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Summary. An experimental and theoretical investigation has 
been made of the rotation of protoplasts of Secale cereale L. (cv 
Puma) in a rotating electric field for the purpose of determining 
the electrical properties of the protoplast plasma membrane. The 
dependence of the protoplast rotation rate on: (1) the rotation 
rate of the applied electric field; (2) the electrical conductivity of 
the external medium; and (3) cold acclimation or lack thereof 
were determined. A theoretical analysis of the rotation rate of 
polarizable spherical cells in a rotating electric field leads to a 
qualitatively similar formula to that of Arnold and Zimmermann 
(Z.  Naturforsch.  37"908-915, 1982), but it differs from this ear- 
lier work by a large numerical factor (-180). Detailed compari- 
sons of the observed protoplast rotation rates with the new the- 
ory show generally good agreement. The protoplast rotation 
measurements allow a noninvasive determination of the specific 
plasma membrane capacitance, Cm. The average value found in 
the present experiments is c,~ = (0.56 -+ 0.08) x 10 2 F/m 2. 
Within the experimental errors, the Cm values are the same for 
cold-acclimated and noncold-acclimated protoplasts. Determina- 
tion of plasma membrane resistance from protoplast rotation 
measurements does not appear feasible because of the high val- 
ues of the specific resistance. 
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Introduction 

Cell and protoplast rotation have been observed in 
both alternating (Teixeira-Pinto, Nejelski, Cutler & 
Heller, 1960; Furedi & Ahad, 1964; Pohl & Crane, 
1971 ; Holzapfel, Vienken & Zimmermann, 1982) and 
rotating electric fields (Arnold & Zimmermann, 
1982). In a simple alternating electric field only cells 
or protoplasts in close proximity to each other ex- 
hibit rotation. In contrast, single isolated cells or 
protoplasts rotate in a rotating electric field. For 
quantitative studies of protoplast rotation, the use 
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of a rotating electric field has a number of advan- 
tages (Arnold & Zimmermann, 1982). An advantage 
of the rotating field method for the determination of 
the membrane properties of small cells or proto- 
plasts is that it does not involve a perturbation of 
the membrane by microelectrode penetration. 

Holzapfel et al. (1982) and Arnold and Zimmer- 
mann (1982) concluded that protoplast rotation is a 
result of the induction of a protoplast electric dipole 
moment because of membrane-charging through the 
resistive suspending solution (Maxwell-Wagner 
model). The electric dipole moment induced on the 
protoplast plasma membrane interacts with the ro- 
tating electric field causing the protoplast to rotate. 
The protoplast rotation rate dOc/dt has a character- 
istic nonmonotonic dependence on the rotation rate 
of the electric field o2. Arnold and Zimmermann 
(1982) calculated the specific capacitance of the 
membrane cA from the relationship of the (opti- 
mum) electric field rotation rate (which gives the 
maximum dOJdt) and solution conductivity. A value 
of Cm considered typical for biological membranes 
was found if it was assumed that the tonoplast and 
plasma membrane acted as two capacitors in series. 
Although this estimate of membrane capacitance 
was considered as evidence supporting the Max- 
well-Wagner model, the variability of the measure- 
ments was greater than could be accounted for by 
known sources of error. Lipophilic ions and en- 
zymes such as pronase displace the optimum fre- 
quency for rotation (Zimmermann, 1982). Thus, 
membrane properties other than capacitance may 
affect protoplast rotation. 

The objective of the work reported here was to 
(a) develop and improve the measurements and the 
theory of protoplast rotation for the purpose of 
more accurately deriving the electrical parameters 
of the protoplast plasma membrane; (b) determine if 
membrane resistance as well as membrane capaci- 
tance could be derived from protoplast rotation 



158 

l 

3 t 

Fig. 1. Diagram of the rotating field chamber 

measurements; and (c) to investigate the influence 
of cold acclimation on protoplast electrical proper- 
ties. 

Materials and Methods 

PLANT CULTURE AND PROTOPLAST ISOLATION 

Seedlings ofSecale r L. cv. Puma were grown for 7 days in 
vermiculite in a controlled environment (16-hr light period at 
20~ and 8-hr dark period at 15~ Nonacclimated plants were 
maintained in this environment for an additional 7 days prior to 
isolation of protoplasts. Plants to be acclimated were transferred 
to a 13~ light period (11.5 hr)/7~ dark period (12.5 hr) regime 
for one week and then transferred to a 2~ (10-hr light period) 
regime for an additional 4 weeks. 

Protoplasts were enzymically isolated from leaves in a solu- 
tion of 1,5% (wt/vol) cellulysin (Calbiochem), 0.5% macerase 
(Calbiochem), and 0.3% potassium dextran sulfate as previously 
described (Wiest & Steponkus, 1978). For the isolation of proto- 
plasts from nonacclimated leaves, 0.5 M sorbitol was used as an 
osmoticum. Isolation of protoplasts from acclimated leaves re- 
quired 0.9 M sorbitol as an osmoticum due to the increase in the 
internal solute concentration during cold acclimation. Proto- 
plasts were washed 3 times in sorbitol and resuspended in a 
sorbitol plus KCI (0 to 3.0 raM) solution at a final titer of 1.50 x 
105 protoplasts/ml. The LTs0 (temperature at which 50% of the 
protoplasts survived) was - 3  to -5~ for nonacclimated and 
-25 to -30~ for acclimated protoplasts frozen and thawed in 
sorbitol solutions. 

