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Nanosecond, high-voltage electric pulses (nsEP) induce permeabilization of the plasma membrane
and the membranes of cell organelles, leading to various responses in cells including cytochrome c
release from mitochondria and caspase activation associated with apoptosis. We report here
evidence for nsEP-induced permeabilization of mitochondrial membranes in living cells. Using
three different methods with ﬂuorescence indicators—rhodamine 123 (R123), tetramethyl
rhodamine ethyl ester (TMRE), and cobalt-quenched calcein—we have shown that multiple nsEP
(ﬁve pulses or more, 4 ns duration, 10 MV/m, 1 kHz repetition rate) cause an increase of the inner
mitochondrial membrane permeability and an associated loss of mitochondrial membrane potential.
These effects could be a consequence of nsEP permeabilization of the inner mitochondrial membrane or the activation of mitochondrial membrane permeability transition pores. Plasma membrane
permeabilization (YO-PRO-1 inﬂux) was detected in addition to mitochondrial membrane
permeabilization. Bioelectromagnetics 33:257–264, 2012. ß 2011 Wiley Periodicals, Inc.
Key words: mitochondrial membrane potential; permeabilization; plasma membrane;
nanosecond electric pulse

INTRODUCTION
Nanosecond, high-voltage electric pulses (nsEP)
with durations of up to 100 ns and electric ﬁeld
strengths over 1 MV/m permeabilize not only the
plasma membrane [Vernier et al., 2006], but also
organelles in the cell interior [Schoenbach et al.,
2001; Napotnik et al., 2010]. Effects of nsEP include
calcium ion release [Vernier et al., 2003b; Buescher
et al., 2004], permeabilization of intracellular granules [Schoenbach et al., 2001], large endocytosed
vacuoles [Tekle et al., 2005], externalization of phosphatidylserine [Vernier et al., 2004], damage of cell
nuclei and DNA [Stacey et al., 2003; Vernier et al.,
2005], and platelet activation [Zhang et al., 2008].
They can also provoke apoptosis [Beebe et al., 2002;
Vernier et al., 2003a] and are under active investigation as a promising new tool for cancer therapy
[Garon et al., 2007; Chen et al., 2009; Nuccitelli
et al., 2010].
Mitochondria play a crucial role in apoptosis
[Kroemer et al., 2007]. Mitochondria release several
apoptosis-inducing proteins into the cytoplasm, including cytochrome c [Liu et al., 1996], second
mitochondria-derived activator of caspase/direct
ß 2011Wiley Periodicals,Inc.

