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ABSTRACT 

Externally applied nanosecond-duration electric pulses (NEP) can affect cells by 

permeabilizing the plasma membrane, resulting in the formation of nanopores, as well as 

by porating membranes of intracellular organelles that can lead to Ca2+ release from 

internal stores. In this regard, we have previously reported that when excitable adrenal 

chromaffin cells are exposed to up to ten, 5-ns pulses applied at an electric field amplitude 

of 5-6 MV/m, the only response observed is Ca2+ influx through voltage-gated Ca2+ 

channels. The mechanism underlying voltage-gated Ca2+ channel activation is attributed to 

Na+ influx via nanopores. In contrast, there is no evidence of Ca2+ release from intracellular 

stores due to intracellular poration of Ca2+-storing organelles, such as the endoplasmic 

reticulum (ER).  

Using a combination of experimental and numerical modeling approaches, the goal of 

this study was to elucidate the basis for the lack of poration of intracellular Ca2+ stores in 

chromaffin cells exposed to a 5-ns, 5-6 MV/m pulse. Fluorescence imaging of intracellular 

Ca2+ levels together with whole-cell recordings obtained in patch clamped cells indicated 

that the E-field amplitude that was required to cause Ca2+ release from intracellular stores, 

which was identified as the ER, was twice the E-field amplitude required to cause plasma 

membrane permeabilization (8 MV/m versus 4 MV/m, respectively). A numerical model 

of a chromaffin cell was constructed to understand the requirement for the higher E-field 

amplitude to cause intracellular membrane poration. While initial modeling results agreed 

with the experimental findings with respect to the E-field threshold amplitude required to 
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electroporate the plasma membrane, they did not show that intracellular membrane 

poration required a higher E-field amplitude. Therefore, the model was refined by using 

realistic sizes and measured dielectric properties of secretory granules to confirm the 

source of intracellular Ca2+ released and understand the requirement for the high E-field 

amplitude to electroporate the membrane of intracellular organelles. Modeling results 

identified the ER as the primary target of the NEP, and highlighted the importance of 

knowing accurately the electrical properties of the different structures to understand the 

basis for intracellular membrane permeabilization.  

Establishing agreement between the experimental and modeling results is essential for 

understanding why high E-field thresholds for stimulating chromaffin cells by causing Ca2+ 

influx that triggers exocytosis and catecholamine release, and those for causing unwanted 

effects on intracellular structures differ by more than twofold in magnitude. Such 

knowledge is important for the potential use of NEPs as a novel stimulus for modulating 

neurosecretion. 
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CHAPTER 1. Introduction 

1.1. Nanosecond electric pulses (NEPs), a tool for intracellular 
manipulation 

The ability of biological cells to interact with external electric pulses of different 

amplitudes and durations has enabled the use of these pulses to manipulate cell functions 

in a number of ways. Millisecond and microsecond duration pulses with amplitudes smaller 

than 1 MV/m have been shown to affect mainly the plasma membrane by creating transient 

aqueous pores in the lipid bilayer, a phenomenon known as electroporation [1-4]. 

Formation of pores in the plasma membrane allows molecules such as drugs and genes to 

be delivered to the cell interior [5-7]. Shortening the pulse duration into the nanosecond 

range has gained a lot of interest recently because of the ability of these pulses to reach the 

cell interior, interact with membranes of intracellular organelles, modulate cell functions 

and induce a number of cellular processes such as apoptosis [8-13]. The amplitude of these 

nanosecond pulses can reach several tens of MV/m with current day pulsers. If the 

amplitude is not too high, conservation of cell viability is possible [14]. Using NEPs to 

manipulate cells in this manner has opened up a new field of research with the potential to 

use NEPs for therapeutic benefits such as cancer therapy [13,15]. 

Several theoretical and experimental approaches have been used to study the interaction 

of electric field (E-field) pulses with biological cells. A theoretical approach first predicted 

an interaction of NEPs with intracellular structures [10,11]. Early experiments conducted 

in biological cells exposed to NEPs validated this theory [9,16]. Later, more sophisticated 

models were developed to represent complex NEP-induced phenomena such as 
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electroporation, both at the cellular [17-20] and molecular levels [3,4,21,22]. These 

modeling approaches were confirmed by experiments that reported NEP effects on cells 

and intracellular organelles. In the next section, theoretical and experimental approaches 

relevant to the work described in this dissertation will be discussed.  

 

1.1.1. Theoretical approach 

To understand the effect of pulsed E-fields on biological cells, the cell is represented 

by an equivalent electrical circuit in which the cell membrane, consisting of an insulating 

lipid bilayer, and the cytoplasm, considered as a conductive medium, are each represented 

by a resistance R and capacitance C placed in parallel [10,11]. When a spherical cell is 

exposed to an external E-field, E, charge accumulates on both sides of the cell membrane, 

resulting in a transient rise in transmembrane potential (TMP) Vm given by [23,24]:  

Vm(t) = 1.5 rcell E cosθ[1 − e(−t τm� )]         (1) 

 
with   τm =  rcell Cm(ρi + ρe 2⁄ )      (2) 

 
where rcell is the cell radius, θ the angle between the normal to the cell membrane and the 

E-field direction, τm the time constant of the membrane, Cm the specific membrane 

capacitance, ρi and ρe the resistivities of the intracellular and extracellular media, 

respectively. The time constant τm is defined as the time required to charge the cell 

membrane and depends upon the electrical properties of the cell and of the medium 

surrounding it [25]. For example, for a mammalian cell with rcell = 10 µm, Cm = 1 µF/cm2, 

and ρi = ρe = 100 Ω.cm, the charging time is 150 ns. The TMP across an organelle 

membrane and the organelle membrane charging time can be calculated similarly [10]. 
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Depending on the pulse duration (τp), the E-field can interact with the cell in different 

ways. When long duration pulses are applied such that τm < τp, the membrane charges fully 

and the E-field is excluded from the cell interior because the resistive component of the 

membrane dominates (Fig. 1.1a). However, when the pulse duration is shortened to the 

nanosecond range such that τm > τp, the capacitive component of the membrane becomes 

dominant, thus allowing the E-field to penetrate into the cell and affect intracellular 

structures (Fig. 1.1b) [11,18,26].  

Because the TMP depends on the amplitude of the applied E-field, if E is increased 

such that Vm reaches a critical threshold voltage value of ~1 V, known as the threshold for 

reversible electrical breakdown (REB) [2,27,28], the membrane becomes extremely (5 

orders of magnitude more) conductive because of transient aqueous pores forming in the 

lipid bilayer, a phenomenon known as electroporation [3,4,21,22]. By controlling the 

amplitude and duration of the applied electric pulse, it is possible to selectively affect the 

plasma membrane or intracellular membranes or both. For example, if a NEP is applied 

such that the voltage across an organelle membrane reaches the critical voltage before the 

plasma membrane, pores form in the organelle membrane while the plasma membrane 

remains intact [26]. The ability of NEPs to affect intracellular membranes without affecting 

the plasma membrane and cell viability led the researchers to study experimentally the 

effect of these ultrashort pulses, as will be discussed in a later section.  
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(a)       (b) 

 
Fig. 1.1. Schematic diagram of the E-field distribution around and through the cell for 
different pulse durations. (a) For microsecond duration pulses the E-field is excluded 
from the cell interior. (b) For nanosecond duration pulses the E-field penetrates into the 
cell. 
 

1.1.2. Spatially distributed continuum models 

The theoretical approach provides a basic understanding of the interaction of E-fields 

with cell membranes and intracellular organelles, in the absence of electroporation (i.e. 

before the TMP reaches the critical voltage for electroporation). However, once 

electroporation occurs, more sophisticated numerical models are needed to predict the 

response of a cell to NEPs. Two spatially distributed continuum models were developed 

for this purpose [19,29]. These models can be coupled with nonlinear phenomena such as 

electroporation in which pore dynamics are defined by the Smoluchowski equation [2,30-

35], thus giving a more complete quantitative representation of the cellular responses to a 

NEP. The Smoluchowski equation is a partial differential equation that describes pore 

distribution as a function of time and radius of pores, the size of which are heavily 

dependent on the pulse duration.  
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The first model used to describe pore dynamics is based on the asymptotic model of 

electroporation developed by Neu and Krassowska (1999) [34]. This model uses a fixed 

pore radius (~1 nm) and assumes that pores do not expand and that pore creation dominates 

pore expansion for high intensity (MV/m) NEPs [20]. The second model is more 

sophisticated and takes into account pore expansion and contraction, thus giving a more 

complete picture of pore dynamics and wherein the pores are assumed to have a variable 

radius [36-38]. Models with dynamic pores are most useful for microsecond duration 

pulses, which can create pores that can expand significantly allowing large molecules to 

go through [38-40]. Because of the ultrashort (< 10 ns) duration of the pulses used in this 

study, the asymptotic model of electroporation was adopted, as will be discussed in detail 

in Chapter 2 of this dissertation.  

Simulations using microsecond duration pulses have shown that pores predominantly 

formed in the plasma membrane leaving the intracellular membranes unelectroporated 

[17,41]. However, when nanosecond duration pulses were used, the models predicted that 

membranes of intracellular organelles electroporated in addition to electroporation of the 

plasma membrane [17,41,42]. Due to the very short duration of the pulses used, spatially 

distributed models are useful for providing information about electroporation that is 

difficult to obtain experimentally, and are helpful in explaining and understanding the 

experimental observations.  

 

1.1.3. Molecular dynamics (MD) simulations 

MD is the only available computational method to date that provides a description of 

the effect of NEPs on the lipid bilayer at the atomistic and molecular level [3,21,22]. 
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Because of the intensive computations required in MD simulations, only a small 

nanometer-size 3D membrane patch surrounded by an aqueous solution is typically 

modeled. Hundreds of lipid molecules forming the phospholipid bilayer and thousands of 

water molecules are included in the MD model. Ions such as Na+, K+ and Cl– can also be 

added to the system.  

The formation of nanometer-diameter pores (nanopores) in the lipid bilayer by NEPs 

has been predicted by MD simulations. Upon application of the E-field, NEP-induced 

hydrophilic pores form in the lipid bilayer as evidenced by the penetration of water 

molecules into the membrane, forming a water chain across the bilayer [3,4,37]. MD 

simulations provide important pore information such as pore creation time, pore lifetime, 

pore radius, structure of the pore, transport and conductance properties of pores [37,43-

45], information that cannot be easily obtained experimentally. Information obtained from 

MD simulations can be used in continuum models to help understand the interaction of 

NEPs with the lipid membranes at the molecular level.  

 

1.1.4. Experimental approaches 

Studying experimentally the effect of NEPs on intracellular structures required the 

development of new pulse generators producing high intensity (> 1 MV/m) NEPs [46,47]. 

Initial studies indicated that NEPs mainly affected intracellular organelles, with little or no 

effects being detected on the plasma membrane [8,9,13]. In this regard, NEPs were shown 

to permeabilize intracellular granules in human eosinophils [9] and endocytotic vesicles in 

B16 F1 mouse melanoma cells [48]. Permeabilization was detected by entry of calcein 

from the cytosol into the granules [9] and release of lucifer yellow from the vesicles into 
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the cytosol [48]. Permeabilization of the nuclear membrane was evidenced by a decrease 

in fluorescence intensity of acridine orange in the nucleus of HL-60 cells in response to 

10- and 60- nanosecond duration electric pulses [49]. NEPs also affected mitochondrial 

membranes by causing a loss of mitochondrial membrane potential, caspase activation and 

cytochrome c release in Jurkat and HL-60 cells [50,51]. 

Furthermore, NEPs have been shown to porate membranes of intracellular Ca2+-storing 

organelles, specifically the endoplasmic reticulum (ER), leading to an increase in 

intracellular Ca2+ levels [52-56]. In some of these studies the ER was identified as the 

source of intracellular Ca2+ released since depletion of the ER of Ca2+ abolished the NEP-

induced Ca2+ rise [54]. Other effects such as activation of signaling pathways inside the 

cell leading to accumulation of inositol-1,4,5-trisphosphate (IP3) in the cytoplasm have also 

been reported [57,58].  

Later studies showed that the plasma membrane was also affected by NEPs as 

demonstrated by phosphatidylserine externalization using fluorescence microscopy 

[22,59]. The passage of normally non-permeant dyes such as propidium iodide and YO-

PRO-1 through the membrane to the cell interior [60] and the formation of nanopores in 

the lipid bilayer that allowed small ions to penetrate into cells [61,62,63-70] have also been 

used as indicators of plasma membrane permeabilization.  

A more sensitive technique, allowing better detection of NEP-induced plasma 

membrane permeabilization, is whole-cell patch-clamp electrophysiology. Studies using 

the patch clamp technique showed that 60- and 600-ns duration electrical pulses cause 

long-lasting nanopores in the plasma membrane of GH3, PC-12, Jurkat and CHO-K1 cells 

as determined from an increase in the inward current and plasma membrane ion 
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conductance [65,67]. The size of the nanopores was suggested to be less than 1 nm, 

agreeing with theoretical models that predict the formation of nanometer-sized pores by 

NEPs in the lipid bilayer [37,60].  

Another example of NEP-induced effects on the plasma membrane was reported in a 

study conducted in CHO cells using fluorescence imaging of Ca2+ [54]. The authors 

showed that a single 60-ns electric pulse causes nanopore formation in the plasma 

membrane as evidenced by Ca2+ influx into cells, as well as in the membranes of 

intracellular organelles as evidenced by Ca2+ release from intracellular stores [54]. These 

experiments agreed with continuum models that predicted the formation of nanopores in 

the plasma membrane as well as in the membranes of intracellular organelles.  

Experimentally observed NEP-induced effects have been reported in studies conducted 

mainly on non-excitable cells such as Jurkat T-lymphocytes [52,53], CHO cells [54,55] 

and HL-60 cells [56,57]. However, a few studies were conducted to understand how NEPs 

affect excitable cells such as cardiac myocytes [71], neurons [58,72], GH3 cells [69,70] and 

chromaffin cells [73,74]. For example, Roth et al. (2013) showed that the plasma 

membrane of neural cells was permeabilized by a single 95- to 600-ns (0.84-16.2 KV/cm) 

pulse, and that the nanopores that formed were permeable to Ca2+. Another study conducted 

by Wang et al. (2009) showed that multiple 4-ns (10-80 KV/cm) pulses caused Ca2+-

permeable pores to form in the plasma membrane of cardiomyocytes, and mobilized Ca2+ 

from intracellular stores by inducing action potentials.  

Our research group at the University of Nevada Reno is among the few worldwide 

involved in studying NEP-induced effects on neural-type cells, investigating the 

mechanism by which ultrashort (< 10 ns) high intensity (> 1 MV/m) electric pulses interact 



9 
 

with the plasma membrane as well as with the membranes of intracellular organelles in 

excitable adrenal chromaffin cells.  

 

1.2. NEPs, a potential novel stimulus for neuromodulation 

Current electrical stimulation techniques use microsecond duration electric impulses 

for therapeutic purposes in a number of applications such as stimulation of muscle 

contraction [75], modulation of hormone secretion [76,77] and alteration of neuronal 

activity to treat neurological disorders [78,79]. Shortening the duration of the electric 

pulses from the currently used microsecond range to the nanosecond range could benefit 

currently used electric stimulation approaches for neurostimulation. In this regard, we have 

strong experimental evidence that high intensity (> 1 MV/m), 5-ns duration electric pulses 

can alter neural cell excitability by a novel mechanism without causing adverse effects on 

the cells [74,80]. In particular, our focus has been to understand the mechanism of 

interaction of 5-ns electric pulses with adrenal chromaffin cells that leads to alterations in 

cell excitability, causing the exocytotic release of catecholamines.   

 

1.2.1 Excitable adrenal chromaffin cells, a model of neurosecretion 

Chromaffin cells are a well-characterized in vitro model of neural-type/neurosecretory 

cells that have been extensively used to investigate the mechanisms underlying exocytosis. 

They are derived from the neural crest, reside in the medulla of adrenal glands and share 

many similarities to sympathetic neurons such as the synthesis, storage and release of the 

catecholamines epinephrine and norepinephrine, the latter using the same mechanisms 
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involved in synaptic transmission as neurons, i.e. exocytosis triggered by influx of Ca2+ 

through voltage-gated Ca2+ channels (VGCC) [81]. Compared to neurons, chromaffin cells 

are easy to isolate and maintain in suspension culture that preserves their round 

morphology. As will become evident in the following chapters, this simple spherical cell 

morphology was crucial for facilitating interpretation and analysis of experimental and cell 

modeling results. Below is a brief description of the basic function of these cells in vivo.  

 

1.2.2 Chromaffin cell function 

In vivo, the role of chromaffin cells is to release the catecholamines epinephrine and 

norepinephrine into the blood stream in response to stimulation of the sympathetic nervous 

system (fight-or-flight response). Each chromaffin cell is innervated by the splanchnic 

nerve that releases the neurotransmitter acetylcholine. When acetylcholine binds to 

nicotinic receptors, which are ligand-gated Na+ channels present in the plasma membrane 

of chromaffin cells, it causes Na+ influx and plasma membrane depolarization. When the 

cell is depolarized, VGCCs are activated allowing extracellular Ca2+ to enter the cell. The 

local rise in intracellular Ca2+ concentrations promotes granule fusion with the plasma 

membrane, exocytosis and release of catecholamines (Fig. 1.2) [82]. In addition, elevated 

intracellular Ca2+ triggers Ca2+-induced Ca2+ release (CICR) from the ER through the 

ryanodine receptors (RyR). Intracellular Ca2+ levels are regulated by the function of several 

intracellular Ca2+-storing organelles such as the ER, mitochondria and secretory granules. 

These organelles are present in close proximity to each other beneath the plasma membrane 

and contribute to regulating the exocytotic process [81-83].  
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Acetylcholine also binds to muscarinic receptors, which are G-coupled protein 

receptors present in the plasma membrane of chromaffin cells. When these receptors are 

activated, they in turn activate the membrane-associated enzyme phospholipase C (PLC). 

PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) 

and IP3. IP3 diffuses through the cytosol to the ER, binds to the IP3-receptors (IP3R) in the 

ER membrane and causes Ca2+ to be released from the ER [84,85]. If Ca2+ is released next 

to the exocytotic site, it can increase the release of catecholamines. However, this 

exocytotic stimulus is minimal compared with that evoked by Ca2+ influx. 

 

  
 

Fig. 1.2. Physiological stimuli for neurosecretion. Binding of Ach to the nicotinic 
receptors causes Na+ influx into the cell, activation of VGCCs and Ca2+ influx. Ca2+ entry 
causes CICR through the RyR in the ER. Binding of Ach to the muscarinic receptors 
causes activation of the PLC/IP3 pathway inside the cell and Ca2+ release from the ER 
through the IP3R. The increase in intracellular Ca2+ levels triggers granule fusion and 
exocytosis.  
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To terminate the Ca2+ signal, the excess intracellular Ca2+ is taken up rapidly by 

intracellular Ca2+ stores such as the mitochondria (through the mitochondrial Ca2+ 

uniporter) and the ER (via the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump). 

Ca2+ can also be removed to the outside of the cell via the activity of the plasma membrane 

Ca2+-ATPase (PMCA) pump and the Na+/Ca2+ exchange system. Once intracellular Ca2+ 

levels return to their basal concentration, the cell is ready for the next stimulus [82].  

The ER, which is the most common Ca2+ source in chromaffin cells, contains ~3 mM 

Ca2+, most of it is bound to low-affinity high-capacity Ca2+-binding proteins present in the 

lumen of the ER [86,87]. Secretory granules have been postulated to be another Ca2+ 

source. Secretory granules occupy ~30% of the volume of the cytosol (20,000-30,000 

granules/cell) [88] and contain the highest Ca2+ concentrations (~40 mM) which constitute 

more than 60% of the total Ca2+ content [89]. However, 99.9% of the granular Ca2+ is 

strongly bound to chromogranins A and B, which are high-capacity, low-affinity Ca2+ 

binding proteins, and only 0.1% of the intragranular Ca2+ is free (20-100 µM) [89]. 

Mitochondria also constitute an important source of Ca2+ in chromaffin cells [83]. These 

three Ca2+-storing organelles represent potential targets of NEPs in chromaffin cells, as 

will be discussed in detail in the following chapters. 

 

1.2.3 Responses of chromaffin cells to 5-ns pulses 

As stated previously, our focus is to elucidate the basis for the mechanism by which 

NEPs alter chromaffin cell excitability. We have shown that exposing adrenal chromaffin 

cells to a single 5-ns, 5-6 MV/m pulse causes VGCC activation, Ca2+ influx, an increase in 

intracellular Ca2+ concentrations and the exocytotic release of catecholamines [73,74,90]. 
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Fluorescence imaging of intracellular Ca2+ has shown that Ca2+ influx relies on Na+ influx 

[74], and a recent study conducted by our group showed that a single 5-ns, 6 MV/m pulse 

permeabilizes the plasma membrane by causing NEP-induced inward currents that are 

carried mainly by Na+ [91]. Important to note is that NEP-induced catecholamine release 

shares similarities to the normal physiological stimulus that evokes catecholamine release 

in vivo. Briefly, when acetylcholine binds to nicotinic receptors, it causes Na+ influx, 

plasma membrane depolarization, activation of VGCCs, Ca2+ influx, an increase in 

intracellular Ca2+ levels and the exocytotic release of catecholamines (Fig. 1.3a). However, 

the pathway by which an NEP causes Na+ to enter the cell is thought to be through ion-

conducting nanopores formed in the plasma membrane and not through protein ion 

channels, as previously reported [74]. Thus, we hypothesize that a single 5-ns pulse 

reversibly depolarizes the plasma membrane by causing Na+-conducting nanopores in the 

lipid bilayer. The ability of a NEP to mimic the action of a physiological stimulus to evoke 

exocytosis (Fig. 1.3b) points to the potential use of NEPs as an alternate way for 

modulating neurostimulation.  

 

1.2.4 Questions to be addressed 

While we have shown that a single 5-ns, 5-6 MV/m electric pulse is capable of 

stimulating chromaffin cells and causing Ca2+ influx through VGCCs, exposing chromaffin 

cells to up to ten, 5-ns, 5-6 MV/m pulses does not cause release of Ca2+ from intracellular 

stores [90,92]. The lack of intracellular Ca2+ release in chromaffin cells using 5-ns electric 

pulses was surprising since one might expect that the ultrashort duration of these pulses 

would allow interaction of the NEPs with intracellular organelles. Therefore, the focus of 
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this dissertation was to address the issue of the lack of poration of membranes of 

intracellular Ca2+ stores in chromaffin cells. 

 

  
(a)       (b) 
 

Fig. 1.3. Stimuli for evoking catecholamine release from chromaffin cells. (a) 
Catecholamine release in vivo. (b) Catecholamine release evoked by a NEP. Binding of 
acetylcholine (Ach) to the nicotinic receptor or the interaction of a NEP with the plasma 
membrane cause Na+ influx into the cell (arrow 1), either through Na+ channels or 
through nanopores, respectively. Na+ influx causes plasma membrane depolarization, 
activation of VGCCs (arrow 2), Ca2+ influx, rise in intracellular Ca2+ levels and 
subsequent release of the catecholamines epinephrine (EPI) and norepinephrine (NE) 
(arrow 3). 
 

Studies in CHO cells using 10-, 60- and 300-ns duration electric pulses reported that 

these NEPs caused nanopores to form in the membrane of the ER causing Ca2+ release that 

increased with the amplitude of the applied E-field. The authors also showed that short 

pulse durations (i.e. 10 ns) evoked higher intracellular responses compared to the long 

pulse durations (i.e. 60 and 300 ns) [54,55]. Based on these findings, it may be that the 

amplitude of the applied E-field (i.e. 5-6 MV/m) was too small to cause permeabilization 

of intracellular membranes in chromaffin cells and release of Ca2+ from internal stores. 
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This possibility was therefore thoroughly investigated in this dissertation, and depending 

on the outcome, the goal was to understand the basis for the findings. 

 

1.3. Dissertation outline 

Using a combination of experimental and numerical modeling approaches, the 

objective of this investigation was to understand why intracellular Ca2+-storing organelles 

in chromaffin cells do not appear to be the target of 5-ns electric pulses. 

The first approach employs fluorescence imaging experiments and patch clamp 

electrophysiology* to:  

1. Determine whether Ca2+ release from intracellular Ca2+ stores occurs when 

chromaffin cells are exposed to E-field amplitudes higher than 6 MV/m. 

2. Determine the E-field threshold amplitudes required to cause Ca2+ release from 

internal stores and those required to cause plasma membrane permeabilization.  

Knowledge of these E-field thresholds is important for verifying that NEPs can excite 

chromaffin cells and cause Ca2+ influx that triggers exocytosis and catecholamine 

release without causing additional, unwanted effects on intracellular structures, such as 

poration of intracellular organelles. 

3. Determine, in the case where intracellular Ca2+ release occurs, the source(s) of 

intracellular Ca2+ released.  

 
 
 
 
 

* Patch clamp experiments were performed by Dr. Lisha Yang, Department of Pharmacology, University 
of Nevada Reno. 
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The second approach employs a 2D numerical model of a chromaffin cell exposed to a 

single NEP that was constructed based on the meshed transport network method (MTNM) 

developed by Smith and Weaver (2008) [40]. The model was refined based on the 

experimental findings and on actual dielectric properties measured in chromaffin cells. The 

aims of the model were to:  

1. Identify the source(s) of intracellular Ca2+ release and validate it against the 

experimental findings.  

2. Understand the basis for intracellular membrane permeabilization. 

Refining the model based on the experimental observations to obtain the best agreement 

between the experimental and modeling results is one of the major goals of this study.  

