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Abstract

We previously reported that a single 5 ns high intensity electric pulse (NEP) caused an E-

field-dependent decrease in peak inward voltage-gated Na+ current (INa) in isolated bovine

adrenal chromaffin cells. This study explored the effects of a pair of 5 ns pulses on INa

recorded in the same cell type, and how varying the E-field amplitude and interval between

the pulses altered its response. Regardless of the E-field strength (5 to 10 MV/m), twin

NEPs having interpulse intervals� than 5 s caused the inhibition of TTX-sensitive INa to

approximately double relative to that produced by a single pulse. However, reducing the

interval from 1 s to 10 ms between twin NEPs at E-fields of 5 and 8 MV/m but not 10 MV/m

decreased the magnitude of the additive inhibitory effect by the second pulse in a pair on

INa. The enhanced inhibitory effects of twin vs single NEPs on INa were not due to a shift in

the voltage-dependence of steady-state activation and inactivation but were associated with

a reduction in maximal Na+ conductance. Paradoxically, reducing the interval between twin

NEPs at 5 or 8 MV/m but not 10 MV/m led to a progressive interval-dependent recovery of

INa, which after 9 min exceeded the level of INa reached following the application of a single

NEP. Disrupting lipid rafts by depleting membrane cholesterol with methyl-β-cyclodextrin

enhanced the inhibitory effects of twin NEPs on INa and ablated the progressive recovery of

this current at short twin pulse intervals, suggesting a complete dissociation of the inhibitory

effects of twin NEPs on this current from their ability to stimulate its recovery. Our results

suggest that in contrast to a single NEP, twin NEPs may influence membrane lipid rafts in a

manner that enhances the trafficking of newly synthesized and/or recycling of endocytosed

voltage-gated Na+ channels, thereby pointing to novel means to regulate ion channels in

excitable cells.
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Introduction

The advent of systems to deliver nanosecond duration electric pulses (NEPs) to biological cells

has sparked a great deal of interest in exploring uses of these pulses for biomedical applica-

tions, such as neurostimulation. An example of the potential use of NEPs for neurostimulation

is the report by Jiang and Cooper [1] that a single 12 ns pulse was capable of activating skin

nociceptors. Also, a recent study by Casciola et al. [2] demonstrated that repeated stimulation

of isolated peripheral nerves of Xenopus leavis by 12 ns pulses continuously elicited action

potentials without damaging the nerve fibers. Previous studies from our group additionally

have shown that a 5 ns pulse can stimulate catecholamine release in neuroendocrine adrenal

chromaffin cells by causing Ca2+ influx via voltage-gated calcium channels (VGCCs) [3].

Efforts aimed at elucidating the mechanisms by which NEPs stimulate neural cells and tis-

sues have revealed some interesting differences with respect to the involvement of voltage-

gated Na+ channels. In peripheral nerve, 12 ns pulse exposure triggers Na+ influx via voltage-

gated Na+ channels, which is responsible for the generation of action potentials [2]. In bovine

chromaffin cells, in contrast, Na+ influx via voltage-gated Na+ channels is not responsible for

the membrane depolarization that evokes VGCC activation in cells exposed to a 5 ns pulse [4].

Instead, membrane depolarization appears to be the result of Na+ influx via putative nano-

pores [4, 5]. Moreover, a 5 ns pulse actually causes an inhibition of voltage-gated Na+ channels

in these cells [6].

Nesin et al. [7, 8] were the first to report that voltage-gated Na+ channels can be inhibited

by NEPs. In their studies, a single 300 ns pulse was found to cause a prolonged inhibition of

Na+ conductance in several excitable cell types that included NG108 cells, GH3 cells, as well as

adrenal chromaffin cells. The inhibitory effect was enhanced when the E-field magnitude of

the applied pulse was increased. Of interest to us was whether the much shorter duration 5 ns

pulses that we had been studying also caused inhibitory effects on voltage-gated Na+ channels

in chromaffin cells and if so, how the inhibition was affected by E-field intensity. To this end

we recently evaluated the effects of a single 5 ns pulse on fast voltage-dependent Na+ currents

(INa) recorded in whole-cell voltage clamped bovine chromaffin cells. The gating properties of

the net current were consistent with those of tetrodotoxin-sensitive Na+ channels, and of

NaV1.7, the pore-forming Na+ channel subunit thought to be the main voltage-gated Na+

channel expressed in bovine chromaffin cells [9–12]. Our results showed that a single 5 ns

pulse applied at 5 MV/m, an E-field magnitude that is just above the threshold for evoking

responses in these cells [13] produced a rapid inhibition (~ 4%) of INa at a test potential of +10

mV [6], which was in agreement with the inhibition of voltage-gated Na+ channels previously

reported in these cells [8]. The decrease in INa was associated with a decrease in maximal con-

ductance without a change in its voltage-dependence of steady-state activation and inactiva-

tion [6]. Our results also showed that a single 5 ns pulse at the higher E-field of 8 MV/m and

10 MV/m produced a rapid inhibitory effect that was ~ twofold greater (from ~ 4% to ~ 9%).

The purpose of this study was to determine whether the application of a second pulse of identi-

cal characteristics leads to additive effects on INa.

Our data indicate that the application of a second NEP produced as anticipated an additive

inhibitory effect on INa but surprisingly, only when the interval between the pulses exceeded

100 ms. In addition, the second pulse in a pair caused a paradoxical time-dependent recovery

of the Na+ current after inhibition, a phenomenon that varied with E-field magnitude and the

time interval between the pulses, and that appeared to involve lipid rafts. Our study strength-

ens the notion that voltage-dependent ionic currents can be altered by NEPs and offers a new

perspective on how the application of multiple pulses could be tailored to augment or attenu-

ate inhibitory effects on voltage-gated Na+ channel activity in excitable cells.
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Materials and methods

Chromaffin cell culture

As described previously [14], chromaffin cells were isolated by collagenase digestion of the

medulla from fresh bovine adrenal glands obtained from a local abattoir (Wolf Pack Meats,

University of Nevada, Reno). After isolation, the cells were maintained in suspension culture

in Petri dishes at 36.5˚C under a humidified atmosphere of 5% CO2 in Ham’s F-12 medium

supplemented with 10% bovine calf serum, 1% antibiotic (100 U/ml penicillin, 100 μg/ml

streptomycin, 0.25 μg/ml fungizone) and 6 μg/ml cytosine arabinoside. Cells were used up

until two weeks in culture. For experiments, single, isolated cells were obtained by treatment

of cell aggregates with the protease dispase [15] and attached to fibronectin-coated glass

coverslips.

Whole-cell patch clamp experiments

Coverslips containing the attached cells were placed in a perfusion chamber positioned on the

stage of a Nikon Eclipse TS100 inverted microscope. The cells were continuously perfused at a

rate of 0.5 ml/min with a balanced salt solution (BSS) consisting of 145 mM NaCl, 5 mM KCl,

2 mM CaCl2, 1.2 mM Na2HPO4, 1.3 mM MgCl2, 10 mM glucose and 15 mM Hepes, pH 7.4

(adjusted with NaOH). The bath solution was connected to the ground via an Ag/AgCl pellet.

The patch pipette internal solution contained 10 mM NaCl, 30 mM KCl, 110 mM K-gluconate,

1 mM MgCl2, 10 mM EGTA, 3 mM Mg-ATP, and 10 mM Hepes, pH 7.2 (adjusted with

KOH). Whole-cell currents were recorded in voltage clamp mode using an Axopatch 200B

amplifier and Digidata 1322A (Axon Instruments, Sunnyvale, CA) or Digidata 1550B data

acquisition system (Molecular Devices, Sunnyvale, CA), and PClamp software (version 8.2 or

11, Molecular Devices, Sunnyvale, CA) at a sampling rate of 20 kHz and low-pass filtering at 1

kHz. The series resistance (Rs), which was compensated to 90%, varied between 7 and 32 MO.

