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ELECTRDROTATION OF RED-CELLS AFTER ELECTROPORATION
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Electrorotation measurements of human red cells after dielectric
breakdown showad a decreass in the First characteristic Frsquency
simultaneously with a decrease in rotation. This hehaviour was
thegretically analyzed and internal and membrane cnnductivitg weare
evaluated. ?t was shown that it is the internal conductivity
which evan after membrane dielectric breakdown determinas mostly
the electrorotational behaviour. From the membrane conductiwvit
valug followed that the AC-conductance might ba realized throug
band 3 protein. A binding constant at the innar site of 2.1 mM and
a membrane ion mobility value of S*10-** m2/Us were estimatad.
The new method of electrorotetion has bheen successfully applied to
a number of systems /1,5,6,8,12/. By means of recording the cell
“
spin the polarizability of a single cell is measured as a
function of the frequency of tha 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 the rotation
of the external field. The second fFalls 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
pularizébilitu of the cell. In particular, in the range of the
First peak with increasing frequency of the external FfFimld the
capacitive conductivity of the cell membrane increases. Therefore
the membrane will no longer serve ags & barrier to current FfFlow,
and, conseguently, that part of polarization of tha particle
caused by the existence of the membrane as a nonconductive shall
will disappear. Consequently, measuremeants of rotatian in the
range of the firast peak should be aspecially sensitive tg the
impedance properties of the membrane as compared to tha internal
conductivity.
Now, we tried to measure the electrorotation behaviour of human
rad cells after dieslectric breakdown. The original idea was to

investigate whether it would be possible to measure the increase
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of membrane conductivity caused by electroporation in order to
develop another method /14/ to characterize the breakdown
properties of cell membranes. Howaver, a daetailed investigation
showed that this was not possible, because of tha astonishingly
high original membrane conductivity. Instead, we were able to
measure the decrease of the internsl conductivity dus to the ion
efflux through the breakdown induced pores.

Wwe attributed the large original membrane conductivity to the
anion exchange system of the red cell by estimating From the
permeahility of this system its conductivity. Now, tha anion
concentration decrease inside the cell after bhreakdown éllpw:ﬂ
determining of the kinetic properties of the exchange s, o,
gsince we could chserve for tha first time a ccrrelatibn. betwean
membrane and internal conductivity. This shaould have conceptional
significance, while now a reductian of the number of independent
parameters incorpograted in the theory of electrorotation becomes

possible.

Materials and mgthods

Eruthrocutes. Human citrate blopd from healthy donors was supplied
by the blood bank. Plasma and buffy coat were removed after
centrifugation at 2,000 g for S min, followed by washing in 300
mdsm sucrose, 30 mM NaCl, 5.8 mM NazHPO./NaH-FO. buffFer, pH 6.8
for 10 min at 2,000 g. The cells were resuspended in the same
solution at a hematocrit of 10% and stared at 4°C.
Electroporation. The erythrocyte suspension was subjected to a
single exponentlial Field pulse by discharging a capacitur between
8 pair of steel elsctrodes. The discharge chamber had two
compartments, one containing the cell suspension and the othes
containing an electrolyte solution to adjust the resistance, and
therefore, the pulse time constant desired. Pulses of 3*10= uU/m
and a duration of 7 us were applied. Immediately after Pulsation
the cells were diluted in 4%* € 300 mOsm sucrose solution
containing various concentrations of Na-HPO./NaHz.PO. buFfer (0,
0.5, 1.0 mM) at a hematocrit of 0.05 %.

Electrorptatjion. Measurements of electrorotation were performed by
means of a Four"electréde chamber applying a rotating field of
approx. B,000 U/m, which was generated hy sguare-topped pulses of

a key ratio of 1:1. The chamber containing 0.1 ml aof the
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suspension was placed under an invertad microscope. HMeasurements
were carried out befora the cells sedimaented onto the bottom of
the chamber. By means of the compensation method /2,3,3/ For each
cell the First characteristic frequency f-.: and the spin at this
frequency were measured. The temperature was controlled by cooling
the microscope stage to 4°C.

