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In MDCK cell monolayers the opening and resealing of occluding junctions can
be induced by removal and restoration of calcium to the external medium. The
overall changes in permeability of the occluding junctions in the monolayer can
be monitored by the drop and recovery of the total transepithelial electrical re-
sistance. We have investigated the effects of cytochalasin B (CB) on this pro-
cess. When CB is added to sealed monolayers there is a gradual drop in the
electrical resistance across the monolayer. This drop is accompanied by a slow
disorganization of the microfilament pattern of these cells, including a distur-
bance of a ring of cortical microfilaments that is normally associated with the
junctions. Cells in open monolayers treated with CB will not reseal and have an
altered filament distribution. These cells do not have a continuous cortical ring.

We have used a voltage scanning technique that uses a microelectrode to
measure the resistance at selected points along the junction which surrounds a
single cell. In untreated, closed monolayers, the junction is heterogeneous with
alternating points of high and low conductance. In closed monolayers treated
with CB, although there are low conductance points, we have observed an in-
creased frequency of high conductance points that correlates with the change in
the overall conductance. The frequency of high conductance points along the
junction and the overall conductance both increase with time of exposure to
CB.

In an effort to understand the molecular basis for the permeability
changes induced by EGTA and CB, we have looked for differences in the pro-
tein components of the cell membranes of open, closed, and CB-treated MDCK
monolayers. This was done by radioiodinating the surface membrane proteins
under control and experimental conditions that bring about permeability
changes. No significant differences in the labeled protein patterns were found
under these conditions. These results suggest that the permeability changes in-
volve only a structural rearrangement of membrane components. In addition we
have observed that about 36% of the surface label remains bound to the insolu-
ble cytoskeletons obtained from cells in control and experimental conditions
that alter the permeability of the tight junctions. The iodinated proteins at-
tached to the CS include polypeptides with M, of = 120K daltons as well as
peptides with M, = 56K, 50K, 36K, and 18K daltons.
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Cultured MDCK cells form a transporting epithelial monolayer joined togeth-
er by junctional complexes. These complexes include desmosomes and tight, or oc-
cluding junctions, which form a permeability barrier. These cultured monolayers
develop a transepithelial resistance several hours after plating at high density [1].
Once established, this epithelial resistance can be reversibly raised and lowered by
changing the Ca** in the medium [2]. The removal of Ca** results in the rapid open-
ing of the occluding junctions as measured by a decrease in the transepithelial resis-
tance. This decrease in resistance seems to be accompanied by a slight change in the
distribution of the strands, seen using freeze fracture, that form the tight junction.
Addition of Ca* restores the resistance and the frequency of more complex patterns
of junctional strands [3]. This Ca**-dependent modification of the permeability of
the occluding junction occurs in the presence of protein synthesis inhibitors indi-
cating that the process does not require “de novo” synthesis of junctional proteins
and suggests a rearrangement of preexisting components {3,4].

Using indirect immunofluorescence techniques we have followed the organiza-
tion of microtubules and microfilaments during formation of the junctions and dur-
ing opening and resealing. A detailed study of the cytoskeleton organization was
first performed in well-spread MDCK celis. In these cells there is a radial distribu-
tion of microtubules around an organizing center. Actin filaments are present, ar-
ranged as stress fibers and thicker bundles of filaments underlying the plasma mem-
brane [4,5]. In confluent monolayers the cells become taller and the superposition
of optical planes impairs the clear visualization of individual fibers. However, we
could observe that microtubules maintain their distribution; the actin stress fibers
disappear, while cortical bundles form a continuous ring at the periphery of the cell.
The actin staining also shows a diffuse filamentous network in both spreading and
confluent cells [4,5]. We have shown that colchicine breaks down the microtubules
in the MDCK cells but does not alter the microfilaments and does not affect the
electrical resistance of the monolayers [6]. Cytochalasin B (CB), however, disorga-
nizes the microfilament pattern and decreases the overall transepithelial resistance
[6].

