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Impedance Analysis of MDCK Cells Measured by Electric Cell-Substrate
Impedance Sensing

Chun-Min Lo, Charles R. Keese, and Ivar Giaever
Department of Physics and Biology, School of Science, Rensselaer Polytechnic Institute, Troy, New York 12180-3590 USA

ABSTRACT Transepithelial impedance of Madin-Darby canine kidney cell layers is measured by a new instrumental
method, referred to as electric celi-substrate impedance sensing. In this method, celis are cultured on small evaporated gold
electrodes, and the impedance is measured in the frequency range 20-50,000 Hz by a small probing current. A model for
impedance analysis of epithelial cells measured by this method is developed. The model considers three different pathways
for the current flowing from the electrode through the cell layer: (1) in through the basal and out through the apical membrane,
(2) in through the lateral and out through the apical membrane, and (3) between the cells through the paracellular space. By
comparing model calculation with experimental impedance data, several morphological and cellular parameters can be
determined: (1) the resistivity of the cell layer, (2) the average distance between the basal cell surface and substratum, and
(3) the capacitance of apical, basal, and lateral cell membranes. This model is used to analyze impedance changes on removal
of Ca®* from confluent Mardin-Darby canine kidney cell layers. The method shows that reduction of Ca2* concentration
causes junction resistance between cells to drop and the distance between the basal cell surface and substratum to increase.

INTRODUCTION

Epithelial cells usually form a barrier sheet and exhibit
polarity in tissue culture, as the apical cell membranes are
connected and sealed with tight junctions (Fromter and
Diamond, 1972; Powell, 1981; Gumbiner, 1987; Cereijido
et al., 1988; Madara, 1988; Stevenson et al., 1988a). An
important function in epithelia is ion permeation, and, of the
three major pathways, two are transcellular (through basal
and apical membranes or through lateral and apical mem-
branes) and one is paracellular (through intercellular space
and tight junction) (Fromter, 1972; Clausen et al., 1979;
Boulpaep and Sackin, 1980). A common method to study
the ion transport property of epithelial cells is to measure
transepithelial resistance by using direct current (dc)
(Cereijido et al., 1978; Gumbiner and Simons, 1986;
Conyers et al., 1990), but a simple and accurate alternating
current (ac) method to measure transepithelial impedance
would be useful for studying epithelial transport and mor-
phology. It is relatively simple to construct an equivalent
electrical circuit of epithelia by using the dc rather than the
ac technique, and there are several methods to estimate tight
junctional resistance from the equivalent circuit (Claude,
1978; Lewis and Diamond, 1976; Reuss, 1991). Ac tech-
niques can, however, provide additional information on
both resistive and capacitive properties of cell membranes
because a membrane can be modeled electrically as a ca-
pacitor and a resistor connected in parallel (Lim et al., 1984;
Wills and Clausen, 1987; Pappenheimer, 1987). In general,
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the specific capacitance of cell membranes is approximately
1 uF/cm?® (Cole, 1968) but can appear to be much larger if
the membrane is folded. A common ac technique is to
measure transepithelial impedance with the cell cultured on
a membrane in a modified Ussing chamber. The voltage
appearing across the cell layers in response to impressed ac
currents is measured as a function of time or frequency.
Impedance analysis and curve fitting to obtain the electrical
values of cell membranes are based on equivalent circuits
with lumped or distributed circuit parameters (Madara and
Pappenheimer, 1987; Clausen, 1989; Gordon et al., 1989).

Our laboratory has developed a new instrumental method
named electric cell-substrate impedance sensing (ECIS) to
detect cell motion and morphology in tissue culture
(Giaever and Keese, 1984, 1986, 1993). In one application
a small current at a chosen frequency is applied to the
electrode, and the device monitors the impedance of a
cell-covered electrode by using a lock-in amplifier that
returns both magnitude and phase of the voltage as a func-
tion of time. The data obtained can be related to morpho-
logical changes of the cells, and these have been demon-
strated to be related to metabolic activities within the small
population of cells on the electrode (Giaever and Keese,
1991; Lo et al., 1993). In another application that is used in
this paper, ECIS can determine the impedance at various
frequencies by scanning an electrode blanketed with con-
fluent cell layers. By analyzing the impedance as a function
of frequency, one can develop a model that relates the
observed impedance to relevant cell parameters (Giaever
and Keese, 1991, 1993). We have successfully obtained
morphological information on fibroblastic cells by compar-
ing the calculated impedance values with those measured by
ECIS, using two adjustable independent parameters,
namely, o and R, (R, is the resistivity of the cell layer and
a = r(p/h)"?, where r, is the effective radius of the spread
cell, p the resistivity of the solution, and s the average



Lo et al.

distance between the cells and the substratum; see the list of
variables in the Appendix). For instance, the confluent cell
layer resistance (R,) of WI-38 and WI-38 VAI13 cells is 0.7
and 2.2 Q:cm? respectively, and the average channel height
(h) between ventral cell surface and substratum is 113 and
13 nm, respectively, in the two cases.

