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1. INTRODUCTION | - T

;//;/(,,455fkntcnrch conducted during the contractiné period has involved a | C §
continuation of an investigation of the in vivo effects of exposure of f
Dutch rabbits to electromagnetic pulsed (EMP) fields and an in vitro Z
study of the effects of trnnsienﬁ electrical and electromagnetic fields

% on biomembranas. Phénomenolosical studies of th; effects of EMP expo-

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

g ize the nature of the alterations induced by such fields, whereas the : A

E | biomembrane studies have been directed toward a mechanistie understanding

- of field-induced alterations in biological model lystems.csj:~“

y ' l Pr;vioua studics of the in vivo effects of EMP exposure suggested

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

16;1;& significant alterations in a number of biologiégl endpointl.-in-

cluding serum chemistry, serum triglyceride levels, serum enzymes, and
drug-inauccd sleeping time.)| In view of the fact that these dupendent
variables have been found to be significantly affected by low level

7 thermal stress induced either by microwave exposure or elevated anviron- |

R L T Sl e s ing “ - )

.mantal temperaturaes, it may be concluded that EMP does not induce similar : i

-

strass effacts in the Dﬁtch rabbit. This result would be anticpated on

% both thasretical and experimental bases since the EMP exposure conditions

b}
ot

A ware such that the average fileld power dissipated in the experimental sub-

o
e s et AP A

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

] though the results of studies of EMP effects on the Dutch rabbit were [y

i‘ not statistically significant, there appeared to be conainfnn: low=lavel . " i, fap H K,
.'. 7 . 1% & C o P l '\‘t )
i elevation in serum enzyme llvoll.l Elevations in serum levels of intra- _ vﬂn BT K A
: : Caneed R :
1 cellular enzymes are associated either with cell destruction or .lt.r‘tion-"1nutinn_,wj1

3

: in cell membrane permeability. In the absence of other phyniylogicnl | A ,gauaﬁ?za_ .

- responses indicative of EMP-induced cell death, it has been concluded char - ten/ L -
k: ‘ ‘ RN §oae
] . ' ‘Avall and/or
tpnatal
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the increased serym enzyme levels.may be related to altered cell membrane
'ﬁermaability. 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 clcckromagnntic fields on the potassium (K+) and sodium (§i+) fluxes

- e
have been investigated under various exposure conditions and field strength

and pulse duration thresholds have been detarmined for erythrocytes.] Tech~

e

niques have been developed for tha study of cation fluxes and enzyme per-
neation of biomembranes of lymphocytes and platelets to provide data on other
cell typoi and sizes. Theoretical analyses huve bean performed to deter-
mine the ;ff.ct 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 beaﬁ |

wmade of the relative magnitude of the field 1nduc;d'1n a bipmcmbrlnc by.
inductive and conductive fields in order to provide a basis Eor‘:hc com~

parison of the in vivo inductive field exposures with the in vitro con~

ductive field axposures.

et it
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II.  EFFECTS OF PULSED ELECTRICAL FIELDS ON ERYTHROCYTE MEMBRANES

There have been a number of reporte concerned with th- effects ot
electric field pulses on cell membrane permeability, particuiarly erythro-

1-10. In most instances, cells were exposed in saline cuspnnsibns

éytcn
to a ling;a conductive electric field pulse. It was observed that above

a critical cloctric.ficld strength the permeaability of the erythrocyte
mambrane to sodium and pocauiium was altered , and at higher field strengths
or longer pulss durations hemoglobin leakage occurs. Electric field-induced
Porn;ability changes pavc been used for_thg production of crythrocy?c

'hOBhla, the loading of cells with cnzymila, and for studying tha étability

Oof cell membranes in the presence of various chemical substances>’'®. The

work reported here is concerned with the cumulative effect of multiple
pulses of varying duration to prqvidc 1nforma;ion on the proceasses involvad
in field-induced membrane alterations. |
. Erythrocytes from human, dog, and rabbit donors were washed and
tcuu;p-ndod in potasaium~free, buffered, normal saline immadiately after
the samples ware obtained by venipuncture. The cell suspansions ware
placed betweean platinum electrodes in a lucite exposure chamber to
which high-voltage pulses were applied. The results of typical exposures
of human erythrocyte suspensions are shown in Figures L(A) and 1(B). Fig. 1(A)
shows the effects of axposure to pulses with a peak pulse mplitude of

