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NsPEF ablation induces apoptosis markers, but specific cell death pathways have not been fully defined.
To identify nsPEF-activated cell death pathways, wildtype human Jurkat cells and clones with deficien-
cies in extrinsic and intrinsic apoptosis pathways were investigated. NsPEFs activated caspase isozymes
and induced identical electric field-dependent cell death in clones deficient in FADD or caspase-8, indi-
cating that extrinsic apoptosis pathways were not activated. This was confirmed when cytochrome c
release was shown to be unaffected by the pan caspase inhibitor, z-VAD-fmk. NsPEF-treated APAF-
1-silenced cells did not exhibit caspase-3/7 and -9 activities and corresponding electric field-dependent
cell death in this clone was attenuated compared to its vector control at low, but not at high electric
fields. These data demonstrate that nsPEFs induce intrinsic apoptosis activate by cytochrome c release
from mitochondria through an APAF-1- and caspase-dependent pathway as well as through caspase-
independent mechanisms that remain to be defined. Furthermore, the results establish that nsPEFs can
overcome natural and oncogenic mechanisms that promote cell survival through inhibition of apoptosis
and other cell death mechanisms.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Nanosecond pulsed electric field (nsPEF) technology has
recently been investigated as an extension of conventional electro-
poration with a hypothesis that sub-microsecond pulses with fast
risetimes have advantages for manipulating intracellular structures
that determine cell viability [1]. Modeling studies provided an anal-
ysis of nsPEF outcomes causing supra-electroporation with very
high densities of very small nanopores in all cell membranes, which
were hypothesized to account for apoptosis [2,3]. Given that nsPEFs
do not exist in nature and the potential for nsPEF cancer ablation
exists [4–10], it is of interest to determine more specifically which
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mechanisms and pathways are recruited in response to nsPEF
stimuli and what initiates and promotes loss of cell viability. Since
apoptotic cell death has been of great interest in eliminating cancer,
several studies found evidence for nsPEF-induced apoptosis in cell
lines in vitro [11–15] and in tumor tissues in vivo [9,10]. While other
mechanisms of cell death are likely operative [14,16], most
attention has focused on apoptosis programs in response to nsPEF
treatment as a means of cell demise.

Apoptosis induction occurs through two major pathways [16].
Extrinsic mechanisms occur through death receptors that form
death induced signaling complexes (DISCs) composed of cytoplas-
mic domains of death receptors, FADD and caspase-8. In type I cells,
large amounts of caspase-8 are activated in DISCs and caspase-8 di-
rectly activates caspase-3 without involvement of mitochondria. In
type II cells, caspase activation requires amplification steps. Very
few DISCs are formed and small amounts of caspase-8 cleave Bid
to form a pro-apoptotic, truncated Bid (t-Bid) that collaborates with
Bax or Bak to promote cytochrome c release from mitochondria.
Intrinsic pathways induce cytochrome c release from intracellular
signals that disrupt homeostasis and share a mitochondria pathway
with extrinsic type II cells. Cytochrome c, APAF-1, ATP and caspase-9
form an apoptosome that activates caspase-9, which then activates
caspase-3.

It was previously reported in Jurkat calls that cytochrome c was
released and executioner caspases were activated [11]. However,
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initiator caspases were not identified and it was not determined if
this occurred through a type II cell extrinsic pathway by affecting
plasma membranes or through intrinsic pathways by affecting
intracellular structures. Furthermore, caspase activities were
coincident with cell death, but cell death was not shown to be cas-
pase-dependent. In this study, we more clearly determine which
apoptosis pathways are activated by nsPEFs and determine more
specifically whether caspase-independent pathways are present
and whether they function in parallel with caspase-dependent
pathways in Jurkat cells. In another study that complements with
this one [17], we identify nsPEF cellular targets and primary and
secondary mechanisms that likely initiate and propagate cell death
pathways that are identified here. It is possible that these nsPEF-
induced mechanisms can be insensitive to cancer causing mecha-
nisms irrespective of their mutation.
2. Materials and methods

