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Abstract. Experimental conditions that abolish or re-
duce to a minimum intercellular contacts between
Madin-Darby canine kidney epithelial cells result in
the appearance of an intracellular storage compartment
for apical membrane proteins. Subconfluent culture,
incubation in -5 pM Ca**, or inclusion of dissociated
cells within agarose or collagen gels all caused the in-
tracellular accumulation of a 184-kD apical membrane
protein within large (0.5-5 pm) vacuoles, rich in
microvilli. Influenza virus hemagglutinin, an apically

targeted viral glycoprotein, is concentrated within
these structures but the basolateral glycoprotein G of
vesicular stomatitis virus and a cellular basolateral
63-kD membrane protein of Madin-Darby canine kid-
ney cells were excluded. This novel epithelial or-
ganelle (VAC), which we designate the vacuolar apical
compartment, may play an as yet unrecognized role in
the biogenesis of the apical plasma membrane during
the differentiation of normal epithelia.

tablish contact with other cells and with various ex-

tracellular matrix (ECM)' components which, in
many instances, they synthesize themselves. There is consid-
erable evidence that cell-substratum interactions promote or
stabilize the expression of genes carrying out differentiated
cellular functions. For example, ECM components promote
growth and differentiation of mammary epithelial cells (17,
67), promote casein gene expression and secretion (32, 33),
and regulate the nature and distribution of glycosaminogly-
cans (47). Likewise, ECM regulates hepatocyte proliferation
and differentiation (18, 21). Hay and co-workers have shown
that collagen and other ECM components stimulate differen-
tiation and ECM synthesis by corneal epithelium (27, 37-39,
59). In fibroblasts, both messenger translatability and the
synthesis of cytoskeletal components require cell-substra-
tum interactions (4, 19).

The role of cell-cell contacts in the process of cell differen-
tiation is not well defined. There is evidence that cell-cell
interactions control cytoskeletal protein synthesis in epithe-
lial cells (3), mammary epithelial cell differentiation (34),
and endothelial cell growth (28). In Dictyostelium, synthesis
and stability of mRNA are regulated by cell-cell contact (12).
In epithelial cells in culture, the levels of expression of apical
markers of differentiation, such as Na*-dependent hexose

DURING growth and differentiation, epithelial cells es-

1. Abbreviations used in this paper: ECM, extracellular matrix; RIA, radio-
immunoassay; VAC, vacuolar apical compartment.
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transport and various hydrolase activities, increase markedly
when the cells become confluent (1, 43, 49, 68). Even cilia
and microvilli, typical morphological markers of the apical
surface, are infrequent in subconfluent cells but are readily
expressed on the apical surface as soon as the cells become
confluent (42, 43).

This study explores regulatory aspects of the biogenesis of
the apical membrane components in polarized Madin-Darby
canine kidney (MDCK) epithelial cells, derived from dog
kidney (9, 51, 58). It reports a novel mechanism used by epi-
thelial cells to regulate the surface expression of apical mark-
ers: intracellular storage. We show that under conditions that
abolish cell-cell contacts (subconfluence, low Ca't levels)
large amounts of apical plasma membrane proteins synthe-
sized by the cell are prevented from reaching the cell surface
and stored in a previously undescribed intracellular or-

ganelle with characteristics of apical plasmalemma. Culture

procedures that dissociate cell-cell from cell-substratum in-
teractions (23, 64) demonstrate that both types of contacts act
independently in determining the final surface levels of api-
cal protein.

Materials and Methods
Cell Culture

All experiments were carried out on MDCK cells (strain II) between pas-
sages 58 and 75. The cells were grown in 75-cm? tissue culture flasks (Fal-
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con Labware, Oxnard, CA) using Dulbecco’s modified Eagle’s medium
(DME) (Gibco, Grand Island, NY), supplemented with 10% (vol/vol) horse
serum (HyClone Laboratories, Logan, UT) in a humidified environment of
95% air, 5% CO, at 37°C. Cells were dissociated and replated once a
week by treatment with 0.25% trypsin/0.2 mM EDTA. Under experimental
conditions, the cells were incubated in the following serum-free media:
DME (1.8 mM Ca'*, 1 mM phosphate); spinner medium (S-MEM) (1-5
uM Ca*™, 10 mM phosphate). In some experiments, the cells were in-
cluded in 3% ultralow gelling point agarose (Seaprep, FMC, Rockiand,
ME), or native rat collagen gel, prepared as described by Elsdale and Bard
(16), in any of the media described above. For incubation within gel/medium
environments, the cells were dissociated with trypsin/EDTA -and resus-
pended in serum-free 2X DME or 2x S-MEM, and immediately mixed
with an equal volume of 6% ultralow gelling point agarose in water, or
4 mg/ml native collagen in 20 mM acetic acid neutralized with 0.34 M
NaOH. Aliquots of this suspension containing ~9 X 10* cells were plated
on top of thick agarose layers formed in 50-well detachable petri dishes
(Lux, Miles), allowed to gel at 4°C for 10 min, and incubated for 24 h at
37°C.