In subconfluent monolayers CB produces marked morphological changes sim-
ilar to those described in other cell types by Goodman and Miranda [7] and termed
arborization and formation of zeiotic blebs. The same changes are observed in con-
fluent monolayers whose tight junctions have been opened with EGTA. However,
confluent monolayers treated with CB but in the presence of Ca** remain with their
cells in apposition and do not arborize even after 2 hr of drug treatment. We now
port the use of a voltage scanning technique to study in detail the effects of CB at
selected points on a single junction. Our cytochalasin results suggest that microfila-
ments are necessary to establish and maintain the permeability barrier in the mono-
layer. The exact mechanism for formation of the occluding junction is unclear, but
could involve direct microfilament-junctional component interactions. Therefore
disruption of the microfilament network could alter the distribution of membrane,
particularly junctional components. We report here on studies designed to look for
differences in the iodination patterns of surface proteins in open, closed, and CB-
treated monolayers and for changes in the interaction of these proteins with the
cytoskeleton.
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MATERIALS AND METHODS
Cell Culture

MDCK cells, passage 59, were obtained from Flow Laboratories (Irvine, CA)
and grown in complete Eagle’s minimal essential medium (CMEM) with Eagle’s
salts, 100 units/ml penicillin, 100 pg/ml streptomycin, and 10% fetal calf serum.
Tissue culture media and reagents were obtained from GIBCO (Grand Island, NY).
Cells were harvested with trypsin-EDTA and plated at high density (2 x 10¢
cells/ml) on disks of nylon cloth coated with collagen or on Petri dishes. A conflu-
ent monolayer is formed that starts to develop a measureable electrical resistance in
5 hr and reaches a steady value in 20-24 hr [1,2]. In all the experiments described
here we used monolayers that had a steady resistance for 24 hr or more. CB
(Aldrich Chemical Co., Milwaukee, WI) was dissolved in DMSO. The final concen-
tration of DMSO added to the cells was 0.1%. Similar concentration of DMSO by
itself had no effect on the permeability of the junctions or structure of the cells.

Electrophysiological Measurements

Overall electrical resistance. Nylon disks with the confluent monolayers
were mounted as a flat sheet between two Lucite chambers. The exposed area was
of 0.2 cm?. A current pulse of 20 xA was delivered via two Ag/AgCl electrodes
placed 2 cm from the disk and the voltage change measured with a second set of
Ag/AgCl electrodes placed 1.0 mm from the disk. From the voltage change the
transepithelial resistance can be calculated. The contribution of a collagen-coated
nylon disk without cells was subtracted from all calculated values of resistance.

Localization of conductive pathways by voltage scanning. When cur-
rent crosses the monolayers through a narrow path, such as an intercellular space,
the current density at the mouth of the opening is different than the density a few
microns away. This difference can be measured by placing a microelectrode at the
mouth of the opening or about 10 x above the opening. Current pulses are gener-
ated across the monolayer and the sets of pulses from each location are accumu-
lated in a computer and subtracted from each other. If a current is actually flowing
through that point, there will be a net signal whose amplitude is proportional to the
electrical conductance of the spot under the microelectrode. The measurement can
be made at several points along a given junction to map the distribution of the con-
ductive pathways (for further details, see [8]).

Immunofluorescence Staining

Monospecific antibodies against brain tubulin and muscle actin were prepared
and purified as described previously {6]. Cytoskeletons were prepared by lysing the
cells in the monolayer with 0.5% Triton X-100 for 5 min as described by Brown et
al [9], then fixing with methanol and formaldehyde. Indirect immunofluorescence
staining was done using a fluorescein-labeled goat antirabbit IgG serum obtained
from Miles Laboratories, Elkhart, IN. Preparations were viewed in a Zeiss 18 stan-
dard microscope equipped with epifluorescence optics. All photographs were taken
with a 63 x Planapochromat objective.
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Labeling and Electrophoresis of Surface Proteins

Cell monolayers grown on Petri dishes were labeled with ***[ following the
technique described by Hubbard and Cohn [10] using 250 xCi/ml of **°I (New
England Nuclear, Boston, MA), 12.5 ug of lactoperoxidase (Sigma Chemical Co.,
St. Louis, MO), 0.003% H,O,, and 0.02 mM KI in a reaction mixture of 500 ul per
35 mm dish containing 8 x 10° cells. The dish was kept on ice and constantly ro-
tated so that the cells were covered with the reaction mixture. Reaction was stopped
adding an excess of cold 10~ M KI. Monolayers were rinsed extensively with PBS
containing 5 mM phenylmethylsulfonylfluoride (PMSF). Cells were scraped from
the dish directly into 1% SDS with a rubber policeman and prepared for
electrophoresis.

