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Abstract

Very little is known about the molecular mechanisms supporting living cell membrane electropermeabilization. This concept is based on

the local membrane permeability induced by cell exposure to brief and intense external electric field pulses. During the electric field

application, an electro-induced membrane electric potential difference is created that is locally associated with the dielectric properties of the

plasma membrane. When the new membrane electric potential difference locally reaches a critical value, a local alteration of the membrane

structure is induced and leads to reversible permeabilization. In our study, we attempted to determine whether mechanical tension could

modulate the triggering of membrane electropermeabilization. Change in lateral tension of Chinese Hamster Ovary cell membrane has been

osmotically induced. Cell electropermeabilization was performed in the minute time range after the osmotic stress, i.e., before the regulatory

volume decrease being activated by the cell. Living cell electropermeabilization was analyzed on cell population using flow cytometry. We

observed that electropermeabilization triggering was significantly facilitated when the lateral membrane tension was increased. The main

conclusion is that the critical value of transmembrane potential needed to trigger membrane electropermeabilization, is smaller when the

membrane is under lateral mechanical constraint. This supports the hypothesis that both mechanical and electrical constraints play a key role

in transient membrane destabilization.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cell electropermeabilization is the transient permeabili-

zation of the plasma membrane by means of short (micro-

to millisecond) and intense (hundred V/cm) external elec-

tric field pulses. More recently electropermeabilization of

cell membranes has strongly attracted consideration for

application in biology, biotechnology and medicine [1].

Despite its widespread use, the physical and structural

bases of cell membrane destabilization remain unclear.

During the electric field application (electropulsation) on

the cell, an electro-induced membrane electric potential

difference (DWi) is created which is locally associated with

the dielectric properties of the plasma membrane. Using a

physical model based on a thin, weakly conductive shell

(the membrane, conductivity km) full of an internal con-
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ductive medium (the cytoplasm, conductivity ki), and

immersed in an external conductive medium (conductivity

ke), solution of the Laplace’s differential equation gives

DWi as:

DWiðM ;E; tÞ ¼ �fgðkÞrEcos½hðMÞ�ð1� e�t=smÞ ð1Þ

where M is the point on the cell we are considering, t is

the time after electropulsation is turned on, f is a factor

depending on the cell geometry (for a sphere, f= 1.5), r

is the radius of the pulsed cell, E is the electric field

strength, and h(M) is the angle between the direction of

the field and the normal of the cell surface in M. g(k) is
related to the different conductivities as [2]:

gðkÞ ¼ 2ke ½2km þ ki þ ðkm � kiÞðr � d=rÞ3

� 3kmðr � d=rÞ�=½ð2ke þ kmÞð2km þ kiÞ

þ 2ðr � d=rÞ3ðki � kmÞðkm � keÞ� ð2Þ
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where d is the thickness of the membrane. sm is the

characteristic time constant of the membrane charging

and can be written as [3]:

sm ¼ rCmð2ke þ kiÞ=ð2kekiÞ ð3Þ

where Cm ( = 0.5–1.0 AF/cm2) is the specific membrane

capacitance. sm is calculated to be in the microsecond

time range. If the plasma membrane is considered to be a

pure spherical dielectric (km = 0), we obtain g(k) = 1. In

these conditions and when the steady state is reached

(tHsm) as for millisecond pulses, Eq. (1) simplifies to:

DWiðM;EÞ ¼ �1:5rEcos½hðMÞ� ð4Þ

When living cells are electropulsed, DWi adds to the

resting one DW0. When the new membrane electric

potential difference ADW0FDWiA locally reaches a crit-

ical value (DWc) (nowadays estimated between 0.25 and

0.6 V for living cells [4–7]), a local alteration of the

membrane structure leads to membrane permeabilization.

The biological relevance of Eq. (1) (geometry and kinet-

ics) has been experimentally demonstrated on single cells

by use of potential sensitive dyes [8,9] and environment-

dependent dyes [7, 10]. Electropermeabilization is a local

event on the cell surface and the region affected by the

electric pulse is linearly related to the reciprocal of the

field intensity (1/E) [11,12].

