-cell contact and the peripheral F-actin band 
potentially through the Ca~+-dependent CAM. 

T 
HE vasculature originates from the mesodermal germ 
layer with the differentiation of angioblasts into en- 
dothelial cells (8, 33, 52). Initially, these cells are sep- 

arate from one another implying that some mechanism exists 
for association of individual cells into vessels. Once the 
primitive vasculature is formed, the network of blood vessels 
grows by extension and interconnection to form a network 
of continuous channels (1). Maintenance of a continuous 
morphology during the formation and regeneration of the 
complex vascular network implies the presence of some kind 
of specific intercellular adhesive mechanism. Molecules of 
both the calcium-dependent and calcium-independent cell 
adhesion mechanisms (CAMs) t have recently been identi- 
fied in various cell types, other than vascular endothelial 
cells and have been implicated in embryonic development in 
construction of tissues and in maintenance of cellular in- 
tegrity (10, 43). The Ca2÷-dependent CAMs include the liver 
cell adhesion molecule (L-CAM) (16), uvomorulin (35, 49), 
E-cadherin (56), the cell adhesion molecule 120/80 (9), 

A preliminary account of this work has appeared in abstract form (Heimark, 
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1. Abbreviations used in this paper: BAEC, bovine aortic endothelial cells; 
CAM, cell adhesion molecule; CMF/PBS, Ca2+/Mg2+-free PBS; CMPS, 
Ca2+/Mg2+-free Hepes-buffered saline; MDBK, Madin-Darby bovine 
kidney. 

A-CAM (50), N-cadherin (19), and P-eadherin (31). The 
similarity in their biochemical characteristics and tissue dis- 
tribution has demonstrated that they represent a family of 
related proteins (10, 43). 

The type of intercellular junction present in the en- 
dothelium of different vessels determines the permeability 
properties of the vasculature (40). The junctional complex 
in the endothelium of the aorta has been shown to be a com- 
posite of occluding junctions with gap junctions (26). Ultra- 
structural studies of cell junctions in epithelial cells have 
localized uvomorulin (4) and A-CAM (50) to distinct plaque- 
like structures of adherens junctions, which are associated 
with F-actin filaments. Although no plaque structure is found 
in endothelium, the cytoplasmic aspect of endothelial junc- 
tions contain a dense peripheral band of actin microfilaments 
associated with vinculin (54) and plakoglobin (12). Each of 
these proteins has also been found to be associated with the 
adherens junction or desmosome structures of epithelial 
cells (12, 55). Cultured aortic endothelial ceils show both 
Ca2+-dependent and Ca2+-independent intercellular adhesion 
mechanisms. The present study is concerned with compari- 
son of the cell surface Ca2+-dependent cell adhesion mole- 
cule of aortic endothelial cells to those described in other tis- 
sues. The Ca2+-dependent CAM in the endothelium shows 
similarities to other Ca~÷-dependent adhesion molecules of 
the Cadherin family, but appears to be uniquely present in en- 
dothelium. 
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Materials and Methods 

Cells and Cell Culture 
Endothelial cells were isolated from either adult or fetal (48-cm crown to 
rump) bovine aortas and grown in culture (passage 3-12) as previously de- 
scribed in Waymouth's complete medium containing 10% heat inactivated 
FBS (15). For certain experiments endothelial cells were grown on cell cul- 
ture plates coated with a collagen film that was prepared as described by 
the manufacturer (Collagen Corporation, Palo Alto, CA). Smooth muscle 
cells were isolated from explants of fetal bovine aorta and were used be-' 
tween passage 2 and 7 (37). Sp2/0-Agl4 myeloma cells, hybridoma ACT 
I and anti-Dictyostelium actin flgG0, F9 mouse embryonal carcinoma cells, 
Madin-Darby bovine kidney cells (MDBK) and MDCK were obtained 
from American Type Culture Collection. 

Preparation of Polyclonal and Monoclonal Antibodies 
Antisera to endothelial cell surface antigens were produced in rabbits by al- 
ternate intravenous and subcutaneous injections every 2 wk of cells (2 x 
107) harvested gently with a cell scraper. Immunoglobulin and Fab' flag- 
meats were prepared as described by Brackenbury et ai. (5). 

Monoclortal antibodies were produced by the method of Kennett et al. 
(23). BALB/c mice were immunized intraperitoneally with scraped confluent 
endothelial cells (107). Immune spleens were removed and fused with 
Sp2/O-Agl4 myeloma cells with PEG 1450 (Eastman Kodak Co., Rochester, 
NY). The fused cells were selected in 96-well culture plates in Iscove's 
DME containing 15% FBS (Hyclone Laboratories, Logan, UT) sup- 
plemented with hypoxanthine/aminopterin/thymidine. Hybridomas were 
screened for the production of antibodies in a sequential series of assays de- 
scribed below. After screening, selected hybridomas were subcloned twice 
by limiting dilution with nALn/C peritoneal macrophages and grown in as- 
cites in pristane-primed Et~Le/C mice. Immunogiobulin subtyping was per- 
formed after the suggested protocol from Serotec (Indianapolis, IN). 

Solid-phase ELISA. Hybridoma culture supernatants that reacted with 
the cell surface of endothelial cells were identified by a solid-phase assay. 
Endothelial cells were grown to confluence in 96-well plates, washed with 
Ca2+/Mg2+-free PBS (CMF/PBS) and fixed with 3% p-formaldehyde in 
CMF/PBS containing 1% sucrose for 15 min. The plates were blocked with 
2% BSA for 1 h at 37°C and then reacted with culture supernatants from 
the hybridomas for 1 h at room temperature. The monolayers were washed 
with CMFIPBS containing 0.1% BSA and 0-05 % Tween 20 and reacted with 
peroxidase-conjugated rabbit anti-mouse IgG (H and L chains, Hyclone 
Laboratories). 

lmmunoblotting. Each of the hybridomas producing antibodies to cell 
surface proteins was tested for its reactivity with membrane polypeptides 
that had been separated by SDS-PAGE (25) and then electrophoretically 
transferred to nitrocellulose (45). Membrane samples were solubilized with 
2% SDS sample buffer containing 5 mM EDTA with or without 2-mercap- 
toethanol. The nitrocellulose was blocked with 5% nonfat dry milk in TBS 
(pH 8.0), containing 0.05 % Tween 20, and then reacted with the hybridoma 
culture supernntants for 1.5 h at room temperature. The blot was washed 
with TBS containing 0,05 % Tween 20 and antigens were detected with alka- 
line phosphatase-conjugated anti-moose IgG (Promega Biotec, Madison, 
WI). The filters were stained with nitro blue tetrazolium and 5-bromo-4- 
chloro-3-indol-phosphate. Membranes were prepared from confluent en- 
dothelial, MDCK or MDBK cell cultures as described by Magargal et al. 
(27) and collected as a postmitochondrial pellet. Protein concentrations 
were measured by using the BCA assay procedure (41) (Pierce Chemical 
Co., Rockford, IL), with BSA as a standard. 

