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Picosecond and Terahertz Perturbation of Interfacial Water and
Electropermeabilization of Biological Membranes

P. Thomas Vernierl, Zachary A. Levine23, Ming-Chak Ho#, Shu Xiaol, lurii Semenov?, and
Andrei G. Pakhomovl
IFrank Reidy Research Center for Bioelectrics, Old Dominion University, Norfolk, VA, USA

2Department of Physics, University of California Santa Barbara, Santa Barbara, CA, USA

3Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa
Barbara, CA, USA

4Department of Physics and Astronomy, University of Southern California, Los Angeles, CA, USA

Abstract

Nonthermal probing and stimulation with subnanosecond electric pulses and terahertz
electromagnetic radiation may lead to new, minimally invasive diagnostic and therapeutic
procedures and to methods for remote monitoring and analysis of biological systems, including
plants, animals, and humans. To effectively engineer these still-emerging tools, we need an
understanding of the biophysical mechanisms underlying the responses that have been reported to
these novel stimuli. We show here that subnanosecond (< 500 ps) electric pulses induce action
potentials in neurons and cause calcium transients in neuroblastoma-glioma hybrid cells, and we
report complementary molecular dynamics simulations of phospholipid bilayers in electric fields
in which membrane permeabilization occurs in less than 1 ns. Water dipoles in the interior of these
model membranes respond in less than 1 ps to permeabilizing electric potentials by aligning in the
direction of the field, and they re-orient at terahertz frequencies to field reversals. The mechanism
for subnanosecond lipid electropore formation is similar to that observed on longer time scales —
energy-minimizing intrusions of interfacial water into the membrane interior and subsequent
reorganization of the bilayer into hydrophilic, conductive structures.

Keywords

Electropermeabilization; Electroporation; Molecular dynamics; Picosecond; Terahertz; Water
bridge

Introduction

In recent years, investigations of the effects of ultra-short electric pulses on biological
systems have probed shorter and shorter time scales, reaching now even into the picosecond
range (Schoenbach et al. 2008; Xiao et al. 2011; Camp et al. 2012). Because picosecond
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electric pulses have very fast rise times, they contain significant amounts of energy in the
gigahertz and terahertz spectral regions, and we note that on this separate track studies of
biological responses to terahertz electromagnetic radiation (with picosecond polarity
reversals) have also expanded over the past few years, as terahertz sources have become
more accessible. Some investigators report no effects of terahertz exposures (Zeni et al.
2007; Williams et al. 2011; Hintzsche et al. 2013). Where responses are observed
(Ramundo-Orlando and Gallerano 2009), some appear to be associated with temperature
increases (Wilmink et al. 2011), but others seem to be caused by direct, temperature-
independent interactions of electric fields with biological processes (Titova et al. 2013a;
Titova et al. 2013b). Millimeter waves, an electromagnetic regime that may be considered to
overlap with terahertz radiation, have also been reported to affect biological systems
(Ramundo-Orlando et al. 2007; Kim et al. 2013; Albini et al. 2014; Romanenko et al. 2014),
and these phenomena may be related. Because effects from both picosecond pulses and
terahertz radiation imply electric-field-driven biomolecular rearrangements on the
picosecond time scale, the mechanisms for the two sets of phenomena are likely to be
related, and it may be beneficial to consider them together.

Apart from the functional stimulation of electrically active cells, the most reproducible, least
ambiguous, and best understood non-thermal bio-effect of pulsed electric fields is the
permeabilization of membranes, a process called electroporation or electropermeabilization
(Teissié and Rols 1993; Rols 2006.). In the presence of an external electric field of sufficient
magnitude and duration, permeabilizing structures form in cell membranes, breaching the
normal barrier function and permitting the transport of normally impermeant materials into
or out of the cell (Neumann et al. 1982; Marty et al. 2006; Heller and Heller 2006; Frandsen
etal 2012).

Most electroporation protocols for laboratory, clinical, and biotechnological applications use
pulses with durations of at least 100 ps, but membrane permeabilization occurs with pulses
shorter than 100 ns (Pakhomov et al. 2007a) or even 10 ns (Benz and Zimmermann 1980;
Vernier et al 2006a). Permeabilization of cell membranes with submicrosecond pulsed
electric fields is accompanied by a host of other effects, many of which are consequences of
the initial breaching of membrane integrity observed not only for the plasma membrane but
also for intracellular, membrane-bound structures (Schoenbach et al. 2001; Vernier et al.
2003; Vernier et al. 2004; Tekle et al. 2005; Nuccitelli et al. 2006; Pakhomov et al. 2007b;
Craviso et al. 2010; Napotnik et al. 2010; Ibey et al. 2011; Batista Napotnik et al. 2012;
Pakhomova et al. 2012; Silve et al. 2012; Tolstykh et al. 2014).