The seal resistance (Rseal) varied between 1.1 and 3.0 GO and was measured by applying a +10

mV test pulse from a holding potential of –70 mV. Cell capacitance (Cm) ranged between 4

and 12 pF. All recordings were performed at ambient room temperature. Fire-polished patch

micropipettes having a tip size of 0.8–1.2 μm with a typical resistance of ~ 3 MO were fabri-

cated from borosilicate glass (#BF150-110-7.5, Sutter Instruments, Novato, CA) using a P-97

pipette puller (Sutter Instruments, Novato, CA) and fire-polished with a MF-830 microforge

(Narishige, Tokyo, Japan). The cell being recorded was viewed with a 40X objective and a

bright field image of the cell was captured with a CoolSnap HQ DIFF CCD camera (Photo-

metrics, Tucson, AZ) and SimplePCI software (version 6.6.0.0, Hamamatsu Corporation,

Hamamatsu City, Japan) at the beginning and end of each experiment. For recordings

obtained in the absence of extracellular Na+, an equimolar concentration of N-methyl-D-glu-

camine (NMDG+) was used to replace Na+ in the external bath solution. For recordings con-

ducted under K+-free conditions, the patch pipette internal solution contained 10 mM NaCl,

20 mM tetraethylammonium chloride (TEA-Cl), 10 mM CsCl, 110 mM aspartic acid, 1 mM

MgCl2, 10 mM EGTA, 3 mM Mg-ATP, and 10 mM Hepes, pH 7.2 (adjusted with CsOH) at

room temperature. The external bath solution consisted of 145 mM NaCl, 10 mM TEA-Cl, 1.2

mM Na2HPO4, 2 mM CaCl2, 1.3 mM MgCl2, 5.5 mM glucose and 10 mM Hepes, pH 7.4

(adjusted with CsOH). For the Ca2+-free experiments, an equimolar concentration of MgCl2

was used to replace CaCl2 in the external bath solution.

The effects of NEPs on peak inward currents were recorded by applying a total of 200 volt-

age clamp steps, with a 3 s interval between each step as described in our previous work [6].

The voltage clamp protocol consisted of applying a 100 ms voltage step to +10 mV from a
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holding potential of –70 mV. A single pulse or a pulse pair was applied 1.5 s after the 21st volt-

age clamp step. The detailed protocols are described in the supplemental information (S1 Fig).

Currents of the 8 voltage steps prior to NEP exposure were averaged and used as baseline.

The NEP-induced leak current (Ileak) was recorded during a 2 s voltage ramp protocol rang-

ing from –70 to +80 mV from a holding potential of –70 mV. The ramp protocol was applied 5

times prior to the application of a pair of NEPs to determine control baseline membrane cur-

rent, and 15 times following the application of twin pulses. The interval between each ramp

was 6 s. Ileak was measured in K+-free pipette internal solution and in K+-free external bath

solution containing 20 μM nitrendipine. Ileak was determined by subtracting the ramp current

measured after the pair of NEPs from the baseline ramp current.

Current-voltage (I-V) relationships for inward currents were generated using a voltage step

protocol consisting of 50 ms steps ranging from –70 mV to +80 mV applied in 10 mV incre-

ments every 2 s. Steady-state activation curves for Na+ currents were constructed by measuring

the peak Na+ conductance (GNa) calculated from the equation:

GNa ¼
INa

V � Erev
;

where INa is the peak Na+ current during the test depolarization (V), and Erev is the reversal

potential of the inward current determined as the voltage producing null current on the I-V

relationship. Data were normalized to maximum peak conductance (Gmax) and fitted to a

Boltzmann function:

GNa

Gmax
¼ bþ

a
1þ eðV0:5� V

k Þ
;

from which the slope factor (k) and half-maximal activation voltage (V0.5) were derived.

The steady-state inactivation curve of INa was generated by holding the cell at –70 mV and

applying a series of 1 s conditioning voltage clamp steps ranging from –100 to 0 mV in 10 mV

increments, with each voltage step followed by a constant 100 ms test pulse to +10 mV to

record INa. INa was normalized to its respective maximal value and plotted as a function of the

conditioning potential. Normalized peak inward currents were plotted as a function of the

conditioning potentials and the data fitted to an appropriate Boltzmann function:

INa
Imax
¼ bþ

a
1þ eðV� V0:5

k Þ
;

from which the slope factor (k) and half-maximal inactivation voltage (V0.5) were derived.

NEP exposure

The 5 ns duration pulses were delivered by a nanosecond pulse generator, designed and fabri-

cated by Transient Plasma Systems, Inc. (Torrance, CA), to chromaffin cells using a pair of

cylindrical, gold-plated tungsten rod electrodes (127 μm diameter) with a gap of 100 μm

between the electrode tips as detailed in previous publications [6, 13]. After achieving the

whole-cell recording mode by rupturing the cell plasma membrane, the NEP-delivering elec-

trodes were positioned to a predefined “working” position 40 μm from the bottom of the cov-

erslip by a motorized MP-225 micromanipulator (Sutter Instruments, Novato, CA), with the

patched cell situated midway between the electrode tips. A single or pair of 5 ns pulses was

delivered to the cells at E-field amplitudes ranging from 5 to 10 MV/m. The E-field distribu-

tion at the location of the target cell was computed by the Finite-Difference Time-Domain

(FDTD) method using the software package SEMCAD X (version 14.8.5, SPEAG, Zurich,
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Switzerland) as previously described [5, 6, 13]. In all experiments, two sham (control) expo-

sures preceded the delivery of a single or twin NEP(s) controlled by a program written in Lab-

VIEW [5, 6, 13].

Reagents

Ham’s F-12 medium, dispase II and the antibiotics-antimycotics were obtained from Gibco

Laboratories (Grand Island, NY, USA) and bovine calf serum was purchased from Gemini

Bio-Products (West Sacramento, CA, USA). Collagenase B and methyl-β-cyclodextrin were

purchased from MilliporeSigma (St. Louis, MO, USA). Tetrodotoxin was purchased from Alo-

mone Labs (Jerusalem, Israel). All other chemicals were reagent grade and purchased from

standard commercial sources.

Data analysis

For all experiments, the results were obtained using cells from different days in culture and dif-

ferent cell preparations and presented as the mean ± standard error (SE). The data were ana-

lyzed with SPSS or Origin 2020 (v. 9.7, OriginLab, Northampton, MA) software using either

an unpaired two-tailed t test when the means of two groups were compared, or a One-Way or

Two-Way ANOVA test for repeated measures followed by Tukey post hoc multiple range tests

in multiple group comparisons. P< 0.05 was considered statistically significant.

Results

Voltage-gated Na+ channels are responsible for the early inward current

An initial series of experiments performed in bovine chromaffin cells exposed to normal K+-

based external (BSS) and internal solutions was carried out to determine the ionic nature of

the early inward current elicited by depolarizing voltage clamp steps from a holding of –70

mV. Three families of membrane currents elicited by the voltage clamp protocol shown in Fig

1A are presented in Fig 1B. The mean peak inward current measured for each was plotted as a

function of step potential as shown in Fig 1C. For cells in BSS, the early inward current acti-

vated near –30 mV, peaked around +10 mV and reversed at ~ +50 mV (Fig 1B and 1C). Total

replacement of external Na+ with the non-permeant NMDG+ abolished the inward current

(Fig 1B and 1C), which confirms the results of a recent study by our group performed under

similar conditions [6] and demonstrates that Na+ was the charge carrier responsible for this

voltage-dependent inward current. Finally, the specific voltage-gated Na+ channel inhibitor

tetrodotoxin (TTX; 5 μM) also eliminated the inward current (Fig 1B and 1C). Taken together,

these results support the idea that even when recorded in normal K+-based salt solutions, the

early inward current was predominantly carried by Na+ and reflects the activity of TTX-sensi-

tive voltage-dependent Na+ channels and will thus be referred to as INa.