For quantitative immunoblotting, equal amounts of cell protein were ana- 
lyzed by SDS/PAGE and transferred to nitrocellulose. Monoclonai antibody 
Ec6CI0 was purified to homogeneity on Afli-Gel protein A (Bio-Rad 
Laboratories, Richmond, CA) and labeled with 125iodine using iodogen by 
the method suggested by the manufacturer (Pierce Chemical Co., Rockford, 
IL). Typical specific activities were 5 × 105 epm/ttg IgG. After blocking, 
the immunoblots were reacted with 1 × 106 cpm in 5 % nonfat dry milk 
in TBS with 0.05% Tween 20 for I h. Autoradiography was carried out at 
-70*C using a Lightning Plus intensifying screen (DuPont Co., Wilming- 
ton, DE). 

Cell Adhesion Assay. Hybridoma superuntants recognizing membrane 
antigens in the molecular weight range of 125,000-145,000 were then dia- 
lyzed against CMPS and screened for neutralization in the adhesion assay. 
Confluent cultures were dispersed using modifications of the methods de- 
scribed by Urushihara et al. (47) with the following treatments: (a) the cui- 

tures were rinsed three times with Ca2+/MgZ+-free Hepes-buffered Puck's 
saline, pH 7.4 (CMPS), and incubated with a solution containing 200 ~g/ml 
trypsin (199 U/rag; Cooper Biomedical Inc., Malveru, PA) and 1 mM 
CaCIz; (a) alternatively incubated with a solution containing 200 t~g/ml 
trypsin and 1 mM EGTA; or (c) incubated in 2 #g/ml trypsin in CMPS con- 
taining 1 mM EGTA. After 15 min at 37°C, an equal volume of 0.5 mg/ml 
soybean trypsin inhibitor was added and the suspension centrifuged. The 
pellet was washed and dispersed into single cells with a Pasteur pipet. In 
some experiments, 1 mM EDTA was substituted for EGTA. 

To assay adhesion, the cells (1.9 x 106) were suspended in 2 ml of the 
test medium. In some experiments, the cells were preincubated (15 rain at 
4"C) with anti-Ec FalY fragments or dialyzed hybridoma supernatants. Cal- 
cium or EGTA (1 mM) was added and cell suspensions were shaken (90 
rpm) at 37°C. Aliquots were removed and diluted immediately in Isoton II 
(Coulter Electronics Inc., Hialeah, FL)containing 1.0% glutaraldehyde and 
then counted (counter made by Coulter Electronics, Inc.). 

Solid-phase Neutralization Assay 
A solid-phase neutralization assay was an adaptation of the procedure de- 
scribed by Urushihara and Yamada (46). For the solid-phase neutralization 
assay, 600 ttg of endothelial membranes were applied to an 8-cm well and 
subjected to SDS-PAGE 7.5 % (11 x 14 cm) (25) and transferred electropho- 
retically to nitrocellulose (45). The blot was cut into 5-mm strips corre- 
sponding to molecular weight regions, then cut into pieces and blocked with 
5% BSA in CMF/PBS at 4°C overnight. Each fraction received 320 t~g of 
anti-Ec Fab' in 250 #1 for 2.5 h at 4°C. The supernatant (200 ttl) was re- 
moved and added to the aggregation assay in the presence of 1 mM CaCIz 
with 6.25 × 105 cells dissociated by trypsinization (200/~g/ml in the pres- 
ence of 1 mM CaCI2). Neutralization was calculated according to the 
formula: 

% Neutralization = 100 x (Aaggregationanti_ex+mombrane -a 

aggregationanti_~:/ A aggregationcontrol). 

Immunocytochemical Localization 
Cells were grown on galatin-coated glass coverslips until confluent, were 
washed and fixed for fluorescent labeling. Confluent cultures were fixed 
with 3% V-formaldehyde in CMF/PBS with 1% sucrose for 10 rain at room 
temperature. Alternatively, they were permeabilized by treatment with 
0.5% Triton X-100 in 10 mM Pipes (pH 6.8), 50 mM NaCI, 300 mM su- 
crose and 3 mM MgCI2 (11) for 2 rain at 4°C and then fixed. The cell 
layers were rinsed with PBS and incubated with CMF/PBS with 50 mM gly- 
cine, and then blocked with 1% BSA and 2% normal goat serum in 
CMF/PBS for 30 rain. Monoclonal antibodies (diluted 1:20) were incubated 
with cells for 45 rain, the cell layers were washed and biotinylated goat 
anti-mouse IgG (Bethesda Research Laboratories, Gaithersburg, MD) was 
added for 30 min. FITC-struptavidin was added for an additional 30 rain 
(Bethesda Research Laboratories). After extensive washing, the coverslips 
were mounted in 90% glycerol in PBS containing 0.1% n-propyl gallate. 
They were examined on a Leitz fluorescence microscope equipped with 
epifluorescent illumination and either 40x or 100× objectives and pho- 
tographed with IUford HP5 film (ASA 400). 

Bovine carotid and intercostal arteries were freshly removed at slaughter, 
cut into small pieces, and briefly fixed in 3 % p-formaldehyde in CMF/PBS. 
Vessel pieces were embedded in OCT. (Miles Ames Die., Elkhart, IN) and 
rapidly frozen. Frozen sections (4-8 #m) were applied to gelatin-coated 
slides, permeabilized in -20°C methanol for 10 rain, and washed in 
CMF/PBS containing Levamisole (Vector Laboratories, Burlingame, CA). 
To prevent nonspecific binding, the tissues were then preincubated with 2 % 
BSA and 5% normal horse serum. Culture supernatant from Ec6CI0 was 
used at a dilution of 1:50 for 30 min. After three washes in CMF/PBS, the 
tissues were exposed to biotinylated horse anti-mouse IgG for 30 min (Vec- 
tor Laboratories). The alkaline phosphatase labeling was carried out using 
an avidin-alkaline phosphatase complex (as described byVector Laborato- 
ries) and visualized using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue 
tetrazolium. Some sections were stained with hematoxylin. 

