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The present study is intended to demonstrate the application of impedance
spectroscopy to two very different fields of biophysical research. The core component
of our measuring setup is a self-constructed continuous wave impedance spectrometer
together with special measuring chambers which are individually designed for the
systems under investigation. We directed our attention towards: i) the investigation of
solid supported lipid bilayers in general, especially systems which are suitable for
protein reconstitution such as dimethyldioctadecylammonium bromide (DODAB)
immobilized onto a gold electrode, precovered with a negatively charged monolayer
of 3-mercaptopropionic acid. Impedance spectroscopy allows to study the stability, the
thickness and the electrode coverage of those artificial membranes as well as the
observation of ion transport mediated by ionophores like gramicidin D incorporated
into a DODAB-bilayer. ii} The characterization of the passive electrical properties of
epithelial and endothelial cell monolayers in general and especially the determination
of their transepithelial (transendothelial) electrical resistances as a measure for
epithelial barrier function. From impedance spectra, as reported here, we are able to

follow the formation and modulation of cell layer permeability to small ions.

Impedance spectroscopy (IS) is a powerful
and rather new technique to investigate the
electrical properties of a variety of different
materials which may be ionic, semiconducting
or even insulating [1]. It provides information
about both the materials’ bulk phase (e.g., con-
ductivity, dielectric constant) as well as their

inner and outer interfaces (e.g., capacitance of
the interfacial region and derived quantities).
The method is based on measuring the fre-
quency dependent impedance of the electro-
chemical system of interest and its analysis
with the help of equivalent circuits modelling
the electrical properties of the system. A linear

*This work has been financially supported by the Deutsche Forschungsgemeinschaft (SFB 310 / B10) and by
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current to voltage relationship for the electro-
chemical system is an indispensable prere-
quisite for a meaningful impedance analysis.
There are basically two different approaches to
acquire impedance data that differ with respect
to the excitation signal. The firstand most com-
mon technique is to measure the impedance in
the frequency domain by applying a single fre-
quency sinusoidal voltage of small amplitude
to the system and recording the corresponding
current. Repetition of this procedure for a set of
different frequencies provides a frequency
spectrum of the system’s impedance. The sec-
ond approach makes use of a transient excita-
tion signal thatis applied to the electrochemical
system. The system’s response is registered in
the time domain and subsequently trans-
formed to the frequency domain by Fourier-
Transform algorithms providing the frequency
dependent impedance of the system as well.

One interesting and important application of
impedance spectroscopy in biochemistry and
biophysics is the characterization of solid sup-
ported lipid bilayers on a conductive surface.
Because of their excellent long-term stability
supported lipid bilayers are gaining wide-
spread interest as useful model systems to
study basic interaction mechanisms respon-
sible for the structure and function of the bio-
logical membrane [2, 3]. Moreover the
application of supported lipid bilayers in
molecular biosensors including ligand-recep-
tor binding may be advantageous [4, 5]. AC
impedance analysis allows to study the forma-
tion process of solid supported bilayers and to
investigate their long-term-stability and their
stability towards experimental conditions like
temperature, pH, etc. Moreover ion transport
through these bilayers mediated by ion carriers
or channel-proteins is accessible by IS.

Here we present a study concerning an artifi-
cial membrane which is electrostatically at-

tached onto a negatively charged monolayer of:-

3-mercaptopropionic acid. This lipid bilayer
was used as a lipid environment for the well-
known ion-channel gramicidin. Two different
equivalent circuits were applied to evaluate the
impedance spectra obtained for the immobi-
lized bilayer as well as for the ion transport of
monovalent cations through the incorporated
gramicidin channels [6, 7].