4.8 KV/cu and an exponential decay time constant, T of 6 us. 'The figurec shows

the percentage change in excrncellullr_x+. osmotic fragility, and hemolysis,

ralative to arythrocytes osmotically lymed in distilled water as a
function of the number of applied pulses. Figure [(B) .ummArig.. the re~
sults of cxﬁonurc to 0.73 usec pulses of the oqmc'nupli;qqc. For T = 6us,

potassium releass was complete after a single pulse, wﬁii‘"fdr"%z-'0.75us.

218 pulses wers required to produce the same amount of intracellular
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Fig.1(A) Results of exposure of human erythroéyte suspensions to electric
fi0ld pulses: (A) pulse-amplitude 4.8 KV/cn and decay time constant 6 \sec
and (B) pulse-acplitude 4.8 KV/cmn end decay time constant 0.75 usec. The
time betwasn pulses was 11 sec for 6-psec pulsca and 1.4 scc for the 0.75-
Usec pulses. Each data point reprecents the avorage of two exposuras of
arythrocytes fron the sarme donor, with each quantity dotermined threa ticas
.for sach exposed ssmple. The error bars show the cxtremes of tho six valuas

thus obtained.
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. W\l spite of the fact that the average powei‘ to which the

call suspensions wers exposed was the same for the GQS pulae and 0.75uS : !

w} pulses, the numbar of exposuras to produce & given affect with the 0.75uS

Q;P' L °°° U/"
& pulse was approximately 10 times that required with a 6US pulse, Whe: ' ¥
)"' the time constant is further decreased to 0.43#3. at a ﬂéld strength of 10"% {
' 6;8 KV/cm, only 45% K* potassium release was produced by an axposura ' ¢

to 4,000 p\iléu and no. increase in ocsmotic fragility or hemoglobin

releass was observed. Thesa data indicate that at this field strength ' :,

there is a minimum pulae duration, below which no detactable effect on ' A

membrane structure is produced, bt i

ARkt ires REL CLURT .

1 fyrwcisesnpiirede ofapproxina ATy ey - SR TR

\CEENEGETTas. The results

shown in Figure 2 are similar to tho'u obtained by other investigators i

using single pulses of longer duration 1'2'5'7. Results obtained with

' rabbit and dog erythrocytes were qualitatively similar to those for

S L. NN
<.

h|u|un ory.(:hfoésrt'cln,. but for given exposure conditions, all three dcpc_ndnnt .
variablés were affected to a greater extent in human erythrocytes indicating i
a heightened sensitivity to the cfhcu“ of exposure to pulsed alocu;:lcal Al
: fields. . : ._ X
! " None of these effacts can be attributed to heating of the cell suspen- R

" sions. All exposures wvere at 24°c, and the mean temperature increane

N during exposure was <0.3°C. Control suspensions of arythrocytes incubated
at 37°C for 3 hours showed maximum increases of 6% for intracellular

p: potassiun release and 3T for hemoglobin release or for osmotic fragility.
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¥ig. 2. Critical field strengths for potassium and hemoglobin release fron
human srythrocytes. The cell suspansions were exposed for 6 min to pulses
with a decay time constant of 6 usec and with the amplitudes shown on the
abscissa. The data are averages for sanples from several human donors.
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These resulta strongly aupport the hypothesis that transient alter-

ations in cell membrane permeability are induced by transmembrane potentials

from external electric fields, as previously suggested 1,8,10

The time constant tp for the development of the transmembrane *quf4h‘}15"r
~ : 3 1gp:==d""'

voltage inldllegf rather than 10uS as reported by Riemann et al.’ .

