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The current responses of human erythrocyte and L-cell membranes being subject to rectangular voltage 
pulses of 150-700 mV amplitude and 5 . 1 0 - 3 - 1 0  s duration were recorded by means of the patch-clamp 
method. The behavionr of planar lipid bilayer membranes of oxidized cholesterol and UOZ+-modified 
bilayers of azolectin in a high electric field was investigated for comparison. The gradual growth in the 
conductance (reversible electrical breakdown) was found for both the cell membranes and lipid bilayers of 
the compositions studied, with the application of voltage pulses of sufficient duration, to be completed by its 
drastic enhancement (irreversible breakdown). The time interval preceding the irreversible breakdown and 
the rate of increase in conductance during the reversible breakdown are determined by the amplitude of the 
voltage applied. The recovery of the initial properties of the membrane following the reversible breakdown 
consists of the two stages, the latter substantially differing by their characteristic times. The first very rapid 
stage (~ << 1 ms) reflects the lowering of the conductance of small pores with decreasing voltage across the 
membrane. The diminishing of the number and mean radii of the pores resulting in their complete 
disappearance occurs only at the second stage of membrane healing, which lasts several seconds or even 
minutes. The pbenomenological similarity of the cell and lipid membrane breakdown indicates that pores 
developed during the electrical breakdown of biological membranes arise in their lipid matrices. The 
structure and the properties of the pores are discussed. 

Introduction 

The apphcatlon of a strong electric field to the 
cell membranes results m a considerable increase 
m their permeabxhty and conductance If the am- 
phtude and duration of the electrical treatment 
are not too high then, after the removal of the 
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field, the membrane returns from this condition of 
high conductance to its lmtlal state This phenom- 
enon was referred to as a reversible electrical 
breakdown [1,2] In recent years there has been 
much interest m promising apphcaUons of break- 
down such as electrofuslon [3] and cell loading by 
various physiologically active compounds for the 
production of biologically active capsules [4] or 
the transformation of cells by introduction of fore- 
~gn genetic matenal [5] Furthermore, because cell 
membranes, as a rule, exist m suffioently strong 
electric fields, one can suppose the electrical 
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breakdown to play some part m the funcUon of 
membranes under normal physiological condi- 
tions, as well as in some pathologmal processes 
[6-81 

The basis of this phenomenon was determined, 
by means of various experimental methods on the 
study of the membrane electrical breakdown 
mechamsm, to be the development of pores in- 
duced by an electric field However, it IS not 
known until now where in the membrane these 
pores arise in the hpid matrix [9], in the integral 
protein [10] or in the protein and hpid molecules 
contact region [3] 

From this standpoint special attention should 
be paid to the comparison of various phenomeno- 
logical approaches to the electrical breakdown 
(such a comparison became possible when the 
reversible breakdown, characteristic for cell mem- 
branes, was found to exist also for lipid bilayer 
membranes of certain compositions [11,12]) The 
study of a bagh electric field effect on the mem- 
brane conductance carried out by the charge re- 
laxation [11,12] and the voltage-clamp [14-17] 
methods showed that, apart from the stmdarity of 
the results obtained on the biological and model 
membranes, there exists a umque but essentially 
fundamental difference among them Namely, 
more than several seconds or rmnutes are neces- 
sary to heal the pores developed by the breakdown 
of cell membranes [13,18], whereas, according to 
Ref 19, the same time for planar lipid bllayers is 
only some rmcroseconds 

In the present paper the electrical breakdown 
of erythrocyte and L-cell membranes by means of 
the patch-clamp method [20] is studied and the 
results obtained are compared with those char- 
acteristlc for the breakdown of lipid bllayers Spe- 
cial attention is given to the comparative study of 
biologmal and lipid membrane heahng processes 
following the breakdown 

Materials and Methods 

Recording of cell membrane electrical break- 
down We have investigated the breakdown of 
human erythrocyte membranes, as well as those of 
L-cells (rmce fibroblasts, Clone 929) The red blood 
cells were washed with Hanks'  solution and then 
were treated for 5 nun by pronase E (Serva, 0 5 

mg/ml )  at 37°C Such a procedure partly re- 
moved the glycocahx from the erythrocyte surface, 
essentially faclhtatmg the giga-seal formation 

The L-cells were grown in glass flasks on the 
199 medium wath the addition of 10% bovine 
serum for 48 h The cells were removed by tryp- 
slmzation (3-5 nun, 37 ° C) and then washed with 
Hanks'  solution A small amount of the cells 
(10-20 cells) was transferred in a little Petn dish, 
which was placed on the stage of an reverted 
nucroscope Round 10-20 /zm cells not attached 
to the glass surface were taken for the measure- 
ments 

The soluUon inside the pipette contmned 104 
mM of KC1, 2 mM of MgC12, 5 mM of Hepes- 
K O H  (pH 7 3) The lntracellular solution had the 
following composition 140 mM of NaC1, 3 mM 
of KC1, 1 mM of CaC12, 2 mM of MgC12, 5 mM 
of Hepes-NaOH (pH 7 3) The experiments were 
carried out at a room temperature (19-22°C)  or 
at 37°C 

The pipettes were made from thin-wall plrex 
capillary tubes in two stages (as described in Ref 
20) For the experiments with erythrocytes use was 
made of 10-15 MI2 resistance pipettes, whereas 
for those with L-cells this resistance was 2-5  M~2 

