
&p.1:Abstract A new method, conductance scanning, allows
determination of local para- and transcellular conductivi-
ties in flat epithelia. Experiments were performed on
kidney distal tubule cells, MDCK clone C11, which form
monolayers on permeable supports. Above the apical
surface, local voltage drops generated by a sinusoidal
current clamp were recorded by means of a scanning mi-
croelectrode. Data were collected above cell centres and
tight junctions. The scanning signal was always signifi-
cantly higher above the tight junctions, but was uniform-
ly distributed along the junctions. For determination of
conductivities two procedures were applied. Method 1:
the supraepithelial potential distribution was computed
for given trans- and paracellular currents at all positions
of the electrode. In a fit algorithm, the currents were var-
ied until the calculated potential difference equalled the
voltage measured. Method 2: after collecting scanning
data in control Ringer’s, intercellular space width was re-
duced by mucosal addition of 40 mM sucrose and a sec-
ond set of data was obtained at decreased paracellular,
but presumably unchanged transcellular, conductivity.
From these data, trans- and paracellular conductivities
were calculated. Results of both methods were in excel-
lent agreement. Confluent MDCK-C11 monolayers ex-
hibited a transepithelial conductivity of 13 mS/cm2. The
transcellular pathway contributed 2.6 mS/cm2 (20%) and
the paracellular pathway 10.5 mS/cm2 (80%) to the total
conductivity. Collapse of the lateral intercellular spaces
decreased the paracellular conductivity to 4 mS/cm2

(60%). Confluent MDCK-C11 monolayers constitute
true “leaky” epithelia with homogeneously distributed
trans- and paracellular conductivities. In conclusion,
conductance scanning fills a methodical gap, which hith-

erto impeded the functional characterzation of tight junc-
tions.

&kwd:Key words MDCK-C11 cells · Tight junction · Local
conductance&bdy:

Introduction

Many pathophysiological processes in epithelia are ac-
companied, maintained or even caused by defects of the
transepithelial barrier [2, 6, 7, 12, 25, 29]. Evidence has
accumulated showing that these originate from an in-
crease of tight-junction permeability, which is controlled
intracellularly. Furthermore, an increasing body of cir-
cumstantial evidence indicates the important physiologi-
cal role of regulated paracellular transport processes.
Hence, there is a clear demand for a quantitative differ-
entiation of trans- and paracellular conductivities in epi-
thelia.

In many recent papers the transepithelial resistance
(“TER”) or its reciprocal equivalent, the transepithelial
conductivity (Ge), is used as an indicator of junctional
barrier characteristics. However, TER represents an
overall measure of the whole exposed area of the exper-
imental chamber. Since TER consists of a paracellular
and a transcellular resistance in parallel, it is also af-
fected by transcellular resistance. Further, TER is al-
tered if cell cultures exhibit imperfect confluency or
sealing.

We have, therefore, developed a method that allows
determination of trans- and paracellular conductivities in
flat epithelial domains. The new method is based on the
analysis of local differences in current density which are
recorded in the supraepithelial bath solution with a step-
ping and scanning glass microelectrode during applica-
tion of a transepithelial clamp current. Since the inhomo-
geneous conductivity of an epithelium is evaluated, the
method is called conductance scanning. With this, we
have investigated clone C11 of Madin-Darby Canine
Kidney cells (MDCK-C11), which functionally and mor-
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phologically resembles the intercalated cells of renal col-
lecting ducts [19, 32, 34].

Theoretical considerations

As in previous voltage-scanning studies [5, 10] a scan-
ning microelectrode measured voltage differences that
reflect different current densities in the supraepithelial
bath solution. The local differences in current density are
caused by the inhomogeneous conductivity in the adja-
cent cell layer.

For the sake of comparability, the voltage difference
(∆V) measured across the excursion of the microelec-
trode (∆x) was transformed into the “apparent conductiv-
ity” ( GA), i.e. the local difference in current density di-
vided by the transepithelial voltage:

GA=(∆V/∆ x)/(ρ · Ve) (1)

where ρ is the specific resistivity of the electrolytic bath
solution, and Ve is the transepithelial voltage, corrected
for the contribution produced by the voltage drop across
the saline and the cell culture support of the monolayer.
All conductivities are referred to the gross tissue area,
which is equal to the aperture of the Ussing chamber
holding the tissue.

Each epithelial area recorded from was characterized
by two local conductivities in parallel, the transcellular
(Gc) and the paracellular (Gp) conductivity, the sum of
which equals the local epithelial conductivity (Ge) [10].
Gc and Gp contribute to the apparent trans- and paracel-
lular conductivities measured (Gc

A and Gp
A) according to:

Gc
A=Gc+k1 · Gp (2)

and

Gp
A=Gc+k2 · Gp, (3)

with k1 and k2 being parameters (dependent on the geo-
metrical configuration) that describe the contribution of
the inhomogeneous electric field caused by Gp at the
spot recorded from. The uniform transcellular conductiv-
ity, Gc, contributes equally to the electric field above
cells and junctions, because the area occupied by tight
junctions is very small as compared to the gross tissue
area.

