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Abstract. The cellular response to subtle membrane damage following exposure to nanosecond pulsed electric
fields (nsPEF) is not well understood. Recent work has shown that when cells are exposed to nsPEF, ion per-
meable nanopores (<2 nm) are created in the plasma membrane in contrast to larger diameter pores (>2 nm)
created by longer micro- and millisecond duration pulses. Nanoporation of the plasma membrane by nsPEF
has been shown to cause a transient increase in intracellular calcium concentration within milliseconds after
exposure. Our research objective is to determine the impact of nsPEF on calcium-dependent structural and
repair systems in mammalian cells. Chinese hamster ovary (CHO-K1) cells were exposed in the presence
and absence of calcium ions in the outside buffer to either 1 or 20, 600-ns duration electrical pulses at
16.2 kV∕cm, and pore size was determined using propidium iodide and calcium green. Membrane organization
was observed with morphological changes and increases in FM1-43 fluorescence. Migration of lysosomes, impli-
cated in membrane repair, was followed using confocal microscopy of red fluorescent protein-tagged LAMP1.
Microtubule structure was imaged using mEmerald-tubulin. We found that at high 600-ns PEF dosage, calcium-
induced membrane restructuring and microtubule depolymerization coincide with interruption of membrane
repair via lysosomal exocytosis. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.5.055005]
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1 Introduction
Nanosecond pulsed electric fields (nsPEF) have been studied for
applications ranging from killing cancer cells to food steriliza-
tion to electromuscular incapacitation.1–9 Exposure of mamma-
lian cells to high voltage nanosecond duration electrical pulses
has been shown to produce various effects including the perme-
abilization of intracellular granules10 and plasma membrane,11,12

phosphatidylserine translocation,13,14 intracellular calcium
bursts,15 and necrotic or apoptotic cell death.16–20 These effects
appear different from those observed after micro- and millisec-
ond duration exposures that produce large pores in the plasma
membrane capable of allowing transfer of large molecules into
the cytoplasm.21 Theoretical simulations predict that nanosec-
ond electric pulses cause ultraporation throughout the cellular
volume in contrast to longer pulses that predominantly impact
the plasma membrane.22,23 While the effects attributed to nsPEF
are well demonstrated, how cells repair membrane disruptions
following exposure to nsPEF, and whether these repair mecha-
nism(s) differ from longer pulse exposures, remains unknown.

Plasma membrane repair is an essential mechanism of mam-
malian cells for survival. For small disruptions, plasma mem-
branes have been shown to “self-seal” due to thermal energy
and changes in the membrane conformation (movement of phos-
pholipids from the inside to the outside of the membrane).21

Self-sealing has been shown to occur in both the presence

and absence of extracellular calcium. Active membrane repair
by exocytosis of intracellular vesicles has been seen with
large disruption to the plasma membrane by microinjection
pipettes and has been shown to be dependent on the influx
of extracellular Ca2þ.24 Previous studies have shown thatplasma
membrane resealing is regulated by the delivery of intracellular
membranes to the compromised site, by a mechanism resem-
bling Ca2þ-regulated exocytosis25 and phagocytosis.26 Recent
studies have shown that the Ca2þ-regulated secretory vesicles
correspond to lysosomes.27–29 Rodriguez et al. showed that
the conventional lysosomes can be induced to fuse with the
plasma membrane.30 Lysosomes were once thought only to
serve as the “garbage disposal” of the cell containing acid
hydrolase enzymes in order to break down waste and cellular
debris. Continuing research, however, shows that lysosomes
may serve a much higher purpose in the cell as an active
participant in the plasma membrane repair by adding their
membrane to fill holes in the plasma membrane.

Cytoskeletal integrity is integral to membrane repair by
lysosomal exocytosis. Interaction of lysosome vesicles with the
plasma membrane is regulated by coordination between local
Ca2þ concentrations and cortical F-actin, which capture vesicles
then depolymerizes to allow passage and fusion of the vesicles
to the membrane.31–33 Prior to arrival at the actin cortex,
lysosome translocation across the cytoplasm is directed by
the microtubule network,34–36 evidenced by disruption with the
microtubule antagonist, nocodazole. Antagonists of actin and
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intermediate filament did not affect lysosome movement.
Locomotion of lysosomes along microtubules is attributable
to kinesin37,38 or kinesin-like39 molecular motors in a nucleotide
triphosphate-dependent manner.

