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OpHO#T 13 po6JIEM COBPEMEHHON PEAHIMATOJIOTHH SIBJISIETCST HEOOXOMMOCTD SKCTPEHHOTO TIPEKpaIieHust (hu-
OPUILIAIIK JKeJTyI04KOB cepaiia. HecMOTpsi Ha TIOMCKH HOBBIX METOJIOB, CYLIECTBYET JIUIIb €JIMHCTBEHHBIN (-
(hexTUBHBIIT MeTOJ — dJIeKTpUYecKas euOpuLIAIIs cepiia.

Ilean paGoThl — HCCIEA0BAHME AEHCTBUSA UMITYJIbCOB PA3IMYHbIX (DOPM HA MEMOPAHBI KJIETOK B MOIEIBHOM
9KCIIEPUMEHTE M OI[EHKA UX MCIIOJIb30BAHISI JUISI IIPOBejiet st a(heKTHBHOI 1eubpHiLIsInm cep/a.

Marepuaisl 1 MeTOAbI. /[JIs TEOPETHYECKOTO aHAIN3a IPOCTPAHCTBEHHOTO paclpe/e/ieHus dJeKTpudec-
KOTO 10JIsI B MeMOpaHe 3pUTPOIUTOB MCII0JIb30BaIACh MOJIes b MakcBesa. Pacyer seKTpHYeCcKOro BO3/eil-
CTBUSI HA OT/IEJIBHYIO KJIETKY HPOBEIEH IO TOJYYEHHBIM 9KCIIEPUMEHTAIbHBIM JTaHHBIM W UCXOJISI U3 DKBUBA-
JIETHOH BJIEKTPUYECKON CXEMbl CTPYKTYPbI MHOKapja IMPU ITPOBEJCHUN TPOIEAYPhl aeGuOpUIISIIN.
PaccunThiBasM IOTEHIAI, HABOJAUMBIN Ha MeMOpaHe KapAMOMHUOIIMTA ITPH BO3/eiicTBUN pa3psiia nedubpu-
Jgstopa. Mdydasnu Bo3ieiicTBIe MOHOITOJISIPHOTO, IBYX OJIHOTIOJISIPHBIX U JIBYX PA3HOIOJSPHBIX UMITYJIHCOB Ha
MeMOpaHbl 9PUTPOIUTOB.

Pesyabrarel. Habuoiaercst HEQUIMTHBHOCTh CKOPOCTEN TIPH JIBYXKPATHOM JIEHCTBUH 110 CPABHEHHIO C OJIHO-
KkpaTHbIM. OZINHOYHBII UMITYJIBC BLI3bIBAET MeHbIINH 3 deKT sekTporopanuy, yeM aBa ABoiinbix. [Ipu anexkrpu-
4ecKOi euOPUIISIINY Cepla TOCAE0BATETbHO PEATN3YIOTCsT TTPOIECCHl THIEPOSIPU3AINI 1 IETOJISIPI3a-
MU MeMOpaH KapnOMUOIINTOB.

3axmoueHue. /[Ba pasHOIOJISIPHBIX UMITYJIbCA ¢ GOJIbIIEH BEPOSTHOCTHIO BHI3BIBAIOT 3(h(HEKT 2JIEKTPOIIOPAIINT
GUOTOTIIECKNX MEMOPAH TI0 CPABHEHHIO C IBYMST OTHOIOISPHBIMIL.

Kmoueevte cosa: snexmpuueckas 0epuopuiisiyus cepoua; UMnYIbCHOe JAEKMPUUEcKoe Noe; CYCNensus Ipu-
MPOYUMOB; MEMOPANA; KUHETUYECKAS. KPUBASL

The need for emergency cessation of ventricular fibrillation is one of the problems of modern reanimatology. In
spite of searches for novel methods, there is the only effective method — electrical cardiac defibrillation.

Objective: to investigate the effect of different forms of pulses on cell membranes in a model experiment and
to assess their use for effective cardiac defibrillation.

Materials and methods. The Maxwell model was used for theoretical analysis of the spatial distribution of an
electric field in the red blood cell membrane. The electric effect on a single cell was calculated using the experi-
mental findings and the equivalent electrical circuit of the myocardial structure during a defibrillation procedure.
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The cardiomyocyte membrane potential upon exposure to defibrillator discharge was estimated. Exposure of the
red blood cell membrane to single, two unipolar and two heteropolar pulses was examined.

Results. There is non-additivity of speeds upon double exposure as compared to single one. Single pulse caus-
es a lower effect of electroporation than two double pulses. Hyperpolarization and depolarization processes in the
cardiomyocyte membranes occur successively during electrical cardiac defibrillation.

Conclusion. Two heteropolar pulses cause an effect of biological membrane electroporation with a greater

probability than two unipolar ones.

Key words: electrical cardiac defibrillation; pulsed electric field; red blood cell suspension; membrane; kinetic curoe
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Beenenue

Onrolt 13 Tpo6JIEM PEaHNMATOJIOTHH OCTAETCSI
HEeOOXOIMMOCTD 9KCTPEHHOTO TIpeKparienust huopu-
JISIIIAN JKeJIYI0YKOB cep/tia. HecMoTpst Ha 1iomcku Ho-
BBIX METOJIOB, CYIIECTBYET JIMIIb €IMHCTBEHHBIN A-
(heKTUBHBII METO/T — BJIeKTpIYecKast AeuOPUIIIISIS
cepama [1] — sKcTpeHHOE TpeKparieHie HUOPIILIS-
MM JKEJTYI0YKOB CEPJIIIA C TIOMOIIIBIO BBICOKOBOJIBTHO-
TO UMITYJILCHOTO 9JIEKTPUIECKOTO 110Jis [ 2].

IIpomecc meficTBUS 3IEKTPUYECKOTO TMOJS Ha
MeMOpaHy KapAHOMHOIINTA TIPEACTABISIET GOMBIION
MHTEPEC M UCCJIE/IyeTCs KaK 9KCIIEPUMEHTATBHO, TAK
u TeopeTudecku [3].

DyHpamMmeHTaIbHbIE pabOTHI TI0 U3YYEHUTO 9(-
dbexkTUBHOCTH 1eDUOPUIITAINN B 3aBUCUMOCTH OT
AMILTUTY/IBI UMITYJThCa, €r0 (DOPMBI U JIJINTETHHOC-
T ObLIM nIpoBezieHbl B VHcTutyTe 001eil peamu-
matosornu PAMH H. JI. Typsuuewm, B. 1. Tabakowm,
M. C. Borymesnu um ux coaBTOpamMu. IDbGHEKTHI
JIEMCTBUST 3JIEKTPUYECKOTO MOJIsI 3aBUCAT OT Ha-
MPSIPKEHHOCTN TI0JIsI, CO3/[aBaeMOil pa3psijioM B
CTPYKTYype KapauoMuoruToB. C MOMOIIbI0 MaTeMa-
TUYECKOH MOZIEIH NCCIeloBaTach HEOMHOPOITHOCTD
3IEKTPUUECKOTO TOJIsT B MeMOpaHe KapIHOMHOIH-
Ta npu gebubpuiisuuu |3].

B macrosieil cratbe B MOAETHHOM 3KCIEPHU-
MeHTe Ha CYCTIeH3UH SPUTPOIINTOB MOKA3aHBI PE3YJIb-
TaThl PA3JIUYHBIX CIOCOOOB BO3IACHCTBUSA UMITYJIbC-
HOTO 3JIEKTPUYECKOrO MOJIsT Ha MeMOPaHbl KPACHBIX
KJIeTOK KpoBU. C IIOMOIIBI0 MAaTEMaTIHUECKON MOJIEIIN
MTOKAa3aHO BO3HMKHOBEHWE THIIEP- W ACTIONSIPU3aIAN
KapAMOMHUOIIATA TIPH AebUOPUIIIATIIN.

