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Electrorotation measurements of human red cells after dielectric 
breakdown showed a decrease in tha first charactaristic frequency 
simultaneously with a decrease in rotation. This behaviour was 
theoretically analyzed and internal and membrane conductivity were 
evaluated. It was shown that it is the internal conductivity 
which even after membrane dielectric breakdown determines mostly 
the electrorotational behaviour. From the membrane conductivity 
value followed that the AC-conductance might be realized through 
band 3 protein. A binding constant at the Inner site of 2.1 mM and 
a membrane ion mobility value of 5-10-" m2 /Us were estimated. 

The new method of electrorotation has been successfully applied to 

a number of systems 11,5,6.8,12/. By means of recording the cell , 
spin the polarizability of a single cell is measured as a 

function of the frequency of the externally applied rotating 

electriC field. In most cases there are two extrema of the spin of 

the cell as a function of frequency. The first one occurs in the 

kHz-range and is characterized by a cell spin against ~he rotation 

of the external field. The second falls into the MHz-range. The 

spin there is with the field direction. The reason of the 

occurrence of the peaks is that there is a dispersion of the 

polarizability of the cell. In particular, in the range of the 

first peak with increasing frequency of the external field the 

capacitive conductivity of the cell membrane increases. Therefore 

the membrane will no longer serve as a barrier to current flow, 

and, consequently. that part of polarization of the particle 

caused by the existence of the membrane as a nonconductive shell 

will disappear. Consequently, measurements of rotation in the 

range of the first peak should be especially sensitive to the 

impedance properties of the membrane as compared to the internal 

conductivity. 

Now, we tried to measure the electrorotation behaviour of human 

red cells after dielectric breakdown. The original idea was to 

investigate whether it would be possible to measure tha increase 
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of membrane conductivity caused by electroporation in order to 

develop another method 11~1 to characterize the breakdown 

properties of cell membranes. However, a detailed investigation 

showed that this was not pOSSible, because of the astonishingly 

high original membrane conductivity. Instead, we were able to 

measure the decrease of the internal conductivitu due to the ion 

efflux through the breakdown induced pores. 

We attributed the large original membrane conductivity to the 

anion exchange system of the red cell by estimating from the 

permeability of this system its conductivity. NOW, the anion 

concentration decrease inside the cell after breakdown allower 

determining of the kinetic properties of the exchange s,. ,', 

since we could observe for the first time a correlation between 

membrane and internal conductivity. This should have conceptional 

significance, while now a reduction of the number of independent 

parameters incorporated in the theory of electrorotation becomes 

possible. 

Materials and methods 

Erythrocytes. Human citrate blood from healthy donors was supplied 

by the blood bank. Plasma and buffy.coat were removed after 

centrifugation at 2,000 g for 5 min, followed by washing in 300 

mOsm sucrose, 30 mM NaCI, 5.8 mM Naz HPD4 /NaHz P04 buffer, pH 6.8 

for 10 min at 2,000 g. The cells were resuspended in the same 

solution at a hematocrit of 10~ and stored at ~·C. 

Electroporation. The erythrocyte suspension was subjected to a 

single exponential field pulse by discharging a capacitor between 

a pair of steel electrodes. The discharge chamber had two 

compartments, one containing the cell suspension and the othe, 

containing an electrolyte solution to adjust the resistance, and 

therefore, the pulse time constant desired. Pulses of 3-10e Vim 

and a duration of 7 "s were applied. Immediately after pulsation 

the cells were diluted in ~. C 300 mDsm sucrose solution 

containing various concentrations of Na2Hp04/NaH~PD4 buffer (0, 

0.5, 1.0 mM) at a hematocrit of 0.05 ~. 

Elegtrorotatlun. Measurements of electrorotation were performed by 

means of a four-electrode chamber applying a rotating field of 

approx. 6,000 Vim, which was generated by square-topped pulses of 

a key ratio of 1:1. The chamber containing 0.1 ml of the 
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suspension was placed unde~ an inverted microscope. Measurements 

were carried out before the cells sedimented onto the bottom of 

the chamber. By means of the compensation method 12,3,9/ for each 

cell the first characteristic frequency fC1 and the spin at this 

frequency were measured. The temperature was controlled by cooling 

the microscope stage to ~·C. 

Erythrocyte shaDe. 100-120 ~M chlorpromazine (Sigma) was added to 

the washed red cells kept in 300 mOsm sucrose, 1 mM phosphate 

buffer. This guaranteed the appeerance of all shapes ranging from 

the advanced stages of stomatocytes to advanced echinocytes within 

the same suspension after a couple of minutes. Rotation 

measurements of stomatocytes end echinocytes followed. At fixed 

frequencies (50, 100, 150, 200, 300 kHz) the spin of both types 

was comparad in order to elucidate the possible influence of cell 

shape on rotation. 