Calcium concentrations also impact this cytoplasmic trans-
location of lysosomes by modulating microtubule polymeriza-
tion and depolymerization. In vitro, polymerization of isolated
tubulin at 35°C is blocked in solutions containing 6 μM Ca2þ,40

and induction of fragmentation or depolymerization is observed
beginning around 1 or 100 μM external Ca2þ, respectively.41–43

In vivo, similar levels of external Ca2þ elicit similar effects on
microtubules, with calmodulin shifting the effective Ca2þ con-
centrations downward and microtubule-associated proteins
shifting it upward.41,44,45 It should be noted that the localized
Ca2þ concentrations within the cell are expected to be higher
than external concentrations, and diffusion of Ca2þ through
the cytoplasm produces a pattern of microtubule disassembly
from the periphery to center of the cell.41

Electroporation effects on the tubulin cytoskeleton have been
observed to be calcium-dependent. Harkin and Hay46 exposed
white leghorn chick embryo corneal fibroblasts grown in collagen
gels (Type I from rat tail) to a milliseconds’ duration, exponen-
tially decaying pulse of 750 V∕cm and 960 μF. They found that
if exposed in culture medium (containing ∼1 mM Ca2þ), ≥75%
of the cells displayed only a few microtubules. Many more micro-
tubules were observed in cells exposed within calcium-free, intra-
cellular electroporation buffer (ICEB). Furthermore, the addition
of calcium chloride at ≥100 mM to ICEB led to microtubule
disruption upon exposure. Kanthou et al.47 have also reported
disruption of microtubules in endothelial cells supported on
microporous filter inserts upon exposure to three square wave
electroporation pulses at 1 Hz of 50 to 200 V∕cm and 100 μs
duration, although no experiments controlling Ca2þ concentra-
tions were performed. These studies point toward the significant
role of calcium in cellular signaling, structural and repair
responses within the initial seconds and minutes following nsPEF
exposure.

The goal of this study is to investigate the impact of calcium
on cell response to the plasma membrane permeabilization by
nsPEF exposure, specifically in terms of intracellular transport
and membrane repair. Previous studies have shown that the
membrane damage elicited by milli- and microsecond electric
pulses can induce lysosomal exocytosis as evident by positive
expression of LAMP-1 on the surface of the plasma mem-
brane,48 and others have demonstrated extensive microtubule
disruption following such electric pulse exposure. In this
study, we theoretically created large pores in the plasma mem-
brane (detected by propidium uptake) by delivering 20 nsPEF
and formed predominant nanopores (detected by calcium green)
using single-pulse exposures. We measured the plasma mem-
brane response to both exposures by monitoring the rearrange-
ment of the plasma membrane, the stability of microtubules, and
the movement of lysosomes.

2 Materials and Methods

2.1 Cell Lines and Reagents

CHO-K1 cells and media components were acquired from
American Type Culture Collection (ATCC, Manassas, VA).
Cells were grown in 75-cm2 flasks at 37°C with 5% CO2 in
air. CHO-K1 cells were propagated in Ham’s F12K medium
supplemented with 10% FBS and 1% penicillin/streptomycin.

For transfection of red fluorescent protein-lysosomal-associated
membrane protein 1 (RFP-LAMP1) and mEmerald-tubulin into
CHO-K1 cells, an Effectene kit (Qiagen, Gaithersburg, MD,
#301425) was used, and the line was maintained using G418
(Calbiochem, Philadelphia, PA, #345812). A custom buffer sol-
ution used throughout the experiments consisted of 2 mM
MgCl2, 5 mM KCL, 10 mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES), 10 mMGlucose, 2 mM CaCl2, and
135 mM NaCl (Sigma-Aldrich, St. Louis, MO). The buffer
osmolarity was measured and pH was adjusted to 7.4 using
NaOH. In experiments where calcium was removed from the
outside solution, 2 mM CaCl2 was replaced by 2 mM potassium
ethylene glycol tetraacetic acid (K-EGTA) (Sigma-Aldrich)
added to the buffer solution. For experiments involving pacli-
taxel (semisynthetic from Taxus sp., Sigma-Aldrich, #7191),
it was diluted in dimethyl sulfoxide (DMSO), added to complete
growth medium at final concentrations of 1.5 nM paclitaxel and
17.6 μM DMSO, and then introduced to cells for 2 h incubation
at 37°C and 5% CO2. Cells were washed twice with custom
buffer solution and imaged with the same concentration of pacli-
taxel in DMSO in the custom buffer as was in the complete
growth medium. Custom buffer solutions containing polyethyl-
ene glycol (PEG, number average molecular weight Mn ¼ 300,
Sigma-Aldrich, #202371) were prepared as by Nesin et al.49 In
short, 100 mM NaCl in the above custom buffer was replaced
with 152 mM PEG, so that only 35 mM NaCl was added.
Osmolality of the final solution was confirmed to be between
290 and 300 mOsm with a freezing point osmometer
(Advanced Instruments, Inc., Norwood, MA). Imaging was per-
formed at room temperature, between 22°C and 24°C.