Materials and methods

Cell culture and Ussing chamber

Visual observation with high resolution is needed in order to allow
exact positioning of the scanning microelectrode. Since the tissue
is illuminated through the cell culture support, good optical quali-
ty of the support is crucial. Therefore, we chose Cellagen CD 24
culture plate inserts (ICN Biomedicals, Aurora, Ohio, USA),
which are made of pepsin-solubilized collagen and are permeable,
highly transparent, thin (0.1 mm when bathed in Ringer’s) and
flexible. Owing to the material’s low density, its resistance is rela-
tively low. MDCK cells of the C-11 clone in the 60th to 70th pas-
sage were plated on Cellagen supports and cultured as described
by Gekle etal. [11] i.e. under standard conditions (37° C, air with

5% CO2) in Minimum Essential Medium with Earle’s salts, amino
acids, N-acetyl-L-glutamine, and 2.2 g/l NaHCO3 (MEM FG0325,
Biochrom, Berlin, Germany) which was supplemented with 10%
fetal calf serum, 100 units/ml penicillin and 100 µg/ml streptomy-
cin (Biochrom). Confluent monolayers were investigated after 3–4
days of cultivation.

The collagen support of the monolayer was fixed onto a flat ny-
lon ring by means of Histoacryl tissue glue (Braun Melsungen, Ger-
many). The preparation was then mounted horizontally, mucosal
surface up, in a Lucite four-electrode Ussing-type chamber. The ex-
posed area was 5.7 mm2. Serosal and, near the epithelium, mucosal
half-chamber were cylindrical with a diameter of 6 mm. The upper
part of the chamber widened to a diameter of 10 mm, in order to fa-
cilitate horizontal movements of the scanning and reference elec-
trodes (see below) introduced into the mucosal half-chamber. To al-
low for visual control of the epithelium and the position of the scan-
ning electrode, the upper and lower apertures of the chamber were
closed with glass coverslips. The distance between the upper cover-
slip and the mucosal surface of the epithelium was 8.5 mm, that be-
tween the lower coverslip and the serosal face of the collagen sup-
port was 5 mm. Transepithelial current was passed through a pair of
silver wire electrodes (outer diameter 1 mm, coated with AgCl),
which were mounted at the bottom and top of the chamber. While
the serosal current electrode was circular (inner diameter 4 mm),
the mucosal one was U-shaped to provide a lateral opening through
which scanning and reference electrodes were introduced. Both
half-chambers were continuously perfused at a rate of 2–4 ml/min
with bathing solution that was oxygenated with a mixture of 95%
O2 and 5% CO2 and was kept at 37° C. The composition of control
Ringer’s solution (in mM) was: 123 NaCl, 28 NaHCO3, 4 KCl, 1.7
CaCl2, 1 KH2PO4, 0.9 MgCl2, 10 D(+)-glucose, pH 7.6 was adjust-
ed by addition of 0.8–0.9 mM NaOH; in hyperosmolar solution 40
mM sucrose had been added to control Ringer’s.

Experimental set-up

The Ussing chamber was mounted horizontally on a precise, man-
ually controlled electrically driven micromanipulator (Mod. 5171,
Eppendorf, Hamburg, Germany) that was firmly attached to the
stage of an upright microscope (Axioplan, Carl Zeiss Jena, Ger-
many). The preparation was observed by video microscopy using a
long-distance object lens (×20/0.4, Zeiss) and subsequent magnifi-
cation (Optovar ×1.25–×2.5, Zeiss). A digital image processor
(Argus 10, Hamamatsu) allowed on-screen determination of the
centre of the area of apical cell membrane and measurement of the
distance to neighbouring cell centres. An AC bridge system with
synchronous demodulation was used to measure above the epithe-
lium the potential gradients generated by a sinusoidal current of
24 Hz and 20 µA. Potential differences were measured differen-
tially with a reference and a scanning electrode, both made of
borosilicate glass capillaries (No. 1403515, Hilgenberg, Malsfeld,
Germany). The glass microelectrodes were shaped using a micro-
forge and filled with 0.5 M saline; they had input resistances of
4–5 MΩ. The scanning electrode, directed almost vertically to-
wards the epithelial surface, was placed close above the epitheli-
um using a micromanipulator. The reference electrode was kept at
a constant position 200–300 µm above the epithelium. With fixed
electrodes, the spot on the monolayer to be recorded from was
brought to the scanning electrode by moving the Ussing chamber
with the electrically driven micromanipulator. For each spot re-
corded from, the origin of the vertical axis (i.e. the axis perpendic-
ular to the epithelial plane) was defined by lifting the epithelium
until it barely touched the recording electrode, as indicated by dis-
turbances in the electrical signal derived from the electrode. If vis-
ible damage of the epithelium or a sudden increase in the scanning
signal occurred while touching the surface, the recordings were
discarded. In order to avoid damage during recording, the epitheli-
um was lowered, away from the electrode, by three vertical steps
(0.17 µm each) of the micromanipulator. After positioning the
scanning electrode, it was moved stepwise up and down (vertical
excursion ∆x=10 µm, frequency 0.7 Hz) by means of a piezoelec-
tric driver attached to the electrode holder.
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Measurement

The local voltage drop, ∆V, was measured as the difference be-
tween the two voltages recorded at the ends of the vertical steps of
the scanning electrode (Fig. 1). With a signal integration time of 1
min, the sensitivity was 1 mS/cm2; the resolution of the voltage
drop measured was limited by the spatial resolution achieved in
positioning the scanning electrode. Ve was measured with
Ag/AgCl electrodes linked to the drainage lines for the mucosal
and serosal baths by KCl-agar bridges. The voltage drop across
the saline and the collagen support of the monolayer was subtract-
ed. In each experiment, the scanning signals (∆V/∆x) were mea-
sured in one area, (1) above the centres of three to four adjoining
cells, and (2) above three to four tight junctions of the these cells,
before and after addition of sucrose to the mucosal bath solution.
More precisely, the tight-junction recording sites were in the mid-
dle between the corners where three cells meet. Control experi-
ments were performed in order to test the influence of stimulus
amplitude on transepithelial resistance and the scanning signal.
The contribution of capacitive transepithelial currents was investi-
gated with the transepithelial AC-impedance technique, used as
described previously [9]. All values are given as mean±SEM, n re-
fers to the number of monolayers investigated. The unpaired t-test
was used to determine the significance of differences; P<0.05 was
considered significant.

