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Abstract Electroporation induced by high-strength elec-

trical fields has long been used to investigate membrane

properties and facilitate transmembrane delivery of mole-

cules and genes for research and clinical purposes. In the

heart, electric field-induced passage of ions through elec-

tropores is a factor in defibrillation and postshock dysfunc-

tion. Voltage-clamp pulses can also induce electroporation,

as exemplified by findings in earlier studies on rabbit ven-

tricular myocytes: Long hyperpolarizations to B-110 mV

induced influx of marker ethidium and irregular inward

currents that were as large with external NMDG? as Na?. In

the present study, guinea pig ventricular myocytes were

bathed with NMDG?, Na? or NMDG? ? La3? solution

(36�C) and treated with five channel blockers. Hyperpolar-

ization of myocytes in NMDG? solution elicited an irregular

inward current (Iep) that reversed at -21.5 ± 1.5 mV. In

myocytes hyperpolarized with 200-ms steps every 30 s, Iep

occurred in ‘‘episodes’’ that lasted for one to four steps.

Boltzmann fits to data on the incidence of Iep per experiment

indicate 50% incidence at -129.7 ± 1.4 mV (Na?) and

-146.3 ± 1.6 mV (NMDG?) (slopes &-7.5 mV). Iep

amplitude increased with negative voltage and was larger

with Na? than NMDG? (e.g., -2.83 ± 0.34 vs.

-1.40 ± 0.22 nA at -190 mV). La3? (0.2 mM) shortened

episodes, shifted 50% incidence by -35 mV and decreased

amplitude, suggesting that it inhibits opening/promotes

closing of electropores. We compare our findings with earlier

ones, especially in regard to electropore selectivity. In the

Appendix, relative permeabilities and modified excluded-

area theory are used to derive estimates of electropore

diameters consistent with reversal potential -21.5 mV.

Keywords Cardiomyocyte � Electroporation-induced

current � NMDG? � Lanthanum � Electropore ion selectivity

Introduction

The effects of strong electrical fields on the electrical

properties and permeability of membranes have been

studied for more than five decades in preparations ranging

from the nerve axon (Hodgkin 1947) and node of Ranvier

(Del Castillo and Katz 1954; Stämpfli 1958) to red blood

cells (Zimmermann et al. 1976), heart cells (Jones et al.

1978), microorganisms (Sale and Hamilton, 1967) and

bilayer lipid membranes (Huang et al. 1964; Tien and

Diana 1967). In his article, Stämpfli (1958) referred to the

current-injected node of Ranvier undergoing reversible and

irreversible membrane electrical breakdown and proposed

that breakdown was related to brief disarrangement of

bilayer lipids and consequent transmembrane passage of

ions. Ooyama and Wright (1961) also studied current-

injected node of Ranvier and attributed membrane break-

down at -210 and -275 mV to the opening of ‘‘holes’’ in

the membrane. In the interim, notions of holes, ‘‘defects’’

(Abidor et al. 1979) and ‘‘microlesions’’ (Jones et al. 1987)

have given way to the view that membrane breakdown

(electroporation, electropermeabilization) involves the

formation of lipid pores (e.g., Kinosita and Tsong 1977;

Tsong 1983; Chernomordik et al. 1987) that are lined by

the charged heads of phospholipid groups from the inner

leaflet (Vernier et al. 2004; Hu et al. 2006).
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The vast majority of studies on the effects of strong

electrical fields have focused on experimental and theoreti-

cal investigation of electroporation of cells induced by short-

duration (nanoseconds to milliseconds), high-strength

external electrical fields that rapidly shift cell membrane

potential to electroporation-threshold levels of 250–

1,000 mV (for recent reviews, see Chen et al. 2006; Escoffre

et al. 2007; Wang et al. 2010). This mode of electroporation

has applications not only in cell function research (e.g.,

Schoenbach et al. 2004; Kitamura et al. 2008; Uesaka et al.

2008) but also in industry (Schoenbach et al. 2000) and

clinical delivery of drugs and genes to cells (Dev et al. 2000;

Heller and Heller 2006; Sersa et al. 2008). In addition to the

latter aspect (e.g., Harrison et al. 1998; Kim et al. 2006),

electroporation of heart cells caused by defibrillator-type

electrical shocks (Jones et al. 1987; Al-Khadra et al. 2000) is

an important factor in both defibrillation and postshock

cardiac dysfunction (Tung 1992; Fedorov et al. 2008).

There have been relatively few investigations of elec-

troporation of whole cell–configured heart cells induced by

electrical fields applied in the form of voltage-clamp

commands. Bonvallet and Christé (1988) reported that a

1.36-s hyperpolarization of a frog atrial myocyte to

-260 mV induced a novel inward current of &-0.5 nA

amplitude. The current featured jagged deflections and an

irregular time course, and they attributed its development

to membrane electrical breakdown of the type postulated

by Stämpfli (1958). Ochi and colleagues (Akuzawa-

Tateyama et al. 1998; Song and Ochi 2002) applied

minutes-long staircase hyperpolarizations and 40-s step

hyperpolarizations to guinea pig ventricular myocytes and

recorded fluctuating jagged inward currents whose ampli-

tudes ranged from tens of picoamperes at -110/-120 mV

to several nanoamperes at -190 mV. Based on findings

that the irregular inward currents reversed near 0 mV, were

unaffected by replacement of external Na? by large

(196 Da) NMDG?, were inhibited by 0.1–0.5 mM La3?

and coincided with uptake of ethidium bromide (ethi-

dium?, 314 Da) dye, they attributed the currents to passage

of ions through electropores.

