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Abstract Electric pulses, when applied to a cell suspen-

sion, induce a reversible permeabilization of the plasma

membrane. This permeabilized state is a long-lived process

(minutes). The biophysical molecular mechanisms sup-

porting the membrane reorganization associated to its

permeabilization remain poorly understood. Modeling the

transmembrane structures as toroidal lipidic pores cannot

explain why they are long-lived and why their resealing is

under the control of the ATP level. Our results describe the

effect of the level of free Calcium ions. Permeabilization

induces a Ca2? burst as previously shown by imaging of

cells loaded with Fluo-3. But this sharp increase is rever-

sible even when Calcium is present at a millimolar con-

centration. Viability is preserved to a larger extent when

submillimolar concentrations are used. The effect of cal-

cium ions is occurring during the resealing step not during

the creation of permeabilization as the same effect is

observed if Ca2? is added in the few seconds following the

pulses. The resealing time is faster when Ca2? is present in

a dose-dependent manner. Mg2? is observed to play a

competitive role. These observations suggest that Ca2? is

acting not on the external leaflet of the plasma membrane

but due to its increased concentration in the cytoplasm.

Exocytosis will be enhanced by this Ca2? burst (but hin-

dered by Mg2?) and occurs in the electropermeabilized part

of the cell surface. This description is supported by pre-

vious theoretical and experimental results. The associated

fusion of vesicles will be the support of resealing.

Keywords Electropermeabilization � Electroporation �
Calcium � Membrane repair

Introduction

Electric pulses, when applied to a cell suspension, induce a

reversible permeabilization of the plasma membrane

(electropermeabilization, electroporation). This permeabi-

lized state is a long-lived process (minutes) but cells can

recover the electrically mediated stress. The biophysical

molecular mechanisms supporting the membrane reorga-

nization associated to its permeabilization remain poorly

understood (Teissie et al. 2005; Sersa et al. 2015; Sweeney

et al. 2016; Wegner et al. 2015). There is now a general

agreement that the generation of field-dependent toroidal

lipidic pores cannot support the complexity of the obser-

vations on cells. More basic research is needed. Several

steps are present along electropermeabilization with two

main classes: those present during the field pulse delivery

(trigger, expansion) and those that follow and are involved

in the stabilization, the resealing and the final repair of the

pulse-induced membrane defects.

Electropermeabilization not only affects the organiza-

tion of the plasma membrane by inducing conductive

pathways but also permits transmembrane transport. A

dramatic alteration of the cytoplasmic concentration of

metabolites would result. This was reported more than

30 years ago as an elegant method to ‘‘gain access to the
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cytoplasm’’ (Knight and Scrutton 1986; Knight and Baker

1982).

Ca2? was a focus of a large interest of investigators on

the cellular aspects of electropermeabilization due to its

role as a second messenger and its interfacial properties

when interacting with charged species (Craviso et al. 2012;

Semenov et al. 2013a, b; Pakhomova et al. 2014). One of

the more dramatic structural effects of Ca2? uptake on the

cell organization was the induction of massive cytoplasmic

vesicle fusion (Niessen et al. 1994; Huynh et al. 2004). The

most reported of Ca2? consequences in electropermeabi-

lization is the induction of cell death (Rols et al. 1990;

Escande-Géraud et al. 1988; Golzio et al. 2003). This

appears to result from the high uptake of Ca2? in the

cytoplasm that triggers a dramatic Calcium-induced Cal-

cium release. The resulting cytosolic free Calcium con-

centration cannot be recovered by the Ca2? plasma

membrane pumps (Pakhomova et al. 2014). Moreover,

other effects associated to electric pulse-induced cell death

are controlled by the level of Ca2?. Defense mechanism of

electropermeabilized involved the generation of reactive

species. These responses are affected by the Ca2? content

of the pulsing buffer (Gabriel and Teissié 1994).

Preclinical applications are under development to take

advantage of the induced cell death by using Ca2? as a

drug with a localized effect on the electropermeabilized

tissue (Frandsen et al. 2012) or in controlling gene

expression by a transient destruction of the transfected

tissue (Hojman et al. 2012). These translational develop-

ments are supported by systematic investigations of the

effects of the pulsing parameters, of the Ca2? dose, and of

the cells on this Ca2? electrically mediated cell death

(Golzio et al. 2003; Frandsen et al. 2014; Hansen et al.