Ca 2÷ Switch Assay 
Confluent cultures were trypsinized (200 ttg/ml + 1 mM EDTA in CMPS) 
for 5 min, centrifuged, and plated on gelatin-coated glass coverslips at 1.5 
3< 105 cells/cm 2 in medium 199 with 10% dialyzed FBS and 2 mM EGTA. 
This low calcium-medium was shown by Shasby and Shasby (39) to contain 
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'~5 #M calcium. After 15 h the low Ca z+ medium was removed and 
medium 199 with 10% FBS (normal Ca 2+ medium) was added, restoring 
the calcium level to 1.8 mM. Plating efficiency was >90% in both low Ca 2+ 
and normal Ca z+ medium (not shown). At the same time 2-d culture super- 
natants were added from Sp2 or ACT I to control cells or from hybridoma o 5 

Ec6CI0. Heat-inactivated clarified ascites from an anti-bovine class II 
MHC monoclonal antibody (TH14B, IgG2a) (Veterinary Medical Research 
& Development, Pullman, WA), which binds to the endothelial cell surface 
as shown by a solid-phase ELISA, was used as a control cell surface binding 
antibody. Visualization of microfilaments was with rhodamine-labeled phal- ~ i o 
Ioidin (0.17/zM) (Molecular Probes, Eugene, OR) for 20 min as described 
previously (54). 

Inhibition of DNase I (2 #g/ml) (3071 U/rag; Organon Teknika-Cappel, o 5  

Malvern, PA) activity to quantitate G-actin was measured on a Gilford Sys- 
tem 2600 spectrophotometer according to the method of Blickstad et al. (3). 
The cell layer was extracted with SF buffer (2), (0.5% Triton X-100, 100 
mM NaE 50 mM KCI, 2 mM MgCI2, 10 mM potassium phosphate (pH 
7.0), 0.2 mM DTE, 1 M sucrose, and l mM DFP), which previously was 
shown to stabilize F-actin, for 2 min at 4°C. The nonionic detergent insolu- 
ble cell layer was scraped in fresh 1.5 M guanidine hydrochloride, l M so- 
dium acetate, l mM ATE 20 mM ATE 20 mM Tris, and 6 mM CaCl2 (pH 
Z5), to dissociate the F-actin and syringed to reduce viscosity. Rabbit skele- 
tal muscle actin (Sigma Chemical Co., St. Louis, MO) was used as a 
G-actin standard. 

Results 

CeU-Cell Adhesion Mechanisms of Endothelial Cells 

Extracellular calcium has been shown to play an essential 
role in maintaining integrity of the monolayer of large vessel 
and microvascular endothelial cells (13, 23, 39). To charac- 
terize the intercellular adhesion mechanisms of aortic en- 
dothelial cells, confluent cultures were dissociated by treat- 
ment with trypsin in the presence or absence of calcium and 
allowed to reassemble in a cell adhesion assay (Fig. 1). This 
approach, using the trypsin sensitivity of cell adherence sys- 
tems, has been described previously for other epithelial cells 
(6, 28, 47). Treatment of confluent endothelial cultures with 
trypsin at a concentration of 200 #g/ml in the presence of 
EGTA totally abolished cell adhesion assayed in the pres- 
ence or absence of calcium. When calcium (1 raM) was 
added to the trypsin solution, it protected a Ca2+-dependent 
adhesion process (Fig. 1 A). Retrypsinization of cells show- 
ing Ca2+-dependent adhesion in the presence of EGTA, even 
with trypsin concentrations at 2 #g/ml, abolished all of the 
adhesion activity (not shown). This implies an intercellular 
adhesion mechanism that requires calcium for adhesion and 
is also protected by calcium from digestion by trypsin. Sub- 
stitution of magnesium (1 mM) during trypsinization was 
only partially as effective as calcium in promoting adhesion 
and was unable to promote adhesion of endothelial cells dis- 
sociated in the presence of calcium (not shown). A spec- 
ificity for calcium has been shown for intercellular adhesion 
of Chinese hamster fibroblasts (42) and in reformation of oc- 
cluding junctions in epithelial cells (29). When confluent 
cells were dispersed with a low concentration of trypsin (2 
/~g/ml) in the presence of EGTA or EDTA, they were able 
to assemble extensively in the cell adhesion assay (Fig. 1 B). 
Addition of calcium had no effect on adhesion in this case. 
Dispersion of confluent endothelial cells by the above treat- 
ments demonstrates the presence of both a Ca2+-dependent 
and a Ca2+-independent cell adhesion mechanism. The dif- 
ferences in trypsin sensitivity of the two adhesion mecha- 
nisms imply that different cell surface components may be 
responsible for each adhesion mechanism. 
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Figure L Cell adhesion mechanisms of aortic endothelial cells. 
Confluent cultures were dispersed with trypsin at the concentra- 
tions indicated in the presence or absence of 1 mM Ca 2+. The 
rate of adhesion (1.9 x 106 cells) was measured using a Coulter 
counter and is represented by the decrease in particle number, 
Nt/N0. A typical assay for aggregation of fetal endothelial cells 
dispersed with (A) 200 #g/ml trypsin + 1 mM CaCI2 and aggre- 
gation in medium containing 1 mM CaCI2 ( e ) or in 1 mM 
EGTA ( -  - o - ) ;  and (B) 2 #g/ml trypsin + 1 mM EGTA and ag- 
gregation in medium containing 1 mM CaCi2 ( A ) or 1 mM 
EGTA ( -  --A--). Aggregation in the presence of anti-Ec Fab' or 
nonimmune Fab' fragments (1.8 mg) of adult endothelial cells dis- 
persed with (C) 200 #g/ml trypsin + 1 mM CaCI2 and aggrega- 
tion in medium containing 1 mM CaCI2 + nonimmune Fab' ( ~ )  
or 1 mM CaCI2 + anti-EcFab' ( - ), or (D) 2 #g/ml trypsin 
+ 1 mM EGTA and aggregation in medium containing 1 mM EGTA 
+ nonimmune FalY ( - - -A- - - - )  or 1 mM EGTA + anti-Ec Fab' 
( - -  []-) .  For Ca2+-dependent adhesion, the mean aggregation 
index, N0o/N0, for five experiments was 0.55 + 0.03; with non- 
immune Fab', it was 0.54 + 0.02; and, with anti-Ec Fab' it was 0.91 
4- 0.03. For Ca2+-independent adhesion, the mean aggregation in- 
dex was 0.52 + 0.04; with nonimmune Fab', it was 0.55 + 0.04; 
and, with anti-Ec Fab', it was 0.66 + 0.05. 

The assembly ot endothelial cells dispersed with 200/xg/ 
ml trypsin in the presence of 1 mM calcium was almost com- 
pletely inhibited by addition of anti-Ec Fab' fragments pre- 
pared from a polyclonal antiserum raised against intact en- 
dothelial cells (Fig. 1 C). The inhibition of Ca2+-dependent 
adhesion by anti-Ec Fab' fragments was linear with concen- 
tration and reached a plateau value at 2.0 mg. However, cells 
dispersed with 2/zg/ml trypsin in 1 mM EGTA showed adhe- 
sion to a similar extent in the presence or absence of the same 
concentration of anti-Ec Fab' fragments (Fig. 1 D). The 
Ca2+-dependent CAM is apparently more antigenic than the 
Ca2+-independent. These results suggest that the assembly 
of endothelial cells by two adhesion mechanisms are medi- 
ated by components of different immunological specificities. 
Fab' fragments prepared from nonimmune rabbit serum were 
without effect in either adhesion system and the aggregation 
index (N~N0) was 0.54 and 0.52 for Ca2÷-dependent adhe- 
sion and Ca2+-independent adhesion, respectively. 