IbdeKT dMeKTPONopay 3aBUCUT HE TOJbKO
OT HANPSDKEHHOCTU AJIEKTPUUECKOro 1oJis [4, 5], HO
1 oT (hopMBI eUOPUITHPYIONIETO UMITyIbca [6].
Knuamueckne [7—9] m akcnepumentambusie [10,
11—14] nccnenoBanns MoKas3bIBAIOT, YTO (P HEKTUB-
HOCTb GUTIOJISIPHOTO MMITyJIbca [ypBuua [15] Bbiiie
3 hEKTUBHOCTH OIHOMOSIPHOTO nMITyibca Edmark
[15], XOTsT 9TH pa3auIust HOCAT CTATUCTUYECKUN Xa-
pakrep [16].

Ilesb paboThl — HWcCIeOBaHE ACHCTBUS UM-
MyJIbCOB PA3IMIHBIX (GOPM Ha MeMOpPAHbBI KIETOK B
MOJIEJIbHOM 9KCIIEPUMEHTE U OlleHKA UX NCITOJIb30Ba-
Hust st nposefenust addexTuBHol gebubpuiLis-
IIUU Cepla.

Introduction

One of the problems of reanimatology is a need
in emergency termination of ventricular fibrillation.
Despite the search for new methods, there is only one
effective method, electrical heart defibrillation [1].
Electrical heart defibrillation is an extraordinary ter-
mination of ventricular fibrillation using high volt-
age impulse electric field [2].

Mechanisms of action of electric field on the
cardiomyocyte membrane are of great interest and
are studied in experimental and theoretical direc-
tions [3].

Fundamental studies on effectiveness of defib-
rillation, which depends on the amplitude of the
impulse, its, shape and duration were conducted in
the Institute of General Reanimatology of RAMS by
N. L. Gurvich, V. Y. Tobacco, M. S. Bogushevich and
their co-authors. Also the effects of action of electric
field depend on the field tension generated by dis-
charge in the structure of cardiomyocytes.
Heterogeneity of electric field in cardiomyocyte
membrane during defibrillation was investigated
using a mathematical model [3].

The results of different ways of impact of
impulse electric field on red blood cell membranes
are shown in this article in a model experiment on
erythrocyte suspension. Appearance of cardiomy-
ocyte hyper- and depolarization during defibrillation
drmonstrated also in a mathematical model [3].

Effect of electroporation depends not only on
the tension of electric field [4, 5], but also on the
shape of defibrillating impulse [6]. Clinical [7—9]
and experimental [10, 11—14] studies have demon-
strated that the efficiency of the bipolar Gurvich
impulse [15] is higher than the efficiency of unipolar
Edmark impulse [15], although these differences are
statistical in nature [16].

The purpose of the investigation was to study the
action of impulses of different forms on the cell mem-
branes in a model experiment and evaluate their suit-
ability for performing the effective heart defibrillation.

Materials and Methods

Method of calibrated electroporation.
The idea of a method of calibrated electroporation is
that the cell placed in solution is applied to external elec-
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Marepuaj u METO/IbI

MeTtoa kKaauGPOBaHHOI HJIEKTPONOPAIMH.

Wnest Metoga KaguGpPOBAHHON 9JIEKTPOHOPAIIMH CO-
CTOUT B TOM, UTO Ha KJIETKY, IIOMEIIEHHYIO B PACTBOP, 110-
JaeTcs BHeITHee asekTpudeckoe mose E,. Hasemennsrit Ha
MeMOpare TOTEHINAT BbI3bIBAET €€ DJIEKTPUIECKH TIpo-
6oit. KosmuectBo 06pa3oBaBIINXCs TI0P ABJSIETCA DYHK-
1¥eii OT BEJIMYUHBI TPAHCMEMOPAHHOTO TTOTEHIANa AP,
M KOJIMYECTBA aKTHBHBIX TIEHTPOB Ha MeMOpane. Jbbdert
3IEKTPOTIOPAIINH OIIEHUBAETCS TT0 KNHETHUECKUM KPHUBBIM
remosiaa D=f(t) npu panuoit Besmmunne E,.

Bcero 6b110 1poBeieHO 87 ONBITOB 10 BO3/EHCTBUIO
UMITYJIBCOB Pa3IndHON GOPMBI Ha MEMOPAHDI IPUTPOITH-
TOB B cycneHsnn. Bee mpezcraBieHHbIe sKCIIePUMEHTATb-
HbIE JIaHHbIE 00Pa0OTAHbI C HCIOJIb30BAHUEM CTAHAAPTHBIX
MIPOrpaMM BapHAIMOHHOI CTaTHCTHKU.

B xavecTBe NCTOYHMKA MMITYJIBCHOTO 3JIEKTPHYECKOTO
noJist ipuMensin gepubpuisitops «Lifepak-7» (CIITA)
u «/I1-03» (PD). DiekTpuvecKuii MMITYJIbC MOABOININ K
TUTAHOBBIM 2JIEKTPO/IAM, KOTOPbIE MOMENIAI B KBaplie-
ByI0 KioBeTy. B Hee naymBamu 3 mur cycnensun. Pacerosi-
HUE MKy CHJIOBBIMH 3JIEKTPOIAMH COCTABIANIO 17 MM.
DJIEKTPOIBI TOMHOCTHIO TTOKPHIBATH GOKOBBIE CTOPOHDI
KIOBETBI, YTO 0OECIEUNBAIIO OJHOPOIHOCTH CO3/[ABAEMOTO
9JIEKTPUYECKOro 1ot B pactBope. ConpoTuBiieHne cyc-
nensun coctasisiio 10025 Om. [luist 9Hepruu UMITYJIbca
230 /Ixx aMnmTysa HampsKeHUS UMITYJIbCa COCTaBUJIA
2900 B, uto coorBerctByer 1700 B/cMm B cycniensun. ItoT
MMITYJIbC OBLI BEIOpaH B KauecTse KaiubposanHoro [ 1, 6].

OPUTPOUUTHI MOJBEPTalNl BO3LEHCTBUIO OJNHOYHO-
TO UMITYJIbCA, IBYX OJHOIIOJISIPHBIX U /IBYX Pa3HOIIOJAP-
HBIX MMITYJIbCOB, TIPEICTaBAEHHBIX Ha puc. 1. Jnnrtemnn-
HOCTb OJIMHOYHOTO uMITyJbca Obiia 10 Mc, ABOHHBIX
OJIHOTIOJISIPHBIX U PA3HOIIOJISIPHBIX UMITYJILCOB 6 MC, Bpe-
MST MEKLY ZIBOMHBIMU uMItysibcamu 0,5 ¢, aMIINTy1a UM-
nyabcoB coctaBisaga 3100 B. [Ipu BosneiicTBun amext-
PHUYECKOTO MOJIsI IPOUCXOAUT TeMOJII3 IPUTPOIIUTOB, YTO
MPUBOJUT K YMEHBIIIEHHIO ONTHYECKOII 1iioTHOCTH D Ccy-
crien3uu. [paduk 3aBucumoctu D(t) Ha3bIBaeTCs: KUHE-
THYeCKOH KPUBOH. DTy 3aBUCHMOCTb PETUCTPUPOBATH C
momortibio horoanekTpokosopumerpa «KDOK-2». Mame-
peHue ONTHYECKOH IMJIOTHOCTHU CYCIIEH3UN IPOBO/INJIN Ha
JiiHe BOJIHBI A=750 HM, Tak KaK Ha JaHHOM JJIIHE BOJI-
HBI OcaabJeHe HHTEHCHBHOCTH MCXOIHOTO MyYKa CBETa
OTIPe/IeTISITIOCh TOBKO PaccesTHHeM CBeTa Ha 9PUTPOIIN-
tax. [Ipy MasIbIX KOHIEHTPAIMSAX 9PUTPOIUTOB OITHYEC-
Kasl IJIOTHOCTb CYCIIeH3UH D NpsiMo IMPONOpIMOHaIbHA
ux kounenrTpanun D=kn (k-koadduruent ocaabieHus,
N-KOHIIEHTPAIUs 3puTponuToB). [loaTomy, nsmepss om-
THYECKYIO IIOTHOCTh CYCHEH3UN B MOMEHT BpeMeHu t
(Besmuuny D(t)), MOXHO NOJIY4YUTh MH(POPMAIUIO O
KOHIleHTpaluu aputpouutoB n(t). [uaga kaxmaoro Buma
HUMITYJIbCA TOCTPOEHBI KNHeTH4Yeckue kpusbie D(t).