Experiments with confluent monolayers were carried out with cells
plated at saturation density (>250,000 cells/cm?®) on native collagen gels
prepared as described above.

Experiments involving infection with influenza and vesicular stomatitis
virus (VSV) temperature-sensitive mutants (ts61 and ts045, respectively)
were performed as described elsewhere (52, 54).

Hybridoma Procedures

Female BALB/c mice (6~12 wk old) (Charles River Breeding Laboratories,
Inc., Wilmington, MA) were inoculated intraperitoneally with ~2 X 108
MDCK cells that had been grown on culture beads (cytospheres; Miles
Laboratories Inc., Elkhart, IN) and fixed with 2% paraformaldehyde.
0.5-1.0 x 10® NS-1 mouse myeloma cells were fused with preimmunized
donor spleen lymphocytes using polyethylene glycol (4,000 mol wt,
Merck). The fused cells were plated on spleen feeder layers in ten 96-well
tissue culture clusters (Costar, Cambridge, MA) in RPMI 1640 medium
(Gibco) supplemented with 10% FCS (Gibco) and 2% HAT (hypoxan-
tine/aminopterin/thymidine (Sigma Chemical Co., St. Louis, MO). The
cells were kept for 2-3 wk, subcloned by dilution, and the supernatants were
screened for anti~-MDCK cell surface activity by ELISA, immunofiuores-
cence, and radioimmunoassay (RIA).

The cellular antigens for the mAbs were identified by immunoblot of
postnuclear supernatants of MDCK cells (extracted with 0.1% Na deoxy-
cholate, 0.5% Nonidet P-40, 1 mM phenylmethylsulfony] fluoride [PMSF],
1 mM aprotinin, and 1 mM pepstatin) run in SDS PAGE, as described by
Towbin et al. (61).

Immunofluorescence and RIA

Procedures for immunofluorescence and RIA have been described else-
where (54, 55). Briefly, the cells were grown on thin collagen layers on glass
coverslips (for immunofluorescence) or detachable 50-well plastic petri
dishes (for RIA) (Lux; Miles Laboratories Inc.), fixed in 2% paraformalde-
hyde for 1 h and washed in PBS. The free aldehyde groups were quenched
with 50 mM NH,Cl in PBS and the cells were preincubated with 1% BSA
and 50 pg/ml of preimmune IgG from the same species as the second anti-
bodies (usually goat) in PBS. In the first step, the cells were incubated with
mAb for 20 min and washed with 1% BSA in PBS. In the second step,
rhodamine- or fluorescein-labeled, affinity-purified goat anti-mouse IgG
(CooperBiomedical, Inc., Malvern, PA) were used for 20 min. The process-
ing of cells included in gels was similar except that each step took 2 h. After
five washes in PBS, the cells were mounted on a drop of 20% polyvinyl alco-
hol (Gelvatol, Monsanto, Indian Orchard Mass), 15% glycerol in PBS.
When fluorescein was used, 5% n-propyl gallate was added to reduce pho-
tobleaching (22). Samples were photographed with a Leitz Ortholux
epifluorescence microscope using Kodak Tri-X 400 ASA film. The range
of exposure times was 30 to 80 s. For RIA, a ['*I]goat anti-mouse IgG
was used as second antibody and each well counted separately in a gamma
counter (Hewlett-Packard Co., Palo Alto, CA).

Semi-thin Frozen Sections

Confluent MDCK monolayers cultured on native collagen gels for 36 h were
fixed in 2% paraformaldehyde/0.1% glutaraldehyde in PBS, scraped with a
razor blade, and embedded in 10% gelatin-PBS. After infusion with 1.8 M
sucrose for 12 h at 4°C the gels were frozen in liquid N, and sectioned
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Figure 1. Apical localization of the 184-kD protein in confluent
MDCK monolayers. Confluent monolayers of MDCK cells were
cultured for 36 h on native collagen gels in (4) DME (1.8 mM
Ca*), or (B) S-MEM (1-5 pM Ca*™*) and fixed in 2% parafor-
maldehyde, 0.1% glutaraldehyde in PBS. Semi-thin frozen sec-
tions (0.5 pm) were processed for indirect immunofiuorescence
with $2/2Gl monoclonal antibody and affinity-purified rhodami-
nated goat anti-mouse IgG. (C) Immunoblot of MDCK post-
nuclear supernatant processed with $2/2Gl monoclonal antibody,
affinity-purified rabbit anti-mouse IgG and '*I-labeled Protein A.
The autoradiogram showed a single band of M, 184,000. Note
that monolayers confluent in both normal or low Ca** concentra-
tion show polarization of the 184-kD membrane protein to the api-
cal plasma membrane domain. Bars, 10 pm.

with an ultracryomicrotome (model MTS000; Sorvall Instruments) at
—85°C. The 0.5-pm sections were collected on glass coverslips pretreated
with 1 mg/ml poly-L-lysine (Sigma Chemical Co.) and processed for in-
direct immunofiuorescence as described above.

