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Summary. MDCK cells (epithelioid of renal origin)
form monolayers which are structurally and function-
ally similar to transporting epithelia. One of these
similarities is the ability to form occluding junctions
and act as permeability barriers. This article studies
the junctions of MDCK monolayers formed on a
permeable and transparent support (a disk of nylon
cloth coated with collagen) by combining two differ-
ent approaches: (1) Scanning of the electric field: the
disk is mounted as a flat sheet between two Lucite
chambers and pulses of 20-50 pA cm™ 2 are passed
across. The apical surface of the monolayer is then
scanned with a microelectrode to detect those points
where the current is flowing. This shows that the
occluding junctions of this preparation are not homo-
geneous, but contain long segments of high resistance,
intercalated with sites of high conductance. (ii) Freeze
Jracture electron microscopy: the junctions are com-
posed of regions of eight to ten strands intercalated
with others where the strands are reduced to one
or two ridges. The sites of high conductance may
correspond to those segments where the number of
junctional strands is reduced to 1 or 2. It is concluded
that the occluding junctions of MDCK monolayers
are functionally and morphologically heterogeneous,
with ““tight™ regions intermixed with “leaky” ones.

Cultures of the MDCK cell line (Madin & Darby,
1958) form in vitro cell monolayers with functional
properties analogous to those of transporting epithe-
lia (Misfeldt, Hammamoto & Pitelka, 1976; Cereijido
et al., 1978a and b). (For a recent review, see Handler,
Perkins & Johnson, 1979.) These properties arise from
the structural and functional polarity of MDCK
plasma membrane, studied in a previous article (Cer-
eijido et al., 1979), and from the ability of MDCK
cells to make occluding junctions which control the
permeability through the paracellular route. In the

present study we investigate the structure and func-
tional properties of the junctional complexes of
MDCK monolayers by means of electron microscopy
and a new electric field scanning method of high spa-
tial resolution.

Monolayers of MDCK cells prepared on a perme-
able and transparent support (a disk of a nylon cloth
coated with collagen) can be mounted, as a flat sheet
between two Lucite chambers for membrane trans-
port studies. At the passage of cells used (100-110'?),
these monolayers show an electrical resistance of
70-200 Qcm?. Therefore, the monolayer can be com-
pared to the so-called leaky epithelia. Yet, the concept
of epithelial leakiness derives from the permeability
of the paracellular conductive pathway and might
not be necessarily related to the macroscopic transmu-
ral electrical resistance. Thus, Augustus, Bijaman, van
Os and Slegers (1977) have shown that the salivary
gland ductal epithelium has a very low electrical resis-
tance due to a high Cl-conductance, yet the paracellu-
lar pathways of the epithelium are very tight. There-
fore, in order to assess the permeability of the paracel-
lular route in MDCK monolayers, a parameter that
depends directly on the degree of tightness of the
occluding junctions, we resorted to two different ex-
perimental approaches: (i) We have passed small
pulses of current through the monolayer and scanned
with a microelectrode moved along the apical surface
of the cells, looking for conductive spots. This proce-
dure has some similarities with the one used by
Fromter and Diamond (1972) and Fromter (1972);
however, we have used pulses about two orders of
magnitude smaller in intensity, and two orders of
magnitude shorter in time, with a minimal microelec-
trode separation (8 pm), which allow a fine discrimi-
nation between conducting and nonconducting sites.
(i1) Freeze-fracture electron microscopy was applied
to study the distribution of the junctional strands
along the occluding junctions.
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Fig. 1. Electrical diagram for total
membrane resistance and capacity
measurements. The disk containing the
monolayer was mounted as a flat sheet
between two Lucite chambers
containing MEM. Voltage drop across
the membrane was recorded via 4, and
A, amplifiers and differentially
substracted via As. The signal was
displayed in a CRO. Square pulses of
current were delivered via the
outermost electrodes. The total current
was measured with A, in the
current-to-voltage configuration which
virtually grounded the bath. The
voltage pulse applied and the total
current flowing across the membrane
were simultaneously recorded

Fig. 2. Electrical diagram for electric
field scanning. The disk containing the
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monolayer was mounted horizontally as
a flat sheet in a shallow Lucite
chamber. The chamber was placed on
the stage of a microscope. (i) Current
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Our observations reveal that the occluding junc-
tions of MDCK cells are heterogeneous, i.e., sites
of high conductance alternate with regions of low
conductance. This functional heterogeneity correlates
with the irregular structure of occluding junctions
as seen in freeze-fracture replicas. The latter show
regions where the junction consists of as many as
10 junctional strands in some regions, changing
abruptly within the same junction to areas only
formed by 1 or 2 ridges. Therefore, occluding junc-
tions of MDCK cultured monolayers are functionally