Pacnpezesnenue 31eKTPUYECKOro 10l B MeMOpaHe
KapIOMHOIMTA.

Jl1s1 TeopeTuyecKoro aHain3a IMIPOCTPAHCTBEHHOTO
pacrpesiesieHuist 2JeKTPUIECKOTO MO B MeMOpare Kap-
JMOMHOTINTOB MCHOIb30BaIN Mojieb MakcBesia.

B Mo/iestit yauTBhIBAJICST TIOTEHITUA TTOKOST Kap/HOKap-
JIMOMUOIUTA U HABEICHHBIN TpaHcMeMOPaHHbBIIT TIOTEHIN-
aJ OT BHEITHETO 3JeKTpUdYecKoro nos. [Ipimanmanacs Bo
BHUMaHNe HeOJHOPOJAHOCTD 3JIEKTPHUECKOTO TIOJIST BO Bpe-
MeHHU JIJist OUITOJISIPHOTO UMITYJIbCA. YUUTHIBAIACH €70 AMII-

tric field E,. Potential induced on the membrane causes its
electrical breakdown. A number of formed pores is a func-
tion of the value of transmembrane potential Ag,, and the
number of active centers on the membrane. The effect of
electroporation is estimated by kinetic curves of hemolysis
D = f (t) for a given value E,.

87 experiments on the effects of impact of impulses of
different forms on the red blood cells in suspension were
conducted. Experimental data were processed using stan-
dard programs of variation statistics.

Defibrillators «Lifepak-7» (USA) and <«DI-03»
(Russia) were used as the sources of pulsed electric field.
The source of electric impulse were titanium electrodes
placed in a quartz cuvette. Three ml of suspension were
poured into the cuvette. The distance between the power
electrodes was 17 mm. The electrodes completely covered
the sides of the cuvette thus ensuring homogeneity of the
electric field in the solution. Resistance of this suspension
was 100+5 ohms. For the energy of impulse of 230 J the
amplitude of impulse was 2900 V corresponded to 1700
V/sm in the suspension. This impulse was selected as cali-
brated one [1, 6].

Red blood cells were exposed to a single impulse,
two monopolar and two bipolar impulses as shown on the
Fig. 1. Single impulse duration was 10 ms, durations of
two unipolar and two bipolar double impulses were 6 ms
each, time between two double impulses was 0.5 s. Under
an impact of a pulse field the hemolysis occured resulting
in a decrease of optical density D of the suspension.
Graph of D (t) is called kinetic curve. This dependence
was lifted with the use of photoelectrocalorimeter
«KFK-2». Measurement of optical density of suspension
was carried out at the suspension wavelength of 1=750
nm because at a given wavelength an attenuation of
intensity of the initial light beam determined only by
the absorption of light by red blood cells. At low con-
centrations of erythrocytes, the optical density of sus-
pension D is directly proportional to their concentra-
tion D = kn (k-attenuation coefficient, n-concentration
of red blood cells). Therefore, by measuring the optical
density of suspension at time t (value D (t)) it is possi-
ble to collect data on concentration of erythrocytes n
(t). For each kind of impulses the graphs of kinetic
curves D (t) were built [1,3].

Distribution of electrical field in cardiomiocyte
membrane.

Maxwell model was used for theoretical analysis of
spatial distribution of the electric field in erythrocyte
membrane.

The model takes into account the resting potential of
cardiomiocyte and the induced transmembrane potential
by an external electric field. This takes into account the
heterogeneity of the electric field in time for the bipolar
impulse. It considers its amplitude and duration of the pos-
itive and negative half-wave.

Calculation of electrical effect in a single cell was car-
ried out based on the experimental data and on the base of
equivalent electrical scheme of myocardium structure. It is
known that the contractile myocard is represented by syn-
cytia cardiomyocytes and complicated network of blood
vessels. The whole system is surrounded by blood, the con-
ductivity of which is 0.6 sm/m. Parametrs between the
outer and inner surface walls of the left ventricular (in par-
allel) include: conductivity of the blood gbl, conductivity
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3100+ 3100
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Puc. 1. ®opMbBI HMITYIbCOB SIEKTPHYECKOTO TOJISL.
Fig. 1. Forms of impulses of electric field.

Note: a — single t;=10 ms; b — two monopolar; time between impulses tp:0.5 s; ¢ — two bipolar; time between impulses tp:0.5 s; d —
Electrical impulse in solution, registered with the use of measuring needles. Calibration of the axis OX — 5 ms on a cell, of the axis OY-

1000 V ona-eeH—Coefficient-of-eompression 22000.

IIpumeyanue: a — oanuouHbI t,,=10 MC; b — /[Ba OHOIIOJSPHBIX; BPEMst MEK/Y UMITyIbcami t,=0,5 ¢; ¢ — /iBa pasHOMOJISIPHBIX; BpeMsi
Meskay umiyabcamn t;=0,5 ¢; d — DJIeKTpuYecKuil UMITYJIbC B PACTBOPE, PETHCTPUPYEMBI ¢ TOMOIILIO U3MEPUTEIBHBIX HTOJIOK.
Kamm6poska 1o ocu OX — 5 mc Ha kaetke, mo ocu OY — 1000 B na kinerke. Koaddurnment cxarns 22000.

JIUTY/IA U JUTATENbHOCTD TIOJIOKUTEIbHBIX U OTPUIATEb-
HBIX TIOJTYBOJIH.

Pacuer a1eKTpUYecKOro BO3/EHCTBIS HA OTAEIbHYIO
KJIETKY TTPOBOJUJICS IO TMOJYYEHHBIM SKCIIEPUMEHTANb-
HBIM JIAHHBIM U UCXOJIsI U3 9KBUBAJIETHON DJIEKTPUYECKOIT
CXeMBbI CTPYKTYPBI MuOKapja. VI3BeCTHO, 4TO COKpaTH-
TeJIbHBI MUOKap] IPEACTaBAseT coOO0i CMHIUTUNA Kap-
JMUOMHUOIIUTOB U CJIOKHOU CETH KPOBEHOCHBIX COCYIOB.
JTa CUCTeMa OMBIBAETCSI KPOBBIO, y/eJbHASI TPOBO/U-
MOCTb KOTOPOii coctaBisieT =0,6 Cm/M. Mexky BHeITHei
U BHYTPEHHEN ToBepXHOCThIO crenku JIJK BRIOUeHbI Ta-
pasIeTbHO: TIPOBOAMMOCTD KPOBHU g, TIPOBOAMMOCTD CO-
eIMHUTENILHBIX OEJIKOB g5 U COCYIOB &, 8ip->86.>Ecr KPOBD
SBJISIETCS TIIYHTOM BO Bcell cucteme. [loatomy st cosza-
HUSI HeOOXOIMMOIH HATTPSIKEHHOCTH TOJIsl Ha MeMOpaHe He-
06XO0/IMO TIO/IaBATh UMITYJICHI OT /IehubpUIIATOpPa, HMe-
ionre Bbicokue Hanpsikenus — ot 1210° go 5¢10° B, u
Goupiue sueprun ot -100 g0 400 [[x. Tak Kak cOnmpoTHB-
Jenue cepra cocrasiser 40—50 Owm, To Toku aedubpu-
JISIIUY JIOCTUTAIOT IECSITKOB AMIIEP, YTO MOKA3AHO B 9KCIIe-
pUMEHTE 1 KINHUKE.

