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Abstract. The release of intercellular contacts in

hE apical region of polarized epithelial cells contains
two types of cytoskeletal filament-anchoring junctions, i.e., the desmosomes (maculae adhaerentes)
connected to intermediate-sized filaments (IFs) 1 and the actin filament-associated zonula adhaerens (ZA), both contributing to cell-cell adhesion as well as to intracellular organization (for reviews see 15, 26, 27, 49, 50). The two kinds of
junctions are distinct by biochemical and morphological criteria, yet they share some basic architectural principles and
have at least one major constituent protein in common: their
junctional membrane domain is intimately associated with
plakoglobin (82 kD; 10, 19, 20, 36).
In both types of junctions, the direct mediators of cell-tocell adhesion appear to be transmembrane glycoproteins that
are concentrated, or exclusively located, in the specific junction membrane domains, and those that have been characterized so far belong to the cadherin superfamily of cell adhesion molecules: desmoglein and desmocollins I and II are
localized in desmosomes (4-7, 29, 30, 35, 39, 47-49, 51),
while the major cell adhesion molecule of the ZA is E-cadherin (uvomorulin, L-CAM; 2, 3, 14, 22, 33, 46, 53, 58).

Ca 2+ ion-chelator EGTA, numerous HRP-positive vesicles are found in close association with the dislocated
plaque material, suggesting that the HRP is contained
in the vesicles formed upon EGTA-induced junction
splitting. Immunoelectron microscopy with various
cadherin-specific antibodies revealed vesicle-associated
labeling, confirming the derivation of these plaqueassociated vesicles from the ZA. As the desmosomespecific cadherin, desmoglein, is recovered in another
type of junction-derived vesicle, which is characterized
by its association with a desmoplakin-plaque, we conclude that the membrane domains of both kinds of
junction are endocytosed during Ca 2+ depletion but
stay in different vesicle populations, emphasizing the
selective interaction of the specific cadherins with their
respective plaque and filament partners.

1. Abbreviations used in this paper: IF, intermediate-sized filament; ZA, zonula adhaerens.

It has also been shown that the cytoplasmic domains of the
desmosomal glycoproteins and of the ZA-cadherin(s) contribute to the formation of the specific filament-anchoring
cytoplasmic plaques (11, 33, 43, 44, 47, 48, 51). In addition
to the COOH-terminal, cytoplasmic portions of their specific cadherins, these plaques contain, besides plakoglobin,
a set of cytoplasmic proteins that are characteristic of either
desmosomes or the ZA: in polarized epithelial cells, desmosomes have been shown to contain desmoplakin (5, 8, 9,
17-19, 32, 42, 49), whereas vinculin has been localized to
ZA plaques (23-27; see 12 and 54 for other ZA proteins).
Cadherins are Ca2+-binding proteins, and cadherin-mediated ceU-to-cell adhesion is dependent on a certain concentration of extraceUular Ca2+(for review see 53). In previous
studies it has been shown that diverse types of cultured polar
epithelial cells dissociate upon removal of Ca2+ ions from
the culture medium. During this process, half-desmosome
equivalents are internalized in the form of endocytotic vesicles, including some desmosomal transmembrane glycoproteins, in association with the cytoplasmic plaque material
and associated IF bundles (8, 13, 37, 38, 41, 48). The split-.
ting of these cell-to-cell junctions in response to Ca2+ depletion also results in the release of ZA plaque material from
the plasma membrane: ring-like structures containing vincu-
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MDBK cells, initiated by the depletion of Ca 2+ ions
from the culture medium, results in the endocytotic
uptake of membrane vesicles containing specific membrane constituents of the zonula adhaerens (ZA).
During this process the junction-derived, endocytosed
vesicles remain associated with the ZA plaque components, while the plaque and its attached actin filaments
retract as a whole in a ring-like fashion from the plasma membrane, often accumulating, usually in fragments, in the juxtanuclear cytoplasm. Double-label
immunofluorescence microscopy with antiplakoglobin
and antivinculin has indicated that both plaque proteins colocalize with the hallmark membrane glycoprotein of this junction type, E-cadherin (uvomorulin).
When HRP used as a fluid phase marker is applied
to the culture medium, simultaneously with the

lin and actin have been identified deep in the cytoplasm,
retracting centripetally to a juxtanuclear position (37, 57).
However, the fate of the corresponding junctional membrane
components, notably the cadherins, remained unresolved.
In our previous study of Ca2+-depleted MDBK cell cultures (57) we have not recognized endocytotic ZA-derived
membrane structures. More recently, however, we have applied several antibodies to ZA-specific cadherin(s), together
with immunoelectron microscopy, to identify certain plasma
membrane invaginations and vesicles containing fluid phase
markers, and we can now show that during Ca2+ depletion
ZA membrane is also resumed into the cell interior, forming
ZA plaque-associated vesicles. Therefore, we conclude that
both kinds of junctions behave in a principally similar way,
i.e., their membrane domains endocytose, but are kept separately, probably due to their remaining attachment to different filament systems.

