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Abstract 
 

 

 Nanosecond duration electric pulses of high electric field magnitudes (>1 MV/m) are 

being explored by our group as a novel type of electric stimulus for evoking catecholamine 

release from neuroendocrine adrenal chromaffin cells. The overall goal of this work is to 

understand why 5 ns, 5 MV/m pulses evoke longer-lived calcium responses than nicotinic 

cholinergic receptor activation, the physiological stimulus. In vivo, stimulation of 

chromaffin cells by acetylcholine causes calcium influx through voltage-gated calcium 

channels (VGCCs) that increases the concentration of calcium at sites where exocytosis of 

catecholamine-storing secretory granules occurs, evoking the release of catecholamines. 

This action is mimicked by the application of a 5 ns, 5 MV/m electric pulse. However, 

fluorescence imaging of chromaffin cells loaded with the fluorescent calcium indicator dye 

Calcium Green-1 has shown that the calcium responses evoked by a 5 ns pulse outlast those 

evoked by a nicotinic receptor agonist. Given the short duration and high electric field 

magnitude of the 5 ns pulse, it is possible that the externally applied electric field can affect 

internal organelles important for calcium clearance.  

 Since in chromaffin cells mitochondria are the main organelle involved in the rapid 

clearing of intracellular calcium following calcium influx through VGCCs, and a 

disruption of mitochondrial membrane potential has been shown to delay calcium 

clearance, our first aim was to explore whether 5 ns pulses affect mitochondrial membrane 

potential using fluorescent mitochondrial membrane potential dyes. Control experiments 

established that treating the cells with a mitochondrial membrane potential disrupter altered 

the shape of the calcium responses evoked by nicotinic receptor stimulation. Experiments 
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next established that in cells in which mitochondria were labeled with mitochondrial 

membrane potential dyes, cells treated with a mitochondrial membrane potential disrupter 

caused a decrease in fluorescence, which is indicative of a decrease in mitochondrial 

membrane potential. When cells were exposed to a single 5 ns, 5 MV/m pulse, no decrease 

in fluorescence was observed. However, a train of five or ten pulses applied at 10 Hz caused 

an average decrease of less than 2% in mitochondrial membrane potential fluorescence in 

approximately 31% and 60% of the cells, respectively.  Moreover, a single pulse applied 

at a higher electric field of 10 MV/m caused an average decrease of less than 2% in 

mitochondrial membrane potential fluorescence in 44% of the cells, and less than 1.8% in 

50% of the cells exposed to a pulse at 15 MV/m. These results suggest that a single 5 ns, 5 

MV/m pulse does not affect mitochondrial membrane potential, and that increasing the 

number of pulses or the electric field magnitude has only minimal effects.  

 A second aim of the research was to explore if there are differences in the electric field 

distribution between the two exposure systems used in our laboratory that could explain 

why calcium responses evoked by a 5 ns pulse varied in duration with each exposure 

system. Experiments by our group were initially conducted with a gold strip electrode 

exposure system where cells in suspension were placed between the electrodes on a glass 

slide. Our current delivery system is comprised of tungsten rod electrodes that are 

immersed at 45° to the vertical plane into a glass bottom culture dish in which the cells are 

attached. The tips of the electrodes are placed 40 µm above the bottom of the dish, with 

the target cell located at the center of the gap between the electrode tips. Although previous 

simulations performed in our laboratory using a coarse mesh (mesh size of 16 µm) had 

shown that the electric field was homogenous in the region containing the cell in both 
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exposure systems, our goal here was to perform refined simulations with higher 

discretization in the region containing an exposed cell using the Huygens box (mesh size 

of 4 µm for the tungsten rod exposure system and 1 µm for the gold strip chamber exposure 

system). The results showed that at 60 MHz, the frequency that encompassed 99% of the 

pulse’s energy, there were only minor differences in the homogeneity of the electric field 

in the X and Y directions between the tungsten rod and gold strip chambers exposure 

systems, as well as in other electric field parameters, such as the direction of the electric 

field. These minor differences are likely not contributing to the different durations of the 

calcium responses evoked by each exposure system.  

 In conclusion, a single 5 ns, 5 MV/m pulse produced no detectable effect on the 

mitochondrial membrane potential in adrenal chromaffin cells. Even multiple pulses and a 

single pulse applied at higher electric fields caused only an average decrease of less than 

2% in fluorescence in a fraction of the cells studied, indicating that 5 ns pulses caused 

minimal mitochondrial toxicity. This finding indicates that other cellular mechanisms may 

be affected that will require further investigation, such as inhibitory effects on calcium 

extrusion, prolonged calcium-induced calcium release (CICR) from the endoplasmic 

reticulum (ER), and sustained membrane depolarization that may prolong the opening of 

VGCCs. In addition, our refined simulations showed that despite the very different 

geometries of the exposure systems, the electric field was homogeneous in the region 

containing the cell to the same extent, suggesting that other factors may be involved, such 

as differences in the current density between the electrodes. This and other possibilities 

will require further simulations.  
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Chapter 1: Introduction 

 
1.1 Nanosecond pulses can penetrate the cell interior and cause multiple effects 

 

Nanosecond electric pulses (NEPs) have been shown to influence cellular behavior in 

different cell types by inducing a voltage across the cell membrane [1-2]. This occurs due 

to the accumulation of electric charges at the cell membrane from the resulting current, 

which can be perceived by viewing the cell as an electrical model with a conductive cellular 

cytoplasm surrounded by a dielectric cell membrane (Figure 1.1) [1-2]. 

 

Figure 1.1 A cell is composed of a conductive cytoplasm with a dielectric cell 

membrane. The diagram shows a circular cell model with a conductive interior containing 

the endoplasmic reticulum (ER), the nucleus, and mitochondria, surrounded by a dielectric 

plasma membrane bathed in conductive media.  

 

Furthermore, NEPs, due to their short duration, can penetrate the cell membrane where 

they can cause intracellular effects [1-2]. The best documented effect is the release of 

calcium from the endoplasmic reticulum (ER) caused by a 60 ns pulse applied to Jurkat 

cells at an electric field from 2.5-5 MV/m [3], a 60 ns pulse applied to HL-60 cells (1.5 

MV/m) [4], and in chromaffin cells at high electric fields [5]. Other effects include, for 
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example, changes in the mitochondrial membrane potential [6-7], activation of caspase [8] 

and disruption in actin assembly within the cytoskeleton [9]. As discussed in the next 

section, our studies use adrenal chromaffin cells, a well characterized neural-cell type, to 

understand the effects of 5 ns electric pulses on cellular function.   

 

1.2 Bovine Adrenal Chromaffin Cells: Model of Neural Type Cells 

 

Adrenal chromaffin cells, like sympathetic neurons, originate from the neural crest, 

which is found at the dorsal surface of the embryonic neural tube [11-12]. Anatomically, 

adrenal chromaffin cells are found in the inner medulla of adrenal glands that are located 

on top of the kidneys. Chromaffin cells are excitable and upon stimulation release the 

catecholamines norepinephrine and epinephrine, which are involved in the “fight or flight” 

response, via calcium-dependent exocytosis. As such, these cells serve as a model system 

for studies of stimulus-secretion. The advantages of using chromaffin cells are that a single 

bovine adrenal gland yields millions of cells that are easy to maintain in culture [13-14]. 

In addition, chromaffin cells maintain a round morphology in culture, which facilitates cell 

modeling [5, 15]. Lastly, these cells have been well characterized in terms of various 

cellular mechanisms such as calcium signaling and exocytosis, which is discussed in the 

next section. 

 

1.3 Calcium signaling and exocytosis in chromaffin cells 

 

 

In vivo, chromaffin cells are activated when the neurotransmitter, acetylcholine, is 

released from the splanchnic nerve terminal and binds to ligand-gated nicotinic cholinergic 
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receptors, which are Na+ channels located in the plasma membrane. This causes an influx 

of Na+ that depolarizes the cell membrane resulting in the activation of voltage-gated 

calcium channels (VGCCs) through which calcium enters the cell. The influx of calcium 

causes a rapid rise in intracellular calcium at sites where exocytosis occurs, forming a high 

calcium microdomain between the mitochondria located near the cell membrane and the 

ER, causing calcium-induced calcium release (CICR) from the ER that in turn refines the 

exocytosis process.  

The process of exocytosis involves calcium-dependent fusion of the catecholamine-

containing secretory granules with the cell membrane, whereby the calcium trigger for 

exocytosis is the protein synaptotagmin [16-17]. To terminate exocytosis, calcium is 

cleared rapidly by mitochondria so that the cell can respond to the next stimulus. 

Ultimately, calcium is extruded from the cell through the Na+/Ca2+ exchanger and 

plasmalemmal calcium ATPase (PMCA). These mechanisms are shown schematically in 

Figure 1.2. 
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Figure 1.2: Calcium signaling in chromaffin cells. 1) Acetylcholine (Ach) binds to the 

nicotinic receptor (orange). 2) Binding of Ach causes influx of Na+ that depolarizes the cell 

membrane. 3) Voltage-gated calcium channels (VGCCs) are activated allowing influx of 

calcium that forms high calcium microdomains between the mitochondria, ER, and the 

VGCCs. 4) The high calcium near the ER causes CICR. 5) The rise in intracellular calcium 

evokes exocytosis of epinephrine and norepinephrine. 6) Mitochondria rapidly take up 

calcium to terminate the signal. 7) Calcium is extruded from the cell through the Na+/Ca2+ 

exchanger (green) or plasma membrane calcium ATPase (blue). 8) Calcium is extruded 

from the mitochondria through its own Na+/Ca2+ exchanger, which replenishes calcium 

stores in the ER.  

 

 

1.4 Calcium responses evoked by 5 ns pulses in chromaffin cells are longer lived than 

those evoked by the physiological stimulus 

 

 

Our laboratory has shown using fluorescence imaging of intracellular calcium in 

adrenal chromaffin cells that a single 5 ns, 5 MV/m pulse mimics the physiological 

stimulus by causing influx of Na+ , which depolarizes the cell membrane [5, 18-20]. This 
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in turn causes activation of VGCCs and calcium influx [5,18-21]. Interestingly, however, 

the rise in intracellular calcium is longer lived than that evoked by the physiological 

stimulus. This difference was observed regardless of how the cells are exposed to a 5 ns 

pulse.  

Two different types of exposure systems have been used to expose chromaffin cells 

to 5 ns electric pulses. The exposure system first used by our group was a gold strip 

chamber exposure system in which cells in suspension were placed between two gold strips 

that served as electrodes [22]. A 5 ns pulsed delivered with this system evoked calcium 

responses in which there was a rapid rise in intracellular calcium, but when compared to 

the physiological stimulus took slightly longer to return to pre-stimulus calcium levels. 

That is, cells exposed to a 5 ns pulse evoked calcium responses that recovered to pre-

stimulus calcium levels with an average half-width of 8.6 s [19], half-width being the time 

interval for intracellular calcium to decline to 50% of the maximal value. In contrast, in 

cells exposed to a brief application of a nicotinic receptor agonist, the half-width of the rise 

in intracellular calcium was ~5-6 s [5]. More recent experiments conducted in our 

laboratory (by Dr. Josette Zaklit, University of Nevada, Reno) reproduced the results 

obtained with the gold strip chamber exposure system.  

