
Changes in Membrane-Microfilament Interaction in 
Intercellular Adherens Junctions upon Removal of 
Extracellular Ca 2÷ Ions 
Tova Volberg,* Benjamin  Geiger,* Juergen Kartenbeck,* and Werner  W. Franke* 

*Department of Chemical Immunology, The Weizmann Institute of Science, Rehovot 76100, Israel, and tDivision of 
Membrane Biology and Biochemistry, Institute for Cell and Tumor Biology, German Cancer Research Center, 6900 
Heidelberg, Federal Republic of Germany 

Abstract. EGTA-induced depletion of Ca 2÷ ions from 
the culture medium of Madin-Darby bovine kidney 
epithelial cells results in rapid splitting of adherens- 
type junctions and the detachment of the vinculin- 
and actin-containing filament bundle from the cyto- 
plasmic faces of the plasma membrane of the zonula 
adhaerens. This process was monitored by phase-con- 
trast microscopy, combined with electron microscopy 
and immunofluorescent localization of the two pro- 
teins. It is shown that shortly after extracellular free 
Ca 2+ concentration is lowered to the micromolar 
range, the actin-containing, junction-associated belt of 
microfilaments, together with the vinculin-rich junc- 
tional plaque material, is irreversibly detached as one 
structural unit from the plasma membrane, contracts, 
and is displaced towards the perinuclear cytoplasm 
where it gradually disintegrates. Other actin- and vin- 

culin-containing structures present in the same cells, 
notably the focal contacts at the substratum, are not 
similarly affected by the Ca 2÷ depletion and retain 
both the adhesion to the external surface and the asso- 
ciation with the plaque and microfilament compo- 
nents. Electron microscopic examination has shown 
that the membrane domain of the zonulae adhaer- 
entes, unlike that of desmosomes, is not endocytosed 
after Ca 2+ removal and that the displaced actin- and 
vinculin-containing plaque and f lament belt are not 
associated with a particular membrane. It is further 
shown that upon restoration of normal Ca 2÷ levels in 
the culture medium, new intercellular contacts are es- 
tablished gradually by accretion of both vinculin and 
actin into new belt-like plaque- and microfilament- 
containing structures. 

HERENS-TYPE junctions are a family of cell contacts 
which are associated at their cytoplasmic surfaces with 
actin-containing microfilaments (10, 20, 40). At- 

tempts to define the nature ofactin binding to the membrane 
have indicated that the junction-associated micmfflaments 
are assembled into a bundle and are connected with the 
plasma membrane through a vinculin-rich "plaque" structure 
(4, 14, 16-20). Cell contacts of this category can differ in their 
general appearance, size, and cellular topology and include 
the continuous, belt-like junctions (zonulae adhaerentes) of 
polarized epithelia, the patchy, streak-like junctions (fasciae 
adhaerentes) of cardiac myocytes, and small punctate attach- 
ments (puncta adhaerentia) detached in intact tissues and in 
culture cells. Adherens contacts are formed also with extra- 
cellular materials both in intact tissues and in cell cultures 
(11, 26, 27, 37, 40); the best characterized example for such 
attachments are the focal contacts of cultured cells (1, 8, 25, 
29, 30). 

Studies of the different molecular constituents of adherens 
junctions, their interrelationships and interactions have sug- 
gested that these sites contain multimolecular transmembrane 
complexes. On the basis of immunoelectron microscopic data 

(18, 19), immunofluorescent labeling (i.e. 4, 14, 38, 42) and 
specific studies of the removal of actin from isolated cell 
contacts (2, 21), we have proposed that adherens-type junc- 
tions consist of at least three major subdomains: these are one 
or several "contact-specific membrane receptors," an intra- 
cellular membrane-bound junctional plaque that contains 
vinculin and, in some cases, talin (5, 6) and a cytoskeletal 
element composed of actin filaments and several actin-asso- 
ciated proteins (i.e., a-actinin [21, 34]). We have further 
proposed that formation of local contacts may trigger a chain 
of interactions between elements of neighboring subdomains, 
leading to their assembly into an intact transmembrane junc- 
tional complex (for discussions see references 16, 22, and 24). 

