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Abstract. The vacuolar apical compartment (VAC) is
an organelle found in Madin-Darby canine kidney
(MDCK) cells with incomplete intercellular contacts
by incubation in 5 pM Ca** and in cells without con-
tacts (single cells in subconfluent culture); charac-
teristically, it displays apical biochemical markers and
microvilli and excludes basolateral markers (Vega-
Salas, D. E., P. J. 1. Salas, and E. Rodriguez-Boulan.
1987. J. Cell Biol. 104:1249-1259). The apical surface
of cells kept under these culture conditions is imma-
ture, with reduced numbers of microvilli and decreased
levels of an apical biochemical marker (184 kD),
which is, however, still highly polarized (Vega-Salas,
D. E., P. 1. I. Salas, D. Gundersen, and E. Rodriguez-
Boulan. 1987. J. Cell Biol. 104:905-916). We de-
scribe here the morphological stages of VAC exocyto-
sis which ultimately lead to the establishment of a
differentiated apical domain. Addition of 1.8 mM Ca**
to monoiayers developed in 5 uM Ca** causes the
rapid (20-40 min) fusion of VACs with the plasma
membrane and their accessibility to external antibod-
ies, as demonstrated by immunofluorescence, immuno-
peroxidase EM, and RIA with antibodies against the
184-kD apical plasma membrane marker. Exocytosis

occurs towards areas of cell-cell contact in the de-
veloping lateral surface where they form intercellular
pockets; fusion images are always observed immedi-
ately adjacent to the incomplete junctional bands de-
tected by the ZO-1 antibody (Stevenson, B. R., J. D.
Siliciano, M. S. Mooseker, and D. A. Goodenough.
1986. J. Cell Biol. 103:755-766). Blocks of newly in-
corporated VAC microvilli and 184-kD protein pro-
gressively move from intercellular (“primitive” lateral)
spaces towards the microvilli-poor free cell surface.
The definitive lateral domain is sealed behind these
blocks by the growing tight junctional fence. These
results demonstrate a fundamental role of cell-cell
contact-mediated VAC exocytosis in the establishment
of epithelial surface polarity. Because isolated stages
(intercellular pockets) of the stereotyped sequence of
events triggered by the establishment of intercellular
contacts in MDCK cells have been reported during
normal differentiation of intestine epithelium (Colony,
P. C., and M. R. Neutra. 1983. Dev. Biol. 97:349-
363), we speculate that the mechanism we describe
here plays an important role in the establishment of
epithelial cell polarity in vivo.

HE asymmetric distribution of plasma membrane com-

ponents into apical and basolateral domains (polarity)

is essential for the vectorial functions of differentiated
epithelial tissues (51, 55). Epithelial cells in tissue culture
are useful models to study the mechanisms responsible for
polarization and differentiation (4, 9, 24, 25, 27, 65).

We have recently described a 184-kD apical plasma mem-
brane antigen of Madin-Darby canine kidney (MDCK) cells
which is highly polarized in confluent monolayers. MDCK
cells prevented from forming complete cell-cell contacts by
incubation in low calcium DME (LC; ~5 uM Cat**), have
reduced levels of this antigen on the surface (38 %), although
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it is equally well polarized (15-fold more concentrated in the
apical than in the basolateral domain) into a “primitive” (bio-
chemically mixed) apical domain (Figs. 4 Cand 5 B in refer-
ence 65) that also contains basolateral markers (i.e., a 63-kD
membrane protein). The remaining portion of the 184-kD
protein (62 %) is found in an intraceliular vacuolar structure:
the vacuolar apical compartment (VAC),! an organelle only
seen in cells which have not yet developed intercellular con-
tacts (such as single cells) and in monolayers prevented from
developing complete cell-cell contacts by incubation in LC
(~v5 uM; reference 20). Indeed, cells kept in LC have fewer
microvilli on their surface (but accumulate them in VACs)

1. Abbreviations used in this paper: LC, low calcium DME; NC, nor-
mal calcium DME; PFA, paraformaldehyde; VAC, vacuolar apical com-
partment.
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and a much smaller average lateral domain than normal
monolayers (16 % of the surface area vs. 58 % of the total cell
surface area in normal calcium DME [NC], NC = 1.8 mM
Ca*™™). Influenza virus hemagglutinin, an apical marker in
infected MDCK cells (51), is targeted both to VACs and to
the free apical surface. On the other hand, basolateral mark-
ers (a 63-kD basolateral cellular protein and vesicular stoma-
titis virus G glycoprotein) are detected at similar concentra-
tions on the free and attached surfaces of cells kept in LC
but are excluded from VACs (66).