Typically our measurements were carned out in 
whole cell recording mode This configuration (in 
the case of L-cells) was actueved by pulse of 
suction, and membrane disruption was accompa- 
nied with capacitive current increase (as a re- 
sponse to a 10 ms voltage pulses of 10 mV) For 
the erythrocytes, the membrane part drown m the 
pipette was often disrupted spontaneously 1-3 
nun past formation of a giga-seal 

The measuring ctrcmt consisted of a PAR-175 
(Princeton Apphed Research) generator, an oper- 
ational current amphfler used in the 'vartual 
ground' mode (the current-to-voltage conversion 
coefficient was 108), a Krohn-Hlte 3342 filter, and 
a C8-13 storage oscillograph The electrical 
breakdown was recorded by the current response 
to the rectangular voltage pulses, the system per- 
nutting to obtain rehable data on the membrane 
resistance within the hnuts of 100 MS2 to 1 GO 
The order of magnitude of the upper hrmt is close 
to the leakage resistance between the membrane 
and pipette, the mean value of the latter being 
5-10 GO On the other hand, a membrane resls- 
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tance drop below 100 MI2 leads to the clamp error 
of up to 10%, thus hmmng the lower boundary of 
rehable resistance measurements 

Experiments with bdayer hpM membranes The 
bilayers were formed of the oxidized cholesterol (5 
mg per ml of decane) and of azolectin (40 mg per 
ml of decane) by usual technique on 1 mm open- 
ing of a two-chamber Teflon cell Oradized 
cholesterol was obta ined by oxidation of 
cholesterol (Calbiochem) m decane solution (5 mg 
per ml) with a persistent air bubble through dur- 
ing 90 mln at 150°C The bflayers formed from 
the resultant nuxture were stable enough and &s- 
played reversible electrical breakdown [12] The 
measurements were carried out at 30 °C in 1 M 
KC1 To obtain the reversible electrical break- 
down, the membranes from azolectxn were mod- 
ified by UO 2+ runs [16,17] Previously [12], the 
comparative study of the behavaour of OXl&zed 
cholesterol bllayers and UO2+-modified mem- 
branes in a lugh electric field was carried out 
Similar qualltatwe regularities of the reversible 
electrical breakdown were found to exist in mem- 
branes of both composmons Note that, although 
the general p~cture and all the investigated regular- 
1ties of development of the reversible breakdown 
on all bllayers are quahtatwely reproduced, 
quantitatively the measurement results vary 
markedly from membrane to membrane There- 
fore, subsequently m all cases the oscfllograms of 
reversible electncal breakdown, given in one fig- 
ure, refer to the same membrane 

The membrane conductivity measurements dur- 
ing the breakdown and after it were made in 
voltage-clamp mode When a trmn of voltage 
pulses was apphed to membranes, the intervals 
between pulses were no less than 1 nun For rap~d 
recording of appreciable changes in conductance 
during the breakdown, in some experiments we 
used the charge relaxation method, which was 
employed for the first time in Ref 11 for the study 
of hpld membrane breakdown A simple idea un- 
derhes such experiments A short pulse is apphed 
to the membrane by the generator, whtch charges 
the membrane up to some voltage After the pulse, 
the discharge of membrane capacitance, C m, owing 
to &od being present m the scheme, occurs practi- 
cally completely through the padding resistor, Rp 
= 10 kl2, coupled parallel with the membrane 

This padding resistor accelerates the discharge of 
the membrane and, thus, decreases the duration of 
a strong electric field action on the membrane 
Note, that the input resistance of the oscillograph, 
also coupled parallel w~th the membrane, far ex- 
ceeds R p and does not affect the discharge The 
discharge Osclllograms, presenting the time-depen- 
dence of the voltage apphed to the membrane, are 
exponential with the time constant, r = R p Cm, 

because usually R m >> Rp When a sufficiently 
tugh voltage is apphed to the membrane, the elec- 
trical breakdown occurs, the membrane resistance 
drops drastically ( R "  < R p )  loading to the sub- 
stantial decrease in the discharge ume, z ' =  R~ 
C m Thus, after the breakdown, the membrane 
resistance, R ' ,  can be easily estimated by the 
kinetics of voltage relaxaUon 

The experimental set-up perrmttmg one to carry 
out the relaxation measurements, as well as to 
record the current at the fixed voltage apphed to 
the membrane, consists of the foUowmg three 
generators The first one (Hewlett-Packard 214B) 
gives very short l'ugh-voltage pulses (from 10 ns) 
The second one (PAR-175) is used for application 
of test voltage pulses to the bdayer Finally, the 
third synchromzang generator (PSI A-100) pro- 
vides the necessary pause between the voltage 
pulses of the former two generators connected to 
the cell through diodes (D 219A) The experimen- 
tal set-up also includes two oscillographs (C-8-13) 
The voltage across the membrane is measured by 
the first oscillograph (thts enables one to de- 
terrmne the bdayer conductance at the state of 
breakdown) The second one records the voltage 
drop on the resistance, R = 300 12, permitting one 
to measure the current through the membrane 

Results 

1 The electrical breakdown of cell membranes 
For all the cells investigated the current-volt-  

age characteristics measured in the whole cell re- 
cording configuration are practically linear in the 
range from - 1 3 0  to + 130 mV range, the initial 
resistance of the L-cells is 0 5-1 G~2 and that of 
erythrocytes constitutes 2-10 GI2 