Comparison of the effects of single and twin NEPs on INa

A constant voltage clamp step protocol consisting of repetitive voltage steps to +10 mV (near

the peak of the I-V relationship; see Fig 1C) applied every 3 s from a holding potential of –70

mV was performed to monitor the time-dependent changes in INa before and after cell expo-

sure to 5 ns pulses. INa was recorded for 1 min before NEP exposure to establish a baseline and

then for 9 min afterwards to monitor the response.

The results presented in Fig 2A show that in cells unexposed to a NEP, INa ran down spon-

taneously ~ 6% over the course of 9 min, a phenomenon most likely attributable to a negative

shift of the voltage-dependence of voltage-gated Na+ channels when recorded using the whole-
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cell variant of the patch clamp technique [16]. A single 5 ns pulse applied at an E-field of 5

MV/m resulted in a rapid decrease of ~ 4% in peak INa that then declined to a level that was ~

89% of the initial level after 9 min (Fig 2A). These results are in agreement with those previ-

ously reported [6]. The application of a second 5 ns pulse 30 s after the first pulse amplified the

Fig 1. Voltage-dependent properties of the early inward current recorded in whole-cell voltage clamped bovine chromaffin cells. (A) The voltage clamp step

protocol used to determine the voltage-dependence of peak inward current consisted of 50 ms steps ranging from –70 to +80 mV, applied in 10 mV increments every 2 s

from a holding potential of –70 mV. (B) Representative families of membrane current traces elicited by the voltage step protocol shown in (A) recorded in different

experimental conditions. BSS: normal K+-based external bath solution; NMDG+: an equimolar concentration of NMDG+ was used to replace Na+ in the external bath

solution; TTX: 5 μM TTX was added to the BSS to block voltage-dependent Na+ channels. (C) I-V relationship for the peak inward current (arrow in B). Each data point

represents the mean value ± SE (BSS, n = 4; NMDG+, n = 6; TTX, n = 3).

https://doi.org/10.1371/journal.pone.0234114.g001

Fig 2. Effects on INa of a single or twin NEP applied at an E-field of 5 MV/m. (A) Time course of changes in INa for unexposed cells (control, black circles) compared

to cells exposed to a single NEP (1 pulse, blue circles). (B) Time course of changes of INa in cells exposed to a twin pulse applied with a 30 s interpulse interval (red

circles) compared to that recorded in unexposed cells (control, black circles). For both panels, normalized current represents the magnitude of peak inward current

evoked by the constant voltage step protocol described in the Methods normalized to the mean peak inward current recorded during the 8 voltage clamp steps to +10

mV (holding potential = –70 mV) that preceded the NEP(s). Each data point is a mean ± SE (control, n = 20; 1 pulse, n = 12; twin pulse, n = 10).

https://doi.org/10.1371/journal.pone.0234114.g002

PLOS ONE Effects of twin vs single nanosecond electric pulses on Na+ conductance in chromaffin cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0234114 June 9, 2020 6 / 26

https://doi.org/10.1371/journal.pone.0234114.g001
https://doi.org/10.1371/journal.pone.0234114.g002
https://doi.org/10.1371/journal.pone.0234114


inhibitory effect of a single pulse on INa from ~ 4% to 7% (Fig 2B). Representative traces of INa

are shown in S2 Fig. Interestingly and in contrast to the effects of a single NEP, the second

pulse in the pair led to a progressive recovery of the current that stabilized near the level of INa

observed in control cells unexposed to NEPs (Fig 2B).

Decreasing the time interval between the twin pulses from 30 to 5 s (Fig 3A) again produced

a similar inhibitory effect (~ 7%) on INa. However, the recovery of INa was accelerated and

enhanced relative to intervals between pulses that are longer. Further shortening the time

interval between the two pulses to 1 s or 100 ms progressively attenuated the inhibitory effect

(~ 6% and ~ 5%, respectively) on INa (Fig 3B and 3C). Additionally, when the time interval

between the two pulses was decreased to 10 ms (Fig 3D), the inhibition of INa was slightly less

(~ 3%) than the effect of a single pulse on peak INa. Again, shorter intervals between pulses

accelerated and amplified the recovery of INa. In fact, when the interval was only 10 ms, the

current leveled off near that recorded at the beginning of the experiment, that is prior to the

application of NEPs (Fig 3D). Representative traces of INa are shown in S2 Fig. One-Way

ANOVA test revealed a significant difference between the cells exposed to the twin pulses and

single pulse (P< 0.001).

At the higher E-field amplitude of 8 MV/m, INa rapidly decreased by ~ 9% following the

application of a single pulse (Fig 4A) as reported previously [6]. Exposure to a second 5 ns

pulse 30 s after the first pulse increased the inhibitory effect produced by a single NEP from ~

9% to 14% (Fig 4B). Representative traces of INa are shown in S2 Fig. Decreasing the time

interval between the twin pulses from 30 s to 5 s or 1 s led to a comparable inhibitory effect on

INa (~ 14%). For both intervals, INa recovered to a level that was similar to that achieved by a

single NEP. Decreasing the interval between the two pulses from 1 s to 100 ms (Fig 4C) led to a

reduction of the inhibition from ~ 14% to 11%. Furthermore, when the time interval between

the two pulses was decreased to 10 ms (Fig 4D and S2 Fig), the inhibition of INa was slightly

less (~ 10%) than that caused by the 100 ms time interval, which was still larger than the effect

of a single pulse on peak INa. Similar to the effects of twin NEPs at 5 MV/m, intervals shorter

than 1 s between pulses accelerated and increased the magnitude of the recovery of INa, which

stabilized above that produced by a single NEP at 8 MV/m (Fig 4C and 4D). One-Way

ANOVA test showed a significant difference between the cells exposed to the twin pulses and

single pulse (P< 0.001).

A single NEP at 10 MV/m produced a 9% decrease in INa, which is comparable to that seen

with a single pulse at an E-field of 8 MV/m (Fig 5A) as previously reported [6]. Once inhibited

the current remained stable for ~ 9 min post-NEP. These results indicate that the effect of a

single NEP on INa saturated at the higher E-field amplitudes of 8 and 10 MV/m [6].

The time course of changes in INa resulting from twin NEP exposures are shown in Fig 5.

Increasing the E-field amplitude to 10 MV/m increased the inhibitory effect of twin NEPs on

peak INa (~ 15%) regardless of the interval between twin NEPs. At this E-field, the second

pulse in the pair applied 10 ms to 30 s after the first pulse consistently increased the inhibitory

effect of a single NEP from ~ 9% to ~ 15%. Representative traces of INa are shown in S2 Fig.