2.2 Cell Staining

CHO-K1 cells were trypsinized, pelleted, and resuspended in
complete growth medium. Cells were counted with a Beckman
Coulter Z1 particle counter (Brea, CA) and resuspended in
growth medium to 1200 cells∕μL. Approximately 6.0 × 103

cells were plated on 35 mm glass bottom dishes coated with
poly-D-lysine (#P35GC-0-10-C, MatTek Corporation, Ashland,
MA) and allowed to incubate overnight. After 24 h, the cells
were washed first with Dulbecco’s phosphate buffered saline
and then twice with the custom buffer solution (either with
or without calcium). To stain cells with calcium green-1 AM
ester (CaGr, #C-3011MP, Molecular Probes, Life Technologies,
Eugene, OR), 2 mL buffer solution (with or without calcium)
and 6 μL CaGr were added to the dish and allowed to sit for
40 min. Cells were washed twice more with fresh buffer solution
(with or without calcium) and a final 2 mL of buffer solution
was added for imaging. To stain cells with propidium iodide
(PI, #P4864, Sigma-Alrich), 10 μL propidium iodide solution
(1 mg∕mL) was added to 2 mL of buffer solution. To stain
cells with FM1-43, 2 mL buffer solution (with or without
calcium) and 12.2 μL FM1-43 (#T-3163, Molecular Probes)
stock solution were added.

2.3 Pulsing System Setup and Dosimetry

A Zeiss 710 LSM confocal microscope (Carl Zeiss
MicroImaging GmbH, Jena, Germany) with a DIC40X
1.2NA objective (Carl Zeiss MicroImaging GmbH, Germany)
was used to image the CHO-K1 cells. A stimulating electrode
composed of two parallel tungsten wires (100-μm separation)
was crafted in-house and mounted at a 30–35 deg angle on
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an electrically controllable micromanipulator (Sutter Instru-
ments MP252), as described in previous publications.12 In
brief, a digital relay generator (Stanford DG535) generates two
transistor–transistor logic (TTL) pulses. The first TTL pulse is
delivered to the microscope controller and begins imaging at
time ¼ 0 s. The second TTL pulse is delivered to the pulse gen-
erator (HP8112A) after a preset delay to deliver a set number of
TTL pulses to the custom transmission line pulsing system.
The pulsing system (Old Dominion University) can deliver
six discrete pulse widths (10, 30, 60, 200, 400, or 600 ns) at
a maximum repetition rate of 5 Hz. A high voltage power supply
rapidly charges the pulses at voltages ranging from 0 to 999 V in
0.1 V increments, determining the pulse amplitude. ATektronix
TDS3052 500-MHz oscilloscope was connected across a 50-Ω
load resistor to confirm pulse delivery for each exposure.
A finite-difference time-domain model was constructed based
on the electrode geometry, as in previous publications, to
calculate the electric field amplitude at the cell position.50

Due to inherent electric field nonuniformity near the electrodes,
the cells were positioned at 50 μm below the electrodes using
the micromanipulator.

2.4 Data Acquisition and Analysis

The microscope was programmed to acquire a 40X image every
second for 30 s for cells containing CaGr and FM1-43. Cells
with PI were imaged every 8 s for 3 min. Cells transfected
with RFP-LAMP1 and mEmerald-tubulin were imaged every
3 s per 720 × 720 pixels for 8 min. Cells were pulsed at
a 5-s time delay for CaGr, FM1-43 and PI experiments and
a 240-s time delay for RFP-LAMP1 and mEmerald-tubulin
experiments with either 1 pulse (low dose) or 20 pulses (high
dose). All pulses used in the experiment had a pulse duration
of 600 ns and an amplitude of 16.2 kV∕cm. Pulse shapes are
nearly identical in each solution tested (Fig. 1). For experiments
with calcium buffer introduction by perfusion, a 35-mm culture
dish stage (World Precision Instruments, Sarasota, FL) and
a perfusion system with VC-8 valve controller from Warner
Instruments (Grand Haven, MI) were used to exchange buffers.
Flow of calcium-free buffer at ∼1.5 mL∕min was established
before and during the initial 270 s of imaging. Pulse exposure

was initiated at 240 s, followed by flow of calcium-containing
buffer 30 s later. Approximately 60 to 90 s were expected to pass
before external calcium concentrations equilibrated around the
cells, and it was observed via bleb formation. Average fluores-
cence intensity was measured for the whole cell within the
field of view using ImageJ software.51 Data were plotted using
Grapher 7 (Golden Software, Golden, Colorado) software.