“Long-pulse” (> 100 ns) electroporation models treat the membrane as a capacitor which is
charged by ions migrating in the applied electric field until a critical transmembrane
potential is reached and permeabilizing structures are formed (Coster 1965; Zimmermann et
al. 1974; Abidor et al. 1979; Sugar and Neumann 1984; Weaver and Chizmadzhev 1996;
Neu and Krassowska 1999). As the pulse duration (the time during which the membrane is
charged) is reduced, higher and higher fields are needed for detectable permeabilization
(Vernier et al. 2006a; Ibey et al. 2010). For very short pulses (< 10 ns), however, if the field
is high enough (> 1 MV/m), a porating field develops across the membrane from dielectric
effects alone, and the contribution of charge migration to the permeabilization process
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becomes less significant (Kotnik and Miklavcic 2000; Gowrishankar and Weaver 2003;
Timoshkin et al. 2006).

In one report, subnanosecond pulses of 800 ps duration produced membrane
permeabilization at physiological temperatures only after exposures that involved either very
large numbers (hundreds) of pulses or very high external fields (>10 MV/m) (Schoenbach et
al. 2008). Permeabilization with 200 ps pulses requires even stronger doses — thousands of
pulses when the field is 25 MV/m (Xiao et al. 2011). Interestingly, fields greater than 10
MV/m are reported to produce non-thermal effects from exposures of cells to terahertz
electromagnetic fields (EMF) (Wilmink et al. 2011; (Titova et al. 2013b)

The mechanism for the permeabilizing restructuring of the membrane that occurs in all of
these regimes remains an open question (Teissié et al. 2005). Molecular dynamics
simulations provide a view of one type of permeabilizing structure, the lipid electropore
(Tieleman 2004; Gurtovenko and Vattulainen 2005; Tarek 2005; Bockmann et al. 2008;
Levine and Vernier 2010), consistent with experimental observations (Melikov et al. 2001;
Naumowicz and Figaszewski 2013; Koronkiwicz et al. 2002) and continuum models
(Zimmermann et al. 1974; Abidor et al. 1979; Chizmadzhev and Abidor 1980; Weaver and
Chizmadzhev 1996). The formation of these nanometer-scale, conductive pores is initiated
by the electric-field-stabilized intrusion of interfacial water into the membrane interior,
which leads to the construction of energy-minimized water bridges across the lipid bilayer
and the reorganization of the membrane phospholipids along the water columns to form the
hydrophilic wall of the pore (Tokman et al. 2013). Although lipid electropores are only one
component of the electropermeabilized cell membrane, they are the first structures to form
after the application of a porating electric field, and it may be that for very short pulses or
very high-frequency EMF they are the dominant structures.

Lipid electropore formation is a stochastic process, with the probability of a pore forming at
a given location increasing as an exponential function of the transmembrane electric field
(Sugar and Neumann 1984; Vernier et al. 2013). This means that fewer pores form at lower
fields, at lower areal densities. Once the process is initiated at a given locus, however,
construction of a hydrophilic, conductive pore is complete within a nanosecond — less than
a nanosecond at higher fields (Levine and Vernier 2010). Continuum and molecular models
then, are consistent with the formation of electropores on the picosecond time scale.

Experimental studies of biological systems exposed to electric fields at gigahertz and
terahertz frequencies or picosecond pulse durations are challenging from an engineering
point of view (parasitic impedances which can be neglected for slower signals must be taken
into account), but are essential for validating the models. Here we report recent experimental
results and new molecular simulation results that together shed new light on the biophysical
initiating steps that lead to such profound disruptions “downstream” — osmotic stress,
redistribution of membrane phospholipids, and cell death by apoptosis or other pathways.