2015; Zielichowska et al. 2016; Dermol et al. 2016).

Biophysical methods reported the complexities of the

transport pathways associated to Ca2? transfer by direct

imaging approaches (Tekle et al. 1994; Gabriel and Teissié

1999). The conclusions were that Ca2? was elec-

trophoretically driven during the pulse but that a massive

uptake was present during the post-pulse step by a con-

centration-driven diffusion (the resting cytoplasmic Ca2?

concentration being about 200 nM is lower than the puls-

ing buffer level). This conclusion of Ca2? transport after

the pulse when membrane defects (supporting the trans-

port) are resealing highlights the critical role of the repair

process in the control of the Ca2? effects on the cell sur-

vival (Son et al. 2016).

There is a need to obtain more information on the

control of electropermeabilized membrane resealing by

Ca2?. Membrane resealing can be observed from the

kinetics of a reporter dye uptake (Pucihar et al. 2008), by

the post-pulse membrane conductance change (Hibino

et al. 1993; Hai and Spira 2012) or by a delayed addition of

the dye (Teissie and Rols 1988). Electropermeabilization

resealing appears as an event of 3 first-order processes but

as the first two are very fast (less than 1 s) (Pucihar et al.

2008), in most studies only the slow one (of the order of

minutes) is described. It will be the focus of the present

study where the post-pulse addition of the dye was used.

Taking into account the known toxic effects of Ca2?

concentration higher than 1 mM in the pulsing buffer, our

analysis would be on the use of lower concentrations.

Materials and Methods

Cells

Cells were checked to be mycoplasma free. Chinese

hamster ovary (CHO) cells (Wild-Type Toronto WTT

clone) were grown in suspension in Eagle’s minimal

essential medium (MEM 0111, Eurobio, Les Ulis, France)

supplemented with 10% fetal bovine serum (GIBCO/Life

Technologies, Grand Island, NY), L-glutamine (0.58 g/L,

GIBCO/Life Technologies), 2.95 g/L tryptose-phosphate

(Sigma-Aldrich, St. Louis, MO), BME vitamins (Sigma-

Aldrich), 3.5 g/L glucose (Sigma-Aldrich), and the

antibiotics penicillin (100 U/mL) and streptomycin

(100 lg/mL, GIBCO/Life Technologies) in a hermetic

closed spinner (Corning Inc, Corning, NY, USA) at 37 �C
with soft stirring. Every day, the cell culture was diluted

twofold to stay at 0.5 9 106/mL. Growing cells in the

suspension avoided a trypsinization step before the deliv-

ery of electric pulses. The extracellular matrix was pre-

served (Gabriel and Teissié 1995).

Chemicals

Propidium iodide (PI: molecular weight 668.4), HEPES,

sucrose, MgCl2, and CaCl2 were purchased from Sigma

Chemical Co. (St. Louis, MO). Fluo-3 AM was obtained

from Molecular Probes (Eugene, OR). Standard isoosmotic

pulsing buffer (PB) was 250 mM sucrose and 10 mM

HEPES buffer (pH 7.4). HEPES buffer was selected to

avoid Ca2? chelation present with a phosphate buffer.

Conductivity and osmotic pressure of PB were 1.5 mS/cm

and 310 mOs/kg, respectively. Different concentrations of

CaCl2 were added giving a slight increase in conductivity.

Calcium Assay

The cell-permeant Fluo-3 AM (2.2 M) was loaded (in the

presence of 0.2% w/v F-127 pluronic acid) by incubating

the cells for 15–20 min in a culture medium at room

temperature and under gentle agitation. Excess external

dye was washed off after incubation, and the cells were
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suspended in 1 mM CaCl2-containing PB. When external

Ca2? ions enter the electropermeabilized cell, they imme-

diately bind to pre-loaded Fluo-3 indicators inside the cells

and cause enhancement of fluorescence.

Cell Electropermeabilization

Cells were harvested by centrifugation for 10 min at

1009g (700 rpm, C500 centrifuge, Jouan, St. Herblain,

France), washed with PB, and resuspended in PB con-

taining the PI (0.1 mM; 106 cells/mL).