Fractionation of Caz+-dependent Adhesion Activity by 
SDS-PAGE 

To determine the molecular weight of the membrane protein 
antigen, an endothelial plasma membrane preparation was 
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Figure 2. Size fractionation of the Ca2+-dependent cell adhesion 
activity from endothelial membranes by neutralization of anti-Ec 
Fab'. Endothelial cell membranes were solubilized in 2% SDS sam- 
ple buffer in the absence of reducing agents, subjected to SDS- 
PAGE (7.5%), and electrophoretically transferred to a nitrocellu- 
lose membrane. Endothelial cell membranes from control cells (A) 
or from cells sequentially treated with 200 #g/ml trypsin + 1 mM 
CaC12 and then with 2 ~tg/ml trypsin + 1 mM EGTA (B). The 
nitrocellulose membranes were blocked, cut into 5-ram strips, and 
each was assayed for anti-Ec Fab' neutralizing activity in the Ca 2+- 
dependent adhesion assay. The inset is an immunoblot reacted with 
anti-Ec IgG and the t25I-labeled protein A. Arrows indicate molec- 
ular weight region of neutralizing activity between 125-145 kD. 
The molecular weight markers are M, myosin (200 kD); BG,/~-ga- 
lactosidase (116 kD); P, phosphorylase b (94 kD); B, BSA (68 kD); 
O, ovalbumin (43 kD). 

subjected to SDS-PAGE (25) and transferred to a nitrocellu- 
lose membrane (45) (Fig. 2 A). The membrane was cut trans- 
versely into strips representing different molecular weight 
classes and the pieces were assayed for neutralizing activity 
with anti-Ec Fab' fragments in the Ca2+-dependent cell ad- 
hesion assay. Only one region of  neutralizing activity was 
found. This region was in the molecular weight range of  
125,000-145,000. No activity was found on membranes pre- 
pared from endothelial ceils which had been treated with 
trypsin in the presence of  EGTA, which abolishes the cal- 
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Figure 3. Cell adhesion of aortic endothelial or smooth muscle cells 
in the presence of monoclonal antibody EeCC10. Dissociated cells 
were allowed to reassemble in the presence of dialyzed control 2-d 
culture medium from Sp2 or monoclonal antibody EeCCI0. Con- 
fluent cells were dissociated in the presence of 200 #gOd trypsin 
containing 1 mM CaCl2 (Ca2+-dependent) or 2 #g/ml trypsin con- 
taining 1 mM EGTA (CaZ+-independent), and were incubated 15 
rain at 4°C with the supernatants; assembly was initiated by placing 
the cells at 37°C and adjusting the reaction to 1 mM CaCI2 or 
1 mm EGTA. Representative time courses of aggregation are 
shown from three independent experiments: (A) Ca2+-dependent 
aggregation of endothelial cells after addition of 1 mM CaCI2 in 
the presence of Sp2 medium (---<>--) Nc0/No = 0.54 ± 0.04, or 
EcCC10 medium ( -  - l - )  Nco/No = 0.99 ± 0.07. (B) Ca2+-inde - 
pendent aggregation of endothelial cells after addition of 1 mM 
EGTA in the presence of Sp2 medium (---o--) Nco/N0 = 0.51 + 
0.1, or EcCC10 medium ( - - z x - - )  Nco/N0 = 0.54 ± 0.1. (C) 
Ca2+-dependent aggregation of smooth muscle cells after addi- 
tion of 1 mM CaCI2 in the presence of Sp2 medium ( - - e - - - )  
Nbo/N0 = 0.53 -I- 0.05, or Ec6CI0 medium (--w-) Nc0/N0 = 
0.67 ± 0.05. 

cium-dependent adhesion (Fig. 2 B). Endothelial membrane 
fractions were subjected to SDS-PAGE and transferred to 
nitrocellulose, and the cellular components that reacted with 
anti-Ec immunoglobulins were detected with '2SI-labeled 
protein A (Fig. 2). A number of  proteins are detected by the 
anti-Ec antibody, but one component with an apparent mo- 
lecular weight of  135,000 was present only in membranes 
from endothelial cells containing the calcium-dependent cell 
adhesion system. 

Inhibition of  Ca2÷-dependent Adhesion in Endotheliura 
by Monoclonal Antibody EcCCIO 
The approach used to identify hybridoma cultures producing 
antibodies to the cell surface component involved in Ca 2+- 
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dependent intercellular adhesion of endothelial cells con- 
sisted of the following multiple step procedure: (a) all cul- 
tures were tested for production of antibodies that bind to the 
endothelial cell surface by a solid-phase ELISA; (b) hybrid S 
oma cultures positive in the ELISA assay were tested by 

Figure 4. Immunoblotting analysis of membrane proteins recog- 
nized by antibody Ec6CI0. (A) Membranes were prepared from 
confluent cultures of bovine aortic endothelial cells, MDBK cells, 
or MDCK cells. 50 #g of membrane protein were electrophoresed 
on 7.5% polyacrylamide SDS gels and then electrophoretically 
transferred to nitrocellulose, or 25 #g were analyzed on a separate 
gel and stained with Coomassie blue G-250. (Lane a) Nonreduced 
sample from endothelial cells stained with Coomassie blue; (lane 
b) nonreduced sample from endothelial cells stained with Sp2 su- 
pernatant; (lane c) nonreduced sample from endothelial cells stained 
with mAb Ec6CI0; (lane d) reduced sample from endothelial cells 
stained with mAb Ec6C10; (lane e) nonreduced sample from MDCK 
cells stained with mAb Ec6CI0; (lane f )  nonreduced sample from 
MDBK cells stained with mAb Ec6CI0; (lane g) nonreduced sam- 
ple from MDBK cells stained with Coomassie blue. (B) Cell iy- 
sates of BAE or F9 cells were made by scraping the cells into SDS 
sample buffer, boiling, and syringing. 75/zg of total protein were 
applied to each lane. (Lane a) F9 cells stained with rabbit antiuvo- 
morulin; (lane b) bovine aortic endothelial cells (BAEC) stained 
with antiuvomorulin; (lane c) F9 cells stained with mAb Ec6C10; 
(lane d) BAEC stained with mAb Ec6CI0. 