Cytoskeletons of radiolabeled cells were prepared the same way as those for
immunofluorescence by solubilizing the labeled membranes with 0.5% Triton X-100
for 5 min. The solubilized fraction was centrifuged at 10,000g for 10 min and the
supernatant was precipitated with an equal volume of 20% TCA, rinsed twice with
acetone, and put into solution in the electrophoresis buffer. The cytoskeletons re-
maining attached to the dish were solubilized with 1% SDS, and prepared for elec-
trophoresis. Polyacrylamide gel electrophoresis was performed as described by
Laemmli [11]. Equivalent numbers of counts were used for each protein fraction to
facilitate comparison of the patterns. Gels were stained with Coomassie blue to vi-
sualize markers and then treated with dimethylsulfoxide and PPO for fluorography
as described by Bonner and Laskey [12].

RESULTS
Effect of CB on the Cell Shape

Figure 1 shows the effect of CB in confluent and subconfluent monolayers as
seen by phase microscopy. In the presence of normal concentration of Ca** the cells
in confluent monolayers do not become arborized when CB is added to the
medium. A comparison of Figure 1A and 1B shows that under these conditions,
cells remain in aposition and there are not marked structural alterations even after
90 min in the presence of the drug. In Figure 1B some cells have detached from
their neighbors, leaving a free border where signs of blebbing begin to show. In
Figure 1C and 1D, the effect of CB on subconfluent monolayers grown in the
presence of normal concentration of Ca** is shown. In this case the arborization of
the cells and the formation of blebs is very clear. In Figure 1E and 1F the effect of
CB on control monolayers and monolayers treated with EGTA, and therefore with
the tight junctions open, is shown. These cells present signs of arborization as soon
as 2 min after the addition of CB. The effect however is not as marked as in sub-
confluent cells. If Ca** is added back to the medium, some cells recover their nor-
mal shape, even if CB is present. If CB is removed, the cells recover completely
(figures not shown).

Effects of CB on Microfilaments and the Transepithelial Resistance

Figure 2A shows the effect of CB on the transepithelial resistance of closed
MDCK cell monolayers. The average value for closed monolayers in the resting
state is 124 + 7 Q cm?®. The addition of CB at 5 ug/ml with a final concentration of
0.1% DMSO produces a gradual drop in the resistance. Two hours after CB addi-
tion the resistance has fallen to about 25% of the control value. At the same time,
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Fig. 1. Phase contrast microscopy of MDCK monolayers treated with cytochalasin B. (A) control
monolayer plated at high density in CMEM and cultured for 28 hr. (B) A confluent monolayer treated
with 5 ug/ml of CB for 90 min in the presence of normal concentrations of Ca**. (C) Control mono-
layer plated at low density and cultured for 5 hr in CMEM. Many cells remain isolated and others
begin to form groups of 2-3 cells. (D) A subconfluent monolayer treated with 5 ug/ml of CB for 15
min in the presence of normal concentrations of Ca**. Note the marked effect on the drug on the shape
of the cells (arborization and formation of blebs in the periphery). (E) Control monolayer, same condi-
tions as in (A). (F) A confluent monolayer treated with 2mM EGTA in medium without Ca** and 5
ug/ml of CB for 15 min. Note again the change in shape of the cells to the arborized type. x 800.

