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Abstract
An exposure of a biological cell to an electric field results in the induced
transmembrane voltage (ITV) proportional to the strength of the electric field
and superimposed onto the resting transmembrane voltage for the duration of
the exposure. The ITV can have a range of effects from modification of the
activity of voltage-gated channels to membrane electroporation, and accurate
knowledge of spatial distribution and time course of the ITV is important both
for the studies of these phenomena and for effectiveness of their applications.
Unlike the resting component of the transmembrane voltage, the induced
component varies with position on the membrane, it depends on the shape of
the cell and its orientation with respect to the electric field, and in dense cell
suspensions and tissues also on the volume fraction occupied by the cells.
Inducement of the ITV is a process characterized by a time constant, which
amounts to tenths of a microsecond under physiological conditions. As a
consequence, the time course of the ITV lags the time course of the electric
field that induces it, and for exposures to alternating fields with frequencies
above 1 MHz or to pulses with durations below 1 μs, the amplitude of the ITV
induced by the field of a given amplitude starts to decrease with further increase
of the field frequency or with further decrease of the pulse duration. With field
frequencies approaching the GHz range or with pulse durations in the ns range,
this attenuation of the ITV comes to a halt, and the voltages induced on the
organelle membranes inside the cell can reach the same order of magnitude as
the voltage induced by the same field on the plasma membrane, and under
certain conditions even exceed it. After the description of methods for analytical
derivation and numerical computation of the ITV, the main techniques for
experimental determination of ITV are also outlined.
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Introduction

From the electrical point of view, the cell can roughly be described as an electrolyte
(the cytoplasm) surrounded by an electrically insulating shell (the plasma mem-
brane), and the natural surroundings of a cell typically also resemble an electrolyte
quite closely. Under such conditions, when a cell is exposed to an electric field, the
field locally concentrates within the membrane, which thus shields the cytoplasm
from the exposure. For this reason, the internal structure of the cell is unimportant,
except with rapidly time-varying electric fields, where, as discussed in section “High
Field Frequencies and Very Short Pulses,” the transient exposure of the intracellular
structures to the field must also be taken into account for proper analysis, and both
the membrane and its surroundings have to be treated as materials with a both
nonzero electric conductivity and a nonzero dielectric permittivity.

The concentration of the electric field inside the membrane results in a consider-
able electric potential difference across the membrane, termed the induced trans-
membrane voltage (ITV), which superimposes onto the resting transmembrane
voltage (RTV) resulting from the imbalances between intracellular and extracellular
ion concentrations and amounting under physiological conditions to tens of milli-
volts. After the electric field ceases, so does the ITV, and only the RTV remains on
the membrane. Modification of transmembrane voltage through ITV can affect the
functioning of voltage-gated membrane channels, thus initiating action potentials
and stimulating excitable cells (Bedlack et al. 1994; Cheng et al. 1999; Burnett
et al. 2003), and when sufficiently large it can also lead to either reversible or
irreversible electroporation of the cells’ plasma membrane (Neumann et al. 1999),
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with the porated membrane regions closely correlated with the regions of the highest
absolute value of transmembrane voltage (Kotnik et al. 2010). It should be noted that
not only does the ITV affect electroporation, but once the membrane is
electroporated, its significantly increased electric conductivity also affects the ITV,
which decreases from the value induced immediately before the onset of electropo-
ration, and generally the more intense the electroporation, the larger is this decrease.

Using Ψ to denote electric potential, transmembrane voltage is the difference
between the potentials at the inner and the outer membrane surface, Ψint and Ψext,
and in physiology RTV is always defined and measured as

ΔΨm ¼ Ψint �Ψext ; (1)

so that a negative value reflects a lower electric potential of the cytosol with respect
to the cell exterior. For superposition of the ITVonto the RTV to be applicable also
formally, one should adhere to Eq. 1 also when characterizing the ITV, and this
chapter does so; thus, the RTV can be superimposed to the ITV by simple mathe-
matical addition to yield the total transmembrane voltage, and this chapter hence-
forth only deals with the induced transmembrane voltage, using the acronym ITV in
the text and the notation ΔΨm in the formulae.

