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ROTATION OF ERYTHAROCYTES, PLANT CELLS, AND PROTOPLASTS
IN AN OUTSIDE ROTATING ELECTRIC FIELD

R. GLASER, G. FUHR, J. GIMSA
Sektion Biologie, Humboldt-Universitat zu Berlin, Berlin

According to the method published by ARNOLD and ZIMMERMANN 1962
human erythrocytes, suspénsion cultured cells of Beta vulgaris,
protoplasts and isolated vacuoles were investigated. The cells
rotate in the rotating electric field of a four electrode sys~
tem. The rotation, defined as the tcrcque per sgquare field
strength seens to be independent of the cellular diameter. The
frequency for maximal rotation allows us to calculate specific
membr ane capacity or an effective capacity of plant cells sour-
rounded by cell wall, resp. This method also provides a sensi-~
tive measure of changes in membrane resistance since ionophores
incorporated into the membrane inhibit the torgue in a reversi-
ble manner.

Introduction

The measurement of electric parameters of cells in suspension
allows the determination of physical membrane properties such as
membrane capacity and resistance. On the basis of such investi-
gations, the specific capacity of the cell membrane was determi-
ned as 1 pF/cmz. (A survey on the large number of these papers,
allready started by K.S. COLE in 1938 has recently been given by

YZIMMERMANN /20/). The disadvantage of this method, however, con-
sists in the fact that only mean values of, a large number of
cells can be obtained in this way. Even relatively homogeneous
cell populations, such as e.g. erythrocyte suspensions indicate
differences in biophysical properties of individual cells.

-As ARNOLLD and ZIMMERMANN /1,2/ have shown recently, single
cells spin in a rotating electric field in the case of reso-
nance of the induced dipole. For this a four electrode chamber
was developed, where the electrodes are driven witnh sinusoical
voltages having progressive 90° phase differences. Therefore at
ieast in the center of this device an homogeneous field was cre-
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ated, the vector of which rotates. The cells rotate in this
field against the direction of the field vector and at a much
slower frequency. From the field frequency which gives optimal
cellular torque, the membrane capacity can be calculated. In con-
trast to impedance measurements in suspensions, only a small num-
ber of cells are necessary for this determination and in some
cases even measurements of single cells are possible.

In this paper we present data on human erythrocytes and plant
cells obtained by this method.

Methods

Preparation of cells: Human red blood cells stored no longer
than two days in ACD medium were used. In some experiments the
cells where washed in isotonic phosphate buffered NaCl solution,
in most cases, they where diluted directly in low ionic strength
sucrose solution to a hematocrite of 0.1%. The isotonic sucrose
solution contained 1 mM phosphate buffer and the ionic strength
was 1increased by additional 5 ...15 mM NaCL. For solutions with
extremely low conductivity, only 0.1 or 0.5 uM phosphate were
used (pH 6.7).

The Avena sativa mesophyll protoplasts were prepared as descri-
bed by ZIMMERMANN and SCHREURICH /21/ and the vacuoles were ob-
tained by the mechanical lysis of the protoplasts. For other ex-

periments suspension-cultured cells and cell aggregates of Beta
vulgaris were used. Cells were cultivated for 14 days in medium
M3 modified after /11/. All cells were in the stationary phase.
Measuring setup: The rotation of cells was measured in a 4-elec-
trode system which employed sinusoidal voltages with variable
amplitudes in the frequency range of 100 Hz to 3 MHz in four pha-
ses, spaced Dby 90%and controlled by an oscilloscope. The elec-
trodes (platinum or stainless steel) formed the sides of the
square chamber fixed on a microscopic cover slip. The electrode
distance varied between 2 and 6 mm. In case of plant cells the
microscopic observation was made by a normal objective (8*), but
for red cells a special long distance mirror objective (VEB Carl-
~-Zeiss, Jena) 40* was used.

Plant cells were held between two layers of solutions of diffe-
rent densities (protoplasts and vacuocles between 0.5 M sucrose
and 0.5 M mannitol, suspension cultured cells between 0.5 i suc-
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rose or ©0.2 M metrizamid and 0.1 ... 0.2 M mannitol). 1In these
cases measurements of single cells at various freguencies are
possible. Erythrocytes were measured during free sedimentation.
Therefore every point of the curves in Fig. 2 represents 6 ...
15 single values of different cells (the bars indicate the stan-
dard deviation of these values, the marked sesgment the deviation
of the mean value).

