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OBJECTIVES 

The objective proposed was to conduct electroporation and electroperturbation 
experiments using a range of electrical pulse parameters to determine the response of 
cells to the fields, and determine sensitivity to fields including RF and tailored 
electromagnetic fields. Questions to be addressed included: Will the application of ultra- 
short pulses result in intranuclear effects on genes, cell wall membranes, and/or other 
organelles? Can simulations be used to exploit the data and guide further experiments? 
Will it be possible to visualize through biophotonic experiments and simulations the 
effect of fields on cell membranes? Can data be applied to theoretical models of cell wall 
structure, leading to a quantitative understanding of cell membrane transport processes? 
Can the short pulses be effective in controlling processes at the cell nuclear and 
mitochondrial membranes? Will there be device applications incorporating the cell 
response to the fields, that can form the basis for bio-inspired devices? Will there be new 
therapies for cells, such as cancer treatment, that will be enabled through a combination 
of the applied fields, biophotonic diagnostics, and simulations? 

STATUS OF EFFORT 

Initial investigations of the responses of mammalian cells to ultra-short, high-field 
electric pulses established an experimental framework in which reproducible, 
physiologically significant effects can be observed, including the induction of 
programmed cell death (apoptosis). Subsequently we demonstrated that the responses of 
different cell types to nanosecond, megavolt-per-meter pulse exposure are different, and 
we identified two pulse-induced events that occur within milliseconds of pulse delivery 
and which represent important biological signals — phosphatidylserine (PS) 
extemalization (rearrangement of plasma membrane phospholipids) and calcium bursts 
(intracellular calcium release). In order to identify the mechanisms through which 
nanoelectropulses perturb cellular homeostasis, we are currently engaged in 
characterizing pulse-induced PS translocation and calcium bursts using real-time, live- 
cell fluorescence microscopic methods of analysis. In addition we are proposing to 
expand the work systematically to other cell lines and, in collaboration with a leading 
hematologist and oncologist, to develop pulse delivery systems for treatment of diseased 
cells and tissues in whole organisms, and to investigate potential therapeutic applications 
for this technology. Details are briefly summarized below on nanoelectropulse-induced 
apoptosis and two immediate intracellular consequences: increases in cytoplasmic 
calcium concentration and translocation of phosphatidylserine (PS) to the external 
face of the cell membrane. 
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ACCOMPLISHMENTS/NEW FINDINGS 

Described in this report are results of nanoelectropulse investigations into several cell 
lines. A companion report for the grant "Pulsed Electric Fields For Biological Weapons 
Defense", AFOSR Grant No. F49620-02-1-0073, describes research into pulsed power 
supporting these studies (that is, detail about pulse generators incorporated into a 
microscope for real-time investigations). 

Nanoelectropulse-inducedapoptosis 

Our experiments earlier in the project [Vernier et al., IEEE TDEI, 2003] demonstrated 
nanoelectropulse-induced apoptosis in actively metabolizing Jurkat T lymphoblasts in 
culture medium, and we also showed that another mammalian cell type, rat glioma C6, is 
relatively resistant to the effects of ultra-short, high-field electric pulses. Pulse-induced 
calcium bursts have been observed in human lymphocytes, including Jurkat and normal 
CD4-I- T cells, human multiple myeloma cells, and resting and activated normal human 
peripheral blood mononuclear cells (PBMCs). Pulse-driven PS externalization studies 
have concentrated on Jurkat T lymphoblasts. 

Increases in cytoplasmic calcium concentration (Calcium bursts). Because calcium 
ions serve as regulatory messengers in a wide variety of processes across the 
physiological landscape of the cell, understanding how to manipulate calcium ion release 
with remotely delivered electrical signals is of great interest. We monitored intracellular 
calcium concentration changes in live cells during pulse exposure with the calcium- 
sensitive fluorochromes Calcium Green-1 and rhod-2, using an epifluorescence 
microscopy system as described previously [Vernier et al., BBRC, 2003]. To reduce 
nonspecific cytoplasmic staining with the calcium-sensitive cationic fluorochrome rhod- 
2, cells were loaded with the acetoxymethyl ester at 4 °C to allow dye molecules to pass 
through the membranes of intracellular structures, then incubated at 37 °C to permit 
hydrolysis of the ester linkages, resuspended in growth medium without rhod-2, and 
incubated for an additional 60 minutes at 37 °C. 

Observations with Calcium Green show a uniform, dose-dependent release of calcium 
throughout the cell within milliseconds after the leading edge of a nanosecond electric 
pulse. Pulse-induced calcium bursts are not affected by EGTA in the medium or by the 
calcium channel blockers La^"^, Gd^"^, or verapamil, or by the mitochondrial permeability 
transition inhibitor cyclosporin A, or by the mitochondrial calcium transport blocker 
ruthenium red, but they are inhibited by thapsigargin and cytochalasin D [Vernier et al., 
BBRC, 2003]. 

Cells loaded with rhod-2, a calcium-sensitive fluorochrome with a larger calcium 
dissociation constant than Calcium Green-1 (570 nM versus 190 nM), present a 
somewhat different picture (Fig. 1). The nanoelectropulse-induced rhod-2 fluorescence 
increase is more gradual, spanning several seconds, and in many cells the fluorescence 
intensification occurs at multiple distinct locations in the cytoplasm. The simplest 
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interpretation of these observations is that the calcium released in the initial burst is 
quickly taken up by intracellular buffers, most likely mitochondria. Cells loaded with the 
calcium chelate BAPTA or the calcium competitor and fluorescence quencher Mn^"^ do 
not show pulse-induced Calcium Green or rhod-2 fluorescence intensification. 