Materials and Methods
Cell Culture

EM
Fixation and processing of cells for ultrathin sectioning were done as described (16; fixation protocol I). Electron micrographs were taken at 80 kV
using an electronmicroscope (model 101; Siemens AG, Berlin, FRG). For
immunoelectron microscopy two different preembedding procedures were
performed. Procedure 1: Cells were fixed in a mixture of 3 % formaldehyde
and 0.1% Triton-X-100 in PBS for 5 min, followed by fixation with 3% formaldehyde in PBS without Triton for another 15 min. After repeated washings in PBS with 50 mM NH4CI, cells were incubated with primary antibodies for 3-4 h. After several washes with PBS the cells were incubated
for 6 to 14 h with the secondary 5-nm gold-coupled antibodies. Procedure
2: Cells, permeabilized for 10 or 30 s by a gentle treatment with PBS containing 1 mM MgC12 and 0.01 or 0.03 % saponin (see reference 10), were
incubated with the primary and secondary (peroxidase-conjugated F(ab')2
fragment) antibodies for 30 min each. Removal of unbound antibodies with
PBS after each step was followed by fixation with buffered 2.5 % glutaraldehyde (0.05 M sodium cacodylate, pH 7.2, 50 mM KC1, 2.5 mM MgCI2) for
10 min, washing in buffer (as above), and transfer to the DAB reaction solution (31). For both procedures, fixation and processing for ultrathin sectioning were as mentioned above.

Results
Antibodies
The following mAhs have been used: antidesmoplakin I and II (2.15, 2.17;
9), antidesmoglein (DG 3.10; 47, 48), antiplakoglobin (PG5.1; 10), and antivinculin (VIN 11.5; 57). Rabbit antibodies to uvomorulin (55, 56) were
kindly provided by Dr. R. Kemier (Max-Planck-Institute for Immunology,
Freihurg, FRG). Rabbit antibodies ~anti-L-CAM~ (R14; prepared as described, 3) recognizing a 120-kD polypeptide on MDBK cells were kindly
provided by Dr. J. P. Thiery (Institute of Developmental Physiology, Ecole
Normale Sup6rieure, Paris, France). Pan-cadherin rabbit antibodies (R156
or R157) raised against a synthetic peptide representing the conserved
COOH-terminal sequence of N-cadherin, recognizing 135- and 120-kD
polypeptides on MDBK cells, have been described (28). Clathrin antibodies
(OD 9.5) were purchased from Progen Biotechnics (Heidelberg, FRG). Actin was visualized by using a phalloidin-rhodamine (tetramethyl-rhodamine
isothiocyanide) conjugate (Sigma Chemical Co., St. Louis, MO). Appropriate secondary antibodies coupled to FITC or to Texas red were purchased
from Dianova (Hamburg, FRG). Goat anti-rabbit (IgG plus IgM) antibodies
coupled to 5-nm colloidal gold particles were from Janssen (Beerse, Belgium), and goat antirabbit peroxidase-conjngated F(ab')2 fragments were
from Jackson Laboratories (West Grove, PA).

Immunofluorescence Microscopic Detection of ZA

For single- and double-label immunofluorescence microscopy, cells were
fixed for 5 rain in ice-cold methanol (-20°C) and subsequently for 10 s in
ice-cold acetone (-20"C), or treated unfixed as described for immunoelectron microscopy (see below). For double-label immunofluorescence microscopy, the primary as well as the secondary antibodies were applied
simultaneously. Application of the primary or secondary antibodies was for

Immunofluorescence microscopy of densely grown MDBK
cells with antibodies to components of the ZA plaque, such
as vinculin and plakoglobin, as well as with antibodies to the
extracellular portion of ZA-cadherin(s), revealed an essentially identical staining along cellular contact sites (Fig. 1,
a, b, and d). The rabbit pan-cadherin antibodies (R156 and
R157), which react with the cytoplasmic side of the molecule(s), also stained the MDBK cell boundaries (Fig. 1, c
and e). This obvious colocalization of cytoplasmic plaque
components with cadherin(s) at the light microscopic level
was particularly clear from double-label experiments as
shown in Fig. 1, a-d. The close vicinity of the ZA and the
subapical ring of desmosomes is demonstrated in Fig. 1, e
and f, using antibodies to E-cadherin and desmoplakin,
respectively.
The morphology and the cellular distribution of the ZA
markers changed dramatically after Ca2+ ion depletion from
the culture medium. Within minutes after addition of EGTA,
the cadherins, labeled with antiuvomorulin (Fig. 2 a) or pancadherin antibodies (Fig. 2, b, d, and f ) , appeared in ringlike cytoplasmic structures in most (80-90%) of the cells,
apparently dislocated from the cell surface, and double-label experiments showed that the plaque components, plakoglobin and vinculin, largely colocalized in the same structures (e.g., Fig. 2, c and e). At later time points after the
EGTA treatment (30-45 min), the diameters of these ZAderived rings, still positive with the various marker antibodies described above, became smaller and more disrupted.
Similar results were also obtained with the polyclonal antibodies of rabbit serum R14 (not shown). The diameter of
these ring-like structures varied due to the general variation
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Dissociation of CeUular Junctions
EGTA (Serva, Heidelberg, FRG) was used for chelating calcium ions in the
culture medium. A buffered stock solution of 150 mM EGTA was used to
obtain a final concentration of 4 raM. To readjust the pH value of the culture
medium to pH 7.3, 0.1 N NaOH was added. After incubation at 37°C for
different periods of time, cells were fixed for light and electron microscopic
examinations. In some experiments, soluble type VI HRP (Sigma Chemical
Co.) was applied to the EGTA culture medium. Reaction with DAB was
performed as described (31).