——
The development of a transmembrane voltags requires charging the membrana

capacitance which determines the relaxation time constant and the éharlcccr-

istic frequeicy !o observed in impedance measurements of cell suspensions 11-13

TR and fo are related by 2wt f, = 1. We have observed a relaxation time

counstant that sets an upper limit of TR <0,.08u8 for dog erythrocytes, Imped- »
SLIRR
ance measurements 14:15 and theoretical calculations 1013 a140 support %”

. the limit tp < 0.1uS for the arythrocyte membrane. On the basis of the

exparinental results it is not possible to dctqrmino vhethar the depandance
of the membrane alterations on the pulse decay time constant is determined
by the membrane charging time constant, TR Howavaer, 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 membranae
alterations. Since g < 0.1u8, this suggests that the time constant for
menbrane permeability alterations, following the establishment of a
eiiticll transmembrane potential, is on the order of hundreds of nS.

‘A umc&nnilm for the hemolysis produced by single electric field

5,8 in which the manbrane perm-selectivity to ions

pulses has been proposed
is destroyed by the electric fiald and tha hamoglobin colloid osmotic
pressure causes the entry of water and subsequent swelling and bursting

of the cell. | Our data are not inconsistent with such a chhaniln; Howevar,
in our experiments, once the membrane was sufficiently alterad to ’llow
naximal potassium relasse, hemolysis was produced relatively vapidly by

additional pulses. Exposure to additional pulses caused henolysis to

S Ay g tert. e : o e o e e . —————t e 8
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occur more rapidly than could be explained on the basis ‘of a diffusion-

r controlled effect °. L& N

- 1-m~ut-uv"” BER TN YUEEThE “LRALI8L " B

!’ MR R vgage-of -emog1bbIi [ The graded response of the Qtythrocyt.e
L . membrane to alterations in K"' permeability, osmotic fragility, and

) hemolysis followihg oultiple pulsed-field exposure suggests & progressive

cumulative or persistent membrane alteration. The fact that exposure .

PRy

'to fields with time constants of 0.43 usecs or lulu, at a field strength
\ " of 4.8 KV/cm, which is known to produce hemolysis for longer duration

'pulses, did not result in hemolysis, even when the cells wars exposed )

to thousands of pulsaes, 1‘.5?1'(1);1_“.:1::._191 i g f MABEL (WD) qe g

e ept T

iapbrans. Patil B Exposure to longer

et

duration voltage pulses, on the other hand, results in hemolysis - "' ; .fj
1f 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 'to0 occur there must be a

el N e

_ summation of the effects of .t:ho_ individual subthreshold pulses and a lower limit
for the persistence of the individual pulse effects can be estimated from ] .

8 the pulse period which was 10 sec in the case of the 6 usec pulsas.

The observed relaxation times for conductance transitions in gated ionic

channels in lipid bilayers are known to vary from npproxﬁutely 10°3 to __.':“'

10 secl® which -are of the same order as the persistence time of the '

field-induced erthrocyte membrane alterations. 1t has also been determined g

that & given channel in membranes of different lipid composition has _ g

invarient conductance and voltage~dependenca but shows large variations in

“ 4 I-v(\-‘
relaxation times ". It may thus be suggested that the variation in the Ry




s:ngitivity of erythrocytes from different specles with known differences

- g

in membrane lipid composition, to multiple-pulsa electric field effects
is related to variation in the relaxation time of induced conductance ; i

transitions in gated channels. ‘ .

n In addition to providing information of direct application to

a determination of the mechanisms of interaction of pulled';inctriéal

- fialde with biomembranes, such data may be used to determine tha con- {

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

pertinence in the evaluation of pulsed field effacts in living systems,

e e v e et e

- e b g T




TII. IN VIVO STUDIES OF EMP EFFECTS IN THE DUTCH RABBIT
The Dutch rabbit was selected for the investigation of the effects