CHAMBER DESIGN, PRODUCTION OF THE 

ROTATING ELECTRIC FIELD,  AND MEASUREMENT 

OF THE SUSPENDING MEDIUM CONDUCTIVITY 

The chamber for subjecting the protoplasts to a rotating electric 
field (Fig. 1) was constructed using four platinum electrodes (2.0 
mm wide x 200 txm thick) set at right angles to each other (see 
Appendix A). The electrodes were fastened to a glass micro- 
scope slide with epoxy resin. The central cavity (approximately 2 
x 2 x 0.2 mm) of the chamber was then coated with a silicon 
preparation (Sigmacoate, Sigma Chemicals) to minimize proto- 
plast adherence to the glass slide. 

A rotating electric field was produced by applying one sine 
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wave to a pair of opposite electrodes, and a second sine wave, 
90 ~ out of phase with the first, to the other pair of opposite 
electrodes (see Appendix A). One electrode of each pair was 
grounded. The 90 ~ phase shifter was an audio transformer (TRW, 
D1-T41) with a center-tapped secondary connected to a variable 
(0 to 10 kf~) series resistance R-C circuit (Simpson, 1974). The 
two sine waves were observed with a dual-channel oscilloscope 
(Telequipment Type D54). At each frequency, R was adjusted to 
obtain a 90 ~ phase shift. A 250 kf~ potentiometer was connected 
in series with the output of the unshifted sine wave so that the 
voltage of the sine waves could be made equal. The shifter and 
signal generator (General Radio 1310-B Oscillator) combination 
provided up to 12 volts peak to peak over the frequency range 2 
to 450 kHz. One of three different capacitors (27, 10 or 0.860 p,F) 
was switched into the circuit to obtain this frequency range. 

The suspending medium conductivity (o-e) was measured 
directly on the microscope slide before and after measuring rota- 
tion of a protoplast at different electric field rotation rates. The 
measurements were done at room temperature, T = 22~ A 
protoplast titer of approximately 2 x 104 protoplasts per ml was 
used. For these measurements a conductivity meter (YSI Model 
31) was connected to one pair of opposite electrodes; the cell 
constant for these electrodes with a constant volume (27/xl) of 
solution was determined using KC1 standards. 

MEASUREMENT OF PROTOPLAST ROTATION 

Protoplast rotation was determined with a video image processor 
(see Steponkus et al., 1984). A high-resolution video camera 
(Hamamatsu C-1000-1) was interfaced to the microscope, and 
the video image was digitized in real time using a video image 
array processor (DeAnza Systems Model 6424 VO). The digi- 
tized video image (512 x 512 pixels) was displayed on a high- 
resolution monitor with a hexagonal cursor generated in the 
video overlay plane. The size and location of the cursor was 
variable and controlled by a joystick interface. When using a 40 x 
objective and a 10x photo eyepiece, the video image displayed 
on the monitor corresponded to a 98 • 98/xm field of view. The 
overlay plane in which the cursor was generated was a 512 x 512 
pixel matrix. Thus, the measuring divisions corresponded to ap- 
proximately 0.19/xm. 

For measurement of protoplast rotation (radians/sec), the 
boundaries of the protoplast image were defined with the hexago- 
nal cursor to establish the radius of the protoplast. Then, using a 
distinctive feature of the protoplast image as a fiducial mark and 
intersecting chords of the hexagonal cursor as a reference mark, 
the rate of rotation was timed using the crystal clock of the image 
processor computer. A minimum of three successive determina- 
tions were made at each electric field rotation frequency. 

MEASUREMENT OF K + CONCENTRATION 

The K + content of isolated protoplast suspensions was deter- 
mined by atomic absorption spectroscopy. Protoplast suspen- 
sions (in sorbitol) were frozen and thawed three times in liquid 
N2. The suspension was then centrifuged at 5000 x g for 10 rain, 
and the pellet resuspended in an equal volume of water and 
centrifuged again. The supernatants were combined, and NaCI 
(1000/xg/ml) was added to reduce ionization of potassium. K + 
concentration of the protoplasts was calculated on the basis of a 
mean protoplast volume of 21 pl, with the protoplast titer of 
106/ml. 
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Theory 

The theory of the rotation of single cells in a rotat- 
ing electric field has been discussed previously by 
Arnold and Zimmermann (1982). Because our anal- 
ysis leads to a different formula for the cell rotation, 
we give the main steps of the calculation here. Fig- 
ure 2 shows the idealized protoplast geometry con- 
sidered. The inside radius is ro, the outside radius is 
rb, and the membrane thickness is ~ = rb - ra ~ ra. 

We let i = (ra + r~)/2. The cytoplasm (r < ra) is 
characterized electrically (in MKS units) by its con- 
ductivity o-; (units of (f~m)-1) and dielectric constant 
e~ (units ofF/m).  (In vacuo, ~ = ~o = 8.85 x 10 z2 F/ 
m). The membrane is similarly characterized by O" m 

and 8m. The external medium (r > rb) is character- 
ized by ere and ee. In general, it is possible that these 
electrical "constants" depend on the frequency (oJ) 
of the applied electric field. [In particular, at low 
frequencies, ~o/27r < 200 Hz, em may become 
strongly dependent on o) (Coster & Smith, 1977).] 
The main simplification of the model is that the in- 
fluence of the vacuole is not included. This is justi- 
fied for the conditions of interest where o-; >> o-e (see 
Appendix B). 