Propidium is classically used to quantify long-lived cell

electropermeabilization. When the dye enters the elec-

tropermeabilized cell, it binds to intracellular targets (DNA

and/or RNA) with an increase in quantum yield and its

fluorescence strongly increases (Gabriel and Teissié 1997).

The PS10 CNRS electropulser (Jouan) was used to

supply square-wave electric pulses. Pulse parameters

(voltage and duration) were monitored online through a

15-MHz oscilloscope (Enertec, St. Etienne, France).

CHO cells were collected from the spinner. The cells

were suspended in pulsation buffer (PB) at a concentration

of 5 9 106 cells/mL. 100 lL of the cell solution was

dropped between two stainless steel, flat, parallel elec-

trodes (0.4 cm gap) in contact with the bottom of a culture

dish (Nunc, Denmark). This configuration built an open

pulsing chamber, where it was easy to add PI or CaCl2 after

pulsing the suspension (Fig. S2).

Eight pulses of 1.4 kV/cm lasting 0.1 ms were delivered

at 1 Hz frequency. They were previously shown to induce a

high level of membrane permeabilization (70–80%) while

preserving the cell viability to a large extent (80–85%) in a

Ca2?-free buffer (Fig. S1).

Membrane resealing was monitored by a delayed addi-

tion of PI giving a final concentration of 0.1 mM.

Fluorescence Imaging

For microscopic observations, the microscope glass cov-

erslip with a drop of cells was placed on the stage of an

inverted digitized fluorescence video microscope (Leica

DMIRB, Wetzlar, Germany). The cells were observed with

a Leica 1009, 1.30 oil immersion objective. The wave-

lengths were selected using the Leica N2.1 filter block for

PI-labeled cells. Images were recorded with a Photometrics

cooled CCD camera (Princeton instrument, Inc., Trenton,

NJ, USA) and a computer-controlled excitation light source

(Leica, EL 6000, Wetzlar, Germany). The shutter limited

photobleaching. Digitized images were processed using

MetaMorph Acquisition software (Version 7.04r4 �
1992–2006 Molecular Devices, Downingtown, PA, USA)

run on a DELL computer under Microsoft Windows XP.

The cells were considered as permeabilized when their

cytoplasmic PI emission was larger than twice the back-

ground level and called PI positive.

A more quantitative analysis was performed by flow

cytometry (Becton–Dickinson FACScan; Becton–Dickin-

son Biosciences, Franklin Lakes, NJ, USA). Both the per-

centage of fluorescent cells (i.e., the percentage of

permeabilized cells, PI-positive cells) and the level of

fluorescence associated with this permeabilization (i.e., the

efficiency of permeabilization) are obtained on a large

population (5 9 103 cells). The cells were resuspended in

1 mL of buffer and analysis by flow cytometry was gated

with the scatters (forward scatter and side scatter) to

exclude debris. Excitation was obtained with an argon laser

(488 nm) and the fluorescence of intracellular propidium

iodide was collected in FL-2 channel (bandpass

585 ± 42 nm). Acquisition was obtained in list mode and

analyzed with CellQuest software (Becton–Dickinson).

The critical fluorescence threshold for selecting PI-

positive cells (gating) was set manually. Information such

as the percentage of permeabilized cells (gated as PI pos-

itive) and the mean fluorescence of the PI-positive cells

was collected.

In all the experiments, control cells were treated exactly

in the same way apart from being exposed to electric

pulses.

Data analysis

Experiments were performed on different days and as such

on different cultures. The level of permeabilization (mean

fluorescence) was obtained with the flow cytometer on the

subpopulation, which was larger than the manually set

critical threshold. A total number of 5000 cells were

observed. As fluctuations were present due to the day-to-day

cell culture conditions, the relative values were obtained

normalizing the data to the samples with no Ca?? added.

Data were expressed as mean ± standard deviation (SD)

values shown as error bars on the graphs. All experiments

were repeated on 4 different days (more than 5000 cells

were observed each time) giving a standard deviation of less

than 10%. Ca??-treated samples (0.1–0.5 mM Ca??)

were compared to control (no Ca??) using single-factor

ANOVA test implemented in Excel Analysis ToolPak

(Microsoft Inc., Redmond, WA)). This software checked

when the probability P was 0.05 or less. The significant

comparisons are shown by a * on the graphs.