Immunoelectronmicroscopy

The immunoperoxidase procedure was a slight modification of the one de-
scribed in detail by Brown and Farquhar (7). MDCK cell monolayers on
native collagen gels were incubated in the presence of 1 mg/ml cationized
ferritin (Sigma Chemical Co.) in normal medium for 30 min at i4°C before
fixation. The cells were fixed in 2% paraformaldehyde/0.1% glutaraldehyde
in PBS, and made permeable to antibodies with 0.1% saponin; 0.05% sapo-
nin was present in all subsequent incubations. The second antibody was
affinity-purified goat (Fab fragment) anti-rabbit IgG, coupled to horseradish
peroxidase (Biosys, Paris, France). Processing for electron microscopy in-
cluded osmium postfixation, alcohol dehydration, and Epon embedding.
Sections were observed and photographed with a JEOL 100 CX electron mi-
croscope.

The methods for morphometric measurements have been extensively de-
scribed by others (66) and in a previous work (64). The estimation of the
number of vacuoles per cell was obtained from the number of struc-
tures/volume density (N,) as described by Weibel (66) as N, = N,/D,
where N, is the number/area density and D is the average caliper diameter.
D was estimated as described by Hilliard (30) for prolate spheroids.

Intracellular Calcium Determinations

The procedure for intracellular calcium determination has been described
by Tsien et al. (63). Briefly, MDCK cells were dissociated and kept in sus-
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pension culture in serum-free DME (with no phenol red), 0.2% BSA for
14 h as described elsewhere (55). Before starting the experiment, the num-
ber of cells in the suspension was measured and only suspensions with
>90% trypan blue-excluding cells were used. Approximately 10° cells in
0.5-ml samples were incubated with 50 uM quin2 acetoxymethy! ester
(Calbiochem-Behring Corp., La Jolla, CA) from a 50-mM stock solution
in DMSO) for 30 min at 37°C. The cells were spun and resuspended in
protein-free, phenol red-free DME or S-MEM. The fluorescence from cell
suspensions was measured with a flucrimeter set at 340 and 500 nm for exci-
tation and emission, respectively. Maximal quin2 fluorescence was deter-
mined by addition of 0.1% Triton X-100 and minimal fluorescence by subse-
quent addition of 2 mM EGTA.

Results

The Intracellular Pool of the 184-kD
Apical Surface Protein of MDCK Cells Is Very Small
in Normal Confluent Monolayers

A mADb raised against the surface of MDCK cells, $2/2G1
(65), recognizes an apical protein of M; 184,000 (Fig. 1 A),
which is sensitive to treatment with trypsin/EDTA. Indirect
RIA using S2/2Gl as first mAb and 2] goat-labeled anti-
mouse as second antibody demonstrated that only 10% of the
binding activity of control confluent monolayers remains in
cells plated immediately after trypsinization (Fig. 2 A4, time
0). 100% binding was restored within the initial 24 h of incu-
bation in DME (solid circles in Fig. 2 4). The total (surface
+ intracellular) pool of the 184-kD protein, determined in
parallel monolayers treated with detergent after fixation
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(02% Triton X-100), was only slightly larger than the
amount on the apical surface (x in Fig. 2 4). Thus, the intra-
cellular pool (total — surface) of this apical antigen is very
small in normal confluent monolayers of MDCK cells.

A Large Proportion of the 184-kD Protein Is
Intracellular in MDCK Monolayers with Abolished
Cell-Cell Interactions