In summary, the dissertation is structured as follows: 

Chapter 2 describes the detailed implementation of the 2D cell model with its validation 

against the cell model found in [93]. Chapter 3 uses a combination of experimental and 

numerical modeling approaches to determine the E-field threshold amplitudes required to 

cause electroporation of intracellular membranes and those required to cause 

electroporation of the plasma membrane. Chapter 4 describes the pharmacological 

approaches used to identify the source(s) of intracellular Ca2+ released in chromaffin cells 

by a 5-ns pulse and the refinements made to the numerical model to validate the source of 

intracellular Ca2+ and understand the requirement of high E-fields needed to electroporate 

intracellular membranes. Chapter 5 concludes this dissertation with a discussion of how 

this work might be extended in the future. 
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Chapters 3 and 4 of this dissertation as well as the measurements of chromaffin cell 

properties (discussed in Chapter 2) constitute the subject of three separate papers to be 

submitted to peer-reviewed journals following dissertation submission.  
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CHAPTER 2. Implementation and Validation of a 2D 
Numerical Model of a Cell Exposed to a NEP 

2.1. Introduction  

This chapter describes the implementation and validation of a 2D numerical cell model 

that was used to predict and understand the electrical response of a cell exposed to a single 

NEP. As stated in the Introduction, the model was based on the meshed transport network 

method (MTNM) developed by Smith and Weaver (2008) [40] and the asymptotic model 

of electroporation developed by Neu and Krassowsksa [34]. A brief description of both 

models is presented. 

The Matlab code that was used to construct the model, compute all geometrical 

parameters as well as all circuit components, create netlists containing all node elements 

and connections in the circuits, and analyze the results was written by the author of this 

dissertation and represents an important part of this dissertation project. The 2D cell model 

was simulated using the circuit simulation software package LT SPICE IV (Linear 

Technology, Milpitas, CA, USA).  

Validation of the model was essential to verify that the results obtained from the 

simulations agreed closely with the results published by Smith (2006) [93]. The model was 

validated by creating a geometry similar to the one described by Smith (2006) but with one 

intracellular organelle whereas two organelles were present in Smith’s model, and by 

employing the same electrical (i.e. dielectric properties and pulse) and electroporation 

parameters used by Smith (2006) [93].  
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Since the accuracy of the dielectric properties of a cell and its organelles are critical in 

determining the accuracy of the numerical model and hence its correlation with 

experimental results, the chapter concludes with a thorough literature review of the 

dielectric properties of cells and organelles as determined in different cell types.  

 

2.2. Methods  

2.2.1 Cell system geometry 

A 2D geometrical model of a cell was constructed in Matlab (2015a, Mathworks). The 

cell system geometry (Fig. 2.1a) consisted of a circle of radius rcell = 8 µm, representative 

of a chromaffin cell [88], centered inside a bounding box (i.e. system boundary) of 

dimensions 100 µm x 100 µm. The system depth d was calculated by d = (4/3)rcell = 10.67 

µm, assuming that the cylindrical cell has the same volume as a spherical cell of the same 

radius [39].  

A large structure representing a nucleus of radius rnucl = 3 µm [93] was placed offset 

inside the cell (Fig. 2.1b). The cell and nucleus had single membranes of thickness dm = 5 

nm [93]. The cell plasma membrane was assigned a resting potential of Vrest = –86 mV 

[93], and no resting potential was assigned to the nuclear membrane.  

The E-field was applied by means of idealized planar electrodes placed at x = –50 µm 

(anode) and x = 50 µm (cathode). The E-field applied was calculated by dividing the 

voltage applied between the electrodes by the distance between the electrodes. The 

schematic in Fig. 2.2 shows the anodic and cathodic poles of a cell, i.e., the regions where 

the E-field is perpendicular to the cell membrane (cos θ = 1) and thus where the E-field 

amplitude is the highest.  
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(a) 

 
(b) 

 
Fig. 2.1. Cell system geometry. (a) The cell was centered in a 100 µm x 100 µm region. 
(b) A large structure representing the nucleus was placed inside the cell at (–2 µm, 2 µm).  
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Fig. 2.2. Schematic showing the anodic and cathodic poles on the cell membrane. θ is the 
angle between the normal to the membrane and the direction of the E-field. Vrest 
represents the cell resting potential.  
 

2.2.2 Cell system mesh and Voronoi cells (VC) 

After constructing the geometry, a triangular mesh (Figs. 2.3a and 2.3b) was generated 

for the cell system using the mesh generation algorithm developed by Persson and Strang 

[94]. During mesh generation, nodes were fixed along the membranes. The triangular 

elements in the mesh varied in size, starting from a fine mesh in and around the membranes 

and increasing in size as the system boundary was approached. The cell and nuclear 

membranes had 51 and 19 membrane node pairs, respectively.  
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Each node in the triangular mesh was associated with a VC (Figs. 2.4a and 2.4b), which 

by definition encloses the region closer to that node than to any other node [95]. More 

specifically, the VCs represent the small volumes into which the entire domain is 

discretized (i.e., divided). The physical space was represented by the VCs and the 

computational space was represented by the circuit nodes that approximate the behavior of 

each VC with which they are associated (Fig. 2.5a).  

The cell system was represented by equivalent electrical circuits (i.e. resistors R and 

capacitors C) placed between each pair of adjacent nodes and included subcircuits 

representing the electrolytes, membranes and pore densities, as described in detail in [93]. 

R and C values were computed based on the electrical properties (i.e. conductivity and 

permittivity) assigned to each region and on the geometrical parameters obtained from the 

mesh (i.e. distance between nodes and length of VC edges).  

Matlab was used to compute all geometrical parameters and circuit components, and 

create netlists containing all node elements and connections in the circuits. Netlists were 

then imported into a circuit simulation software package LT SPICE IV (Linear 

Technology, Milpitas, CA, USA) where the 2D cell model was simulated. The generated 

data (i.e. node voltages and currents) were exported back into Matlab for plotting and 

analysis of the results. The electrical parameters used in the simulations were taken from 

[93] and are defined in Table 2.1.  
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(a) 

 

 
(b) 

 
Fig. 2.3. Cell system mesh. The cell system mesh is shown at two scales (a,b). The mesh 
has 816 nodes, 1626 triangles and 2441 edges, and a 1 µm membrane node spacing. 
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(a) 

 

 
(b) 

 
Fig. 2.4. Cell system Voronoi cells. The cell system Voronoi cells is shown at two scales 
(a,b).  
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(a)      (b) 

 
Fig. 2.5. Schematic representing the relationship between the triangular mesh and 
associated VCs. (a) The system is discretized into VCs, each associated with a node. 
Shown are the nodes (blue) connected by triangulation (red) and the VCs with which they 
are associated (black). The VC interface bisects the triangle edge at a right angle. (b) 
Circuit representation of the electrical transport between adjacent VCs.  
 

Table 2.1: Electrical parameters used in the 2D cell model [93]. 

Conductivity (S.m-1)  
Extracellular medium 1.2 
Plasma membrane 9.5 x 10-9 
Nuclear envelope 9.5 x 10-9  
Cytoplasm 1.2  
Nucleoplasm 1.2 
  
Relative permittivity  
Extracellular medium 80 
Plasma membrane 5 
Nuclear envelope  5 
Cytoplasm  80 
Nucleoplasm  80 

 

  



26 
 

2.2.3 Meshed transport network method (MTNM) 

The MTNM is a method that defines transport between adjacent volumes (represented 

here by the VCs) in terms of constitutive relations represented by equivalent circuit 

networks. Transport can be electrical, diffusive, thermal, etc. More complex nonlinear 

phenomena such as electroporation can also be modeled with the MTNM. In this 

dissertation, only electrical transport and electroporation are modeled using this method.  

Electrical transport is represented by the constitutive relations that describe the total 

electrical current I that flows between adjacent VCs in terms of the electric potential V of 

the VCs [93]:   

I = −∆V
R
− C d

dt
(∆V)      (1) 

where ΔV is the potential difference between nodes, R and C are the resistors and 

capacitors placed between each pair of adjacent nodes (Fig. 2.5b). R and C are calculated 

based on the electrical properties assigned to each region and on the mesh geometry, from: 

R =  1
σ

l
wd

        (2) 

C =  ε wd
l

        (3) 

 
where σ and ε are the conductivity and permittivity assigned to each region, respectively, 

w the width of the VC interface between nodes, l the distance between nodes and d the 

system depth. Because two spatial variables (i.e., l and w) were varied in the constitutive 

relations with the depth of the system (d) being fixed, the model was considered a 2D 

model. 
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To include electroporation, each electrical circuit representing the membrane is 

associated with a pore density subcircuit that is used to compute the local pore density, 

transmembrane potential (TMP) and electroporation current through pores, as described 

below. 

 

2.2.4 Asymptotic model of electroporation 

The electrical response of the cell exposed to the NEP was modeled using the 

asymptotic model of electroporation [34] that describes the nonlinear changes in membrane 

conductance due to electroporation. This model assumes that pores do not expand for time 

durations in the nanosecond range and high amplitude electric pulses [20]. Hence, the pore 

radius is fixed at a value of 0.8 nm [93] throughout the simulations.  

Pore dynamics are defined in the simplified form of the Smoluchowski equation, which 

is an ordinary differential equation given by [93]:  

dN(t)
dt

= αe
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (4) 

 
where N is the local pore density, α the pore creation rate coefficient, Vm the 

transmembrane potential, Vep the characteristic voltage of electroporation, N0 the 

equilibrium pore density in the nonelectroporated membrane, and q an electroporation 

coefficient.  

Modeling the membranes required the incorporation of the nonlinear changes in 

membrane conductance due to electroporation. In addition to the passive RC circuit that 

exists between each pair of nodes that span the membrane, a current source ip representing 



28 
 

the current through pores was added to the membrane model (Fig. 2.6a). The current 

through pores in a small area Am of the membrane was calculated from the conductance 

per pore Gm, the pore density N, and the TMP Vm by: 

ip(t) = Gp(Vm)N(t)AmVm(t)     (5) 

 
The TMP was determined by the voltage difference across the membrane, and the 

conductance per pore, representing the increase in membrane conductivity due to 

electroporation, was calculated from:  

Gp(Vm) = σp
πrm2

dm
 eνm−1
ω0eω0−ηνm−ηνm

ω0−ηνm
 eνm−ω0e

ω0+ηνm+ηνm
ω0+ηνm

  (6) 

 
where σp is the pore conductivity, rm the fixed pore radius, dm the membrane thickness, ω0 

the energy barrier inside a pore, η the relative entrance length of a pore, and νm the 

dimensionless TMP given by: 

νm = Vmqe
kT

        (7) 

 
qe = 1.6 x 10-19 C is the charge of an electron, k = 1.38 x 10-23 J/K the Boltzmann constant, 

and T the absolute temperature.  

The pore density N was calculated by solving equation (4) using the subcircuit shown 

in Fig. 2.6b. In this subcircuit, the voltage N(t) across the capacitor CN is given by:  

dN(t)
dt

= iN(t)
CN

        (8) 

 
where CN = 1/α and iN(t), representing the current flowing into the capacitor, is given by:  
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iN(t) = e
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (9) 

 
When the sum of the currents flowing into the node is positive, a positive current flows 

into the capacitor, the capacitor charges and the voltage N(t) at the node increases, thus 

creating pores. Otherwise, when the sum of the currents flowing into the node is negative, 

a negative current flows into the capacitor, the capacitor discharges and the voltage N(t) at 

the node decreases, thus destroying pores [93]. The electroporation parameters used in 

equations (4)-(9) were taken from [93,96] and are defined in Table 2.2. 

 

    
(a)       (b) 

 
Fig. 2.6. Equivalent electrical circuit for the membrane. (a) Resistors Rm and capacitors 
Cm were placed between each pair of nodes spanning the membrane, in addition to the 
current ip through pores. (b) The pore density subcircuit associated with each membrane 
circuit was used to solve the pore dynamics equation (4).  
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Table 2.2: Electroporation parameters used in the 2D cell model [93,96]. 

Parameter Value 
Pore creation rate coefficient (α) 1 x 109 m-2 s-1 
Characteristic voltage of electroporation (Vep) 0.258 V 
Electroporation coefficient (q) 2.46 
Equilibrium pore density (N0) 1.5 x 109 m-2 
Pore radius (rm) 0.8 nm 
Pore energy barrier (ω0) 2.65 kT 
Conductivity of aqueous solution in pores (σp) 1.2 S.m-1 
Pore relative entrance length (η) 0.15 
Absolute temperature (T) 300 K 

  

2.3. Results 

Presented below are the simulation results for a cell exposed to a single 10-ns, 10 

MV/m trapezoidal pulse with 1.5 ns rise- and fall-times. The same pulse was used in [93] 

and the results obtained from our simulations were compared to the ones reported by Smith 

(2006) [93]. All types of cell responses (i.e. spatial, angular and temporal) presented by 

Smith (2006) [93] were plotted in this chapter to validate the accuracy of the modeling 

results, and give a complete explanation of the cell response to the applied E-field.  

 

2.3.1 Spatial response 

When the pulse is applied, the cell membrane begins to charge (Fig. 2.7; 1.5 ns). 

Because of the high frequency content of the pulse during the pulse rise-time, the capacitive 

component of the membrane dominates. The TMP on the cell and nuclear membranes 

rapidly increases, starting from the polar regions, where it is the highest, and decreases as 

it approaches the equatorial regions. Pores form when the TMP reaches a critical value of 

~1V, corresponding to the threshold for reversible electrical breakdown (REB) 
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[2,27,28,30]. The TMP and pore density keep increasing away from the poles during the 

remainder of the pulse, electroporating increasing regions in the cell and nuclear 

membranes (Fig. 2.7; 3.6 ns) until the end of the pulse plateau (Fig. 2.7; 8.5 ns) where all 

pores have formed in large regions of both membranes. During the pulse fall-time, the TMP 

decreases and all the membranes rapidly discharge following pulse application (Fig. 2.7; 1 

µs). The pore density decreases exponentially with a time constant τ of 1.5 s (τ = N0/α [93]) 

corresponding to the pore lifetime, and the cell resting potential (Vrest = –86 mV) is 

reestablished after 30 s, once all the pores in the plasma membrane have closed (Fig. 2.7; 

30 s). These results are in agreement with those reported by Smith (2006) [93]. 

 

 
 
 
 
 
 
 
 

1.5 ns 
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3.6 ns 

 
  
 
 
 
 
 
 
 
 

8.5 ns 
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1 µs 

 
  
 
 
 
 
 
 
 
 

30 s 

 
 
Fig. 2.7. Spatial distribution of the electric potential and pore density at different time 
points during (1.5, 3.6 and 8.5 ns) and after (1 µs, 30 s) pulse application. The white 
regions represent a pore density greater than 1014 m-2, representing regions with 
significant electroporation [93]. The color bar represents the electric potential in Volts 
(V).  
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2.3.2 Angular response 

Fig. 2.8 shows the angular response of the TMP (Figs. 2.8a and 2.8c) and the 

corresponding pore density N (Fig. 2.8b and 2.8d) at different time points during and after 

pulse application. In this section, the polar angle θ was designated to each membrane such 

that the anodic side of the membrane corresponded to θ = 0. In this way, the anodic and 

cathodic poles of the membranes corresponded to θ = 90° and θ = 270°, respectively. 

During the pulse, the TMP has a cosine shape initially (Fig. 2.8a; 0.75 ns). However, 

as the pulse evolves and the TMP reaches and exceeds ~1 V, pores start to form in the polar 

regions of the cell, starting from the anodic pole (θ = 90°) at 1.4 ns and slightly later (1.5 

ns) at the cathodic pole (θ = 270°) (Fig. 2.8b). The slight asymmetry that exists between 

the anodic and cathodic poles is due to the cell resting potential (Vrest = –86 mV). Briefly, 

when the pulse is applied, the TMP on the membrane increases. Since Vrest ≠ 0 mV, it 

superimposes onto the TMP causing a slightly higher TMP at the anodic pole of the cell 

(where Vrest and the E-field have the same direction) compared to that on the cathodic pole 

(where Vrest and the E-field have opposite directions) (see Fig. 2.2).  

Pore formation causes the conductance of the membrane to increase. Such an increase 

in membrane conductance reduces the voltage drop across the membrane, decreasing the 

TMP to ~1V. The TMP diverges from the cosine shape and the dips observed in the peaks 

represent the areas in the membrane that have been electroporated (Fig. 2.8a). Towards the 

end of the pulse, a large region of the membrane is electroporated. Following pulse 

application, the membrane discharges and the TMP reaches 0 V by 1 µs. The cell resting 

potential is reestablished after 30 s (Fig. 2.8c), after all the pores have closed (Fig. 2.8d). 

These results are in agreement with those reported by Smith (2006) [93]. 
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(c) 

 

 
(d) 

 
Fig. 2.8. Angular response of the TMP and pore density on the plasma membrane during 
and after pulse application. (a) and (b) TMP and pore density during the pulse. (c) and (d) 
TMP and pore density after the pulse. 
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The same angular behavior is observed in the nuclear membrane. Briefly, during the 

pulse, initially the TMP has a cosine shape, increasing in amplitude up to 1.5 ns (Fig. 2.9a). 

As the pulse evolves, when the E-field inside the cell becomes high enough, the TMP on 

the nuclear membrane reaches ~1 V and pores start to form in the polar regions of the 

nuclear membrane (Fig. 2.9b). The TMP deviates from the cosine shape and the dips 

observed in the peaks represent the areas that have been electroporated. When the pulse 

ends, the TMP goes back to 0 V within 1 µs and pores close with a time constant of 1.5 s. 

These results are in agreement with those reported by Smith (2006) [93]. 

 

2.3.3 Temporal response 

The temporal response of the TMP at the anodic and cathodic poles of the cell and 

nuclear membranes is shown in Fig. 2.10. During the pulse, the TMP increases on both 

membranes. The anodic pole of the cell membrane electroporates first (1.4 ns) followed by 

the cathodic pole of the cell (1.5 ns) followed by the poles of the nuclear membrane (2.7 

ns). The anodic and cathodic poles of the plasma membrane reach a maximum TMP of 

1.673 and 1.670 V, respectively, while the anodic and cathodic poles of the nuclear 

membrane reach a maximum TMP of 1.665 V. Pore formation in both membranes causes 

the conductance of the membranes to increase dramatically, and limits the TMP from 

increasing further, driving it down toward ~1 V. After the pulse, all the membranes 

discharge and the TMPs reach 0 V by 1 µs. The cell resting potential (Vrest = –86 mV) is 

reestablished after 30 s (Fig. 2.11a), after all the pores in the plasma membrane have closed 

(Fig. 2.11b). These results are in agreement with those reported by Smith (2006) [93]. 
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(a) 

 
(b) 

 
Fig. 2.9. Angular response of the TMP and pore density on the nuclear membrane during 
and after pulse application. (a) TMP during and after the pulse. (b) Pore density during and 
after the pulse.  
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Fig. 2.10. Temporal response of the TMP at the poles of the plasma and nuclear membranes 
(PM and NM, respectively). 
 

2.4. Review of the electrical properties of cells  

Accurate knowledge of the dielectric properties of the constituents of a specific type of 

cell is critical for correlating the numerical modeling and experimental results. An 

extensive literature search was conducted in order to determine what data existed for 

dielectric properties of cells and organelles and how the parameters differ between cell 

types. The results of the literature survey are summarized in Tables 2.3, 2.4 and 2.5.  
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(a) 

 
(b) 

 
Fig. 2.11. Temporal response of the TMP and pore density at the anodic pole of the cell 
membrane following pulse application. (a) TMP at the anodic pole. (b) Pore density at the 
anodic pole. Similar behavior was also observed at the cathodic pole of the membrane. 
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In this dissertation, a 2D cell model of an adrenal chromaffin cell is constructed in the 

following chapters. To our knowledge, there have been no measurements performed on the 

dielectric properties of these cells. Therefore, a collaboration with Prof. Michael Stacey 

(Frank Reidy Research Center for Bioelectrics, Old Dominion University, Norfolk, VA, 

USA) and Dr. Ahmet Can Sabuncu (Department of Mechanical Engineering, Southern 

Methodist University, Dallas, TX, USA) was formed to measure the dielectric properties 

of chromaffin cells (manuscript in preparation). The technique adopted to determine these 

properties is “microfluidic impedance spectroscopy” in which a microfluidic device 

containing a cell suspension is used to perform dielectric spectroscopy measurements [97]. 

Details of the method as well as the fabrication of the microfluidic chamber used to perform 

the measurements can be found in [97]. Briefly, the impedance spectrum (recorded for 

frequencies ranging from 1 kHz to 20 MHz) of a chromaffin cell suspension is measured 

using a microfluidic chamber connected to a precision impedance analyzer via a BNC port. 

Cell complex permittivity is derived from impedance data by: 1) fitting the cell dielectric 

spectrum into a Maxwell-Wagner mixture model, 2) obtaining the Clausius-Mossotti 

factor, which is a function of the cell complex permittivity, and 3) calculating the cell 

complex permittivity using this factor and a double shell model. Details of these steps can 

be found in [97].  

Extraction of the dielectric properties of subcellular structures requires the use of a 

vesicular cell model, originally used by Raicu et al. (1998) for modeling hepatocytes [98]. 

This model is chosen for chromaffin cells because of the large number of secretory granules 

that are present in their cytoplasm [88]. Using a combination of the measured impedance 

data and the vesicular cell model, some dielectric properties proper to chromaffin cells such 
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as the cytoplasm conductivity, secretory granule membrane permittivity and interior 

conductivity are extracted using a fitting algorithm that minimizes the residuals between 

the model and experimental data [97]. These measured parameters are found in Table 2.6. 

 

Table 2.3: Summary of the electrical properties of cells [97,99-104]. 

Cell type σcyto  
(S m-1)a 

Cmemb  
(mF m-2)b 

εmembc σmemb x 10-6 
(S m-1)d 

Red blood cell 0.52 ± 0.051 9 ± 0.8   
T-lymphocyte 0.65 ± 0.15 10.5 ± 3.1   
B-lymphocyte 0.73 ± 0.18 12.6 ± 3.5   
Monocyte 0.56 ± 0.10 15.3 ± 4.3   
Granulocyte 0.60 ± 0.13 11 ± 3.2   
K562 0.30 ± 0.02 9.7 ± 0.9   
MDA-231 0.62 ± 0.073 25.9 ± 3.7   
MCF-7 0.23 ± 0.01 12.4 ± 1.8   
MCF-7TaxR 0.14 ± 0.40 20.6 ± 1.1   
MCF-7DoxR 0.40 ± 0.02 12.4 ± 0.9   
MCF-7MDR1 0.27 ± 0.31 12.6 ± 0.7   
H357 0.31 ± 0.02 18.9 ± 2.5   
UP 0.45 ± 0.05 11.4 ± 0.6   
786-O 0.47 ± 0.09 36.7 ± 10.0   
T2 0.55 ± 0.14 45.3 ± 15.1   
L5178Y 1.1 ± 0.02 9.8 ± 0.2 8.82 ± 0.19 0.08   
Jurkat 0.32 ± 0.002 12.2 ± 1.1   
     
B-cells      
B-normal 1.31 ± 0.08  12.8 ± 1.6 56 ± 29 
Magala 0.55 ± 0.2  11.4 ± 2.4 8.8 ± 0.7 
Raji 0.58 ± 0.02  8.8 ± 1.1 8.2 ± 0.6 
Bjab 0.88 ± 0.11  8.0 ± 0.7 11.0 ± 5.3 
Daudi 0.85 ± 0.09  7.2 ± 0.7 9.5 ± 1.4 
     
T-cells      
T-normal 0.65 ± 0.13  11.1 ± 1.4 27.4 ± 6.2 
Peer 0.81 ± 0.09  9.5 ± 0.7 12.9 ± 3.6 
HDMAR 0.88 ± 0.25  7.4 ± 1.2 14.5 ± 4 

a Cytoplasmic conductivity 
b Cell membrane specific capacitance 
c Cell membrane relative permittivity 
d Cell membrane conductivity 
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Table 2.4: Summary of the electrical properties of nuclei [97,101,102]. 

Cell type σne (mS m-1)a σnp (S m-1)b εnec Cne (µF cm-2)d 
L5178Y 7.0 ± 2.0 0.8 ± 0.04 19 ± 2  
Jurkat  0.63 ± 0.005  1.57 ± 0.01 
     
B-cells      
B-normal 11.1 ± 7.2 2.04 ± 0.29 106 ± 35  
Magala 3.7 ± 0.9 1.08 ± 0.03 72.5 ± 11.6  
Raji 4.0 ± 1.6 1.02 ± 0.25 79.9 ± 34.4  
Bjab 2.1 ± 0.7 1.39 ± 0.54 108 ± 35  
Daudi 2.7 ± 0.3 1.44 ± 0.35 66.1 ± 7.5  
     
T-cells      
T-normal 8.8 ± 0.6 1.26 ± 0.27 85.6 ± 16.7  
Peer 2.1 ± 0.6 1.42 ± 0.2 61.6 ± 17  
HDMAR 3.0 ± 0.2 1.58 ± 0.28 101.2 ± 55.3  

a Nuclear membrane conductivity 
b Nucleoplasmic conductivity 
c Nuclear membrane permittivity 
d Nuclear membrane specific capacitance  
 

 
Table 2.5: Summary of the electrical properties of mitochondria [105,106]. 

Cell type σi (mS cm-1)a Cmito (µF cm-2)b 
Rat liver 1.1-10.0 0.5-0.6 
Guinea pig heart 0.5-7.6 1.1-1.3 

a Mitochondrial internal conductivity 

b Mitochondrial membrane specific capacitance 
 

 
Table 2.6: Measured dielectric properties of chromaffin cells. 

Cmemb (µF cm-2) σcyto (S m-1)a Cgran-memb (µF cm-2)b σgran-int (S m-1)c 
1.28 ± 0.18 1.31 ± 0.31 5.54 ± 2.26 0.32 ± 0.1 

a Cytoplasmic conductivity (excluding the granules) 

b Granule membrane specific capacitance 
c Granule interior conductivity 
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2.5. Conclusions 

In this chapter, the construction and simulation of a 2D cell model exposed to a single 

NEP were described and the results were validated against those reported by Smith (2006) 

[93]. The spatial, angular and temporal cell responses obtained from this model were very 

similar (maximum error on the TMP was less than 0.01%) to the ones obtained by Smith 

(2006) using a model with 600 membrane node pairs. These results indicated that the 

Matlab code written is valid, and that the model constructed with a smaller number of nodes 

in the cell membrane (51 membrane node pairs) is accurate.  

