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I. INTRODU:TION:

Research conducted during tﬁe past contract period has involved an exten-

sion of an investigation of the physiological effects of e¢xposure of Dutch

j? rabbits to electromagnetic pulse (EMP) fields and the development of in vitro
biological model systems to investigate the physico-chemical effects of tramsient
electrical and electromagnetic fields. Physiological studies performed duriug
this period have included: 1) a continuation of a study of the effect of EMP
exposure on sodium pentobarbital-induced sleeping time in the Dutch rabbit
which was initiated during the previous contract year; 2) investigation of
EMP and heat stress effects on rabbit serum chemistry; 3) electromagnetic
pulse effects on serum triglyceride levels and, 4) alterations in creatine
phosphokinase (CPK) isoenzyme levels induced by EMP and pnonradiation heat-
stress exposures. Model systems used to investigate the mechanisres of

* interaction of transieui electric and electromagnetic fields included arti-
ficial tilayer 1lipid membranzs and mamralian erythrocyces. The dependent
variables for the in vitro studies included dielectric breakdown and po-
tassium and hemoglobin membrane permeabilities; The independeut variables
were voltage field strength, pulse duration, and exposure duration. Analysis
of data from the in vitro studies has led to the formulation of a preliminary
theoretical model for voltage-induced transient alterations in cell mewmbrane
pérmeability.

II. 1N VIVO STUDIES OF EMP FFFECTS IN THE DUTCH RALBIT:

The almost total lack of data regarding the biological effects of exposure
' to EMP fields dictated the need to screen for varjous types of physiological

alterations in mammalian systems. The Dutch rabbit was chosen for this study

based on the availability of extensive data on the response of this species to
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nicrowave radiatiopn. The rescles of ZMP exposure may be qualitatively aund

quantizztively compared to the effects of microwave exposure, thus providing

a t*z:is for an evaluation of the relative biological effects of these radiation

'
T7e€s.  The radbit is also 2 practical choice for this study since the total

5lood volume oI this species Is large enough to permit serial scrum samples
: bz drawn {ov serum chemIsiry and enzyme determinations.
Zifpect of ZMP Exposive on Drug-induced Sleeping Time.

In previous studics of the effects of Z.45 and 1.7 Gz microwave exposure

ant decreases in the wmean duration of sodium pento-

[¢]

w2z nave detected signili

Terrizzl-induced slezping time in the Dutch rabbit exposed to radiation intensities
- - 2 S
of fraa 5 to 50 =W/¢” (1). In contrast to these findings, the initial studics = |
oI 2 effects ol DT exposure at 1.9 KV/em and 24 Hz or 1.4 KV/em and 10 Yz l
Zniizzted no decrezs: In the duration of sodium pentobarbital sleeping tise in {
tTe rzhbit, In Z=:z, thae data suggested the possibility of an increase in !
!

of exposure to the 10 Nz EMP fields (2). In orduvy

ot

zzping time as 2 r=aul
> obtain more d2Iiini:zive data on this respoase variable, additional sleeping

ize experiments wevs conducted during this ruporting period. The techniques

uszd, which have Zeen previously described in detail (1,2), consisted of determining
ping (i.e. duration of the loss of the rightiug reflex )

ith 22 mg/kg of sodium pentobarbital by intravenous

injection into the marginal ear vein, followed by eitlhier sham irradiation or exposure
to an IM? {ield of 0.9 X\/cem at a pulsce repetition rate (PRF) of 10 Hz., DPue te the
operating characteristies of the EMP simulator, it was not possible to duplicate
the 1.4 XKV/cm, 10 Hz exposure counditions,

The results of sham or EMP exposure under these conditions are surmmarized in
Table 1. The mean sleeping time and standard crror of the wmean for five Dutch
rabbits exposed to the EMP field were 63 + 9.9 min. The corvesponding values for

the sham-exposed.control group were 62,4 + 6.7 min.,  These data
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Effect of Electromagnetic Pulse Exposure on
Sodium Pentobarbital Induced Sleeping Time in

the Dutch Rabbit.
Repetition Rate 10 Hz.

Sham Irradiated Controls

Sleeping Time Rectal Temp.

(min) Change (ATOC)

55 - ~1.8

53 -0.6

52 -1.6

64 | ‘ -0.9

88 -0.1
Sample mean 62.4 -1.00
Std. dev. 15.08 0.70
Std. error 6.73 0.31

Pulser Voltage 0.9kV/cmjPulse

EMP Exposed

Sleeping Time
(min)

44
101
51
59
60

63.0
22.21

9.92
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do not, therefore,provide any evidence of an alteration in sleeping time
resulting from EMP exposure. This result is not inconsistent with the results
obtained in studies of the effects of microwave exposure on sleceping time.
The statisticallysignificantreduction in  the mean duration of pentobarbital
sleeping time consequent to microwave exposure is assumed to be an indirect effect
of low-level microwave-induced thermal stress, leading to redistribution of
the drug from the brain to other body compartments due to increased circulation.
The reductioun in sleeping timc in animals exposed .o microwave radiation was,
in general, correlated with an increcase in rectal temperature, thus suggesting
the involvement of thermal stress. In the case of EMP exposure, the mean and standaxrd
error of the mean rectal temperature were ~0.84 + 0.136C for the exposed animals
and -1.00 # 0.31°C for sham irradiated controls. Thus, there was no evidence
of thermal stress from EMP exposure of the type employed in this study. If
the observed reduction of sleeping time following microwave exposure is due
to thermall stfmulated drug redistribution, it is not surprising that EMD
exposure did not detactably alter this response variable.

Effect of EMP on Rabhbit Serum Chemistry:

In view of the fact thét physiological stresses of various kinds are kncwn
to result in alterations in serum components, a study was undertaken of the
effects of acute exposure of Dutch rabbits to E!P fields on the following serum

components: calcium, inorganic phosphate, glucose, blood nitrogen (BUN), uric

e
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acid, cholesterol, total protcin, albumin, total bxlitubin, alkaline phosphatase,

lactic dehydrogenase (LDH), and serum glutamic oxalacetic transaminase (SGOT).

‘'Previous studies revealed that stress induced by exposure of rabbits to 1.7

(U -

and 2.45 GHz microwave radiation at intensities of 10 mh/cm or greater result-

ed 1n cransient alteration, in the serum componunts' glucose, BUN, uric acid,

These results and data on the

bilirubiu, and various serum enzymes (3,4).
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'
thermal response of rabbits tc¢ microwaves suggest that such exposure may alter
serum coiponents as an indirect effect of low-level thermal stress, although
other mechanisms of interaction cannot be ruled out at this time. In view
of the purported effect of thermal stress on rabbit serum chemistry alterations,

it was decided that nonradiation heat stress would be used as a comparison

i e e e 1 e s e e .

stress for EMP exposure effects. Dutch rabbits were exposed to an ambient tem-

perature of 40°c for 2 hr, the same duration as the EMP exposure, and pre-
and post-exposure samples were analyzed and comparéd to samples obtained from
FMP exposed animals.
The procedure used for the investigation of EMP radiation effects on
serum fheT;EEFX,FO“SiSted of obtaining pre-exposure baseline serum samples
from a group of 10 ﬂutch rabbits 10 days prior to exposure. Following the
measurenent of rectal temperatures, single animals were exposed for 2 hrs. to
the EMP fiecld, During exposure the animals were confined to the central region
of the EMP simulator by the use of 2" thick styrofoam blocks with ample pro-
vision being made for free circulation of air during exposure. Although the
animal was restrained to this area, there was ;mple room for the animal to move
about within the exposure chamber. The exposures were performed using the EMP
simulator at the Electromagnetic Radiation- Bio Effects Laboratory at the Naval
Surface Weapons Laboratory, Dahlgren, Virginia. The staff of the Electromagnetic
Radiation-Bio Effects Laboratory is hereby acknowledged for their aid in per- .
forming this phase of the study and for the use of their facilities. :
A detailed description of the EMP simulator has been previously given (2).
The exposure conditions for the study of serum chemistry changes were a field
strength of 1.5 KV/cm, pulse repetition rate of 38 + 2 Hz, and an exposure duration

of 2 hrs. The total number of pulses to which the animal was exposed was

" e Y

2.73 x 10° + 1.44 x 10*. The varfation in the pulse repetition rate of the

EMP simulator was due to the operating characteristics of the "free-running" spark
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gap vzl to trigger the pulser. The simulater pulse may he described as a
exIrnenzially éecaying cosine wave, the amplitude of which decreases to one-
Tl meximun véltage in 4 cycles. The characteristic frequency of the EMP

4
simiolazor is 23.5 MHz and the simwulator pulse duration is thus approximately
0.4 yusz>. The rise time of the pulse is less than 0.1 1n sec. All exposures

o
] wzre at normal room temperature (22 + 17C).

irnmediately following exposurw. the recta) temperature was determined and

BN e T T e SV

a 5 nl bloel sample was obtained from the marginal car vein of the experincntal
eninal., In an attempt te detect exposure effects with longer latencies, another

blocd sample was taken 24 hours post EMP exposure. Sham--irradiatced contrel
? P p