2.1. Cell culture

Wild type Jurkat T-lymphocytes (clone A3) and mutant cell
lines deficient for FADD (clone I2.1) or caspase-8 (clone I9.2) were
purchased from ATCC (Manassas, VA). These clones were grown
and cultured in RPMI 1640 medium (ATCC) containing 10% fetal
bovine serum (FBS) (Atlanta Biologicals), 1% L-glutamine and 1%
penicillin and streptomycin. The clone with APAF-1 silenced (DA-
PAF-1) and its vector control (in Jurkat clone E6.1) were generous
gifts from Dr. John Robertson, Department of Pharmacology, Toxi-
cology and Therapeutics, University of Kansas Medical Center, Kan-
sas City, Kansas. They were grown in the same media indicated
above except 1 mg/ml Geneticin (Invitrogen) was substituted for
penicillin and streptomycin [18–20]. All cell lines were maintained
in a humidified incubator with 5% CO2 at 37 �C. All experiments
were carried out with cells at 60–70% confluency.
2.2. Treatment of cells with nsPEFs

Cells was treated in cuvettes with nsPEFs as previously de-
scribed [14,15]. Jurkat cells were exposed with or without ten
pulses with durations of 60 ns (risetime �5 ns) and electric field
strengths ranging from 0 to 60 kV/cm using pulse generators as
previously described [1,5].
2.3. Determination of cell viability

Cell viability was determined 24 h after treatment with nsPEFs
according to the Manufacturer’s protocol by CellTiter-Glo Lumines-
cent Cell Viability Assay Kit (Promega, Madison, WI). The lumines-
cent signals for ATP levels were directly proportional to cell
numbers. Luminescence was analyzed in luminometer (Gemini
XPS, Molecular Devices, CA).
2.4. Determination of Caspase-3/7, -8, and -9 (-like) activities

Caspase-3/7, -8, and -9 (-like) catalytic activities were assayed
by Caspase-Glo 3/7, -8, -9 kits using tetrapeptide substrate se-
quences DEVD, LETD and LEHD, respectively (Promega, Madison,
WI). According to manufacturer’s instruction, cells (105 cells/well)
were placed in triplicate into 96-well plates after treatment with
nsPEFs. Plates were kept at 37� C for various times as indicated
and then 100 ll of specific Caspase-Glo reagent was added into
each well. Luminescence was read in a luminometer (Gemini
XPS, Molecular Devices, CA) after 1 h incubation at room
temperature.
2.5. Flow cytometry analysis of cytochrome c release

Cytochrome c was assessed using the Innocyte Flow Cytometric
Cytochrome c Release assay (Calbiochem) as previously described
[15]. When indicated, cells were pre-incubated for 30 min and
treated in the presence of 50 lM z-VAD-fmk (300 lM z-VAD-fmk
gave identical results). At 0, 1.5, 3, 6 h post-pulse cells were pre-
pared for analysis by flow cytometry as described by the manufac-
turer. Cells (10,000) were analyzed by Becton Dickinson FACS Aria
flow cytometer.

2.6. Statistical analysis

All experiments were performed at least three times indepen-
dently in this study. Data were expressed as mean ± standard error
(S.E.). Statistical differences between control and treated groups
were analyzed by a paired Student’s t-test (two-tailed).
3. Results and discussion

3.1. NsPEFs selectively induce caspase catalytic activities in a time-
dependent manner

It was previously shown that caspase-3-like activity was in-
creased in Jurkat cells, but active initiator caspases were not iden-
tified and it was not determined whether apoptotic cell death was
due to intrinsic and/or type II cell extrinsic apoptosis [11]. This
question became more intriguing when nsPEF-stimulated E4 cells
released cytochrome c [15] and B16f10 cells did not [14], yet both
exhibited decreases in mitochondria membrane potential (DWm).
To determine whether nsPEFs activated executioner and initiator
caspases, Jurkat clones were treated with ten 60 ns pulses at
60 kV/cm. All caspases were activated in an electric field-depen-
dent (data not shown) and time-dependent manner (Fig. 1). The as-
says for each clone are shown with caspase isozyme activities for
wild type (WT, panel A), FADD-deficient clone (DFADD, panel B)
and caspase-8-deficient clone (DC-8, panel C). Caspase-9 was acti-
vated slightly before and to a greater extent than caspase-3 with
these assays; peaks were at 4–5 and 6–9 h, respectively. This sug-
gests activation through a mitochondria-dependent pathway.
Caspase-8 was only weakly activated in WT and DFADD, which is
typical of type II cells, like Jurkat cells, where activation of
caspase-8 is relatively low and initiation of apoptosis requires
amplification steps through the mitochondria pathway [16]. As
expected, caspase-8 was essentially absent in DC-8. Somewhat
surprisingly, caspase-9 and caspase-3 activities were greatest in
DFADD, suggesting that the presence of FADD attenuates caspase
activity in Jurkat cells in response to nsPEFs. Interestingly, caspas-
es-3/7 and -9 were more weakly activated in DC-8, suggesting that
caspase-8 may be important for robust activation of the other
caspases. This is reminiscent of activation through the extrinsic
pathway. Regardless of the activated pathways, which are investi-
gated in more detail below, this is the first report showing that cas-
pase isozyme activities can be differentiated in response to nsPEFs.