SDS-PAGE of endothelial membranes and immunoblotted; 
and (c) cultures positive for their ability to react to mem- 
brane proteins in the molecular weight range of 125,000- 
145,000, implicated from the data in the sol!d-phase neu- 
tralization assay, were subsequently screened and tested for 
inhibition of the intercellular adherence assay. As described 
here, Ca~+-dependent cell adhesion was the only activity 
present after treatment of BAE cells with 200/zg/ml trypsin 
in the presence of calcium. Ca2+-independent adhesion was 
lost under these conditions and was displayed by cells after 
treatment with 2/zg/ml of trypsin in the absence of calcium. 
The data depicted in Fig. 3 shows a monocional antibody 
(Ec6C10; isotype IgG,) we identified that could inhibit 
Ca2+-dependent adherence of endothelial cells but had no 
effect on Ca2÷-independent adherence. At an antibody con- 
centration that abolished Ca2+-dependent adherence of en- 
dothelial cells, there was only a minimal effect on Ca2+-de - 
pendent adherence of aortic smooth muscle cells. Control 
culture medium (Sp2) had no effect on any of the cell adhe- 
sion assays. 

In a solid-phase ELISA, there was minimal binding of an- 
tibody Ec6C10 to confluent cultures of bovine smooth mus- 
cle cells permeabilized with 0.5% NP-40 or nonpermeabil- 
ized and o~ly background levels with MDBK or MDCK cells 
(not shown). In MDCK cells, Gumbiner and Simons (17) 
have shown that the Ca2+-dependent CAM, uvomorulin, is 
localized to the lateral cell surface and functions in tight 
junction formation. Immunoblot analysis on endothelial mem- 
branes after SDS-PAGE was performed to determine which 
of the membrane polypeptides is recognized with monoclo- 
nal antibody Ec6C10 (Fig. 4 A). The antigen identified by 
this antibody was a single molecule with an apparent molec- 
ular weight of 130,000 under nonreducing conditions (lane 
c). In the presence of the reducing agent, 2-mercaptoethanol, 
the apparent molecular mass was slightly but consistently 
higher at 135 kD (lane D). This antigen does not appear to 
be a major Coomassie blue staining polypeptide of mem- 
brane proteins. There was no reactivity of monoclonai anti- 
body Ec6C10 with membranes prepared from confluent cul- 
tures of either MDCK or MDBK cells (lanes e and f ) .  

Uvomorulin is a well characterized member of the family 
of Ca2+-dependent CAMs and has been shown to be re- 
stricted to epithelial cells (35, 48, 49). Immunoblot analysis 
(Fig. 4 B) with rabbit antiuvomorulin on F9 mouse em- 
bryonal carcinoma cells shows a band which migrates with 
an apparent molecular mass of 120 kD (lane a). There was 
no staining of BAE cells with polyclonal antiuvomorulin 
(lane b). The antiuvomorulin identified a band in MDCK 
ceils and only weakly identified a band in MDBK cells (not 
shown). Immunoblotting of cell lysates from BAEC and F9 
cells with antibody Ec6C10 showed staining of BAE cells 
(lanes c and d). The band migrated more slowly in SDS- 
PAGE than uvomorulin seen in F9 cells with an apparent mo- 
lecular weight of 135,000. 

Trypsin Sensitivity of  the Cadherin-like 
Ec6CIO Antigen 

The Ca2+-dependent cell adhesion molecules described by 
Takeichi (43) show a characteristic sensitivity to trypsiniza- 
tion where the presence of calcium preserves the molecule, 
but trypsin in the absence ofextracellular calcium cleaves the 
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I~gure 5. Immunoblot with 
Ec6CIO of endothelial cells 
treated with trypsin in the pres- 
ence or absence of calcium. 
Endothelial cells were grown 
to confluence on a film of col- 
lagen and treated with trypsin 
(100 ~g/ml) as described by 
Volk and Geiger (50). Incuba- 
tion of cells for 10 min in I0 
mM Hepes (pH 7.4), buffered 
DME with trypsin and 5 mM 
EGTA (TE) or trypsin in a 
final concentration of 5 mM 
Ca 2+ (TC). The reaction was 
stopped with addition of I mg/ 
ml soybean trypsin inhibitor. 
The cells were scraped, an ali- 

quot was removed for determination of cell number, lysed with SDS 
sample buffer containing 5 mM EDTA, boiled, and immunoblotted 
with Ee6CI0. Control cells (C) were incubated in Hepes-buffered 
DME containing EGTA alone and lysed with SDS sample buffer. 
Samples were loaded according to equal cell number. 

molecule from the cell surface. This reactivity is shown in 
Fig. 5 with trypsin in the presence of calcium (TC) or EGTA 
(TE). After various incubation periods, the reaction was 
stopped, cells were solubilized in SDS sample buffer con- 
taining 5 mM EDTA and equal numbers of cells were ana- 
lyzed by SDS-PAGE. Loss of the 135-kD antigen identified 
by immunoblotting with Ec6C10 was more rapid in the pres- 
ence of trypsin and EGTA. A major fragment released by 
trypsinization in EGTA has an approximate molecular 
weight of 28,000 when fractionated on a Sephacryl $200 
column and would run with the dye front of the gel (not 
shown). The antigen detected by antibody EcOC10 in the TC 
condition was severalfold less susceptible to trypsin. We 
have tentatively termed this endothelial molecule vascular or 
V-cadherin according to the functional subdivisions of cad- 
herins described by Hatta et al. (19). 

lmmunolocalization of  the Ec6CIO Antigen to 
CeU-CeU Borders 

The distribution of the antigen identified by monoclonal anti- 
body Ec6C10 is shown in Fig. 6 in confluent endothelial 

Figure 6. Indirect immunofluorescence of 
antibody Ec6CI0 in confluent bovine en- 
dothelial cells. Confluent cultures were 
fixed with 3 % p-formaldehyde in CMF/PBS 
and incubated with mAb Ec6C10 (,4) or (D) 
incubated with Sp2 culture supernatant. Al- 
ternatively, cultures were first permeabi- 
lized by treatment with 0.5% Triton X-100 
in 10 mM Pipes (pH 6.8), 50 mM NaCI, 
300 mM sucrose, 3 mM MgCI2 for 2 min 
followed by fixation before antibody stain- 
ing with mAb Ee6CI0 (B); silver nitrate 
staining (13) of endothelial cells grown to 
confluence on a film of collagen (C). Bar, 
20 #m. 
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Figure 7. Localization of the antigen recog- 
nized by Ec6C10 in frozen sections of bo- 
vine vessels. Cross sections of intercostal 
arteries were stained with Ec6CI0 (a) and 
(c), in an adjacent section with hematoxylin 
to identify nuclei (d), and with ACT I (b). 
For comparison, e shows en face staining 
with silver nitrate of cell borders in a carot- 
id artery. ACT I culture supernatant was 
used as a negative control secreting an anti- 
body of the same subclass as Ec6C10. Bar, 
20 #m. 