Recently, the notion that local changes in membrane

electric fields might strongly control basic and ubiquitous

membrane processes was developed with the ‘‘molecular

electroporation’’ concept. The membrane pore formation

mediated by exogenous proteins (annexin V and antibac-

terial peptides) was described using the ‘‘molecular elec-

troporation’’ concept [13 –15]. In this case, local

electropermeabilization of the lipid bilayer by the elec-

trostatic field due to charged molecules that bind to the

membrane surface, supports this new mechanistic con-

cept. Such concept was also proposed to describe mem-

brane fusion involved in exocytosis in adrenal chromaffin

cells [16]. Due to the asymmetrical distribution of neg-

atively charged phospholipids in the membrane, the close

apposition of the two membranes at the site of exocytosis

induces the electrostatic field strength to reach values

sufficiently high to cause local membrane electropermea-

bilization which can then trigger the fusion of the two

membranes. Transient breakdown of the membrane at the

junction site in synaptic transmission was also proposed

to be triggered by electrostatic interaction energy between

oppositely charged interfaces (negatively charged cytosol-

ic leaflet of the membrane, and positively charged resi-

dues of the synaptic SNARE complex of the vesicle)

[17,18]. In this case, calcium ions are supposed to be

implicated in the lipid bilayer breakdown mechanism.

The electrostatic interaction energy in concert with calci-

um ions may drive discrete micellizations of the apposed

membranes which may generate the transient ‘‘fusion
pore’’ [18]. More recently, both mechanical (membrane

tension) and electrical (membrane electric potential dif-

ference) local constraints were showed to play a key role

in exocytosis-associated membrane fusion [19]. In the

present study, we attempted to determine whether me-

chanical tension could modulate the triggering of mem-

brane electropermeabilization. Change in lateral tension of

Chinese Hamster Ovary cell membrane has been osmot-

ically induced. We observed that the critical value of

transmembrane electrical potential difference (DWc) need-

ed to trigger membrane electropermeabilization, was

smaller when the membrane was under mechanical con-

straint. This supports the hypothesis that both mechanical

and electrical constraints could play a key role in

transient membrane destabilization.
2. Experimental

2.1. CHO cell culture

CHO cells (WTT clone) adapted for suspension culture

were used to avoid trypsin treatment when cells were

collected. They were grown in suspension in a 8% fetal

calf serum complemented Eagle’s minimum medium MEM

0111 (Eurobio, Les Ulis, France; p = 330F 4 mOs/kg) as

previously described [20].

2.2. Reagents

Propidium Iodide (PI, MW 668.4) was purchased from

Sigma (St Louis, USA). bis-(1,3-Dibutylbarbituric acid)-

trimethine oxonol (DiBaC4(3)) was obtained from Molecu-

lar Probes (Eugene, OR). Isoosmotic (p = 280F 3.3 mOs/

kg, Osmomat 030 cryoscopic osmometer; Gonotec, Berlin,

Germany) pulsing buffer (PB) was 250 mM sucrose (Sig-

ma), 1 mM MgCl2, and 10 mM HEPES (Sigma) (pH 7.4).

Hypoosmotic pulsing buffer (PBH) (p = 102F 2 mOs/kg)

was 75 mM sucrose, 1 mM MgCl2, and 10 mM HEPES (pH

7.4). Conductivities were 1.215 and 1.375 mS/cm at 21 jC
(HI 8820 N conductivity meter; Hanna instruments, Lingol-

sheim, France) for PBI and PBH, respectively.