B

anirals ware treated identically except ‘that the pulser was not energized during

1 N
the 2 hr ghan exposure. Serum chemistry analyses were performed by §
i ; the use of an M1 12/60 autoanalyzer. The sampling procedure for the investi- ?
{ . .
] gation of tha ¢7iects of nonradiation heat stress was as previously desaribed.
in this case, the aniials were cxposed singly for two hours to an ambient
temperature of 40°C in an envirommental chamher. §
The results of EMP and nonradiation heat st;ess exposure on rabbit serum com- ?
i(
poneants are sumnarized in Table 2. No statistically significant alterations E
in the serum chemistry of Dutch rabbits were détectcd a3 a reéﬁﬁ}';fuiﬁé exposure. |
e , - y
Althouzh the levels of certain response variables such as the enzywes alkaline ?
phosphatase and SGOT  appear to have been elevated in the immediate post exposure |
sarrtes, the variability of the data is such that no statistical significancce
can be attached to these findings. It should be noted that the levels of
alkaline phosphatase, LDH, and SGOT were increascd as a result of nonradiation
heat stress, whereas no significant alterations in other serum components were
detected except for an increase in calcium. TIncreased levels of sorum cnzymes
: T -8 -




are gene;ally attributed to cell death or to alterations in cell membrane
permeability,
I may be concluded that the EMP exposure under the condition of this experi-
; ment did not result in significant alterations in serum components compared to
sham irradiated controls. Exposure to EMP radiation for 2 hrs resulted in a

15% increase in serum alkaline phosphatase, whereas heat stress for the same

duration caused a 25% increase. The levels of SGOT were increased by 53% following

EMP exposure as compared to a 457 increase following heat stress. Nonradiation ;
heat stress led to a 22% increase in LDH in contrast to a 2% decrease in the
EMP exposcd animals. The meanand standard error of the mean rectal temperature
change were 0.28 + 0.21°C for the EMP exposed animals and 0.10 + 0.26°C feor the
sham irradiated conttrols. Exposure to an ambient tempe;ature of 40°C produced

a mean roctal temperature elevation of 2.1 + 0.49C.

L]
P TIITIL ¥ 89| K PRI S o, Tnll AWLE 7 142

The significance ¢l these basically negative findiugs ig limited by the

small sanmple sizes omployed which, in vicw of the inherent inter- aund intra-

animal variability in serum components, reduces the sensitivity of this study.

Additional serum chemistry, studies, especially of enzyme levels, in which

larger sample sizes are used are needed to evaluate the effects of EMP exposurc.
Serum Triglyceride Stridy

The effects of acute stress on the mammalian system produces a generalized

3
3
H
i

response mediated by the neuroendocrine system. One reported consequence of
this stress responsc is the activation of the pituitary gland leading to

the relecase of growth hormone which in turn causes an inhibition of cellular
glucose uptake léading to increased serum glucose. Growth hormone also
causes the release of free fatty acids from tissuc storage deposits resulting
in elevations of serum triglycerides. We have determined that low-level mi-

crowave exposure results in elevations in both serum glucose and triglycerides.

Consequently we have investigated the effects of EMP exposure on these y

responge variables. The results of the scrum glucose study were indicated ;




i
1
?
1
i
i
!

in Table 2. Yo incrcase in serun glucose was detected in animals exposed to EMP

for 2 *r pariods as described in th2 previous section of this report. Serum

Tal
4
th

3]
e
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"w
X
1

Ze levels were deternined in a group of 6 Dutch rabbits immediately

Zllowing & 2 hr exposure to IMP radiation using the same exposure parameters

——
—

it2d in the preceding section. The mean and standard error of the mean
serun triglyceride level were 38.3 + 4.1 mg/dlras compared to arman level of
5.6 obtained fr6m a sample of 5 sham irradiated rabbits. There was
thus no evidence that EMP exrosure of the type emploved in this study alrered
serum triglvceride levels,

Effcct oi IMP and Heat Stress on CPK Isocanzymes

Creatina phos;hakinasi} an cnzyme which catalyzes the conversion of crcatine

e

e — e

phosphate to czeatine, resulting in the synthesis of ATP, exists as three

distinct isoenzy=es in body tissues. The MM isoeunzyme is found primarily in
skeletal‘muscle, M3 is located in heart nuscle, and the BB isocenzyme is

associated wit®: brain tissue, Cell.dcath or increascd cell membranes jermesbility
is thought to eccount for incrcased levels of these enzymes in the serun.

Analysis of CPX isoenzyme levels thus provides a means of detecting tissue-

n
"
7
0
He
=
e
0
(13

fiects of physiological stress such as that induced by EMP radiation
exposure. CPXK isocnzyme levels were determined by the method described by
Neazicn and Henderson (5). The procedures used for the exposurc of Dutch
rabbits to EMP radiation were as previously described. Serum samples were taken
izmediately upon cessation of EMP exposure and at 24 hrs post exposure. Tor
poses of comparison of EMP effects with a well known physiological stress,
a group of rabbits was exposcd for 2 hrs. to nonradiation heat stress in an

. o '
environmental chamber maintained at 40 C. The mean rectal temperature change din the

heat stressed animals was 2.1 + 0.4°C.

Creatine phosphokinase isocnzyme concentrations are affected by storage

time between sampling and analysfs as well as by the age and general metabolic statun

pre-creeerary
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of the experineatal animals. For these reasons and due also to limitations
on the availability of the EMP exposure facility and animal holding
facilities, CPK isoenzyme studies were conducted with three groups of experi-
mental animals at three differant times during the contract year. Due to the
aforementioned sampling problems it is not feasible to pool the results of
these experiments, consequently the results are analyzed in each case by
comparing the EMP exposed group values with the sham-exposed group values
obtained at the same time (ie. within the same period of experimentztion).

The effects of exposure to the IMP field and nonradiation heat stress on

CPK isoenzyme levels are summarized in Table 3 and the statistical analysis

of thesc data, using the Student's t test is presented in Table 4. Exposure

i

i
\the serum levels of total CPK isoenzymes and in each separate isoenzyme

. to either heat stress or EMP radiation, in all cases, led to an increase in

fraction as shown in Figuré 1. A mean isoenzyme elevation of 65% occurred

for the MB fraction of EMP exposed aninmals whercas heat stress produced a

maximum elevation of 95% in the MM fraction. Statistical analysis of the data
f obtainced from individual experiments revealed,.however, that with ﬁhe exception
of the clevation in the MB fraction for the EMP exposed group.8 compared to
its control group (ie. group 7), the differences were not statistically signi-
§ ‘ficant at the 5Z level. This may be attributed to the inherent inter-animal
variability in CPK isoenzyme levels and to the relatively small sample sizes
employed. Exposure to nonradiation heat stress resulted in elevations in all
CPK isoenzyme levels which again were not statistically significant at the 5%
level. The overall significance of the consistent increase in CPK isoenzyme
levels following EMP exposure may altcrnatively be evaluated by use of the
binomial or sign test applied to the twelve independent determinations of CPK

isoenzyme levels (ie 3 enzyme fractions in 4 scparate experiments; excluding

the total CPK values which, being a sum of the MM, MB, and BB fractions, are not
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indepznlent mealures of enzwnme concentration). The probability cf the CPK /
. € 53
enzr=: level being greater in all twelve determinations following EMP exposure ' i
1I, in fact there is no trzatmeant effect (de. the probability that the enzyme 13
L} .
levels Iollowing EMP exposure, on any trial, excceds the contrul value is g
equal to the probability thzt the control value exceceds the EMP value; both
fovsyies . . . 12 . - 7
czobzbilisies being ecual o 1/2) is (1/2) = 0.00024. The cowbined results /
oi the CPX isoenzync daterninations from the 4 experiments thus suggest that | ;
M
exposure Lo 2P ficldls results in a consistent and statistically significant ( ‘
{» < 0.01) incre in enzyne levels. The response patterns of the CPK isoenzyimes )
: ;
do not indicate anyv obvious tissue specific effects of EMP exposure althouzh ;
\ b
]
thera is some st ion of heightenced scensitivity of cardiac muscle. Additional i
Zzzz2 is required o substantiate these findings. . ; 4
i
N &
£
ZZT IN VITRO STUD3 07 PULSED ELECTRICAL FIELDS %
The complexity of mrmnalian systems and the limitctions imposed on the i '
¥
zxnosure facilis able of providing the desired range of field stroengths, %
pulse durations znd pulse repetition rates, provides the rational for investi- ¢
4
:
;
gztions oi pulsed elsctrical field effects in biolegical model systems. We 1
§
have therefore initf«ted an investigation of the effccts of pulscd fields on i
3
x ]
artificial bilaver 1ipid membranes and mammalian erythrocytes. The 1ipid !
bilevers sre the most elementary model systems available and since such f
systems closely simulete biological membranes in many of their propevties, they -
effer a means for investigating basic mechanisws of interaction of membrancs
with electrical fields. In recognition, howover, of the differences in the
physical properties of artificial and biological membrancs there are limitations g
4
i
on the usefulness of artificial bilayers for the intevprctation of pulsed %
i3 B
ficld effects in more hiphly organized biolopgical systems, For this reason i 3
4 :
f ! )
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mammalian erythrocytes have also been used as a cell model system. Erythrocytes
offer the advantages of being a rélatively simplified cell model that can
potentially provide information or both basic interaction mechanisms as well as
data of direct physiological relevance in the evaluation of the effects of EMP
radiation on mammalian systems. The somewhat limited data on the in vivo

effects of EMP exposﬁre of the Dutch rabbit obtained in this investigation suggest
that such exposure alters cell membrane permeability as reflected in the release
of intracellular enzymes. This finding indicates the need for am investigation’
of pulsed field effects on membranes, with special ewphasis being directed toward
the wmechanisms for the alteration of cell membrane permeability.