This contrasts with the effects of twin pulses at lower E-fields (� 8 MV/m), which produced

less inhibitory effects when the interval was progressively shortened (Figs 3 and 4). The data in

Fig 5 also reveal that although the inhibitory effect of twin NEPs on INa was still apparent at

this E-field, current recovery was severely impaired, never reaching the level produced by a

single NEP. Taken together, these results indicate that the effects of twin NEPs on INa are

highly dependent on the interval between the pulses and E-field magnitude. One-Way

ANOVA test revealed a significant difference between the cells exposed to the pulse pair and

single pulse (P< 0.001).
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Fig 6 summarizes the effects of E-field strength and interpulse interval on the inhibition

and recovery of INa in response to twin NEPs. As shown in Fig 6A and 6B, twin pulses applied

at the E-fields of 5 and 8 MV/m, respectively, produced an additive inhibitory effect on INa

compared to that elicited by a single pulse when the interval between the pulses was longer

than 100 ms. The additional inhibition was progressively reduced when the interval between

pulses was 100 ms and 10 ms. At the E-field of 10 MV/m (Fig 6C), a twin pulse caused a consis-

tently larger inhibitory effect relative to a single pulse, the magnitude of which was indepen-

dent of pulse interval in the range of 10 ms to 30 s.

With respect to the level of recovery of INa determined 9 min after NEP exposure, a single

pulse applied at an E-field magnitude of 5 MV/m resulted in a decline in INa to a level that was

~ 89% of the initial level compared with control cells in which INa was ~ 94% of the initial level

Fig 3. Effects on INa of the time interval between twin NEPs applied at an E-field of 5 MV/m. Time course of changes in INa for cells exposed to a single pulse (blue

circles, data reproduced from Fig 2A) compared to cells exposed to twin NEPs (red circles) separated by a 5 s (A), 1 s (B), 100 ms (C) or 10 ms time interval (D),

respectively. Each data point is a mean ± SE (1 pulse, n = 12; 2 pulses with a 5 s interval, n = 9; 2 pulses with a 1 s interval, n = 9; 2 pulses with a 100 ms interval, n = 9; 2

pulses with a 10 ms interval, n = 9).

https://doi.org/10.1371/journal.pone.0234114.g003

PLOS ONE Effects of twin vs single nanosecond electric pulses on Na+ conductance in chromaffin cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0234114 June 9, 2020 8 / 26

https://doi.org/10.1371/journal.pone.0234114.g003
https://doi.org/10.1371/journal.pone.0234114


(Fig 6D). Paradoxically, the application of twin pulses at 5 MV/m (Fig 6D) or 8 MV/m (Fig 6E)

led to a recovery of INa after the inhibition that was inversely proportional to the time interval

between the twin NEPs. In fact, at intervals of 10 or 100 ms, INa magnitude was similar to or

slightly greater than the level reached in cells unexposed to NEPs. Interestingly, the application

of a twin pulse at an E-field of 10 MV/m (Fig 6F) did not lead to recovery of INa, which stabilized

below the level reached with a single pulse regardless of the interval between the twin pulses.

The application of twin NEPs led to similar effects on INa when blocking K+

and Ca2+ currents

The experiments described above examining the effects of NEPs on INa recorded at +10 mV

were performed under physiological conditions with normal transmembrane gradients of

Fig 4. Effects on INa of the time interval between twin NEPs applied at an E-field of 8 MV/m. (A) Time course of changes in INa for unexposed cells (control,

black circles) compared to cells exposed to a single pulse (blue circles). Time course of changes of INa in cells exposed to a single pulse (blue circles) compared to cells

exposed to twin pulses (red circles) with a 30 s (B), 100 ms (C) or 10 ms time interval (D), respectively. Each data point is a mean ± SE (control, n = 20; 1 pulse,

n = 15; 2 pulses with a 30 s interval, n = 5; 2 pulses with a 100 ms interval, n = 10; 2 pulses with a 10 ms interval, n = 10). The control data set in panel A (black circles)

are the same as those shown in Fig 2.

https://doi.org/10.1371/journal.pone.0234114.g004
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Na+, K+ and Ca2+. To isolate the effect of the NEPs on Na+ channels, additional experiments

were carried out by suppressing K+ and Ca2+ currents. First, K+ currents were inhibited by

replacing K+ with Cs+ and TEA both in the internal and external solutions, and by replacing

K-gluconate with Cs-aspartate in the internal solution. An equimolar concentration of Mg2+

was used to replace Ca2+ in the external bath solution to suppress Ca2+ currents instead of

using the dihydropyridine antagonist nitrendipine because this compound also reduced INa as

previously reported by others [17] at the high concentration (20 μM) that is necessary to fully

inhibit Ca2+ currents in chromaffin cells [18]. As shown in Fig 7A, the activation threshold

potential and magnitude of the inward current recorded between –30 to +40 mV were not

affected by using K+- and Ca2+-free solutions; however, a small positive shift of the reversal

potential (~ +5 mV) was noted, which can be attributed to a small but significant contribution

from outward K+ currents due to the reduced driving force for Na+ at higher voltages (> +40

mV). Application of twin pulses with a 10 ms interpulse interval applied at an E-field of 8 MV/

m produced a similar inhibitory effect on INa shortly after pulse application, which recovered

following a nearly superimposable time course to that recorded in regular BSS (unpaired t test;

P = 0.7; Fig 7B), confirming the results obtained with normal K+-based external and internal

solutions (e.g. Fig 4D) and that the paradoxical effects of twin pulses were targeted to INa.

Twin NEPs reduced the maximal conductance but not the voltage-

dependence of INa

The inhibitory and reversal effects of twin 5 ns pulses on INa could be caused by a shift of the

steady-state inactivation or activation curve, or both. In order to test for possible changes in

steady-state inactivation, a typical double-pulse protocol was used whereby the cells were held

over a range of potentials for 1 s and then depolarized to a test pulse (+10 mV) to evaluate the

availability of Na+ channels. As for Fig 7, all these experiments were carried out under condi-

tions isolating INa. Fig 8A shows representative traces of INa recorded just prior (left), immedi-

ately after (middle) and 9 min following (right) the application of twin NEPs. Fig 8B shows the

effects of twin pulses with a 1 s interpulse interval at E-field strength of 8 MV/m on the volt-

age-dependence of inactivation. This interval and E-field were chosen because we started to

observe the largest inhibition of INa with these pulse parameters (Fig 6E). Half-maximal inacti-

vation voltages V0.5 were –50.4 ± 1.2 mV (k = 8.3 ± 0.6), –51.3 ± 0.7 mV (k = 7.1 ± 0.4) and –

54.4 ± 0.6 mV (k = 8.1 ± 0.4) before the pulses, immediately after and 9 min after the pulses,

respectively. These data show that there was no significant effect of the twin pulses on the

steady-state inactivation of INa (One-Way ANOVA, P> 0.05).

The three families of INa shown in Fig 8A, which were recorded in the same cell just prior,

immediately after and 9 min following the application of twin NEPs with an interval of 1 s at 8

MV/m, show the inhibitory effect of twin pulses on INa and partial recovery of the current over

a 9 min post-pulse period. Fig 8C shows the I-V relationships of INa recorded for these same

time periods. As previously reported by our group for a single NEP [6], INa was significantly

reduced by twin NEPs over a wide range of membrane potentials. Twin pulses also produced a

significant negative shift (~ –6 mV) of the reversal potential relative to the control I-V obtained

prior to pulse delivery. We hypothesized that this shift might be attributable to a relatively

Fig 5. Effect of a single pulse and twin NEPs applied at different time intervals on INa at an E-field of 10 MV/m.

(A) Time course of changes in INa for unexposed cells (control, black circles) compared to cells exposed to a single

pulse (blue circles). Time course of changes in INa for cells exposed to a single pulse (blue circles) compared to cells

exposed to twin pulses (red circles) with a 30 s (B) or 10 ms time interval (C), respectively. Each data point is a

mean ± SE (control, n = 20; 1 pulse, n = 15; 2 pulses with a 30 s interval, n = 8; 2 pulses with a 10 ms interval, n = 7).