VAC-like structures have been described in several epithe-
lia (19, 46, 48, 49, 62; see reference 47 for a review), tumors
of epithelial lineage (7, 30-32, 60, 61, 63), and even in lower
vertebrates (1, 33) on the basis of a purely ultrastructural
criterion: intracellular lumina with microvilli and positive
stain to polysaccharides (12). The wide distribution of these
structures suggests an important and poorly understood
function in the biogenesis of epithelia.

The concentration of apical plasma membrane compo-
nents in VACs and initial kinetic observations (66) suggest
a precursor role for VACs in the formation of the apical sur-
face of epithelial cells. The experiments in this report de-
scribe kinetically and structurally the early events in the exo-
cytosis of VAC and the subsequent redistribution of the newly
inserted apical components to their final localization in the
apical pole. Cell-cell contacts were found to play an impor-
tant role, not only in the control of VAC exocytosis, but also
in the spatial organization of the process.

Materials and Methods

Cell Culture

MDCK strain II (38) between passages 58 and 75 were cultured in 75-cm?
tissue culture flasks (Falcon Labware, Oxnard, CA), at 37°C, 5% CO, in
DME containing 1.8 mM Ca (NC; Gibco Laboratories, Grand Island, NY),
supplemented with 10% horse serum (HyClone Laboratories, Logan, UT).
The cells were dissociated weekly by treatment with 0.25% trypsin/0.2 mM
EDTA. For experiments, cells were plated in serum-free DME after dissoci-
ation and, in some cases, changed to LC (spinner-MEM, containing 1-5
pM calcium, 10 mM phosphate; Gibco Laboratories) 90 min after plating
(66).

Antibodies, Radioimmunoassay, and
Immunofluorescence

The preparation and characterization of the $2/2Gl mAb against a 184-kD
MDCK apical plasma membrane protein have been described elsewhere
(65, 66). The rat mAb against ZO-1, a 225-kD tight junctional protein was
obtained and characterized by Stevenson et al. (57).

Fab fragments were prepared from the $2/2G1 mAb as by Edidin and Wei
(17). Briefly, the Ig was purified by precipitation with 50% (NH.),SO, fol-
lowed by DEAE-cellulose ion exchange chromatography and dialyzed
against 0.15 M NaCl, 0001 M Na,-EDTA, 0.1 M potassium phosphate,
pH 80. Then, 5 mg Ig (2 ml) was incubated with 40 U of 2X crystallized
papain (Sigma Chemical Co., St. Louis, MO) previously activated for 15
min at room temperature in 0.1 M sodium acetate, 0.01 M cysteine, and 0.001
M EDTA buffer. The digestion was stopped by adding solid iodoacetamide
up to a final concentration of 0.05 M. Undigested Ig and Fab fragments were
separated by chromatography on a Sephadex G-100 column (1.5 X 50 cm).
Fractions corresponding to the second peak, which contained most of Fab,
as determined by SDS-PAGE were collected and rechromatographed once
to eliminate all undigested antibody. The Fab fragment was tested by indirect
immunofiuorescence on formaldehyde-fixed MDCK monolayers, concen-
trated against solid polyvinyl pyrrolidone (M, 40,000; Sigma Chemical
Co.) and stored at —20°C.

For RIA and immunofiuorescence, the cells were fixed in 2% formalde-
hyde in PBS, freshly prepared from paraformaldehyde (PFA) at 4°C, or in
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96 % methanol at ~20°C when ZO-1 antibody was used. Cells were sequen-
tially incubated with 50 mM NH.CI, 1% BSA, and 50 pg/ml of preim-
mune IgG from the same species as the second antibodies (usually goat) in
PBS. For double immunofluorescence, BSA was avoided and the cells were
sequentially incubated with one first antibody, its corresponding second an-
tibody, and then, similarly, for the other antigen. For colocalization of mAb
Fab fragments and whole mAb IgG, affinity-purified Fab or Fc-specific sec-
ond antibodies (Jackson Immuno Research Laboratories, Inc., West Grove,
PA) were used. After five washes in PBS, the cells were mounted on a drop
of 20% polyvinyl alcohol (Vinol; Air Products and Chemicals, Allentown,
PA), observed under a Leitz Ortholux epifluorescence microscope (E.
Leitz, Inc., Rockleigh, NJ) equipped with phase optics and photographed
with Tri-X 400 ASA film (Eastman Kodak Co., Rochester, NY). The ex-
posures ranged from 15-50 s. Cellular perimeters were measured with a
digital planimeter Microplan II (Laboratory Computer Systems Inc., Cam-
bridge, MA). For RIA, cells were plated on 50-well plastic Petri dishes
(Lux; Miles Laboratories Inc., Naperville, IL) and processed as described
above except that the second antibody was affinity-purified ['*I]goat anti-
mouse IgG, prepared as described elsewhere (52).

