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We analyse the charge distribution as submitted by additionally induced transmembrane potentizls in rotating electric
fields. In contrast to d.c. and a.c. fields, in rotating fields the induced peak potential differences across the membrane
systems are phase shifted with respect both to each other and to the external field vecter. These phase differences are
strongly frequency-dependent but were also influenced by the electrical properties of both the cell and the surounding
medium. We extend our investigation up to the non-linear field strength range of electrorotation and found reversible
and imreversible changes in the rotational behavior of several cells. The most convenient variables for describing
non-linear electrorotation are the characteristic frequency ( f,) and the corresponding angular velocity (w,) of the cells.
With increasing ficld strength the observed rotational behavior becomes more and more irreversible and finally rupture

of the membrane occums.

Introduction

Amold and Zimmermann [1] were the first to study
the rotation of plant cells in rotating electric fields. The
rotation phenomena of cells, named electrorotation, was
further investigated both experimentally and theoreti-
cally [2-5], and found useful for analysing electric prop-
erties of individual cells in suspension.

Theoretical investigations have shown that the rota-
tion measurements reflect the dielectric constants and
conductivitics of the cell components, especially that of
the membrane systems [4,5)].

The field strength applied in most experiments de-
scribed in the literature ranges between 2 and 10 kV/m.
In a theoretical paper [6] we calculated the rotating
field-induced transmembrane potentials and found the
induced peak membrane potentials to be phase shifted
both with respect to each other (if more than one
membrane system exists, e.g. in plant protoplasts), as
well as in comparison to the rotating ficld vector.

Depending on the cell size, cells are able to rotate at
angular velocities of more than 10 rev/s without any
damage near the breakdown field strength. From a
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theoretical point of view we postulated that with in-
creasing field strength non-linear field effects should be
become more and more visible in the rotation spectra.
In such a case the relationship between the electric
polarization and the field strength must also become
non-linear. According to our theoretical assumptions
[3.6]. non-linearities must be reflected not only in a
changed dependence of the angular velocity of the cell
(w,) on the square of the applied field strength, but also
in a shift of the characteristic frequency (/) (which
usually does not depend on the field strength).

The purpose of this paper is to investigate theoreti-
cally and experimentally linear and non-linear rota-
tional behavior in more detail. This is of practical
interest, since experiments of several authors indicated
that with constant and alternating fields in the non-lin-
ear range, it is possible to obtain information abou: the
membrane structure, pore formation and modification
of ion channels, as well as on pertubations of the
distribution of membrane compounds {8-13}. On the
other hand, for measurement of the cell properties it is
obligatory to know the field strength range at which
non-linear effects become dominant.

For a better understauding it is helpful to analyse the
charge distribution on both sites of the membrane and
the resulting transmembrane potentials before interpre-
ting non-linear effects.
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Materials and Methods

Field generation

Rotating fields were produced using square pulses
{14} Four stainless steel needles arranged as siiown in
Fig. 1 were used as electrodes. With this arrangement a
field strength of 2-40 kV/m can be gencrated. The
rotating field was checked by rotation of small celluiose
particles, spherical in their geomeiry and of constant
electrical properties. The field between the electrodes
was found to be homogeneous ( +2%) inside the marked
circle (dotted line, Fig. 1B). For measurements, cclis
were sedimented on the bottom of the cizimber, which
was carefully cleaned with alcohol or consisted of a
gelatin layer. The cell rotational velocity was many
orders of magnitude lower than that of the driving
rotatung field, and the period can be easily measured
using a stop-watch. To measure cells rapidly spinning at
extremely hish field strength we used chopped rotating
fields [6] and a video system connected to the micro-
scope. The chopper frequency varied between 10 and
100 Hz. Since a steady rate of cell rotation occurs
within < 10~ s after switching on the electric field the
chopping was without influeace on the rotational be-
havior. Measurement of f, after switching off the ex-
ternal field was done using an low measuring field (<5
kV /m) to minimize additional field effects.

