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A B S T R A C T   

Recent studies showed that nanosecond pulsed electric fields (nsPEFs) can activate voltage-gated ion channels 
(VGICs) and trigger action potentials (APs) in excitable cells. Under physiological conditions, VGICs’ activation 
takes place on time scales of the order 10–100 µs. These time scales are considerably longer than the applied 
pulse duration, thus activation of VGICs by nsPEFs remains puzzling and there is no clear consensus on the 
mechanisms involved. Here we propose that changes in local electrical properties of the cell membrane due to 
lipid oxidation might be implicated in AP activation. We first use MD simulations of model lipid bilayers with 
increasing concentration of primary and secondary lipid oxidation products and demonstrate that oxidation not 
only increases the bilayer conductance, but also the bilayer capacitance. Equipped with MD-based character-
ization of electrical properties of oxidized bilayers, we then resort to AP modelling at the cell level with Hodgkin- 
Huxley-type models. We confirm that a local change in membrane properties, particularly the increase in 
membrane conductance, due to formation of oxidized membrane lesions can be high enough to trigger an AP, 
even when no external stimulus is applied. However, excessive accumulation of oxidized lesions (or other 
conductive defects) can lead to altered cell excitability.   

1. Introduction 

Electrostimulation is an indispensable tool in treatment of various 
acute and chronic conditions, including cardiac pacing and defibrilla-
tion [1,2], treatment of drug-resistant migraines [3,4], Parkinson dis-
ease [5], epilepsy [6], bladder disorder [7], and many others. 
Stimulation of the target tissue is achieved by applying electrical pulses 
with duration that conventionally ranges from tens of microseconds to 
milliseconds. Recently, shorter pulses with duration from a few to 
hundreds of nanoseconds have been receiving increasing attention, as 
they can potentially offer important benefits, including stimulation at 
lower delivered energies reducing thermal damage [8] and the possi-
bility to focus the electric field at considerable distance from the elec-
trodes [9]. Such nanosecond pulsed electric fields (nsPEFs) have been 
shown to provoke electrical signals (action potentials) in various excit-
able cells, including cultured neurons [10,11], peripheral nerve fibers 
[12–14], cardiomyocytes [15,16], and neuroendocrine cells [17–19]. 
However, it remains unclear how pulses with such short durations are 
able to excite the cells. 

Cellular excitability is mediated mainly by specific transmembrane 
proteins called voltage-gated ion channels (VGICs). VGICs sense changes 
in the local transmembrane voltage and respond by undergoing 
conformational rearrangements that close or open the channel, allowing 
selective conduction of ions (Na+, K+, Cl- or Ca2+) along their electro-
chemical gradient. The selective and sequential opening of different ion 
channels then leads to a characteristic change in the transmembrane 
voltage – the action potential (AP). The activation of VGICs (though by 
much weaker voltage changes) is known to take tens to hundreds of 
microseconds [20,21]. The shortest time for activating sodium voltage- 
gated (NaV) channels, which are responsible for the initiation of an AP, 
was estimated to be 11 μs [13]. How can then nsPEFs, which are 
considerably shorter than this time, trigger APs? 

nsPEFs are primarily known as a mean to permeabilize cell mem-
branes [22]. This process termed electroporation results at least in part 
from conformational rearrangement of the lipids forming the cell 
membrane when subject to sufficiently intense electric fields, resulting 
in formation of aqueous pores within the lipid bilayer. Several groups 
have conducted studies to investigate the effects of nsPEFs specifically 
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7565, Université de Lorraine, Boulevard des Aiguillettes, BP 70239, 54506 Vandoeuvre-lès-Nancy, France. 

E-mail addresses: lea.rems@fe.uni-lj.si (L. Rems), mounir.tarek@univ-lorraine.fr (M. Tarek).  

Contents lists available at ScienceDirect 

Bioelectrochemistry 

journal homepage: www.journals.elsevier.com/bioelectrochemistry 

https://doi.org/10.1016/j.bioelechem.2023.108588 
Received 21 January 2023; Received in revised form 10 October 2023; Accepted 10 October 2023   

mailto:lea.rems@fe.uni-lj.si
mailto:mounir.tarek@univ-lorraine.fr
www.sciencedirect.com/science/journal/15675394
https://www.journals.elsevier.com/bioelectrochemistry
https://doi.org/10.1016/j.bioelechem.2023.108588
https://doi.org/10.1016/j.bioelechem.2023.108588
https://doi.org/10.1016/j.bioelechem.2023.108588
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2023.108588&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioelectrochemistry 155 (2024) 108588

2

on excitable cells. In adrenal chromaffin cells, the effect of nsPEFs was 
found to depend on the duration of the pulse. Exposure of these cells to 5 
ns, 50 kV/cm pulses triggered indeed a sodium (Na+) influx that depo-
larized the membrane and activated multiple voltage-gated calcium 
(CaV) channels (L-, N- and P/Q-type channels) increasing the intracel-
lular concentration of Ca2+ [17,18]. On the other hand, when exposed to 
a single nsPEF of longer duration (150 to 400 ns), CaV channels appeared 
to not be the only pathway for Ca2+ influx. In fact, their total inhibition 
led to only a 67 % reduction of Ca2+ uptake. Accordingly the authors 
concluded that the uptake was also due to Ca2+ influx through pores 
formed in the cell membrane by the electric field (electroporation) [19]. 
For peripheral nerves, stimulation by 12 ns pulses was shown to trigger 
APs and sustained tetanus, implying that nsPEFs can activate, through a 
still unknown mechanism, VGICs without electroporative injuries [12]. 
Using a fast-responding voltage-sensitive dye (FluoVolt), the same group 
showed that an AP can also be triggered in rat hippocampal neurons by a 
200 ns pulse of sufficient amplitude. However, they found that the 
threshold electric field for AP initiation and electroporation are very 

similar, making it challenging to determine whether NaV channels are 
directly activated by nsPEF or indirectly due to leak currents resulting 
from electroporation [11]. A recent molecular dynamics study suggested 
that nsPEFs can move charged residues responsible for NaV activation; 
however, these residues move randomly and inconsistently, making 
direct activation of the channels by the applied electric field question-
able [23]. 

Due to these confounding results (see [24] for a review), there is no 
clear consensus on the underlying mechanism taking place and leading 
to electrostimulation when cells are subject to nsPEFs. Pakhomov and 
Pakhomova [24] proposed three alternative mechanisms: (1) the 
applied electric field induces sufficiently long membrane depolarization 
that lasts well after the applied pulse, enough to activate VGICs (simi-
larly as in conventional stimulation); (2) the applied electric field leads 
to electroporation and formation of pores in the cell membrane, which 
enable nonselective leak current and, as such, depolarize the membrane 
and activate VGICs; or (3) a combination of the two. 