CRO injection: biphasic cutrent pulses were
passed across the membrane. The total

| AVERAGER ¥ , ,
)CRO current was measured via 4, in the

current-to-voltage configuration which
virtually grounded the bath. These
pulses were recorded in a CRO and
accumulated in a digital averager. (ii)
Total resistance : voltage drop across
the membrane was recorded via 4, and
A, amplifiers and differentially
substracted in 4;. (i) Voltage
scanning : signals were recorded with
two microelectrodes, a moving one
placed near the MDCK monolayer (V)
and a remote one. They were recorded
via A, and A4," substracted in 45 and
accumulated in a digital averager. A
total of 512 pulses were collected. The
microelectrode was then lifted 8 um
(V,) and a second set of 512 pulses
were collected and substracted from the
previous set

and morphologically heterogeneous, with “tight” re-
gions intermixed with “‘leaky” ones.

Materials and Methods

Formation of the MDCK Monolayer

MDCK cells in the 100 to 110'® passage were grown at 36.5 °C
in roller bottles with an air-5% CO, atmosphere and 100 ml of
Complete Eagle’s Minimal Essential Medium (CMEM) with
Earle’s salts (Grand Istand Biological Co. (GIBCO) F-11, Grand
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Island, N.Y.), 100 U/ml of penicillin, 100 pg/ml of streptomycin
and 20% calf serum (GIBCO) 617. As discussed in previous papers
(Misfeldt et al., 1976; Cereijido etal., 1978a and .b), the electrical
resistance of these monolayers is around 100 Qcm?. Yet it was
noticed that cells of a lower passage, 54-65 monolayers, have a
much higher resistance (400-1500 Qcm?). Barker and Simons
(1978) have recently communicated resistance of up to 4166 Qcm?
in MDCK monolayers of 61-66 passages. Cells were harvested
with trypsin-EDTA (GIBCO 540) and plated on discs of a nylon
cloth (HC-103 Nitex, Tetko, Inc. Elmsford, N.Y.) coated with
collagen extracted from rat tails by the method of Bornstein (1973).
Once sterilized under UV light, each disk was placed into a 16-mm
well of a multichamber disk (Linbro Chemical, New Haven,
Conn.), and a suspension of MDCK cells in 1.0 ml of CMEM
was added to a density of 4x 10° cells/cm?®. After incubation for
90 min at 36.5°C in an air-5% CO, atmosphere with constant
humidity (V.I.LP. CO, Incubator 417, New Brunswick, New Jersey)
to allow for attachment of the cells, disks were transferred to
other multidish chambers containing fresh CMEM without cells.
A continuous monolayer was thus formed. The fact that the disk
supporting the monolayer is permeable and transparent permits
a direct observation under an optical microscope and the injection
of electric current to study membrane resistance. The electrical
resistance across the monolayers starts to develop approximately
5 hr after plating and reaches a steady value in about 20-24 hr
(Cereijido et al., 1978a and b). All monolayers used in the present
study were plated for 2-6 days.

Morphological Studies

For light microscopy, cultures of MDCK cells were grown to
confluency on # | coverslips placed in plastic Petri culture dishes.
After 48 hr, the coverslips were lifted with fine tweezers and placed,
with the monolayer facing down, on a glass slide where a drop
of medium was previously added. A bridge of paraffin was placed
in order to avoid direct contact between the cells and the surface
of the slide. The preparation was then sealed with melted paraffin
and bee wax, and was used for observation periods ranging from
30 min up to 1hr. A Zeiss Photomicroscope II, equipped with
phase-contrast optics and differential interference-contrast (No-
marski) optics, was used. For the latter, a 100 X Planachromatic
objective was used. Photomicrographs of the living monolayer were
recorded with Panatomic film (Kodak) using a green filter.

Freeze-fracture replicas were obtained from monolayers fixed
with 2.5% glutaraldehyde for 30 min, and gradually infiltrated with
glycerol up to 20% concentration, where they were left for 1hr.
The cultures were then detached from the substrate and the isolated
monolayers frozen in the liquid phase of Freon 22 cooled with
liquid nitrogen. Freeze-fracture was carried out using a 301 Balzers
apparatus equipped with a turbomolecular pump, at —120 °C,
and a vacuum of 2 x 10™° mm Hg. After evaporation of platinum
and carbon, replicas were recovered in sodium hypochlorite,
washed in distilled water, and mounted on Formvar coated 100-
mesh grids. Further details on the technique have been published
(Martinez-Palomo, Chédvez & Gonzélez-Robles, 1978). Observations
were carried out with a Zeiss EM10 electron microscope. All micro-
graphs of replicas are shown with the shadow direction from bot-
tom to top.