One of the critical steps in junction biogenesis is the initial 
"transmembrane event," i.e., the first local change that occurs 
at the cytoplasmic surfaces of the junctional membrane, the 
assembly of the junctional plaque. To study this process, we 
have exposed cultures of polar epithelial cells to Ca2+-depleted 
medium and examined the differential disintegration of the 
various junctional elements. Such treatment has been previ- 
ously shown to specifically disrupt the integrity of several 
types of intercellular junctions (notably desmosomes) (31, 
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32), and to abolish transepithelial resistance (7, 12, 36, 39). 
In a previous study, we have shown that, shortly after 

chelation of extracellular Ca 2+ from cultured Madin-Darby 
bovine kidney (MDBK) ~ epithelial cells, desmosomal junc- 
tions were split and the half-desmosomes thus formed subse- 
quently endocytosed (32). Concomitantly, the zonulae ad- 
haerentes disintegrated and vinculin was apparently translo- 
cated towards the cell center. However, the exact effects of 
extracellular Ca 2+ depletion on the dynamics of vinculin- 
membrane and vinculin-actin interactions have not been 
examined in detail. 

In this report, we show that within a few minutes after 
incubation of MDBK cells in media containing only micro- 
molar concentrations of Ca 2+, a filamentous belt containing 
both F-actin and vinculin dissociates as a whole entity from 
the junctional membrane and appears to move towards the 
perinuclear area where it subsequently disintegrates. We also 
show that once the plaque and the bound actin belt have 
dissociated from the membrane, they do not reattach to the 
membrane even if normal extracellular Ca 2+ is restored. This 
supports the view that re-establishment of new intercellular 
contacts is essential for the re-assembly of the plaque and 
cytoskeletal subdomains and the establishment of nascent 
junctions. 

Materials and Methods 

Cell Culture 

MDBK cells (ATCC, CCL 22) were cultured in Dulbecco's modified Eagle's 
medium containing 10% fetal calf serum and maintained in a humidified 
incubator under an atmosphere of 7% CO2 and 93% air (41). The calcium ion 
concentration in the Dulbeeco's modified Eagle's medium was 1.4 raM. Treat- 
ment with EGTA (Sigma Chemical Co., St. Louis, MO) was initiated by the 
addition of aliquots from buffered stock solution. 

lmmunofluorescent Labeling and Microscopy 

Cells cultu~d on 12-ram round coverslips were fixed and permeabilized with 
formaldehyde and Triton X-100 as described (20, 32). Actin was visualized in 
the cells by staining with rhodamine-labeled phalloidine, kindly supplied by 
Dr. H. Faulsfich (Max-Planck Institute for Medical Research, Heidelberg, 
Federal Republic of Germany). Vineulin was localized using a monoclonal 
mouse antibody (VIN 11.5) and fluorescein- or rhodamine-conjugated goat 
anti-mouse Fab'2 (14, 20). Use of fluorescein-labeled antibodies in conjunction 
with rhodamine-phalloidine enabled co-localization of both vinculin and actin 
within the same cells. Stained cells were mounted in Elvanol and examined in 
a Zeiss Photomicroscope III equipped with filter sets for selective fluorescein- 
rhodamine observation as well as for phase-contrast microscopy. 

Electron Microscopy 

Cells cultured on 35-ram tissue culture dishes (type 3001; Falcon Labware, 
Oxnard, CA) were fixed in situ with 1% glutaraldehyde in 0.1 M sodium 
cacodylate buffer, pH 7.2. The cells were rinsed, postfixed in 1% OsO,, 
dehydrated in ethanol, and embedded in a thin layer of Epon (Polybed 812; 
Polysciences, Inc., Warrington, PA). After 48 h at 60"C, the Epon with the 
embedded cell monolayer was removed from the dish, re-embedded at a desired 
orientation (for cross- or parallel-sectioning), cut with a diamond knife (Dia- 
tome, Switzerland), and examined in a Philips 410 electron microscope at 80 
or 100 kV. 

Results 

Adherens Junctions in Cultured MDBK Cells 

Fluorescent microscopic localization of actin in cultured 
MDBK cells revealed two major, spatially distinguishable 

1. Abbreviation used in this paper: MDBK, Madin-Darby bovine kidney. 

patterns of organization as previously described (20): at the 
subapical focal plane actin appeared as a peripheral belt 
running along the cell borders (Fig. l A), whereas at the ventral 
aspects of the same cells many stress fibers of variable lengths 
could be seen (Fig. l B). Examination of the same group of 
cells by interference reflection microscopy indicated that the 
stress fibers invariably terminated in interference reflection 
microscopy--dark plaqdes corresponding to focal contacts 
(compare Fig. 1B to 1 C; see also references l, 8, 25, 29, 30). 