The temperature was measured inside the chamber
using a miniture thermo-sensor and was found to in-
crease maximally by one degree at field strength near
the electric breakdown of the membrane.

Cell preparation
Mesophyll protoplasts (Avena sativa L.) were pre-
pared according to Hampp and Ziegler [15]. After isola-
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Fig. 1. Mzasuring chamber and electric field distribution. (A) 1,
Microscope; 2. cell; 3, microscope slide; 4, cell suspension droplet; §,
electrode holder; 6, manipulator; 7, lens; 8, lamp; el. 1-4, electrodes.
(B) Field and equip ial lines b the four electrodes (mea-
sured by point electrode against ground) in one of the four positions
of the field vector. In our experiments the rotating field was a
discontinvous one, where the field vector is changing in 90 degree
steps from electrode to electrode.

ticn the protoplasts were washed twice in 0.5 M manni-
1ol solution to reduce the external conductivity. The
conductivity of the suspension was calibrated with KCi.
This treatment resulted in an observed electrorotation
at 25°C that was constant for several hours,

Vacuoles were prepared from protoplasts (Avena
sativa L.) either by application of short field pulses and
following mechanical rupture of the plasmalemma, by
short changes of the external osmolarity or by rapid
changes of the external pH.

Chloroplasts (Nicatiana plumbaginifclia) were pre-
pared according to Reiners and Beady {16].

Starch granules (Solanum iuberosum L.) were re-
ceived from homogenized potatos and following washed
several times in aqua dest.

Moss spores ( Plagiothecium denticulatum 1.) were
also washed twice in aqua dest.

Mouse oocytes were obtained from 6-10-week-old
mice (Dummerstorf strain) and released from the
oviducts into Dulbecco’s medium 20-25 h after human
chorionic gonadotropin injection. Before measurement
the cells were washed four times in 0.28 M mannitol
solution and the conduciivity was calibrated with CaCl,
(see Ref. 17).

Results

1. Theoretical results

As recently described [6], and in contrast to d.c. and
ac. fields, rotating field induced trapsmembrane poten-
tials are phase shifted with respect to the external field
vector. In the case of cells consisting of more than one
membrane system (e.g., plant protoplasts with a large
central vacuole) the induced membrane potentials are
phase shifted with respect to each other, too. Therefore,
before describing the measured rotational behavior of
cells as a function of the field strength we will discuss
from a theoretical point of view rotating field induced
membrane potentials and their phase differences to the
external field vector, describing plant protoplasts by a
three-shell model.

The mathematical details are discussed elsewhere
[3.6].

In Fig. 2 a plant protoplast is shown in a schematic
cross section in a simplified form, divided into different
dielectrics corresponding to the plasmalemma (P1), cyto-
plasm (Cp), tonoplast (Tp) and the vacuole interior (i).
This model has proved useful for understanding the
rotating field action and calculating the rotating field-
induced potentials across both membrane systems as a
function of the angular frequency of the field vector
(Fig. 3A, B) and the phase differences at different
external conductivities (Fig. 4A, B).

Fig. 3 shows that only at very high field frequencies
are e induced peak membrane potentials of the



Fig. 2. Schematic cross section of a plant protoplast with large central

vacuole as spherical shell model. Ay, are potential differences across

the membrane, where E, is the rotating field vector, G are the

conductivities, ¢ are the permittivities of the corresponding media
14.

tonoplast and plasmalemma (A:p'mp,_; A:fzm“,) equal
(hatched areal).

