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ABSTRACT Nanosecond, megavolt-per-meter, pulsed electric fields induce phosphatidylserine (PS) externalization,
intracellular calcium redistribution, and apoptosis in Jurkat T-lymphoblasts, without causing immediately apparent physical
damage to the cells. Intracellular calciummobilization occurs within milliseconds of pulse exposure, and membrane phospholipid
translocation is observed within minutes. Pulsed cells maintain cytoplasmic membrane integrity, blocking propidium iodide and
Trypan blue. Indicators of apoptosis—caspase activation and loss of mitochondrial membrane potential—appear in nano-
electropulsed cells at later times. Although a theoretical framework has been established, specific mechanisms through which
external nanosecond pulsed electric fields trigger intracellular responses in actively growing cells have not yet been experi-
mentally characterized. This report focuses on the membrane phospholipid rearrangement that appears after ultrashort pulse
exposure. We present evidence that the minimum field strength required for PS externalization in actively metabolizing Jurkat
cells with 7-ns pulses produces transmembrane potentials associated with increasedmembrane conductance when pulse widths
are microseconds rather than nanoseconds. We also show that nanoelectropulse trains delivered at repetition rates from 2 to
2000 Hz have similar effects, that nanoelectropulse-induced PS externalization does not require calcium in the external medium,
and that the pulse regimens used in these experiments do not cause significant intra- or extracellular Joule heating.

INTRODUCTION

Phosphatidylserine (PS), a key phospholipid component of

the eukaryotic cell membrane, is found almost exclusively on

the inner leaflet of the plasma membrane lipid bilayer in

normal, healthy cells. This asymmetric distribution is

maintained by the dynamic counterbalancing of two enzy-

matic activities (Verhoven et al., 1995), a Ca21-inhibited,

ATP-dependent aminophospholipid translocase, which

moves PS from the external to the internal face of the

membrane (Seigneuret and Devaux, 1984), and a Ca21-

dependent aminophospholipid scramblase (Basse et al., 1996;

Comfurius et al., 1996), which facilitates the randomization of

the PS distribution between the two lipid layers. PS

externalization is an important physiological signal. Cells

with exposed PS (apoptotic cells and aging erythrocytes, for

example) are marked for phagocytosis and disposal (Fadok

et al., 2001), and externalized PS plays a key role in platelet

activation and blood coagulation (Balasubramanian and

Schroit, 2003).

Although the net energy required to move PS from one

side of the lipid bilayer to the other is small (approximately

kT), a large energy barrier is associated with the transport of

the charged phospholipid head group through the hydropho-

bic interior of the membrane. Translocation activation

energies for stable, homogeneous membranes are on the

order of 100 kJ/mol (Homan and Pownall, 1988), and rate

constants for spontaneous transverse phospholipid migration

are measured in hours (Kornberg and McConnell, 1971;

Lipka et al., 1991). The cell membrane is far from homo-

geneous, however, and a number of factors, singly or in con-

cert, may lower this activation energy or otherwise facilitate

membrane restructuring and PS translocation. These in-

clude thermal- (Heimburg, 1998) and electric field-induced

(Sugar, 1979) lipid phase transitions, lipid raft distribution

and the dynamic restructuring of cytoskeletal-membrane

attachments (Kunzelmann-Marche et al., 2002), membrane-

spanning foreign (Eisenberg et al., 1973) and native pep-

tides (Wu and Hubbell, 1993), including rhodopsin (Hessel

et al., 2001), release of Ca21 from internal stores (Martinez

et al., 1999), and proximity of depolarized mitochondria

(Blom et al., 2003).

Early (Dressler et al., 1983) and more recent (Haest et al.,

1997) studies of electroporation showed that microsecond-

pulsed electric fields (20 ms, 0.3–0.9 MV/m, delivered at 0�C
in a nonnutrient buffer) can cause PS externalization in

erythrocyte membranes. Because these conditions enhance

the porative effects of the external field, with associated

rearrangements of the membrane bilayer, it is not surprising

that PS appears on the cell surface after pulse exposure. At

the site of pore formation the two faces of the membrane

become contiguous, bypassing the hydrophobic barrier to

translayer movement of the charged phospholipid head

groups. Lateral diffusion (Sonnleitner et al., 1999) can now

carry PSmolecules from the interior to the exterior face of the

cell at micrometer-per-second rates (Fujiwara et al., 2002).