Due to limitations in conducting various experiments with this exposure system, 

such as the inability to allow for perfusion of the cells, or to carry electrophysiological 

experiments such as patch clamp, our group began using an exposure system commonly 

employed by other laboratories that would allow for these types of experiments. 

Essentially, a 5 ns pulse is delivered to single attached cells by a pair of tungsten rod 

electrodes [10, 23-27]. We found that a 5 ns pulse evoked more prolonged calcium 
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responses compared not only to the physiological stimulus, but also to those evoked when 

using the gold strip chamber exposure system. Now the half-width of the calcium responses 

was 23 s or greater. Figure 1.3 is a schematic representation of the differences in the 

duration of the calcium responses evoked in each case.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Schematic diagram of representative calcium responses evoked by a 

physiological stimulus and a 5 ns pulse. A) A single application of a nicotinic receptor 

agonist causes a rapid rise in intracellular calcium that rapidly returns to pre-stimulus 

calcium levels. B) Application of a 5 ns pulse using the tungsten rod exposure system 

evokes a rapid rise in intracellular calcium that takes much longer to return to pre-stimulus 

calcium levels. Diagrams are based on results from [11]. Arrows indicate when the stimulus 

was applied. 

 

  

Section 1.7 gives more details about each exposure system. 

 

 

1.5 Possible mechanisms that could prolong the duration of calcium responses in 

chromaffin cells exposed to a 5 ns pulse 

 

 

As stated previously, chromaffin cells must clear intracellular calcium in order to 

prevent calcium overload and to be prepared to respond to the next stimulus. Long lived 

calcium responses evoked by a 5 ns pulse could mean that one or more of the following 

calcium clearing mechanisms may be affected: calcium uptake by mitochondria, and/or a 

A 

Physiological 

stimulus 

B 

5 ns Pulse 

 

Half-width 

Half-width 



7 

 

 

reduction in the activity of the plasma membrane calcium ATPase (PMCA), and the 

Na+/Ca2+ exchanger. In addition to these mechanisms, other mechanisms may also be 

impacted that may delay calcium clearance such as: sustained CICR from the ER and 

sustained activation of VGCCs due to prolonged membrane depolarization. These 

possibilities are schematically shown in Figure 1.4. For this thesis, the focus is on assessing 

the effect of a 5 ns pulse on the main organelle involved in calcium clearance in adrenal 

chromaffin cells, the mitochondria.  

 

 
 

 

 

Figure 1.4: Mechanisms that can prolong calcium responses evoked by a 5 ns pulse in 

chromaffin cells. Calcium clearance mechanisms: rapid clearance by the mitochondria and 

calcium extrusion through the plasma membrane Na+/Ca2+ exchanger and the plasma 

membrane calcium ATPase. Prolonged CICR from the ER. Sustained membrane 

depolarization that may keep VGCCs remain open after a pulse. Upright arrows indicate 

an increase and arrows facing down indicate a decrease.   
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1.6 Mitochondria: the main organelle involved with the rapid clearance of calcium 

 

 

Calcium signaling is imperative for cellular function and communication, which 

plays an imperative role in stimulus-secretion coupling in chromaffin cells [27, 29-30]. As 

already mentioned, depolarization of a chromaffin cell causes calcium influx into the cell 

and the calcium is rapidly taken up by mitochondria [29-37]. Mitochondria take up calcium 

ions through the mitochondrial calcium uniporter protein (MCU), which is dependent on 

the mitochondrial membrane potential (the electrochemical gradient of protons across the 

inner mitochondrial membrane potential) for proper function and maintained by the 

electron transport chain [29-38]. Figure 1.5 shows a schematic of calcium uptake by the 

mitochondria. 

 

 
Figure 1.5: Schematic of calcium uptake by the mitochondria. The mitochondria at rest 

stores little to no calcium. The mitochondrial membrane potential is maintained by the 

electron transport chain and is the driving force behind 1) calcium uptake through the 

mitochondrial calcium uniporter protein. 2) Calcium is extruded from the mitochondria 

through a Na+/Ca2+ exchanger. 
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As previously shown in Figure 1.2, the mitochondria extrude calcium through the 

antiport Na+ and Ca2+ exchanger at the end of a stimulus. The released calcium in turn 

replenishes calcium stores in the ER [29-38].  Inhibiting or disrupting mitochondrial 

function by altering mitochondrial membrane potential can delay intracellular calcium 

clearance, which is being investigated in this study as the mechanism underlying the long-

lived calcium responses evoked by 5 ns pulses. 

 

 

1.6.1 Mitochondrial Membrane Potential dyes to study changes in mitochondrial 

membrane potential 

 

Changes in mitochondrial membrane potential have been studied by labeling 

mitochondria with mitochondrial membrane potential dyes. For the purpose of only 

visualizing the mitochondria, Mitotracker Green is the recommended dye as it labels the 

global mass population of the mitochondria in a cell by labeling both living and dead 

mitochondria. Labeling occurs by forming covalent bonds to proteins inside the inner 

mitochondrial membrane [39-41]. The dyes Mitotracker Orange, Tetramethylrhodamine, 

Ethyl Ester, Perchlorate (TMRE), and Rhodamine 123 (RH 123) in contrast label only 

actively respiring mitochondria in a cell [39]. These dyes are cationic and readily 

accumulate inside the mitochondria due to the overall electro-negative charge caused by 

the mitochondrial membrane potential. TMRE is the more sensitive dye that is 

recommended for monitoring changes in mitochondrial membrane potential, followed by 



10 

 

 

RH 123 and Mitotracker Orange, with the concentration of each dye that is optimal 

experiments being cell dependent [39]. When there is a change in the mitochondrial 

membrane potential, there is a decrease in fluorescence that results from dye molecules 

being released from the mitochondria [39]. For validation of experimental results, typically 

more than one dye is used. However, it should be noted that these dyes are limited to 

qualitative rather than quantitative evaluation of changes in the mitochondrial membrane, 

especially in our studies where monitoring changes in fluorescence is carried out using 

wide field fluorescence microscope [39-45].  

 

 

 

1.6.2 NEPs decrease the mitochondrial membrane potential in different cell types 

 

 

 Studies of the effects of NEPs that have focused on cell viability in relation to the 

mitochondrial membrane potential have shown that NEPs can cause disruption in the 

mitochondrial membrane potential in different cell types. In one study, Jurkat cells labeled 

with TMRE showed that a 600 ns pulse at electric fields ranging from 40 kV/cm to 80 

kV/cm caused a decrease in TMRE fluorescence, hence a change in the mitochondrial 

membrane potential [46]. Another study focused on the viability of cancer cells and 

possible cancer ablation techniques using N1-S1 hepatocellular carcinoma cells labeled 

with TMRE. In that study it was found that a 600 ns pulse at electric fields higher than 50 

kV/cm caused a decrease in TMRE fluorescence (~ 25%), and hence mitochondrial 

membrane potential disruption [6]. Another study focusing on the effects of NEPs on 

cancer ablation showed that U87 glioblastoma cells labeled with TMRM  exposed to 100, 

10 ns pulses at a repetition rate of 10 Hz showed a decrease of 30%  in TMRM 
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fluorescence, and hence a disruption in mitochondrial membrane potential [9]. In addition, 

these authors showed that mitochondrial membrane potential disruption occurred in a dose-

dependent manner where more pulses caused a larger decrease in TMRM fluorescence [9]. 

Moreover, changes in mitochondrial fluorescence were still evident 30 minutes after 

exposure to NEPs, suggesting that there are long-term effects of NEPs on the mitochondria 

[9]. Another study focusing on the effects of NEPs on mitochondrial membrane potential 

in wild-type Jurkat T-lymphocytes (clone A3) labeled with TMRE showed that disruption 

of the mitochondrial membrane potential was electric field-dependent, with a maximum 

decrease of 20% in fluorescence at electric fields higher than 30 kV/cm [49]. Another study 

conducted in real-time to determine the effects of NEPs on mitochondrial membrane 

potential in Jurkat cells labeled with TMRE and RH 123 also showed that disruption of the 

mitochondrial membrane potential was dependent of the electric field and the number of 

applied pulses (<10% decrease in TMRE fluorescence observed 30 seconds and three 

minutes after application of ten pulses) [7]. As a positive control, TMRE and RH 123 

labeled cells were treated with 20 µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP), 

a mitochondrial membrane potential disrupter, to correlate the decrease in fluorescence 

signal with mitochondrial membrane potential (discussed in the following section). Taken 

as a whole, these findings suggest that NEPs can affect the mitochondrial membrane 

potential, which is one of the aims of this thesis.  
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1.6.3 Protonophores cause mitochondrial membrane potential  

 

In order to establish that a decrease in TMRE/RH 123 fluorescence signal correlates 

with mitochondrial membrane potential disruption, it is customary to expose TMRE or RH 

123 labeled cells to CCCP or the related compound carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP)  [39]. This treatment provides a fluorescence 

signal that decreases, indicating mitochondrial membrane potential disruption [39].  

Multiple studies have shown that the decrease in TMRE or RH 123 labeled cells is usually 

dependent on the concentration of CCCP or FCCP, where higher concentrations cause a 

larger decrease in fluorescence, and hence greater mitochondrial membrane potential 

disruption [45, 46-48, 50].  The structures CCCP and FCCP are shown in Figure 1.6.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Structures of CCCP and FCCP. A) CCCP has a Cl- attached to the benzene 

ring. B) FCCP has a CF3 attached to its benzene ring. 

 

CCCP has a Cl- atom linked to its benzene ring whereas FCCP has a CF3 molecule. 

Both protonophores function in the same manner to disrupt the mitochondrial membrane 

potential. That is, both readily intercalate into both the inner and outer mitochondrial 

membranes, inducing the formation of pores, and introducing protons into the inner 

A B 
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mitochondrial membrane [51-52]. The accumulation of extra protons in the inner 

mitochondrial membrane collapses the electron transport chain causing a change in the 

voltage of the mitochondrial membrane potential, which hinders the MCU from taking up 

calcium ions. This causes a string of events linked to changes in the mitochondrial 

membrane potential such as disruption of the MCU protein, delay of intracellular calcium 

clearance, disruption in ATP production, and production of reactive oxygen species (ROS) 

[51-52]. The schematic in Figure 1.7 shows the effect of CCCP on mitochondrial 

membrane potential by importing protons. 

 

 
 

Figure 1.7: Protonophores disrupt the mitochondrial membrane potential. 

Protonophores (i.e. CCCP) import protons into the inner mitochondrial membrane, 

collapsing the electron transport chain and the mitochondrial membrane potential.  