The electric loading of the outer membrane decreases
with increasing field frequency. This is caused by the
fact that the impedance of the membrane decreases with
increasing frequency due to its capacitive component. It
should be noted that the resulting transmembrane
potential at every point of the membrane is composed
of a superposition of the constant endogenous and the
induced potential cifference, and consequently the
membrane loading of opposite cell sides is unequal
[18,19]. During positive field cycles one side ¢f the
membrane is more stressed than the other, during nega-
tive cycles the situation is exactly reversed. The average
stress on the two sides is equal.
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Fig 3. Rotating ﬁeld induced peak membrane potential difference (Aym) as a function of lhe
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The phase difference between the peak membrane
potentials of both membranes can reach nearly 75 de-
grees (Fig. 4A, B) and is strongly field-frequency-depen-
dent.

For 2 better understanding of the theoretical results
shown in Fig. 4 we have added Fig. 5. Here only the
outer membrane («----- ) is interpreted in more detail.
Both charge separations on the inner ( ) and outer
(— — —) side of the membrane are plotted and are
found to be phase shifted to the external field vector
too. It has to be noted that this diagram, of ccurse,
cannoi reflect ie absoiuie values of both potentials but
only the phase difference (a). The absolute values A,
are shown in Fig. 3. But as expected from the typical
rotation spectra, two extrema opposite in polarity are
found in the phase difference of the charge separation
on the outer side of the membrane (Fig. § (— — —)).

Summarizing these theoretical results it should be
expecied:

(i) that electric breakdown in rotating fields up to 1
MHz occurs first on the plasmalemma (see Fig. 3);

(ii) that in rotating fields a phase-shifted potential
wave is moving around the cell and that at a field
strength high enough to produce electrical breakdown
the outer membrane is perforated in its equatorial re-
gion. At frequencies of ihe rotating field in the kHz-
range this should lead to irreversible membrane rupture
(lysis of cells).

(iii) that electrical breakdown occurs not in the direc-
tion of the external field vector, but in the direction of
the phase-shifted peak potentials across the membranes.

2. Induction of irreversible breakdown
To test some of these conclusions we increased the
external field strength at different frequencies and ex-
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ternal conductivities step by step and observed irreversi-
ble membrane rupture of protoplasts in a rotating elec-
tric field microscopically (Fig. 6).

In order to produce electrical breakdown the trans-
membrane potential must reach values of about 560 mV
[19]

In agreement with our theoretical result represented
in Fig. 3 the frequency-dependent decrease of the
field-induced membrane potential must be visible by an
inversely proportional increase of the external field
strength, necessary for breakdown, as shown in Fig. 6.
Our microscopic observations confirmed that the rup-
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Fig. 5. Relative phase difference of the charge separations on the

inner and outer side of the pl 1! as a function of the field

frequency. The field vector positica is st a=0° at all frequencies. —

— —, maximum value of the charge separation on the outer side of

the membrane; . maximum value of the charge separation on

the inner membrane side; ------ . resuiting phase difference of the
peak membrane potential across the plasmalemaa.

4 24

VG, =01S/m). ------ . phase difference between A:;m,,_ and the external field
. phiase difference between Aym-.-p and E, (lhe parameist s2t is idertical to that of Fig. 3, for detailed calculation see Ref. 6).

wre of the plasmalemma above a critical field strength
is reached without damage of the tonoplast. In all
protoplast experiments but also using isolated vacuoles,
the critical field strength (E,) to induce tonoplast rup-
ture was increased by a factor oi 1.5 in comparison to
the plasmalemma. This also indicates different electrical
properties of both membrane systems despite of the
lower radius of tonoplast.