3.2. NsPEFs induce electric field-dependent cell death in the presence
and absence of death induced signaling complex (DISC) in Jurkat cells

Given previous results suggesting nsPEF-induced extrinsic
apoptosis [14,15] and showing that cytochrome c was released
[11,15], using the clones analyzed in Fig. 1, the possibility was con-
sidered that nsPEF-mediated membrane charging events initiated
changes in plasma membrane structures, perhaps aggregation of
cell death receptors, activated a type II extrinsic apoptosis, DISC-
mediated pathway. To confirm that DFADD and DC-8 were in
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Fig. 1. NsPEFs increased catalytic activities of caspase proteases in Jurkat cells.
Jurkat clones (all clones in A3) were exposed to 10 pulses at 60 ns and 60 kV/cm, a
lethal treatment. The activities of caspase-3/7 (�), -8 (j), -9 (N) were measured at
various times as indicated using Caspase-Glo assay with DEVD-, LETD-, LEHD-
aminoluciferin as substrates, respectively. (A) Wild type (WT), (B) FADD deficient
clone (DFADD), (C) Caspase-8 deficient clone (DC-8). Data represent the mean ± SE
(n = 3). ⁄p < 0.05; ⁄⁄p < 0.01.
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Fig. 2. Determination of nsPEFs- induced cell death in Jurkat clones. NsPEFs
induced cell death in all Jurkat clones in an electric field amplitude-dependent
manner. Three Jurkat clones were pulsed ten times at 60 ns and electric field
strengths between 0 and 60 kV/cm. Cell viability was determined by CellTiter-Glo
luminescent cell viability assay 24 h post pulse. Values from each point were
normalized to control values. Values represent the mean ± SE (n = 3), ⁄p < 0.05;
⁄⁄p < 0.01.

0

20

40

60

80

100

0 1.5 3 6

A3(wild type)

A3+z-VAD-fmk

I2.1(ΔFADD)

I2.1+z-VAD-fmk

I9.2(Δcaspase-8)

I9.2+z-VAD-fmk

10 pulses, 60 ns, 60 kV/cm 

%
 p

os
iti

ve
 c

el
ls

  
w

/ c
yt

oc
hr

om
e 

c 
re

le
as

ed
 

Time (hours) 

Fig. 3. NsPEFs induce caspase-independent cytochrome c release in Jurkat cells.
Jurkat clones were preincubated with 50 lM pan caspase inhibitor z-VAD-fmk for
30 min followed by exposure to ten 60 ns pulses at 60 kV/cm and then analyzed by
flow cytometry at indicated times. Cytochrome c release was evaluated by
measuring percentage of cells that exhibited decreased levels of cytoplasmic
cytochrome c at the indicated time point post pulse using the InnoCyte Flow
Cytometric cytochrome c release assay. The graph represents the mean ± SE (n = 3).
There were no statistical difference between presence and absence of z-VAD-fmk
and statistical differences were observed for cytochrome c release 3 and 6 h after
pulse treatment (p < 0.5).
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indeed defective, we first showed that unlike WT, both of these
clones were resistant to Fas-induced cell death (data not shown)
as had been previously demonstrated [21]. To determine if
nsPEFs required DISCs to induce cell death, cell viability was
determined after nsPEF treatment in WT, DFADD and DC-8 clones
(Fig. 2).

The cells were exposed to ten 60 ns pulses with increasing elec-
tric fields from 0 to 60 kV/cm and cell viability was determined
24 h post pulse. Results indicated that nsPEFs induced cell death
in all clones with identical electric field dependence. The electric
field LD50 was between 30 and 40 kV/cm and pulsing at 60 kV/
cm resulted in 610% survival in all three clones. Thus, cell death
in Jurkat clones treated with nsPEFs was independent of DISC or
other mechanisms using FADD or caspase-8. This suggests that
nsPEF-induced cell death does not occur through the type II cell
extrinsic apoptosis pathway in Jurkat cells. However, in DC-8 cells,
which expressed very low levels of caspase-3/7 and -9, cell death
was not different than WT, suggesting that apoptosis is activated,
but is not required for cell death. When Jurkat cells were exposed
to the pan caspase inhibitor z-VAD-fmk and stimulated with
nsPEFs, cell death was still evident (data not shown). It was previ-
ously shown that when Fas-stimulated Jurkat cell caspases were
inhibited by z-VAD-fmk and when these same FADD or capsase-8
deficient clones were stimulated with Fas, a caspase independent
cell death was evident [21]. It was further shown that TNFa sensi-
tized these cells to caspase-independent cell death pathway(s) [22]
that were characterized as programmed necrosis [23,24]. Taken to-
gether these results indicate that nsPEFs can induce caspase-
independent cell death pathways that may be common to cell
death receptor pathways when caspase activity is absent.