Ultrashort, high-field pulses (7–300 ns, 2.5–30 MV/m) also
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induce PS translocation, but without significant poration of

the external membrane, in both nonnutrient buffer suspen-

sions (Beebe et al., 2002) and with cells in nutrient medium

(Vernier et al., 2003a). The mechanism for this nano-

electropulse-induced translocation has not been elucidated.

Unlike electroporative pulses with durations in the

microsecond range, which produce voltages across the

cytoplasmic membrane with no direct effects on the cell

interior, pulses shorter than the charging time constant of the

plasma membrane (;100 ns in physiological media for cells

with a radius of a few micrometers), or more precisely pulses

with rise and fall times faster than the membrane charging

time constant, produce lower potentials across the external

membrane and an electric field in the cytoplasm, expressed

as voltages across the intracellular membranes of the

nucleus, mitochondria, and other organelles (Sher et al.,

1970; Schoenbach et al., 2001). For nanosecond pulses the

cytoplasmic membrane appears electrically transparent, and,

if the pulse amplitude is large enough, depolarizing and

porating potentials can appear across internal structures and

dissipate before the plasma membrane charges to hyper-

polarizing voltages (Vernier et al., 2003a).

Preliminary evidence suggests several possible mecha-

nisms for the loss of membrane phospholipid asymmetry after

ultrashort pulsed electric field exposure. Depending on cell

size and pulse parameters, nanoelectropulse-induced PS

translocation could result entirely from intracellular effects

such as calcium bursts (Vernier et al., 2003b), or from

nonporative dipole interactions with membrane components

(Miller, 2002), or as a consequence of diffusion facilitated

by formation of nanosecond-duration, nanometer-diameter

membrane openings of the external membrane (Taupin, et al.,

1975; Popescu and Victor, 1991), or some combination of

these. To evaluate these and other hypotheses it is essential to

know the electrophysical boundaries of the pulsed field ex-

posures that produce membrane phospholipid translocation.

MATERIALS AND METHODS

Cell lines and culture conditions

Human Jurkat T lymphocytes (ATCC TIB-152) were grown in RPMI 1640

(Irvine Scientific, Irvine, CA) containing 10% heat-inactivated fetal bovine

serum (FBS; Gibco, Carlsbad, CA), 2 mM L-glutamine (Gibco), 50 units/

mL penicillin (Gibco), and 50 mg/mL streptomycin (Gibco) at 37�C in

a humidified, 5% carbon dioxide atmosphere.

Pulse generator and pulse exposures

A MOSFET-based, inductive-adding pulse generator with a balanced,

coaxial-cable pulse-forming network and spark-gap switch designed and

assembled at the University of Southern California, provided electrical

pulses (Fig. 1) to cell suspensions (2 3 107 cells/mL) at room tempera-

ture in growth medium in rectangular electroporation cuvettes with a

1-millimeter electrode separation (Bio-Rad, Hercules, CA).

For microscopic observations, cells were placed in a rectangular channel

100mmwide, 30mmdeep, and 12mm long,with gold-plated electrodewalls,

microfabricated with photolithographic methods on a glass microscope slide.

A fast MOSFET MicroPulser (Behrend et al., 2003) was mounted on the

microscope stage for delivery of pulses directly to the microchamber

electrodes in ambient atmosphere at room temperature (Fig. 2).

Phosphatidylserine externalization assay

Translocation of PS and the degree of membrane permeabilization were

measured by flow cytometric analysis (FACStar with CellQuest software,

Becton-Dickinson, San Jose, CA) of annexin V-FITC (fluorescein

isothiocyanate) binding and propidium iodide uptake. Staining reagents

and buffer were from a commercial kit (Annexin V-FITC Apoptosis

Detection Kit, BD Pharmingen, San Diego, CA). Data represent the results

of at least three independent experiments. EGTA is molecular biology grade

(Calbiochem, San Diego, CA).

Temperature-sensitive fluorescence
microphotometry

Observations of live cells during pulse exposures were made with a Zeiss

Axiovert 200 fluorescence microscope. Cells were loaded with the

temperature-sensitive fluorochrome europium thenoyltrifluoroacetonate

(Eu-TTA; Acros Organics, Morris Plains, NJ; lex ¼ 360 1/� 20 nm,

lem ¼ 605 1/� 30 nm) at 50 mM in growth medium for 1 h at 37�C,
then washed and resuspended in growth medium. Images were captured

and analyzed with a LaVision PicoStar HR12 camera and software

(LaVision, Goettingen, Germany).