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

cf an extenaive series of investigations by us of the effects of low-

!
]

intensity (c.a. 5-25 ﬂH/cmz).continuous wave and . pulse modulated micro-

? vave axposurs, 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 pearmit seriel sampling to monitor temporal variations in
ssrum chemistry and enzyme levels in response to EMP exposure, The samp-

ling procedure used in: these studies consisted of drawing a 5 ml hlood

. sample from tho,nqrgiqnl ear, vein of unanesthetized rabbits ten days prior
to EMP exposure which served as a baleiinc lamplg. Samples were obtained . .
;ilndittcly'prc~ and post-exposure, as well as at intervals of up to two
weeks post-exposure in some instances. Litter-mate Dutch rabbit; 8 to
12'non:hl 0ld with a mean weight of 2.2 kg were randomly assigned to either

the treatment (EMP) group or the sham~irradiated control group. Each group : !

S

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

except during the two hours of exposure.

The rnnultp of the effects of EMP exposure on the serum chemistry of . }
the Dutch rabbit have been previously described in detailla. 1In nunmapy; ' - | %
it was found that there ware no statistically significant alterations in
serum chemistry following 2 hours of exposure in an EMP simulator wity.a
peak field strength of 1.5 KV/cm at a pulse repetition rate of 38 + 2 Hz.
The simulator pulse is best deecribe& as an exponentially decaying cosine
wvaveform, the amplitude of which decreasas to one~half the paak field
strength in 4 cycles vhich at a characteristic frequency of 23.5 MHz de-

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

Jess than 0.1 Msec. The EMP simulator characteristics have heen described
19

in detail elsevhere
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The levels of the serum enzymes alkaline phosphatase and SGOT were
elevated in cﬁe immediate post-exposure samples, bht thé results were
not statistically significantly different from the valuea from the sham-
irradiated controls. Serum triglyceride levels were also determined in
Duteh rabbigl axposed under the same conditions with no apparent effect.
The effects of EMP exposure at fiald strengths of 1.9 or 0.9 KV/cm and
pulse repetition rates of 24 and 10 Hz on sodium pentobarbital-induced
slesping time in the Dutch rabbit again revealed no significant analeptic
cffoctla.

In order to further investigate the in vivo effects of EMP exposure

on rabbit Serum enxymes, a series of experiments has. been condud:.d in which

the dependent variables were the 'm

of sueeiSuBINENILEINRERINEHY - CPK isosnzymes are tissue specific and

thus alterations in the levels of thelu enzynes 1n serum may be related

to tissue specific EMP effects. The ilsoenzymes are aenotld as MM which
is found predominently in skeletal muscle, MB which is associated with
cardiac tillu‘. and BB which is primarily localized in brain tissue.
‘CPK isoenzyme levels were determined by the method described by Nealon
20

and Hendeison The exposure and sampling procedures were the sane

as fholc suployed for the ssrum chemistry and serum triglyceride studias.

Limitations imposed by the availability of the exposure facility and ex-

perimantal animals dictated the nead to conduct a series of CPK atud;nu
during the contracting period employing exposed and control group sizes
of 4 or 5. Tha results of these axperiments, which have bsen previously
d‘lctibldla, indicated that in any giv;n oxpcriﬁ-nt the isoenzyme
levels wers increased following EMP exposure for 2 hours to 2 KV/em
pulses at a pulse repatition rate of 40 to 50 Hx. BStatistical analyses

of the differances in the mean CPK isoenzyme levels between exposed and

13
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sham-irradiated controls revealed that although consistent elevations were
induced by EMP exposure, the differances vere of murginal statistical sig-
nificance, vhereas the overall significance of the combinad responsss, as

svaluated by means of a sign test, was significant aé the 1% level la.