We have extended the model to be more applicable to
epithelial cells. In the simple model the current flows inter-
cellularly and intracellularly in through the ventral mem-
brane and out through the apical membrane. In this more
comprehensive model a third pathway for the currents is
included, i.e., flow through the lateral membrane and out
through the apical membrane. Inasmuch as tight junctions in
epithelia result in higher junctional resistance than for fi-
broblast or endothelial cells, this third path is important to
make model calculation of epithelial cells fit the experimen-
tal data, particularly in the high-frequency region.

After measuring the impedance of a confluent layer of
Madin-Darby canine kidney (MDCK) cells (stain II) at
various frequencies from 20 to 50,000 Hz by ECIS, a very
good fit is obtained between the model calculation and the
experimental data. We conclude that (1) junctional resis-
tance of this leaky type of MDCK cell is 50~60 Q-cm?,
(2) the distance between the ventral cell surface and sub-
stratum is less than 1 nm, and (3) the capacitance of apical,
basal, and lateral cell membranes is 4.5, 3, and 1 puF/cm?,
respectively.

To verify this method further, we also measured the
change in morphology of MDCK cells by first removing
and then replacing Ca’* ions in the culture medium.
These data demonstrate that both tight junctions and cell-
substratum interaction can be strongly and reversibly influ-
enced by Ca**.

MATERIALS AND METHODS
Tissue culture

As a result of different passage numbers, there are two kinds of MDCK
cell, referred to as strains I and II. Epithelia formed by strains I and II of
MDCK cells show high (~4000-Q-cm?) and low (~80-Q-cm?) junctional
resistance, respectively (Simmons, 1981; Handler, 1983; Fuller et al.,
1984). In this study we used MDCK cells (strain II) obtained from ATCC
(Rockville, MD). Cells were normally cultured at 37°C and 5% CO, in
Dulbecco’s modified Eagle’s medium (GIBCO, Grand Island, NY) with
10% fetal bovine serum (GIBCO) and 50-pug/ml gentamicin. Inoculation of
electrode-containing dishes was at 10° cells/cm?. In experiments in which
cells were deprived of calcium, cells were first grown to confluence in
Dulbecco’s modified Eagle’s medium. After two to three days (after tight
junctions had formed) the medium was changed to Earle’s balanced salt
solution (EBSS) with 1.8-mM Ca®*. Twenty-four hours later the medium
was changed to EBSS without Ca*. Following exposure of MDCK cells
to a Ca®*-free medium for 20 h, the Ca®* containing EBSS was returned
to the cells, and their recovery followed. All salt solutions contained
normal levels of Mg?*.

Electrode fabrication

Electrodes were fabricated by photolithography procedures essentially as
previously described (Giaever and Keese, 1992); however, several modi-
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fications have recently been implemented. Gold was sputtered onto 20-mil
polycarbonate sheets to produce an approximately 50-nm-thick film. These
layers are thin enough to permit microscopic examination of the cell
through the colored yet transparent metallic film. Following deposition of
gold, a photolithographic procedure was used to delineate the desired gold
patterns on the plastic substrate. A second photolithographic step was then
used to produce 250-pum-diameter holes in a photoresist film; these are the
active ECIS electrodes. To form tissue culture wells, 10-mm-diameter
glass cylinders are mounted over each electrode pair with a silicone
adhesive. The completed electrode arrays are cleaned and sterilized
with an oxygen plasma etcher. The completed array consists of five
sterile wells, each containing the ~250-pum-diameter electrode and a
larger counterelectrode.