Because of the limited capacity of the computers available in our laboratory, the model 

with 51 membrane node pairs described in this chapter was constructed in order to be able 

to run simulations up to a time period of 30 s. In the following chapters of this dissertation, 

models with multiple structures were constructed using similar Matlab codes that were 

modified to create the needed geometry to study the NEP-induced effects on the cell and/or 

its intracellular organelles. The number of cell membrane node pairs (Chapter 3) was 

increased up to 296 nodes, the highest achievable with the computer resources available in 

our laboratory. However, simulations using those models were run only for 1 µs. Even 

though it was not possible to fully track what happened at times after 1 µs (i.e., up to 30 s), 

the data obtained from the 1 µs simulations were sufficient to accurately interpret the model 

results and compare them to the experimental observations. 

The variation in the properties observed across cell types shows the importance of 

knowing accurately the parameters for a specific type of cell. In the following chapters, 

emphasis will be placed on some of these parameters (e.g. σcyto) that were implemented in 

the models and had a significant effect on the interpretation of the simulation results. 
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CHAPTER 3. Exposing Adrenal Chromaffin Cells to 5-ns 
Electric Pulses Requires Higher Electric Fields to Porate 
Intracellular Membranes than for Porating the Plasma 
Membrane 

3.1. Introduction  

High intensity, nanosecond-duration electric pulses (NEPs) permeabilize the plasma 

membrane as well as membranes of intracellular organelles, the latter causing Ca2+ release 

from internal stores. This chapter describes the results obtained experimentally in isolated 

adrenal chromaffin cells in which the E-field thresholds for a 5-6 ns duration pulse to cause 

plasma membrane permeabilization versus poration of intracellular membranes were 

established. The experimental approaches that were used include monitoring whole-cell 

currents in patch-clamped* cells to assess plasma membrane permeabilization and 

fluorescence microscopy to assess release of Ca2+ from internal stores. This chapter also 

describes how a 2D cell model was constructed and the results used to understand the high 

E-field requirement for porating intracellular membranes.  

 

 

 

 

 
 
 
* Patch clamp experiments were performed by Dr. Lisha Yang, Department of Pharmacology, University of 
Nevada Reno, and the results were used in this dissertation to complement the results obtained from 
fluorescence imaging of Ca2+.  
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3.2. Materials and methods 

3.2.1 Chromaffin cell isolation, culturing and dissociation 

Bovine chromaffin cells were isolated from the medulla of fresh adrenal glands using 

the method described by Waymire et al. (1993) [107]. Briefly, fresh adrenal glands were 

obtained from a local abattoir (Wolf Pack Meats, Reno, NV, USA). The outer cortex was 

removed by dissection and a perfusion catheter inserted in the adreno-lumbar vein of the 

medulla. To flush out red blood cells, the tissue was perfused with a Ca2+/Mg2+-free Hank’s 

balanced salt solution (HBSS) of the following composition: 137 mM NaCl, 5.37 mM KCl, 

0.44 mM KH2PO4, 0.54 mM Na2HPO4, 4.17 mM NaHCO3, 5.55 mM D-Glucose, 5 mM 

HEPES, phenol red (0.001%) and 0.02% bovine serum albumin (BSA), pH 7.2. The 

medulla was then digested by perfusing it via the adreno-lumbar vein with HBSS 

containing collagenase B (0.05%) and CaCl2 (50 µM). Once digestion was complete, the 

swollen tissue was gently agitated to obtain single cells, which were subjected to a 

sequence of four centrifugation steps to remove debris and any remaining red blood cells. 

After the final centrifugation step, the cells were diluted to a final concentration of 4 x 105 

cells/ml in Ham’s F-12 medium supplemented with 10 % bovine calf serum, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 0.25 µg/ml fungizone, and 6 µg/ml cytosine 

arabinoside, placed into tissue culture flasks and incubated for 5.5 hours at 36.5°C under a 

humidified atmosphere of 5% CO2. During this incubation, non-chromaffin cells present 

in the cell mixture adhered to the bottom of the tissue culture flask whereas the chromaffin 

cells remained in suspension. At the end of the differential plating step, the cells were 

collected from each flask, distributed into 60 mm Petri dishes at a density of 1 x 105 cells/ml 
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and maintained in suspension culture in the supplemented Hams’ F12 medium at 36.5°C 

under a humidified atmosphere of 5% CO2. Cells were used up until 3 weeks in culture.  

For all experiments, the large aggregates of cells that form in suspension culture were 

dissociated into single isolated cells with the protease dispase [108]. Briefly, the enzyme 

was added directly to a dish of cells for a minimum of 6 hours. After collecting the cells 

by centrifugation, cells were incubated at 37°C in Ca2+/Mg2+-free HBSS lacking KH2PO4, 

NaHCO3 and phenol red. After 10 min, the incubation was interrupted and the cells were 

gently triturated to facilitate dissociation. The incubation/trituration steps were repeated 4 

times. Once cell aggregates were fully dissociated, the cells were plated onto either 

fibronectin-coated 35 mm glass bottom dishes (inner glass diameter: 20 mm for 

fluorescence imaging) or into fibronectin-coated glass coverslips (for patch clamp). Cells 

were used for a period not exceeding 2 days after attachment.  

 

3.2.2 Fluorescence imaging of intracellular Ca2+ levels 

Cells were incubated with a cell permeant Ca2+-sensitive fluorescent indicator Calcium 

Green-1-AM (1 µM; 480/535 nm) for 45 min at 37°C in a balanced salt solution (BSS) 

with the following composition: 145 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 2 mM 

CaCl2, 1.3 mM MgCl2, 10 mM glucose, 15 mM HEPES and 0.1% BSA, pH 7.4. After 

incubation, cells were washed twice with dye-free BSS lacking BSA and placed on the 

stage of a Nikon TE2000 epifluorescence microscope equipped with a 100X objective. For 

experiments conducted in the absence of extracellular Ca2+, the BSS lacked Ca2+ and 

contained 1 mM EGTA. Fluorescence images of the cells, which were obtained before, 

during and after stimulus application, were captured by an iXonEM + DU-897 EMCCD 
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camera (Andor Technology Ltd., Belfast, UK) using the open source microscopy software 

Micro-Manager (version 1.4). The exposure time of the camera was set to 10 ms for the 

receptor agonist stimulation experiments, and was increased to 100 ms for the NEP 

stimulation experiments to reduce the noise in the signal. Continuous baseline Ca2+ 

fluorescence of the cells was monitored 10 s prior to stimulus application and continued 

for 20-30 s after the stimulus. Sequences were analyzed using the public-domain image 

processing program ImageJ. The change in fluorescence intensity (∆F) of the cells was 

calculated by subtracting the background fluorescence from the fluorescence of the cell 

(∆F = Fcell – Fbackground). ∆F was then normalized to the fluorescence intensity value (F0) at 

the time when the stimulus was applied (∆F/F0). Bright field images were obtained before 

and after the applied stimulus. 

In some experiments, cells were stimulated with the mixed nicotinic-muscarinic 

receptor agonist carbachol that was applied with a pressure ejection PicospritzerR system. 

The glass micropipette (tip diameter: 1 μm) that delivered the agonist was positioned at a 

distance of one cell diameter from the target cell. A program written in LabVIEW (version 

9, National Instruments, Austin, TX) triggered the ejection of the agonist, with the duration 

of the pressure pulse set at 5 ms.  

 

3.2.3 Statistical analysis 

For statistical analysis, experiments were repeated at least once using cells from 

different days in culture and different cell preparations. The normalized Ca2+ responses of 

the cells shown in Figs. 3.8c and 3.11c are represented as mean ± standard deviation (S.D.). 
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3.2.4 Whole-cell recording of membrane conductance 

A coverslip with attached cells was placed in a cell perfusion chamber positioned on 

the stage of a Nikon TS-100 inverted epifluorescence microscope (experimental setup 

shown in Fig. 3.1). Cells were continuously perfused at a rate of 0.5 ml/min with the same 

BSS used in the fluorescence imaging experiments. Cells were viewed with a 40X 

objective and bright field images of the cells were captured with a CoolSNAP HQ DIFF 

CCD camera (Photometrics, Tucson, AZ) and SimplePCI software (version 6.6.0.0, 

Hamamatsu Corporation, Hamamatsu City, Japan) at the start and end of experiments. The 

whole-cell variant of the patch clamp technique was used in voltage clamp mode to monitor 

NEP-evoked changes in membrane conductance*. A complete description of the method is 

described in [91]. Briefly, a glass micropipette (tip diameter: 1 μm), filled with an internal 

solution of the following composition: 10 mM NaCl, 30 mM KCl, 110 mM K-gluconate, 

1 mM MgCl2, 10 mM EGTA, 3 mM MgATP, and 10 mM Hepes, pH 7.2, was applied to 

the cell via a motorized MS-314 micromanipulator (Märzhäuser Wetzlar, Wetzlar, 

Germany). After rupturing the membrane to achieve the whole-cell recording mode, 

monitoring was carried out at a holding potential of –70 mV to minimize the probability of 

voltage-gated channel activation contributing to the observed membrane responses.  

 

 

 

 
* The NEP exposure system for patch clamp experiments was setup by Dr. Jihwan Yoon, Department of 
Electrical and Biomedical Engineering, University of Nevada Reno, and whole-cell recording experiments 
were performed by Dr. Lisha Yang, Department of Pharmacology, University of Nevada Reno.  
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Fig. 3.1. Photograph of the actual experimental setup used for patch clamp whole-cell 
recording. 
 

3.2.5 NEP exposure 

For the fluorescence imaging experiments, a 5-6 ns pulse was applied to a cell by means 

of two cylindrical gold-plated tungsten rod electrodes (127 µm diameter) spaced 100 µm 

apart. The tips of the electrodes were immersed in the BSS bathing the cells and placed 40 

µm above the bottom of the dish, with the imaged cell located at the center of the gap 

between the electrode tips (Fig. 3.2a). The entire experimental setup is shown in Fig. 3.2b. 

Single pulses with amplitudes that produced electric fields (E-fields) ranging from 2 to 

21 MV/m (see the subsection below for the E-field calculation) at the location of the cell 

were generated by a custom-fabricated nanosecond pulse generator (Transient Plasma 

Systems, Torrance, CA). Depending on the pulse amplitude, the pulse width varied from 5 

to 6 ns, with the shorter durations obtained at the highest E-field amplitudes. Delivery of 
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pulses was triggered externally by a program written in LabVIEW, and pulse traces (Fig. 

3.2c) captured with a TDS 3102C oscilloscope (Tektronix, Beaverton, OR, USA).  

For the patch-clamp experiments, a tungsten-rod electrode system similar to the one 

used in the fluorescence imaging experiments was used to deliver NEPs to a patch-clamped 

cell. The electrodes were positioned 40 µm above the bottom of the coverslip on which the 

cells were attached. Using a motorized MP-225 micromanipulator (Sutter Instruments, 

Novato, CA), the electrodes were positioned so that the patch-clamped cell was located at 

the center of the gap between the electrode tips. Single pulses with amplitudes that 

produced E-fields ranging from 3 to 8 MV/m at the location of the cell were generated by 

a custom-fabricated nanosecond pulse generator (Transient Plasma Systems, Torrance, 

CA), similar to the one used in the fluorescence imaging experiments. All experiments 

included two sham exposures preceding the application of a NEP to ensure that any 

observed response from the cell was not due to an artifact created by the exposure system. 

Measurements were made immediately before and 8 ms after NEP exposure using an 

automated system controlled externally by a program written in LabVIEW [91].  

In all experiments (fluorescence imaging and patch clamp), a cell was exposed to the 

E-field only once.  
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(a) 

 

 
(b) 
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(c) 

 
Fig. 3.2. Details of the NEP exposure system. (a) Photomicrograph of an attached cell 
showing the electrode tips that are positioned 40 µm above the bottom of the dish. (b) 
Photograph of the actual experimental setup used for the fluorescence imaging 
experiments. (c) Representative waveform of a 5-6 ns pulse applied in experiments to 
chromaffin cells. The pulse duration corresponds to the width at half maximum. 
 

 
3.2.1.1. Numerical computation of the E-field distribution in the vicinity and at the 

location of the cell 

The E-field distribution in the vicinity and at the location of the cell was computed* 

using the commercially available Finite-Difference Time-Domain software package 

SEMCAD X (version 14.8.5, SPEAG, Zurich, Switzerland). Briefly, experimental voltage 

trace data, recorded on an oscilloscope, were collected from several NEP traces, averaged 

together and then used as input excitation in SEMCAD X to compute the E-field 

distribution as follows.   

 

* SEMCAD X simulations were performed by Dr. Jihwan Yoon and Robert Terhune, Department of 
Electrical and Biomedical Engineering, University of Nevada Reno, and the results were used in this 
dissertation to calculate the E-field amplitudes applied to cell during experiments. 
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A three-dimensional (3D) geometric model was created in SEMCAD X to represent 

the portion of the exposure system that included the exposed ends of the electrode tips, the 

50 Ω matching resistance (matching the characteristic impedance of the electrodes to that 

of the cables and pulse delivery system), the BSS, and the glass chamber representing the 

glass bottom dish onto which the cells are attached (Fig. 3.3a). The entire exposure system 

was not modeled because of computational limitations. The electrode tips were positioned 

40 µm above the chamber floor and were surrounded by BSS, as in actual experiments.  

A SEMCAD simulation was then performed wherein the averaged voltage data of the 

pulse was fed to the edge source which supplies the pulse, located at the top of the 

electrodes as shown in Fig. 3.3a. The E-field at the location of the cell (Fig. 3.3b) was 

computed and detected by a point sensor placed at the cell location.  

A conversion factor was obtained by dividing the peak E-field detected by the point 

sensor by the peak voltage applied to the edge source. This conversion factor was used to 

calculate the E-field amplitude delivered to the cells, by multiplying the peak voltage 

measured via the oscilloscope during experiments by the conversion factor obtained from 

the simulations.  

 

3.2.6 Reagents 

Calcium Green-1-AM was purchased from Molecular Probes (Eugene, OR, USA), 

Ham’s F-12, dispase II and the antibiotic-antimycotic were purchased from Gibco 

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

Bio-products (West Sacramento, CA, USA), and collagenase B was purchased from Roche 
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Diagnostics (Indianapolis, IN, USA). All other chemicals and reagents were reagent grade 

and purchased from standard commercial sources.  

 

 
 

(a) 
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(b) 

 
Fig. 3.3. Details of the FDTD simulations. (a) Schematic showing the geometry used in 
the FDTD simulations. The point sensor used to detect the E-field computed in the 
simulations is placed at the cell location. (b) E-field distribution in the vicinity and at the 
location of the cell when a voltage of 2700 V was applied. The dotted box represents the 
region over which a cell can be located in experiments.  
 

3.2.7 2D cell modeling 

A 2D geometric model of a chromaffin cell exposed to a single 5-6 ns pulse was 

constructed in Matlab (2015a, Mathworks) based on the meshed transport network method 

(MTNM) developed by Smith and Weaver (2008) [40]. The electrical response of the cell 

was based on the asymptotic model of electroporation developed by Neu and Krassowska 

(1999) [34]. Below is a description of the geometry and parameters used in the model. 

 

3.2.7.1 Cell system geometry 

The cell system geometry (Fig. 3.4a) consisted of a circle of radius rcell = 8 µm, 

representative of a chromaffin cell [88], centered inside a bounding box of dimensions 100 

µm x 100 µm, representing the 100 µm gap between the electrodes. The system depth was 
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calculated by d = (4/3)rcell = 10.67 µm, assuming that the cylindrical cell has the same 

volume as a spherical cell of the same radius [39].  

Four circular structures representing intracellular Ca2+-storing organelles were placed 

arbitrarily offset from the cell center (Fig. 3.4b) and consisted of: a large structure 

representing a nucleus of radius rnucl = 2.5 µm [88], a smaller structure representing a 

mitochondrion of radius rmito = 1 µm [93], an ER represented by a structure of radius rER = 

500 nm, and a secretory granule represented by a structure of radius rgran = 400 nm [88]. 

All geometrical parameters are summarized in Table 3.1. 

The cell, ER and secretory granule were each assigned a single membrane that had a 

thickness of dm = 5 nm; the nucleus and the mitochondrion were assigned double 

membranes structures. The two membranes forming the nuclear envelope were assumed 

identical and the intermembrane space between the nuclear membranes was neglected 

[109]. Therefore, the transmembrane potential (TMP) across one nuclear membrane was 

assumed to be half the TMP across the whole nuclear envelope. In this way, the nuclear 

envelope required twice the TMP to electroporate compared to the single membrane 

structures. The inner and outer mitochondrial membranes (IMM and OMM, respectively) 

were separated by a 15 nm intermembrane space (IMS) filled with electrolyte. Because the 

IMM area is roughly fivefold greater than the OMM area [110], the effective IMM area 

was increased by a factor of 5 compared to the OMM by increasing the local capacitance 

fivefold [17]. The cell plasma membrane and secretory granule membrane were assigned 

resting potentials of –70 mV and the IMM was assigned a resting potential of –174 mV, 

values typical for a chromaffin cell [82]. The E-field was applied by means of idealized 

planar electrodes placed at x = –50 µm (anode) and x = 50 µm (cathode) mimicking the 
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experimental setup. In the model, the applied E-field was calculated by dividing the voltage 

applied between the electrodes by the distance between the electrodes (i.e. 100 µm). The 

averaged voltage traces of the pulse captured during experiments were implemented in the 

cell model. 

 

3.2.7.2 Cell system mesh and Voronoi cells (VC) 

After constructing the geometry, a triangular mesh (Fig. 3.5) was generated using the 

mesh generation algorithm developed by Persson and Strang [94]. During mesh generation, 

nodes were fixed along the membranes. The triangular elements in the mesh varied in size, 

starting from a fine mesh in and around the membranes and expanding in size as the system 

boundary was approached. The cell membrane, nuclear envelope, mitochondrion 

membrane, ER membrane and granule membrane had 296, 93, 37, 19 and 15 membrane 

points, respectively. This number of membrane points was the maximum number that could 

be implemented with the available computer resources. 

Since the meshing algorithm utilized required that the node spacing for all membranes 

be the same, a smaller membrane node spacing would be required to model structures 

smaller than 400 nm (400 nm represents the largest granule size in chromaffin cells [88]) 

or the realistic irregular shape of the ER and hence a much higher number of points on the 

cell membrane, thus increasing the amount of computation and data storage beyond the 

capacity of computers available in our laboratory.  
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(a) 

 
(b) 

 
Fig. 3.4. Cell system geometry. (a) The cell was centered in a 100 µm x 100 µm region. 
The anode was placed at x = –50 µm and the cathode at x = 50 µm. (b) Cell and Ca2+-
storing organelle dimensions. A large structure representing the nucleus was placed at (–2 
µm, 2 µm). Structures representing a mitochondrion, an ER and a large secretory granule 
were placed at (4 µm, –4 µm), (6 µm, 2 µm) and (–3 µm, –5 µm), respectively. Double-
membrane structures are represented by thicker lines. 



60 
 

Table 3.1: Geometrical parameters used in the 2D cell model. 
 

Parameter Size 
Cell radiusa (rcell) 8 µm 
Nucleus radiusa (rnucl) 2.5 µm 
Mitochondrion radius (rmito) 1 µm 
ER radius (rER) 500 nm 
Secretory granule radiusa (rgran) 400 nm 
Membrane thickness (dm) 5 nm 
System depth (d) 10.67 µm 

  a Specific for chromaffin cells [88] 
 

For times that are much smaller than the membrane charging time, equation (1) in 

Chapter 1 simplifies to:  

Vm(t) = 1.5 E cosθ dm
εmε0

( 1
ρi+ρe 2⁄

)t    (1) 

 
where Vm is the TMP, E the amplitude of the external E-field, θ the angle between the 

normal to the membrane and the direction of the E-field, dm the membrane thickness, εm 

the membrane permittivity, ε0 the free space permittivity, ρi and ρe the resistivities of the 

intracellular and extracellular media, respectively. The TMP becomes independent of cell 

size and depends on the amplitude of the applied E-field and on the electrical properties 

used (assuming a fixed membrane thickness dm = 5 nm). Although this equation was 

derived for a cylindrical cell, the size-independence also applies to irregular shaped cells 

and organelles [109]. Experiments conducted using NEPs also verified this assumption 

[70]. For the ultrashort 5-ns duration pulses used in this study, it was deemed adequate to 

represent the ER by a circle, neglecting the actual shape of the ER in chromaffin cells.  
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(a) 
 

 
(b) 

 
Fig. 3.5. Cell system mesh. The cell system mesh is shown at two scales (a,b). The mesh 
has 5238 nodes, 10452 triangles and 15689 edges, and a 170 nm membrane node spacing.  
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As described in Chapter 2, the VCs (Fig. 3.6) represented the small volumes into which 

the entire domain was discretized. Parallel RC circuits were placed between each pair of 

adjacent nodes in the geometry and the circuit nodes approximated the behavior of each 

VC with which they were associated. R and C values were computed based on the electrical 

properties assigned to each region (i.e. conductivity and permittivity) and on the 

geometrical parameters obtained from the mesh (i.e distance between nodes and length of 

VC edges).  

Matlab was used to compute all geometrical parameters and circuit components (e.g. R 

and C), and create netlists containing all node elements and connections in the circuits. 

Netlists were then imported into a circuit simulation software package LT SPICE IV 

(Linear Technology, Milpitas, CA, USA) where the model was simulated. The generated 

data (i.e. node voltages and currents) were exported back into Matlab for plotting and 

analysis of the results. 

 

3.2.7.3 Electrical parameters of the 2D cell model 

Several chromaffin cell properties were obtained from pClamp software (version 8.2, 

Molecular Devices, Sunnyvale, CA). The seal resistance (Rm) and the cell capacitance (Cm) 

ranged between 5.5 and 10.8 GΩ (mean 7.4 ± 1.4 GΩ) and 3.7 and 8.2 pF (mean 5.4 ± 1.2 

pF), respectively [91]. Cell membrane conductivity (σm) and permittivity (εm) were 

calculated from Rm and Cm values, respectively, as described below. 

The plasma membrane conductivity (σm) was calculated by:  

σm =  1
4πRm

� 1
rcell−dm

− 1
rcell

� = 8.3 x 10-10 S/m  (2) 
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(a) 

 

 
(b) 

 
Fig. 3.6. Cell system Voronoi cells. The Voronoi diagram is shown at two scales (a,b). The 
relationship between the mesh and associated VCs is described in Chapter 2.  
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The plasma membrane permittivity (εm) was calculated by:   

εm = Csdm
ε0

 = 5      (3) 

 
where Cs is the specific membrane capacitance given by: 

Csp = Cm
4πrcell

2         (4) 

 
The calculated values for σm and εm were used in the cell model. All other electrical 

parameters were taken from the literature and are listed in Table 3.2.  

 

3.2.7.4 Asymptotic model of electroporation 

The electrical response of the cell subjected to the NEP was modeled using the 

asymptotic model of electroporation [34]. This model assumes that pores do not expand 

for nanosecond duration, high amplitude electric pulses [20]. The assumption of a constant 

pore size can safely be used in this study since the 5-ns duration pulse used in the 

experiments is too short to cause pore expansion.  

Pore dynamics are defined in the simplified form of the Smoluchowski equation, which 

is an ordinary differential equation given by [93]:  

dN(t)
dt

= αe
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (5) 

 
where N is the local pore density, α the pore creation rate coefficient, Vm the 

transmembrane potential, Vep the characteristic voltage of electroporation, N0 the 
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equilibrium pore density in the nonelectroporated membrane, and q an electroporation 

coefficient.  

 

Table 3.2: Electrical parameters used in the 2D cell model [102,109,111]. 

Conductivity (S.m-1) Value 
Extracellular mediuma 1.3 
Plasma membrane 8.3 x 10-10  
Nuclear envelopeb  1 x 10-4  
ER membranec  8.3 x 10-10  
Granule membranec  8.3 x 10-10  
IMM  5 x 10-6  
OMMb  1 x 10-4  
Cytoplasmd  0.1-1.3  
Nucleoplasmd 2σcyto 
ER interior  0.5  
Granule interior  0.5  
Mitochondria interior 0.5  
IMS 0.5 
  
Relative permittivity  
Extracellular medium 80 
Plasma membrane 5 
Nuclear envelope  10 
ER membrane  5 
Granule membrane  5 
IMM  5 
OMM  5 
Cytoplasm  80 
Nucleoplasm  80 
ER interior  80 
Granule interior  80 
Mitochondria interior 80 
IMS  80 

a Conductivity was measured in our laboratory using an AR20 pH/Conductivity Meter (Hampton, 
NH, USA). 
b Conductivity was assumed higher than that of the plasma membrane because of the porous nature 
of the nuclear membrane and leaky nature of the OMM [17]. 
c Conductivity was assumed to be the same as that of the plasma membrane.  
d Cytoplasmic conductivity was varied in the parametric study, and nucleoplasmic conductivity was 
varied accordingly. 
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Modeling the membranes required the incorporation of the nonlinear changes in 

membrane conductance due to electroporation. In addition to the passive RC circuit that 

exists between each pair of nodes that span the membrane, a current source ip representing 

the current through pores was added to the membrane model (Fig. 3.7a). The current 

through pores in a small area Am of the membrane was calculated from the conductance 

per pore Gm, the pore density N, and the TMP Vm by: 

ip(t) = Gp(Vm)N(t)AmVm(t)     (6) 

 
The TMP was determined by the voltage difference across the membrane, and the 

conductance per pore, representing the increase in membrane conductivity due to 

electroporation, was calculated from:  

Gp(Vm) = σp
πrm2

dm
 eνm−1
ω0eω0−ηνm−ηνm

ω0−ηνm
 eνm−ω0e

ω0+ηνm+ηνm
ω0+ηνm

  (7) 

 

where σp is the pore conductivity, rm the fixed pore radius, dm the membrane thickness, ω0 

the energy barrier inside a pore, η the relative entrance length of a pore, and νm the 

dimensionless TMP given by: 

νm = Vmqe
kT

        (8) 

 

qe = 1.6 x 10-19 C is the charge of an electron, k = 1.38 x 10-23 J/K the Boltzmann constant, 

and T the absolute temperature.  