J Membr Biol. Author manuscript; available in PMC 2016 October 01.
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NG108 rat neuroblastoma-glioma hybrid cells (ATCC HB-12317) cells were cultured at 37
°C with 5% CO, in air in Dulbecco's Modified Eagle's medium (Caisson Labs, North Logan,
UT) without sodium pyruvate, supplemented with 4 mM L-glutamine, 4.5 g/L glucose, 10%
FBS, 0.2 mM hypoxanthine, 400 nM aminopterin, and 0.016 mM thymidine (without
antibiotics). Media supplements were from Sigma-Aldrich (St. Louis, MO) except for the
FBS (Atlanta Biologicals, Norcross, GA). For the passage immediately preceding
experiments, cells were transferred onto glass coverslips. Primary rat hippocampus neurons
were obtained from Life Technologies (Carlsbad, CA) and seeded on poly-D-lysine/laminin
coated coverslips (BD Bioscience, Bedford, MA). The neurons were grown at 37 °C with
5% COy, in air in the supplier-recommended medium (Neurobasal medium supplemented
with 200 mM GlutaMAX | and 2% of B27, all from Life Technologies).

Calcium imaging

Procedures for loading cells with Fura-2, calibration of the dye, and time-lapse fluorescence
imaging were reported previously (Semenov et al. 2013). Briefly, to load the dye, cells on
coverslips were incubated for 30 min in physiological buffer (in mM: 140 NaCl, 5.4 KClI,
1.5 MgCl,, 2 CaCly, 10 glucose, and 10 HEPES, pH 7.2, ~300 mOsm/kg) containing 5 uM
Fura-2/AM and 0.02% Pluronic F-127 (Life Technologies, Grand Island, NY), in the dark at
room temperature. Then the coverslips were rinsed in buffer without dye and detergent for
15 min and transferred to a glass-bottomed perfusion chamber (Warner Instruments,
Hamden, CT) mounted on an Olympus 1X71 inverted microscope (Olympus America,
Center Valley, PA).

Dual excitation at 340 nm and 380 nm for ratiometric imaging was carried out with a
Lambda DG4 wavelength switching system (Sutter Instruments, Novato, CA), with emission
measured at 510 nm every 150 ms (20 ms exposure at each wavelength) using a C9100-02
EM CCD camera (Hamamatsu Photonics, Japan). The cytosolic free calcium concentration
([Ca?™];) was calculated from the Fura-2 emission ratio with a help of Metafluor v.7.5
software (Molecular Devices, Sunnyvale, CA). [Ca%*]; measurements typically began one
minute prior to electric pulse application. In most experiments, fluorescence intensity traces
were smoothed with an Origin 8.0 FFT filter utility (OriginLab Corporation Northampton,
MA).

Pulse generator and delivery system

Generation of picosecond pulses with an FPG 20-1 pulse generator (FID GmbH, Burbach,
Germany) and delivery of the pulses to cells on the stage of an epifluorescence microscope
were carried out using methods similar to those previously described (Xiao et al. 2011). For
the hippocampal neuron experiments a micro-coaxial cable (outer diameter 310 pm, inner
diameter 80 um) with insulation removed from the last 350 um to expose the inner
conductor, was used to deliver pulses to the cells. The end of the cable was positioned over
the cells with a micromanipulator (Fig. 1). The electric field distribution was simulated by a
3-D electric field solver, Amaze (Field Precision, Albuquerque, NM) (Fig. 1). To avoid
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blockage of the image by the coaxial cable tip, we chose the two regions near the tip,
indicated by the circles. The electric field for these two regions is about 5 MV/m. For this
micro-coaxial electrode configuration, the pulse width was about 320 ps (full-width, half-
maximum).

For experiments with NG108 neuroblastoma-glioma hybrid cells, pulses were delivered to
cells in the bath by means of a pair of tungsten rods (100 pm diameter, 170 um gap, 3.5 mm
long) at the end of a 50 2 RG316 coaxial cable. The connection is secured with epoxy,
which also prevents air breakdown between the rods. Arcing does not occur when the rods
are submerged into the aqueous medium covering the cells. The electrode assembly was
positioned with an MPC-200 robotic manipulator (Sutter Instruments, Novato, CA), that
placed the tips of the rods at precisely 50 um above the coverslip surface with selected cells
being in the middle of the gap between the tips. For this parallel rod electrode configuration,
some pulse broadening was observed in simulations, to about 500 ps, but the electric field
was 19 MV/m, higher than that in the coaxial electrode configuration.

Pulses were triggered externally and synchronized with image acquisitions by a TTL pulse
protocol using a Digidata 1440A board and Clampex v. 10.2 software (Molecular Devices).
Timing of pulse delivery, pulse repetition interval, and the number of pulses were all
programmed in Clampex. A typical pulse waveform is shown in Fig. 2.