Eruthrocute shapg. 100-120 uM chlorpromazine {(Sigma) was added to
the washed rad cells kept in 300 mOsm sucrose, 1 wmlt phosphate
buffer. This guarantead the appearance of all shapes ranging From
the advanced stages of stomatocytes to advanced schinocytes within
the sama suspension after a couple of minutes, Rotation
.measurements of stomatocytes and echinocytes fFollowed. At fixed
freguencies (S0, 100, 1S5S0, &£00, 300 kHz) the spin of both types
was compared in order to elucidate the possible influence of cell
shape on rotation.

Results

Rotation after electropgration. At three different external

conductivities (0.896, 4, 7, mS/m> the Ffirst characteristic
frequency of control cells was measured. Open and closed circles
in Fig. ‘1 represent the mean valuas of the rotation and of the
characteristic fregquencies of controls at 7 and 0.96 mS/m,
raspectivaly. Decreasing the external conductivity shiFted the
First peak towards lower frequencies and decreased the rotation.
Immediately after pulsatiomn the cells were transferred to the
chamber. As long as possible rotation and the first characteristic
frequency were Ffollowed. It was necessary carefully to select
duration and strength of the pulse. @At tooc large pulses the cells
immadiately stopped to rotate. At too small pulses no effect could
he obsarved. The Ffinally selected pulse canditions compare to
relatively weak pulsass in other studies /13,14/. By no mgans the
rotational behaviocur of cells was homogeneous. There was always a
certain parcentage of cells without rotation, which can be easily
explained by different sensitivities of the cells to the pdlse
caused by different original orientation. Cells which did not
rotate were not included in the data in Fig. 1.

The craosses in Fig.1l represent the typical behaviour of a single
cell in 0.96 m5/m , while the sgquares represent mean values in 7

mS/m external solution conductivity. From these data it 1is
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Fig. 1. HMean wvalue of_ rotation at the first characteristic
foguene O Contative polsed caiie ( on2Y SE 7 and 056 ms/m.
respectively. Curves show variations in 5i = internal conductivity
{(mS/m), Gs = membrane conductivity (S/m*), r. = radius (umd,
cbvious that breakdown leads toc & decrease in both, first
characteristic frequency &nd rotation. The experiments in &_ mS/m
external conductivity yislded the same results (not shown in Fig.
1).

Shape ipfluence, Microscopic- obsarvation revealed that in any case
pulsation was accaompanied by shape transformation to
achinocytes. To investigate a possible influence of shapa on the
aleactroratetional behaviour we studied separately the shape effect
with control cells. In Fig. 2 the results of these experiments are
summarized. At a8ll frequencies measured the rotation of
schinocytes was higher as compared with stomatocytes by approx.
280%. This difference was significant («=5%). As Fig. 2 also

demonstrataes, a shift in the characteristic frequency could not bs

absearvead .
Fig. 2. Influence of cell shape
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given by Fuhr 8 Xuzmin /7/. We estimated the influence of surface
conductivity. At 6.95 S/m there was almost a 20% influsnce of
surface conductivity on the calculated membrane conductivity. At
higher external conductivities the surface conductivity could ba
safgly neglected.

First we astimated the membrane conductivitias of control cells.
In contrast to earlier studies /11/ our measurements at logw
external condoctivities 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 cen be wused to determine
internal conductivity and membrane capacity. Assuming that thase
values will not significently change when decreasing the
conductivity outside we were then able to calculate the membrane
condguctivity of control cells. These data are represented in the
sacond column of Tab 1,

control ' pulsed cells
Ge Gs Gi Gs G1
EmS/m] £S/m*1 CmS/m] CS/me] CmS/m]
0.86 1200 150 373 = 127 1.1 x 0.63
% 625 150 700 + 232 3. s*t1.1
7 750 150 BAE t 344 17.3 = 12.2

Tah. 1. Changes of specific membrane conductivit (Bs) and
$05SETEN o aitarne] Hondusbivity-(BeS > The G:-vaioes oF cantrol
cells ara avarages from several Tits.