Besides its value in studying artificial bilayer
systems, impedance analysis is also a very use-

ful tool in investigations concerning biological
membranes as represented by living cells in
tissue culture. We applied this technique to
epithelial and endothelial cell monolayers in
order to examine their passive electrical
properties. The predominant function of both
epithelial and endothelial cell layers is to build
up and maintain a highly selective per-
meability barrier between two compartments
of different chemical composition. The blood-
brain-barrier, built up by brain capillary endo-
thelial cells, and the blood-cerebrospinal-
fluid-barrier, formed by epithelial cells of the
choroid plexus, are two examples for the ex-
treme significance of the epithelial and endo-
thelial barrier properties [8, 9]. One physical
parameter to quantify the barrier function of a
given epithelial or endothelial cell layer — as
far as ion permeation is concerned — is the
electrical resistance across this cell layer [10],
which is commonly called the transepithelial
(transendothelial) electrical resistance (TER).
We here present AC impedance analysis as a
technique to determine TERs of epithelial or
endothelial cells cultured directly on gold sur-
faces thatare used as measuring electrodes [11].

IMFEDANCE SPECTROSCOFPY

Impedance spectrometer

Impedance data were acquired using a self-
constructed continuous wave spectrometer de-
veloped in our laboratories [12]. The experi-
mental setup for impedance analysis is illus-
trated in Fig. 1a. Controlled by a personal com-
puter a small sinusoidal AC voltage with
constant amplitude (U = 60 mV), supplied by
a frequency generator (Tektronix, FG5010), was
applied to the resistor Rg and the electrochemi-
cal system (ES) in series. LI and the voltage
drop across the electrochemical system LI,
were recorded by the impedance analyzer asa
function of frequency and converted to the
magnitude of the amplitude ratio | Uy(v)/Uy!,
ranging between 0 and 1 by definition. The
principle of this voltage divider is demon-
strated in Fig. 1b. We furthermore acquired the
phase angle ¢ (uv) between the two voltages Uy
and LI, as a function of frequency. The imped-
ance of the electrochemical system was re-
corded in the frequency range from 1 s™ to
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Fig.1.a. Experimental setup used for impedanceanalysis. b. Principle of impedance measurement. Ugdenotes
the voltage drop across the serial arrangement of the electrochemical system and the resistor Ro, supplied by
the frequency generator. Uy is the voltage drop across the electrochemical system. c. Measuring chambers
used for our investigations of either thin organic films (left) or cell monolayers (right).

100000 s™. Acquisition of impedance data
takes about 10 min recording 14 data points per

frequency decade.
Evaluation of the recorded data

We confined ourselves to the frequency de-
pendent magnitude of amplitude ratios for im-
pedance analysis, as the phase angle spectrum
does not provide any further informationabout
the electrochemical system but is linked to
lower signal to noise ratios. For a quantitative
analysis of the electrical parameters of the sys-
tem under investigation appropriate equival-
ent circuits were chosen to model each
experiment. In order to apply these equivalent
circuits to the recorded data it is first necessary
to transform the assumed complex impedance
of the network Z (v) to the corresponding trans-
fer function LI,/ Uy according to equation (1):

Ziv)

Uy
Eﬂ'{\'} - Z(v)+Ro

(1)

Exemplarily equation (2) describes the mag-
nitude of the transfer function for an equivalent
circuit consisting of a resistor R, and a capaci-
tor Cp, in parallel combined with a resistor R,
in series (compare Fig. 2):

(Rm + Re)” + (2mv)' RmREC
(Ro + Rm + Re)* + (2v)2(Rp + R RAMCh:

%{v}
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Fig. 2. a. Impedance spectra of a MP A-monolayer
on gold (@) and a DODAB-bilayer immobilized
onto the MP A-monolayer (O).

The MPA-monolayer was formed by a self-assembly pro-
cess of the thiol-molecules onto the gold surface. The
addition of DODAB-vesicles in 10 mM Tris, pH 8.6 led to
a bilayer formation by fusing of the vesicles onto the
negatively charged surface. The solid lines represent the
results of the fitting procedure. b. Schematic diagram of
the MPA-monolayer chemisorbed to the gold surface and
the DODAB-bilayer immobilized onto the MPA-mono-
layer. The equivalent circuits used for impedance data
analysis are given next to the schematic figure.
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The parameters of the transfer function are
fitted to the recorded data by means of a non-
linear-least-square-fit (NLSQ) according to the
Levenberg-Marquardt-algorithm [13].