the drug produces an alteration in the microfilament network. By 30 min there is a
slight patching of the fluorescence and discontinuity of the ring of actin filaments,
which is visible near the membrane in the control cells (compare Fig. 2B and 2C).
After 2 hr in CB, when the resistance is low, there is a more pronounced organiza-
tion of the microfilaments in the ring and the central cytoplasm (compare Fig. 2B
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Fig. 2. Effect of CB on the overall electrical resistance and microfilament distribution of closed
monolayers. (A) Resistance was measured as indicated in Methods. Results are expressed at the

mean + standard error. The number of observations in each point corresponds to 6-10 individual
monolayers, each one withdrawn at the time of the measurement and discarded afterwards. CB (5
ug/ml) was added at the time marked by the arrow and was present throughout the experiment (shaded
bars). (B) Actin distribution in a closed, untreated monolayer as visualized by immunofluorescence. (C)
Actin distribution after 60 min in CB. (D) Actin distribution after 120 min in CB. x 2,400.

and 2D). Even after 2 hr in CB, when the monolayers are partially open, there is lit-
tle indication of arborization and this occurs at the free edges of the monolayer or
in places where a cell is lost.

When the occluding junctions are opened, by chelation of extracellular Ca**
with 2.4 mM EGTA, there is an immediate drop in the electrical resistance (Fig. 3A,
first arrow). The readdition of Ca* (Fig. 3A, second arrow) restores the resistance
(open columns). The presence of CB does not affect the drop in resistance upon
removal of Ca** (shaded columns) but does block the recovery of the resistance after
Ca** restoration. Addition of EGTA and CB results in a rapid change (2 min) in cell
shape. The cells detach from their neighbors, arborize, and form zeiotic blebs. In
these arborized cells, there is a marked movement of the ring toward the nucleus
(compare Fig. 3b and 3C). The ring usually does not extend out into the cell pro-
cesses and clearly is no longer tightly associated with the cell periphery, which ap-
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Fig. 3. Effect of CB on the opening and resealing of tight junctions and the microfilament distribu-
tion during this process. (A) Open bars refer to control monolayers and those recovered after restora-
tion of CA**. At arrow 1, Ca** was removed and 2.4 mM EGTA was added. At arrow 2, Ca*™ was re-
stored and the disks divided into two groups. One group recovered in the absence of CB (open bars)
and the other recovered in the presence of CB (shaded bars). The number of observations per point is
similar to those of Figure 2. (B) Distribution of actin in untreated monolayers. (C) Actin pattern in
monolayers treated with EGTA and CB. Arrow points to the retracted ring. A faint fluorescence corre-
sponds to the cytoplasm outside the ring. (D) Actin patterns in monolayers after recovery in CMEM
without CB for 180 min. (E) Altered shape and microfilament distribution in cells recovered for 90 min
in CMEM with CB. Arrows point to the retracted ring. x 900.

pears as a clear zone outside the ring in Figure 3B and 3E. It is not clear if this is
owing to an actual contraction of the ring. If Ca** is added back to the medium and
CB is removed, the resistance recovers at about the same rate as the controls with-
out CB (see Fig. 3A and reference [6]). The morphology of these cells and the fila-
ment patterns gradually return to normal (Fig. 3D). The readdition of Ca** in the
presence of CB does not result in the recovery of the resistance, a normal cell shape,
or a normal microfilament pattern (Fig. 3E). After prolonged treatment with CB
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(3-4 hr), we can find some patches of confluent cells, but they retain the abnormal
filament patterns.

Voltage Scanning of CB-Treated Cell Junctions

We have previously described results obtained with the voltage scanning meth-
od using cells in closed monolayers [8]. These observations indicated that the elec-
trical conductance along a given junction has a heterogeneous pattern of high and
low conductance points. This heterogeneous pattern of conductance can be cor-
related with the heterogeneous appearance of the junctional strands in these cells as
seen in freeze fracture replicas [8]. The pattern of conducting and nonconducting
spots does not change with time, in the sense that the overall resistance of the
monolayer stays constant. However, recordings made on the reputedly same spot
may be observed to change in amplitude with time (up to 30% increase or decrease
in an hour). Since the density of the field varies sharply with the distance from the
junction and, as noted above, along the periphery of a given cell, a variation with
time of 30% in the conductance could be due to the inapparent displacement of the
microelectrode tip by as little as ! um. We now use this method to explore in detail
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Fig. 4. Electric field scanning of an MDCK monolayer cultured on a permeable support. The tip of
the microelectrode is on the center of a cell at (A), on a junction at (B}, and at the intersection between
three cells at (C). The left panel illustrates seven recordings. The top three recordings correspond to
points (A), (B), and (C) in the resting monolayer. The next three recordings were made over a junction
after 20, 52, and 100 min of CB treatment. A comparison of the sixth recording, over the junction with
the final trace, over the cell body, shows that the center of the cell has no signal after 90 min of CB
treatment, while the junction has a very high conductance. The graph summarizes the results. Filled
circles correspond to recordings obtained on occluding junctions as a function of treatment with the
drug. Open circles correspond to recordings on the center of the cell bodies.
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the local effects of CB on the junction. We have described previously the effect of
this drug on the overall transepithelial resistance [6].