cells. It was localized to the lateral cell surface of intercellu- 
lar boundaries as identified by indirect immunofluorescence 
(Fig. 6 A). Antibody Ec6C10 labeled the surface of confluent 
cells when intercellular junctions were kept intact. The im- 
munottuorescent pattern of the antigen is similar to the silver 
nitrate staining of cell junctions, showing the typical cobble- 
stone morphology of aortic endothelial cells (Fig. 6 C). Bo- 
vine microvascular endothelial cells cultured on treated am- 
nion show a similar pattern of silver nitrate staining, and they 
display a transendothelial electrical resistance suggesting 
tight junction formation (13). Furie et al. (13) have described 
the ultrastructural localization of the silver granules depos- 
ited by this technique to intercellular spaces and subjunc- 
tional areas. To determine the spatial distribution of the total 
cellular antigen, cell membranes were permeabilized with 
0.5 % Triton X-100 in a cytoskeletal stabilization buffer (11) 
before fixation (Fig. 6 B). The immunofluorescent staining 
remained associated with the cell layer and was more intense 
and concentrated at cell-cell boundaries. The morphology 
of the intercellular immunofluorescent staining shows a 
beaded pattern. This is a variation of the immunofluorescent 
pattern of other Ca2+-dependent CAMs, such as A-CAM, in 
epithelial cells (17, 22, 50). The antigen recognized by 
monoclonal antibody Ec6C10 is a surface component con- 
centrated at the lateral plasma membrane of confluent en- 
dothelial cells. The cell surface of cells not in contact with 
other cells was weakly stained in a nonorganized pattern (not 
shown). 

Immunostaining of frozen cross sections of bovine vessels 
shows that the distribution of the antigen recognized by 
Ec6C10 is restricted in the endothelium (Fig. 7, a and c). 

Monoclonal antibody staining was localized to the en- 
dothelium and there was only rare labeling in the media. The 
occasional immunostaining seen in the media of the vessel 
was not found in cultured bovine smooth muscle cells. The 
staining in the endothelium was concentrated at the lateral 
surface where the cells come into contact and is reminiscent 
of the pattern of silver staining. The antigen does not appear 
to be concentrated at any position on the lateral cell surface. 
For comparison enface staining of bovine vessels with silver 
nitrate shows a decoration of cell borders (36) with the en- 
dothelial cells positioned along the axis of the vessel (Fig. 
7 e). 

lmmunoblot  Analysis with Ec6CIO after Induction of  
Cell-Cell Contacts 

The integrity of both epithelial (17, 29, 30, 55) and en- 
dothelial (24, 39) intercellular junctions has been shown to 
be affected by the level of extracellular calcium ions. Deple- 
tion of extracellular calcium by switching monolayers of en- 
dothelial cells to low Ca2+-containing medium resulted in 
loss of cell-cell contact followed by loss of transendothelial 
electrical resistance (13, 39). Ca 2+ switch assays have been 
used to follow the assembly of the different polypeptides as- 
sociated with desmosomes (34) and adherens junctions in 
MDCK cells (18) by modulating the absence or presence of 
cell-cell contact through adjusting the level of extracellular 
calcium. Using this approach to follow the reappearance of 
the vascular cadherin, confluent endothelial cells dispersed 
with trypsin (200 #g/ml) containing 1 mM EDTA were 
replated in low Ca ~÷ medium at confluent density (1.5 × 10 ~ 
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Figure 8. Expression of the antigen recognized by 
antibody Ec6CI0 after induction of cell-ceU con- 
tact. Endothelial monolayers were trypsinized 
(200 t~g/ml + 1 mM EDTA) and plated in low- 
calcium medium at confluent density (1.5 x 105 
cells/cm2). After 15 h normal calcium medium 
(+) or low-calcium (- )  was added and the cells 
were harvested at various times by scraping into 
SDS sample buffer, boiling, and syringing. Sam- 
ples were analyzed according to equal amounts of 
protein on SDS-PAGE and either stained with (A) 
Coomassie blue or (B) transferred to nitrocellu- 
lose and incubated with ~25I-labeled Ec6CI0. 

cells/cm2). After 15 h, the cells were attached and spread, 
and displayed a disorganized cell layer with overlapping 
processes. Immunoblotting of equal amounts of total cellular 
protein after addition of normal Ca 2÷ medium reveals a time 
dependent increase in the antigen recognized by t25I-labeled 
Ec6C10 (Fig. 8). A low level of antigen detected by '251- 
Ec6CI0 binding (21% of the plateau level) was observed with 
cells in low Ca 2÷ medium after 15 h, but was decreased 
somewhat by 72 h. As shown in Fig. 8, the reappearance of 
the antigen identified by monoclonal antibody Ec6C10 re- 
quired addition of normal calcium containing medium. In 
the presence of normal calcium this increased ~50 % by 24 h 
and had reached a plateau at 48 h. Immunoblotting with a 
rabbit polyclonal antibody recognizing the betarchain of 
the vitronectin receptor (7), which also binds divalent cat- 
ions to identical blots cells after the switch to normal cal- 
cium showed no change in antibody binding at 48 h (not 
shown). ExtraceUular calcium or cell-cell contact may act 
to stabilize the Ec6C10 antigen. The level of extracellular 
calcium has been shown to be important in the organization 
of cell-cell adhesion molecules at cell junctions (22, 50, 55). 
Immunofluorescence studies show a rapid loss of junctional 
localization with the removal of calcium. 

Effect of Antibody Ec6CIO on Formation of the 
Peripheral Microfilament Band during Induction of 
Cell Contacts 
The localization of F-actin microfilaments in endothelial cells 
demonstrates two distinct patterns: (a) a series of stress 
fibers at the ventral aspect, and (b) a peripheral F-actin band 
at intercellular junctions (54). Organization of the peripheral 
actin microfilament band has been shown by Wong and Got- 
lieb (53, 54) to be dependent on the degree of cell-ceU con- 
tact in the endothelium. Removal of extracellular calcium 
results in retraction of the peripheral actin microfilament 
band towards the center of the cell. Subsequent reincubation 
in normal Ca 2+ medium resulted in rapid assembly of 
cell-cell contacts and reestablishment of the dense periph- 
eral microfilament band (39). 