Here we propose yet another possible mechanism that has so far been 
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Scheme 1. Lipid oxidation. (a) Pathway for primary and secondary oxidation of a phospholipid (L) containing a single bis-allylic site, e.g., linoleic acid. The primary 
oxidation is a multistep process leading to the generation of lipid hydroperoxides LOOH. The intermediate formation of a lipid radical leads to hydrogen abstraction 
from an adjacent lipid, which initiates a chain reaction in which the radical damage is propagated along neighboring lipids, creating highly oxidized membrane 
lesions. The secondary oxidation can occur through Hock fragmentation with the formation of 2-nonenal. 2-nonenal can be a hydrogen donor for LOO• radical and 
transfer the radical to another lipid initiating yet another chain reaction [28,29,37]. (b) Schematic representation of oxidized membrane lesions, which are expected 
to form in the cell membrane after exposure to nsPEF. The schematic is hypothetical, and the lesions are not drawn to scale. The images on the right depict the 
molecular organization in one of the lesions, immediately after nsPEF and later in time as the oxidized lipids laterally diffuse. Figure inspired by [38,39]. 
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overlooked. nsPEFs are known to generate both intra- and extra-cellular 
reactive oxygen species (ROS) [25,26], which can lead to oxidative 
damage of polyunsaturated lipids. This damage is initiated when a free 
radical, such as HO• or HOO•, abstracts an allylic or bis-allylic hydrogen 
in the polyunsaturated lipid tail, leading to the formation of a lipid 
radical L• (Scheme 1a). L• reacts with molecular oxygen, which is highly 
abundant in the membrane’s interior [27], to form a lipid peroxide 
radical LOO•. The latter may further abstract hydrogen from another 
lipid to form a hydroperoxide LOOH, i.e., the primary oxidation product. 
The lipid neighbor with abstracted hydrogen may further propagate the 
damage to adjacent lipid, initiating a chain reaction, the result of which 
is creation of highly oxidized lesions (patches) in the lipid membrane 
(Scheme 1b). Lipid hydroperoxides can then convert directly or indi-
rectly into secondary products of oxidation – lipids with truncated tails 
ending with either an aldehyde or carboxylic group [28,29]. Impor-
tantly, creation of primary and secondary lipid oxidation products, 
induced by nsPEFs as well as longer pulses used traditionally for elec-
troporation, has been confirmed in lipid vesicles and cultured cells 
[30–36]. 

The presence of oxidized lipids dramatically changes the membrane 
electrical properties. In our previous studies we showed that the mem-
brane conductance increases by up to several orders of magnitude with 
increasing fraction of oxidized lipids [38,39]. However, as oxidation 
changes the membrane thickness and polarity [38,39], we expect that 
membrane capacitance changes upon oxidation as well. Both the change 
in membrane capacitance and conductance can provoke changes in the 
transmembrane voltage. Our aim here is to assess whether, and under 
which conditions, these changes can activate NaV channels and trigger 
an AP. Thus, in this study we first use computational chemistry methods 
to characterize the capacitance of membranes with increasing percent-
age of primary or secondary lipid oxidation products. We then use 
mathematical modeling based on Hodgkin-Huxley description of APs to 
show how the changes in membrane capacitance and, even more 
importantly, membrane conductance caused by lipid oxidation are suf-
ficient to trigger an AP. 

2. Methods 

2.1. Molecular dynamics (MD) simulations 

2.1.1. System preparation 
As depicted in Scheme 1b, lipid oxidation leads to the formation of 

membrane lesions (patches) with high content of oxidatively damaged 
lipids. Furthermore, oxidized lipids ultimately diffuse laterally, which 
progressively lowers their local concentration. Accordingly, we studied 
systems representing membrane patches with both high and low content 
of either primary or secondary lipid oxidation products. 

To model membrane patches containing primary oxidation products 
we prepared lipid bilayers consisting of mixtures of 1,2-dilinoleoyl-sn- 
glycero-3-phosphocholine (DLPC) and one of its peroxidized forms 
(EE13, see Fig. 1a). We considered five different bilayer systems with 
increasing percentage of EE13 lipids: 0 %, 12.5 %, 25 %, 50 % to 100 %. 

To model membrane patches containing secondary oxidation prod-
ucts we also prepared five different bilayer systems consisting of mix-
tures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 
1-palmitoyl-2-(9-oxononanoyl)-sn-glycero-3-phosphocholine (PoxnoPC, 
see Fig. 1b). The percentage of PoxnoPC was varied from 0 %, 5 %, 10 %, 
20 % to 50 %. 

All lipid bilayers (128 lipids per leaflet) were bathed in sodium 
chloride aqueous solutions. The exact composition of all systems is re-
ported in Table 1. Note that the ionic concentration of the bath does not 
influence the value of the capacitance (results not shown). 

2.1.2. Parameters 
The CHARMM36 [40] force-field was used to describe the non- 

oxidized lipids, the ions, and the TIP3P water molecules. For EE13 

and PoxnoPC, the force-fields used were developed by us, as previously 
described [39,41]. The molecular dynamics (MD) simulations were 
performed using Gromacs 2018 [42]. The leap-frog algorithm was used 
to integrate the equations of motion, with a time step of 2.0 fs. Particle 
Mesh Ewald (PME) [43,44] was used to calculate the long-range elec-
trostatic interactions. A switching function was used between 1.0 nm 
and 1.2 nm to smoothly bring the van der Waals forces and energies to 
0 at 1.2 nm. LINCS [45] was used to constrain the chemical bonds be-
tween hydrogens and the heavy atoms to their equilibrium values. 3D 
periodic boundary conditions were applied. 

2.1.3. Equilibration 
The bilayers were first equilibrated in the NPT ensemble maintaining 

the pressure P at 1 bar (using the Parrinello-Rahman barostat [46]) and 
the temperature T at 303 K (using Nosé-Hoover thermostats [47,48]). 
The evolution of the area per lipid was monitored to confirm that the 

Fig. 1. Structure of the lipids considered in this study. (a) DLPC and its primary 
oxidation product EE13. (b) POPC and its secondary oxidation prod-
uct PoxnoPC. 

Table 1 
Composition of the modeled systems: number of each lipid, number of water 
molecules, number of sodium and chloride ions, and the dimensions of the 
simulation box.  