Figure 4 shows the results of a typical experiment where we measured the re-
sistance at points on the monolayer before and at various times after CB addition
(Fig. 4A-4C). The left panel illustrates the individual electrical recordings. The
graph summarizes the increase in amplitude of the signal as a function of time after
CB addition. When the measurement is made over the junctions (full circles), there
is an increase in conductance. Signals with the amplitude illustrated in the sixth re-
cording of Figure 3 are never observed in control monolayers. The electrical resis-
tance of the paracellular route consists of two basic components: 1) the occluding
junction and 2) the intercellular space [13]. The contribution of the second compo-
nent may be important in epithelia with low resistance (eg, the kidney proximal tu-
bule with 5-10 Q ¢cm?, see Moreno and Diamond [14]) or in circumstances where the
osmolarity of the bathing solution is changed, and the intercellular space is experi-
mentally collapsed [15,16]. However, in epithelia like the present preparation, with
resistances beyond 80 Q cm?, volumetric expansion of the interspace is unlikely to
make a detectable decrease of the resistance. The observed appearance of spots with
high conductance in CB-treated monolayers suggest therefore that the occluding
junction itself is being opened. If the measurement is made over the cell body (panel
A and open circles) there is no change.

Figure 5 shows a schematic diagram of a region of a monolayer in which the
conductance was monitored. A through D are points on the same junction where
measurements were made. At point A, the conductance was measured at zero time

Fig. 5. Effect of CB on the permeability of the occluding junction of an MDCK cell monolayer. The
center panel illustrates the silhouette of a cell and the approximate sites, marked by letters, where the
microelectrode was placed. Recordings on the left show the increase of conductance at point (A) after
0, 56, and 80 min of treatment with CB. Recordings on the right show the amplitude at the points and
times indicated. Vertical bars indicate 50 V. Notice first the irregularity in the opening of the junction,
eg, at 80 min point (A) is highly conductive and point (E) is not. Note also that the body of the cell has
a negligible signal.
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and at 56 and 80 min after CB addition. By 56 min, the junction was open at this
point. Point B was partially open at 9 min, while points C and E are still closed at
65 and 90 min, respectively. Point D, corresponding to the cell body, has a barely
detectable conductance even at a time when neighbor points, point A for example,
are highly conductive. Repeated recordings on a given spot of a closed control
monolayers, yield almost identical electrical signals.

The results shown in Figures 4 and 5 indicate that the increase in conductance
elicited by CB is actually owing to opening of the occluding junction and not to
leakage across or damage to the cell body.

lodination of Surface Proteins

In order to obtain sufficient material for labeling, cells were grown on Petri
dishes instead of on the nylon-coated disks used for the electrical measurements.
Under the light microscope the cells in the Petri dishes have the same general ap-
pearance as those grown on the disks. The only difference observed was the pres-
ence of blisters owing to the accumulation of fluid under the monolayer. On either
substrate, cells were plated at the same density and were treated simultaneously with
the same concentration of CB for the same time. We assume that the behavior of
cells on the solid substrate is identical to those grown on the disks and will refer to
them as open, closed, or resealed monolayers. One should bear in mind, however,
that the electrical measurements are only feasible on the permeable substrate.