Measuring chambers

The different electrode configurations for
either the investigation of thin organic films
(left) or cell monolayers fright) are shown in
Fig. 1c. Gold electrodes formed by evaporation
onto glass substrates were used in both appli-
cations.

Two equally designed gold electrodes were
chosen to study the properties of thin organic
films which are immobilized onto the gold sub-
strates. The measuring cell consists of a PTFE-
chamber with a volume of 4 ml sealed with a
KALREZ®-sealing ring (Busak & Shamban
GmbH & Co., Stuttgart, ER.G.).

In order to obtain impedance data of epithe-
lial or endothelial cell monolayers, we de-
veloped special measuring chambers, that
allow to culture the different cell types under
ordinary culture conditions (37°C, 5% CO,,
95% air, humidified atmosphere) and to record
impedance data withoutany disturbance of the
culture. Therefore a glass top supplied with a
screw cap is glued to the glass substrate by a
non-cytotoxic silicon glue. The gold films used
as measuring electrodes are prepared thin
enough to be transparent and therefore allow
to observe the cultured cells on top of the gold
electrodes with common light microscopes.
Each chamber was equipped with four small
sized working electrodes together with a com-
mon, large sized counter electrode in order to
determine local inhomogeneities of the electri-
cal parameters. A computer controlled relay
switch allows to change from one working elec-
trode to another.

RESULTS

Solid supported lipid bilayers

Different preparation techniques were de-
veloped in the last ten years to form solid sup-
ported lipid bilayers. We only investigated
membranes immobilized onto gold surfaces.
All preparation techniques are based on the
well-known chemisorption of thiol-function-
alized molecules onto gold.

One example of a solid supported bilayer onto
gold is given in Fig. 2. The first monolayer of
3-mercaptopropionic acid (MPA) was obtained
by exposing the freshly prepared gold elec-
trodes to a 10 mM MPA-solution in water. An
impedance spectrum of the MPA-monolayer is
showninFig. 2. Inorder toanalyze the obtained
data, we chose a simple equivalent circuit con-
sisting of a capacitor Cyqpa and a resistor R, in
series; Cpgpa represents the electrical behavior
of the monolayer, whereas R, includes the
ohmic behavior of the bulk electrolyte. The fit
provides a capacitance Cygpa of 8.1 puF/ cm?. A
pH-value of 8.6 was necessary to get fully de-
protonated MPA. The negatively charged sur-
face allows to fuse positively charged vesicles
of dimethyldioctadecyl-ammonium bromide
(DODAB) to the surface. The fusion of the
DODAB-vesicles onto the MPA-layer was a
rapid process and was finished after one hour
yielding a bilayer electrostatically bound on the
MPA-monolayer and only with small amount
of defects.

Fig. 2 also shows the obtained impedance
spectrum of a DODAB-bilayer on the pre-
formed MPA-monolayer. The equivalent cir-
cuit used for data analysis (Fig. 2) consists of a
parallel arrangement of the capacitor C, and
the resistor R, attributed to the electrical
properties of the bilayer, completed by a serial
resistor R, for the conductivity of the bulk. The
membrane resmtanﬂ;' R is determined to
about 1 MQ-cm?. The capacitance of the mem-
brane C., is calculated to 0.84 plchmzassumlng
that the capacitance of the preformed MPA
monolayer does not significantly contribute to
the total capacitance of the system.

In order to establish a solid supported system
containing a channel-forming ionophore with-
in the lipid bilayer matrix, the well-known
channel forming polypeptide, gramicidin D
from Bacillus brevis was chosen. This peptide
forms a pore of 4 A in diameter, which is selec-
tive for monovalent cations. Gramicidin D was
reconstituted into the DODAB-vesicles and
fused to the negatively charged MPA-mono-
layer as described above. In a concentration of
1:100 (protein:lipid) the peptide did not in-
fluence the bilayer-formation significantly. In
the absence of monovalent cations the capaci-
tance for the DODAB-bilayer with 1 mol% gra-
n'ucn:lm D reached a value of C,,=092 pF/