RESULTS

Pulsed electric field threshold for PS
translocation (annexin V binding)

Annexin V binding, a standard gauge of PS externalization

in apoptosis assays (Koopman et al., 1994), provides

a measure for nanoelectropulse-induced membrane phos-

pholipid translocation. Jurkat cells exposed to 50 7-ns pulses

delivered at 20 Hz with field strengths from 0 to 1.0 MV/m

FIGURE 1 Nanoelectropulse from spark gap-switched cable discharge

pulse generator. Pulse was 2500 V, 7 ns, with 2-ns rise time, delivered to

cells suspended in growth medium (RPMI 1640).
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bind annexin V at background levels similar to unexposed

controls (Fig. 3 a). The 50-pulse dose was chosen for these

experiments as an end point, based on previous observations,

at which a maximum percentage of the cell population

responds without producing the increasing levels of mem-

brane-damaged(necrotic)cellsobservedathigherpulsecounts

(Vernier et al., 2003a).

1.5 MV/m pulses produce an intermediate level of PS

externalization, above background but less than the maxi-

mum response observed with higher amplitudes, indicating

that the field threshold for PS translocation with 7-ns pulses

lies somewhere between 1.0 and 1.5 MV/m. At higher field

strengths a plateau in the response is observed. Pulses of 2.5,

3.5, and 4.0 MV/m induce PS translocation in approximately

the same fraction of the population—30–40% of the cells in

these experiments (Fig. 3 a). Fields greater than 4 MV/m

delivered in 50-pulse doses cause dissolution of a significant

fraction of the cells (not shown).

The data in Fig. 3 is from samples assayed immediately

after pulse exposure. Similar results are obtained from

samples at 2 and 5 h after pulsing.

Pulse-induced PS externalization at different
pulse repetition rates

Varying the pulse repetition rate over three orders of

magnitude for 50-pulse, 7-ns, 2.5-MV/m exposures reveals

FIGURE 3 Megavolt-per-meter field threshold and effect of pulse

repetition rate on PS externalization. Flow cytometric fraction of cells

binding annexin V (standard assay for PS translocation) with intact

membranes (no propidium iodide influx) after 50-pulse exposures to 7-ns

pulses at amplitudes (a) and pulse repetition rates (b) indicated on the x axes.

Pulses in (a) were delivered at 20 Hz. Pulses in (b) were 2.5 MV/m.

FIGURE 2 Microscope slide-based, MOSFET-driven pulse generator. (a)

Pulse generator and pulse exposure chamber mounted on the stage of

a fluorescence microscope. (b) Pulse waveform of 370 V, 30 ns, delivered to

cell suspension in lithographically fabricated microchamber.
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a measurable decline in PS translocation at 2000 Hz, the

highest rate tested, and an enhancement at 2 Hz, the slowest

rate tested. These observations place constraints on the

mechanism for nanoelectropulse-induced PS externalization,

which we discuss below.

Pulse-induced PS externalization does not
require Ca21 in external medium

Although it has been demonstrated that neither Ca21 nor

propidium iodide nor Na1 enters the cell after nanoelectro-

pulse exposures in quantities detectable by fluorescence

microscopicmethods (Vernier et al., 2003b), it is possible that

nanosecond-duration, nanometer-diameter pores are formed

during the pulses, and that the large Ca21 concentration

gradient across the plasma membrane ([Ca21]e ¼ 750 mM;

[Ca21]i ¼ 100 nM) drives an influx of Ca21 through these

nanopores sufficient to stimulate enough phospholipid

scramblase activity to produce the PS translocation that we

observe.

If this were true, then reducing the amount of available

Ca21 in the external medium would be expected to inhibit

nanoelectropulse-induced PS externalization. The data in

Table 1 does not support this hypothesis. Adding 5 mM

EGTA to the medium before pulse exposure does not reduce

the amount of PS translocation detected by flow cytometric

analysis of annexin V binding. Divalent cation chelating

agents are known to increase the resistance of cells to electric

pulses of longer duration (microseconds, milliseconds),

perhaps through direct effects on the membrane phospho-

lipid bilayer itself or on its associations with elements of the

cytoskeleton (Mussauer et al., 1999), but those protective

mechanisms do not prevent nanosecond pulse-induced

phospholipid redistribution.