Proteins on the surface of MDCK cells were labeled with '**I using lactoperox-
idase [10] and analyzed using one-dimensional SDS-gel electrophoresis layering with
the same amount of cpm per lane. The efficiency of labeling was found to be lower
for the CB-treated cells, although we could not detect cell loss during the treatment.
Figure 6 shows the results for trypsinized cells and for cells in a closed monolayer 28
hr after plating. Parallel controls show that these monolayers have a normal electri-
cal resistance. Furthermore, treatment of the monolayers with the iodination mix-
ture did not alter their electrical resistance. Figure 6 also shows the protein patterns
for opened and resealed cells in the presence and absence of CB. The results show
that there is a qualitative difference between the trypsinized cells (A) and those
plated for 2 hr or more (B), a time after which addition of cycloheximide does not
inhibit the recovery of the resistance [4,5]. Cells from the monolayer display a
group of proteins, M; = 120-200K daltons, which are absent from the trypsinized
cell surfaces. Other proteins at M, = 40K and 58-60K are present in the trypsinized
cells but are less prominent than in the monolayers. The control, closed monolayer
pattern, is not markedly changed by opening and resealing even in the presence of
CB (C to F). The bands of high M, (120K < M, < 200K), that of 82K and those
of 40K and 36K daltons as well as the small M, which are also labeled in trypsinized
cells, remain prominent in all conditions tested. A band corresponding to the molec-
ular weight of BSA is found in all the preparations and could correspond to the
BSA in serum that remains strongly attached to the cell surface even after prolonged
washings. However we find a protein with this M; in purified membrane prepara-
tions (unpublished results).

In order to study potential junctional component-cytoskeleton interactions, we
have first iodinated the surface proteins, then lysed the cells with Triton X-100 to
solubilize the membranes, and isolated a cytoskeletal fraction. A distribution of the
label in the different fractions is included in Table I.
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Fig. 6. Fluorograph of a gel of the surface proteins of MDCK cells labeled with **I. (A) Pattern from
trypsinized cells. The cells were trypsinized, and resuspended in medium with serum, then washed
several times with PBS by centrifugation, and labeled for 10 min at 2°C. The labeling conditions were
the same for all the experiments. (B) Pattern from a confluent monolayer established for 28 hr. (C)
Pattern from a confluent monolayer incubated in the absence of Ca** for 60 min, then labeled. (D)
Pattern from cells incubated in the absence of Ca** with CB present for 60 min, then labeled. (E) Pat-
tern from cells incubated as in (D), then allowed to recover for 3 hr in CMEM, and labeled. (F) Pattern
from monolayers incubated in the presence of Ca™ and CB for 2 hr prior to labeling. Markers used
were also iodinated and correspond to phosphorylase b (94K), BSA (67K), ovalbumin (43K), carbonic
anhydrase (30K), and trypsin inhibitor (20K).

TABLE I. Binding of Surface Membrane Proteins lodinated With 1'** to the Cytoskeleton

Cytoskeleton Soluble fraction

(percentage)? (percentage)?
Control 369+ 5.1(8) 63.1 + 5.1(8)
CBb 37.9 + 7.8(5) 62.0 + 7.8(5)
EGTA¢ 36.2 + 5.8(8) 63.7 + 5.8(8)
EGTA + CBd 42.8 + 6.3(8) 57.2 + 6.3 (8)
Recovered from EGTA + CBe 35.2 + 5.5(8) 64.7 + 5.5 (8)
Just detached! 46.4 + 7.4 (6) 53.3 + 7.3(6)

aValues are expressed as percentage + standard error (number of observations) of the sum (100%) of
the CPM of 1'** in the cytoskeleton and soluble fraction of Triton-treated MDCK monolayers.

bCB: Spg/ml for 2 hr.

¢EGTA: 2 mM for 60 min in Ca-free medium.

dEDTA + CB: treated as in (b) and (c), except that CB was present during 60 min instead of 2 hr.
eRecovered from condition (d) in normal medium for 3 hr.

fCells detached from confluent monolayers with EDTA-trypsin.