Results 

Rotation after electroporation. At three different external 

conductivities (0.96, ~, 7, mS/m~ the first characteristic 

frequency of control cells was measured. Open and closed circles 

in rig. 1 represent the mean values of the rotation and of the 

characteristic frequencies of controls at 7 and 0.96 mS/m, 

respectively. Decreasing the external conductivity shifted the 

first peak towards lower frequencies and decreased the rotation. 

Immediately after pulsation the cells were transferred to the 

chamber. As long as possible rotation and the first characteristic 

frequency were followed. It was necessary carefully to select 

duration and strength of the pulse. At too large pulses the cells 

immediately stopped to rotate. At too small pulses no effect could 

be observed. The finally selected pulse conditions compare to 

relatively weak pulses in other studies /13,1~/. By no means the 

rotational behaviour of cells was homogeneous. There was always a 

certain percentage of cells without rotation. which can be eaSily 

explained by different sensitivities of the cells to the pulse 

caused by different original orientation. Cells 

rotate were not included in the data in Fig. 1. 

which did not 

The crosses in rig.l represent the typical behaviour of a single 

cell in 0.96 mS/m, while the squares represent mean values in 7 

mS/m external solution conductivity. From these data it is 
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Fig. 1. Mean value of ~otation at the Fi~st cha~acte~istic 
F~equency of cont~ol cells (, ) and behaviou~ as a function of 
time of ~ep~esentative pulseD cells ( ) at 7 and 0.96 mS/m, 
~espectivelu. Cu~ves show va~iations in ~1 - inte~nal conductivity 
(mS/m), Bs - memb~ane conductivity (S/m'), ~ - ~adius (~m). 

obvious that b~eakdown leads to a dac~ease in both, Fi~st 

cha~acte~istic F~equencu and ~otation. The expe~iments in ~ mS/m 

exte~nal conductivity yielded the same ~esults (not shown in Fig. 

1). 

Shape influencB. Mic~oscopic obse~vation ~evealed that in any case 

pulsation was accompanied by shape t~ansfo~mation to 

echinocytes. To investigate a possible influence of shape on the 

elect~o~ot~tional behaviou~ we studied sepa~ately the shepe eFfect 

with cont~ul cells. In Fig. 2 the ~esults of these expe~iments a~e 

summa~ized. At all F~equencies measu~ed the ~otation of 

achinocytes was highe~ as compa~ed with stomatocytes by app~ox. 

20%. This difFe~ence was signiFicant (<<-5%). As Fig. 2 also 

demonst~ates, a shiFt in the cha~acte~istic f~equency could not be 

Qbsa~vad. 

u 
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Fig. 2. Influence of cell shape 
on ~otation as a function of 
f~equency of e~yth~ocytes t~ea
ted with 120 ~M chlo~p~omaz1ne. 
Hatched columns - echinocytes, 
blank columns - stomatocytes . 

·Evaluatiop of dielegtric parame

ters. For data evaluation it was 

necessary to use the complete 

theory of single shell spheres, 
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given by Fuhr & Kuzmin 17/. We estimated tha influence of surface 

conductivity. At 0.96 Slm there was almost a 20% influence of 

surface conductivity on the calculated membrane conductivity. At 

higher external conductivities the surface conductivity could ba 

safely neglected. 

First we estimated the membrane conductivities of control cells. 

In contrast to earlier studies 111/ our measurements at low 

external conductivities provided us with the possibility to do 

this. The idea was that the lower the external conductivity the 

higher the influence of a given mambrane conductivity on the 

position of the peak. At higher external conductivities this 

position as a function of frequency can be used to determine 

internel conductivity and membrene cepecity. Assuming that these 

values will not significantly change 

outside we were then able to 

when decreasing the 

calculate the membrane conductivity 

conductivity of control cells. These data are represented in the 

second column of Tab 1. 

control pulsed cells 

Ge Gs Gi Gs Gi 
(mS/m] (S/m'] (mS/m] (S/m'] (mS/m] 

0.96 1200 150 373 ± 127 1.1 ± 0.63 

~ 625 150 700 ± 232 3.5 ± 1.1 

7 750 150 686 ± 3~~ 17.3 ± 12.2 

Tab. 1. Changes of s~ecific membrane conductivity (Gs) and 
internal conductivity (Gi) after dielectric breakaown as a 
function of external conductivity (Ge). The G.-values of control 
cells are averages from several fits. 