We want to determine the torque on the proto- 
plast due to an externally generated electric field. 
The actual electric field inside and outside of the 
protoplast can be written as E(r,t) = Eo(r,t) + 
Effr, t), where Eo(r,t) is the external field compo- 
nent, which would exist in the absence of the proto- 
plast, and E;(r,t) is induced field component due to 
the protoplast. For a determination of the torque on 
the protoplast, consider an imaginary spherical sur- 
face denoted 0V just outside of the protoplast. An 
element of area of this surface is denoted dS and the 
vector area element is dS = dS~, where ~ is the 
outward-pointing unit normal vector to the surface 
at the given point. The rate of momentum flow into 
the element dS is - T  �9 dS; thus the rate of angular 
momentum flow into dS is - ( r  x T) �9 dS, where T is 
the Maxwell stress tensor. The torque on the proto- 
plast N is equal to the total rate of angular momen- 
tum flow through the surface OV: 

N =  - fov (r • T) " d$" (1) 

Here, r = x.f + yfl + z~ is the position vector (from 
the center of the protoplast), and .T is the Maxwell 
stress tensor (Jackson, 1975): 

T/j = (1) (E)2  [/3 e - ,O(O~.e/OP)T](~ij -- 8eE iE j ,  (2)  

with ee = ee (p,T) the external medium dielectric 
constant, with p and T the density and temperature, 
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Fig. 2. Diagram of the protoplast  geometry assumed in the anal- 
ysis of the electric fields and currents  

and with 6;j = 1 i f / = j  and 8;j = 0 if/=~j, where i or j  
= x,y,z. Substituting E = Eo + El allows the simpli- 
fication of Eq. (1) to 

N = ee fay r x [EoiElj + EuEoj] " dS. (3) 

That is, only the cross-terms contribute to the 
torque. 

Owing to the small size of the protoplasts inves- 
tigated (rb ~ 13 to 18 ~m), the external field Eo at 
any given instant is to a good approximation uni- 
form and constant in the vicinity of the protoplast. 
As discussed in more detail in Appendix B, the in- 
duced field outside the protoplast has the form E1 = 
-9~1 ,  where 

~ 1  = P ~ r(47ree r3) -1, (4)  

with p(t) the induced dipole moment of the proto- 
plast. The evaluation of Eq. (3) gives 

N = p  x Eo. (5) 

This formula is well-known in nonpermeable media. 
Equation (5) is now used to determine the 

torque on a protoplast due to a rotating electric field 
Eo. We use the convention that the actual field 
quantities are given by taking the real part of the 
complex expressions. An external field rotating 
counter-clockwise about the z axis is given by Ex = 
Eo exp (-ioot) and Ey = iEo exp (-io~t), where for 
simplicity Eo is taken to be real and where oJ > 0. 
The induced dipole moment is linearly related to 
Eo ; that is, px = o~Eo exp (-io~t) and py = i c v . E  o exp 
(-i~ot), where the polarizability ~ is derived in Ap- 
pendix A. Inserting the real parts o fp  and Eo into 
Eq. (5) gives 
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Nz = (Eo) 2 Im(oO, (6) 

with Im (o0 denoting the imaginary part of o~. The 
details of the calculation of o~ are given in Appen- 
dix B. 

The torque of Eq. (6) causes a rotation of the 
protoplast about the z axis. This rotation is limited 
by the viscous drag. Because the Reynolds'  num- 
bers are much less than unity the viscous drag can 
be evaluated in the Stokes'  flow limit (Landau & 
Lifshitz, 1959). For a solid sphere uniformly rotat- 
ing about the z axis at an angular rate of dOc/dt (in 
radius/s) in an infinite viscous fluid, of dynamic vis- 
cosity of ~, the drag torque is N~ = -8rc~(r33(dOe/ 
dt). For the experimental conditions of interest the 
protoplast or sphere rests on a solid horizontal 
plane surface. In this case the drag force can be 
written as 

N~ = - 8ergo gf~(r-)3( dOc/ dt) (7) 

where go - 1 is a dimensionless factor of the order 
of unity discussed in Appendix C, and where gf >- 1 
is a further dimensionless fac tor - - the  'friction fac- 
t o r ' - a s s u m e d  to be of order unity introduced to 
account for any solid body friction between the 
sphere and the surface. 

In the steady state of the rotation of the proto- 
plast, the sum of the torques of Eqs. (6) and (7) is 
zero. This gives 

(EJIm(oO = 81rgogf~(~3(dOe/dt). (8) 

With the approximation discussed in Appendix 
B, we find 

dO, - 3ee(Eo)  2 f / f ,  

dt 4~Dgogf 1 + OC/f,) 2' 
(9a) 

where D is a constant,  

D-= 1 + 2o-~ + 1 + 

Here, f = co/2~', and 

f ,  -= (27rRmC,~) -1 + [rrReCm(1 + 2O-e/O-i)] 1. (9b) 

The protoplast membrane resistance is: 

R ~  ~- ~ [4~( r - )2o -~] -  1 ; 

and its capacitance is: 

Cm ~- 4~'(r-)2em(~) -1. 

A characteristic resistance of the external medium 
is defined as: 

Re -= (4"n'fo-e) I. 

In the experiments discussed in this paper, we are 
in the limit where o-i >> o-~. Consequently, 

f ,  ~ (2r -I + (rrR~Cm) -1 (10) 

and 

D ~ 1 + (�89 (11) 

In most of the subsequent applications of Eq. (9a) 
we assume gogf -~ 1. In Appendix C we show that go 
-< 1.222. In the Discussion section we return to dis- 
cuss the range of gf values compatible with our ex- 
periments. 