JList pacCMOTPEHUsT BO3MOKHBIX MEXaHU3MOB JiehuO-
PUJLIAIIMK HEOOXOAMMO PAcCUUTaTh MOTEHI[AJ, HABO/M-

of connecting proteins g, and vessels g, g,>g.,>8,.
Blood itself represents a shunt across the system.
Therefore, for the creation of the necessary field tension on
the membrane it is required to apply impulses from defib-
rillator at a high voltage — from 1¢10° V to 5+10° V and
increased energy from -100 to 400 J. Since the resistance of
a heart is only 40—50 ohms, defibrillation currents reaches
tens of amperes, as has been shown in experiments and
clinical settings.

To consider the possible mechanisms of defibrillation,
it is necessary to calculate the potential induced on a mem-
brane of cardiomyocyte under the influence of defibrillator
discharge. Cardiomyocyte is usually represented a sphere
or that is closer to the real object, specifically, a rotating
ellipsoid. The induced field for the dielectric rotating ellip-
soid placed into the external uniform electric field depends
on dielectric values of the medium and the dielectrics. The
amplitude of voltage ¢, induced at the cardiomyocyte
membrane as a result of action of the alternating electric
field E; in view of the dielectric properties of the mem-
brane and the environment is calculated as follows:

aq,cos?E,

o= [qe+N(qm_qe) VI+(0)T) ](1)
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Mblil Ha MeMOpaHe KapMOMHUOLUTA IPU BO3JEHCTBUN Pas-
psaa aedubpuiisaTopa. KapaumoMuonuT mpeacraBisercst
cepoit wim, 9to GJIIKe K peaTbHOMY 00bEKTY, JITUTICOU-
noM Bpaiienust. HaBegeHHOE T10JT€ /1715 IMAJIEKTPUIECKOTO
QJUIUIICOU/Ia BpallleHus, ITIOMEIEeHHOTr0 BO BHEIIHEee O/IHO-
POJIHOE DJIEKTPUUYECKOE TIOJIE, 3aBUCUT OT BEJIUYUH J[UDJIe-
KTPUYECKUX MPOHUIAEMOCTEN CPEIbl W [UATEKTPUKA.
AMIIATY/Ia HATIPSIKEHUST ¢, HABEJIEHHOTO Ha MeMOpaHe
KapJMOMUOIINTAa B pe3yJibTaTe AEUCTBUS TePEMEHHOTO
AJIEKTPUYECKOrO T0Jisi Ej € y4eToM IUIEKTPUYECKUX
CBOICTB MeMOPaHBI 1 OKPYIKAIOMIE cpeibl
_ aq,cosdE, )

P 1N g)VF @y ] )

rje g, — JAUJIEKTPUYECKast IIPOHUIAEMOCTD BHEIIHEN
Cpelbl; (,, — AMBJIEKTPUYECcKast MPOHUIAEMOCTh MeMOpa-
Hbl; N — 00001IeHHBIN JET0APU3YOIIHii hakTop; a — Mmo-
JIOBUHA TJIABHOI OCH 3JIUIICON/IA; @ — KPYTOBast 4acTOTa
0JIsI IEPEMEHHOTO TOKA; T — BPeMsI pejiakcanuu; @ — yroJ
MEK/Y HOPMAJIbIO K TIJIOCKOCTH MeMOPaHbI U HAIIPaBJICHNU-
€M BEKTOPa HAMPSKEHHOCTH TIOJISL.

Ecan xapaumomMuonuT npuHATS 3a chepy ¢ paiycoM T,
TO IIaBeﬂeIIIIbIﬁ TpaHCMeM6paHIIbIﬁ II0TEeHIIaJI BbIYUCJIS-
etcst o opmy.ie:

o= 1,5Eyr cosé (2)

s =15 mxm, Eg=80 B/cm Benmunna naBegeHHoro
TpancmeMOparHoro norennuaia ¢.=180 mB. Tak kax 6u-
MOJISIPHBINA UMITYJILC UMEET COOTHOIIeHue moJyBoJH 1:0.5,
TO TOJIOKUTETBHAST TTOJYBOJIHA CO3/IaeT IpH aToM ¢,=120
MB, a orpumnaremprag ¢,=60 MB. [ng xapamommonuTa,
UMETOTEero (hopMy SJIJTUTICOU/IA BPATIEHUS C TJIABHON 0CHIO
a=50 MKM 1 T0604HOIT ¢=25 MKM, 4TO GJIHM3KO K €ro peasib-
HBIM pa3MepaM, U PacIiOJIOKEHHOTO IJIABHOM OChIO mapali-
JIETbHO BEKTOPY HapsbkeHHocTH Touag, E,=80 B/cwm,
Pe=248 MB. C y4eToM COOTHOIIEHUS] MOJYBOJH, ¢,=165
MB, ¢,=83 MB. B 0o61iem cirydae ¢, OyeT 3aBUCeTh OT MO~
JIOJKEHUS TIABHOM OCH 9JIJTMIICOU/IA TI0 OTHOIIEHUIO K TIPH-
JIOXKEHHOMY T0JT10. B paccmarpuBaeMoM ciiydae, Kapino-
MUOIMT  PACIOJIOKEH — TEePHeHNKYJISIPHO  BEKTOPY
HarnpspkeHHocTH 1oss, u N=0,6, 1 nsMeHenue ¢, cocras-
ssiet Meree 3%. Takum 06pa3oM, HaBEJEHHbIN Ha MeMOpa-
He KJIETKU MOTEHI[HAJ TPAKTUYECKH HE 3aBUCUT OT MECTa
MPUJIOKEHHST DJIEKTPOOB HA TIOBEPXHOCTH HMHTAKTHOTO
cep/ila, 4To U HabJIIoAeTCs B OKCIIEPUMEHTE.

PesyubraTel 1 00Cy K1€HNE

Perucrpainus uMmysibca B pactBope.

N3menenue nMIeanca Hapy>KHOTO PACTBOPA CY-
[IECTBEHHO BJIMSET Ha MOKaszaTeu 1mpobos MeMOpaH.
[TosTomy 1pu HCCIIEIOBAHUY BO3JEHCTBUS UMITYJIbC-
HOTO 3JIEKTPIIECKOTO TOJIsT Ha GHOTIOTHYeCKie MeMO-
PAHBI € TETTBIO WX ATEKTPOTTOPAIINT HEOOXOIMMO PeTH-
CTPUPOBATh HANPSKEHHOCTh 3JIEKTPHUYECKOTO TOJIs,
JUIUTEILHOCTD U (POPMY UMITYJIbCa, KOTOpPbIe (hopMu-
pyioTcst B 00beMe KIETOUHOM cycrensnn. J[st cosna-
HUS [IOPOrOBOTO TPAHCMEMOPAHHOTO IOTEHIMAJA
0,3—0,5 B HeobxoammMo GopMUPOBaTh 2IEKTPUYECKOE
roJie B pactBope ¢ HanpsikeHHocThio 1000—2000 B/cm
JUTATEILHOCTBIO uMITyibea 59— 10 mc.