Due to differences in the modes of coupling of pulsed electrical fields to
biological systems under different expesure conditions it is necessary to con-
sider effeéts of both inductive and conductive fields. In recognition of the
differences in the magnitude of such coupling, it is evident that significantly
larger external field strengths are required in the case of inductive field
interactions than conductive interactions to induce a given field strength in a
model system such as a cell membrane. Preliminary theoretical and experimental
studies have thus been undertaken of both inductive and conductive field exposurcs
in an attempt to establish the conditions under which each type of field alters
biological systenc. Since the basic interaction mechanisms at the membrane
level should be dependent only upon the field characteristics at the membrane,
the results of experiments with conductive or inductive fields should be directly
" relateable, even though the external field parametcers differ. Limitations on
the presently available apparatus for the exposure of model systems to inductive
or capacitive fields in our laboratory have precluded a direct comparison of
such fields with conductive fields. The preliminary inductive field exposure
of erythrocytes reported here were at.both lower field strengths and shorter
pulse durations than the conductive field exposures. Experiments were also

fnitfated to determine the effect of the transient voltage waveform on cell

- —
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perneatility by the use of voltazc square waves and exponentially decaying

pulses. Anain, the available sjuare wave pulse generating equipment did nct
2 sufiicient voltage cutput to provide a dirvect comparison of waveform

elfz2zs. The future availzhilizy of such eguipment would permit a direct com-

parison oI both inductive znd conductive field effects as well as waveform con-

In order to proviiz & comparison of pulscd electric or electromagnetic ficlds
with a more widely s:tuiisd and somewhat better characterized form of nonicniziap
suspension were cxposed to 2,45 GHz microwaves in a

chamber. The effects of such exposure on erythrocyte

have becn studied by determining the potassium and

SIS SRR UEIEY

radiated and coutrol cells.

Cne of the orizzry functions of the cell membrane is its

z=ility to various zolecules and jons which enables the cell to obtain and

retain substanczs which it requires and to prevent the entry of undeaiiuble

substances. It is clear that the introduction of large pores into the cell

z¢mbrane would zllow substances to pass through the membrane thus destroying
the Important permselecztive function., The major question we have sought to

answar in this investization is whether electric field pulsecs can dnduce porves

L LT e ot

which alter neabrane peroeability.

The possibility that long lasting pores might exist is sugpgested by the
observations of Yaluso ¢t al. (6) on aged, oxidized cholesterol 1lipid bilayer
nenmbranes. In these nembranes step changes in current while the membranc

was held at a constant voltage sugpested the formation of pores or channels

in the membrane. The membranes were not permsclective to Na and Ko Although

roderate voltages causcd conductance increases in the menbranes, higher voltages

were often observed to cause a conductance decrease in stepwise fachion,

We have

indicating that the hipgher voltages caused the channels to closc.




;
3
:

confirme’ thzse basic observations in a previecus investigation (7).

v
L zirs Zrastic type of pore formation is thz actual breakdown of the
mzziring which is referred to as '

s "diclectric broakdown”. In the case of a

‘n2l2 tilayer lipid membrane such breakdown causcs the complete destructicn

However, in a cell or in a discontinuous arrangement of a

=z7rix of very small membranc

electric breakdown may be localized. The di-
glzzzric brezkdown of cells has been investigated by Zimmerman et al. (8,9,10)

while Ohki (11) has observed lccalized breakdown iu a grid-like system of
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studiced the theoretical aspects of dielectric

.

breatdowm of dboth artificial and cellular membrancs. Previous investigntors

have determined the voltage which produces dielecetric breakdown under D.C.

conditions (11,33). Although it is recojuized that the breakdown voltaze in-

¢s as the duration of the voltage pulse decreases (14),this phenou:

crea

i)

not to our knowla2lze been investigated quantitatively. In tho present worl wi

have determined the breakdown voltage of an artificial bilayer 1lipid mesbrane

zs a function of the voltage pulse duration. In addition we report on attempls to
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anges in the membrane following the application of voltage

puls:zs approaching the breakdown level,

idized cholesterol was prepared according to the wmethod described by

Tien (15), and the dried product was dissolved in decane to form a satuvated
soluricn.  Membrancs were foraed by applyiug the cholesterol solution vith a

brust or wicropipet (16,17) azross a nole in a teflon beaker immersed din 0.1 M KCL.
Figure 2 shows the major components of the experimental apparatus. The membranc
was vicewed under reflected light with a 40 X wicroscope. The standard procedure

was to wait a minimum of two ninutes after the membrance had become black, which
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indicates the transition to a bilaver, bafore making any electrical measurements.
The exp:rizants were conducted at nermal reom temperature of 22 -+ 2%c.

IZ:z:zrizal connection to the AgCl

2

turrent {zlivering electrodes and a pair of potential measuring caleomel electrades

£Z to either side of the membrane by KCl-agar salt bridges. The time

or charging the mexbdrane capacitance was 7 ps. Current flow through

(&

"
o]
3
"
r
I
o)
e
1

t:: zizbrane was measured with an electromcter operational amplifier in the
gurrent-to-voltage conversion mode. With the feedback resistance ]09 0, the 10¥% (o
907 rise tine was 18 @S and dacreased to 7 ps with a feedback resistance of 10% ¢.

)

X .o — : . a9 A
Gererally the —ost sensitive selting with the feedback resistance at 107 7 was

co azross the membrane was measured with a differential elczctro-

neter amplifier with an dnput dmpcedance of at least 1013 @ at either imput
and a2 107 to 93573 raiponse tine to a 250 mV step change of less than 1 Ls.
Sguare puls:s wzrecdtained either from a HP214A pulse gererator, or a pulss
ge:oratof of our cwn decdisn,

This arrznriment was suituble for D.C. or slouwly varying signals, but when
fast rising pulses are applied to the menbranc the current churging the menbreans
czoacitance ( = 5 nF) saturates the cu rent to voeltage converter, which requires
100 =S or longer to recover. To overcome the effcect of the capacitance charging

curraat two nethods were used. In the first method, a relay was activated

during the puise and was n=ed to short out the feedback resistance in the currc.t-

to-voltage converier., In the second method, adapted frem Sargent (18,19),a curronat

e¢qeal to but opposite din sign from the capacitance charging current was addad
to the menbrane current, cffectively nulling the capacitance charging current.
Using cither method produced a transient artifact at the output of the current-

to-voltage converter which occurred after the applied voltage pulse. The worst

case condition using the relay method produccd an artifact pulse with an awmplited.

of 2 x ]0'10 A and a half width of 8 m8, while vith the current nulling method tl-

several hundred

transicnt artifact was a domped oscillation with a maxinum of

- 21 -
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M
picoamperes and a decay constant of about 8 mS. The worst case condition was

P

vith a feedback;resistance of 109 8 in either method. The electrical noise
of the current~c§-voltage converter using the relay method was 10 pA peak-to
peak and 40 pA peak-to-peak using the current nulling circuit.

For thec determination of membrane brealdown voltage as a function of pulse
width, the membrane voltage was held at 50 mV between pulsces by using the D.C.
offset of the pulse géncrator. One or two pulses were applied at each veltage
increment with a one or two second delay between pulses. The pulse voltage
was increcsed in approximately 25 wmV incremcnts until the membrane was broken.
Membrane current and/or voltage were recorded on a Tektronix storage oscillo-
scope for each sequence of pulses.

The stevage oscilloscope was also used for the determination of membrane
current following the application of a voltage pulse in our attemwpt to

deternine whether or nnt long lasting conductance changes were produced by

the voltace pulses. In thesc oxperivents, the current through the nembranc

was recorded following the application of a voltage pulse across the nmewbrane.

The voltage pulse was added to a normal holding voltage of 50 mV, so that
following the veltage pulse one would expect the current to immediately return
to the normal value produced by the 50 mV holding voltaga. A change in membranc
conductance would be iudicated by a change in the current produced by the
holding voltage following the application of the voltage pulse.

The results of rthe determination of membrane breakdown voltage for various

pulse widths are shown in Fig. 3. The results represcnt experiments on 13

membranes for both the 30 ;S and 300 S pulses and 5 membranes for the 10 mS
pulses. The error bars shown in Fig. 3 denote standard deviations. A definite
dependence of breakdown voltage on pulse width is demonstrated, and the
experimental results indicate the following relationship between the breakdown

voltage (Vp) and the pulse duration (T).