Fluorescence Microscopy
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Bovine kidney epithelial cells of the line MDBK (ATCC, CCL 22; 40) were
grown on glass cover slips in MEM with nonessential amino acids and
Earle's basal salt solution, containing reduced bicarbonate concentration
(0.85 %) and 10% FCS. The calcium ion concentration of the medium was
1.8 mM. Cells were grown to ,,080% of confluency and routinely used on
the second or third day after plating.

30 to 60 rain, each incubation step w~s followed by several washes with
PBS, and a final wash in distilled water. For immunofluorescence of nonpermeabilized ceils, the cells were washed with cold (0-4"C) PBS, kept at low
temperatures (0-4°C) during the incubation with the first antibody (30 min)
and the subsequent washing with PBS, and then fixed with methanol/aceton
and treated as described above. Air-dried coverslips were mounted in
Mowiol (Hoechst, Frankfurt, FRG) and examined with a Zeiss Axiophot
(Carl Zeiss Inc., Oberkochen, FRG).
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Figure 1. Organization of the ZA (a-e) and desmosomes (f) in monolayer cultures of MDBK cells. Double-label immunofluorescence
with antibodies against E-cadherin (uvomorulin, a) vs. plakoglobin (b); pan-cadherin (c) vs. vinculin (d); and pan-cadherin (e) vs. desmoplakin (f) are shown. Immunostaining appears at ceil-to-cell boundaries either in the form of continuous lines, representing the ZA
(a-e), or as fluorescent dots, representing individual desmosomes (f). Bars, 20 t~m.

of the mean circumference of the MDBK cells and due to the
fact that the formation of these structures was neither absolutely synchronous nor complete in all cells (see, e.g., Fig.
2 a, arrows). The tings then became less distinct and could
hardly be detected after more than 1 h of incubation in the
presence of EGTA (not shown). Accumulation of the endocytosed E-cadherin in larger vesicles indicative of lysosomal
elements, was not observed. By direct comparison, in the
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same cells, the dissociation of the ZA and the dislocation of
ZA plaque material from the cell periphery was always faster
than the splitting and endocytotic uptake of the desmosomal
components (Fig. 2, f and g). Double labeling for ZA-cadherin(s) and desmoplakin/desmoglein of cells treated for
5-10 min with EGTA showed, on the level of detection of the
method used, no colocalization. While individual ZA-cadherin-positive ring-like or arc-like structures were found in
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Figure 2. Immunofluorescence microscopy showing components of the ZA and of desmosomes in MDBK cells after Ca 2+ ion depletion
of the culture medium by addition of 4 mM EGTA. (a) Immunofluorescence microscopy with E-cadherin (uvomorulin) antibodies reveals
ring- or arc-shaped structures in the cytoplasm (45 rain treatment). Arrows point to areas of the ZA that have not yet detached completely
from the cell surface. (b-e) Double-label immunofluorescence with pan-cadherin (b) and plakoglobin (c) antibodies, or pan-cadherin (d)
and vinculin (e) antibodies. Note colocalization on ring-like structures (some are denoted by arrows) of transmembrane (b and d) with
cytoplasmic plaque (c and e) components of the ZA 30 rain after onset of treatment. (f and g) The effect of EGTA treatment (10 rain)
on the ZA and on desmosomes, as shown by double-label immunofluorescence with pan-cadherin (f) and desmoplakin (g) antibodies,
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the cytoplasm of almost all ceils, most of the punctate desmoplakin (Fig. 2 g) or desmoglein (not shown) staining was
still detected at the cell boundaries. Nonpermeabilized MDBK
cells reacting with uvomorulin antibodies gave a faint immunostaining at the cell periphery only briefly (5-15 min) after
treatment with EGTA before the application of the antibody
(not shown). When the cells were incubated with EGTA for
a longer period (more than 30 min), staining of the nonpermeabilized cells could not be obtained.
Actin as another cytoplasmic ZA-attached component,
visualized by labeling with rhodamine-coupled phalloidin,
could also be localized, under fixation conditions chosen, to
a continuous belt in untreated MDBK cells, representing the
ZA-associated microfilaments (Fig. 3 a). This "actin belt"
retracted centripetally after addition of 4 mM EGTA to the
culture medium, and individual cytoplasmic ring-structures,
identical to those seen with antibodies to vinculin, plako-

globin, and ZA-cadherin(s), became visible (Fig. 3 b), confirming our previous results (57). With the gradual breakdown
of these ring structures, at m60 min after EGTA addition
(Fig. 3 c), and, finally, the disappearance of the retracted ZA
actin material, another peripheral belt of actin filaments became increasingly visible at the cell periphery (Fig. 3 d). As
the cells round up during EGTA treatment, this new actinpositive peripheral ring becomes more prominent, probably
representing filamentous structures of the cell cortex. Doublelabel experiments with clathrin antibodies showed no colocalization with E-cadherin-positive vesicles appearing in the
cytoplasm after EGTA treatment (not shown).