The control data set in panel A (black circles) are the same as those shown in Fig 2.

https://doi.org/10.1371/journal.pone.0234114.g005
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Fig 6. Time interval and E-field strength dependence of the inhibitory and recovery effect of twin NEPs on INa. For the left panel (inhibitory), each semi-

logarithmic plot reports the mean ± SE % inhibition of peak inward Na+ current elicited in cells exposed to a single pulse (blue circles), or cells exposed to twin

NEPs (red circles) as a function of the interval between the pulse pair at an E-field of 5 MV/m (A), 8 MV/m (B) or 10 MV/m (C), respectively. For the right
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small leak current (Ileak; Fig 8A, middle family of traces) elicited by twin NEPs an observation

consistent with the concept of membrane electronanoporation [5, 6]. To determine the impact

of this basal conductance on peak INa measurements, Ileak was estimated in separate experi-

ments using K+-free pipette and bath solutions containing Cs+ and TEA, which were used to

suppress voltage-gated K+ channels, and 20 μM nitrendipine applied to the bath to inhibit volt-

age-gated Ca2+ channels [18]. A 2 s voltage ramp protocol spanning from –70 to +80 mV was

used to generate I-V relationships before and after the application of twin pulses with a 1 s

interval at E-field of 8 MV/m. Voltage-gated Na+ channels were voltage-inactivated by this

slow voltage ramp protocol. Fig 8C depicts the small NEP-sensitive I-V for the leak current

(Ileak; grey circles; obtained by digital subtraction of the control current recorded prior to the

application of twin NEPs), which displayed mild inward rectification and a reversal potential

near 0 mV. Leak current measurements were performed by averaging the current during the

voltage ramp for a range spanning ± 0.5 mV at each target potential (used for peak INa mea-

surements). Subtraction of the I-V of Ileak from the I-V of INa recorded immediately after deliv-

ery of twin NEPs yielded a “corrected” I-V for INa (green circles) that displayed a very similar

amplitude over the entire range of membrane potentials and a reversal potential (~ +62 mV)

that coincided with the control I-V for INa recorded prior the application of twin NEPs. This

correction procedure was not necessary for INa measured 9 min after the NEPs were applied

because Ileak slowly disappeared over this time span, which is similar to our previous report

with a single NEP [5]. Taken together, our data demonstrate that peak INa measured at +10

mV, which is the test potential mostly used in our study, was nearly superimposable to the

uncorrected INa, indicating that the changes in peak Na+ current mediated by NEPs were mini-

mally contaminated by the presence of Ileak.

panel (recovery), each plot reports the mean ± SE normalized peak inward Na+ current registered in unexposed cells (control, black circles), cells exposed to a

single pulse (blue circles), or cells exposed to twin NEPs (red circles) as a function of the interval between the pulse pair at an E-field of 5 MV/m (D), 8 MV/m

(E) or 10 MV/m (F), respectively. In panels D, E and F, all measurements were performed 9 min after the application of the twin pulses. In panels A and D, the

solid line is a logistic fit to the data points. The solid lines in panels B and E are a sigmoidal fit to the data points. In panels C and F, the solid line is a linear fit.

Results were obtained from the same cells as those shown in Figs 2, 3, 4 and 5.

https://doi.org/10.1371/journal.pone.0234114.g006

Fig 7. Effect of twin pulses on INa recorded in K+- and Ca2+-free BSS at an E-field of 8 MV/m. (A) Effect of eliminating K+ and Ca2+ currents on the I-V relationship

of the early peak inward current. I-V relationships were obtained either in regular BSS (black circles) or in K+- and Ca2+-free BSS (Cs+ + TEA + Mg2+; red circles). (B)

Mean time course of changes of peak INa recorded with normal (BSS) or Cs+-TEA-Mg2+-based solutions in cells exposed to twin pulses (8 MV/m) with a 10 ms

interpulse interval. Data are expressed as the mean ± SE (BSS, n = 5; Cs+ + TEA + Mg2+, n = 6).

https://doi.org/10.1371/journal.pone.0234114.g007
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Fig 8. Effects of twin NEPs applied with a 1 s time interval on the voltage-dependence of steady-state inactivation, activation and conductance of INa at an E-field

of 8 MV/m. (A) Three families of INa recorded in the same cell from a typical experiment; as depicted, these families of traces were recorded before (Control; left traces),

immediately after (After pulses; middle traces) and 9 min after (right traces) twin pulse exposure. For each family of traces, step potentials spanned from –40 to +60 mV.

(B) Steady-state inactivation curves of INa recorded before (control, black circles), right after (red circles) and 9 min after (blue circles) twin pulse exposure. INa in each

case was normalized to its respective maximal value, plotted as a function of the conditioning potential and fitted to a Boltzmann function (solid lines). The data

represent the mean value ± SE, n = 5. The V0.5 and slope factor values derived from all Boltzmann fits can be found in the text. Overall One-Way ANOVA yielded P

values for V0.5 (P = 0.24373) and k (P = 0.8831) that revealed no significant differences between the means of the three groups. (C) I-V relationships recorded before
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We next examined whether twin NEPs affect the steady-state activation curves of INa using

the data presented in Fig 8C. These curves were constructed by estimating the normalized Na+

conductance (GNa/Gmax) from measurements of corrected peak inward Na+ current evoked by

the depolarizing steps used to build the I-V curve and the driving force (V–Erev) as described

in the Methods. As for the steady-state inactivation curve, our results indicate that twin pulses

with a 1 s interval at an E-field of 8 MV/m produced no significant effect on the voltage-depen-

dence of activation of INa (Fig 8D). Half-maximal activation voltages V0.5 were –8.2 ± 0.5 mV

(k = 6.3 ± 0.2), –10.7 ± 0.5 mV (k = 6.6 ± 0.2) and –10.5 ± 0.5 mV (k = 6.3 ± 0.3) before, imme-

diately after with correction and 9 min after pulse delivery, respectively. One-Way ANOVA

tests revealed no significant differences between the three groups for both parameters

(P> 0.05). The Erev (derived from the I-Vs in Fig 8C) were 59.6 ± 2.6 mV, 62.1 ± 2 mV (cor-

rected) and 57.6 ± 1.6 mV before, immediately after and 9 min after the pulses, respectively,

which were also not significantly different from each other (P> 0.05).

Another possibility that could account for the effects of twin NEPs on peak INa is a change

in maximal conductance of the Na+ channel, as previously reported for a single pulse [6]. To

assess this possibility, we determined the absolute Na+ conductance before and after twin

pulses with a 1 s interpulse interval at an E-field of 8 MV/m. For this determination, relative

Na+ channel conductance was calculated by normalizing the conductance of the channel after

the pulses to the conductance of the channel measured before the pulses. As shown in Fig 8E,

the maximal conductance of INa estimated immediately after the twin pulses was significantly

reduced at +10 and +20 mV (P < 0.05). For example, at +20 mV, the decrease in maximal Na+

conductance was ~ 26% after the pulses. However, 9 min after the pulses the maximal Na+ con-

ductance did not significantly recover, an observation consistent with the lack of recovery of

INa after the twin pulse-induced inhibition with longer intervals as described above in Fig 6D

and 6E.

Disruption of lipid rafts alters the effects of twin NEPs on INa

It is well known that lipid rafts and one of its subset structures called caveolae are specialized

membrane assemblies involved in compartmentalized signaling and protein trafficking [19].

In this regard, TTX-resistant NaV1.5 and NaV1.8 channels were respectively shown to be clus-

tered in caveolae in breast cancer cells and sensory dorsal root ganglion neurons [20, 21].