Impedance measurements

For impedance measurements the electrode arrays were placed in an
incubator and a medium (0.5 ml) was added over the electrode in each well.
The large electrode and one of the small electrodes were connected via a
relay bank to a phase-sensitive lock-in amplifier, and an ac current was
applied through a 1-MW load resistor (see Fig. 1). For monitoring cell
motion and activities of MDCK cells, the measurement was generally
carried out with an applied potential of 0.5 V at 700 Hz. For the frequency
scans shown in Fig. 3 below, however, the following ac frequencies and
respective amplitudes were used: 22 Hz and 0.12 V, 44 Hz and 0.12 V,
88 Hz and 0.12 V, 176 Hz and 0.12 V, 352 Hz and 0.12 V, 704 Hz and
0.151 V, 1408 Hz and 0.211 V, 2816 Hz and 0.295 V, 5632 Hz
and 0.413 V, 11,264 Hz and 0.578 V, 22,528 Hz and 0.810 V, 45,056
Hz and 1.134 V.

All connections were made with coaxial cable to minimize any exter-
nally induced electrical noise. Cells were allowed to attach, spread, and
organize for at least 24 h before any of the impedance measurements
reported in this paper were taken.

Model derivation

The model that we used to calculate the specific impedance (impedance for
a unit area) of a cell-covered electrode as a function of frequency, Z_, is

= TISSUE CULTURE MEDIUM
(ELECTROL

YTE) ———
- CELLS
— -
voro o 227
SMALL GOLD LARGE GOLD
ELECTRODE COUNTER ELECTRODE
LOCK-IN
AMPLIFIER
PC
DATA ACQUISITION
AND PROCESSING
FIGURE 1 Schematic of the experimental setup. The lock-in amplifier is

controlled by a computer that permits various modes of data collection. The
1-MW series resistance provides an approximately constant current source
that make the measured in-phase voltage essentially proportional to resis-
tance and the out-of-phase voltage proportional to reactance.
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based on the measured values of a cell-free electrode, Z,. The various
current paths are sketched in Fig. 2. To make the calculations tractable,
several simplifying assumptions must be made: 1) The cells are assumed to
have a cylindrical shape with radius r, 2) the current flows radially in the
space formed between the ventral surface of the cell and the substratum,
and 3) the current density under the cells does not change in the vertical
direction. 4) The electrode potential V_ is a constant that is independent of
position, and 5) the potential in solution on the dorsal side of the cells is
likewise treated as a constant, V, (for convenience we set V, = 0; this
assignment will not affect the calculated impedance). Finally we assume 6)
that the electrical potential inside the cells, V;, is a constant and 7) that the
presence of the cells does not affect the electrode polarization. The last
simplifying assumption may not always be appropriate (Schwan, 1992).

The object is to use the measured impedance of a naked electrode, Z,
to calculate the specific impedance of the cell-covered electrode, Z, =
(electrode area)(V, - V)/I, = mr 2 VJI_,. I is the total current flowing from
the electrode, I, is the current flowing from the area of a single cell, and
the equation is true as long as we deal with confluent cell layers. Thus, if
the current flowing from the area of a single cell can be calculated as a
function of V,, the problem is solved. From Fig. 2 we get by simply writing
Ohm’s law for an ac circuit

av. p

_a;_hZer’ (1)
V,— V= &
¢ _21rrdrd1°’ @
yov =2 g

i = 3 ar 4 3)

and
dr = dI, — dI,. (4)

Equations 1-4 can be combined to yield the following differential
equation

v 14dv

Etrg " YVtB=0, 5)
where
and

p(Ve Vi
s=hlz+z) @
The general solution of Eq. 5 is
_ B
V = Aly(yr) + BKy(yr) + b2 ®)

where [(yr) and Ky(yr) are modified Bessel functions of the first and
second kinds, respectively. However, Ky(yr) goes to infinity as r goes to
zero, and r, = r = 0; hence, B = 0. Thus the solution of Eq. 5 is

V= Aly(yr) + —52— &)

For the intercellular lateral path the two equations related to the para-
cellular current can be expressed as

dv;
dz

= —2IR,, 10)
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FIGURE 2 Schematic diagram of MDCK cells in tissue culture, illus-
trating the various current paths. The cells are regarded as disk shaped
when viewed from the top, and the schematic side view diagram of cells is
useful in constructing the differential equations, Eqs. 5 and 12. The
increased impedance of a cell-covered electrode is in large part due to the
current flow under the cells and comes in addition to the transcellular and
paracellular pathways.

and

Z,

VT

(=dbh). an

By combining Eqs. 10 and 11 we obtain the following differential
equation

Vi oy
a2~ MV av=0, (12)
where
4mr R\
A—C7T). (13)
The solution of Eq. 12 is
Vi=V,+ Ce* + De ™. (14)