E M of Normal and HRP-EGTA-treated M D B K Cells
Cross sections of confluent MDBK cell monolayers revealed
the subapical localization of the ZA in this cell type (Fig. 4

demonstrates that endocytosis of ZA components is faster than endocytosis of desmosomal halves. The arrowheads infpoint to situations
where individual ring-like structures have already clearly detached from the cell periphery (f), whereas the desmosomes (arrows in g)
axe still nearly unchanged. Bars, 20 #m.
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Figure 3. (a-d) MDBK cells fluorescently labeled for actin with rhodamine-phalloidin, to show the fate of the ZA-associated actin upon
treatment with 4 mM EGTA for 0 (a), 15 (b), 60 (c), and 120 min (d). At early time points of the treatment, continuous "ring-like" structures
are seen in the cytoplasm, which represent the centripetally retracted, ZA-associated microfilaments (b). These "actin belts" then break
down gradually (c), leaving, in many cells, only fragmented substructures of the former actin belt (arrows in c and d). Besides the bright
staining of the internalized ring structures, another ("secondary") peripheral belt of actin filament material earl be recognized (small arrows
in c and d), which becomes increasingly apparent as the internalized primary ring-like structures break down. Bars: (a-d) 20 #m; (e) 1 #m.
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Figure 4. Electron micrographs of MDBK ceils, demonstrating the subapical localization of a cross (a) and tangentially (b) sectioned ZA.
The extended plaque structure appears as a belt or bundle of microfilaments, with interspersed clusters of amorphous material of higher
electron density (a, arrowheads), which in flat sections is revealed as a convoluted structure (b). (c) In ceils treated with EGTA for 90
min, the dislocated ZA plaque structure can be found in a juxtanuclear position (/arge arrows), while another filamentous belt structure
is now seen in the cortical cytoplasm (arrowheads point to interspersed densities). Note that vesicles are not associated with this "outer
ring: N, cell nucleus; M, mitochondrion. Bars: (a and b) 0.5/xm; (c) 1 ~m.

a). The extended plaque structure (2-3 gm high and 0.5-0.8
gm thick) appeared as a circumferential belt of a bundle of
microfilaments with interspersed clusters of electron-dense,
amorphous material ("dense bodies"; Fig. 4 a). Sections running tangentially to such belt~ show that these densities are
arranged in an extended convoluted structure, located within
the straight-aligned microfilament bundle (Fig. 4 b). Treatment with EGTA caused the splitting of intercellular contacts, the release of the belt-forming plaque from the cell
surface, and the appearance of ring-like structures in the jux-

tanuclear cytoplasm (not shown; see 37, 57). In addition to
these dislocated microfilament bundles associated with ZA
components, another large belt-like filamentous structure
could be detected in the cortical cytoplasm of cells that had
been treated with EGTA for at least 30 min. This "outer ring"
became more prominent at later time points (e.g., 90 min;
Fig. 4 c), showed interspersed densities (see arrowheads in
Fig. 4 c), and revealed no associated membrane profiles. At
such late time points, however, the dislocated ZA components had already lost their ring- or arc-like continuity and
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Figure 5. (a and b) Electron micrographs of MDBK cells incubated for 15 rain in culture medium containing 4 mM EGTA together with
5 mg/rnl HRP, and (c) incubated for 10 rain in the presence of EGTA without HRP and another 20 rain together with HRP. (a) Survey
micrograph with three adjacent cells, in two of which dislocated ZA plaque material (small arrows) is seen in association with vesicles
containing HRP reaction product. Arrowheads point to vesicles of the endosomal/lysosomal compartment. (b) Higher magnification, showing numerous HRP-positive vesicles (arrows) closely associated with the electron-dense material of the released ZA plaque (b). (c) When
the fluid phase marker HRP (5 mg/ml) was added 10 rain after the beginning of the EGTA treatment HRP reaction products were seen
only in the endosomal/lysosomal compartment (arrowheads), but not within the endocytosed vesicles (arrows) associated with the dislocated ZA plaque. N, cell nucleus; PM, plasma membrane. Bars, 0.5/zm.

d, arrows).
When MDBK cells were incubated in a medium containing 4 mM EGTA together with HRP (3-5 mg/ml) as a"liquid
phase marker" the HRP reaction product was found trapped

in vesicles of various sizes that were associated with the ZA
plaques detached from the surface membrane. The majority
of these ZA plaque-associated, HRP-positive vesicles were
intimately associated with the electron-dense bodies mentioned above, whereas an attachment to actin filaments was
not regularly noted (Fig. 5, a and b). In addition, some HRP-
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formed a fragmented substructure in the vicinity of the cell
nucleus (Fig. 4 c, arrows; compare also with Fig. 3, c and
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Figure 6. Immunoolectron microscopy of M D B K

ceils incubated with E-cadherin (uvomorulin) antibodies at 5 (a), 15 (c), and 30 rain
(b and d) after addition of 4 mM EGTA to the culture medium. Bound antibodies were visualized by peroxidase-coupled secondary antibodies and enzyme reaction product. Before incubation with antibodies, ceils were lysed with a low saponin concentration (0.01%) in PBS
for 10 s (a and b), or with a higher saponin concentration (0.03%) in PBS for 30 s (c and d). These antibodies, known to react specifically
with the extracellular portions of the molecules (3), could be localized either at the intermemhranous surface of the ZA still unaffected
by the EGTA treatment (a, arrowheads in c), or within vesicles found to be associated with the partially (a, arrows) or completely detached
plaque material (b-d, arrows). In the pictures showing contrasted (a), half-contrasted (b and d), or uncontrasted (c) sections, the small
arrowheads point to the dislocated plaque structure of the ZA. Brackets (c and d) indicate reaction sites still at the cell surface. The inset
in a shows the lower left portion of micrograph (a, arrowhead) at higher magnification. N, cell nucleus; PM, plasma membrane. Bars:
(a) 1 /zm; (b, d, inset in c and d) 0.2/zm.
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loaded vesicles of the "normal" endocytotic pathway, such as
coated vesicles, endosomes, and lysosomes, were observed
in various positions of the cytoplasm also, but were never
closely associated with the ZA plaque-derived structures
(e.g., Fig. 5 a). When the ceils were treated for 10 min with
EGTA alone and HRP was added for a subsequent pulse of
20 or 30 min, the ZA plaque-associated vesicles, however,
were free of HRP reaction products, whereas membrane
compartments of various forms and sizes, representing the
different components of the endosomal/lysosomal system,
were heavily stained in this case (Fig. 5 c).

