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aBsTRacT  Potential gradients imposed across cell or lipid membranes break down the insulating properties of these barriers if an
intensity and time-dependent threshold is exceeded. Potential gradients of this magnitude may occur throughout the body, and in
particular in cardiac tissue, during clinical defibrillation, ablation, and electrocution trauma. To study the dynamics of membrane
electropermeabilization a celi-attached patch clamp technique was used to directly control the potential across membrane
patches of single ventricular cells enzymatically isolated from frog (Rana pipiens) hearts. Ramp waveshapes were used to reveal
rapid membrane conductance changes that may have otherwise been obscured using rectangular waveshapes. We observed a
step increase {At < 30 ws) or breakdown in membrane conductance at transmembrane potential thresholds of 0.6-1.1 V in
response to 0.1-1.0 kV/s voltage ramps. Conductance kinetics on a sub-millisecond time scale indicate that breakdown is
preceded by a period of instability during which the noise and amplitude of the membrane conductance begin to increase. In some
cells membrane breakdown was observed to be fully reversible when using an intershock interval of 1 min (20-23°C). These
findings support energetic models of membrane electropermeabilization which describe the formation of membrane pores (or
growth of existing pores) to a conducting state (instability), followed by a rapid expansicon of these pores when the energy barrier for

the formation of hydrophilic pores is overcome {breakdown).

INTRODUCTION

Electrically related mechanisms are responsible for the
pathological consequences of high intensity electrical
shock received by the body during clinical defibrillation
(Tacker and Geddes, 1980; Jones et al,, 1987; Tung,
1990), clinical ablation (Bardy and Sawyer, 1990), and in
electrocution accidents (Bhatt et al., 1990). An extracel-
lular electric field of ~ 1.3 V/cm is sufficient for stimula-
tion of the heart (Frazier et al., 1988) and in terms of
(induced) transmembrane potential, a 25 mV depolariza-
tion is the accepted value for cardiac tissue excitation
(Krassowska et al., 1990). Since the electric field in the
heart during defibrillation can exceed 60 V/cm (transtho-
racic defibrillation estimations, Lepeschkin et al., 1980;
internal defibrillation measurements, Yabe et al., 1990),
by simple extension volt-level transmembrane potentials
could be induced in individual cardiac cells. It has been
shown in cell and lipid bilayer membranes that transmem-
brane potentials of this magnitude cause the formation
of reversible, nonspecific pathways for ions and mole-
cules (i.e., pores), which dramatically increase the mem-
brane conductance and permeability (Zimmermann,
1986; Neumann, 1989). Electroporation and electroper-
meabilization are two terms used to describe the tran-
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sient enhanced permeability state of cell and liquid
bilayer membranes in response to the application of
electric fields. Electroporation has been applied as a
technique in place of microinjection and chemical trans-
port to introduce molecules and compounds into cells
for biochemical and genetic expression studies (Chassy
and Flickinger, 1987; Dower et al., 1988), and for drug
delivery (Kinosita and Tsong, 1977; Zimmermann et al.,
1980a).

Electropermeabilization is studied in membrane sys-
tems using two parameters: transmembrane potential
and membrane permeability (or conductance). Trans-
membrane potential has been estimated from the ap-
plied extracellular electric field using electrostatic mod-
els (Kinosita and Tsong, 1979), and monitored directly
using electrometer amplifiers (Benz and Zimmerman,
1980), potentiometric dye video microscopy (Gross et
al., 1986; Kinosita et al., 1988), and the voltage clamp
technique (Abidor et al., 1979; Chernomordik et al.,
1987). Membrane permeability has been monitored via
the flux of molecular probes, dyes, and radioactively
labeled molecules (Serpersu et al., 1985; Sowers and
Lieber, 1986; Mir et al., 1988; Mchrle et al., 1989), by
colloid-osmotic lysis and release of intracellular constit-
uents (Riemann et al., 1975; Kinosita and Tsong, 1979;
Mir et al., 1988; Deuticke and Schwister, 1989), release
of fluorescent labeled molecules (Jones et al., 1987; Bliss
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et al., 1988), and cell contracture (Lee et al., 1988;
Mulligan et al., 1988). Ultrastructural changes have
been documented using electron microscopy in cultured
heart cells (Jones et al., 1980), ovary cells (Escande-
Géraud et al., 1988), human erythrocytes (Chang and
Reese, 1990}, and other cultured cells (Gass and Cherno-
mordik, 1990). Membrane conductance has been moni-
tored using the charge-pulse relaxation technique (Benz
and Zimmermann, 1980; see Benz and Conti, 19815 for
description), the modified Coulter cell counter tech-
nique (Zimmermann et al., 1981), cell suspension con-
ductivity (Kinosita and Tsong, 1979), lipid bilayer conduc-
tivity {Glaser et al., 1988), and single-cell membrane
conductivity using the patch clamp method (Cherno-
mordik et al., 1987).