We have four constants, A, C, D, and V,, that must be determined, and
the four boundary conditions are

V(r=r)=V(z=0), (15)
I(r = rc) = Il(z = 0)7 (16)
Wz=1)XR = Viz=1), a7
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and

IL=L+1L(z=1). (18)
It is straightforward to solve these equations in closed form, but the
answers are rather complex. By using matrix algebra, which is part of many
computer programs, a numerical solution can be readily obtained. Sym-
bolically we may write
MX=Y X=M"Y,
where X and Y are two vectors and the matrix M~! is the inverse of the
matrix M. From the four boundary conditions we obtain the following
matrix equation
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trode. In addition we have assumed that the specific mem-
brane resistance, R, of the cells is 1000 Q-cm?, and be-
cause this is large compared with the reactance 1/27vC,, at
most frequencies it has little effect on the results. (The
membrane impedance, Z, is 1/Z, = (1/R,) + i27vC,).
To get a feel for how the many parameters affect the
result we shall do a few model calculations. Fig. 5a and b
show the normalized resistance and capacitance as a func-
tion of frequency for a range of R, values 20, 40, 60, and 80
Q-cm?, with @ = 20 Q"*cm, C, = 4 uF/cm?, and C, = 3

—2mhyrdi(yr.) A —A 0 0
p 2Rl 2R1
- e/
I(yr.) -1 -1 = |[A] |
z+z, ||lc|_|z+%
AR AR pl= . (19)
Al 27 -afq _ A7
0 e (1 + 2R|) e (1 2Rl) 1 v 0
—2I(yr,) AeM —te™ -z, +2,+2) A
Zner ZRI’""% 2R17T’f (Zn + Zb)Za -Zn + Zb-
The numerical constants A, C, D, and V; are found by solving this
equation, and finally the current flowing out of the electrode under a single 6
cell can be found by integrating Eq. 2: ' ' (a)
*2qr a 5tk _
I, = j Z (V.—V)dr ‘é’ With cells
° 20) g 4} 2 .
—2mrlA mr? g Without cells
= ——I(yr) + 7—— (V. = V), &
Zuyre Zt 4 _§° 3 T Constiction resistance ]
and the impedance is obtained by dividing V_ by L.
2 | 1 1
1 2 3 4 5
RESULTS Log Frequency (Hz )
Model analysis of ECIS -15 T T T
(b)
Fig. 3a and b plot the resistance and capacitance of the o Without cells
transepithelial impedance as a function of frequency. Both - 80r % 7]
of these figures show experimental data for cell-free elec- g
trodes and electrodes confluent with MDCK cells (strain IT) 5 -85 -
measured in the complete medium, and calculated values §~ 2
(points). Fig. 4a and b display normalized resistance and S 90| With cells |
capacitance obtained by dividing the impedance values 3 '
from electrodes confluent with MDCK cells by the corre-
sponding quantities for the cell-free electrodes. -9.5 1 :',' :l; "1 5
The calculated values are based on the impedance of the
Log Frequency (Hz )

naked electrode. Because the solution resistance (constric-
tion resistance) is a significant part of the measured imped-
ance, it must first be subtracted from the measured imped-
ance before the calculations are done and then added back
for comparison with the experimental results (Giaever and
Keese, 1991). The numerical value of the constriction re-
sistance is simply equal to the asymptotic value at high
frequency of the measured resistance for a cell-free elec-

FIGURE 3 (a) Resistance and (b) capacitance as a function of frequency
obtained from frequency scan measurement for an electrode with and
without a monolayer of MDCK cells. The points are calculated values
based on the measured impedance of the cell-free electrode and using the
model in this paper. Note that the resistance is a sum of the electrode
resistance and the frequency-independent solution resistance (constriction
resistance). At low frequency the electrode resistance dominates, and at
high frequency the constriction resistance dominates.
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FIGURE 4 (a) Normalized resistance and () normalized capacitance for
an electrode with a confluent MDCK cell layer. The curves are obtained
from Fig. 3 by dividing the measured values of the cell-covered electrode
by the corresponding values of the cell-free electrode. Again the points are
calculated values. The reason for the peak is that the constriction resistance
masks the electrode resistance at high frequency.

wF/cm?. When R, increases, the low-frequency values of
the normalized resistance increase while the high-frequency
values decrease. Fig. 6a and b show another calculation,
where « takes the values of 10, 20, 30, and 40 Q"?cm,
R, = 60 Q:cm?, and C, and C, have the same values as in
Fig. 5. Finally, Fig. 7a and b show a third calculation, where
C, takes the values of 1,2, 3, and 5 uF/cm?, R, = 60 Q-cm?,
a = 20 Q"*cm, and C, = 3 pF/cm®. Because C, and C, are
in series, changes in C, only rather than in C, give similar
results. This is not true when we consider the lateral membrane
capacitance C;, which becomes important when R, is large. In
general, values for G, and C; that give the best fit to experi-
mental data will be smaller than the value used for C,, above.