From the geometrical point of view, the cell can be characterized as a geometric
body (the cytoplasm) surrounded by a shell of uniform thickness (the membrane).
For suspended cells, the simplest model of the cell is a homogeneous sphere
surrounded by a spherical shell. For augmented generality, the sphere can be
replaced by a cylinder (e.g., as a model of the axon of a neuron), a spheroid (e.g.,
an oblate spheroid as a model of an erythrocyte or a prolate spheroid as a model of a
bacillus), or an ellipsoid, but with spheroids and ellipsoids the realistic requirement
of uniform membrane thickness complicates the geometrical description of the shell:
if its outer surface is characterized as a spheroid or an ellipsoid, its inner surface lacks
a simple geometrical characterization and vice versa. The steady-state ITV on the
plasma membrane of such cells can, however, still be determined analytically.

Spheres, spheroids, and ellipsoids are reasonable models for most suspended cells
but not for those in tissues. No simple geometrical body can model a typical cell in a
tissue, where furthermore each cell generally differs in its shape from the rest. With
cells of irregular shape and/or close to each other, the ITV cannot be derived
analytically and cannot be formulated as an elementary mathematical function.
This deprives us of some of the insight available from explicit expressions, but
with spatial and temporal discretization on modern computers, the ITV induced on
an irregular cell of interest can still be estimated rather accurately, provided that the
three-dimensional shape of this cell is determined with sufficient accuracy. Numer-
ical computation is generally also required to assess the ITV after the cell is
electroporated, as this increases the electric conductivity of the membrane signifi-
cantly (invalidating its treatment as an insulating shell) and moreover nonuniformly.

Section “Analytical Derivation and Numerical Computation of ITV” provides a
more detailed description of methods for analytical derivation and numerical
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computation of ITV, while section “Experimental Determination of ITV” outlines
the main techniques for experimental determination of ITV.

Analytical Derivation and Numerical Computation of ITV

Spherical Cells

For an exposure to a homogeneous electric field, the ITV is determined by solving
Laplace’s equation. Although biological cells are not perfect spheres, in the simplest
theoretical treatment they are considered as such, and for an approximation, the
plasma membrane can be treated as nonconductive. Under these assumptions, the
process of solving Laplace’s equation with appropriate boundary conditions (Kotnik
and Pucihar 2010) yields a description of the ITVoften referred to as the steady-state
Schwan’s equation (Pauly and Schwan 1959),

ΔΨm ¼ 3

2
ER cos θ ; (2)

where E is the strength of the electric field in the region where the cell is situated (i.e.,
the local electric field), R is the cell radius, and θ is the angle measured from the
center of the cell with respect to the direction of the field. The ITVon the membrane
of a spherical cell is thus proportional to the applied electric field and to the cell
radius and has extremal values at the points where the field is perpendicular to the
membrane, i.e., at θ = 0� and θ = 180� (the “poles” of the cell), while in-between
these poles it varies proportionally to the cosine of θ (see Fig. 1, dashed).

The value of the ITV given by Eq. 2 is typically established several μs after the
onset of the electric field. With exposures to a DC field lasting hundreds of
microseconds or more, this formula can safely be applied to yield the maximal,
steady-state value of the ITV. To describe its transient behavior during the initial
microseconds, one uses the first-order Schwan’s equation (Pauly and Schwan 1959),

ΔΨm ¼ 3

2
ER cos θ 1� exp �t=τmð Þð Þ ; (3)

where τm is the time constant of membrane charging,

τm ¼ R em

2d
σiσe

σi þ 2σe
þ Rσm

(4)

with σi, σm, and σe the conductivities of the cytoplasm, cell membrane, and extra-
cellular medium, respectively, εm the dielectric permittivity of the membrane, d the
membrane thickness, and R again the cell radius.

In certain experiments in vitro, where artificial extracellular media with conduc-
tivities substantially lower than physiological are used, the factor 3/2 in Eqs. 2 and 3
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decreases in value, as described in detail in (Kotnik et al. 1997). But generally, Eqs. 3
and 4 are applicable to exposures to sinusoidal (AC) electric fields with frequencies
below 1 MHz and to electric pulses longer than 1 μs.

To determine the ITV induced by even higher field frequencies or even shorter
pulses, the dielectric permittivities of the electrolytes on both sides of the membrane
also have to be accounted for. This leads to a further generalization of Eqs. 3 and 4 to
the second-order Schwan equation (Grosse and Schwan 1992; Kotnik et al. 1998;
Kotnik and Miklavčič 2000a), and the results it yields will be outlined in subsection
“High Field Frequencies and Very Short Pulses.”