To further investigate whether nsPEF-induced cell death
occurred through an extrinsic apoptosis pathway, we considered
that if a cytochrome-c mediated cell death pathway was activated
through the type II extrinsic pathway, cytochrome c release would
be sensitive to caspase inhibition and should not occur in DFADD or
DC-8. Therefore, we treated WT, DFADD and DC-8 to ten 60 ns
pulses at 60 kV/cm and determined cytochrome c release in the
presence and absence of the pan caspase inhibitor z-VAD-fmk
(Fig. 3). In all clones, cytochrome c release was unaffected by
caspase inhibition. This demonstrates that nsPEF-induced cell
death does not occur through a type II extrinsic apoptosis pathway
that leads to cytochrome c release.

To further investigate possible activity through this pathway,
we reasoned that Bid cleavage should be absent if it were down-
stream of DISC. However, if Bid cleavage were present, it is



W. Ren et al. / Biochemical and Biophysical Research Communications 421 (2012) 808–812 811
expected to occur as part of an amplification pathway downstream
of cytochrome c release and activation of caspase-9 and -3. In data
not shown, the presence of t-Bid was evident on immunoblots in
all three nsPEF-stimulated clones. Bid cleavage was partially cas-
pase-dependent using Z-VAD-fmk and partially calpain-dependent
using a calpain-specific inhibitor, Z-LLY-fmk. Given that Bid cleav-
age could not occur in DFADD and DC-8, it must result from cas-
pase activity downstream of cytochrome c release, which is the
amplification pathway in Fas-mediated apoptosis in type II cells.
Thus, even though nsPEFs do not activate the extrinsic type II path-
way through DISC, this amplification step is activated. However,
because cytochrome c release was not altered in response caspase
inhibition, nsPEF-induced Bid cleavage appears to be inconsequen-
tial for cytochrome c release. This suggests that in response to
nsPEFs, it is sufficient to activate caspase-dependent pathways
and amplification through Bid cleavage is superfluous. This is in
contrast to etoposide-induced apoptosis in Jurkat cells where cas-
pase-mediated amplification of initial mitochondria apoptotic
events are an essential part of cell death. Thus, nsPEFs can activate
this step that may determine cell death in response to stress [10].
3.3. The absence of APAF-1 abolishes caspase-3/7 activity and
promotes survival at low electric fields, but not at high electric fields

Cytochrome c release and caspase activation were associated
with nsPEF-induced cell death in Jurkat cells; however, cell death
was not shown to depend on these events [11], and Figs. 1–3. Given
that nsPEFs do not activate type II extrinsic apoptosis (Fig. 3), the
possibility was investigated that nsPEF-induced cell death was
through an intrinsic, cytochrome c-, APAF-1-dependent activation
of caspase-9 and caspase-3. To determine whether nsPEF-induced
cell death was caspase-dependent and whether caspase activation
and cell death required formation of apoptosomes, DAPAF and its
control vector clone were exposed to electric fields between 0
and 60 kV/cm and catalytic activities of caspase 3/7 were deter-
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Fig. 4. The absence of APAF-1 abolishes caspase-3/7 and -9 activities and promotes
survival at low electric fields. The Jurkat clone deficient in APAF-1 (d) and its
corresponding vector control (s) were sham treated or treated with ten 60 ns
pulses at increasing electric fields analyzed for caspase-3/7 catalytic activity (A) as
described in Experimental Procedures 6 h after treatment. (B) With the same
treatments, both clones were treated with nsPEFs and analyzed for cell viability
determined by CellTiter-Glo luminescent assay 24 h post pulse.
mined 6 h after treatment (Fig. 4A), and cell viability was determine
24 h after treatment (Fig. 4B). Time courses indicated that nsPEF in-
duced a robust caspase-3/7 activation in WT clones (data not
shown) with a peak 6 h after treatment. Fig. 4A shows that cas-
pase-3 catalytic activity in the DAPAF-1 was absent at all electric
fields tested, confirming that APAF-1 was silenced, as previously
demonstrated [18]. In contrast, nsPEFs activated caspase-3/7 in an
electric field-dependent, biphasic manner. There was no caspase-
3 activation at 10 kV/cm. As electric fields increased to 40 kV/cm,
there was an electric field dependent increase in caspase-3/7 activ-
ity. However, at higher electric fields, caspase-3 activity decreased
such that at 60 kV/cm it was similar to control.