We have also observed nanoelectropulse-induced calcium bursts in normal human CD4+ 
T cells and in the human multiple myeloma cell lines RPMI 8226 and NCI-H929 (Fig. 
15). In some cases a pulse-induced oscillation of intracellular [Ca^"^] with a period of 
several seconds is seen in multiple myeloma cells, but never in Jurkat cells. 

Comparisons of the calcium burst sensitivity of resting and phytohemagglutinin-activated 
peripheral blood mononuclear cells (PBMCs) with Jurkat and multiple myeloma cells 
(Fig. 16) reveal substantial differences in the responses of these different cell types. 
Dose-response studies and systematic comparisons of these and other cell types are 
needed to identify the origins of these differences 
and to evaluate their potential scientific and 
therapeutic significance. 

Figure 1. Rhod-2-stained Jurkat T cell 
before and 15 s after exposure to 4 pulses, 
30 ns, 2.5 MV/m, revealing localized 
increases in [Ca^*]i after the initial burst. 

Lower-field but longer (microsecond) pulses 
porate the external membrane and permit entry 
of propidium iodide, Ca^"^, Na"^, and Mn^"^ into the 
cell. No influx of these species is detected after 
nanosecond pulses [Vernier et al., BBRC, 2003], 
[Vernier et al., Biophys. J., 2004], but recently 
we have observed entry of the dye YO-PRO-1, to 
which early apoptotic cells become permeable 
while still excluding propidium iodide, after nanoelectropulse exposures, providing direct 
evidence that even very short pulses affect the plasma membrane, although the 
disturbances are perturbative rather than porative in the conventional sense. 

Translocation of phosphatidylserine (PS) to the external face of the cell membrane. 
Membrane phospholipid rearrangement. PS externalization modifies the thermodynamic 
and mechanical equilibria associated with the membrane lipid bilayer and marks the cell 
physiologically for removal by phagocytic agents. We tracked pulse-induced PS 
translocation in real time with FMl-43, a cationic styryl fluorescent dye that localizes in 
the outer leaflet of the plasma membrane lipid bilayer, and which exhibits increased 
binding when the PS fraction increases on the external face of the membrane. FMl-43 
(Molecular Probes; _,^ = 480 nm, _,^ = 580 nm) was added to the medium at 5 _M 20 
minutes before observations of PS externalization to permit equilibration of the partition 
of FMl-43 between the aqueous medium, where it is essentially non-fluorescent, and the 
membrane. 
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Nanoelectropulse-induced 
changes in the intensity and 
distribution of FMl-43 
fluorescence, indicating PS 
translocation, begin less than 
one second after pulse exposure. 
An initial brightening at the 
anodic pole of the cell appears 
to dissipate within seconds, but 
over the next several minutes 
the fluorescence intensity of 
FMl-43 in the membrane 
increases all around the cell 
(Fig. 2). The relative amount of 
fluorescence increase is a 
function of the pulse amplitude 
(applied electric field) and the 
number of pulses. 
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We interpret these observations 
to mean that the interaction of 
the pulsed field with the cell 
causes       an      immediate 
rearrangement  of membrane 
phospholipids at the pole of the 
cell    nearest    the    anode, 
consistent with electrophysical 
models, and a translocation at 
the point of this disturbance of 
PS    molecules    from    the 
cytoplasmic    side    of    the 
membrane, where they normally 
are exclusively found, to the 
outer surface of the cell.   This 
PS   externalization   leads   to 
binding of additional FMl-43 at the anode pole, but the initial local concentration 
disturbance is dissipated within seconds by lateral diffusion in the bilayer. Over the next 
few minutes, levels of FMl-43 in the membrane rise, in response to the overall increased 
concentration of PS in the external leaflet of the lipid bilayer. Rat glioma C6 cells, both 
attached to a substrate and in suspension, are much more resistant to pulse-induced PS 
externalization than are Jurkat cells. Ongoing work with higher applied fields (6 MV/m) 
and shorter pulses (3 ns) is consistent with a membrane dielectric charging model and 
with the dose-response relationships observed with lower fields and "longer" (but still 
less than the charging time constant of the plasma membrane) pulses. 

Fig. 2. PS externalization response with increasing pulsed field strength and pulse 
count and after disruption of Ca^* distribution and actin polymerization. 
Representative Jurkat cells stained with FMl-43 are shown before (A, B, C) and 5 min 
after (D, E, F) exposure to 4, 30 ns pulses at 1.5, 2.5, and 3.5 MV/m. Increased FMl- 
43 fluorescence indicates translocation of PS to the external face of the cytoplasmic 
membrane. (G) Integrated, whole-cell, FMl-43 fluorescence changes 5 min after 
exposure to 4, 30 ns pulses of 1.0, 1.5, 2.5, and 3,5 MV/m. (H) Integrated, whole-cell, 
FMl-43 fluorescence changes 5 min after exposure to 1, 4, and 10, 30 ns pulses of 2.5 
MV/m delivered to separate groups of cells with a pulse repetition rate of 4 Hz. Data 
is from at least 20 representative cells from three independent experiments. Error bars 
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