Temperature-dependent Eu-TTA fluorescence
shows lack of nanoelectropulse-induced
cell heating

Temperature-driven decreases in the fluorescence lifetime of

7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) (Chapman et al.,

1995), thermal quenching of rhodamine fluorescence (Kato

et al., 1999), and the much more temperature-sensitive

phosphorescence of Eu-TTA (Zohar et al., 1998) have been

utilized as cell ‘‘thermometers.’’ We observed Eu-TTA

fluorescence in solution and in loaded cells in a micro-

fabricated electrode chamber during micro- and nanoelec-

tropulse application. Long pulses (1 ms, 1.0 MV/m, 30 mJ

per pulse) produce spikes of decreased fluorescence (in-

creased temperature) for Eu-TTA in the extracellular

medium (Fig. 4 a) corresponding to temperature increases

of ;1 K. Short pulses (30 ns, 2.5 MV/m, 5 mJ per pulse)

produce no detectable Eu-TTA fluorescence decrease

(heating), measured photometrically in Eu-TTA stained cells

(Fig. 4 b) or in the extracellular medium (data not shown),

indicating a temperature change of less than 0.1 K.

TABLE 1 PS externalization does not require Ca21 in the

external medium

Exposure

Percent of cells

with externalized

PS (annexin V1)

95% Confidence

limits

0 pulses 10.6 6.2

50 pulses 42.0 5.4

50 pulses 1 EGTA 49.5 7.2

The presence of 5 mM EGTA in the external medium does not inhibit

nanoelectropulse-induced PS translocation (annexin V binding) after 50

7-ns, 2.5-MV/m pulses. Data represent the average of six samples (10,000

cells each) from three independent experiments.

FIGURE 4 Temperature-sensitive Eu-TTA fluorescence—absence of

nanoelectropulse-induced Joule heating in cells. (a) Long pulses (1 ms;

1.0 MV/m) produce temperature-induced step decreases in the fluorescence

emission of 50 mM Eu-TTA in culture medium. Each data point represents

the integrated fluorescence emission from a selected area in a uniformly

illuminated microscope field of view (growth medium only—no cells). (b)

Short pulses (30 ns, 2.5 MV/m) produce no detectable Eu-TTA fluorescence

decrease (heating) in Eu-TTA stained cells. Each data point represents the

integrated fluorescence emission from one of three single cells.
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DISCUSSION

Field threshold and plateau

The plasma membranes of cells exposed to ultrashort, high-

field electric pulses are not electroporated by conventional

measures (propidium iodide influx, for example), but an

important early effect of the pulsed-field treatment is trans-

location of the normally inner membrane phospholipid PS, a

physiologically and physically significant modification of

the membrane lipid bilayer that has been associated with

electroporation in other studies (Haest et al., 1997). It has not

been established whether this redistribution of membrane

phospholipids is the result of a direct interaction between the

pulsed field and components of the membrane, or a secondary

consequence of an intracellular triggering event or set of

events. Our observations provide some limits against which

hypothetical mechanisms and models can be tested.

The data in Fig. 3 is consistent with the hypothesis that

nanoelectropulse-induced PS externalization results from

a single, discrete process or set of closely related parallel

processes rather than an assortment of unrelated mecha-

nisms, with at least one step in this putative process requiring

the application of an external field greater than 1 MV/m for

several nanoseconds. For 50 7-ns pulses, fields from 2.5 to

4.0 MV/m produce approximately the same response, the

result one would expect for a relatively simple mechanism

with an activation energy provided by pulses greater than

1 MV/m. At the high-field end of this plateau, above 4 MV/

m, more destructive effects of the pulsed fields become sig-

nificant with a 50-pulse dose.

A value for the peak transmembrane potential during a

7-ns, 1-MV/m trapezoidal pulse with 2-ns rise and fall times

can be estimated from a simple dielectric shell model of the

cell (Plonsey and Altman, 1988)

VmðtÞ ¼ 1:5E0 a cos u½1� expð�t=tmÞ�; (1)

where E0 is the applied electric field, a is the cell radius, u is

the position angle relative to the electric field, t is the time

after the initiation of the pulse, and tm is the membrane

charging time constant.