DopMbl JIENHCTBYIONUX UMITYJIbCOB 3JIEKTPHYe-
CKOTO TI0JIsT TIpejicTaBensl Ha puc. 1 a, b, ¢, a pesyib-
Tupyioiias (hopMa MOHOTIOJISIPHOTO UMITYJIbCA B MO-

where q, — dielectric constant of external environ-
ment, q,, — dielectric permeability of membrane, N — gen-
eralized depolarizing factor, a — half of major axis of ellip-
soid, @ — angular frequency of alternating current, T —
relaxation time, @ — the angle between normal to the mem-
brane surface and direction of the vector of field tension. If
cardiomyocyte is considered as a sphere with a radius r, the
induced transmembrane potential should be calculated as
follows:

@.= 1,5E;r cosé (2)

For, =15 mkm, E;=80 V/cm, the value of induced
potencial ¢=180 mV. Since the bipolar impulse has a half-
wave ratio of 1:0.5, the positive half-wave at the same time
creates ¢,=120 mV, and negative ¢,=60 mV. For car-
diomyocyte, as a rotating ellipsoid with main axis of a=50
mkm and an indirect axis ¢=25 mkm (that isclose to its
actual dimensions), the principal axis disposes parallel to
the vector of voltage field, E,=80 V/cm, ¢2=248 mV.
Taking into account the ratio of half-waves ¢,=165 mV,
0,=83 mV, ¢, will depend on the position of the main axis
of the ellipsoid with respect to the applied field. In this case
cardiomyocyte is disposed perpendicularly to the vector of
the field intensity, and at N=0.6 the change of p,js less than
3%. Thus, the potential induced on a cell membrane is
practically independent on the site of application of elec-
trodes on the surface of intact heart, as has been observed
in an experiment.

Results and Discussion

Registration of impulse in solution.

Change of impedance of the external solution
greatly affects on performance of membranes break-
down. Therefore, during study of pulsed electric field
on biological membrane for the purpose of electropo-
ration it is necessary to record the intensity of elec-
tric field, duration and shape of the impulse, which
are formed in a cell suspension. To create a threshold
transmembrane potential of 0.3—0.5 'V, it is necessary
to form an electric field in a solution at a strength of
1000—2000 V / c¢m and duration of the impulse of
5—10 ms [3].

Forms of acting impulse of electric field are
shown in Fig. 1 a, b, ¢, and the resulting shape of
monopolar impulses in modulating solution is shown
in Fig. 1d. Values of transmembrane potentials A,
and potencials ¢, induced under the action of bipolar
impulse are shown in Table 1.

During holding experiments at the time of
application of pulsed electric field on the test sam-
ples in suspension the amplitude Um and the form of
impulse were registered directly in the solution. This
made it possible to control the induced transmem-
brane potential in each series of experiments. To
obtain an image of the electric impulse in solution,
high-impedance dividers and analog signal comput-
er-assisted processing program were deployed [17].
An example of a defibrillator impulse in a blood sus-
pension is presented in Fig. 1.

It is shown that the electric field across the vol-
ume was homogeneous. The differences of amplitude
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|
Beuunpl TpaHCMEMOPAHHBIX OTEHIUAIOB Ha KAPAUOMHOLMTE TIPU OUIIOIAPHOM e GUOPUIIMPYIOMIEM UMITYJIbCE.
Values of transmembrane potential on cardiomyocyte under bipolar defibrillated impulse.
Value )
A, mV ¢",mV ¢ ,mV ¢; ,mV

Positive halfwave Aok -255 -90 165

ApR 75 -90 -165
Negative halfwave Apk -7 -90 -83

ApR -173 -90 83
Note: Agp,, — transmembrane potencial on cardyomyocyte; Apk — transmembrane potential of left side of cardyomyocyte in the

moment of maximum of positive halfwave; ApR — transmembrane potential of right side of cardyomyocyte in the moment of maxi-
mum of positive halfwave; ¢t — resting potencial; ¢f — induced potential of positive halfwave; ¢; — induced potential of negative

halfwave.

IIpumevanue: Value — Besmunna; Positive halfwave — nosoxxuresnsnas nonysosna; Negative halfwave — orpuniaresnbias monyBsoJ-
Ha. Ag,, — TpaHcMeMOpaHHbIil IT0TeHIMAI Ha KaparnoMuonuTe; Agk — rpancmeMOpaHHblil OTEHIUAI JIEBOH CTOPOHBI KapANOMUO-
[MTa B MOMEHT MaKCUMyMa IT0JIOKUTEIbHO TT0JyBOMHD; ApR — TparncMeMOpanHblil TOTEHIMAT IPABOIT CTOPOHBI KAPAKOMHUOIUTA
B MOMEHT MaKCHMYyMa I10JIOKUTETbHON TOMYBOIHBL; ¢f — MOTEHINAT I0KOST; ¢f — HABENEHHBIil MOTEHINa MON0KHUTEIbHOIT MOy~

BOJIHDBI; (pT - HaBCZICHHbeI TMOTCHITNAJT OTpI/II_IaTCJ'II)H()ﬁ TIOJTYBOJIHBI.

HenupyionieM pactBope Ha puc. 1, d. Benuuunub
TpancMeMOPaHHBIX A@, U HABEIEHHbIX ¢, TOTEHITH-
AJIOB TIPK IEiCTBUN OUIIOJISIPHOTO UMITYJIbCA HPel-
cTaBJieHbl B TabJuIIe.

[Ipn mpoBejileHNM 3KCIEPUMEHTOB B MOMEHT
MOJIAYH NMITYJIbCHOTO 3JIEKTPUYECKOTO T0JIsT Ha HC-
caieryeMbie 06pasiibl CYCIEH3UM ¥ ¢ TOMOLIBIO U3Me-
PHUTEJBHBIX UTOJIOK peructTpupoBanu ammautyay U,
n GopMy HMMITYJIbCA HENOCPEJCTBEHHO B PAaCTBOPE.
ITO JIaI0 BO3MOKHOCTh KOHTPOJNPOBATh HABE/IEH-
HbIii TpaHCMEeMOPaHHbIN OTEHIUAT B KasKOI cepru
onbIToB. JIJist 110/ydeHus u306paKeHUsT IJTEKTPIUYEC-
KOTO MMITyJIbca B PACTBOPE HMCIIOJIb30BAJIN BBICOKO-
OMHBI€ JIEJTUTENN U TIPOrpaMmy 06pabOTKH aHATIOTO-
BBIX CUTHAJIOB KoMTIbIoTepa [17]. IIpumep nmiybca
nebubpUILISITOPa B CYCIIEH3UN KPOBU HPEICTABJICH
Ha puc. 1.