Electron Microscopic Immunolocalization
of ZA-Cadherins

Discussion
The results reported in this study, together with related observations on desmosomal structures (e.g., 37, 38, 41, 45),
show that upon destabilization of intercellular adhesion by
depletion of extracellular Ca2÷ions, the membrane domains
of both kinds of plaque-bearing, cadherin-containing junctions of the "adherens" category, the desmosome and the ZA,
behave similarly in principle, as they undergo endocytotic
vesicle formation in separated vesicle populations. The des-
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To characterize the fate of ZA components upon EGTA treatment in greater detail, we performed immunoelectron microscopy, using the same ZA-cadherin-specific antibodies.
Labeling with uvomorulin antibodies that specifically react with the extracellular moiety of the molecule (see reference 3) was seen along the ZA midplane in untreated cell
monolayers, whereas junction-free areas of the lateral plasma
membranes were not labeled or were only very sparsely labeled (data not shown). During the first minutes (2-5 min)
after EGTA treatment, the plaque material began to detach
partially from those plasma membrane areas that had already
lost cell-to-cell contact (Fig. 6 a).
Using different immunoelectron microscopic (immunogold
and immunoperoxidase) procedures, we observed vesicles
that were associated with ZA plaque material and contained
trapped cadherin antibodies labeled by HRP (Fig. 6, a-d) or
gold particles (Fig. 7, a and b). At these early time points,
antibody staining was still also found at ZA cell contact sites
yet unaffected by the treatment (Fig. 6, a and c). A much
higher number of vesicles stained with the antiuvomorulin
were seen, in association with the detached plaque material
at later time points (e.g., 30 min; Fig. 6 b). Shape, frequency,
and association of the immunoreactive vesicles with the dislocated plaque material were similar to those labeled with
the fluid phase marker (compare, e.g., Fig. 5, a and b with
Fig. 6, b and d).
Using pan-cadherin antibodies specifically reacting with
the cytoplasmic portion of these molecules (28) we also
found, in EGTA-treated cells, antibody label on the cytoplasmic surfaces of vesicles that were closely associated with the
dislocated plaque (Fig. 7 c) or in close vicinity of the plaque
structure (Fig. 7 d). Due to the more stringent experimental
conditions needed for the penetration of the gold-conjugated
secondary antibodies, the membrane profiles of the vesicles
were occasionally less well-preserved (Fig. 7 d). However,
gold label was frequently found at the outward oriented side
of the amorphous plaque structure (Fig. 7, c and d).

mosome-derived, Ca 2+ depletion-induced vesicles contain
transmembrane desmosomal proteins, such as desmoglein
(13, 48; see 41), and are associated with desmoplakin-conraining plaque material and IFs (8, 13, 37, 38, 41), whereas
the ZA-derived vesicles contain E-cadherin in association
with plakoglobin (this study), vinculin, and actin-positive
plaque material (57). It is to be expected that other proteins
of the ZA plaque such as radicin and tenuin (for review see
54) and the '~282-kD protein" described by Beckerle (1) also
remain in association with the ZA-derived endocytotic vesicles.
Compared to the desmosome-derived vesicles, however,
the ZA-derived endocytotic vesicles appear to be much less
regularly shaped and are less conspicuous amidst the massive mats of the dislocated "outer ring" formed by ZA plaque
material and actin filament bundles. Probably, this is the reason why the significance of these vesicles has previously
been overlooked (e.g., 57). Mattey and Garrod (41) have described, in the same cell line, a plakoglobin-positive cytoplasmic ring to appear upon EGTA treatment but, as it was
also positive for desmocollins, these authors interpreted this
ring as exclusively desmosome derived.
Moreover, the labeling of E-cadherin in such ZA-derived
vesicles with antibodies to both the extracellular and the
intracellular (e.g., by antibodies uvomorulin and pan-cadherin) domains and the demonstration of normal-sized cadherin in immunoblots (data not shown), suggest that most of
the cadherin molecules are still intact (for at least 2 h) after
Ca 2÷ depletion. On the other hand, our data do not exclude
some cadherin degradation during the cell treatment, which
is likely to occur in view of the known susceptibility of
Ca2+-deprived E-cadherin to proteolysis (see 21, 34, 52).
Our results obtained with ZA- as well as with desmosomederived vesicles also do not exclude the possibility that a certain, perhaps large, proportion of E-cadherin and desmoglein molecules escapes the endocytosis process and remains
on the outer plasma membrane, apparently in a dispersed
distribution over most of the cell surface, due to lateral
diffusion (for discussion see also 41). Future experiments
will have to show whether the fate and the life time kinetics
of the vesicle-trapped and the surface membrane-bound molecules are similar or different, and whether they are reutilized for the reformation of junctions during restoration of
the normal Ca ~+level. Our experiments indicate that at least
for a period of'~40 min after EGTA application the endocytosed ZA-derived vesicles and the vesicles of the "normal"
endocytotic pathway represent different and distinguishable
compartments. Our results, however, do not allow us to exclude a possible fusion of these vesicle populations in the
first minutes of the EGTA treatment.
At present, we do not know the forces that are involved in
these rapid endocytotic resumption of junctional domains,
but it seems reasonable to speculate that the associated cytoplasmic plaque proteins and the specific cytoskeletal filaments
play a major role in the stable coherence with the transmembrane glycoproteins and in the maintenance of the differential clustering of E-cadherin vs. desmoglein in the specific
type of vesicle. At any rate, our results show that the specific
cluster formation and sorting of these two members of the
cadherin family of cell adhesion molecules is not depending
on homophilic cell-to-cell interaction at the surface, at least
as concerns the stability of the clusters once established.
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Figure 7. Immunoelectron microscopy of MDBK cells incubated with E-cadherin (uvomorulin; a and b) or pan-cadherin (c and d) antibodies, at 15 min (a and b) or 30 rain (c and d) after addition of 4 mM EGTA to the culture medium as detected by gold-labeled ('~5 nm
diameter) secondary antibodies. Cells were lysed with 0.1% Triton-X-100 in PBS in the presence of 3 % formaldehyde. Due to the fixation
protocol membrane profiles are not always well preserved. (a) Survey picture showing a dissociated cell with partially detached plaque
material (arrowheads) and gold label inside an internalized plaque-associated vesicle (a, arrow; b, at higher magnification). (c) After incubation with pan-cadherin antibodies, reacting with cytoplasmically oriented portions of the molecule, gold label was found at cytoplasmic
surfaces of some plaque-associated vesicles (arrows). Inset in c, higher magnification of an area selected from c. (d) Similar situation
as shown in c. For better detection, the gold particles were demarcated by small circles. Note preferential orientation of the gold label,
which is almost exclusively located on the "outer side" of the plaque. Bars: (a) 1 #m; (b, c, inset in c and d) 0.2 #m.