The present study arose from investigation of the effects

of voltage-dependent blockers Cs? and Ba2? on inwardly

rectifying K? current (IK1) at negative potentials in guinea

pig ventricular myocytes. We found that relatively short

(200–1,000 ms) hyperpolarizations elicited irregular jag-

ged inward currents in myocytes superfused with NMDG?

solution. Based on elimination of other candidates and

resemblance of current records to records presented in

earlier publications (see above), we deemed that the cur-

rents were due to electroporation and went on to charac-

terize them in terms of reversal potential, incidence,

amplitude, effects of replacement of external Na? by

NMDG? and inhibition by La3?.

Methods

Preparation of Myocytes

Experimental protocols for animal studies were approved

by the Animal Care Committee of Dalhousie University in

accord with the guidelines established by the Canadian

Council on Animal Care. Adult guinea pigs (250–300 g)

were killed by cervical dislocation, and the hearts were

quickly removed, mounted on a Langendorff column and

perfused through the coronary artery for 10–15 min. The

Ca2?-free perfusate (37�C) contained (in mM) NaCl 125,

KCl 5, MgCl2 1.2, taurine 20, glucose 20 and N-2-hydro-

xyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) 5

(pH 7.4), as well as 0.08–0.12 mg/ml collagenase (Yakult

Pharmaceutical, Tokyo, Japan). On completion of colla-

genase digestion, the heart tissue was minced and myocytes

dispersed in a high-K?, nutrient-supplemented storage

solution (22�C) that contained KCl 30, KOH 80, KH2PO4

30, MgSO4 3, glutamic acid 50, taurine 20, glucose 20,

ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N0-tetra-

acetic acid (EGTA) 0.5 and HEPES 10 (pH 7.4 with KOH).

Electrophysiology

A few drops of myocyte suspension were placed in a

0.3-ml chamber mounted on the stage of an inverted phase-

contrast microscope, and the chamber was perfused with

bathing solution (see below) at a flow rate near 3 ml/min.

Rod-shaped quiescent myocytes were voltage-clamped

using the standard ruptured-patch method. Recording pip-

ettes were fabricated from thick-walled borosilicate glass

capillaries (H15/10/137; Jencons Scientific, Leighton Buz-

zard, UK) and had resistances of 2–3 MX when filled with

pipette solution. Pipette offsets were nulled prior to patch

formation, and liquid junction potentials (&-10 mV) were

offset during data analysis. Membrane currents were

recorded with an EPC-9 amplifier (Heka Electronics,

Mahone Bay, Canada), filtered at 3 kHz and digitized with

Pulse software (Heka Electronics) at a sampling rate of

12 kHz. Data files were converted from Pulse to Axon

format and analyzed with Clampfit electrophysiology soft-

ware (Axon Instruments, Union City, CA). All experiments

were conducted at 36�C.

Bathing and Pipette Solutions

The Na? solution used to bathe myocytes contained (in

mM) NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1, glucose 10

and HEPES 5 (pH 7.4), as well as 1 mM Cd2?, 3 lM

E4031 and 3–5 lM glibenclamide. NMDG? bathing

solution was made by equimolar substitution of Na? by

NMDG?. The pipette solution contained (in mM) KCl 30,
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potassium aspartate 110, MgATP 5, EGTA 5 and HEPES 5

(pH 7.2).

Chemicals and Drugs

All chemicals used in making solutions were purchased

from Sigma-Aldrich (Oakville, Canada) and were of the

highest purity grade available. E4031 was purchased from

Tocris Bioscience (Ellisville, MO), and glibenclamide was

from Sigma-Aldrich.

Statistics

Experimental data are expressed as means ± SEM; n rep-

resents the number of experiments. Tests used for statistical

comparisons are given in the results. Differences were

considered significant at P \ 0.05.

Results

In the experiments described below, myocytes were held at

a potential near the calculated EK (-86 mV) and bathed in

a modified Tyrode’s solution that contained 1 mM Cd2?,

3 lM E4031 and 3–5 lM glibenclamide. The principal

external cation was either Na? (Na? solution) or NMDG?

(Na?-free NMDG? solution).

Irregular Inward Current Induced by Voltage-Ramp

Sequences

As noted above, we first observed an irregular inward

current component while investigating block of inwardly

rectifying IK1 by Cs?. Since block by Cs? is voltage- and

concentration-dependent (Harvey and Ten Eick 1989), we

used voltage ramps as a convenient means of sweeping the

voltage range of interest. Figure 1 shows records of cur-

rents elicited by voltage ramp sequences (200-ms step from

holding potential -85 to -190 mV, 1.9-s ramp to 0 mV,

200-ms hold at 0 mV). The sequences were applied to the

myocyte every 30 s just before and during treatment with

1 mM Cs? and during subsequent cotreatment with the

more potent IK1 blocker Ba2? (1 mM). Although the cur-

rents in Fig. 1a had the expected waveforms, that was not

the case for the currents recorded 2 min before and 2 min

after the Fig. 1a Cs? trace. In the earlier of these, there was

superimposition of a fluctuating inward-directed current

that began &150 ms into the -190-mV step and subsided

as the ramp reached -170 mV (Fig. 1b); in the later one,

the irregular inward component developed earlier and did

not subside as quickly (Fig. 1c). Surprisingly, the currents

recorded immediately before and after the latter current

lacked extra inward components (Fig. 1c). The same was

true of the ramp currents recorded just before and after the

one in Fig. 1b (not shown).