Transmission electron microscopy of cultured MDBK cells 
revealed a thick (0.5-0.8 ~m) electron-dense bundle of micro- 
filaments running along the cytoplasmic faces of the subapical 
cell membrane. This belt bundle was often flanked by inter- 
mediate-sized filaments, which in some regions penetrated 
into it (Fig. l, D and E; see also Fig. 4B). Occasionally, in 
sections including extended areas of the subapical portion of 
the lateral membrane (Fig. 1 E), periodic densities could be 
seen along the junction-attached microfilament belt bundle 
with an average center-to-center spacing of ~0.5 um. At the 
ventral aspects of the cell, numerous focal contacts were 
detected with microfilament bundles attached at their cyto- 
plasmic aspects (Fig. 1 F). 

Effect o f  Ca 2+ Depletion on Intercellular Junctions 

Shortly after addition of 2--4 mM EGTA to the culture 
medium of MDBK cells, disruption of cell-cell contacts was 
evident by phase-contrast microscopy (Fig. 2). Examination 
of the EGTA-concentration dependence indicated that dis- 
sociation of intercellular junctions occurred when free Ca 2+ 
concentrations was dropped to 4 x 10 -6 M or lower. Maximal 
effect (with respect to the apparent rate of cell separation) was 
observed at 1.8 x 10 -6 M free Ca 2+ or lower. The dissociation 
of cell contacts is demonstrated here in a sequence of phase- 
contrast micrographs taken at different times after Ca 2+ de- 
pletion (Fig. 2). As early as 2-4 min after the addition of 
EGTA (2 mM), detachment of cells was first evident and cell 
separation and contraction proceeded for ~10 rain until 
essentially all interceUular junctions, originally seen as phase- 
dark lines, disappeared. Subsequently, progressive cell round- 
ing was noticed, often leading (after few hours) to partial or 
complete detachment from the glass or plastic substrates. In 
the presence of 4 mM EGTA (rather than 2 mM) breakdown 
of junctions was even faster and apparent already I min after 
initiation of treatment. 

Labeling of EGTA-treated cells with rhodamine-phalloidin 
revealed marked changes in the organization of the junctional 
belt of actin microfilaments. Initially, the junction-associated 
actin bundles of two neighboring cells became separated in 
several regions (Fig. 3A) and, as the process progressed, the 
entire F-actin filament belt, or at least large parts of it, 
retracted towards the cell center and apparently dissociated 
from the plasma membrane (Fig. 3 B; see also below). Electron 
microscopic examination of MDBK cells that were briefly (up 
to 10 min) treated with EGTA indicated that remarkable 
splitting of the adherens junctions occurred before dissocia- 
tion of the actin filament belt was apparent (Fig. 3, C and D). 

A direct demonstration that the actin filament belt in cells 
treated with EGTA for ~ 10 min or more indeed detached 
from the plasma membrane was provided by transmission 
electron microscopy. In untreated cells, bundles of microfda- 
ments were detected along the subapical junctional mem- 

Volberg et al. Effect o f  Ca 2+ Depletion and Adherens Junctions 1833 



The Journal of Cell Biology, Volume 102, 1986 1834 



Figure 2. Phase-contrast photomicrographs taken at different intervals after addition of 2 mM EGTA. Notice a progressive breakdown of 
intercellular junctions which becomes clearly apparent 4 rain after addition of EGTA. Bar, 10/~m. 

brane, closely associated with its cytoplasmic surfaces (Fig. 4, 
A and B, and Fig. 1 to the left). In EGTA-treated cells, on the 
other hand, the microfilament belt was clearly located deeper 
in the cytoplasm, not attached to the plasma membrane nor 
to any other recognizable membrane-containing structure 
(Fig. 4 C). This observation was corroborated by the exami- 
nation of  serial sections of  the same regions (not shown). It is 
noteworthy that the detached microfilament belt, or segments 
of  it, were usually convoluted (Fig. 4, D and E), in contrast 
to the microfilaments bundle of  the untreated cells which was 
largely straight (Fig. 4, A and B). The periodic center-to-center 
spacing of  electron densities along the detached bundle was 
reduced to ~0.3 #m, suggesting that contraction of  the belt 

has indeed taken place. As pointed out above, the actin 
detachment process lags behind the disruption of  cell contacts 
(e.g., Fig. 3, C and D). As shown above, remarkable dissocia- 
tion of  cell-cell contacts was evident within few minutes after 
Ca 2+ depletion whereas significant dissociation of  the actin 
bundle from the plasma membrane required treatment for 10 
min or more. 