2.3. Osmotic stress and associated transient cell size

increase

CHO cells (106) were collected by centrifugation for 7

min at 100� g and resuspended in 120 Al of 100 AM PI

containing PBH (or PBI for control). Due to the culture

medium-containing pellet death volume, the final osmotic

pressure was p = 120F 4.4 mOs/kg (282F 2 mOs/kg for

control). Cell diameter changes associated with the osmotic

stress were determined using a video-microscope (direct

measurement of cell diameters on the monitor) and by flow

cytometry (FACScan, Becton Dickinson, San Jose, CA)

(average forward light scattering, FSC). In this case, average



Fig. 1. Hypoosmotically induced transient CHO cell swelling. (a) Cell size

statistical distribution before (PBI, 280 mosM/kg) (o), 2 min (n), and 10

min (E) after the hypoosmotic stress (PBH, 200 mosM/kg). Mean cell

diameters were 13.8F 1.6 Am (sampling, n= 655 cells), 14.7F 2.0 Am
(sampling, n= 659 cells), and 12.75F 1.90 Am (sampling, n= 701 cells),

respectively. Cell diameters were measured under a video-microscope.

Experimental data were fitted by normal law. (b) Cell size changes with

time after the osmotic stress (E) in comparison with native cells

(isoosmotic buffer) (n). Mean cell diameters were estimated by flow

cytometry (average FSC value).
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cell diameter measurement was achieved using Flow

Cytometer Size Calibration Kit (Molecular Probes).

2.4. Determination of transmembrane electrical potential

difference

DiBaC4(3) was a potentiometric slow-response probe,

which accumulates in the cytoplasm of depolarized cells in a

Nernst equilibrium-dependent way. Using nanomolar con-

centrations of dye (50–500 nM), for which the activity of

oxonol ions is considered to be proportional to the fluores-

cence emission intensity, the Nernst equation can be then

resolved using the ratio of fluorescence intensities measured

outside (Fout) and inside (Fin) the cell:

DW ¼ Win � Wout ¼ �ðRT=zFÞlnðFin=FoutÞ ð5Þ

where R is the gas constant ( = 8.31 J/mol K), z is the charge

number of oxonol monovalent anions ( =� 1), and F is

Faraday’s constant ( = 96,500 C/mol). Determination of

transmembrane electrical potential difference values (DW)

was adapted from what was previously described for sus-

pended cells using flow cytometry [21].

2.5. Cell electropermeabilization

Cell electropermeabilization was performed in the minute

time range after the osmotic stress. CHO cells (106) were

collected by centrifugation for 7 min at 100� g and resus-

pended in 120 Al of 100 AM PI containing appropriate

pulsing buffer. Cell suspension (100 Al) was placed between

two stainless-steel parallel electrodes seated on the bottom of

a dish. Inter-electrode width was 0.5 cm. Electropermeabi-

lization was performed at room temperature using a CNRS

electropulser (Jouan, St Herblain, France) which delivered

DC square-wave pulses. Pulse parameters were monitored

through a 15-MHz oscilloscope (Enertec, St Etienne,

France). Cell electropermeabilization was quantified by

penetration of the impermeant dye PI. Five minutes after

electropulsation, cells were resuspended in 1 ml of buffer and

analyzed by flow cytometry, gating the scatters (FSC and

SSC) to exclude debris. The excitation wavelength was 488

nm (argon laser) and the fluorescence of intracellular PI was

collected in FL-2 channel (bandpass 585F 42 nm). A

minimum of 5� 103 events were acquired in list mode and

analyzed with Cellquest software (Becton Dickinson).

2.6. Data processing

All experiments were repeated at least three times on

different days. Results are presented as mean and standard

error on the mean. On the permeabilization curves, a two-

parameter sigmoid was fitted as previously described [22]:

yðE;TÞ ¼ aðTÞ=ð1þ e½ðE50ðTÞ�EÞ=b�Þ ð6Þ
where y(E,T) is the fraction of electropermeabilized cells

(%), a(T) is the maximal fraction of electropermeabilized

cells (%), E50(T) is the electric field strength corresponding

to electropermeabilization of 50% of the cells, and b is the

slope of the sigmoid curve. All fits were obtained by least-

squares linear and nonlinear regression using EasyPlot 4.0.1

(Spiral Software, MIT). Correlation coefficients were sys-

tematically higher than 0.94. Paired t-test were achieved

using Prism 2.01 software (GraphPad Software).
3. Results and discussion

3.1. Transient cell swelling and regulatory volume decrease

In isoosmotic medium (280F 3.3 mOs/kg), suspended

CHO cells exhibited a spherical shape and had a gaussian-

like size distribution with a mean diameter of 13.8F 1.60

Am. No change in cell size was observed with time (Fig.