Primary 
products 

DLPC EE13 water Na Cl Simulation box 
(nm3) 

100 % DLPC 256 0 17,444 96 96 9.0 × 8.9 × 16.0 
12.5 % EE13 224 32 17,536 96 96 8.7 × 9.0 × 16.0 
25 % EE13 192 64 17,612 96 96 9.2 × 9.0 × 16.0 
50 % EE13 128 128 17,428 96 96 9.6 × 9.6 × 16.0 
100 % EE13 0 256 22,976 96 96 10.0 × 10.0 ×

16.0 
Secondary 

products 
POPC PoxnoPC water Na Cl Simulation box 

(nm3) 
100 % POPC 256 0 22,012 28 28 9.0 × 9.0 × 20.0 
5 % PoxnoPC 244 12 21,252 28 28 9.1 × 9.1 × 16.0 
10 % PoxnoPC 230 26 22,138 28 28 9.2 × 9.2 × 16,0 
20 % PoxnoPC 204 52 22,301 28 28 9.3 × 9.3 × 16.0 
50 % PoxnoPC 128 128 22,712 28 28 9.5 × 9.5 × 16.0  
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systems were equilibrated during MD runs of 100 ns and 300 ns, 
respectively, for bilayers containing primary and secondary oxidation 
products. 

2.1.4. Capacitance calculation 
To estimate the capacitance of the model systems, we used the single 

bilayer setup previously introduced by Delemotte et al. [49,50]. Briefly, 
void slabs were created along the normal (z axis) to the membrane in 
order to separate the ionic baths from their periodic images. Such a setup 
allows for modeling adequately the system at a constant charge imbal-
ance, if the latter is created at the initial configuration of the MD run (for 
instance by generating a difference between the overall charge of the 
two bilayer surroundings). In practice, starting from a system at no 
charge imbalance, we displaced one, two, …, monovalent ions of the 
same sign from one side of the bilayer to the other to create net charge 
imbalances Q of 0e, 2e, 4e, …, where e is the elementary charge. As the 
bilayer behaves as a capacitor (an insulator), the charge imbalance in-
duces a difference in the electrostatic potentials between the two ionic 
baths, as shown in Fig. 2a. This transmembrane voltage U is related to 
the capacitance per unit area of the membrane (i.e., specific membrane 
capacitance C) and the imposed charge imbalance per unit area Qs via: 

C = Qs/U (1) 

The electrostatic potential V along axis z can be derived from the MD 
trajectory using the 1D Poisson’s equation as the double integral of the 
charge density ρ(z): 

V(z) − V( − L) = −

∫ z

− L
dz′

∫ z′

− L
ρ(z″)dz″/ε0 (2)  

where ε0 is the vacuum permittivity and L is half the box length in the z 
direction. For each system described in Table 1, MD simulations of 20 ns, 
carried out at constant volume and temperature (T = 303 K), were used 
to estimate the electrostatic potentials at Q = 0e, 2e, 4e, and 6e. Linear 
fits to the obtained transmembrane voltage U were used to retrieve the 
value of the capacitance, as shown in Fig. 2b. 

2.2. Modeling action potential generation 

All simulations were carried out using Comsol Multiphysics 6.0 
(Comsol Inc., Burlington, MA, USA), as described below. All models are 
available at https://github.com/learems/Oxidation-Excitation. 

2.2.1. Equivalent circuit model 
The most widely used mathematical model of neuronal AP originates 

from Hodgkin and Huxley [51]. The membrane is represented as a 
capacitor and three resistors representing the ionic currents flowing 
through sodium, potassium and other (leak) channels (Fig. 3a). The 
resistors depend on the transmembrane voltage to account for the 
voltage-dependent opening and closing of the ion channels. The re-
sistors’ conductances (inverse of their resistances) are given by: 

GNa = gNam3h (3a)  

GK = gKn4 (3b)  

GL = const. (3c) 

The gating functions m, n, and h have values between 0 and 1 and 
evolve according to differential equations: 

dm
dt

= αm(1 − m) − βmm (4a)  

dn
dt

= αn(1 − n) − βnn (4b)  

dh
dt

= αh(1 − h) − βhh (4b)  

where αx and βx (x = m, n, or h) depend on the transmembrane voltage 
and can be understood as transition rates between given states of the 
channels. αx and βx can have different mathematical forms, depending 
on which experiments they were fitted to; we here take equations from 
[52], which were fitted to measurements on pyramidal cortical neurons: 

αn = 0.020 ms− 1 u − 25

1 − exp
(

− u− 25
9

) (5a)  

αm = 0.182 ms− 1 u + 35

1 − exp
(

− u+35
9

) (5b)  

αh = 0.250 ms− 1exp
(

−
u + 90

12

)

(5c)  

Fig. 2. Calculating bilayer capacitance with MD simulations. (a) Electrostatic potential along the z axis for the 100 % DLPC system. The transmembrane voltage U is 
the difference between electric potentials V(z) in the two ionic baths. The center of the bilayer is at z = 0 nm. (b) The capacitance is retrieved by plotting U as a 
function of Qs. Linear regression (dashed line) is used to retrieve the value of the capacitance. 
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βn = − 0.002 ms− 1 u − 25

1 − exp
(

− u− 25
9

) (5d)  

βm = − 0.124 ms− 1 u + 35

1 − exp
(

− u+35
9

) (5e)  

βh = 0.250 ms− 1
exp

(
u+62

6

)

exp
(

u+90
12

) (5f)  

where u is a nondimensionalized transmembrane voltage 

u =
U

1 mV
(5  h)  

and U = Vi − Ve is defined as the difference between the electric po-
tentials at the intracellular (Vi) and extracellular (Ve) side of the 
membrane. 

To study the influence of lipid oxidation on the AP generation, we 
modified the original Hodgkin-Huxley circuit to represent two patches 
of a cell membrane, one with non-oxidized lipids and one that becomes 
oxidized upon nsPEF exposure, as depicted in Fig. 3b-c. To each of the 
patches we added a series resistor Gcyt representing the resistance of the 
intra- and extra-cellular fluid. The value of Gcyt was chosen such that the 
membrane charging time in either of the patches was 100 ns [53]. 
Whereas the non-oxidized patch resembled the original Hodgkin-Huxley 
circuit, the circuit representing the oxidized patch was modified to 

account for the change in membrane capacitance and conductance upon 
oxidation. 

To correctly model the change in membrane capacitance in the 
oxidized patch, we considered the following. The electric current in a 
capacitor is defined as: 

IC,ox =
dQox

dt
=

d(CoxUox)

dt
(6a)  

IC,ox = Cox
dUox

dt
+

dCox

dt
Uox (6b)  

where Qox, Uox, and Cox, and are capacitor’s charge, voltage, and 
capacitance, respectively. Typically, we consider that the capacitance is 
constant, simplifying (6b) to IC,ox = CoxdUox/dt. However, in our case 
dCox/dt is nonzero. To implement the full equation (6b) in Comsol, we 
modelled the capacitor as a current source with the current defined by 
(6b). The capacitance was defined with a time-dependent function 

Cox(t) = C0 +C0(fincrease − 1)h
(
t − tdelay, tox

)
(7)  

where C0 is the initial membrane capacitance, fincrease is the factor by 
which the membrane capacitance increases due to lipid oxidation, and h 
(t – tdelay, tox) is a switching function that changes from 0 to 1 within time 
tox at time tdelay. This switching function was implemented with Comsol’s 
smoothed Heaviside function flc1hs that has a continuous first 
derivative: 

Fig. 3. The equivalent circuit model based on Hodgkin-Huxley description of a neuronal membrane. (a) Scheme of the original Hodgkin-Huxley equivalent electrical 
circuit. (b) Schematic representation of a non-oxidized and oxidized membrane patch, both containing VGICs. (c) Modified Hodgkin-Huxley equivalent circuit, 
considering two membrane patches depicted in (b). Note that the increase in membrane capacitance in the oxidized patch is modeled using a current source, 
described in eq. (6b). 
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h(t, tox) = flc1hs(t, tox) =

⎧
⎨

⎩

0 t ≤ − tox
1 t ≥ tox

0.5 + 0.75(t/tox) − 0.25(t/tox)
3

− tox ≤ t ≤ tox

(8) 

The time derivative dCox/dt was computed with Comsol’s built-in 
differentiation operator d(Cox, t). 