Electrophysiological Methods

Total membrane resistance and capacity (Fig. 1). The disk contain-
ing the monolayer was mounted as a diaphragm between two
Lucite chambers of 2.5 ml each. The exposed area was 0.2 cm?.
Current was delivered from a square pulse generator whose output
was connected to a chlorided silver electrode via a 10kQ resistor.
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It was collected through a second electrode placed on the opposite
chamber, which was virtually grounded via a current-voltage con-
verter with a 10 kQ resistor in the negative feedback loop. The
current pulse was displayed in a cathode ray oscilloscope (CRO).
The voltage deflection across the preparation reproduced by the
current flow was measured with two chlorided silver electrodes
placed at less than 1 mm from each side of the monolayer. They
were connected to high input impedance amplifiers (voltage-fol-
lower 4; and 4,). The signals were substracted with a differential
amplifier (43), and recorded on the same screen of the CRO used
to display the current pulse. The position of the recording elec-
trodes was fixed and the same in all experiments in order to sub-
stract the contribution produced by current flow through the saline
and the Nylon disk with collagen but without the MDCK mono-
layer. Thus the I/V curve reported were corrected for this contribu-
tion.

Electric field scanning along the apical border (Fig. 2). The disk
was horizontally mounted in between two flat Lucite chambers.
The exposed area was 0.2 or 0.65cm? The chamber was placed
on the stage of a microscope and was flat enough to permit observa-
tion of the monolayer. The preparation was visualized with a Zeiss
water immersion objective (40/0.75 W) with a long working dis-
tance, which permits both a clear view of the intercellular spaces
and the positioning of the exploring microelectrode. This electrode
was held by a piezoelectric ultramicromanipulator (E. Licht, Den-
ver, Colo.) mounted on a conventional micromanipulator (Narish-
ige, MK2). The ultramicromanipulator was adjusted to produce
a lift of 8 pm of the tip of the microelectrode when a 6-V pulse
was applied. In order to avoid oscillations of the tip, this pulse
was rounded with a time constant of ca. 1sec. Microelectrodes
were filled with 3 M KCl and, after beveling, had a resistance
of 5-10 MQ. Once the tip of the microelectrode was located barely
touching the desired spot on the apical border (noticeable by the
spurious noise), a set of 512 pulses of current were passed and
the voltage deflections at the tip of the exploring microelectrode
were recorded and accumulated in a Nicolet digital averager (In-
struments Corp. Madison, Wisc.). The microelectrode was then
raised 8 pm and a second set of 512 pulses were passed, and again
the potentials at the microelectrode were collected and substracted
from the first series. These signals were differentially recorded
(A,, Ay” and 4y"), refered to a second microelectrode positioned
200-500 pm above. Signals were digitalized in the averager with
9 bit resolution, at 40 psec per point and with a time constant
of 0.1 to 1 msec. This procedure was adopted to improve the
signal-to-noise ratio. As a control of the pulse protocol the pulses
of injected current were also fed into the averager and substracted,
thus leading to no detectable signal. Short pulses with a positive
and a negative deflection were sent to avoid ion accumulations.
Each deflection lasted 5-10 msec. Unless otherwise stated, their
intensity was 20-50 pA cm ™ 2. The set-up used to deliver and mea-
sure current was equal to the one depicted in Fig. 1. Total mem-
brane resistance was also measured in a similar way with amplifiers
Ay and 4,.

Amplifiers 4,, 4,, A, and A, were made with FET input
operational amplifiers (1026 Teledyne Philbrick; Dedham, Mass.)
and A; and A4;" with FET input instrumentation amplifiers
(AD 521, Analog Devices, Norwood, Mass.).

Results

Morphological Observations

Light microscopy. Living cultures of MDCK cells
grown on cover slides form a single layer of polyhe-
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dral cells, tightly adhered both to the substrate and
to each other (Fig. 3a). The regions of cell-to-cell
apposition appeared with Nomarski optics (Fig. 35)
as slightly elevated ridges, that in some regions had
a beaded appearance. The extremely shallow depth
of field of the Normarski optics clearly showed that
the ridge is limited to the most lumenal side of the
lateral intercellular space, immediately below the api-
cal surface of the cultured cells, where the circular
profiles of microvilli were identified. Similar regions
could be visualized with phase-contrast microscopy
of living monolayers (Fig. 3¢). The intercellular space
appeared with the latter method as an uninterrupted
dark line of irregular thickness. However, the depth
of field was not as restricted as with Nomarski optics,
and, therefore, the plane of the dense intercellular
outline could not be limited with phase contrast by
fine focusing to the upper region of the lateral inter-
cellular space.