 

 

It is worth noting that the effects of CCCP are not limited to disrupting the 

mitochondrial membrane potential. Previous studies have shown that FCCP and CCCP at 

concentrations higher than 10 µM can permeabilize the plasma membrane and cause 
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multiple effects such as ATP disruption, immediate reduction of the calcium current, which 

in turn inhibits ATP disruption, changes in the pH gradient, and ROS production [34, 37, 

39]. Regarding chromaffin cells, a study has shown that CCCP can cause disruption of the 

pH gradient, and release of catecholamines from granules [50-53]. In addition, a 

concentration of 2 µM CCCP was shown to cause an inhibition of the calcium current, 

which may be a secondary cause of ATP synthesis disruption and inhibiting processes that 

require ATP (such as calcium ATPases) [54]. A concentration of 1 µM CCCP was shown 

to cause mitochondrial membrane potential disruption, and thereby induce a rise in 

intracellular calcium [37]. Furthermore, studies have shown that doubling the 

concentration of CCCP (>1 µM) usually doubles the dissipation effect on the mitochondrial 

membrane potential in a dose-dependent manner [39, 47, 52]. However, cells treated with 

CCCP do not always show an increase in intracellular calcium levels. In fact, CCCP treated 

bovine chromaffin cells have shown calcium responses with a decrease in calcium 

amplitude [55].  These findings suggest that cells have variable responses in increase in 

intracellular calcium after being treated with protonophores, which may be due to multiple 

mechanisms being affected. However, it has been suggested that in order to see a larger 

affect in mitochondrial membrane potential disruption and a rise in intracellular calcium, a 

stronger or more prolonged stimulus is required [55]. This suggests that providing a small 

or short-lived stimulus to CCCP/FCCP treated cells may not always show a sustained rise 

in intracellular calcium from mitochondrial membrane potential disruption [55]. Overall, 

CCCP and FCCP have been shown to alter calcium responses in chromaffin cells.   
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1.7  Exposure systems to stimulate cells with NEPs 

 

 

1.7.1 Gold strip chamber exposure system 

 

 As stated earlier, previous experiments in our laboratory were conducted using a 

gold chamber exposure system to expose chromaffin cells to 5 ns electric pulses. The gold 

strip chamber exposure system was fabricated as described in [56] but using gold strips as 

described in [22]. It is composed of a rectangular glass slide measuring 75 mm in length 

and 25 mm in width. Two gold strips were deposited onto the slide with a length of 40 mm, 

5 mm wide, and a thickness of 25 µm, separated 100 µm apart from each other. The cells 

were located in suspension between the electrodes in a total volume of BSS of 3 µl. A 

square glass coverslip was placed over the gap between the electrodes for experiments. 

Figure 1.8 shows a photograph and a diagram of the gold strip chamber. Figure 1.9 shows 

a diagram of a cell placed between the electrodes and a contour slice of the electric field 

distribution normal to the Z plane showing that the region containing the cell is exposed to 

a uniform electric field.  

As stated earlier, chromaffin cells exposed to a 5 ns pulse with this exposure system 

had calcium responses that were longer-lived compared to those evoked by a physiological 

stimulus. More recent experiments conducted in our laboratory using the gold strip 

chamber exposure system showed results that were consistent with those obtained 

previously in that calcium had a half-width of ~11s. Simulations performed in [20] showed 

that the electric field distribution was homogeneous in the region containing the cell. The 

electric field in this system could be calculated by using the following equation (1)  

                                                                E= 
𝑉

𝐷
                                                                     (1) 
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where E is the electric field magnitude (V/m), V is the applied voltage (V), and D is the 

distance between the electrodes (m). This relation shows that increasing the voltage and 

decreasing the distance between the two electrodes increases the electric field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Photograph and diagram of the gold chambers used to apply 5 ns pulses. 

A) Gold chamber exposure system used in experiments. B) Diagram of the dimensions of 

the glass slide, gold electrodes, and cover slip. 
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Figure 1.9: Diagram of a side view of the cells placed in between the gold electrodes. 

The total volume of the balanced salt solution between the electrodes was 3 µl. A) A side 

view of the cell placed between the gold electrodes. B) A contour slice of the electric field 

distribution normal to the Z axis generated by using the software package SEMCAD 

(version 14.8.5, SPEAG, Zurich, Switzerland) shows that the region containing the cell is 

exposed to a uniform electric field of 5 MV/m.  

 

 

1.7.2 Tungsten rod exposure system 

 

 

Our current exposure system is a tungsten rod exposure system commonly used by 

other groups to study the effects of NEPs on cells [24-27]. The electrodes consist of two 

cylindrical gold-plated tungsten rods (127 µm diameter) spaced 100 µm apart from each 

other. Details of how the electrodes are fabricated are given in Chapter 2. The electrode 

tips are placed 40 µm above a glass bottom dish in which chromaffin cells are attached. 

They are positioned 45° to the vertical plane, with a target cell located centrally between 

the electrode tips. Cells are exposed in a total volume of balanced salt solution of 2 ml. 

Figure 1.10 shows a photograph of a pair of tungsten rod electrodes placed in a cell dish 

used in our experiments. Figure 1.11 shows a diagram of the tungsten rod electrode tips 

positioned near a target cell and a contour slice of the electric field distribution normal to 

the Z plane showing that the region containing the cell is exposed to a uniform electric 

Gold strip 

Gold strip 
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field. Details about how the simulations were performed in our laboratory using are given 

in Chapter 2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10: Picture of the tungsten rod electrodes immersed in a cell dish during 

experiments. The cell dish has a total volume of 2 ml of the balanced salt solution. 

 

 

 

 
 

Figure 1.11: Diagram of electrode tips positioned over target cell. A) The electrode tips 

face towards the target cell. B) A contour slice of the electric field normal to the Z plane 

generated using SEMCAD shows that the region containing the cells is exposed to a 

uniform electric field of 5 MV/m.  

 

As stated above, calcium responses evoked by the two exposure systems are 

different in that the rise in intracellular calcium in cells exposed to a 5 ns pulse using the 

tungsten rod exposure system is much longer in duration that that that found for cells 

Cell dish 

B A 
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exposed to 5 ns pulses using the gold chamber exposure system. Although previous 

simulations in our laboratory have shown that the electric field distribution in the region 

containing the cell in both exposure systems was homogeneous [5, 57], the two exposure 

systems nevertheless differ in their geometries and in other characteristics, such as the 

volume of balanced salt solution surrounding the cell. In this thesis, we will conduct refined 

simulations of the electric field in the region containing the cell in both exposure systems 

using the Huygens box approach. 

 

1.8   Refined computations using the Huygens box approach  

 

 

The electric field distribution will be computed by SEMCAD using the FDTD 

method, which computes electromagnetic equations for 3D geometries [58-62]. 

Homogeneity in the electric field of any exposure system is required for reproducibility of 

biological results, with a recommendation that the homogeneity of the electric field be 

constant in the location of the target cell but can be within 30% over a larger distance (such 

as 100 µm), since absolute homogeneity in an exposure system is difficult to achieve [63]. 

Refined computations of the electric field will obtained using the Huygens box approach 

with reduced simulation time to assess differences in the electric field magnitude between 

the two exposure systems[64]. For example, to complete a simulation with a discretization 

step size of 4 µm without the Huygens box, the time to complete the simulation was 138 

hours. However, with the Huygens box, the simulation time was reduced to 27 hours. We 

will be using this method to compute homogeneity in the electric field in the region 

containing the cell because the Huygens box is preferred over a highly discretized 

simulation, which is imperative for providing refinement by reducing simulation time  
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As described in this thesis, the simulations required a total of two simulations for a 

single completed Huygens box simulation. The first simulation computes the electric field 

in the initial computational domain with a coarse mesh (minimum mesh size of 16 µm). 

This is followed by a Huygens box computational domain, which is smaller in area 

compared to the initial computational domain, has finer discretization (minimum mesh size 

of 1 µm), uses the computed results from the first simulation as input, and decreases the 

simulation time significantly [64-68]. The overall goal of is to assess the differences in the 

electric field between the two exposure systems that could account for the different calcium 

responses.  

 

 

1.9 Summary of goals 

 

 

Aa 5 ns, 5 MV/m pulse mimics the physiological stimulus by evoking a rapid rise 

in intracellular calcium that is longer in duration than that evoked by physiological 

stimulus. One of the aims of this thesis is to determine whether the electric field penetrates 

the cell interior and disrupts the mitochondrial membrane potential. Our approach involves 

labeling mitochondria with fluorescent mitochondrial membrane potential dyes and 

monitoring changes in fluorescence in cells exposed to 5 ns pulses in real time. 

A second aim of this thesis focuses on potential differences in the electric field 

distribution in the region containing the cell in the two exposure systems used in our 

laboratory. We approached this by conducting refined simulations of the electric field in 

the region containing the cell. 
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This thesis addresses these two questions by discussing the Experimental methods 

in Chapter 2, Experimental results in Chapter 3, Numerical modeling methods in Chapter 

4, Numerical modeling results in Chapter 5, and ending with the Conclusion and Future 

works in Chapter 6. 
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Chapter 2: Experimental Methods 
 

2.1 Chromaffin cell isolation and culturing 

 

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

maintained in suspension culture as described in [1], with modifications described in [2]. 

Briefly, fresh adrenal glands were acquired from Wolf Pack Meats (University of Nevada, 

Reno, NV, USA) and transported to the laboratory on ice. The inner medulla was obtained 

by dissection and placed in ice-cold Ca2+/Mg2+ Hank’s free balanced salt solution (HBSS1) 

comprised of the following: 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 (0.03%) and 

0.02% bovine serum albumin (BSA), pH 7.2. A plastic catheter was inserted into the 

adreno-lumbar vein and red blood cells flushed out by perfusing the medulla with room 

temperature HBSS1 for 10 minutes. The medulla was then digested by perfusing the tissue 

at 30 °C in HBSS1 containing collagenase B (0.05%) and CaCl2 (50 µM) until the medulla 

became swollen (typically 30 to 40 minutes). Cells were isolated from the digested medulla 

by removing the catheter and gently agitating the tissue against the side of the beaker. The 

cell suspension was filtered through a 100 µm nylon mesh to rid the suspension of tissue 

debris. The cells were then centrifuged at room temperature four times (30 x g for 6 

minutes, 30 x g for 4 minutes, 25 x g for 4 minutes, 25 x g for 3 minutes), with each 

centrifugation step followed by trituration of the cell pellet and resuspension in HBSS1 

(centrifugation steps 1-3), and Ham’s F-12 medium (centrifugation step 4). The Ham’s F-

12 medium was comprised of the following:  Ham’s F-12 Nutrient mix (Gibco) 
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supplemented with 10% bovine calf serum, 1% antibiotic-antimycotic (100 U/ml 

penicillin, 100 μg/ml streptomycin, and 0.25 µg/ml fungizone), and 6 mg/ml cytosine β-D-

arabinofuranoside. After the final centrifugation step, the cells were filtered through a 53 

µm nylon mesh and diluted to a final concentration of 4 x 105 cells/ml in Ham’s F-12 

supplemented medium. Chromaffin cells were isolated from non-chromaffin cells by using 

a differential plating step. This consisted of placing the cell suspension in tissue culture 

flasks and incubating the cells for ~5-6 hours at 36.5 °C in an atmosphere consisting of 5% 

CO2 in air. Under these conditions, non-chromaffin cells adhere to the bottom of the flask 

whereas chromaffin cells remain in suspension [1]. After the ~5-6 hour incubation period, 

the cells were pooled from the flasks, and the concentration adjusted to 1 x 105 cells/ml. 