2, fitted with the equivalent circuit shown in
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Fig. 2. The membrane resistance R, was in the
range of 1 M- .cm”. The impedance spectra of
this gramicidin doped DODAB-bilayer
changed significantly in the presence of mono-
valent cations. Fig. 3 shows the impedance
spectra of the bilayer in the presence of 13 mM
and 31 mM CsCl, respectively. The simple equi-
valent circuit from Fig. 2 is not applicable to the
obtained data. To improve the parameter fit we
had to introduce an additional subcircuit rep-
resenting the ion-transport through the chan-
nel. It consists of a resistor R, which describes
the ion flux through the membrane, the capa-
citance Cy, of the membrane and a parallel
RC-subcircuit (Rpy, Cpy) representing the situ-
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Fig. 3. Impedance spectra of a gramicidin D (1
mol% ) doped DODAB-bilayer immobilized onto the
MPA-monolayer in the presence of 13 mM (O) and
31 mM (@) CsCL.

The salid lines reprresent the results of the fitting proce-
dure with the given equivalent circuit Ieadmg to the fol-

!amngpara:netm Con = {095+ 0. ﬂl} uF/em®, Rm = (500
tlﬁ}ﬂ .cm? Cpr= {Dﬁiﬂﬂz}uf'fnn Rpt=(7100% 700)
Q-cm® for the bilayer in ﬂ:epresenneuflﬂmMCsf_l and
Cm = (L.17 £ 0.02) u.'chm Rm = (330 %+ 10) - -::rn . Cpt=
(1.15 = 0.05) u.F;"cm Rpt-ﬂlmi?_m:!ﬂm fDrtlm
bilayer in the presence of 31 mM CsCl. The capacitance of
the MPA-munula}rer Cmra was kept constant to Cympa =

8.1 uF/cm’® during the fitting procedure. The resistor Rg
was adjusted to 1 kQ.

ation at the interface. Because of the increasing
admittance due to the ion-transport the imped-
ance contribution of the MPA-monolayer is no
longer neglectable and therefore forces to intro-
duce the capacitance Cppy in series to the de-
scribed network.

Corresponding experiments with tetra-
methylammonium chloride, which does not
permeate through the gramicidin D channels
because of its enlarged radius (data notshown),
were carried out. This ion did not influence the
impedance of the membrane.

Epithelial and endothelial cell monolayers

Impedance analysis was carried out for pri-
mary cultured endothelial cells from porcine
brain microvessels, epithelial cells from porcine
choroid plexus and the epithelial cell line
MDCK. Moreover, we investigated human skin
fibroblasts and smooth muscle cells from por-
cine aorta that are known not to exhibit barrier
properties due to the absence of special cell-cell
contacts, the so-called tight junctions.

Fig. 4a shows typical impedance spectra of the
gold electrodes with (O) and without leaky
epithelial cells (@) on top of their surfaces. The
spectrum of the uncovered gold electrode is
analyzed using an equivalent circuit that con-
sists of a capacitor Cg and a resistor Ry in
series. The capacitor represents the dielectric
properties of the electrode / electrolyte interface
whereas the resistor is mainly attributed to the
conductivity of the bulk electrolyte. ntita-
tive analysis reveals about 10 pF/cm” for the
capacitance of the electrode interface, which is
significantly lower than predicted from Gouy-
Chapman theory. We got several experimental
indications that the diminished capacitance is
due to the adsorption of medium ingredients to
the gold surface, most notably the adsorption
of cysteine and other thiol-compounds via self-
assembly processes. Furthermore we assume
that the adsorption of medium ingredients to
the gold surface provides the hydrophilicity
necessary for cell attachment, since it is well
known that gold surfaces are normally of hy-
drophobic nature and therefore unsuitable as
culture surfaces.