3 Results

3.1 Calcium Influx Following Nanosecond Pulsed
Electric Field Exposure

To confirm the influx of calcium ions into the cell, the cells were
preloaded with CaGr and its fluorescent intensity was monitored
before and after nsPEF exposure. Figure 2(a) shows CaGr for 1
and 20 pulse exposures at the time of the pulsing (about 5 s) and
for 25 s afterward. The influx of calcium into the cell is pre-
sumed to be through pores formed within the plasma mem-
brane.52–54 Figure 2(b) shows that 1 and 20 pulse exposures
cause substantial increase in intracellular calcium. Sham
exposed cells show no increase in fluorescent signal over
30 s with a slight reduction due to photobleaching. In the
absence of extracellular calcium, the slight increases seen in
fluorescence intensity within the cell are likely due to intracel-
lular release from organelles as observed by previous
groups.1,15,55–57 No difference in the means was seen in the
peak fluorescence for 1 and 20 nsPEF with extracellular
calcium, indicating that both exposures will cause a similar
increase in intracellular calcium concentration. This may be
an artifact arising from a saturation of the CaGr response.58

In contrast, increasing numbers of nsPEF have been shown
to result in increased thallium ion (Tlþ) influx to GH3 (rat pitui-
tary) cells,50 and higher external Ca2þ concentrations correlate
to lower 50% lethal dose values for Jurkat clone-E6 (human
T-lymphocyte) cells.59 Thus, the case may be that 20 nsPEF
cause more or larger membrane pores than 1 nsPEF and let in
more than the upper limit of Ca2þ detection by CaGr. Still, the
data presented in Fig. 2 verify that the calcium concentrations
increase in the cell postexposure, which could elicit a host of
effects, including rapid vesicle-mediated repair, as observed
in response to other stressors (e.g., chemical, thermal, etc.)
previously investigated.48,60

3.2 Measurement of Pore Size

Both 1- and 20-pulse exposures cause an influx of extracellular
calcium, but it is unlikely that the damage imposed on the
plasma membrane is the same. To differentiate between the
degrees of membrane damage inflicted by 1 and 20 pulses, pro-
pidium uptake, accepted for identifying plasma membrane elec-
troporation, was used. Figure 3(a) shows representative images
of cells before and 120 s after a 20-pulse exposure. These
images show that in both the absence and presence of extracel-
lular calcium, propidium influx was observed following
20 pulses. A time trace of the average change in fluorescence
intensity of 12–15 cells exposed to either 1 or 20 pulses is
shown in Fig. 3(b). The trace indicates that the nearly immediate
uptake of propidium occurs after 20 pulses, but is not seen after
single-pulse exposures. The concentration of PI was nearly five
times in excess of that which is necessary in the exposure buffer
to ensure that even a small uptake of propidium would be mea-
sured. Figure 3(c) shows mean peak (after 120 s) fluorescence in

Fig. 1 Oscilloscope traces of single 600-ns pulses in different solu-
tions: calcium-containing (Ca2þ; dark and broad line), calcium-free
(No Ca2þ; light and broad line), calcium- and PEG-containing
(PEG Ca2þ; dark and thin line), and calcium-free and PEG-containing
(PEG No Ca2þ; light and thin line).
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12–15 cells per exposure data point. These data show that the
20-pulse exposure likely opens large holes in the membrane
resulting in uptake of propidium, whereas single pulses, which
allow unhindered uptake of calcium, remain too small to allow
passage of propidium ions (size ∼2 nm).61 These data also
show that in the absence of extracellular calcium, with 20 pulses
there is a greater influx of propidium into the cell. The reason
for this difference is unclear, but suggests that the presence of
calcium may affect either pore diameter or number of pores
formed in the plasma membrane. It is possible that the presence
of calcium changes the morphodynamics62 and chemistry56,63,64

of the plasma membrane making it less vulnerable to forma-
tion of large (>2 nm) pores. Alternatively, calcium may impair
propidium ion diffusion by increasing swelling volume and
causing more intracellular disorder, or by displacement and
increased disruption of the nucleus.

3.3 Changes in Plasma Membrane Structure

FM1-43 has been traditionally used to image the process of
exocytosis and endocytosis of membrane bound vesicles.65

Specifically, FM1-43 dye integrates into the outer layer of
phospholipid membranes and dramatically increases its fluores-
cent quantum yield. Once a cell is stimulated and a vesicle fuses
to the plasma membrane, the luminal membrane causes addi-
tional integration of FM1-43 dye and thus increased fluores-
cence signal. When the vesicle membrane is recaptured by
endocytosis, the FM dye will be positioned inside the cell.
Upon a second stimulation, these dyed vesicles will undergo
exocytosis and be expelled from the cell.66 In addition to
tracking endo- and exocytosis, previous researchers have
shown that the disruption of the plasma membrane can be
observed using FM1-43.67–69 Traditionally, disruption of the
plasma membrane has been observed using Annexin V-FITC
to track translocation of phosphatidylserine flipping. Nano-
second pulse exposure has been shown to cause rapid increase
in FM1-43 fluorescence and specific binding of Annexin
V-FITC shortly after exposure (30 s), which strongly suggests
that nsPEF exposure causes dramatic and acute changes in mem-
brane asymmetry.13,70

The integration, absorption, and exocytosis of vesicles within
the cell in the presence and absence of calcium ions are tracked

Fig. 2 (a) Time trace of change in fluorescence intensity of Calcium Green-1 AM ester for cells exposed
at 16.2 kV∕cm to 1 or 20, 600-ns pulses and sham exposed. (b) Data points represent the average
change in fluorescence intensity of 12–15 cells per exposure; error bars represent the standard error
of the mean.