Because many parameters need to be adjusted, it is con-
venient when fitting experimental data to start by ignoring
the lateral impedance. After reasonable values of R, a, C,,
and C, are obtained, R, and C; can be used for fine tuning to
arrive at the best fit.

Values for MDCK cells

We analyzed the transepithelial impedance of confluent
MDCK cell layers as described above. The best fit obtained
with four parameters is R, @, C,, and C, at 62 Q-cm?, 20
Q"%cm, 5 pF/cm?, and 3 uF/cm?® respectively. From an-
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FIGURE 5 (a) Normalized resistance and (b) normalized capacitance
from model calculation for different junctional resistances (R,,) correspond-
ing to 20, 40, 60, and 80 Q-cm?. The other parameters, «, C,, and C,, were
set to be 20 0'2.cm, 4 uF/cm?, and 3 pwF/cm? respectively; these values are
close to the experimental results of MDCK cells.

other report (Cereijido et al., 1983) we know that the ap-
proximate radius and thickness of MDCK cells are 7 and 5
um, respectively. The area of lateral cell membrane is then
easily calculated, and the best fits of R, &, C,, G, and C;
are 62 Qrcm?, 19 Q%cm, 4.5 uF/cm?, 3.0 uF/cm?, and 1.0
wF/cm? respectively. However, the value 62 Q-cm? includes
the lateral paracellular resistance between the cells. To
calculate R, we assume that the width of the intercellular
lateral space is 15~20 nm (Geiger et al., 1985). The final
results of R, a, C,, C,, and C, for a MDCK (strain II)
confluent cell layer are 55 Qrcm?, 18 Q2%-cm, 4.5 uF/cm?,
3.0 uF/cm?, and 1.0 uF/cm?, respectively. This junctional
resistance R, is similar to those values from transepithelial
resistance measurements obtained, for example, by Rich-
ardson et al. (1981) and Stevenson et al. (1988b). Because
a = rp/h)"?, by using the values of a and r, described
above and because p is measured to be 54 {}-cm, we can
calculate the average height between basal cell surface and
substratum and get the average # of roughly 1 nm. This
distance is surprisingly small, implying that the ventral sur-
faces of the cell and the substratum are essentially in contact.

Ca%* Removal and addition

Following transepithelial impedance measurement for
MDCK cells in the complete medium, we replaced the
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FIGURE 6 (a) Normalized resistance and (b) normalized capacitance FIGURE 7 (a) Normalized resistance and (b) normalized capacitance

from model calculation for different parameters « corresponding to 10, 20,
30, and 40 Q'*-cm. The other parameters, R,, C,, and C,, were set to be
60 Q:cm?, 4 pF/cm?, and 3 uF/cm? respectively.

medium with Earle’s balanced salt solution (EBSS) contain-
ing 1.8-mM Ca®*. After 24 h in Earle’s balanced salt
solution the transepithelial impedance did not change sig-
nificantly, and all morphological parameters from imped-
ance analysis were similar to those obtained from cells in
complete Dulbecco’s modified Eagle’s medium. However,
when the medium was changed to EBSS without Ca?*, both
the junctional resistance R, and the parameter « (obtained
from data fitting) dropped quickly, as shown in Fig. 8 (filled
circles). Twenty hours later, when R, and o had decreased
to 0.8 Q-cm? and 3.5 Q"?cm, respectively, EBSS without
Ca®" was again replaced with EBSS containing 1.8-mM
Ca®". As shown by Fig. 8 (open circles), the junctional
resistance R, and the parameter « increased slowly in the
first few hours and then more quickly for a complete recov-
ery in approximately 20 h. Fig. 9 illustrates how the average
height (k) (calculated from «) between the basal cell surface
and the substratum depends on the removal (filled circles)
and replacement (open circles) of Ca?* in the medium.