Nonspherical Geometrically Regular Cells

Another direction of generalization is to assume a cell shape more general than that
of a sphere. The most straightforward generalization is to a spheroid (a geometrical
body obtained by rotating an ellipse around one of its radii, so that one of its
orthogonal projections is a sphere and the other two are the same ellipse) and further
to an ellipsoid (a geometrical body in which each of its three orthogonal projections
is a different ellipse). To obtain the analogues of Schwan’s equation for such cells,

Fig. 1 Normalized steady-state ITVas a function of the polar angle θ for spheroidal cells with the
axis of rotational symmetry aligned with the direction of the field. Solid: a prolate spheroidal cell
with R2 = 0.2 � R1. Dashed: a spherical cell, R2 = R1 = R.Dotted: an oblate spheroidal cell with
R2 = 5 � R1
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one solves Laplace’s equation in spheroidal and ellipsoidal coordinates, respectively
(Kotnik and Miklavčič 2000b; Gimsa and Wachner 2001; Valič et al. 2003). Besides
the fact that this solution is by itself somewhat more intricate than the one in
spherical coordinates, the generalization of the shape invokes two additional com-
plications outlined in the next two paragraphs.

A description of a cell is geometrically realistic if the thickness of its membrane is
uniform. This is the case if the membrane represents the space between two
concentric spheres but not with two confocal spheroids or ellipsoids. As a result,
the thickness of the membrane modeled in spheroidal or ellipsoidal coordinates is
necessarily nonuniform. By solving Laplace’s equation in these coordinates, one
thus obtains the spatial distribution of the electric potential in a nonrealistic setting.
However, for cells surrounded by a physiological medium and with nonporated
membranes, the electric conductivity of the membrane can be neglected (i.e., the
membrane is treated as an insulator), and the steady-state ITV obtained in this
manner is still realistic, as the electric potential everywhere inside the cytoplasm is
constant, and the geometry of the inner surface of the membrane does not affect the
potential distribution outside the cell, which is the same as if the cell would be a
homogeneous nonconductive body of the same shape; a rigorous discussion of the
validity of this approach is given in (Kotnik and Miklavčič 2000b). Figure 1 shows
the ITV for a spherical cell, as described by the steady-state Schwan’s equation, and
for two spheroidal cells with their axis of rotational symmetry aligned with the
direction of the field, as described by the expressions analogous to the Schwan’s
equation that are valid for such cell shapes (Kotnik and Pucihar 2010).

For nonspherical cells, it is generally more revealing to express the ITV as a
function of the arc length along the membrane rather than as a function of the angle θ
on the membrane (for a sphere, the two quantities are directly proportional). For
uniformity, the normalized version of the arc length is used, denoted by p and
increasing from 0 to 1 equidistantly along the arc of the membrane. This is depicted
in Fig. 2 for the three cells for which the ITVas a function of θ is shown in Fig. 1, and
in this chapter all subsequent plots of the ITV for nonspherical cells will be presented
in this manner.

The second complication of generalizing the cell shape from a sphere to a spheroid
or an ellipsoid is that the ITV now also depends on the orientation of the cell with
respect to the electric field. To deal with this, one decomposes the field vector into the
components parallel to the axes of the spheroid or the ellipsoid and writes the ITVas a
corresponding linear combination of the ITV for each of the three coaxial orientations
(Gimsa and Wachner 2001; Valič et al. 2003). Figures 3 and 4 show the effect of
rotation of two different spheroids with respect to the direction of the field.

Irregularly Shaped Cells

For an irregularly shaped cell, the ITV cannot be expressed as an elementary
mathematical function, since for such a geometry Laplace’s equation is not solvable
analytically, but using modern computers and the finite-elements method

1116 T. Kotnik



implemented in software packages such as COMSOL Multiphysics, the ITV on a
given irregular cell can be determined numerically (Pucihar et al. 2006; Pucihar
et al. 2009a). With a sufficiently accurately determined three-dimensional shape of
the cell and with sufficiently fine spatial and temporal resolution, the ITVobtained in
this manner is quite accurate, but it should be kept in mind that the set of ITV values
so obtained over the membrane of the cell under consideration is only applicable to
this cell, i.e., for the cell of the particular shape and size for which the three-
dimensional shape has been determined and on which the ITV has been computed.
Figure 5 shows examples of two cells growing in a Petri dish and the ITV computed
on their membranes.