It is to be noticed that the minus sign in Eq. (9a) 
means that the direction o f  rotation o f  the proto- 
plast is opposite to the direction o f  rotation o f  the 
electric field. This 'counter '  rotation can be under- 
stood qtialitatively by noting that the polarizability 
a is negative for a very slowly rotating electric field 
(Appendix B). For  a finite rate of rotation of the 
field, the polarization p of the protoplast does not 
'keep up' with the field. That is, the direction o f p  
corresponds to that of - E  at a slightly earlier in- 
stant. This can be seen to give rise to the counter 
rotation. 

The formula given by Arnold and Zimmermann 
(1982) is of the form of Eq. (9a). In their formula, 
however, the vacuum dielectric constant eo appears 
in the numerator of Eq. (%). Our analysis and ob- 
servations indicate that the correct factor is e~ = 
8rel~ .o ,  with F, re the relative dielectric constant of the 
external medium. In addition, our equation has a 
numerical factor of three in the numerator (see Ap- 
pendix B). 

Results 

The K + concentration was calculated to be 70 mM 
for nonacclimated protoplasts and 190 mM for accli- 
mated protoplasts assuming uniform distribution 
throughout the protoplast. A 70-mM KCI solution 
has a conductivity of 8.5 x 10 ~ (~m) -1 and a 190 
mM KCI solution has a conductivity of 2.14 • 
(f~m) -1 (Weast, 1978). The highest suspending me- 
dium conductivity used in these experiments was 
2.24 (+_12) x 10 -2 (f~m) 1 for nonacclimated prolo- 
plasts and 2.77 (+-12) x 10 -~ (12m) -~ for cold-accli- 
mated protoplasts (Table). Therefore, the smallest 
ratio of o-i to o-e was 38 for nonacclimated proto- 
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Suspending Solution Protoplast  Maximum rate 

solution conduct ivi ty  a radius a of rotation a 
(• 10 6 ~'L 1 era-l)  (/zm) (rad sec -1) 

Sample 
size b 

Nonacc l imated  
0.5 M sorbitol 

0.5 M sorbitol  + 0.5 mM KC1 

0.5 M sorbitol  + 1 mM KC1 

0.5 M sorbitol + 2 mM KC1 

Cold-accl imated 

0.9 M sorbitol 

0.9 M sorbitol + 0.5 mM KCI 

0.9 M sorbitol + 1 mM KCI 

0.9 M sorbitol  + 2 mM KC1 

0.9 M sorbitol  + 3 mM KC1 

38 -+ 5 14.4 -+ 1.9 0.68 -+ 0.21 

62 -+ 7 17.2 _+ 1.3 0.62 -+ 0.11 

108 - 4 15.1 - 1.0 0.51 -+ 0.14 

224 -+ 12 17.8 -+ 1.2 0.47 -+ 0.11 

31 • 3 14.5 -+ 1.2 0.57 -+ 0.15 

65 + 3 13.5 -+ 1.8 0.78 _+ 0.12 

100 -+ 1 14.0 -+ 0.0 0.56 _+ 0.11 

196 -+ 8 14.7 -+ 2.8 0.50 _+ 0.07 

277 -+ 12 14.6 _+ 0.8 0.43 -+ 0.20 

a Values are x +- SD. 

b Sample size equals  the number  of protoplasts  measured.  

plasts and 77 for cold-acclimated protoplasts. Since 
cri >> O'e, the use ofEq.  (9a) and Eqs. (10) and (11) is 
justified. 

The protoplast rotation was counter to that of 
the electric field and the rate dOe/dt was observed to 
be a maximum at an "optimum" frequency of the 
applied rotating electric field (Fig. 3) as predicted by 
the Maxwell-Wagner model (Eq. (9a)). However, 
the data deviated from that predicted by the model 
at high and low frequencies. For frequencies signifi- 
cantly higher or lower than the optimum frequency, 
the protoplast rotation rate exceeded that predicted 
by the model. Nevertheless, the Maxwell-Wagner 
model predicts the main dependence of the rotation 
rate on the frequency of the applied field, For exam- 
ple, the r 2 values shown in Fig. 3 are typical for 
measurements made on a single protoplast. 

The maximum rate of rotation was found to be 
independent of O-e (Table). This indicates that the 
second term of Eq. (11) is approximately zero and 
that D = 1. With D -- 1, the maximum rate of proto- 
plast rotation was calculated using Eq. (9a). Values 
for the parameters (0, ee and E 2) were estimated as 
follows. It was assumed that sorbitol and glucose 
affect viscosity similarly; since the relative viscos- 
ity (O/0o) for 0.5 M glucose is 1.277 and for 0.9 M 
glucose is 1.592 (Weast, 1978) and the viscosity of 
water (00) at 20~ is 0.01002 x 10 -9 NmZS (Nobel, 
1974), 0 for nonacclimated protoplasts was esti- 
mated to be 0.01280 x 10 -9  NmZS and 0 for cold- 
acclimated protoplasts was estimated to be 0.01595 
x 10 -9 NmZS. To estimate ee it was again assumed 
that sorbitol and glucose have similar effects. A 0.5 
M glucose solution has a relative dielectric con- 
stant, er~ of approximately 68, and a 0.9 M glucose 
solution has an ere of approximately 62 (Washburn, 