Previous work (23, 64) has shown that MDCK monolayers
kept in medium containing 1-5 uM Ca** (1/1,000th the level
of normal medium) do not develop normal cell—cell interac-
tions. Tight junctions and the lateral domain are abolished
and the cells have a striking dome-shaped appearance. In
these “open” monolayers, the 184-kD protein is still ex-
pressed on the apical surface, although at reduced levels
(Fig. 1 B). Quantitation by RIA demonstrated that, as in con-
trol monolayers, the surface expression of the 184-kD protein
also reached a plateau within the initial 24 h of incubation
after trypsin/EDTA treatment and plating (solid squares in
Fig. 2 B). Plateau values were only ~40% of the level of sur-
face expression found in control monolayers (solid circles in
Fig. 2 B). Almost all of the remaining 60% was intracellu-
larly stored antigen, as shown by RIA in the presence of de-
tergent (open squares in Fig. 2 B). These results indicate that
the 184-kD protein is produced by open monolayers at about
the same rate as control monolayers but over half of the anti-
gen is prevented from reaching the cell surface in the first
case.
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Figure 2. Quantitation of surface and intracellular 184-kD protein by indirect RIA in MDCK monolayers incubated in DME: effect of
1-5 uM Ca**. (4) MDCK cells dissociated with trypsin/EDTA were immediately plated on native collagen gels in detachable wells in
DME and fixed in 2% paraformaldehyde/0.1% glutaraldehyde at various times after plating (time 0 was 90 min after plating). The amounts
of apical surface (@) and total cellular (x) 184-kD protein (the latter measured in monolayers treated with 0.2 % Triton X-100) were deter-
mined by indirect RIA using mAb $2/2Gl and affinity-purified ['*’I]goat anti-mouse IgG. Parallel control monolayers were processed
with myeloma supernatant and iodinated second antibody (a). Each point is the average of four independent experiments (quintuplicate
monolayers). (B) MDCK cells were dissociated with trypsin/EDTA and immediately plated on native collagen gels in DME. At time
0 (90 min after plating) some monolayers were transferred to S-MEM (1-5 uM Ca**) (m,0) while others were kept in DME (1.8 mM
Ca*™) (e@,x). After 24 or 48 h, a number of the monolayers kept in S-MEM were transferred to DME (®,x). The monolayers were fixed
at various times in 2% paraformaldehyde, 0.1% glutaraldehyde in PBS —some were treated with Triton X-100 (x,00) —and processed for
indirect RIA with $2/2G] monoclonal antibody or myeloma supernatant (A), as described in A. Note that the surface amount of 184-kD
protein in cells kept in low calcium medium was ~40% of the amount expressed in cells kept in normal calcium medium. Note also that
the intracellular pool of 184-kD protein (the difference between the amounts found in detergent-treated and untreated cells) was much
larger in cells kept in low calcium medium.
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Figure 3. Effect of cycloheximide on the surface expression of the
184-kD protein. MDCK cells were dissociated and plated as de-
scribed in the legend to Fig. 2. The surface expression of the 184-
kD membrane protein was determined by indirect RIA as described
in the legend to Fig. 2. Negative controls were carried out using
myeloma supernatant as first antibody (a). Each point is the aver-
age of three independent experiments (quintuplicate monolayers
for each). Cycloheximide (17 uM) added at time O (90 min after
cell plating) to monolayers plated in normal medium blocks the
surface expression of 184 kD (4, ) but fails to block the Ca**-in-
duced externalization of the 184-kD protein when added together
with the Ca** to monolayers maintained for 24 h in 1-5 pM Ca**
(B, #). This suggests that ~60% of the 184-kD protein synthe-
sized in 1-5 uM Ca** is stored in an intracellular compartment,
which is induced to exocytosis in the presence of 1.8 mM Ca**.

Addition of Ca** to Open Monolayers Causes
Exocytosis of the 184-kD Protein Stored in the
Intracellular Pool

Previous work mentioned about (23, 64) has shown that
restoration of normal Ca** levels to open monolayers allows
reestablishment of both lateral surface and tight junctions
within 2-4 h. Addition of Ca** to open monolayers resulted
also in additional surface expression of the 184-kD protein,
which reached levels of control (+ Ca**) monolayers
within 12 h (solid circles in Fig. 2 B). The observation that
cycloheximide did not initially (during the first 6 h) block
this Ca**-induced surface expression (solid diamonds Fig.
3 B) suggests that the source of most of this antigen was the
large intracellular pool described before. After 6 h, cyclo-
heximide did cause a progressive decrease in the surface ex-
pression of the 184-kD protein, presumably due to antigen
turnover (solid diamonds in Fig. 3 B). On the other hand,
cycloheximide added immediately after typsinization and
plating blocked, as expected, the surface expression of the
antigen (solid diamonds in Fig. 3 A). These results indicate
that a significant intracellular pool of the 184-kD protein in
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open monolayers is available for delivery to the cell surface
after Ca**, and normal cell-cell interactions, are restored.

Determination of the intracellular calcium concentration
by quin2 fluorescence (5, 62, 63) showed values of 185 nM
for cells kept in DME and 170 nM for cells kept in 1-5 pM
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Figure 4. Inmunofluorescence localization of the 184-kD intracel-
lular compartment. Subconfluent MDCK monolayers were in-
cubated in DME for 17 h, fixed in 2% paraformaldehyde/0.1%
glutaraldehyde. The cells were processed with mAb against 184-kD
protein and nonfluorescent second antibodies to quench the surface
fluorescence. The cells were then permeabilized with 0.1% saponin
and processed for immunofluorescence with the same monoclonal
antibody and rhodaminated goat anti-mouse IgG. The vacuoles
containing 184-kD (small arrowheads) are shown in single cells
(4-D) and in cell pairs (E-H). In this case, the vacuoles often ap-
peared close to cell-cell boundaries (large arrowheads in G). Bar,
5 pm.
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Figure 5. Immunofluorescence localization of the 184-kD protein,
influenza virus hemagglutinin, and a basolateral cellular membrane
protein. Confluent MDCK cell monolayers were kept in S-MEM
for 24 h and fixed in 2% paraformaldehyde/0.1% glutaraldehyde.
The cells were incubated with first antibodies and nonfluorescent
second antibodies in order to partially quench the surface fluores-
cence and then permeabilized with 0.1% saponin and processed for
indirect immunofluorescence. Monolayers shown in A and B were
incubated sequentially in mAb against 184-kD protein, affinity-
purified fluorescein-coupled goat anti-mouse IgG, mAb against a
basolateral 63-kD cell membrane protein, and rhodamine-coupled
goat anti-mouse IgG. (4) The fluorescein immunofluorescence
showed intracellular structures (arrowheads) of variable sizes (0.5-
S um) containing 184 kD. (B) The rhodamine immunofluorescence
of the same cells in the same focal plane showed a clear colocaliza-
tion of both cellular antigens on the cell surface but no 63-kD pro-
tein in the intracellular compartment. (C) Phase-contrast image
corresponding to A and B. (D and E) MDCK cells kept for 24 h
in low calcium medium were infected with influenza A virus (WSN,
ts61) in the same medium and fixed 6 h later as described above.
The cells were processed for immunofluorescence using 184-kD
mADb and an affinity-purified polyclonal anti-influenza hemaggluti-
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Ca**. This small (8%) difference rules out the possibility
that reduced intracellular Ca** levels are a signal for intra-
cellular storage of the 184-kD protein in cells kept in 1-5 pM
Ca**. Rather, it suggests that the absence of cell-cell inter-
actions acts through intracellular messages other than Ca**
to produce intracellular storage.

