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I. INTRODUCTION

Research conducted during the contracting period has involved a

continuation of an investigation of the in viva effects of exposure of

Dutch rabbits to electromagnetic pulsed (EMP) fields and an in vitro

study of the effects of transient electrical and electromagnetic fields

on biomembranes. PhenomenoloSical studies of the effects of EHP expo-

sure of Dutch rabbits have been undertaken in an attempt to character-

ise the nature of the alterations induced by such fields, whereas the

biomembrane studies have been directed toward a mechanistic understanding

of field-induced alterations In biological model systems. ............

Lrvous studies of the in viva effects of Me exposure suggested

that the limited exposure conditions employed did not result in statist-

ically significant alterations in a number of biological endpoints, in-

eluding serum chemistry, serum triglyceride levels, serum enzymes, and

drug-induced sleeping tim. In view of the fact that these dependent

Variables have been found to be significantly affected by low level

thermal stress induced either by microwave exposure or elevated environ-

-mental temperatures, it may be concluded that EMP does not induce similar

stress effects in the Dutch rabbit. This result would be anticpated on

both theoretical and experimental bases since the MfP exposure conditions

were such that the average field power dissipated in the experimental sub-

jects was such that no detectable temperature rise was involved. Al-

though the results of studies of Me effects on the Dutch rabbit were

not statistically significant, there appeared to be consistent low-level. • . -.

elevation in serum enzyme levels Elevations in serum levels of intra- .l

cellular enzymes are associated either with cell destruction or alteration, " • 4

in cell membrane permeability. In the absence of other physiological

responses indicative of Me-induced cell death, it has been concluded thatio/

Il r
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the Increased serum enzyme levels-may be related to altered cell membrane

permeability. The in vitro studies have thus been directed toward the

determination of the conditions for field-induced alterations In biomem-

brane permeability. The membrane cation permeability is a more sensitive

endpoint than enzyme permeability, consequently the effects of electrical

and electromagnetic fields on the potassium (K ) and sodium (Na ) fluxes

have been investigated under various exposure conditions ind field strenth

and pulse duration thresholds have been determined for erythrocyte Tech-

niques have been developed for the study ?f cation fluxes and enzyme per-

meation of biomembranes of lymphocytes and platelets to provide data on other

call types and sizes. Theoretical analyses have been performed to deter-

mine the effect of variation of cell size and shape on the induced trans-

membrane potential which will permit the correlation of effects in various

cells to the field parameters. A theoretical comparison has also been

made of the relative magnitude of the field induced in a biomembrane by

Inductive and conductive fields in order to provide a basis for the coa-

parison of the In vivo inductive field exposures with the in vitro con-

ductive field exposures.

--.... ........... ....... -...-.--.-- '.,.'-•.-.- ... ._• _. I ,
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II. EFFECTS OF PULSED ELECTRICAL FIELDS ON ERYTHROCYTE MEMBRANES

There have been a number of reporte concerned with th, effects o0

electric field pulses on cell membrane permeability, partic•iarly er~thro-

1-10cytes . In most instances, calls were exposed in saline suspensions

to a single conduqtive electric field pulse. It was observed that above

a critical electric field strength the permeability of the erythrocyte j
membrane to sodium and potassium was altered .and at higher field strengths

or longer pulse durations hemoglobin leakage occurs. Electric field-induced

Permeability changes have been used for the production of erythrocyte

Shosts 3 , the loading of cells with ansymes 4 , and for studying the stability

Of cell membranes in the presence of various chemical substances 5 '6* The

work reported here is concerned with the cumulative effect of multiple

pulses of varying duration to provide information on the processes involved

in field-induced membrane alterations.

Erythrocytes from human, dog, and rabbit donors were washed and

resuspended in potassium-free, buffered, normal saline immediately after

the samples were obtained by venipuncture. The cell suspensions were

placed between platinum electrodes in a lucite exposure chamber to

which high-voltase pulses were applied. The results of typical exposures

of human erythrocyte suspensions are shown in Figures I(A) and I(b). Fig. I(A)