Vy = 465 - 109 log { T)
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where thg pulse width, T, is in msec, and the breakdown voltage, Vb, is
in mV. The brcakdown voltage increases by 109 mV for each decade decreaze in
the pulsc width.

It must be cmphasized that these results apply only to oxidxzed cholesterol
membiancs at 24°C in 0.1 M KCl and that the membrane breakdown voltage depends
on many factors including the composition of the membrane, témpcrature, pH, and
the bathing sélt solution (11, 13, 20). However, if the mechanism for membrane
breakdown is the same in other membranes as in the oxidized cholesterol membranes,
then one would cxupect a qualitatively similar, though not necessarily quanti-
tatively identical, dependence of breakdown voltage on pulse width. This may help
explain why the determinstion of the breakdown voltage of cell membranes using
voltage pulses yields breakdown voltages of 0.8 to 1.6 volts (9,10), while
the breakdown voltages of artificial membranes for D.C. voltages is usually not
greater than 0.4 to 0.f volts (13) and often less then 0.3 V (11). There are,
of course, many othaer factors which might contrilute to tlis difference such as
actual differenccs between artificial and biological membranes.

Our attempts to observe persistant conductance increases using either the
relay method or current nulling technique have yielded no positive results,

and we tentatle]y conclude that voltabe puleos bclow the breakdown voltﬂge

do not prOdUCL persistnnt conductance changes of durations greater than 10 =S

L2

in oxidizcd chole:telol mpmbxnneq under our experlwenral conditions. These

results do not contradch results reported by Sargent (19) on O\idlagd cholestarol

membranes. Sargent was not seeking,nor did he discuss,persistent conductance
changes following step changes in the membrane voltage. Rather he sought and
observed translent currents apparently due to membrane capacitance relaxation
phenomena. To observe persistent conductance changes due to a voltage pulse
would rcquire the observation of the current following a voltage change from
a higher (in magnitude)voltage to a }owcr non-zerv voltage, Unfortunately

Sargent does not report any experiments of this type. We must also note that oxi -

- 24 =
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dized cholesterol membranes are among the most stuble artificial lipid merbranes.

Phospholipid membranes have much lower breakdown veltages (11) and may be more
likely to show a long lasting effect of voltage pulses on membrare conductance.
Additional studics using other types of menbranes are thus required before conclu-
sions can be drawn regarding the generality of the relationship between breakdcwm
voltage and voltage pulse duration as well as the effects, or lack thereof,

of transient voltages on membrane conductance. Based on the results obtained

with crythrocyte mesmbranes, to be discussed in the next section, it is sugrested
that in view of the general corrclaticen betwoen the pulse duraticn andAdiclectric
breakdown in artificial membranes, on the one hand, and permeability alterations
in erythrocyte membranes, the two phenomena may be related mechanistically.

Effects of Fulsed Electric Fields on Erythrocytes

- [ SO

The effects of pulsed elcctric fields on erythrocytes have been the sub-

ject of a number of investigations. In general, electric field strengths of

T

2 to 30 kV/cm and pulse durations of 1 to 100 us have been uscd, @nd suspensions

of crythrocytes Lave beeca exposed to one or a few pulezs., Hemolysis (8,9,21--24),

o S

potassium relezsze and sodium uptake (23), glucoss uptake (24), light scattering
relaxations (25,26), and enzyme uptake (27) are among the reported effects.

Erytbhrocytes lysed by electric field pulses have been examined by electron

microscopy and the cell membrane appears to remain intact. (28) Microorganisms
and phospholipid vesicles have also been investigrted (25,28-32). Some
investigators have reported that the primary cffect on cells is dielectric
breakdown of the cell membrane (8-13,21-23,27, 33-34), while others suggest

that the effects may be due to both the electric current and temperature increase
(25) . A mechanism (or mechanisms) which satisfactorily describes all the data
available in the literature has not been presented.

With one exccption (25), previous investigators have exposed cells to only

-’

one or a few pulses. Baranski et al. (35) have reperted that low level micro- :

wave irradiation of 1 to 10 mw/cmz produccd significant leakape of potassium




N g i T — e

e o i g

and hemoglobin from erythrocytes after ecxposures of up to 3 hours. It has

also been r¢portgd (36) that pulsed microwave fields are often more effective
than continuous wave fields in producing alterations in biological systems.

In view of these reports and the results of the in vivo experiments discussed

in the precediug section of this report, we decided to investigate the effects
of exposure of erythrocytes to relatively low intensity electric field pulses
using long exposure times. In the present work we report on the results of

such exposures using both induced aund conductive electric fields. We also report
on an attempt to confirm the results obtained by Daranski et 2l.(35) by exposirg
erythrocytes to low intcnsity microwave radiation.

The procedures used in this study included the ﬁrawing of blood from apparently
healthy dogs, rabbits, or hurans into a heparivnized syringe (20 I.U. per ml of blecid).
The blood was immediately centrifuged for 10 minutes at 1,500 g and the plasma,
buffy coat, zud top laycr of cells were removed. The packed cells were then
waslied twice in cold, potassiuvm~free, buffered saline containing éOg NaCl,
13.6g Na, HPO4, 2.15 g NaHpPO,°Hp0 per liter of solution. The pH of the buffer
was 7.4 and it was osmotically equivalent to 0.9% NaCl. The washed cells were
resuspended in the buffer in a concentration ratio which varied from 1:9 to 1:1
packed cells: buffer.

Exposure of Erythrocytes to Pulsed Capacitive Field

In these.experiments current did not flow directly from the voltage source
through the cell suspension, but rather an electric field and thus a currcnt was
induced in the cell suspension by the changing electric field between a pair
of capacitor plates. The capacitor plates were 25 cm x 25 cm and were spaced
4 cm apart. The capacitor thus formed was part of the energy storage capacitor

of a commercial high voltage discharge circuit (TRW Model 31B). Measurement
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of the capacitor voltage during the discharge of the circuit was limited by the
response speed of the Tektrouix Model P60I5 high voltage probe used. It was de-
termined that the major part of the capacitor discharge liad a 90% to 107 fall time of
< 4 nsec. Assuming for simplicity that the pulse was approximately cxponential,
this corresponds to a decay time constant of < 1.8 nsec. The manufacturer's
specifications for the TRW Model 31B indicate that the durationm of the pulse is
4 nsec so that a time constant of 1.8 nsec for the decay of the voltage across
the energy storage capacitor is veasonable., The rivz2 time for charging the
capacitor was 120 usec. Three milliters of the cell suspuncionwere placéd in a
sizall vinyl bag and suspended by a nyleon string in the center of and hetween
the capacitor plates. Assuming that the volume of the cell suspension is
spherical, the field induced in the sample (E{) by a changing, initially
unjform electric field (Eg) is calculated in Appendixz I to be

-1

E; = w, dE./dt (1)

where wg is a constant which is dependent upon the conductivity of the somple.
For a decaying exponential externcl field with tins constunt 1 the vaxinum
field induccd in the cell suspension is

maX  max max

Ey = E, /w,T = 0.019 E,

under the conditions w, = 2.96 x 1010 radians /sec and T = 1.8 nscc. No
appreciable field is induced in the sawple during the charging of the copacitor
due to the long rise time of the pulse. The maximum capacitor voltage was
varied between 4 kV and 5.5 kV so that the induccd ficld varied fron
approximately 75 to 104 V/ecm. The pulse repetition rate was 1KHz, and the
exposure time was 3 or 6 hours. Control samples were treatgd exactly as the
exposed samples exccpt that they were not exposed to the field. For each
exposed sample and its control, the supernate remaining after centrifugation
for 10 minutes at 1,500 g was analyaed_for potassium concentration using an

Instrumentation Laboratory Model 343 flame photometer and for hewoglobin by de-

termining the absorbance at 540 nm by mcans of a Beckman Mudel 25 spectrophotometer.

- 27 ~




The results of exposure of dog, rabbit, and human crythrocytes to pulsed
capacitive electric fields are summarized in Table 5. No consistent or statis-
tically significant alterations in potassium or hemoglobin efflux from dog or
rabbit erythrocytes were detected. Exposurc of human erythrocytes resulted
in a 52% increase in potassium rclease with no increase in hemolysis. /. though

the data for human erythvocytes indicates an cffect of pulsed induced electrical
fields on potassium release, additlomnal data is re,uircd in ovrder to establish
the statistical significance of this result. It should be noted, however, that
the results of exposure of erythrocytes to pulsed conductive flelds, discussed
in the next section, suggest that of the three species that were studied, husan
cells appear to be the most seusitive to the electric field effects. The in-
duced field strength in these experiments was 75 V/ew with the exception of ex-
periment 4 in which case the field strength was 104 V/em.