Whole-cell measurements of plasma membrane potential were performed in current-clamp
mode using a Multiclamp 700B amplifier, Digidata 1322A A-D converter, and pCLAMP
software (Molecular Devices). For imaging, a coverslip with attached cells was placed into a
glass-bottomed chamber on an Olympus 1X81/F\VV1000 confocal laser scanning system. Bath
and pipette buffers contained, respectively (in mM): 136 NaCl, 5 KCI, 2 MgCl,, 2 CaCl,, 10
HEPES, 10 glucose (pH 7.4), and: 150 K gluconate, 10 NaCl, 5 K-EGTA, 1 MgCl», 1
CaCl,, 10 HEPES (pH 7.2).

Molecular dynamics simulations

Simulations were performed using GROMACS version 4.0.5 (Hess et al. 2008) on the
University of Southern California High Performance Computing and Communications
(HPCC) Linux cluster (http://www.usc.edu/hpcc/). Lipid topologies, water model,
thermostat, barostat, bond constraints, equilibration protocols, calculation of electrostatic
interactions, and other parameters and procedures were as previously described (Ho et al.
2013). Simulations were run at 310 K in the NPT ensemble. Lipid bilayers are composed of
128 POPC lipids (64 per leaflet) and at least 35 waters/lipid (some systems had 70 waters/
lipid; this had no effect on the outcome), with initial system dimensions of approximately 7
nm x 7 nm x 7 nm (10 nm for the systems containing more water). The planes of the water-
lipid interface are normal to the z-direction of the simulation box. The electric field is
always applied along the z-axis, normal to the plane of the bilayer. Molecular graphics
images were generated with Visual Molecular Dynamics (VMD) (Humphrey et al. 1996).

J Membr Biol. Author manuscript; available in PMC 2016 October 01.
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Results and Discussion

Subnanosecond pulse-induced activation of neurons

Fewer than 50, 320 ps, 5 MV/m pulses are sufficient to activate a hippocampal neuron (Fig.
3, -100 pA trace). Although the exploratory experiments reported here were not designed to
determine the pulse-number dose response, we can see that when a current-clamped cell is
just slightly depolarized with a 20 pA step, the action potential appears even more quickly,
after fewer than 10 pulses (Fig. 3, -80 pA trace). Further depolarization causes an immediate
action potential (before pulse delivery) followed by a refractory state. In these conditions
picosecond pulses result in further depolarization but no action potential (Fig. 3, traces for 0
pA, -20 pA, -40 pA, -60 pA).

Subnanosecond pulse-induced calcium transients in neuroblastoma cells

A single 500 ps, 19 MV/m pulse causes an immediate 10 nM increase (small but detectable)
in intracellular Ca2* concentration in NG108 rat neuroblastoma-glioma hybrid cells (Fig. 4).
This [Ca2*]; increase is dose-dependent. A five-pulse exposure (pulse repetition rate = 1
kHz) increases [Ca?*]; about five times as much as one pulse (fig. 4). For a single pulse,
higher pulse amplitudes (up to 30 MV/m) cause larger increases in [Ca2*]; (data not shown).
Cytosolic calcium levels remain elevated for at least 100 s after a single 500 ps pulse.

Subnanosecond electropore formation in molecular simulations of POPC bilayers

In order to see what restructuring of the membrane might occur on a subnanosecond time
scale, we carried out MD simulations of POPC bilayers in high electric fields. With applied
fields greater than 1.5 GV/m, lipid electropore formation occurs in less than 1 ns (Fig. 5).
The pore construction process is similar to that observed with lower fields (Levine and
Vernier 2010). In some simulations a pore appears in less than 50 ps. This is not surprising,
since it is known that lipid electropore initiation is a stochastic event and that pore initiation
time is an exponential function of the electric field (Vernier et al. 2006b; Bockmann et al.
2008).

It should be kept in mind that in an aqueous system the magnitude of the effective electric
field is determined in part by the dielectric permittivity of water. At low frequencies the
effective field is approximately 1/80 the value of the “applied” (vacuum) field, which means
that the field delivered by the pulse generator in an equivalent experimental system will be
approximately 1/80 of the value of the external (“vacuum”) field specified in a simulation.
For 1.5 GV/m in a simulation, for example, the corresponding field in an experiment
(electrode voltage divided by electrode separation for a parallel plate configuration) would
be approximately 19 MV/m, within the range required for bioelectric effects with “few
nanosecond” and picosecond pulses, and similar to the field used in the experiments
reported here.