shows the effects of exposure to pulses with a peak pulse 'mplitude of

4.8 KV/cm and an exponential decay time constant, T of 6 Us. ThEa figure shows

the percentage change in extracellular K+o Osmotic fragility, and hemolysis,

relative to erythrocytes osmotically lysed in distilled water as a

function of the number of applied pulses. Figure 1(4) summarizes the re-

suits of exposure to 0.75 Vasc pulses of the same amplitgde. For T - 6ps,

potassium release was complete after a single pulse, while'for"= '0.7531,

218 pulses were required to produce the same amount of intracellular

IT'.
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F111. ICA) Result~s of exposure of human arythrot:yte suspension* to electric.
field pulses: (A) pulse-amplitlude 4.8 K•V/cm and decay time constan•t 6 vieec
and (B) pulse-ampli~tude 4.8 KlO/cm and decay time constant 0.75 jlaec. The
time between pulses waes 11 see for 6-psec pulses and 1.4 see for the 0.7.5-
Past tuleas. Each data poitn represents the ,varage of two exposuras of
erythrocytes from the same donor, with each quanti•ty determined threa ticaa
-for each exposed sample. The error bars show the extremes of the six val~ues

thue obtained.
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* E+ release.
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1, .0 =jEb spite of the fact that the average power to which the

cell suspensions were exposed was the same for the 6US pulse and 0.751S

pulses, the number of exposures to produce a given effect with the 0.75PS

boo
pulse was approximately 10 times that required with a. 6)AS pulse. Whetý..

the tim. constant in further decreased to 0.43•S, at a field .tr..igth of

4.8 XV/cm, only 45X e potassium release was produced by an exposure

to 4,000 pulses and no. -increase In osmotic fragility or hemoglobin

release was observed. These data Indicate that at this field strength

there is a minimum pulse duration, below which no detectable effect on

membrane structure is produced. -

M j The results.

shown in Figure I ore similar to those obtained by other investigators

rabbit and dog .qrythrocytes were qualitatively similar to those for

human erythrocytes,.but for gi.vin exposure conditions, all three dependent

variables were affected to a greater xtetrt in human erythrocytes Indicating

a heightened sensitivity to the effects of exposure to pulsed electrical

fields.

* Mone of these effects can be attributed to heating of the cell suspen-

asons. All exposures were at 24°C, and the mean temperature increase

during exposure was 40.3 0 C. Control suspensions of erythrocyte& Incubated

at 370C for 3 hours showed maximum increases of 6Z for intracellular

potassium release and 3Z for hemoglobin release or for osmotic fragility. ,11 'I

?l . '
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1I. 2. Critical field strengths for potassium and hemoglobin release from
human erythrocyteo. The cell suspensions were exposed for 6 min to pulses
with a decay time constant of 6 Vase and with the amplitudes showrn on the
abscissa. The data are averages for samples from several human donors.
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These results strongly support the hypothesis that transient alter-

ations In cell membrane permeability are induced by transmembrane potentials

from external electric fields, as previously suggested 1

The time constant TR for the development of the tranemembrane

voltage is rather than 10pS as reported by Piemann et al.7

The development of a tranamembrane voltage requires charging the membrane

capacitance which determines the relaxation time constant and the character-

istic frequelaty fo observed in impedance measurements of cell suspensions 11-13k

and fo are related by 2wT fo a 1. We have observed a relaxation time

constant that sets an upper limit of T 4).08 S for dog erythrocytes. Imped-

ance measurements 14,15 and theoretical calculations 10,13 also support

the limit TR < 0.1uS for the erythrocyte membrane. On the basis of the

experimental results it Is not possible to determine whether the dependence

of the membrane alterations on the pulse decay time constant is determined

by the membrane charging timne constant, T. Rovever theoretical calcula-

tions indicate that for the 0.43uS pulse a membrane charging time constant

of greater than 0.6uS would be necessary to explain the observed membrane

alterations. Since T O.-c1S, this suggests that the time constant for

membrane permeability alterations, following the establishment of a

critical tranumembrane potential, Is on the order of hundreds of nS.

