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Introduction

It is well known that electrical fields have a variety of

effects on biological cells. Some of these are 1) Pearl chain

formation (Heller,1959,Sher,1963), 2) Cell spinning, 3) Cell

fusion (Zimmermann,1974,1982) and 4) Shape and volume changes

(Kinosita et al. 1977,1979, Takashima et al. 1983). The purpose

of this project is to use electrical fields to change the shape

of abnormal human red blood celispi.e., sickle ceil anemia

erythrocytes. The shape of those cells is distinctly different

from that of normal red cells (see Singer et al.1953). Because of

this, the flow of blood in small capillaries is either impeded

or even blocked completely. The vaso occlusion of microvasculature

is cause of the crisis of sickle cell anemia patients.

There are a number of drugs or chemicala which have been tested

in vitro or in vivo in attempts to inhibit the polymerization of

intracellular Hb S or to disintegrate Hb S gels by increasing the

water flux into red blood cells (see Dean et al. 1978). The

effectiveness of these drugs is, however, less than satisfactory.

Our attempt to use electrical fields to desickle abnormal

erythrocy:es began several years ago (Takashsima et al. 1983).

At the beginning, our technique was crude and desickling entailed

extensive hemolysis. Nevertheless, we found that pulsed AC fields

are very effective in changing the shape of deformed or sickled

abnormal erythrocytes. We have improved the technique since
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then and presently we are able to achieve the desickling of SS-

erythrocytes without noticeable hemolysis (Takashima et al.

1985). In the following, I would like to discuss the results of

this project chronologically.

ExDerimental Set UD

The electrical system which is used for the project is shown in

Fig.1. A) Function generator with a saw tooth generator which

modulates CW AC fields and generates pulsed wave form. B) ENI

1140LA power amplifier with the maximum output of 1.6 kW. C)

Tektronix 5103 storage oscilloscope. D) General Radio 3508 atte-

nuator. E) Electrode assembly. The detail of electrode assembly

is depicted in Fig.2. The microscope is equipped with a Panasonic

TV camera and a monitor.

(1) (2)

Figure 1 Schematic diagram of electronic system used for the
exposure of erythrocytes.

Figure 2 Electrode assembly. Electrodes are Pt-Ir alloy with
a diameter of 50 urn. The distance between them is 0.3-0.5 mm.

The procedure we used is to put a small amount of sickle

cell erythrocyte suspension'and flush with continuous flow

of nitrogen for 20-30 minutes to deoxygenate the suspension

as much as possible. The suspension contains a small amount of

glucose and glucose-oxidase to consume remaining oxygen in

solution. Upon deoxygenation of Hb S, a few drops of suspension
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are transferred. to the electrode assumbly and quickly covered with

a cover glass. If necessary, the cover glass was sealed using

either dental wax or vaseline in order to prevent the penetration

of air into the sample.

The electrode assembly is mounted to microscope stage and

connected to the output of attenuator. The attenuator turned

out to be very useful for stepping up the voltage of applied

field in small steps. The shape of erythrocytes is monitored

visually on a TV screen continuously while the voltage is stepped

up gradually. When the intensity of applied fields reachesthe

theshold, the shape of erythrocytes begins to change quickly.

The rate of shape change depends on the field intensity.

Usually, the best result is obtained when the field intensity

is slightly above the threshold.

Resul ts

One of the early results we obtained is shown in Fig.3. This

A

Z* A

K~z.-.0. 

(a) (b)
Fiure 3. a) Sickled red blood cells before exposure to pulsed
fields (x800). b) Shape change in the presence of a field of
100 KHz. the field strength was 3.0kV/cm with a pulse width of
5 mse.

micrograph was obtained with sickled erythrocytes suspended in 0.9%

NaCI solution. The width of pulsed field is 5 ms with an interval

of 1 sec. Perhaps because of the long pulse we used at the early

3
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stage of this project, usually desickling entailed extensive

hemolysis of the desickled erythrocytes.

It is generally agreed that high intensity short pulses achieve

desired biological effects with less damage to the membrane than

low intensity long pulses (Zimmermann et al. 1981). The variation

of pulse widths and subsequent change in the threshold were studied

and the result is illustrated in Fig.4. Obviously, the threshold

increases as pulse width decreases. In particular, a sharp
12
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Figuret 4. The dependence of the threshold intensity of de-
sickling of SS erythrocytes upon pulse width. Cureve 1 and 2
were obtained with 0.901, NaCI solution and Hank's solution as
suspending media.

rise is observed below the pulse width of 100 usec. We cal-

culated the power input using the following formula:

W = f.V 2/R (1)

where f is duty cycle, V is voltage and R is resistivity. Table

1 shows the results of these calculations. It is extremely

interesting to observe that the power requirement decreases as

pulse width decreases inspite of the increase in threshold

intensity. This means that short pulses do not require as

much energy as long pulses. This result provides

4
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the evidence to the postulate that short pulses are more

effective than long pulsesm, or more generally put, pulsed

fields are more effective than continuous field for causing

biological effects.