[Thniicoultc of thase experiments were suggestive of either a treat-

nent effect 6! EMP radiation resulting in a small but consistent elevation
in serum levels or a systematic error or bias dus to inadequate con:rol i
ncnog::::j An additionll experiment was therefore parformed using a lnrgcr |
lauplc size and .mploying a dif!orunt shan 1rradintion procudurc. In

ptcvioul oxpcrlmentn the sham irradiations conniucnd of plncing the control N j

cnimnll batwesn the plates of the EMP simulator in the same position as {

the cxpolad animals for the same axposuras durutioﬁ of zihourl without en-
' ergizing the pulser. In this clsc':hg shag~-irradiated animals were not
*  esxposed to the pulsed field nor waze they exposad to the acoustic stimulus

vhich originnt-d from the spark gap which dilchargod ‘the pulser during

——— e e e

EMP axposurs. Another possible di!!crcnc. in the axposure conditions may
have been the fact that ozon- was generated by the-lparh discharge

and llthough-:hc EMP simulator was well ventilated, there was a possibility

S
Rl I

that the exposed animals vere expossd tc higher ozons concentrations than

———

the shan~irradiated controls. To minimize the effects of such variables

on the CPK response, the sham irradiation procedure was sltered so that
the sham-irradiatad animals were placed in a mock-up of the EMP simulator placed

immedistely adjacent to bdbut outside of tha Faraday cags in which the EMP oimuﬂutor

was located. The sham irradiations were then performed simultansously with the
IMP exposures. The rasults of this sxperiment, which is referred to as Expariment

5 are summarixzed together with the four previcus experiments (numbered 1 to &)

in Table I.
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TABLE I
EFFECT OF EMP EXPOSURE ON RABBIT CPK ISOENZYMES
' X Diffarsnce in Searum CPX Isoenzyme Coneonéutions* ‘
Experiment Number of . MM .MB BB Total
Number Animals/Group Fraction Fraction Fraction 'CPK
1 ) 27 43 73 , 48
' ' (0.22) %% (0.3) (0.3) (0.25)
2 6 141 103 10 . 92
(0.1) (0.0?) (0.4) (0.07)
3 4 19 - 82 42 29
4 3 3l 33 72 36 p
' (0.2) (0.3) (0.13) (0.13) ¥
5 6 27 -0.02 - 43 9
(0.2) (0.46)  (0.05) (0.40) i
\ o
* X Difference = Exposed group mean - Sham group mean _ 4, ‘
Sham group mean
#* ( ) p value for t test of differences in mean CPK values z
B
g
o
(s
0
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Comparing the results of these experiments reveals that the variation in

the sham irradiation procedure used in Experiment 5 reduced or reversed

the positive effects q.cnctad in the previous experiments, suggesting

that the CPK isoenzyme lavels were affected by the oparation of the
spaxk gap trigger of tha EMf simulator. Whether this was dus to aural
stimulation or the n!écet of oszone or other unknan factors is not known
at present. Although CPK isoenzyme levels in serum are known to be
altered as a consequence of physiological stresa, there are no da:a'on
the affects of physical or chemical agents on these enxymes other than

the fact that exposure to heat stress causes elevations in serum lnvnlnls.

An investigation of the effects of EMP exposurs, under the conditions
prqvioully detailed, vas also conducted to determine effacts on serum |
cation concentrations. This experiment employed tha same sham irradiation
procedure as in Experiment 5 of the CPK determinationsdescribed pr-viéully.
The mean and standard arror of the mean sarum sodium concentration for
the group of six Dutch rabbits exposed to the EMP field was 142 4 + 3.4
mEq/1 as compared to a mean (+ S.E.) of 138.8 + 4,9 mEq/1l for the sham
irradiated controls. This difference was not statistically significant
at the 5% level, nor was the diffarence in the mean serum potassium con-
centrations vhich were 4.3 + 0.1 and 4.4 + 0.2 nEq/1 for the EMP exposed
and sham-irradiataed cohtfolo respactively,

The results of the in vivo studies of the effects of EMP expoaura
of the Dutch rabbit, under the conditions of this experiment, do not in-
dicate a significant effect upon the dependent variables investigated.