To determine the role of the Ca2÷-dependent CAM on 
events associated with endothelial cell-cell contact, we fol- 
lowed organization of the dense peripheral F-actin band in 
confluent cells in a Ca 2+ switch assay. Cells were plated in 

low Ca2+-medium and normal Ca2+-medium was added in 
the presence of monoclonal antibody (2/~g/mt) Ec6CI0, which 
blocked Ca2÷-dependent adhesion in the assembly assay, or 
monoclonal antibody ACT I supernatant as a control. Fluo- 
rescent staining of F-actin microfilaments using rhodamine 
phalloidin was used to follow the organization of the periph- 
eral bundles of microfilaments. At the time of the calcium 
switch, there was a general low level of fluorescence seen in 
the regions of cell-cell junctions with some focal sites of 
fluorescence (Fig. 9, A). Stress fber  microfilament bundles 
were randomly distributed throughout the central region of 
the cells. By 6 h after switching to normal calcium medium, 
an increase in fluorescent labeling at sites of ceil-cell contact 
was seen in the majority of the control cells (not shown). A 
diffuse continuous band had formed at the periphery where 
endothelial cells were in contact, suggesting that the actin 
microfilaments had started to organize into the peripheral 
F-actin band. After 24 h in normal calcium medium (Fig. 9, 
B and G), the recovery of the peripheral F-actin band was 
well organized, much broader, and had started to look like 
the phalloidin staining pattern of a well-established mono- 
layer of endothelial cells (54). Fine microfilament bundles 
extend from the dense peripheral band toward the cell bor- 
der. Addition of antibody Ec6C10 to the recovery phase with 
normal Ca 2÷ medium inhibited the formation of the periph- 
eral microfilament dense band (C and H). Only a limited 
number of filaments were formed in the presence of antibody 
Ec6C10. There was no evidence of toxicity to the cells or of 
cell detachment with addition of monoclonal antibody Ec6CI0. 
Addition of a cell surface binding monoclonal antibody rec- 
ognizing bovine class II MHC (TH14B) at 2 #g/ml did not 
have any effect on F-actin distribution (not shown). These 
results suggest that monoclonal antibody Ec6C10 perturbs 
organization of the peripheral microfilament band when cal- 
cium concentration is adjusted to allow cell-cell contact and 
expression of the CaE+-dependent CAM. This suggests that 
the CaE+-dependent CAM might play a role in endothelial 
permeability. 

Quantitation of the F-actin content of confluent endothelial 
cells before and after the Ca 2+ switch in the presence of in- 
creasing Ec6C10 concentration is shown in Table I. 24 h af- 
ter the cells were switched to normal calcium medium, the 
cell layer was extracted first with 0.5% Triton X-100 in SF 
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Figure 9. Effect of antibody Ec6CI0 on the peripheral microfilament band during formation of ceil-cell contacts. Endothelial cells were 
plated in low Ca 2+ medium on coverslips at confluent density (1.5 x 105 cells/cm 2) for 15 h. Cells were then switched to normal Ca 2+ 
medium in the presence ot ~ control anti-ACT I conditioned medium or Ec6CI0 conditioned medium. Cells were fixed at various times 
after adding normal Ca 2+ medium with 3% p-formaldehyde, then permeabi!ized with 0.1% Triton X-100 in PBS and incubated with 
rhodamine-phalloidin, d, e, and fare the corresponding phase-contrast photomicrographs for the fluorescent photomicrographs a, b, and 
c, respectively. (a and d) Cells maintained for 15 h in low Ca 2+ medium; (b, e, and g) cells 24 h in normal Ca 2+ medium with anti-ACT 
I monoclonal antibody (2.0/zg/ml of IgG); (c, f, and h) cells 24 h in normal Ca 2+ medium with Ec6C10 (2.0/~g/ml). G and H were pho- 
tographed at 100x magnification. Arrows indicate the phalloidin staining of microfilaments between cells. The photomicrographs shown 
were taken at a constant exposure time. Bar, 20 ~tm. 

buffer (2) to remove G-actin. F-actin was then dissociated 
with guanidine hydrochlorid e and the G-actin content deter- 
mined using the DNase I assay (3). The maximum inhibition 
achieved by antibody Ec6C10 was 30% of the control F-actin 
content at 24 h after the Ca 2+ switch, and, as shown above, 
this represents a limited organization of the peripheral 
F-actin band. Studies by Wong and Gotlieb (54) showing that 
the F-actin microfilaments of the dense peripheral band are 
more sensitive to cytochalasin B, suggesting they represent 
a different population than the F-actin of stress fibers. Induc- 
tion of endothelial migration by mechanical wounding shows 
also a rapid change in the state of actin polymerization by 

a decrease in F-actin content (14)with the loss of the dense 
peripheral band (53, 54). An association with cytoskeletal 
elements has been reported in the literature for other Ca 2+- 
dependent CAMs. Using immunofluorescence techniques a 
co-distribution is seen between peripheral actin microfila- 
ments and A-CAM (50) and with P-, E-, and N-cadherin (22). 

Discus s ion  

Confluent cultures of aortic endothelial cells dissociated by 
trypsinization in the presence or absence of calcium reas- 
semble with distinct cell adhesion mechanisms. Two distinct 
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Table L Effect of Monoclonal Antibody Ec6CI O 
on the F-actin Content of Endothelial Cells in a Calcium 
Switch Assay 

Treatment 

t~g F-actin Relative 
F-actin 

10 6 cells content 

Control monolayer 
Low Ca 2+ medium 

+ Normal Ca 2÷ medium 
+ Normal Ca 2+ + 2/~g/ml Ec6CI0 
+ Normal Ca 2+ + 5 itg/ml Ec6CI0 
+ Normal Ca 2+ + 12.5 ttg/ml Ec6CI0 
+ Normal Ca 2+ + 2 t~g/ml THI4B 

15.9 + 0.9 1.2 
5.8 + 0.6 0.4 

13.3 -I- 0.9 1.0 
11.6 + 0.9 0.9 
9.8 + 0.7 0.7 

10.0 + 0.3 0.7 
13.7 + 0.8 1.0 

Confluent cultures of BAEC were harvested with 200 tzg/ml trypsin containing 
1 mM EDTA and were plated confluent density (1.5 x 10 ~ cell/cm 2) in 
60-mm dishes in MI99 medium containing 10% FCS and 2 mM EGTA (low- 
calcium medium). After 15 h the medium was switched to normal-calcium 
medium in the absence or presence of protein A-purified Ec6CI0. After 24 h, 
the cell layers were washed with PBS, and placed on ice. The cells were treated 
with SF buffer (2), to remove monomeric actin for 2 min at 4°C. The detergent 
insoluble cell layer was taken up in fresh 1.5 M guanidine hydrochloride, 1 M 
sodium acetate, 1 mM ATP, 20 mM Tris and 6 mM CaCI2 (pH 7.5), 
syringed, and the depolymerized F-actin assayed for the inhibition of DNase 
I (2 tzg/ml) by G-actin (3). The data shown is the mean of three independent 
experiments. 