Fig 1 presents a typical current Osclllogram 
characteristic for the case, when a rectangular 
voltage pulse of 300 mV amphtude and 100 ms 
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F~g 1 The breakdown current at the stepwlse voltage apphca- 
tlon (a) The erythrocyte membrane, U =  300 mV (b) The 
planar bllayer of the oxadlzed cholesterol membrane, U = 200 
mV The drastic current jump m both the cases corresponds to 
the Irreversible membrane rupture t I is the membrane hfetlme 

duration is apphed to a membrane  The gradual 
build-up m the conductance can be seen in this 
osc i l logram with s imul taneous  apprec iab le  
fluctuations, as well as the subsequent rapid cur- 
rent jump If  the voltage apphed to the membrane  
is removed before the current jump,  then the 
membrane,  as a rule, returns to its Imtial state of 
low conductance If  the interval between the pulses 
ts sufficiently long, then such a reversible break- 
down occumng  on the same cell can be observed 
repeatedly The abrupt  jump in the conductance 
corresponds to the Irreversible membrane  rupture 
accompamed by the resistance drop up to 20-100 
M~2 Later on, no recovery of membrane initial 
properties is observed dunng 60 nun pause at 
37 ° C  It is substantial that both for the erythro- 
cyte and L-cell membranes  quahtatlvely sinular 
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current responses are observed in the whole region 
lnvesUgated (from 10 s and 150 mV to 5 ms and 
700 mV, respectively) 

At the voltage given, the interval needed for 
irreversible membrane  rupture (In Fig l a  It IS 
marked in q)  is a random quantity sufftoently 
wide spread w~th respect to its mean value The 
mean value, tl, in turn, strongly depends upon the 
voltage apphed (Fig 2a) Every point on the graph 
is averaged over 8-10 runs As erythrocytes are 
suffloently homogeneous cell population, the sim- 
ple stochastic treatment (averaging), talong no 
account of the difference m cell &menslons, was 
assumed by us to be possible I t  is seen in Fig 2a 
that when the voltage increases by 100 mV the 
mean membrane lifetime decreases by nearly one 
order of magmtude 
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Fig 2 Dependence of the mean membrane hfetlme on the 
voltage (a) For etythrocyte membranes (b) For bflayers formed 
from the oxadtzed cholesterol in 1 M KCI Each point corre- 

sponds to the mean value wuh respect to 10-20 membranes 
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Consider now the reversible stage of the electri- 
cal breakdown The L-cell turned out to be more 
suitable subjects of observation than the erythro- 
cytes, because these membranes can reversibly 
bear higher currents This fact is hkely to be 
related to that the area of L-cell membranes is 
sufficiently larger than that of erythrocytes 

A series of Osclllograms obtained with the ap- 
phcation to the L-cell membrane the rectangular 
voltage pulses of different amplitudes is gwen in 
Fig 3a The rate of conductance growth and the 
current level reached at the end of the pulse is 
seen to depend substantially on the voltage ap- 
plied 

Sometimes, when the breakdown pulses of suf- 
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Fig 3 The reversible breakdown current with the apphcauon 
to the membrane of rectangular voltage pulses of 10 ms 
durauon (a) Current osetllograms obtained for L-cell mem- 
brane, the pulse arnphtudes 200 mV (1), 300 mV (2), 400 mV 
(3), and 500 mV (4) (b) Current osedlograms for UO2+-mod - 
tried azolectm membrane, the pulse amphtudes 700 mV (1), 
720 mV (2), 730 mV (3), 740 mV (4), and 750 rnV (5), 0 1 M 

KCI 

flclently high amphtude and duration (>  600 mV, 
10 ms) are many times apphed to the membrane 
(with short pauses), the breakdown current be- 
comes higher and higher with each subsequent 
pulse The membrane loses its ablhty to reseal and 
its resistance remains unchanged (50-200 M~2) If, 
however, the amphtudes of breakdown pulses are 
not too high (300-400 mV), the opposite effect 
occurs, i e ,  the apphcatlon of sxnular pulses to the 
membrane causes the current to lower noticeably 
with each following pulse (the membrane 'gets 
accustomed' to the lugh electric field action see 
also Ref 3) In spite of the above-mentioned, one 
is able to choose the cells, for which the reversible 
breakdown oscdlograms are quite reproducible 
when similar pulses separated by sufficiently long 
pauses (>  I nun) are apphed to the membrane In 
addition, the shape and the value of the current 
responses are practically independent on the 
polarity of breakdown pulses In the experiments 
under consideration, we used the hyperpolanzang 
pulses (inside negative) and the zero voltage was 
supported across the membrane dunng the pauses 

In principle, the oscdlograms presented in Figs 
l a  and 3a could be accounted for by the electrical 
rupture of the glga-seal between the membrane 
and pipette, i e ,  by the leakage growth, whereas 
the conductance and permeablhty of the mem- 
brane proper remain unchanged The appreoable 
enhancement of the cell membrane water penetra- 
bihty is shown, however, to occur after the electri- 
cal breakdown The experiments were carried out 
as follows After the formation of a high-ohmac 
contact between the L-ceU membrane and pipette, 
the solution outside the cell was diluted by water 
as 1 3 (In this run the membrane area pulled into 
the pipette was not damaged, and the cell mem- 
brane integrity was not affected (the cell-attached 
configuration)) Ten nunutes after the dilution, the 
diameters of both the cell under study and the cell 
at the bottom of the dish increased, their morpho- 
logical integrity and clear boundary remained un- 
changed Then the breakdown pulse was apphed 
to the membrane under mvesUgatlon (700 mV, 10 
ms) The rapid lysis of the cell followed the pulse, 
1 e ,  after 2 mm the cell enlarged 2-3-times becom- 
ing practically transparent with poorly dis- 
tmgmshable boundary At the same time, the cells, 
whach were not affected by the field, remained 
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almost the same (then" dimensions only shghtly 
increased) The rapid osmolac lysls of the cell 
foUowmg the field apphcatlon can be easily 
accounted for by the growth in the membrane 
water permeabthty due to the electrical break- 
down Thus, for the systems used by us, the apph- 
cation of an electric field, indeed, results m the 
electrical breakdown of the cell membrane 