To include also a change in membrane conductance due to lipid 
oxidation, we added to the oxidized patch circuit an additional resistor, 
which conductance changed with the time-dependent function 

Gox(t) = Goxh
(
t − tdelay, tox

)
(9) 

The values of model parameters are reported in Suppl. Table S1. 
Since the kinetics of lipid oxidation, promoted by exposure to nsPEF, is 
not clear, we arbitrarily set tox = 1 µs, considering that oxidation is a fast 
process and is expected to occur during or immediately after exposure to 
nsPEF. Nevertheless, our results are not very sensitive to the choice of 
tox; as shown in the Suppl. Table S2, we tested different values of tox 
(between 10 ns and 10 ms) and found no difference in the minimum 
oxidized areas required to trigger an AP. This minimum area began to 
slightly increase when tox = 100 ms. According to [11], membrane de-
polarization upon nsPEF occurs within < 1 ms. 

The equivalent circuit and the differential equations (4a-c) were 
implemented in Comsol using the Electrical Circuit interface and the 
Global ODEs and DAEs interfaces, respectively. The system of equations 
was solved with direct solver MUMPS, using a fully coupled approach 
and a strict time stepping method. An initial 100-ms-long equilibration 
simulation was performed in the absence of any stimulus or changes in 
membrane properties, to bring all variables to their initial steady state. 
The result from this simulation was used as the initial condition for all 
other simulations. 

2.2.2. Whole-cell model 
To model APs at the cell level, we considered a spherical cell placed 

in an extracellular domain, either in 2D axisymmetric geometry (Fig. 4a) 
or 3D geometry (Fig. 4b), following previous studies [54–56]. The 
electric potential distribution V in the intracellular and extracellular 
domain was determined by 

∇ •

[(

σi,e + εi,e
∂
∂t

)

∇Vi,e

]

= 0 (10)  

where σi,e and εi,e denote, respectively, the conductivity and the 
dielectric permittivity of the intracellular (subscript i) or extracellular 
(subscript e) medium. Two opposite sides of the extracellular domain 
were modeled as electrodes by assigning them an electric potential. 
When simulating the response to an external electric field, the positive 
electrode (anode) was excited by a rectangular pulse of chosen duration 
and amplitude, while the negative electrode (cathode) was kept at 0 V. 

The cell membrane was modeled via a boundary condition, which 
describes the continuity of the normal component of the electric current 
density Je across the membrane 

n • Je = GtotU +Ctot
∂U
∂t

+
∂Ctot

∂t
U + Jchannels  

Jchannels = GNa(U − ENa)+GK(U − EK)+GL(U − EL) (11)  

where n denotes the unit vector normal to the membrane surface. 
Transmembrane voltage U = Vi − Ve is the difference between the 
electric potentials on the two sides of the membrane. Gtot and Ctot denote 
the membrane conductance and membrane capacitance, respectively. 
Jchannels describes the electric current through ion channels, where GNa, 
GK, and GL are defined by equations (3–5). 

To model changes in membrane properties caused by lipid oxidation, 
Gtot and Ctot were considered a function of time and space. Gtot and Ctot 
were made to change from their baseline to a given value at a chosen 

time tdelay with the Comsol function flc1hs having a risetime of tox (see 
also Section 2.2.1 and equations (7–9)). In addition, Gtot and Ctot 
changed only in distinct circular regions (oxidized lesions) on the cell 
membrane. In the 2D axisymmetric model, a single region was defined 
around one of the poles of the cell (Fig. 4a). This region was defined by 
an angle that corresponds to a spherical cap of a chosen area (chosen 
areal fraction of the cell membrane): 

θox = acos
(

1 −
Aox

2πRcell
2

)

(12) 

In the 3D model, we considered that there are 20 oxidized lesions of a 
chosen area distributed randomly along the membrane (Fig. 4b). Due to 
symmetry, and to facilitate computation, we represented only a quarter 
of the entire geometry in the simulations. When simulating the response 
to the change in Gtot and Ctot, no electric field was applied, and the two 
sides representing the electrodes were both kept at 0 V. 

In both the 2D axisymmetric and 3D model, equation (10) was 
implemented with two Electric Currents interfaces, one for the extracel-
lular and one for the intracellular domain. Equation (11) was imple-
mented within Electric Currents interface with a Normal Current Density 
boundary condition. Equations (4a-c) were implemented each with a 
separate Boundary ODEs and DAEs interface. The mesh around the le-
sions was refined by limiting the maximum element size (10 nm in 
proximity of the lesion(s), 300 nm elsewhere along the membrane). The 
system of equations was solved with direct solver MUMPS, using a fully 
coupled approach and a strict time stepping method. An initial 100-ms- 
long equilibration simulation was performed in the absence of any 
stimulus or changes in membrane properties, to bring all variables to 
their initial steady state. The result from this simulation was used as the 
initial condition for all other simulations. The values of all model pa-
rameters are reported in Suppl. Table S3. 

Fig. 4. Geometry of the whole-cell models. (a) 2D axisymmetric model of a 
spherical cell in an extracellular medium. (b) Corresponding 3D model. Due to 
symmetry only a quarter of the cell was modelled. 
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3. Results 

3.1. Membrane capacitance locally increases due to oxidative lipid 
damage 

We first used MD simulations to model two systems consisting of 
patches of oxidized lipids, representative of lesions caused by either 
primary or secondary oxidation of respectively DLPC and POPC. The 
integrity of the bilayer DLPC-EE13 was conserved for all considered 
percentage of the primary oxidation product, lipid hydroperoxide EE13, 
while the bilayer POPC-PoxnoPC lost its integrity (i.e. pores were 
formed) when the percentage of secondary oxidation product PoxnoPC 
reached ≥ 80 %, as previously reported [39]. By quantifying the specific 
membrane capacitance (in μF/cm2) of all modeled systems, we observed 
that the capacitance increases substantially as the percentage of 
oxidized lipid increases (Fig. 5a). This is expected, as oxidation increases 
the number of polar entities in the membrane (water, peroxide or 
aldehyde group). The factor by which the capacitance increases with 
respect to non-oxidized value is more profound when the bilayers 
contain secondary oxidation products (Fig. 5b). 