We further assumed that breakdown will not change the membrane 

capacity. It is raasonable, however, to assume that membrane 

conductivity and internal conductivity will change after the 

electric pulse has been applied. Since there are two unknowns for 

the pulsed cells membrane conductivity and internal conductivity 

two equations to determine these parameters wera needed. We 

selected the dependence of the first characteristic frequency on 

both conductivities as well as the dependence of the rotation at 

the first peak. Solving this system of two algebraic equations 

numerlcaliy we were able to obtain membrane and internal 
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conductivity for a number of cells after pulsation. Me~n values 

together with the stendard deviations characterizing these 

parameters are also given in Tab. 1. 

The most surprising result of Tab. 1 was that the membrane 

conductivity after pulsation did not increase. There is even a 

significant decrease of membrane conductivity at the lowest 

external conductivity studied. The internal conductivity decreased 

to values slightly above the external conductivity, which was a 

quite expected result. 

Discussipn 

Before explaining the results with pulsed cells it is useful to 

compare the internal conductivity value of control cells with 

literature data obtained by means of other methods. 'PAULY and 

SCHWAN 1171 found from impedance measurements a value of 0.518 

S/m. PILWAT and ZIMMERMANN 1181 obtained by breakdown measurements 
• 

a value in the order of 0.526 S/m. Our value was three times less 

than these data. However, the rotational behaviour strongly 

predicted this value, since inserting higher internal 

conductivities yielded bad fits. 

A possible explanation for this discrepancy might be that the 

cells in our experiments are suspended in very low ionic strength 

solution. This changes the internal electrochemical state of 

hemoglobin and the small ions as well as pH 110/. It is ·well 

known that the ion-protein interaction is critical for the 

conductivity 119/. Another reason was that the cells in low ionic 

strength solution show a loss of small ions as a function of time. 

This phenomenon, at present, is under more detailed investigation. 

Now, in order to understand the breakdown behaviour of red cells 

it is quite useful to interpret the mambrane conductivity in 

terms of membrane permeability. Although it might be very 

problematic there is a straightforward way to perform this task. 

Standard electrochemical oonsiderations will yield the following 

relation between membrane conductivity and permeability. 

(1) 

where Gs is the specific membrane conductivity measured in 

is the permeability, c. is the internal concentration 
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transported ion, that z, 

Faraday's constant, gas 

respectively. In deriving 

F, R, and T stand for charge number, 

constant and absolute temperature, 

equation (1) we mede use of the 

assumptions that there is only one species of ion responsible for 

conductivity and, second, that outside concentration of this ion 

is very small. With the help of equation (1) the membrane 

conductivity of the control cells compares to permeability values 

of 1.S-3*10-· m/s. This value almost exactly corresponds to the 

chloride eXChange permeability of red cells 116/, and is orders of 

magnitude larger than any other ion permeability of the red 

membrane except proton and hydroxyl ion permeability. Since the 

latter two ions have very small concentrations we concluded that 

it is the chloride ion flow through the membrane which determines 

the membrane conductivity. Although we are aware of the fact that 

,hloride ion exchange does not contribute to nC-membrane 

,onductivity we were compelled to take this view by the above 

consideration. The solution of this discrepancy might be that, in 

.contrast to other studies, we are dealing with alternate current. 

If the chloride exchange is sequential /16/ alternate current flow 

via the anion exchange system might be possible at large enough 

frequencies. A lower limit of the frequency might be obtained if 

we conSider the transport rates through the band 3 protein. As a 

function of temperature it was found that 230 - SOOOO ions per 

site may pass the membrane per second /~,lS/. Consequently, 

frequencies in the kHz-range are above a possible membrane 

conductivity dispersion range. 

From this viewpoint it becomes also quite clear that 

induced by dielectric breakdown should cause only a 

the pores 

negligible 

increase of membrane conductiVity, since their permeability under 

the pulse conditions applied in this study is at least two to 

three orders of magnitude less than the anion exchange 

permeability /13/. Now it is also obvious that the first 

characteristic frequency was shifted towards lower values because 

it is solely the internal conductivity decrease after breakdown 

which influences the change of the cell rotational behaviour. This 

is demonstrated by the theoretical curves shown in Fig. 1. Neither 

a radius decrease due to osmotic shrinkage nor a membrane 

conductivity increase could shift the first peak towards lower 

frequencies. From the shape experiments it follows that the shape 

change is not responsible either for the frequency shift, nor will 
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Lt change the ~otation ve~y much. 

In summa~y, the~e is the following cu~ious situation: lhe elect~jc 

pulses induce a memb~ane pe~meability inc~ease sufficiently la~ge 

fo~ the efflux of the inte~nal elect~olyte within minutes but too 

small to inc~ease the memb~ane conductivity significantly. On the 

othe~ hand, the la~ge enough salt pe~meability will change the 

elect~o~otation behaviou~ because it changes the inte~nal 

conductivity. 