2 The breakdown of hpld membrane 
Constder now the mare phenomenologlcal fea- 

tures of the electrical breakdown of hpid bdayer  
membranes  The detailed study of the behavlour 
of hpid bllayers of various composilaons xn a l'ugh 
electnc field was carried out already [11,12,15] 

Fig lb  shows the current oscallogram obtained 
when 200 mV voltage pulse of 20 ms duration was 
apphed to an oxadlzed cholesterol membrane The 
Osclllograna clearly presents the transilaon from 
the stage of reversible conductance increase to 
that of irreversible membrane  rupture (an abrupt 
current jump in the Osclllogram) The hfetlme, t 1 
(the tame from the onset of the voltage pulse to the 
begmmng of bllayer rupture) is a random quantity 
with a rather w~de distribution w~th respect to the 
mean value The mean hfetime of the membranes  
rapidly drops with increasing voltage (Fig 2b) 
The kinetics of the reversible stage of breakdown 
ts substantially influenced by the voltage apphed 
Fig 3b presents the data on the dependence of the 
rate of reversible breakdown current increase upon 
the voltage for UO22+-modlfied azolectln mem- 
branes 

The data presented m Figs lb,  2b, 3b perrmt 
one to compare the experimental results obtained 
for lipid membranes  wath those of cell membranes 
(Figs la,  2a, 3a). 

3 The reseahng of membranes after an electrtcal 
breakdown 

Of special interest is the problem of the char° 
acterlstlc tunes of reseahng of hpld and cell mem- 
brane after a reversible electrical breakdown Fig 
4a presents the current response obtained for L-cell 
membrane  being subject to the two-step voltage 
pulses. The comparison of the current level re- 
ached at the end of the fn.st step with that at the 
second step onset (after a transttlon process re- 
lated to the membrane  capacitance) shows the 
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Fig 4 Changes m membrane conductance with the stepwlse 
voltage decrease (a) The reversthle breakdown current with the 
apphcatlon to the L-cell membrane of two successwe voltage 
pulses (without a pause) The ftrst pulse amphtude is fixed and 
constitutes 550 mV, the second pulse amphtudes are 100 mV 
(1), 200 mV (2), 300 mV (3), 400 mV (4) and 500 mV (5) (b) 
The data on stmdar experiments corresponding to the UO22+- 
mochfied planar bdayer membrane The first pulse amphtude is 
720 mV, those of the second pulse are (mV) 500 (1), 600 (2), 

650 (3), 670 (4), and 680 (5) 

rapid decrease m bdayer conductance to occur 
along w~th the voltage drop at the end of the first 
step The less the second step amphtude is, the 
more noticeably this effect is developed 

To make a comparison, m Fig 4b a sunalar 
current osclllogram, obtained by  the apphcatlon 
of a two-step voltage pulse to an UO 2 +-modified 
bilayer, is given We can see the very rapid ( < 5 ~s 
[17]) decrease in membrane conductance to occur 
also m ttus case, at the moment  of voltage drop 
Obtained m the course of such expertments is the 
dependence of bilayer conductance at the state of 
reversible breakdown as a function of voltage on 
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Fig 5 Dependence of the UO 2 +-moChfied membrane conduc- 
uv~ty on the voltage across the membrane at the state of 
reversible breakdown The experimental points are obtained 
for the current at the onset of the second voltage pulse, the 
amphtudes of the latter being plotted as abscissa The amph- 
tudes and duration of the f~rst pulse m all cases constRute 770 
mV and 10 ms The sohd hne is the theoreucal curve plotted m 

accordance with Eqn 1 (see text) 

the second step of  the pulse (Fig 5) 
Impor tan t  mformaUon  on the times of  recover- 

mg  foUowmg the breakdown gave the experi- 
ments, in winch the membrane  was subject to 
slmalar voltage pulses separated by  &fferent  
pauses The results of  such experiments for the 
L-cell membrane  are shown m Ftg. 6 To  check 
the conductance  between the pulses, a relatively 
low voltage (100 mV) was apphed  to the mem-  
brane  As seen in Fig 6a, when the pause is smaU 
(5 ms) the current osclUogram, corresponding to 
the second pulse, looks as It were the c o n t m u a u o n  
of  that referring to the ftrst pulse Note ,  that  In 
tins run, along with the decrease In voltage at the 
end of  the first pulse, the membrane  conductance  
appreciably dlmlmshes,  just  as m the experiment  
presented in Fig 4a W h e n  the interval between 
the pulses grows, the current  response to the sec- 
ond  pulse resembles more  and more  that  m the 
course of  the first pulse (Figs 6b, c) W h e n  the 
pause is 0 5 -1  s the current  osol lograms,  ob tmned  
with the apphcaUon to the membrane  of  bo th  the 
pulses, practically coincide 
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Fig 6 Current oscfllograms of the reversible breakdown of 
L-cell membranes v, ath the apphcauon of two smular voltage 
pulses (U = 300 mV, t = 20 ms) separated by different pauses 
The voltage amphtude dunng the pause ~s 100 mV The pause 