1928). Thus ee was estimated to be 6.02 x 10 10 F/m 
for nonacclimated protoplasts and 5.49 x 10 l0 F/m 
for cold-acclimated protoplasts. After correcting for 
field weakening by adjacent electrodes and allowing 
for the field gradient ("error") within the central 
10% of the distance between the electrodes, as 
Shown in Appendix B, Ewas calculated to be (6.25 + 
2.4) 104 V/re. Also in Eq. (9a) we assume gvgr -~ 1. 
With these estimates for the parameters of Eq. (9a), 
the maximum rate of protoplast rotation was calcu- 
lated to be 1.10 + 0.43 rad sec -l for nonacclimated 
protoplasts and 0.81 -+ 0.31 rad sec i for cold-accli- 
mated protoplasts. The measured maximum rates of 
protoplast rotation (Table) although within the cal- 
culated ranges appear to be systematically smaller 
than the theoretical estimates. This may be due to 
the fact that gvgf 4:1 or to other factors considered 
in the Discussion section. 

The optimum frequency for protoplast rotation 
is linearly related to % (Fig. 4). Because the inter- 
cept of the line is not significantly different from 
zero, for either nonacclimated or cold-acclimated 
protoplasts, the first term of Eq. (10) is effectively 
zero; therefore, Rm must be large (Rm >> 2 MI)). 
With a slope of 0.38 -+ 0.03 (Fig. 4) and an average 
protoplast radius of 15.9 -+ 0.1 txm (Table) the 
plasma membrane of nonacclimated protoplasts is 
calculated to have a specific capacitance of (0.53 - 
0.05) x 10 -2 F/m 2. (Note that Rm and Cm in Eq. (10) 
are the protoplast resistance and capacitance, re- 
spectively; the specific capacitance cm is obtained 
by dividing Cm by the protoplast surface area; the 
specific resistance rm is obtained by multiplying Rm 
by the protoplast surface area.) From the slope of 
0.38 -+ 0.03 (from Fig. 4) and the average protoplast 
radius of 14.2 -+ 0.1 txm (Table), the specific capaci- 



162 R.V.E.  Lovelace  et al. ; Protoplast  Rotat ion in an Electric Field 

0.6 

0.4 

~ 0.2 

I m 

~ 0.1 

b J  

OE 
0.6  

Z 
_o 0.4 

o 
off 

0.2 
F -  

~ 0.1 

0.6 

0.4 

0.2 

NONACCLIMATED 

0 e = 4 ;) x I0 -6  ~-4cm-I  

r z : 0.89 

oe = 57 x I0 "~ ~ - i  cm-I 

r z = 0 . 6 8  

or e = 108 x 10"6 ~ - ,  cm-' 

r = = 0.70 

l I i I I I I I I 

0.I 2 5 10 20 50 I00 ZOO 500 E 

COLD ACCLIMATED 

oe = 33  x 10-6 ~~  cm-I 

r z = 0.92 

0 e = 9 9  x I0-6  ~"~-Icm -I 

r z = 0 . 8 6  

oe = 201 x 10 -6 ~ - '  cm-i 

r = = 0.80 

I e 

. /  
I I / I I I I 

5 IO 20 50 100 200 500 

FREQUENCY ( k H z )  

Fig. 3. Protoplast  rotation rate as a funct ion of the f requency of the electric field. Typical resul ts  for nonacc l imated  and  cold- 
accl imated protoplas ts  at different values of  o-~ are shown.  Symbols  are exper imental  data, and the solid line is the least -square  fit (using 
an iterative procedure) to an equat ion with the form of Eq. (9a). The coefficient of  determinat ion (r 2) f rom the least-squares  fit is shown.  
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tance of the plasma membrane of cold-acclimated 
protoplasts is calculated to be Cm = (0.59 --+ 0.05) X 
10 -2 F/m 2. 

Discussion 

There is generally good agreement between the 
measured values (Figs. 3 and 4; and Table) and the 
values predicted by Eq. (9a) with D = 1. This agree- 
ment supports the validity of Eq. (9a) as derived in 
the Theory section, as opposed to the equation re- 
ported in the literature (Arnold & Zimmermann, 
1982). The deviation of the experimental data from 
the model at high and low frequencies suggests that 
factors additional to those discussed in the Theory 
section may influence the cell rotation. Even though 
the measured maximum rate of protoplast rotation 

is within the range expected from the estimated var- 
iation of the electric field, the average measured 
rate is systematically lower than the predicted aver- 
age rate by a factor of about 0.6. One possible factor 
contributing to give lower experimental values is 
that the electric field is actually smaller than pre- 
dicted owing to weakening by surrounding metal of 
the microscope. A second possible factor is that 
gvgf in Eq. (9a) is appreciably different from unity. 
In fact, the entire systematic difference between the 
measured and predicted values of dOc/dt can be ac- 
counted for if gvgf ~ 1.67. Using the estimate of g~ 
-< 1.22 from Appendix C, this suggests a value of gf 

1.37 for the friction factor. Further precision 
measurements are needed in order to distinguish 
between the influence of field weakening, friction 
and other factors. 

When considering the possible role of Rm in ro- 



R.V.E. Lovelace et al.; Protoplast Rotation in an Electric Field 163 

tation studies it is useful to consider Eqs. (9a) and 
(11) as well as Eq. (10). For example, to determine 
ifRm influences the rotation, Eq. (10) may be used, 
and a plot off .  versus o-e may be made. For this, it is 
necessary that Ore be precisely known. However, if 
one plots the maximum cell rotation rate as a func- 
tion of o-e, it is possible to search for a dependence 
of D on Re. With this plot, a possible influence of Rm 
can be evaluated even if there is a fairly large uncer- 
tainty in the values of O-e. It is important that both 
plots give a consistent conclusion regarding R,n. 