IAP-binding protein with low pI (Smac/Diablo)
[Du et al., 2000], AIF (apoptosis-inducing factor)
[Susin et al., 1999], mitochondrial serine protease
high temperature requirement protein A2 (HtrA2/
Omi) [Hegde et al., 2002], and endonuclease G [Li
et al., 2001]. These proteins are released from the
mitochondrial intermembrane space through channels
in the outer mitochondrial membrane under the control of B-cell lymphoma 2 (Bcl-2)-related proteins
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and/or rupture of the outer mitochondrial membrane,
following the mitochondrial permeability transition
[Petit et al., 1998; Kroemer et al., 2007]. Different
cell types respond to apoptotic stimuli in different
ways, following different pathways to apoptotic cell
death [Kroemer et al., 2007]. Release of cytochrome
c from mitochondria after applying nsEP to cells has
been reported [Beebe et al., 2003; Hall et al., 2007a],
and mitochondrial membrane potential was decreased
in a portion of cells after exposure to 300 ns pulses
[Ren and Beebe, 2011], even in the absence of cytochrome c release [Ford et al., 2010].
Theoretical studies predict that mitochondria
could be the target of nsEP electroporation [Kotnik
and Miklavcic, 2006]. AIFs could be released into
the cytoplasm through nsEP-induced permeabilization of mitochondrial membranes. Therefore, we
investigated the effects of nsEP (4 ns, 10 MV/m) on
mitochondrial membrane permeability and mitochondrial membrane potential. A decrease in mitochondrial membrane potential indicates a change in the
ability of the cell to maintain proton and other ion
concentration gradients across the inner mitochondrial membrane [Kroemer et al., 2007]. We monitored
mitochondrial membrane potential with rhodamine
123 (R123) and tetramethyl rhodamine ethyl ester
(TMRE), ﬂuorescent lipophilic cationic dyes that
accumulate in mitochondria in a potential-dependent
manner [Emaus et al., 1986; Ichas et al., 1997]. We
also employed a cobalt-quenched calcein method for
detecting mitochondrial membrane permeabilization
[Petronilli et al., 1999]. In addition, we monitored
plasma membrane permeabilization by looking
for inﬂux of the ﬂuorescent dyes YO-PRO-1 and propidium iodide (PI). Our results are consistent with
pulse-induced permeabilization of mitochondrial
membranes with an associated loss of mitochondrial
membrane potential.
MATERIALS AND METHODS
Cell Line and Cell Culture
Human Jurkat T lymphoblasts (obtained from
American Type Culture Collection (ATCC),
Manassas, VA; ATCC cell number: TIB-152) were
grown in RPMI-1640 medium (Mediatech, Manassas,
VA) containing 10% heat-inactivated fetal bovine
serum (Gibco/Invitrogen, Carlsbad, CA), 2 mM
L-glutamine (Gibco/Invitrogen), 50 units/ml penicillin
(Gibco/Invitrogen), and 50 mg/ml streptomycin
(Gibco/Invitrogen). Cells were cultured at 37 8C in
a humidiﬁed, 5% carbon dioxide atmosphere and
concentrated to 2  107 cells/ml for pulse treatment.
Bioelectromagnetics