Results

Calcium inflow resulting from cell electropermeabilization

was observed using Fluo-3-loaded cells as described in

Golzio et al. (2003). A large burst in fluorescence was
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observed under the fluorescence microscope that disap-

peared in the minutes following the pulse delivery. The cell

viability was affected and all permeabilized cells were

killed when the Ca2? concentration was 5 mM. Confir-

mative results of the previous study were obtained in the

present study, i.e., the calcium burst was transient when the

external Ca2 ? concentration was in the submillimolar

range (data not shown).

Calcium Effects on Electropermeabilization

Cells were treated in a PI-containing buffer. A background

level of PI-positive cells (10% or higher) was present in the

unpulsed control cells as it was the case in many previous

reports where similar external concentrations of PI were

used. Pulse delivery induced a sharp increase in the per-

centage of PI-positive cells up to 80%. This was observed

under the microscope but a systematic quantitative analysis

was performed by flow cytometry. This percentage was

affected when Ca2? was present with concentrations

increasing up to 0.5 mM, dropping to 60%. The PI fluo-

rescence mean emission was therefore evaluated on

5 9 103 cells for each experiment. The PI emission in each

single cell was observed to slightly decrease in a statisti-

cally non-significant way when the Ca2? concentration was

equal to or higher than 0.2 mM (Fig. 1).

In a previous study using larger Ca2? concentrations (up

to 5 mM), it was reported a dose-dependent increase in the

PI fluorescence emission (Golzio et al. 2003) due to the

increase in toxicity. PI emission in dead cells is much

higher than that in reversibly permeabilized cells.

When Ca2? was added a few seconds after the train of

pulses were delivered in a PI-containing buffer, the

percentage of PI-positive cells was observed to only

slightly decrease in a statistically non-significant way with

an increase in the Ca2? concentration (Fig. 2a). A 10%

decrease was observed when the Ca2? final concentration

after the pulses was 0.5 mM. PI mean fluorescence of PI-

positive cells was therefore evaluated on 5 9 103 cells.

The PI fluorescence emission in each single cell was

observed to decrease significantly when the Ca2 ? con-

centration was higher than 0.1 mM (Fig. 2b).

Toxicity of Low Concentrations of Ca21 During

Electropermeabilization

The observation of cell fluorescence with an addition of PI

30 min after the pulse delivery in a PI-free buffer, a

Fig. 1 Effect of Calcium concentration on the intensity of the

fluorescence emission of PI positive cells. Cells were pulsed (1.4 kV/

cm, 0.1 ms, 8 times, 1 Hz) in a buffer containing PI (0.1 mM) and

different levels of Ca2?. The relative mean fluorescence emission of

PI positive cells is reported using the emission with no Ca2? as 100%

(n = 4)

Fig. 2 Electropermeabilization with a post pulse addition of Ca2?.

Cells were pulsed (1.4 kV/cm, 0.1 ms, 8 times, 1 Hz) in PB (0.1 mM

PI). Different levels of Ca2? were added post pulse (final concen-

trations on the axis). a Percentage of PI positive cells. (c control with

no EP). b The relative value of mean fluorescence emission of PI

positive cells were obtained normalizing data to the samples with no

Ca?? added using the emission with no Ca2? as 100%. The

statistical significance on the top line is indicative of statistically

significant difference between control and all the other samples

(n = 4)
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condition where resealing is assumed to be completed,

showed that the percentage of cells that were not able to

recover was only slightly affected when the Ca2? con-

centration present during the pulse delivery was less than

0.2 mM (Fig. 3).

When the Ca2? level was 0.5 mM viability decreased

more than twofold (from 13 to 30% PI-positive cells),

however the decrease was not statistically significant

(P = 0.07), as compared with the results in a calcium-free

buffer, which is in line with a 2003 study (Golzio et al.

2003).

Effect of Calcium Concentration on Membrane

Repair

In our previous study of the effect of Ca2? on membrane

electropermeabilization, high ([1 mM) Ca2? concentra-

tions were investigated (Golzio et al. 2003). A key problem

was that such Ca2? amounts were inducing a high loss of

viability in the permeabilized cells. There was a competi-

tion between resealing and loss of viability in the kinetics

of the uptake of PI. Nevertheless, the early steps of

resealing appeared faster in a 1 mM Ca2? buffer than in a

Ca2?-free buffer. Indeed, we observed that some elec-

tropermeabilized cells could survive when pulses were

delivered in a 1 mM Ca2? buffer. Considering our results

on the low toxicity associated with pulse delivery in a

buffer containing 0.5 mM or less Ca2?, we investigated

further the effect of those low concentrations on the

kinetics of resealing.