Mathematical models

In order to enable recognition of systematic errors caused by mod-
el assumptions, three different mathematical models were em-
ployed to derive trans- and paracellular conductivities.

Method 1assumed a fixed geometry of a two-dimensional hex-
agonal array of cells describing the mucosal surface of the epithe-
lium. In detail, the geometrical representation comprised a rhom-
bus of the size of an apical cell surface, including half of the inter-
cellular spaces. This area was called surface cell (Fig. 2). Transla-
tional symmetry of the epithelial surface was assumed. At some
distance from the epithelial surface, significant potential differ-
ences between different points in a plane parallel to the surface
must disappear. This distance, Lb, was called bulk cell height. The
rhombohedron formed by the surface cell and the bulk height was
called bulk cell. Each side of the surface cell had a lengt, La, that
equalled the distance between the centres of the apical cell mem-
branes of adjoining cells. The length La was subdivided into na
parts and thus the surface cell fell into na · na surface elements. (In

order to achieve stable fits, division into na · na=25 · 25 elements
was required). The bulk cell height Lb was divided into nb=na ·
Lb/La parts, and thus the bulk cell fell into na · na · nb rhomboid
bulk elements. (The reason for this choice is explained in the Ap-
pendix). The glass electrode was considered as a rod (outer diame-
ter 1.7 µm) that pointed vertically at the epithelial surface with its
tip being 0.5 µm distant from the surface. For each position of the
scanning electrode (i.e. 0.5 and 10.5 µm above the tight junction
and above the centre of the cell’s apex), bulk elements occupied
by the electrode were listed.

In general, each bulk element had six faces, through which
current might flow to adjoining elements. (If, however, the ad-
joining element was occupied by the glass electrode rather than
Ringer’s solution, there was no current through this face of the
bulk element). Numerical analysis allowed computation of the su-
praepithelial potential distribution for given trans- and paracellu-
lar currents at all positions of the electrode. The currents were
varied until the calculated potential difference equalled the differ-
ence measured between top and bottom positions of the scanning
electrode. Division of the trans- and paracellular currents thus de-
rived by the Ve measured yielded Gc and Gp. The numerical solu-
tion to the field problem is shown in the Appendix. Calculations
were carried out on a PC using an algorithm programmed in For-
tran (Fig. 3).

Method 2was based on a selective perturbation of Gp: the in-
tercellular spaces were collapsed by an osmotic gradient (mucosal
addition of 40 mM sucrose) and thus Gp was decreased. Signals
were recorded close above cells and junctions, and also at 30 µm
above the epithelium, in order to calculate (using Eq. 1) the ap-
parent transepithelial conductivity of the epithelial area explored
(Ge

A). The set of experimental data, together with linear Eqs. 2
and 3, allowed computation of the conductivities Gc, Gp and Ge:

Upon mucosal addition of sucrose, Gc should remain constant:

Gc [1] = Gc [2], (4)

where the states without and with sucrose are denoted by [1] and
[2], respectively. The change of Ge

A of the area explored is equal to
the change of Gp:

Ge
A [2] − Ge

A [1] = Gp [2] − Gp [1] (5)

Using Eqs. 2–5, the parameters k1 and k2 of Eqs. 2 and 3 can be
calculated from Gc

A, Gp
A and Ge

A measured:

k1 = (Gc
A [2] − Gc

A [1])/(Ge
A [2] − Ge

A [1]) (6)

and

k2 = (Gp
A [2] − Gp

A [1])/(Ge
A [2] − Ge

A [1]) (7)

Fig. 1 Cartoon of conductance scanning principle. The transepi-
thelial clamp–current induced voltage drops as illustrated by iso-
potential lines above the epithelium. The voltage drog, ∆V, was
measured at the tight junction or centre of the apical cell mem-
brane as the difference between the two potentials across the ex-
cursion of the scanning microelectrode&/fig.c:

Fig. 2 In the fixed geometry of a two-dimensional hexagonal ar-
ray of cells, a rhombus (“surface cell”) of the size of a single cell’s
apical surface was defined and its area was divided into 25×25 ele-
ments (“surface elements”). The rhombus’ side had a length, La,
equal to the distance between the centres of neighbouring apical
cell membranes&/fig.c:
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With the result of Eqs. 6 and 7, Eqs. 2 and 3 allow the calculation
of

Gp [1]=(Gp
A [1]−Gc

A [1])/(k2−k1) (8)

Gp [2]=(Gp
A [2]−Gc

A [2])/(k2−k1) (9)

and

Gc [1]=Gc [2]=Gc
A [1]−k1 Gp [1] (10)

Ge is the sum of trans- and paracellular conductivities,

Ge [1]=Gc [1]+Gp [1] (11)

Ge [2]=Gc [2]+Gp [2] (12)

The difference between Ge and Ge
A reflects the net contribution of

currents from epithelial areas other than that from which the re-
cording was made.