Double fluorescent labeling for actin and vinculin of  un- 
treated or EGTA-treated MDBK cells indicated that the two 
proteins were closely associated with each other before and 
after the EGTA-induced dissociation of  the microfilament 
belt structure from the junction (Fig. 5). As previously shown, 
actin and vinculin of  untreated M D B K  cells are present at 

Figure 1. Microfilament organization in cultured MDBK cells. (A-C) The same group of cells labeled for actin with rhodamine-phalloidine (,4 
and B, photographed at the apical and ventral focal planes, respectively) or examined by interference reflection microscopy (C). The arrowheads 
in A point to the actin-rich microfilament belt while the matching arrows in B and C, point to sites of cell-substrate focal contact. (D-F) 
Transmission electron micrographs showing the filament bundles at the zonula adhaerens (ZA) in cross section (D) or longitudinal section (E). 
Notice the periodic electron densities along the belt (arrowheads) with an average spacing of ~0.5/zm. The focal contact (FC) in Fis assooated 
with many microfllaments (appear here mostly in cross section) and commonly flanked by many intermediate filaments. The edges of the focal 
contact are indicated by the arrowheads. S, substrate. Bars, (C) l0 urn; (D-F) 0.2 urn. 
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Figure 3. The effect of Ca 2+ removal on the adherens junction-bound mierofilament belt. (A and B) Localization of actin in MDBK ceils that 
were treated with 2 mM EGTA for either 10 min (A) or 30 min (B) by labeling with rhodamine-phalloidine, Notice the partial splitting of the 
actin belt after 10 min and the complete detachment of the belts after 30 min of incubation. Bar, 10 urn. (C and D) Transmission electron 
microscopy at low (C) and high (D) power magnification of MDBK cells, following a 2-min incubation with 4 mM EGTA. Notice the retention 
of membrane-bound filaments after splitting of the junction (brackets in C). Often the two membranes remained attached at positions apical 
to the adherens junction, near the tight junction area (arrow in D). Bars, (C and D) 1 t~m and 0.2 urn, respectively. 

the subapical zonula adhaerens, closely associated with each 
other (20); at the ventral cell regions, vinculin is associated 
with the termini of  actin-containing stress fibers (Fig. 5, A 
and B; for reviews see references 14 and 20). After detachment 