Resealing, i.e., repair of membrane injuries after pulse

delivery, was followed by counting the percentage of cells

that remained PI positive at a given time t after being

pulsed by a field with a strength E, P (E,t). Only the slow

step was analyzed for technical reasons as mentioned in the

Introduction.

It is observed that it is described by

PðE; tÞ ¼ LðEÞ þ PðE; 0Þ � LðEÞð Þ expð�KtÞ½ �;

where L(E) is the percentage of cells in the pulsed popu-

lation that cannot survive (lysed cells) (Rols and Teissié

1990) (Fig. 3).

Under low Ca2? concentration conditions, we just

observe that P(E,0) is not affected to a large extent by the

concentration of Ca2? present in the pulsing buffer.

The kinetics of resealing is a first-order process that can

be quantified by the ratio:

PðE; tÞ � LðEÞð Þ= PðE; 0Þ � LðEÞð Þ

i.e., exp(-Kt) at a given time t.

A decrease in this ratio is indicative of faster resealing (a

higher value of K, i.e., a shorter time constant in resealing,

the reciprocal of K).

The 5 min characteristic time of the early events was

selected from our previous studies on CHO resealing (Rols

and Teissié 1990). PI was added 5 min after the pulse

delivery in a PI-free buffer containing different levels of

Ca2? to observe the resealing (P(5)).

A dramatic significant effect of the increase in the low

concentration of Ca2? on the resealing was observed

(Fig. 4). Resealing is very fast in the 0.5 mM buffer where

the loss of viability remains low and was almost completed

within 5 min (Fig. 3). Therefore, the PI uploading process

is short-lived and the number of PI molecules that reach the

cytoplasm is less than that in a Ca2?-free pulsing buffer.

This is supported by our observation that the level of

permeabilization (P(E)) and the mean fluorescence emis-

sion of PI-positive cells were affected to some extent when

Ca2? was present at 0.5 mM (Figs. 1, 2).

Mg21 is a Competitor of the Positive Effect of Ca21

on Resealing

To investigate if the effect of Ca2? on resealing was due its

double charge, Mg2? (1 mM) was added to PB. It should

be reminded that Mg2? at that low concentration is always

present in the pulsing buffer where the pH is controlled by

a phosphate buffer (a strong chelator of Ca2?). Under our

pulsing conditions (1.4 kV/cm, 0.1 ms, 8 times, 1 Hz),

pulsing CHO cells in that buffer did not affect the cell

viability (Golzio et al. 2003). It was previously shown that

that higher Mg2? led to higher electropermeabilization for

PI and higher viability (Haberl et al. 2010). Our

Fig. 3 Cell mortality resulting from electropermeabilization as a

function of a low Ca2? level. Cells were pulsed (1.4 kV/cm, 0.1 ms, 8

times, 1 Hz) in a PB buffer containing different levels of Ca2?. Lysis

(mortality) was evaluated by the percentage of cells that remained PI

positive with a 30 min delayed addition of PI (0.1 mM). C no pulse

delivered (n = 4)
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experiments were focused on the effect of Mg2? (1 mM)

when low concentrations of Ca2? were present. The

resealing kinetics were strongly affected and slow resealing

was observed with no added Calcium (Fig. 5). This is in

agreement with the previous observations using a phos-

phate buffer (Rols and Teissié 1990). No calcium-en-

hancing effect was observed with the addition of 0.1 mM

Calcium. It was detected at higher concentrations but to a

lower extent to what was observed in the Mg2?-free buffer

(Fig. 4).

Mg2? and Ca2? appear to have competitive effects on

the resealing of electropermeabilized cells.