In some experiments with NMDG? solution that con-

tained 1–20 mM Cs? and 1–3 mM Ba2?, ramp sequences

triggered long-lasting inward currents. In the example

shown in Fig. 2a, the ramp evoked an inward current that

declined with voltage in a quasi-linear fashion and crossed

the voltage axis at -18 mV. This was taken as the reversal

potential (Erev) of the inward current in this myocyte. In 11

experiments in which a ramp sequence induced a persistent

inward current, Erev was -21.5 ± 1.5 mV.

Examples of preramp currents and postramp inward tail

currents (ramp-sequence current sections removed) are

shown in Fig. 2b. Some of the tail currents increased in

amplitude over the 500-ms time frame of the tail records

(suggesting redevelopment of current), some decreased and

others were nearly unchanged. However, these were short-

term trends; in nine experiments that featured large tails,

the amplitude of the current at the 100-ms postramp

sequence was -1.24 ± 0.13 nA and the amplitude 27.5 s

Fig. 1 Current records elicited by voltage ramp sequences. The

myocyte was bathed in NMDG? solution, and voltage ramp

sequences (top) were applied every 30 s before and during treatment

with Cs? and during subsequent cotreatment with Ba2?. Times on the

records are continuous; Cs? was added at 0 min and Ba2? at 10 min.

Dashed lines indicate zero-current levels. a The control (Ctl) record

shows inwardly rectifying IK1, the Cs? record reflects voltage-

dependent block of IK1 and the Ba2? record shows near-complete

block. b Record obtained 2 min before the Cs? record in a. Note the

irregular inward current component at early times. c Records obtained

on three consecutive steps several minutes after the Cs? record in

a. The second of these records displays irregular inward current
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later at the 100-ms preramp sequence was -0.14 ±

0.02 nA. Since the preramp sequence current amplitude

prior to development of the inward current was -0.05 ±

0.01 nA, these values indicate an average decay [90%

during the interval at -85 mV.

It seemed likely that the irregular inward current under

investigation was carried by hyperpolarization-induced

electropores rather than by ion channels. The channels that

might have been open (or activated) at B-150 mV include

CLC-2 channels, KATP channels, hyperpolarization-acti-

vated If-carrying cation channels and nonselective cation

channels. Their contributions to an irregular inward current

can be discounted as follows: (1) inwardly rectifying CLC-

2 Cl- current is fully blocked by 1 mM Cd2? (Huang et al.

2009); (2) IK,ATP, which can have an irregular time course

(Noma and Shibasaki 1985; Clapp 1995), should have been

prevented by dialysate ATP and blocked by glibenclamide;

(3) Na?-dependent If should have been diminished in

NMDG? solution and completely blocked by 2–4 mM Cs?

(Hagiwara and Irisawa 1989; Yu et al. 1993); and (4)

current carried by nonselective cation channels (whole-cell

conductance &230 pS in Na? solution; Kiyosue et al.

1993) should have been very small in NMDG? solution

(Isenberg 1993; Kiyosue et al. 1993) and, to the extent that

it is TRPM7 channel current, strongly blocked by dialysate

Mg2?/MgATP and external divalent cations (Gwanyanya

et al. 2004). Based on the foregoing considerations, we

termed the hyperpolarization-induced inward current ‘‘Iep’’

and investigated it further by using voltage steps rather

than ramps.

Iep in Myocytes Regularly Pulsed to Negative Test

Potentials

The occurrence and amplitude of Iep in myocytes treated

with 5–20 mM Cs? ± 1–3 mM Ba2? was investigated by

applying 200-ms hyperpolarizing steps every 30 s to a

fixed potential and scrutinizing the current records for the

presence of Iep.

Episodes of Iep

In line with the results shown in Fig. 1, we found that step-

induced Iep waxed and waned at particular times during the

experiments. By scoring current traces as having

Iep [ 100 pA or not, we could identify ‘‘outbreaks’’ (epi-

sodes) of Iep. Data illustrating the occurrence of such epi-

sodes are shown in Fig. 3a (left: Iep off, on, off, on

successive steps; right: Iep increasing over several steps

[before subsiding in a similar manner; not shown]) as well

as in Fig. 3b (Iep off, on, on, off).

Ninety-four episodes were identified in 81 experiments

in which myocytes were bathed in Na? or NMDG? solu-

tion and regularly pulsed to either -160 or -190 mV.

After normalization of end-of-step Iep amplitudes during an

episode to the maximum (=1.0) during that episode and

moderate ‘‘shoehorning’’ of normalized Iep amplitude, we

found that episodes could be classified into five types plus

one ‘‘other.’’ (The exact number of types is unimportant;

the purpose of the classification was to determine broad

patterns.) As indicated by the fractions below the episode

types in Fig. 3c, Iep amplitude frequently ([82% of epi-

sodes) reached a peak value on the first step of an episode.

A second finding of interest was that a slight majority of

the episodes were of the off–on–off variety, primarily due

to their frequency at -160 mV (65 vs. 29% at -190 mV).

Data from myocytes bathed with NMDG? ? La3?

(0.2 mM) solution are not included in Fig. 3c. In these

myocytes, 65% of 20 episodes at -190 mV were of the

off–on–off type.

Fig. 2 Quasi-linear I–V relation and postramp inward tail currents

associated with persistent Iep. Myocytes were held at -85 mV, bathed

in NMDG? solution and treated with 3–20 mM Cs? and 1–3 mM

Ba2?. Dashed lines indicate zero-current levels. a Current elicited by

a voltage ramp sequence (top). The voltage at zero-current (Erev) is

-18 mV. b Examples of preramp holding currents (left side of each
panel) and associated postramp inward tail currents (right side of each
panel) recorded from six myocytes in which voltage ramp sequences

triggered persistent Iep. Note the variable configuration of the tail

currents
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Number of Hyperpolarizations to Episode Iep

We counted the hyperpolarizing steps that were applied up

to and including the one that elicited the largest end-of-step

Iep amplitude in the first episode of an experiment. The

number was dependent on bathing solution and voltage.