durauons are (a) 5 ms, (b) 50 ms, and (c) 100 ms 

Similar expenments  were also ca rned  out  for 
hpld  membranes  (Fig 7a) For  the 4 ms pause the 
current  oscdlogram, corresponding to the second 
pulse of 0 75 V looks as con tmuaUon of  that  
r e f e m n g  to the first pulse In  the series shown m 
Fig 7b we gradually increased the pause between 
the first and second pulses m order  to ob tmn the 
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Fig 8 L~pld btlayer recovery after the reversible breakdown 
caused by various electrical treatments The ftrst breakdown 
voltage pulse was followed, after a certain pause, by the second 
probe pulse The amphtudes  and duralaons of both the break- 
down and probe pulses were the same and constituted 0 8 V, 1 
ms (1), 068  V, 10 ms  (2), and 059  V, 100 ms  (3) The 
conductance being reached at the end of the probe pulse is 
presented as ordinate The conductance at the prepulse end 

I ( G =  9 10 -7  1"2 -1)  is taken to be 100% The duration of the 
20 pause separating the prepulse and the probe one is plotted as 
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F~g 7 Current osclllograms of UO~+-mochhed azoleeun mem- 
brane voth the successwe apphcaUon of two identical pulses 
with a pause between them (a) The case of two identical pulses 
(0 75 V, 10 ms) apphed on the membrane  with a 4 ms pause 
between them, during winch a voltage 0 5 V was mamtmned  
across the bdayer (b) Two ldenUcal voltage pulses (0 68 V, 10 
ms) separated by &fferent pauses were apphed on the mem- 
brane In all the expermaents the currents m response to the 
ftrst pulse are the same The oscdlograms 2 - 6  are obta,ned m 
response to the second pulse apphed after a pause of 30 s (the 
second curve coincides vath the ftrst one), 10 s (3), 2 s (4), 0 5 s 

(5), and  0 1 s (6), respectively 

same current response As seen m Fig 7b, the 
current oscfllograms corresponding to the voltage 
pulses of 0 68 V amphtude and 10 ms duration 
coincide when the pause between the pulses ~s 30 s 
(curves 1 and 2) For UO~+-mo&fied bdayer, if 

the pause are shorter, the current osctUogram of 
the second pulse is tugher, the membrane 'remem- 
bers' the acUon of a tugh electric field 

It is known that m the case of reversible 
breakdown, to obtmn the same value of membrane 
conductance, G, the duration of the field effect 
depends on the voltage amphtude It turned out 
that, for the same G value, the longer the first 
pulse, the greater the time of membrane reseahng 
should be In the run presented m Fig 8, the same 
value of conductance (9 10 -7 $2 -1) was attained 
w~th the apphcatlon of pulses of various amph- 
tude and duraUon The membrane was succes- 
swely subject to two stmdar pulses separated by 
different pauses Then the bdayer conductance at 
the end of the second pulse was defined depend- 
mg upon the length of the pause The graphs show 
the conductance, corresponding to the pause of 1 s 
and pulses having the duratlon of 1 ms, for the 
second pulse to be by 5% greater than for the first 
one When the pulse duratton grows up to 10 and 
100 ms the conductance difference reaches 14% 
and 34%, respecuvely 
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The characteristic time of reseahng of mem- 
brane properties rises when the conductance, re- 
ached at the end of the first pulse, as well as the 
pause voltage grow It is interesting to note that 
the greater the second pulse amphtude, the longer 
the time interval lasts, when one is able to observe 
the consequence of the first pulse 

To study the reversible electrical breakdown 
caused by very short pulses of lugh voltage, we 
employed the charge relaxation method In ttus 
run, the charging pulses of 2 10 -9  tO 9 10 -9  C 
amphtude and 20 ns duration were apphed to the 
uoE+-modi f i ed  bflayer Then the hnet ,cs  of 
membrane discharge were followed An abrupt 
dirmmslung in the discharge time constant was 
observed w~th the apphcatton of 4 10 -9 C charge 
(reflecting a drastic growth m conductance caused 
by an electrical breakdown) (The greater the pulse 
amphtude is, the tugher the conductance and, 
correspondingly, the less the time constant are) 
As a whole, the oscdlograms obtained w, th the 
apphcatlon of the charge relaxation method to 
UOE2+-modffled membranes  resemble very much 
those described m Ref 11 for the bdayers of 
oyadtzed cholesterol Note, however, that the 
breakdown voltage of UO22 +-modified membranes  
is substantially lugher than that of the membranes  
mentioned (see also Ref 21) 