The study of electrically induced cell membrane
permeabilization in various tissue types is important
because of the frequent occurrence of the application of
electrical shock to body tissues either clinically or during
electrical trauma. The importance of the characteriza-
tion of electropermeabilization in cardiac cell mem-
branes is underscored by the likelihood that high energy
shock received by the myocardium clinically or during
electrocution could induce life threatening dysfunction.
The electrophysiological consequences of the loss of the
barrier functions of the cardiac cell membrane as a
result of membrane breakdown or rupture include
decreased resting potential, decreased conduction veloc-
ity, elevated excitation threshold, and arrhythmias (Jones
et al., 1978; Tung, 1990). In heart tissue there are two
additional considerations: (a) any positive mechanical
tension imposed on the cell membrane, such as occurs in
situ to heart cells during the cardiac cycle, may lower the
threshold potential required for membrane breakdown
(Zimmermann et al., 1977; Needham and Hochmuth,
1989} and (b) heart cells are electrically coupled which
increases the effective cell length; because the induced
transmembrane potential due to an external electric
field increases as a function of cell length parallel to the
electric field axis (Klee and Plonsey, 1976; Jeltsch and
Zimmerman, 1979), field-induced transmembrane poten-
tials may be greater in cardiac tissue than in other
(electrically uncoupled) tissue types (Tung, 1990).

The goals of this study were to demonstrate that
electrically induced membrane breakdown occurs in
isolated cardiac cells and to identify the predominant
characteristics of this phenomenon. A cell-attached
patch clamp technique was used to directly control the
potential of membrane patches in single ventricular cells
that were enzymatically isolated from frog (Rana pipi-
ens) hearts. These results have been presented in part in
abstract form (O’Neill and Tung, 1989; Tung and
O’Neill, 1990).

MATERIALS AND METHODS
I. Single cell preparation

Single viable ventricular cells were obtained from whole frog hearts via
enzymatic dissociation. Amphibian ventricular cells are spindle-like in
structure having tapered ends with overall dimensions of 200400 pm
long, 10-20 um wide, and 2-5 pm thick. Viable hearts were excised
from adult Rana pipiens frogs (Carolina Biological Supply, Burlington,
NC or West Jersey Biological, Wenonah, NJ) and retrograde prefused
through the aorta with three solutions: (a) 1.0 mM Ca?* Ringer’s (110
mM NaCl, 3 mM KCl, 10 mM Hepes) (23°C) for 15 min; (b) nominally
zero Ca®* Ringer’s (23°C) for 45 min; and (c) enzyme solution (11 mg
albumin [Fraction I; Sigma Chemical Co., St. Louis, MO]J, 13 mg
collagenase [Type IA; Sigma Chemical Co.], 2 mg protease [Type XIV;
Sigma Chemical Co.] in 25 mi nominally zero Ca** Ringer’s) (30°C) for
10-25 min depending on the size of the heart (Mitra and Morad, 1985).
Cells were stored refrigerated in 0.2 mM Ca® Ringer’s solution and
remained viable for over 10 b.

Il. Voltage clamp amplifier and
instrumentation

The cell-attached patch clamp method was used to measure the
change in membrane patch conductance in response to DC voltage
pulses. The lid of a 35-mm diam plastic tissue culture dish served as the
experimental chamber which contained the bath solution and the
Ag-AgCl driven-bath electrode for the patch clamp amplifier. Glass
pipette microelectrodes were prepared using capillary tubes (Kimax-
51; Kimble Products, Toledo, OH}) on a vertical pipette puller (#720;
David Kopf Instruments, Tujunga, CA). Resistances of the pipettes
fitled with 100 {2-cm electrolyte ranged from 2 to 20 MQ. The glass
microelectrodes were attached to the amplifier headstage using a
suction pipette holder (#PC-S3; E. W. Wright, Guilford, CT) with
suction being applied by mouth. The headstage transresistance ampli-
fier performed current to voltage conversion across a 10 M£} resistor
using an electrometer op-amp (#AD546]; Analog Devices, Norwood,
MA). The headstage was positioned in place using an XYZ motorized
manipulator (Mérzhduser DC-3K micromanipulator, joystick control
unit STM-3; Fine Science Tools, Belmont, CA).

A custom-built voltage clamp amplifier was driven by an auxiliary
gating pulse and an auxiliary command potential. The auxiliary
command signal was supplied by an analogue ramp generator circuit,
which was later replaced by a microcomputer controlled 5 MHz 12-bit
D/A waveform synthesizer (#INST-290; Cyber Research, New Haven,
CT). Data was acquired and stored on 3.5"' floppy disks using a digital
oscilloscope (#NIC 310; Nicolet Instrument, Madison, WI). Without
frequency compensation the -3 dB bandwidth of the modified voltage
clamp amplifier was 31 KHz, and the time resolution was 1-5 s
depending on the oscilloscope sampling rate. All patch clamp voltages
reported in this paper were a measure of the potential of the pipette
electrode relative to the driven bath electrode; the sense of electrical
current traveling from the pipette to the bath was positive,