The pore density N was calculated by solving equation (5) using the subcircuit shown 

in Fig. 3.7b. In this subcircuit, the voltage N(t) across the capacitor CN is given by:  
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dN(t)
dt

= iN(t)
CN

        (9) 

where CN = 1/α and iN, representing the current flowing into the capacitor, is given by:  

iN(t) = e
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (10) 

 
When the sum of the currents flowing into the node is positive, a positive current flows 

into the capacitor, the capacitor charges and the voltage N(t) at the node increases, thus 

creating pores. Otherwise, when the sum of the currents flowing into the node is negative, 

a negative current flows into the capacitor, the capacitor discharges and the voltage N(t) at 

the node decreases, thus destroying pores [93]. The electroporation parameters used in 

equations (5)-(10) were taken from [93,96] and are defined in Table 3.3. 

 

    
(a)       (b) 

 
Fig. 3.7. Equivalent electrical circuit for the membrane. (a) Resistors Rm and capacitors Cm 
were placed between each pair of nodes spanning the membrane, in addition to the current 
ip through pores. (b) The pore density subcircuit associated with each membrane circuit 
was used to solve the pore dynamics equation (5).  
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Table 3.3: Electroporation parameters used in the 2D cell model [93,96]. 

Parameter Value 
Pore creation rate coefficient (α) 1 x 109 m-2 s-1 
Characteristic voltage of electroporation (Vep) 0.258 V 
Electroporation coefficient (q) 2.46 
Equilibrium pore density (N0) 1.5 x 109 m-2 
Pore radius (rm) 0.8 nm 
Pore energy barrier (ω0) 2.65 kT 
Conductivity of aqueous solution in pores (σp) 1.3 S.m-1 
Pore relative entrance length (η) 0.15 
Absolute temperature (T) 295 K 

 

3.3. Results 

3.3.1 Experimental findings 

3.3.1.1 Ca2+ release from intracellular stores was first detectable at an E-field of 8 
MV/m 

As previously reported [90,92], there is no evidence of Ca2+ being released from 

intracellular stores when adrenal chromaffin cells are exposed to up to ten, 5-ns duration 

pulses at an E-field amplitude of 5-6 MV/m. To determine whether higher E-field 

amplitudes can cause Ca2+ release from Ca2+-storing organelles, chromaffin cells were 

exposed to a single 5-6 ns duration pulse of increasing amplitude up to 21 MV/m, the 

highest achievable with our exposure setup. For these experiments, cells were exposed to 

an NEP in the absence of extracellular Ca2+. The threshold value of the E-field for causing 

Ca2+ release was defined as the E-field amplitude for which the first detectable increase in 

intracellular Ca2+ was observed. 

The fluorescence traces shown in Figs. 3.8a and 3.8b represent typical Ca2+ responses 

observed for chromaffin cells exposed to a single pulse applied at E-field amplitudes of 8 

and 19 MV/m, respectively. At 8 MV/m, a small rise (~4%) in intracellular Ca2+ was 
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detectable. At 19 MV/m, the rise in intracellular Ca2+ was greater in magnitude. Fig. 3.8c 

represents the normalized Ca2+ release as a function of the applied E-field, calculated from 

the mean peak values ± S.D. at the different E-field amplitudes. The results demonstrate 

that only half of the cells exposed to an E-field amplitude of 8 MV/m responded to the 

pulse but that the number of cells responding to a pulse increased with the applied E-field*. 

In addition, the rise in intracellular Ca2+ increased in magnitude with E-field amplitude as 

well. In general, cell responses were variable in magnitude from cell to cell or absent in 

some cells even at the highest E-field amplitudes applied. They also displayed either single 

Ca2+ transients or multiple Ca2+ transients (i.e., spiky Ca2+ activity). When spiky Ca2+ 

activity was observed, the spikes occurred at distinct regions in the cytoplasm.  

 

 
(a) 

 

 

* Independent experiments performed by Dr. Nina Semenova, Frank Reidy Research Center for Bioelectrics, 
Old Dominion University, also confirmed that high E-field thresholds were required to cause Ca2+ release 
from intracellular stores in chromaffin cells (unpublished data).  

8 MV/m 
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(b) 

 
(c)  

 
Fig. 3.8. Release of Ca2+ from intracellular stores in chromaffin cells evoked by a 5-6 ns 
pulse. The traces shown in (a) and (b) are typical of responses observed in cells exposed 
to a single pulse applied at E-field amplitudes of 8 and 19 MV/m, respectively, in the 
absence of extracellular Ca2+. ∆F/F0 was calculated by subtracting the background 
fluorescence from the fluorescence of the cells and normalizing it to the fluorescence 
intensity value at the time when the pulse was applied (arrow). Shown in (c) is the 
magnitude of the Ca2+ response as a function of the applied E-field. Normalized Ca2+ 
release represents the mean of the peak responses of the cells ± S.D., where n represents 
the number of cells responding to the pulse out of the total number of cells tested at each 
E-field amplitude.  
 

19 MV/m 
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Even though the duration of the pulse is only 5-6 ns, increasing the E-field amplitude 

could cause heating that in turn could contribute to the graded cell response observed in 

Fig. 3.8c. To address this concern, the extent to which temperature was increased was 

calculated from the adiabatic heat equation given by equation (1) [112] using the local E-

field values calculated from SEMCAD X: 

∆T = σ.|E|2.∆t.N
cwaterdwater

      (1) 

 
where, cwater = 4.184 Jg-1K-1 and dwater = 0.997 x106 gm-3 are the specific heat capacity and 

mass density of water, respectively, σ = 1.3 Sm-1 is the conductivity of BSS at room 

temperature, E the amplitude of the applied E-field, Δt the pulse duration and N the pulse 

number. The rise in temperature calculated at the center of the 100 µm gap between the 

electrodes for the different E-field amplitudes is shown in Table 3.4. Because the 

calculations did not take into account heat dissipation between the rods and the BSS, the 

value of 0.69°C calculated at the highest E-field amplitude of 21 MV/m represents the 

worst case scenario. Thus, this small heating effect by the NEP is very unlikely to be 

contributing to the graded intracellular Ca2+ release.  

 

Table 3.4: Temperature increase as a function of E-field amplitude. 

E-field (MV/m) 8 13 15 17 19 21 
∆T(°C) 0.10 0.26 0.35 0.45 0.56 0.69 
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a. The higher E-field amplitudes required to cause release of Ca2+ from internal 
stores did not have any apparent adverse effects on the cells 

 

Possible adverse effects on cells exposed to a single 5-ns, 17 MV/m pulse were first 

explored by examining cell morphology. For this determination, bright field images of 

chromaffin cells were taken immediately before and then 2 min after a pulse. As shown in 

Fig. 3.9, there was no sign of swelling of the cells even at 17 MV/m. The lack of swelling 

was confirmed by comparing the mean cell area calculated before (164.2 ± 29.2 µm2, n = 

56 cells) and after (164.1 ± 28.8 µm2, n = 56 cells) pulse application.  

Previous experiments have shown that exposing chromaffin cells to a single 5-ns, 5-6 

MV/m pulse does not permeabilize the plasma membrane to YO-PRO-1, a membrane 

impermeable dye that is used as an indicator of plasma membrane poration in other cell 

types [60]. To explore whether the high field amplitudes caused a permeability change in 

the plasma membrane, chromaffin cells were exposed to a single pulse applied at an E-

field amplitude of 17 MV/m in the presence of YO-PRO-1. The cells did not take up the 

dye up to 12 min after pulse application, indicating that while the plasma membrane most 

likely was still permeable to small ions like Na+ [91], it was not permeable to dyes such as 

YO-PRO-1. 
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(a)         (b) 

 
Fig. 3.9. Lack of effect of a 17 MV/m pulse on chromaffin cell morphology. The 
photomicrographs show the appearance of a chromaffin cell (a) before and (b) 2 min after 
exposure to a single 5-ns duration pulse. Images were obtained at 100X. 
 

b. Ca2+ release evoked by a single pulse was immediate versus a delayed response 
evoked by a receptor agonist 

 

The time for the onset of Ca2+ release evoked by a 5-ns pulse was compared to that 

evoked by the mixed nicotinic and muscarinic receptor agonist carbachol (100 µM). When 

Ca2+ is present in the extracellular solution, carbachol activates both types of cholinergic 

receptors on the plasma membrane of chromaffin cells, causing Ca2+ influx through 

VGCCs and Ca2+ release from internal stores via activation of the PLC/IP3 pathway [113]. 

The latter response can be investigated by application of the agonist in the absence of 

extracellular Ca2+. When carbachol was applied to chromaffin cells in Ca2+-free BSS, there 

was a delayed (up to 5 s) increase in intracellular Ca2+ levels (1.71±0.51 S.D., n = 6 cells) 

(Fig. 3.10a), contrasting with the immediate and sharper Ca2+ response (1.61±0.27 S.D., n 

= 28 cells) (Fig. 3.10b) in the presence of extracellular Ca2+ that involves both Ca2+ influx 
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and Ca2+ release mediated by IP3. The delayed rise in Ca2+ release following application of 

carbachol in the absence of extracellular Ca2+ is consistent with published data on receptor 

agonists acting through the breakdown of inositol lipids in chromaffin cells [114,115].  

Compared to the delay in Ca2+ release evoked by carbachol, NEP-induced Ca2+ release 

was immediate, as previously shown in Figs. 3.8a and 3.8b. This suggests that a mechanism 

that is faster than the activation of the IP3 pathway underlies NEP-induced Ca2+ 

mobilization from intracellular stores, and is consistent with Ca2+ being released from 

intracellular stores through nanopores that have formed in the membranes of Ca2+-storing 

organelles.  

 
3.3.1.2 Plasma membrane poration occurred at E-fields lower than those that 

caused intracellular membrane poration 

As stated previously, the rapid release of Ca2+ from intracellular stores in chromaffin 

cells evoked by a single pulse is consistent with poration of membranes of intracellular 

Ca2+-storing organelles rather than with activation of the PLC/IP3 signaling pathways. The 

poration of these membranes requires E-field amplitudes greater than 8 MV/m. The next 

goal was to directly compare the E-field threshold required to cause Ca2+ release from 

intracellular stores to that causing permeabilization of the plasma membrane. We have 

recently reported that a single 5-ns, 6 MV/m pulse applied to chromaffin cells 

permeabilizes the plasma membrane, causing an inward current in which Na+ is a carrier 

[91].  
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(a) 

 
(b) 

 
Fig. 3.10. Ca2+ transients evoked by carbachol. The traces shown in (a) and (b) are 
representative of Ca2+ responses in chromaffin cells stimulated by a brief (5 ms) 
application of carbachol (100 µM) via a pressure ejection pipette (shown in the inset) in 
the absence and presence of extracellular Ca2+, respectively. ∆F/F0 was calculated by 
subtracting the background fluorescence from the fluorescence of the cells and 
normalizing it to the fluorescence intensity value at the time when carbachol was applied 
(arrow).  
 

To determine the threshold E-field amplitude that causes plasma membrane 

permeabilization, patch-clamped cells were exposed to a single 5-6 ns pulse at E-field 
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amplitudes ranging from 3 to 5 MV/m. The results showed that a single pulse evoked 

inward currents at a threshold E-field of 4 MV/m (Fig. 3.11a), for which the first detectable 

increase in inward current was observed, and a higher E-field amplitude caused a larger 

inward current. This threshold corresponded to a similar threshold of 3-4 MV/m for 

evoking Ca2+ influx as determined by fluorescence imaging experiments (Figs. 3.11b and 

3.11c). The threshold E-field was defined in these experiments as the value of the E-field 

amplitude for which all the cells responded to the pulse. 

 

 
(a) 
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(b) 

 

 
(c) 

 
Fig. 3.11. E-field thresholds for plasma membrane permeabilization and Ca2+ influx. The 
traces shown in (a) are representative inward current responses following exposure of a 
patch-clamped cell to a single pulse applied at E-field amplitudes of 3, 4 and 5 MV/m. 
The fluorescence traces in (b) are representative of Ca2+ responses in Calcium Green-1-
loaded cells evoked by a single 5-6 ns duration pulse applied at an E-field amplitude of 
3.4 MV/m in the presence of extracellular Ca2+. ∆F/F0 was calculated by subtracting the 
background fluorescence from the fluorescence of the cells and normalizing it to the 
fluorescence intensity value at the time when the pulse was applied (arrow). Shown in (c) 
is Ca2+ influx as a function of the applied E-field. Normalized Ca2+ influx represents the 
mean of the peak responses of the cells ± S.D., where n represents the number of cells 
responding to the pulse out of the total number of cells tested at each E-field amplitude. 
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3.3.2 Numerical modeling results  

The requirement for higher E-field amplitudes to porate intracellular membranes (i.e. 

> 8 MV/m) relative to those required to porate the plasma membrane (i.e. 4 MV/m) in 

chromaffin cells was addressed by conducting a parametric study using the 2D cell model. 

The cytoplasmic conductivity (σcyto) has been shown to affect the E-field thresholds 

required for electroporation of the plasma membrane as well as the membranes of the 

intracellular organelles [116]. In addition, secretory granules occupy ~30% of the volume 

of the cytosol in chromaffin cells [88], so we considered the possibility that their presence 

might affect the dielectric properties of the cytoplasm. For these reasons, σcyto was chosen 

as the parameter to be changed in the model and its value was changed from 0.1 to 1.3 S/m 

(the range was set between values reported in [102,116]).  

To determine the numerical E-field threshold required to porate the plasma membrane 

as well as the membranes of intracellular organelles, the amplitude of the E-field was varied 

in the simulations from 1 to 21 MV/m. The threshold E-field for significant electroporation 

was defined as the E-field amplitude that results in a pore density of 1014 m-2 at the anodic 

pole of a membrane (see Chapter 2) [42,116]. 

 

3.3.2.1 The E-field threshold for plasma membrane electroporation correlated with 
the experimentally determined E-field threshold for a low cytoplasmic 
conductivity  

Because the plasma membrane is the first cellular membrane exposed to the external 

E-field, the effect of σcyto on the electroporation of the plasma membrane was studied first. 

For each value of σcyto, the E-field value that resulted in a pore density of 1014 m-2 at the 

anodic pole of the plasma membrane at the end of the pulse (indicated by a dot on the inset 
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plot in Fig. 3.12a) was considered to be the E-field threshold causing plasma membrane 

electroporation. When σcyto increased from 0.1 to 1.3 S/m, the E-field threshold required 

for electroporating the plasma membrane decreased from 7 to 1 MV/m, respectively (Fig. 

3.12a). This decrease in the E-field threshold is attributed to the plasma membrane charging 

time (see equation (2), Chapter 1) that decreases at higher σcyto values, as shown in Fig. 

3.12b. Because the membrane takes longer to charge when σcyto is low, it requires higher 

E-field thresholds to electroporate. These results are consistent with the results of Retelj et 

al. (2013) showing that for a 4-ns pulse the E-field threshold required to electroporate the 

plasma membrane decreased as σcyto increased [116]. 

Of the values of σcyto tested, which as stated ranged from 0.1 to 1.3 S/m, σcyto = 0.3 S/m 

gave an E-field threshold for plasma membrane electroporation close to the experimental 

E-field threshold of 4 MV/m found to cause plasma membrane permeabilization in 

chromaffin cells (Fig. 3.11a). Therefore, a value of 0.3 S/m for the cytoplasmic 

conductivity was adopted in further simulations and was assumed to be the one possibly 

representing the conductivity of the cytoplasm in chromaffin cells. 

 

3.3.2.2 Intracellular organelle membranes electroporated at E-field amplitudes 
lower than the experimentally determined thresholds when a low 
cytoplasmic conductivity was used  

Although the source of the Ca2+ that was experimentally being released in chromaffin 

cells in response to a 5-6 ns electric pulse is not yet known, the ER, which has been shown 

to be the target of NEPs in other cell types [52-54], is the likely source of released Ca2+ in 

chromaffin cells as well. However, other potential targets of nanosecond pulses in 

chromaffin cells are the Ca2+-storing secretory granules and mitochondria.  
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(a) 

 
(b) 

 
Fig. 3.12. Influence of σcyto on the electroporation of the plasma membrane. (a) Influence 
of σcyto on the E-field threshold amplitudes required for plasma membrane 
electroporation. The black dashed horizontal line on the plot indicates the 4 MV/m E-
field threshold found experimentally to permeabilize the plasma membrane. The red point 
(inset) on the applied electric pulse represents the time point at the end of the pulse when 
a pore density of 1014 m−2 was computed. (b) Influence of σcyto on the plasma membrane 
charging time. The charging time (indicated by the dots) was calculated for each σcyto 
value using equation (2) in Chapter 1. 
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To study the effect of pulse amplitude on the electroporation of the intracellular 

membranes of the ER, secretory granule and mitochondrion, the amplitude of the applied 

E-field was increased from 1 to 14 MV/m, and the TMP (Fig. 3.13a) and pore density (Fig. 

3.13b)  were computed at the anodic pole of each membrane. Simulation results showed 

that increasing the amplitude of the applied E-field increased the TMP and the pore density 

on all membranes. The results also showed that the plasma membrane required the lowest 

E-field amplitudes (3 MV/m) to electroporate, whereas the IMM required the highest E-

field amplitudes (13 MV/m) to electroporate because of the increased membrane 

capacitance assigned to the IMM, as previously explained in the Methods section. 

Furthermore, the E-field threshold found to electroporate the ER and secretory granule 

membranes was 4 MV/m, much lower than the experimental threshold of 8 MV/m that was 

required to cause Ca2+ release from intracellular stores.  

The saturation effect observed in the TMP (and consequently the pore density) is due 

to the high conductance of the membranes, which in turn is due to electroporation. This 

high conductance state decreases the voltage drop across the membranes thus limiting the 

TMP from increasing beyond 1.6 V [93]. However, such saturation effect was not observed 

experimentally since Ca2+ release from intracellular stores kept increasing after reaching 

threshold, as shown in Fig. 3.8c.  
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(a) 

 

                   
(b) 

 
Fig. 3.13. Transmembrane potential (TMP) and pore density as a function of E-field 
amplitude. (a) TMP and (b) pore density computed at the anodic pole of all membranes at 
the end of the pulse for a range of E-field amplitudes from 1 to 14 MV/m. The black 
dashed horizontal line in (a) indicates the threshold for REB (~ 1V), and in (b) indicates 
the threshold for a pore density of 1014 m−2. 
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To correlate the time course of pore formation obtained from the model with the 

immediate Ca2+ release observed during experiments (Figs. 3.8a and 3.8b), the temporal 

evolution of the pore density at the anodic pole of all membranes was computed for a cell 

exposed to a pulse applied at an E-field amplitude of 4 MV/m (Fig. 3.14). Simulation 

results showed that pores form in the plasma membrane, OMM, ER and granule 

membranes within a few nanoseconds as observed by the increase in pore density around 

15 ns. These results are in agreement with the experimental findings showing immediate 

Ca2+ release from the internal stores, thus supporting the hypothesis that the immediate 

NEP-induced Ca2+ release from intracellular stores in chromaffin cells is due to pores that 

have formed in the membranes of intracellular Ca2+-storing organelles. 

 

 
 

Fig. 3.14. Temporal evolution of pore density computed at the anodic pole of the 
different cellular membranes in response to a pulse applied at an E-field amplitude of 4 
MV/m. The black dashed horizontal line on the plot indicates the threshold for a pore 
density of 1014 m−2.  
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3.3.2.3 Changing the cytoplasmic conductivity did not affect the E-field threshold 
amplitudes required to electroporate the ER and granule membranes and 
OMM 

When the value of σcyto was set to 0.3 S/m in the simulations, the ER and granule 

membranes as well as the OMM electroporated at E-field thresholds of 4 MV/m, lower 

than the experimental threshold value of 8 MV/m. The IMM, on the other hand, 

electroporated at an E-field threshold of 13 MV/m because of its increased membrane 

capacitance.  

To determine whether changing the cytoplasmic conductivity would affect the E-field 

thresholds required to porate the ER and granule membranes and the OMM, σcyto was 

varied in the model from 0.1 to 1.3 S/m. Fig. 3.15 shows that for any value of σcyto, the E-

field thresholds required for electroporating the membranes of the ER and secretory 

granule and the OMM did not exceed 6 MV/m, a value that was still lower than the 8 MV/m 

observed experimentally.  

 

3.3.3 Reducing the electrical conductivity of the secretory granule interior 
increased the E-field threshold required for electroporating the granule 
membrane  

Clearly, changing the cytoplasmic conductivity alone was not sufficient to explain the 

two-fold difference in the experimentally determined and numerically computed E-field 

thresholds necessary to electroporate the plasma membrane and the membranes of the ER 

and secretory granule, potential targets of NEPs in chromaffin cells. 
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Fig. 3.15. Influence of σcyto on the E-field threshold amplitudes required for 
electroporation of the nuclear envelope, OMM, IMM, ER and secretory granule 
membranes. The black dashed horizontal line on the plot indicates the 4 MV/m E-field 
threshold found experimentally to cause Ca2+ release from intracellular stores.  
 

According to equation (1), for ultrashort (< 10 ns) electric pulses the TMP becomes 

independent of organelle size and dependent on the electrical properties of the organelle, 

more specifically, on the permittivity of the organelle membrane and conductivity of the 

organelle interior. The model was therefore taken a step further and a change in the 

parameters that were specific to the individual intracellular Ca2+-storing organelles was 

considered. A low conductivity value of 0.01 S/m was chosen arbitrarily for the granule 

interior because the contents of the granules are locked in a chromogranin A protein matrix 

[89]. Thus, the granule can be modeled as a solid mass of protein with a low intragranular 

conductivity [117]. 

Modeling results showed that decreasing the conductivity of the granule interior from 

0.5 to 0.01 S/m increased the E-field threshold amplitude required to electroporate the 
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granule membrane from 4 to 9 MV/m, respectively (Fig. 3.16), a value that agreed better 

with the experimental E-field thresholds required to cause Ca2+ release from intracellular 

organelles. The effect of the organelle interior conductivity on the E-field threshold 

amplitude required to electroporate the organelle membrane was also predicted in another 

modeling study using a 4-ns electric pulse. In that study, the E-field threshold required to 

electroporate liposome membranes increased when the conductivity of the liposome 

interior decreased [116].  

 

 
 

Fig. 3.16. Pore density computed at the anodic pole of the granule membrane, at the end 
of the pulse, for the different conductivities of the granule interior. The black dashed 
horizontal line indicates the threshold for a pore density of 1014 m−2.  
  

3.4. Discussion 

The goal of the present study was to investigate whether Ca2+ release from intracellular 

Ca2+ stores occurs when chromaffin cells are exposed to 5-ns pulses applied at higher E-

field amplitudes. A distinguishing feature of NEPs is that their duration is shorter than the 

charging time of the plasma membrane and hence they would be expected to penetrate into 
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cells and affect membranes of intracellular organelles, by causing for example, Ca2+ release 

from internal stores [52-57]. But in excitable adrenal chromaffin cells exposed to up to ten 

5-ns, 5-6 MV/m electric pulses, the only response observed is influx of Ca2+ through 

VGCCs. No evidence of Ca2+ release from intracellular stores was apparent [92]. Using a 

combination of experimental and numerical modeling approaches, we were able to 

determine the E-field threshold amplitudes required to permeabilize the plasma membrane 

and those required to cause Ca2+ release from intracellular stores.  

 

3.4.1 Plasma membrane permeabilization 

3.4.1.1 Experimental E-field threshold  

In this study, whole-cell recordings obtained from patch-clamped chromaffin cells 

determined that the E-field threshold for a 5-6 ns pulse to permeabilize the plasma 

membrane was 4 MV/m. In addition, fluorescence imaging of Calcium Green-1 loaded 

cells demonstrated that a single 5-6 ns pulse triggered Ca2+ influx into cells at an E-field 

threshold amplitude of 3.4 MV/m, matching well with the E-field threshold value of 4 

MV/m that caused plasma membrane permeabilization to Na+. These findings support the 

hypothesis that Na+ influx via nanopores causes transient plasma membrane depolarization 

that underlies activation of VGCCs and Ca2+ influx [92].  

 

3.4.1.2 Computed E-field threshold  

Results obtained using the 2D numerical cell model of a chromaffin cell showed that 

nanopores form in the plasma membrane at an E-field threshold amplitude of 4 MV/m, for 
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a value of σcyto = 0.3 S/m, thus correlating with the experimental findings. Because 

chromaffin granules form a condensed protein matrix that occupies ~30% of the volume 

of the cytosol in chromaffin cells [88,89], a small value (0.3 S/m) of σcyto is reasonable. 

This value falls well within the reported values of σcyto measured in other cell types (values 

reported in Table 2.3) and is therefore assumed to be representative of the conductivity of 

the cytoplasm in chromaffin cells.  

On the other hand, we have reported in Chapter 2 that the measured σcyto of a chromaffin 

cell was 1.3 S/m. However, this value represents the cytosol conductivity excluding the 

presence of the secretory granules. Preliminary calculations of the effective value of σcyto 

(i.e. including the secretory granules) estimated σcyto to be between 0.4 and 0.5 S/m 

(manuscript in preparation). A conductivity value lower than 1.3 S/m is expected because 

of the condensed protein matrix occupying the cytosol. These calculations agree well with 

the value of σcyto = 0.3 S/m obtained from the model constructed in this work, which 

resulted in a good agreement between the simulated and experimental results.  