Eprsure to Pulsed Conductive Field

The chamber for the exposure of érythrocytcs te pulred couductive fields
consisted of a pair of flat platinum foil electrcdes sepurated by a 3.3 mm
thick rubber insulator containing a cavity into which the cell suspension was
placed. The volume of the sample cavity was 0.5 ml. TFor most experiments
the exposure chamber containing the sample was the discharge resistor for a
high voltage discharge circuit, showan in Fig. 4, controlled by a needle
point spark gap. The-charging resistor R, (100 M Q) detcrmines the time
required to charge the energy storage capncigor C to the critical vaoltage Vq
at which the spark gap discharges the charge stored in C through the cell
suspension resistance Rs in the exposure chamber. The ccll suspension is
thus exposed to an exponentlally decaying electric field with a time constant
determined by RgC and maximum voltage V.. For most experiments Rg was 100  ,

. 6 ,
so that the ratio of charging time tu discharpe time was 107 and was independent

of the value of capacitor C, which ranged from 0.0043 1 F to 0.06UF. The time

- 28 -
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i between pulseé ranged fr;m approximately 1 second using the 0.0043 WF capacitor %
to npproximatély 12 scconds using the 0.06 WF capacitor. 1In Appeadix IT it ! ;

is shown thatiunder these conditions the average energy dissipated in the sample E

f

! was less than 10 mW. The sample was a 1:1 suspension of cells in buffer and |

o)

the volume of sample in the cxposure chamber was typically 0.2 ml. Thus the )

3]

average specific heating ratc of the sample was less than 50 mW/cmB. The volune i

of sauple was very small coumpared with the size of the expcsure chamber, and the !

: average temperature increase measured with a ministure thermistor was found 5

[ to be lesg than 0.3°C. The temperature jump produced by a single pulse is cal- ;
culated in Appendix IT and found to be less than 0.1°C. 1In experinents vhere v

less than the total voltage Vo was to be applied to the sample, a resistor Ry

was added in series with Rg. The resistance Ry was adjusted so that the

- ERMA W TN s

total resistance Ry + Rg was 100 Q. The voltage pulses across Rg were monitored

with an oscilloscope and gave a Vo of 1.6 kV with a variatiou of + 0.3 k¥. This
was in agreement with the voltase caleclated on the basis of the charging tinmz of

capacitor C. For the shortest pulses (RgC = 0.43 usec) oscilloscepe triggering

e L AT o T Y N e

was difficult and erratic and some observations gave apparent values for Ve of

only 1.0 kv for these pulses. However, based on the time required to charge . B

ey mert-

capacitor C we calculated a Ve of 1.6 kVv. In those exreriments in which square
electric field pulscs of 300 volts/cm were used, the pulses were produced by a
Hewlett.Packard model 214 A pulse generator. In this case the sample volune
was adjusted so that the sample resistance was equal to the 50 Q characteristic
impedauce of the ceonnecting cable. The rise time of these pulses was 15 nsec.
Controls for these experiments were kept at room temperaturc. For both control
and exposed samples the potassium release and absorbance were detcrmined as for

the samples exposed to pulsed capacitive fieclds. In addition, osmotic fragility

of the cell membranes was measured in some experiments., For this determination

alo ixl aliquot of the exposed or control cell suspension was added to 2 al of j

0.57% saline and mainraincd at room temperature for 30 minutes. The suspenszfon

- 32 - -




was then centrifuged to remove the cells, and the absorbance of the supernate
was determined at 540 nm.

The results of the exposures of rabbit erythrocytes to exponential voltage
pulscs are shown in Figures 5 a, b and 6, and the results for human erythro-
cytes exposed to exponential pulses are summarized in Figures 7 to 10.

Exposure of dog crythrocytes to exponential pulses in a series of prelirminary
experiments gave results similar to thece obscrved for rabtit erythrocytes.

In another series of experiments rabbit erythrocytus were exposed for 2 hours

to square wave electrical pulscs of 300V/cm with pulse widths of 0.50 and 2.5
psce.  No significant differenice was noted in potarsium and hemoglobin release
betweon exposed samples and controls., For rabbit and human erythrocytes,
potassium relecase occurs much more readily than dooes hemojlebin release following
exposure to conductive expoaential voltage pulses. This has clso been cbserved
by Ricmann et al. (23) in human erythroytus exnpoced to single pulses. The

more rapid relense of potassium through the cell wmambione is net surprising since
the ion is significantly smuller than the hemoglobhin molecule. These results
suggest that less pronounced membrane alterations are sufficient to permit

the possage of potassium than are required for the release of hemoglobin.

A second obvious feature of the results obtained in this study is the strong
dependence of both potassium and hemoglobin relecasc on the decay time coastant
of the pulse. It is shown in Appendix II that under the conditions of this
experiment the average power delivered to the sample is independent of the
time constant of the pulse. It is also shown that the average time that the
voltage across the cell suspension 1s greater than a given value is independent
of the pulse decay time. Figure 11 shows the effect of temperature on human
erythrocytes. A 3-hour incubation at 37°C results in potassium and hemoglobin
relcase that is small compared with that which occurs due to pulsed field

exposure. Thus, temperature and average power can be ruled out as possihle

causes for the dependence of the effects on the pulse time constant. This

- 33 -
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'
dependence on pulse time constant has also been noted by Riemann et al. (23),
who suggest that the time required to charge the ccll membrane capacitance is of
the order of 10 psec. If this is true, then a reasonable explaqation for the
dependence of the effects on the pulse time constant, for time constants less
than 10 usec is that the cell nmembrane becomes only partially charged and only
a fraction of the maxinum possible voltage is devcloped across the membrane.

We believe that a wmore reasonable estimate for the time constant for the charging
of the cell membrane capacitance is 0.1 usec or legs. This time constant can be
calculated from either experimental observations or theorctical calculations

on the dispersion of cell suspensious. Schwan (37) has shown that the rela-
tionship betwcen the characteristic frequency, and the relaxation time constant
for a dispersivé médium is

T =(2mf,) "t (3)

For a cell suspensicn, the dispevsion and the relaxation process are due to
charging of the cell membrane capacitance. Bernhardt and Pauly (38) have
calculated the characteristic frequency for various cell shapes. For dish

shaped cells the size of erythroeytes in dilute 0.9% NaCl solution, they

obtain the following values. With the short semi-axis of the cell parallel

to the externzl field fy is 4.8 MHz, for which the corresponding relaxction

time is 33 nsec. With the short semi-axis of the cell perpendicular to the
external field, f, is'2.2 MHz, which corresponds to a relaxation time of 72
nsec. Sale and Hamilton (22) used a spherical model for the erythrocyte and
estimated that the membrane charging time constant was less than 0.1 ys.
Bernhardt and Pauly state that the experimental values of relaxation f[requencies
for suspensions of cells of this type are in the range they calculate. It is
shown in Appendix III that if the relaxatjon time constant is Tp, and the external g

electric field applicd to the cell suspension is a decaying exponential given by

E (t) = Eo exp (-t/rp ) (4)
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then the 'voltage across the cell membranc Vn(t), at points on the membrane

where this voltage is a maximum, is given by

Tp «Ty

GAK_ FRUAT M PRETE)” 72 O N T

|
|
1 : Vp(t) = FyagE, (—B— ). {e7t/Tp - &~t/Ty) (5)
| .
I
|

i where Fj is a dimensionless shape factor specific for a given cell and its
!
L} orientation relative to the field and aj is the semi-major axis parallel to

the external field. In Figure 12 we have plotted this equation for the casc

of the erythrocyte type cell with the minor semi-axis perpendicular to the

applied field (T = 72nsec) and for timec constants of 6 psec and 0.47usec for

b

the applied pulse. These are the longest and shortest pulses used in our

b
1
F

!
i

experiments. The peak membrane voltage produced by the 0.43 psec pulse is about
3/4 of that produced. by the 6 psec pulse. However, a 6'usec pulse with a pealk
amplitude of 3.6 kV/cnm 1s much more effective than 2 0.43 psec pulse with a

peak amplitude of 4.8 kV/cm. TFor example, comparinrs Figures 7a and 7 & we sce

that the 6 psce pulse produced a 96% potessium vrelease and 65% heimlysic after a
P 2 y

6 minute exposure, whercas the 0.43 usec pulse produced only an 8% potassium
release and no hemolysis above the control aftef the same exposure time at a field
strength of 4.8 kV/cm. Even after a 60 minute exposure, the 0.43 psec pulse
produced only about 40-50% potassium release and a negligible awount of hemolysis.

Possible causes for the time constant dependence will be discussed later.

i T T S P RN AT R T S YRR I35 RO AAINT. . 7 A, T ROV BT it ot

A third notable feature of the data is the sigmoid relationship of

hemoglobin release to exposure time. That the sigmoid character of the curve

i
is not evident for the exposure of rabbit erythrocytes to 6 psec pulses (Fig. 5b)
is probably duc to the absence of data at very short expcsure times corresponding
4

to 1 or a few pulses. The sigmoid shape of the hemoglobin release versus exposure

time curve is evident for human erythrocvtes for 6, 1.1, and 0.75 ;sec pulses

(Figs. 7 and 10). No hemolysis was observed for rabbit and human erythrocytes with E

0.43 psec pulses. The exposure time dependency appears to indicate a progressive

weakening of the cel) membrane by the clectric ficld pulses until the menbrane is




.......

e aOm 4.. o,

......................

a\\

_u,«

e pre i

N 4
L
i N !
i
SRS S
H

Tee
ST

—

{
| :
e s e

OMHIAN

FUA

-
¥

H

_.m§v GLig T ?B AQL_
Y INDIG
AA_.@..e::L.--n.&

7Y ELREE] .,u;q WO _ .v.
:Qh. Qn\m\L _.\\CKUJ

QL 3s ZOGWUW i Mv«\..\_‘ m_.D.u,

_
AT ,umiimﬂ_--

Q [z f,qu =g Oulw :

{

{

u = \:baozou
OA laNYHE

INVIANTW

!