of the microfilament bundle from the junctional  membrane, 
vinculin and actin appeared to remain apparently associated, 
as concluded from the coincident or nearly overlapping fluo- 
rescent images (Fig. 5, C-F) .  This association persisted for up 
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Figure 4. Transmission electron photomicrographs of MDBK cells either incubated in regular medium (A and B) or 30 min after the addition 
of 4 mM EGTA (C-F). The cells shown in A, B, and D - F  were cut parallel to the plane of the substrate; the cell in C was cut perpendicularly 
to the substrate (arrow points to the microfilament belt). (,4) Survey micrograph showing the continuity of the adherens junction between the 
two cells (notice the nuclei in upper left and bottom fight comers), (B) Higher power micrograph showing the close association of the 
microfilament bundle to the junctional membranes (the latter is indicated by the twin arrowheads). Notice the microtubules which often run 
along the microfilament belt and the intermediate filaments which apparently associate with it or even penetrate into it. (C) A slightly tangential 
section across the detached filament bundle. (D and E) A survey and high power photomicrographs showing the convoluted and contracted 
actin belt at a perinuclear position (arrow in D). The arrowheads in D and E point to the same locations. (F) The periodic electron densities of 
the contracted belt showing typical spacing of 0.3 #m (compared to about ~0.5 #m in the unperturbed belt; see Fig, 1E). 
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Figure 5. Double labeling of MDBK cells for actin (.4, C, and E) using rhodamine-phalloidine, and for vinculin (B, D, and F) using fluorcscein- 
coupled antibodies. The cells were either untreated (.4 and B) or incubated with 2 mM EGTA for 30 rnin (C and D) or for 2 h (E and F). 
Notice the close spatial relationships between actin and vinculin as weU as the apparent deterioration of the contracted belt after prolonged 
incubations. Bar, 10 ~m. 
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Figure 6. Reformation of junctional actin belt after the addition of fresh medium to EGTA-treated cells. All cells shown here were double 
labeled for vinculin, rhodamine, and for actin using fluorescein-phalloidin. The labeling for vinculin is shown at the left column (A, C, E, G, 
and/), while the labeling of the same cells for actin is shown at the right column (B, D, F, H, and J). (A and B) Cells treated with 4 mM EGTA 
for 30 min (no recovery). (C-J) Cells treated for 30 rain with 4 mM EGTA and allowed to recover in the presence of fresh medium for 30 rain 
(C and D); 45 rain (E and F); 90 rain (G and H), and 120 rain (I and J). Notice the detached belts (arrows) which gradually disintegrate 
concomitantly with the re-establishment of new junctional belts. At times greater than 1 h only faint remains of the detached filaments and the 
associated vinculin can be seen. Bar, 10 gin. 
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to 2-3 h, following Ca 2+ depletion, after which the actin 
filament bundle with the attached vinculin have undergone a 
considerable disintegration (Fig. 5, E-F). It is noteworthy that 
cell-substrate focal contacts and the associated vinculin in 
the cells were far less sensitive to EGTA treatment than the 
intercellular junctions (this could be assessed by focusing the 
microscope down to the ventral focal plane), and detachment 
of focal contacts seemed to be secondary to the chelator- 
induced rounding-up of the cells (see Discussion). 

Reformation o f  Adherens Junctions in EGTA-treated 
MDBK Cells after Addition o f  Ca 2* Ions 

Cultured MDBK cells treated with 4 mM EGTA for 30 min 
(after which nearly complete dissociation of their junctions 
occurred) were supplemented with fresh, Ca2+-containing me- 
dium (final Ca 2+ concentration, ~ 1.4 mM), and the formation 
of new adherens junctions examined at different intervals 
thereafter. When cells showing EGTA-induced detachment 
of the junctional microfilament belt (vinculin and actin shown 
in Fig. 6, A and B) were exposed to fresh, Ca2+-containing 
medium, belt retraction was not prevented. However, within 
~30-45 min after restoration of Ca 2+ in the medium re- 
spreading of the cells occurred concomitantly with the for- 
mation of new adherens junctions. This was accompanied by 
the re-appearance of a vinculin- and actin-containing junc- 
tion-associated filament belt along the new intercellular con- 
tacts and by progressive disintegration of the "old" belt in the 
perinuclear cytoplasm (arrows in Fig. 6). The different stages 
of this process are depicted by double fluorescent labeling of 
recovering cells for vineulin and actin at different intervals 
after Ca 2+ restoration. It is noteworthy that within 2 h after 
addition of Ca 2÷, the reformation of new junction-associated 
belts was apparently complete, and remains of the contracted 
belts (still presenting both actin and vinculin) were no longer 
or only hardly detectable (Fig. 6, I and 3). The process of 
junction reformation was apparently independent of cellular 
protein synthesis since the addition of 100 ~g/ml cyclohexi- 
mide to cells during the recovery phase did not inhibit junc- 
tion formation, nor did it affect the rate of this process (not 
shown). Similar results were also obtained with cells that had 
been exposed to 4 mM EGTA for only 2-5 rain and then 
resupplemented with Ca2+-containing medium. This short 
pre-treatment had only limited, visible effect on the junction- 
attached microfilament belt. However, the subsequent visible 
detachment and contraction of the belt and its disintegration 
took place, irrespective of the restoration of extracellular Ca 2+ 
ions. Examination of a large number of MDBK cells at 
different intervals after addition of Ca 2+ ions suggested that 
the "old" belt, once detached, could not re-associate with the 
plasma membrane and that the assembly of a new junction 
associated microfilament belt depended on the formation of 
new intercellular contacts. 