3.2. Increase in membrane capacitance can trigger an AP: The 
electrostatic approximation 

Each VGIC possesses a specific threshold of activation and deacti-
vation, i.e., transmembrane voltage at which the channel undergoes 

conformational rearrangements that open or close its inner ion con-
duction pathway. When the membrane depolarizes from its resting 
voltage to a certain threshold (around − 55 mV for neuronal membrane), 
an AP initiates mainly thanks to the opening of NaV channels (Fig. 6a). 
The influx of Na+ then further depolarizes the membrane. Around +40 
mV NaV channels inactivate, and voltage-gated potassium (KV) channels 
activate causing an efflux of K+, repolarizing the membrane back to the 
resting voltage. Hence, in cell’s excitability, the threshold voltage plays 
a key role in the initiation of the AP. 

In the following we investigate, if the increase in membrane capac-
itance due to lipid oxidation could depolarize the membrane enough to 
initiate an AP. A cell membrane acts as capacitor (thin insulator) that 
separates intra and extra-cellular media. The ionic distributions within 
these two media, maintained by ion channels and pumps, give rise to an 
ionic or “charge” imbalance Qs and a specific resting transmembrane 
voltage Ur. Ur can hence be expressed as 

Ur = Qs/C0 (13)  

where C0 is the baseline membrane capacitance. 
When an oxidized lesion is formed, the membrane capacitance 

locally increases. Considering equation (13) and assuming at first 
approximation that Qs in cells is maintained constant by ionic pumps 
and channels, a change in the local capacitance from C0 to C would 
induce a change of the local transmembrane voltage from Ur to U, that 
can be determined as: 

U = UrC0/C = Ur/fincrease 

Fig. 5. Capacitance of bilayers containing oxidized lipids, determined with MD 
simulations. Capacitance was determined for DLPC-EE13 lipid bilayers with 0 
%, 12.5 %, 25 %, 50 % and 100 % of primary lipid oxidation product EE13 (■) 
and POPC-PoxnoPC lipid bilayer with 0 %, 5 %, 10 %, 20 % and 50 % of 
secondary lipid oxidation product PoxnoPC (●). Capacitance is expressed in (a) 
absolute values and (b) as a factor of increase with respect to nonoxidized 
value, fincrease = C/C0. Dashed lines show best fit with a quadratic poly-
nomial function. 

Fig. 6. Change in membrane capacitance could potentially trigger an AP. (a) 
Shape of a typical AP. (b) Local membrane depolarization caused by an increase 
in membrane capacitance due to the presence of primary (EE13, ■) or sec-
ondary (PoxnoPC, ●) lipid oxidation products. 
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fincrease = C/C0 (14) 

Fig. 6b shows the calculated U using capacitance values from Fig. 5 
and considering a typical resting voltage of the neuronal membrane Ur 
= − 70 mV. When the local capacitance increases, the local trans-
membrane voltage becomes less negative, i.e., the membrane de-
polarizes. If this depolarization is enough to reach the threshold for 
activation of NaV channels, that reside within the oxidized lesion, we 
hypothesize that an AP could be triggered. Indeed, the estimates shown 
in Fig. 6b suggest that in membrane lesions containing more than ~70 % 
or ~20 % of primary or secondary oxidation products, respectively, the 
increase in membrane capacitance is sufficient to reach the threshold 
required to activate NaV channels. 

3.3. Increase in membrane capacitance can trigger an AP: The equivalent 
circuit model 

We next consider a Hodgkin-Huxley-type equivalent circuit to 
describe the full temporal dynamics of AP generation. The equivalent 
circuit (Fig. 3c) presents two parts of a neuronal membrane with NaV, 
KV, and other (leak) channels. One part of the membrane is considered to 
remain non-oxidized, whereas the second is considered to become 
oxidized upon nsPEF exposure. 

Let us first study the response of the equivalent circuit to stimulation 
by a conventional 1 ms-long electric current pulse applied at t = 10 ms, 
the entire membrane remaining non-oxidized (no change in membrane 
electrical properties). Fig. 8a shows that sufficiently large positive (in-
ward) currents depolarize the membrane and open NaV channels, which 
triggers an AP. On the contrary, negative (outward) currents hyperpo-
larize the membrane without triggering an AP. 

Now let us examine the response to a change in membrane capaci-
tance occurring suddenly at t = 10 ms as a results of lipid oxidation. 
Herein, no electric stimulus is applied, only the capacitance in the sec-
ond membrane part is increased by a given factor. For simplicity, we 
consider that the area of the oxidized part of the membrane is equal to 
the area of the non-oxidized part. Fig. 7 b shows that under such cir-
cumstances, an increase in membrane capacitance by a factor of 1.2 or 
more triggers an AP, corroborating the estimates presented in Section 
3.2. 

Representation of both the non-oxidized and oxidized parts of the 
membrane in the equivalent circuit allows us to explore further the 
membrane areal fraction that needs to be oxidized in order to trigger an 
AP. We set the total membrane area arbitrarily to 1000 μm (roughly the 
area of a typical cell of radius ~10 µm), and then we vary the fraction of 
the oxidized lesions from 0 % to 95 %. Fig. 8 shows the minimum areal 
fraction of oxidized lesions able to trigger an AP, depending on the factor 
of increase in membrane capacitance. An increase by factor of 1.5–1.8, 
corresponding to the maximum capacitance change upon oxidation 
determined with MD (Fig. 5b), requires at a minimum 10 % of the 
membrane area oxidized. This is not unreasonable, since mammalian 
cells often contain in their plasma membrane more than 50 % of poly-
unsaturated lipids [57], which are highly susceptible to oxidative lipid 
damage. 

3.4. Increase in membrane conductance is even more important compared 
to the increase in membrane capacitance 

For completeness one should however recall that lipid oxidation is 
not only associated with an increase in membrane capacitance, but also 
an increase in membrane conductance, as demonstrated in our previous 
studies [38,39]. The values of the latter, reported in Table 2, indicate for 
instance that the conductance of a membrane lesion containing 100 % 
EE13 lipid hydroperoxides is 26 S/m2, whereas a lesion containing 50 % 
PoxnoPC has a conductance of 2000 S/m2. 