AG a for the'hemolysis produced by single electric field

pulses has been proposed in which the membrane peor-selectivity to ions

is destroyed by the electric field and the hemoglobin colloid osmotic

pressure causes the entry of water and subsequent swelling and bursting

of the cel.) Our data are not inconsistent with such a mechanism. However,

in our experiments, once the membrane was sufficiently altered to allow

daxiual potassium release, hemolysis was produced relatively rapidly by

additional pulses. Exposure to additional pulses caused hemolysis to
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occur more rapidly than could be explained on the basis of a diffusion-

8
controlled effect ____________________

f•hvcThe graded response of the orythrocyte

membrane to alterations In K+ permeability, osmotic fragility, and

hemolysis following multiple pulsed-field exposure suggestsa progressive

cumulative or persistent membrane alteration. The fact that exposure

to fields with time constants of 0.43 psecs or less at a field strength

of 4.8 KV/cm, which is known to produce hemolysis for longer duration

pulses, did not result in henolysia, even when the cells were exposed

to thousands of pulses,

r to longer

duration voltage pulses, on the other hand, rsu'lts in hemolysis

If the cell is exposed to a sufficiently large number of-pulses;

the number of pulses required being inversely proportional to the pulse

duration. In this case, therefore, for hemolysis to occur there must be a

sumation of the sffects of the Individual subthreshold pulses and a lower limit

for the persistence.of the individual pulse effects can be'estimated from

the pulse period which was 10 sac in the case of the 6 usec pulses.

The observed relaxation times for conductance transitions in gated ionic

channels in lipid bilayers are known to vary from approximately I0-3 to

10 sen1 6 which aro of the sdme order as the persistence time of the

field-induced erthrocyte membrane alterations. It has also been determined

that a $iven channel in membranes of different lipid composition has

invariant conductance and voltage-dependence but shows large variations in

relaxation times .It may thus be suggested that the variation in the
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sensitivity of erythrocytes from different.species with known differences

in membrane. lipid composition, to multiple-pulse electric field effects

is related to variation in the relaxation time of induced conductance

transitions in gated channels.

MRA . ,or the induction

of permeability changes in biomembranes,

and ,,MUMh on the relationship of

3Q 11eez and T

In addition to providing information of direct application to

a determination of the mechanisms of interaction of pulsed electrical

fields with biomembranes, such data may be used to determine the con-

ditione of maximum cell sensitivity to such exposure and thus be of

pertinence in the evaluation of pulsed field effects in living systems.

4'



1t1. IN VIVO STUDIES OF EM? EFFECTS IN THE DUTCH RABBIT

The Dutch rabbit was selected for the investigation of the effects

of IMD field exposures since this species had previously been the subject

of an extensive series of investigations by us of the effects of low-

Intensity (e.g. 5-25 mW/cm2 ) ,continuous wave and pulse modulated micro-

wave exposure, thus providing a means of comparing the effects of these

two modalities of exposure. The blood volume of the Dutch rabbit is also

large enough to permit serial sampling to monitor temporal variations in

serum chemistry and enzyme levels in response ,to MC exposure. The semp-

ling procedure used in these studies consisted of drawing a S ml blood

smolklfrom the~mqrginal ear, vein of unanesthetized rabbits ten days prior

to DIP exposure which served as a baseline sample. Samples were obtained.

Stnediately pre- and post-exposure, as well as at intervals of up to two

weeks post-exposure in some instances. Litter-mate Dutch rabbits 8 to

12 months old with a mean weight og 2.2 kg were randomly assigned to either

tho.treament (EMP) group or the sham-irradiated control group. Each group

consisted of six to eight animals. Food and water was provided ad libidium

except during the two hours of exposure.

The results of the effects of E4? exposure on the serum chemistry of

the Dutch rabbit have been preiiously described in detail . In summary,

it was found that there were no statistically significant alterations in

serum chemistry following 2 hours of exposure in an EMP simulator with a

peak field strength of 1.5 KV/cm at a pulse repetition rate of 38 + 2 Hz.
The simulator pulse is best described as an exponentially decaying cosine

waveform, the amplitude of which decreases to one-half the peak field

strength in 4 cycles which at a characteristic frequency of 23.5 MHz de-

fines a pulse duration of approximately 0.4 osec. The pulse rise time was

less than 0.1 Poec. The Me simulator characteristics have been described

Ja detail elsewhere 1 9 .

"I i ~. .... ......-...-..- III -...... "!
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The levels of the serum enzymes alkaline phosphatase and SOOT were

elevated in the immediate post-exposure samples, but the results were

not statistically significantly different from the values from the sham-

Irradiated controls. Serum triglyceride levels were also determined in

Dutch rabbits exposed under the same conditions with no apparent effect.