With physical parameters reasonable for the Jurkat T cells

and suspension medium used in these experiments (a ¼ 5

mm, u ¼ 0, tm ¼ 100 ns), and t ¼ 7 ns, Vm,peak for E0 ¼ 1.5

MV/m is ;500 mV. Values at other pulse amplitudes scale

accordingly (Table 2). Although it must be stressed that these

cell physical parameters are approximate, that the dielectric

shell model embodies only the most general electrophysical

properties of the system, and that a real population of cells is

heterogeneous in size, shape, and physiological state, this

500 mV is close to the transmembrane voltage associated

with long-pulse electroporation (Benz et al., 1979).

The conductivity of biological lipid bilayers increases by

orders of magnitude when the transmembrane potential

approaches 1 V (Zimmermann, 1982). Most models of

electroporation imply that higher external electric fields lead

to the appearance of more conductive pores, clamping the

membrane voltage at a critical, porating voltage (Weaver,

2003). Since exact values for the transmembrane potential at

the onset of increased conductivity and for the maximum,

clamped voltage depend on the cell type and the composition

of the medium, it is reasonable to consider the hypothesis that

under the conditions of our experiments the critical membrane

voltage is approachedwith 1-MV/mpulses and exceededwith

larger pulsed fields, generating in the membrane a population

of nanometer-diameter, nanosecond-duration pores (Popescu

et al., 1991; Weaver and Chizmadzhev, 1996). Although

these pores would be expected to close quickly after the

trailing edge of the pulse under physiological conditions

(Zimmermann, 1996), they would provide a path while they

are open for diffusion of PS from the inner leaflet of the

membrane to the outer surface (Fig. 5 a). Repeated cycles of

pulse-induced nanoporation would expose successively more

and more inner-membrane PS to these paths to the external

face of the cell. If these localized membrane perturbations

persist longer than the pulse repetition rate, then the response

to multiple pulses would likely be nonlinear.

A plot of the calculated values from Table 2, modified to

indicate the clamping of the transmembrane potential at 1 V,

is shown in Fig. 5 b. Note that for a given field strength,

shorter pulses charge the membrane to lower voltages

(assuming that the pulse durations are substantially less than

the membrane charging time constant). If the hypothesis

above is valid, then 2-ns pulses (which necessarily have rise

and fall times of 1 ns or less) should cause only minimal PS

externalization at 2.5–4.0 MV/m, because the external

membrane would charge to,0.5 V, but at fields .4 MV/m,

the effects seen with 7-ns pulses should be observed.

Pulse rate effects

If successive pulses in an n-pulse train produce entirely

independent and lasting effects (such as opening and closing

TABLE 2 Transmembrane potentials from simple dielectric

shell model

Pulsed electric

field (MV/m)

Vm,peak,

2-ns pulse

Vm,peak,

7-ns pulse

0.0 0.00 0.00

0.5 0.04 0.18

1.0 0.07 0.37

1.5 0.11 0.56

2.0 0.15 0.73

2.5 0.19 0.91

3.0 0.22 1.10

3.5 0.26 1.28

4.0 0.30 1.46

Peak transmembrane voltages after 2- and 7-ns trapezoidal pulses, calculated

from Eq. 1 for an ideal membrane across which the potential may increase

without limit. Increased conductivity (poration) in hyperpolarized biological

membranes clamps the transmembrane potential at ;1 V.
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of nanopores with associated sites of facilitated PS diffusion

onto the external face of the membrane), then it is reasonable

to expect that the measured effects are cumulative, increasing

with n, and that is what is observed for pulses delivered at

20 Hz (Vernier et al., 2003a). Decreasing the time between

pulses to a value less than the time required for opening,

closing, and ‘‘healing’’ a nanopore might eliminate this

independence and modify the cumulative response, since

membrane integrity would not be fully restored before each

successive pulse. (Because a 7-ns pulse duration is

a negligible fraction of the pulse-to-pulse period for pulse

frequencies even up to a megahertz, varying the pulse

repetition rate from 2 to 2000 Hz, as in these experiments,

may be considered equivalent to varying the time between

pulses from 500 ms to 0.5 ms.) Without a detailed

knowledge of the actual pulse-induced membrane changes

it is not clear whether faster pulse delivery rates (less time

between pulses) will enhance or diminish the effects of

a pulse exposure, but the possibility of an observable

difference in the magnitude of the response when the pulse

delivery period overlaps the time for membrane recovery

cannot be excluded. The small decrease in PS externalization

at 2000 Hz relative to 20 and 200 Hz (Fig. 2) may signify

such a change, indicating a nanopore lifetime on the order of

microseconds.