We FfFurther assumed that breakdown will not change ths membrans
capacity. It 1s reasonable, however, to assuma that membrane
conductivity and internal conductivity will change after thae
electric pulse has been applied. Since there are two unknowns For
the pulsed cells membrane conductivity and internal conductivity
twe eaquations to determine thass paramsters were needed. We
selected the dependanca of the first characteristic Frequency on
both conductivities as well as the dependence of the rotation at
the Ffirst pesak. Salving this system of two algebraic equations

numaerically we were able to obtain membrane and internal
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conductivity Ffor a number of cells after pulsation. HMean values
teogether with the standard deviations characterizing these
parameters are alsoc given in Tab. 1.

The most surprising result of Tab. 1 was that the membrane
conductivity after pulsation did not increase. There is eavan a
significant decrease nof membrana conductivity at tha lowest
external conductivity studisd. The internal conductivity decreased
to values slightly above the sxternal conductivity, which was a

quita axpected result.
cu n

Before explaining the results with pulsed célls it is wusaeful to
compare the internal conductivity wvalue of control cails with
literature data obktained by means of other methods. "PAULY and
SCHWAN /17/ Ffound from impedance measurements a value of 0.518
S/m. PILWAT and ZIMMERMANN /18/ obtained by breakdoqn 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 fFits. '
A possihle explanation for this discrepancy might be that the
cells in our experiments ars suspended in very low ionic strength
solution. This changes the internal electrochemical state of
hemoglobin and the small ions as well as pH 710/, It is -well
known that the ion-protein interaction is critical for the
conductivity /19/. 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 membrane conductivity in
terms o©of membrane permeability. Although it might be wvary
problematic there is a stréightformard way to perform this task.
Standard electrochemical considerations will yisld the following

relation betwesn membrane conductivity and permeability.
Gs=c. z2F=P/RT _ ' (1

where Bs is the specific membrane conductivity measursed in S/m=, P

is the permeability, C: is the interral concentration of the
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transported ion, that z, F, R, and T stand for charge number,
Faraday’s constant, gas constant and absoclute tsmperatura,
respactively. In deriving sguation (1) we madae use of the
assumptions that there is only one species of ion responsible Ffor
conductivity and, secand, that cutside concentration of this ion
is wvery small. UWith the help of equation (1) thea mambrane
conductivity of the control cells compares to permeability wvalues
of 1.5-3%10~% m/s. This value almost axactly curfssponds to the
chlaoride exchange permeability of red cells /16/, 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 conbluded that
it is the chloride ion Flaw through the membrane which determines
the membrane conductivity. Although we are aware .of the fact that
‘hlpridse ion exchange does not contribute to IE-membrane
onductivity we were compelled to take this view by the above
considaration, 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 /167 alternate current flow
via the aniocn exchange system might be possible at large enough
frequencies. A louwer iimit of thse frequency might be obtained if
we consider the transport rates through the band 3 protein. fAs a
Function of temperature it was found that 230 - 50000 ions per
site may pass the memhrane per second /4%,15/. Consequently,
Frequencies in the kHz-range are above a possible memhrane
conductivity dispersion range.
From this viewpaint it becomes also quitse elear that the pores
induced by dielectric breakdown should cause only a 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
permaability /13/. Now it is also obvious that the Ffirst
characteristic Frequency was shifted towards lower values hecause
it is splely tha intarnal conductivity decrease after hreakdoun
which influences the change of the cell rotational behaviour. This
is demonstrated by the theoretical curves shown in Fig. 1. Neither
a radius decrease dus to osmotic shrinkage nor a membrane
conductivity increase could shift the first peak towards lowsr
frequencies. From the shape experiments it follows that the shaps
change is not responsible either for the fregquency shift, nor will
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it change the rotation very much.

In summary, there is the following curious situation: 1he electric
pulses induce a membrane permeability increase sufficiently large
for the efflux of the internal electrolyte within minutes but too
small to increase the membrane conductivity significantly. On the
ather hand, the large enough salt parmeability will change the
electroratation behaviour because it changes the intarnal
conductivity. 4