The Journal of Cell Biology,Volume 113, 1991

890

We thank B. Hub and J. MiiUer-Osterholt for skillful technical assistance
and E. Gundel for careful typing of the manuscript.
Received for publication 26 October 1990 and in revised form 4 February
1991.

26.
27.

References

Kartenbeck et al. Endocytosis of Cadherins

28.
29.
30.
31.

32.

33.

34.
35.

36.
37.

38.
39.

40.
41.
42.
43.
44.

45.
46.

47.

48.

49.
50.

891

Downloaded from jcb.rupress.org on August 17, 2017

1. Beckerle, M. C. 1986. Identification of a new protein localized at sites of
cell-substrate adhesion. J. Cell Biol. 103:1679-1687.
2. Behrans, J., W. Birchmeier, S. L. Croodman, and B. A. Imhof. 1985. Dissociation of MDCK epithelial cells by the monoclonal antibody anti-Arc1: mechanistic aspects and identification of the antigen as a component
related to uvomorulin. J. Cell Biol. 101:1307-1315.
3. Boiler, K., D. Vestweber, and R. Kemler. 1985. Cell-adhesion molecule
uvomorulin is localized in the intermediate junctions of adult intestinal
epithelial cells. J. Cell Biol. 100:327-332.
4. Cohen, S. M., G. Gorbsky, and M. S. Steinberg. 1983. Immunochemical
characterization of related families of glycoproteins in desmosomes. J.
Biol. Chem. 258:2621-2627.
5. Cowin, P., and D. R. Garrod. 1983. Antibodies to epithelial desmosomes
show wide tissue and species cross-reactivity. Nature (Land.). 302:148150.
6. Cowin, P., D. Mattey, and D. R. Garrod. 1984. Distribution of desmosomal components in the tissues of vertebrates, studied by fluorescent antibody staining. J. Cell Sci. 66:119-132.
7. Cowin, P., D. Mattey, and D. R. Garrod. 1984. Identification of desmosomal surface components (desmocollins) and inhibition of desmosome formation by specific Fab'. J. Cell Sci. 70:41-60.
8. Cowin, P., W. W. Franke, C. Grund, H.-P. Kapprell, and J. Kartenbeck.
1985. The desmosome-intermediate filament complex. In The Cell in
Contact. G. M. Edelman and J.-P. Thiery, editors. John Wiley & Sons,
New York. 427--460.
9. Cowin, P., H.-P. Kapprell, and W. W. Franke. 1985. The complement of
desmosomal plaque proteins in different cell types. J. Cell Biol. 101:
1442-1454.
10. Cowin, P., H.-P. Kapprell, W. W. Franke, J. Tamkun, andR. O. Hynes.
1986. Plakoglobin: a protein common to different kinds of intercellular
adhering junctions. Cell. 46:1063-1073.
11. Cunningham, B. A., and G. M. Edelman. 1990. Structure, expression, and
cell surface modulation of cell adhesion molecules. In Morphoregulatory
Molecules. G. M. Edelman and B. A. Cunningham, editors. John Wiley
& Sons, New York. 9-40.
12. Drenckhahn, D., and H. Franz. 1986. Identification of actin-, a-actinin-,
and vinculin-containing plaques at the lateral membrane of epithelial
cells. J. Cell Biol. 102:1843-1852.
13. Duden, R., and W. W. Franke. 1988. Organization of desmosomal plaque
proteins in ceils growing at low calcium concentrations. J. Ceil Biol.
107:1049-1063.
14. Edelman, G. M. 1983. Cell adhesion molecules. Science (Wash. DC).
219:450-457.
15. Farquhar, M. G., and G. E. Palade. 1963. Junctional complexes in various
epithelia. J. Cell Biol. 17:375-412.
16. Franke, W. W., M. R. Lfider, J. Kartenbeck, H. Zerban, and T. W. Kecnan. 1976. Involvement of vesicle coat material in casein secretion and
surface regeneration. J. Cell Biol. 69:173-195.
17. Franke, W. W., R. Moll, D. L. Schiller, E. Schmid, J. Kartenbeck, and
H. MOiler. 1982. Desmoplakins of epithelial and myocardial desmosomes are immunologieally and biochemically related. Differentiation.
23:115-127.
18. Franke, W. W., H. MOiler, S. Mittnacht, H.-P. Kapprell, and J. L. Jorcano. 1983. Significance of two desmosome plaque-associated polypeptides of molecules weights 75,000 and 83,000. EMBO (Eur. Mol. Biol.
Organ.) J. 2:2211-2215.
19. Franke, W. W., P. Cowin, M. Schmelz, and H.-P. Kapprell. 1987. The
desmosomal plaque and the cytoskeleton. Ciba Found. Syrup. 125:26--44.
20. Franke, W. W., H.-P. Kapprell, and P. Cowin. 1987. Immunolocalization
of plakoglobulin in endothelial junctions: identification as a special type
of zonulae adhaerentes. Biol. Cell. 49:205-218.
21. Gallin, W. J., G. M. Edelman, andB. A. Cunningham. 1983. Characterization of L-CAM, a major cell adhesion molecules from embryonic liver
cells. Proc. Natl. Acad. Sci. USA. 80:1038-1042.
22. Gallin, W. J., B. C. Sorkin, G. M. Edelman, andB. A. Cunningham. 1987.
Sequence analysis of a eDNA clone encoding the liver cell adhesion molecule. Proc. Natl. Acad. Sci. USA. 84:2802-2812.
23. Geiger, B. 1979. A 130 K protein from chicken lizzard: its localization at
the termini of microfilament bundles in cultured chicken cells. Cell. 18:
193-205.
24. Geiger, B., A. H. Dutton, K. T. Tokuyasu, and S. J. Singer. 1981. Immunoelectron microscope studies of membrane-microfilament interactions:
distribution of ot-actinin, tropomyosin and vinculin in intestinal epithelia
brush border and in chicken lizzard smooth muscle cells. ,/. Cell Biol.
91:614-628.
25. Geiger, B., E. Schmid, and W. W. Franke. 1983. Spatial distribution of