Figure 7 shows the patterns for the cytoskeleton and the Triton-soluble frac-
tion of control monolayers labeled with **S-methionine and also shows fluorographs
of the cytoskeletons and soluble fractions from the series of opening and resealing
experiments shown in Figure 6. The **S-met labeled pattern show that actin and in-
termediate filament proteins are prominent components in the cytoskeletons of
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Fig. 7. Surface proteins associated with the cytoskeleton and soluble fraction of Triton-treated
MDCK cells. Lanes (A) and (B) show the cytoskeleton and soluble fraction of a monolayer labeled with
3sS-methionine for 18 hr (25 pCi/ml of CMEM) as comparison to the surface labeled proteins. The two
more prominent bands in the cytoskeleton correspond to actin and intermediate filament proteins. (C)
and (D) show the cytoskeleton and soluble fraction of trypsinized cells. (E) and (F) cytoskeleton and
soluble fraction of a confluent monolayer in culture for 24 hr. (G) and (H) cytoskeleton and soluble
fraction of confluent monolayers treated with 2 mM EGTA for 60 min. {I) and (J) show the soluble
fraction and cytoskeleton of a monolayer treated with CB for 120 min. (K) and (L) soluble and cyto-
skeleton of a monolayer treated with EGTA and CB for 60 min and then recovered in normal medium
for 3 hr. (M) and (N) soluble fraction and cytoskeleton of a monolayer treated with CB (5 pg/ml) and
EGTA for 60 min.

-

MDCK cells and show actin also present in the soluble fraction (A and B). Cyto-
skeletons of other cell types, prepared by Triton solubilization, show the same
prominent protein components [9,17]. In trypsinized cells (C and D) and in control
closed monolayers, a large number of the iodinated surface proteins remain at-
tached to the cytoskeleton (E and F). Actin, a cytoplasmic component, is never
labeled. Triton extraction releases proteins from the cells that have M, = 120 and
200K daltons, 68-90K daltons and part of the prominent bands at 25K, 30K, 43K
and 56K daltons. The majority of the 40K and 56K protein and all of the high mo-
lecular weight proteins remain associated with the cytoskeleton. Two prominent low
molecular weight peptides at M, = 36 and 18K daltons are also associated with the
cytoskelton. Opening and resealing with EGTA has no significant effect on the pro-
tein patterns or their distribution with the cytoskeletons after Triton extraction (G,
H and K, L). The disorganization of the actin cytoskeleton with CB also does not
produce any changes in the patterns or distribution of the surface proteins (I, J, M,
N). When the monolayers are treated with EGTA before labeling, and are pre-
sumably open, a better labeling of some bands is obtained as if label had a better
access to these proteins. However the pattern remains qualitatively the same and the
percent of protein in the cytoskeleton and soluble fractions remains very similar (see
Table I).

698:CR



Occluding Junctions, Permeability, and the Cytoskeleton JCB:419

DISCUSSION

We have previously shown that there is a ring of microfilaments associated
with the junctional region in closed monolayers of MDCK cells [4,5]. In closed
monolayers, CB disrupts this ring and the loose microfilament network in the cen-
tral cytoplasm but does not cause arborization of the cells. The disruption of the ac-
tin microfilament pattern is closely associated with the opening of the occluding
junctions, measured by a decrease in the transepithelial resistance, which is also
caused by CB. Arborization produced by CB is only observed in subconfluent
MDCK monolayers and in monolayers treated with EGTA that have no electrical
resistance. The monolayers opened by Ca** removal will not reseal after restoration
of Ca** if CB remains present. In these cells, the ring does not reorganize although
some cells recover the normal shape. If CB is removed the cells recover the electrical
resistance and the normal pattern of actin microfilaments and normal shape. We
have proposed than an organization of actin filaments is required for the establish-
ment and maintenance of the tight junction [6]. Several authors [18-20] have de-
scribed actin filament networks in the apical region of other epithelia. Louvard et al
[21] have also described the presence of actin filaments in close association with the
tight junctions of MDCK cells. The precise nature of this association is not well un-
derstood but may involve direct interactions between junctional components and ac-
tin filaments or through linking molecules like spectrin [22].