Both the intercellular ridge seen with Nomarski
optics and the dense line observed with phase contrast
microscopy corresponded to the region where the oc-
cluding junction is located between adjacent MDCK
cells. However, it is not the junction itself that is
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Fig. 3. Surface views of confluent
MDCK monolayers. With Nomarski
optics the outlines of the individual
cells can be readily identified (¢ and
b). Other cellular details revealed by
this technique are the nuclear
membrane region (nm) the nucleoli (V)
and the cytoplasmic vacuoles (cv). The
region of cell-to-cell apposition appears
as an elevated ridge, identified with
Nomarski optics at a plane located near
the lumenal surface of the monolayer.
In the field shown in 4, the ridges
limiting three cells are seen
(arrowheads). The intercellular space
can also be visualized in living
monolayers with phase contrast optices
(c) as an uninterrupted dense line
(arrowheads). For purposes of
comparison, a region of intersection
between three MDCK cells at the
lumenal region of the plasma
membrane is shown in a freeze-fracture
replica of E faces (d). Notice that the
dense cellular outline seen with light
microscopy of living cells corresponds
to the region where the tortuous lateral
membranes converge. The region of
intercellular apposition is bound by
abundant cross sectioned microvilli
(Mpv). Scales represent pm. a, 700 ; b,
1,300 ; ¢, 1,600 x ; 4, 10.000 x

visualized with these light microscopical techniques.
For purposes of comparison, Fig. 34 shows an inter-
cellular region as seen in freeze-fracture replicas of
the E face of MDCK plasma membranes. It becomes
evident that the outline observed with light micro-
scopy corresponds to the region of cell-to-cell attach-
ment at the lumenal side of the monolayer. At this
region of cell contact, the converging membranes fol-
low a tortuous path laterally limited by numerous
microvilli. It is the superposition of the adjacent
sinuous membranes and the converging microvilli that
give rise to an optically visible outline detected with
the light microscope. Qur observations indicate that
the region where the occluding junction is located
can be visualized with light microscopy, but that even
under the best conditions of resolution the occluding
junction itself cannot be observed with light mic-
roscopical methods.

Membrane Capacity

Figure 4 shows the time course of the voltage varia-
tion produced by a step passage of current both in
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the collagen disk without (upper) and with (lower)
the monolayer. The dashed line divides the deflection
caused by the support from that of the monolayer
itself. From this kind of recording a capacity of 1.4 pF
cm”? was calculated. This value indicates that the
cells over all the available area and leave no empty
spaces (a point verified by light microscopy) and that
the membrane has a capacity within the same range
of natural epithelia (Finkelstein, 1964; Fishman &
Macey, 1968; Cuthbert & Painter, 1969, Schanne

& Ruiz-Ceretti, 1978).

Current-Voltage Relation (I/V curves)

The electrical resistance across epithelial membranes
may be a function of both the intensity and the dura-
tion of the pulses injected. Therefore, we explored
whether these parameters in the voltage scanning may
introduce changes in the junctional complexes as re-
vealed by their electrical resistance. Current voltage
curves obtained with MDCK monolayer bathed in
CMEM were linear and symmetrical (Fig. 5) within
the range explored (+2 MA cm ™ 2) and did not reach
saturation, suggesting that ion transfer is not operated
by charged carriers, but proceeds mainly through
ionic channels (Conti & Eisenman, 1965, 1966; Eisen-
man, Sandblom & Walker, 1967). This agrees with
previous observations by Cereijido et al. (19784 and b).

Leaky epithelia can exhibit marked time-depen-
dent polarization effects (Wedner & Diamond, 1969;
Wright, Barry & Diamond, 1971). In order to explore
whether the duration of the current pulses could in-
fluence the electrical resistance of the MDCK mono-
layer, the I/V curves were also studied with short
(5 msec) and long current pulses (2.2 sec) in the same
monolayers. As illustrated in Fig. 6, in both cases
the curves were symmetrical and linear. This indicates
that the conducting spots described below were nor-
mally present and were not induced by the passages
of strong currents. In the experiments reported below,
we passed currents of low density (20-50 uA cm™?)
and short duration (10 msec).

Detection of Local Electric Fields and Conductive
Spots

As described above, the scanning method is based
on the detection of a voltage difference between two
points: one barely touching the conductive spot of
the monolayer and the other & pm above. It is
expected that, if current does not flow homogeneously
through all points of the surface, but only through
discrete regions (e.g., an occluding junction), current
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density will increase at these levels and then disperse
as the distance from the monolayer increases. Figure 7
shows that when the cell monolayer is absent, current
pulses as intense as 530 pA cm ™ ? fail to elicit a detect-
able signal (above) and current densities of 1600 QA
cm” ? are necessary to produce a clear voltage deflec-
tion (below). By comparison, most of the pulses used
to scan MDCK monolayers were of 20-50 pA cm ™ 2.
In this experiment J;=E/p,, where J; is the current
density in the saline (A cm™?2), E the electric field
(Vem™!) and p; is the resistivity of the saline (Qcm).
Js can be directly measured and E can be calculated
from the voltage deflections across the saline AV
when the exploring microelectrode is raised 8 um(4X)
using the equation E=A4V,/AX. Thus the experimen-
tal set-up can be verified by measuring p,, which is
a known value. We obtained a value of 60 Qcm, which
is close to the one expected for the bathing medium
we used (62 Qcm) indicating the adequacy of the ex-
perimental conditions.