For Na? solution, the numbers of steps were 8.2 ± 0.9

(n = 10) at -190 mV and 12.3 ± 1.4 (n = 31) at

-160 mV; for NMDG? solution, the respective numbers

were 8.6 ± 0.6 (n = 24) and 12.5 ± 1.5 (n = 15). The

increase in steps at -160 mV was significant in both cases

(P \ 0.02, unpaired t-test with Welch correction). (An

increase was also evident in the number of hyperpolariza-

tions between the first and second episodes: 6.8 ± 0.8

[n = 6] at -190 mV, 10.3 ± 1.5 [n = 7] at -160 mV.)

The number of steps to episode Iep (-190 mV) in myocytes

bathed with NMDG? ? La3? solution was 12.8 ± 1.0

(n = 20), significantly longer (P \ 0.002) than the number

in myocytes bathed with NMDG? solution (8.6 ± 0.6

[n = 24]).

Incidence of Iep

Percentage incidence data were compiled by scoring myo-

cytes as Iep-positive if they met the criterion Iep [ 30 pA at

some point prior to voluntary or forced (apparent phase of

deterioration) termination of an experiment. Observation

times were approximately 15 min at -190/-160 mV

(myocytes of Fig. 3c) and approximately 30 min at less

negative potentials. When the incidence data for each solu-

tion were plotted against voltage, it was apparent that they

could be fitted with a Boltzmann function: incidence = 100/

(1 ? exp((V0.5 - V)/S)), where V0.5 is the voltage at 50%

incidence and S is the slope factor (Fig. 4). Na?-solution data

are well-described by a function with V0.5 of -129.7 ±

1.4 mV and S of -7.9 ± 1.0 mV and NMDG? solution data,

by a function with similar S (-7.2 ± 1.3 mV) but more

negative V0.5 (-146.3 ± 1.6 mV). The inclusion of 0.2 mM

La3? in NMDG? solution had little effect on S (-6.7 ±

1.0 mV) but a pronounced one on V0.5 (-182.0 ± 1.4 mV).Fig. 3 Episodes of Iep in myocytes regularly pulsed to -190 or

-160 mV. Myocytes were bathed in NMDG? solution (a–c) or in

Na? solution (c) and treated with 5–20 mM Cs? and 1–3 mM Ba2?.

They were held at -85 mV and pulsed with 200-ms steps every 30 s.

a Current traces recorded on consecutive pulses (see numbers) applied

to representative myocytes treated with 5 mM Cs? and 1 mM Ba2?.

Dashed lines indicate zero-current levels. b Time plot of current

amplitude indicating an Iep episode between 6 and 8 min in a myocyte

treated with 5 mM Cs? at 0 min and Ba2? at 11 min. c Types of Iep

episodes. Hyperpolarizing steps are represented by filled circles, and

relative end-of-step Iep amplitude is referenced to the scale on the left.
Numbers below the types indicate their relative frequencies among 94

episodes from 81 experiments. Episodes in a (left) and b are examples

of types 1 and 2, respectively

Fig. 4 Incidence of Iep. Myocytes were bathed in Na?, NMDG? or

NMDG? ? La3? (0.2 mM) solution and treated with 3–20 mM Cs?

and 1–3 mM Ba2?. Myocytes were held at -85 mV and hyperpo-

larized to a fixed voltage (V) for 200 ms every 30 s. Myocytes were

scored as positive if Iep [ 30 pA was detected at some point during an

experiment. The number of myocytes investigated is indicated in

parentheses. The curves fitting data points are drawn in accord with

incidence = 100/(1 ? exp((V0.5 - V)/S)), where V0.5 is the voltage

at 50% incidence and S is the slope factor. The V0.5 values for

the curves are (left to right) -182.0 ± 1.4, -146.3 ± 1.6 and

-129.7 ± 1.4 mV and the corresponding S values are -6.7 ± 1.0,

-7.2 ± 1.3 and -7.9 ± 1.0 mV
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Amplitude of Iep

Records from the same experiments used to determine Iep

incidence–voltage relations were used to evaluate the

dependence of Iep amplitude on voltage and external solu-

tion. The Iep amplitude measured was the peak amplitude

registered during any step over the course of an experiment,

with the proviso that the current then decayed and was small

or absent on four subsequent steps. The results (Fig. 5)

point up the following: (1) at voltages C -140 mV, peak

Iep was relatively small or absent; (2) at voltages

\ -140 mV, peak Iep was smaller in myocytes bathed with

NMDG? solution than in those bathed with Na? solution

(e.g., -1.40 ± 0.22 nA [n = 24 NMDG?] vs. -2.83 ±

0.34 nA [n = 10 Na?] at -190 mV [P \ 0.01, unpaired

t-test with Welch correction]); and (3) peak Iep at -190 mV

was much smaller in myocytes bathed with NMDG? ?

La3? solution (-0.44 ± 0.10 nA [n = 26]) than in those

bathed with NMDG? solution (-1.40 ± 0.22 nA [n = 24]

[P \ 0.01]).