Considering the m of the cell covered
gold electrode in Fig. 4a (O), it is obvious from
the appearance of the spectrum that the
presence of the cell layer on top of the elec-

trodes alters the frequency dependent imped-
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ance of the electrochemical system in the fre-
quency range from 100 to 10000 s . This spec-
trum is analyzed using the equivalent circuit
depicted in Fig. 4b. Within this model the capa-
citor C,; and the resistor Ry, are attributed to
the electrode/ electrolyte interface and the bulk
electrolyte, respectively, as discussed above.
The cell monolayer is therefore represented by
the parallel arrangement of the resistor R.; and
the capacitor C. .. The given equivalent circuit

|, g
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Fig. 4. a. Typical impedance spectra of cell-free gold
electrodes (@) and gold electrodes covered with a
confluent monolayer of leaky epithelial cells (O)
(MDCK-II) in ordinary cell culture medium as bulk
electrolyte.

The solid lines represent the results of the fitting proce-
dures of the corresponding equivalent circuits. For the
cell-free gold electrodes: Cey = (10.7 + 1.1) pF/em?® and
Rpuly = (248 + 2} (1. For the cell-covered electrode: Cot =
(9.4 1 1) pF/em’, Rouix = (248 + 2) Q, Rey. = (112 £ 12)
Q-cm?, Cep =(1.3£0.2) WF/em?. The resistance of the bulk
electrolyte is not normalized to the surface area as it
depends on the height of the electrolyte solution in the
measuring chamber. The resistor Rp was adjusted to
250 £2. b. Interpretation of the equivalent circuit used for
data analysis. The capacitor Cc), and the resistor Re) in
parallel represent the passive electrical properties of the
cell monolayer on top of the electrodes. The resistor Rey,
is regarded to be equivalent to the transepithelial resist-
ance as described in the literature.

is the simplest model to fully describe the char-
acteristics of the obtained spectra using a mini-
mum number of parameters. In conclusion of
our experiments with high and low resistant
cell types as well as experiments that are com-
monly accepted to predictably affect TERs of a
cell monolayer, we interpret the resistor K. to
be equivalent to the transepithelial resistance
[8]. The spectrum in Fig. 4a is typical for
“leaky” epithelia and endothelia with spec:hy:
resistances in the range of 50 to 200 Q- .cm?, We
found this type of spectrum for MDCK-II cells,
epithelial cells form porcine choroid plexusand
endothelial cells from porcine brain capillaries.
The results of equivalent circuit modelling re-
vealed individual TERs for these cell types in
accordance with published data as detailed in
Table 1. MDCK-I cells on top of the gold elec-
trodes altered the frequency dependent imped-
ance of the electrochemical system m the
frequency range from 100 to 10000 s more
strongly than the other cell types (data not
shown). These cells have recently been re;
ported to have TERs of more than 2000 Q-cm?

and therefore are classified to belong to the

“tight” epithelia. Quantitative analysis of these
impedance spectra pmwdes TER values in the
range of 1000 to 3000 Q-cm” in good agreement
with published data (compare Table 1).

Impedance analysis not only reveals the re-
sistance across the cell layer R.; but also its
capacitance C_| . Without going into details, it
is interesting to note that the caPaq:ltances of
epithelial cell layers (1-3 uF/cm®) are signifi-
cantly larger than those ﬂbtamed for endothe-
lial cells (0.5-08 uF.a"cm ). It remains to be
elucidated what are the main factors influenc-
ing the monolayers’ capacitances.

Impedance spectra of human skin fibroblasts
on top of the electrodes are very similar to the
spectra of the uncovered electrodes (not
shown) and therefore these cell types are hardly
detectable by impedance spectroscopy. These
cell monolayers are not able to prevent ion
permeation through the paracellular shunt due
to the absence of tight junctions thatare capable
to occlude the intercellular clefts and thus they
do not build up considerable electrical resistan-
ces. In terms of equivalent circuit modelling,
the capacitor C.. is more or less short cut by the
very low resistance of R_;..

Fig. 5a illustrates the time development of
impedance spectra for MDCK-II cells starting
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Fig.5.a. Time development of impedance spectra for
MDCK-II cells from seeding to confluence and sub-
sequent in the culture.