Discussion 
Studies on the molecular composition of adherens junctions 
have suggested that these commonly occurring cell contacts 
consist of several molecular compartments. It was proposed 
that the establishment of local cell contacts induce the se- 
quential assembly of membrane components and certain 
intracellular structures as described above (4, 16). Evidence 
for the existence of different substructures (subdomains) in 

adherensjunctions includes: (a) immunoelectron microscopy, 
showing that vinculin is located closer to the membrane than 
other microfilament-associated proteins, e.g., a-actinin and 
tropomyosin (19, 41); (b) examination of cells at the initial 
stages of spreading on planar substrates or during locomotion, 
indicating that vinculin becomes organized into distinct 
patches before actin bundles are apparent (15, 21, 35); (c) 
severing of membrane-bound actin by fragmin results in the 
disappearance of actin and most of its associated proteins but 
has no comparable effect on the focal contact plaque proteins 
vinculin and talin (2, 21). 

These, as well as additional in vitro studies, have shed some 
light on the composition and spatial relationships between 
the two innermost domains of focal contacts, namely the 
plaque and the associated microfilament bundle. However, 
only limited information is presently available regarding the 
interactions between the junctional plaque components and 
the cytoplasmic faces of the membrane. This is, at least 
partially, due to difficulties encountered in the selective ex- 
traction of vinculin or talin without severely affecting the 
integrity of the neighboring domains, i.e., the membrane 
proper and the actin filament bundle. Attempts to study the 
molecular forces involved in the binding of vinculin to the 
membrane seem premature in view of the lack of data on the 
nature of the specific integral transmembrane components. 

Our present study has extended previous observations sug- 
gesting that the interaction between the junctional plaque of 
the zonula adhaerens and the cytoplasmic surface of the 
membrane in epithelial cells may be experimentally modu- 
lated by the removal of extracellular calcium ions. That study 
was primarily concerned with the fate of desmosomes which 
became endocytosed after breakdown of the intercellular junc- 
tional complex (32). Using both immunofluorescent micros- 
copy and transmission electron microscopy, we have shown 
that various elements of the desmosome, including the des- 
mosomal membrane, the plaque, and the cytokeratin fila- 
ments, remain associated with each other after breakdown of 
the junction and endocytosis of the entire desmosomal com- 
plex occurs. We have also shown that vinculin-containing 
material is being translocated from its junction-bound posi- 
tion towards the perinuclear area. In the present study, we 
have specifically addressed two major questions: (a) do the 
vinculin-containing plaques actually detach after Ca2+-deple - 
tion or are they associated with deep invaginations of the 
plasma membrane?; and (b) do cells use the pre-assembled 
"old" plaques and microfilament bundles for the re-assembly 
of intercellular junctions after restoration of extracellular 
Ca 2+. To approach these aspects, we have examined the time- 
and Ca 2÷ concentration-dependence of the cleavage of the 
junctional complex and the dissociation of structures contain- 
ing actin and vinculin from the membrane. Specifically, we 
have demonstrated by electron microscopy that the bundled 
microfilaments detach as whole large entities from the plasma 
membranes and do not immediately disperse. This is in 
contrast to the fate of the desmosomal structures under the 
same conditions and in the same cells. 

We have also found that the detachment of the junctional 
microfilament belt from the membrane is a largely irreversible 
process. Thus, once dissociated from the membrane after 
Ca 2+ withdrawal, the microfilament belt cannot readily reas- 
sociate with the membrane as a whole and will eventually 
contract and disintegrate, irrespective of whether extracellular 
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C a  2÷ is re-supplemented or not. The re-assembly of a new 
junctional belt is apparently initiated only after the establish- 
ment of new intercellular contacts. Taken together, these 
observations support the previously proposed view that the 
assembly of adherens junctions is a polar process which is 
initiated by local membrane contacts and subsequently in- 
duces a sequential assembly of the junctional plaque and the 
microfilament bundle from diffusible subunits (22, 33). 

