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We analyse the charge aLqribution as sabndtted by additionally induced transmembrane poten!~ls in rotating electric 
fields. In contrast to d.c. and a.e, fields, in rotating fields the induced peak potential differences across the membrane 
systems are phase shifted with respect both to each olher and to the external field vector. These phase differences are 
strongly frequency-dependent but were also influenced by the electrical properties of both the cell and the surrounding 
medium. We extend our investigation up to the non-linear field strength range of electrorutatinn and found reversible 
and irreversible changes in the rotalloaal behavior of several cells. The most convenient variables for describing 
non-liuear electrorotation are the characteristic frequency ( ~t  ) and the corresponding angular velocib' (~e) of the cells. 
With increasing field strength the observed rotational behavior becomes more and more irreversible and [inally ropture 
of the membrane occms. 

Introduetinn 

Arnold 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 field 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-lineafities must be reflected not only in a 
changed dependence of the angular velocity of the cell 
(~c) on the square of the applied field strength, but also 
in a shift of the characteristic frequency (re0 (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 abom 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 understanding 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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Mater&& and Methods 

Field generation 
Rotating Relds were produced using square pulses 

[14]. Four stainless steel needles arranged as shown in 
Fig. 1 were used as electrodes. With this arrangement a 
field strength of 2-40 N/m can be generated. The 
rotating field was checked by rotation of small cellurose 
particles, spherical in their geomeity and of constant 
electrical properties. The fteid between the electrodes 
was found to be homogeneous (i 2%) inside the marked 
ciicle (dotted line. Fig. 1B). Par measurements, cells 
were sedimented on the bottom of the cbmber, 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 
rotating field and the period can be easily measured 
using a stop-watch. To measlure celL rapidly spinning at 
extremely !tigh 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 < 10e4 s after switchmg on the electric field the 
chopping was without influence on the rotational be- 
havior. Measurement of f,, after switching off the ex- 
ternal field was done u>Gttg an low measuring field (-z 5 
kV/m) to tnunimiz.e 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 (Auena sat&a L.) were pre- 

pared according to Hampp and Ziegler 1151. After isola- 
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Fig. 1. M%suring chamber and electric field disuibutioa (A) 1, 
Microscope; 2. cd: 3, microscope slide; 4, cell suspension droplet; 5. 
etecwode holder. 6. manipotaor: 7, lens: 8. lamp; eL 1-4, elecuodes. 
(B) Field and equipotemial tines between the four elx~rodes (mea- 
sured by point elauode against ground) in one of the four positions 
of the field vector. In our experimeofs the rotating field was a 
discontinuous one. where lhe field vector is changing in 90 degree 

steps from elecrmde 10 electrode. 

tion the protoplasts were washed twice in 0.5 M manni- 
to1 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 thr: was constant for several hours. 

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

Cbloroplasts (Nicotiana plumbaginifa~ia) were pre- 
pared according to Renters and Beady ]16]. 

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

Moss spores (Plagiotheciwn denticulutum L.) were 
also washed twice in aqua dest. 

Mouse oocyte-s were obtained from 6-RI-week-old 
mice (D utnmerstorf strain) and released from the 
oviducts into Dulbecco’s medium 20-25 h after human 
choriotdc gonadotropin injection. Before measurement 
the cells were washed four times in 0.28 M mannitol 
solution and l &e conductivity was calibrated with CaCI, 
(see Ref. 17). 

Results 

I. Theoretical reszdts 
As recently described [6], and in contrast to dr. and 

ac. fields, rotating field induced trammembrane poten- 
tials are phase shifted with respect to the external field 
vector. la 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 
[WI. 

In Fig. 2 a plant protoplast is shown in a schematic 
cross section in a simplified form, divided into different 
dielectric5 corresponding to the plasmalemma (PI). 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 cortductivities (Fig. 4A, B). 

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



Fig. Z Schematic cross section of a plant protoplast vdth large central 
vacuole as spherical shell model A~m are potential differences across 
the membrane, where £o is the rotating field vector, G are the 
conducfivities, e are the perminivities of  the corresponding media 

1-4. 

tonoplast and plasmalemma ( a l ~ m P L  , AI~mTP ) e q u a l  

(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 wit.h 
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 c:ifference, 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 that, the other, during nega- 
tive cycles the situation is exactly reversed. The average 
stress on the two sides is equal. 