Another point to be determined was the spatial
resolution of the method. Figure 8 shows on the upper
left the silhouette of a cell and its neighbors and
the line along which the voltage was scanned. The
Jjunction on the right-hand side of the cell (second
point from right to left) was a very conductive one.
The record obtained at that point is shown in Fig, 8-].
The upper trace resulted by substracting the second
(8 um above) from the first (barely touching the
monolayer), and indicates that the density of the cur-
rent at the two points was different. The lower trace
on the same photograph resulted from the substrac-
tion of the two sets of current pulses, and the fact
that this procedure left no detectable signal indicates
that they were identical and that the upper trace may
not be adscribed to differences in the current injected.
This verification was done routinely and is rep-
resented in each picture by the horizontality of the
lower trace. The scanning in this particular experi-
ment was performed with a current of 20 pA cm™ 2,
and the fact that this current through the MDCK
monolayer elicited a clear signal, while a current of
530 pA cm™? failed to do so when the membrane
was absent (Fig. 7) indicates that current was chan-
neled to discrete points where it was condensed. The
amplitude of the signals is represented in the graph
at the bottom left of Fig. 8. In order to compare
the amplitude of the signals obtained in different
monolayers with different applied currents, we ex-
press the signals as current density (J;, in A cm™?
is equal to E/o,, where E is the electric field, and
ps 1s the resistivity of the saline) divided by the poten-
tial difference across the monolayer (4 Ve ). Therefore,
the amplitude of the signal is given in 4 ¥~ ! cm ™2,
the units being mho cm™2. It may be noticed that
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40 mvV

200pA

Fig. 4. Total membrane capacity and resistance: B and D are the recordings
of the injected current as recorded with the circuit depicted in Fig. 1.
A is the IR drop across the saline and the empty disk; C is the drop
with a disk containing an MDCK monolayer. Note in C the /R drop
above the dashed line, the voltage drop across the membrane is represented
by the portion of the curve below the dashed line

| I |
0.2 msec

100 mV

400 pA

Fig. 5. Current-voltage relation of the
whole MDCK monolayer as recorded
with the circuit depicted in Fig. 1. The
photographs show paired records of
voltage (above) and current pulses
(below). Positive deflections refer to the
positivity of the apical border. The [/V
curves shown at the bottom of the
-0.1r Figure correspond to four different
monolayers fitted by three straight
lines. The contribution of the empty
disk and the bathing solution was
-0.2 substracted. Note that the I/ I relation
is linear in the range explored (+2 mA
cm™?)
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at a few micrometers from the conductive junction
the signal is attenuated by as much as 60% (record 2)
and it completely vanishes at the center of the cells
on the two sides. Interestingly, the junction on the
opposite side of the same cell was not conductive
(record 3).

Scanning of MDCK Monolayers

Figure 9 shows a region of a monolayer where the
scanning was concentrated on the junctions and the
center of the cells. Each picture corresponds to a
spot marked with the same number on the silhouette.
Starting with a nonconductive cell body (Z) we found
a highly conductive junctional region (2), then a non-
conductive cell body (3), etc. The comparison of re-
cords 2 and § which were obtained on the same junc-
tion, but a couple of micrometers apart, indicates that
an occluding junction may drastically vary its conduc-
tance along its length. Cells bodies were never conduc-
tive, and the small signal detected on some of them
was invariably related to the incomplete dissipation
of a neighboring spot with high conductance.

Figure 10 summarizes the results exclusively ob-
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mA-cm 2

Fig. 6. Current-voltage relation of the
whole MDCK monolayer for short

(5 msec; filled circles) and long pulses
(2.2 sec; open circles). Note the
linearity and time independence of the
IV relation

tained on occluding junctions. Half of them, rep-
resented by the grey bar, escaped detection by our
method (<10~ % mho-cm™?), suggesting that in 50%
of its length the junction was functionally tight. The
remaining 50% had a very low conductance with iso-
lated spots of high permeability.