The in vitro studies of the effects of pulsed conductive electrical
fields on erythrocyte membranaes, on the other hand, have rcvoglod sig-

nificant alterations in cell meambrane permeability., The threshold field

strength for the induction of erythrocyte membrans permeability changes




e i e A

" where W, = 2.96 %1

. leading to K+ efflux was found to be 2 KV/em and the minimum time

constant for this effect for an exponentially decaying pulse was 0.4
ﬁnec, regardless of the number of pulses applied to the membrane. In
order to compars these threshold values with the in vivo exposure
conditions, the mnximgm induced field strength nust be calculated in
the oxperimcnéal animals exposed to the capacitive field of the EMP
sinmulator used in these expariments, '

We have determined that the field induced in an exparimental

| lninai exposed to a time varying capacitive field is given by:

By ww, dEjde. , L (L. .

vhere :1 is the induced field atrength, w, is a constant which is

Jnﬁondcﬁt upon the condﬁctivity of the exposed sample and E‘ is the

strength of the applied pléqtrieal £1Qidlh;, In the present case, . ..

the EMP field E. nsy bo'raércoontod as a dcciying gxponohtial pulse

with a rise time Tr and a aocay time Td‘ 'Th; maximum 1nd§ccd field ‘

1i.thi‘ calcli;:' o ) | .

| . !:m: - ':""lmo'rr, | : (3
1010 radians/sec. For an estimated EMP rise time |

(rr) of 0.1 usec and a mhxinum'ipplind field strength 2 KV/cm, the

saximum induced field strangth at the surface of tho.lxpcrihcncll ani-

mal 1s on tha order o!-l V/im., n?-n allowing for errors in the cotimat‘d

EMP rise time and the conductivity, the amplitude of the induced field is

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

sembrane permeability alterations. The EMP pulse duratioﬁ of 0.4 psec

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

of the ﬁ+ permeability of the erythrocyte membrana. It may be concluded

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

with the in vitro results if the in vivo biolegical endpoints are depend-

ent upon fisld-induced physical altarations in membrane permeability. In

.....
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viaw of the fact that the in vitro studies have, to date, been restricted
to erythrocyte membrane alterations,it 1l'§ai|1b10 that other cells,

such as neurons, may exhibit markedly greater sensitivitiea to pulasad
fields which would not be reflacted iu alterations in the biological
endpoints investigated in this study. There is an obvious need to

extend the investigation of the in vitro effacts of pulsed fields to

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

oxponur.l.' Additional data on the effects of variations in the pulse

Cmetes

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

rate, and exposurs duration are needed to mora fully evaluate ths po-

tential for pulsed field alterations in living systems. Since the
availability of exposure facilities for in vivo exposures is limited,

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

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 axponentially decaying pulssd fields for
an erythrocyte oriented either parallel or pcrpgndicular to the elec-

tric vector of applied conductive and inductive fields.
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. IV. ERYTHROCYTE TRANSMEMBRANE POTENTIAL
In order to relate the effects of exposure of the erythrocyte ‘
i membrane to pulc;d conductive electrical fields to effacts of inductive fields
X and to harmonically varying fields it is necessary to detearmine the relation-
4 ship of the induced cranumombrano potential to cfll orientation and to
| the plranotofl of the applied field, primarily to the pulse duration in the
case of an exponentially decaying field or to the frequancy of. tha harmonic
field. Tha timgldnpondcncy of the induced transmembrane field will
R depend upon the pallivc-tlccgrical'charactcrilticl of the membrane,
nazely the rcliutivity and chclcapaeitinco whigh deternine the chprging'
timo‘conlcanc or the membrane relaxation time constant (tr). ’
~ The charging tiﬁc constant of the arythrocyte membrane is equal to
the enli xqiaxation tiqo eonlﬁan: as dc:ctﬁinad b} diolcétric dispersion.
"If it is assumed that the voitngn induced in a membrane exposed to a volt-
age step function is exponential in time, it is possible to use Laplace
'trnnl!ofm mc:ﬁoda to éllculntc‘tho trﬁnﬁmnmbrann poteantial fo; any wav,form
: o!'thn applied voltage. The transfer éunctioﬁ defined ani
H(8) = R(8)/1(8) | €3
2‘ defines the n‘mbrnno response in the transformed domain where I(S) and
" R(8) are tha transformed input and responsa functions corrcnpondin; to
the tine domain functions {(t) and r(t). The time domain response function
. " may be determined from the relationship: |
r(e) = L™ ueenesy), N