The effects of IEP exposure at field strengths of 1.9 or 0.9 kV/cm and

pulse repetition rates of 24 and 10 Hz on sodium pentobarbital-induced

sleeping time in the Dutch rabbit again revealed no significant analeptic

effect

Zn order to further Investigate the in vivo effects of M6 exposure

on rabbit serum enzymes, a series of experiments has, been conducted in which

the dependeot variables were the -•

of CPK isoenzymes are tissue specific and

thus alterations in the levels of these enzymes in serum may be related

to tissue specific EP effects. The isoenzymes are denoted as MO which

is found predominently In skeletal muscle, MD which is associated with

cardiac tissue, and BB which Is primarily localized in brain tissue.

CPK isoonzyme levels were determined by the method described by Nealon

and HendeLson 2 0 . The exposure and sampling procedures were the same

as those employed for the serum chemistry and serum triglyceride studies.

Limitations imposed by the availability of the exposure facility andpx-

perimentel animals dictated the need to conduct a series of CPK studies

during the contracting period employing exposed and control group sizes

of 4 or 5. The results of these experiments, which have been previously

described 8 indicated that in any gIven experiment the isosuzyme

levels were increased folloving ZDP exposure for 2 hours to 2 KV/cm

pulses at a pulse repetition rate of 40 to 50 Hx. Statistical analyses

of the differences in the mean CPK isoonsyme levels between exposed and
SEE

i , I I I -I" " " .. . II
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sham-irradiated controls revealed that although consistent elevations were

Induced by UP exposure, the differences were of marginal statistical sig-

nificance, whereas the overall significance of the combined .responses, as

evaluated by means of a sign test, was significant at the 12 level

T o.sults of these experiments were suggestive of either a treat-

ment effect of W• radiation resulting in a small but consistent elevation

in serum levels or a systematic error or bias due to Inadequate control

measu~re.r An additional experiment was therefore performed using a larger

sample size and employing a different sham irradlatl.on procedure. In

previous experiments the sham Irradiations consisted of placing the control

animals between the plates of the W simulator in the same position as

the exposed animals for the same exposure duration of 2 hours without en-

erSizing the pulser. In this case the sham-irradiated animals were not

exposed to the pulsed field nor were they exposed to the acoustic stimulus

which originated from the spark gap which discharged the pulsor during

1IP exposure. Another possible difference in the exposure conditions may

have been the fact that ozone was generated by the spark discharge t-l

end although the DS simulator was well ventilated, there was a possibility j
that the exposed animals were exposed to higher ozone concentrattons than

the sham-irradiated controls. To minimize the effects of such variables ,

on the CPK response, the sham irradiation procedure was altered so that

the sham-irradiated animals were placed in a mock-up of the DI4 simulator placed Jj
imodiately adjacent to but outside of the Faraday cage In which the EMP simuietor

was located. The sham irradiations were then performed simultaneously with the

DIP exposures. The results of this experiment, which i6 referred to as Experiment

5 are summarized together with the four previous expersuents (numbered I to 4)

In Table 1.

SI
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TABLE I

ZWECT OF ElP LWOSURZ ON RABBIT CPK ISOERNZYMES

X Difference In Serum CPX Xuoenzyme Conanntrations*

Experiment Number of N• 3M BB Total
Number Animals/Group Fraction Fraction Fraction CPK

1 6 27 43 73 48
S(0.22)** (0.3) (0.3) (Q.25)

2 6 141 103 .10 92
(0.1) (0.07) (0.4) (0.07)

3 4 19 82 42 29
(0.2) (0.02) (0.18) (0.07)

4 3 31 33 72 36
(0.2) (0.3) (0.13) (0.13)

5 6 27 -0.02 -43 9
(0.2) (0.46) (0.05) (0.40)

X 2 Difference - Exposed group mean - Sham group mean 1
Sham Sroup mean x 100

S* ( ) p value for t test of differences in mean CPK values
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Comparing the results of these experiments reveals that the variation in

the sham irradiatioo procedure used in Experiment 5 reduced or reversed

the positive effects detected in the previous experiments, suggesting

that the CPK isoenmyme levels were affected by the operation of the

spark gap trigger of the EMP simulator. Whether this was due to aural

stimulation or the effect of ozone or other unknown factors Is not known

at present. Although CPK isoenzyme levels in serum are known to be

altered as a consequence of physiological stress, there are no data on

the effects of physical or chemical agents on these enzymes other than

the fact that exposure to heat stress causes elevations in serum levels

An Investigation of the effects of OP exposure, under the conditions

previously detailed, was also conducted to determine effects on serum

cation concentrations. This experiment employed the same sham irradiation

procedure as in Experiment 5 of the CPK determinationadescribed previously.