Another aspect that is highlighted by this study is the 
apparent heterogeneity ofadherens-type junctions. In spite of 
the presence of similar molecular components in intercellular 
and matrix-attached junctions of this category (i.e., actin and 
vinculin), the respective responses of the two types ofadherens 
junctions to calcium withdrawal are distinctly different. Un- 
like the fascia and zonula adhaerens which are rapidly cleaved 
in the presence of EGTA, cell-matrix focal contacts exhibit a 
remarkable stability; at least in MDBK cells, focal contacts 
remain apparently intact for over 1 h after addition of 2 mM 
EGTA. The subsequent progressive cell detachment after 
prolonged incubation with EGTA appears to be secondary to 
the overall retraction and rounding-up of the cell. Further 
experiments have indicated that an alternative contact-dis- 
rupting agent such as trypsin, instead of EGTA, had quite 
different effect on MDBK cells, as it rapidly destroyed focal 
contact-mediated anchorage to the substrate but had only 
limited and relatively slow effects on the intercellular junc- 
tions, commonly resulting in the release of large, apparently 
intact epithelial sheets from the substrate (data not shown). 
Moreover, recent studies on the molecular constituents of the 
two types of adherens-type cell contacts have pointed to 
significant differences. Intercellular adherens contacts of lens, 
cardiac muscle, and various cultured cells are associated with 
a recently described membrane protein of Mr 135,000 (23, 
43) that has not been detected in focal contacts or in other 
cell matrix contacts. Furthermore, the junctional plaques 
associated with contacts to noncellular matrices have been 
reported to contain talin, whereas this protein is absent from 
intercellular junctions (23). 

Another aspect of the present study is related to the involve- 
ment of Ca 2+ in the induction ofadherens-junction formation 
and the subsequent maintenance of those junctions. Over the 
last few years, many studies have pointed to the involvement 
of Ca 2* ions in cell adhesion in a variety of systems. This was 
often manifested by the requirement for Ca 2÷ ions for the 
formation of visible cell contacts. Only recently, significant 
progress has been made in the elucidation of the molecular 
basis for Ca2+-dependent (and independent) cell adhesion. 
This is manifested by the identification of a family of"contact 
receptors" or "cell adhesion molecules" (9, 13, 28, 44). While 
most of these molecules have not been localized so far to a 
defined type of cell junction it has been reported that uvo- 
morulin (3), also known as L-CAM or E-cadherin, is specifi- 
cally enriched in zonulae adherentia. Our experience, how- 
ever, indicates that the Mr 135,000 protein is present in cells 
from which uvomorulin is apparently absent and its presence 
in diverse adherens junctions in heart, lens, kidneys, etc., is 
most prominent. Additional studies on the 135-kD protein 
and its Ca 2÷ dependence are now in progress. 

As far as the physiological effect of Ca 2÷ withdrawal is 
concerned, it has often been argued that the primary target 
affected by Ca 2+ withdrawal is the tight junction and that the 
apparent increase in transepithelial permeability and cell de- 

polarization induced by Ca 2+ chelators is due to the disruption 
of this particular junctional element (i.e., 7, 12, 36, 39). In 
view of the changes which occur at the zonula adhaerens and 
desmosomes after removal of extracellular Ca 2+ and the rela- 
tive resistance of tight junctions (see Fig. 3 D), it seems now 
necessary to re-evaluate the differential involvement of the 
various junctional elements in the establishment of epithelial 
cell polarity. This is especially relevant to adherens junctions 
which, in polar epithelial cells, form a continuous belt in the 
subapical region, just like the tight junctions do. 

The direct molecular basis for Ca 2+ involvement in the 
formation and maintenance of intercellular adherens junc- 
tions is still not dear. One possibility is that Ca 2+ ions directly 
act as intercellular linkers, bridging between surface receptors 
of the two cells in contact. Alternatively, Ca 2* ions may bind 
to junctional surface components and affect their binding 
capacity either allosterically or by the induction of their lateral 
aggregation at the plane of the membrane. A third mechanism 
which may be considered whereby EGTA causes depletion of 
Ca 2+ ions from intracellular pools does not seem likely in 
view of the following findings: (a) the visible effect of EGTA 
is relatively rapid; (b) addition of Ca 2+ ionophore together 
with EGTA did not facilitate the process (data not shown); 
and (c) free Ca 2+ concentration in the culture medium, even 
after addition of effective concentrations of EGTA, is still 
higher than that found in the cytoplasm. Whatever the exact 
mechanism of Ca 2+ action is, the present study indicates that 
the zonula adhaerens is one of the primary sites of stable, 
Ca2+-mediated cell contact. Furthermore, a direct examina- 
tion of Ca 2+ binding properties of specific junctional proteins 
might shed light on basic mechanisms of intercellular inter- 
action and communication, and on the involvement of Ca 2+ 
ions in these processes. 
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