Pulse Generator and Pulse Exposure
For microscopic observation, cells were placed
in a microchamber 100 mm wide, 30 mm deep, and
15 mm long with platinum electrode walls, on a
glass microscope slide. A resonant-charged, solidstate Marx bank-driven, hybrid-core compression,
diode-opening switch pulse generator, designed and
assembled at the University of Southern California
(Los Angeles, CA) [Sanders et al., 2009], delivered
4 ns, 10 MV/m electrical pulses at a 1 kHz repetition
rate to the microchamber electrodes mounted on the
microscope stage in ambient atmosphere at room
temperature. The impedance of the microchamber
load, when it was loaded with a cell suspension in
our standard media, was about 350 V.
Fluorescence Microscopy and Fluorescent
Molecular Probes
Observations of live cells during pulse exposures were made using a Zeiss Axiovert 200 epiﬂuorescence microscope (Zeiss, Göttingen, Germany)
with a 63 water immersion objective and a
Hamamatsu ImageEM EM-CCD camera (Hamamatsu Photonics KK, Hamamatsu City, Japan).
Captured images were analyzed with Hamamatsu
SimplePCI software. Cells were stained with the
ﬂuorescent probes for mitochondria (cobalt-quenched
calcein, R123, TMRE, and MitoTrackers) and for
plasma membrane permeability (PI and YO-PRO-1).
Cobalt-quenched calcein. Calcein-AM (Molecular
Probes/Invitrogen, Carlsbad, CA) is an anionic
ﬂuorochrome that enters cells freely and labels
cytoplasmic as well as mitochondrial regions following removal of the acetoxymethyl (AM) group
by intracellular esterases. Because cobalt ions are
taken up by cells but do not readily pass through
the mitochondrial membrane, mitochondria can be
identiﬁed by the cobalt quenching of cytoplasmic,
but not mitochondrial, calcein ﬂuorescence [Hüser
et al., 1998; Petronilli et al., 1999]. Cells were loaded with 500 nM calcein-AM in the presence of
1 mM CoCl2 at 37 8C in a 5% CO2 atmosphere for
20 min. Before pulse treatment, cells were washed
and resuspended in fresh RPMI-1640 medium with
or without 1 mM Co2þ. Fluorescent images were
captured before pulsing and 3 min after pulsing,
using the appropriate ﬁlter (Ex 482/35, Em 536/40,
and D 506DCLP). For quantiﬁcation, the cells in the
images were encircled and the ﬂuorescence of cells
was measured. The background ﬂuorescence was
subtracted. The results were expressed relative to
cells before pulsing.
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Mitochondrial membrane potential. Rhodamine
123 (R123) and TMRE were used to assess changes
in mitochondrial membrane potential [Emaus et al.,
1986; Chen, 1988; Scaduto and Grotyohann, 1999].
Cells were incubated with 1 mM R123 (Molecular
Probes/Invitrogen) for 45 min, or 50 nM TMRE
(Molecular Probes/Invitrogen) for 20 min. After
incubation, cells were centrifuged and resuspended
in fresh RPMI-1640 medium for pulse exposure.
Fluorescent images were captured before pulsing
and 30 s and 3 min after pulsing, using the appropriate ﬁlters (R123: Ex 482/35, Em 536/40, D
506DCLP; TMRE: Ex 543/22, Em 593/40, D
562DCLP). For quantiﬁcation, the cells in the
images were encircled and the ﬂuorescence of cells
was measured. The background ﬂuorescence was
subtracted. The results were expressed relative to
cells before pulsing.
For a positive control, the proton ionophore
uncoupler of oxidative respiration carbonyl cyanide
3-chlorophenylhydrazone (CCCP) was added to
the R123- or TMRE-stained cells in suspension at
20 mM [Bortner and Cidlowski, 1999]. Images were
captured and quantiﬁed the same way as pulsed cells,
only the results were expressed relative to cells that
were not treated with CCCP.
MitoTrackers. MitoTracker Green and MitoTracker Orange (Molecular Probes/Invitrogen) were
used to conﬁrm the labeling of mitochondria by
double labeling (MitoTracker Orange with cobaltquenched calcein and R123, and MitoTracker Green
with TMRE). Cell loading was performed according
to the manufacturer’s protocol (100 nM MitoTracker Orange and 50 nM MitoTracker Green).
Images of double-stained cells were captured by
using appropriate ﬁlters (MitoTracker Orange: Ex
543/22, Em 593/40, D 562DCLP; MitoTracker
Green: Ex 482/35, Em 536/40, D 506DCLP).
Plasma membrane permeability. Intracellular
YO-PRO-1 (Molecular Probes/Invitrogen) and PI
(Molecular Probes/Invitrogen) ﬂuorescence were
used as indicators of plasma membrane permeabilization as described previously [Vernier et al.,
2006]. Cells were suspended in RPMI-1640 medium
with 10 mM YO-PRO-1 or 7.5 mM PI just before
pulsing. Fluorescent images were captured before
pulsing and 3 min after pulsing, using the appropriate ﬁlters (YO-PRO-1: Ex 472/30, Em 520/35, D
495DCLP; PI: Ex 562/40, Em 624/40, D
593DCLP). For quantiﬁcation, cells in the images
were encircled and the ﬂuorescence of cells was
measured. The background ﬂuorescence was
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subtracted. The results were expressed in arbitrary
units.
RESULTS
Localization of Mitochondria
Jurkat T lymphoblasts were stained with
three ﬂuorescent labeling methods speciﬁc for mitochondria: cobalt-quenched calcein, rhodamine 123
(R123), and TMRE. Mitochondria in cells are seen
as bright spots in the cytoplasm. Co-labeling with
MitoTracker Orange or MitoTracker Green revealed
almost complete overlap of the MitoTracker dyes
with the structures stained with R123 and TMRE
(Fig. 1). The bright particles in calcein-stained cells
are not dense enough to merge over the entire intracellular area labeled by the MitoTracker dyes, but
the calcein-labeled regions are coincident with the
MitoTracker-labeled regions.
nsEP Pulses Cause a Loss of Mitochondrial
Potential in Jurkat Cells
R123 and TMRE are lipophilic cationic dyes
that accumulate in active mitochondria because of
the large negative potential that appears across
normal mitochondrial membranes. When the mitochondrial membrane potential decreases, the concentration of these dyes in the mitochondria decreases
with an associated decrease in R123 and TMRE
ﬂuorescence. Our results show that nsEPs cause a
signiﬁcantly reduced ﬂuorescence of both dyes, indicating a loss of mitochondrial membrane potential
(Figs. 2 and 3). The extent of pulse-induced mitochondrial membrane permeabilization depends on the
number of pulses—more pulses cause a greater reduction in R123 and TMRE ﬂuorescence. At 10
pulses (4 ns, 10 MV/m, 1 kHz repetition frequency),
R123 and TMRE ﬂuorescence decreased to 76% and
78% of pre-pulse ﬂuorescence, respectively. At 50
pulses, R123 and TMRE ﬂuorescence decreased to
63% and 30% of the pre-pulse ﬂuorescence emission,
respectively. CCCP, a proton ionophore uncoupler
that causes a loss of mitochondrial membrane potential [Bortner and Cidlowski, 1999], was used as a
positive control. After exposing the cells to CCCP
(Figs. 2 and 3) ﬂuorescence decreased to 61%
and 12% of control cells for R123 and TMRE,
respectively.
Plasma Membrane Permeabilization After nsEP
Application
We labeled mitochondria with cobalt-quenched
calcein and suspended cells in the medium without
Bioelectromagnetics
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Fig. 1. Localization of mitochondria in Jurkat cells. Cells were loaded with cobalt-quenched
calcein (A), R123 (B), or TMRE (C), with MitoTracker Orange (A,B) or MitoTracker Green (C).
A1^C1: permeabilization indicator images. A2^C2: MitoTracker images. A3^C3: superimposed
images.