 

3.4.2 Permeabilization of the membranes of intracellular Ca2+-storing organelles 

3.4.2.1 Experimental E-field threshold  

Experiments conducted in the absence of extracellular Ca2+ indicate that chromaffin 

cells exposed to a single 5-6 ns pulse require E-field amplitudes greater than 8 MV/m to 

cause Ca2+ release from internal stores. Thus, a twofold difference in the E-field threshold 

amplitude was observed for permeabilizing the plasma membrane and the membranes of 

intracellular organelles. A similar difference was reported by Iurii et al. (2013) showing 

that a single 60-ns electric pulse triggers Ca2+ efflux from the ER in CHO cells at an E-
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field threshold amplitude of 19 kV/cm (1.9 MV/m) and Ca2+ influx into cells directly across 

the cell membrane, which is indicative of membrane permeabilization, at an E-field 

threshold amplitude of 9 kV/cm (0.9 MV/m) [54]. However, our findings disagree with 

those reported by Scarlett et al. (2009) showing that 60-ns pulses cause Ca2+ release from 

the ER in Jurkat cells at E-field amplitudes of 25-50 kV/cm (2.5-5 MV/m), while the 

threshold required to cause Ca2+ influx directly across the plasma membrane into cells is 

100 KV/cm (10 MV/m) [52]. The differences in the cell responses observed could be 

attributed to the variables that exist between laboratories, such as the cell type used, 

exposure setup, experimental conditions, pulse duration, etc.  

 

3.4.2.2 Computed E-field threshold  

When the value of σcyto = 0.3 S/m was used in the model, the E-field threshold 

amplitude required to electroporate the ER and granule membranes and the OMM was 4 

MV/m, a value lower than the 8 MV/m determined experimentally. However, when the 

conductivity of the granule interior in the model was changed from 0.5 to 0.01 S/m, 

simulation results showed the E-field threshold amplitudes required to electroporate the 

granule membrane increased from 4 to 9 MV/m, a value that agreed closely with that 

observed in the experiments.  

The effect of the organelle interior conductivity on the E-field threshold amplitude 

required to electroporate the organelle membrane was also predicted in another modeling 

study using a 4-ns pulse [116]. In that study, the conductivity of the liposome interior was 

varied and the E-field threshold required to electroporate the liposome membrane was 

determined. It was shown that a decrease in the conductivity of the liposome interior lead 
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to an increase in the threshold E-field amplitude required to porate the liposome membrane 

[116]. Together, these and our results highlight the importance of knowing accurately the 

dielectric properties of the different intracellular organelles in the model since changing 

their values affects the computed results tremendously. 

As stated previously in Chapter 1, the ER, secretory granules and mitochondria 

represent the major Ca2+ sources in chromaffin cells. While NEPs have been shown to 

cause Ca2+ release from the ER in Jurkat, CHO and HL-60 cells [52-56], direct poration to 

Ca2+ has not been shown in the mitochondria [50,51]. Napotnik et al. (2012) reported that 

at least five 4-ns pulses applied at E-field amplitudes of 10 MV/m were required to cause 

inner mitochondrial membrane permeabilization in Jurkat cells as evidenced by a loss in 

mitochondrial membrane potential [50]. In addition, our modeling results predicted 

threshold E-field amplitudes greater than the experimentally determined threshold of 8 

MV/m to cause electroporation of the IMM (Fig. 3.15). Because of the high E-field 

amplitudes required to electroporate mitochondrial membranes, we eliminated the 

possibility that NEPs permeabilize mitochondrial membranes to Ca2+ in chromaffin cells, 

and assumed that the remaining potential targets of NEPs were the ER and secretory 

granules.  

 

3.4.2.3 Identifying the mechanism responsible for intracellular Ca2+ release 

Several studies reported NEP-induced effects on intracellular membranes [52,53,56]. 

For example, one study reported that 60-ns pulses cause Ca2+ release from the ER through 

pores that form in the ER membrane in Jurkat cells as evidenced by an instantaneous 

increase in intracellular Ca2+ levels initiating from the poles side of the ER [52]. Another 
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study showed that exposing HL-60 cells to 60-ns duration pulses evoked rapid Ca2+ 

mobilization from the ER, which had similar kinetics to Ca2+ mobilization evoked by the 

purinergic agonist UTP. The authors suggested that the pulse and the agonist utilized the 

same Ca2+ channels (i.e. IP3Rs and RyRs) present in intracellular membranes that caused 

Ca2+ release from internal stores [56]. Nevertheless, the authors did not exclude the 

possibility that Ca2+ could have been released through transient pores that formed in the 

intracellular membranes [56]. On the other hand, Tolstykh et al. (2013) reported activation 

of lipid signaling pathways inside the cell originating from effects on the plasma membrane 

evoked by a 600-ns pulse [58]. 

In chromaffin cells, we distinguished between these two possibilities by comparing the 

time course of the Ca2+ response evoked by an agonist to that evoked by a single 5-ns pulse. 

It was found that a brief application of the mixed nicotinic-muscarinic receptor agonist 

carbachol in the absence of extracellular Ca2+ caused Ca2+ release from the ER that was 

delayed by a few seconds (up to 5 s) from the time of application of the agonist (Fig. 3.10a). 

As stated previously, the lag in the cell response following application of carbachol was 

reported in other studies in chromaffin cells using agonists that acted through the 

breakdown of inositol lipids and was attributed to a requirement for the generation of a 

threshold level of IP3 that would elicit Ca2+ release from intracellular stores [114,115]. On 

the other hand, when chromaffin cells were exposed to a single 5-ns pulse, at E-field 

amplitudes greater than 8 MV/m, the rise in intracellular Ca2+ was immediate and small in 

amplitude (Figs. 3.8a and 3.8b) compared to the one evoked by carbachol. These 

observations have led to the conclusion that a mechanism other than the activation of IP3 

pathways inside the cells is responsible for the NEP-induced Ca2+ release. We attributed 
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Ca2+ release to through nanopores that formed in the membranes of intracellular Ca2+-

storing organelles.  

In addition, an immediate increase in intracellular Ca2+ levels due to poration of internal 

membranes has been predicted by simulation studies in which release of intracellular Ca2+ 

from the ER was found to be instantaneous [118]. Our modeling results also indicated that 

nanopores form in intracellular membranes within a few nanoseconds during pulse 

application. Taken together, our modeling and experimental results support the reasoning 

that Ca2+ can be released immediately though nanopores that form in internal membranes. 

 

3.4.2.4 Assessing the efficiency of intracellular membrane poration to increase 
intracellular Ca2+ levels 

It was determined experimentally that the magnitude of intracellular Ca2+ release 

increases with E-field amplitude (Fig. 3.8c), consistent with the findings reported in other 

studies [54,55]. Iurii et al. (2013a) showed that when CHO cells were exposed to a single 

60-ns pulse in the absence of extracellular Ca2+, intracellular Ca2+ levels increased linearly 

with increased E-field amplitude. When a critical level between 200 and 300 nM of Ca2+ 

was reached intracellularly, CICR occurred [54]. However, in chromaffin cells, even at 

double the E-field threshold amplitude found to cause intracellular membrane poration, the 

NEP was not efficient at causing a large Ca2+ release from internal stores.  

In addition, we attribute the increase in intracellular Ca2+ levels with E-field amplitude 

to the increase in the number of pores formed in the membrane of intracellular organelles 

during pulse application. Our numerical modeling results correlate with this observation as 
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evidenced by the increase in the pore density when the amplitude of the applied E-field 

was increased (Fig. 3.13).  

While the numerical model exhibited a saturation effect in the TMP and pore density 

once the E-field threshold amplitude causing significant electroporation was reached (Fig. 

3.13), such a saturation effect was not observed experimentally (Fig 3.8c). On the contrary, 

Ca2+ release kept increasing up to 21 MV/m. The saturation obtained in the model was 

observed at the anodic pole of the membrane, however regions away from the poles could 

still not be sufficiently electroporated, and require higher E-field amplitudes to 

electroporate. Because 21 MV/m was the highest E-field amplitude achievable with our 

experimental setup, we could not verify whether a saturation effect will be observed at 

higher E-field amplitudes. These observations further confirm the inability of a single 5-ns 

pulse to efficiently porate the membranes of intracellular organelles. 

 

3.5. Conclusions 

The numerical and experimental work described in this chapter demonstrated that 

application of a single 5-6 ns electric pulse caused plasma membrane permeabilization at 

an E-field threshold of 4 MV/m, but twice this E-field amplitude was required to cause 

Ca2+ release from intracellular stores as a result of poration of intracellular membranes. 

Knowledge of these thresholds is essential for verifying that NEPs can alter neural cell 

excitability and cause Ca2+ influx that triggers exocytosis and catecholamine release 

without resulting in additional, unwanted effects on intracellular structures such as poration 

of intracellular membranes leading to Ca2+ release from internal stores.  
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While the modeling results agreed with the experimental findings with respect to the 

E-field threshold amplitudes required to permeabilize the plasma membrane, they 

disagreed with the experiments that demonstrated the need for high E-field amplitudes to 

cause Ca2+ release from intracellular stores. This discrepancy is addressed further in the 

next chapter. 

In addition, this study has shown that Ca2+ release from intracellular stores is complex, 

as evidenced by the variability in the cell responses observed. The Ca2+ responses varied 

from small, single Ca2+ transients to spiky Ca2+ release that was localized to distinct regions 

of the cell. To our knowledge, these observations are novel and have not been reported in 

other cell types [54]. To follow up on these observations, more studies are needed, such as 

identifying the source from which intracellular Ca2+ is being released.  

The following chapter is dedicated to identifying the internal organelle targeted by the 

NEP and to refining the numerical model by using, where possible, measured dielectric 

properties specific to chromaffin cells in order to obtain better agreement between the 

simulated and experimental results.   
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CHAPTER 4. Exposing Adrenal Chromaffin Cells to High 
Intensity, 5-ns Electric Pulses Causes Electroporation of the 
ER Membrane 

4.1. Introduction  

In the previous chapter it was shown that Ca2+ was released from intracellular stores in 

chromaffin cells following application of a single 5-6 ns pulse with an amplitude greater 

than 8 MV/m. This chapter focuses on identifying the source(s) of the Ca2+ that was being 

released using experimentation and further validation with numerical modeling. Since the 

ER is the primary target of NEPs in other cell types, we hypothesized that it is the primary 

target of NEPs in chromaffin cells as well. However, another potential target of NEPs in 

chromaffin cells is the secretory granules. 

The experimental approach aimed at identifying the source of intracellular Ca2+ 

consisted of using pharmacological agents to deplete Ca2+ from the ER and assessing the 

effect of depletion on the Ca2+ responses following pulse application. To validate the 

experimental findings relative to the source(s) of intracellular Ca2+, the 2D numerical cell 

model was refined by modeling a local region inside the cell, in addition to using realistic 

sizes for the chromaffin granules as well as their measured dielectric properties. The model 

was also used to further understand the requirement for high E-field amplitudes to 

electroporate the membranes of intracellular organelles.  
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4.2. Materials and methods 

4.2.1 Chromaffin cell isolation, culturing and dissociation 

Bovine chromaffin cells were isolated from the medulla of fresh adrenal glands using 

the method described by Waymire et al. (1993) [107]. Briefly, fresh adrenal glands were 

obtained from a local abattoir (Wolf Pack Meats, Reno, NV, USA). The outer cortex was 

removed by dissection and a perfusion catheter inserted in the adreno-lumbar vein of the 

medulla. To flush out red blood cells, the tissue was perfused with a Ca2+/Mg2+-free Hank’s 

balanced salt solution (HBSS) of the following composition: 137 mM NaCl, 5.37 mM KCl, 

0.44 mM KH2PO4, 0.54 mM Na2HPO4, 4.17 mM NaHCO3, 5.55 mM D-Glucose, 5 mM 

HEPES, phenol red (0.001%) and 0.02% bovine serum albumin (BSA), pH 7.2. The 

medulla was then digested by perfusing it via the adreno-lumbar vein with HBSS 

containing collagenase B (0.05%) and CaCl2 (50 µM). Once digestion was complete, the 

swollen tissue was gently agitated to obtain single cells, which were subjected to a 

sequence of four centrifugation steps to remove debris and any remaining red blood cells. 

After the final centrifugation step, the cells were diluted to a final concentration of 4 x 105 

cells/ml in Ham’s F-12 medium supplemented with 10 % bovine calf serum, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 0.25 µg/ml fungizone, and 6 µg/ml cytosine 

arabinoside, placed into tissue culture flasks and incubated for 5.5 hours at 36.5°C under a 

humidified atmosphere of 5% CO2. During this incubation, non-chromaffin cells present 

in the cell mixture adhered to the bottom of the tissue culture flask whereas the chromaffin 

cells remained in suspension. At the end of the differential plating step, the cells were 

collected from each flask, distributed into 60 mm Petri dishes at a density of 1 x 105 cells/ml 
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and maintained in suspension culture in the supplemented Hams’ F12 medium at 36.5°C 

under a humidified atmosphere of 5% CO2. Cells were used up until 3 weeks in culture.  

For all experiments, the large aggregates of cells that form in suspension culture were 

dissociated into single isolated cells with the protease dispase [108]. Briefly, the enzyme 

was added directly to a dish of cells for a minimum of 6 hours. After collecting the cells 

by centrifugation, cells were incubated at 37°C in Ca2+/Mg2+-free HBSS lacking KH2PO4, 

NaHCO3 and phenol red. After 10 min, the incubation was interrupted and the cells were 

gently triturated to facilitate dissociation. The incubation/trituration steps were repeated 4 

times. Once cell aggregates were fully dissociated, the cells were plated onto fibronectin-

coated 35 mm glass bottom dishes (inner glass diameter: 20 mm). Cells were used for a 

period not exceeding 2 days after attachment. All experiments were carried out at room 

temperature (22-25°C). 

 

4.2.2 Fluorescence imaging of intracellular Ca2+ levels 

Cells were incubated with a cell permeant Ca2+-sensitive fluorescent indicator Calcium 

Green-1-AM (1 µM; 480/535 nm) for 45 min at 37°C in a balanced salt solution (BSS) 

with the following composition: 145 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 2 mM 

CaCl2, 1.3 mM MgCl2, 10 mM glucose, 15 mM HEPES and 0.1% BSA, pH 7.4. After 

incubation, cells were washed twice with BSS lacking BSA and placed on the stage of a 

Nikon TE2000 epifluorescence microscope equipped with a 100X objective. For 

experiments conducted in the absence of extracellular Ca2+, the BSS lacked Ca2+ and 

contained 1 mM EGTA. Fluorescence images of the cells, which were obtained before, 

during and after stimulus application, were captured by an iXonEM + DU-897 EMCCD 
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camera (Andor Technology Ltd., Belfast, UK) using the open source microscopy software 

Micro-Manager (version 1.4). The exposure time of the camera was set to 100 ms. 

Continuous baseline Ca2+ fluorescence of the cells was monitored 10 s prior to stimulus 

application and continued for 20-30 s after the stimulus. Sequences were analyzed using 

the public-domain image processing program ImageJ. The change in fluorescence intensity 

(∆F) of the cells was calculated by subtracting the background fluorescence from the 

fluorescence of the cell (∆F = Fcell – Fbackground). ∆F was then normalized to the fluorescence 

intensity value (F0) at the time when the stimulus was applied (∆F/F0). Bright field images 

were obtained before and after the applied stimulus. 

For experiments in which drugs were applied by perfusion, cells were attached to the 

inner well (diameter of 10 mm) of glass bottom dishes and the various agonists and 

blockers, dissolved in BSS, were continuously delivered to the cells using a six-channel 

perfusion valve control system (Warner Instruments, Hamden, CT). A silicone Petri dish 

insert (Bioscience Tools, San Diego, CA, USA) that was adhered to the bottom of the dish 

provided solution exchange inside the area where the cells were located within 30 to 60 s. 

Cells were perfused at a rate of 0.7-0.9 ml/min.  

Continuous baseline Ca2+ fluorescence of the cells was monitored during perfusion of 

the stimulus and continued up to 5 min afterwards. Caffeine, ryanodine, CPA and carbachol 

were used at concentrations of 50 mM, 1 µM, 30 µM and 500 µM, respectively. Because 

of the high caffeine concentration, the caffeine solution was prepared in NaCl-reduced 

Ca2+-free BSS containing 1 mM EGTA to maintain isotonicity and avoid any osmotic 

effect on the cells. Solutions of ryanodine, CPA and carbachol were prepared in Ca2+-free 

BSS containing 1 mM EGTA.  
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4.2.3 NEP exposure 

A 5-ns pulse was applied to a cell by means of two cylindrical gold-plated tungsten rod 

electrodes (127 µm diameter) spaced 100 µm apart. The tips of the electrodes were 

immersed in the BSS bathing the cells and placed 40 µm above the bottom of the dish, with 

the imaged cell located at the center of the gap between the electrode tips (Fig. 4.1a). The 

entire experimental setup is shown in Fig. 4.1b. Single pulses with amplitudes that 

produced electric fields (E-fields) of 17 MV/m (see the subsection below for the E-field 

calculation) at the location of the cell were generated by a custom-fabricated nanosecond 

pulse generator (Transient Plasma Systems, Torrance, CA). Delivery of pulses was 

triggered externally by a program written in LabVIEW, and pulse traces (Fig. 4.1c) 

captured with a TDS 3102C oscilloscope (Tektronix, Beaverton, OR, USA). In all 

experiments, a cell was exposed to the E-field only once. 

 

 
(a) 
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(b) 

 
(c) 

 
Fig. 4.1. Details of the NEP exposure system. (a) Photomicrograph of an attached cell 
showing the electrode tips which are positioned 40 µm above the bottom of the dish. (b) 
Photograph of the actual experimental setup used in fluorescence imaging experiments. 
(c) Representative waveform of a 5-ns pulse applied in experiments to chromaffin cells. 
The pulse duration corresponds to the width at half maximum. 
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4.2.3.1 Numerical computation of the E-field distribution in the vicinity and at the 
location of the cell 

The E-field distribution in the vicinity and at the location of the cell were computed 

using the commercially available Finite-Difference Time-Domain software package 

SEMCAD X (version 14.8.5, SPEAG, Zurich, Switzerland). Briefly, experimental voltage 

trace data, recorded on an oscilloscope, were collected from several NEP traces, averaged 

together and then used as input excitation in SEMCAD X to compute the E-field 

distribution as follows: A three-dimensional (3D) geometric model was created in 

SEMCAD X to represent the portion of the exposure system that included the exposed ends 

of the electrode tips, the 50 Ω matching resistance (matching the characteristic impedance 

of the electrodes to that of the cabling and pulse delivery system), the BSS, and the glass 

chamber representing the glass bottom dish onto which the cells are attached (Fig. 4.2a). 

The entire exposure system was not modeled because of computational limitations. The 

electrode tips were positioned 40 µm above the chamber floor and were surrounded by 

BSS, as in actual experiments.  

A SEMCAD simulation* was then performed wherein the averaged voltage data of the 

pulse was fed to the edge source which supplies the pulse, located at the top of the 

electrodes as shown in Fig. 4.2a. The E-field at the location of the cell (Fig. 4.2b) was 

computed and detected by a point sensor placed at the cell location.  

 

 

* SEMCAD X simulations were performed by Dr. Jihwan Yoon and Robert Terhune, Department of 
Pharmacology, University of Nevada Reno, and the results were used in this dissertation to calculate the E-
field amplitudes applied to cell during experiments. 
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A conversion factor was obtained by dividing the peak E-field detected by the point 

sensor by the peak voltage applied to the edge source. This conversion factor was used to 

calculate the E-field amplitude delivered to the cells, by multiplying the peak voltage 

measured during experiments by the conversion factor obtained from the simulations.  

 

 
(a) 
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(b) 

 
Fig. 4.2. Details of the SEMCAD X FDTD simulations. (a) Schematic showing the 
geometry used in the FDTD simulations. The point sensor used to detect the E-field 
computed in the simulations is placed at the cell location. (b) E-field distribution in the 
vicinity and at the location of the cell when a voltage of 2700 V was applied. The dotted 
box represents the region over which a cell can be located in experiments.  
 

4.2.4 Reagents 

Calcium Green-1-AM was purchased from Molecular Probes (Eugene, OR, USA), 

Ham’s F-12, dispase II and the antibiotic-antimycotic were purchased from Gibco 

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

Bio-products (West Sacramento, CA, USA), collagenase B was purchased from Roche 

Diagnostics (Indianapolis, IN, USA), carbachol, caffeine and CPA were purchased from 

Sigma-Aldrich (St. Louis, MO, USA), and ryanodine was purchased from AG Scientific 

Inc. (San Diego, CA, USA). All other chemicals and reagents were reagent grade and 

purchased from standard commercial sources. 
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4.2.5 2D model of chromaffin cell organelles 

A localized 2D geometric model of intracellular Ca2+-storing organelles in chromaffin 

cells exposed to a single 5-ns pulse was constructed in Matlab (2015a, Mathworks). 

Computations were performed based on the meshed transport network method (MTNM) 

developed by Smith and Weaver (2008) [40]. The electrical response of the organelles was 

based on the asymptotic model of electroporation developed by Neu and Krassowska 

(1999) [34]. Below is a description of the geometry and parameters used in the model. 

 

4.2.5.1 Model geometry and simulation 

As previously stated, it is hypothesized that the ER is the primary target of NEPs in 

chromaffin cells. However, secretory granules also represent another potential target. 

Modeling realistic granule sizes around the ER required the use of a localized 2D model in 

which only intracellular organelles were considered.  

The localized model geometry (Fig. 4.3) consisted of a circular structure of radius rER 

= 300 nm representing the ER, surrounded by 6 secretory granules of realistic radius rgran 

= 150 nm each [88]. All organelles were placed inside a bounding box (i.e. system 

boundary) of dimensions 15 µm x 15 µm and were represented by single membrane 

structures that had a thickness of dm = 5 nm. The secretory granule membranes were 

assigned a resting potential of –70 mV, a value typical for chromaffin granules [119]. The 

pulse was applied by means of idealized planar electrodes placed at x = –7.5 µm (anode) 

and x = 7.5 µm (cathode). The E-field was calculated by dividing the potential difference 

between the electrodes by the distance between the electrodes. The averaged voltage traces 

of the pulse captured during experiments were implemented in the model. 
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Fig. 4.3. Zoomed-in view of the model geometry illustrating the different organelles. A 
circular structure representing the ER (rER = 300 nm) was placed at (0.4 µm, 0) and six 
secretory granules (G1 to G6; rgran = 150 nm) were placed around the ER at (0, –0.35 
µm), (–0.35 µm, –0.3 µm), (–0.55 µm, 0), (–0.35 µm, 0.3 µm), (0, 0.35 µm) and (–0.15 
µm, 0), respectively.  
 

After constructing the geometry, a triangular mesh (Fig. 4.4a) was generated using the 

mesh generation algorithm developed by Persson and Strang [94]. During mesh generation, 

nodes were fixed along the membranes. The triangular elements in the mesh varied in size, 

starting from a fine mesh in and around the membranes and expanding in size as the system 

boundary was approached. The ER membrane and each secretory granule membrane had 

90 and 45 membrane points, respectively. The meshing algorithm required that the node 

spacing for all membranes be the same. Because of the small size of the granules, the cell 

was not added to the geometry because it would require an extremely large number of 

points on its membrane, thus increasing the amount of computation and data storage 
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beyond the capacity of computers available in our laboratory. For this reason only the 

intracellular Ca2+-storing organelles that are targets of NEPs were modeled.  

For times that are much smaller than the membrane charging time, equation (1) in 

Chapter 1 simplifies to:  

Vm(t) = 1.5 E cosθ dm
εmε0

( 1
ρi+ρe 2⁄

)t    (1) 

 
where Vm is the TMP, E the amplitude of the external E-field, θ the angle between the 

normal to the membrane and the direction of the E-field, dm the membrane thickness, εm 

the membrane permittivity, ε0 the free space permittivity, ρi and ρe the resistivities of the 

intracellular and extracellular media, respectively. The TMP becomes independent of cell 

size and depends on the amplitude of the applied E-field and on the electrical properties 

used (assuming a fixed membrane thickness dm = 5 nm). Although this equation was 

derived for a cylindrical cell, the size-independence also applies to irregular shaped cells 

and organelles [109]. Experiments conducted using NEPs also verified this assumption 

[70]. For the ultrashort 5-ns duration pulses used in this study, it was deemed adequate to 

represent the ER by a circle, neglecting the irregular shape of the ER in chromaffin cells.  

As described in Chapter 2, the VCs (Fig. 4.4b) represented the small volumes into 

which the entire domain was discretized. Parallel RC circuits were placed between each 

pair of adjacent nodes in the geometry and the circuit nodes approximated the behavior of 

each VC with which they were associated. R and C values were computed based on the 

electrical properties assigned to each region (i.e. conductivity and permittivity) and on the 

geometrical parameters obtained from the mesh (i.e distance between nodes and length of 

VC edges).  
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Matlab was used to compute all geometrical parameters and circuit components (e.g. R 

and C), and create netlists containing all node elements and connections in the circuits. 

Netlists were then imported into a circuit simulation software package LT SPICE IV 

(Linear Technology, Milpitas, CA, USA) where the model was simulated. The generated 

data (i.e. node voltages and currents) were exported back into Matlab for plotting and 

analysis of the results. 

 

4.2.5.2 Model electrical parameters 

We have shown in the previous chapter that depending on the electrical parameters 

used in the 2D cell model, the simulation results varied significantly and affected the 

interpretation and validation of the experimental findings. To obtain better agreement 

between the experimental and modeling results with respect to the high E-field threshold 

amplitudes required to porate intracellular membranes, it was essential to use, where 

possible, electrical parameters that were specific to chromaffin cells. As mentioned in 

Chapter 2, chromaffin granule dielectric properties (i.e. granule interior conductivity and 

granule membrane permittivity) were measured using microfluidic impedance 

spectroscopy (manuscript in preparation). These measured dielectric properties were 

incorporated into the current numerical model and a parametric study was conducted for 

the conductivity of the ER interior (σERin). This parameter was chosen to be changed since 

σERin is unknown and modeling studies conducted by Retelj et al. (2013) and Kotnik and 

Miklavčič (2006) showed that depending on the conductivity of the organelle interior, the 

E-field threshold amplitude required to porate the organelle membrane varies significantly 

[26,116]. The electrical parameters used in the model are defined in Table 4.1. 
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(a) 

 

 
(b) 

 
Fig. 4.4. Mesh and VCs of the localized 2D geometric model. The mesh is shown in (a) 
and the VCs in (b). The mesh had 2707 nodes, 5400 triangles and 8106 edges, and a 21 
nm membrane node spacing. The relationship between the mesh and associated VCs is 
described in Chapter 2. 
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Table 4.1: Electrical parameters used in the 2D model of chromaffin cell organelles. 