The Intracellular Storage Compartment of the 184-kD
Protein Is Composed of Large Vacuolar Structures

Work from other laboratories indicates that confluency pro-
motes the expression of apical epithelial functions (43, 68).
If, as suggested by the results described above, epithelial
cells lacking intercellular contacts store apical components
intracellularly, conditions which reduce or abolish cell-cell
interactions should result in the detection of structures con-
taining apical antigens. This was, indeed, observed. In single
cells from subconfluent monolayers fixed 17 h after plating,
the 184-kD protein was observed localized in large juxta-
nuclear vacuoles (1-4 per cell; 0.5-50 pm in size) which
were also clearly visible by phase-contrast microscopy (Fig.
4, A-D). Approximately 15% of the cells exhibited vacuolar
structures which were visualized both by immunofluores-
cence and phase-contrast microscopy; as shown below, this
may be in fact a large underestimation of the real number of
vacuolar structures detectable by immunoelectron micros-
copy. In cell pairs, vacuoles recognizable by both fluores-
cence and phase-contrast microscopy were observed at half
the frequency observed in single cells; usually only one of
the cells exhibited these structures (Fig. 4, F~-H), while the
other cell often had a higher level of surface fluorescence
(not shown). In groups of two or more cells, the frequency
decreased drastically and generally only cells with the
smallest amount of shared membrane displayed vacuolar
structures positive for the 184-kD protein (Fig. 4, E-H).
Vacuoles in cell groups were usually localized near regions
of cell-cell contact (Fig. 4, G and H), suggesting that exocy-
tosis of the vacuoles might take place at this level (see also
Fig. 7 A, inset).

As expected, immunofluorescence examination of con-
fluent monolayers kept in 1-5 pM Ca** demonstrated a
large proportion of cells (~50%) displaying large, usually
single, phase-positive vacuoles containing the 184-kD pro-
tein (Fig. 5, A and D; see morphometric details below). As
shown below, this number clearly underestimates the actual
percent of cells expressing the vacuoles at the electron mi-
croscopic level. No vacuoles were observed in confluent
monolayers developed in normal calcium medium. Addition
of 1.8 mM calcium to monolayers previously kept in 1-5 uM
Ca** caused a 50% decrease in the number of vacuoles
within the first 2 h and an 88% decrease within 24 h.

nin rabbit IgG in the first step, and affinity-purified rhodaminated
goat anti-mouse IgG and fluoresceinated goat anti-rabbit IgG in the
second step. (D) The rhodamine fluorescence showed the localiza-
tion of the 184-kD protein in a large intracellular structure (arrow-
heads). (E) The fluorescein fluorescence showed influenza hemag-
glutinin in the same intracellular structure. The colocalization of
both proteins (hemagglutinin and the 184-kD protein) was almost
perfect except for a small vesicular structure (between arrowheads)
that was positive only for the 184-kD protein. (F) Phase-contrast
image corresponding to D and E. Bars, 5 pm.

1253



Figure 6. Exclusion of VSV G protein from the intracellular storage
compartment. MDCK cells infected with VSV (ts045) virus were
shifted to the permissive temperature for 50 min and processed as
described in Fig. 5 for immunofluorescence with affinity-purified
rabbit anti-G protein and fluorescein-coupled goat anti-rabbit IgG
(fluorescein filter) (4, C, and F) and with anti-184-kD protein mAb
and rhodamine-coupled anti-mouse IgG (rhodamine filter) (B and
D). To control for surface expression of G protein, MDCK cells
were infected and processed in parallel but the surface fluorescence
was not quenched and the cells were not detergent permeabilized
(F). (A) The arrowheads point at the Golgi complex positive for G
protein 50 min after shifting the cells to the permissive temperature.
(B) The arrowheads point at an apical membrane vacuole clearly
showing different distribution of the cellular 184-kD protein in the
same cell. G protein is also excluded from the vacuole in a cell
showing positive surface fluorescence (C). D shows the fluores-
cence for 184-kD protein in the same cell. (E) Phase-contrast image
corresponding to C and D. Bars, S pm.