The phase difference between the peak membrane 
potentials of  both membranes can reach nearly 75 de- 
grees (Fig. 4A, B) and is strongly fidd-frequency-deImn- 
dent. 

For a 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 extemal field vector 
too. It has to be noted that this diagram, of course, 
cannot reflect tlte ab~olu~.e values of  both potentials but  
only the phase difference (a).  The absolute values dt~r a 
are shown in Fig. 3. But as expected from the typical 
rotation spectra, two extrerna opposite in polarity are 
found in the phase difference of the charge separation 
on the outer side of the membrane (Fig. 5 ( - -  - -  --)) .  

Summarizing these theoretical results it should be 
expected: 

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

(it) 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  the 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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Fig_ 3. Rotating field-induced peak membrane potential difference (A~m) as a function of the frequency (f) of the rotating field (for theory, see 
ReL [6]). (A) A~rm_, induced peak potential difference across the plasmalemma. (B) A~,nTp, across the tonoplast. The hatched area in both 
diagrarr~ marks the range in which a~=pL = a~,.~Tp. Tb.e curve numbers correspond to different external conductivities. I. Gc =10 -4 S/m; 2. 
Ge = 10- 3 S/m; 3, G e = 5-10- 3 S/m; 4, Ge = 10- 2 S/m; 5, Ge = 5" 10- 2 S/m; 6, Ge = 10- t S/m. The used parameter set to calculate theoretical 
curves was: Gi=0.l S/m; ei=50, GTp=10 -6 S/m: e-i-p=8; Gcp=0.l S/m; ecp=50; Gpt=10 -7 S/m; eta=8; R=20 ~tm: ee=80: 

membrane thickness 4 nm: thickness of the cytoplasm 2,5 btm: field strength 20 kV/m. 



o(. [ ' l  

60- 

~X. 1"1 

:1 I 

"",% . . / -  

/,0- 

20- 

0- 
° 

-20- 

-t. 0 .  

-60- 

[ 
® ......... ~ -so-® 

Fig. 4. Phase shift (u)  of thn induced peak membrane potcntiah (A~m). ~ce_~ilated u.~ag t~te model of  Fig. 2. as a ftmcltiun of  the field frequency 
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v~-tor ( £o):  , phase d/ffcrt~:e between d~,aTp and £o (the paramew~- ~1 is ider, t/cal to that of F/g. 3, for detailed calculation see Ref. 6). 

ternal conductivit ies step by s t ~  and observed irreversi- 

ble  membrane rupture of protoplasts  in a ro ta t ing elec- 

tric field microscopically (Fig. 6). 
In order  to produce electrical breakdown the trans- 

membrane  potent ial  must  reach values of about  500 mV 

[191. 
In agreement with our  theoretical result  represented 

in Fig. 3 the frequency-dependent decrease of  the 

field-induced membrane  potent ial  must  be visible by an  
inversely proport ional  increase of the external  field 
strength, necessary for breakdown, as shown in Fig. 6. 
O u t  microscopic observations confirmed tha t  :he ra~- 
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Fig. 5. Relative phase difference of the charge separations on the 
inne~ and outer side of the plusmaIemma as a function of the field 
frequency. The field vector position is ".t a = 0 ° at all frequencies. --  
--  --, maximum value of the charge separation on the outer side of 
the membrane" , m_aximum value of the eha~c separation on 
the inner membrane side: . . . . . .  , re~uhing phase difl~.rence of the 

peak membrane potential across the piasmalemraa. 

rare of the p lasmalemma above a critical field s trength 
is reached wi thout  damage  of  the tonoplast.  In  al l  

protoplust  exper iments  but  a lso using isolated vacuoles, 
the cri t ical  f e l d  s trength (Ec)  to induce touuplast  rup- 
ture was  increased by  a factor o~ 1.5 in comparison to  
the plasmalemma_ This  also i n d i c a t ~  different electrical 
propert ies  of  bo th  membrane  systems despite  of  the 

lower radius  of  tonoplast .  