Results and discussion

Typical results of single experiments are demonstrated in Figs.
1 and 2. In the case of Beta vulgaris cells (Fig. 1) all points

are from single measurements and each curve, corresponding to a
definite ionic strength solution has been derived from a single
cell. The points were fitted by the least square method, using
the following function, derived from theoretical considerati-
ons/7,1/:
2 k £

1+ (k £)2

Where k is the time constant ( in s ), £ the frequency of the
applied alternating field ( in Hz ) and w the speed of rotation
in rad/s. From the theoretical point of view the value N should
be proportional to the applied field (E) and the dipole moment.
This dipole itself is induced by the field, and its moment there-
fore is proportional to the field strength. Therefore N should
be proportinal the square of the field strength. As indicated in
Fig. 3 such a quadratic proportionality Qas found to good appro-
ximation. It seems reasonable to use the parameter ™rotation”

R = = R

w
E2 max

(R) as defined in the formula above since it is analogous to "mo-
bility" in cell electrophoresis (electrophoretic velocity per
applied field strength).

In the case of maximal resonance, k*f=1l, the rotation reaches
the maximum Rmax' The calculated curves indicate a relative re-
gression of 70 ...98 % for plant cells. The deviation of human
red blood cells was larger (sometimes about 50%) because of the
variability of the cells. Comparison of Figs. 1 and 2 indicates
that the rotation did not depend strongly on the diameter of the
cells. Nearly the same values were obtained for red cells (dia-
meter 6 um) and cells of Beta vulgaris (diameter 125 um). The
reason for this seems to be tnat the dipole indiction depends on
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FIG. 1

Rotation (R) of single plant cells (Beta vulgaris) suspended in
two different solutions (x---x = 13,5 pS/cm, o---0 = 545 uS/cm)
as a function of frequency (f).(External medium: 0.2 M mannitol,
diameter of the cell = 125 um(x),and 108 um(o) resp.)
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FIG. 2
Rotation (R) of human erythrocytes as a function of frequency

(£f) . (External medium: 0.5 mM phosphate in 300 mM sucrcse, Ge=
55 ps/cm.)
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FIG. 3

Dependence of the rotation speed (w ) on applied field strength
(E) . (Parameters and symbols see Tah. 1)

TAB. 1
Parameters of the cells listed in Fig. 3
SYMBOL CELL-TYP EXT. CONDUCT. DIAMETER FREQUENCY
[ps/cm] (um] [kHz]
e---@ Avena sat. protoplast 85 37 50
o---0 Avena sat. vacuole 85 62 50
4---4 hum. erythrocytes 55 6 100
+---+ Beta vulg. single cells 27.5 120 30
X-—-X -"- 3-cell aggregates 27.5 150 30

the diameter in the same way as the frictional force for rotati-
on on spheres /7/. Therefore the dipole moment, increasing by
the third power of the diameter was compensated by the frictio-
nal force. On the other hand a decrease of Rmax in acvlutions of
increasing ionic strength could be detected (Fig. 4). This depen-
dency obviously results from the diminishing difference between
the conductivities of electrolyte outside and inside the cells,

The condition sine qua non for rotation is the high electric re-
sistance of the membrane. Destroyed cells of Beta vulgaris or




16 studia bicphysica g6 (2083)

- r .-
x 1073 R ax {t_‘ad-s Ly 2-cm2]

1.‘.3oA

~4 'y
A a
1 9 ‘\
a a7,
\
0.5 Ty v —r—y 1 i '
107> 10 10-3 G, [s-crm]

FIG. 4
Maximal rotation (R a ) of human erythrocytes in isotonic soluti-
ons as a functioB38f the conductivity (Ge) of the outside

medium. .
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FIG. 5
Dependence of characteristic freguency (f) on external conducti-

vity (G_.) &= human erythrocytes, e = Avena sativa protoglasts,
+ = Betd vulgaris single cells.
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FIG. 6