{ll. Experimental methods

All experiments were performed at standard atmospheric pressure
and room temperature (20-23°C) on an inverted microscope (#TMS;
Nikon, Garden City, NY) at 400-600X total magnification using
Hoffman modulation contrast optics (Modulation Optics, Greenvale,
NY). Freshly isolated cells or refrigerated cells that were allowed to
reach room temperature were added to the experimental chamber.
The investigation of the electropermeabilization of heart cell mem-
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branes was conducted using two different cell-attached methods:
macro-patch and micro-patch. The study was launched using the
macro-patch method which was modeled after the experiments per-
formed by Zimmerman et al. (1980b) in which cells were electroperme-
abilized as they passed through a modified Coulter cell counter device.
The cells traveled one at a time through a small orifice which separated
two electrolyte chambers, each containing a shock electrode. In our
approach, ~5-15 um of the tapered end of a cardiac cell was drawn
into the mouth of the pipette electrode (Fig. 1, upper right). In this way
the cell was obstructing the orifice which separated the pipette and
bath electrolytes, each of which contained an Ag-AgCl shock elec-
trode. The macro-patch voltage clamp technique offered high resolu-
tion, on-line tracking of the membrane conductivity as it changed in
response to large electric fields (i.e., conductance kinetics). Also, the
investigation of the effects of longer duration shocks was possible,
whereas with the Coulter counter system the electrical insult had to be
accomplished during the ~100 us transit time of the cell. The
macro-patch technique called for the use of pipette electrodes having
aperture diameters of 2-3 p.m at the tip (R ;... = 2-4 M(1). Formation
of the electrical membrane-pipette seal was monitored by sensing the
current response to a 100 Hz train of 10 mV rectangular voltage pulses.
We were only able to obtain seal resistances of 10-100 M2 when using
these relatively large diameter pipette tips. The transmembrane
potential thresholds for changes in membrane conductance resulting
from a variety of shock protocols were recorded.

The micro-patch method is the conventional patch clamp approach
(Hamill et al., 1981) in which very small areas of membrane are studied
and gigaohm level seal resistances are obtained (Fig. 1, lower right).
With this method the leakage current through the membrane-
electrode seal and its possible effect on the threshold potential for
electropermeabilization could be eliminated. To prepare the elec-
trodes, pipettes having aperture diameters of 3-6 wm at the tip were
heat polished until the aperture diameter decreased to 0.2-1.0 um
R = 5-20 MQ}). Seal resistances of 100 to >1,000 M) were

pipetic
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obtained, and potential thresholds for membrane conductance changes
resulting from a variety of shock protocols were recorded. Referring to
Fig. 1 we found that the purely capacitive pathway across the glass
pipette wall contributed only a minor, constant offset in current as a
result of the constant slope of the ramp pulse (see Fig. 5 legend). In
both the macro-patch and micro-patch experiments the slight negative
pressure applied to the pipette to establish a seal with the cell
membrane was maintained during the conductance measurement.

Electrolyte compositions are identified in each figure with the
following convention: concentration of the primary ions (millimolar)
in the bath electrolyte // concentration of the primary ions (millimolar)
in the pipette electrolyte. To suppress the effects of excitation and
contraction of ventricular cells during our recordings, we employed
two techniques: (@) in most of the experiments the cell membranes
were depolarized to inactivate ion channels. Membrane depolarization
was accomplished either electrically by applying a holding potential to
match the cell’s intrinsic resting potential, or chemically by immersing
the cell in an intracellular-like electrolyte to balance the ion concentra-
tions across the surface membrane, and (6) we employed shock
durations of <20 ms to avoid the development of force (the mechani-
cal latency for force development in amphibian cardiac cells is 20-80
ms [Winegrad, 1979]).

IV. Shock protocols

Following seal formation, positive and negative low amplitude (100
mV) voltage ramps were applied to assess the resistance and linearity
of the seal. Then a standard 2 V ramp (either polarity) was applied to
induce breakdown while the membrane conductance was recorded.
The slopes of the DC ramps also were varied (0.1-1.0 kV/s) to
investigate whether breakdown was strictly a thresho/d phenomenon or
if the rate of change of the transmembrane potential played a role. In a
few experiments we employed a ramp and hold waveform to elucidate
further the time and voltage dependence of membrane breakdown.

MACRO-PATCH

GLASS
PIPETTE

HEART
CELL

MICRO-PATCH

GLASS
PIPETTE

HEART
CELL

FIGURE 1 Electrical current pathways and patch types. There are three pathways for electrical current flow: (a) I, the purely capacitive pathway
across the wall of the glass pipette, (b) I, the resistive leakage pathway formed between the cell membrane and the pipette tip, and (¢) I, the
electropermeabilization pathway through the cell. The two types of cell-attached patches used in this study were the macro-patch (top right) in
which 10-15 pm of the cell end was drawn into the pipette, and the micro-patch (bottom right) or conventional patch clamp method.
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RESULTS

The voltage clamp records of Fig. 2 depict the response
of a cardiac cell membrane macro-patch to opposite
polarity low amplitude voltage ramps (upper traces). The
clamp currents (lower traces) are a direct measure of the
membrane-pipette conductance. The behavior of the
membrane patch was ohmic in response to these physio-
logic level (+100 mV) shocks. When the potential
applied across the membrane macro-patch was in-
creased 20-fold to 2 V we observed a much different
response as shown for the two cells in Fig. 3. The
predominant observation was the nonlinearity of the
current in response to the large voltage ramps. The
increased slope in each of the current traces corre-
sponds to an increase in the membrane patch conduc-
tance. The general pattern of the response was similar
for both polarities. Parameters of interest included the
transmembrane potentials corresponding to the nonlin-
ear changes in membrane conductance, the period of
membrane instability preceding the step increase in
conductances, and the transition time for the step
increase.