Semithin Frozen Sections

Procedures for semithin frozen sections have been described elsewhere (65,
66). Briefly, MDCK cells were plated on native collagen gels, fixed in 2%
PFA, embedded in 10% gelatin in PBS, infused overnight in 1.8 M su-
crose/0.4% PFA, frozen in liquid N, and sectioned in ~0.5-um-thick sec-
tions at —85°C with a Sorvall uitramicrotome with a FS1000 cryoattach-
ment (model MT 5000; Sorvall Instruments Div., Newton, CT). The
samples were collected on poly-L-lysine-coated glass coverslips and pro-
cessed for indirect immunofluorescence as described above.

Immunoelectronmicroscopy

The immunoperoxidase procedure has been described in detail by Brown
and Farquhar (6). In brief, cells were processed as described for im-
munofluorescence with detergent permeabilization in 0.2% Triton X-100,
except that a peroxidase-coupled Fab fragment of rabbit anti-mouse IgG
{Biosys, Compiegne, France) was used as second antibody. After fixation
in 1% glutaraldehyde, the peroxidase reaction was developed in 50 mg/ml
diaminobenzidine (Polysciences Inc., Warrington, PA), 006% H,0,, the
cells were postfixed in 1% OsO,s, 1% potassium ferrocyanide, and pro-
cessed for EM. The sections were observed and photographed with a trans-
mission electron microscope (model 100 CX; JEOL USA, Peabody, MA).

Results

Time Course of Exocytosis of VAC Upon
Establishment of Cell-Cell Contacts

In MDCK monolayers with incomplete intercellular contacts
by incubation in 5 uM Ca** (LC), a highly polarized 184-kD
apical integral glycoprotein was detected in reduced amounts
on the cell surface (38% of control monolayers) by indirect
RIA with an mAb. The protein, however, was still polarized
to the free surface of these cells. A large intracellular pool of
184-kD protein, 62 % of which (as measured by RIA in deter-
gent-permeabilized cells) was found in large vacuoles (VACs)
(66). The time course of VAC exocytosis was followed in
cells kept for 24 or 48 h in LC and then switched to NC by
RIA with 6-h time points over a second 24-h period (see ref-
erence 66; Fig. 2). The exocytosed protein included both an-
tigen stored in VAC and a small but significant amount of
newly synthesized 184-kD protein. VAC exocytosis was
shown to proceed in the presence of cycloheximide, with the
shortest time point taken 3 h after calcium switch. This point
was not statistically different from the peak at 6 h but it was
statistically different from the point at time O (see reference
66; Fig. 3 B).

In the present work we have studied in detail the kinetic
and the early events of VAC exocytosis. We explored the pos-

1718



N

CPMX 10°2/CELL

—

-

0 20 90

40
TIME (min)
Figure 1. RIA determination of the time course of VAC fusion to
the plasma membrane after switching from LC to NC. MDCK
monolayers kept in LC for 24 h were transferred to NC for various
times, fixed in 2% PFA, and processed for indirect RIA with the
184-kD mAb in the first step and affinity-purified ['>*I]goat
anti-mouse IgG in the second step. A set of monolayers was per-
meabilized in 0.2% Triton X-100 in PBS (0) to measure total cellu-
lar content of the 184-kD antigen; another set was incubated for 5
min in 2 mM EDTA-PBS (a) before fixation (no detergent); and
the 184-kD antigen on the apical surface was measured with no
EDTA and no detergent permeabilization (®). The increased sur-
face accessibility of the 184-kD mAb at 20 min after EDTA treat-
ment is significant (P < 0.02). Each point shown is the mean value
+ SEM of eight samples from three independent experiments.

sibility that VAC exacytosis might proceed faster than previ-
ously suspected. To this aim, indirect RIA experiments tak-
ing 20-min time points over a 90-min period were performed
with an mADb against the apical 184-kD antigen. Since the
steady-state cellular content of this antigen is reached in
~24 h, these experiments were performed in the absence of
cycloheximide. Fig. 1 shows the time course of 184-kD pro-
tein appearance on the cell surface after transfer to NC of
MDCK monolayers formed in LC. The intracellular pool of
184-kD protein at ¢ = 0 was ~60% of the total cellular con-
tent in cells kept in LC medium. This intracellular antigen
became accessible to external antibodies within 20-40 min
upon transfer to NC (Fig. 1). Exocytosis reached a plateau
within 60 min (i.e., considerably faster than suspected from
the time course previously published). 30% of the 184-kD

Table 1. ZO-1 Positive Bands in MDCK Cells Kept in LC

protein being exocytosed remained cryptic during the initial
20-30 min, and could only be demonstrated by treatment of
the monolayers with 2 mM EDTA for 5 min before fixation
and processing for RIA (Fig. 1, A). Since cell-cell contacts
and tight junctions develop very rapidly after addition of NC
(Table I; see also references 20 and 65), this hidden pool may
represent antigen exocytosed toward the developing lateral
surface.