Conductivity (S.m-1) Value 
Cytoplasma 0.3 
ER membranea 8.3 x 10-10 
Granule membranea  8.3 x 10-10 
ER interiorb 0.01-0.5 
Granule interiorc 0.3 
  
Relative permittivity  
Cytoplasma 80 
ER membranea 5 
Granule membranec  30 
ER interiora  80 
Granule interiora  80 

a Same values used as in Chapter 3. 
b Conductivity of the ER interior was varied in the parametric study. 
c Granule interior conductivity and granule membrane permittivity were determined by 
microfluidic impedance spectroscopy (Chapter 2).  

 
4.2.5.3 Asymptotic model of electroporation 

The electrical response of the cell subjected to the NEP was modeled using the 

asymptotic model of electroporation [34]. This model assumes that pores do not expand 

for nanosecond duration, high amplitude electric pulses [20]. The assumption of a constant 

pore size can safely be used in this study since the 5-ns duration pulse used in the 

experiments is too short to cause pore expansion.  

Pore dynamics are defined in the simplified form of the Smoluchowski equation, which 

is an ordinary differential equation given by [93]:  

dN(t)
dt

= αe
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (2) 

 
where N is the local pore density, α the pore creation rate coefficient, Vm the 

transmembrane potential, Vep the characteristic voltage of electroporation, N0 the 
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equilibrium pore density in the nonelectroporated membrane, and q an electroporation 

coefficient.  

Modeling the membranes required the incorporation of the nonlinear changes in 

membrane conductance due to electroporation. In addition to the passive RC circuit that 

exists between each pair of nodes that span the membrane, a current source ip representing 

the current through pores was added to the membrane model (Fig. 4.5a). The current 

through pores in a small area Am of the membrane was calculated from the conductance 

per pore Gm, the pore density N, and the TMP Vm by: 

ip(t) = Gp(Vm)N(t)AmVm(t)     (3) 

 
The TMP was determined by the voltage difference across the membrane, and the 

conductance per pore, representing the increase in membrane conductivity due to 

electroporation, was calculated from:  

Gp(Vm) = σp
πrm2

dm
 eνm−1
ω0eω0−ηνm−ηνm

ω0−ηνm
 eνm−ω0e

ω0+ηνm+ηνm
ω0+ηνm

  (4) 

 

where σp is the pore conductivity, rm the fixed pore radius, dm the membrane thickness, ω0 

the energy barrier inside a pore, η the relative entrance length of a pore, and νm the 

dimensionless TMP given by: 

νm = Vmqe
kT

        (5) 
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qe = 1.6 x 10-19 C is the charge of an electron, k = 1.38 x 10-23 J/K the Boltzmann constant, 

and T the absolute temperature.  

The pore density N was calculated by solving equation (5) using the subcircuit shown 

in Fig. 4.5b. In this subcircuit, the voltage N(t) across the capacitor CN is given by:  

dN(t)
dt

= iN(t)
CN

        (6) 

 
where CN = 1/α and iN, representing the current flowing into the capacitor, is given by:  

iN(t) = e
�Vm(t)
Vep

�
2

�1 − N(t)
N0

e
−q�

Vm(t)
Vep

�
2

�    (7) 

 
When the sum of the currents flowing into the node is positive, a positive current flows 

into the capacitor, the capacitor charges and the voltage N(t) at the node increases, thus 

creating pores. Otherwise, when the sum of the currents flowing into the node is negative, 

a negative current flows into the capacitor, the capacitor discharges and the voltage N(t) at 

the node decreases, thus destroying pores [93]. The electroporation parameters used in 

equations (2)-(7) were taken from [93,96] and are defined in Table 4.2. 
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(a) (b) 

 
Fig. 4.5. Equivalent electrical circuit for the membrane. (a) Resistors Rm and capacitors 
Cm were placed between each pair of nodes spanning the membrane, in addition to the 
current ip through pores. (b) The pore density subcircuit associated with each membrane 
circuit was used to solve the pore dynamics equation (2).  
 

Table 4.2: Electroporation parameters used in the 2D model of chromaffin cell organelles 
[93,96]. 

Parameter Value 
Pore creation rate coefficient (α) 1 x 109 m-2 s-1 
Characteristic voltage of electroporation (Vep) 0.258 V 
Electroporation coefficient (q) 2.46 
Equilibrium pore density (N0) 1.5 x 109 m-2 
Pore radius (rm) 0.8 nm 
Pore energy barrier (ω0) 2.65 kT 
Conductivity of aqueous solution in pores (σp) 1.3 S.m-1 
Pore relative entrance length (η) 0.15 
Absolute temperature (T) 295 K 
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4.3. Results 

4.3.1 Experimental findings 

Pharmacological approaches were used to identify the source of intracellular Ca2+ 

released in response to a single 5-ns pulse. For these experiments, the conditions for 

partially and fully depleting ER Ca2+ stores were established and the Ca2+ response to a 

pulse delivered at 17 MV/m was assessed under both conditions in the absence of 

extracellular Ca2+. At this pulse amplitude, 91% of the cells tested responded to a pulse by 

undergoing a small but measurable rise in intracellular Ca2+ that varied in amplitude from 

cell to cell (Section 3.3.1.1). 

 

4.3.1.1 Spontaneous fluctuations in intracellular Ca2+ levels ([Ca2+]i) do not occur 
in chromaffin cells in the absence of extracellular Ca2+  

Bovine chromaffin cells are known to undergo spontaneous action potential firing that 

causes Ca2+ influx through VGCCs [120,121]. Using fluorescence imaging of [Ca2+]i, 

previous studies by our research group also reported that spontaneous Ca2+ transients occur 

in chromaffin cells in the presence of extracellular Ca2+ [92]. However, in the absence of 

extracellular Ca2+, spontaneous fluctuations in [Ca2+]i have not been reported in cells 

derived from the bovine species, even though some studies reported that chromaffin cells 

derived from other species (e.g. mouse, rat and human) undergo spontaneous Ca2+ 

transients when Ca2+ was absent in the extracellular solution [122].   

The need to distinguish between spontaneous intracellular Ca2+ activity from pulse-

induced release of Ca2+ from intracellular stores prompted us to monitor [Ca2+]i in resting 

cells in the absence of extracellular Ca2+. For this determination, fluorescence intensity was 
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monitored continuously for 40 s in a total of thirty cells derived from two cell preparations. 

None of the cells showed any detectable alteration in [Ca2+]i and a representative 

fluorescence trace is shown in Fig. 4.6. These results indicate that intracellular Ca2+ 

responses that occur following application of a pulse would be attributed to the pulse itself 

and not to spontaneous release of Ca2+ from intracellular stores.  

 

4.3.1.2 The characteristics of Ca2+ release from internal stores evoked by a 5-ns 
pulse differed from that evoked by a receptor agonist 

In Chapter 3 it was shown that exposing chromaffin cells to the receptor agonist 

carbachol in the absence of extracellular Ca2+ caused a delayed increase in [Ca2+]i, that was 

attributed to IP3 generation. In the experiments described in this chapter, carbachol was 

therefore used as a control to test for IP3-sensitive store depletion.  

 

 
 

Fig. 4.6. Representative fluorescence Ca2+ trace in chromaffin cells at rest in the absence 
of extracellular Ca2+.  
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When carbachol (500 µM) was applied to cells via perfusion in the absence of 

extracellular Ca2+, Ca2+ release from intracellular stores occurred as a single peak (Fig. 4.7) 

which resembled that evoked by carbachol using a pressure ejection pipette (Fig. 3.7a), 

with the exception that the responses were greater in amplitude due to the longer presence 

of the agonist.  The amplitudes of the Ca2+ transients varied from 1.6 to 2.6 (2.15 ± 0.48 

S.D., n = 4 cells).  

In contrast, exposing chromaffin cells in the absence of extracellular Ca2+ to a single 

5-ns pulse at an E-field amplitude of 17 MV/m caused release of Ca2+ from intracellular 

stores that was characterized by three distinct patterns (Fig. 4.8). These patterns are similar 

to those shown in Fig. 3.8b for 19 MV/m. Out of a total of 30 cells, 17 cells exhibited a 

single short Ca2+ transient (< 10 s) (Fig. 4.8, red trace), 4 cells showed a single, longer-

lived Ca2+ transient (> 10 s) (Fig. 4.8, blue trace), and the remaining 9 cells revealed Ca2+ 

responses that were spiky (Fig. 4.8, green and orange traces). Such spiking activity was not 

observed in any of the cells exposed to carbachol. The amplitudes of the Ca2+ transients, 

which were measured immediately when the pulse was applied, varied from 1.06 to 1.35 

(1.15 ± 0.07 S.D., n = 30 cells). 

 
4.3.1.3 Depletion of ER Ca2+ stores with caffeine did not abolish pulse-induced 

Ca2+ release from intracellular stores  

As discussed in the Introduction, Ca2+ can be released from the ER either via the 

Ca2+-gated Ca2+ channels, also known as ryanodine receptors (RyR), or via IP3-gated 

channels, also known as IP3-receptors (IP3R) [123-126].  
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Fig. 4.7. Representative Ca2+ transient evoked by continuous application of carbachol via 
perfusion in the absence of extracellular Ca2+. ∆F/F0 was calculated by subtracting the 
background fluorescence from the fluorescence of the cells and normalizing it to the 
fluorescence intensity value at the time when carbachol (500 µM) was applied. The arrow 
indicates when perfusion with carbachol was initiated. 
 

 
 

Fig. 4.8. Representative intracellular Ca2+ responses of chromaffin cells exposed to a 
single 5-ns pulse applied at an E-field amplitude of 17 MV/m in the absence of 
extracellular Ca2+. ∆F/F0 was calculated by subtracting the background fluorescence from 
the fluorescence of the cells and normalizing it to the fluorescence intensity value at the 
time when the pulse was applied (arrow). 
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The first series of experiments examined the effect of depleting ryanodine-sensitive 

stores with caffeine, a RyR agonist. The concentration of caffeine that was used in these 

experiments, 50 mM, has been shown to be maximally effective at depleting these ER 

stores in chromaffin cells [127-129]. As shown in Fig. 4.9a, treating cells with 50 mM 

caffeine caused a rapid and transient increase in [Ca2+]i that was due to Ca2+ release from 

the ER. Depending on the cell, the Ca2+ transients lasted from 45 to 90 s, and the amplitude 

of the rise in [Ca2+]i varied from 1.3 to 2.5 (2.12 ± 0.37 S.D., n = 10 cells). Most of the 

cells (9 of 10 cells) showed two discernable peaks, which is consistent with the findings of 

Stauderman et al. (1991) [130]; only one cell showed a Ca2+ transient comprised of a single 

peak (not shown).  

When chromaffin cells were exposed to a single 5-ns, 17 MV/m pulse following 

pretreatment with caffeine, Ca2+ responses were abolished in 20 out of 43 cells. Of the 23 

cells that responded to the pulse, 7 cells showed an immediate release of Ca2+ that gradually 

increased in amplitude with time (Fig. 4.9b) and 16 cells showed a delayed release of Ca2+ 

(Fig. 4.9c) that varied from a single Ca2+ transient to multiple (i.e., spiky) Ca2+ transients. 

The later responses were attributed to a delayed effect of the pulse on the cells. Overall, 

the characteristics of these responses differed from those observed in cells in which 

ryanodine-sensitive ER stores were replete with Ca2+.  
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(a) 

 
(b) 
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(c) 

 
Fig. 4.9. NEP-evoked Ca2+ responses in chromaffin cells in the presence of caffeine and 
absence of extracellular Ca2+. (a) Representative Ca2+ transients following application of 
caffeine (50 mM) via perfusion. The arrow indicates the time when perfusion with 
caffeine was initiated. The traces shown in (b) and (c) are typical of immediate responses 
and delayed responses, respectively, observed in cells exposed to a single 5-ns duration 
pulse applied at E-field amplitudes of 17 MV/m. ∆F/F0 was calculated by subtracting the 
background fluorescence from the fluorescence of the cells and normalizing it to the 
fluorescence intensity value at the time when the pulse was applied (arrow). 
 

4.3.1.4 Pretreating cells with both caffeine and ryanodine still did not eliminate the 
pulse-induced release of Ca2+ from intracellular stores  

Some researchers have reported that a combination of caffeine and ryanodine was 

necessary to effectively deplete ryanodine-sensitive Ca2+ stores in the ER in chromaffin 

cells [124,127,128,131,132]. Since NEP-induced Ca2+ release was not completely 

abolished when cells were pretreated with caffeine alone, this suggested that the residual 

Ca2+ in the ER might not have been accessed by caffeine alone. To address this possibility, 

cells were pretreated with both ryanodine (1 µM) and caffeine (50 mM) prior to NEP 

exposure (diagram of Fig. 4.10a). Ryanodine, when used at this low concentration, locks 
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irreversibly the RyRs in an open sub-conductance state causing a slow Ca2+ release from 

the ER (t1/2 ≈ 25 min) [128,133]. Due to its slow activity, ryanodine was added to the cells 

first. Fifteen minutes later, Ca2+ stores were further depleted with the combination of 

caffeine and ryanodine.  

As shown in Fig. 4.10b, the Ca2+ transients obtained using both agonists were similar 

in shape and amplitude to the Ca2+ transients observed with caffeine alone, varying from 

1.6 to 2.6 (2.26 ± 0.33 S.D., n = 8 cells). One noticeable difference, however, was that they 

were longer lasting (45-140 s) than the transients obtained with caffeine alone (45-90 s). 

In cells pretreated with both caffeine and ryanodine, exposure to a single 5-ns, 17 

MV/m pulse eliminated Ca2+ responses in 20 out of 34 cells. Compared with caffeine 

pretreatment alone, the percentage of cells that did not respond to the pulse was slightly 

higher (59 vs 47%, respectively), suggesting that the combination of the two depleting 

agents caused more Ca2+ to be released from the ER. Of the 14 cells that responded to the 

pulse, two cells showed an immediate Ca2+ release (Fig. 4.10c), one of which showed a 

gradual increase in [Ca2+]i. The remaining 12 cells showed delayed Ca2+ release (Fig. 

4.10d) following pulse application, responses that were similar in characteristics to those 

observed when caffeine was used alone.  
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(a) 

 

 
(b) 

 
(c) 
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(d) 

 
Fig. 4.10. NEP-evoked Ca2+ responses in chromaffin cells in the presence of caffeine and 
ryanodine and absence of extracellular Ca2+. (a) Schematic diagram showing the order in 
which ryanodine and caffeine were applied to the cells. (b) Representative Ca2+ transients 
following application of caffeine (50 mM) and ryanodine (1 µM) via perfusion. The 
arrow indicates when perfusion with caffeine and ryanodine was initiated. The traces 
shown in (c) are typical of immediate responses observed in cells exposed to a single 5-ns 
duration pulse applied at E-field amplitudes of 17 MV/m. The traces shown in (d) are 
typical of delayed responses observed in cells exposed to a single 5-ns duration pulse 
applied at E-field amplitudes of 17 MV/m. ∆F/F0 was calculated by subtracting the 
background fluorescence from the fluorescence of the cells and normalizing it to the 
fluorescence intensity value at the time when the pulse was applied (arrow). 
 

4.3.1.5 Blocking the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump did 
not fully abolish the NEP-induced Ca2+ release from intracellular stores  

When cells were pretreated with a combination of caffeine and ryanodine, the 

observation that some cells still showed intracellular Ca2+ release following pulse 

application indicated that either the ryanodine-sensitive stores have not been fully depleted 

or that Ca2+ was coming from an IP3-sensitive store. To address this possibility, another 

strategy was used to deplete ER stores of Ca2+. The strategy was to block the SERCA pump 

using thapsigargin (TG) or cyclopiazonic acid (CPA) that cause release of Ca2+ from both 
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the ryanodine- and IP3-sensitive Ca2+ stores in the ER. The concentration of CPA that was 

used in these experiments, 30 µM, has been used to block the SERCA pump in chromaffin 

cells [134-137]. 

Compared with the rapid Ca2+ release evoked by activating the RyRs with caffeine and 

ryanodine, Ca2+ transients evoked by the SERCA inhibitor CPA were more gradual in onset 

(Fig. 4.11a), indicating that the loss of Ca2+ from the ER was a slower process. In fact, the 

CPA-induced Ca2+ transients varied in time from 150 to 270 s, and were 3 times longer 

than the caffeine-induced Ca2+ transients.  

After the ryanodine- and IP3-sensitive Ca2+ stores were depleted with CPA, cells were 

exposed to a single 5-ns, 17 MV/m pulse. The results showed that CPA completely 

eliminated Ca2+ responses in 17 out of 22 cells. The percentage of cells not responding to 

the pulse in the presence of CPA (77%) was higher than the percentage of cells not 

responding to the pulse in the presence of both caffeine and ryanodine (59%), indicating 

that CPA caused more Ca2+ to be released from the ER, as it depleted both the ryanodine- 

and IP3-sensitive Ca2+ pools. Of the 4 cells that responded to the pulse, only one cell 

showed an immediate release of Ca2+ but the response was small in amplitude. The other 3 

cells showed a delayed Ca2+ release (Fig. 4.11b) that appeared at least 15 s after the pulse. 

Similar results were obtained using TG (1 µM) to block the SERCA (data not shown). 

Because blocking SERCA did not completely abolish NEP-induced release of Ca2+ 

from intracellular stores, it was possible that the ryanodine- and/or IP3-sensitive stores 

might still not have been fully depleted. Indeed, a subsequent application of caffeine (50 

mM) caused additional Ca2+ to be released from the ER (Fig. 4.11c).  
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(a) 

 
(b) 
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(c)  

 
Fig. 4.11. NEP-evoked Ca2+ responses in chromaffin cells in the presence of CPA and 
absence of extracellular Ca2+. (a) Representative Ca2+ transients following application of 
CPA (30 µM) via perfusion. The arrow indicates when perfusion with CPA was initiated. 
The traces shown in (b) are typical of responses observed in cells exposed to a single 5-ns 
duration pulse applied at E-field amplitudes of 17 MV/m. ∆F/F0 was calculated by 
subtracting the background fluorescence from the fluorescence of the cells and 
normalizing it to the fluorescence intensity value at the time when the pulse was applied 
(arrow). (c) Representative Ca2+ transients following a subsequent application of caffeine 
(50 mM) via perfusion. The arrow indicates when perfusion with caffeine was initiated. 
 

4.3.1.6 A combination of caffeine, ryanodine and CPA was required to completely 
abolish the pulse-induced Ca2+ release from intracellular stores in 
chromaffin cells 

Because a combination of caffeine and ryanodine alone, or CPA alone, were not 

sufficient to fully deplete the Ca2+ stores in the ER of chromaffin cells, a series of additional 

experiments were conducted to determine whether a combination of all three agents was 

necessary to cause full depletion of the Ca2+ pools in the ER. The order in which the agents 

have been added to accomplish this depletion is shown in the schematic of Fig. 4.12a. 

Because of the slow activity of ryanodine and CPA compared to caffeine, ryanodine (1 µM) 
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and CPA (30 µM) were added to the cells first in the absence of extracellular Ca2+. To 

minimize photobleaching, fluorescence of the cells was not monitored during this initial 

application. Fifteen minutes later, caffeine (50 mM) was added and the cells incubated with 

all three agents for 15 min. As shown in Fig. 4.12b, the Ca2+ transients obtained using all 

three depleting agents were similar in shape and amplitude to the transients obtained with 

the combination of caffeine and ryanodine, varying in amplitude from 1.7 to 2.8 (2.19 ± 

0.39 S.D., n = 8 cells). In addition, Ca2+ transients lasted slightly longer (80-140 s) than the 

transients obtained with caffeine and ryanodine (45-140 s). 

When a single 5-ns, 17 MV/m pulse was applied after ER Ca2+ stores were depleted 

with the combination of all three agents, NEP-induced Ca2+ release from intracellular stores 

was completely abolished (Fig. 4.12c). Forty six out of 46 cells obtained from different cell 

preparations showed no response to the pulse. To verify that the lack of response to the 

pulse was due to full depletion of the ryanodine- and IP3-sensitive stores in the ER, an 

application of carbachol (500 µM), caffeine (50 mM), ryanodine (1 µM) and CPA (30 µM) 

did not cause any additional Ca2+ release from the eight cells tested (Fig. 4.12d), indicating 

that all the Ca2+ pools in the ER were fully depleted. These results are in agreement with 

the hypothesis that the ER is the primary target of NEPs in chromaffin cells, and suggest 

that the secretory granules are not affected by the pulse. 
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(a) 

 

 
(b) 

 
(c) 



128 
 

 
(d) 

 
Fig. 4.12. NEP-evoked Ca2+ responses in chromaffin cells in the presence of caffeine, 
ryanodine and CPA and absence of extracellular Ca2+. (a) Schematic diagram showing 
the order in which ryanodine, CPA and caffeine were applied to the cells. (b) 
Representative Ca2+ transients following application of caffeine (50 mM), CPA (30 µM) 
and ryanodine (1 µM) via perfusion. The arrow indicates when perfusion with caffeine, 
CPA and ryanodine was initiated. The trace shown in (c) is typical of responses observed 
in cells exposed to a single 5-ns duration pulse applied at E-field amplitudes of 17 MV/m. 
∆F/F0 was calculated by subtracting the background fluorescence from the fluorescence 
of the cells and normalizing it to the fluorescence intensity value at the time when the 
pulse was applied (arrow). (d) Representative Ca2+ response following application of 
carbachol (500 µM) in cells pretreated with caffeine (50 mM), CPA (30 µM) and 
ryanodine (1 µM) via perfusion. The arrow indicates when perfusion with carbachol, 
caffeine, CPA and ryanodine was initiated. 
 

4.3.2 Numerical modeling results 

The experimental results point to the ER as the primary structure being porated. To 

investigate whether the ER is the primary target of NEPs in chromaffin cells, and also 

assess any possible electroporation of the secretory granules, a localized model of 

chromaffin cell organelles was constructed. The model was further used to understand why 

high E-field amplitudes are required to electroporate the ER membrane. To address these 
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points, a more realistic representation of the size of chromaffin granules and their measured 

dielectric properties were incorporated into the model in which structures representing six 

secretory granules were placed around the ER as represented in Fig. 4.3. 

We have shown in the previous chapter that the electrical properties assigned to the 

different structures had an influence on the modeling results. Because of the lack of 

availability in the literature of specific values for the conductivity of the ER interior (σERin), 

a parametric study was conducted based on σERin to explore its influence on the threshold 

E-field required to electroporate the ER membrane. The values of σERin tested in the model 

were 0.01, 0.1 and 0.5 S/m. The two latter values were chosen because they fall in the range 

of conductivities for intracellular organelles reported in the literature [26]. The value σERin 

= 0.01 S/m was included in the parametric study because it gave good agreement between 

the experimental and numerical results for the threshold E-field necessary to electroporate 

the granule membrane (Section 3.3.3). 

The amplitude of the applied E-field was varied in the simulations from 3 to 25 MV/m. 

As stated in Chapter 3, the threshold E-field for significant electroporation was defined as 

the E-field amplitude that results in a pore density of 1014 m-2 at the anodic pole of a 

membrane [116].  

 

4.3.2.1 The threshold E-field amplitude required to electroporate the ER membrane 
correlated with the experimental threshold for σERin = 0.01 S/m 

The effect of σERin on the electroporation of the ER membrane was studied first. For 

each value of σERin, the pore density at the anodic pole of the ER membrane was computed 

for E-field amplitudes ranging from 3 to 25 MV/m. The results in Fig. 4.13 indicated that 
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reducing the value of σERin from 0.5 to 0.01 S/m increased the threshold E-field amplitude 

required to electroporate the ER membrane from 4 to 8 MV/m, respectively, thus giving a 

threshold E-field amplitude similar to the one found experimentally (8 MV/m).  

 

 
 
Fig. 4.13. Influence of σERin on the E-field threshold amplitude required to electroporate 
the ER membrane. The pore density is plotted as a function of the applied E-field for 
each value of σERin. The red “x” on the plot corresponds to the E-field threshold 
amplitude required to electroporate the ER membrane. The black dashed horizontal line 
on the plot indicates the threshold for a pore density of 1014 m−2, referred to as significant 
electroporation. E-field amplitudes up to 12 MV/m are shown on the x-axis because the 
pore density saturates for E-fields greater than 12 MV/m. 
 

4.3.2.2 The presence of multiple secretory granules around the ER did not affect 
the E-field threshold amplitude required to electroporate the ER membrane 

The presence of the large number of secretory granules in the cytoplasm might be 

limiting the E-field from penetrating into the ER, which could be another explanation for 

why a high E-field threshold amplitude is required to electroporate the ER membrane. This 

possibility was investigated through the computation of the E-field with and without the 
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granules located around one side of the ER, and by the application of a pulse in the opposite 

direction, i.e., from the side of the ER not surrounded by the granules. 

We first started by modeling the ER alone in the absence of secretory granules. This 

was accomplished by assigning cytoplasm properties to the secretory granules. A different 

geometry was not generated to model the ER alone because of the necessity to preserve the 

mesh of the modeled geometry (Fig. 4.4a) so that any changes observed in the E-field 

amplitudes would be only attributed to the influence of the granules around the ER. The E-

field threshold amplitude required to electroporate the ER membrane in the absence of the 

secretory granules was determined by computing the pore density at the anodic pole of the 

ER membrane for amplitudes of the applied E-field ranging from 3 to 25 MV/m. As shown 

in Fig. 4.14, the results indicated that the ER membrane electroporated at 8 MV/m, a value 

similar to the E-field threshold amplitude obtained when the ER was surrounded by the 

granules (i.e. original pulse direction, Section 4.3.2.1). 