The Vacuolar Compartment That Stores the 184-kD
Protein Includes Other Apical MDCK Markers, But
Excludes Basolateral Proteins

Double immunofluorescence localization experiments on
monolayers kept in 1-5 pM Ca** showed that the large in-
tracellular vacuoles storing the 184-kD protein excluded a
63-kD basolateral MDCK marker (Fig. 5 B) (65). Similar
experiments indicated that they also excluded the basolat-
erally targeted VSV G protein (Fig. 6, A-D), at a time (50
min after temperature shift) when all the cells in parallel
monolayers showed clear surface fluorescence (Fig. 6 F) for
G protein. On the other hand, the vacuoles included influen-
za HA, an apically directed viral glycoprotein (Fig. 5, D and
E). Although these results were similar in all cells, only cells
with lower levels of surface expression of HA, G protein, or
184-kD protein allowed adequate photography of the vacu-
oles. The surface fluorescence was partially quenched in-
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cubating the cells with nonfluorescent antibodies before de-
tergent permeabilization (except in Fig. 6 F).

As shown in a previous work (64), the 63-kD antigen was
observed on the apical surface of the cells in low Ca**
medium (i.e., not polarized, see also Fig. 5 B), indicating
that the sorting of apical and basolateral proteins is imperfect
at the cell surface level operates with a higher degree of fidel-
ity for the intracellular storage compartment. Because of its
capacity to store apical membrane proteins and exclude
basolateral ones, we call this intracellular structure the
vacuolar apical compartment (VAC).

VAC Has Morphological Features of the
Apical Membrane

After staining monolayers kept in 1-5 yM Ca** with an EM
immunoperoxidase procedure, VAC was observed to be com-
posed of intracellular vacuoles containing many microvilli
(Fig. 7, A, B, F, and H). Using standard morphometric tech-
niques (see Materials and Methods) that account for the size
of the vacuoles and the frequency of appearance in the cell
sections, we estimated that VAC has a surface area of 2,500
um?/cell, or ~61% of the total plasma membrane area, and
is seen in at least 92 % of the cells (Table I). Double localiza-
tion experiments showed that VAC excluded cationized ferri-
tin added to the medium (Fig. 7, C, E-H) indicating that
these large vacuoles constitute a real intracellular compart-
ment rather than invaginations of the plasma membrane. In
similar experiments the cells were incubated at 37°C with
cationized ferritin for various times (ranging 2 to 24 h) after
dissociation and plating. VAC appeared at 12 to 20 h and al-
ways excluded cationized ferritin (not shown) suggesting that
it is not formed as a result of massive internalization of apical
membrane.

Effect of the Substratum on Expression

of the 184-kD Protein

To distinguish the effects of cell-cell contacts from cell-sub-
stratum interactions on the synthesis and surface expression
of the 184-kD protein, MDCK cells were incubated within
agarose gels (to which they do not attach) or native type I

Table 1. Morphometric Measurements of the 184-kD
Protein Intracellular Compartment