The micro-patch protocol highlights the electrically
induced changes in membrane conductance because the
gigaohm level seals reduce the leakage currents to a
negligible level. The conductance records of Fig. 4 were
recorded from micro-patches in two different cells and
demonstrate the sudden voltage-dependent increase in
membrane conductance. We observed similar responses
for both polarity shocks and the same types of response
as for the macro-patch experiments.

The details of membrane conductance change during
electropermeabilization are shown in Fig. 5 which is an
enlargement from Fig. 4. The noisy, fluctuating increase
in membrane conductance before the rapid step in-
crease in conductance was observed in over 90% of the
cells studied. The step increase in conductance consis-
tently occurred over a 30 ps duration which corre-
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sponded to the bandwidth limitation of our system (~ 30
KHz). An overshoot of the conductance immediately
following the jump increase was observed in ~80% of
the cells exhibiting breakdown.

Since we did not know the conductance of the
membrane proper (i.e., the nonpatch portion of the cell
membrane) nor did we consistently measure the pipette
tip resistance before mounting each cell, we could not
determine the conductance of the membrane patch.
However, a quantitative index of the conductance change
of the membrane patch was defined by simply subtract-
ing the initial system conductance (primarily a seal
conductance) from the system conductance after elec-
tropermeabilization (measured during the ramp). This
index was highly variable and ranged from 49.6 to 389 nS
with a mean * standard deviation of 230 + 110 nS
(n = 11) for the macro-patch experiments, and ranged
from 11.5 to 373 nS with a mean + standard deviation of
110 = 79 nS (n = 32) for the micro-patch experiments.
We could not quantitate further the change in patch
conductance due to electropermeabilization or infer the
number or sizes of pores in the patch from the total
system conductance measurements because of the un-
known conductance quantities mentioned above.

To determine whether the increase in membrane
conductance resulting from electropermeabilization de-
pended on fast ionic channels, Na* and Ca’* channel
blockers were employed. The conductance records of
Fig. 6 are from two different cells, one bathed in an
extracellular-like electrolyte (control), and the other in
an extracellular-like electrolyte containing 10 pM TTX
(a Na* channel blocker) and 1 mM CdCl, (a Ca**
channel blocker). The membrane conductance re-
sponses for these two cells were similar, suggesting that
membrane breakdown in amphibian cardiac cells does
not involve the modulation of Na* and Ca** ionic
channels.

To investigate the reversibility of electrically induced
membrane breakdown, experiments were performed by
applying suprathreshold 2 V ramps to the same mem-

1] —
\ |1Wmv

2ms

) L S
N

|2ra

124 K,5Ns ,0.1 EGTA/ 124K, 5Na, 2Ca

FIGURE2 Low voltage ramps applied to a single membrane macro-patch. Opposite polarity 100 mV/7.0 ms voltage ramps (upper traces) were
applied to the same macro-patch. The linearity and magnitude of the observed pipette current (Jower traces) indicated that this was entirely a seal
leakage current. Electrolyte compositions are identified as follows: Primary ions in the bath electrolyte (millimolar) // Primary ions in the pipette

electrolyte (millimolar). The measured seal conductance was 26.8 nS.
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120K, 5 Na, 0.1 EGTA /120K, 5 Na, 2Ca

FIGURE3 Volt-level ramps applied to membrane macro-patches. Two different cells were exposed to opposite polarity 2.0 V/7.0 ms ramps using
the macro-patch protocol. The current traces (lower waveforms) show the sudden increase in membrane conductance which occurred at the
threshold potentials noted on the voltage traces above. The structure of the positive and negative responses was observed to be both qualitatively
and quantitatively similar. The conductance increased from 26.8 — 228 nS and 32.1 -» 243 nS for the positive and negative polarity shocks,

respectively.

brane patch with a 1 min intershock delay. In earlier
multiple shock experiments a post-shock delay of 1 min
almost always permitted the permeabilized patch conduc-
tance to decay to a steady-state value. The results are
shown in Fig. 7 and in this case demonstrate the full
recovery of the membrane patch between shocks. First
the micro-patch was subjected to six consecutive —2 V/7
ms ramp shocks at the rate of 1 per min. The clamp
currents preceding breakdown for all six shocks have
similar slopes (i.e., conductance) indicating a restora-
tion of the patch to its pre-shock condition. The seventh
shock was applied within 15 s of the sixth shock; but in
this case the membrane had not recovered based on the
following observations: (@) the clamp current had a
slope similar to those of the first six responses after
breakdown, and (b) no abrupt increase in patch current
occurred. Further investigation into the details of the
time course of resealing at these temperatures (20—
23°C) is being conducted in our lab (Tovar et al., 1990 ).