Although it has not yet been established whether TTX-sensitive NaV1.7 channels are similarly

clustered in lipid rafts, we nevertheless hypothesized that twin NEPs may be altering the func-

tion of voltage-gated Na+ channels in chromaffin cells by indirectly perturbing the composi-

tion and/or structure of lipid rafts regulating their activity and recycling. Methyl-β-

(control, black circles), immediately after (red circles), and 9 min after (blue circles) twin pulse exposure; the I-V relationship labeled with green circles (“After pulses

with correction”) was obtained by subtraction of the I-V of the NEP-induced leak current (grey circles; Ileak) from that measured after delivery of the NEPs (red circles).

Ileak was measured in separate experiments using a voltage ramp protocol and K+-free external solution containing 20 μM nitrendipine as described in the Methods. All

data points are expressed as the mean ± SE (I-V, n = 5; Ileak, n = 4). (D) Steady-state activation curves of INa recorded before (control, black circles), immediately after

with correction (green circles) and 9 min following (blue circles) twin pulse exposure. For each data set, INa in each case was normalized to its respective maximal

conductance (calculated as indicated in the Methods), plotted as a function of the test potential and fitted to a Boltzmann function (solid lines). All data points are

expressed as the mean ± SE (n = 5). The V0.5 and slope factor values derived from all Boltzmann fits can be found in the text. Overall One-Way ANOVA yielded P values

for V0.5 (P = 0.18424) and k (P = 0.46385) that revealed no significant differences between the means of the three groups. (E) Relative conductance, calculated by

normalizing the conductance estimated before and after the pulses to the maximum conductance before the pulses, was plotted against test potential. Peak INa was

converted to conductance as described in the Methods. The data were fitted to a Boltzmann function (solid lines). All data points are expressed as the mean ± SE (n = 5).

An overall Two-Way ANOVA test revealed significant differences between Pulse treatment (P< 0.001), Voltage (P < 0.001) and the Interaction between Pulse

treatment and Voltage (P = 0.00679). Overall Tukey post hoc tests revealed a significant difference between “Control” and “After pulses with Ileak correction” (P< 0.001)

and between “Control” and “9 min after pulses” (P = 0.00616), but no significant difference between “After pulses with Ileak correction” and “9 min after pulses”

(P = 0.84134). Tukey Post hoc tests only showed significant differences between “Control” and “After pulses with Ileak correction” at +10 (P = 0.04208) and +20 mV

(P< 0.001), and between “Control” and “9 min after pulses” at +20 mV (P = 0.01159).

https://doi.org/10.1371/journal.pone.0234114.g008
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cyclodextrin (MβCD), an agent known to deplete membrane cholesterol and impair lipid rafts

and caveolae [19, 22], was used to investigate whether the disruption of lipid rafts altered the

response of INa to twin NEPs. Cells were pre-incubated for a minimum of 30 min at a concen-

tration of 3 mg/ml MβCD. We first tested the effects of MβCD on INa in cells unexposed to

NEPs. As shown in Fig 9A, MβCD produced a 42% inhibition of the inward current at the test

potential of +10 mV and caused a small negative shift of the reversal potential (~ 5 mV). This

small shift in reversal potential is probably attributable to a relatively greater contribution

from outward voltage-dependent K+ currents triggered by the MβCD-induced inhibition of

peak Na+ current measured at voltages where the driving force for Na+ is diminished. These

results imply that Na+ channels in chromaffin cells may too be regulated by lipid rafts in a

manner suggestive of a permissive role.

We next examined how depleting membrane cholesterol affected the inhibition of INa in

cells exposed to a single 5 ns pulse at the E-field of 8 MV/m that caused a ~ 9% drop in Na+

conductance, followed by a stabilization of the current (Fig 4A). As shown in Fig 9B, pretreat-

ing cells with MβCD minimally altered the response to the pulse, reducing slightly the inhibi-

tory effect of the pulse on INa, and causing a minor increase in the level of recovery of the

current that was just at the limit of statistical significance (unpaired t test P = 0.07). However,

MβCD pretreatment of the cells impacted the effect of twin NEPs on the inward current in a

different manner. In cells pretreated with MβCD, a pair of NEPs at an E-field of 5 MV/m with

a 10 ms interval between pulses increased the inhibitory effect on INa from ~ 3% to ~ 5% (Fig

9C). Interestingly, the recovery of INa in MβCD-treated cells was reduced but not significantly

relative to that registered from cells unexposed to MβCD (unpaired t test P = 0.19). The effects

noted at an E-field of 5 MV/m were similar but much more prominent at an E-field of 8 MV/

m (Fig 9D). The inhibition caused by twin NEPs was enhanced from ~ 14% to ~ 22% in cells

pretreated with MβCD compared to untreated cells. Moreover, the recovery of INa was nearly

abolished by cholesterol depletion (unpaired t test P< 0.001).

Discussion

Stimulation of adrenal chromaffin cells with 5 ns pulses is effective for evoking neurosecretion

in the absence of overt deleterious effects [3, 4, 23, 24]. As reported in this study, we found that

application of 5 ns pulses as a pulse pair (twin pulse) can modulate voltage-gated Na+ channels

in a unique manner, which points to the potential for NEPs to influence overall cell excitability

in novel ways.

The early rapid inward current is mediated by voltage-gated Na+ channels

In this study, we investigated in whole-cell voltage clamped bovine chromaffin cells the effects

of twin nanosecond pulses on the activity of the early and rapid inward current recorded in

physiological gradients of Na+, K+ and Ca2+ across the membrane. Our data showed that this

current was largely carried by Na+ influx across voltage-gated Na+ channels because: 1) the

inward current was eliminated by external Na+ substitution with the non-permeant NMDG+,

as similarly reported by our group [6], or 2) by the specific NaV inhibitor tetrodotoxin, 3) the

voltage-dependence was similar to that of the main Na+ channel pore-forming subunit

expressed in chromaffin cells, NaV1.7 [9–12], 4) the properties of the inward current were

nearly identical to those of the inward current recorded in K+-free solutions containing Cs+

and TEA to inhibit K+ channels, and nitrendipine applied externally to inhibit Ca2+ channels,

with the exception of the current measured near the reversal potential, and 5) the effects of

twin NEPs on the inward current were very virtually superimposable whether the current was

recorded using physiological solutions or solutions designed to isolate INa. A small exception
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was the contamination of the inward current recorded in normal solutions around the reversal

potential, with some contamination from outward K+ currents that shifted Erev by a few milli-

volts in the negative direction. This had no effect on our findings since the effects of twin

NEPs were investigated at +10 mV. Moreover, a more detailed analysis of the effects of twin

NEPs on INa was performed under conditions that isolated INa. These arguments give credence

to the notion that the fast inward current modulated by NEPs in this study was INa.

Inhibitory effects of twin NEPs on INa

A previous study from our group reported that a single 5 ns pulse was sufficient to produce a

small but consistent inhibition of INa in bovine chromaffin cells [6]. This was reminiscent of

Fig 9. Disruption of lipid rafts reduces INa and alters the impact of twin NEPs on the inward current. (A) The voltage step protocol to construct the I-V relationship

of peak INa was described in the Methods. The mean I-V relationships were obtained either in the presence of normal BSS (black circles) or in BSS containing MβCD

(red circles). (B) Time course of changes in INa for cells exposed to a single pulse at an E-field of 8 MV/m recorded in the absence (black circles) or presence (red circles)

of MβCD. (C) Time course of changes in INa for cells exposed to twin NEPs at an E-field of 5 MV/m with a 10 ms time interval between the pulses recorded in the

absence (black circles) or presence (red circles) of MβCD. (D) Time course of changes in INa for cells exposed to twin pulses at an E-field of 8 MV/m with a 10 ms time

interval between the pulses recorded in the absence (black circles) or presence (red circles) MβCD. Cells exposed to MβCD were pre-incubated with the drug at a

concentration of 3 mg/ml for a minimum of 30 min. Data are expressed as the mean ± SE. (A): BSS, n = 16; MβCD, n = 14; (B): BSS, n = 15; MβCD, n = 6; (C): BSS,

n = 9; MβCD, n = 5; (D): BSS, n = 10; MβCD, n = 8).