Another control geometry was modeled in which secretory granules were placed 

around the ER, but with the pulse being applied in the opposite direction, i.e., from the side 

of the ER not surrounded by the granules. The results showed that the ER membrane 

electroporated at 8 MV/m (Fig. 4.14), a value similar to the E-field threshold amplitude 

obtained when a pulse was applied in the original direction. These overall results indicate 

that the presence of the secretory granules around the ER did not affect the electroporation 

of the ER membrane. 

As an example, Fig. 4.15 shows that the electric potential around the ER was not 

affected by the presence of the granules. Thus, similar E-field amplitudes would be 

expected to electroporate the ER membrane in all cases considered.  
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Fig. 4.14. Pore density calculated at the anodic pole of the ER membrane for σERin = 0.01 
S/m for the different configurations of the granules and electrodes. The black dashed 
horizontal line indicates the threshold for a pore density of 1014 m−2. 
 

      

 
(a) 
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(b) 

 
Fig. 4.15. Spatial distribution of the electric potential in and around the ER for an applied 
E-field of amplitude 9 MV/m. (a) The ER is modeled without granules surrounding it. (b) 
The ER is modeled with the granules surrounding it. The dashed square represents the 
location of the granules. The white areas in (a) and (b) represent a pore density greater 
than 1014 m-2 in the ER membrane. The color bars represent the electric potential in Volts 
(V). 
 

4.3.2.3 E-field amplitudes greater than 22 MV/m were required to electroporate the 
membranes of the secretory granules 

To validate further that the ER is the target of the NEPs in chromaffin cells and not the 

secretory granules, the E-field amplitude was increased from 3 to 25 MV/m and the pore 

density was computed at the anodic pole of the ER and granule membranes. Modeling 

results indicated that while for σERin = 0.01 S/m the ER membrane electroporated at 8 

MV/m, an E-field amplitude greater than 22 MV/m was required to electroporate the 

membranes of the secretory granules (Fig. 4.16). The requirement of a high E-field to 

electroporate the secretory granule membranes in the model is in agreement with the 
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experimental findings showing that the ER is the primary target of NEPs in chromaffin 

cells for E-field amplitudes up to 17 MV/m. 

 

 
 
Fig. 4.16. Pore density computed at the anodic pole of the ER and granule membranes for 
a range of E-field amplitudes from 3 to 25 MV/m. The black dashed horizontal line 
indicates the threshold for a pore density of 1014 m−2.  
 

4.4. Discussion 

The goal of the present study was to identify the source of intracellular Ca2+ released 

in response to a single 5-ns, 17 MV/m electric pulse using an experimental approach, and 

refine the numerical model to understand the basis for intracellular membrane 

permeabilization with respect to E-field amplitude. We have shown in the previous chapter 

that a single 5-6 ns electric pulse applied at E-field amplitudes greater than 8 MV/m was 

required to cause Ca2+ release from internal stores. The approach taken in this study to 

identify from where Ca2+ was being released was to deplete Ca2+ from the ER and assess 

the NEP-induced rise in [Ca2+]i following ER depletion.  
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In conjunction with this effort, the dielectric properties of the secretory granules were 

obtained from microfluidic impedance spectroscopy measurements (manuscript in 

preparation) and used in the numerical model that was refined locally to represent realistic 

sizes of secretory granules. Both the experimental and modeling results pointed to the ER 

as the primary target of NEPs in chromaffin cells.  

 

4.4.1 Characteristics of NEP-induced Ca2+ release from the ER 

4.4.1.1 Comparison with receptor agonist stimulation 

In the previous chapter, Ca2+ release from intracellular stores was attributed to direct 

permeabilization of the membranes by the NEP. In this study, the characteristics of Ca2+ 

release from internal stores were further investigated using the receptor agonist carbachol 

in which the cell responses obtained were compared to those evoked by a single 5-ns pulse 

applied at an E-field amplitude of 17 MV/m.  

The Ca2+ transients obtained in response to carbachol differed from those obtained 

following pulse application. Carbachol evoked a smooth and large [Ca2+]i rise (2.15 ± 0.48 

S.D., n = 4 cells) (Fig. 4.7) while NEP-induced Ca2+ responses were mainly abrupt and 

small in amplitude (1.15 ± 0.07 S.D., n = 30 cells)  (Fig. 4.8) even at the highest E-field 

amplitude investigated (21 MV/m). In addition, the rise in [Ca2+]i evoked by the pulse was 

highly variable, varying from single Ca2+ transients to multiple Ca2+ transients (or spiky 

activity).  

A similar study  conducted by White et al. (2004) [56] using HL-60 cells compared 

Ca2+ mobilization from the ER evoked by an agonist to that evoked by 60-ns duration 

pulses. The results showed that Ca2+ mobilization from internal stores using a single 60-ns 



136 
 

pulse and the purinergic agonist UTP had similar kinetics. Both stimuli caused rapid Ca2+ 

mobilization from the ER, suggesting that the pulse and the agonist utilized the same Ca2+ 

channels (i.e. IP3Rs and RyRs) present in intracellular membranes that caused Ca2+ release 

from internal stores [56]. Nevertheless, the authors did not exclude the possibility that Ca2+ 

could have been released through transient nanopores that formed in the intracellular 

membranes.  

In chromaffin cells, the characteristics of Ca2+ release evoked by carbachol differed 

from those evoked by a single 5-ns pulse. Thus, we conclude that the agonist and the 5-ns 

pulse were affecting the ER membrane differently and that the mechanisms by which Ca2+ 

is being released from the ER does not involve activation of signaling pathways inside the 

cell as has been reported by Tolstykh et al. (2013) [58]. Rather Ca2+ is released through 

nanopores that formed in the membrane of the ER during pulse application. 

 

4.4.1.2 Short time course of NEP-induced single Ca2+ transients  

The single Ca2+ transients observed following NEP application were either short-lived 

(lasting less than 10 s after the pulse) or longer-lived (lasting more than 10 s after the pulse), 

with no sustained Ca2+ release being observed in any of the cells tested (Fig. 4.8). One 

possible explanation for the transient Ca2+ responses is the short lifetime of the nanopores 

that form in the intracellular membranes, not allowing continuous Ca2+ release from 

intracellular stores. The pore lifetime has been predicted by MD simulations to be of the 

order of nanoseconds [37], even though longer pore lifetimes of the order of seconds have 

been reported in some theoretical [36,42] and experimental studies [65,70]. Furthermore, 

the transient Ca2+ responses indicate that the Ca2+ that was released was either taken up by 
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the mitochondria, pumped back to the ER via the SERCA pump, or pumped out of the cell 

through the PMCA or Na+/Ca2+ exchanger system in the plasma membrane [82].  

 

4.4.1.3 Possible basis for NEP-induced multiple Ca2+ transients  

The spiky nature of the Ca2+ transient observed in some cells appeared to occur more 

frequently at the higher E-field amplitudes. For example, while none of the cells (n = 44 

cells) exposed to a 5-ns pulse showed a spiky activity at E-field amplitudes ≤ 15 MV/m, 9 

of 30 cells showed this type of activity at 17 MV/m (Fig. 4.8, green and orange traces). To 

our knowledge, the spiky Ca2+ activity observed in chromaffin cells has not been reported 

by other groups studying NEP-induced Ca2+ release from intracellular stores in different 

cell types [54]. The reason for this type of spiky response is not known. It could be that, in 

addition to creating pores, the NEP affected the Ca2+ release channels present in internal 

membranes, like the IP3Rs or RyRs, inducing conformational changes in the proteins 

present in the receptors and triggering the channels to open [57]. If the channels are not 

activated at the same time, Ca2+ could then be released at different time points, explaining 

the observed multiple Ca2+ transients.  

 

4.4.2 Identification of the source of Ca2+ released in response to a 5-ns pulse 

4.4.2.1 Partial ER depletion of Ca2+ 

When the ER was partially depleted by caffeine alone, caffeine and ryanodine, and 

CPA alone, a variety of cell responses were observed in response to a 5-ns pulse. Ten of 
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41 cells showed an immediate Ca2+ response. However, 31 cells showed a delayed release 

of Ca2+.  

 

a. Ca2+ release was immediate  

Exposing chromaffin cells pretreated with caffeine, or with caffeine and ryanodine to 

a single 5-ns pulse caused an immediate Ca2+ release that was small in amplitude, and 

slowly increased over time. On the other hand, when the SERCA was blocked with CPA, 

only one cell showed an immediate and small Ca2+ transient.  

The increase in [Ca2+]i following depletion with caffeine, or with caffeine and 

ryanodine could be attributed to pores that have formed in the ER membrane that remained 

open after the pulse, thus causing the residual Ca2+ to leak from the ER into the cytoplasm 

down its concentration gradient. A second possibility is that the NEP could have initially 

triggered the residual Ca2+ to be released from the ER, and later when [Ca2+]i reached a 

certain threshold, it caused CICR from the RyRs [124]. A third possible explanation is that 

the NEP could have activated a signaling pathway inside the cell starting from the plasma 

membrane, such as the PLC/IP3 pathway, which activates the IP3Rs and causes Ca2+ to be 

released from the IP3-sensitive Ca2+ pools present in the ER. Lastly, the possibility that 

Ca2+ could have been released from a Ca2+ store other than the ER, for example the 

secretory granules, cannot be excluded. This last possibility will be discussed more in a 

later section. 

The immediate cell response observed when the cells were pretreated with CPA could 

be attributed to the residual Ca2+ being released through nanopores that formed in the ER 

membrane.  
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b. Ca2+ release was delayed 

When the ER was partially depleted of Ca2+ using caffeine alone or caffeine and 

ryanodine, most of the cells (n = 31 of 41 cells) exhibited a delayed Ca2+ release that varied 

from single Ca2+ transients to a spiky Ca2+ activity (Figs. 4.9.c, 4.10.d and 4.11.b). The 

spiky Ca2+ release was not observed when cells were pretreated with CPA alone. Rather, 

delayed single Ca2+ transients were observed. Because chromaffin cells did not show any 

spontaneous activity in the absence of extracellular Ca2+, nor when the stores were partially 

depleted with caffeine (data not shown), these delayed responses were attributed to a 

delayed NEP-induced effect on the ER. 

The mechanism by which these delayed responses occur has not been determined. It 

could be that the NEP is inducing signaling events in the cell that are causing a delayed 

Ca2+ release from the ER. For example, it has been reported that a single 600-ns pulse 

applied to CHO cells induces a plasma membrane perturbation resulting in activation of 

lipid signaling pathways inside the cell leading to accumulation of IP3 in the cytoplasm 

[58]. Even though activation of such signaling pathways has not been demonstrated in 

chromaffin cells, it could be that application of a NEP at such high E-field amplitudes (17 

MV/m) perturbed the plasma membrane causing activation of signaling pathways such as 

the PLC/IP3. The time it takes to generate a threshold level of IP3 in the cytoplasm that 

could elicit Ca2+ release from the ER could be one explanation for the delayed responses 

observed.  

 



140 
 

4.4.2.2 Complete ER depletion abolished NEP-evoked Ca2+ release 

As assessed by application of carbachol, the combination of caffeine, ryanodine and 

CPA was maximally effective at fully depleting the ER of Ca2+. When pretreating cells 

with all three agents, application of a 5-ns pulse after depletion completely abolished the 

pulse-induced [Ca2+]i rise. These results led us to conclude that the ER is the primary target 

of NEPs in chromaffin cells.  

 

4.4.2.3 Secretory granules do not appear to be a target of NEPs 

Nanometer-size secretory granules occupy ~30% of the volume of the cytosol (20,000-

30,000 granules/cell) and of all the Ca2+ stores contain the highest Ca2+ concentration (~40 

mM), constituting more than 60% of the total Ca2+ content in chromaffin cells [138,139]. 

However, 99.9% of the granular Ca2+ is strongly bound to chromogranins A and B, which 

are high-capacity, low-affinity Ca2+ binding proteins, and only 0.1% of the intragranular 

Ca2+ is free (20-100 µM) [89]. It has been reported that Ca2+ release from secretory granules 

can occur in a way similar to Ca2+ release from the ER, i.e., through the activation of IP3Rs 

and RyRs, or through inhibition of the SERCA pump [89,140,141]. However, there is still 

controversy about Ca2+ release from the secretory granules, which is not guaranteed to 

occur in response to stimulation with caffeine, ryanodine or CPA [142]. Therefore, the Ca2+ 

content inside the granules might have remained intact after pretreating the cells with 

caffeine, ryanodine and CPA.  

In addition, secretory granules contain H+ that creates an acidic medium inside the 

granules (pH ≈ 5.5) that is maintained by the activity of a specific vesicular H+-ATPase 

(V-ATPase). Maintaining an acidic pH plays an important role in the dynamics of 
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intragranular Ca2+ and an increase in granule pH can significantly alter the Ca2+ binding 

property of chromogranins [89,143]. In fact, disruption of the intragranular pH can cause 

Ca2+ to be released from the granule into the cytosol, triggering granule motion and its own 

exocytosis [89,143,144].  

Thus, exposing chromaffin cells to a NEP could cause pores to form in the granule 

membrane. Depending on how long the pores stay open, the granular pH might change due 

to exposure of the granule interior to the cytosol (pH ≈ 7.3). In this case, the previously 

bound Ca2+ is freed, increasing the concentration of free Ca2+ and making Ca2+ available 

for release (personal communications with Dr. Seung Hyun Yoo, Incheon, Korea). 

However, breakdown of the matrix could take time because Ca2+ is strongly bound to the 

chromogranins. Since after complete ER depletion none of the cells tested responded to the 

NEP, we conclude that the secretory granules do not appear to be a target of NEPs. 

 

4.4.3 Comparison between the modeling and experimental results  

Having identified the ER as the source of Ca2+ released in response to a NEP, the 2D 

numerical model constructed in this study was used to address the requirement for high E-

field amplitudes necessary for poration of this organelle and understand the basis for 

intracellular membrane permeabilization.  

 

4.4.3.1 Basis for the requirement for a high E-field amplitude to porate the ER 

To understand the requirement for a high E-field amplitude to porate the membrane of 

the ER, a parametric study was conducted for σERin. Modeling results showed that when 
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σERin decreased from 0.5 to 0.01 S/m, the E-field threshold amplitude required to 

electroporate the ER membrane increased from 4 to 8 MV/m, thus correlating with the 

experimental threshold required to cause Ca2+ release from the ER. The increase in the 

threshold E-field with a decrease in σERin can be explained by considering the charging 

time of the ER membrane. According to equation (2) in Chapter 1, the charging time is 

inversely proportional to σERin, indicating that the ER membrane charges more slowly for 

σERin = 0.01 S/m compared to when σERin = 0.5 S/m. This effect is also reflected in the 

values of the TMP. Fig. 4.17 shows that, for the same starting E-field amplitude of 3 MV/m, 

the initial TMP value was higher for the value of σERin = 0.5 S/m when compared to that at 

the value of σERin = 0.01 S/m. As the E-field amplitude was increased from 3 to 12 MV/m, 

the TMP reached the critical threshold voltage of ~1 V at lower E-field amplitudes for σERin 

= 0.5 S/m compared to when σERin = 0.01 S/m. Consequently, higher E-field amplitudes 

were required to electroporate the ER membrane when the value of σERin was lower.  

The dependence of the E-field threshold required to electroporate an organelle 

membrane on the conductivity of the organelle interior was reported in Retelj et al. (2013) 

where it was shown that electroporation of these membranes increased when the 

conductivity of the organelle interior decreased [116]. These and our results confirm that 

the conductivity value assigned to the ER interior has an effect on the electroporation of 

the ER membrane.  

However, other parameters used in the model, such as the permittivity of the ER 

membrane and the critical voltage for electroporation (i.e. Vep), might also have an 

influence on the electroporation of the ER membrane. For example, if the ER membrane 

requires higher threshold voltages to be electroporated, the E-field threshold amplitudes 
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determined from the model might be an underestimate [116]. This could be a reason why 

the model did not explain accurately the requirement for high E-field amplitudes to porate 

the ER membrane.  

 

 
 

Fig. 4.17. TMP as a function of the applied E-field for different values of σERin. The black 
dashed horizontal line on the plot indicates the critical threshold for reversible electrical 
breakdown (~1 V). 
 

4.4.3.2 Secretory granules do not appear to exert a “shielding” effect on the ER 

Another possible explanation of the requirement for a high E-field amplitude to cause 

significant poration of the ER membrane is the presence of a large number of secretory 

granules in the cytoplasm of a chromaffin cell, which might be limiting the E-field from 

penetrating into the ER. This possibility was investigated in the model by placing six 

secretory granules around the ER. Modeling results showed that the presence of the 

secretory granules did not have an effect on the electroporation of the ER membrane. This 

can be attributed to both the size of the individual granules (ratio of a single granule area 
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to the modeled area is 0.03%) as well as their total areas in the domain (ratio of sum of 

granules area to modeled area is 0.2%) being small relative to the entire modeled area.  

 

4.4.3.3 Basis for the requirement for a high E-field amplitude to porate secretory 
granules 

Since the secretory granules did not appear to be a target of NEPs when chromaffin 

cells were exposed to a single 5-ns pulse at 17 MV/m, the model was used to validate this 

observation. By using measured dielectric properties of chromaffin granules (i.e. granule 

interior conductivity of 0.3 S/m and granule membrane permittivity of 30) in the model, 

the results showed that E-fields greater than 22 MV/m were required to porate the granule 

membranes. This high E-field amplitude is attributed to the high capacitance of the granule 

membrane, since the voltage induced as a function of time is slow on a membrane with 

high dielectric permittivity [26]. Similar results were reported in Retelj et al. (2013) using 

a 4-ns electric pulse, showing that a higher E-field threshold was required to electroporate 

the membrane of intracellular organelles with higher membrane permittivity [116].  

The model validated the source of intracellular Ca2+ release as the ER, leading to the 

conclusion that the ER is the primary structure porated in chromaffin cells for E-field 

amplitudes up to 17 MV/m, and that E-field amplitudes greater than 22 MV/m were 

required to electroporate the membrane of the secretory granules. The agreement obtained 

between the model and the experimental findings with respect to the threshold E-field 

amplitude required to porate the secretory granules point to the importance of knowing the 

dielectric properties of the different structures modeled since they can be so different from 
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the values reported in the literature, and thus affect the interpretation of the experimental 

observations.  

 

4.5. Conclusions  

The present study identified the ER as the intracellular structure porated in chromaffin 

cells for evoking Ca2+ release and showed how complex NEP-induced Ca2+ release could 

be. For instance, when the stores were partially depleted of Ca2+, several cell responses 

were observed, which varied from immediate Ca2+ release to delayed single or multiple 

Ca2+ transients. The reason for these various cell responses has not yet been determined, 

and requires further investigation in order to have a better understanding of how NEPs 

interact with the cell and its organelles.  

Furthermore, this study showed that for specific parameters chosen in the model, 

agreement was obtained between the modeling and experimental results with respect to the 

source of intracellular Ca2+ release and with respect to the requirement for a high E-field 

amplitude to electroporate the ER and secretory granule membranes. These results 

highlight the importance of knowing accurately the dielectric properties of the different 

intracellular organelles in the model since their real values might be different from what 

has been reported in the literature for other cell types, hence they could affect the computed 

results tremendously and the interpretation of the experimental observations.    
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CHAPTER 5. Conclusions and future work 

Using a combination of experimental and numerical modeling approaches, the overall 

goal of this study was to understand how high intensity, 5-ns electric pulses affect the 

membranes of chromaffin cells. The main finding is that the ER is porated by a single 5-ns 

pulse at a threshold E-field amplitude significantly higher than that required to cause 

permeabilization of the plasma membrane. Whole-cell patch clamp recordings showed that 

a single 5-ns pulse applied at a threshold E-field amplitude of 4 MV/m causes plasma 

membrane permeabilization. However, twice this E-field amplitude was required to cause 

Ca2+ release from the ER, identified to be the primary intracellular structure porated in 

chromaffin cells.  

Similar findings were reported by Iurri et al. (2013) showing that a single 60-ns electric 

pulse triggered Ca2+ efflux from the ER in CHO cells at a threshold E-field amplitude of 

1.9 MV/m and Ca2+ influx into cells directly across the cell membrane, which is indicative 

of membrane permeabilization, at a threshold E-field amplitude of 0.9 MV/m [54]. 

However, the authors did not further speculate on the basis for this difference.  

To our knowledge, we are the only group trying actively to understand the disparity 

between experimental and numerical modeling results with respect to the high E-field 

amplitude required to porate intracellular membranes compared to those required to 

permeabilize the plasma membrane. Therefore, in this study, numerical modeling of a 2D 

chromaffin cell model was carried out as an attempt to understand the requirement for a 

high E-field amplitude to cause electroporation of the ER membrane versus the plasma 

membrane.  
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Initial results obtained from the numerical model agreed with the experimental findings 

with respect to the threshold E-field amplitude required to electroporate the plasma 

membrane but not with respect to the threshold E-field required to electroporate the ER 

membrane. Modeling results showed that for a value of σcyto = 0.3 S/m, nanopores form in 

the plasma membrane at an E-field threshold amplitude of 4 MV/m. As stated previously 

in Chapter 3, this value of σcyto matched well with the preliminary value calculated based 

on the measurements conducted to determine dielectric properties of chromaffin cells 

(Chapter 2) and was therefore assumed to be representative of the conductivity of the 

cytoplasm in chromaffin cells.  

Furthermore, to obtain better agreement between the experimental and numerical 

modeling results and confirm that the granules were not porated at E-field amplitudes less 

than 17 MV/m, the dielectric properties of the secretory granules were obtained from 

microfluidic impedance spectroscopy measurements (Chapter 2) and used in the numerical 

model that was refined locally to represent realistic sizes of secretory granules. Results 

obtained from the localized model showed that for a specific value of the conductivity of 

the ER interior (σERin = 0.01 S/m), agreement was obtained between the model and 

experiments with respect to the requirement for a high E-field amplitude to porate the ER 

membrane. The model also confirmed the requirement for E-field amplitudes greater than 

22 MV/m to cause electroporation of the granule membranes.  

Knowing accurately the dielectric properties of the different structures modeled point 

to the importance of the parameters used in a numerical model, since their values could be 

different from those reported in the literature, thus affecting interpretation of the numerical 

results and explanation of the experimental observations. In this study, a lot of effort went 
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into creating a model that was specific to a chromaffin cell in order to understand the 

requirement for high E-field amplitudes required to electroporate the membranes of 

intracellular organelles. 

Another major finding of this work is that NEP-induced Ca2+ release from intracellular 

stores was complex, and did not always occur as a single transient, as shown in the previous 

chapter (Sections 4.3.1.2-4.3.1.5). Rather various cell responses were obtained following 

single pulse application, especially when the ER was partially depleted of Ca2+. To our 

knowledge, these types of responses are novel and are not reported in any other study that 

assessed Ca2+ release from the ER using NEPs in other cell types [54]. These observations 

point to the complexity of the mechanism by which the 5-ns pulse interacts with the 

intracellular membranes of chromaffin cells and indicate that factors other than 

electroporation, such as activation of signaling pathways inside the cell, might be 

responsible for the variable cell responses observed.  

In conclusion, the overall findings of this work indicate that one general cell model 

cannot be used to explain NEP-induced effects in all cell types, and that outcomes from 

experiments conducted in one type of cell cannot be used to generalize NEP-induced 

responses, which can vary enormously between cells.  

In this chapter, we propose some numerical modeling of a more realistic chromaffin 

cell and experimental ideas that might be helpful to further understand how a 5-ns electric 

pulse affects intracellular membranes of chromaffin cells in order to explain the 

experimental observations and obtain better agreement between the model and 

experiments, which is critical for understanding how NEPs affect the membranes of 
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intracellular organelles of chromaffin cells. These suggestions are outlined in the sections 

below for future extensions of the work described in this dissertation. 

 

5.1 Further refinement of the numerical model: modeling a realistic 
shape of the ER 

In the numerical models described in the previous chapters, the ER was represented by 

a circular structure because it was shown, theoretically [109] and experimentally [70], that 

for NEPs the TMP is independent of the organelle size and shape. However, because the 

models constructed in this study were unable to accurately explain the requirement for a 

high E-field amplitude to cause electroporation of the ER membrane, it is suggested here 

that a more realistic irregular shape of the ER be incorporated into the localized cell model 

and to investigate the influence on the electroporation of the ER membrane.  

A numerical study conducted by Hao et al. (2014) in which an irregular shape of the 

inner mitochondrial membrane was considered in the model showed that only some of the 

mitochondrial membrane sites reached a TMP high enough to cause electroporation, while 

other areas of the membrane remained unelectroporated [111]. The difference in the 

electroporation at the different membrane locations was attributed to the high variations in 

the E-field associated with the large curvature of the mitochondrial membrane. Therefore, 

a numerical evaluation of the distribution of the TMP across an irregular membrane of the 

ER could determine whether any non-uniformities in the induced TMP, and thus pore 

density, occur. Outcomes from these simulations could be used to explain the requirement 

for high E-field amplitudes to cause sufficient membrane electroporation, leading to a 

detectable Ca2+ release from the ER.  
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5.2 Further exploration of a possible shielding effect 

The localized model representing the ER surrounded by six secretory granules, which 

was described in Chapter 4, did not reveal any shielding effect of the granules on the ER 

membrane possibly because it was too simplistic compared to the crowded cytosol of a 

chromaffin cell that contains between 20,000 and 30,000 secretory granules/cell [88]. 

Further investigation is necessary to determine whether the presence of a large number of 

secretory granules affects the E-field distribution in the cytoplasm sufficiently to decrease 

the E-field amplitude and perhaps distribution at the location of the ER, thus requiring 

higher NEP amplitudes for porating the ER membrane.  

The number of secretory granules that can be modeled using the 2D cell model 

constructed in this study is extremely limited due to the intensive computational resources 

needed. The use of a full wave electromagnetic field solver is being explored in our 

laboratory for modeling a chromaffin cell with many thousands of secretory granules. 