The mean and standard error of the mean serum sodium concentration for

the group of six Dutch rabbits exposed to the E4P field was 142 4 + 3.4

maqll as compared to a mean (t S.H.) of 138.8 + 4.9 mEq/l for the sham

irradiated controls. 'This difference was not statistically significant

at the 52 level, nor was the difference in the mean serum potassium con-

centratione which were 4.3 + 0.1 and 4.4 + 0.2 mEq/1 for the SM exposed

and sham-irradiated controls respectively.

The results of the in vivo studies of the effects of DMP exposure

of the Dutch rabbit, under the conditions of this experiment, do not In-

dicate a significant effect upon the dependent variables investigated.

The I vitro studies of the effects of pulsed conductive electrical

fields on erythrocyte membranes, on the other hand, have revealed sig-

nificant alterations in cell membrane permeability. The threshold field

strength for the induction of erythrocyte membrane permeability changes

m , '.. ... I r i -'•' "" e t -- • " a llI I I
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S, leading to of flux was found to be 2 KV/cm and the minimum time

constant for this effect for an exponentially decaying pulse was 0.4

Usec, regardless of the number of pulses applied to the membrane. In

order to compare these threshold values with the in vv.o exposure

conditions, the maximum induced field strength must be calculated in

the experimental animals exposed to the capacitive field of the EDW

simulator used in these experiments.

We have determined that the field induced in an experimental

animal exposed to a time varying capacitive field is given by:

"*0m o dl /dt. (1),.

where I is the induced field strength, Woa is a constant which is

dependent upon the conductivity of the exposed sample and E. is the

strength of the applied .lectrical field1 '. Zn the present case,

the MW field Ee may be represented as a decaying exponential pulse

with a rise time Tr and a decay time Td. -The maximum induced field

In this case Is:

Xax G/Wax- 2r' 1e ,or

where w a 2.96 x 10"0 radians/sec. For an estimated WU' rise time

(Tr) of '0.1 Uiec and a maximum applied field strength 2 KV/cm, the

maximum induced field strength.at the surface of the-experimental ani-

mal Is on the order of 1 V/cm. Even allowing for errors in the estimated

1WP rise time and the conductivity, the amplitude of the induced field is

at least one order of magnitude less than the threshold determined for

membrane permeability alterations. The EUP pulse duration of 0.4 seHc

is of the same magnitude as the pulse duration threshold for alteration

of the K+ permeability of the erythrocyte membrane. It may be concluded

therefore that the results of the in vivo experiments are not Inconsistent

with the 11 vitro results if the In vivo biological endpoints are depend-

eat upon field-induced physical &Iterations in membrane permeability. In
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view of the fact that the in vitro studies have, to date, been restricted

to erythrocyte membrane alterations,it is possible that other cells,

such as neurons, may exhibit markedly greater sensitivities to pulsed

fields which would not be reflected ln alterations in the biological

endpoints investigated in this study. There is an obvious need to

extend the Investigation of the in vitro effects of pulsed fields to

other cell types in order to determine the maximum sensitivities to such

"eposuresI. J ditional data on the effects of' variations in the pulse

parameters, namely the pulse duration, field strength, pulse repetition

rate, and exposure duration are needed to more fully evaluate the ne-
- - -- -- - -----

tential for pulsed field alterations in living systems. Since the

availability of exposure facilities for 1 eivoexposures is limited.

such studies would most logically be performed with cell model systems.