https://doi.org/10.1371/journal.pone.0234114.g009
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studies showing that much longer nanosecond pulses (300 ns) also reduced INa in chromaffin

cells [8]. Based on these findings, we tested in this study the hypothesis that the application of

a second NEP of identical duration and E-field strength would produce an amplified inhibitory

effect on INa. We showed that irrespective of the E-field tested (5 to 10 MV/m), the inhibition

of INa approximately doubled relative to that produced by a single pulse when the interval

between the two pulses was long (� 5 s). One puzzling observation was that for twin pulses at

E-field strengths of 5 and 8 MV/m but not 10 MV/m, reducing the interval between the pulses

decreased the additive inhibitory activity on INa. In fact, for 5 MV/m, the magnitude of the

inhibition produced by twin pulses with a 10 ms interpulse gap was slightly less than that

evoked by a single NEP. These data suggest that the process initiated by the first pulse was

somehow interrupted or reversed by the second pulse in the pair. This is analogous to the phe-

nomenon of bipolar cancellation whereby the application of a second nanosecond pulse of

opposite polarity can attenuate or abolish a cellular response (Ca2+ transient, electronanopora-

tion, fluorescent dye uptake, etc.) triggered by the corresponding unipolar pulse [25–33].

As for a single NEP [6], the inhibitory effects of twin NEPs on INa were not accompanied by

a change in the voltage-dependence of steady-state activation and inactivation, indicating that

single or twin NEPs did not appear to interfere with the voltage sensor. After correction for

the presence of a small inwardly-rectifying basal conductance induced by a pulse pair, which

was previously reported by our group in chromaffin cells for a single NEP [5], the reversal

potential of the inward current was also unchanged by twin NEPs, suggesting that the ion

selectivity and perhaps the ion conduction pathway remained intact. The only parameter that

was altered by twin NEPs was a reduction in the maximal Na+ conductance GMax and this

observation was similar to that evoked by a single NEP in this and a previous study from our

group [6].

For a macroscopic ionic current, GMax is defined by the following equation:

GMax ¼ gNa x PoMax x N

where gNa is the single-channel conductance (in pS), PoMax is the maximal open probability

and N the number of active channels in the membrane. It is likely that based on the lack of

effect of twin NEPs on the reversal potential that the single-channel conductance, an indicator

of ion flux across a single open ion channel, was minimally altered by twin pulses. On the basis

of unperturbed voltage sensing by the channels, it is possible that PoMax may also have been

unaffected by twin NEPs although this will require further testing.

One plausible hypothesis is that twin NEPs produced a transient suppression of the number

of active channels through perturbations of the lipid bilayer closely interacting with the chan-

nel protein. This suggestion is based on a number of indirect observations from our group and

others: 1) theoretical molecular dynamics studies [34–36] demonstrated that high intensity

NEPs are capable of triggering the formation of hydrophilic nanopores in the phospholipid

bilayer that lower the energy barrier for ion conduction across the membrane; 2) single or

multiple NEPs of various durations are known to cause important perturbations of the lipid

bilayer, a process called electronanoporation, that allows the membrane to become permeable

not only to ions [37, 38] but in some cell types also to fluorescent organic molecules such as

propidium iodide and YO-PRO-1 [25, 26, 29, 33, 38–42]. Even though the application of up to

ten 5 ns pulses does not lead to YO-PRO-1 uptake in chromaffin cells [23], a non-selective

membrane conductance (Ileak) permeable to Na+ could be elicited by a single 5 ns pulse in

chromaffin cells clamped near the resting membrane potential (–70 mV) in these cells [5],

which has also been detected for longer NEPs in GH3 and NG108 cells [7, 8] and also in bovine

chromaffin cells [8]. A similar inwardly rectifying conductance was also detected in response
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to twin NEPs in this study. Interestingly, the time course of onset (ms) and decay (min) of Ileak

elicited by a single 5 ns pulse [5], which may be the product of ion flux through lipid nano-

pores and/or voltage-independent ion channel proteins, correlated well with that of the rapid

inhibition (ms to s) and delayed recovery (min) of INa by twin 5 ns pulses observed in this

study.

Because many types of ion channels are localized and regulated in highly organized lipid

microenvironments such as lipid rafts and caveolae [43–45], another way that twin NEPs

could produce a transient suppression of the number of active channels is by influencing endo-

cytosis and membrane protein recycling, resulting in the transient disappearance of active Na+

channels (discussed in the section below). Unequivocal evidence in support of this hypothesis

will require further experiments in which the movement of fluorescently tagged voltage-gated

Na+ channels expressed in a mammalian cell line is monitored over time before, during and

after the application of a single or twin NEPs by total internal reflection fluorescence or super-

resolution fluorescence microscopy.

Another viable hypothesis to explain the inhibitory effects of NEPs on INa is that NEPs may

directly influence the Na+ channel protein. Recent molecular dynamics simulations by Rems

et al. [46] showed that pulsed electric fields could create alternate conductive pores near the

voltage-sensitive domains (VSDs) of voltage-gated ion channels including Na+ channels.

These alternate pathways were shown to spontaneously evolve into more complex pores stabi-

lized by lipid head groups and were accompanied by unfolding of the VSD from the channel.

Unfolded VSDs were unable to regulate the opening/closure of the channel pore leading to a

dysfunctional ion channel that could no longer respond to changes in transmembrane poten-

tial, which is in agreement with our electrophysiological measurements showing a decrease in

maximal Na+ channel conductance. These complex alternate conduction pathways, and possi-

bly the ion channel pore itself (e.g. if the channel was locked into a subconductance state),

could also possibly contribute to the induction of the so-called “leak” current, which would be

interpreted as current flowing through these alternate ion channel pathways, lipid nanopores

or other permeable defects caused by the pulsed electric field. However, such profound defects

would have to be reversible to account for the fact that the maximal conductance of Na+ chan-

nels fully recovered 9 min after the second NEP at 8 MV/m, especially at short twin pulse

intervals.

Paradoxical recovery of INa after twin NEP-mediated inhibition

A very interesting observation of the present study was the paradoxical finding that shortening

the interval between twin pulses led to a progressive recovery of INa, which after 9 min

exceeded the level reached following a single NEP, and in some cases the level seen in unex-

posed cells (e.g. for 10 ms interval at 5 and 8 MV/m). Even for twin NEPs at 10 MV/m, there

were clear signs of a partial time-dependent recovery over a 9 min period of recording after

delivery of the pulse pair, and minimal additive effects relative to a single NEP. As mentioned

in the previous section, similar effects were observed whether INa was recorded using physio-

logical salt solutions, or K+- and Ca2+-free solutions containing Cs+ and TEA on both sides of

the membrane, indicating that twin NEPs targeted INa and that the recorded effects did not

include contamination by voltage-dependent Ca2+ and K+ currents. The progressive attenua-

tion of the inhibition of INa by twin NEPs by shortening the interval between pulses correlates

well with the interval-dependent enhanced recovery.