We have attempted to measure the resistivity of
the junction in order to estimate whether ions move
between the leaky regions of the junctions as in free
solution. If this were the case, one would expect to
measure a junction resistivity (p;, Qcm) close to one
of the saline (p;, 60 Qcm). This evaluation was based
on the current density measured at the junctions (J;)
and the potential difference across the whole mono-
layer (4Ve). As shown before, J; was measured as
E/ps and the conductance per unit surface of junction
was calculated from J;/AV, . The potential difference
across the epithelial cells (4%, would be the driving
force generating the current J; measured as a voltage
drop across 8 pm of saline. The conductance per unit
surface of junction was 0.69+0.16 mho cm 2
(mean +sB, n=358). To calculate the junction resistiv-
ity, we applied the known relation R=p!,, where R
is the resistance in ohm, p; the resistivity of the junc-
tion (Qcm), / the length of the junction (cm) and
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Fig. 7. Voltage drop across the saline. A nylon cloth disk coated
with collagen containing no monolayer was mounted as in Fig. 2.
In each photograph the upper tracer corresponds to voltage and
the lower one to the current passed. As expected from the fact
that each current curve results from the sustraction of two identical
sets of pulses, no signal is detected. The substraction of the two
sets of voltage deflections, one made 8 um above the other, does
not show a clear signal when the current is 0.53 mA cm™2 (upper
set), but can be detected when the intensity is 1.6 mA cm™ 2 (lower
set)

A its cross-section area (cm?). From the studies of
electron microscopy we took a value of / of 0.5 pm.
The resulting resistivity of the junction was
2.9 10* Qcm. This value is much higher than the
one expected in the saline indicating than ion diffu-
sion through the junction is restricted. Notice that
this is a minimum estimate, because the 0.5 pm. corre-
sponds to the average width of the belt occupied by
the junction. Yet the strands themselves occupy a
narrower band and the resistivity of the junction
would be even higher than that of free solution.
But even then the value will be much lower than
10° Qcm, the resistivity of a typical cell membrane

8 nm thick and with a conductance of 1 mmho cm ™ 2.

Electron Microscopy

In freeze fracture replicas, confluent monolayers of
MDCK cells usually showed large surfaces of lumenal
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or basal regions of the plasma membrane. Less fre-
quently, the fracture path followed the lateral region
of the plasma membrane and gave rise to replicas
where considerable portions of lumenal and lateral
regions were simultaneously exposed, thus giving a
clear view of the distribution of the occluding junc-
tion. The junctions were not frequently exposed by
the fracture of the frozen monolayer because they
are located at the most lumenal side of the lateral
membranes regions, where the plasma membrane fol-
lows in general an abrupt angle at the transition be-
tween the lateral and the lumenal sides. Furthermore,
in contrast to most natural epithelia, the lateral aspect
of MDCK plasma membranes represents only a small
fraction of the lumenal and basal surface exten-
sion, a factor that also determines the relative
scarcity of extensive regions of fractured lateral mem-
branes.

In contrast to the regularity of the freeze-fracture
pattern of occluding junctions in natural epithelia,
in MDCK cells some junctions appeared constituted
by only one or two junctional strands (Fig. 11a),
while in others, junctional strands formed a much
more complex membrane network constituted, in the
apicobasal direction, by up to 10 strands. When the
fracture plane was extensive enough, the structural
heterogeneity of the occluding junction of MDCK
cells became apparent: in a given cell, the number
of strands of the occluding junctions were limited
to 1 or 2, while in other regions of the perimeter
of the same cell, the junction was formed by
6-8 ridges (Fig. 11b). In other cells up to 10 strands
were found at a given region of the occluding junc-
tion, counted in the apico-basal direction. The junc-
tional strands appear on P faces as segments of
smooth ridges of various lenghts interconnected with
lingar arrays of membrane particles. On the comple-
mentary F faces the occluding junctional components
appeared as linear furrows with abundant adherent
particles. Therefore, the occluding junctions of
MDCK resemble those seen in developing epithelia
(Montesano et al., 1975; Suzuki & Nagano, 1978;
Luciano, Thiele & Reale, 1979).

Discussion

The present observations indicate that the occluding
junctions of the epithelial cell line MDCK are essen-
tially tight and are studded with spots of high conduc-
tivity. The heterogeneity of the sealing properties of
MDCK occluding junctions was detected with the
use of an electric field scanning procedure of high
spatial resolution, using pulses of current which do
not modify the conductance of the junctions.
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Examination of freeze-fracture replicas of MDCK
confluent monolayers revealed that the occluding
junction is heterogeneous. Within the perimeter of
a given cell, certain regions are made up of 6-10 junc-
tional strands, while in others the number of strands
is reduced to 1 or 2. Each region of variable junctional
depth measured several micrometers in length. Quan-
titative data on the morphology of occluding junc-
tions in freeze-fracture replicas will be the subject
of a separate report (A. Martinez-Palomo, I. Meza,
G. Beaty, and M. Cereijido).

Natural epithelia act as permeability barriers be-
cause adjacent cells come into close contact in a re-
gion designated by cytologists at the turn of last cen-
tury as ““terminal bar” (see Erlij and Martinez-Pa-
lomo, 1978, for a review). Electron microscopic exam-
ination of these regions revealed the apparent
abscence of intercellular space between the mem-
branes of neighboring cells at the “terminal bars”,
renamed occluding junctions (zonulae occludentes, or
tight junctions), and that macromolecular tracers
were stopped at the apical end of the junction (Farqu-
har & Palade, 1963).