1). In hypoosmotic medium (120F 4.4 mOsm/kg), CHO

cells remained spherical with gaussian-like size distribution

but swelled significantly in the minute time range. The

mean cell diameter increased to 14.7F 2 Am, 2 min after

the osmotic stress, and then decrease to 12.75F 1.90 Am,



Fig. 2. Effect of osmotic stress on the CHO cell electropermeabilization. Cell suspension received one single electric pulse of 0.5 ms (a), 1 ms (b), 5 ms (c), and

10 ms (d) in 100 AM PI-containing PBH (E) or PBI (.). Electropermeabilization was monitored 10 min after pulsation by flow cytometry (FL-2 channel

(bandpass 585F 42 nm)), 5000 events. Data were analyzed with Cellquest software (Becton Dickinson) and fitted using two-parameter sigmoids (see Eq. (6)).
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10 min after the osmotic stress (Fig. 1a). Maximum in cell

size increase was reached less than 1 min after the osmotic

stress. Then, the cells shrunk toward a mean cell diameter

smaller than the native one (Fig. 1b). Hypoosmotic stress

caused initial cell swelling due to the uptake of water

driven by the imposed osmotic gradient (hypotonic swell-

ing). This led to a significant cell size increase in the

seconds following the osmotic stress. Then activated

volume recovery pathways (regulatory volume decrease)

took place. This CHO cell-controlled phenomenon lasted

for 10–12 min. It is based on the activation of specific ion

transport pathways [23].
Fig. 3. Effect of the duration of the pulse on cell electropermeabilization. Ep(T) a

in Fig. 2. CHO cells were pulsed by one single pulse with variable duration in

Ep(T) in PBI (., crit = 433F 23 V/cm) and in PBH (E, crit = 357F 14 V/cm ), and

crit = 489F 43 V/cm ) are reported. Correlation coefficients of the straight line w

values (crit) for Ep(T) and E50(T).
3.2. Cell electropermeabilization

Cell electropermeabilization was performed 2 min after

the osmotic stress, i.e., before the regulatory volume de-

crease being significantly activated by the cell. In our

conditions, no increased uptake of propidium iodide was

observed in osmotically stressed cell before the electrical

treatment. Fig. 2 shows the electropermeabilization plots

obtained for CHO cell suspension in iso- and hypoosmotic

media. Electrical conditions were one pulse of variable

duration (0.5–10 ms) and electric field strength. In the

two osmotic conditions, electro-induced PI incorporation
nd E50(T) values were estimated from the permeabilization curves reported

100 AM containing pulsing buffer. Effect of the duration on the pulse on

on E50(T) in PBI (o, crit = 596F 36 V/cm) and in PBH (4, crit = 489F 43

ere all higher than 0.97. Extrapolation to infinite duration gave the critical



Table 1

Influence of the osmotic pressure on Eq. (4) associated parameters for CHO

cell suspension

Osmotic pressure

(mOs kg� 1)

Average cell

radius (Am)a
Critical E50

(V cm� 1)b
Resting TMP

difference (mV)

282F 2 13.8F 1.6 596F 36 � 61F1.5

120F 4.4 14.7F 2.0 489F 43 � 44.5F 9

Data are mean and standard error on the mean.
a Cell radii were measured 2 min after cell suspension in appropriate

buffer.
b Cells were pulsed with one single electric pulse.
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into cells was only detected for electric strengths higher than

an apparent threshold value (Ep(T)), which depended on the

pulse duration. Above this threshold value, any increase in

the electric field strength led to an increase of the fraction of

electropermeabilized cells. A plateau value was reached for

the longest pulse durations (5 and 10 ms). However, a shift

to lower electric field strengths was systematically observed

when the cells were electropulsed under hypoosmotic con-

ditions while the sigmoid shape of the curve was not

change. Influence of pulse duration on the Ep(T) and

E50(T) (Eq. (6)) values was analyzed. Whatever the osmotic

conditions, increasing the pulse duration resulted in a

decrease in Ep(T) and E50(T) (Fig. 2). For the two osmotic

conditions, a linear relationship was found between the

reciprocal of pulse duration and Ep(T) or E50(T) (Fig. 3).