Fig. 2. Dose-dependent R123 fluorescence intensity before and
after pulsing (mean  SEM). CCCP was used as positive control.
Significant differences from zero-pulse controls are designated
by asterisks (P < 0.05). #Statistically different from previous
column of same incubation time (P < 0.05). There are at least
60 cells for each data point and each condition was repeated at
least three times.
Bioelectromagnetics

Fig. 3. Dose-dependent TMRE fluorescence intensity before
and after pulsing (mean  SEM). CCCP was used as positive
control. Significant differences from zero-pulse controls are designated by asterisks (P < 0.05). #Statistically different from
previous column of same incubation time (P < 0.05). There are
at least 124 cells for each data point and each condition was repeated at least three times.
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Fig. 5. Dose-dependent YO-PRO-1 uptake. Fluorescence images
were recorded 3 min after pulse exposure. Data show YO-PRO-1
fluorescence 3 min after pulsing (mean  SEM) in arbitrary
units. Significant differences from zero-pulse controls are designated by asterisks (P < 0.05).There are at least 36 cells for each
data point and each condition was repeated at least three times.

Fig. 4. Dose-dependent calcein fluorescence without (A) or with
(B) Co2þ in the medium. Data show the relative fluorescence intensity before and 3 min after pulsing (mean  SEM). Significant
differences from zero-pulse controls are designated by asterisks
(P < 0.05). #Statistically different from previous column
(P < 0.05).There are at least 38 cells for each data point and each
condition was repeated at least three times.

or with cobalt ions. When calcein-stained, cobaltquenched cells were exposed to nsEP in the medium
without cobalt ions in the external medium (Fig. 4A),
calcein ﬂuorescence emission decreased after exposure to 5, 10, and 20 pulses, indicating mitochondrial
membrane permeabilization. No ﬂuorescence decrease was observed after exposure to 30 pulses or
more under these conditions, suggesting that plasma
membrane permeabilization at these higher pulse
numbers allows cobalt ions to leak out of the cells,
dequenching the calcein ﬂuorescence; hence, the
ﬂuorescence emission of calcein in cells was high.
On the other hand, when calcein-stained,
cobalt-quenched cells were treated in medium with
cobalt ions (Fig. 4B), the calcein ﬂuorescence
decreased signiﬁcantly after the application of 5 nsEP
pulses and decreased further at higher pulse numbers