Method 3assumed a constant value of Gc in all recording ar-
eas. Elimination of Gp in Eq. 2 (by means of Eq. 3) resulted in a
linear relation between Gp

A and Gc
A:

Gc
A=(1−k1/k2) Gc+(k1/k2) Gp

A (13)

This model allowed computation of Gc from the regression lines,
but Gp could not be determined. The conductivity of the epithelial
area explored (Ge

A) was not required.

Results

Requirements for the experimental procedure were stud-
ied in a theoretical analysis. Control experiments were
performed to exclude the possibility of alterations in-
duced by the AC current applied. Without and with an
osmotic gradient across the epithelium, scanning signals,
expressed as apparent conductivities, were measured
above cell centres and tight junctions. From these data,
trans- and paracellular conductivities and the superposi-
tion of trans- and paracellular currents were determined
using the mathematical models.

Assignment of start values
Input of the signals measured,

∆V cM and ∆V pM

⇓
Begin of (infinite) loop 1

⇓
Assignment of the array CTE

according to CEP, C c and C p

⇓
Begin of loop 2: IEP = 1,..,4

⇓
SV := 1024

Assignment of start values
to arrays VN and VO

⇓
Begin of (infinite) loop 3

⇓
Calculation of array CBU

from VN and CTE and OEP

⇓
VN(i) = VN(i) + SV · SIGN( CBU (i))

for all bulk elements i

⇓
IF (VN = VO) THEN SV := SV / 4

⇓
VO := VN

⇓
IF (SV < 1) THEN exit loop 3

⇓
End of loop 3

⇓
VEP (IEP) := VN(OTI (IEP))

⇓
End of loop 2

⇓
∆V pC = VEP (1) - VEP (2)
∆V cC = VEP (3) - VEP (4)

⇓
IF (SC < S0) THEN exit loop 1

⇓
IF ((∆V cC / ∆V pC) > (∆V cM / ∆V pM))

AND (SC > 0)
THEN SC = -0.5 · SC

IF ((∆V cC / ∆V pC) < (∆V cM / ∆V pM))
AND (SC < 0)

THEN SC = -0.3 · SC

⇓
C p := C p + SC

C c := 1 - C p

⇓
End of loop 1

⇓
IF CBU ≈ 0

AND (∆Vc
C / ∆Vp

C) ≈ (∆Vc
M / ∆Vp

M)
THEN write results
ELSE fit failed

(⇒ reduce S0 and restart)

Fig. 3 Flow chart of the fit algorithm. Three-dimensional arrays
represent the supraepithelial potential in all bulk elements (VN and
VO) and the net current flowing into each bulk element (CBU). In a
set of three-dimensional arrays (forming a four-dimensional array,
OEP), bulk elements containing glass electrode are indicated for all
positions of the electrode (index IEP). The coordinates of the elec-
trode’s tip opening are stored in a separate array (OTI). The trans-
epithelial current depends on the length of tight junction in each
surface element, and is described in a two-dimensional array
(CTE). The potential at the electrode’s tip is stored for all positions
of the electrode in a one-dimensional array (VEP). At the beginning
of the fit loop, an educated guess of the transepithelial current
(CEP) and the relative contributions of trans- and paracellular cur-
rents (Cc and Cp) is used. For all four positions of the electrode,
the potential in each bulk element is varied until the net current
flowing through the six faces of the element vanishes. Above cell
centre and above tight junction, the voltage across the excursion of
the electrode’s tip is calculated from the potential field computed.
These voltages (∆Vc

C and ∆Vp
C) are compared to the voltages mea-

sured (∆Vc
M and ∆Vp

M). Trans- and paracellular currents (Cc and Cp)
are then changed, and again the corresponding potential field is
computed and compared with the voltages measured. This proce-
dure is continued until Cc and Cp are determined with sufficient
precision (Sc<So) &/fig.c:
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Theoretical analysis

In order to know how close the scanning electrode must
approximate the epithelium to distinguish between trans-
and paracellular pathways, supraepithelial potential dis-
tributions were computed using the algorithms of model
1. By plotting the electric potential against the distance
from the tight junction on the line connecting two neigh-
bouring cell centres, electric potential profiles were ob-
tained at different distances from the surface of a leaky
epithelium (Fig. 4). Within a few micrometres from the
surface, significant field distortions near the tight junc-
tions allowed clear discrimination of junctions and cells.
This was not the case, however, at 10 µm or more above
the surface; therefore, approaching the surface to ≤3 µm
is advisable. Near the tight junction the electric potential

as a function of distance from the surface becomes high-
ly non-linear. A caveat is thus necessary in the interpre-
tation of signal changes, because they may originate
from variations in the distance between the electrode and
the surface.

Upon an arbitrary ±10% variation of the mean dis-
tance between neighbouring cells (13.3 µm, see below)
the calculated results varied by ±45% (Gc under control
conditions), +15% and −13% (Gc in the presence of an
osmotic gradient), −8% and +11% (Gp under control
conditions), or −9% and +11% (Gp in the presence of an
osmotic gradient). (If Gc<<Gp, Gc became relatively sen-
sitive to the variation of cell distance). Thus, it is neces-
sary to choose epithelial areas of regular cellular geome-
try, to measure cell distances, and to average the results
obtained.