Membrane surfaces (pm?/cell)
Plasma membrane
Intracellular vacuole

4,051 £ 1,225 100%
2,531 + 3,668 61%

Intracellular vacuole parameters

Large diameter 3.6 +£ 1.3 pm
Small diameter 09 + 04 um
Mean caliper D 3.3 pm

N, 2.7 x 10* pm™?
Vacuoles/cell 0.92

Independent (nonserial) sections of 25 MDCK cells stained with $2/2Gl mAb
(anti-184-kD protein)/peroxidase were measured as described in Materials and
Methods. The criteria to define intracellular vacuoles were (a) the presence of
microvilli, and (b) positive peroxidase reaction for the 184-kD protein. Only
nine sections showed an intracellular vacuole. N, is the number/volume densi-
ty. Since under these conditions the vacuoles were mostly single, N, X mean
cell volume = vacuoles/cell.
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Figure 7. Immunoelectron microscopy localization of the 184-kD protein in MDCK cells grown in low calcium medium. MDCK cell
monolayers were kept for 24 h in low calcium medium. Some monolayers were incubated in S-MEM supplemented with 1 mg/ml cationized
ferritin for 1 h at 14°C (C-G). The cells were fixed in 3% paraformaldehyde/0.1% glutaraldehyde, or in 2 % glutaraldehyde in 0.2 M cacodyl-
ate buffer (C-E). All the samples were processed for immunoperoxidase with the anti-184-kD mADb, affinity-purified anti-mouse rabbit
IgG, and affinity-purified anti-rabbit goat IgG (Fab fragment) coupled to horseradish peroxidase, except for those in C-E. The peroxidase
reaction was developed in the presence of diaminobenzidine and the cells were processed for electron microscopy. (Inset in A) The semi-thin
frozen section of an MDCK cell processed for immunofluorescence with anti-184-kD mAb; the arrowheads are pointing at a vacuole. The
184-kD protein localized in large intracellular vacuoles giving a clearly positive peroxidase reaction (4, B, F-H). The vacuoles had
microvilli, which are mostly absent from the cell surface. Some cells showed positive surface reaction (B) while others did not (4). Cat-
ionized ferritin added before fixation (C, D, F, and G) was never found inside the large vacuolar structures (C, E, G, and H). Bars: (4-C)
1 pm; (D-F) 0.25 pm; (G and H) 0.1 pm.
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Figure 8. Effect of the substratum on the expression of the 184-kD
protein in MDCK cells. (4) MDCK cells were dissociated with
trypsin EDTA and immediately mixed with 3% ultralow gelling
point agarose in MEM at 37°C (a and b). Some cells were mixed
with 2 mg/ml native (ungelled) rat tail collagen (c and d). The same
number of cells was plated in parallel on a native collagen (2 mg/ml)
gel to allow them to form a monolayer (e). The agarose gels were
incubated for 10 min at 4°C to gel the agarose before the cells could
sediment in the bottom of the petri dish. The cells were then in-
cubated for 24 h in the 37°C tissue culture incubator, fixed in 3%
paraformaldehyde, made permeable (dashed line bars) or not (open
bars) with detergent and processed for indirect RIA with anti-184-
kD mAb and affinity-purified [**[Jgoat anti-mouse IgG. Each an-
tibody incubation or wash was performed in 1.5 h to allow proper
diffusion of antibodies through the 1-2-mm-thick agarose gel. The
data expressed in cpm/cell are the average from three independent
experiments performed on triplicate or quintuplicate monolayers.
(B) MDCK cells were dissociated and mixed with agarose gels as
described above, except for the inclusion of known concentrations
of lathyritic (soluble) rat skin collagen (type I). The cells were in-
cubated, fixed, and processed for RIA as described above. In some
gels, the cells were made permeable with detergent (b and d). The
specific binding, expressed in cpm/cell, is shown as a function of
the collagen concentration. Note that the expression of 184-kD pro-
tein is a saturable function of collagen concentration.

collagen gels (a good substratum for MDCK cells). Under
these conditions, cells remained apart but viable for longer
than 15 h. Isolated MDCK cells included in agarose ex-
pressed very low levels of the 184-kD protein, as detected by
RIA (Fig. 8, A, bars a and b) or immunofluorescence (Fig.
9, Aand B). Lower levels of surface expression of the 184-kD
protein were observed in single cells than in cell pairs (Fig.
9, A and B), presumably due to exocytosis of intracellular
antigen triggered by cell-cell interactions. On the other
hand, MDCK cells included in a collagen gel exhibited 15-
fold and 14-fold higher levels of surface and total cell antigen,
respectively. Under both agar and collagen inclusion culture
conditions, the majority of the 184-kD protein was intracel-
lular (Fig. 8, A, bars b and d). As predicted from RIA experi-
ments, the surface fluorescence was much higher in isolated
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Figure 9. Immunofluorescence localization of the 184-kD mem-
brane protein in MDCK cells embedded in agarose or collagen gels.
MDCK cells were dissociated, incubated within agarose or colla-
gen gels as described in Fig. 7 A, and then fixed and processed for
indirect immunofluorescence. Arrowheads point at the cell surface
of cells within an agarose gel (4 and B) and at cell surface blebs
positive for 184-kD apical protein in cells within a collagen gel (C
and D). Bars, 10 pm.

MDCK cells included within collagen gels (Fig. 9, C and D).
Interestingly, in this case, the 184-kD antigen was concen-
trated in membrane blebs. Increasing collagen concentration
within the gel resulted in increasing levels of the 184-kD pro-
tein with saturation being reached at ~»300 nM collagen (Fig.
8 B). Thus, while the synthesis of 184-kD protein depends
on the presence of an adequate substratum, such as collagen,
its distribution between cell surface and intracellular storage
pools is regulated by specific cell-cell interactions.

Discussion

The results reported here indicate that MDCK cells replated
after trypsin dissociation under three experimental condi-
tions that abolish or reduce cell-cell interactions (subcon-
fluent culture, 1-5 pM Ca*™ and inclusion within agarose
or collagen gels) display an intracellular storage com-
partment for apical membrane proteins. This compartment
(VAC) was found under two different conditions of fixation
(Fig. 7) and shares morphological and biochemical proper-
ties with the apical surface of polarized monolayers of epi-
thelial cells. First, it contains typical microvilli. Second, it
expresses cellular and viral apical glycoproteins (184-kD
protein and influenza hemagglutinin). Third, it excludes typ-
ical basolateral proteins (63-kD protein and VSV G protein).
To our knowledge, this is the first description of such an epi-
thelial cell organelle.

A mechanism to store apical proteins intracellularly when
the epithelium is not ready to perform a differentiated func-
tion (for example during cell growth) might be convenient for
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the cell to “get ready” to quickly carry out its tissue-specific
function once the external conditions become “appropriate.”
Similar mechanisms have been observed in stomach (31) and
urinary bladder (46) epithelia that externalize intracellularly
stored apical membrane components under hormonal stimu-
lation in order to carry out specific functions.