Fig. 3 (a) Confocal fluorescence and corresponding differential interference contrast (DIC) images of
CHO-K1 cells with propidium iodide exposed to 20 pulses (pulse delivered at 5 s) at 16.2 kV∕cm in either
calcium-containing or calcium-free outside solutions. (b) Time trace of change in fluorescence intensity of
propidium for cells exposed at 16.2 kV∕cmwith either 1 or 20 pulses and sham exposed. (c) Bars indicate
peak fluorescence intensity after 120 s. Data represent mean� standard error of 12–15 cells per
exposure.
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herein using FM1-43 dye. FM1-43 fluorescence increases dra-
matically upon stimulation by both 1 and 20 nsPEF. Figure 4(a)
shows representative images of FM1-43 intensity in CHO-K1
cells before and after receiving 20 pulses; intensity increases
in both the presence and absence of calcium in the outside sol-
ution. This suggests that the changes in membrane asymmetry
brought on by nsPEF-induced formation of nanopores occur
regardless of the presence or absence of calcium, although
the rate or peak magnitude of change at a particular time
after pulsing is influenced by the external calcium concentra-
tion. This result supports the hypothesis that the formation of
nanopores (calcium-independent phenomena) in the plasma
membrane causes lateral diffusion of phospholipids from the
inner lamina. Figure 4(b) is a time trace of the average fluores-
cence for 12–15 cells exposed to either 20 pulses, 1 pulse, or
sham exposed. FM1-43 intensity increases well above sham
for both 1 and 20 pulse exposures. Figure 4(c) shows the result-
ing data based on the peak fluorescent intensity for each expo-
sure. Statistically, significant differences are seen between 1 and
20 pulses suggesting that more membrane is presented to the
external solution following 20 pulses than a single pulse.
These data corroborate what has been seen above with an influx
of propidium ions. Additionally, a significant difference is seen
with and without extracellular calcium. This difference appears
to inversely correspond with an influx of propidium ions, and it
likely arises from quicker FM1-43 endocytosis in the presence
of calcium.71 It also may be the case that the nsPEF exposure
contributes to the increase of FM1-43 intensity in the presence
of calcium because exocytosis of intracellular vesicles is occur-
ring. Indeed, disassembly of filamentous cortical actin, a cal-
cium-dependent process31 that also corresponds to formation
of blebs, is a prerequisite to plasma membrane resealing by
lysosomal exocytosis.32,33 This signal would be in addition to
fluorescence intensity changes seen from the formation of pores
and hypothesized lateral diffusion of inner leaflet phospholipids.
Since FM1-43 has an estimated diameter of 1.10 nm at its thick-
est axial crosssection,72 it is possible that the FM1-43 molecules
are diffusing into the cell through nanopores formed by nsPEF
exposure.68 Similarly to the propidium uptake results, we cannot
rule out a direct effect on membrane structure and physiology
due to the presence of extracellular calcium. To test these
hypotheses, we followed morphological changes, cytoskeleton
integrity, and lysosome movement.

3.4 Nanosecond Pulsed Electric Field-Induced
Changes in Cellular Morphology

Significant morphological changes were observed in cells
exposed to 20 nsPEF in the presence of extracellular calcium.
Figure 5 shows an example of cells before and after a 20-pulse
exposure, first in calcium-free buffer and then with calcium-
containing buffer introduced into the chamber. Specifically,
extensive membrane blebbing was observed in the cells follow-
ing nsPEF exposure after calcium-containing buffer perfusion
into the imaging chamber had occurred, whereas cells exposed
to the same pulse protocol in the absence of calcium appear to
swell uniformly. Calcium exerts these dramatic changes in cel-
lular morphology by disrupting the cytoskeleton, particularly
the actin-membrane complex, for blebbing.73,74 Swelling likely
occurs by a colloidal osmotic mechanism.49 High intracellular
calcium can trigger necrotic cell death, and other groups
have linked extracellular calcium to changes in cell survival
following 60- and 10-ns pulses, suggesting that it does play
a role in cell survival.75 Kymographs [Figs. 5(c) and 5(d)] of
the pixels designated by the dark lines in the bright field images
at 120 s in Figs. 5(a) and 5(b) show morphological changes
occurring within 12 s after nsPEF exposure, and drastic changes
by blebbing happen within 90 s of starting the perfusion of
calcium-containing buffer into the imaging chamber. Other
responses shown later (Fig. 7), however, are quite acute, also
occurring within 12 s of exposure. We hypothesize that the
actin-membrane decoupling leading to blebbing and the other
postexposure responses shown here, such as microtubule depo-
lymerization and interruption of lysosome vesicular transport,
are interrelated via a spike in localized calcium ion concentra-
tion and happen within a short time of one another.