Elodea canadensis cells have a specific plasma 
membrane resistance of 0.32 l)m 2 and a specific 
tonoplast resistance of 0.058 ~ m  2 (Spanswick, 
1972). Auena sativa coleoptile cells have a total spe- 
cific resistance of 0.2 l)m 2 (Etherton, Keifer & 
Spanswick, 1977). Using a value of 0.2 ~m 2 and the 
value of 0.59 x 10 -2 F/m 2, Eq. (10) predicts an in- 
tercept of 0.13 kHz. Inspection of Fig. 4 suggests 
that such a small intercept cannot be resolved. In 
fact, only a specific membrane resistance on the 
order of 0.004 Om 2, which corresponds to an inter- 
cept of 6.7 kHz, or larger could be resolved (see 
also Zimmermann & Arnold, 1983). Thus, the rota- 
tion method in its present form is not useful for 
measuring Rm of plant cells which have values of 
the specific membrane resistance and capacitance 
that are typical of higher plant cell membranes. 

The values of Cm = 0.53 X 10 -2 F/m 2 (nonaccli- 
mated) and 0.59 x 10 -2 F/m 2 (acclimated) for the 
specific membrane capacitance, which we find for 
rye protoplasts, are similar to the value 0.48 x 10-2 
F/m 2 found for Arena sativa protoplasts (Arnold & 
Zimmermann, 1982; see also Glaser, Fuhr & 
Gimsa, 1983). In contrast with the view that this 
capacitance results from the tonoplast and plasma 
membranes in series (Arnold & Zimmermann, 
1982), we believe that the measured capacitance is 
mainly a property of the plasma membrane (see Ap- 
pendix B). Thus, the present protoplast rotation 
studies give a specific membrane capacitance some- 
what below the value of 10 2 F/m 2 considered typi- 
cal of living cells (Zimmermann, 1982). 

The plasma membrane plays a central role in 
the behavior of a cell during a freeze-thaw cycle, 
and destabilization of the plasma membrane is a pri- 
mary cause of freezing injury (Steponkus, 1984). 
Because the freezing of electrolyte solutions is 
known to give rise to large steady and transient po- 
tential differences between the liquid and solid 
phases (Workman & Reynolds, 1950), electrically 
induced alterations of the plasma membrane may 
contribute to cryoinjury (Steponkus & Stout, 1983). 
Observations that protoplasts isolated from nonac- 
climated rye leaves lyse at lower applied electric 
fields than protoplasts isolated from cold-accli- 
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Fig. 4. Electric field frequency (f.) causing maximum rate of 
protoplast rotation as a function of 0%. f .  was determined by 
fitting experimental data, as shown in Fig. 1, to an equation with 
the form of Eq. (9a). The solid lines plotted were determined by 
least-square regression analysis. The regression analysis gave an 
intercept of 1.34 -+ 3.38 (SE), a slope of 0.38 -+ 0.03, and an r of 
0.959 for nonacclimated protoplasts. For cold-acclimated proto- 
plasts the intercept is 0.94 -+ 3.97, the slope is 0.38 +- 0.03, and r 
is 0.962 

mated leaves are consistent with this possibility 
(Steponkus & Stout, 1983). Because there are no 
large changes in the electrical capacitance of the 
plasma membrane following cold acclimation, the 
increased stability of acclimated protoplasts is not 
attributable to differences in the charging time. 
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Appendix 

A .  GENERATION OF ROTATING ELECTRIC FIELDS 

Figure 1 shows the geometry of the rotating-field chamber. Thin 
conducting plates (of platinum) are located at x = L/2, - L / 2  < y 
< L/2 (plate #1); y = L/2, - L / 2  < x < L/2 (#2); x = L/2, - L / 2  
< y < L/2 (#3), and y = L/2, - L / 2  < x < L/2 (#4). The thick- 
ness of the conducting medium (h ~ 200 t~m) is fixed by horizon- 
tal glass plates and is much less than the separation of the plates, 
L = 0.2 cm. Therefore, the current density J and the electric field 
Eo in the chamber are essentially two-dimensional: $ = 2Jx + ~Jy 
andEo = g, Ex + ~Ey. Ohm's law implies V.  J = 0 or V. (cr~Eo) = 0 
or V20 = 0, where @(x,y) is the electrostatic potential with Eo = 
-V@. The boundary conditions are simply that @ be a constant 
on each plate. We consider two possible electrical configurations 
for driving the potentials on the four plates so as to give a rotat- 
ing electric field at x = 0, y = 0. 