Table 1

The threshold intensity Eth, duty cycle and power input (E th2X

duty cycle) of desickling. Carrier frequency: 50KHz.

Pulse Width Eth(V/cm) Duty Cycle E th2

lOms 1950 0.01 38025
5ms 2100 0.005 22050
1ms 2700 0.001 7290

0.Sms 3000 0.0005 4500
100us 3600 0.00001 1296
50us 3900 0.000005 761
20us 4200 0.000002 353

The stability of biological membranes is one of the major

concern for membrane biologists. Erythrocyte membrane is known

to become unstable in the absence of divalent ions, e.g. Ca. and

Mg. Early experiments were performed in physiological saline solutior

without divalent ions. The photographs shown by Fig.3 are one of

the examples. In attempts to reduce the hemolysis, desickling of

the SS erythrocyte was performed in Hank's solution which

resembles human blood plasma. Fig.5 shows the photographs of

sickled and desickled SS erythrocytes which are suspended in

Hank's solution. As shown, desickled erythrocytes resemble

normal discoidal red blood cells rather than swallen spheriocytes

(see Fig.3). Diagram 5C shows the same red cells 30 minutes

after desickling. Clearly, hemolysis of desickled cells is

minimal. Recent desickling experiments in our laboratory Use

only one or at most two pulses. With this method, virtually no

hemolysis is detected. Thus, we can state with confidence that
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(a) (b) (e)

Figure 5. Sickled and desickied 55 ery/throcytes. a) Before
exposure to pulsed fields. b) Onset of desickling. Note
the beginning of shape change. c) 30 minutes after desickling.
Note only a small number of desickled erythrocytes are hemolyzed.
hemolysis of desickled cells is minimal. Recent desickling

electrical fields are able to desickle SS erythrocytes almost

reversibly if proper conditions are selected. The threshold of

desickling of SS erythrocytes suspended in Hank's solution was

determined at each pulse width and the results are illustrated

in Fig.4. As shown, the addition of divalent ions seems to in-

crease the threshold slightly although we did not detect substantial

elevation of E

Measurement of Ion FLuxes by AA Spectroohotometer

The fluxes of Na and K ions through erythrocyte membrane are

extremely small under normaL circumstances (Lassen et al. 1978,

Hunter, 1977). The membrane resistivity is believed to be as high

as o0 6 ohs . The shape change and swelling of erythrocytes

by electrical fields indicate the influx of ions and water through

the pores created by electrical fields. We used two techniques to

investigate the fluxes of ions before and after exposure of the

erythrocyte to electrical fields. The one is AA Spectrophotometer

and the other Is Patch clamp method. The results obtained with

6 2
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AA spectrophotometry will be discussed first. We analyzed the change

in Na, K, Ca and Cl ions. We would like to discuss only Na and K

fluxes in this report (Chang,1985). Fig.6 shows the concentration

change of K ions in suspending medium before and after exposure.

As shown pre-exposure, sub-threshold exposure and sham exposure do

not produce noticeable concentration change of the K ion in suspending

medium. Only with supra-threshold exposure to RF, did we observe

a large increase in K ion concentration in external solution.

This result indicates that intracellular K ion begins to flow out

the cell when erythrocyte is exposed to RF of sufficient intensi-

ties and small pores are created. (W)

(AV) so-

o70)
.4 (6) 40 (J

'"A'
20 *1-

. 10- a -

- ~ ... LLI.L~10-
j4 ~ ~ ~ ~ R f7tbSMMwb uSa

Figure 6. The change in K ion concentration in suspending medium
before and after exposure to RF fields. Pre-EF is before exposure
Sub is subthreshold exposure, Sham is incubation of the sample
without the field. EF is exposure to RF above threshold. The
vertical lines indicate standard deviations.

Figure 7. The change in Na ion concentration in erythrocyte.
The symbols used in this presentation are the same as Fig.6.

Subsequently, the flux of Na ion was studied. In this ex-

periment, erythrocytes were collected by centrifugation before

and after exposure. Pellets were hemolyzed and centrifuged

again. The Na content of supernatant was measured using flame

photometry. Fig.7 shows the result of these measurements. As

shown, the Na ion concentration inside erythrocytes is small
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before exposure or with subthreshold exposure. However, only

after above threshold exposure, did we observe marked increase

in the concentration of Na ion inside red blood cell.