[Tokazano, 4TO 3JIEKTPUIECKOE MOJIE TI0 BCEMY
00beMy ObUIO OIHOPOAHO. Pasiinuust aMIUIUTY/IbI He
npeBbitany 3uaderust ~10%, 4To onpenessiioch cym-
MapHOH IMOTPEITHOCTBIO dKCIeprMenTa. Takum o6pa-
30M, TIOTEHITHA TT0JIST aJIas TIPAKTHYECKN JIMHEITHO OT
aeKkTposa K asekTpoay. CpaBHEHHE TEOpeTUIecKO
KPUBOW 3aBUCHUMOCTH aMILIUTY/bI UMIIYJIbCa OT CO-
MIPOTHUBJIEHNST PACTBOPA C SKCIIEPUMEHTAIbHBIMU JIaH-
HBIMHU TI0Ka3aJ10, YTO OTJMYMsS He TpeBbiam 20%.
Kaxk cemyet n3 akcIiepuMeHTAIBHBIX TAHHBIX, OCHOB-
Hasl 4acTh HAIPSDKEHNUST 1Ta/IaeT UMEHHO B PacTBOpeE, a
HE «CaJIuTCsI» Ha HJIEKTPOJIAX, Yer0 MOKHO ObLIO Obl
OKU/IATD TIPH TAKUX OGOJIBITNX HAPSIKEHUSIX.

IIporece nosgpusanuy MeMOPaHbl KapauOM-
OLMTa, HAXO/SIIErocs B IIOKOE, IIPH AeiicTBUr GUITO-
JISPHOTO UMITYJIbCa ITPeJICTaBJIeH Ha puc. 2.

Ha puc. 2, a npencrasiena dopma OUIOISIPHOTO
VIMITYJIbCA: TITIIOCOM OTMEYeHa MOJIOKNATEIbHAS TOJy-
BOJIHA, MTHYCOM OTMeY€eHa OTPUIIATEIbHAS TTOJIyBOJIHA.
Ha puc. 2, b u ¢ nipezcTaBieHo pacipe/eneHue TPaHc-
MeMOPAHHBIX TOTEMANOB Ha KapAHOMHUOIUTE ITIPU
JeiicTBUM GUITOJIIPHOIO UMITYJIbCa, A — TI0JIOKUTEb-
Hasl MOJIyBOJTHA, B — oTpuiiaresibHas nosyBosHa, L —
JieBast TI0JIOBMHA KJIeTKH, R — mpaBast 1oJioBiHA KJlet-

do not exceed the value of the amplitude of ~10%,
which was determined by the total error of experi-
ment. Threfore, the potential of thr field falled
almost linearly from electrode to electrode.
Comparison of theoretical curve of amplitude of
impulse from resistance of solution with the experi-
mental data showed that the differences did not
exceed 20%. As follows from the experimental data,
the main part of voltage drops in solution rather than
«sits» on the electrodes, which would be expected at
such high voltages.

The process of cardiomyocyte membrane polar-
ization at a rest under the action of bipolar pulse is
shown in Fig. 2.

Figure 2 shows a form of bipolar impulse: pos-
itive half-wave marked with a plus, whereas a neg-
ative half-wave marked with a minus. Figure 2b
and 2c¢ show the distribution of transmembrane
potentials on cardiomyocytes under the influence
of the bipolar impulse, A — positive half-wave, B —
negative half-wave, L — left side of the cell, R —
right side of the cell. Fig. 2 demonstrates induced
voltage ¢,, resting potential ¢, and membrane
potential, whereas Ag,, is a transmembrane poten-
tial of the cell, Apr — transmembrane potential of
the right side, Ag.; — transmembrane potencial of
the left side of cardiomyocyte, when the positive
half-wave is at its maximum value. Fig. 2b demon-
strates the same values at the time of a maximum
negative half-wave. Under the action of a positive
half-wave on the myocardium (A) the left side of
myocyte is hyperpolarizing (A,), and the
myocyte's right side is depolarizing (Ay). Negative
half-wave (B) inverses polarization: left one is
depolarized (B;), and the right one is hyperpolar-
ized (Bg). Wherein, maximum of transmembrane
potential difference Agp,, for myocyte at rest is
defined by the equation:

A‘pm = A‘PFA‘P:. (3)

Thus, if we assume ¢, equal to -90 mV, left side

is first hyperpolarizing to -255 mV (A,), and then is
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Puc. 2. Pacnpesiesienne TpancMeMOPaHHbIX OTEHIMAJIOB HA KAPAMOMHOIMTE TIPH [€iiCTBUN GUIIOJISPHOTO UMITYJIbCa.
Fig. 2. Distribution of transmembrane potential on cardyomyocyte under the influence of bipolar impulses.

Note: a — form of bipolar impulse, plus marks positive halfwave, minus marks negative halfwave; t, t, time of impulse, ms, Agp,,, trans-
mebrane potencial in the moment of maximum of halfwave, mV; b — distribution of transmembrane potential for positive halfwave: A}
— left side of a cell, Ag — right side of a cell, where ¢f — induced voltage of positive halfwave, p; — induced voltage of negative halfwave,
¢, — resing potential, Ap, — transmembrane potential in the moment of maximum of halfwave, ApL — transmembrane potencial of left
side, ApR — transmembrane potential of right side; ¢ — distribution of transmembrane potential for negative halfwave — B: By — left
side of a cell, Bg — right side of a cell.

IIpumeuanne: a — Gopma GUIONSPHOTO UMITYJIBCA, TIFOCOM OTMEYCHA TTOJIOKUTETBHAS TTOTYBOTHA, MITHYCOM OTPUIIATENbHAS IOy BOJI-
Ha; t, BpeMst IMITYJIbca, MC; A@,,, TPAaHCMeMOPaHHBIIT OTEHINMAI B MOMEHT MaKCUMyMa TI0JLyBOJIHbL, MB; b — pacipezeseHne TpancMeM-
GpaHHbIX OTEHIHAIOB /ISl [OJOKHUTENbHOIT OIYyBOIHBL A} — JleBasi [OJOBUHA KJIETKH; A — [paBasi II0JI0BUHA KJIETKH; T/IE ¢}, — Ha-
BeJICHHOE HANPSDKEHHE ITOJI0KUTETBHON MOIYBOHBL (;; — HaBEIEHHOE HAIPSUKEHIE OTPULATENbHOI IIOIYBOJIHEL ¢, — MOTEHIIAIL
nokost; Ag,, — TpaHCMeMOPaHHBIN MOTEHIMAT B MOMEHT MAKCUMYyMa MOJIyBOJIHbBL, A@L — TpaHcMeMGpaHHBII TTOTEHIMAT JIEBOIT CTOPO-
Hbl, ApR — TpancMeMOpaHHBIN TOTEHIMAIT TPABOI CTOPOHBL; ¢ — PACIPE/ieIeHNne TPAHCMEMOPAHHBIX TOTEHIUAIOB /ISl OTPHIIATETBHON

noJryBosinbl — B; By — jieBast nonoBuna kjaeTky; By — 1npasast nojioBuna KJIeTKH.

k1. Ha puc. 2, a nokasanbl HaBeIeHHOE HAIIPSIKEHUE @,
MOTEHIUAI TTOKOS ¢, ¥ TPAHCMEMOPAHHBIIN MOTEHIHAIT
A, Ha KIETKe, @ — TpaHcMeMOPaHHbIi MOTEeHI A
JIEBOIA CTOPOHBL, AA@S — TpaHCMeMOPaHHBIH TTOTEHIU-
aJI TIPaBOi CTOPOHBI B MOMEHT MaKCHMyMa IOJIOKHU-
TEJIbHOM TIOJTYBOJIHBI, Ha PHC. 2, b — B MOMEHT MaKCH-
MyMa OTpHIIATeJIbHON 1oJyBoJHBL [Ipu nefictBun Ha
MUOKAP/T TIOJIOKUTETBHON TTOTYBOTHBI (A) J1eBast cTo-
poHa MuoIuTa Tuneprosipusyercs (A,), a npasas —
nenossipusyetcst (Ag). OrpuiatesbHas TOJTYBOJIHA
(B) BbI3bIBaeT OGPATHYIO TIOJISIPUBALMIO: JIEBast CTOPO-
Ha nenosigpusyetcs (B)), a mpaBas — runepriosapusy-
ercst (Bg). Ilpu atomM MakcumyM TpaHCMeMOPaHHOI
Pa3HOCTH TIOTEHIIUATIOB A, 17T MUOITITA, HAXO/ISIIIe-
rocs B TTOKOE, OIIPEe/IeIIeTCsT ypaBHEHHEM:

A(:0M=(pnf‘pn'

Takum 06pasoM, ecitu cuuTarh ¢, paBHbM -90 MB,
JieBasi CTOPOHA BHAUaJIe THIIEPIOJISIPU3YETCsT 10 -255 MB

depolarized to -7 mV (B,), whereas the right side is
first depolarizing to +75 mV (Ag), and then it is
hyperpolarizing to -173 mV (Bg).