The cri t ical  field s trength can  be measured very 
exactly using the electrorotat ion technique by  reason of  
the sharp  field s trength value below which coha)Aon 
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Fig. 6. Me~uremem ef the critical field strength (E¢) of the external 
field, plotted as prcdu~ of field st[ength and cell radius, at which an 
irrever~ble rupture of the membrane of protoplasts (Arena satiea) 
occurred as a func~on of the frequency (f). The points represent 
mean values of wore than l0 cells, measured in 0.5 M mannitol 
solution and 0.5 mM CaCI 2 calibrated in its conductivity with KCI. 
Vacuoles: I! ! G¢ = 6.7 mS/ra. Prutoplasts: A - - - - A ,  G c = 
1.3 mS/m: o o. G c = 2.9 mS/m; ,'. ~ G, = 15 ~nS/m: 
• O, G e = 44 mS/m: r. radius of biological ob.lecls (protoplasts 

and vacuoles); bars, standard deviation. 
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Fig. 7. Angular velodty ( ¢ , )  of cells and cell organelles as a function of the square of the field strength (E). • O. moss spore ( f  = 70 kHz; 
R = 9/~m; G c ~ 2.2 mS/m);  • • ,  vacuole ( f  = 8 kHz; R ~ 16.4 ~tm; G e = 0.7 mS/m);  o - - ~  o,  protoplast ( f  ~ 8 kHz; R ~ 20 pm: 
Ge=l.7mS/m); x x ,  vacuole in 0.05% t o l u c n e ( / ~ 8  k I ' ~  R~20~m;Ge=O.7mS/m);zx zL protoplast in 20nm gramicidin D 
( j r=17kHz;  R=2Opm; Ge~2-3mS/m).£] ~ chloroplast ( / =  26 kl-lz; R = 2.8,am; Ge=6 .2mS /m) ;A- -A ,  isolated mouse oocyt¢ 

(1"=9 kH~ R~46pm; Geffi42mS/m); o o, stareh.granula(f=2gOkHz; R =17.2 tam; G~=4.3mS/m). 

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

Provided that the conducfi, dt.'., of the membrane is 
very much smaller than that of the cell interior and that 

^ 

of the suspending medium, the value of A~,mp L 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 discugsed for ele~i~:ai breakdown of 
plasma membranes [10,12,20]. 

3. Non-linear rotational behavior 
After demonstrating the capability of our calcula- 

tions we can take up the non-linear ro~tional behavior. 
In several experiments we found field strength-de- 

pendent and time-dependent changes ~n the angular 
velocity (¢c) of ceils and cell organelles ~Fig. 7) below 
the critical field strength Ec. 

In the plot shown in Fig- 7 rite deviations from the 
~traight lines are due to non-linear effects. But these 
deviations could arise both from a non-li~tear frictional 
or from a non-linear electromechanical behavior of the 
plasma membrane or cell, respectively. In order to 

differenciate between these possibilities we have also 
measured f¢l. 

Under linear conditions f~l is field strength-indepen- 
dent and not influenced by changes of the frictional 
torque (provided that the frictional conditions are 
changed with increasing angular velocity but are con- 
slant at a given velocity). Therefore, non-linear electri- 
cal behavior of the plasma membrane can he assumed if 
both the angular velocity (usually dependent on the 
square of tbe external 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 ( ~ ,  
~l)  are shown in Fig. 8. 

As recently described protoplasts freshly isolated and 
suspended in isotonic solution show non-linear behavior 
first near irreversible membrane rupture (Fig. 8A) [6], 
whereas osmotically stressed (plasmolysis and de- 
plasmolysis several times) protoplasts deviate in a ~arge 
field strength range from lineal rotational behavior 
(Fig. 8B). The field strength-dependent changes of f~l 
(Fig. 8) allows one to conclude that the measured 
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Fig. 8. Parallel measurement of both the angular velocity ('~c) and the chat~'teri~c frequency (~ l )  of protoplas~ as a function of the field 
strength (E). (A) Protoplast suspended in 0.5 M m,x~nitol solution (G e =1.5 mS/m: R =19.2 ~m). (B) Pro~las t  after change of the extemzl 

osmolarity (from 0.5 M to 0.8 M mannitol solution, Ge = 2.7 mS/m; R = 17vm ). Open symbols, ~c; closed symbols, ~ct- 

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

4. Reversible and irreversible changes of the rotational 
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 ~0~ and ~ is not 
possible and the curves shown in Figs. 9A and B are 

experimental data of two different but representative 
sin~e 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 do~n?,nt and l~d  :o a 
continuous increase of fa  related to changes of the 
electrical membrane properties (relative permittivity and 
conducdvhy). 