The time course illustrates the establishment of a con-
fluent monolayer on top of the electrodes. Increasing
culture times are marked by the following symbols: (O) 3
h, (A)64 1, (V) 76 b, (0) 135 b, (+) 150 h, (@) 321 h. b. Time
course of the parameter Ro1 as deduced from the spectra
of confluent cell monolayers.

Table 1
Transepithelial (transendothelial) resistances Re).
as determined with our technique (1S) compared

to literature data
TER
Cell type R‘d Ej’l} /| (iterature) /
Q-cm
MDCK-I 400-3500 | 2500-5000 [14]
MDCK-11 40-100 50-70 [14]
Choroid plexus
epithelial cells 80-170 | 99+15 [15]
Porcine brain
siclothalial cells 30-80 65+17 [16]

shortly after seeding a very diluted cell suspen-
sion into the measuring chamber. The typical
spectrum for confluent monolayers consisting
of two distinct frequency dependent regions is
continuously established during cell growth. A
confluent monolayer has been formed after
about 150 h in culture (dependent on the seed-
ing density). As the equivalent circuit, dis-
cussed above, is only a meaningful model for
confluent monolayers, we can evaluate only
those spectra for culture times longer than 150
h. The parameter R, as it is deduced from
fitting these spectra is traced against the culture
time in Fig. 5b. Afhar reaching a maximum of
about 220 Q-cm” the resistance dEcl'EaEE'S to a
steady state value of 90 to 100 Q-cm” that re-
mains constant for more than ten days in culture.
This time course of TERs is typical for MDCK-II
cell monolayers and has already been reported
[17]. This experiment exemplarily validates our
interpretation of the equivalent circuit.

DISCUSSION

Impedance spectroscopy was introduced as a
powerful tool to determine TERs of immobi-
lized epithelial cells onto gold as well as the
electrical behavior of artificial solid supported
membranes. It should also be pointed out that
impedance spectroscopy is valuable to study
ion transport within both systems. Useful infor-
mation of several details concerning the pro-
cess of penetration and permeation of ions are
accessible by fitting the parameters of appro-
priate equivalent circuits to the recorded data.

Solid supported lipid bilayers

Impedance spectroscopy is well established
to detect defects in chemisorbed or physi-
sorbed thin organic films on solid supports. In
our case we used this method to determine the
electrode coverage of an electrostatically
bound DODAB-bilayer on a chemisorbed
monolayer of MPA. Considering equation (3),
arising from the fact that in the case of holes in
the bilayer the capacitance of the MPA-layer is
in parallel to the defect-free membrane frag-
ment, it can be easily deduced that small
amounts of holes in the coverage yield in an
increased overall capacitance of the film:

Cm = 8Ca + (1-9)CMmPpa (3)
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(i denotes the measured capacitance of the
DODAB-bilayer, © the electrode coverage of
the bilayer, Cyqpa the capacitance of the pre-
formed MPA-layer and Cgp, is the calculated
capacitance of the defect-free bilayer (dfb) as-
suming that the bilayer behaves as a plate con-
denser:

Cdiv=€n Er% {4)

In equation (4) A abbreviates the electrode
area, d is the thickness of the adsorbed film
(about 4 nm), gy denotes the dw!ectnc perrmt—
tivity of free space (8.854- 102 As.vim™, £
denotes the dielectric permittivity of the bilayer
relative to free space (2.4). The low value of &,
arises from the unpolar alkyl chains, the domi-
nating part of the molecule with respect to its
length. The specific capacitance Cygp, may be
calculated to 0.53 pF/cm?. Inserting this value
for Cygg, in equahﬂn (3) together with Cygpa =
8.1 uF/em? the electrode coverage of the
DODAB-bilayer on MPA is calculated t0 95.9 %.
Thus, the electrode coverage is sufficiently high
with respect to the possible observation of ion-
transport through the bilayer.