Hyperpolarization-Induced Iep in Myocytes

Conditioned by Pulses to -100 mV

The foregoing findings on myocytes regularly pulsed to a

fixed test potential such as -160 mV indicate that signif-

icant Iep emerged after a series of conditioning pulses to

that potential. To evaluate whether similar-sized Iep

emerges after conditioning to a less negative potential,

groups of myocytes treated with Cs? and Ba2? were con-

ditioned with 200-ms pulses to -100 mV every 30 s and

probed with one or more test pulses. The first group

(n = 7) was bathed in NMDG? solution, conditioned for

&7 min, probed with a 200-ms test pulse to -160 mV,

conditioned for another 5 min and probed once more with a

test pulse to -160 mV. The largest Iep elicited by a test

pulse was just -30 pA. The second group (n = 12) was

bathed with Na? (or NMDG?) solution for &7 min and

then with NMDG? (or Na?) solution for a further 7 min.

The amplitudes of Iep on single 300-ms test steps to

-160 mV applied after each 7-min conditioning period

were 159 ± 26 pA (Na?) and 22 ± 6 pA (NMDG?), i.e.,

far smaller than the respective amplitudes in myocytes

conditioned at -160 mV (976 ± 180 [Na?] and 452 ±

112 [NMDG?]).

The third group (n = 12) was bathed in NMDG? ?

La3? solution, conditioned for 6–10 min and probed with

1,000-ms test pulses to -170, -190, -210 and -230 mV

(30-s intervals). Peak Iep amplitude on the test pulses to

-190 mV (-29 ± 6 pA) was small compared to that

observed in -190-mV conditioning experiments (-439 ±

105 pA). Iep on the test pulse to -230 mV was

-357 ± 119 pA, with most of the variability being due to

a relatively large Iep in two of the myocytes (e.g., Fig. 6a)

and a very small Iep in another. Records from the latter

(Fig. 6b) are not unlike the records of single-channel cur-

rents from cell membrane patches, with possible millisec-

ond-timescale unitary events (mean & -8 pA [arrows,

-190-mV trace]), multiples of these and bursting-like

activity. Taking i = -8 pA (likely an underestimate due to

recording bandwidth limitations) and Erev = -21.5 mV

gives a calculated ‘‘single-pore’’ conductance of &50 pS.

Discussion

Hyperpolarization of guinea pig ventricular myocytes to

voltages more negative than &-140 mV elicited an

irregular inward current that, on consideration of experi-

mental conditions (presence of ion channel blockers, Na?-

free NMDG? solution) and other grounds (see ‘‘Results’’

section), was deemed much more likely to have been car-

ried by hyperpolarization-induced electropores than by ion

channels.

Electropores lined by the negatively charged head

groups of membrane phospholipids are formed as a con-

sequence of electric field-induced perturbation of mem-

brane lipids (Vernier et al. 2004; Tarek 2005; Hu et al.

2006; Pakhomov et al. 2009; Wang et al. 2010). The

threshold membrane potential for their formation is in the

range of 250–1,000 mV, when cells are subjected to short-

duration, high-strength external electrical fields (Wang

et al. 2010). A similar threshold range for induction of high

conductance in frog cardiac myocyte cell-attached patches

subjected to approximately 5-ms voltage ramps and rect-

angular steps was reported by O’Neill and Tung (1991)

and Tovar and Tung (1992). The lower ‘‘thresholds’’ for

Fig. 5 Peak amplitude of Iep in myocytes regularly pulsed with 200-ms

hyperpolarizing steps (same myocytes and conditions as in Fig. 4).

‘‘Peak Iep’’ refers to the maximum value of Iep measured during an

experiment, excluding any Iep in an end-of-experiment deterioration

phase. *P \ 0.05 (Na? vs. NMDG?), �P \ 0.01 (Na? vs. NMDG?,

NMDG? ? La3? vs. NMDG?) (unpaired t test with Welch correction)
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induction of significant Iep in the guinea pig ventricular

myocytes investigated here were most likely due to our use

of much longer pulses than in the foregoing myocyte-patch

studies. An example of the dependence of threshold on

pulse duration comes from Troiano et al. (1998), who

observed that the electroporation threshold of bilayer lipid

membranes declined from 331 mV for 1-ms pulses to

167 mV for 10-s pulses.

Bonvallet and Christé (1988) presented clamp records

from a frog atrial cell (17�C) in which three successive

hyperpolarizations from -90 to -260 mV for 1.36 s at 30-s

intervals elicited jagged inward currents, which they

attributed to membrane breakdown. Ochi and colleagues

(Akuzawa-Tateyama et al. 1998; Song and Ochi 2002)

found that long-duration, relatively weak hyperpolarization

triggered an electroporation current in whole cell–config-

ured rabbit ventricular myocytes bathed in 0.1–0 mM K?

solution at 23–25�C. In the first of their studies, the voltage

was shifted by -10 mV every 30 s in staircase fashion, and

the peak amplitude of irregular inward current elicited

at each voltage was measured. For myocytes bathed in

Na? solution, the amplitudes were ‘‘several nanoamperes’’

at -190 mV and approximately -1.7 nA at -170 mV,

-0.2 nA at -160/-150 mV, -0.08 nA at -140 mV and

-0.025 nA at -110 mV. In the present study, the peak

amplitude of Iep elicited by 200-ms hyperpolarizations

applied every 30 s to myocytes bathed with Na? solution

was about the same (-2.83 ± 0.34 nA) as the above at

-190 mV, larger (-1.15 ± 0.22 nA) at -160 mV and

about the same (-0.06 ± 0.02 nA) at -140 mV. A dif-

ference between the earlier results and those reported here

concerns NMDG?. Song and Ochi (2002) found that the

amplitudes of Iep in myocytes bathed with NMDG? solution

were as large as those in myocytes bathed with Na? solu-

tion, whereas we found them to be considerably smaller. A

possible factor in this divergence is that Song and Ochi

(2002) did not compare Na? and NMDG? at potentials

negative to -140 mV, which, in the present study, provided

the evidence of smaller currents with NMDG? solution.