The first configuration is symmetrical with @~ = -(qbo/2) 
sin(~ot), 02 = (@o/2) cos(c0t), 03 = (Oo/2) sin(c0t), and 04 - (@,,/ 
2) cos(wt), where @,, is the peak-to-peak applied voltage ampli- 
tude and @~ . . . . .  04 are the potentials on the plates, and co is 
the angular frequency of the external signal generator. It is clear 
that the electrostatic potential can be derived at t = 0 and at t = 

7r/(2oJ), and that a superposition of these two potentials will give 
the potential at an arbitrary instant of time. The potential at t = 
7r/(2co) can be obtained from the potential at t = 0 by replacing x 
by - y  and y by x. Superposition then gives 

@(x,y,t) = cos(wt)@(x,y,t = O) sin(wt)@(-y,x,t = 0). (A1) 

At t = 0, we find 

@(x,y,t = O) 
m - I  

= @o ~ 2(-1)  ~ -  cos(mTrx/L) sinh(mTry/L) 

m=1,3,5.., m sinh(mTr/2) 
(A2) 

Near the center of the chamber, the Taylor expansion of Eq. 
(A2) gives 

@(x,y,O)=(@,,/L) {c,y [2~-~2][x~ - ~ ] + . . . }  (13) 

where cl ~ 0.8346 and c3 ~- 5.7382. From Eq. (AI), the leading 
term proportional to cl is seen to give a uniformly rotating elec- 
tric field of magnitude equal to cl(@o/L). The constant cl provides 
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a correction for field weakening caused by the adjacent metal 
electrodes. The rotation rate of the field is ~o. 

The cubic term in Eq. (A3) gives an " e r ro r "  contribution to 
the electric field. A dimensionless measure of the influence of  
this error field on the cell rotation is given by 

< 2c'(rl  
e ~ ( E )  2 \  L / - 1 ~ cl  k L /  ' (A4) 

where r 2 = x a + y2. For  example,  to have e < 0.1 we need r / L  < 

0,085. 
The second configuration is asymmetrical and has qb~ = 

-(qbo/2) sin(~ot), qb2 = (qbo/2) cos(oJt), ~3 = 0, and qb4 = 0, where 
qbo is again the peak-to-peak amplitude of  the signal generator. At 
t = 0 we find 

dP(x ,y , t  = O) 

, , i  [m~rx~ (mTr mzry]  
~o 4 ( - 1 ~  cos~- -~- )  sin - ~ -  + L ! 

= T E (a5) m=1,3,5.., m~r sinh(mvr) 

Equation (A1) also applies in this case. Near  the center  of  the 
chamber,  the expansion of  Eq. (A5) gives 

~ ( x , y , t  = O) = (dPo/2)[Co + c j ( y / L )  - c2(x 2 y'-)/L: . . .] (A6) 

where co = 0.25, c~ = 0.8346, and c 2 ~ 1.9042. The leading term 
proportional to c~ is again seen to give a rotating electric field of  
constant magnitude c~ cbo/(2L)  with constant  rotation rate w. 

The quadradic terms in Eq. (A6) give rise to an "e r ro r "  in 
the field. A measure of  this error is 

CI 
(A7) 

In order  to have e < 0.1, we need in this case to have r / L  < 

0.013. This limitation on r / L  is more restrictive than that for the 
symmetric case [Eq. (A4)]. However ,  an advantage of  the asym- 
metrical configuration is the simplicity of the required driving 
voltages. 

An estimate of  the resistance of  the chamber,  say, between 
the #2 and #4 plates is easily found to be [4o-~h In (L /SL ) ]  1, 

where 8L is the gap distance between plate comers .  

B. POLARIZABILITY OF A SPHERICAL C E L L  

The assumed cell geometry is shown in Fig. 2. The uniform, but 
t ime-dependent ,  external electric field has an electrostatic poten- 
tial 

q~ o = - rEo( t )cosO , 

where a spherical (r,0,~b) coordinate system centered on the cell 
is used. In the separate regions- - ins ide  the cell, outside the cell, 
and within the m e m b r a n e - - w e  have V-  J = 0 or V �9 (o-E) = crV2q~ 
= 0, where J is the current density. Thus, the induced potential is 
everywhere proportional to the first Legendre polynomial 
P~(cos 0) = cos(0). Inside the cell, ~ = K~r cos 0; within the 
membrane  f~)m = (Kmr ~- K ~  F-z) COS 0; and outside the cell ~e = 
- r E o  cos 0 + ( K  j r  2) cos 0. Hence,  there are four constants,  K~, 
K~, K ' ,  and K~, to be determined. 

At each interface, there are two jump conditions on ~ .  One 
condition follows from the continuity of  the tangential compo- 

nent of  E.  The second condition follows from the continuity 
equation, which gives [o-Er] = k0Ef, with [ . . . ]  denoting the 
difference of  the outer and inner values, and E~. the free surface 
charge density at the interface, and Poisson's  equation which 
gives [eEl] = Zf. Thus, four equations result from the conditions 
at the two interfaces: 

Ki  = K m +  K' / (r ,~)  3, (Bl/a) 

(o'~ - ioJ~m)[Km - 2K'~/(r,~) 3] = ( o ' i -  koei)Ki .  (B1/b) 

- E o  + ge/ ( rb)  3 = g m +  K~n/(rb) 3, (Bl/c) 

2 K ~ )  2 I %  ; 
= (o-m- io, + (o'~ - iwse ) (Eo  + (rb)3j (i./,)37. 

The actual physical quantities are takcn to be the real parts of the 
complex quantities which have "time dependencies of the form 
e x p ( - i w t ) .  

Equations (B1) can be solved to give the K's  in terms of  E,,. 
In particular, for o-~ > o~s~, o'~ > ~oei, and ? > 8, we find 

O'eO- i 
o',. - cri + i: (or,,, - ioJ~,,,) 

K,, = - (r33 E,, 8 ~r,,o'i (B2) 
2o',, + o-~ + 2 

r (o-,,, - itOem) 

From Eq. (4) of  the Theory section, the electric dipole moment  
of  the protoplast  is p = aEo, where the polarizability is 

c~ = 47rzeKe /Eo .  (B3) 

Equations (6), (B2), and (B3) can be combined to give Eq. (7). 
Notice that for ~r,,, - 0 and 60 ~ 0, we have u = 27re,. (?)L The 
fact that c~ is negative in this limit is due to the exclusion of the E 
field lines (or equivalently current-density lines) from the inside 
of the sphere. This induced dipole moment  has the opposite sign 
to that which would be induced on, say, a single isolated mole- 
cule in vacuo. 