"In order to provide a basis for the comparison of the fields in-

duced in cell membranes in response to various types of external fields

we have calculated the maximum transmembrane potential in response to

applied alternating currents or exponentially decaying pulsed fields for

an erythrocyte oriented either parallel or perpendicular to the elec- .

tric vector of applied conductive and inductive fields.

i'~

;4 t

.....................................................- I

, -'''-"*' *
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* IV. ERYTHROCYTE TRANSMEMBRANE POTENTIAL

In order to relate the effects of exposure of the erythrocyte

membrane to pulsed conductive electrical fields, to effo.ts of inductive fields

and to harmonically varying fields it Is necessary to determine the relation-

ship of the induced tranumembrane potential to cell orientation and to

the parameters of the applied field, primarily to the pulse duration in the

case of an exponentially decaying field or to the frequency of, the harmonic

"field. The time dependency of the induced tranumembrane field will

depend upon the passive electrical characteristics of the membrane,

namely the resistivity and the capacitance which determine the charging

time constant or the membrane relaxation time constant (T ),

"The charging time constant of the erythrocyte membrane is equal to

the cell relaxation time constant as determined by dielectric dispersion.

If it is assumed that the voltage induced in a membrane exposed to a volt-

age step function is exponential in time, it is possible to use Laplace

transform methods to calculate the tranemembrane potential for any waveform

of the applied voltage. The transfer function defined as:

B(S) - R(S)/I(S) (3)

defines the membrane response In the transformed domain where I(S) and

R(S) are the transformed input and response functions corresponding to

the time domain functions 1(t) and r(t). The time domaih response function

. ' may be determined from the relationships

r(t) 4 )I(B)H(S)) ( 4)

where L is the inverse Laplacian transfer operator.

The maximum transmembrane potential may be related to the amplitude

of an external C.C. electric field 1o by the relationship:

V3 *Fj , (s)

, where Fj Is a dimensionless factor dependent upon the cell shape and

Sorientation with respect to the field, and aj is the semd-major axis of
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13 V* the cell parallel to the applied field . The time dependency of

the membrane potential In response to a step-function voltage increase

.0I to given as:
iv V (t) - r(t) " 1,aj[S(. + TS)" 1. (6)

The transmembrane potential due to an exponentially decaying ap-

plied field may be determined by using as the input function

I(t) a-so exp(-t/T p) (7)

vhere T is the pulse decay constant. The Laplace transform of I(t)
p

Is thus:
T'(S) a OT p 0 + T pS)"1()?

.,and the tranamembrane potential generated by an extern~lly applied ex-

ponentially decaying pulse is thus obtained by substituting Equations

6 and 8 into Equation', and taking tho inverse Laplace transform to obtain:

WO JmP a jE r T l pt~l - at'r (9)

The time at which this maximum transembrano potential occurs (t ax) which

is determined by taking the time derivative of Equation 0. is:
tuax - i.pTrrln(rp/Tr) (Tp-Tr)' , (10)

and the maximum transmembrane potential Is

max Fa'•E• (Tp/T (T/Tpr (11)V r

The capacitive field Induced transmembrane potential may be determined

from the conductive field transmembrane potential defined by Equations

or J1 by use of the relationship

Xt(t) M ks"I(dZe/dt) (12)

where 91 (t) Is the time dependent field induced by exposure to an external

capacitive field E Ct). If it Is assumed that E Mt) is an exponential

pulse with a decay time of Tp then,

I 1(t) M (WoTp)')exp(-t/Tp)" (13)
op ,.; ,v

S :
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The maximum tranamembrane potential in this case is related to the
flax

maximum conductive field tranamembrane potential (Vm ) byt

Max an

Ahere Wois a constant which depends upon the electrical characteristics

of the cell.

The transmembrane potential induced by exposure to a conductive

harmonic external field (i.e. A.C.) of frequency f may be determined as

above to yield:

V a (A.C. Fiasol + (f"of'0

where f0 is the characteristic frequency of the cell system which is

related to T by)

rr

The maximum induced tranamembrane potential generated by an alternating

.capacitive field may be determined by use of Equation 151

y ua(A.C) - 2WF a- 3 fw 1 [ (f tf* 4 47)

In order to, compare the harmonically alternating field-induced

transmembrane potential with the potential generated by a pulsed field

the frequency is related to the pulse duration by f a (2wtp)" and the
p

following limiting cases may be defined as the pulse duration is allowed

to approach 0 or infinity:

itssv_ * ,l.• (is)
a A.C.

and

Ila Vj v1 (19)

,-M "sax (A. C.)