Our results are in good agreement with those of Akuz-

awa-Tateyama et al. (1998) in regard to the inhibitory

action of La3? on the amplitude of Iep. They found that

inclusion of 0.1 mM La3? in Na? solution reduced peak

amplitude from &-1,700 to -50 pA (-170 mV) and

&-250 to -30 pA (-150 mV), whereas we found that

inclusion of 0.2 mM La3? in NMDG? solution reduced

amplitude from &-800 pA (interpolated) to -14 ± 3 pA

(-170 mV) and &-240 pA (interpolated) to \-10 pA

(-150 mV). This ‘‘protective’’ effect of La3? was

observed against a background of possible protection

afforded by millimolar Ca2?, Mg2?, Cd2? and Ba2? and

was clearly reflected in a shift of the V0.5 of the incidence

of Iep from -146.3 ± 1.6 mV to -182.0 ± 1.4 mV

(Fig. 4). In considering how La3? might inhibit Iep,

Akuzawa-Tateyama et al. (1998) cited a study indicating

that La3? accelerates fusion of acidic phospholipid mem-

branes more effectively than Ca2? by inducing a confor-

mational change in the head region of the phospholipid that

makes the membrane surface more hydrophobic (Ohki and

Duax 1986) and suggested that this might accelerate the

closure of electropores. More recently, La3? has been

shown to bind to the lipid bilayer and promote lateral

compression and stabilization of the membrane (Cheng

et al. 1999; Tanaka et al. 2001). A cocktail of 1 mM La3?

and 1 mM Gd3? strongly inhibited nanosecond electrical

pulse (nsEP)-induced decreases in the membrane resistance

of GH3 cells (Pakhomov et al. 2007), and micromolar

Gd3? rapidly reversed nsEP-induced decreases in the

membrane resistance of Jurkat cells (André et al. 2010).

The latter findings suggest that lanthanides can both inhibit

the formation of electropores and shorten their lifetimes.

Fig. 6 Iep elicited by 1-s test hyperpolarizations. Two myocytes were

bathed with NMDG? ? La3? solution, treated with 5 mM Cs? and

3 mM Ba2? and pulsed from -85 to -100 mV for 200 ms every 30 s

for &6 min prior to application of four 1,000-ms step hyperpolar-

izations to -170, -190, -210 and -230 mV at 30-s intervals.

Dashed lines indicate zero-current levels. a Currents recorded from

one of the myocytes. b Segments of test currents recorded from the

other myocyte. Arrows point to unitary-like events (see text)
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When myocytes superfused with Na? or NMDG?

solution were pulsed from a holding potential of -85 mV

to a fixed voltage \-140 mV with 200-ms steps every

30 s, the Iep elicited by the steps was very small or absent

for a number of steps and then relatively large during the

next one to three steps (Fig. 3). The average number of

hyperpolarizing steps to a large Iep was dependent on

voltage (e.g., 8.6 ± 0.6 and 12.5 ± 1.5 at -190 and

-160 mV, respectively) but not on the principal cation. It

may be that each hyperpolarization promotes disarrange-

ment of membrane lipid, that there is a certain probability

that this leads to formation of hydrophilic pores (see

Chernomordik et al. 1987; Escoffre et al. 2007) and that

this probability increases with negative voltage.

In the majority of occurrences (episodes) of Iep in myo-

cytes pulsed to -160 mV, a large Iep on one step was fol-

lowed by a small or no Iep on the next one (Fig. 3c). This

observation suggests that electropore number/size shrank

during the interstep interval at -85 mV and did not expand

again on the next step (as though large Iep relieved hyper-

polarization-induced membrane stress (see Escoffre et al.

2007)). In other episodes, this refractory state was only

attained after several interstep intervals/Iep-inducing steps.

Inclusion of La3? in NMDG? solution had significant

effects on the timing and pattern of episodes. It increased

the number of steps to the first episode at -190 mV from

8.6 ± 0.6 (n = 24) to 12.8 ± 1.0 (n = 20), suggesting

inhibition of lipid disarrangement and/or subsequent pore

formation. In addition, it increased the percentage of off–

on–off and off–on–on–off episodes (-190 mV) from 33

and 4% (control NMDG?) to 64 and 20%, respectively.

These results support the suggestion by Akuzawa-Tateyama

et al. (1998) that La3? promotes closure of electropores.

Song and Ochi (2002) found that (ramp-evaluated) Erev

of Iep in myocytes dialyzed with an approximately 130-

mM KCl solution and bathed with NaCl solution was

-0.7 ± 3.5 mV and that 90% replacement of pipette Cl-

by aspartate (Asp-) had little effect on Erev. In the present

study, Erev in myocytes dialyzed with a 140-mM K?,

30-mM Cl-, 110-mM Asp- solution and bathed with

NMDG-Cl solution was -21.5 ± 1.5 mV. These two Erev

values can be considered under two scenarios: (1) elec-

tropores are not lined with the negatively charged heads of

phospholipids and (2) electropores are charge-lined.

1. Non-charge-lined electropores. If electropores are not

lined with negative charges, relatively large NMDG?

and Asp- should be less permeable than small K? and

Cl-. Calculations with the GHK equation (Hille 2001)

and Erev = -21.5 mV led to the conclusion that the

larger PAsp/PCl, the smaller PNMDG/PK for any given

PCl/PK up to 1.0; for PCl/PK & 1 and a reasonable

PAsp/PCl of 0.2–0.4, PNMDG/PK is 0.5–0.34.