In experiments [3] when applying these values
EO the most calculated transmembrane voltage
appearing at the hyperpolarization during the posi-
tive half-action, was equal to -255 mV. This voltage
might not be sufficient to break the membrane
because the value of the breakdown voltage for a
pulse duration of 10 ms is 400—600 mV.

The above facts provided reasons to believe
that under the influence of external fields on the
membrane at a tension 70—100 V /cm, the phenome-
non of direct electrical breakdown of membranes can
not yet be realized. For the occurrence of a direct
electric breakdown phenomena, the voltage should
be applied to the membrane at a greater than a cer-
tain value. This value of the voltage on the mem-
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(Ap), a 3atem nenosisipusyercst jio -7 MB (B,), a mpaBas
CTOpOHA BHAYaJIe Jienosisipusyercst 10 +75 MB (Ag) u 3a-
TeM rureprossapusyetcs 10 -173 MB (Bg).

B ompITax mpu mosave yKasaHHBIX BeJW4YnH E,
HauGoJIblllee PACCYUTAHHOE TPaHCMEeMOpPaHHOE Ha-
MpsDKEHNe, BO3HUKAIOIIee MPU TUIIEPIOJSPU3AIUN
BO BpeMs [EHCTBUS MOJOKUTETHHON MOJYBOJIHEI,
paBHsIOCh -255 MB. DT0 HanpsikeHnne MOKeT OKa-
3aThCsl HEJIOCTATOYHBIM JIJist TIPOOOsT MEMOPaHbI, TaK
KaK BeJMUYIHA HATIPSUKEH ST IPOOOST TP JTUTEIBHO-
ctu mmrryabea 10 mMc coctaBmser 400—600 mB.

Ykazanuble BbIlle (DaKThl JATOT OCHOBAHUE TIPE]T-
[0JIAraTh, YTO TIPU BO3ACHCTBUN HA MEMOPAHY BHEII-
nux noJieit 70—100 B/cM siBJieHrE TIPSIMOTO 2JIEKTPH-
yeckoTo Tpobost MeMOpaH MOXKeET ele  He
peanuzoBarbes. /i1 BOSHUKHOBEHMS SIBJIEHUST TIPsi-
MOTO 3JIEKTPUYECKOTrO MPoGOst HyKHO, YTOOBI HATIPSI-
JKEHWe, MmojlaBaeMoe Ha MeMOpaHy, ObLIo OOJIbIIE He-
KOTOPOTO 3HAYCHUS. JTO 3HAUEHWE HANPsUKEHUS Ha
MeMOpaHe, IIPU KOTOPOM HPOUCXOAMT SJIEKTPUYECKIN
npoGoOi, Ha3bIBAETCS KPUTHUYECKUM HAIIPSIKEHUEM
npo6ost. Ecin HanpstkeHue, ogaBaeMoe Ha MeMOpa-
Hy, 60JIbIITe KPUTHYECKOTO 3HAUEHNST, TO Ha MeMOpaHe
HPOUCXOAUT IIPOOOIA, 1 B Hell 00pasyioTCst OPDL.

IbdexThl AeNCTBUS 2NEKTPUIECKUX TIOJei OTl-
PENesSTIoTCST CTOKHBIMU  TTPOIECCAMM, TPOUCXO/IS -
UMK Ha MeMOpaHe TTpU JIeHCTBUHU paspsizia aepud-
puisitopa. Bo-1mepBbIX, 9TO MocJjegoBaTeabHast
TUTIEPIIOJISIPU3AlsT BHAUAIEe OJHOH CTOPOHBI, a 3a-
TEeM JIPYTOi CTOPOHBI MeMOpaHbl. Bo-BTOPHIX, 5T0 0/1-
HOBPEMEHHAsI TIPOTHBOTIOJOKHAS TOJAPU3AIT Ha
PAa3HBIX CTOPOHAX KJIETKH, C OIHOI CTOPOHBI TUIIEP-, &
C JIPYroii CTOPOHbI — jienosisipu3aiui. 1Ipu aTom Ha
MOBEPXHOCTH MEMOPAHBI KJIETKU B TIEJIOM BO3HUKAIOT
BBIpaskeHHAs Tomorpadrieckas 1 MoTeHIIHATbHAS He-
PaBHOMEPHOCTH PACIIPE/Ie/ICHHsT TPAHCMEMOPAHHOTO
norennuana (puc. 2). Buenrtee anexkrpudeckoe moJe,
JIETIOJISTPUYST MEMOPaHY € OJIHOI CTOPOHBI KapIFOMH-
OIINTa, MOKET TIPUKJIAIBIBATHCS K BHYTPEHHIM CHCTe-
MaM KJIETKH — CapPKOIJIA3MATUIECKOMY PETUKYIYMY U
MuoGhuOPUILIIAM, HAPYILAst UX COKPATUTENbHYIO (DYHK-
muio. B paccMoTpeHHOM TTporiecce IeiCTBUST Ha Kap-
JIMOMUOITAT GUITOJISIPHOTO MMITYJThCA TIOJTOKUTETHHAS
U OTPUIATEIbHAS TIOJYBOJIHA TO0YEPETHO JIETIOJSIPU-
30BaJI COOTBETCTBYIOIIHME CTOPOHBI KJIE€TKH, BbI3bIBAS
ee TIOJTHYTO JIETTOJISIPU3aIiio (puc. 2).

Pesyabrat Bo3zeiicTBus Tpex popM uMiyibca
HMITYJIbCHOTO 3JIEKTPHYECKOTO TIOJISI HA CYCIIEH3UI0
3PUTPOIMTOB.

Pesynbrar meficTBUS IBYX UMITYJIbCOB HE SIBJIS-
€TCs YABOCHHBIM Pe3yJIBTaTOM BO3/EHCTBUS OTHOTO
nMiysbca. Kak mokas3siBaeT KmHeTHYecKast KpuBas 1
1 TUCTOTPAMMa, IPU BO3/IEHCTBUN IBYMSI NMITYJIbCa-
MU CKOPOCTb YMEHBIIEHWS YHUCJIA IPUTPOIHUTOB
6OJTBIITE TI0 CPABHEHUIO CO CKOPOCTHIO YMEHDBIIEHTIST
TTocJIe BO3/IEHCTBUS OIHOTO NMITyJIbca. Kak mokasbr-
BAIOT KUHEeTUYecKue Kpusble 2 U 3, IPU BO3/IeHCTBUN
NIBYMsI Pas3HOIOJSPHBIMU MMITYJIbCAMU CKOPOCTH

brane, in which the electric breakdown occurs is
called «critical voltage of breakdowns». If the voltage
applied to the membrane exceeds a certain critical
value, breakdown of the membrane occurs and pores
are formed.