These results clearly indicate that shape and volume changes

of erythrocytes are accompanied by fluxes of ions as well as

water. Although these results strongly suggest that small pores

are created by electrical fields, a more convincing proof can be

obtained Patch Clamp Technique.

Patch Clamp Experiment

The cause of the shape change of erythrocytes by electrical

pulses has been speculated. The view which is favored by many

researchers is that electrical pulses produce a large electrical

potential across the membrane (see later section) which in turn

causes the partial breakdown of erythrocyte membrane and creates

small pores. Using these pores, water and ions flow into or out

the cell because of altered osmotic balance. The influx of water

through the pores, is therefore the direct cause of volume and

shape changes of red blood cells by electrical fields. The proof

that pores are created by electrical fields, however, had not been

convincing.

The most direct experimental method to prove the existence of

pores in the membrane after exposure to an electrical field is

Patch Clamp Technique. This technique which was developed by

Neher and Sakman (1978,1983) uses a micro-pipette with a tip

size of 1 um, fire polished to make it smooth. The pipette is

attached to a cell membrane and, using a suction, establish a

tight seal of several giga-ohms. Fig.8 shows the pipette-cell
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configuration.
R

Figure S. The whole cell configuration of patch clamp pipet
with spherical cell.

The patch of the membrane inside the pipette tip can be

destroyed by a further suction to create "whole cell

configuration". The silver-silver chloridated electrode is

enclosed in the pipette and voltage-current relation can be

determined. In addition, using the holding potential, we can

measure single channel currents of the order of 2-3 pA which

N occurs sporadically if a small number of channels exist.

The patch clamping with human normal erythrocytes (Grygorczyk

et al. 1984) is difficult because of the lack of adhesivity

of the membrane. We found that patch clamping with SS erythrocyte

difficult inspite of its higher adhesivity. Because of this,

it was decided to use frog erythrocytes. Frog erythrocyte is larger

in size and much more adhesive to glass pipette. Its ion transport

properties is well known and the effect of electrical fields on

red cell membranes can be studied easily using this preparation.

The photograph of frog erythrocyte is shown in Fig.q.

The transport of K and Na ions through frog erythrocyte is

extremely low under normal conditions and the membrane behaves

9



(a) (b)

Figure q. Photograph of frog erythrocytes before (a) and after-

exposure to electrical pulse (b) x 4 00.

The transport of K and Na ions through frog erythrocyte is

extremely low under normal conditions and the membrane behaves

'as if it is an insulator (Hamill,1983). The resistivity of

6 2erythrocyte membrane is believed to be about 10 ohms cm This

is 1000 times larger than that of,e.g., nerve membrane. Reflecting

this fact, the membrane current measured by patch clamp method is

extremely small. Fig. io shows the current-voltage diagram

of frog erythrocyte. The current diagram, however, suggests

that some portion of observed current may be due to the leakage

through the junction between patch pipet and the membrane. It is

well known that this leakage current cannot be eliminated completely

no matter how tight the seal would be. Under these circumstances

researchers prefer the measurement of single channel currents.

the patch clamp amplifiers are capable of imposing a holding

potential. That is to adjust the membrane potential at some

TI.. desired levels. We can fix the holding potential at -70mV, 0 mV

and even +80mV depending upon the purpose of measurements. With

a positive holding potential, the potential of inside is higher

than that of external medium. Therefore, intracellular K ion

-?. will flow out whenever i n channels open. This is called single

10
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Figure 10. The current-voltage diagram of frog erythrocyte. This
diagram represents the gross membrane current.

channel current. With intact erythrocytes, however, single channel

current cannot be observed because of the extremely small con-

ductivity of the membrane (see Fig.11a) and channels open only

very infrequently.

The way to enhance the efflux of internal potassium ion is

to put Ca inside the cell and this is called Gardos's effect

(Gardos,1977). The Gardos effect can be induced by treating

erythrocytes with 1 mM iodoacetate, 10 mM adenosine and 10 mM

CaCl 2 for several hours (Hamill, 1981). After this treatment,

the cells are suspended in the normal Ringer solution. Some of

the single channel K current are shown in Fig.11b. The holding

potential is +80mV. As shown, we observe currents with fairly

uniform magnitudes of 2pA or 4pA. The interval and duration of

these current bursts are variable which is the typical behavior

of chennel opening and closing. With these preliminary experi-

ments, we were certain that our equipment and technique are able

to measure small single channel currents.