VAC Exocytosis Occurs at Cell-Cell Contact Sites

F-actin is a major component of the submembrane cytoskele-
ton. In epithelial cells it is particularly concentrated in
microvilli (14, 42). As expected from their large microvillar
content (66), VACs displayed high levels of F-actin detectable
with fluorescent phalloidin (Fig. 2, A and D). While 92%
of the cells from monolayers kept in LC for 20 h contain
VACs (66), semithin frozen sections detected VACs in ap-
proximately one out of every ten cells, due to the relationship
between VAC and cell sizes. F-actin was localized to VACs
in semithin frozen sections with rhodamine-phalloidin (Fig.
2 G); usually weaker fluorescence was observed under both
the free and attached plasmalemma (Fig. 2, G and H). This
nonpolarized surface distribution of actin contrasts with the
highly polarized apical localization of surface 184-kD anti-
gen under the same circumstances (65; not shown here).
Surprisingly, a small percent of the cell-cell contacts of
monolayers kept in LC showed brighter phalloidin fluores-
cence than the rest of the plasma membrane (Fig. 2 H, ar-
rows), compatible with the presence of a high microvillar
concentration at that level. This suggested spontaneous fu-
sion of VACs toward intercellular spaces. To test directly
the hypothesis that VACs fuse toward intercellular spaces,
immunofluorescence experiments patterned after the time
course of RIAs described before (Fig. 1) were carried out.
MDCK monolayers formed in LC were switched to NC for
various times, fixed, and processed for 184-kD surface im-
munofluorescence (EDTA before fixation, no detergent per-
meabilization). After 40 min in NC, a large number of cells
showed VACs accessible to the external antibodies. These
VACs had, therefore, fused with the plasma membrane while
still preserving their general shape. A characteristic fusion
image was observed in most cases, with a rounded bottom
end facing the nucleus (Fig. 3, A-F, arrowheads) and a flat
or diffuse border at the level of the cell’s edge (Fig. 3, A-F,
arrows). The frequency of cells showing accessible VACs,
with characteristic fusion images, was low in LC medium (1
cell out of 194 or 1:194), but increased sharply after 20 min

% Totally Total cell ZO-1 positive % ZO-t Total number
Condition negative ceils perimeter cell perimeter positive cells of cells
pm um n
S5uM Ca** 24 h 36.4 81 + 22 13 + 15 15 + 18 76
5 uM Ca*™ 24 h/
1.8 mM Ca** 40 min 8.3 77 £ 20 40 + 20 54 + 26 36
1.8 mM Ca** 24 h 0 79 + 23 74 + 19 94 + 12 16

MDCK cells were cultured and processed for immunofluorescence as described in Fig. 4. The cellular perimeter was measured with a digital planimeter. The
perimeter of totaily negative cells was included in the statistics. The percent of ZO-1 positive perimeter was calculated on a cell-by-cell basis and then averaged.
The data are presented as mean + SD for n cells. The differences of means among ZO-1 positive peripheries in all three conditions were statistically significant

(P < 0.01, ¢ test).
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Figure 2. Codistribution of F-actin and 184-kD antigen in VAC. MDCK cells were plated in LC on glass coverslips (4-F) for en face
immunofluorescence or on native collagen gels for frozen sections (G and H), fixed in 2% PFA-PBS after 24 h, permeabilized in 0.2%
Triton X-100 (except the cells for frozen sections), and processed for immunofluorescence with 184-kD mAb (B and E) and with rhodamine-
coupled phalloidin (4 and D). Semithin frozen sections were stained with rhodamine-phalloidin (G and H). Note codistribution of the
184-kD antigen and F-actin in VACs (A-F, arrows), and F-actin concentration in plasma membrane, VACs, and some cell-cell contact areas

(G and H, arrows). Bars: (A-F) 8 uym; (G and H) 15 um.

(~1:10) and 40 min (1:6) of switch to NC (Fig. 3). At the light
microscope level, the fraction of cells showing fusion images
after shift to NC never exceeded 20%. Previous work
showed that 92% of the cells kept in LC contain VACs (as
determined by immunoelectron microscopy and morphome-
try) and 50% of the cells have VACs detectable by en face
fluorescence. On the other hand, no VACs are detectable 2 h
after switch from LC to NC (66). Taken together, all these
results indicate that the insertion of VACs in the plasma
membrane is somewhat asynchronous. The fusion images
progressively disappeared after 60 min in NC, with concom-
itant increase in the apical dotted fluorescence pattern (Fig.
3 G) characteristic of confluent monolayers continuously
kept in NC.

Although fusion images were observed at the same time
as the externalization of the intracellular pool of 184-kD pro-
tein, an alternative explanation of these images was recruit-
ment of the antigen fraction already present on the plasma
membrane upon shift to NC. To control this possibility we
performed the following double fluorescence experiment.
MDCK cells were kept in LC medium and preincubated with
Fab fragments from 184-kD mAb for 30-40 min. The cells
were then switched to NC medium for 30-40 min and fixed.