Now let us look in close~ detail at the memb~ane conductivity of 

the cells afte~ b~eekdown shown in Tab. 1. How could the dec.ease 

of the memb~ane conductivity in 0.96 mS/m exte~nal conductivity 

solution be explained? To inte~p~et these data we t.ied to 

simulate the elect~o~otetion behaviou~ as a function of inte~nal 

conductivity (Fig. 3). A fi~st app~oximation would be a dec.ease 

of the inte~nal conductivity togethe~ with a constant memb~ane 

conductivity. Such an assumption is in cont~adiction to the 

expe~imental ~esults as 

concluded that the~e 

conductivity togethe. 

dielect~ic b~eakdown. 

that the concent~ation 

shown in Fig. ~, cu~ve 1. rhe.efo~e we 

has to be a dec.ease of the memb~ane 

with the inte~nal conductivity afte~ 

This essumption is suppo~ted by the fact 

of ions in the memb.ane has to be 

co~~elated to the concent~ation of both adjacent phases. We t.ied 

also a linea. ~elationship of memb~ane conductivity and inte.nal 

conductivity which compa~es to a simple ion two-phase dist.ibution 

law. The .esult was that the memb~ane conductivity dec.ease was 

too fast, and, consequently. this would lead to an inc~ease of 

~otation instead of the obse~ved dec~ease, while the peak 

f~equency shift was desc~ibed co~~ectly. 

Finally. we t.ied Michaelis-Menten-like connection between 

memb~ane conductivity and inte~nel conductivity which yielded 

~athe~ good fits of the ~otational behaviou. (cu.ve 2 in Fig. ~). 

The behaviou~ of the memb~ane conductivity was the 

remained fai.ly constant ove~ a le~ge .ange 

conductivity. Only if the inte~nal conductivity 

following: It 

of inte~nal 

.eached small 
enough values the memb~ane conductivity began to d~op quickly. In 

this context it is necessa~y to make two ~ema~ks. Ft.st, the 

memb~ane conductivity, although it d~ops, is still la~ge as 

compa.ed with the po~e-induced conductivity. Second, this is also 

the ~eason why a ~esealing of the po~es could not explain the 

obse~ved behaviou •. 
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fi~. 3. Membrane conduc
tivity as a function of 
internal conductivity. A 
theoretical model (EQ. 2) 
similar to Michaelis-Men
ten kinetics was used . 
Curves 1-~ refer to k~fuL 
values of 0, 1, 10, 100u 
mS/m. 

fig. ~. fit of rotational 
behaviour at 0.96 mS/m 
external conductivity 
using the dependencies on 
internal conductivity gi
ven in fig. 3. x - refers 
to a representative sing
le cell before (rightmost 
value) and after break
down. 

Now, let us investigate 

the relationship between 

membrane and internal 

conductivity from a theo

retical point of view. 

Assuming Michaelis-Menten 

kinetics of the anion 

binding to the 

protein at 

transport 

the inner 

surface of the membrane the relation between membrane ion 

concentration (bound to enzyme) Cm and the inside concentration c, 

is as follows: 

(2) 

where km is the Michaelis-Menten constant,and E~ is the total 

enzyme concentration. This relation can be transformed to an 

expression containing conductivities. 

(3) 

where Um and u, are the ionic mobilities in the membrane and in 

the cell interior, respectively. d is membrane thickness. 

Taking the membrane enzyme concentration to be 1.2*10· copies per 

cell /16/, d taking 8 nm and the red cell surface 1.~-10-10 mZ we 

obtained from the best fit in fig. 3 an ion binding constant of 

2.1 mM and a membrane ionic mobility of 5-10-·'mz /Vs. This ionic 

membrane mobility is 100 times less than the ionic mobility of the 

interior which was determined to be 5-10-· mZ/Vs. The latter value 

is 16 times smaller than the ionic mobility of chloride in water. 
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This sequence of mobility values seems to be quite reasonabLe 

because the resistance to ion movement in the red cell should be 

significant due to the presence of hemoglobin (PAULY and SCHWAN 

1201 assumed half of the ions to be completely immobile), and the 

membrane mobility appeared to be even lower which should be 

attributed to the mechanisms of the chloride ion transport by the 

protein. Both this membrane ion mobility value and also the 

binding constant could not be compared to data in the literature, 

since we were not able to find these particular constants. The 

only available data were exchange transport equilibrium constants 

obtained under different conditions ranging from 3 to 60 mM 116/. 

Since ion binding is possibly not the rate limiting step 1161 our 

value being less than the equilibrium constant seems to be .also 

quite reasonable. We would like to note also that different cells 

yielded sljghtly different kinetic constants. 

In summary we would like to emphasize, if the above concapt proves 

to be applicable in future, too, that electrorotation offers a new 

way to study this and similar fast transport systems. 
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