The ramp and hold command pulse of Fig. 8 was

+0.787V

tv

) —_—

IiWnA

¢
20ms

3K, 110Ns, 1Ca /3K, 110 Na, 0.2 EGTA

employed as a means of investigating whether electroper-
meabilization occurs strictly as a function of the instanta-
neous value of the transmembrane potential, or whether
it is history dependent. In these experiments the mem-
brane patch was subjected to a subthreshold ramp
followed immediately by a DC holding potential corre-
sponding to the maximum ramp potential. Indeed,
abrupt changes in membrane conductance of the type
observed previously in response to volt-level ramp pulses
(Figs. 3-7) were observed to occur during the DC
holding potential. Membrane electropermeabilization
occurred at holding potentials in the range of 0.40-1.01
V, for four cells bathed in an intracellular-like electro-
Iyte.

Table 1 summarizes the mean breakdown thresholds
for the macro- and micro-patch protocols for a variety of
electrolyte combinations. The data in this table were
restricted to the first suprathreshold shock applied to the
membrane patch; subsequent shocks applied to the
patch were not always regulated in interval of occur-

[+ [

0855 ¥

20ms

100 nA

FIGURE4 Volt-level ramps applied to membrane micro-patches. Two different cells were exposed to opposite polarity 2.0 V/7.0 ms ramps using
the micro-patch protocol. The current traces ({ower waveforms) show a minimal leakage current as a result of attaining gigaohm level seals. Here
again we observed the positive and negative current responses to be qualitatively and quantitatively similar, and note that the qualitative structure
was the same as that for the macro-patch results. The threshold breakdown potentials are noted on the voltage traces (upper waveforms); the
conductance increases were .97 — 121 S and 2.2 — 143 nS for the positive and negative shocks, respectively.
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1.0ms

3K, 110 Na, 1 Ca //3 K, 110 Na, 0.2 EGTA

FIGURES Details of frog cardiac membrane electropermeabilization.
An examination of the dynamics of changes in patch conductance,
taken from Fig. 4. The first threshold encountered in response to the
—2.0 V/7.0 ms ramp was that of membrane instability occurring at
voltage V. This was followed by an abrupt, step-like increase in
conductance or membrane breakdown which occurred at voltage V.
When gigaohm level seal resistances were obtained, the conductance
overshoot upon breakdown was slower in time course. The small step
(and subsequent constant offset) in the current at the onset of the
voltage ramp was due to system capacitance (primarily glass pipette),
C, according to the relation [, = C*dV/dt, where d¥/dz is the slope
of the applied voltage ramp. This current did not interfere with the
measurement of slope conductance.

rence and may not have permitted full recovery of the
membrane after the initial breakdown. The results for
the four cells subjected to ramp and hold waveforms
were not included.

+0.956 vV

+0.853V
/L_
. ]1.ov |1.ov

0
| 100 nA | 100 nA
° )
20ms 20ms

3K, 110Ns, 1 EGTA/ 3K, 110Na, 1Ca 3K, 110 Na, 1 EGTA, 0.01 TTX,1Cd
{sverywhaere)

50 nA

120 K, 5 Na, 0.2 EGTA// 120K, 5Na, 1 Ca

FIGURE7 Recovery of electropermeabilized membrane patches.
Shown are the current responses to seven consecutive shocks (-2.0
V/7.0 ms) that were applied to the same patch (voltage waveforms not
shown). The first six shocks were applied with a 1 min intershock delay
and demonstrate the recovery of the membrane patch following
electropermeabilization. The seventh shock was applied within 15 s
after the sixth shock and indicated that the membrane was still in a
permeabilized, elevated conductance state. In each of the first six
shocks the conductance doubled from ~ 45 to 96 nS.

The transmembrane breakdown potential is plotted
vs. ramp rate, dV//d¢, for the 51 cells exposed to volt-level
ramps in this study (Fig. 9). The breakdown potential
was weakly dependent on the rate of change of the
transmembrane potential for these ramp rates as indi-
cated by a least squares linear regression fit to the data
(line not shown): V| ewn = 0.75 + 0.10 * dV/dt, with
dV/dt ranging from 0.1 to 1.0 (R? = 0.5%). The depen-
dence of breakdown potential on the polarity of the

0 [r—
400 mv
e -0.604 V
20ms
o ;-
40 nA

120 K, 5 Na, 0.2 EGTA// 120K, 5 Na, 1 Ca

FIGURE 6 Electropermeabilization with Na* and Ca’* channel block-
ers. The conductance records on the left were obtained as a control
showing membrane electropermeabilization in response to a 2.0 V/4.0
ms ramp. The electrolyte bathing the second cell (right panel) con-
tained TTX and Cd** (sodium and calcium channel blockers, respec-
tively) at the concentrations noted within the figure. The presence of
these channel blockers did not alter the response of the frog cardiac
membrane patch. The threshold transmembrane breakdown poten-
tials are noted on the voltage traces (upper waveforms); the conduc-
tance increases were 1.4 — 76.0 nS and 1.3 — 91.8 nS, left and right
panels, respectively.