Dependence of specific membrane capacity (c ) of human erytanro-
cytes (4) and single cells of Beta vulgaris (+) on external con-
ductivity (Ge)

cells treated with methanol, toluol or denaturated by heating do
not snow any rotation effect. Addition of an ionophore (2.5
pg/ml nystatin) to the suspension of erythrocytes completely
stopped the rotation within 5 minutes. On the other hand, cells
treated with nystatin in isotonic 30 m4 NaCl-sucrose solution
for one hour and subsequently washed in nystatin-free solution
indicate a 3 times lower, but clearly wmeasurable rotation at
nearly the same resonancy fregquency as normal cells. This indi-
cates that the rotation seems to be a useful test for tine mem-
brane integrity of individual cells and thus we are able to con-
firm our assumptions made 1in previous experiments on shape
changes /6/. ,

As indicated in Fig. 5, the trequency of maximal rotation for
all the measured cells increases as the conductivity of the out-
side medium increases. I'ne maximum conductivity used in this ex-
périments was in tne range of 1 ms/ci, corresponaing to about 15
i NaCl-solution. In solutions or higher ionic strength, turbu-
lence near the electrodes occurs and an increase in temperature
during measurerent. Un the otier hand in  lower ionic strengtn
wedia, this erfect is neglivle. In solutionz with a conuuctivity
of 0.1 kS/ci e gy . by an applied field strength ot <5 vA®m, a cur-
rent density of 2.5 mA/c.n2 ceccurs, 1nis leads to saximun tenpvera-

ture iacrease of u.015 n/s Af we consider that tiae ohmic heat is
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guantitatively conserved in the suspension. ,
According to the theoretical consideration for the behaviour of
isolated spheres, suspended in a medium with the conductivity
Ge and indicating an inside conductivity Gi' the specific mem-
brane capacity (cm) can be calculated as a function of the fre-
quency of maximal torque/l1l,7/:

: 1
m=21rrf(l/Gi+l/K;e)

C

The measuring device did not allow an exact measurement of the
erythrocyte diameter. The cells are slightly shrunken and show
various forms. If the radius is taken as 3 pmand G = 5.2 mS/cm
/12,13,14,18/ the specific capacities could be obtained as indi-
cated in Fig. 6. Usually for cellular membranes specifié capaci-
ties are assumed near lpF/’cm2 /1,5,13,18,20/. The difference in
our results could be caused by using a wrong radius or by the
hydrodynamic effects of nonspherical cells. As Fig. 6 indicates,
we cannot be sure that the specific capacity of erythrocytes is
independent of the ionic strength of the medium applied. The va-
lues in solutions of higher outside conductivities obviously de-
pend strongly on the inner conductivity.

In the case of plant cells, the radius could be determined exact-
ly. Measurements of cell homogenates indicate an inner conducti-
vity of 4.5 mS/cm . For those conditions the specific capacity
of the protoplasts was determined between 0.24 ... 0.40 pF/cmﬂ
This is near the value determined by ARNOLD and ZIMMERMANN /1/
and caused obviously by the fact that in this case a membrane
system consisting of tonoplast and plasmalenma is present.

In the case of complete plant cells surrounded by the cell wall,
the electrostatic model looks much more complicated. As clearly
indicated in Fig. 5 the values of Beta vulgaris cells could not
be ccnnected by a linear logarithmic plot 1like the values for
erythrocytes and protoplasts. Therefore the capacities indicate
a clear ionic strength dependence (Fig. 6). l1n this case, the
cell wall aprarently behaves like an ion-exchanger whose dielec~-
tric properties strongly depend on the outsidae electrolyte /3,
4/. 1t is possible that even in erytnrocytes and other cells the
electrostatic charges in the surface coat have a similar effect
/19/. These experiments indicate that the wmeasurement of cell
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rotation in a rotating field gives important information about
membr ane capacitance and resistance. In contrast to the measure-
ment of passive electric properties of cell suspensions far fe-
wer cells are necessary and individual properties of different
cells in the same suspension can be ascertained. In this resoect
further quantitative data could be obtained as in dielectrophore-
tic measurements /8, 10, 17/. Previous measurements of the rota-
tion properties of cells have made it possible to determine the
optimal parameters for dielectrophoretic cell separation, as des-
cribed by various authors /8, 9, 15, 16/.

Ac knowledgment

We are very grateful to Prof. U. ZIMMERMANN for helpful stimula-
tion of this paper and we would like to thank Prof. G. GUNTHER
and Dr. R. KNOSCHE for suspension-cultured cells of Beta vulga-
ris, Dr. E. DONATH was so kindly to give us the computer program
for nonlinear regression.