The effects of action of electric fields are deter-
mined by complex processes occurring in membrane
under the action of defibrillator. Firstly, its a serial
hyperpolarization of first one side and then the other
side of membrane. Secondly, this is a simultaneous
opposite polarization on different sides of a cell, with
one side of hyper- and on the other hand — depolar-
ization. Wherein on the surface of cell membrane as a
whole there are pronounced topographic and poten-
tial unevenness distributions of transmembrane
potential (Fig. 2). The external electric field, depolar-
izing membrane on one side of cardiomyocyte can be
applied to the internal systems of a cell — the sar-
coplasmic reticulum and myofibrils, altering their
contractile function. In the above process of effect of
bipolar impulses on cardiomyocyte the positive and
negative half-waves alternately depolarized relevant
parties of the cell causing its complete depolarization.

The result of influence of three forms of
impulse of pulsed electric field in erythrocytes sus-
pension.

The result of the exposure of two impulses does
not represent a double action of one impulse. As the
kinetic curve 1 and the histogram show, under action
of two impulses the speed of decrease of the number
of erythrocytes is higher than the speed of reduction
after exposure to a singleimpulses. As the kinetic
curves 2 and 3 shows that when membrane is
exposed to two different impulses of different polari-
ties, the rate of decreasing of number of erythrocytes
is higher compared to reduction of speed after expo-
sure to two unipolar impulses.

The graphs and the kinetic curves show that
when the membrane is exposed to two impulses of
different polarities, the number of erythrocytes
punch is greater than under the impact of two unipo-
lar or one single pulse.

Conclusion

Thus, the following processes are sequentially
realized under electrical heart defibrillation:

1. In a first phase, in 1—3 ms from the dis-
charge, the external electric field is applied to the
membrane of cardiomyocytes, hyperpolarizing its
negative side. Defibrillation occurring via the mech-
anism of electrical breakdown is possible. Since the
time of effect of the field on the cell is small, the
breakdown voltage must be significant, exceeding 3-
4-fold the threshold of defibrillation.

2. In a second stage, after the depolarization
occured, if the latter exceeded the time required to
homogeneously repolarize myocardial cells, after a
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Fig. 3. Kinetic curves (a) and effect of impact of different forms of impulses: monopolar impulse, two monopolar and two bipolar

impulses (b, Histogramm).

Ipumeuanue: D — ontuyeckast I0THOCT cycliensuu, t, min — spemst, MuH; Time after influence of impulse electric field — Bpems nocae

BIUAHUA UMITYJIbCHOT'O 9JIEKTPUYIECKOTO MMOJIA.

YMEHBITIEHNsT UNCJIa SPUTPOITMTOB GOJIBIIE TTO CPaB-
HEHUIO CO CKOPOCTBIO YMEHBIIIEHUS TTOCTIE BO3IEHCT-
BUSI IBYMST OJTHOTIOJISIPHBIMU.

W3 rpacdhmkoB 1 KHHETUYECKUX KPUBBIX CJIEIY-
€T, YTO TIPH BO3MEHCTBUN Ha MeMOPaHBI ABYMsI pas-
HOTOJISAPHBIME UMITYJIbCAMH, KOJTMYECTBO IIPOONTHIX
HPUTPOLUTOB OKA3bIBAETCs GOJIbIIE, YeM IPU BO3-
NeCTBUM IBYMSI OJHOTIOJISIPHBIMU WJIA OJMHOYHbBIM
HMITYJTbCOM.

3akiouenne

Takum 0Opa3oM, TIpU 3TEKTpUIECKOil medusd-
PUJLISIIIMN Cep/illa TIOCJIE0BATEBHO PeANN3yIOTCsI
CJIETYIOTIE TIPOIIECCHL.

Ha nepBowm arame, B nepuon 1o 1—3 Mc ¢ Mo-
MEHTa TI0/IauN pa3psia BHENTHee 3JIeKTpUIeckoe To-
Jie TIPUJIOKEHO K MeMOpaHe KapAuOMUOIUTA, TUIIep-
nosspusyst ee. [Ipu 9ToM BO3MOsKHA 1eDUGPUILISIIA
0 MEXaHU3My 3JIEKTpHUUecKoro mpobost. Ho tak kax
BpeMs IeHCTBUS TIOJS Ha KJIETKY B II€JIOM MaJjio, TO
HarpsiKeHne Ipo6osT JOJKHO OBITh 3HAUNTETbHBIM, B
3—4 pasa MpEeBBIIAIIUM TTIOPOT AeHUOPHUIISIIUN.

Ha BTopom aTarie, mocJe penossipusaiuu, ec-
JIM OHA TIPEBBITIIAET BPEMSsT, HEOOXOIMMOe [IJTsT TIPH-
BeJleHMs KJIeTOK MHMOKap/a B COCTOsIHUE aJieKBaT-
HOIl TOMOTEHHO PENoJISIPU3AINY, TIOCTIE 3a/IEePIKKH
300—500 Mc cepare BoccTaHaBIMBaeT paboTy, T.c.
peanusyercs apdexr gebpudbpuainun. [Toporosbie
U yMepeHHbIe HAIOPOTOBbIE BEJIUYMHBI Pa3pPsiIOB
CTOJIb K€ 3(PEKTUBHDI, HO He BBI3BIBAIOT CYIIECT-
BEHHBIX MOBPEXKICHUN MHUOKapaa. B aToMm ciyuae,

delay of 300—500 ms the restoration of heart activi-
ty occured, i.e. the effect of defibrillation was suc-
cessfull. Threshold and moderate pulse magnitudes
are equally effective but do not cause significant
damage to myocardium. In this case, presumably, the
main mechanism of cardiomyocyte membrane depo-
larization is initiated, and this defibrillation can be
considered as an optimal one.

The effects of electrical impact of a single, two
monopolar and two bipolar impulses are different, as
shown in experiments (Fig. 3). Non-additivity of
speeds at a double impact compared to single effect is
observed. A single impulse causes less effect of elec-
troporation than two double impulses. Two bipolar
impulses more likely cause an effect of electropora-
tion of biological membranes than two unipolar ones.

10-BU/IUMOMY, PEATN3yeTcss MEXaHWU3M Jel0JIsIpu-
3anuu MeMOpaH KapJAMOMHOIIMTOB, © UMEHHO TaKast
neGUOPUILTIAIIISI MOKET CIUTATHCS OMTUMAIBHOTA.

ObMEKTBI ATEKTPUIECKOTO BO3AEUCTBUS OfIN-
HOYHOTO, IBYX OJHOIIOJIAPHBIX U IBYX Pa3HOIIOJIAP-
HBIX UMITYJIbCOB PA3JIMYAIOTCS, YTO TOKA3aHO B AKCITE-
pumenTax (puc. 3). Habmomaercst HeaaIUuTHBHOCTD
CKOpOCTeil TIPU JIBYXKPATHOM JIEHCTBUM TI0 CPaBHe-
HUIO C OHOKPATHbIM. O[[I/IHO'-IHbIﬁ UMITYJIbC BbI3bIBa~-
eT MeHbINH 3(h(HEKT DJIEKTPOTIOPAIIUH, YEM J[BA IBON-
HBIX. /[Ba PasHOMOJSIPHBIX WMMIIYJIbca € OOJbIIEi
BEPOSATHOCTBIO BBI3BIBAIOT 3(PhEKT 2JIEKTPOIIOpaIN
6GUOJIOTMYECKUX MeMOPaH Mo CPaBHEHUIO C IBYMST OJI-
HOTOJISTPHBIMHL.
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