The reconstitution of the channel-forming
peptide gramicidin D in DODAB-bilayers has
several advantages. First of all gramicidin D
reconstitutes into DODAB-vesicles exhibiting
mainly channel conformation as shown by CD-
measurements (data not shown) [6]. Moreover
the presence of the peptide does not disturb the
DODAB-bilayer formation. The impedance
spectra of DODAB bilayers doped with gra-
micidin D cannot be fitted by the simple equi-
valent circuit shown in Fig. 2. In Fig. 3 we
present an equivalent circuit, that describes the
data well. In the presence of CsCl the capaci-
tance Cp, of the DODAB bilayer with incorpor-
ated gramicidin D increases perhaps due to a
higher dielectric permittivity in the membrane
phase arising from the cation within the lipid
bilayer or processes concerned with the lipid-
water interface. In addition the membrane re-
sistance as well as the impedance of the
subcircuit (Rpy, Cpy) decreases with i tmreasmg
mm:emrabnns of the monovalent cation Cs™ in
the bulk phase. The selectivity of the ion-
transport through the bilayer could be dem-
onstrated by the use of tetramethylammo-
nium chloride which does not penetrate gra-
micidin D channels.

Epithelial and endothelial cell monolayers

Up to now the determination of transepithe-
lial resistances was limited to cell monolayers
cultured on water permeable supports as for
example filter inserts made from porous mem-
branes that divide the culture dish in two com-
partments. These methods call for sandwich-
arrangements of the measuring electrodes on
opposite sides of the monolayer. Impedance
analysis of gold electrodes covered with epithe-
lial or endothelial cell monolayers allows to
determine their electrical parameters on a non-
permeable substrate. Therefore, conditions
cells are normally exposed to in ordinary cul-
ture dishes are maintained in the presented
technique. The good agreement of our results
compared to literature data, as detailed in Table
1, indicates that it is of no significant influence
on the TER values whether the cells are cul-
tured on permeable or nonpermeable supports
—at least for those cell types investigated in the
present study.

The most popular technique to study TERs of
cultured monolayers applies DC currents
across a cell covered filter insert and detects the
corresponding voltage drop. The resistance of
the cell layer may therefore be calculated using
Ohm'’s law including a correction for the resist-
ance of the empty filter insert and the conduc-
tivity of the bulk. Using impedance spectro-
scopy asdescribed above, transepithelial resist-
ances are determined directly without the
necessity of the mentioned corrections since the
resistance of the bulk is separately determined
within equivalent circuit modelling. The inde-
pendence of control measurements is one rea-
son for the improved sensitivity of the
impedance technique. With respect to the equi-
valent circuit given in Fig. 4 it is obvious that
the cell layer’s passive electrical properties are
also reflected by the parameter C.j Therefore,
the impedance technique provides more than
one independent parameter as a measure for
the cell layer’s ion permeability.

Some authors [18] recently proposed to use
empirical instead of ideal impedance elements
to describe the impedance characteristics of the
interface between cell surface and bulk electro-
lyte (here modelled as a simple capacitor). A
constant phase element (CPE) is such an em-
pirical impedance element and it is charac-
terized by animpedanceof Z =1/(i-w-A)". The
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parameters A and n represent the specific
properties of the CPE. Values for the parameter
n range between 0 and 1 and are discussed to
reflect the fractal nature of the interface be-
tween cell surface and bulk phase. Replacing
the capacitor C, in our equivalent circuit by
such a CPE generally improves the quality of
the parameter fits indicating better agreement
between model and experiment. But as long as
a precise physical model for the CPE and its
parameters is still lacking, one has to be careful
to interpret the results of the parameter fit.
Therefore we prefer to use solely ideal imped-
ance elements to model the electrochemical
system.

Using more complex equivalent circuits to
simulate epithelial or endothelial cell mono-
layers, as described in the literature [19], it is
possible to get very detailed information about
the electrical properties of the cell layer in terms
of resistances and capacitances of the two plas-
ma membrane domains and the intercellular
space. This technique is of great advantage in
investigations concerning the regulation of epi-
thelial and endothelial barrier function. How-
ever, these complex electrical networks are not
applicable to our data since they call for imped-
ance measurements with microelectrodes that
are able to determine local — probably even
intercellular — impedance data.
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