@

OISISY

yoAN T 30 #3563 € V54003

WO e X B HILIWILN3D 3L O L X 5

~
i

24




]

sufficicntly altered to allow the release of hemoglobin.

Further eviﬂence that the pulses weaken the cell membrane is previded by the
osmotic fragili:y experiments summarized in Figures 9 and 10. As shown in
Fig. 9, the conditions under which there is no effect of the pulses on the
osmotic fragility are for time coastants of 0.43 ysec or less and field strengths

of 1.8 kV/cm or less. For longer time constants and higher voltages the osmotic

fragility of the cells 1is increased as shown in Tig. 10. A substantial increase
in osmotic fragility occurs under conditicens where hemolysis is negligible.

We can summarize the data by saying that the first effect of the clectric \
field pulse is to alter the membrane permeability resulting in the efflux of intra- !
cellular potassium. Further pulse expospfe continues to weaken the membrones '

such that hemoglebin leals out when the cells are suspended in hypotonic 0.5% saline.

Finally, when a critical number of pulses have becen applied tc the, cells, the

membrane is altered tc the extent that hamoglobLin leaks cut of the cells

under isotonic conditicns. We also note, as indicated in Tig. 13, that human

I s N —— ot

erythrocytes are more sensitive to the effects of the pulses than are rabbit

—

erythrocytes. Although there is insufficient data at present, it appears from

preliminary experiments that dog erythrocytes are also more resistent to

the effects of pulsed conductive fields than human red cells.
Based on our results, it is useful to consider separate mechanisms for
potassium relecse and for the effect on osmotic fragility and hemoglobin

release. Rieman et al. (23) also cunciude that hewoglobin release is not

necessarily associated with the dielectric breakdown mechanism they propose
to account for cellular potassium release. We have not yet determined a
mechanism for the effects on osmotic fragility and hemoglobin release. Sale and

Hamilton (22) considered the effect of uniform heating of the cell membranes.
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by voltage pulses and found it to be negligible. Tsong et al. (25) have

suggestad that a thermal gradient vhich night be preducced across the membrane
may have a large effect, even if the gradient is of véfy short duration.
Zimmerman et al. (9) considered a theory proposed by Neumann and Rosenheck
(32) in which the ion cloud surrouuding a cell is displaced by sn electric
field pulse. They conclude that for cells the size of lbovire erythrocytes
the time constant for the effect is 820 ysce, which is ruch longer Lthan the
pulses urod in our, and others', experiments on erythracytes. Thus, ici cloud
displacement is not a feasible umechanism for the effects we have detected.

The mechanism thit has previously been proposed for potacsium relecse is
dielectric breakdowa of the cell membrane (23). A difficulty with this thecry

is related to the fact that Riemana et al. calculate that the time reqguired

for the breakdown process is of the order of nanoszconds (23), yet we have found

-

thot there is a strong depeade.oce of potassiua release on the pulse decay tiung

constant for values less thau 20 psce. Thelr sugpestion that this is due to a 4
10 yysec time constant for chargiug of the cell membrane does not appear to be 3
valid, as previously discussed., Our data indicate that a minipun (ime constant 1
of approximately 0.4 yysec and a minimum field streagth of appreximately 2 k¥/en
are simultaneously required in order to causc cellular potassium release. These

facts can be incorperated into a model which suggests that the release of potassivn

as a result of exposure to 0.75 pyscc and 0.43 pscee pulses will be an exponential

fanction of the exposure time.

Model for Electric Field-Induced Potassium Release

Assume that an electric field acting upon a cell membranc produces a pore or
channel in the membrane through which potassium and other ifons diffuse. The
dependence of the potassium concentration in the extracellular solution as a
function of time may be determined by appiicution of diffusien theory.

1f 1t is assumed thar the concentration pradicnt of potassium in the pore is
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linear, then the following relatiohship is obtained from Fick's law of diffusion

(40)

dN/dt =DA (Cip - Cout) % % (6)

where N = number of moles of potassium in the cell,

D = pore area or the total area of all pores if there is more than oneceli,

[}

X = the length f the pore,

Cipn= concentration of potassium inside the cell
in P

and C,.+=concentration of potassium outside the cell.

out

3 o el =P af . . . P
It will be assumed further that C;. snd Cout are uniform inside and outgide

of the cell.
Since the total number of potassium ions is conserved, we have
AN/dt = V; dC; /dt = -V, dCy/dt ‘ (N

where Vi, and V,,. are the interior and exterior cell volunes, respectively.

ou
If thexe is wmore than one cell, Vin is the total interior volume of all cells.

From Eq (7) we have

dcout - "Vin dcln

(8)

dt vout dt

Taking the time derivative of both sides of Eq. (6) and using Eq. (7) gives,

VOut dZCOUt = DA dCin - dcout }
dt X dt dt
Using Eq. (8),
. 2 _
Vout d*Coyt = DA Vout + 1 dCout
e — )
dt X Vin dt
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or XVout Vin d2Cout + Coue _ 0
DA | Vour * Vi | dt? de
or )
D d°Coyue + 9Coue - 0 9)
dt2 dt
where D= xv \Y
Xvout in
DA Vour ¥ Vin J

The solution of Eq. (9) is
®
Cout = €O+ (€ - CD (- exp (~t/1p)), (1.0)
wherc €O and Caiare the initial and {inel concentratiuns, respeciively. TIf the .
pore is transient in duration,t in Eq. (10) is replaced by t,, the effective time during
which the channel is cpen. We can write .
te = Fe,
where t is the actual time of exposurc to the electric field anc F is the fraction
of the exposure time that the c¢ell membrane pore is open.
An expression for F may be derived on the basis of the following model.

When the cell membrane potential have been above a threshold voltage V. for a

time t., a pore cpers in the wembranc. The pore persists as leonj as the membrene

voltage remains above V., and closes when the voltage drops below V.. Assuning

c
for simplicity, that te a first approximation the voltage across the membrane -
Vnp 3s exponential in time.

Vg = V2 exp (~t/T p).
Vo and VO are related by

Vc/V° = exp (- = exp (-tg/ Tp) 1)

where tf'= ot P is the time during a single exponential pulse that the voltage




\
across -2 perthrane is greater than or equal to Vc. The time tre that

producing a pore is

thz culse is effective in

=t - t_..

tfe z c

3

(B}
AN
-

¥ iz the pulse repetition rate, we have

21 = @R

L1
!

)

114
il

- -1
Bt (b -t = B1e) (0T =~ t)
ez, T_ = RgC (522 Apbendix I1), so that
T = (Rg/BRY) (a- el ) (12)

Equation 12 gives t=z fraction of the total exposure time during which potassium

ciffuses from the c2ll. Tor every type of ion or molecule that diffuses through

rt

ha pore, a tizs depandent concentration will develop according to Eq. (10).Fach
species of don or molecule will have a different value of Ty whereas the value of F
will b2 the sane for =11 ions or molecules,

In summary, we thus assune that after the voltape across the cell membranc
has excazeded a criticel voltage Vo for a time tc’ a pore or channecl is produced
in the meobrane. The charnel persists as long as the membrane voltage remains
above V. and closes when the voltage drops below V.. During the time the pore is
open, ions are assumed to diffuse into and out of the cell through the fiecld-
induced pore. The diffusion leads to an exponential change in the ion concentrations
vhich has the time dependence exp (—Le/TD) where t, is the effective

time the membrane chamel is open and 7 » depends on the diffusion
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cocfficient’ and the relative sizes of the channel, the cell, and the external
solution. F is the fraction of the cxposure time that a pore is open. Thus,

F has a dependence on the pulse decay time constant Tp of the form

F=a—b/Tp,

where a and b are constants as defined in Fq. 12.
For a given amount of potassium rclease t, is a constant, C. Thus, if T

is the actual exposure time required to produce the potassium release, we have

(a-tbt/T) " T=¢

P

or

a-b/t, = C/T

P
-1 ol - c e .
A plot of Tp vs T  should be a strzight line if the theory is correct. The
present data are not snfficient to determiune the validity of this relationship, -
however. Further work will include exposures to pulses with scveral dif{ferent
_decay time constants less than 0.75 usec and belov 0.4 gsec. The determinatiou

of the time T required for a given {ractional potassium relcase for cach Tp Vil
then be plotted as described above to test the theory.