In the last few decades, our understanding of the structure of membrane proteins has

expanded considerably with the rapid development of new microscopy techniques with

unprecedented spatial and temporal resolution, improvement in crystallization methods for
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X-ray diffraction imaging, and the development of new computer algorithms to reconstruct

images [47, 48]. Despite these developments, our understanding of the properties of trans-

membrane proteins, and in particular ion channels in their native environment, still remains

limited because the vast majority of protein structures that have been uncovered were deter-

mined without the stabilizing effects of a surrounding lipid bilayer. Many recent studies have

highlighted important roles for the lipid bilayer in dynamically regulating ion channel activity

[6, 49–54]. Cholesterol is an integral lipid component that conveys many structural properties

to the cell membrane as well as regulating the activity of ion channels in the lipid bilayer. This

natural steroid is thought to influence ion channels by several mechanisms that include: 1) a

direct interaction with the channel protein, 2) changes in the fluidity of the bilayer, which indi-

rectly affect ion channel gating and conformational changes, and 3) compartmentalization of

ion channels into spatially restricted lipid rafts [55–60]. Many classes of voltage-gated ion

channels have been reported to be influenced by cholesterol, including voltage-dependent Ca2

+ and K+ channels [56]. Also, many ion channels are found in caveolae, a subset of lipid rafts

[60–63], which are organized for optimal compartmentalized signal transduction and turnover

of membrane proteins. Importantly, cholesterol may also regulate phosphatidylinositol

4,5-bisphosphate (PIP2) levels, which is a key second messenger molecule regulating multiple

types of ion channels [64, 65]. Depletion of membrane cholesterol affected the cellular

response to 600 nanosecond electric pulses [66]; the same pulses were also reported to initiate

hydrolysis or depletion of PIP2 in the plasma membrane [67, 68], which could, at least in part,

explain the NEP-induced inhibition of voltage-gated channels [6–8]. Therefore, transient dis-

ruption of the phospholipid bilayer by a NEP could be a possible step leading to the subsequent

inhibition of voltage-gated Na+ channels and/or the slow recovery of INa following the applica-

tion of a pulse pair.

In this study, the effect of disrupting the structure of the phospholipid bilayer on INa was

first investigated in chromaffin cells unexposed to NEPs. Cell exposure to MβCD, an agent

used in our experiments as a cholesterol depleting agent [69], produced a partial inhibition of

the inward Na+ current (Fig 9). Whether this effect was the result of a direct acute blocking

effect of MβCD on Na+ channels, cholesterol depletion per se and/or lipid raft disruption is

unclear as time-dependent effects of the agent on INa were not investigated. However, distin-

guishing between these alternative possibilities would be difficult to interpret because in one

study, a 5 min preincubation was sufficient to deplete membrane cholesterol, disrupt lipid

rafts and increase Ca2+-activated Cl- currents in vascular smooth muscle cells [63]. In most

studies, a preincubation with this agent for 15 min or more (30 min in our study), is a standard

procedure to deplete membrane cholesterol and eliminate caveolae in cells in which these

membrane structures are found [19, 56, 69–72]. Interestingly, in the presence of MβCD, a

pulse pair with a 10 ms interval still inhibited INa but its recovery was nearly abolished. In fact,

the inhibition was accentuated and was similar to the near doubling of the inhibition produced

by the pulse pair at longer intervals (e.g.� 1 s). These results suggest that the inhibition and

recovery of INa by twin pulses reflect different processes as they were completely dissociated by

MβCD. At longer intervals, twin pulses led to cumulative functional disruption of Na+ chan-

nels, perhaps by inflicting damage to the channel protein as suggested by the molecular

dynamics study by Rems et al. [46]. At shorter intervals, we propose that the rapid timing of

delivery of the second pulse stimulated the trafficking of newly synthesized and readily assem-

bled NaV subunits from the Golgi and/or endoplasmic reticulum systems toward the mem-

brane. This is supported by the observation that twin pulses applied at intervals shorter than 1

s led to a recovery of INa that partially masked its inhibition by twin pulses, and exceeded the

amplitude of INa in control cells unexposed to NEPs, suggesting the recruitment of additional

NaV subunits leading to a larger number of functional Na+ channels in the membrane.
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Consistent with this hypothesis was the fact that the enhancement of INa by twin NEPs was not

associated with a change in the voltage-dependence of activation and inactivation. Clearly,

additional experiments will be required to investigate this mechanism in more detail.

Conclusion

The results of this study have shown that INa in excitable adrenal chromaffin cells can be differ-

entially modulated by a single versus a pair of 5 ns pulses, with the differential effect of the

pulse pair depending on both the time interval between the two pulses and the E-field ampli-

tude. Of particular significance is that a pulse pair at 5 MV/m having a very short interpulse

interval (10 ms) can not only attenuate the inhibitory effect of a single pulse on INa but also

lead to a paradoxical progressive recovery of the inward current. The enhanced recovery of INa

disappeared at longer interpulse intervals, an effect accentuated at a higher E-field. While the

biophysical mechanisms underlying these complex effects on INa are unknown and remain to

be explored, our results nevertheless point to the potential of utilizing NEPs to modulate

NaV1.7 channel activity and hence cell excitability for therapeutic applications. As an example,

the hyperactivity of NaV1.7 channels in neurons that has been associated with producing pain

could be transiently reduced by applying twin NEPs [73–75]. It is also possible that other clas-

ses of NaV subunits might be similarly or differentially influenced by these pulses, which could

affect the excitability of other types of neurons in both the central and peripheral nervous sys-

tems. To address this possibility, future experiments will be to investigate the effects of NEPs

on INa in mouse adrenal chromaffin cells that is mediated by both NaV1.3 and NaV1.7 channels

[76].

Supporting information

S1 Fig. Sample traces illustrating the timing of application of a single or pulse pair at E-

field of 8 MV/m and recording of the inward Na current evoked by a constant voltage step

protocol. Traces in all panels were from different experiments. The constant voltage step pro-

tocol consisted of applying a 100 ms voltage clamp step to +10 mV from a holding potential as

shown at the top of panel A. Traces of inward currents were continuously recorded by apply-

ing a total of 200 voltage clamp steps, with a 3 s interval between each step. The inset in panel

A shows an expanded view of the peak inward current. Representative traces of inward current

following exposure of a cell to a single 5 ns pulse (A) or a pulse pair with time interval of 10 ms

(B), 100 ms (C), 1 s (D), 5 s (E) or 30 s (F). For panels A thru D, the single pulse or pulse pair

(red line) was applied just prior to the 21st voltage clamp step in the sequence to record to cur-

rent, with an interval of 1.5 s for the single pulse (P) or the first pulse (1st P) of a pulse pair. For

the 10 ms (B) 100 ms (C) and 1 s data set (D), the second pulse (2nd P) of a pulse pair interval

was applied with an interval of ~ 1.49, ~ 1.4 and ~ 0.5 s, respectively, prior to the application of

the voltage clamp step. For panels E and F, because the interval was longer than the membrane

recording sweep duration, the membrane current traces from different sweeps were superim-

posed and displayed by different colors. For the 5 s data set (E), the second pulse (black line)

was delivered after the 22nd voltage clamp step with an ~ 2.5 s interval between the second

pulse and recording the sodium current recording during the 23rd voltage clamp step (not

shown). For the 30 s data set (F), the second pulse interval (black line) was ~ 1.5 s prior to

recording the inward current during the 31st voltage clamp step.

(TIF)

S2 Fig. Typical effects on INa of twin NEPs applied at different time intervals and E-fields.

Traces in all panels were from different experiments. INa traces were elicited by voltage clamp
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steps to +10 mV from a holding potential of -70 mV as described in S1 Fig. Representative

traces of INa recorded before, and after the first (1st P) and second pulses (2nd P) at an E-field

of 5 MV/m (A), 8 MV/m (C) or 10 MV/m (E), respectively. Representative traces of INa

recorded before, immediately after the twin pulses with an interval of 10 ms (After pulses) and

9 min after the application of the twin pulses (9 min after pulses) at an E-field of 5 MV/m (B),

8 MV/m (D) or 10 MV/m (F), respectively.

(TIF)
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