1 is the inverse Laplacian transfar oparator.

vhere L~
The maximum transmembrane potential may be related to the amplitude
of an external C.C. electric field Eo by the relationship:
V."'Pj .J BO' . (s)
where F] is a dimensionless factor dependent upon the cell shape and

orientation with respect to the field, and ay is the seni-major axis of
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the cell parallel to the applied field 13- The time dependency of

the membrane potential in response to a step-function voltage increase
Eo is given as: ,
- » -l
Vy(t) = () = Fafs01 + 1 83] 7. Ce)
The transmembrane potential dus to an exponentially dacaying ap-
plied field may be deteruined by using as the input function
1(6) = E, exp(-t/1)), ‘ (7)
vhere Tp is the pulse decay constant. The Laplace transform of 1(t)
is thus: . K N
. -1 ' - (8)
¢
I(S) = !:o'tp.l + 'rps)

and the transmembrane potantial generataed hy an externlly applied ex-

_ ponentially decaying pulse is thus obtained by substituting Equations

‘6 and 8 into Equation ) and taking the inverse Laplace transform to obtain:

T t/t t/t :
V‘(t) - Fj'jno [79_"%:_-][. p-e. :'] : (%)

The tima at which' this maxinmum transmembrane potential occurs (tn “) which

. 1s determined by taking tﬁc time derivative of Equation 9. is:

Cpax = TpTelnlT /T (r -t )7, o (10)
and the maximum transmembrane potential is ‘
Vnm”‘ - l‘jajzo(rpl‘r:)'(rr/tp-rr?) | 11)

The capacitive field induced transmembrane potential may be determined
from the conductive field transmembrane Ipoton:nl defined by Equations &
or 1! by use of the relationship
-l | (12
E () = w, (dE.Idt:) (12)

, Whers !1(t:) is the time dependent field induced by exposure to an external

capacitive field !:.(t). If it is assumed that E.(t) is an exponential

pulse vith a decay time of Tp than,

E,(t) = (wo'rp)-lexp(-t/'rp).' R 13)

ATl




The maximum transmembrane potential in this case is related to the

maximum conductive field transmembrane potential (Vn“'x) byt

n, - vnw(motp)-l ’ _ 4s)

_ vhere woil a constant which depends upon the electrical characteristics

of the cell. N
The transmembrane potential induced by exposure to a conductive
harmonic external field (i.e. A.C.) of frequency f may be detarmined as
‘above to yield: Lo : . . .
v‘“"mc)- o |1+ ere 2™ | )
) Fs%s% ° i

where fo is the characteristic !raqunney of the cell system which is
related to T, Syz ‘

-1 S | q6)

!o - (2w1r) .

The maximum induced transmembrane potential gonoratnd by an alternating

-eapacitivc field may be determined by use of nqultion 153

V‘:“(A.c.) znrj j‘o‘“’o E+ (£/2 )] ~i | )

In oidor to compare the harnonieally alternating fiold-inducud
transmembrane potoneinl with tho potcn:ial gcnorntcd by a pullcd tinld
the frequency is rcl&tnd to the pullu duration by £ = (Zwr )" and the
following limiting cases may be defined as the pulse duration is allowed
to approach 0 or infinity:

(18)
and

(19)

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

an alternating harmonic field or'a pulsed field are equal.

colpuinrie el bt wwh on’ ¢ webiebndil = R R | e
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These equations wera used for an erythrocyte model to
determine the relationship between the maximum transmembrane potential
and the pulse duration or the frequency of an harmonically varying -
field for bosh conductive and capacitive fields. The shape and ori-
entation parameters used in the calculations were derived from Barnhardt
and Paulay‘a. In the case of an erythrocyte with the major axis
oriented parallel to the applied field, F, = 3.06 and a, = 1 um, and for
the perpendicular orientation, Fj = 1,2 and IJ @ 3,5 ym« The relaxation
time constant of an arythrocyte is T, ™ 0.072 usec. For pulse durations
‘longer than 0.1 ysec the perpendicular orientation results in a higher
relative transmenmbrane potential than the parallel orientation, with
the reverse baing true for shortar pulse durat}ona. A pulse duration
Tp of the limo duration as the relaxation time constant of the arythro-
cyte (Tr) induces a maximum transmembrane potential that is 5oz'of
the potential induced by an aquivalent qltcrnntius field,