2. Charge-lined electropores. Since pores lined with

negatively charged moieties greatly restrict passage of

anions, calculations with the GHK equation and the

foregoing Erev values point to PNa & PK (earlier

study) and PNMDG & 0.4PK (this study). Conse-

quently, the Song and Ochi (2002) interpretation of

the lack of effect of Asp- replacement of Cl- on Erev,

i.e., that PAsp & PCl (&PNa), can instead be taken as

evidence that neither of these anions was very

permeable. The fact that electropores have wider pores

than most cation-selective channels does not mean that

they necessarily have weak cation selectivity. This

contention is supported by the following examples: (1)

agonist-induced dilation of the pore of the cation-

selective P2X7 receptor channel increases permeabil-

ity to NMDG? (e.g., from 0.03 to 0.3 PNa in 30 s;

MacKenzie et al. 1998) without simultaneously

increasing permeability to Cl- (Li et al. 2005), (2)

agonist-induced dilation of the TRPA1 channel pore

increased PNMDG/PNa from 0.05 ± 0.003 to

0.22 ± 0.013 without affecting low PCl (Chen et al.

2009) and (3) despite their having nanometer-diameter

pores (passage of ions and neutral solutes up to

&650 Da), bacterial OmpF channels exhibit strong

cation selectivity (PCl/PK \ 0.1 [&0.1-M solutions])

(Danelon et al. 2003; Alcaraz et al. 2004). A more

rigorous analysis of cation and anion permeation

through electropores is provided in Appendix.

In summary, both this study and the earlier ones

(Akuzawa-Tateyama et al. 1998; Song and Ochi 2002) on

guinea pig ventricular myocytes indicate that hyperpolar-

ization can trigger Iep, whose size is dependent on the

voltage protocol. The Iep can distort records of ionic cur-

rents frequently investigated at strongly hyperpolarized

potentials (e.g., IK1, Fig. 1, and If, see Ranjan et al. 1998)

and likely those closer to resting potential in myocytes

affected by intracellular or extracellular bilayer-active

agents (e.g., Song and Ochi 2002).
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Appendix

Simulation of Dependence of Reversal Potential

of Multi-Ionic Current on Pore Diameter

The reversal potential (Erev) of a multi-ionic current is

determined by the composition of the solutions on the two

sides of the membrane and the relative permeabilities of
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the charge-carrying ions. Applying standard GHK

assumptions of independence and constant field (Hille

2001), Erev can be calculated from solution composition1

and the relative permeabilities of ions:

Assuming that relative permeabilities are determined by

steric and/or electrostatic interactions of ions and the pore,

they can be estimated from the effective diameters of

charge carriers, diameter of the pore and charges lining the

pore by employing excluded-area theory (Sabovcik et al.

1995) with the modification that ‘‘effective’’ rather than

crystal diameters of ions are used to take account of ion–

pore interaction. Thus, the relative permeability (PX/PY) of

ions X (effective diameter dX) and Y (effective diameter dY)

through a pore of diameter dpore is given by

PX

PY
¼

dpore � dX

� �2

dpore � dY

� �2
ð2Þ

The effective diameter of an ion depends on the nature

of the ion–pore interaction, which determines whether the

ion passes in hydrated form or not. If the ion has a hydrated

shell, its effective diameter is given by the Debye length

(d) of the solution times 2. This can be envisioned as an ion

with crystal radius r carrying a layer of water (thickness

d - r) sufficient to isolate it from other charges in the

solution and/or within the pore. If an ion already has a

radius larger than the Debye length, it is considered to be

sufficiently isolated and to have an effective diameter equal

to the crystal diameter. The Debye length (d) is a function

of ionic strength (I = 0.152 M), absolute temperature

(T = 273.15 ? 35.5 K) and relative permittivity (er = 80

for bulk water and 4–20 for water in small pockets within

or around proteins) as follows:

d ¼ e0erkT

2NAqeI

� �1=2

ð3Þ

where e0, k, NA, and qe are permittivity of vacuum,

Boltzmann constant, Avogadro number and elementary

charge, respectively.

We consider two cases below, non-charge-lined elec-

tropores and charge-lined electropores, and use the fore-

going framework to generate plots of the dependence of

Erev on pore size for selected values of er and to determine

possible pore size from intercepts with experimentally

determined Erev = -21.5 mV.

Non-Charge-Lined Electropores

Assuming that hydrophobic pores cannot strip ions of their

hydration shells (i.e., cations and anions pass through the

pore fully hydrated), an estimate of 2d with er for bulk water

gives 2d = 16 Å; i.e., all of the ions involved have the same

effective diameter and Erev = 0 for all pores[16 Å (clearly

not the case for this study). Moreover, under this framework

all involved ions have the same diameter until er is suffi-

ciently small to give 2d\ dNMDG (NMDG? is the ion with

the largest crystal diameter); for dNMDG = 6.8 Å, this

occurs when er \ 14.4. On the other hand, the difference in

diameters between ions has to be sufficiently large to gen-

erate Erev = -21.5 mV. For example, er & 9 is the largest

er that will give the 2d = 5.38 Å (smaller than dNMDG and

dAsp but larger than dK and dCl) required for Erev =

–21.5 mV with pore diameter 7.1 Å. For er = 4, 2d is

3.59 Å (smaller than dNMDG, dAsp and dCl but larger than

dK) and pore diameter 10.33 Å gives Erev = –21.5 mV (see

Table 1 for dion) (dion or 2d whichever is greater), 2d and

Erev values for er 80, 14.4, 9 and 4; Erev as a function of dpore

for er = 9 and er = 4 is plotted in Fig. 7a.