3.5 Lysosome Migration

Spikes in intracellular calcium (as observed with nsPEF stimu-
lation above and in previous publications15,55) have been shown
to initiate exocytosis of lysosomes, which repair the membrane
by traveling along microtubules and fusing with the plasma
membrane.24 This mechanism for membrane repair has been
demonstrated by direct physical damage to the plasma mem-
brane by a micropipette and millisecond-duration electrical
pulses.30,48 Preceding data within this paper show that the

Fig. 4 (a) CHO-K1 cells with FM1-43 exposed to 20 pulses (pulse delivered at 5 sec) at 16.2 kV∕cm in
either calcium-containing or calcium-free outside solutions. (b) Time trace of change in fluorescence
intensity of FM1-43 for cells exposed at 16.2 kV∕cm to 1 or 20 pulses and for sham exposed.
(c) Peak fluorescence intensity for each exposure. Data represent mean� standard error of 12–15 cells.
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less propidium uptake and greater FM1-43 fluorescence inten-
sity were measured following nsPEF in calcium-containing sol-
ution as compared to a calcium-depleted environment, perhaps
suggesting membrane repair by exocytosis. For this reason, we
chose to track lysosomes specifically using a RFP-LAMP1
CHO-K1 cell line (Fig. 6) to qualitatively monitor the bulk dis-
tribution of lysosomes within the cell before and after exposure.
Although we are not able to pinpoint the exact movements of the
lysosomes in response to the nsPEF due to the rapid 3-D move-
ment of lysosomes, we were able to capture the changes in lyso-
some distribution within the cell. Example images show that in
calcium-containing solution [Fig. 6(a)], there was no observa-
tion of lysosomal migration from the perinuclear region (dotted

circles) or to the membrane surface, but rather a stagnation of the
natural lysosome migration within the cell. This is apart from
any drifting accountable to morphological changes, such as
swelling and retraction, which occur. In contrast, within cal-
cium-free solution [Fig. 6(b)], 20 nsPEF cause lysosomes
that once were congregated around the nucleus to reallocate
to another area of the cell. Notably, some corners of the cells
(arrows) already exhibiting dense lysosome presence appear
to receive either reinforcement or lose lysosomes after nsPEF
exposure, although that does not happen at each corner.
Unfortunately, quantification of lysosomal movement remains
difficult due to dimensional changes of cells causing shifts in
the confocal imaging plane, and while these images are far

Fig. 5 Time sequences of confocal fluorescence and DIC images of CHO-K1 (a) mEmerald-tubulin
(Video 1) and (b) RFP-LAMP1 (Video 2) cells exposed to 20 pulses (pulse delivered at 0 s) at
16.2 kV∕cm in calcium-free buffer, followed by perfusion of calcium-containing buffer beginning at
30 s. In the videos, pulses are delivered at 13 sec and calcium is introduced at 15 s. Kymographs rep-
resenting the pixels under the dark line in the DIC images for (c) a mEmerald-tubulin cell and (d) a RFP-
LAMP1 cell shows swelling after the pulse exposure (dark line) followed by bleb formation within 90 s
after calcium buffer introduction (bright line) (Video 1, MOV, 8.81 MB [URL: http://dx.doi.org/10.1117/1
.JBO.19.5.055005.1]; Video 2, MOV, 1.22 MB [URL: http://dx.doi.org/10.1117/1.JBO.19.5.055005.2];
each contains 160 frames at 6 frames per s, with each frame captured every 3 s).
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from conclusive, they demonstrate that the bulk distribution of
lysosomes appears to change following exposure to nsPEF in
the absence of calcium.

Stronger evidence of the significance of calcium in relation to
lysosomal movement following nsPEF exposure is given by the
flow perfusion experiment shown in Fig. 5. The first three-time-
point images exhibit changes in positions of the lysosomes at
the membrane edges [Fig. 5(b)]. After pulse exposure in the
calcium-free buffer, lysosomes continue moving. This motion
persists even after flow of the calcium-containing buffer begins
30 s after pulse exposure. Lysosome movement finally ceases
approximately 90 s after introduction of calcium, when its exter-
nal concentration around the cell reaches equilibrium, and bleb
formation is observed [Fig. 5(d)]. The dynamics of lysosomal
migration is observed more clearly in Video 2. Lysosome move-
ment persists until an influx of calcium occurs, contrasting the
general hypotheses that calcium influx induces and that FM1-43
signifies lysosomal exocytosis in response to nsPEF.