The actual conditions of both our experiments and our simulations, however, are more
complicated. First, we are working at frequencies or on time scales where the relative
dielectric permittivity of water is much less than 80 (Barthel et al. 1990). Second, the
intrusion of individual water molecules from the complex dielectric landscape of the
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membrane interface to the low-permittivity environment of the lipid bilayer interior is a
phenomenon much better treated in atomic detail, where macroscale material properties like
permittivity are of limited utility (Tokman et al. 2013).

Subnanosecond lipid bilayer perturbation with picosecond (terahertz) alternating electric

fields

With these same porating electric fields, water intrusion and permeabilization of POPC
bilayers occurs within tens of picoseconds even when the polarity of the applied electric
field is reversed every picosecond (Fig. 6), a terahertz repetition rate. What we observe
under these alternating field conditions, however, rather than the typical formation of a
single lipid pore that we see when a non-varying electric field is applied to our very small
simulated area (50 nm2), is a more general disorganization of the bilayer, with numerous
individual water bridges instead of one or two, even in this small area, and a more scattered,
less determinate distribution of phospholipid head groups across the bilayer interior. Instead
of a discrete pore we see a scrambled, disordered mixture of water and phospholipid.

Intuitively we might expect that each picosecond reversal of the electric field direction
would “undo” whatever rearrangement had occurred in the preceding cycle, with no net
effect. In addition, since the textbook water dipole relaxation time is on the order of 8 ps
(Buchner et al. 1999), we might think that water molecule orientation should not be
appreciably affected by symmetrical electric field reversals occurring at 1 ps intervals.
Finally, interactions of water dipoles with phospholipid head groups retards the reorientation
of interfacial water in an applied electric field (Pal, Balasubramanian, Bagchi 2004;
Tielrooij et al. 2009). What happens in the simulations is contrary to these expectations. The
stabilization of intruding interfacial water by the applied electric field (Tokman et al. 2013)
is not reversed when the field direction changes. The water bridges grow, rather than shrink,
cycle after cycle, drawing the phospholipid head groups after them.

A closer look reveals how this can be. Note the orientation of the water molecules in the
low-permittivity bilayer interior in the two panels of Fig. 7. They rotate to align with the
alternating electric field in less than 1 ps. Since there is no hydrogen-bonded network in this
local environment to constrain the motion of individual water molecules, the effective
relaxation time is much less than it is in bulk water. Water dipole rotation is retarded by
interactions with interfacial lipids and proteins (Sterpone et al. 2006), but the isolated water
molecules that stack up in the membrane interior during pore initiation have escaped their
interfacial associations. A field-stabilized water column penetrating the membrane remains a
lower energy configuration for interfacial water than the planar lipid-water junction of an
unperturbed bilayer regardless of the 180-degree flips of the individual molecules making up
the structures.

These simulations provide a plausible mechanism for the permeabilizing restructuring of
biological membranes by subnanosecond electric pulses and by rapidly alternating electric
fields, even into the terahertz spectral range.

J Membr Biol. Author manuscript; available in PMC 2016 October 01.
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Reconciliation of experimental observations of cellular responses to subnanosecond
pulse exposures with molecular simulations of phospholipid bilayers in strong, rapidly
changing electric fields

Although other interpretations are possible, the experimental data presented here are
consistent with cell membrane permeabilization by subnanosecond electric pulses, with
subsequent depolarization of neurons through the discharge of ion concentration gradients
and the triggering of an action potential. This subnanosecond electropermeabilization,
however, seems different from those seen after exposure to somewhat longer pulses — 600
ns or 60 ns. Specifically, the permeabilizing structures associated with the subnanosecond
electroporation reported here (Fig. 3) appear to seal (membrane conductance recovers) much
faster (within 20 ms) than those observed after 600 ns (Fig. 1 in (Pakhomov et al. 2009)) or
60 ns (Fig. 2 in (Ibey et al. 2010)) pulse exposure, where membrane conductance remained
low for 60 s or more.