proteins specific for desmosomes arid adhaerens junctions in epithelial
cells demonstrated by double immunofluorescencemicroscopy. Differentiation. 23:189-205.
Geiger, B., Z. Avnur, T. Volberg, and T. Volk. 1985. Molecular domains
of adherens junctions. In The Cell in Contact. G. M. Edelman and J. P.
Thiery, editors. John Wiley and Sons, New York. 461--469.
Geiger, B., T. Volk, and T. Volberg. 1985. Molecular heterogeneity of
adherens junctions. J. Cell Biol. 101:1523-1531.
Geiger, B., T. Volberg, D. Ginsberg, S. Bitzur, I. Sabanay, and R. O.
Hynes. 1990. Broad spectrum pan-cadherin antibodies, reactive with the
C-terminal 24 amino acid residues of N-cadherin. J. Cell Sci. 97:607-614.
Giudice, G. J., S. M. Cohen, N. H. Patel, and M. S. Steinberg. 1984. Immunological comparison of desmosomal components from several bovine
tissues..L Cell. Biochem. 26:35--45.
Gorbsky, G., and M. S. Steinberg. 1981. Isolation of the intercellular glycoproteins of desmosomes. J. Cell BioL 90:243-248.
Graham, R. C., and M. J. J. Karnovsky. 1966. The early stages of absorption of injected horseradish peroxidase in the proximal tubules of mouse
kidney: ultrastructural cytochemistry by a new technique. J. Histochem.
Cytochem. 14:291-302.
Green, K. J., D. A. D. Parry, P. M. Steinert, M. L. A. Virata, R. M.
Wagner, B. D. Angst, and L. A. Nilles. 1990. Structure of the human
desmoplakins. Implications for function in the desmosomal plaque. J.
Biol. Chem. 265:2603-2612.
Hatta, K., A. Nose, A. Nagafuchi, and M. Takeichi. 1988. Cloning and
expression of eDNA encoding a neural calcium-dependent cell adhesion
molecule: its identity in the cadherin gene family. J. Cell Biol. 106:
873-881.
Hyafil, F., C. Babinet, and F. Jacob. 1981. Cell-cell interactions in early
embryogenesis: a molecular approach to the role of calcium. Cell. 26:
447-454.
Kapprell, H.-P., P. Cowin, W. W. Franke, H. Ponstingl, and H. J. Opferkuch. 1985. Biochemical characterization of desmosomal proteins isolated from bovine muzzle epidermis: amino acid and carbohydrate composition. Eur. J. Cell Biol. 36:217-229.
Kapprell, H.-P., P. Cowin, and W. W. Franke. 1987. Biochemical characterization of the soluble form of the junctional plaque protein, plakoglobin, from different cell types. Fur. J. Biochem. 166:505-517.
Kartenbeck, J., E. Schmid, W. W. Franke, and B. Geiger. 1982. Different
modes of internalization of proteins associated with adhaerens junctions
and desmosomes: experimental separation of lateral contacts induces endocytosis of desmosomal plaque material. EMBO (Eur. Mol. BioL Organ.) J. 1:725-732.
Kartenbeck, J., W. W. Franke, J. G. Moser, and U. Stoffels. 1983. Specific
attachment of desmin filaments to desmosomal plaques in cardiac myocytes. EMBO (Fur. Mol. Biol. Organ.) J. 2:735-743.
Koch, P. J., M. J. Walsb, M. Schmelz, M. D. Goldschmidt, R. Zimbelmann, and W. W. Franke. 1990. Identification of the constitutive, plaqueintegrated, desmosomal glycoprotein, desmoglein, as a member of the
cadherin family of cell adhesion molecules. Fur. J. Cell Biol. 53:1-12.
Madin, S. H., and N. B. Darby. 1958. Established kidney cell line of normal adult bovine and ovine origin. Proc. Soc. Exp. Biol. Med. 98:574576.
Mattey, D. L., and D. R. Garrod. 1986. Splitting and internalization of the
desmosomes of cultured kidney epithelial ceils by reduction in calcium