The critical field strength can be measured very
exactly using the electrorotation technique by reason of
the sharp field strength value below which rotation
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Fig. 6. Measurement cf the critical field strength ( E,) of the external
field, plotted as product of field strength and cell radius, at which an
irreversible rupture of the membrane of protoplasts { Avena sativa)
occurred as a funciion of the frequency (f). The points n'presem
mean values of more than 10 cells, din 05 M i
solution and 0.5 M CaCl, calibrated in its conductivity with KCL
Vacuoles: & B G, =6.7 mS/m. Protoplasts: o——u., G, =
1.3 mS/m; ¢ 0.G. =29 mS/m: & A, G, =15 S/m:
——@, G_= 44 mS/m: r. radius of biological Db]ecls (protoplasts
and vacuoles); bars, dard devi
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Fig. 7. Angular velocity () of cells and cell organelles as 2 function of the square of the field strength (E). @
8, vacuole (f =8 kHz; R =164 pm; G.= 0.7 mS/m); O~-——0, protoplast (/=8 kHz; R=20 pm;
X, vacuole in 0.05% toluene (f =8 kHz; R =20 um; G,=0.7 mS/m); a
0, chloroplast (f =26 kHz; R =28 pm; G.=6.2 mS/m), &
O, starch-granula ( f = 280 kHz; R =17.2 um; G, = 4.3 mS/m).

R=9 pm; G, =22 mS/m); @
G, =1.7mS/m); X
{(f=17kHz; R =30 pm; G, =23 mS/m).0

(f=9kHz; R=46 pm; G, =42 mS/m);, O

occurs without visible damage and above which mem-
brane rupture occurred immediately.

Provided that the conductivit” of the membrane is
very much smaller than that of the cell interior and that
of the suspending medium, the value of An,;;m,,,_ calcu-
lated using E_ (Fig. 6) and the model (Fig. 2) is about
one-half volt (0.5 V) at frequencies up to 10 kHz. This is
exactly the value discussed for electeical breakdown of
plasma membranes [10,12,20].

3. Non-linear rotational kehavior

After demonstrating the capability of cur calcula-
tions we can take up the non-linear rotational behavior.

In severai experiments we found field strength-de-
pendent and time-dependent changes in the angular
velocity () of cells and cell organelles (Fig. 7) below
the critical field strength E_.

Ta the plot shown in Fig 7 tiic deviations from the
straight lines are due to non-linear effects. But these
deviations could arise both from a non-liriear frictional
or from a non-linear electromechanical behavior of the
plasma membrane or cell, respectively. In order to

@ lradis]
B
124 Q
104
L o
E a

0-f —r——rT—r—Tr—T7——T———
o 5 10 I5
2108 1vém2)
@, moss spore ( f = 70 kHz;

a, protoplast in 20 nm gramicidin D
4, isolated mouse oocyte

differenciate between these possibilities we have also
measured f,;.

Under linear conditions f,, is field strength-indepen-
dent and not influenced by changes of the frictional
torque (provided that the frictional consitions are
changed with increasing angular velocity but are con-
siant at a given velocity). Therefore, non-linear electri-
cal behavior of the plasma membrane can be assumed if
both the angular velocity (usually dependent on the
square of the externai field strength) and the character-
istic frequency (usually field strength-independent) are
changed in their functional dependence [3,5].

Two typical examples measuring both quantities (w,,
f.41) are shown in Fig. 8.

As recently described protoplasts freshly isolated and
suspended in isotonic solution show non-linear behavior
first near irreversible membrane mpture (Fig. 8A) [6],
whereas osmotically stressed (plasmolysis and de-
plasmolysis several times) protoplasts deviate in a large
field strength range from linear rotational behavior
(Fig. 8B). The field strength-dependent changes of f,
(Fig. 8) allows one to conclude that the measured
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Fig. 8. Parallel measurement of both the angular velocity (w,.) and the characteristic frequeacy () of protoplasts as a function of the field

h (E). (A) Protopl dedin 0.5 M itol soluti

(G, =15 mS/m; R=192 pm). (B) Protoplast after change of the externzl

osmolarity (from 0.5r M to 0.8 M mannitol solution, G, = 2.7 mS/m; R =17 gm). Open symbols, w; closed symbols, f,.

effects are produced by electromechanical stresses in the
membrane and not by changing the frictional condi-
tions.

4. Reversible and irreversible changes of the roational
behavior

From this result the question arises as to the manner
in which the induced-field effects are irreversible or
reversible. Such time-dependent changes at a given field
strength are visible both on the angular velocity of the
cell and the characteristic frequency (Fig. 9).