3.6 Microtubule Disruption

Instead of lysosomal exocytosis, membrane rearrangement may
be related to nsPEF-induced breakdown (Fig. 7) of the micro-
tubule cytoskeleton network, which could indicate loss of mem-
brane-to-cytoskeleton attachments and create shear forces that
damage plasma and organelle membranes. Microtubules are

the highway for lysosomal traffic,34–36 and consistent with ces-
sation of lysosome reallocation [Fig. 5(b)], microtubule struc-
ture is not altered given exposure to 20 nsPEF in the absence
of calcium until an external calcium concentration is established
that causes bleb formation [Fig. 5(a) and Video 1]. At this time
point, depolymerization of microtubules is rapid and complete.
Exposure with 20 pulses does not induce microtubule fragmen-
tation as observed by others at low μM Ca2þ concentrations,41,42

but instead elicits rapid microtubule depolymerization or catas-
trophe.43,44 High localized concentrations of calcium are known
to elicit microtubule fragmentation or depolymerization in
vitro43 and in vivo.45 However, the dynamics of microtubule
depolymerization with respect to initiation of pulse exposure
is unattainable with the delay of external calcium equilibration
during the flow perfusion experiments. Therefore, we compared
exposure of cells in the presence and absence of calcium in the
buffer solution (Fig. 7).

Exposure of CHO-K1 cells with 20 nsPEF in the presence of
calcium induces observable depolymerization of microtubules
within 10 s [Fig. 7(b)]. Given 20 nsPEF in the absence of
calcium, there is still some diminishment of the microtubule
network after a longer period [Fig. 7(c)], perhaps because intra-
cellular calcium stores are still released by nsPEF exposure.
Unexposed sham cells in calcium-free outside solution reveal
that the microtubule networks remain unperturbed and recogniz-
able over the same duration of imaging [Fig. 7(a)], although

Fig. 6 Confocal fluorescence (top) and DIC (bottom) images show CHO-K1 cells transfected with RFP-
LAMP1 and exposed to 20 pulses (delivery initiated at 0 s) of 16.2 kV∕cm and 600-ns duration in
the presence (a) and absence (b) of extracellular calcium.
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photobleaching is occurring. With 1 nsPEF in extracellular cal-
cium, some of the microtubules also appear to depolymerize or
fragment [Fig. 7(d)], though not to the same extent as with 20
nsPEF, and the observable wavy motion of the microtubules

slows. In calcium-free solution, 1 nsPEF does not appear to
alter microtubule behavior [Fig. 7(e)]. These results are consis-
tent with those above using CaGr and FM1-43, which indicate
that the membrane damage is greater given 20 nsPEF in calcium

Fig. 7 Confocal fluorescence images show CHO-K1 cells transfected with mEmerald-tubulin exposed to
0 (a) pulses, 20 (B,C) pulses or 1 (D,E) pulse (delivery initiated at 0 s) of 16.2 kV∕cm and 600-ns duration
in the presence (b,d) and absence (a,c,e) of extracellular calcium. Cross-sections of Z-stacks through
a central location of cells before (left) and after (right) exposure to 20 pulses in the presence (f) and
absence (g) of extracellular calcium show swelling in both cases. 3-D projections of brightest points
show loss of microtubule structure throughout cell volumes after (right) exposure to 20 pulses in
the presence (h) and absence (i) of extracellular calcium.
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than for other exposures, and support the hypothesis that larger
or more nanopores form following 20 nsPEF. Whether the
dominant, causative mechanism of lysosomal stagnation and
microtubule disruption is directly calcium-induced76 or osmotic
swelling77 cannot be determined without further experiments.
Therefore, we monitored microtubule integrity during nsPEF

exposure of cells treated with paclitaxel to stabilize microtubules
against calcium-induced destabilization and in the presence of
PEG to reduce osmotic swelling effects.

Cells exposed to 20 nsPEF in the presence [Fig. 7(f)]
and absence [Fig. 7(g)] of extracellular calcium swelled by
>2 μm after 4 min, convoluting the direct cause of microtubule

Fig. 8 (a) Confocal fluorescence (top) and DIC (bottom) images show CHO-K1 cells transfected with
mEmerald-tubulin and treated with 1.5 nM paclitaxel for 2 h prior to exposure to 20 pulses (delivery ini-
tiated at 0 s) of 16.2 kV∕cm and 600-ns duration in the presence of extracellular calcium. (b) Z-stacks
through a central location of a cell reveal swelling. (c) (a) kymograph at the position on the cell designated
by the dark line in (a) at 0 sec shows bleb formation within 12 s after pulse exposure (dark line).