modes of intercellular adhesion exist for endothelial cells, 
one Ca2+-dependent and the other Ca2+-independent. The 
Ca2+-dependent CAM in endothelium we have described has 
an apparent molecular weight of 135,000. In recent studies, 
we have localized the Ec6C10 determinant to the NH2 ter- 
minus 15 kD of the antigen that shows moderate sequence 
homology to the NH2 terminus of the precursor region of 
the cadherin family (43). Cell surface labeling and immuno- 
precipitation shows a similar pattern to immunoblotting iden- 
tifying a single chain polypeptide. A number of related 
Ca2+-dependent cell adhesion molecules have been described 
in other epithelia (16, 19, 31, 35), and our results suggest a 
similar molecule in endothelium. The vascular endothelium 
is somewhat unique among mammalian epithelia because it 
is derived from the mesoderm and lacks desmosomes and the 
keratin class of intermediate filaments. It is, therefore, not 
surprising that uvomorulin, L-CAM, or the other cadherins 
have not been detected in vascular endothelial cells (10, 43). 
We also find that a polyclonal antibody to uvomorulin (48) 
does not react with aortic endothelium and that monoclonal 
antibody Ec6C10 does not recognize an antigen in epithelial 
cells, such as MDCK or MDBK cells, expressing uvomoru- 
lin. A-CAM appears to be the most similar Ca2÷-dependent 
CAM in terms of molecular weight, but it also has not been 
found in endothelium (50). Immunohistochemical labeling 
with Ec6C10 of sections of bovine tissues showed staining 
of both large and microvascular endothelium was found with 
no staining of smooth muscle or other cells. Analysis of bo- 
vine lung membranes by SDS-PAGE and immunoblotting 
with Ec6CI0 showed that the antigen in vivo displayed an ap- 
parent molecular weight of 130,000 under nonreducing con- 
ditions, which is identical to that seen in culture (not shown). 

The Ca2+-dependent CAMs have been postulated as play- 
ing a critical role in the developing embryo and in maintain- 
ing integrity in the adult (10, 43). The distribution of L-CAM 
(44) and P- and E-cadherin (31) during organogenesis shows 
that they appear and disappear at various stages of develop- 

ment. Antibodies to uvomorulin or E-cadherin block the 
compaction of preimplantation mouse embryos and interfere 
with cell-cell interaction of embryonic bepatocytes and 
MDCK cells (35, 48, 49, 54). Antibodies to L-CAM block 
the aggregation of embryonic liver cells (16). Uvomorulin 
and L-CAM are widely distributed in many adult epithelia 
where uvomorulin is localized to intermediate junctions (3, 
50) of intestinal epithelial cells. In addition, antibodies to 
uvomorulin block not only the reformation of occluding 
junctions in MDCK epithelial cells (17), but also the assem- 
bly of desmosomes and adherens junctions (16). Apparently, 
the cellular adhesions of uvomornlin function in the forma- 
tion of all cell junction contacts. A-CAM, a 135-kd protein, 
is also associated with adherens junctions in certain epithelia 
(50). Studies by Volk and Geiger (51) show that addition of 
Fab' fragments of A-CAM perturb microfilament bundle as- 
sembly in contrast to the intact IgG that renders the junctions 
Ca2+-independent. They have suggested that the organiza- 
tion of microfilament bundles at intercellular sites is medi- 
ated through interactions at sites of cell-cell contact by CAMs 
as cell surface receptors (55). The role of calcium appears 
to be in stabilizing the organization of junctional components 
in epithelial cells (17, 18, 22, 34, 50). The presence of extra- 
cellular calcium may function in this process by allowing either 
a stable association of the cell junction or a functional con- 
formation of the CAM. Other evidence for a contact receptor 
mechanism is suggested by studies of Painter et al. (32) 
showing the cytoskeletal association with the substrate adhe- 
sive proteins GplIb/IIIa after Con A stimulation of platelets. 

The existence of a similar system for endothelium is of 
particular interest because the monolayer configuration is a 
key parameter of the endothelial phenotype and a require- 
ment for many of the transport properties associated with en- 
dothelial function. Shasby and Shasby (39) have shown that 
calcium has an important role in maintaining endothelial in- 
tegrity and shape. Intercellular junction formation can be 
analyzed in endothelial cells since the degree of cell-cell 
contact can be modulated by adjusting the Ca 2÷ concentra- 
tion of the growth media (24, 39). Confluent endothelium 
switched to growth medium containing low Ca 2+ exhibit lit- 
tle cell-cell contact and no evidence of junctional complex 
formation (39). Subsequent addition of complete growth 
medium containing 1.8 mM Ca 2÷ results in rapid induction 
of cell-cell contact throughout the monolayer and establish- 
ment of the dense peripheral band of F-actin filaments char- 
acteristic of the confluent monolayer. In confluent endothe- 
lium vinculin is colocalized with the peripheral F-actin band 
at sites of cell-cell contact in a punctate distribution (54) 
similar to that of other adherens type junctions (50). The 
beaded immunofluorescent staining pattern for the antigen 
identified by Ec6CI0 is reminiscent of the pattern for vincu- 
lin in cultured endothelium (54). In the present experiments, 
inclusion of monoclonal antibody Ec6C10 in normal calcium 
medium at the time of the Ca 2+ switch inhibited formation 
of the peripheral microfilament band during the recovery 
phase apparently blocking cell-cell contact. The recovery of 
the peripheral F-actin band and the antigen recognized by 
Ec6C10 is slower than F-actin and uvomorulin in epithelial 
cells (18) suggesting a potential stabilizing role for desmo- 
somes. Among the agents able to stimulate growth of conflu- 
ent endothelial monolayers are those that disrupt the con- 
tinuity of monolayer structure (38). This evidence suggests 
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that, at saturation density, intercellular adhesions may also 
function to regulate cell growth (20). We would speculate 
that modulation of expression of cell-cell adhesion mole- 
cules would be an important aspect in angiogenesis (1). 

This work was supported by National Institutes of  Health grants HL-19644 
and HL-03174 and by a grant-in-aid from the American Heart Association. 
We wish to thank Dr. B. Gumbiner for his helpful discussions, and Dr. 
R. Kemler for antiseru to uvomorulin. We also thank G. M. Misslbeck for 
expert technical assistance and Ginny Wejak for typing for manuscript. 

Received for publication 24 January 1990. 

Note Added in Proof. While this manuscript was in preparation another an- 
tigen was described at the cell borders of  human umbilical vein endothelial 
cells (30a) using monoclonal antibody hec7. Preliminary studies have 
shown that the antigens recognized by Ec6CI0 and hec7 are different in 
molecular weight and amino-terminal sequence (data not shown). 
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