The presence of one group of epithelia with high
transmural resistance (tight epithelia) and a second
group with low resistance (leaky epithelia) was
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10 msec

Fig. 8. Electric field scanning across a
single cell showing the spatial resolution
of the method. The total current density
injected was 20 uA cm™ 2. The left-hand
side shows the silhouette of a cell with
the points where the recordings were
made. The amplitude of the signals
obtained are represented below in a
corresponding point. The records on
the right-hand side illustrate the signal
obtained when the microelectrode was
placed on a conducting point on a tight
(1), on the center of the cell (3), and

on an intermediate point (3). As a
routine control for the pulse protocol,
the lower trace in each record shows

the cancellation of pulses

pointed out by Clarkson (1967). The concept that
leakiness in certain epithelia is an intrinsic attribute
of tissues like the intestinal and the glalibladder mu-
cosae arose from several lines of evidence. (i) Epithelia
like the gallbladder exhibit a high rate of ion and
water transport and have at the same time a very
low (~30Qcm?) electrical resistance (Diamond,
1962 ; Diamond & Bossert 1967 ; Whitlock and Whee-
ler, 1964), indicating that low resistance does not nec-
essarily imply damage of the preparation. (i) It was
observed that the sum of the apical plus the baso-
lateral cell membrane resistance would confere to the
epithelium an electrical resistance more than two or-
ders of magnitude higher than the actual measured
resistance, implying the existence of a shunt (Boul-
paep, 1972; Frizzell & Schultz, 1972). (iii} The use
in electron microscopy of lanthanum as an electron
dense tracer of lower molecular weight than those
used in earlier studies (Martinez-Palomo, Erlij & Bra-
cho, 1971), indicated that under physiological condi-
tions the tracer permeates the occluding junctions of
some epithelia in which resistance is a few hundred
ohms or less (Machen, Erlij & Wooding, 1972; Mart-
inez-Palomo & Erlij, 1973; Tisher & Yarger, 1973).
(iv) Finally, Frémter (1972) and Frémter and Dia-
mond (1972), using a voltage scanning procedure, de-
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10 msec

Fig. 9. Electric field scanning across the cells of a region of an MDCK monolayer showing the variability of conductive pathways.
The method and the protocol used are described in Figs. 2 and 7, respectively. The position of each recording is indicated by the
numbers. Note that the signals collected on the center of the cells are barely detectable (I, 3 and 5) and that a given junction can
exhibit marked variations of its conductance within a few micrometers (compare recordings 2 and §). In this particular experiment

the sets of pulses were of 1024 instead of 512 units

monstrated that occluding junctions are the site of
shunt pathways in leaky epithelia.

The paracellular pathway is not simply a gap of
free solution, but possesses a considerable degree of
selectivity (Barry, Diamond & Wright, 1971; Asterita
& Boulpaep, 1972; Moreno & Diamond, 1975;
Reuss & Finn, 1975). Furthermore, the properties
of a given junction do not remain constant, but adapt
to physiological requirements and experimental con-
ditions (Urakabe, Handler & Orloff, 1970; Erlj &
Martinez-Palomo, 1972; DiBona & Civan, 1973;
Pitelka et al., 1973; Wade, Revel & DiScala, 1973;
Elias & Friend, 1976, Humbert et al., 1976; Spring
& Hope, 1978). They may also be subject to hormonal
control (Picket et al., 1975, Tice, Wollman & Carter,
1975). Occluding junctions not only control the flux
of substances through the paracellular pathway, but,

through the shunting of electrical potentials, they in-
fluence the active transport across the membranes
of the epithelial cells as well (Reuss & Finn, 1976;
Civan & DiBona, 1978; Finn & Bright, 1978).

In view of the functional heterogeneity of the oc-
cluding junction, attempts were made to correlate the
details of its structure with its permeability properties.
Friend and Gilula (1972) found clear-cut morpholog-
ical differences between the number of junctional
membrane strands among various epithelia. Later on,
Claude and Goodenough (1973) reviewed a series of
epithelia and found an apparent quantitative correla-
tion between junctional morphology observed in
freeze-fracture replicas and the electrical resistance.
Claude (1978) put forward a theoretical model and
considered that the relationship between the number
of junctional strands and the transmural resistance
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Fig. 10. Histogram of the signal amplitude of 92 intercellular junc-
tions. Values were normalized to the total current density used.
The shaded column corresponds to recordings below detection
(10”2 mho cm™?)