To estimate the hfetime of defects developed in 
the membrane during the breakdown when the 
polanzauon is very strong and short, and UO 2+- 
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Ftg 10 The energet,cal profde of the narrow pore m a mem- 
brane The external electnc field lowers the bamer and thus 

enhances the ,on transport through the pore (see text) 

mochfled bdayer was subject to a charging pulse of 
20 ns duration (the voltage across the membrane 
at the pulse end was 4 5 V) followed by a rectan- 
gular voltage pulse (800 mV, 100 #s) separated 
f rom the previous one by a certam pause At the 
end of the first pulse the membrane conductance 
increased up to a value of 5 10 -2 ~-1  (due to a 
breakdown), and after 100/zs the membrane volt- 
age dropped to 1 mV The second relatively long 
voltage pulse was apphed to the membrane and 
the current osollograms were recorded The oscd- 
lograms obtamed were compared with those ob- 
served m the case, when no first pulse ts apphed to 
the membrane  Fig 9 shows the dependence of the 
normahzed membrane  conductance, measured at 
the end of the second pulse, on the duration of the 
pause separating the two successwe pulses As 
seen m Fig 10, m this case the current response 
for 1 s (i e ,  for a period, wluch is by nearly eight 
orders of magmtude greater than that of the very 
htgh electric field action) is also htgher than in the 
absence of the first pulse (when the same voltage 
pulses are applied to the membrane)  

D i s c u s s i o n  

The s~mdanty of the phenomenologtes of electrical 
breakdown of cell and of hpld membranes 
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The phenomenology of the electrical break- 
down of erythrocyte membranes was sufficiently 
well studied [22-25]. In these mvesttgauons, as a 
rule, the appreciable growth m the membrane 
permeablhty in a ingh electric field was observed 
for the two substantially different ranges of 
electrical actions (1) at the short but very strong 
polarizations (1-500/as, 0 5-1 V) [22,23], and (n) 
conversely, at the long (from several seconds to 
rmnutes) but relatwely low voltages (150-200 mV 
[24,25]) As shown m tins paper, the electrical 
breakdown, recorded m our case by the growth m 
conductance of the single cell membrane, can be 
observed practically m the whole interval separat- 
ing these two ranges Tins fact, as well as the 
quahtauve simtlanty of the general features and 
regularities of the breakdown, caused by the ap- 
phcation to the membrane of voltage pulses of 
different amphtude and duration, indicate that the 
electrical breakdowns, w~tinn the wide range of 
voltages and times of their apphcauon, are com- 
mon m nature 

The comparatwe study of the electrical break- 
down of cellular and bdayer membranes earned 
out m the present paper ~s indicative of the phe- 
nomenolog~cal SLrmlantles of these phenomena 
The osclllograms of breakdown currents (Fig 1) 
and the dependences of tj on U (Fig 2) for the 
erythrocyte (a) and hpld bilayer (b) membranes 
are quahtatively slrmlar 

The common regularities of the breakdown of 
cell and hpid membranes are also observed at the 
reversible stage of the process When the voltage 
across the cellular or artificial membranes is kept 
sufficiently high a gradual growth m membrane 
conductance occurs, the rate of the growth being 
substantially dependent on the voltage (Figs 
3a, b) Note, that the oscdlograms of reversible 
membrane breakdown of squid gaant axon given 
m Ref 14 also very much resemble the ones of 
reversible breakdown of hpld bilayer membranes 
(F:g 3b, see also Ref 16) 

The study of the kdnetlcs of membrane reseal- 
mg after the reversible breakdown in the experi- 
ments with two successive voltage pulses, apphed 
to the cell and hpld membranes (separated by a 
pause or without pause), showed nearly the same 
results (Figs 4-9) Consider the latter m detail As 
seen m Figs 4, 5, the rapid decrease m membrane 

conductance occurs when the voltage chmuushes. 
According to the data, obtained by the charge 
relaxation method, the growth m cell membrane 
resistance following the reversible breakdown oc- 
curs sooner than 10 #s [12] The conductance 
developed by the breakdown drops no slower also 
m the case of hpld bdayers [17,19] One can 
suppose thts conductance change to be related to 
the rapid decrease m the number and mean radius 
of the conducting defects m the membrane, : e,  to 
the membrane 'healing' after the breakdown [19] 
The alternative hypothesis is also possible, VlZ., 
the hfetlme of the conducting defects resulted 
from the breakdown (dunng the first step of the 
two-step voltage pulse) is substantially longer As 
for the rapid non-ohrmc current drop dunng the 
voltage decreases (Figs 4, 5), it is the consequence 
of the voltage dependence of the conductance of 
defects. The data presented m Figs 6-9 confirm 
the latter hypothesis It is obvious, that when 
defects disappear and the membrane returns to its 
lmtlal state the probe voltage pulse of any amph- 
tude will cause the same current response before 
and after the breakdown However, as seen m Fig 
6, the application to the membrane of two slmtlar 
voltage pulses separated by a pause of 5 ms (the 
latter exceeds the characteristic time of conduc- 
tance decrease dunng voltage dmumsinng by more 
than three orders of magrutude) results m the 
current osclllogram due to the second pulse look- 
mg as if it is the continuation of the current 
response to the first pulse The pause duration 
growth leads to the current at the second pulse 
onset approactung that at the beginning of the 
first pulse and the current responses to the both 
pulses coincide (Figs 6 and 7) Ttus means that 
the membrane has time for returning to ~ts initial 
state (or to the state close to the lmtial one) In the 
case of both the cellular and the hpid membranes 
the complete reproducibility of oscillograms is 
usually observed when the pauses between the 
pulses are longer than 1 s (Figs 6-9). Thus, these 
experiments prove the characteristic times of heal- 
mg of the pores to be in the order of some seconds 
or even nunutes The recovery times obtained for 
cell membranes are m accordance with the data of 
other authors [3,9] 