To model an increase in membrane conductance, we added an 
additional resistor to the equivalent circuit, as shown in Fig. 3c, and we 

again computed the minimum areal fraction of oxidized lesions required 
to trigger an AP. Table 2 compares this minimum areal fraction when we 
consider the change in membrane capacitance only, the change in 
membrane conductance only, and the change in both membrane 
capacitance and conductance. It turns out that the minimum areal 
fraction is considerably lower when we also take into account the in-
crease in membrane conductance. Merely 0.2 % lesion area is needed, 
when the lesions contain 100 % lipid EE13 lipid hydroperoxides, 
whereas 0.002 % lesion area is needed, when lesions contain 50 % 
PoxnoPC. 

Interestingly, the minimum lesion area is practically identical when 
we consider the increase in conductance only and both the increase in 
capacitance and conductance. This means that the change in membrane 
conductance is actually much more important (i.e. it is the dominant 
mechanism) for triggering APs compared with the change in membrane 
capacitance. 

Fig. 7. APs in the equivalent circuit model. (a) APs triggered by conventional 
external stimulus. Current pulse with duration of 1 ms and amplitude of − 0.20, 
− 0.10, 0.00, 0.05, 0.10, 0.15, or 0.20 A/m2 is applied at time t = 10 ms. AP is 
triggered for amplitudes ≥ 0.05 A/m2, as indicated in the figure. (b) APs trig-
gered solely by an increase in membrane capacitance due to lipid oxidation. 
Membrane capacitance is increased by a factor fincrease of 0.8, 1.0, 1.1, 1.2, 1.4, 
or 1.6 at t = 10 ms. AP is triggered for fincrease ≥ 1.2, as indicated in the figure. 
No external stimulus is applied. In this example the non-oxidized and oxidized 
membrane are considered to have equal area. 

L. Rems et al.                                                                                                                                                                                                                                    



Bioelectrochemistry 155 (2024) 108588

9

3.5. Findings are corroborated by the whole-cell model 

Finally, we corroborated the results obtained with equivalent circuit 
model by performing simulations of AP generation at the whole cell 
level. For simplicity and generality, we considered a spherical cell with a 
typical radius of 10 µm. Exposure of the cell to 1 ms pulse resulting in 
electric field ≥ 11 V/cm triggers an AP (Fig. 9a). On the contrary, 
exposure to a 200 ns, 1–4 kV/cm pulse induces a transmembrane 
voltage > 0.8 V; however, the pulse is too short to trigger an AP 
(Fig. 9b). Note, however, that a single 200 ns of ≥ 2.5 kV/cm has been 
reported to trigger APs in neurons [11]. 

Similarly as with the equivalent circuit model, we investigated what 
is the minimum areal fraction of oxidized lesions needed to trigger an AP 
in the whole-cell model. We first performed simulations with the 2D 
axisymmetric model considering a single oxidized lesion (Fig. 4a). 

Table 2 (second to last column) reports the values of the minimum areal 
fraction of the oxidized lesion needed to trigger an AP. Interestingly, the 
area obtained with the whole-cell model is almost identical to the one 
obtained with the equivalent circuit, confirming the robustness of our 
calculations. 

We also performed calculations with the 3D cell model considering 
20 randomly distributed oxidized lesions of equal size (Fig. 4b). Despite 
having multiple lesions instead of one, their summed areal fraction 
required to trigger an AP is identical to the minimum fraction obtained 
with the 2D cell model considering a single lesion. Fig. 10 further 
demonstrates that the generation of APs is the same whether a single or 
multiple lesions are created, keeping the total lesion area the same. 

In all calculations presented so far, we considered a step change in 
membrane capacitance and/or conductance upon oxidation with no 
return towards the baseline membrane properties. It is unclear for how 
long can oxidized lesions persist in a cell membrane before being 
removed by membrane repair mechanisms, or before they disassemble 
via lateral diffusion of oxidized lipids. Recent MD study demonstrated 

Fig. 8. Minimum areal fraction of oxidized lesions required to trigger an AP, 
depending on the increase in membrane capacitance upon oxidation, fincrease =

C/C0. Circles show the results obtained with the equivalent circuit model. 
Dashed line shows best fit with a rational function Amin = 8.12 %/(fincrease 
− 0.99). 

Table 2 
Minimum areal fraction of oxidized lesions in the cell membrane required to 
trigger an AP. Calculations using the equivalent circuit model are performed for 
three cases: when considering the change in membrane capacitance only (ΔC), 
change in membrane conductance only (ΔG), and both change in membrane 
capacitance and conductance (ΔC & ΔG) due to formation of oxidized lesions. 
Calculations using the 2D and 3D cell models are performed just for the third 
case ΔC & ΔG.  

Percentage of 
ox. lipids in a 
lesion 

Lesion 
properties  

Minimum areal fraction to trigger an AP 

C / 
C0 

Gox 

(S/ 
m2)  

Equiv. 
circuit 
model (ΔC 
| ΔG | ΔC & 
ΔG) 

2D cell 
model 
with 1 
lesion (ΔC 
& ΔG) 

3D cell 
model with 
20 lesions 
(ΔC & ΔG) 

50 % EE13  1.13 0.19  56 % | 25 % 
| 24 % 

20 % 20 % 

100 % EE13  1.50 26  15 % | 0.2 
% | 0.2 % 

0.2 % 0.2 % 

10 % PoxnoPC  1.19 0.5  39 % | 10 % 
| 10 % 

8 % 8 % 

20 % PoxnoPC  1.24 2  31 % | 2 % | 
2 % 

2 % 2 % 

50 % PoxnoPC  1.82 2000  9 % | 0.003 
% | 0.003 
% 

0.002 % 0.002 %  

Fig. 9. APs in the whole cell model. (a) Response to a 1-ms-pulse resulting in 
electric field strength of 0, 10, 11, 12, or 13 V/cm, applied at time t = 10 ms. AP 
is triggered for pulse amplitudes ≥ 11 V/cm, as indicated in the figure. Note 
that the transmembrane voltage is shown on the depolarized (cathodic) side of 
the membrane. On the hyperpolarized (anodic) side, the transmembrane 
voltage during the pulse becomes more negative; however, an AP is still trig-
gered, as the AP is observed along the entire cell membrane. (b) Response to 
200-ns-pulse resulting in electric field strength of 0, 1, 2, 3, or 4 kV/cm. The 
transmembrane voltage reaches > 0.8 V, however, the pulse is too short to 
trigger an AP. 
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that in pure lipid bilayers, lateral diffusion of oxidized lipids takes place 
on a time scale of several µs; however, even longer time scales are ex-
pected in the cell membrane [39]. Thus, we also computed the minimum 
areal fraction of oxidized lesions required to trigger an AP when the 
lesion properties are considered to return exponentially to baseline 
values with characteristic decay time of tlesion. The results are presented 
in Fig. 11, where tlesion is varied between 10 µs and 10 s. The shorter the 
decay time, the larger must be the oxidized area. For instance, for lesions 
with 50 % PoxnoPC the minimum areal fraction at tlesion = 10 µs is 4 % 
compared with 0.002 % at tlesion = 100 ms; for lesions will less PoxnoPC 
content, APs cannot be fired when tlesion = 10 µs. 