Extrapolation for infinite pulse duration allowed determina-

tion of critical values for Ep(T) and E50(T). For CHO cells

electropulsed in isoosmotic medium, Ep(T) and E50(T) were

equal to 433F 23 and 596F 36 V/cm, respectively. For

CHO cells electropulsed in hypoosmotic medium, Ep(T) and

E50(T) were equal to 357F 14 and 489F 43 V/cm, respec-

tively. Ratios between the two Ep(T) values, and the two

E50(T) values, which had been obtained in the two osmotic

conditions, were very close (1.213 and 1.219, respectively),

as expected for homothetic curves (Fig. 2). This result can

be related to the global shift of the statistical cell-size

distribution to higher diameters when the cell are under

hypoosmotic stress (short time effects).

3.3. Transmembrane electrical potential (TMP) difference

changes

Changes in resting transmembrane electrical potential

difference value has been previously reported during CHO

cells regulatory volume decrease [23]. NaCl-mediated hypo-

osmotic stress produced a rapid depolarization of the cell

membrane. Such a rapid and transient depolarization has

been also observed with cultured human fibroblasts [24].

Using the fluorescent oxonol DiBaC4(3) dye, we measured

the transmembrane electrical potential differences for CHO

cells under our iso- and hypoosmotic conditions (Table 1).

Measurements were achieved in the minute time range after

osmotic stress, as for electropermeabilization. Resting trans-

membrane electrical potential difference values were found

to be � 61F1.5 mV for cells suspended in isoosmotic
medium, and � 44.5F 9 mV for cells suspended in hypo-

osmotic medium. The hypoosmotically induced cell depo-

larization presumably reflects the increased anion

conductance observed in hypoosmotically shocked cells.

3.4. Critical transmembrane electrical potential difference

for electropermeabilization

In our conditions, we assumed that fg(k) was equal to 1.5

and, that sm was in the microsecond time range as theoret-

ically predicted [25]. From the critical E50 values obtained in

this study (Table 1) and using the simplified Eq. (4), we

could then roughly approximate the absolute DWc values

needed to trigger membrane electropermeabilization in iso-

and hypoosmotic conditions. We found 678F 68 mV for

native CHO cells (isoosmotic condition), and 580F 60 mV

for hypoosmotic shocked CHO cell. These two significantly

different values ( p < 0.0001) support the hypothesis that

membrane lateral tension facilitates the triggering of electro-

permeabilization as previously proposed for lipid model

vesicles [26]. Such synergetic effect of osmotically induced

membrane tension on model membrane permeabilization has

been also observed for Class L amphipatic helical peptides

[27]. It was concluded that the transient formation of large

defect formation (membrane destabilization) was strongly

enhanced by the membrane tension. However, in living cells,

membrane tension was assumed to be isotropic in the

membrane plane and strongly dependent on cytoskeleton

and glycocalix interactions with the membrane core [28].

Previous work using the cell-attached patch-clamp configu-

ration showed that membrane tension effect on electrically

induced patched-membrane breakdown was different for

short (50 As) and long (100 ms) pulses [29]. In this work,

we showed that for pulses smaller than 10 ms, the critical

threshold for membrane permeabilization decreased with

lateral tension suggesting that in our conditions, a large part

of the mechanical stress applied on the cell reached the

membrane bilayer. Our observations support the hypothesis

that both mechanical and electrical constraints could play a

key role in transient membrane destabilization. Such syner-

getic effect between these two constraints could play a major

role in protein-mediated molecular electroporation, by lim-

iting the effect of the protein-induced interfacial electric field

to the stretched lipid-region in contact with the protein.
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