FIGURE8 Electropermeabilization during a constant membrane po-
tential. Electropermeabilization occurred at holding potentiais of
0.4-1.1 V in four cells studied using ramp and hold waveforms. In this
patch, breakdown occurred ~1 ms after a —0.6 V/4.0 ms ramp and
rapidly achieved a new steady-state conductance. These observations
may imply a probabilistic nature for electropermeabilization as a
function of transmembrane potential. The conductance increased
from 37 to 62 nS as a result of this shock. The fine structure of
membrane electropermeabilization that we identified using the ramp
waveform (i.e., instability preceding the step increase) was also
observed with this shock protocol.
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TABLE 1 Mean first shock breakdown potential vs. bath and pipette electrolyte compositions for the macro-patch and micro-patch methods

BATH PIPETTE MACRO MICRO
mM mM V |4
Extra/1 Ca®* Extra/1 Ca®* 0523 £005,n=2 0.272,n =1

Extra/0.2-0.5 EGTA — 0.892 + 0.13,n = 3;
—_ -0.825+022,n=9
Extra/1-10 EGTA Extra/l Ca®* —_ 0.888 +0.12,n =5
Extra/1 EGTA, Extra/1 EGTA, —_ 0825 £0.22,n =3,

0.01 TTX, 1 Cd** 0.01 TTX, 1 Cd* — -0.651,n=1

Intra/1 Ca?* Intra/1 Ca®* — ~-0714,n =1

Intra/0.1-0.2 EGTA Intra/0.1-2.0 Ca**

Intra/1 EGTA
Extracellular = 3K*, 115 Na*

0730 £ 0.14,n = 5; 0.956 = 0.68,n = 2;
-0715+038,n=9 -0777+030,n=9
— 1.536,n =1

Intracellular = 130 K*, 5 Na*

The membrane breakdown thresholds reported in this table are for the first suprathreshold shock applied to the membrane patch (i.e., each cell
contributes one data point). The data are grouped according to ramp polarity but are not sorted with respect to ramp rate.

applied voltage ramp is plotted in Fig. 10 which shows
the median, 95% confidence interval, upper and lower
quartile, and range of breakdown potentials. The statis-
tical significance of the dependence of the mean break-
down potential (u;) on the: (a) patch type, () achieve-
ment of a micro-patch gigaohm level seal, and (c)
polarity of the applied voltage ramp was determined
using a t-test analysis. The results are presented in Table
2, where p is the significance test of the null hypothesis
W, = W,. We found that the difference in mean break-
down potential was not statistically significant for any of
these cases, which comes as a result of the considerable
variance observed in the results.

N Positive Ramps  /
Negative Ramps \
v
1504 ,
s
! ~ N
£ 1001 PR ;
2 N A .
. S
AR T S
0.50¢~ A Y
& p :
0.00 + +
9.0 0.5 1.0

Ramp Rate, dV/dt (kV/s)

FIGURE? Membrane breakdown potential vs. ramp rate. The break-
down potentials for the entire 51 cell data base are plotted as a
function of the velocity of the applied voltage ramp, dV/dz. In terms of
overall statistics we observed only a weak dependence of the break-
down potential on the time rate of change of membrane potential over
this range of velocities (0.1-1.0 kV/s). This relationship is consistent
with the theory that membrane breakdown is primarily a threshold
transmembrane potential phenomenon at these charging rates.

DISCUSSION

The electropermeabilization of amphibian cardiac cell
membranes has been measured with volt-level ramps in
transmembrane potential using the cell-attached patch

1.6+

1.2+

Breakdown Potential (V)
o
'

dind POS NEG

Ramp Polarity

FIGURE 10 Membrane breakdown potential vs. ramp polarity. The 51
cell database was sorted on ramp polarity to compare the median
(center line), 95% confidence interval (shaded region), upper and lower
quartile {open box), and range of breakdown potentials (upper and
lower lines). Open circles are statistical outliers. Having determined
that the breakdown potential was approximately independent of the
ramp velocity (Fig. 9), we analyzed its dependence on shock polarity
alone. A r-test analysis indicated that there was no significant differ-
ence in means which are reported in Table 2 (p > 0.53).
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TABLE2 A f-test analysis of the significance of the difference
observed in the breakdown potentlal means for three
parameters {null hypothesis: p, = p,)

Parameter W, * o, [T\ A P

4 |4

Macro-patch 0.696 = 0.29.n = 16 —

Micro-patch — 0.831 £ 0.28,n =35 >0.12
Seal > 10°Q 0.860 + 0.18,n =9 —
Seal < 10°Q — 0.821 £0.31,n =26 >0.72

0.818 = 0.30,n = 22 —
0.766 = 0.29,n =29 >0.53

Positive ramps
Negative ramps —

The statistical significance of the difference in mean membrane
breakdown potential () for (@) the different patch types, (b} the
achievement of a micro-patch gigaohm seal, and (c) the different ramp
polarities is presented based on a f-test analysis. In this table p is the
probability that the null hypothesis w, = w, is true.