Note that the characteristic frequency was measured
using the compensation technique according to Arnold
et al. {21}, that means by zero compensation of the
angular velocity applying two rotating fields opposite in
their spin direction and with the frequencies f and f/4.
Therefore, parallel measurement of . and f, is not
possible and the curves shown in Figs. 9A and B are

experimental data of two different but representative
singie protoplasts.

Fig. 9A indicates that at low field strength only small
changes of the characteristic frequency are measurable,
which are completely reversible in a very short time (ms
range). With increasing field strength more and more
irreversible effects become dominant and lead o a
continuous increase of f, related to changes of the
electrical membrane properties (relative permittivity and
conductivity).

We observed differsnt time constants describing the
effect caused by switching on and off the external field
(measurement after switching off the ficld; see Materi-
als and Methods).

In the range where the first irreversible changes are
visible, the time constant of the reversible part of the
process (in all cases a nearly exponential time course)
after switching off the external field varied between 10 s
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Fig. 9. (A) Time-dependent changes of the ch istic frequency ( f,,) of a single protoplast after switching on () and off (0) the external field at

increasing external field strength. (B) Angular velocity («,.) in dependence on the field strength (E). The dotted lines and numbered points
represents measurements each after 10 seconds at the same field strength.



and 1 min. The changes after switching on the field
were much faster. The same results were obtained when
measuring, the angular velocity of cells (Fig. 9B). There-
fore, there is no doubt that the described changes in the
rotational behavior of protoplasts are field-mediated
processes no interfering with frictional effects.

Analoguous non-linear rotational effects were in-
vestigated on mouse oocytes and zygotes, as well as
suspension cultured single cells, but not for small par-
ticles. This is understandable since for small particles
field strengths higher than those used are necessary to
produce non-linear effects.

Thermal effects, such as heating of the cell suspen-
sion, we can exclude, since during the measuring time
the temperature inside the chamber increases maximally
by 1 degree.

Di .

Our aim was to demonstrate the close connection
between rotating electric field-induced charge distribu-
tions on the membrane surfaces and non-linear electro-
rotational behavior of cells. The most convenient varia-
bles for describing the field strength-dependent
processes are the characteristic frequency ( f;) and the
angular velocity («_) of the cell {3,5.7].

The phase-shifted peak transmembrane potentials in
rotating fields improve the possibility of selectively in-
fluencing particular membranes by combining rotating
fields with additional short electric pulses, which pro-
duce no phase diffcrence between the inner or outer
membrane, respectively [6).

The existence of phase-shifted potentials occurs only
in roizuing electric fields. Up to now in our theoretical
investigations 2 maximum phase difference between in-
ner and outer membrane systems of 80 degrees was not
exceeded, but detailed calculations varying the mem-
brane conductivities are necessary to formulate a gen-
eral statement.

High field-strength-induced deviations of the usual
electricai behavior of cells in constant and aiternating
electric fields are referred to in a large number of
publications (see, for example, Refs. 8-13, 22, 27).
Electromechanical stresses produced in the membrane
by applied fields are calculated carefully by Bryant and
Woife [8] and the distribution of tension and deforma-
tion of the membrane using ideal membrane composi-
tions are discussed there in detail.

For real membrane systems several authors indicated
that in the non-linzar range of the membrane behavior,
informaticm can be obtained about the membrane struc-
ture {11-13].

From the physical point of view in the linear range
the polarization (P) of the particle is usually propor-
tional to the dielectric susceptibility (x) and the exter-
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nal field strength (E). In case of non-linear electrical
behavior the dielectric susceptibility becomes field
strength-dependent itself. In other words, the conductiv-
ity and /or dielectric constant of the appropriate dielec-
trics (in our case the membranes) are no longer con-
stants but change with increasing fieid strength too.
This can be caused by several processes of more or less
reversible character such as membrane compression and
lateral tension, macromolecular orientation, pore en-
largement or icn and volume flux changes [8].