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

In the range where the fh'st 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 characteristic frequency (fcl) of a single promplast after ~itching on (11) and off (n) the external field at 
increasing external field strength. (B) Angular velocity (t0c) 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 rain. 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 0hart those usfd ale 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. 

Discussion 

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 (~1) and the 
angular velocity (~0,) of the cell [3,5,7]. 

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

The existence of phase-shifted potentials occurs only 
in rot:ring electric fields. Up to now in our theoretical 
investigations a 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 
electrical behavior of cells in constant and alternating 
electric fidds are referred to in a large number Gf 
publications (see, for example, Refs. 8-13, 22, 27). 
Electromechanical stresses produced in the membrane 
by appSed fields are calculated carefully by Bryant and 
Wolfe [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-!inear range of the membrane behavior, 
informati~n can be obtained about the membrane struc- 
ture [11-131. 

From the physi,"~! 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- 

nat 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 field strength too, 
This can be caused by several processes of more or less 
reversible character such as membrane compression and 
lateral tension, maeromolecular orientation, pore en- 
largement or ion 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 membrane 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- 
momiana. The present experiments with protoplasts iso- 
lated from mesophyll tissue of Arena satira (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 
electrical 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 Arena 
sativa show plasmalemma eonductivities of less than 
10 -7 S /m [3]. Our recent interpretation was that in- 
creasing or decreasing of the membrane conductivity 
below I0 -~ S /m is not detectable in the rotational 
behavior. To understand better this limitation of the 
eleetrorotation technique the calculated characteristic 
frequency ( fd)  as a function of the membrane conduc- 
tivity (Gin) 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 10 -4 
S/m, that means the electrolyte content of distilled 
water) a membrane conductivity higher than 10 -7 S /m 
can be determined from changes of the characteristic 
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frequency. At higher external conductivities the usable 
measur:mg interval is further reduced. 

Our exper/n~nts were done at external conduct]rifles 
near 10- 3 S /m,  therefore R seems to be understandable 
that changes o~ the membrane pardmeters over one 
order of magnhude are without effect on the rotational 
behav/or, provided the membrane conductivity was as 
small as assumed above. 

Summarizing the content of  this paper, the electroro- 
tat]on was shown to be useful in analysing both linear 
and non-linear romtion,~ effects. Despite the fact that 
non-linear dectr ic~ behavior of  cells is difficult to 
interpret the usuable field-strength rang¢ is large enough 
to analyse this effect carefully in detaiL Naturally the 
measured noa-l/aear r o m ~ l  behavior is the ~esult of  
superimposed pro~sses  of  both reversible and irreversi- 
ble nature. The field-strength range, as well as the 
changes in the rotation spectra correspond to measure- 
merits done by other field-mediated techniques and data 
in the fiterature [8,20]. It was shown that the usually 
applied fields, in principle, do not produce irreversible 
alterations of the ceds [1,3], but  in every case additional 
transmembrane potential waves are moving aro,.md ~ e  
ceds. 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-linear range requires no spe- 
c/al conditions. For cells with diameters between 10 and 
100 !~m, a ~e~d 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 ~m). 

On the other_ hand, high field strength rotating fields 
can be used also to modify biomembranes as described 
in the literature for the _~p:lication of d.c. and a.c. 

dectr/c fields. However, deta/led investigations are nec- 
essary to cleurify the finfimfions and capabilities of 
rotating fields in comparison to alternating or electro- 
static fields. 

We e~, ,~  D~pL Biol. F. Ge~]er  for careful prepara- 
t/on of  mouse eggs, Dr. D.B. Kell for helpful discussion, 
Dr. J. ~ for the figure showing the equipotemial 
l/nes ins/de the chamber and DipL BioL W. HeB for 
chloroplas~ isolation. 
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