The results presented show the rapid (for several 
rmcroseconds) and slgmficant decrease m the 
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membrane conductance at the breakdown state 
caused by the voltage drop, to be related to the 
voltage dependence of their conductance rather 
than to the healing of defects It ts to be em- 
phasized, that this dependence xs characteristic 
both for cellular (Fig 4a, see also Ref [26]) and 
hpid (Ftgs 4b, 5) membranes The different extent 
of conductance change after voltage decrease on 
these figures we attribute to the certam experi- 
mental lnmtations of our patch-clamp measure- 
ments Most probably we did not create and reg- 
tstrate on small area of cell membrane large popu- 
lation of small pores smce we could not apply on 
the membrane sufficiently short and lugh voltage 
pulses (the time constant of our system ts too 
high) 

In sptte of the difference stated, both the gen- 
eral picture and the mare regularities of the elec- 
trical breakdown of cellular and hpxd membranes, 
discovered by the study of the phenomenon using 
the voltage-clamp method, turn out to be strtk- 
mgly ahke In earher papers [11,13,27] the com- 
parative mvesUgatton of reversible electrical 
breakdown of bxological membranes and hpad bt- 
layers has been carried out by means of the charge 
relaxation method. In thts case it was also found 
that the basic regulanttes of cellular and hptd 
membrane electrical breakdowns are very close 

The slrmlanty of the phenomenologdes of cell 
and hptd membrane breakdowns is indicative of 
the common mechamsm of these phenomena It 
testtfles also that the pores, developed dunng the 
electrical breakdown of cell membranes, arise m 
thexr lipid matrix It ts noteworthy, however, that 
for the mediums of low tomc strength the forma- 
tion of pores m channel proteins was observed 
also [10] 

The structure and properttes of the pores developed 
durmg the breakdown 

A number of mechamsms of the tmtial stage of 
the dectncal  breakdown was proposed [11,28-31], 
t .e,  of the potential-dependent appearance of pores 
an the hpld membranes In the present work no 
such problem should be considered We shall only 
dwell on the structure, characterislac dimensions 
and some other properttes of pores, being respon- 
sible for an mcrease m membrane conductance 
occurring at breakdown 

In principle, the pores m hpld bdayers can be 
either hydrophoblc or hydrophthc [15] In the first 
case, the pore walls are made from the hydro- 
carbon chains of hplds, whereas m the second one 
the mner surfaces of the pores are covered by their 
polar heads The estn'nations show the hydro- 
phobic pores filled by water to be energetically 
relaUvely disadvantageous and, therefore, they 
should have very short hfettmes In our experi- 
ments, the conducting defects formed in the mem- 
brane as a result of a reversible breakdown have 
relatwely long hfet~me ( > 1 s) and, m all probabd- 
tty, are hydropb_thc pores The same conclusion 
was made by the authors of Ref 9 m wbach the 
electrical breakdown was shown to increase the 
rate of hptd transition between the monolayers 
constituting the erythrocyte membranes 

It ts found m the present study that the conduc- 
tance of the pores, being responsible for the &s- 
turbing of the membrane barrier funcUon, de- 
pends on the voltage, U, apphed (Fig 5) We shall 
emphasize that the dependence concerned does 
reflect the vanauon m pore conductance 

We assume the non-ohnuc behawour of of 
membrane m the breakdown state ts related to 
ton's electrostatic interaction w~th the wall of the 
pore. Parseglan [33] has shown that the ion energy 
mstde the narrow pore formed m low dtelectnc 
membrane is markedly lugher than the ton energy 
m the bulk of electrolyte Correspon&ngly, the 
pore conductance IS to be lower than in the bulk, 
and as  value is expected to decrease drasttcally 
v~th the pore radius chmmashmg Therefore, ions 
crossing the membrane through the narrow pore 
must overcome some energetical barrier The volt- 
age apphed to the membrane reduces tlus bamer  
s~gmficantly The pore conductance becomes 
lugher due to this effect with the voltage increases 

The energetlcal profile of the pore Is shown in 
Ftg 10 To stmphfy the calculatxons we assume 
the profde to have a trapezoidal shape, with the 
sides corresponding to the entrance regmns of the 
pore According to Ref 34, the current-voltage 
characteristic of the membrane w~th some non- 
monotonous profile W(x)  ts expressed generally 
by the equatton 

e z --1 
/ = a  (1) 

f0h exp[ z~k(1 - x / h  ) + W (  x )]dx 



where 4' = e U / k T ,  e = proton charge, h = 
membrane  tinckness, a = factor independent of 
potennal  Energy W ( x )  is measured m k T  umts 

In condmons of trapezoidal profile deterrmned 
a s  

( A x / h  I 0 < x < hi 
( ( X ) =  ~ A  hl  < x  < h - h  1 

~ A ( h  - x ) / h l h  - h 1 < x < h 

( A = t h e  b a m e r  height when 4,---0, h i = t h e  
length of entrance region of the pore) the current- 
voltage relation could be written 

ot 
1 = (2) 

e Wo# ( n / l, Veff + 1 / 4 , ) -  n//Weff 

here factor n = h l / h  and Wef t ffi (A -g/ l~) ,  the ef- 
fective barrier height 

Fig 5 represents the result of  computer fitting 
of the theoretical curve determined by Eqn 2 to 
the experimental  current-voltage relatlonsinp 
(points) The best comodence  was obtained when 
A = 8 7 k T  and n = 0.31 1 e entrance region of the 
pore consntutes one third of the total membrane  
tinckness. According to Parseglan [33], the barner  
height A relates to the pore radms as r ffi h o / A  