DISCUSSION

Transepithelial impedance measurement using the ECIS tech-
nique is a simple method for studying the transport and mor-
phological properties of epithelia. It is easy to culture cells on
the electrodes, the measurements are not time consuming, and,

from model calculation for different apical membrane capacitances (C,)
corresponding to 1, 2, 3, and 5 [LF/sz. The other parameters, R,, «, and
C,, were set to be 60 Q:cm?, 20 Q'%cm, and 3 uF/cm?, respectively.

although the interpretation may seem complex, it is a straight-
forward numerical calculation with the developed model.

Different cell types display different impedances as a
function of frequency. The peak value of the normalized
resistive curve in Fig. 3 a, for MDCK cells approximately
15 at 700 Hz, is quite different from that for fibroblastic
cells, i.e., WI-38 VA13 cells, for which the peak value of
the normalized resistance is 6 at approximately 4000 Hz
(Giaever and Keese, 1991). The shift in the peak results
basically from increases in both R, and «, as shown in Figs.
5 a and 6 a. Compared to WI-38 VA13 fibroblasts, MDCK
cells have a larger junctional resistance and are spaced
much closer to the substratum, based on model calculations.
The capacitive values of the cell membranes obtained from
data fitting indicate that the apical cell surface of a MDCK
cell (strain II) has more folds than the basal membrane and
that the lateral cell membrane is the least convoluted. As
seen, the developed model can be made to fit the data very
well. Whereas fibroblastic and most other cells without tight
junctions can be fitted very well with only three parameters,
i.e., Ry, o, and C,, it is necessary to use all the parameters
to get a similarly good fit for cells with tight junctions.
Because of the simplicity of the ECIS instrumental system
and the good agreement between theory and experiment, we
expect that impedance analysis of cells by ECIS will find
many applications in the future.
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FIGURE 8 Change in (a) junctional resistance and (b) parameter « as a
function of time during Ca®" removal (filled circles) and replacement
(open circles).

When Ca®* is removed and then added back to the
medium, opening and resealing of the tight junctions causes
the junctional resistance to decrease and then recover
(Cereijido et al., 1978; Gonzalez-Mariscal et al., 1990;
Contreras et al., 1991). The data shown in Fig. 8 a confirm
this. Furthermore, the ECIS experimental results also dem-
onstrate that, in addition, the parameter o decreases in a
Ca’*-free medium, as shown in Fig. 8 b. Data (not shown)
suggest that changes in Ca®" concentration do not result in
significant changes in the capacitance of the cell membranes

25
20
15
E 10
o=
5 —
0 -
T T T T T
0 5 10 15 20 25
Time (hrs)

FIGURE 9 Average height (k) between basal cell surface and substratum
as a function of time during Ca?* removal (filled circles) and replacement
(open circles).
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or in the average radius of the individual cells. As a result,
changes in parameter a must be attributable mainly to
changes in the spacing between the cells and their substra-
tum. Using the relation a = r(p/h)”?, we calculated the
average height between the basal cell surface and substra-
tum (4) as shown in Fig. 9. This average height changed
from approximately 1 to 22 nm as MDCK cells were cul-
tured in Ca>*-free EBSS for 20 h. Because the specific role
of Ca®" in cell-substratum adhesion is not well known, the
method provided here may be an important way to study the
mechanisms of cell-substratum adhesion.

APPENDIX

List of Symbols

Z, (Qcm?) specific impedance (impedance for a unit area) of the
cell-free electrode
Z, (Qrcm?) specific impedance through the apical cell membrane
Z, (Qrem?) specific impedance through the basal cell membrane
Z, (Q:cm?) specific impedance through the lateral cell membrane
Z. (Qcm?®  specific impedance of the cell-covered electrode
V. (V) applied voltage across the cell
V. (V) potential inside the cell
Vi (V) potential in the lateral paracellular path
I. (A) total current across the cell-covered electrode
I, (A) total current from the area of a single cell
I, (A) transcellular current through the apical cell surface
I (A) paracellular current through the intercellular lateral
path
R, (Q-cm™) lateral paracellular resistance for a unit length
Ry* () junctional resistance between adjacent cells
R, (1:cm?) junctional resistance between adjacent cells over a
unit cell area
p (Qrcm) resistivity of the cell culture medium
r, (um) cell radius
! (um) length of the lateral paracellular path
h (nm) height between the basal cell surface and the
substratum
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