(30–100). The extent of mitochondrial permeabilization depends on the number of pulses applied
since the ﬂuorescence is lower with higher pulse
numbers; it decreased to 73% and 51% of the ﬂuorescence before pulsing with 30 and 100 pulses,
respectively. These results suggest that cobalt ions
in the external medium allow sufﬁcient calcein
quenching even after permeabilization of the plasma
membrane since the Co2þ concentration gradient
favors an inward ﬂux of cobalt ions rather than a
decrease in cytoplasmic Co2þ.
In addition, plasma membrane permeabilization
was monitored with YO-PRO-1 and PI uptake. YOPRO-1 inﬂux is signiﬁcantly increased at ﬁve or
more pulses (Fig. 5). Fluorescence intensity increased
8, 12, and 19 times higher than in untreated control
cells after applying 20, 30, and 100 pulses, respectively. Although PI is a less sensitive detector of
plasma membrane permeabilization than YO-PRO-1
[Vernier et al., 2006], a measurable inﬂux of PI was
detected after applying 20 pulses or more (Fig. 6). PI
ﬂuorescence intensity increased three and four times
higher than in untreated control cells after applying
20 and 30 pulses, respectively.
DISCUSSION
Using three different indicators of mitochondrial membrane integrity in living cells, we have shown
that high-voltage, nanosecond electric pulses (4 ns,
10 MV/m, 1 kHz repetition rate) cause an increase in
mitochondrial membrane permeability and an associated decrease in mitochondrial membrane potential.
In addition, we have observed that with these pulse
Bioelectromagnetics

262

Napotniket al.

Fig. 6. Dose-dependent propidium uptake. Fluorescence
images were recorded 3 min after pulse exposure. Data show PI
fluorescence 3 min after pulsing (mean  SEM) in arbitrary
units. There are at least 32 cells for each data point and each
condition was repeated at least three times.

parameters, exposure to fewer pulses (<20) permeabilize the mitochondrial membrane while leaving the
plasma membrane relatively impermeable to propidium yet permeable to small but signiﬁcant amounts
of YO-PRO-1 (after ﬁve pulses, ﬂuorescence reached
1.8 times the value of control cells). Higher pulse
numbers (20), however, produce signiﬁcant plasma
and mitochondrial membrane permeabilization.
These relative permeabilization sensitivities are consistent with our observations of intracellular cobaltquenched calcein ﬂuorescence with and without
cobalt in the external medium.
Exposure of cells to nsEP provokes apoptosis in
vitro [Beebe et al., 2002] and in mice [Beebe et al.,
2002; Nuccitelli et al., 2009], but the mechanisms for
nsEP induction of apoptosis have not been established. Mitochondria play a crucial role in apoptosis,
and disruption of the normal barrier functions of
the mitochondrial membranes is a key step in this
process during which mitochondria release several
apoptosis-inducing proteins, especially from the intermembrane mitochondrial space into the cytoplasm
where they further activate the execution of apoptosis
[reviewed in Wang, 2001; Kroemer et al., 2007].
Cytochrome c is released through pores in the outer
mitochondrial membrane that are formed by proapoptotic molecules such as Bcl-2-associated X protein (BAX) and Blc-2 homologous antagonist/killer
(BAK) [Ow et al., 2008], or by the opening of the
outer mitochondrial membrane that occurs after the
mitochondrial permeability transition [Hunter et al.,
1976; Danial and Korsmeyer, 2004; Bernardi et al.,
2006; Kroemer et al., 2007]. It is already known that
mitochondria release cytochrome c after nsEP exposure [Beebe et al., 2003; Hall et al., 2007b], but it
Bioelectromagnetics