The cells were transferred to 60 mm Petri dishes (10 ml of cells in suspension/dish) and 

maintained in suspension culture at 36.5 °C in an atmosphere consisting of 5% CO2 in air. 

Cells were used in experiments for up to 14 days after culturing. 

 

2.2 Preparation of chromaffin cells for experiments 

 

Aggregates of chromaffin cells that form in suspension culture were dissociated 

with the neutral protease dispase as reported in [3]. Briefly, the night before an experiment, 

~20 mg of the neutral protease dispase and 0.5 mM CaCl2 were added to a Petri dish 

containing the cells. On the morning of the experiment, the cells were transferred to a 

conical tube and centrifuged at 20 x g for 10 minutes. The supernatant fraction was 

removed, and the  cell pellet was gently triturated in Ca2+/Mg2+-free HBSS2 (145 mM NaCl, 

5 mM KCl, 1.2 mM Na2HPO4, 10 mM D-glucose, 15 mM HEPES). The resuspended cells 
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were incubated for 10 minutes at 36.5 °C in the cell culture incubator.  After the 10-minute 

incubation period the cells were gently triturated to facilitate cell dissociation. They were 

returned to the cell culture incubator for another 10 minutes.  This process was repeated 

until the cell aggregates were completely dissociated. The cells were collected by 

centrifugation at 30 x g at room temperature for 10 minutes and the cell pellet resuspended 

in 0.7 ml Ham’s F-12 complete medium. Cell aliquots of 120 µl were plated on fibronectin-

coated 35 mm glass bottom dishes (inner glass diameter 20 mm or 10 mm). Cells were 

allowed to attach to the dishes for up to two hours. Then, 2.5 ml of Ham’s F-12 complete 

medium was added to each dish and the cells returned to the tissue culture incubator. Cells 

were used in experiments for up to two days. 

 

2.3 Receptor agonist stimulation 

 

2.3.1 One cell at a time 

 

A dish of attached cells was removed from the incubator on the day of the 

experiment. Cell medium was removed from the dish and replaced with a balanced salt 

solution (BSS) comprising the following: 145 mM NaCl, 5 mM KCl, 1.2 mM   Na2HPO4 , 

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

selective nicotinic receptor agonist 1, 1-dimethyl-4-phenyl-piperazinum (DMPP) was 

applied to a single cell at a concentration of 100 µM in BSS using a pressure ejection 

system (Picospritzer III®, Parker Hannifin Corporation, Hollis, NH, USA). The 

micropipettes that delivered the agonist to the cells were fabricated from borosilicate glass 
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capillaries (Sutter Instruments, FG-GB 120-69-10, outer diameter 1.2 mm, inner diameter 

0.69 mm) using a micropipette puller (Sutter Instrument Co. Model P-97). The tips were 1 

µm in diameter, measured using a microforge (Sutter MF-830). For applying DMPP, the 

tip of the micropipette was placed 1.5-cell diameters away from the target cell, as shown 

in Figure 2.1. The Picosopritzer was triggered through a custom LabVIEW program 

(version 9, National Instruments, Austin, TX, USA). The settings for each ejection were: 

pressure, 18 psi (N2); duration 5 ms. 

 

 

Figure 2.1: Stimulation of a chromaffin cell with the physiological stimulus. A 

photomicrograph showing a micropipette tip positioned to deliver an ejection of 100 µM 

DMPP to a chromaffin cell (100x). 

 

 

2.3.2. Dish of cells 

 

 

A dish of attached cells was removed from the incubator on the day of the 

experiment. Cell medium was removed from the dish and replaced with BSS. DMPP was 

applied to a dish of cells at a concentration of 100 µM in BSS using a perfusion system 

(Model VC-6, Warner Instruments, Hamden, CT, USA). For the perfusion, a Petri dish 

insert (Bioscience Tools, San Diego, CA, USA) was attached to the bottom of the dish 

using vacuum grease. BSS was added to fill the chamber and the dish was placed on the 

microscope stage. Inlet and outlet tubings were connected to the perfusion dish, and the 

cells perfused first with BSS at a flow rate of 1-1.2 ml/minutes, followed by perfusion with 
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DMPP, which reached the cells 30-35 seconds after the valve was switched from BSS to 

BSS containing the agonist DMPP. Figure 2.2 shows photographs of the perfusion setup. 

 

 

 

 

 

 

 

Figure 2.2: Photographs of the perfusion setup.  A) A Petri dish insert inside the dish of 

attached cells. B) The cell dish on the microscope stage and connected to the inlet and 

outlet tubing. C) The manifold that holds the solutions for perfusion and the valves that 

control the flow of BSS from each syringe.  

 

2.4 Stimulating cells with 5 ns pulses 

 

2.4.1. Tungsten rod electrode fabrication  

 

A pair of electrodes for delivering 5 ns pulses to cells (shown in Figure 2.3) was 

fabricated from two cylindrical tungsten rods having a diameter of 127 μm (A-M systems, 

catalog #716200). Prior to fabrication, the rods were gold coated (160 nm coating 

thickness) using a sputtering machine (Department of Mechanical Engineering, University 

of Nevada, Reno). 
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Figure 2.3: Photograph of a pair of tungsten rod electrodes used to deliver a 5 ns pulse 

to chromaffin cells. The tungsten rods are located inside the pipette tips that have an 

overall length of 2.1 cm. The tungsten rods protrude 2.5 mm from the end of the pipette 

tips for exposing cells to a pulse.  

 

 

To fabricate the electrodes, one of the tungsten rods was inserted through a 200 µl 

plastic pipette tip with 2.5 mm protruding from the tapered end. A 10 µl plastic pipette tip 

was placed inside the 200 µl pipette tip to stabilize the first tungsten rod and provide a 

conduit for the second tungsten rod, which was also inserted with 2.5 mm protruding from 

the tapered end. Biocompatible epoxy was used to seal the tungsten rods at the point where 

they exited the pipette tip. The top ends of the pipette tips were trimmed off so that the 

overall pipette length was 2.1 cm. The tungsten rods protruding from the top end of the 

pipette tips were soldered onto a BNC connector. A 49.9 Ω surface mount resistor (2 Watts) 

was soldered onto the BNC connector and the tungsten rod ends using Kester organic 

solder. The resistance of the electrodes was measured with a multimeter to ensure that the 

electrodes were not open or short circuited. The range of resistance was 48 Ω to 49.9 Ω. 

To minimize vibrations of the electrodes during an experiment, a thin layer of parafilm was 

wrapped around the resistor and the upper end of the pipette tip to stabilize the electrodes. 

Electrode tips were spaced 100 μm apart from each other using a tweezer coated with 

electrical tape to avoid scratching the gold coating.  The spacing was measured at 20x on 

an inverted Nikon TE2000 microscope.  
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2.4.2 Pulse delivery setup 

 

Pulses were generated by a custom fabricated pulse generator [4] obtained from 

Transient Plasma Systems (Torrance, CA, USA).  The pulse generator has an analog 

control setup, with a maximum voltage output of 6 kV into a 50 Ω load, a maximum power 

input of 380 V, and a maximum pulse repetition rate of 1 kHz. Voltage output was 

controlled by a voltage control knob. Figure 2.4 shows a schematic of how a pulse travels 

from the pulse generator and reaches the electrodes.  

 

Figure 2.4: Schematic of the 5 ns electric pulse delivery setup.  

 

A diode was attached to the output port of the pulse generator because there was a 

significant negative peak followed by the main pulse, which was removed by the diode.  

The signal then passed through a 2x attenuator in order to decrease the voltage by half. The 

signal then passed through a coaxial cable and through a T-connector, which allowed the 

signal to reach the electrodes on one end and the oscilloscope on the other. A voltage 

divider was connected between the T-connector and the oscilloscope cable with a ratio of 

1:100 V in order to measure the voltage near the electrodes without damaging the 

oscilloscope (Figure 2.5).  A custom-written LabVIEW program was used to trigger the 
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pulse generator. The complete pulse delivery setup together with the setup for monitoring 

cell fluorescence (section 2.5) is shown in Figure 2.6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Photograph showing the location of the voltage divider with respect to the 

electrodes. The 50 Ω voltage divider, which is wrapped in parafilm, was connected to the 

oscilloscope via the T-connector.  
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Figure 2.6: Photograph of the pulse delivery and fluorescence imaging setup. The 

Nikon TE2000 microscope used for experiments is placed on an anti-vibration table and 

surrounded by a Faraday cage. A rack located to the right of the Faraday cage holds the 

pulse generator and the diode (not shown). The high voltage cable connected to the pulse 

generator, the 2x attenuator, and the coaxial cable are secured on the outside of the Faraday 

cage for attachment to the electrodes. The oscilloscope is on a rack on the left side of the 

Faraday cage. The Picospritzer is located on the top right shelf of the rack on the right and 

the perfusion system is located on the right side of the microscope.  

 

 

FDTD simulations were conducted using the software SEMCAD to determine the 

electric field magnitude at an applied voltage (see Chapter 5). The computed electric field 

magnitude at the location of the cell was divided by the maximum applied voltage, which 

provided a scale factor in MV/m. In order to obtain the desired electric field magnitude, 

the scale factor was multiplied by an applied voltage to calculate the electric field 

magnitude. For example, at an applied voltage of 1000 V, the computed electric field is 

4.95 MV/m. The scale factor becomes: 
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Scale factor = (4.95 x 106 V/m)  (1000 V) 

= 4.95 x 10-3 m-1 

 

Using the above conversion factor, applying 2000 V yields an electric field magnitude of 

9.9 MV/m. Validation of the conversion factor and electric field magnitude generated by 

each applied voltage are shown in Chapter 5. 

For experiments, one or more 5 ns pulses were applied to a cell using the tungsten 

rod electrodes, fabricated as described above.  The spacing of the electrode tips was 

measured before and after each experiment. The electrode tips were positioned 40 µm 

above the glass bottom dish and positioned 45° to the vertical plane, with the target cell 

located in the center between the electrode tips as shown in Figure 2.7. Pulses had a half-

width of 5 ns, as shown in Figure 2.8. Simulations regarding the electric field distribution 

can be found in Chapter 5. 

 

 

 

 

 

 

Figure 2.7: Photomicrograph showing the location of the target cell between the 

tungsten rod electrode tips. The tips are positioned 40 µm above the glass bottom dish 

and 45° to the vertical for experiments (40x). 

 

 

 

 

 

 



42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Representative trace of a 5 ns electric pulse. The pulse has a half-width of 

5 ns, rise and fall time of 4-5 ns. The maximum voltage is 1000 V. 

 

 

 

2.5 Fluorescence imaging of intracellular calcium 

 

A dish of attached cells was removed from the incubator on the day of the 

experiment. Cell medium was carefully removed from the dish and the cells washed twice 

with BSS. Cells were then incubated with the calcium fluorescence indicator dye Calcium 

Green-1-AM (1 µM; 480/535 nm) for 45 minutes at 36.5 °C in BSS containing 10% BSA.  