Cells in Dense Suspensions and Tissues

In natural situations the cells are rarely isolated, and when they are sufficiently close
to each other, the mutual distortion of the field caused by their proximity becomes
nonnegligible. Often, the cells are also in direct contact, forming two-dimensional
(monolayers attached to the bottom of a dish) or three-dimensional (tissues) struc-
tures, and they can even be electrically interconnected.

Fig. 2 Normalized steady-state ITVas a function of the normalized arc length p for spheroidal cells
with the axis of rotational symmetry aligned with the direction of the field. Solid: a prolate
spheroidal cell with R2 = 0.2 � R1. Dashed: a spherical cell, R2 = R1 = R. Dotted: an oblate
spheroidal cell with R2 = 5 � R1
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In dilute cell suspensions, the distance between the cells is much larger than the
cells themselves, and the local field outside each cell is almost unaffected by the
presence of other cells. Thus, for cells representing less than �1% of the suspension
volume (for spherical cells with radii of �10 μm, this corresponds to up to �2
million cells/ml), the deviation of the actual ITV from the one predicted by Schwan’s
equation is negligible. However, as the volume fraction occupied by the cells gets
larger, the distortion of the local field around each cell by the presence of other cells
in the vicinity becomes more pronounced, and the ITV starts to differ noticeably
from the prediction yielded by Schwan’s equation (Fig. 6), and an accurate estima-
tion of the ITV must be assessed either numerically of by analytical approximations
(Susil et al. 1998; Pavlin et al. 2002). Regardless of the volume fraction the cells
occupy, suspended cells float rather freely, so their arrangement is on average rather
uniform, resembling a face-centered cubic lattice, which is thus the most appropriate
choice for models of dense cell suspensions (Pavlin et al. 2002; Pucihar et al. 2007).

For even larger volume fractions of the cells, the electrical properties of the
suspension start to approach that of a tissue but only to a certain extent; the
arrangement of cells in tissues does not necessarily resemble a face-centered lattice,
since cells differ from each other, form specific structures (e.g., layers), and can also
be directly electrically coupled (e.g., through gap junctions).

Fig. 3 Normalized steady-state ITV as a function of p for a prolate spheroidal cell with
R2 = 0.2 � R1. Solid: axis of rotational symmetry (ARS) aligned with the field. Dashed: ARS at
45� with respect to the field. Dotted: ARS perpendicular to the field
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High Field Frequencies and Very Short Pulses

The time constant of membrane charging (τm) given by Eq. 4 implies that there is a
lag between the time courses of the external field and the ITV induced by this field.
As mentioned above, τm (and thus the lag) is in tenths of a microsecond under
physiological conditions but can be longer when cells are suspended in a medium
with electric conductivity substantially below physiological levels. For alternating
(AC) fields with the oscillation period much longer than τm, as well as for rectan-
gular pulses much longer than τm, the effect of this lag on the amplitude of the ITV is
negligible. However, for AC fields with the period shorter than τm, as well as for
pulses shorter than τm, the amplitude of the ITV gets attenuated by the lag, and with
further increase in field frequency or decrease in pulse duration, the amplitude of the
ITV induced by the field of a given amplitude starts to decrease. Figure 7 shows this
attenuation for a spherical cell; the low-frequencies plateau of the amplitude and its
intermediate-frequencies decrease are both described by the first-order Schwan’s
equation, but the high-frequencies plateau is only described by the second-order
version of this equation, for derivation of which all electric conductivities and
dielectric permittivities are taken into account (Kotnik et al. 1998; Kotnik and
Miklavčič 2000a).