clamp approach. Two phases of membrane conductance
change were identified, each associated with a transmem-
brane potential threshold. Associated with the first
threshold was an increase in the noise and magnitude of
the pipette current as the membrane patch began to
conduct (see the I, pathway in Fig. 1). We title this
initial phase membrane instability and believe that it is
due to the stochastic formation of conducting pores or
membrane defects. A similar phenomenon has been
observed in bilayer lipid membranes by Abidor et al.
(1979) and others. Membrane instability occurred at a
mean transmembrane potential of ~0.5 V and was
followed by a rapid (At < 30 ps) jump in current which
corresponded to a step increase in the patch conduc-
tance. We interpret this second, brief phase as mem-
brane breakdown and believe that it is due to the rapid
expansion of pores when the energy barrier for the
formation of hydrophilic pores is overcome (Glaser et
al., 1988; Weaver and Powell, 1989). Membrane break-
down occurred at a mean transmembrane potential of
~0.8 V in response to the 0.1-1.0 kV/s ramps. Because
the bandwidth of our system was 30 KHz and therefore
would limit step responses to ~ 30 s, the transition in
conductance may actually occur in less time (i.e., break-
down is a faster event). Indeed, Benz and Zimmermann
(1980) reported pore formation within 10 ns in both
bilayer lipid membranes and algal cells; also, Kinosita et
al. (1988), using voltage-sensitive fluorescent dyes, re-
ported submicrosecond pore formation in human eryth-
rocytes.

Linearly increasing electric fields also were used by
Kinosita and Tsong (1979) and Zimmermann et al.
(1980Db) to study electropermeabilization. Zimmermann
et al. (1980b) superimposed a 286 kV/s ramp on a DC
cell sizing potential to induce breakdown during the

~ 100 ps transit time of each cell passing through the
orifice of a Coulter counter system. This technique
provided cell volume, breakdown potential, and internal
conductivity information; however, it did not provide
details of breakdown conductance kinetics. Comparing
~6 and 24 kV/s ramps, Kinosita and Tsong reported
that the voltage-induced permeability changes of a
suspension of human erythrocytes occurred at the same
voltage, suggesting that electroporation was strictly de-
pendent on the instantaneous transmembrane potential
and not its time derivatives. Our findings also suggest
that the breakdown potential in amphibian cardiac cell
membrane is independent of the rate of change of
membrane potential across ramp rates of 0.1 to 1.0 kV/s
(Fig. 9). Furthermore, these results are consistent with
those of a charge-pulse study using both algal cells and
bilayer lipid membranes which showed an inverse depen-
dence of breakdown potential on charging time at rates
of 100 kV/s to 10 MV/s, but a nondependence above and
below these charging rates (Benz and Zimmermann,
1980). However, the statistical nature of the cell-to-cell
data as suggested by Figs. 9 and 10 should be acknowl-
edged because it undermines generalizations based on
the entire cell population. For example, the least squares
linear regression of the breakdown thresholds reported
in Fig. 9 resulted in an R? < 1.0, indicating a weak fit to
the data.

Our use of voltage ramps was directed at revealing
membrane conductance changes during electropermeabi-
lization. Patch clamp systems exhibit a limited band-
width when compared with that offered, for example, by
the charge-pulse technique, but do offer conductance
measurements during the application of shock pulses.
The selection of ramp waveshape voltage pulses was a
means of accommodating the bandwidth limitations
without sacrificing valuable experimental information.
Ramp waveshapes have no discontinuity in voltage, and
therefore through their use we avoided the generation of
current spikes that would arise from intrinsic capaci-
tance (primarily at the glass pipette tip). If rectangular
waveshapes had been used, the resultant current spike
generated on the command pulse upstroke could have
masked the microsecond dynamics of conductance
change during electropermeabilization. Another disad-
vantage of using the rectangular waveshape in conduc-
tance-based studies of electropermeabilization was the
possibility of membrane conditioning by subthreshold
shocks. Abidor et al. (1979) reported a dependence of
breakdown kinetics in bilayer lipid membranes on elec-
trical pretreatment. Because the resealing and character-
istic recovery times after membrane breakdown in am-
phibian cardiac myocytes were unknown, the repetitive
application of rectangular shocks in search of break-
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down thresholds could alter the results. By applying a
single high intensity ramp, the breakdown threshold
could be determined, the kinetics of membrane conduc-
tance change unmasked, and the issue of electrical
conditioning avoided.

Increased membrane conductance in nonmuscle cells
owing to electropermeabilization has been attributed to
the modulation of integral transport proteins (Tsong,
1989) and to electrically induced pores in the lipid
matrix (Benz and Conti, 19814} or at the lipid-protein
interface (Deuticke and Schwister, 1989). The nonlinear
changes in conductance of the cardiac cell membrane
identified, for example, in Fig. 5 might arise from a
voltage-dependent activation of the fast sodium or
calcium ion channels. However, electropermeabilization
in the presence of Na* and Ca** channel blockers
(Fig. 6, right pane!) remains characteristically unper-
turbed. Data on polarity independence across the mem-
brane patch would further support the notion that
channel activation, which is asymmetric around the
resting potential, was not a major factor. Fig. 10 is a plot
of the median breakdown potential for positive and
negative ramps across the entire cell population. The
difference in the means (reported previously with the
results) for the positive and negative ramps was not
statistically significant (z-test, p > 0.53), however, our
results exhibited a statistical variance greater than twice
the normal resting potential, which may mask any
asymmetry that might exist (refer to Table 2).