References
/1/ ARNOLD,W.M. and ZIMMERMANN,U., Ztschr. f. Naturk. 37c
(1982) 908

/2/ ARNOLD,M.W. and ZIMMERMANN,U., Naturwiss. 69 (1982) 297

/3/ CARSTENSEN,E.L., Biophys. J. 7 (1967) 493

/4/ CARSTENSEN,E.L., COX,H.A., MERCER,W.B. and NATALE,L.A.,
Biophys. J. 5 (1965) 289

/5/ FRICKE,H., Nature(London) 172 (1953) 731

/6/ GLASER,R., J. Membrane Biol., 66 (1982) 79

/7/ HOLZAPFEL,C., VIENKEN, J. and 2IMMERMANN,U., J. Membrane
Biol. 67 (1982) 13

/8/ KRAUSE,G. and GLASER,R., studia biophysica 82 (1981) 185

/9/ KRAUSE,G., SCHADE,W., GLASER,R. and GRAGER,B., Ztschr. f.
Mikrobiologie 22 (1982) 175

/10/ LAMPRECHT,I. and MISCHEL,M., Naturwiss. 68 (1981) 501

/11/ MURASHIGE,T. and SKOOG, F., Physiol. plant. 15 (1962) 473

/12/ PAULY,H., Biophysik 10 (1973) 7

/13/ PAULY,H. and SCHWAN,H.P., Biophysical J. 6 (1966) 621

/14/ PLIQUETT,F., Fortschr. expt. theoret. Biophysik 11 (1969)

/15/ POHL,H.A., Dielctrophoresis, Cambridge uUniv. Press, New
York 1978

/16/ POHL, H.A. and KALER,K., Cell Biophysics 1 (1979) 15

/17/ SCHMIDT, K.P., GLASER,R., PESCH&CK, C. and KRAUSE,G.,
Studia biophysica 75 (1979) 81

/18/ SCHWAN,H.P., Adv. in Biol. Med. Physics 5 (1957) 147

/19/ WOLF,H., GLASER,R. and GORZIZA,A., Studia biophysica 35
(1973) 1

/20/ ZIMMERMANN,U., Biochim. Biophys. Acta €94 (1982) 227

/21/ ZIMMERMANN,U. and SCHEURICH,P., Biochim. Biophys. Acta 641
(1981) 160



20 studia biophysica g6 (1983)

HHa ocHose Metvosa onybavkosanHoro APHORAUM w»n UWMMEPMAHHUM 8 1982,
3pUTPOUNTH 4YenoBeKa, KAEBTKA CaxapHOW CBEKAH, KynbTuBMPOBAHHLIX B
CyCneHCWAX, MNPOTONAACTH W BaKyOoAb M3 3TUX KAETOK OWAN N3y HEHHb .
JTM KNEeTKW KPYTATCA Bo BpawavwWemMcs 3NeKTpudYecKoMm noae, Kotopoe
o6pa3yeTc- MexAy 4YerspMAa 3nekTpoaamu. Potauvn, onpepeneHHan Kak
CKOPOCTb BpaWeHuAs KNETKW, OTHECeHHaA Ha KBajppaT CWuAM NOAR, B
NnepBoM NpUOANXEHWM HE 38BMCUT OT pAnametrpa kKaertku. Yacrorva nonn,
KOTOpPaRn WHAYUMPYET MaKCcUHanHOe BpaweHue KAeTKu, No3eonnseT onpe-
ABNAUNTD HMEHMOPAHHYN EeMKOCTb, WAK 3PJEeKTUBHYW €eMKOCTb TexX KAeTOoK,
MME KUUX TBEPAY O KAETOouYHYN® o060n04Ky. B 3ToMm canyuae WOHHO-0O0 MeHHOE
nosefieHne KAETOYHOW 060N10UKKW BAMAET HA CKOpPOCTbH BpaweHMA. JTOT
METO A UYYBCTBAUTENbLHO pearnpyet Ha U3MeHWHue HenlOpaHHOro cConpoTms-
neHnn. NoHODOpH, BKAGYEeHHHE B MeMOpaHY, ULEeANKOM YrHerTanT Bpaue-—
HUe KNeToK.
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