The effect of CB on the shape of the cells is clearly evident in cells that do not
touch their neighbors. In confluent monolayers where cells are in aposition the ef-
fect is not as strong unless the occluding junctions are opened. We could think that
CB directly affects occluding junction-cytoskeleton components and that this causes
the opening of the junction. However, we can not discard the posssibility that in the
presence of CB, the cells in closed monolayers tend to change shape and that the oc-
cluding junction can not hold by itself the cell-to-cell attachment and therefore the
junction would open.

The possibility that surface proteins may be displaced or rearranged during
opening and resealing of the tight junctions was investigated by labeling surface
proteins and following the peptide patterns in different experimental conditions that
affect the permeability of the junction. Changes of the membrane components by
treatment of liver cells with phalloidin, a drug that disaggregates actin filaments
have been reported [23]. We have used CB, a drug that not only alters the integrity
of the microfilament network but also alters the permeability of the tight junctions,
to investigate the distribution of surface membrane proteins. The results presented
here (Figs. 6 and 7) show that there is no marked difference in the surface iodina-
tion patterns of MDCK cells in open or closed monolayers in the presence or
absence of CB. We expected to see a different set of bands of surface proteins la-
beled with '**Iodine when the tight junctions were opened either with EGTA alone
or with EGTA and CB. Under these conditions we should have been labeling also
the basolaterial components of the membrane. We find only a quantitative increase
in the amount of label for some of the proteins when the tight junctions are open,
as if opening will permit a better access to the label, but we can not detect different
proteins. The labeling of the apical versus the basolateral surfaces in these
monolayers is being studied in our laboratory and some possible causes are explored
in another paper [5]. We do see a diminution in the number of proteins labeled
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following trypsinization. These components reappear at the surface within 2 hr after
plating even in the presence of cycloheximide, which we have shown previously [4,5]
inhibits the development of electrical resistance in newly formed monolayers. We
studied the association of the iodinated surface proteins with the cytoskeleton by
lysing the cells with Triton X-100 to isolate a soluble and a cytoskeletal fraction.
Similar cytoskeletal preparations have been obtained from other cells in culture [9].
Association of membrane proteins to the insoluble cytoskeleton has been reported
[24]. In Table I we can see that about 36% of label remains attached to the insolu-
ble cytoskeletons. There are five major groups of surface-iodinated proteins that are
retained in the cytoskeletal fraction under our lysis conditions. These include a
group of proteins with high Ms at 120-200K daltons and four prominent com-
ponents with M;s of 90K, 56K, 30K, and about 18K daltons. Some of the 90K and
56K proteins and two molecules with M; of about 220K daltons are released into the
Triton-soluble fraction. The distribution of the polypeptides between the soluble
and cytoskeletal phases is not markedly changed by any of the opening and re-
sealing conditions (Table I). The results show that 1) treatment of monolayers with
EGTA and CB does not change the pattern of labeling but does make some proteins
more accessible to lactoperoxidase catalyzed iodination (Fig. 6C and 6D). 2) Surface
proteins are normally associated with the cytoskeletal fractions and disorganization
of actin filaments does not markedly change the partitioning of these surface pro-
teins between the soluble and cytoskeletal phases (Fig. 7 and Table I). These results
are compatible with the idea that surface membrane components are redistributed
on the membrane when monolayers are opened and resealed with EGTA or CB
rather than internalized. The disorganization of the actin filament network does not
produce a drastic change in the distribution of the membrane components visualized
with the iodination technique. We have begun to investigate the nature of the redis-
tribution of the membrane components. Two extremes would be that the junctional
components are disassociated by both EGTA and CB and then are freely diffusible
in the cell membrane. Alternatively, Ca* removal may directly disassociate the oc-
cluding junction, while CB may cause clustering or patching of the junctional
strands. The first case can be argued against because CB does not appear to disas-
sociate the cells unless Ca** is also removed. The clustering of junctional compo-
nents by CB should lead to regions of high conductance and some regions of low
conductance. The voltage scanning results are consistent with the idea that CB clus-
ters the junctional components, since we can record the opening of selected regions
but also find the retention of low conductance regions even after 1 to 2 hr in CB.
This idea is also supported by the patching of actin in CB-treated cells stained with
antiactin.
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