In order to establish the requirements for sensitivity,
the relationship between the precision of the potential gra-
dients, measured 0.5 and 10.5 µm above the epithelial sur-
face, and the accuracy of the paracellular conductivity de-
rived was evaluated (Fig. 5). Transepithelial current was
confined to 400 µA/cm2. When the paracellular conductiv-
ity ranged from 0 to 100%, the signal measured above the
cell centers decreased from 22 to 15 µV while above sim-
ple tight junctions it increased from 22 to 39 µV and
above intersections of the junctions of three neighbouring
cells it increased from 22 to 41 µV (Fig. 5A). For in-
stance, a 10% difference in leakiness resulted in respective
changes in ∆V of −0.7 µV above cell centres, 1.7 µV
above tight junctions, and 1.9 µV above intersections of
junctions. A prerequisite for quantification of the paracel-
lular conductivity is thus a sensitivity of ≤1 µV. Note that
even if the transcellular pathways were non-conductive,
the signal measured above the cell centres would still be
38% of that above tight junctions (Fig. 5B).

Morphology and transepithelial resistances

In saline the filter support (Cellagen CD 24) was com-
pletely transparent allowing visual control of the experi-
ment. The resistance of the support without cells in con-
trol Ringer’s was 2–3 Ω · cm2. Microscopic observation
of the preparation revealed epithelial areas of a perfectly
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confluent monolayer and spots with damaged cells and
probably loss of confluence. The experiments were re-
stricted to areas of perfect confluence and approximately
hexagonal cells. The transcepithelial resistance, as mea-
sured with conductance scanning electrodes, was 83±6 Ω

· cm2 (n=10) when determined using model 1, and 71±7
Ω · cm2 (n=10) when determined with model 2.

The mean distance between neighbouring cell centres
was 13.3±0.5 µm (m=21 measurements on n=10 tissues).
(It decreased with prolonged cultivation). In control
Ringer’s, the cell borders were clearly visible, indicating
dilated intercellular spaces (Fig. 6A). In order to deter-
mine how flat the surface was, the heights of neighbour-
ing cell centres and the intermediate tight junctions were
measured by recording the vertical position of the scan-
ning electrode when it barely touched the surface. The
difference in height between neibhbouring cell centres
was 1.79±0.33 µm (m=18, n=2). The tight junction was
2.0±0.5 µm (m=10, n=2) lower than the centre of the api-
cal cell membrane.

After mucosal addition of 40 mM sucrose, cell bor-
ders became less pronounced, but remained visible (Fig.
6B). The transepithelial resistance of undamaged conflu-
ent areas was 161±10 Ω · cm2 (n=10) and 137±13 Ω ·
cm2 (n=10) when determined with models 1 and 2, re-
spectively.

Control experiments

Control experiments were performed to exclude the pos-
sibility that the epithelial conductivities recorded were
affected by the current applied. The current/voltage
curves measured with transepithelial electrodes were lin-
ear in the range of 0–50 µA, corresponding to 0–1
mA/cm2 (Fig. 7A). Similarly, the scanning signal (∆V)
was linear in the same range (Fig. 7B). Being in the
range of currents tested, the amplitude of the transepithe-
lial current applied during conductance scanning does
not affect the conductivities measured.

By using alternating current, polarization effects were
avoided, but the contribution of reactive components due
to membrane capacitances had to be considered. An im-
pedance plot is shown in Fig. 8. The data points fit well
to a semicircular least-squares approximation based on
an electrical model consisting of a simple resistor–capac-
itor parallel network in series with an ohmic resistor, a
model valid for unilayered epithelia with open lateral
spaces [24]. Intersections between the semicircle and the
x-axis at high and low frequencies signified the series re-

Fig. 6 Light micrographs showing the mucosal surface of an
MDCK-C11 monolayer before (A) and after (B) addition of
40 mM sucrose to the mucosal Ringer’s. Note that the border lines
separating individual cells became less pronounced, indicating
collapse of lateral intercellular spaces. Arrows indicate the cells
from which recordings were made&/fig.c:
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sistance and the sum of transepithelial and series resis-
tance, respectively. The real component of the imped-
ance at 24 Hz was 45.1 Ω · cm2 or 99.6% of the (ohmic)
epithelial resistance, RT, of 45.3 Ω · cm2. The results
show that the error caused by using alternating current of
24 Hz was negligible.

Apparent conductivities

Scanning signals recorded above cell centres and above
tight junctions were, in the first instance, expressed as

apparent conductivities by means of Eq. 1 (Fig. 9 and
Table 1). In control Ringer’s, as well as with 40 mM su-
crose on the mucosal side, there were no non-conductive
spots (as described by Cereijido etal. [5]). Above tight
junctions the apparent conductivity (Gp

A) was about twice
that above the cell centres (Gc

A). With a sucrose gradient,
the apparent conductivities decreased at both sites by
about half. Since upon addition of sucrose the intercellu-
lar spaces shrank, the decreae of the apparent conductivi-
ty measured above cell centres indicates that it is strong-
ly affected by the local conductivity of the paracellular
pathway. From the plot of Gc

A as a function of Gp
A (Fig.

10) model 3 yielded the true transcellular conductivity,
Gc, as 2.6±0.7 mS/cm2 (20 data points, n=10 monolay-
ers).