Lastly, we investigated how creation of oxidized lesions would affect 
AP generation in conditions of repetitive nsPEF stimulation (Fig. 12). 
For illustration, we considered that a new lesion with 100 % EE13 lipids 
forms every second, whereby each lesion occupies 0.2 % total membrane 
area (just enough for AP generation). We performed calculations for 
three different values of tlesion (0.1 s, 1 s, and ∞). When tlesion = 0.1 s, the 
membrane properties return to baseline before the next “stimulus” and 
each creation of a new lesion results in a single AP (Fig. 12a). When 
tlesion = 1 s, the creation of the first lesion results in a single AP, whereas 
subsequent lesions result in multiple APs (Fig. 12b). Generation of 

multiple APs can be better understood when looking at results for tlesion =

∞, i.e., when the lesion properties remain constant over time and each 
new lesion increases the membrane capacitance and conductance 
further. In the case presented in Fig. 12c, formation of the second lesion 
already increases the membrane conductance to an extent that leads to 
repetitive firing, analogous to repetitive firing in neurons observed 
under constant injected current. If the accumulated lesions increase the 
membrane conductance further, we can eventually see sustained mem-
brane depolarization with no APs (see last two segments in Fig. 12c). 

4. Discussion 

In this study we demonstrated that formation of oxidized membrane 
lesions, promoted by exposure to nsPEFs, could trigger an AP due to 
local membrane depolarization caused by a change in bilayer capaci-
tance and conductance. 

4.1. Oxidized lipids increase both membrane capacitance and 
conductance 

We first prepared molecular models of bilayers containing different 
percentage of primary or secondary lipid oxidation products and used 
MD simulations to determine the specific membrane capacitance. We 
observed that the capacitance increases with increasing percentage of 
oxidized lipids up to a factor of ~2 with respect to the capacitance of a 
non-oxidized bilayer. Lipid oxidation introduces polar and hydrophilic 
groups (i.e., hydroperoxide, aldehyde, or carbonyl groups) into the hy-
drocarbon lipid chain inside the bilayer. Ours and others’ previous 
studies demonstrated that the presence of OOH and CH=O groups af-
fects the properties of a lipid bilayer in several ways: increases the area 
per lipid, decreases the bilayer thickness, decreases the bilayer dipole 
potential, decreases lipid order parameters, increases the water perme-
ability, promotes transient water defects at the lipid-water interface, etc. 
[58,59,38,39]. The presence of polar groups in the hydrocarbon chain, 

Fig. 10. Response to lipid oxidation in the whole-cell model. As example, 
lesion(s) consisting of 20 % PoxnoPC are considered to form at time t = 10 ms. 
(a) Response to creation of a single lesion with area of 1.0, 1.5, 2.0, 2.5, or 3.0 
% of the cell membrane area. AP triggers for area ≥ 2.0 %. (b) Response to 
creation of 20 lesions with their total (summed) area of 1.0, 1.5, 2.0, 2.5, or 3.0 
% of the cell membrane area. The inset in each graph depicts a cell with either 
(a) single or (b) 20 oxidized lesions (yellow) with the total lesion area ac-
counting for 2.0 % of the cell membrane. 

Fig. 11. Minimum areal fraction of oxidized lesions required to trigger an AP, 
depending on the characteristic decay time tlesion, with which the membrane 
properties return to baseline value. 
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together with greater water content inside the bilayer and greater lipid 
mobility, makes the membrane more dielectrically polarizable, i.e., in-
creases its dielectric permittivity. Greater dielectric permittivity and 
reduced membrane thickness are then reflected in the increased specific 
membrane capacitance [60]. 

Recent measurements in planar lipid bilayers confirmed that the 
presence of various types of oxidized lipids increases the bilayer 
capacitance [61]. An increase in capacitance was also experimentally 
observed after exposing membranes to ionizing radiation [62] or 
photodynamic treatment [63]. Ionizing radiation is known to induce the 
radiolysis of water and so to be a source of ROS. The increase in mem-
brane capacitance was found to depend on the presence of unsaturated 
lipid in the membrane and, therefore, to be directly linked with lipid 
oxidation. Similarly, following photodynamic treatment, a light-induced 
increase in the capacitance was observed, but only for the unsaturated 
lipid and in the presence of a sensitizer [63]. The presence of scavengers 
or antioxidants inhibited (partially or totally) the response. It is 
important to stress that in all these experimental studies, the increase in 
membrane capacitance was correlated with an increase in membrane 
conductance, which is consistent with our previous characterization of 
bilayer conductance in the same model systems as used in this study (see 
also Table 2). Creation of an oxidized membrane lesion thus increases 
simultaneously both the local membrane capacitance and conductance. 

4.2. Creation of oxidized lesions in the membrane can trigger an action 
potential 

We hypothesized that a local increase in membrane capacitance and/ 
or conductance due to formation of oxidized lesions could locally 
depolarize the membrane enough to trigger an AP in excitable cells. An 
AP is a brief and abrupt depolarization of the membrane due to the 
opening of VGICs, allowing the ions to pass along their electrochemical 
gradient. The bilayer models used in MD simulations are aimed to 
represent a hypothetical environment of the channel. Indeed, the models 

with all lipids oxidized (100 % EE13 and 100 % PoxnoPC) represent a 
part of a fully oxidized cell membrane lesion. Such lesion can be the 
consequence of the propagation of oxidative damage from one unsatu-
rated lipid to the surrounding lipids, forming a patch. But such lesion 
can also be formed by local aggregation (clustering) of oxidized lipids. 
Moreover, the models made of a homogenous mixture of oxidized and 
non-oxidized lipids represent lesions in the membrane, where poly-
unsaturated lipids represent a fraction of the lipid mixture, or lesions 
where the oxidized lipids have diffused away from the original lesion. 
The lateral diffusion of oxidized lipids out of the original lesion is a μs- 
scale or longer phenomenon [39]. Hence, oxidized lesions are expected 
to persist on a longer time scale than the duration of a pulse used in 
nsPEF stimulation. 

For systematic purposes, we first investigated whether solely the 
increase in membrane capacitance (without increased membrane 
conductance) would be sufficient to activate NaV channels and trigger an 
AP, as suggested by our simple calculation based on U = Q/C relation-
ship (Fig. 6). Indeed, both our Hodgkin-Huxley-type equivalent circuit 
and whole-cell finite-element models showed that APs can be triggered 
by a change in membrane capacitance, provided that a sufficient frac-
tion (at least ~10 %) of the total cell membrane area becomes oxidized. 
It needs to be stressed that it is the dynamic change in membrane 
capacitance that depolarizes the membrane to a sufficient extent to 
trigger an AP. In steady state, the altered value of the membrane 
capacitance has no influence on the transmembrane voltage. This is 
reflected, e.g., by the Goldman-Hodgkin-Katz equation, which describes 
how the resting transmembrane voltage depends on the intracellular and 
extracellular concentrations of ions and the membrane permeability for 
these ions. The Goldman-Hodgkin-Katz equation does not include the 
membrane capacitance, since the steady state transmembrane voltage is 
independent of its value. 