Given a nominal lateral diffusion coefficient of 10

mm2 s�1 for membrane phospholipids (Sonnleitner, et al.,

1999), nanopores with a mean lifetime on the order of hun-

dreds of nanoseconds or more would be open long enough to

provide sites for PS migration onto the cell surface (Anezo

et al., 2003). Reported times for pulsed electric field-induced

membrane pore formation and lifetime vary widely. Con-

ductivity increases in artificial membranes can bemeasured as

early as 10 ns after pulse exposure (Benz and Zimmermann,

1980), consistent with simulations of field-driven pore

opening within nanoseconds (Tieleman et al., 2003). Electro-

pores may last from 7 to 500 ms (Hibino et al., 1993), or even

into the range of 3 ms to 1 s (Melikov et al., 2001), depending

on pulse characteristics and exposure conditions. All of these

numbers are consistent with nanoelectropulse-facilitated

externalization of PS.

Calcium-independent mechanisms

Since it is known that intracellular calcium release facilitates

PS translocation, it is tempting to associate the nano-

electropulse-induced calcium bursts reported elsewhere

(Vernier et al., 2003b) with PS externalization, keeping in

mind that a simple rise in intracellular calcium concentration

may not be sufficient for PS translocation (Wurth and

Zweifach, 2002; Orrenius et al., 2003). Although neither

pulse-induced nanomolar calcium influx nor intracellular

calcium release and immediate reuptake can be excluded, the

data in Table 1, and additional unpublished observations in

our laboratory, do not support a direct role for calcium in

nanoelectropulse-induced PS externalization.

Possible thermal effects

Long (ms), high-field (kV/m) electric pulses can cause

significant heating in biological material (Pliquett et al.,

1996). Nanosecond pulses used in the studies reported here

FIGURE 5 Model for nanoelectropulse-induced PS

externalization. (a) Diagram showing nanoelectropulse-

induced pore formation and ‘‘lateral’’ diffusion of PS from

the inner to the outer leaflet of the membrane lipid bilayer.

(b) Peak plasma membrane voltage (Vm) versus pulsed

field strength for 2- and 7-ns trapezoidal pulses calculated

for Jurkat T cells from Eq. 1 and clamped at 1 V to

represent the effect of the opening of conducting pores.

Horizontal dashed line indicates approximate threshold for

PS externalization from the data represented in Fig. 3. This

model predicts that 2-ns pulses will not produce PS

translocation at fields ,4 MV/m.
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have a high power density (5 TW m�3) but a low energy

density (100 kJ m�3), so that if distributed uniformly each

pulse will raise the temperature of cell suspensions by

milliKelvins or less, depending on the thermal isolation of

the sample. It is possible, however, that the pulse energy is

not deposited uniformly. For example, field-driven ionic

currents through nanoelectropores or existing voltage-

activated ion channels could develop very localized high

temperatures (intra- and circumpore increased intramolecu-

lar agitation and/or a shift of molecular velocity distributions

to the right). The essential heterogeneity of dielectric

properties of biological membranes points to the possibility

of nanometer-scale ‘‘heating,’’ although heating has pre-

viously been shown to be only a secondary factor for electric

field effects on conductive channels (Chen et al., 1998). The

observations with Eu-TTA reported here represent the first

attempt to measure the temperature of cells during nano-

electropulse exposure. They are not calibrated measure-

ments, but rather comparisons of short-pulse (30 ns) with

long-pulse (1000 ns) exposures, and we were able to detect

no pulse-induced temperature changes greater than tens of

milliKelvins.

Nanoelectropulse-induced phosphatidylserine
translocation

It seems probable that the overturning of molecular

layers may be a phenomenon of considerable bi-

ological significance. If the monolayers contain dipoles

or ionic charges as well as hydrophobic and hydro-

philic groups, the overturning of the layer may cause

large changes of electric potential. Conversely, change

of potential or of chemical composition of the liquid on

one side of a membrane may cause an overturning of

one or more of the monolayers and so change the

properties of the film (Langmuir, 1938).

Langmuir was not aware of the asymmetry of the eukaryotic

membrane lipid bilayer, but his appreciation for the

significance of membrane lipid rearrangements proved to

be a guiding and lasting insight. Even today we do not fully

understand how the asymmetry is maintained, and when,

why, and how it is disturbed. Nanoelectropulse studies may

become a component of the ongoing search for the answers

to these questions.