Variation of scanning signals

In each experiment, two to four measurements were per-
formed at each spot from which recordings were made;
however, after the first measurement, other spots of the
epithelial area were investigated before the second and
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Fig. 8 Characteristic Nyquist plot of the transepithelial imped-
ance of MDCK cell monolayers. The resistance of the filter sup-
port had been subtracted. Abscissaand ordinate give real (ohmic)
and imaginary (reactive) components of the complex impedance.
Symbolsare data points measured at given frequencies. The arrow
denotes impedance at 24 Hz&/fig.c:
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Table 1 Mean scanning signals above cell centres and tight junc-
tions, presented as apparent trans- and paracellular conductivities,
Gc

A and Gp
A, according to Eq. 1. They were measured before (con-

trol) and after mucosal addition of sucrose (osmotic gradient) in
10 experiments. (m The number of data points)&/tbl.c:&tbl.b:

Control Osmotic gradient

Gc
A Gp

A Gc
A Gp

A
(mS/cm2) (mS/cm2) (mS/cm2) (mS/cm2)

9.2±0.4 20.0±1.3 5.3±0.3 9.1±0.4
m=33 m=35 m=31 m=35

&/tbl.b:
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Fig. 10 Mean apparent conductivities at tight junctions (abscissa)
and cell centres (ordinate) measured with (open symbols) or with-
out a mucosal-to-serosal sucrose gradient (filled symbols) in ten
experiments. Symbolsdifferent in size or form indicate different
experiments. In each case was 0<Gc

A<Gp
A, and both apparent con-

ductivities decreased with the sucrose gradient. Regression lines
are shown&/fig.c:
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Table 3 Trans-(Gc) and paracellular (Gp) conductivities, and their
sum, the epithelial conductivity (Ge) under control conditions and
under the osmotic gradient, according to the three methods used.
Percentages are contributions of paracellular conductivity to total
epithelial conductivity. There was no significant difference be-
tween respective data of the three models. Differences between
controls and osmotic gradient were P<0.001&/tbl.c:&tbl.b:

Gc (mS/cm2) Gp (mS/cm2) Ge (mS/cm2)

Control Osmotic Control Osmotic
gradient gradient

Method 1(n=10):
2.5±0.5 9.7±1.2 3.5±0.3 12.0±0.9 6.2±0.4

(81±10%) (56±4%)
Method 2(n=10):
2.7±0.5 11.3±1.4 4.6±0.9 14.0±1.3 7.3±0.7

(80±10%) (62±12%)
Method 3(n=10):
2.6±0.7

&/tbl.b:

subsequent measurements were made. As a measure of
reproducibility of the scanning signals after reposition-
ing the electrode, the standard deviation of repeated
measurements on the same spot was determined (Table
2). For measurements made at cell centres or tight junc-
tions and under control conditions or with osmotic gradi-
ent, the standard deviation was 13–19% without signifi-
cant differences between the conditions tested.

In order to assess the heterogeneity of trans- and par-
acellular conductivities, we evaluated the standard devia-
tion of the first measurements over all cell centres of
tight junctions, respectively, in the same epithelial area
and under the same condition (Table 2). In each case, the
result (10–18%), was not significantly different from the
standard deviation of repeated measurements over the
same spot. Thus, heterogeneity of trans- or paracellular
conductivity was not observed.

True conductivities

Gc and Gp were calculated using the models described
above. The application of averaged model parameters to
single scanning signals (Fig. 9, right) provides the only
assessment of individual trans- and paracellular conduc-
tivities so far available. Transcellular conductivities were
significantly lower than paracellular ones. The Gp values
derived from methods 1 and 2 correlated well in eight of
ten experiments (Fig. 11).

According to models 1 and 2, mean Gc was 2.5±0.5
(n=10) or 2.7±0.5 mS/cm2 (n=10; n.s.), respectively (Ta-
ble 3). The mean Gp was 9.7±1.2 (n =10) or 11.3±1.4
mS/cm2 (n=10; n.s.) without an osmotic gradient, and
3.5±0.3 (n=10) or 4.6±0.9 mS/cm2 (n=10; n.s.) with an
osmotic gradient. The excellent agreement of the values
achieved using the different models corroborated the va-
lidity of the assumptions made. Under control conditions
Gp was predominantly determined by the barrier of the
tight junctions, while under the osmotic gradient the re-
sistance of intercellular spaces contributed, so that Gp

was reduced to 40% of the control value. Control epithe-
lial conductivity was reduced under the sucrose gradient
by almost half. As Gp was four times higher than Gc,
confluent MDCK monolayers of clone C11 can be clas-
sified as leaky epithelia.

Superposition of trans- and paracellular currents

The superposition of local trans- and paracellular cur-
rents can be expressed by Eqs.2 and 3 (see Materials and
methods). The mean relative contributions of the paracel-
lular pathway to the scanning signals measured above
cells and junctions were k1=0.75 and 0.61 in models 1
and 2, respectively, and k2=1.8 in both models. These pa-
rameters do not depend on the magnitude of the conduc-
tivities but only on the geometrical distribution of the
conductivities, i.e.size and shape of the cells in the area

Table 2 Standard deviation (in %) of individual scanning signals,
presented as apparent conductivities, Gc

A and Gp
A, before (control)

and after mucosal addition of sucrose (osmotic gradient). Two
cases were considered: (1) repeated measurements from the same
cell centre or tight junction, and (2) the first recordings made from
different cell centres or different tight junctions in the same epi-
thelial area. (m The number of data points, n the number of epithe-
lial areas)&/tbl.c:&tbl.b:

Control Osmotic gradient

%SD %SD %SD %SD
(Gc

A) (Gp
A) (Gc

A) (Gp
A)

1. Same location 15.4±2.9 17.7±2.6 15.5±2.3 14.6±1.7
m 33 35 31 35
2. Different locations 12.2±1.8 14.4±1.1 15.1±2.4 11.3±1.4
n 10 10 10 10

&/tbl.b:
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Fig. 11 Paracellular conductivities of ten monolayers (represented
by the same symbols as used in Fig. 10) with (open symbols) or
without a mucosal-to-serosal sucrose gradient (filled symbols).
The values derived with method 1 and method 2 are indicated on
abscissaand ordinate, respectively. Regression lines are shown&/fig.c:



explored. Clearly, k1 could not be neglected. Because Gp

was four times Gc, it contributed more to the scanning
signal measured above the cells compared with Gc.