appears to be exponential. However, Martinez-Pa-
lomo and Erlij (1975) have shown that epithelia with
junctions having a similar number of strands may
have resistances differing by more than two orders
of magnitude and that occluding junctions in a tight
epithelium can be reversibly opened without altering
the freeze-fracture pattern of the junction. Further-
more, the developing choroid plexus shows changes
in permeability properties without modification of the
freeze-fracture pattern of the occluding junctions
(Mollgard, Malinowska & Saunders, 1976). In fact,
the conductive element may be a channel across the
strand and, therefore, the number of open channels
in a strand may determine its conductance (Claude,
1978). However, it is clear that when the comparison
is exclusively restricted to epithelia of extreme low
and high resistance, i.c., the proximal tubule of the
kidney (one of the leakier epithelia) and the frog skin
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(one of the tighter epithelia), the difference in the
number of junctional strands is evident (Claude &
Goodenough, 1973; Pricam, et al., 1974; Kuhn &
Reale, 1975).

The leakiness of the MDCK monolayer, as a
whole, and the high conductive sites detected with
the electric field scanning procedure may not be due
to imperfect sealing of intercellular space, since the
monolayer has a 2 to 1 discrimination between K*
and Li* and the process is reversibly sensitive to
changes in pH (Cereijido et al., 19784 and b). This
is in keeping with the fact that even the leakiest
junctions of this preparation have a resistivity one
order of magnitude higher than the free solution. Se-
veral authors have observed that junctions that are
normally low conducting, like those of the frog skin,
can be opened by the passage of a strong electric
current (Mandel & Curran, 1972; Bindslev, Tormey
& Wright, 1974). Yet, this factor may not have
produced the conductive spots observed in this study
as the current/voltage curves remain linear up to
pulses 100-times greater and 60 times longer than the
one used to localize conductive areas. It may be perti-
nent to recall that, even in the points of highest con-
ductance, the diffusion of ions is restricted to less
than one tenth of the values in free solution, indicat-
ing that they are not crossing a free water channel.

The junctions of MDCK monolayers are morpho-
logically heterogeneous, as revealed by freeze-frac-
ture. Regions of high conductance may well corre-
spond to the sites of the occluding junctions consti-
tuted by 1-2 junctional strands in freeze-fracture.
The sites of low conductance may be the junctional
regions constituted by up to 10strands. Regional
variations in the number of strands of a given occlud-
ing junction have been observed in epithelia like the
rabbit gallbladder (Claude & Goodenough, 1973),
cultured mouse mammary gland (Pickett etal., 1975),
and the fetal rat thyroid (Tice, Carter & Cahill, 1977).
However, in these examples no evidence was obtained
to correlate the heterogeneity in the number of strands
of the occluding junctions with local variations in
transepithelial conductance, as shown here for MDCK
cultured monolayers.

When the MDCK monolayers develop on a non-
permeable support, they form focal blisters due to
ion and water accumulation between the monolayer
and the support. This reflects cyclical activity of the
cells or differences in the attachment to the substra-
tum, but not heterogeneity in their population (Rab-
bito et al., 1978). The existence of blistering and non-
blistering patches does not correspond to the presence
of conductive and nonconductive spots described in
the present paper. While blisters cover an area of
several dozens of cells, the variations in conductance
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and number of strands, here reported, were detected
along the perimeter of a single cell and within a few
micrometers. On the contrary, the distribution of con-
ductive and nonconductive spots over the whole area
supports the idea of an homogeneous monolayer.
Obviously, MDCK cells are able to synthesize
junctional elements, and the heterogeneity in the
distribution of the strands does not seem to be due
to genetic defects in the synthetic process. Local varia-
tions in the number of strands along the length of
the occluding junction may reflect irregularities in
the assembly process of the already synthesized mem-
brane components. In this respect, studies by Meza
et al., (unpublished results) indicates that cytoskeletal
components, which may determine the topographical
distribution of certain membrane elements, appears
to be related to the sealing capacity of the occluding
junctions in MDCK monolayers. Therefore, the
structural and functional heterogeneity of MDCK oc-
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Fig. 11. Freeze-fracture replicas of
MDCK monolayers grown at
confluency. The occluding junctions
may be formed by 1-2 strands (a). In
some regions (left-hand side, b) the
junction is formed by two strands,

while in another region of the same cell
(right-hand side) the occluding junction
is constituted by a network of

6-8 strands. ¢ shows a higher
magnification of the occluding junctions
in b, where only 2-3 strands constitute
the junctions; the region where the
junctional strands are more numerous
(6-8) is shown in d. A4, apical side of
the plasma membranes; L, lateral side
of the plasma membrane; OJ, occluding
junction. Scales represent um. a,

24,000 x ; b, 15,000 x ; ¢, 40,000 % ; d
40,000 x

cluding junctions may be the result of an incomplete
assembly of membrane junctional components.
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