The Journal of Cell Biology, Volume 107, 1988

The Fab mAb anti-184-kD was localized with Fab-specific
FITC goat anti-mouse antibody (Fig. 3 I). The new 184-kD
antigen exposed during the period in NC was localized with
whole mAb followed by rhodamine-goat anti-mouse IgG
(anti-Fc fragment) (Fig. 3 H). VAC fusion images labeled
with Fab were observed in 1 out of 237 (1:237) cells, which
is compatible with the small percent of spontaneous VAC fu-
sion in LC; the frequency observed with the second fluores-
cent system was ~V1:6 cells, in agreement with the results
reported above. This experiment indicates that the high fre-
quency “fusion images” observed upon calcium switch actu-
ally results from VAC fusion and not from recruitment of the
184-kD antigen from the surface pool.

In summary, the F-actin distribution and the changes in
184-kD protein upon switch from LC to NC suggested that
VAC fused at cell-cell contact sites, with displacement of
184-kD antigen and microvilli first toward the developing
lateral surface and later toward the definitive apical surface.

VAC Fuses on Sites Adjacent to ZO-1-Positive
Tight-Junctional Bands

To further characterize the VAC fusion site, we studied its
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Figure 3. Immunofluorescence lo-
calization of 184-kD antigen dur-
ing VAC fusion with the plasma
membrane. MDCK cells were
kept in LC for 24 h, switched to
NC for 40 min, treated with 2
mM EDTA in PBS for 5 min, and
fixed in 2% PFA in PBS (4-F).
Parallel monolayers were fixed
after 24-h incubation in NC (G).
The cells were processed for in-
direct immunofluorescence with
184-kD mAb without detergent
permeabilization. Some cells were
preincubated with anti-184-kD
mAb Fab fragments before cal-
cium switch (H and I). After
30-40 min in NC these cells were
fixed and sequentially processed
with fluorescein-coupled anti-
mouse Fab IgG, normal mouse
IgG Fab fragments, whole anti-
184-kD mAb, and rhodamine-
coupled anti-mouse Fc fragment.
The same cells were photographed
using the rhodamine filter (H,
184-kD protein exocytosed after
calcium switch) or the fluorescein
filter (/, 184-kD protein present
on the surface before calcium
switch). Arrowheads, the bottom
end of VACs fused with the plas-
ma membrane as demonstrated
by their accessibility to external
antibodies. Arrows, presumptive
fusion sites as determined by the
irregular border and spreading of
the 184-kD membrane protein on
the plasma membrane. Fusion al-
ways occurred at cell-cell contact
areas. Bars, 4 pm.



Figure 4. Immunofluorescence localization of tight-junctional antigen ZO-1 in confluent MDCK cell monolayers kept in LC or NC. MDCK
cells were incubated in LC (A4 and B) or NC (C and D) for 24 h, fixed in 96% methanol at —20°C, and processed for immunofluorescence
with ZO-1 rat mAb and affinity-purified goat anti-rat IgG coupled to rhodamine. ZO-1 positive bands appeared between cells, but the arrows
point at ZO-1 positive “dots” (4) in close association with VACs identified in the corresponding phase image (B). Bar, 5 pm.

spatial relationship to the developing tight junctions, local-
ized with a rat mAb against ZO-1, a 225-kD antigen recently
described by Stevenson et al. (57). This antibody recognizes
both the native and the SDS-denatured forms of ZO-1, but
not the aldehyde-fixed form; since ZO-1 is a peripheral cyto-
plasmic protein, the cells were fixed with methanol, instead
of PFA, to allow access of the antibodies. As described by
Stevenson et al., ZO-1 was localized to a continuous thin
band around the apical borders of confluent MDCK cells
(Fig. 4, C and D). In subconfluent MDCK monolayers, ZO-
1 fluorescent bands were strictly localized to areas of
cell-cell contact in cell pairs or triplets; these bands were
never observed in single cells (data not shown). In MDCK
monolayers formed for 20 h in LC medium, ZO-1 was ob-
served as discontinuous, relatively infrequent short lines
along cell borders (Fig. 4, A and B), and in small fluorescent
dots closely associated with VAC phase images (Fig. 4, A and
B, arrows). We have no explanation for the significance of
these ZO-1 structures associated with VACs. 36 % of the cells
showed no ZO-1 positive bands at all, and only 15% of the
average cellular perimeter was positive for ZO-1 (Table I).
This correlates well with our previous data reporting on a
small percent (13 %) of ruthenium red-excluding cell contacts
present in MDCK cells kept in LC (65). Upon shift to NC,
Z0-1 positive bands rapidly organized. Only 8% of the cells
were totally negative for ZO-1 after 40 min in NC, and the
average positive perimeter was 54 % (Table I). This 40-min
half-time of organization of tight junctions correlates well
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with the timing of VAC exocytosis, suggesting that both
phenomena depend on a common trigger: the establishment
of extensive cell-cell contacts at the level of the developing
lateral domain.