Discussion

As early as 1972, Frömter introduced, in his pioneering
study [10], the voltage-scanning technique using micro-
electrodes to measure, with fine discrimination, potential
gradients induced above cell surfaces and tight junctions
while current is passed through the epithelium. The ap-
parent conductivity Gp

A, calculated using Eq. 1 from the
scanning signal measured above tight junctions, cannot
(as in [5]) be interpreted as the conductance per unit sur-
face of junction, because: (1) the diameter of the micro-
electrode is not small enough compared to the diameter
of the tight junction; and (2) the scanning signal is not
equal to the electric field at the tight junction, because
the distance, ∆x, traversed by the vertical steps of the
scanning microelectrode is not small enough compared
to the field distortion near the tight junction (Fig. 4). The
present study showed that, because of the superposition
of trans- and paracellular currents, apparent conductivi-
ties are not suitable estimates of the true conductivities.
This problem was solved by establishment of mathemati-
cal models and by improvements of resolution and sensi-
tivity of the experimental technique. Insignificant differ-
ences of the results produced with different models indi-
cate the validity of the assumptions made.

Resolution and sensitivity

The competing vibrating probe technique achieves high
sensitivity and a temporal resolution of <1 s. But accord-
ing to our theoretical analysis, the spatial resolution is
not sufficient for differentiation between trans- and par-
acellular pathways, because the large probe (diameter
about 6 µm) must be kept at least 7 µm distant from the
epithelial surface, and the position of the probe is precise
by only ±3µm [8, 28]. Because of the sub-micrometre
resolution, microelectrode scanning techniques are supe-
rior in the present application. Nevertheless the precision
of single measurements was limited by the spatial resolu-
tion achieved, rather than the sensitivity of the recording
system.

Using a microelectrode voltage-scanning technique
and studying low-resistance non-differentiated MDCK
monolayers, Cereijido etal. [5] considered apparent con-
ductivities above cell membranes and junctions. The au-
thors found that cell bodies are never conductive, and
also in half of the paracellular sites conductivity was not
detected. The authors conclude that the terminal bars are
functionally tight along 50% of their lengt. In contrast,
the present study found a significant apparent conductiv-
ity in all spots recorded from, albeit GA

p was higher than
Gc

A. This discrepancy can be understood when the im-
proved sensitivity (about 1 mS/cm2) is considered. The

findings of Cereijido etal. are conceivable, if the sensi-
tivity of their method is about 15 mS/cm2 (about 10
mS/cm2 is estimated by the authors), because then the
apparent transcellular conductivities and half of the par-
acellular ones are below the experimental resolution.

Conductivities of MDCK-C11 monolayers

The conductivity of confluent MDCK-C11 monolayers
(13 mS/cm2), measured in buffered electrolyte solution,
was higher than that (3 mS/cm2) measured by Gekle et
al. [11] in C11 monolayers (62–72 passages, similar to
the present study) grown on permeable membrane filters,
which were bathed in MEM culture medium. In the latter
study the standard deviation (70%) was higher than that
in the present experiments (27%). Variation of epithelial
conductivities is, however, often observed in studies of
cultured monolayers. Barker and Simmons [3] and Hein
et al. [13] measured 10–20 mS/cm2 in strain II MDCK
cells, cultured on membrane filters that were bathed in
phosphate–buffered saline or modified Krebs’ solution.
High conductivities were also measured in the wild-type
MDCK monolayers studied in culture medium without
serum or in Hanks’ balanced salt solution (4–21 days af-
ter plating on membrane filters) by Misfeldt etal. [20],
who measured 12 mS/cm2. In monolayers of wild-type
cells (plated on nylon cloth coated with collagen and
bathed in culture medium), Cereijido etal. [5] and Ste-
fani and Cereijido [30] found conductivities of 3–14.3
mS/cm2, which decreased with the number of passages.

As a result of our study, confluent MDCK-C11 mono-
layers can be classified as leaky epithelia, because the
paracellular pathway was about four times more perme-
able than the transcellular pathway. The transcellular
conductivity (2.6 mS/cm2) must be higher than that of
high-resistance MDCK monolayers, where the resistance
sets an upper limit of 0.2–0.5 mS/cm2 to the transcellular
conductivity [3, 4, 11], similar to results of Kottra [14] in
a study of Necturus gallbladder. The relatively high
transcellular conductivity of MDCK-C11 cells may pos-
sibly be explained by a large Cl− conductance in the api-
cal membrane [11]. Since the transference numbers of
the tissue for Na+ is only twice as high as that for Cl−
[21, 22], cation selectivity of the tight junctions implies
transcellular Cl− flux. In rabbit salivary duct epithelia,
the high conductivity (about 100 mS/cm2 in symmetrical
150 mM Cl−) resides in the cell membrane and is not due
to a paracellular pathway [1]. Furthermore, at least in
mucosal-to-serosal Na+ fluxes, the transcellular pathway
can contribute significantly in low-resistance MDCK
cells [17].