Mechanical stresses in the membrane lead to elastic,
and at high stresses to plastic, deformations {8,22]. This,
however, is reflected in reversible and irreversible
changes of the rotational behavior of the cells.

It seems to be unrealistic to hope to interpret molecu-
lar membrzne modifications using the electrorotation
alone. In every case additional information obtained
from other experiments is necessary to differentiate the
superimposed processes. Of course, it is obligatory to
investigate the time course of the field-induced mem-
brane changes after switching on and off the electric
field.

In our recent paper [6] we presented experimental
results which show only a small non-linear range at field
strength near electrical breakdown. The cells used were
protoplasts isolated from leaves of Kalanchoe daigre-
montiana. The present experiments with protoplasts iso-
lated from mesophyll tissue of Avena sativa (Fig. 8A)
confirm this finding.

After osmotic stress or application of ionophores or
membrane-active substances the situation is completely
changed (Fig. 8B). As shown by Gordon-Kamm and
Steponkus [23) plasmolysis and deplasmolysis of proto-
plasts is coupled with membrane vesicle formation and
fusion, respectively. During and after this processes the
clectrical membrane properties are changed [24,25).
Usually the membrane conductivity increases since the
plasmolysis-deplasmolysis procedure is repeated several
times and the membrane destruction and recombination
processes lose their reversibility {24-26].

On the other hand, from earlier investigations we
know that freshly isolated intact protoplasts of Avena
sativa show plasmalemma conductivities of less than
1077 S/m [3]. Qur recent interpretation was that in-
creasing or decreasing of the membrane conductivity
below 10°7 S/m is not detectable in the rotational
behavior. To understand better this limitation of the
electrorotation technique the calculated chavacteristic
frequency (/) as a function of the membrane conduc-
tivity (G,,) is shown in Fig. 16.

Fig. 10 illustrates that the membrane conductivity
influences the rotational behavior only in the hatched
ranges (a-d). At best (at external conductivities of 1074
S/m, that means the electrolyte content of distilled
water) a membrane conductivity higher than 1077 §/m
can be determined from changes of the characteristic
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G.=10"*S/m.

frequency. At higher external conductivities the usable
measuring interval is further reduced.

Our experiments were done at external conductivities
near 10~ S/m, therefore it seems to be understandable
that changes of the membranc parameters over one
order of magnitude are without effect on the rotational
behavior, provided the membrane conductivity was as
small as assumed above.

Summarizing the content of this paper, the electroro-
tation was shown to be useful in analysing both linear
and non-linear rotational effects. Despite the fact that
non-linear electrical behavior of cells is difficult to
interpret the usuable field-strength rangg is large enough
to analyse this effect carefully in detail. Naturally the
measured pon-linear rotaiional behavior is the result of
superimposed processes of both reversible and irreversi-
ble nature. The field-strength range, as well as the
changes in the rotation spectra correspond to measure-
ments done by other ficld-mediated techniques and data
in the literature [8,20]. It was shown that the usually
applied fields, in principle, do not produce irreversible
alterations of the cells 1,3}, but in every case additional
transmembrane potential waves are moving around the
cells. Practical use of this phase-shifted potential drops
are not checked up to now in detail.

However, the experimental set up to extent the elec-
trorotation up to the non-lincar range requires no spe-
cial conditions. For cells with diameters between 10 and
160 nm, 3 field strength up to 40 kV/m is necessary
(which can be easily produced by four electrodes when
the distance between the opposite electrodes is smaller
than 500 pm).

On the other hand, high field strength rotating fields
can be used also to modify biomembranes as described
in the literature for the application of dc. and ac.

electric fields. However, detailed investigations are nec-
essary to clearify the limitations and capabilities of
rotating fields in comparison to alternating or electro-
static fields.
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