To test the possibility that VAC fusion sites were related
to these ZO-1 positive bands, double fluorescence experi-
ments with anti-ZO-1 rat mAb and 184-kD mouse mAb were
carried out. In MDCK monolayers kept in NC, the two anti-
gens showed a complementary distribution: the 184-kD anti-
gen was localized on the apical domain, but partially ex-
cluded from cell borders and the peripheral ~1 pm of the
apical surface, while ZO-1 was seen precisely at the cell
borders (Fig. 5, 4 and B, arrows). Upon shift from LC to
NC, VAC fusion sites were always localized adjacent to ZO-1
positive cell contact areas (Fig. 5, C and D, arrows). How-
ever, ZO-1 was excluded from the fusion sites themselves
(Fig. 5, F and G, arrows). This relationship was particularly
striking in cells with small ZO-1 positive bands. In these
cells, VACs were usually observed between the nucleus and
the ZO-1 positive band, fusing to a site in the cell border al-
ways immediately adjacent to the ZO-1 strand (Fig. 5, I, J,
and K). Since at 40 min after shift to NC 46% of the cell
perimeter was still negative for ZO-1, one would expect the
same proportion of VACs fusing toward ZO-1 negative areas.
The absence of VACs associated with ZO-1 negative cellular
perimeters indicates a strong correlation between fusion sites
and ZO-1 bands, a marker for cell-cell contact areas.

In the above mentioned experiments, the cells were per-
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Figure 5. VAC is inserted close to ZO-1 positive bands at cell-cell contact areas. MDCK cells were incubated in NC for 24 h (4 and B)
or kept in LC for 24 h and switched for 40 min to NC (C-K), fixed in 96% methanol at —20°C, and processed for double immunofiuores-
cence. They were sequentially exposed to ZO-]1 rat mAb, rhodamine-conjugated goat anti-rat Ig, 184-kD mouse mAb, and fluorescein-
conjugated goat anti-mouse Ig. No second antibody cross-reactivity was observed. ZO-1 (rhodamine) fluorescence (A, C, F, and I) and
184-kD mAb (fluorescein) fluorescence (B, D, G, and J) from the same fields. In A and B, the arrows point at cell-cell contacts. In C-K,
the arrows delimit the VAC fusion sites on the plasma membrane directly next to ZO-1 positive areas. Note that in cells with a portion
of the perimeter negative for ZO-1, VAC localized towards the ZO-1 positive band at cell-cell contacts (/ and J). Bars, 7 um.

meabilized before addition of 184-kD antibody for immuno-
fluorescence; therefore some of the VAC images might cor-
respond to unfused vacuoles. However, the RIA results (Fig.
1) indicate that 40 min after calcium switch >95% of the in-
tracellular 184-kD antigen has been inserted on the cell sur-
face. Thus, >95% of the VACs showed in these experiments
correspond to the fusion images in Fig. 3. Since ZO-1 can

Vega-Salas et al. Exocytosis of VAC

be considered a reliable marker for cell-cell contacts, these
data indicate that VAC fusion occurs, indeed, toward inter-
cellular spaces and that VACs distribute in a polarized fashion
between nuclei and the intercellular contacts. No conclu-
sions can be drawn, however, on a possible direct involve-
ment of tight junctional components in VAC fusion.
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Establishment of the Apical Domain from VAC Fusion
Sites at the Cell-Cell Contact Surface

Immunoperoxidase experiments at the EM level confirmed
the fluorescence observations. In cells kept in LC (before
switch to NC), VACs were found throughout the cytoplasm.
Many VACs were juxtanuclear while others were found close
to the cell periphery (Fig. 6 A, and corresponding inset; see
also Figs. 4, A, C, and E; and 5, A and E in reference 66).
Since the free (apical) surface accounts for 57% of the total
plasma membrane surface and the lateral for just 16% in
cells kept in LC (65), the chances of a random fusion of VAC
with the plasma membrane would largely favor a direct fu-
sion anywhere in the free surface. Strikingly, this was not the
case. As strongly suggested by the fluorescence experiments,
no VAC was observed fusing away from cell-cell contact
areas. Rather, upon switch from LC to NC, numerous images
of microvilli with positive immunoperoxidase reaction for
the 184-kD membrane protein were observed in lateral
spaces between cells (Fig. 6, B and C), frequently limited
by cell-cell contacts (Fig. 6 C, arrows). These lateral pockets
with microvilli were clearly transient since they were never
observed in cells continuously kept in NC or after 6 h of
switch from LC to NC. 40 min after shift to NC, bunches
of microvilli with 184-kD protein were often observed be-
tween lateral and apical surfaces (Fig. 6, D and E). Although
continuities between intracellular and surface areas with
microvilli in the three-dimensional structure are likely (i.e.,
Fig. 6 E), such bunches of microvilli between both domains
are never observed in monolayers continuously kept in NC.
Since it has been shown at the fluorescence level that the cal-
cium switch does not cause recruitment of the 184-kD apical
protein, these transitional images must necessarily cor-
respond to the displacement of apical material from the
lateral surface to its final destination in the apical surface.