Frog erythrocytes are exposed to pulsed RF fields. In order

to avoid excessive exposure, we used only one or at most two

pulses of the magnitude of 60V across 0.05 cm. The pulse width

11 I



(a) (b) (C)

Figure 11. Current trace obtained with frog erythrocyte with a
holding potential of +80 mV. a) Before the treatment. Note
that no single channel current is observed. b) After treatment

A with iodoacetate-adenosine which induces Gardos' effect. The
magnitude of single channel current is 2pA. Time scale is 500ms/div
and voltage scale is 2mV/div. for all of the diagrams. The diagram
c) shows another single channel current with two levels, i.e.,
2 and 4 pA.

is 0.1 msec. Even with this brief exposure, frog erythrocytes change

its appearance slightly as shown by Fig.9. Exposed erythrocytes

are transferred to a culture dish which is used for patch

clamping. Fig.12a shows the current diagram before exposure and

11b shows the single channel currents after exposure. These

,. ... . :.'...'.

(a) .(b)

Y-SCALE- +/-1.o VOLTS X-SCALE- 1.2626 SECONDS Y-SCALE- +/-1.0 VOLTS X-SCALE" 1.2626 SECONDS

Figure 12. Single channel currents of frog erythrocytes before
(a) and after exposure to electrical pulses (b). The full scale
of ordinate is 5pA and abscissa is 1.26 sec. Diagram b indicates
the presence of single channel current as marked by arrows.
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diagrams were obtained using an on-line computer with an analog to

digital converter. As shown, the diagrams contain ran", - ;.. .,..

In the future, we are hoping to use digital filtration to clean

up the current trace. Inspite of the presence of noise, the ,ln:. -,d

turning off of single channel currents are clearly seen. The

magnitude of current is about 3-4 pA uniformly. This current is

slightly larger than those induced by iodoacetate. That means

that the pores created by electrical pulses is larger than those

produced by chemical means.

Since the holding potential is -80 mV and current is 4xO-12 A,

we can calculate the resistance of one pore to be 16x109 ohms.

The resistivity of Ringer solution is about 600 ohms cm, and

using the equation R = f(A/d) where P is the resistivity of

Ringer solution, A and d are the area of the pore and thickness

of the membrane (100 A). Using this formula, we can calculate

the approximate area of the pore created by the field. We

obtained a value of 14 x 10 - 16 cm2 . The radius of these pores

is therefore about 3-4 A. On the other hand, the radius of

the pore produced by iodoacetate treatment is 2-3 A. Thus, the

pores produced by electrical fields are slightly larger than

chemically induced pores. I should be noted that the magnitude

of single channel currents is amazingly uniform. This means

that the size of pores induced by these methods is always the

same or similar.

Electrically induced cell fusion is a very interesting

phenomenon to us for some time. Again, there are chemical as

well as electrical techniques. It has been believed that

electrical method is too harsh causing extensive damages to the

13



membrane compared to chemical means. If this speculation is correct

patch clamp method would reveal large single channel currents.

We induced the fusion of frog erythrocytes by applying the same

pulses for slightly longer time (4-5 pulses) and measured single

channel currents using the same technique. Fig.13 shows the

current diagram we obtained with fused erythrocytes. Unlike

the diagram shown in Fig.12, single channel currents are not as

discrete as the previous one and the magnitude of current is

smaller. In addition, the onset of current bursts is not clearly

discernible, these results indicate that there is no extensive

damage to the membrane of electrically fused erysthrocytes. In

• .-. :,.:,."... .. '.., .' .:"

"- . .*..: . .

Y-SCALE- +/-1.0 VOLTS X-SCALE- 1.2626 3ECn!t:.-S Y-SCALE- +/-1.0 VOLTS X-SCALE- 1.2626 SECONDS

(a) (b)

Figure 13. Single channel current diagrams obtained with
electrically fused frog erythrocytes. Time and voltage scales
are the same as Fig.12. a) Control cells and b) Fused erythrocytes.

view of the importance of cell fusion, this problem must be

further investigated in the future.

Calculation of the Potential Induced by Electrical Fields

The cause of the electrical breakdown of erythrocyte membrane

is believed to be the induced potential across it by applied

fields. Schwan (1983) calculated the field induced membrane

14



potential for spherical cells and also for cylindrical cells

(with a transverse field). They are given by:

V = 1.5 RE for spheres
(2)

V = 1.0 RE for cylinders

where R is the radius in cm and E is the field in V/cm. If a

field of 2 kV/cm is applied to the suspension of normal

erythrocytes, the induced potential is 1.2 V assuming the shape

of red cells to be a sphere with a radius of 4 urn. This potential

is sufficient to perforate the membrane and produce a number of

small pores. If a field is applied across the long axis of a

cylinder, induced potential is dictated by eq.2. The potential

calculation for cylinders with longitudinal direction is very

difficult and has not been done.