We next investigated how the local increase in membrane conduc-
tance, which accompanies the increase in membrane capacitance inside 
oxidized lesions, affects AP initiation. It turned out that an AP could be 

Fig. 12. Response to repetitive lesion formation in the whole-cell model. A lesion with 100 % EE13 lipids forms every second (see arrows), whereby each lesion 
occupies 0.2 % total membrane area. Calculations are performed for three values of tlesion: 0.1 s (a), 1 s (b), and ∞ (c). Insets show the time course of the lesion 
properties (capacitance and conductance). The last two segments in (c) are computed for greater lesion size (2 % and 20 % of the total membrane area). 
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triggered solely by the increase in membrane conductance without any 
change in membrane capacitance (Table 2). In fact, the increase in 
membrane conductance is the dominant mechanism contributing to AP 
initiation and is much more important than the increase in membrane 
capacitance. When considering lesions containing 50 % secondary 
oxidation products (PoxnoPC lipids), and taking into account both the 
increase in membrane capacitance and conductance, as little as 0.002 % 
of the membrane area needs to be oxidized for triggering an AP. It does 
not matter whether a single lesion of this area or multiple lesions of the 
same summed area are formed (Fig. 10). In other words, multiple lesions 
created simultaneously contribute to initiation of an AP in a similar way 
as a single larger lesion. In analogy, initiation of an AP in a neuron is also 
based on a sum of multiple subthreshold excitatory postsynaptic po-
tentials, whereby it is their summation that reaches the threshold and 
enables AP activation in the axon initial segment. 

4.3. Accumulation of oxidized lesions can alter cellular excitability and 
AP generation 

However, the duration for which the lesion(s) exists has an important 
influence on AP generation. On the one hand, the shorter the lifetime of 
the lesion, the greater the fraction of the cell membrane area that needs 
to be oxidized to trigger an AP (Fig. 11). On the other hand, the longer 
the lesion lifetime, the more the lesions can accumulate over time under 
conditions of repetitive electrostimulation (Fig. 12). Our results 
demonstrate that such accumulation of lesions can increase the mem-
brane conductance to an extent that alters cellular excitability and AP 
generation. Intermediate increase in membrane conductance can lead to 
periodic generation of APs, which is analogous to periodic firing of 
neurons under constant current stimulus. Higher increase in membrane 
conductance leads to sustained membrane depolarization with no APs 
(Fig. 12c). Whether periodic generation of APs can be observed exper-
imentally will depend on the electrophysiological characteristics of a 
given excitable cell type and its ability to shift into an oscillatory mode. 
In experiments with excitable cells exposed to nsPEF (and longer pulses) 
it has been observed that repetitive stimulation can lead to oscillations 
in intracellular calcium in isolated cardiomyocytes [64,65], where these 
oscillations are likely linked with oscillations in the transmembrane 
voltage. Moreover, sustained membrane depolarization following 
exposure to intense nsPEF has been observed in primary neurons [66]. 
Note that altered cell excitability, associated with an increase in mem-
brane conductance, has also been observed following exposure of car-
diomyocytes to longer electric pulses with amplitudes above the 
electrostimulation threshold [67,68]. 

4.4. Alternative mechanisms leading to an increase in membrane 
conductance could also lead to AP activation 

We initiated this study with the hypothesis that formation of 
oxidized lesions could trigger an AP due to a local increase in membrane 
capacitance, whereas our modeling results demonstrated that it is the 
associated local increase in membrane conductance that is the main 
mechanism leading to AP activation. Nevertheless, an increase in 
membrane conductance after nsPEF exposure could also be due to 
mechanisms alternative to lipid oxidation. It has been long known that 
nsPEFs of high enough magnitude (order of 1–100 kV/cm, depending on 
the pulse duration) can induce formation of pores in the lipid domains of 
the cell membrane [22,69,70]. However, such lipid pores are expected 
to close within tens to hundreds of nanoseconds, as predicted by MD 
simulations [71–73] and experiments on lipid vesicles [74]. The nano-
second lifetime of lipid pores makes them unlikely candidate for VGICs 
activation. Recent MD studies [23,75] suggested that pores can as well 
form in the voltage sensor domains of VGICs, when the latter are 
exposed to nsPEFs. Extensive MD simulations indicated that these pores, 
which become stabilized by both lipid and amino acid residues, are more 
stable than the “classic” lipid pores and could better explain the long- 

lived increase in membrane permeability following nsPEF observed 
experimentally [23]. It was also noted that ultimately, these defects are 
likely to cause the VGIC to become rather insensitive to transmembrane 
voltage changes, and unable to function. However, provided that only a 
small subset of VGICs becomes dysfunctional by nsPEF, the increase in 
membrane conductance resulting from these denatured channels could 
nevertheless enable activation of the unperturbed NaV channels and AP 
initiation. Furthermore, membrane proteins other than VGICs could 
become damaged and thereby contribute to the increased membrane 
conductance [76,77]. In addition, activation of other ion channels, such 
as transient receptor potential channels, sodium leak channels, or 
calcium-dependent potassium channels, could contribute to the 
increased membrane conductance and observed response of excitable 
cells following nsPEF exposure [78,79]. 

5. Conclusions 

In summary, our study suggests that formation of oxidized lipid le-
sions in the membrane, induced by nsPEF, could result in AP activation, 
due to local change in membrane electrical properties, particularly an 
increase in local membrane conductance. However, accumulation of 
oxidative lesions could increase the membrane conductance to an extent 
that alters cellular excitability and even inhibits AP generation. Further 
research, including patch-clamp measurements of the changes in 
membrane capacitance upon nsPEF exposure, structural studies on 
membrane protein perturbation, and studies probing the kinetics of 
lateral diffusion of oxidized lipids as well as their replacement by the cell 
(membrane repair mechanisms), can help decipher the underlying 
mechanism of AP triggering by nsPEFs. While we primarily focused our 
discussion on nsPEFs, we note that lipid oxidation generally takes place 
also with more conventional microsecond and millisecond electropora-
tion pulses. Therefore, we expect that lipid oxidation (as well as other 
molecular mechanisms leading to increased membrane conductance) 
can influence cellular excitability in a wide range of electroporation- 
based applications, including ablation of brain tumors and epileptic 
zones [80,81], ablation of arrhythmogenic cardiac tissue [82,83], and 
gene electrotransfer to skeletal muscles [84]. 
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help with Hodgkin-Huxley models and Damijan Miklavčič for useful 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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