After the incubation, the cells were washed with BSS lacking BSA and the cell dish was 

placed directly onto the stage of a Nikon TE2000 epifluorescence microscope. Bright field 

and fluorescence images of the cells were obtained with a 100x air objective and captured 

with an iXonEM + DU-897 EMCCD (Andor Technology Ltd. Belfast, UK) using the open 

source software Micro-Manager (version 1.4).  For monitoring intracellular calcium, 

baseline calcium fluorescence was monitored for 10 seconds prior to applying a stimulus 

(pulse or physiological stimulus), and for 50 seconds following a stimulus. Changes in 

fluorescence intensity were calculated by subtracting background fluorescence from the 
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cell fluorescence utilizing Image J (https://imagej.nih.gov/ij/). The change in fluorescence 

intensity was obtained by normalizing the fluorescence to the time the stimulus was applied 

using LabVIEW.  

As a control for establishing changes in intracellular calcium caused by 

mitochondrial membrane potential disruption, cells were labeled with Calcium-Green-1 as 

described, then incubated with carbonyl cyanide 3-chlorophenyldrazone (CCCP) or 

carbonilcyanide p-trifluoromethoxyphenylhydrazone (FCCP) for 5 minutes at 36.5 °C in 

BSS. The concentrations of each were 0.5 µM, 1 µM, or 2 µM. After incubation, cells were 

placed on the microscope stage and DMPP was applied to the cells by pressure ejection at 

a saturating concentration of 100 µM. Changes in intracellular calcium were monitored and 

analyzed as mentioned earlier.  

 

2.6 Fluorescence labeling of mitochondria 

 

 Cells were incubated with 100 nM Mitotracker Green (Ex/Em: 490/516 nm) or 20 

nM Mitotracker Orange (Ex/Em: 554/576 nm) for 30 minutes at 36.5 °C in BSS. The dye 

solution was then removed and replaced with dye-free BSS.  Fluorescence images were 

obtained to observe mitochondrial populations in chromaffin cells, as described in the 

Introduction. Images were obtained with z-stacking at a step size of 0.5 µm. 
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2.7 Monitoring mitochondrial membrane potential 

 

2.7.1 Labeling Mitochondria 

A dish of attached cells was removed from the incubator on the day of the 

experiment. Cell medium was carefully removed, and the cells washed twice with BSS. 

Cells were incubated with Tetramethylrhodamine (TMRE, Ex/Em: 543/593 nm) at a 

concentration of 50 nM or 20 nM in BSS for 20 minutes at 36.5 °C.  Alternatively, cells 

were incubated with Rhodamine 123 (RH 123, Ex/Em: 482/536 nm) at a concentration of 

100 nM or 200 nM in BSS for 45 minutes at 36.5 °C. For each, the dye solution was 

carefully removed and replaced with BSS prior to imaging. Cells were viewed at 100x and 

images obtained with z-stacking, with a step size of 0.5 µm. Preliminary experiments 

established that the optimal concentrations for labeling mitochondria were 20 nM TMRE 

and 200 nM RH 123 as cells did not exhibit saturation at room temperature  (Figure 3.10 

in Chapter 3). 

 

2.7.2 Perfusion of TMRE and RH 123 labeled cells with CCCP 

 

As a control to monitor a decrease in TMRE or RH 123 fluorescence due to 

mitochondrial membrane potential disruption, CCCP was applied to TMRE or RH 123 

labeled cells using the perfusion setup described earlier for applying DMPP to a dish of 

cells. A dish of attached cells was removed from the incubator and the cells washed twice 

with BSS. Cells were labeled with TMRE and RH 123, as described earlier. The dye 

solution was removed and replaced with BSS. The dish was then placed on the microscope 
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stage for imaging. Changes in mitochondrial membrane potential were analyzed for a 

decrease in either TMRE or RH 123 fluorescence by subtracting background fluorescence 

from whole cell fluorescence and normalized to the time a stimulus was applied as 

described earlier.  

 

2.7.3 Application of a stimulus to TMRE and RH 123 labeled cells 

 

Mitochondria were labeled with either TMRE or RH 123 and the cells were placed 

on the microscope stage. Baseline fluorescence was monitored for 10 seconds prior to 

applying a stimulus (pulse or physiological stimulus) and 50 seconds following a stimulus. 

Changes in mitochondrial membrane potential were analyzed for a decrease in either 

TMRE or RH 123 fluorescence by subtracting background fluorescence from whole cell 

fluorescence, and normalized to the time a stimulus was applied, as described earlier.  

 

2.8 Statistical analysis 

 

 Experiments were repeated at least twice using cells from two or more cell 

preparations. Normalized calcium and mitochondrial membrane potential responses are 

represented as the mean ± standard error (S.E.). Rate of recovery of calcium traces was 

calculated by fitting either a linear equation or a 3-parameter exponential decay (y = y0 + 

ae-bx). Origin pro (Origin Lab corporation, 2019) was used to correct TMRE and RH 123 

fluorescence traces for photobleaching. Sigmapot (Systat software, 2014) was used to plot 

the results. A one-way analysis of variance (ANOVA) was used to determine the statistical 
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significance between two or more groups. P values <0.05 were considered statistically 

significant.  

 

2.9 Reagents 

 

Calcium Green-1-AM, Mitotracker Green, and Mitotracker Orange were purchased 

from Molecular Probes (Eugene, OR, USA). Ham’s F-12 medium, dispase II, and 

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). 

Cytosine β-D-arabinofuranoside, tetramethylrhodamine, Rhodamine 123, carbonyl 

cyanide 3-cholorophenyldrazone (CCCP), carbonilcyanide p-

trifluoromethoxyphenylhydrazone (FCCP), were purchased from Sigma. All other 

chemicals and reagents were purchased from standard commercial sources.  
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Chapter 3: Fluorescence imaging of intracellular 

calcium and mitochondrial membrane potential in 

chromaffin cells exposed to 5 ns pulses 

 

3.1 Introduction 

 

 

The results presented in this Chapter show that in chromaffin cells, application of a 5 

ns, 5 MV/m pulse caused a rapid rise in intracellular calcium that is longer-lived than in 

cells stimulated with either a single application or even multiple applications of a saturating 

concentration of the nicotinic receptor agonist DMPP. As a potential explanation for this 

difference, we hypothesized that the externally applied electric field penetrates the cell 

membrane causing a disruption of the mitochondrial membrane potential, thereby delaying 

clearance of calcium. As stated previously, mitochondria are the main organelle involved 

in the rapid clearance of intracellular calcium following calcium influx via VGCCs [1-5] 

and that disruption of the mitochondrial membrane potential delays calcium uptake into 

this organelle [1]. This Chapter describes the results of studies in which mitochondria were 

labeled with membrane potential-dependent fluorescent dyes to determine whether 5 ns 

electric pulses have an effect on mitochondrial membrane potential.  
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3.2 A single 5 ns pulse evokes longer-lived increases in intracellular calcium compared 

to the physiological stimulus 

 

As previously reported [6-9], chromaffin cells labeled with Calcium-Green-1 and 

stimulated with a single 5 ns pulse at 5 MV/m underwent a rise in intracellular calcium 

level (Figure 3.1).  Shown in Figure 3.2 is the time course of the response. The rise in 

intracellular calcium reached a peak amplitude 2-4 s after the pulse, with an average T50 

(time to reach half of the maximum increase in intracellular calcium) of 2.2 s.  However, 

there was a great deal of variation with respect to the time taken for intracellular calcium 

to return to pre-stimulus levels, with the cells falling roughly into two groups. In half of 

the cells (N=11/21), intracellular calcium returned to near pre-stimulus levels within the 

50 s post-pulse monitoring period, displaying a half-width (i.e., the time to decline to half 

of the maximum rise in calcium) of 23 s. In the remaining cells, the decline of intracellular 

calcium to pre-stimulus levels was much slower such that a half-width could not be 

determined. Therefore, a 5 ns pulse at 5 MV/m can evoke calcium responses in cells that 

either recover to near pre-stimulus calcium levels 50 s post-stimulus or are longer-lived. 

Differences in response duration have been observed previously and are most likely due to 

cell-cell variability [6-9]. However, factors such as electrode placement during an 

experiment could also contribute to variability. This issue is further discussed in Chapter 

5.  
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Figure 3.1: Fluorescence images of a chromaffin cell stimulated with a 5 ns, 5 MV/m 

pulse.  The cell was loaded with Calcium-Green-1 and a fluorescence image obtained A) 

before and B) 1 s after the pulse was delivered to the cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Calcium responses in chromaffin cells evoked by a single 5 ns pulse. 

Representative fluorescence traces together with the averaged responses for cells exposed 

to a 5 ns pulse. A) Calcium responses (N=11) having an average half-width of 23 s.  B) 

Calcium responses (N=10) having no measurable half-width during the monitoring period. 

Arrows indicate the time that the pulse was delivered to the cells. 

 

 

Using carbachol as a cholinergic receptor agonist, we had previously shown that 

following the rapid rise in intracellular calcium evoked by the agonist, intracellular calcium 

returned to pre-stimulus levels within 20 s, displaying a half-width of ~5-6 s [6]. Given 

these results, we compared here calcium responses evoked by a 5 ns pulse to those evoked 

by DMPP, a cholinergic receptor agonist that is specific for nicotinic receptors. For these 

experiments a saturating concentration of DMPP (100 µM) was used to stimulate the cells. 

As shown in Figure 3.3, a 5 ms application of DMPP caused the cells to undergo a rapid 
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rise in intracellular calcium that reached a maximum in 1-2 s, with an average T50 of 0.5 s. 

The amplitude of the response was similar to that caused by a 5 ns pulse. Importantly, the 

return of intracellular calcium to pre-stimulus levels occurred within 20 s, with an average 

half-width of ~8 s. These results are similar to our results reported previously using 

carbachol as the agonist [6]. It is important to note that the calcium responses also lacked 

the variability in duration observed for calcium responses evoked by a 5 ns pulse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Calcium responses of chromaffin cells stimulated with DMPP. 

Representative fluorescence traces together with the averaged responses for cells (N=9) 

exposed to a 5 ms application of 100 µM DMPP, applied at 20 s (indicated by the arrow).  
 

 

Table 1 summarizes the characteristics of the calcium responses evoked by a 5 ns pulse 

versus those evoked by nicotinic receptor activation. Although the time for intracellular 

calcium to reach a maximum was slightly faster for DMPP, the biggest difference between 

the calcium responses evoked by the two stimuli was the duration of the response. DMPP-

stimulated cells had a faster recovery compared to cells stimulated by a 5 ns pulse.  
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Table 1: Comparison of the characteristics of calcium responses evoked by  

a 5 ns pulse and DMPP  

 

*Calcium responses were graphed in Sigmaplot. Those for DMPP were fit to an exponential decay whereas 

 those evoked by a 5 ns pulse were fit to a linear function. 

 

To explore further the difference in duration of calcium responses evoked by each 

stimulus, we compared the time course of the rise in intracellular calcium in response to 

multiple applications of DMPP versus a single or a train of 5 ns pulses.  As shown in Figure 

3.4, A, five applications of DMPP at a repetition rate of 1 Hz stimulated a rise in 

intracellular calcium that rapidly returned toward baseline once DMPP application 

stopped. The average half-width of the response was 9 s, which was similar to the half-

width of the response recorded for one application of DMPP and thus still less than that for 

a single 5 ns pulse. Ten applications of DMPP also at a repetition rate of 1 Hz similarly 

showed a rapid return of intracellular calcium to baseline as soon as the DMPP stimulus 

ended (Figure 3.4, B). In this case, the average half-width of the response was 13 s but still 

significantly less than that observed for a single 5 ns pulse. These results indicate that the 

calcium response evoked by a single 5 ns pulse outlasts the calcium response stimulated 

by multiple applications of the physiological stimulus.  