The shape of sickled abnormal erythrocytes is far from spherical.

As shown by Fig.3a, sickled erythrocytes are very difficult to

simulate accurately with a simple geometry. Under these circumstances,

we have to use a model which is amenable to theoretical calculations

and yet reasonably realistically represents the shape of sickled

erythrocytes. We decided to use prolate ellipsoids of revolution for

the potential calcula- -,n.

The calculation of induced potential in ellipsoidal cells

was performed by Bernhardt and Pauly (1973). The numerical

calculation of the potential using their theory is somewhat

cumbersome and is not suitable for our purpose. We therefore

recalculated, using a similar method used by KIee and Plonsey

(1976), the induced potential with a longitudinal as well as

transverse fields. Fig.14 shows the model used for this

calculation.

15



Figure 14. Ellipsoidal model used for the calculation of
electrically induced potential. a and b are two axes. XY and
Z are axes of the cartesian coordinates.

The potential functions induced at the inner and outer surface

of an ellipsoid are given by (Stratton, 1941).

E.x
V1 -  - - - - - - - - - - - - - - - - - (3)

abc I- E 3
1 + (---)( --------- )A

2 C3

abc C1I- E:2 S d
V2 = V1 C1+ - 2---7--; 0.5 (4)-2

where A1 is an elliptic integral

A 1  (7 + a2 OR

Induced membrane potential is defined by

AV - V2 - V1  (6)

The numerical values of induced potential by longitudinal and

transverse fields are Illustrated in Fig.15 as function of the

axial ratio of ellipsoids.

As shown, induced potential increases (with longitudinal

fields) and decreases (with transverse fields) as the axial

ratio of ellipsoidal cell increases and eventually reaches

16



a respective limiting values. On the other hand, as the shape

of ellipsoids approaches a sphere, the induced potentials

converge to the value of about 1.2 V. This value is in agreement

with the one calculated by eq.2. If ellipsoidal cells are dis-

2.0.

jLo

1. 2o

0J

- 2 3 4S
Axl atio

Figure 15. Field induced electrical potential calculated using
the mcdel shown in Fig.14. Abscissa is axial ratios and the
ordinate is potential in volts. Curve 1 with a field along the
major axis and curve 2 with a transverse field.

tributed randomly, the induced potential can be calculated as

the average of curves 1 and 2. Therefore, the values calculated

by eq.2 are a reasonable approximation to the induced potential

in real suspension. In conclusion, the potential which is induced

by a field of 2-3 kV/cm is sufficiently large to perforate the

membrane and this may be one of the cause of the field induced

shape change of erythrocytes.

Maxwell's Stress Tensor Hvpothesis

Another interpretation of the shape change is based on the

concept of Maxwell's stress tensor (see Panofsky, 1962). In

short, applied electrical fields generates mechanical force-i.

according to Maxwell's tensor equation.

17
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T L E E E Eimn 2 unkk

where Tmn is stress tensor, E m,E n and Ek are electrical field

intensity, e is dielectric constant and 6 the kronecker delta.

The surface traction Sm is defined by the following formula.

Sm- (Tna _ Tb).nSm m Ti n a _m n  n

where n n is unit normal vector. Fig.16 illustratesa patch of

membrane with surface tractions on both sides.

a su~e - se. Seeq efeei.

=. w .( -

b) eli. - un I 5S il

Figure 16. Schemalic presentation of a membrane patch with unit
normal vectors. S and S are surface tractions on both
sides of membrane.

Table II shows the elements of Maxwell Tensor Tmn. The surface

tractions S are calculated for inner and outer surfaces and the

Tabulation of Maxwell's tensor elements Tmn

n 1 2 3

221 E3 E E1 E2  E1 E32

2 E2 1  2 EE2
2

3 E 3E I E 3E2  E 2 3-

192



net surface forces are computed as the difference between them.

Figure 17 shows the net surface force calculated for a spheric-

particle with a thin shell. The net force is, as shown, directed

*outward. This means that electrical fields tend to stretch

erythrocytes in the direction of the field. The calculation of

surface forces are now extended to ellipsoidal particles. Also

finite Element calculations of the deformation of erythrocyte

is under way in our laboratory.

K

Figure 17. The net surface tractions for spherical particles.
A field is applied along the x axis.
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