concentration. J. Cell Sci. 85:113-124.
Miiller, H., and W. W. Franke. 1983. Biochemical and immunological
characterization of desmoplakins I and II, the major polypeptides of the
desmosomal plaque. J. Mol. Biol. 163:647-671.
Nagafuchi, A., and M. Takeichi. 1988. Cell binding function of E-cadherin
is regulated by the cytoplasmic domain. EMBO (Eur. Mol. Biol. Organ.)
•1". 7:3679-3684.
Nagafuchi, A., and M. Takeiclti. 1989. Transmembrane control of
cadherin-mediated cell adhesion: a 94 kDa protein functionally associated
with a specific region of the cytoplasmic domain of E-cadherin. Cell Reg.
1:37--44.
Overton, J. 1974. Cell junctions and their development. Prog. Surf.
Membr. Sci. 8:161-208.
Ringwald, M., R. Schuh, D. Vestweber, H. Eistetter, F. Lottspeich, J. Engel, R. D61z, F. Jiihnig, J. Epplen, S. Mayer, C. MOiler, and R. Kemler.
1987. The structure of cell adhesion molecule uvomorulin. Insights into
the molecular mechanism of Ca2+-dependent cell adhesion. EMBO (Eur.
Mol. Biol. Organ.)J. 6:3647-3653.
Schmelz, M., R. Duden, P. Cowin, and W. W. Franke. 1986. A constitutive transmembrane glycoprotein of Mr 165,000 (desmoglein) in epidermal and non-epidermal desmosomes. I. Biochemical identification of the
polypeptide. Eur. J. Cell Biol. 42:177-183.
Schmelz, M., R. Duden, P. Cowin, and W. W. Franke. 1986. A constitutive transmembrane glycoprotein of Mr 165,000 (desmoglein) in epidermal and non-epidermal desmosomes. II. Immunolocalization and microinjection studies. Fur. J. Cell Biol. 42:184-199.
Schwarz, M., K. Owaribe, J. Kartenbeck, and W. W. Franke. 1990. Desmosomes and hemidesmosomes: constitutive molecular components.
Annu. Rev. Cell Biol. 6:461-491.
Staehelin, L. A. 1974. Structure and function of intercellular junctions. Int.

aspects of cell adhesion molecule uvomorulin. Cell Diff. 15:269-273.
56. Vestweber, D., A. Gossler, K. Boiler, and R. Kemler. 1987. Expression
and distribution of cell adhesion molecule uvomorulin in mouse preimplantation embryos. Dev. Biol. 124:451--456.
57. Volberg, T., B. Geiger, J. Kartenbeck, and W. W. Franke. 1986. Changes
in membrane-rrdcrofilament interaction in intercellular adhaerens junctions upon removal of extracellular Cav" ions. J. Cell Biol. 102:18321842.
58. Yoshida, C., and M. Takeichi. 1982. Teratocarcinoma cell adhesion:
identification of a cell surface protein involved in calcium-dependent cell
aggregation. Cell. 28:217-224.

The Journal of Cell Biology, Volume 113, 1991

892

Downloaded from jcb.rupress.org on August 17, 2017

Rev. Cytol. 39:191-283.
51. Steinberg, M. S., H. Shida, G. J. Giudice, M. Shida, N. H. Patel, and
L W. Blaschuk. 1987. On the molecular organiT~tion, diversity, and
function of desmosomal proteins. Ciba Found. Syrup. 125:3-25.
52. Takeichi, M. 1977. Functional correlation between cell adhesive properties
and some cell surface proteins. J. Cell Biol. 75:464-474.
53. Takeichi, M. 1988. The cedherins: cell-cell adhesion molecules controlling
animal morphogenesis, Development (Camb.). 102:639-655.
54. Tsukita, Sh., Sa. Tsukita, and A. Nagafuchi. 1990. The undercoat of adhelens junctions: a key specialized structure in organogenesis and carcinogenesis. Cell Struct. Funct. 15:7-12.
55. Vestweber, D., and R. Kemler. 1984. Some structural and functional