Fig. 4 Normalized steady-state ITV as a function of p for an oblate spheroidal cell with
R2 = 5 � R1. Solid: axis of rotational symmetry (ARS) aligned with the field. Dashed: ARS at
45� with respect to the field. Dotted: ARS perpendicular to the field
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With field frequencies approaching the GHz range or with pulse durations in the
ns range, this attenuation of the ITV comes to a halt, and the voltages induced on the
organelle membranes inside the cell are of the same order of magnitude as the
voltage induced by the same field on the plasma membrane. In certain circum-
stances, particularly if the organelle interior is electrically more conductive than
the cytosol or if the organelle membrane has a lower dielectric permittivity than the
cell membrane, the ITVon the membrane of such an organelle can temporarily even
exceed the ITVon the plasma membrane (Kotnik and Miklavčič 2006). In principle,
this could provide a theoretical explanation for reports that very short and intense
electric pulses (tens of ns, millions of V/m) can also induce electroporation of
organelle membranes (Schoenbach et al. 2001; Beebe et al. 2003; Tekle
et al. 2005; Batista Napotnik et al. 2016).

Experimental Determination of ITV

An alternative to the analytical and numerical methods for determining the ITV are
the experimental techniques – measurements of the ITV with microelectrodes and
with potentiometric fluorescent dyes. Microelectrodes were used in pioneering
measurements of the action potential propagation, first conventionally (Ling and
Gerard 1949) and later as patch-clamp electrodes (Neher and Sakmann 1976),

Fig. 5 Normalized steady-state ITV as a function of p for two irregularly shaped cells growing on
the flat surface of a Petri dish, with the inset showing the top view of the cells
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preferred for their simple use and high temporal resolution. However, the invasive
nature of measurements and low spatial resolution are considerable shortcomings of
this approach. Furthermore, the physical presence of the conductive electrodes
during the measurement affects the distribution of the electric field around them
and thus also the ITV. In contrast, measurements by means of potentiometric dyes
are noninvasive, offer much higher spatial resolution, and do not distort the electric
field and consequently the ITV. In addition, a potentiometric measurement can be
performed simultaneously on a number of cells. For these reasons, the potentiomet-
ric dyes have during the last decades become the predominant method in experi-
mental studies and measurements of the ITV, and the remainder of this chapter
focuses exclusively on this approach.

Potentiometric Dyes

Based on their response mechanism, potentiometric dyes are divided into two
classes: (i) slow potentiometric dyes that are translocated across the membrane by
an electrophoretic mechanism, which is accompanied by a fluorescence change and
(ii) fast potentiometric dyes that incorporate into the membrane, with energy levels

Fig. 6 Normalized steady-state ITVas a function of p for spherical cells in suspensions of various
densities (intercellular distances). Solid: The analytical result for a single cell as given by Eq. 2.
Dashed: numerical results for cells arranged in a face-centered cubic lattice and occupying (with
decreasing dash size) 10%, 30%, and 50% of the total suspension volume
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of their electrons and consequently their fluorescence properties dependent on
transmembrane voltage.

Electric pulses used in electrophysiological and electroporation-based applica-
tions usually have durations in the range of microseconds to milliseconds. To
measure the ITV induced by such pulses, fast potentiometric dyes have to be used.
These respond to changes in the ITV within microseconds or less, which makes them
suitable even for measurements of the transient effects. Slow dyes, on the other hand,
need several seconds to respond to a change in the transmembrane voltage, and while
some of them, particularly rhodamine and several carbocyanines, are efficient in the
measurements of the RTV, their tardiness makes them largely useless for analysis of
the ITV.

One of the most widely used fast potentiometric dyes is di-8-ANEPPS (di-8-
butylamino-naphthyl-ethylene-pyridinium-propyl-sulfonate), developed by Leslie
Loew and colleagues at the University of Connecticut (Gross et al. 1986; Loew
1992). This dye is nonfluorescent in water but becomes strongly fluorescent when
incorporated into the lipid bilayer of the cell membrane, thereby making the mem-
brane highly visible. This enables the construction of spatial numerical models of
cells from a set of cross-section fluorescence images (Pucihar et al. 2006), and thus
provides a possibility to compute the ITVon the same cells on which an experiment
is carried out.