Discussion

VAC Exocytosis and the Establishment of the
Apical Domain

The RIA, immunofluorescence, and immunoelectron mi-
croscopy results in this report suggest the model of VAC exo-
cytosis and formation of the apical domain depicted in Fig.
7. In the absence of complete cell-cell contacts, MDCK cells
develop large vacuoles (VACs) rich in structural and bio-
chemical apical markers, such as 184-kD protein, microvilli,
F-actin, and, presumably, other components of the apical
surface cytoskeleton (Fig. 7 A, see actual data in Fig. 6 A4).
Under these conditions the free surface contains only a re-
stricted set of its components (i.e., averaging 38 % of the total
cellular 184-kD protein, although there is cell heterogeneity:
some cells keep the antigen mostly in VACs showing a nega-
tive surface; compare Fig. 4, Aand C, and Fig. 5, A and B, in
reference 65). Presumably, these components reach the sur-
face by a mechanism that bypasses VAC, perhaps the same

Figure 7. Steps in the exocyto-
sis of VAC and of the establish-
ment of apical plasma mem-
brane from precursor VACs.
A-E correlate with immuno-
peroxidase panels in Fig. 6.
See text for explanation.

process that operates in NC. Establishment of extensive
cell-cell contacts triggers VAC externalization toward the de-
veloping (primitive) lateral surface; fusion takes place in
areas adjacent to tight junctional bands identified by the
specific antigen ZO-1 (Fig. 7 B; see actual data in Figs. 2
H and §; and Fig. 6, B and C). Transient microvilli-rich in-
tercellular pockets, resembling intercellular (secondary) lu-
mina described in developing epithelia (13, 37, 39) are ob-
served at this stage. A small fraction of these pockets may
be transiently sealed off, becoming accessible to apical anti-
bodies only in the presence of EDTA (Fig. 1). Whether tight
junctions are the sealing element is not clear from the current
data. Most of the pockets, however are readily accessible to
the antibodies (Fig. 3, 4, C, and E).

Since 84% of the cell surface in LC corresponds to free
(apical) plus basal domains (65), the probability of a VAC
fusing precisely toward the cell-cell contact area (16%) just
by chance is very low. Even lower is the probability of fusing
with regions adjacent to ZO-1 bands, since these exist in
~14% of the cell perimeter in LC (Table I). Fragmented
tight junctional strands were also observed by freeze-frac-
ture EM by Gonzalez-Mariscal et al. (20). Recent fluores-
cence recovery after photobleaching experiments indicate,
however, that some kind of filtering mechanism prevents the
diffusion of at least one freely mobile apical membrane pro-
tein tfrom the free to the attached surface (52a). The nature
of this structure and its relationship with the definitive tight
junction are still unknown.

Tight junctions develop quickly after transfer from LC to
NC. Transmonolayer resistance develops within 2-4 h (20)
but much earlier, after 40 min, ZO-1 positive bands are ob-
served around >50% of the cell border. We have, as yet, no
evidence on the nature of the force that approaches VACs to-
ward cell-cell contact areas, or on whether tight junctions
may be directly involved. As all the fusion events we have
observed in both immunofluorescence and immunoelectron
microscopy experiments occurred toward developing lateral
spaces, we conclude that the topological organizer of VAC
exocytosis must be present only where two neighboring cells
touch each other.

Figure 6. VAC fusion to the plasma membrane and shift of apical markers to the free cell surface: immunoperoxidase localization of 184-kD
antigen. MDCK cells were incubated for 24 h in LC (4). Some monolayers were switched to NC for 30 min (B-E). All the samples were
fixed, permeabilized with Triton X-100, and processed for indirect immunoperoxidase EM with 184-kD mAb and Fab goat anti-mouse
IgG coupled to peroxidase. (B) Long arrows, 184-kD protein positive membrane, presumably a VAC fusion site. (C-E) Short arrows,
cell-cell contacts as determined by the presence of two plasma membrane sections (inset in C and E) or two nuclei (inset in D). Bars, 1 um.
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Finally, the block of newly incorporated apical plasma
membrane moves to its final localization in the free surface
(Fig. 7 D; see actual data in Fig. 6, C, D, and E). The mecha-
nism, somewhat asynchronous, reaches this stage in ~40
min after calcium replacement. The shift of membrane com-
ponents of the intercellular pocket toward the free apical sur-
face is completed within 2 h. Although the EM images
shown in Fig. 6 suggest 2 bulk membrane movement, our
data do not allow us to rule out a slow lateral diffusion pro-
cess at the molecular level. We speculate that the lateral
domain develops simultaneously with this last event, by re-
distribution of basolateral components and/or insertion of
specific lateral components (i.e., desmosomes; see reference
56) and the sealing of tight junctions behind the moving api-
cal block. Since actin and presumably other membrane-
associated apical cytoskeletal components colocalize with
VACs, the role of the cytoskeleton as driving (and perhaps
regulating) structure for VAC-surface fusion remains an in-
teresting possibility.