Charge-Lined Pore

We assume that charge-lined electropores pass dehydrated

cations (charges within the pore provide sufficient energy

for cations to shed their hydration shells) and, perhaps,

fully hydrated anions. Consequently, we use the crystal

diameter for cations and dion for anions. For er = 80 (bulk

water), dCl and dAsp are 16 Å; i.e., pores with diameter

Table 1 Non-charge-lined pore: values of 2d, dion and Erev (dpore) for

selected values of er

er 2d
(Å)

dK

(Å)

dCl

(Å)

dNMDG

(Å)

dAsp

(Å)

Erev, mV

(dpore, Å)

80 16 16 16 16 16 0 ([16)

14.4 6.8 6.8 6.8 6.8 6.8 0 ([6.8)

9 5.378 5.378 5.378 6.8 5.54 –21.5 (7.1)

4 3.585 3.585 3.64 6.8 5.54 –21.5 (10.33)

Erev ¼ �61 log
Kþi þ PCl=PKð Þ � Cl�o

PNMDG=PKð Þ � NMDGþo þ PCl=PKð Þ � Cl�i þ PASP=PKð Þ � Asp�i
ð1Þ

1 Dialysate: 140 mM K?, 30 mM Cl-, 110 mM aspartate (Asp-).

Superfusate: 140 mM NMDG-Cl. Divalent species are present in

relatively low concentrations and are not considered.
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\16 Å pass cations only. For this er, Erev = –21.5 mV is

achieved for a pore of 14.87 Å. However, since we do not

know whether charge-lined electropores have an er as high

as that of bulk solution, we need to examine the influence

of lower er on pore diameter. It turns out that lowering er

decreases the effective size of anions and increases anion

permeability. These increases are associated with three

‘‘threshold’’ values of er. At the first threshold (er = 68.82),

the effective diameter of anions (2d) becomes equal to

14.87 Å, i.e., the diameter of the cationic pore that has

Erev = -21.5 mV. This means that, for er \ 68.82 to

achieve Erev = –21.5 mV, the pore needs to pass anions;

thus, anion permeability (PCl = PAsp since dCl = dAsp)

increases from 0 until er reaches the second threshold. At

the second threshold (er = 9.55), the effective diameter of

anions is equal to the crystal diameter of Asp–

(2d = dAsp = 5.54 Å). This results in maximal PAsp,

whereas for er \ 9.55 PCl increases and PCl [ PAsp until er

reaches the third threshold. At the third threshold

(er = 4.13), 2d = dCl = 3.64 Å and PCl is maximal; fur-

ther lowering of er has no effect on estimated dpore

(dpore = 11.22 Å for Erev = –21.5 mV). Values of dion

(dion or 2d, whichever is greater), 2d and Erev for the

selected er are summarized in Table 2; and Erev as a

function of dpore for er 80 and 4.13 is plotted in Fig. 7b.

Estimation of er for Charge-Lined Pore

The present framework can be used to estimate er for a

charge-lined pore of known size and known Pcation/Panion

value. At its narrowest region, the bacterial porin OmpF is

7 9 11 Å (Cowan et al. 1992) (effective

dpore = (7 9 11)1/2 = 8.77 Å) and has negative charges

(-2) (Alcaraz et al. 2004). Estimated PNa/PCl = 4.5 (1 M

NaCl solution) (Saint et al. 1996; Phale et al. 2001; Dan-

elon et al. 2003) requires that dCl be 5.6 Å, values that

correspond to er = 64.2. Using this er as an estimate of er

within an electropore results in (1) 2d (0.152 M) of 14.36

Å (i.e., dCl = dAsp = 2d), (2) pore diameter 14.85 Å for

Erev = –21.5 mV, (3) PCl/PK = PAsp/PK & 0.0016 and

(4) PNMDG/PK = 0.44.

Summary

Non-charge-lined electropores can achieve the selectivity

required to attain Erev = -21.5 mV but only with extre-

mely low values of er and a pore diameter close to that of

the crystal diameter of NMDG?. On the other hand,

charge-lined electropores can achieve the desired selec-

tivity at er as high as that of bulk solution. Application of

er = 64.2 (estimated for bacterial porin OmpF) to the

Fig. 7 Simulations of the dependence of Erev on pore diameter

(dpore). Vertical dashed lines indicate minimal pore diameter equal to

dNMDG. Straight lines within plots extend to Erev = -21.5 mV and

corresponding pore diameters. a Dependence of Erev on dpore for non-

charge-lined pore in which er = 4 and er = 9. b Dependence of Erev

on dpore for charge-lined pore in which (1) er = 4.13 and er = 80

(solid curves) and (2) er = 64.2 (estimated for OmpF pore) (dashed
curve)

Table 2 Charge-lined pore: values of 2d, dion and dpore for Erev = –21.5 mV and selected er

er 2d (Å) dK (Å) dCl (Å) dNMDG (Å) dAsp (Å) dpore (Erev = –21.5 mV) (Å)

80 16 2.76 16 6.8 16 14.87

68.82 14.87 2.76 14.87 6.8 14.87 14.87

9.55 5.54 2.76 5.54 6.8 5.54 10.37

4.13 3.64 2.76 3.64 6.8 5.54 11.24
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charge-lined electropore suggests that it has a diameter of

14.85 Å, is strongly cation-selective (PCl/PK = PAsp/

PK & 0.0016) and has PNMDG/PK = 0.44.
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