With the same approximations as used to obtain Eq. (B2), 
the potential drop across the membrane is found to be 

80Pro = ~e(rb)  -- ~ i ( ra)  

- 3 E o 8  

(1 + 2o-e/o-/)(o- m - koem)/o'e + 2(~/r)" 
(B4) 

The electric field inside the protoplast is uniform with a magni- 
tude 

3(o' jo- i )Eo(o' , ,  iwe,,,)lo-<. 
El = (B5) 

(1 + 20-e/O-i)(O',n -- iOJem)/O',. + 2(8/r)" 

For the experimental conditions, o-i > o-,,, (o-jo% > 38) and, 
consequently,  E~ ~ Eo.  That is, the inside of  the protoplast is 
essentially an equipotential. We estimate that the influence of  the 
vacuole is at most (perfect insulation) to reduce the effective 
value of  cr~ by a factor of  the order of the two-thirds power of  the 
volume fraction of  the vacuole. From direct microscopic obser- 
vations we estimate that this factor is of  the order of  0.5. [The 
vacuole usually appears to be asymmetrically situated inside the 
protoplast with the vacuole apparently in close contact with the 
plasma membrane over a small fraction (<0.2) of the surface area 
of  the protoplast. This small region of  possibly close contact 
does not alter the conclusion that the cytoplasm is essentially an 
equipotential.] Even with this reduction of  o-~ the cytoplasm of 
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the protoplast will be an equipotential. Notice also that Eqs. 
(B2)-(B5) are independent of  o'i for o-i ~> o-~. 

For  ~ >> oe,  Eqs.  (B2)-(B5) may be understood qualita- 
tively in terms of  a simple lumped parameter model: The mem- 
brane is represented as a resistor R,~ = ~[4~r(r-)2~rm] -t in parallel 
with a capacitor Cm = 47r(f)2e,,,6 I. The membrane is in turn 
connected in series to a resistor R,, = [47rro-,,] -~, which represents 
the external medium. The external voltage, -E , , f ,  is applied 
across the series circuit. For example, the voltage across the 
membrane in the lumped parameter model is Z,,,[Z,, + R,,]-~[E,,f], 
where Z,, = [R,, 1 + ~oC,,,/i] ~ is the membrane impedance.  This 
expression for 6~m is of  the form of Eq. (B3), but without the 
correct  numerical coefficients. 

= 

Helmholtz 's  theorem states that the actual flow, f~(r,0), is that 
flow which minimizes l;g while satisfying the boundary condi- 
tions. The drag torque on the sphere is then simply 

N~ = -min( I~) /~o .  (C2) 

Any function ~Y(r,0) other than the actual flow which satis- 
fies the boundary conditions will give I;V(~') _> min[l;V(fD]. 
Therefore,  we may use a trial function in Eqs. (C1) and (C2) to 
obtain an upper bound on the torque. A convenient choice for 
the trial function is 

C .  VISCOUS D R A G  ON A R O T A T I N G  SPHERE 

W H I C H  RESTS ON A P L A N E  S U R F A C E  

The evaluation of  the drag force on a uniformly rotating solid 
sphere in an infinite viscous medium is discussed by Landau and 
Lifshitz (1959). However ,  for the experimental conditions of in- 
terest  the sphere rests on a horizontal (x, y) plane while rotating 
about the z-axis. For  such conditions the drag force can be ob- 
tained using Helmhol tz ' s  minimum energy dissipation theorem 
(Batchelor, 1967). This theorem states simply that the actual 
Stokes '  flow is the unique flow which (i) satisfies no slip bound- 
ary conditions on the sphere and the horizontal surface and (ii) 
gives a minimum of  the viscous energy dissipation in the fluid. 

Wilhout loss of  a generality we write the fluid velocity as 
= qSflr sin 0, where a spherical (r, 0, qS) coordinate system is used 
(with r 0 the center  of  the sphere, and r = t= and 0 = 0 the point 
of contact of  the sphere and the horizontal surface), and where f~ 
= Ft(g.O). This no-slip boundary condition on the sphere is ftff.0) 
= ft,, = dO,/dr = const. ,  whereas the no-slip condition on the 
horizontal surface is [~(r/cos 0, 0) - 0 for 0 -< 0 -< ~r/2. The 
viscous energy dissipation rate can be expressed as 

O = (r 1t(  11'1 

for 0 -< 0 -< ~-/2, and 

D/(r,0) = Fto(F/r) 3, (C3b) 

for ~'/2 < 0 -< 7r. This function satisfies the boundary conditions. 
A direct evaluation of Eq. (C1) gives 

I;V(fV) = 8~q(r]3f~,[~]. (C4) 

Therefore, if we express  the actual drag torque as 

N~ = -Srrgvrl([)3~o,  (C5) 

then equation (C4) and Helmholtz 's  theorem imply that 

gv -< n = 1.222 . . . .  (C6) 

Equivalently, we conclude that the drag force is increased by 
less  than 22% as compared  with the case of  a sphere in an infinite 
fluid. 