Exposure to 3 GHz Microwaves

Yor the exposure of erythrocytes to continuous wave microwave radiation,
6 ml of 1:1 suspension of erythrocytes was placed in a plastic tube centercd
in a scction of S band waveguide. The clectric field in the waveguide woo
parallel to the axis of the sample tube. The measured power absorbed by the
tube and cell suspension was 245 mW or 41 mW/cm3. This was approximately cquivalent
to a 40 mW/cm2 irradiation in the far field. One control was held at 3/°C while
"a second was kept at room temperature, 25°C.' The frequcncy of the microwave
radiation Qas 3GHz, and tlie exposure time was 3 hours.
The results of the exposurc of rabbit erythrocytes to 3 GHz microwaves are
summarized in Table 6. There 1s no significant differences in the dependent variables

between the irradiated sample and the room temperature (259C) control
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’

Sample. These results are not consistent with those of Baranski et al. (35), who

. 2
reported that 'a 3 hour exposure of rabbit erythrocytes to 3Cliz microwaves at InW/cem™

produced 10.8 ﬁg% potassium release (equivalent to 19.47 potassium rclease) and

at a far field power density of 10 nW/cn? an 18.0 wg? potassiun release (cquivalent

to 32.47 release) was repcrted. This contrasts with our result of 3.17% potassiuun
release using the cequivalent power denslty of approximately 40 mW/cm2 during a

3 br irradiation. Similar disagreemont is found for the hemonlysis results. The

ST

osmotic fragility results are not directly comparablce with those of Baranczki et al.
(35). Our results are compatible with the results of the pulcaed coaductive ficeld

study which shows that a winimum field of the order of 2kV/em is required to produce

TR

any cffect on the erythrocyte membrane. The mazimum electric ficld in the
waveguide in our crperiment was on the erder of only 10 V/em. Thue cnc would

not expuwct any micreowave effect on the erythrocyte membrane permecrhility for

potassium o hemoglohi-~ 1f it is assumed thet the alierctions are dependent

only upoa the induced field strength in the wesibrans aad the pulue duration,
Microwave irradiation rcsultedAin a 267 increase in osmotic fragility but cxposure
of erythrocytes to 2 temperature of 37° C for the same duration (ie. 3 hr) led to

a 54% increase thus suggesting that the appareat increase in the exposad

sample is attributable to nicrouwave-induced heating.
IV SUMMAKY AND CONCLUSIOUS

")The investigation of the effects of pulsed clectrical fields on mammalian
.

erythrocytes indicates thot such fields produce transient pores or channels in

the ccll membrane as evidenced by the release of intracellular potassium iops and

hemoglobin (and perhaps other jntracellular protein molecules). The release

T e

has been found to be strongly dependent upon the duration of the electric ficld

NI Pt

BN

pulse ag well as the amplitude of the electric field. Significant intracellular

potassium release occurs under exposurce conditions that do not result in relense

‘ i - spendent
of protcin molecules, suggesting that the size of the induced pore is dependent

upon the induced i1t strength and the duration of the field. The mechanisn of —

\ . . -

- 857 -




Ll

_ o/

<

“The results of studies of the relationship of field strength and pulse duration

’

dielectric breakdown of cell membranes does not adequately account for thesc

results. Thus the mechanism for increased membrane permeability is not prescatly i

understood and additional studies are required to develop such a mechanism,

for the uvupture of an artificial bilayer lipid membraue (oxidized cholesterol)
indicate a dependency on the pulse duration that is consistent with the effccts
upon cell wmembrane pérmcability.\AIp is not possible, at this time however, to

{
directly relate these effccts.SiJce the mechanisms are not well enough understood
in eithier instance. The fuct th;t electrical ficld-induced alterations in
in vitro membrane model systems have been determined to depend upon field strength
and pulse duration suggest the need for additional investigations of the
involvement of these inderendent variabics in in vivo cxposurce of mammalisn
systems.

The dn vivo studies we—hsvv‘rvnducted.have involvad the expos;re to Dutch
rabbits toa pgtitive1ypulsud cloctronognetic fields in an EMP simalatoer.  Sach
exposur.. has not been found te result in significant alterctions in a number of
physiclocical respouse variables including the duvation of drug induced sleeping
time and scrum chemistry changes, although there is seme suggestvion (non-
statisticually significant) of a post-cxposure increase in certain serun enzymes. ﬁgr\\\\\
More extensive studies on the effects of EMP expostre on the serum levels of creatinc

phosphiokinase isoenzymes suggest a consisteat, albeit, small enzyme elevation.

In view of the abs-nce of changes in the otlier response variables it does not

appear that the elevations in CPX isocnzyme levels are due to cell death.

An alternative explanation for these enzyme clevations is an increcase in cell

. ——

membrance permeability induced by EMP exposure. Although this mechanism of
interaction is consistent with the in vitro results in the model systems inves-
tigated, the differences in the exposure conditions in the in vivo and in vitro
studicg preclude a direct comparison of these vesults at this time. The conditicns

for the in vive EMP exposure are snch that the pulse duration cannot be varied
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and the ffcld strength cannot be varied independently of the pulse repetition
rate. The in vitro investigations of model membrane systems can be used to
define the conditions for the induction of transient alterations in membrane
permeability but the application of sugh findings to an assessme;t of in vivo

effects in mammalian systems will require the use of an exposure facility with

greater flexibility than that presently available.
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Appendix I Field Induced in a Sphare by an Electric Field Pulse

As 2 first step in the calculation we calculate the field induced in a

sp=zTe By an A.C. Field. The rodel is the following, a sphere of conductivity »4
‘2 224 diszlectric constant €, is imbedded in a medium of conductivity g 1 and ?
dielacsric constant € 1° A uhiform, harmonic electric field of fre.quency W is ﬁ
applied. We will find the e]-.:ctric field at all points in the sphere. r‘é

X Oi = conductivity in region i. ”1

A

€ = permitivity in region i.

Nw

a = sphere radius

A
Far away fron the sphere the electric field is E = Eoej Wt 7 or

1) ¢ (f) -'Ecé'jm ts -'Eoej wt r cos@

This is one boundary condition.
The second boundary condition is the equality of the normal components cf
the total curreat J. Jg, = J2p on the sphere boundary, were J4n is the normal
coaponent of J in region 1. In terms of ¢ and E this condition is

3X2 1 Ein =0, Ey, on the sphere boundary, where E4n = normal component of
E ia region 4. The last boundary condition is,

3) Eqp = Ej, on the sphere boundary, where Eq, is tangential component of
E in region 4. We have assumed no sources of charge or current in the volume

of intarest so that

V'.?total- V'[o'g+ € (%)] =0

Since E is harmonic we have _(%E ) = § NE, so that

v E=0
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In general E =~V e ¢- A . If we can neglect the vector potential A's
ot
contribution (i.e.. |J wA{<</|7-¢}]) we have
4) vzo =0,

which is L;place's equation. In spherical coordinates 4) is
P =) Sine
V5 - 4 §(7Q8)+ e 365098 + e, 3% -

wvhere r, -] ’ and-¢ are the usual spherical coordinates. Separating variables
so that § (r,Q, q> ) = £ (r) P (B) x(¢) gives the solution in terms of
the spherical harmonics.

D) q,(r,e,¢\=2' }'_l_ (Ange™" + BT " ) Ya (0,9)

N=0 m=-n

“where Ag,n and Bn o 3T constants to be determined, and Y: are the spherical
? .

harmonics. Since we have axial symmetry there 1s no ¢ dependence and only
the m = 0 terms, ci‘ﬂ = 1, remain in (5)-.and Y: =P, (cos® ), where Pn (cos@)
is the Legenendre polynomial . Now we write a genmeral solution of é in regions
1 and 2, In region 1 as r+a, Q 1) o Er cos® = EorP; (cos@).
Thus the most gemeral solution in _region 1 1s
()
6) § = EOT'Qfse + z C_(h)'r R, (cos® ), where C;
: n=0

to be dctcmined. In region 2, § must be finite for r = 0, thus

° Z 7™ P, (wse)

(1)

are constants

Now we use the boundary conditions,Eqs. 2) and 3)

E.= V8, = -(38 #+4 388+ 23 0)-

A A A
vhere t, 9 and¢ are the unit vectors in the spherical coordinate system.
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Thus Bn = -gé
Etgteé *%6 , where EO ‘ '~T|. %8 and E¢= flSTﬂ-e %%
Since g% = 0 we have

E~ "1"‘ g‘%

Instead of continuity of E, we can use continuity of§ as the second

boundary condition. Both lead to the result above that at the boundary, where

rT=a,
(2)
1) . 1
7) -Boa + C{ ——aT' Cl a
8) cf,l) = c:Z)a.
) 2)
9)(:n -azn+1C:,n>2 .
Q) (2)
Since the potential is arbitrary to a constant, we set C, = o, Co = 0.