" Now 1let us loock in closer detail at the membrane conductivity of
the cells after breakdown shown in Tab. 1. How could the decreases
aof the membranm conductivity in 0.86 mS/m external conductivity
solution ba explained? To interpret these data ws tried to
simulate the electraorotation behaviour as a function of internal
conductivity (Fig. 3). A first approximation would he a decrease
of the internal)l conductivity together with a constant membrane
conductivity. Such an assumption is in contradiction to thas
experimental results as shown in Fig. 4, curve 1. Therefore uwe
concluded that thare has to be a decrease of ths membrane
conductivity together with the internal conductivity after
dielectric breakdown. This assumption is supported by the fact
that the concentration of ions in the membrans has to be
correlated to the concentration of hoth adjacant phases. We tried
also a linear relationship of membrane conductivity and internal
conductivity which comparses to a simple ion two—-phase distribution
law. The rasult was that the membrane conductivity decrease was
topo fast, and, consequantly, this would lead to an increase of
rotation instead of the cbsarved decrease, while the peak
frequancy shift was describasd carrectly.

Finally, ws tried Hichaslis-MNenten-lika connection batwesn
mambrane conductivity and internal conductivity which yielded
rather gond fits of the rotational behaviour (curve 2 in Fig. 4.
The behaviour of the membranse conductivity was the following: 1t
ramainad feirly constant over a large range of internal
conductivity. 0Only if the internal conductivity reached small
enocugh values the membrane conductivity bagan to drop guickly. In
this context it is necessary ta make two remarks. First, the
memﬁrana canductivity, although it drops, is still large as
compared with the pore-induced conductivity. Second, this is also
the resson why a rasealing of the pores could not explain the
observed bshaviour.
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Fig. 3. Membrane conduc-

tivity as a function of

internal conductivity. A

thecratical model (Eq. ©)

similar to Michaelis-Man-

\ tan kinetics was used.

:
It
2 1200 Curves 1-4 refer to k..Fu
F | : . values of 0, 1, 10, Tood
g‘“’ mS/m.
m-
§ Fig. 4. Fit of rotational
e behaviour 8t 0.96 mS/m
£ 004 extarnal conductivity
o using the dependencies on
3 204 p internal conductivity gi-
i . S ven in Fig. 3. x - refers
on . - = 20 to a reprasantative sing-
le cell before (rightmost
internal  cenductivity  (mSim] ;B}.UB) and after hreak-
ouwn.

Now, let us investigate

qu the relationship between
7 s membrang and internal
E Q& - . conductivity from a theo-
; ::: 1 retical point of vieuw.
g o1 2 . Assuming Michaelis-Menten
o it . : Y — kinetics of the anjon

0 0 » 2 40 %0

Frequaivey  IKHE] binding to the transport
pratein at the inner
surface of the membrana the relation betwean mambrane iton
concentration (bound to enzyma) c. and the inside concentration o,

is as follows:

Ca~Eely /CKkmtC, ) €D

where Km 1s the Hichaelis-Menten constant,and E. is tha total
anzyma concentration. This relation can ba transformed to an
expression containing conductivities.

GS=Ee UnFB, 7/ (knFu, +G, ) (3

where Uw Bnd u, are the ionic mobilitias in the membrane and in
the cell interior, respectively. d is membrane thickness.

Taking the membrana anzyme concentration to be 1.2*104 copies per

call /167, d teking B nm and the red caell surface 1.4%10-2° p= g

obtained from the best Fit in Fig. 3 an ion binding constant of

2.1 mM and a membrane ionic mability of S5*10-*‘'m2,/Us, This ionic

mamhrane mobility is 100 timas less than the ionic mobility of the

interior which was determined to bhe 5*10—" mZ/Us. The latter value

is 16 times smallaer than the ionic mobility of chlaoride in water.
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This seguence 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
/280/ assumed half of the ions to be completely immcbile), and the
mamhrane mobility appeared to be even lower which should be
attributed to the mechanisms of the chloride ion transport by the
protein. Both this membrane icon mobility value and also the
binding constant could not be compafad to data in the literature,
since we were not able to find thesse particular constants. The
only available data were exchange transport equilibrium constants
ohtained under different conditions ranging from 3 to 60 mM  /1E/.
Since ion binding is possibly not the rate limiting step 716/  our
value being less than the equilibrium constant seems toc he also
qguite reasonable. We would like to note also that different cells
ygielded slightly different kinetic constants,

In summary we would like to emphasize, if the above concept proves
to be applicable in future, too, that slectrorotation offers a new
way to study this and similar fFast transport systems. ‘
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