To determine cell death under these same conditions, cells were
analyzed for survival 24 h after treatment with nsPEFs (Fig. 4B).
Cell death in the vector control was electric field-dependent with
a threshold for cell death at 20 kV/cm, a LD50 between 40 and
50 kV/cm and 75% cell death at 60 kV/cm. In contrast, cell death
in DAPAF was shifted significantly to higher electric fields; the
threshold for cell death was between 40 and 50 kV/cm with an
electric field LD50 between 50–60 kV/cm. This indicates that at
these electric fields, cell death is APAF-1- and caspase-3-dependent
and suggests that cell death is induced at least in part by apoptosis
at electric fields between 10 and 40 kV/cm. However, at 60 kV/cm
when caspase-3 activity was similar to control, cell death was not
significantly different between vector control and DAPAF. This
indicates that at electric fields P50 kV/cm, cell death is caspase-
independent.

Data indicate that nsPEFs activate intrinsic cell death; however,
these programs are activated by diverse intracellular signals that
can originate from endoplasmic reticulum (ER), mitochondria,
and nucleus or indirectly through events downstream of plasma
membrane permeabilization, among others. ER stress can induce
cell death by releasing intracellular calcium, which we did not de-
tect. A possible reason for these results may be due to release of
calcium in micro-domains with local concentrations high enough
to activate calcium uniporters in outer inner mitochondria mem-
branes [25,26], but below the sensitivity of Fluo-4. To determine
nsPEF-induced ER stress it will be helpful to analyze ER stress
markers. DNA damage is another possible activator of intrinsic
apoptosis. In data not shown, increases in Noxa and Puma, which
would induce cytochrome c release in response to DNA damage,
were not observed, suggesting that these DNA damage pathways
were not activated by nsPEFs under these conditions. Also, in-
creases in Bcl-2, Bcl-xl or Bak we not observed.

In a study related to this one [17], analysis of nsPEF effects on
plasma membranes and mitochondria membranes indicated that
mitochondria are primary nsPEF targets resulting in dissipation
of DWm and cell death. Cell death was independent of calcium
and insensitive to Bcl-2 and Bcl-xl. Plasma membranes were also
shown to be targets in that permeabilization of them allowed cal-
cium influx, which enhanced dissipation of DWm.

The data in this report indicate that like other apoptotic stimuli,
nsPEFs can activate more than one cell death program. As defined
here, nsPEFs induce both caspase-dependent (apoptosis) and cas-
pase-independent cell death, possibly by programmed necrosis or
necroptosis, which can be activated by other apoptotic stimuli in
Jurkat cells when caspases are inhibited [21–23,27]. A focus on
apoptosis pathways delineate an intrinsic, APAF-1- and caspase-
dependent apoptosis pathway, which is sufficient for inducing cell
death at lower electric fields. This is highly likely to occur down-
stream of cytochrome c release induced by direct and/or indirect
nsPEF effects on mitochondria that are sufficiently intense to forgo
the need for amplification through Bid cleavage. Although cell
death is diminished at lower electric fields in the DAPAF-1, indicat-
ing caspase-dependent cell death, cell death was not diminished in
DFADD, which exhibited high caspase activity, or in DC-8, which
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exhibited low caspase activity. Taken together, caspase-dependent
and –independent cell death pathways are likely functioning
simultaneously. Superficially, cell death in cancer may be consid-
ered to be sufficient regardless of the mechanism. However,
increasing understanding of cell death and immune mechanisms
indicate that caspase-dependent death appears to be required for
immunogenic cell death and dendritic cell antigen presentation
to T-cells [28]. This has critical implications for cancer treatment.

Overall these studies demonstrate that nsPEFs are a potent acti-
vator of cell death, supporting the successes observed in using
them to eliminate cancer [4–10]. This study shows that cancer
causing mechanisms that prevent death receptor-induced apopto-
sis as well as those that could inhibit apoptosis by blocking cyto-
chrome c release and APAF-1 can be displaced by effects of
nsPEFs through multiple cell death pathways. This should provide
important advantages for nsPEF ablation of cancer.
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