Although epithelial cells in normal adult tissues form con-
tinuous monolayers, clear examples of loss of intercellular
contact between epithelial cells which may lead in vivo to the
appearance of VAC structures are present during develop-
ment and in pathological processes. The kidney is formed
from metanephric mesenchymal cells that undergo epithelial
differentiation (14, 15, 57). Typical pathologic processes
which result in disconnected or mobile epithelial cells are in-
vasive carcinomas and after acute kidney tubular necrosis
(36, 45). Further studies are needed to determine whether in-
tracellular storage of apical proteins by VAC is characteristic
in these cases.

Role of Celi-Cell Contacts in the Exocytosis of VAC

Our results indicate that the establishment of cell-cell con-
tacts is the critical event that signals the exocytosis of VAC.
At present, we do not know which, of the many intercellular
adhesive forces, is directly responsible for this event. From
a purely morphologic point of view, MDCK cells display
tight junctions, intermediate junctions, desmosomes (8, 9),
and gap junctions (10). Uvomorulin-like molecules are pres-
ent in MDCK cells (2, 25) and it is reasonable to expect that
future research will identify cell adhesion molecules de-
scribed in other tissues (6, 13, 44, 60). We found no evidence
for a role of intracellular calcium in the exocytosis of VAC.
On the other hand, the requirement for extracellular Ca**
appears to be related to its role in many junctional and non-
junctional intercellular adhesive mechanisms. Since VAC ap-
peared in subconfluent cells in normal Ca** medium, it is
reasonable to conclude that the effect of Ca** is exerted
only at the level of cell-cell contacts. More experimental
work is required to identify which specific cell adhesion mol-
ecule is involved in the exocytosis of VAC.

Sorting of Apical and Basolateral Proteins
by VAC and Implications for the Biogenesis of
Epithelial Cell Polarity

Two apically located membrane proteins colocalized within
the intracellular storage compartment (Fig. 6) while two
basolateral membrane proteins did not. Thus, VAC sorts api-
cal from basolateral proteins. This was found to be true even
under conditions that disrupt sorting at the cell surface level.
In 1-5 uM Ca*™ basolateral markers invade the apical sur-
face (29, 64, 69) but not the VAC compartment. These
findings have clear implications regarding the biogenesis of
epithelial polarity. They suggest that the basic mechanisms
responsible for vectorial delivery of apical proteins, a prop-
erty described in confluent, fully polarized monolayers (35,
40), also exist in subconfluent cells (which have no func-
tional tight junctions). They also highlight the postulated
“fence” role of tight junctions (25), which would be required
to keep basolateral antigens out of the apical surface when
this is continuous with the basolateral membrane. VACs,
which are in essence isolated “apical membrane,” obviously
do not need tight junctions to exclude basolateral proteins.
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Thus, tight junctions are not essential for vectorial exocyto-
sis, but may play a role in keeping molecules segregated once
they are inserted.

There are two possible origins of VAC structures: inter-
nalization of apical plasma membrane after cell dissociation
or de novo membrane synthesis. In epidermal cells, cell
dissociation with proteases results in the internalization of
desmosomes within vacuoles (20, 41). If VAC is produced de
novo it must be from a compartment distal to the Golgi ap-
paratus, perhaps the 20°C subcompartment (24), where sort-
ing of basolateral and apical membrane proteins is thought
to take place (35, 40, 48, 50, 56). In fact, unpublished experi-
ments in which MDCK cells were incubated for iong periods
with cationized ferritin after cell dissociation, suggest that
VAC is formed de novo.

Cell-Substratum Interactions

Our results indicate that cell-substratum interactions pro-
mote the synthesis of the apical 184-kD protein. This is in
agreement with previous findings in other systems which
have demonstrated an inductive effect of the substratum on
the synthesis of specific cell products (4, 19, 27, 32, 33,
37-39, 59). This mechanism seems to be independent from
the presence of cell-cell contacts since high levels of 184-kD
protein synthesis, comparable to those observed in confluent
monolayers, were detected in cells included in collagen gels.

The culture of epithelial cells within collagen gels has been
shown before to cause changes in the spatial orientation of
the cells (11, 26). In this work, we found a peculiar distribu-
tion of the 184-kD protein on the surface of cells surrounded
by collagen: the protein appeared concentrated in surface
blebs. The blebs may represent patches of apical surface
which become segregated from the regions of cell-colla-
gen interaction (presumably, the remaining antigen-negative
areas), similarly to the polarization of the 184-kD protein to
free regions of isolated MDCK cells plated on collagen sub-
strata (53, 64).

In summary, we have described an organelie—VAC —in-
volved in the storage of apical proteins in MDCK (epithelial)
cells. VAC becomes evident in cells that have not yet devel-
oped (or have been experimentally prevented from establish-
ing) cell-cell contacts. Future work should explore how ex-
tensively VAC-like structures participate in the biogenesis of
the apical surface during epithelium differentiation.
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Note Added in Proof. Dr. M. Neutra brought to our attention that during
development of rat intestinal epithelium, secondary intercellular lumina,
resembling the structures described in Fig. 4 G in this paper, are observed
(Colony, P. C., and M. R. Neutra, 1983, Dev. Biol., 97:349-363).
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