(here h 0 is the combination of parameters,  winch 
~s equal to 5 nm when dielectric constant of the 
membrane  material e m = 2) Therefore we can 
esnmate r = 0 6 nm 

Note, that when h = 5 nm, the entrance part  of 
the pore h I ~ 2r Tins correlanon ~s qmte reasona- 
ble because ~t reflects the boundary effect of mn 
energy decrease for runs occumng  near the pore 
ends We suppose that the characteristic d~stance 
f rom the pore end, m winch runs reside the pore 
still 'sense'  the presence of an external electrolyte, 
could be estimated as around r The computer  
fitting by only one parameter  A, assunung h~ = 2 
r gives the same result as shown in Fig 10 

I t  is to be noted that the energencal barrier 
decreases gradually and then completely disap- 
pears with the voltage increase The corresponding 
voltage, U*, depends on the pore radms Thus, the 
b a m e r  d~sappeanng cond~non ts 

e U  * r / k T h  ffi h o / r  (3) 

Hence, we obtain the dependence of voltage on 
the pore radius 
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U* = k T h h o / e r  2 (4) 

When h = 5 nm, r = 1 nm then 

U* = 0 3 1 V  

It  was earher stated the mean radms of the 
pores, developed due to cellular [18,23] and hpld 
[12] membrane breakdowns, to rise when the dura- 
non of the electncal treatment increases In accor- 
dance w~th the theorencal concepnons discussed, 
m the voltage range of U < U* the voltage depen- 
dence of conductance grows more drastically than 
m the case of U > U *  As seen from E q n 4 ,  U* 
sharply dmumshes when the pore radms increases, 
and the range of steep dependence of conductance 
on the voltage is narrowed Correspondingly, the 
nonhnear dependence of conductance on the volt- 
age is pre&cted m the whole voltage range to 
reduce with the growth of pore radu 

The data obtmned m tins study permit one to 
conclude that the process of membrane  conduc- 
tance relaxanon, occumng  after the electrical 
breakdown, includes, as a rule, the two following 
stages At the moment  of voltage drop a very 
rapid dnmmshmg m conductance occurs, the latter 
being related to the voltage dependence of pore 
conductance. Then a much longer relaxauon stage 
follows, winch for the breakdown voltage dura- 
tions and amphtudes investigated lasts several sec- 
onds or even rmmtus and is concerned with the 
decreasing m the number  of pores and thetr mean 
radius The quahtanvely regulannes, discovered 
dunng the mvest~gatmn of membrane 'memories '  
after a breakdown, seem to be qmte exphcable It 
~s natural to think that the healing rime of the 
pores having great radn and arising at longer 
electrical treatment [12] should be greater than 
that m the case of small pores Exactly tins regu- 
larity was observed experimentally (Fig 8) Fur- 
ther, as shown above, the conductance of small 
pores grows especially strongly with the voltage 
build-up Therefore, the less the mean radius of 
the pore at the gtven moment  ~s, the stronger the 
dependence of the pore conductance on voltage, 
and, m agreement with the experiment to reveal 
such pores, the greater the probe pulse amphtude 
should be 

In conclusmn, let us consider the problem of 
the nature of the ~rrevers~ble growth m membrane 
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conductance (see above, Figs 1, 2) The phenom- 
enon of the irreversible disturbance of barner  
functions of cell membranes at sufficiently long 
and strong polarizations is known for many years 
[18,35,36] The character of corresponding current 
oscdlograms (Fig 1) permits one to assume the 
irreversible electncal breakdown of blologmal 
membranes,  just as in the case of artificial lipid 
ones, to be concerned with the appearance of one 
or a number  of relatively large defects The ongm 
of the irreversible breakdown of planar bflayers is 
the metastable character of the bxlayer-memscus 
system. Indeed, when a defect inside a bllayer 
reaches a certam cntlcal size then, under the ac- 
tion of the surface tension forces, the defect spon- 
taneously develops resultang in the rupture of the 
whole membrane [15] Unlike the planar bllayer, 
the cell membranes are closed and have no memsci 
(correspondingly, there is no tension) It  is to be 
anticipated that also in this case the appearance of 
pore m a membrane  causes the energy of the 
system to increase with the pore perimeter [37] 
Therefore, m the absence of a field the existence 
of pores m such a system is disadvantageous 
F rom this point of view, one can suppose the 
conductance growth, being considered above as an 
irreversible process, to be, as a matter  of fact, the 
reversible one However, 1 h incubation at 37 o C 
turns out to be msufficmnt for pore healing In- 
deed, an analysis of hterature leaves the reader the 
impression that, after the pore formation, the 
characteristic tame of recovenng of barrier func- 
tions of cell membranes may be dlvaded into two 
intervals Obwously, until the pores developed 
during the breakdown are realized m the mem- 
brane hpld part, the heahng t~mes are m accor- 
dance with those of bdayer membranes (several 
seconds or rmnutes) However, ff with the growth 
of pores the protein particles are revolved in the 
region of defects, stablhzataon of the pore edge 
can presumably occur makang difficult the mem- 
brane heahng 

The present comparative study of the phenome- 
nologms of cell and hpxd bflayer membrane elec- 
trical breakdowns perrmt one to suppose that the 
pores developed with the apphcataon of a hagh 
electnc field to cell membranes arise, in the first 
place, m the hpld matrices of the membranes 
Therefore, the properties of these pores (including 

the heahng times and voltage dependence of con- 
ductance) turn out to be close to those of pores in 
hpld bflayer membranes  
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