Membrane depolarization by ion transport through lipid electropores

Simulations and experimental evidence indicate that transmembrane electric fields can cause
the formation of membrane pores with diameters on the order of 1-2 nm (Gurtovenko and
Vattulainen 2007; Marrink et al. 2009; Nesin et al. 2010; Romeo et al. 2012) and that the
time for pore formation, an exponential function of the applied electric field, can be less than
a nanosecond (Levine and Vernier 2010). Molecular simulations of ion transport through
lipid electropores have shown that the electrical conductance of these pores is comparable to
the conductance of lipid pores determined experimentally (Ho et al. 2013). It seems
reasonable to consider whether ion transport through nanoscale lipid electropores formed by
nanosecond or subnanosecond electric pulse exposure could be sufficient to depolarize the
cell membrane.

For a spherical cell with radius 10 pm, assuming a membrane capacitance of 1 x 102 F-m~2,
an imbalance of 8 x 108 integral charges (monovalent ions) will create a transmembrane
potential of 100 mV. This potential can be discharged (depolarizing the cell membrane) by
transporting 8 x 108 positive or negative ions into or out of the cell, as appropriate,
depending on the polarities chosen. Normally the potential inside the cell is negative with
reference to the extracellular medium, so we could discharge -100 mV, for example, by
transporting 8 x 108 Na* from the medium into the cell.

Neglecting the relatively small electrophoretic transport of ions through pores while the field
is applied (because the pulse duration is so short), and considering only diffusive transport
through pores remaining after the pulse, we can estimate the rate of diffusion through a lipid
electropore by assuming a simple pore geometry and using the approximate method of Hille
(Hille 2001). For [Na*] = 150 mM, Ipore =1 NM, Dya+ = 1.33 X 1079 m2.s71, lpore = 5 nNm,
we obtain a diffusion transport rate of 5.7 x 107 Na* s for a single pore. At that rate a
single lipid electropore will transport enough Na* to depolarize the membrane in less than
150 ms. (Numbers for K* and CI- are in the same range.) If we conclude from the membrane
voltage traces in Fig. 3 that the pore lifetime is shorter than 150 ms, say on the order of 10
ms, as a rough approximation, we still need only 15 pores to depolarize the membrane. For
the very short pore lifetimes around 100 ns seen in simulations of simple phospholipid
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bilayers (not cell membranes) (Levine and Vernier 2012), about 1.4 x 10° pores would be
required to discharge the membrane. Although we have at this time no solid method for
determining electropore densities or total numbers experimentally, continuum pore models
of electroporation predict that nanosecond pulses do indeed produce millions of nanometer-
scale pores in cells of similar size (Son et al. 2014). These estimates are of course tentative
and speculative, but they are specific enough to stimulate further efforts to improve both the
models and the experimental efforts.

Calcium transients after subnanosecond pulse exposure

Subnanosecond pulse-induced increases in intracellular calcium concentration could come
from influx of extracellular calcium through either the picosecond pulse-permeabilized
membrane or voltage-activated calcium channels triggered by the permeabilization-driven
depolarization, similar to what has been reported previously for adrenal chromaffin cells
(Craviso et al. 2012), and possibly also through calcium-induced calcium release from
intracellular stores (Semenov et al. 2013). It cannot be excluded that some or all of the
calcium influx comes through calcium channels directly activated by the picosecond pulsed
electric field, but it seems unlikely that a protein channel could be activated on this time
scale.

Picosecond permeabilizing electric fields

The molecular simulation results presented here provide a plausible physical mechanism for
membrane permeabilization by subnanosecond stimuli — water intrusion and bridge
formation, accompanied by phospholipid redistribution into the water defect regions. The
apparent discrepancy between the somewhat larger fields employed in the MD simulations
and the smaller fields used experimentally may be addressed in the following way. For a
given transmembrane potential (or the corresponding applied electric field) there is a certain
probability of lipid pore formation over a given area over a given time interval. This
probability of pore formation increases exponentially with transmembrane voltage (applied
field) (Vernier et al. 2013). Computational constraints on simulations of hydrated lipid
bilayer systems with atomic resolution permit us to sample only a very small area compared
to experimental observations. The membrane area for the simulations reported here (about
50 nm?) represents a fraction of only 1077 of the area of a typical cell membrane. This very
small observational window means that to “see” an event that would produce thousands of
pores in a cell, we must increase the probability of the event by a factor of several thousand
(or run thousands of simulations), and we effectively accomplish that by increasing the
applied field.