The delay in the recovery of intracellular calcium to baseline in cells exposed to 5 ns 

pulses was even more dramatic when cells were exposed to multiple pulses. As shown in 

Figure 3.4, C, calcium responses evoked by a train of five pulses delivered at a rate of 1 

Hz started to decline slowly at the end of the pulse train, displaying a half-width of ~26 s. 

Stimulus T50 ± SE 

(s) 

Maximum 

Amplitude ± SE 

(F/F0) 

Half-width ± 

SE 

(s) 

Recovery Rate ± SE*  

((F/F0 )/s) 

5 ns pulse 

(N=21) 

 

2.2 ± 0.3 2.1 ± 0.3 23.0 ± 2.6 

(N =11) 

 

0.02± 0.0 

(N =11) 

 

DMPP 

(N=9) 

0.5 ± 0.0 2.0 ± 0.2 8.0 ± 1.0 

 

4.94 ± 4.5 
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For a train of 10 pulses delivered at the same rate, (Figure 3.4, D), the half-width could not 

be measured as it was longer than the recording period. These results are clear evidence 

that 5 ns pulses evoke calcium responses that are prolonged relative to those evoked by the 

physiological stimulus. As a basis for understanding this effect on intracellular calcium, 

we next explored whether the effects could be due to mitochondrial membrane potential 

disruption.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Calcium responses in cells stimulated with trains of DMPP applications 

versus trains of 5 ns pulses. Representative fluorescence traces together with the averaged 

responses for cells exposed to A) five (N=6) or B) ten (N=4) 5 ms applications of 100 µM 

DMPP (repetition rate of 1 Hz), and to a train of C) five (N=11) or D) ten (N=8) 5 ns pulses 

(repetition rate of 1 Hz). The arrows indicate the time of DMPP or pulse delivery.  
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3.3 Disrupting mitochondrial membrane potential alters the calcium response of cells 

evoked by a depolarizing stimulus 

 

Previous studies by other groups have shown that pre-treating bovine chromaffin 

cells with 1-2 µM of the mitochondrial membrane potential disrupter CCCP had little effect 

on the amplitude of the rise in intracellular calcium evoked by perfusing the cells with high 

KCl, causing only a more rounded versus a sharp calcium peak [10-12]. CCCP, however, 

did cause the half-width of the response to slightly increase (by 20 s) compared to the 

control cells. Since the ability to observe the effects of CCCP on stimulus evoked-calcium 

responses appeared to require a prolonged period of cell stimulation [12], our approach to 

assess the effect of CCCP was to apply multiple applications of a depolarizing stimulus to 

cells pretreated with CCCP.  

 

3.3.1 Effects of CCCP on calcium responses evoked by multiple applications 

of DMPP  

 

As a control for assessing the effects of disrupting mitochondrial membrane 

potential on calcium responses, cells were labeled with Calcium-Green-1 as described in 

Section 2.6. After incubation, the dye solution was removed and replaced with BSS 

containing 0.5 µM, 1 µM or 2 µM CCCP. Cells were then incubated with CCCP for 5 

minutes at 36.5 °C. After the 5-minute incubation, cells were placed immediately on the 

stage of the microscope and stimulated with five applications of 100 µM DMPP at a 

repetition rate of 1 Hz in the continued presence of CCCP (the maximum time that the cells 
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were in the presence of CCCP was 15 minutes). In cells treated with 1 µM (Figure 3.5) and 

2 µM CCCP (not shown), calcium responses were significantly reduced in amplitude 

compared to the control responses. This reduction may have been due to the immediate 

effects of CCCP on the calcium current by reducing calcium influx through VGCCs [13], 

a disruption in ATP production [13-14], or possibly longer-term effects such as a change 

in the pH gradient and ROS production [15-16]. Given these results we then reduced further 

the concentration of CCCP to 0.5 µM (Figure 3.5) that may be more selective for causing 

mitochondrial membrane disruption. The results still showed significant effects of CCCP 

on calcium responses. As determined by a one-way ANOVA with a post-hoc Tukey 

analysis with a significance level of p = 0.05, the p-value for the calcium amplitude was < 

0.01 between the calcium responses of the control cells and all the CCCP treated cells, 

indicating that the differences were statistically significant. With respect to the half-width, 

differences were not statistically significant (p > 0.05). We did not further reduce the 

concentration of CCCP below 0.5 µM. 
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Figure 3.5: Calcium responses in cells treated with CCCP and stimulated with 5 

applications of DMPP. Representative fluorescence traces together with the average 

responses for five applications of DMPP (100 µM, 1 Hz).  A) Control cells (N=6), B) 0.5 

µM CCCP-treated cells (N=6), and C) 1 µM CCCP-treated cells (N=17). Arrows indicate 

the time of DMPP delivery. 
 

We next increased the number of applications of DMPP to ten at a repetition rate 

of 10 Hz, thus providing an even stronger stimulus. As shown in Figure 3.6, calcium 

responses in cells treated with 0.5 µM CCCP were variable with amplitudes that were either 

similar to those of the control cells or much smaller. In cells treated with 1 µM CCCP, 

calcium responses were significantly reduced, as shown in Figure 3.5 for cells exposed to 

5 applications of DMPP. A one-way ANOVA with post-hoc Tukey analysis with a 

significance level of p = 0.05 showed that the p-value was < 0.05 between the calcium 
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response of the control cells and the CCCP-treated cells, indicating statistical significance. 

With respect to the half-width, differences were not statistically significant (p > 0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Calcium responses of cells treated with CCCP and stimulated with 10 

applications of DMPP. Representative fluorescence traces together with the average 

responses for ten applications of DMPP (100 µM, 10 Hz). A) Control cells (N=14), B) cells 

treated with 0.5 µM CCCP (N=26), C) cells treated with 1 µM CCCP (N=10). Arrows 

indicate the time of DMPP delivery. 

 

The next section discusses results obtained using a second mitochondrial membrane 

potential disrupter, FCCP. 

 

 

 

Control

Time (s)

0 10 20 30 40 50

F
/F

0

0.5

1.0

1.5

2.0

2.5

1 mM CCCP

Time (s)

0 10 20 30 40 50

F
/F

0

0.5

1.0

1.5

2.0

2.5 1 µM CCCP 

Control A 

C 

0.5 mM CCCP

Time (s)

0 10 20 30 40 50

F
/F

0

0.5

1.0

1.5

2.0

2.5 B 
0.5 µM CCCP 



58 

 

 

3.3.2 Effect of FCCP on calcium responses evoked by ten applications of 

DMPP  

 

Chromaffin cells were treated with a second mitochondrial membrane potential 

disrupter, FCCP, to establish further how calcium responses to DMPP are altered by 

mitochondrial membrane potential disruption. Cells were labeled with Calcium-Green-1, 

incubated with FCCP in the same manner as CCCP, and stimulated with ten applications 

of DMPP at a repetition rate of 10 Hz. Overall, the calcium responses of cells treated with 

FCCP (Figure 3.7) were similar to those observed in cells treated with CCCP (Figure 3.6). 

A one-way ANOVA test with a significance level of p = 0.05 showed that the p-value for 

the calcium amplitude between the calcium responses of the control cells and FCCP treated 

cells was p < 0.01, indicating statistical significance. The p-value for the half-width was p 

>0.05, indicating that the differences were not statistically significant. 

The next section discusses calcium responses evoked by KCl as the depolarizing 

stimulus. 
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Figure 3.7: Calcium responses of cells treated with FCCP and stimulated with 10 

applications of DMPP. Representative fluorescence traces together with the average 

responses for ten applications of DMPP (100 µM, 10 Hz). A) Control cells (N=4), B) 0.5 

µM FCCP-treated cells (N=9), C) 1 µM FCCP-treated cells (N=11). Arrows indicate the 

time of DMPP delivery. 

 

 

3.3.3 Effect of CCCP on calcium responses evoked by multiple applications 

of KCl  

 

High KCl is a stronger depolarizing stimulus compared to DMPP and it was 

interesting to determine how calcium responses evoked by KCl would be affected by 

disrupting mitochondrial membrane potential. Chromaffin cells were labeled with 

0.5 mM FCCP

Time (s)

0 10 20 30 40 50 60

F
/F

0

0.5

1.0

1.5

2.0

2.5

1 mM FCCP

Time (s)

0 10 20 30 40 50 60

F
/F

0

0.5

1.0

1.5

2.0

2.5 C 
1 µM FCCP 

0.5 µM FCCP 0.5 mM FCCP

Time (s)

0 10 20 30 40 50 60

F
/F

0

0.5

1.0

1.5

2.0

2.5
Control

Time (s)

0 10 20 30 40 50 60

F
/F

0

0.5

1.0

1.5

2.0

2.5

A B 
Control 



60 

 

 

Calcium-Green-1, incubated with 0.5 µM CCCP as described previously and stimulated 

with five applications of 56 mM KCl at a repetition rate of 1 Hz. As shown in Figure 3.8, 

KCl-evoked calcium responses in cells treated with 0.5 µM CCCP were significantly 

decreased in amplitude and had an increased half-width compared to the control cells. 

These effects were similar to those shown earlier for calcium responses evoked by DMPP.  

A one-way ANOVA post-hoc Tukey test with a significance level of p = 0.05 showed that 

the p-value for the calcium amplitude and the half-width between the calcium responses of 

the control cells and CCCP treated cells was p < 0.05, indicating statistical significance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Calcium responses in cells treated with 0.5 µM CCCP and stimulated with 

five applications KCl. Representative fluorescence traces together with the average 

responses for five applications of KCl (56 mM, 1 Hz). A) Control cells (N=4) and (B) 0.5 

µM CCCP-treated cells (N=8). Arrows indicate the time of KCl delivery. 

 

 

 In conclusion, both CCCP and FCCP altered the calcium responses of cells 

stimulated with either DMPP or KCl to a much greater degree than reported by other 

groups. However, as stated previously, although variable calcium responses were observed 

at 0.5 µM, the lowest concentration used in this study, there still may be effects due to 
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immediate inhibition of the calcium current through VGCCs with a secondary effect on 

ATP production [13]. As cells remain in the presence of CCCP, a cascade of events 

associated with disrupting the mitochondria, such as interruption in ATP production and 

ROS production [15-16], could also impact the calcium response.  

 

3.4 Monitoring changes in mitochondrial membrane potential 

 

 

3.4.1 Fluorescence imaging of mitochondria 

 

Before experiments got underway, mitochondria were labeled with Mitotracker Green 

and Mitotracker Orange to determine the optimal conditions for visualizing this organelle 

using standard widefield fluorescence microscopy.  Our frame of reference was a confocal 

image from the equatorial plane of a bovine chromaffin cell (Figure 3.9) in which 

mitochondria were labeled with 100 nM Mitotracker Green [17]. The image shows that 

mitochondria were not clearly defined in shape but appeared as clusters having different 

fluorescence intensities.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Confocal image of a chromaffin cell in which mitochondria were labeled 

with 100 nM Mitotracker Green. The image, which is from [17], shows an off-center 

nucleus (dark region) and a non-homogenous distribution of clusters of mitochondria in 

the cytoplasm (green fluorescence). The cytoskeleton is also shown (red fluorescence). 