PS externalization appears very soon after nanoelectro-

pulse exposure (within seconds; manuscript in preparation).

Along with other early postpulse events—intracellular

calcium bursts (Vernier et al., 2003b) and changes in the

appearance of nuclear material (Chen et al., 2004)—imme-

diate PS translocation is likely to be closely linked to the

primary electrophysical interaction between the nanosecond-

pulsed electric field and the biological cell, and thus may

provide a handle for identifying and characterizing the

mechanisms through which cells respond to external

ultrashort electric pulses. Phosphatidylserine exposure not

only serves as a signal that mediates cell clearance in

immune and apoptotic processes, it also indicates a modifi-

cation of the normal cytoskeletal-membrane associations that

maintain and regulate the physiological integrity of the

membrane (Kunzelmann-Marche et al., 2001; Manno et al.,

2002). Appropriate pulse regimens require further investi-

gation because they may permit separation of the immediate,

electrophysically mediated translocation from the longer

term externalization associated with apoptosis.

In this work we have identified a specific, physiologically

significant molecular event—translocation of PS from the

inner leaflet of the cell membrane lipid bilayer to the exterior

face of the cell—that is associated directly with the

application of ultrashort (nanosecond), high-field (mega-

volt-per-meter) electric pulses. We have established a thresh-

old amplitude for this pulsed electric field, below which PS

externalization does not occur, and we have shown that this

threshold field strength corresponds closely to the induced

transmembrane potential ($0.5 V) that causes increased

conductance when much longer (microsecond) pulses are

applied (conventional electroporation). It is probably not

coincidental that the potential energy of the negatively

charged head group of PS at the 0.5–1.0 V membrane

potential associated with the threshold electric field for PS

translocation corresponds with the activation energy for

phospholipid transbilayer migration—;100 kJ/mol (1 eV).

Our data suggest that nanoelectropulse-induced PS trans-

location is not the consequence of known, calcium-

stimulated enzymatic activities and point to a directly

physical interaction between the external field and the

components of the plasma membrane. At the same time we

provide evidence that is consistent with only an insignificant

amount of pulse-induced localized heating of the membrane,

arguing against the notion that PS translocation results from

enthalpically driven lipid-phase changes and subsequent

layer mixing.

The sum of the evidence presented here leads to the

conclusion that since nanoelectropulse-induced PS external-

ization apparently requires the establishment of a trans-

membrane voltage that is similar in magnitude to the

membrane voltage associated with electric field-induced

membrane poration, the initial steps in the two processes

may be similar even though the end points are different.

Although the critical transmembrane potential required for

poration develops even during the 7-ns pulses used in these

experiments, several lines of evidence indicate that nano-

second-pulsed field exposures do not create openings in the

plasma membrane like those associated with electroporation.

One membrane-based molecular event occurs—PS trans-

location—but the abrupt cessation of the field halts further

progression toward the opening of conductive pores through

which ions can pass.

Our results are consistent, however, with the formation

of nanopores—nanosecond-duration, nanometer-diameter
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openings in themembrane that are notmeasurably conductive

but that would provide a site for PS lateral diffusion to the

external face of the cell. At the limits of our pulse repetition

rate data we see evidence for a nanopore (or subpore defect)

lifetime on the order of microseconds—consistent with

values for membrane pore lifetime in conductive media in

the electroporation literature, although it must be emphasized

that we do not see evidence for actual membrane poration.

These observations of the effects of nanosecond pulses on

the membrane challenge the competing physical models of

electroporation. These models must accommodate field-

dependent PS translocation after a fast-rising pulse edge,

either through facilitated phospholipid diffusion at the perim-

eter of pulse-induced pores, or through direct translation

of the PS head group through a pulse-perturbed section of

membrane, or through an extremely rapid mechanical

rearrangement in response to Maxwellian flexure.

In addition to the basic cell biology and bioelectrics

information that can be obtained through explorations of

these possibilities, an investigation of nanoelectropulse-

induced PS externalization may lead to practical applica-

tions. The ability to flip this phospholipid switch with

remotely delivered nanosecond electric pulses, and to be able

to do so selectively for different cell types (Vernier et al.,

2003a) depending on their dielectric properties (Polevaya

et al., 1999) suggests the development of pulse exposure

recipes (with pulse trains of varying amplitude, duration, and

pattern), eventually at the clinical level, for eliminating

undesirable cell populations by inducing them either to

advertise for or to initiate directly their own destruction.
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