The results of thia analysig which are shown graphically in Figure

3 indicate tha marked dcgcndcncz of the induced transmembrane voltage

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

1 ysec the voltage induced by a capacitive fisld is at least one order
of magnitude less than that due to a conductive field with the differ~
snce incressing markedly for pulses longer than 1 ysec. .. comparison
of the maximum voltas.'inducod in the membranes of various cell types
(i.e. various ratios of semi-major to semi-minor axes and various ori-
entations) in rasponse to conductive and induced or capacitiva fields
has besn undartaken., In all cases the conductive field induces a maxi-
mum potential undir D.C. conditions, wheress the induced field maximum

voltage increases as the pulsa duration and pulsa rise times are de-

creased. Although the maximum transmembrane potential is strxongly

23
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. ’ .
dependent upon cell type in the conductive field case, the meambrane
. potential is to a first approximation independent of cell type for
capacitive fislds as shown in Figura 4,
; 1}
]
A
i '
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. V. SUMMARY AND CONCLUSIONS

'z In vitro exposure of rabbit, dog, and human erythrocytes to pulsed

alectrical fields leads to altarations in the membrane permeability to

_K+. Na+. and hemoglobin as well as an increase in csmotic fragility.) The

—_—?
magnitude of the response is dependent upon the species as well as the applied

fiald ltrnﬁsth. pulse duration, the pulse repetition rate or inter-
N g T

e ——— s .
pulse duration and the Eptal number of pulses. A field strangth threshold of

2 KV/cm and a pulse duration threshold of >0.4 Maac has been astablished for K+
RS e

L]

releass, tha most sensitive depandent variable invnltianéid. These raaults
m————— N Pttt

strongly suggest that the responsas are dus to the induction of transient .

e et s i -

pores or channals 1ﬁ the cell membrane, the sizes of which are relatad

———— ]

; to the duration and strength of the applied field. Exposure of erythro-

_cytes to multiple thrashold pulses results in the same responses as

above-threshold pulses, suggesting that the pul;cd fielda are capable
of inducing transient porss, the persistence of which has bean iltiﬁatod
to be on the order of 10 saconds or longer. These results suggest that

"pulsed field-induced effacts in living systems would be dependant upon .

e e st i e

.3 : the magnitude of the transmembrane induced voltngn'al well as the pulse
duration and the number of pulses. |

Theoretical analyses of the induced transmembrane potential in cells
of various shapes and sizes indicates a marked variation in the induced
t potential for conductive field exposures, as contrasted to inductive or

capacitive fialds which produca significantly less variation as a result of

s

differences in cell siza and shapa paramsters., It has baan dotermined that there : k

is at least a three order of maghituds greater transmembrane potential

generated by a conductive field in a 1 cm long by 10 ym radius prolate
? spheroid (a model e.g. of a nauron) than in an arythrocyta. The same

call types exposed to a capacitive field results in a differance in o
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transuembrane 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 wiximum in the case of a capacitive field is ap-
proached as the pulse rise time is decreased to less than 1 nsec.
Application of these results to a comparison of the in vitro effects
of pulsed conductive fields on-crythrocytn with the results obtained
by in vivo exposura of Dutch rabbits to the capacitive f£iald of an EMP

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

R e T

tectable alterations in the dependent variables investigated in the

* in vivo study due to the differences in the induced transmembrane potentials
in these two exposure conditions. A more complete analysis of the effects of
pulsed fields on living systems will require an' axtension of the _i_._r_;_ vitro

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

cyte and a wider range of field parameters.
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