(Adapted with permission from Journal of Cell Science [17], doi: 10.1242/jcs.160242.) 
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Using the confocal image as a guide, mitochondria were labeled with different 

concentrations of each dye. As shown in Figure 3.10, A, labeling mitochondria with 200 

nM Mitotracker Green resulted in a saturated fluorescence signal. Decreasing the 

concentration to 100 nM not only reduced fluorescence intensity but yielded images of 

labeled mitochondrial clusters (Figure 3.10, B) that resembled those obtained by confocal 

microscopy [17]. Similar results were obtained for the dye Mitotracker Orange at both 50 

nM and 20 nM, for TMRE at 25 nM and 20 nM, and for RH 123 at 200 nM and 100 nM 

(Figure 3.10). 

 Mitotracker Green was selected to only provide an image of the global population 

of mitochondria in a chromaffin cell. Although Mitotracker Orange, TMRE, and RH 123 

label the mitochondria in the same manner, TMRE and RH 123 are the only dyes 

considered to be sensitive enough for monitoring changes in mitochondrial membrane 

potential. Therefore, only TMRE (20 nM) and RH 123 (200 nM) were selected for 

conducting mitochondrial membrane potential experiments. 
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Figure 3.10: Fluorescence images of cells in which mitochondria were labeled with 

mitochondrial labeling dyes. A) 200 nM Mitotracker Green, B) 100 nM Mitotracker 

Green, C) 50 nM Mitotracker Orange, D) 20 nM Mitotracker Orange, E) 25 nM TMRE, F) 

20 nM TMRE, G) 200 nM RH 123, H) 100 nM RH 123.  
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3.5 Assessing TMRE and RH 123 fluorescence for photobleaching 

 

  

 

After establishing the optimal concentrations of TMRE and RH 123 for labeling 

mitochondria, we next examined the rate of photobleaching for each dye. As shown in 

Figure 3.11, TMRE and RH 123 fluorescence traces exhibited different rates of 

photobleaching that were cell specific. For both dyes, fluorescence traces were sometimes 

noisy but nevertheless remained linear over the course of a 60 s monitoring period.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Photobleaching of TMRE and RH 123 fluorescence. Representative 

fluorescence traces together with the average of mitochondria labeled with A) 20 nM 

TMRE (N=24) and B) 200 nM RH 123 (N=10).   
 

 

3.6 Monitoring changes in mitochondrial membrane potential in cells treated with 

CCCP 

 

 

The effects of 5 ns pulses on mitochondria were studied by delivering single or 

multiple pulses (five or ten pulses at repetition rate of 10 Hz) at the following electric field 

magnitudes: 5 MV/m, 10 MV/m, and 15 MV/m. As a control to establish that a decrease 
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in fluorescence correlated with mitochondrial membrane potential disruption, TMRE and 

RH 123 labeled cells were perfused with CCCP at concentrations of 1 µM, 2 µM, 8 µM, 

or 10 µM. The time it took for CCCP to reach the cells was determined by perfusing 

Calcium Green-1 labeled cells with 100 µM DMPP at a flow rate of 1.1-1.2 ml/min. As 

shown in Figure 3.12, DMPP reached the cells around 30 s after the BSS containing DMPP 

was delivered to the cells. On general, this interval varied from 20 to 30 s. Afterwards, 

CCCP was perfused at a flow rate of 1.1-1.2 mL/min. Figure 3.13 is a schematic showing 

how CCCP was perfused to cells labeled with TMRE or RH 123. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Calcium response to DMPP delivered to the cells by perfusion. 

Representative calcium response of a cell stimulated with 100 µM DMPP. BSS was 

perfused for the first 5 s followed by switching to a BSS solution containing DMPP. The 

arrow indicates when DMPP reached the cell. 
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Figure 3.13: Schematic diagram showing the procedure used for perfusing Calcium 

Green-1 labeled cells with CCCP. BSS was perfused for the first 5 s followed by 

immediate closure of the shutter for 5 s (to minimize photobleaching) and switching from 

BSS to BSS containing CCCP, where CCCP reached the cells around 20-30 s during the 

monitoring period.  

 

Control fluorescence traces for both TMRE and RH 123 labeled cells are shown in 

Figure 3.14.  TMRE and RH 123 fluorescence remained linear throughout the monitoring 

period with no perturbations in the linearity in TMRE fluorescence at the time when, in an 

actual experiment, CCCP would reach the cells after the valve would be switched. In this 

series of experiments, however, there was more photobleaching of RH 123 fluorescence 

compared to TMRE fluorescence. 
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Figure 3.14: Fluorescence traces of TMRE and RH 123 labeled-mitochondria during 

cell perfusion. Representative fluorescence traces together with the average for 

mitochondria labeled with TMRE or RH 123. Cells were perfused with BSS at a fow rate 

of 1.1-1.2 ml/min during the first 5 s, followed by switching the valve to a different BSS 

reservoir and closing the shutter for 5 s (indicated by the break in the time scale). A) 

TMRE-labeled cells (N=4), B) RH 123 labeled cells (N=3). 
 

Having established the control traces for TMRE and RH 123 fluorescence over a 

40 s monitoring period, CCCP was perfused to TMRE and RH 123 labeled cells at the 

following concentrations: 1 µM, 2 µM, 8 µM, or 10 µM.  

At 1 µM CCCP, there was no effect on TMRE (N=0/4) or RH 123 (N=0/3) 

fluorescence and the traces were similar to the control traces (results not shown). When the 

concentration of CCCP was increased to 2 µM, again there was no change in the 

fluorescence (results not shown). At 8 µM, however, CCCP caused a continuous decrease 

in TMRE fluorescence in 3 out of 3 cells, (Figure 3.15, A) with an average decrease of 

32% over the course of 20 s (that is, from the time the decrease begins until the end of the 

monitoring period). However, there was no change in fluorescence in RH 123 labeled cells 

(Figure 3.15, B), suggesting that TMRE is a more sensitive dye for monitoring changes in 

mitochondrial membrane potential. To assess this further, the concentration of CCCP was 

B A 
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increased to 10 µM. While TMRE fluorescence (N=4/5) underwent a decrease in 

fluorescence of similar magniute as 8 µM, RH 123 fluorescence remained unchanged 

(N=0/4). 

 
 

Figure 3.15: Fluorescence traces of TMRE and RH 123 labeled mitochondira during 

cell perfusion with 8 µM CCCP. Cells were perfused at a fow rate of 1.1-1.2 ml/min with 

BSS during the first 5 s, followed by switching the valve to BSS containing CCCP and 

closing the shutter for 5 s (indicated by the break in the time scale). A) TMRE fluorescence 

traces (N=3), B) RH 123 fluorescence traces (N=3).   

 

From these results, it can be concluded that high concentrations of CCCP are 

required to cause a consistent decrease in TMRE fluorescence (summarized in Table 2). 

Because RH 123 fluorescence was unaffected by CCCP, all subsequent experiments to 

examine stimulus-evoked decreases in mitochondrial membrane potential were carried out 

in cells in which mitochondria were labeled with TMRE. 
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Table 2: Summary of the percent decrease in TMRE fluorescence in response to 

CCCP. 

 

 

3.7 Effect of DMPP on TMRE fluorescence  

 

A change in mitochondrial membrane potential would cause dissipation of TMRE 

dye molecules, causing a decrease in fluorescence either immediately or a few seconds 

after application of a stimulus. As a control to determine if a strong physiological stimulus 

would cause a disruption in mitochondrial membrane potential, TMRE labeled cells were 

stimulated with ten applications of 100 µM DMPP at a repetition rate of 10 Hz.  Figure 

3.16 shows that the stimulus caused a small drop in fluorescence that unlike the decrease 

caused by CCCP, was not sustained. The decrease in fluorescence, however, was observed 

in only 4 out of 17 cells.  

 

 

 

CCCP 

(Concentration) 

Average decrease in fluorescence ± SE 

(%) 

 

8 µM (N=3/3)   
32.7 ± 1.8  

 

10 µM (N=4/5)  26.8 ± 6.1  
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Figure 3.16: Traces of TMRE fluorescence in cells exposed to ten applications (10 Hz) 

of DMPP. A) Representative fluorescence traces together with the average response (N=4). 

B) An enlarged view of the drop in fluorescence is shown on the right. The arrows indicate 

the time at which DMPP was applied.  

 

The average decrease in fluorescence shown in Figure 3.16 was 1.5% and was 

quantified as shown in Figure 3.17 using whole cell fluorescence. Essentially, the 

fluorescence intensity at the point where fluorescence stablized after the drop, ~25 s, was 

subtracted from the fluorescence intensity at 10 s, the time the stimulus was applied. To 

account for differences in TMRE photobleaching rates (Figures 3.11 and 3.14), we used a 

line substraction tool in the Origin Pro software. The fluorescence traces were graphed in 

Origin Pro and the photobleaching rate for the first 10 s of the monitoring period (before 

application of a stimulus) was subtracted from the fluorescence trace from 11 s to 60 s. An 

example is shown in Figure 3.18.  

 

A B 
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Figure 3.17: Analysis of decreases in TMRE fluorescence in response to a stimulus. 

The percent decrease was determined by subtracting the lowest fluorescence value between 

10-25 s from the normalized fluorescence. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Fluorescence trace corrected for photobleaching. TMRE fluorescence 

trace before A) and after B) correction for photobleaching. The arrow indicates the time at 

which the stimulus was applied. 

 

 

3.8 Assessing changes in TMRE fluorescence - whole cell fluorescence vs. 

fluorescence of mitochondrial clusters 

 

 As shown earlier in Figure 3.10, mitochondria labeled with TMRE appeared as 

bright fluorescent clusters that were not homogeneously distributed in the cell. Given the 

small decrease in TMRE fluorescence in response to DMPP, we wanted to determine how 
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analyzing changes in TMRE fluorescence would be affected by the presence of those 

regions of the cell that were not fluorescent. Hence, three different analyses were carried 

out to determine the best strategy for assessing changes in mitochondrial membrane 

potential. As shown in Figure 3.18, comparisons of changes in TMRE fluorescence 

included assessing whole cell fluorescence, a brightly-labeled mitochondrial cluster, and a 

region of the cell that included part of a labeled mitochondrial cluster with a non-

fluorescent region. The results, which are shown in Figure 3.19 in which the three 

fluorescence traces were superimposed, showed no significant differences. We did find, 

however, that using whole cell fluorescence resulted in less noise. Therefore, it was decided 

to continue assessing mitochondrial membrane potential changes by analyzing whole cell 

fluorescence. 
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Figure 3.19: Analysis of changes in TMRE fluorescence using different regions of 

interest.  Shown on the left are the fluorescence traces and on the right are enlarged views 

of the regions of the cell selected for the analysis (outlined in yellow). A) Whole cell 

fluorescence,  B) mitochondrial cluster fluorescence, C) labeled cluster and non-

fluorescent region. The arrow indicates when the stimulus was applied to the cells.  
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Figure 3.20: Superimposed fluorescence traces of changes in TMRE analyzed by 

different methods. The superimposed traces are from Figure 3.19.  