has not been established whether this is a consequence of Bcl-2-family-induced permeabilization
of the outer mitochondrial membrane or a direct
consequence of nsEP poration of mitochondrial
membranes.
In our present work we observe nsEP-induced
decreases in the ﬂuorescence emissions of R123,
TMRE, and cobalt-quenched calcein, consistent with
the hypothesis that nsEP exposure permeabilizes the
inner membrane of mitochondria with an associated
loss in the mitochondrial membrane potential. A
signiﬁcant decrease in the mitochondrial membrane
potential was observed after applying 5–30 pulses
(4 ns, 10 MV/m, 1 kHz repetition rate), depending
on the sensitivities of the detection methods. Measuring R123 and TMRE ﬂuorescence emissions at
different time points (30 s and 3 min) showed that
this is a progressive event, lasting at least several
minutes after pulsing. TMRE, a dye which
shows less binding than R123 and is also rapidly and
reversibly taken up by live cells and therefore more
suitable for dynamic measurements [Ehrenberg et al.,
1988; Loew et al., 1993], exhibited a more rapid
decrease in ﬂuorescence emission compared to R123.
Theoretical studies predict that mitochondria could
be the target of nsEP electroporation [Kotnik and
Miklavcic, 2006], and it has been shown that nsEP
exposure causes permeabilization of intracellular
organelles such as intracellular granules of granulocytes [Schoenbach et al., 2001], large endocytosed
vacuoles [Tekle et al., 2005], and endocytotic
vesicles [Rebersek et al., 2009; Napotnik et al.,
2010]. However, we cannot conclude with certainty
from the results reported here whether the nsEPinduced decrease in the mitochondrial membrane
potential results from the direct electroporation of
the inner mitochondrial membrane or the formation
of mitochondrial membrane permeability transition
pores, or from some other permeabilizing mechanism. Since nsEP also causes plasma membrane
permeabilization (as observed by cobalt-quenched
calcein and YO-PRO-1 and PI inﬂux) other molecules and ions including calcium ions could enter the
cell and trigger the mitochondrial permeability transition [Lemasters et al., 2009] as a secondary effect of
plasma membrane permeabilization.
We interpret the combination of the cobaltquenched calcein and YO-PRO-1 and PI inﬂux
results to mean that signiﬁcant plasma membrane
permeabilization occurs with pulse numbers >20.
This apparent threshold is at least in part a consequence of the detection sensitivity of the methods.
We already know that YO-PRO-1 is a more sensitive
indicator of plasma membrane permeabilization than
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PI [Vernier et al., 2006; Bowman et al., 2010], and
we see evidence of PI inﬂux with a 20-pulse exposure under the conditions we employed in this work,
while at the same time even 5 pulses results in measurable YO-PRO-1 entry into the cell. Similarly, and
perhaps not coincidentally, we observed an
increase in calcein ﬂuorescense with a pulse number
above 20 using the cobalt-quenched calcein method
for mitochondrial labeling without Co2þ in the
medium, suggesting a leak of intracellular Co2þ
through the permeabilized plasma membrane, resulting in calcein dequenching. This interpretation is
supported by the observation that no dequenching is
observed when Co2þ is present in the suspending
medium at the loading (quenching) concentration.
It should be emphasized that the cobalt-quenched
calcein method for highlighting mitochondria,
like the other methods, is used here as a qualitative
indicator of intracellular pulse effects and not as a
basis for quantitative conclusions.
We also note that Ren and Beebe [2011]
showed that with longer, 300 ns pulses (10 pulses,
6 MV/m) the mitochondrial membrane potential decreased in about 50% of cells (15 min after pulsing),
whereas PI uptake occurred in more than 95% of
cells, suggesting that 300 ns pulses are not short
enough to efﬁciently induce intracellular effects.
With much shorter, 4 ns pulses we observe more pronounced intracellular membrane permeabilization
and less permeabilization of the plasma membrane.
In conclusion, using three different methods
with ﬂuorescence indicators—rhodamine 123,
TMRE, and cobalt-quenched calcein—we show that
nsEP (4 ns duration, 10 MV/m, 1 kHz repetition
rate) cause a loss of the mitochondrial membrane
potential. The most likely explanation for this observation is nsEP permeabilization of the inner mitochondrial membrane, although it is possible that
nsEP exposure triggers the mitochondrial permeability transition through some mechanism still to be
identiﬁed. At the same time, we also detected plasma
membrane permeabilization, indicated by YO-PRO-1
inﬂux and the responses of cobalt-quenched calceinlabeled cells.
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