In MDCK cells, a Cl− conductance is activated during
volume regulation [23]. Unless exposed to adrenaline,
however, hyperosmotic exposure of the apical surface of
Cl−-secreting MDCK epithelia does not result in pro-
nounced effects upon short-circuit currents [26], suggest-
ing that the apical Cl− conductance, and hence also the
transcellular pathway, is not changed by mucosal addi-
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tion of sucrose. Moreover, the good agreement of calcu-
lations based on model 1 (where the osmotic perturba-
tion is not required) and models 2 and 3 supports the as-
sumption of sucrose affecting predominantly the paracel-
lular pathway. Using alternating current spectroscopy,
Kottra [14] has shown that in Necturus gallbladder ex-
posed to hyperosmotic mucosal Ringer’s solution the
paracellular resistances of both tight junctions and lateral
intercellular spaces increase and that the resistance of the
apical membrane remains unchanged.

Repeated measurements over the same tight junction
had the same standard deviation as measurements over
different tight junctions. Thus, in contrast to previous
findings [5] there was no evidence of a heterogeneously
distributed conductivity in the tight junctions.

Resistance of lateral intercellular spaces

Mucosal addition of sucrose can decrease paracellular
and transepithelial conductivities, because intercellular
spaces shrink [14, 18, 33]. In the present study, the os-
motically induced increase of the transepithelial resis-
tance was larger than the 45% increase observed by Mis-
feldt etal. [20]. Under control conditions, i.e. with dilat-
ed intercellular spaces, the paracellular resistance was
dominated by the resistance of the tight junctions. With
collapsing intercellular spaces, however, the paracellular
resistance increased. The present findings support the
idea that the width of the lateral intercellular spaces can,
under special conditions, mediate the permeability
through the paracellular route, and are thus in accor-
dance with results of Smulders etal. [27] which indicate
that the contribution of the lateral spaces to the resis-
tance of rabbit gallbladder may be signicant only during
osmotically induced serosal-to-mucosal water flux. The
impedance measurements of Kottra and Frömter [15]
show that in Necturus gallbladder epithelium under con-
trol conditions the resistance of tight junctions is 3.5
times larger than that of the lateral intercellular spaces,
but after collapse of the spaces their resistance exceeds
that of the junctions.
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Appendix

Method 1 required calculation of the supraepithelial
electric field that fitted the potential differences record-
ed. Theoretical approaches to this type of electrodynami-
cal problem are based on Poisson’s equation and the
Nernst-Planck electroneutrality condition [16, 31].
Closed form solutions are not available in cases of prac-

tical importance, because the boundary conditions are in-
homogeneous. In order to accelerate the numerical anal-
ysis, we sought a simple mathematical formulation.

In the geometrical representation described above, the
surface cell has two orthogonal symmetry axes of rota-
tion (Fig. 2). This reduced the number of computations.
The dimensions of bulk elements were chosen such that
the conductance between a bulk element and its neigh-
bour, g, was the same for all bulk elements and all faces
of each bulk element:

g = sin(60°) · La/(ρ ·  n2
a) (14)

where ρ is the specific resistivity of the electrolytic bath
solution, and La and na are the length of a side of the sur-
face cell and the number of surface elements in each side
of the surface cell, respectively, as defined in the text.
(Lower-case letters are used for symbols referring to sur-
face or bulk elements).

According to the principle of charge conservation in a
stationary or quasi-stationary state, the sum of the elec-
tric current flowing into a rhombohedral bulk element
must equate to zero. For all bulk elements, except for
those next to the epithelium, we therefore have:

∑∆vf = 0 (f = 1…6) (15)

where ∆vf is the potential difference between the bulk el-
ement and its neighbour at face f. For bulk elements next
to the epithelium, the current is flowing through the face
(f=6) looking to the adjacent epithelial surface element
(s) must be considered. The paracellular contribution to
is was assumed to be proportional to the length of tight
junction in the surface element s, so that:

is = sin(60°) · L2
a · Ve · (rs · Gp) + (Gc/n2

a), (16)

where sin(60°) · L2
a is the area of the surface cell, and rs

is the ratio of the length of tight junction in the surface
element s over the total length of tight junction in the
surface cell. For the bulk elements next the epithelium,
we obtain:

∑∆vf + is/g = 0 (f = 1…5) (17)

In the top layer of bulk cells (at distance Lb from the epi-
thelium), where potential differences in the horizontal
plane (i.e. the plane parallel to the epithelial surface)
vanish, the electric potential was set at zero. The transla-
tional symmetry of the surface cell (Fig. 2) implicates
that two bulk cells in the same horizontal plane are inter-
changeable if the values of a horizontal coordinate are
congruent, modulo na. This allowed computation of ∆vf
if the two adjoining bulk cells were in different surface
cells. The boundary condition ∆vf=0 applied if the bulk
element’s neighbour at face f was occupied by the glass
electrode.

After an educated guess of Gc and Gp, Eqs. 15 and 17
were solved numerically by systematic variation of the
potential in each bulk element. By comparison of the re-
sulting supraepithelial potential distribution with the po-
tential differences measured, Gc and Gp were determined
in a conventional fit routine (Fig. 3)
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