Regulation of VAC Fusion With the
Plasma Membrane

It is unclear how the establishment of cell contacts leads to
the large redistribution of surface and intracellular mem-
branes associated with the exocytosis of VAC. It may be
speculated that receptors for neighboring cells, such as cell
adhesion molecules (16, 44), play a crucial role in this pro-
cess, perhaps through the release of an intracellular mes-
senger. The calcium-dependent cell adhesion molecule
uvomorulin, present in kidney epithelium (67), is a major or-
ganizer of the lateral domain of MDCK cells (23). Blocking
uvomorulin with specific antibodies prevents the formation
of cell contacts in MDCK cells (3, 29) and even the develop-
ment of tight junctions (22). Therefore, switching from LC
to NC would result in the rapid (<2 h, see reference 65) for-
mation of lateral domains and tight junctions by allowing the
operation of uvomorulin (22) and/or other cell adhesion mol-
ecules. These events have been shown to correlate with the
deposition of an insoluble fodrin network at the lateral mem-
brane (43). It is still unclear whether the trigger for VAC fu-
sion is calcium dependent itself or secondarily dependent on
the organizing role of calcium-dependent cell adhesion mol-
ecules; i.e., it is conceivable that a weak calcium-indepen-
dent mechanism may be involved in cell-cell recognition and
that such a mechanism may require the synergic operation
of calcium-dependent adhesive forces. These possibilities
are currently under investigation.

Biological Significance of VAC

Unlike the situation in fully polarized epithelial monolayers,
where polarity is maintained by intracellular sorting and
specific targeting mechanisms (8, 40, 41, 45, 50, 53) medi-
ated by small vesicles (100-200 nm) carrying plasma mem-
brane components (21, 52), VAC (3.6 + 1.3 pm in diameter)
participates in the establishment of the apical domain in cells
lacking definitive plasma membrane domains. Our data do
not rule out the possible operation of the mechanism medi-
ated by small vesicles in cells kept in LC medium, although
these vesicles have seldom been observed in our immuno-
electron microscopy experiments with cellular markers.
Mathan et al. (39), as well as Neutra and co-workers (13,
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37) have shown that fetal intestinal glands develop as solid
cell cords with no lumina; “secondary” lumina containing
alkaline phosphatase appear in cell-cell contact areas and
later coalesce into one single lumen. Similar events have
been described during the development of kidney tubules
(18), seminiferous tubules (5, 54), thyroid follicles (10}, sub-
mandibular gland (11), and mammary gland (15). We pro-
pose that the mechanism of VAC exocytosis described in this
report is the same as that responsible for epithelial lumen
formation during development. This mechanism, as well as
other differentiation processes (4, 26, 35, 36, 64) seems to
be very strictly controlled by cell-cell contacts.

The presence of VACs in MDCK cells (and perhaps also
in LLCPK cells; Salas, P. I. 1., D. E. Vega-Salas, A. Patzak,
M. Roth, and E. Rodriguez-Boulan, unpublished observa-
tions), may be related to the loss of differentiated properties
associated with becoming a cell line. MDCK cells show evi-
dence of dedifferentiation because some of their surface anti-
gens are not present in adult dog kidney tubules (Vega-Salas,
D. E., P. J. I. Salas, and E. Rodriguez-Boulan, unpublished
results) and because they can form tumors after injection in
nude mice (34), although this result is still controversial (58,
59). Intracellular lumina have also been observed in a variety
of tumor cells of epithelial lineage (7, 47, 60, 61, 63). In this
case, dedifferentiating cells may be defective in the cell-cell
contact mechanism that triggers VAC exocytosis. In fact, epi-
thelial tumor cells are less adhesive and thus capable of leav-
ing their original tissue and forming metastasis (2, 28). Fur-
ther work is needed to establish whether the VAC mechanism
is present only in dedifferentiating cells or if it is a function
common to epithelial cells during normal differentiation; as
well as to elucidate the molecular basis of this interesting
mechanism involved in key aspects of the generation of sur-
face polarity. by epithelial cells.
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