Discussion

Low concentrations (less than 0.5 mM) of Ca2? affect the

events linked to cell electropermeabilization performed

with the classical approach (pulse duration of 0.1 ms as for

electrochemotherapy). The viability of pulsed cells remains

preserved. In our previous study at millimolar concentra-

tions of Ca2?, a more dramatic effect was observed as 80%

of the electropermeabilized cells were dead after being

pulsed in a 5 mM Ca2? buffer (Golzio et al. 2003). A

similar high toxicity was recently reported at 5 mM Ca2?

on other cell systems when using 1.2–1.6 kV/cm field

strengths with the same pulse duration and number as used

in the present study (Frandsen et al. 2014). The main

effects of the submillimolar Ca2? are not on the processes

present when the field is present, i.e., trigger and expansion

of permeabilization (Teissie et al. 2005), but affect the

resealing process. Cells remain in the electropermeabilized

state for a shorter time when Ca2? is present in this low

concentration range. Calcium-induced toxicity is present

only above a significant concentration (0.2 mM). Most of

the associated uptake of exogenous molecules (PI in the

present study) is reduced. The effect of Calcium is pre-

vented if Mg2? is present (as it is the case in most inves-

tigations). A previous report using electrical recording of

the resealing observed that it proceeded as an exponential

process interrupted by abrupt recovery steps. These abrupt

events were considered as a consequence of the ‘‘mem-

brane patch model’’ of membrane repair in which patches

of intracellular membrane fused with the plasma membrane

at the site of injury (Hai and Spira 2012).

This action of Ca2? on the resealing processes is in line

with the reports describing the reversibility of electroper-

meabilization not as an intramembrane mechanical recov-

ery but as membrane repair, where exocytosis plays a key

role (McNeil and Steinhardt 2003; Cooper and McNeil

2015; Terasaki et al. 1997). Exocytosis was thought to

promote resealing by ‘patching’ the plasma membrane

lesion or by facilitating bilayer restoration through reduc-

tion in membrane tension (Idone et al. 2008a, b; Huynh

et al. 2004). Resealing is associated to the fusion of

cytosolic vesicles in the part of the cell membrane affected

by the permeabilization process after the pulse delivery.

Membrane repair is associated to a rapid Ca2?-dependent

endocytic pathway (Idone et al. 2008a, b.). This physio-

logical fusion associated to exocytosis involves the action

of Ca2? ions but is hindered by Mg2? ions (Reddy et al.

Fig. 4 Effect of Calcium concentration on resealing of electroper-

meabilized cells. Cells were pulsed (1.4 kV/cm, 0.1 ms, 8 times,

1 Hz) in PB containing different levels of Ca2?. Resealing was

quantified by the ratio of permeabilized cells detected at 5 min post

pulse (P(5)) to the initial level (P0)) (with a correction of the

background) (in percent). In the two cases, the final concentration was

PI 0.1 mM (n = 4)

Fig. 5 Effect of 1 mM MgCl2 on the resealing at different Ca2?

concentrations. Cells were pulsed (1.4 kV/cm, 0.1 ms, 8 times, 1 Hz)

in PB (PI 0.1 mM) containing MgCl2 (1 mM) with different levels of

Ca2?. Resealing was quantified by the ratio of permeabilized cells

detected at 5 min post pulse PI addition (P(5)) to the initial level

(P(0)) (with a correction of the background) (in percent). In the two

cases, the final concentration was PI 0.1 mM (n = 4)
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2001; Idone et al. 2008a, b). This competition between

Ca2? and Mg2? is observed in our study. Spontaneous

fusion of small lipid vesicles (LUV, large unilamellar

vesicles) to electropermeabilized cells was obtained and

was observed to be controlled by Ca2? ions (Ramos et al.

2002).

This involvement of Ca2? in electropermeabilization

resealing was mentioned in nanosecond pulsed electric

field effect and on more complex biological systems

(Pakhomova et al. 2014; Swezey and Epel 1989; Boonen

et al. 1992, 1993).

Conclusions

The final conclusions are that low Ca2? concentrations are

involved in electropermeabilization in conditions that are

not toxic. The same effect appears to be present at higher

concentrations (see the observations at 0.5 mM), but it is

masked by the toxicity linked to the high cytoplasmic Ca2?

concentration. Ca2? influx through plasma membrane

electro-defects triggers a rapid repair response that is

essential for cell survival. This effect of Ca2? supports the

description of resealing as a membrane repair of damaged

cells, i.e., supported by the metabolic activity of cells (Rols

et al. 1998).
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