Fig. 7 The amplitude of normalized steady-state ITVas a function of the frequency of the AC field.
The dashed curve shows the first-order and the solid curve the second-order Schwan’s equation.
Note that both axes are logarithmic
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The fluorescence intensity of di-8-ANEPPS varies proportionally to the change of
the ITV; the response is linear for voltages ranging from �280 to +250 mV
(Lojewska et al. 1989; Cheng et al. 1999). Relatively small changes in fluorescence
of the dye, uneven membrane staining, and dye internalization make di-8-ANEPPS
less suitable for measurements of the resting membrane voltage, although such
efforts were also reported (Zhang et al. 1998). It is, however, well suited for
measuring larger changes in membrane voltage, such as the onset of the ITV in
nonexcitable cells exposed to external electric fields (Gross et al. 1986; Montana
et al. 1989) or action potentials in excitable cells (Bedlack et al. 1994; Cheng
et al. 1999). In addition, di-8-ANEPPS allows for determination of the ITV by
ratiometric measurements of fluorescence excitation (Montana et al. 1989) or emis-
sion (Knisley et al. 2000), which increases the sensitivity of the response.

Image Acquisition and Data Processing

As the sensitivity of fast potentiometric dyes to the changes of the ITV is low
(typically, a change by 100 mV results in the change of fluorescence intensity by
2–12%), the fluorescence changes are hardly discernible by the naked eye but
become apparent with appropriate image processing and analysis.

This procedure is performed in several steps (Pucihar et al. 2009b). First, a pair of
images is acquired: the control image (immediately before the exposure to the electric
field) and the exposure image (during the delivery of the electric field pulse); to get a
more reliable measurement, a sequence of pulses can be applied, with both the control
and the exposure image acquired for each pulse. Second, the background fluorescence
is subtracted from both images. Third, the region of interest corresponding to the
membrane is determined for the cell under investigation, and the fluorescence inten-
sities along this region in the control and pulse image are measured. Fourth, for each
pulse, the control data are subtracted from the pulse data, and the result divided by the
control data to obtain the relative fluorescence changes; if a sequence of pulses is
applied, the values of relative fluorescence changes determined for each pulse can be
averaged. Finally, the relative fluorescence changes are translated into ITV using the
di-8-ANEPPS calibration curve; a rough estimation of this curve can be obtained from
the literature, but for higher accuracy, it must be measured for each particular setup, as
shown in Fig. 8. Calibration is performed with either (i) valinomycin, a potassium
ionophore, and a set of different potassium concentrations in external medium
(Montana et al. 1989; Pucihar et al. 2006, or (ii) patch clamp in voltage-clamp
mode (Zhang et al. 1998). For a graphical description of the results, the ITV can be
plotted as a function of the relative arc length. A brief summary of the described
process in given in Fig. 9, showing a cell stained with di-8-ANEPPS, the processed
image reflecting the ITV, and the plot of the ITValong the cell membrane. To remove
some of the noise inherent to potentiometric measurements, the ITV curve can be
smoothed using a suitable filter (e.g., a moving average).
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Conclusions

Knowledge and understanding of transmembrane voltage and the process of its
inducement in cells exposed to electric fields are important in electrophysiology,
and perhaps even more so in research of electroporation and development of
electroporation-based technologies and treatments. As outlined in this chapter,
inducement of the ITV is a process, and although for alternating electric fields
with frequencies up to the kHz range and for electric pulses lasting tens of μs or
longer, it can be approximated as instantaneous, for higher frequencies and shorter
pulses the inducement’s time course must also be taken into account for an accurate
description of the ITVand its effects. In the context of electroporation, the key aspect
is the close correlation between the ITV and the electroporation-mediated transport
across the membrane: the membrane regions with the highest absolute value of the
ITV are commonly also the ones where the transport proceeds the fastest. While the
ITV induced by a given electric field can generally be predicted quite accurately by
means of analytical or numerical calculation, a valuable experimental complement in
determination of the ITV is found in fast potentiometric dyes that allow, with
adequate sample preparation, dye fluorescence calibration, image acquisition, and
data processing to determine the actual ITV and compare it to the calculated
predictions.

Fig. 8 An example of the experimental calibration curve for measurements of the ITV with di-8-
ANEPPS
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Fig. 9 Determination of the steady-state ITV with di-8-ANEPPS. Top left: Raw fluorescence image
of a cell stained with di-8-ANEPPS. Top right: Processed image reflecting the ITV. Bottom: steady-
state ITVas a function of p determined from the processed image using the calibration curve shown
in Fig. 8
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▶Critical Electric Field and Transmembrane Voltage for Lipid Pore Formation in
Experiments
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