Thus, in the limiting cases the tranamembrane potentials in response to

am alternating harmonic field or'a pulsed field are equal.
It
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Theme equations were used for an erythrocyte model to

determine the relationship between the maximum tranamembrane potential

and the pulse duration or the frequency of an harmonically varying

field for both conductive and capacitive fields. The shape and orn-

entation parameters used in the calculations were derived from Bernhardt

and Pauley 13 . In the case of an erythrocyte with the major axis

oriented parallel to the applied field, Fr - 3.06 and aj U m, and for

the perpendicular orientation, F a 1.2 and aj - 3.5 Um. The relaxation

time constant of an erythrocyte is Ti - 0.072, lsmc. For pulse durations

lonser than 0.1 usec the perpendicular orientation results in a higher

relative tranamembrane potential than the parallel orientation, with

the reverse being true for shorter pulse durations. A pulse duration

T of the same duration as the relaxation time constant of the srythro-

cyte (Tr) induces a maximum tranamembrane potential that is 50X of

the potential induced by an equivalent alternating field.

The results of this analysiq which are shown graphically in Figure

3 Indicate the marked deoendency of th induced transmembrane volta

on the pulse duration. For pulse durations in the range of 1 niec to

I Usec the voltage induced by a capacitive field is at least one order

of magaitude less than that due to a conductive field with the differ-

once Increasing markedly for pulses longer than I psec. , comparison •

of the maximum voltage induced in the membranes of various cell types

(i.e. various ratios of semi-major to semi-minor axes and various ori-

entations) in response to conductive and induced or capacitive fields

has beao undertaken. In all cases the conductive field induces a maxi-

mum potential under D.C. conditions, whereas the induced field maximum

voltage increases as the pulse duration and pulse rise times are do-

creassed. Although the maximum transmembrane potential is strongly

S............... . .. .-...... . .. ..



24

dependent upon cell type in the conductive field case, the membrane

•potential is to a first approximation. independent of cell type for

Capacitive fields as shown in Figure 4.
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V. SUHKARY AND CONCLUSIONS

Ivitro exposure of rabbit, dog, and human erythrocytes to pulsed

electrical fields leads to alterations in the membrane permeability to

K , Na 6 and hemoglobin as veil as an increase in osmotic frasglity. The

of the response is dependent upon the species as well as the applied

field strength, pulse duration, the pulse repetition rate or inter-

pulse duration and the total number of pulses. A field strength threshold of

2 KV/cm and a pulse duration threshold of )0.4 Imsc has been established for

release, the most sensitive dependent variable investigated. These results

strongly suggest that the responses are due to the induction of transient

pores or channels in the cell membrane, the sizes of which are related

to the duration and strength of the applied field. Exposure of srythro-

cytes to multiple threshold pulses results in the same responses as

above-threshold pulses, suggesting that the pulsed fields are capable

of Inducing transient pores, the persistence of which has been estimated

to be on the order of 10 seconds or longer. These results suggest that

pulsed field-induced affects in living systems would be dependent upon

the magnitude of the transmembrane induced voltage as well as the pulse'

duration and the number of pulses,

Theoretical analyses of the induced transmembrane potential in calls

of various shapes and sises indicates a marked variation in the induced

Votential for conductive field exposures, as contrasted to inductive or

capacitive fields which produce significantly less variation as a result of

differences In cell size and shape parameters. It has been determined that there

is at least a three order of magnitude greater tranesembrane potential

generated by a conductive field in a 1 cm long by 10 pn radius prolate

spheroid (a model e.g. of a neuron) than in an erythrocyta. The same

cell types exposed to a capacitive field results in a difference in

• . , . iI I I I"
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tranumembrane potential of less than a factor of two. An analysis of

the dependency of the induced membrane voltage on the pulse duration

Indicates that whereas the maximum voltage is induced by a D.C. con-

ductive field, the m,,ximun in the case of a capacitive field is ap-

proached as the pulse rise time is decreased to less than I nosc.

Application of these results to a comparison of the in vitro effects

of pulsed conductive fields on erythrocytes with the results'obtained

by U viv exposure of Dutch rabbits to the capacitive field of an Me

ealulator, provides a basis for an understanding of the absence of de-

tectable alterations in the dependent variables investigated in the

* ,I viva study due to the differences in the induced tranomembrane potentials

In these two exposure conditions. A more complete analysis of the effects of

pulsed fields on living systems will require an extension of the in vitro

studies to include a variety of mammalian cells-other than the erythro-

cyte and a wider range of field parameters.

[I.
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