Now using 2) and the fact that P s are orthogonal gives

10) - 6,FE, -2C- q*] = -6, C?
| -o’[ eng® Ca'1= -6, cPa™]

2n+| (9-)
11) cn - - Gz(ﬂﬂ\ n=2

Comparing 9) and 11) gives
e ac® L, a>2
n n -

We rewrite 7) and 10) as

1)) c?) 3c](_z) -+ Ega3
’ (D
10) %30, +%_2;C1 =-E,

-3
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3
( From 7'}, C(l) = a C(z) - E°a3. Substituting in 10%) gives §

[3 (2) - E, 3]+clz>(°‘2/6:_) E fl
(z+o;./c.)c‘” = 3E, :
¢, =-(36,/(26;+ R)E,
cw_ 3((;(2’ E) = aa( =36:+26,+0> E' 5

20,+0,

“’--(6 % )E, = 50 &F,
25,50, ot

ém (-ET +26 G'zT‘z EO)CCBG
§“= -[1- (%‘7.*;3@) ]Eovcese
$®= -~ (R )EQT' 50 |

Thus mside the sphere

EP. _vaP= V‘[(‘%g,ﬁ)fo z]

E (2\= (36: ) EQZ

. Im gcneralsi-&ond + Ju€= ccond + JWE'E,, €' = dielectric constant in MKS

units. *

So ve can -nko the replacement 6 .l. or by factoring jwe we have

6‘ = 1“35 (e~ OZW 1\ = 3m€b€ ‘

Thus £2) - (%M)E 1+€ )Evz
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That is, inside a sphere in a uniform harmonic electric field Eo we have

g(sphere) _ ( 3el ')E %
2€:+€2 ° %
€ is the complex dielectric
constant of the external
¥ medium.
€ is the complex dielectric con-
stant of the sphere.

(™

~

If éhe external medium is air

L
€ =1
If the frequency is sufficiently low )
’ . .
€= €;p- 1(%% = =) %%q
3er \~ (_3 ~ A '
e ) = (g, ) = (W& £ f Yocc
Q

. o
ie. the fields inside and outside the sphere are 90 out of phase and

11) g(Phere) . (—3&—0_‘&) Eq] z
2 - -
For biological tissuecz'-"- 10°2 mho - cm T = 1 who - m

€, = (36Tt MO‘})~1 ‘FufOAS/m = 9x\0—'2'f-om&5/m

1

é%=.3_w’QXl6’2;L SO _

wvhere £ is the frequency in Hertz.

Thus for a sphere of biological tissue of conductivity 10”2 pho-cn™! tn a

uniform harmonic external field Eoejw':, the field in the sphere is approximately

. A A
g(sphere) . (j%z')u)f 11 where, 2 = unit vector in the Z direction and
Gxli ,

' f
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This is the result obtained by Schwaa (33

Using cthe general expressicn in equation (11) we can derive the field induced

% 2 pulse by using the technicue of Fourier analysis. For a harmonic
ion in

variats the external fiald E, () ,t) the field induced in the sphere is

E ) - R RG] = BE e

where b%. 62/3€-° is a constant dependent on the conductivity of the sphere,

we can consider the I {W),t) to be the Fourier components of a complex wave - e.g.

2 pulse, in which case the field induced in the sphere is given by the Fourier

inzzgral Hm wt
EW = [E e dw
00 .
= (i Juwt
[ROT
) = FI% N LEO(w)eﬁ“’tdm

o
12) E.((t) = W, g.tEoeb)

This is the ):\: componeat of a similar expression derived by Guy for an

electromagnetic pulse (40).
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APPENDIX I1 Physical Characterlistics of Transient Electrical Field Cell Exposure

The physical characteristics of the apparatus used in this study for the
expasure of erythrocytes =5 pulses conductive electrical may be used to
determina: i) the enerzy = and power P dissipatéd in the cell sample volume
2T pulse, 2) maximu= te—a2rature rise per pulse Ae , and 3) the time during
a given pulse that tie voltage to which the cells are exposed is ahove a given
critical value.

The parane:ters of the exposure system may be designated as follows:

2) pulse circuit charging time constant ='Tc = R.C
b) sulse circuit discharge time constant =TD = RgC
c) iaterpulse duration = T
d) pulse repetition rate = £ = T-1

szaple voltage = V= V_ exp (-t/Tp)

e)
£) solume of cell suspension in exposure chamber = v
resistance of the charging circuit as shown in Figure 2, C is the

where R, is the
capacitance o tha anergy storage capacitor, Rg is the sample resistance, and V¢
is the energy storage capacitor (C) voltage at discharge.

1) The total energy Zelivered to the sanple per pulse is given by

E = (ViR RS dt =\/Rs [ e ot
= ch TD / ZRS : (1I-1)

Typical vlaues for the parameﬁets in this study are : Vc = 1,.6KV, TD = 6 jJisec,
Rg = 1000}, and v = 0.2 ca’.

The energy delivered to the sample per pulse is this E = 0.38 J/cm3 or
0.092 cal/cm3 and the dissipated power P = E/T , where Y is the pulse duration
which may be assumed equal toTp. Thus P = 64 xw/cmz

2) The maximum temperature rise for a 6Msec pulse calculated by assuming a

specific heat of the cell suspension of 1 callgm‘;c and a density of 1 gm/cn3

11 -1
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is thus A© = 0.092°%. Since the average energy absorbed by the sample is
dire::l:- proportional to the pulsa duration (T'), a pulse of duration less than 6 MUsec
will rasult in a temperature rise of less than 0.092°C.

he tioe between pulses depends upon the power supply voltage (Vp) and the
capacitor discharge voltage (Ve). Assuming that the pulse duratioﬁ Tis small
cozpared to the interpulse duration T, the following relationship may be
tsed to determine T, .

Ve v, {1 - exp (-T/T ) } N

thus )

T= -Tc 1n (l-Vc/Vp). (II‘Z)

Since V. = 1.6 XV and Vp = 2KV, T = 1.6 T, = 1.6 R.C.
The average power dissipated in the sample during T is thus

F=E/T=%2 /3.8 (11-3)

The average powar thus depends only upon the discharge voltage Ve and the
charging resistaance R.. Letting Vc = 1.6 KV and R, = 108.0.. . P =8 mw/cm3 or

if a sample dazsity of lg/cn3 is assumed, the average power is 8 mW/gm.

3) The average time t, that the voltage applied to the cell suspension is greater

thaa a given value, Vys for the exposure system used in this study may be calculated f£r-

a knowledge of the voltage waveform.
Vo = Vee~te /T
Solving for t yields
t -"TD In (Vo/Vo ) (II-4)
The average time t the voltage is above Vo in the case of repetitive pulsing
1s given by t, = Rg In (Ve/Vo)/(1.6 R)) ' (11-5)
Since R;, R,, and V. are held constant in this study, the average duration the cell

sample voltage exceeds a given critical value V, is independent of the pulse

decay time,

II - 2

T L O N P = FInG e - PEFRGERS Z o



APPENDIX III Calculation of the Voltage across Céll Membranes Produced by an
External Electric Field.

As discussed in the text, the charging time constant for the capacitance
of a cell membrane is the same as the relaxation time constant‘rk measured
in dielectric dispersion studies. Given that the response of the membrane voltage
to a step change in the external electric field is an exponential change with
time constant'rh, we can use the concepts of the transfer function and
Laplace transform (41) to determine the membr?ne voltage for an arbitrary applied
field pulse. We will first calculate the membrane transfer function and then
"use the transfer function to calculate the membrane voltage for an applied
field which is an exponentially decaying pulse.

The transfer function H(S) is defined in the transformed domain, S, by

H(S) = —R () | (111-1)
I (s)

vhere I (S) 1is the 1npu£ and R(S) is the response in the transformed domain.
If 1(t) and r(t) are the input and regponse in the time domain then
r(t) = L1 (1(s) B (5)),

1 is the inverse Laplace transform.

vhere L™

The voltage across the cell membrane at points on the membrane where the
voltage }s a maximum is related to a uniform D.C. electric field E, as follows
(38).

Vi = P38, (111-2)

vhere ?J is a dimensionless form factor specific for a given cell shape and
orientation relative to the field and ay is the semi-major axis of the cell
parallel to the external field. This result and those to follow are exact
only in the case of an infinitely dilute suspension of cells. However, related

theories have been shown to be accurate to within a few percent for solid

spheres in a concentration of 36% (43) and to give good agreement with

| PA R TN
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experice=t for suspensions of uziform spherical cells near total packing (44).
The results should apply quite well to the experiments of Riemann et al. (23)
= which the cell concentrations were 1% - 10%.
TOr & step chamge of E, we have _

r(t) = T (t) = Fs a3 £, (1 - exp (-t/7R)). (I1I-3)
Using a table of Laplace trzasforms in .Ref. 42 we find that for a unit step

change i(t) we have

I(s) = &
And
RG) =Fa;[s0+T S)]
Taus H(S) = R(S)/I(S) = rj g Q+T ®S) (I11-4)

IZ the input is now
1{2) T Ey exp (-T/T),

t2en

-4
I(S) =E.To (1 +’II,S) (111-5)

In erting 4) azZ 53) ia Eq. 1) gives the voltage across the membrane
V() = T(H) = oy, {‘__L_.]{ o e_ e-*/'rn}

The nmaximun value of V,(t) is found to be at a time tp,y given by

Yons = ToTo 2a(Te/m) (To-Tw )‘1 (111-6)

The maximum value of Vnh(t) is then

Vo = 0, E (Tpmm/m wW o ann

I11 - 2
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( Some useful limits are

Jun Voo ®) = FiyF,
Tp>00

Dion Vo (&) = F; 2 E (/7o)

'rp")Q

Qun Vi) = FiaE, et
TP "TR ‘ ]
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