 

5.3 Other possible mechanisms responsible for intracellular Ca2+ 
release 

We have reported in the previous chapter that when the ER was partially depleted of 

Ca2+, delayed Ca2+ responses were experimentally observed following pulse application. 

These responses were attributed to a delayed pulse effect on the cells. Even though we have 

convincing evidence that the 5-ns electric pulse is causing immediate poration of the ER 

membrane, leading to Ca2+ release from the ER, the delayed Ca2+ responses observed may 

be due to a delayed NEP-induced activation of the IP3- and/or ryanodine-receptors present 

in the ER membrane. The delay in the Ca2+ responses can be attributed to the time it takes 
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for a conformational change to occur in the protein present in the receptor, in other words, 

to the time it takes the receptor to go from a closed (inactive) to an open (active) state. In 

addition, if the receptors are not activated at the same time, Ca2+ could be released at 

different time points, which explains the multiple Ca2+ transients obtained. 

Therefore, it is suggested that a possible NEP-induced activation of the receptors in the 

ER membrane be investigated. This can be accomplished by either blocking the IP3Rs with 

2-aminoethoxydiphenyl borate (2-APB) [145] or the RyRs with dantrolene [146]. Blocking 

the receptors could provide information about whether the delayed Ca2+ responses are truly 

due to a NEP-induced activation of the receptors, which is necessary for understanding the 

mechanism by which NEPs interact with intracellular membranes.  
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Summary 
 Nanosecond electric pulses have been shown to affect intracellular structures in 
different cell types and evoke a number of cellular responses, such as Ca2+ release from 
internal stores. Adrenal chromaffin cells, however, do not show evidence of Ca2+ release 
from internal stores when exposed to trains of 5 ns pulses but clearly show 
Ca2+mobilization from internal stores when stimulated by brief exposure to a receptor 
agonist. The basis for the lack of effect on intracellular Ca2+ stores by 5 ns pulses is unclear 
since preliminary cell modeling results suggest that pores are formed on intracellular 
membranes.    
 
Introduction 

A distinguishing feature of nanosecond-duration electric pulses is that their effects can 
penetrate into the interior of cells and impact intracellular membrane structures by causing, 
for example, poration that can lead to the release of Ca2+ from internal stores [1]. However, 
we have previously reported that when excitable adrenal chromaffin cells are exposed to 
up to ten, 5 ns pulses, the only response observed is influx of Ca2+ through voltage-gated 
Ca2+ channels (VGCC). No evidence of Ca2+ release from intracellular stores is apparent 
[2-4].  

 
 

* BioEM2015 second place platform presentation student award winner. 
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The present study was undertaken to further address the issue of the lack of poration of 
intracellular Ca2+ stores in these cells. The first goal was to establish that release of Ca2+ 
from intracellular stores is detectable under conditions in which the cells are stimulated by 
the brief application (several milliseconds) of a drug that evokes both Ca2+ influx via 
VGCC and Ca2+ mobilization from intracellular stores. For this purpose, we used the mixed 
receptor agonist carbachol that causes simultaneous activation of nicotinic and muscarinic 
acetylcholine receptors.  The second goal was to determine whether exposure of the cells 
to 5 ns pulses under conditions in which sustained rather than transient  Ca2+ responses are 
triggered [5] involves Ca2+ influx as well as Ca2+ release from intracellular stores. The third 
goal was to construct a two-dimensional cell model based on the meshed transport network 
method (MTNM) developed by Smith and Weaver [6] to provide insight into the 
intracellular membrane porative effects of a 5 ns pulse on the cells.  

 
Methods 

Bovine chromaffin cells were isolated from the medulla of adrenal glands and 
maintained in suspension culture. Dissociation of the large aggregates of cells into single 
isolated cells was carried out using the protease dispase. For fluorescence imaging of 
intracellular Ca2+, cells were plated onto fibronectin-coated glass-bottomed dishes and 
loaded with Calcium Green-1 as described [2-4]. The dishes were placed on the stage of a 
Nikon TE2000 epifluorescence microscope equipped with an Andor iXon DU-897 
EMCCD camera. Images were analyzed with the open source microscopy software 
µManager. Cells were bathed in the same balanced salt solution as the one stated previously 
[2-4].  

For receptor agonist stimulation of the cells, the agonists were applied with a pressure 
ejection PicospritzerR system.  The glass micropipette containing the drug had a tip 
diameter of 1 μm that was positioned at a distance of one cell diameter from the target cell. 
A program written in LabVIEW triggered the ejection of the drugs, with the duration of 
the pressure pulse set at 5 ms.  When experiments were carried out with a VGCC blocker, 
cells were incubated with the blocker for at least 30 minutes before initiating experiments.  

5 ns pulse exposure of the cells was carried out by a pulse delivery system that consisted 
of two cylindrical tungsten rod electrodes spaced 60 µm apart. Pulses were delivered to the 
electrodes by a fast-recovery diode-switching pulse generator [7].  For exposures, the 
electrodes were positioned at the bottom of the culture dish by a micromanipulator, with 
the cell located in the middle of the gap between the electrode tips. Pulse delivery was 
controlled by a program written in LabVIEW.   

The two-dimensional cell model consisted of a chromaffin cell represented by a sphere 
of radius 8 µm (cell diameter of 16 μm as reported in Craviso et al. [8]) surrounded by a 
membrane of thickness 5 nm. A spherical nucleus with a radius of 3 µm and a membrane 
thickness of 10 nm was added off-centered to the cell geometry [6]. The active two-
dimensional cell model was constructed using the MTNM [6] and the electrical response 
of the cell was based on the asymptotic model of electroporation developed by Neu and 
Krassowska [9]. The simulations were performed using the actual 5 ns pulse trace obtained 
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from an oscilloscope. Cell membrane parameters (i.e. membrane capacitance and 
membrane resistance) and balanced salt solution properties (i.e. solution conductivity) 
were determined in our laboratory by patch clamp (membrane test) and conductivity 
measurements, respectively. The remaining parameters (i.e. nuclear membrane 
conductivity and permittivity, cytoplasm conductivity and permittivity, nucleoplasm 
conductivity and permittivity) were taken from the literature. 

  
Results  

To establish the effectiveness of the drug delivery system for evoking Ca2+ responses, 
chromaffin cells were first stimulated with the selective nicotinic cholinergic receptor 
agonist, 1,1-dimethyl-4-phenylpiperazinium (DMPP) that is known to cause a rapid and 
transient rise in intracellular Ca2+ due solely to influx of Ca2+ via voltage-gated Ca2+ 
channels. A single 5 ms application of DMPP caused a rapid and transient rise in 
intracellular Ca2+. No intracellular Ca2+ increase occurred when Ca2+ was absent from the 
balanced salt solution bathing the cells, or when voltage-gated Ca2+ channels were blocked 
with nitrendipine. In contrast, stimulation of the cells with the mixed nicotinic-muscarinic 
receptor agonist carbachol that is known to evoke a rise in intracellular Ca2+ mediated both 
by Ca2+ influx (as a result of nicotinic receptor activation) and release of Ca2+ from 
intracellular stores (as a result of muscarinic receptor activation) caused an elevation of 
intracellular Ca2+ in both the presence and absence of extracellular Ca2+.  These results 
indicate that Ca2+ mobilization from internal stores can be readily observed in response to 
a very brief stimulus.  

Exposing the cells to either one pulse or a train of ten, 5 ns pulses under conditions that 
trigger sustained rather than transient increases in intracellular Ca2+ [5] still did not cause 
detectable Ca2+ release from intracellular stores since the Ca2+ response was totally absent 
when Ca2+ was eliminated from the extracellular medium.  Thus, 5 ns exposure 
experiments to date have yet to provide evidence of poration of intracellular membranes.  
These findings are inconsistent with preliminary cell modeling results which indicate that 
intracellular poration should occur.  

 
Conclusions  

Ca2+ release from internal stores was used as a determinant of intracellular effects of 5 
ns pulses on chromaffin cells. To date we have no evidence of poration of Ca2+ storing 
membrane structures caused by exposure of the cells to 5 ns pulses. Although there may 
well be intracellular effects, Ca2+ mobilization due to membrane poration is not one of 
them.  Future efforts will be directed at reconciling the basis for the disparity between cell 
modeling results and experimental findings.   
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Summary 
Exposing adrenal chromaffin cells to a 5 ns electric pulse requires a twofold or greater 
electric field (E-field) amplitude to cause Ca2+ release from internal stores than to stimulate 
Ca2+ influx. To examine why intracellular responses require a higher field amplitude, a 2D 
cell model was constructed to assess pore formation in Ca2+-storing organelle membranes. 
The modeling results suggest that E-field values as low as ~3 MV/m cause pores to form 
within intracellular membranes, thus contrasting with experimental findings. A parametric 
study was designed to optimize E-field and cytoplasm conductivity in the cell model for 
which modeling and experimental results give comparable field threshold values for 
intracellular Ca2+ release. 
 
Introduction 
High intensity nanosecond electric pulses can penetrate inside cells and influence 
intracellular structures by causing, for instance, Ca2+ release from internal stores [1]. 
However, 5 ns pulses applied at an E-field of 5-6 MV/m (at the location of the cell), which 
is effective for stimulating Ca2+ influx, fails to elicit Ca2+ release from internal stores in 
bovine adrenal chromaffin cells [2-4]. In this study, both in vitro experiments and 
numerical modeling approaches were used to assess membrane poration in intracellular 
Ca2+-storing organelles of chromaffin cells exposed to 5 ns pulses. Fluorescence imaging 
experiments were conducted to determine the threshold value of the E-field amplitude that 
causes Ca2+ release from internal stores. For this purpose, chromaffin cells were exposed 
to a single 5 ns pulse of different amplitudes while monitoring intracellular Ca2+ responses 
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in the absence of extracellular Ca2+. Such Ca2+ responses were used as a determinant of 
intracellular effects of 5 ns pulses on chromaffin cells. Next, a 2D model representative of 
a chromaffin cell was constructed to validate the requirement for high field amplitudes to 
cause intracellular membrane poration in chromaffin cells exposed to 5 ns pulses. A 
numerical parametric study was conducted to find the E-field threshold for membrane 
poration of Ca2+-storing organelles. Since the dielectric properties of chromaffin cells are 
unknown and presently being determined [5], the cytoplasm conductivity (σcyto) was 
chosen as another parameter to be varied in the model. 
 
Methods 
Preparation of chromaffin cells and fluorescence microscopy 
Bovine chromaffin cells were isolated from the adrenal gland and maintained in suspension 
culture. Large cell clusters were dissociated into single cells with the protease dispase. For 
fluorescence imaging of intracellular Ca2+, cells were plated onto 35-mm glass bottom 
dishes coated with fibronectin and loaded with the fluorescent dye Calcium Green-1 as 
previously described [6, 7]. After washing off the dye, cells were bathed in a Ca2+-free 
balanced salt solution (BSS) with the following composition: 145 mM NaCl, 5 mM KCl, 
1.2 mM NaH2PO4, 1.3 mM MgCl2, 1 mM EGTA, 10 mM glucose, 15 mM Hepes, pH 7.4. 
The dishes of cells were then placed on the stage of a Nikon TE 2000 inverted microscope 
equipped with a 100X fluorescence objective. Images were captured by an iXonEM + DU-
897 EMCCD camera and analyzed with the open source software Micro-Manager. 
 
Pulse delivery system 
Nanosecond pulses were applied by means of two cylindrical gold-plated tungsten rod 
electrodes spaced 100 µm apart. The tips of the electrodes were immersed in the BSS and 
placed 40 µm above the bottom of the dish, with the cell being imaged positioned in the 
center of the gap between the electrode tips. Single pulses with amplitudes that produced 
E-fields ranging from 2 to 20 MV/m at the location of the cells (as determined by Finite-
Difference Time-Domain (FDTD) modeling using the software SEMCAD X (SPEAG, 
Zurich, Switzerland)) were delivered to the electrodes using a nanosecond pulse generator 
(Transient Plasma Systems), and the pulse traces were captured with an oscilloscope. Each 
cell was exposed only once to the applied E-field. 
 
Numerical modeling 
Construction of the model 
The 2D cell model was constructed based on the meshed transport network method 
(MTNM) developed by Smith and Weaver [8], and the electrical response of the cell was 
based on the asymptotic model of electroporation developed by Neu and Krassowska [9]. 
The chromaffin cell model (Figure 1a) consisted of a circle of radius 8 µm (chromaffin cell 
radius measured in our laboratory) centered inside a bounding box of dimensions 100 µm 
x 100 µm. Intracellular Ca2+-storing organelles [10] consisted of a large double-membrane 
circular structure representing a cell nucleus of radius 2.5 µm [11] (the intermembrane 
space between the membranes was neglected) and a smaller circular double-membrane 
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structure representing a mitochondrion of 1 µm radius, with the inner (IMM) and outer 
mitochondrial membranes (OMM) separated by a 15 nm intermembrane space filled with 
electrolyte. Other Ca2+-storing intracellular organelles were the endoplasmic reticulum 
(ER), which in chromaffin cells is localized throughout the cytoplasm [12] and represented 
for simplicity by a circular single membrane structure of radius 500 nm, and a secretory 
vesicle represented by a single membrane structure of radius 400 nm (because of 
computational limitations, smaller structures more representative of the nanometer-
diameter secretory vesicles [11] could not be modeled). All four structures were placed off-
center inside the cell. 
 
Parameters of the model 
Plasma membrane resistance (8.3 x 10-10 S/m) and BSS conductivity (1.3 S/m) were 
measured in our laboratory and used in the model. All other electrical and electroporation 
parameters were taken from the literature [13, 14]. To take into account the folding of the 
IMM, the effective IMM area was increased by a factor of 5 compared to the OMM by 
increasing the local capacitance fivefold [15]. The model took into account the resting 
potential of the plasma membrane, IMM and secretory vesicle membrane. The two 
membranes forming the nuclear envelope were considered identical, and the voltage was 
equally distributed between both membranes. Therefore, the transmembrane potential 
(TMP) across one nuclear membrane was calculated as half the TMP across the whole 
nuclear envelope [13, 16]. The actual pulse traces captured during the experiments (Figure 
1b) were implemented in the numerical model.  
 
Parametric study and membrane electroporation 
The range chosen for σcyto was 0.1 to 1.3 S/m. The nucleoplasmic conductivity was set to 
2σcyto and was changed accordingly [13]. The E-field created by the pulse at the location 
of the cell ranged from 1 to 20 MV/m, and the temporal evolution and spatial distribution 
of the TMP and pore density induced in the intracellular membranes were computed. The 
threshold E-field for significant electroporation was defined as the value for which the pore 
density at the anodic pole (i.e. the point where the pore density is the highest) of a 
membrane reached 1014 m-2. The membrane was then considered electroporated [13]. 
 
Results and Discussion 
The experimental application of a single 5 ns electric pulse to adrenal chromaffin cells 
showed that Ca2+ was released from internal stores at E-field amplitudes greater than 8 
MV/m. Below this threshold value, no detectable Ca2+ release from the cells was observed. 
In addition, the magnitude of the Ca2+ response increased as a function of E-field 
amplitude.  
The 2D cell modeling results indicated that the E-field threshold for electroporating the 
different intracellular structures by a single 5 ns pulse can be as low as 2.6 MV/m, thus 
contrasting with experimental results. On the other hand, pore density on all intracellular 
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membranes increased as the E-field amplitude was increased, consistent with the 
experimental findings (Figure 2). 
Not yet known is the source of Ca2+ that is being released in chromaffin cells in response 
to a 5 ns pulse. The ER, which has been shown to be the target of nanosecond electric 
pulses in other cell types [1], is a likely source of Ca2+ released in chromaffin cells as well. 
Moreover, another potential target of nanosecond pulses in chromaffin cells is the Ca2+-
storing secretory vesicles. Because these vesicles occupy ~30% of the volume of the 
cytosol [11], we considered the possibility that their presence might affect the dielectric 
properties of the cytoplasm and thus the modeling results. To address this issue, σcyto was 
varied in the model. Figure 3 shows the influence of σcyto on the E-field threshold values 
necessary for electroporating the membranes of the different Ca2+-storing intracellular 
organelles. For the single-membrane organelles that are likely targets (i.e. ER and secretory 
vesicles), the E-field thresholds for causing their membranes to porate did not exceed 5.5 
MV/m regardless of the σcyto values tested in the simulations. The modeling results thus 
did not agree with a greater than 8 MV/m E-field needed to show release of Ca2+ from 
internal stores. On the other hand, for σcyto values greater than 0.3 S/m the modeling results 
agreed with the experimental findings showing that a lower E-field causes 
electropermeabilization of the plasma membrane [17] compared to that causing pore 
formation in the ER and secretory vesicles. Clearly, changing the cytoplasm conductivity 
alone was not sufficient to explain why higher E-fields were needed to porate intracellular 
membranes. The model needs to be further refined to identify the electrical parameters for 
the ER and secretory vesicles that will give results similar to those obtained experimentally. 
 
Conclusions 
Establishing agreement between the experimental findings and modeling results will help 
to explain why E-field thresholds for stimulating chromaffin cells by causing Ca2+ influx 
and those for causing Ca2+ release from internal stores differ by more than twofold in 
magnitude. Such knowledge is important for verifying that nanosecond pulses can excite 
chromaffin cells and cause Ca2+ influx that triggers exocytosis and catecholamine release 
without causing additional, unwanted effects on intracellular structures.  
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Figure 1: a. Cell system geometry. The cell (radius = 8 µm) was centered in a 100 µm x 
100 µm region representing the 100 µm gap between the electrodes. The E-field was 
applied to the anode, placed at x = –50 µm. The cathode was represented by the ground 
and placed at x = 50 µm. A large structure representing the nucleus (radius = 2.5 µm) was 
placed at (–2 µm, 2 µm). Structures representing the mitochondria (inner radius = 1 µm), 
the ER (radius = 500 nm) and a large vesicle (radius = 400 nm) were placed at (4 µm, –4 
µm), (6 µm, 2 µm) and (–3 µm, –5 µm), respectively. Double-membrane structures were 
represented by thicker lines. b. Example of an actual 5 ns, 6 MV/m pulse delivered in 
experiments to chromaffin cells, and used in the numerical model. The 5 ns pulse duration 
corresponded to the width at half maximum. The total pulse duration was 40 ns. 
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Figure 2: Pore density at the anodic pole of the different membranes as a function of E-
field amplitude at the location of the cell, for σcyto = 0.3 S/m. The membranes are considered 
to be electroporated when a pore density of N = 1014 m-2 (dashed line) is reached.  
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Figure 3: Influence of σcyto on the E-field threshold values that cause poration of the plasma 
membrane, nuclear envelope, OMM, IMM, ER membrane and vesicle membrane.  
 
 

 

 


	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER 1. Introduction
	1.1. Nanosecond electric pulses (NEPs), a tool for intracellular manipulation
	1.1.1. Theoretical approach
	1.1.2. Spatially distributed continuum models
	1.1.3. Molecular dynamics (MD) simulations
	1.1.4. Experimental approaches

	1.2. NEPs, a potential novel stimulus for neuromodulation
	1.2.
	1.3.
	1.2.1 Excitable adrenal chromaffin cells, a model of neurosecretion
	1.2.2 Chromaffin cell function
	1.2.3 Responses of chromaffin cells to 5-ns pulses
	1.2.4 Questions to be addressed

	1.3. Dissertation outline

	CHAPTER 2. Implementation and Validation of a 2D Numerical Model of a Cell Exposed to a NEP
	2.
	2.1. Introduction
	2.2. Methods
	2
	2.2
	2.2.1 Cell system geometry
	2.2.2 Cell system mesh and Voronoi cells (VC)
	2.2.3 Meshed transport network method (MTNM)
	2.2.4 Asymptotic model of electroporation

	2.3. Results
	2.3
	2.3.1 Spatial response
	2.3.2 Angular response
	2.3.3 Temporal response

	2.4. Review of the electrical properties of cells
	2.5. Conclusions

	CHAPTER 3. Exposing Adrenal Chromaffin Cells to 5-ns Electric Pulses Requires Higher Electric Fields to Porate Intracellular Membranes than for Porating the Plasma Membrane
	3.
	3.1. Introduction
	3.2. Materials and methods
	3
	3.2
	3.2.1 Chromaffin cell isolation, culturing and dissociation
	3.2.2 Fluorescence imaging of intracellular Ca2+ levels
	3.2.3 Statistical analysis
	3.2.4 Whole-cell recording of membrane conductance
	3.2.5 NEP exposure
	3.2.1.1. Numerical computation of the E-field distribution in the vicinity and at the location of the cell

	3.2.6 Reagents
	3.2.7 2D cell modeling
	3.2.2.
	3.2.3.
	3.2.4.
	3.2.5.
	3.2.6.
	3.2.7.
	3.2.8.
	3.2.7.1 Cell system geometry
	3.2.7.2 Cell system mesh and Voronoi cells (VC)
	3.2.7.3 Electrical parameters of the 2D cell model
	3.2.7.4 Asymptotic model of electroporation


	3.3. Results
	3.3
	3.3.1 Experimental findings
	3.3.1.1 Ca2+ release from intracellular stores was first detectable at an E-field of 8 MV/m
	3.3.1.2 Plasma membrane poration occurred at E-fields lower than those that caused intracellular membrane poration

	3.3.2 Numerical modeling results
	3.3.2.1 The E-field threshold for plasma membrane electroporation correlated with the experimentally determined E-field threshold for a low cytoplasmic conductivity
	3.3.2.2 Intracellular organelle membranes electroporated at E-field amplitudes lower than the experimentally determined thresholds when a low cytoplasmic conductivity was used
	3.3.2.3 Changing the cytoplasmic conductivity did not affect the E-field threshold amplitudes required to electroporate the ER and granule membranes and OMM

	3.3.3 Reducing the electrical conductivity of the secretory granule interior increased the E-field threshold required for electroporating the granule membrane

	3.4. Discussion
	3.4
	3.4.1 Plasma membrane permeabilization
	3.4.1.1 Experimental E-field threshold
	3.4.1.2 Computed E-field threshold

	3.4.2 Permeabilization of the membranes of intracellular Ca2+-storing organelles
	3.4.2.1 Experimental E-field threshold
	3.4.2.2 Computed E-field threshold
	3.4.2.3 Identifying the mechanism responsible for intracellular Ca2+ release
	3.4.2.4 Assessing the efficiency of intracellular membrane poration to increase intracellular Ca2+ levels


	3.5. Conclusions

	CHAPTER 4. Exposing Adrenal Chromaffin Cells to High Intensity, 5-ns Electric Pulses Causes Electroporation of the ER Membrane
	4.
	4.1. Introduction
	4.2. Materials and methods
	4
	4.2
	4.2.1 Chromaffin cell isolation, culturing and dissociation
	4.2.2 Fluorescence imaging of intracellular Ca2+ levels
	4.2.3 NEP exposure
	4.2.3.1 Numerical computation of the E-field distribution in the vicinity and at the location of the cell

	4.2.4 Reagents
	4.2.5 2D model of chromaffin cell organelles
	4.2.5.1 Model geometry and simulation
	4.2.5.2 Model electrical parameters
	4.2.5.3 Asymptotic model of electroporation


	4.3. Results
	4.3
	4.3.1 Experimental findings
	4.3.1.1 Spontaneous fluctuations in intracellular Ca2+ levels ([Ca2+]i) do not occur in chromaffin cells in the absence of extracellular Ca2+
	4.3.1.2 The characteristics of Ca2+ release from internal stores evoked by a 5-ns pulse differed from that evoked by a receptor agonist
	4.3.1.3 Depletion of ER Ca2+ stores with caffeine did not abolish pulse-induced Ca2+ release from intracellular stores
	4.3.1.4 Pretreating cells with both caffeine and ryanodine still did not eliminate the pulse-induced release of Ca2+ from intracellular stores
	4.3.1.5 Blocking the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pump did not fully abolish the NEP-induced Ca2+ release from intracellular stores
	4.3.1.6 A combination of caffeine, ryanodine and CPA was required to completely abolish the pulse-induced Ca2+ release from intracellular stores in chromaffin cells

	4.3.2 Numerical modeling results
	4.3.2.1 The threshold E-field amplitude required to electroporate the ER membrane correlated with the experimental threshold for σERin = 0.01 S/m
	4.3.2.2 The presence of multiple secretory granules around the ER did not affect the E-field threshold amplitude required to electroporate the ER membrane
	4.3.2.3 E-field amplitudes greater than 22 MV/m were required to electroporate the membranes of the secretory granules


	4.4. Discussion
	4.4
	4.4.1 Characteristics of NEP-induced Ca2+ release from the ER
	4.4.1.1 Comparison with receptor agonist stimulation
	4.4.1.2 Short time course of NEP-induced single Ca2+ transients
	4.4.1.3 Possible basis for NEP-induced multiple Ca2+ transients

	4.4.2 Identification of the source of Ca2+ released in response to a 5-ns pulse
	4.4.2.1 Partial ER depletion of Ca2+
	4.4.2.2 Complete ER depletion abolished NEP-evoked Ca2+ release
	4.4.2.3 Secretory granules do not appear to be a target of NEPs

	4.4.3 Comparison between the modeling and experimental results
	4.4.3.1 Basis for the requirement for a high E-field amplitude to porate the ER
	4.4.3.2 Secretory granules do not appear to exert a “shielding” effect on the ER
	4.4.3.3 Basis for the requirement for a high E-field amplitude to porate secretory granules


	4.5. Conclusions

	CHAPTER 5. Conclusions and future work
	5.
	6.
	7.
	8.
	9.
	5.1 Further refinement of the numerical model: modeling a realistic shape of the ER
	5.2 Further exploration of a possible shielding effect
	5.3 Other possible mechanisms responsible for intracellular Ca2+ release

	REFERENCES
	APPENDIX A: Abstract of Paper Presented at the Annual Meeting of Bioelectromagnetics Society (BioEM2015), Asilomar, CA, June 14-19, 2015
	APPENDIX B: Abstract of Paper Presented at the Annual Meeting of Bioelectromagnetics Society (BioEM2016), Ghent, Belgium, June 5-10, 2016