Thermal effects

The possibility that the responses of cells (and membranes) to repetitive, high-field electric
pulses are a consequence of temperature increases in the system must always be considered,
especially when large numbers of pulses at high repetition rates are required to produce a
given effect. Because the pulses are so few and so short, the total electric pulse energy in the
experiments reported here, even if it were completely converted to heat, would increase the
temperature of the exposed regions only by about 0.5 K with worst case assumptions.
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Simulation temperatures are regulated by a thermostat. Thus any temperature changes that
may be occurring in the experiments or in the simulations are small and brief. However, we
are adding energy, which results in a change in the properties of the cell membranes and
lipid bilayers and a physical redistribution of their components. It may be instructive to think
of this membrane electropermeabilization as a phase change, or a physical change of state,
that is isothermal but which involves an increase in the energy of the system.

Subnanosecond (< 500 ps) electric pulses activate rat hippocampal neurons and trigger
calcium transients in NG108 rat neuroblastoma-glioma hybrid cells. Molecular simulations
of phospholipid bilayers in electric fields show lipid electropore formation and membrane
disorganization in less than 1 ns. Water dipoles in the membrane interior orient in
permeabilizing electric fields on a picosecond time scale, consistent with a mechanism
involving energy-minimizing intrusions of interfacial water leading to membrane
permeabilization by picosecond electric pulses and terahertz electromagnetic fields.
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Fig. 1.
Micro-coaxial cable pulse delivery system for neurons on microscope stage. The tip of the

micro-coaxial cable (the inner conductor) is 20 um above the cover slip. Regions A and B
are projections of the micro-coaxial cable. Cells to be analyzed are within the two off-axis
dashed ellipses. The color map shows the electric field distribution at the surface of the
coverslip for a 1 kV pulse voltage, in which case the electric field in the elliptical areas is
about 3 MV/m.
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2 ns

Fig. 2.
Picosecond pulse waveform at the output of the pulse generator. 320 ps (full-width, half-

maximum), 5.5 kV.
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Fig. 3.

Agtion potentials in a rat hippocampal neuron stimulated by 320 ps electric pulses.
Membrane voltage in whole-cell configuration measured in current clamp mode with current
stepped in 20 pA increments from the holding level of -100 pA, vertically separated for
clarity. Current protocol shown below voltage traces. 100 ms after each current step (arrow),
100 pulses, 5 MV/m, 500 Hz) were delivered over a period of 200 ms. Pulse-induced
depolarization and action potentials occurred at the -100 and -80 pA steps. Further
depolarization by reducing the injected current immediately caused an action potential
followed by a refractory state, so the picosecond pulses produced some additional
depolarization without eliciting an action potential. The inset shows the neuron with a
recording pipette attached in the vicinity of the pulse-delivering electrode (shadow).
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Fig. 4.
Ca?* transients in NG108 rat neuroblastoma-glioma hybrid cells evoked by a single 500 ps,

19 MV/m pulse and a train of 5 pulses at 1 kHz. Measured with Fura-2 ratiometric imaging.
Traces from 5 cells superimposed in each panel.
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Fig. 5.
Lipid electropore in POPC bilayer forms in less than 1 ns. In this high applied electric field

(Evacuum = 2.5 GV/M; Egffective = 12.5 MV/m), pore initiation is rapid and a hydrophilic pore
is constructed in less than 1 ns. Water molecules (small red and white structures) penetrate
the membrane interface and bridge the membrane interior, followed by the phospholipid
head groups (blue — nitrogen; gold — phosphorus; red — backbone acyl oxygen). Gray strands
are the lipid hydrocarbon tails.
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6 ps 12 ps 25 ps 50 ps

Fig. 6.

Pegrmeabilization of POPC bilayer in 500 GHz alternating electric field. Water, then
phospholipid head groups bridge the membrane interior in a very high porating electric field
with polarity reversals every picosecond. Multiple water bridges appear, followed by head
groups, in a few tens of picoseconds.
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Fig. 7.
Dipole reversal for water molecules in the phospholipid bilayer interior. Note that the

oxygen (red) end of each of the bridging water molecules in the middle of the membrane is
positioned toward the bottom of the left image and toward the top of the right image. The
electric field direction is opposite in these two frames, which are 1 ps apart. Within that 1 ps
the water dipoles in the membrane interior align in the new field direction. Dipole relaxation
time for water in the membrane interior is much less than in bulk water, so that field-
stabilized intruding water columns remain the lower energy configuration for interfacial
water.
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