Fig. 9 (a) Confocal fluorescence (top) and DIC (bottom) images show CHO-K1 cells transfected with
mEmerald-tubulin and exposed to 20 pulses (delivery initiated at 0 s) of 16.2 kV∕cm and 600-ns duration
in presence of extracellular calcium and PEG. (b) Cross-sections of Z-stacks through a central location of
a cell show slight shrinkage of the cell after (right) nsPEF exposure. (c) 3-D projections of brightest points
before (left) and after (right) exposure to 20 pulses in calcium- and PEG-containing outside solution show
loss of microtubule structure throughout the volume of the cell.
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depolymerization and lysosome stagnation. Depolymerization
does occur and is not an optical artifact, as shown by 3-D pro-
jections of brightest points [Figs. 7(h) and 7(i)]. To address
whether swelling is the predominant mechanism of microtubule
depolymerization, cells were treated with 1.5 nM paclitaxel for
2 h prior to and during exposure to 20 nsPEF in the presence of
external calcium (Fig. 8). Paclitaxel is a common drug78 that
induces tubulin polymerization and stabilizes microtubules by
binding to the cap,79,80 which also inhibits calcium interaction
with the cap, preventing calcium-induced destabilization.81

Exposure of paclitaxel-treated cells to 20 nsPEF does not result
in microtubule depolymerization [Fig. 8(a)] within the same
time frame as for nontreated cells in calcium, while similar mor-
phological changes are seen, including swelling [Fig. 8(b)] and
bleb formation [Fig. 8(c)]. Conversely, to reduce swelling and
bleb formation but not stabilize microtubules against calcium,
cells were exposed to 20 nsPEF in buffer containing calcium
and PEG (Fig. 9). Microtubule depolymerization is observed
within 10 s, despite a lack of swelling and blebbing. Slight
shrinkage and formation of large spaces in the membrane
[Fig. 9(b)] preclude absolute conclusions using this average
molecular weight of PEG in the buffer during nsPEF exposures.
But combined with the results obtained using paclitaxel, this
suggests that calcium is the predominant effector of microtubule
depolymerization following nsPEF exposure.

4 Conclusions
Understanding the cellular impact of nsPEF exposure is funda-
mental to understanding how cells respond to all electrical
stimuli. Electrical pulses create a myriad of effects not seen
from other stressors, setting nsPEF apart as a unique and not
fully understood stressor. We investigated the extent to which
nsPEF, like micro- and millisecond pulses, cause sufficient
calcium uptake to perturb intracellular systems responsible
for active repair, especially by lysosome exocytosis. We used
various staining techniques (CaGr, PI, and FM1-43) to investi-
gate the formation of nanopores in the plasma membrane.
Transfected cell lines (RFP-LAMP1 and mEmerald-tubulin)
were used to follow potential repair mechanism(s). From the
data collected, we can conclude that there appears to be a cal-
cium-dependent phenomenon that elicits membrane rearrange-
ment and microtubule disruption. While data herein neither
conclusively points to nor excludes lysosome or vesicle exocy-
tosis as an active repair mechanism following nsPEF exposure in
general, it confirms that at a high, threshold nsPEF dosage, lyso-
some migration halts in the presence of extracellular calcium.
Data presented showing influx of extracellular calcium ions
into the cell for both single and multiple pulse exposures are
not surprising. However, if active cellular repair mechanism
(s) are solely triggered by influx of extracellular calcium, one
would expect to see a similar repair response to any stimulus
(electrical, mechanical, and chemical) that causes acute calcium
influx through the plasma membrane. We aim by continuing this
work to determine whether the degree of membrane damage is
“sensed” by the cell and the resulting repair mechanism(s) are
tuned to the degree of insult or whether such response is generic.
We believe that using nsPEF to tune the degree of insult acutely
and without direct membrane contact enables us to determine if
such a distinction occurs. By observing lysosome movement
specifically using fluorescent tags, we saw that the microtubule
network structure degrades and lysosome movement quickly
ceases given 20 pulses of 600-ns PEF in calcium-containing

solution, whereas the distribution of lysosomes within the cell
does in fact change following nsPEF exposure in the absence of
extracellular calcium. However, further work and a more refined
analysis are necessary to quantitate this phenomenon more
conclusively. In summary, we believe that nsPEF-induced
membrane permeabilization and subsequent calcium ion influx,
the extent of which depends on nsPEF dosage, set off a cascade
of events that dictate cellular response and may ultimately deter-
mine postexposure survival.
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