While the resealing time after breakdown in artificial
lipid bilayers is only a few microseconds (Benz and
Zimmermann, 1981), that for cell membranes is on the
order of seconds and minutes (Kinosita and Tsong 1977;
Zimmermann et al., 1980a), reported also in our results
(Fig. 7). This suggests that the compositional difference
between artificial bilayer membranes and cell mem-
branes has a functional effect. For example, cholesterol
is a necessary constituent in all excitable cell membranes
(6-50 mol percent of the total lipid pool [Adelman,
1971]). The cholesterol molecule inserts itself into the
lipid bilayer in a highly specific fashion which reduces
the lateral diffusion coefficient of the lipids (Houslay
and Stanley, 1982). This would have the effect of
increasing the time required for reorganization of the
lipid molecules in a process such as membrane resealing
subsequent to electropermeabilization (Sugar et al.,
1987). Likewise, all other molecules associated with cell
membranes such as channels, pumps, enzymes, recep-
tors, and carbohydrates (Stryer, 1988) would depress the
diffusion coefficient of membrane lipids. In eucaryotic
cells there is the added consideration of the interaction
between the internal cytoskeleton structure and the cell
membrane. The cytoskeleton scaffolding is anchored to
selected membrane proteins, rendering these molecules

“immobile” (Alberts et al., 1989). The distribution of
these “fixed” sites throughout the membrane may have
an inhibitive effect on the net diffusive mobility of other
membrane molecules and therefore also increase the
time for reorganization (relaxation) of the defects that
caused the increased membrane conductance (i.e., in-
crease the resealing time). It is our belief that the
difference in resealing times observed in lipid bilayers
and cell membranes can be accounted for by these
compositional and structural differences.

One issue of concern was the constancy of the
membrane-pipette seal. A mechanical shock wave result-
ing from bubble formation at the surface of the Ag-AgCl
metal electrode inside the pipette owing to high current
density could act to dislodge the cell patch. This could
alter the integrity of the membrane/pipette seal and
would appear as an increase in pipette conductance,
However, the maximum electrode current density used
in our experiments (peak pipette current/minimum elec-
trode surface area = 1.5 pA/0.075 cm’ = 20 pA/cm’)
was four orders of magnitude below the threshold for
bubble formation via electrolysis for platinum electrodes
in Ringer’s solution tested in our lab (N. Sliz and L.
Tung, unpublished results), and six orders of magnitude
below the threshold for electrolysis at similar pulse
durations ( <20 ms) in bovine blood (Bardy et al., 1988).
Also, any shock wave effects of bubble formation would
have been attenuated by two factors: (a) the pipette
contained a volume of air which acts as a mechanical
compliance; sudden pressure changes would be sup-
pressed, just as instantaneous voltage changes across a
capacitor are suppressed. (b) The slight negative pres-
sure (suction) applied to the pipette when the cell was
mounted was maintained during the conductance mea-
surement; this would prevent the development of a net
positive pressure in the closed system. Therefore we
conclude that the membrane-pipette seal remained
mechanically undisturbed throughout the application of
shock pulses during all of our experimental protocols.

The considerable cell-to-cell variation which we ob-
served in breakdown potential may reflect an intrinsic
statistical variance in the nature of this phenomenon
(Chernomordik et al., 1987) or may reflect a variation in
the morphology of the membrane patch (i.e., different
surface area, different populations and mappings of
sodium, potassium, and calcium channels, ion pumps,
etc.). For example, although the difference in the mean
breakdown thresholds reported in Table 2 were sizeable,
they were not statistically significant. Additionally, the
cell-attached patch clamp technique which we used may
have subjected the membrane patch to a considerable
mechanical stress. Because membrane breakdown in-
volves electromechanical coupling, one must consider
the contribution the added mechanical surface tension
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may have on breakdown thresholds (i.e., does it lower
the energy barrier for the formation or expansion of
pores?). The application of an electric field exerts
additional stresses on the membrane, either as electro-
compressive forces (Crowley, 1973; Benz et al., 1979),
surface waves (Dimitrov, 1984; Dimitrov and Jain, 1984),
or an expanding pressure within the pores (Weaver and
Powell, 1989). Needham and Hochmuth (1989) have
reported that failure of the membrane does not depend
on the mode by which 2 membrane is stressed (electrical,
mechanical, thermal, chemical, etc.) and have demon-
strated an inverse relationship between applied mem-
brane tension and critical voltage for membrane perme-
abilization. Zimmermann et al. (1977) have also
demonstrated an inverse relationship between cell tur-
gor pressure and critical transmembrane breakdown
voltage. Therefore the cell-to-cell variation in observed
breakdown potential may also reflect variation in me-
chanical tension applied to each membrane patch. This
variation could arise from different pipette aperture
diameters (a new pipette was used for each cell) and
varying degrees of suction applied to the pipette. A
dependence of electropermeabilization potential thresh-
old on mechanical stress is particularly significant for
cardiac tissue because we expect cardiac cells in situ to
support varying degrees of membrane tension during the
active and passive phases of the cardiac cycle. Other
factors that may have influenced the observed break-
down potential include the morphological condition of
the membrane after the cell isolation process and the
ionic make-up of the electrolyte solutions (total ionic
strength, osmolarity). However, our base of experimen-
tal information was not sufficiently large and varied to
determine the extent of any correlation between these
variables and the electropermeabilization threshoid.
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