 

 

3.9 Monitoring changes in mitochondrial membrane potential in response to 5 ns 

pulses 

 

3.9.1 Effect of a single 5 ns, 5 MV/m pulse on TMRE fluorescence 

 

Cells in which mitochondria were labeled with TMRE were stimulated with a single 

5 ns pulse at 5 MV/m and the results are shown in Figure 3.21. There was no discernible 

decrease in TMRE fluorescence in any of the exposed cells (N=17), indicating that a single 

pulse had no effect on the mitochondrial membrane potential. From these results we 

concluded that the long-lived duration of calcium responses evoked by a 5 ns, 5 MV/m 

pulse were not due to a disruption of mitochondrial membrane potential. 
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Figure 3.21: Traces of TMRE fluorescence in cells exposed to a single pulse (5 MV/m). 

Representative fluorescence traces together with the average response (N=17). The arrow 

indicates the time at which the pulse was applied. 
 

3.9.2 Effect of multiple 5 ns, 5 MV/m pulses on TMRE fluorescence 

 

 Given that a single 5 ns pulse at 5 MV/m had no effect on TMRE fluorescence, we 

next increased the number of pulses to which cells were exposed. Figure 3.23 shows the 

results when TMRE labeled cells were stimulated with five pulses (10 Hz).  In around 31% 

of the cells (N=4/13), there was an average decrease in TMRE fluorescence of 1.6% that 

resembled the decrease observed with multiple applications of DMPP (Figure 3.1.6). That 

is, there was a small drop in fluorescence after the stimulus that was not sustained. Thus, 

even with multiple pulses there was minimal mitochondrial membrane potential disruption.  
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Figure 3.22: Traces of TMRE fluorescence in cells exposed to five pulses. A) 

Representative fluorescence traces together with the average response (N=4). B) An 

enlarged view of the drop in fluorescence. The arrow indicates the time at which the pulses 

were applied.  

 

 

When TMRE labeled cells were exposed to ten pulses (10 Hz), 60% of the cells 

(N=9/15) showed a decrease in fluorescence immediately at the end of the pulse train 

(Figure 3.24). However, the average decrease in TMRE fluorescence under these 

conditions was only 1.9% and still not very pronounced. 

 
 

 

Figure 3.23: Traces of TMRE fluorescence in response to ten pulses. A) Representative 

fluorescence traces together with the average response (N=9). B) An enlarged view of the 

drop in fluorescence. The arrow indicates the time at which the pulses were applied.  
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3.9.3 Effect of a single 5 ns pulse at 10 and 15 MV/m on TMRE fluorescence 

 

 

 

Since multiple applications of 5 ns pulses at 5 MV/m were shown to cause in some 

cells minor changes in TMRE fluorescence, and hence a minor change in mitochondrial 

membrane potential, we next determined the effect of increasing the electric field 

magnitude from 5 MV/m to 10 and 15 MV/m. As shown in Figure 3.24, single pulses at 

these higher electric field magnitudes evoked very sustained increases in intracellular 

calcium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: Calcium responses in cells stimulated with a single 5 ns pulse at 10 MV/m 

and 15 MV/m.  Representative fluorescence traces together with the average responses in 

cells exposed to a pulse at A) 10 MV/m (N=4) and (B) 15 MV/m (N=14). The arrow 

indicates the time at which the pulse was applied. 

 

 

 

When TMRE labeled-cells were exposed to a single 5 ns pulse at 10 MV/m, (Figure 

3.26, A), there was an average decrease of 2.0% in TMRE fluorescence in 44% (N=4/9) of 

the cells. Increasing the amplitude of the electric field to 15 MV/m caused a similar average 

decrease of 1.8% in TMRE fluorescence in 50% (N=8/16) of the cells (Figure 3.26, B). 

These results further support the conclusion that the long-lived duration of calcium 
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responses evoked by 5 ns pulses does not involve a disruption of mitochondrial membrane 

potential. 

 
 

 

 
 

Figure 3.25: Traces of TMRE fluorescence in cells exposed to a 5 ns pulse at electric 

fields great than 5 MV/m. Representative fluorescence traces together with the average 

responses in cells exposed to a 5 ns pulse at A) 10 MV/m (N=4) and (B) 15 MV/m (N=8). 

An enlarged view of the drop in fluorescence is shown on the right of each graph. The 

arrow indicates the time at which the pulse was applied. 

 
 

A one-way ANOVA pos hoc Tukey analysis with a p = 0.05 was conducted to 

analyze for the significance of differences in the decrease in fluorescence in TMRE labeled 

cells. The analysis showed that there was no statsitical significance in the percent decrease 

A 
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in fluorescence for TMRE labeled cells for each stimulus (DMPP and pulses) and the 

applied electric field. Table 3 summarizes the results obtained for each stimulus.  

 

 

 

Table 3: Summary of the decrease in TMRE fluorescence in response to  

5 ns pulses and DMPP 
 

Stimulus Cells Responding Decrease in 

Fluorescence ± SE 

(%) 

10 applications (10 Hz) 

of 100 µM DMPP 

Decrease N = 4/17 1.5 ± 0.2 

No Decrease  N = 13/17  0  

1 pulse 

 (5 MV/m) 

Decrease N = 0/17 0 

No Decrease  N = 17/17  0  

5 pulses (10 Hz, 5 

MV/m) 

Decrease N = 4/13 1.6 ± 0.2 

No Decrease  N = 9/13  0  

10 pulses (10 Hz, 5 

MV/m) 

Decrease N = 9/15 1.9 ± 0.4 

No Decrease  N = 615  0  
10 MV/m  

(1 pulse) 

Decrease N = 4/9 2.0 ± 0.0 

No Decrease  N = 5/9  0  

15 MV/m 

 (1 pulse) 

Decrease N = 7/16 1.8 ± 0.2 

No Decrease   N = 9/16  0  

 

  

 

3.11 Summary and Conclusions 

 

 

 This study has shown that a single 5 ns, 5 MV/m pulse evokes longer-liver calcium 

responses than those evoked even by multiple applications of the nicotinic cholinergic 

receptor agonist DMPP. Based on the results presented here, the mechanism involved does 

not appear to be due to a disruption of mitochondrial membrane potential since a single 

pulse had no effect on TMRE fluorescence. Moreover, TMRE fluorescence was only 
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minimally decreased in a fraction of the cells exposed to five or ten pulses, or in response 

to a single pulse delivered at higher electric field amplitudes, exposure conditions that 

produce even more prolonged increases in intracellular calcium than a single, 5 MV/m 

pulse.  In fact, the magnitude of the decrease in TMRE fluorescence observed under these 

exposure conditions was similar to that observed in response to multiple applications of 

DMPP. From these results we conclude that other mechanisms affecting intracellular 

calcium levels are involved that will require further investigation. As stated earlier, these 

include the effects of a 5 ns pulse on the duration of calcium entry through VGCCs, the 

time course of the release of calcium from the ER, and the activity of the plasma membrane 

Na+/Ca2+ exchanger and calcium ATPase, the enzymes responsible for calcium extrusion 

from chromaffin cells.  

As for the method used to assess disruption of mitochondrial membrane potential, 

it should be pointed out that a relatively high concentration of CCCP (8 µM) was required 

to cause a decrease in TMRE fluorescence (i.e., mitochondrial membrane potential), 

contrasting with a concentration of only 0.5 µM that was sufficient to significantly alter 

calcium responses to depolarizing stimuli.  Thus, we cannot fully rule out the possibility 

that our method of detection may not have been sensitive enough.  Nevertheless, our results 

overall suggest that 5 ns pulses do not have toxic effects on mitochondrial function. 
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Chapter 4: Numerical modeling methods 

4.1 Introduction 

 

For any exposure system in which electric fields are applied in vitro, the electric 

field should be homogenous in the region containing the cell and homogeneous to within 

30% over larger distances [1]. This is important because large deviations in homogeneity 

can result in variable biological responses, which in turn can impose difficulty in 

reproducing experimental results [1]. In our laboratory, applying 5 ns, 5 MV/m pulses to 

adrenal chromaffin cells using two different exposure systems resulted in calcium 

responses that differed in duration, as discussed in the Introduction.  Hence, in this study 

we used more refined simulation techniques than those used previously to investigate if the 

variable calcium responses were due to differences in the electric field at the location of 

the cell [2-3]. 

The distribution of the electric field magnitude can be computed utilizing 

SEMCAD, a software program that computes Maxwell’s electromagnetic equations using 

the FDTD method [4-7]. As a control for establishing that the geometries of the simulations 

were consistent in producing the same computed electric field results as previously 

performed in our laboratory, a 5 ns pulse was used as an input signal for both exposure 

systems to compute the electric field distribution in the region containing a chromaffin cell 

in experiments. For determining and comparing the homogeneity in the electric field 

distribution of both exposure systems, we used the Huygens box approach to perform 

refined simulations with reduced simulation time of the electric field in the region 
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containing the cell. As mentioned earlier (Sections 1.7.1-1.7.2), previous simulations in the 

laboratory performed with a coarse mesh (a step size of 16 µm for the region containing 

the cell) had shown that the electric field magnitude was homogeneous in both exposure 

systems. The Huygens box approach in SEMCAD has the ability to decrease simulation 

time and require less computer memory while providing results with finer discretization. 

However, simulations were limited to CPU, graphic processor unit (GPU), the spatial 

resolution of the Huygens box, and to single frequency simulations. Hence, only a single 

frequency simulation was performed with the Huygens box, which was selected from the 

Fourier transform of the 5 ns electric pulse.  

 

4.2 Electric field simulations  

 

Three-dimensional geometrical models of the exposure systems were created in 

SEMCAD and each of the numerical computations described below computed the electric 

field magnitude and the direction of propagation. As stated above, control simulations were 

performed using the 5 ns electric pulse used in our laboratory as the input signal, and the 

Huygens box was used to determine homogeneity in the electric field distribution in the 

region containing the cell. The following sections discuss the geometrical models of the 

two exposure systems, Huygens box simulations of each exposure system at a single 

frequency, and tables which include the input values for each region in the geometrical 

model and the sensors used. 
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4.3 Fourier transform of the 5 ns electric pulse 

 

  A single frequency for the Huygens box simulation was selected from the Fourier 

transform (FT) of the 5 ns pulse. Figure 4.1, A shows the 5 ns pulse used in experiments 

in our laboratory and Figure 4.1, B shows the FT of the 5 ns pulse generated using 

MATLAB. The FT takes the 5 ns electric pulse in the time domain and converts it into the 

frequency domain, displaying the distribution of the frequencies in the pulse. A frequency 

of 60 MHz was selected to perform the simulations for both exposure systems. It was 

important to select a frequency that encompasses most of the pulse’s energy, and this was 

determined by using Parseval’s theorem to calculate the upper end of the frequency 

spectrum within which 99% of the energy is contained. Parseval’s theorem states that the 

energy of the signal is the same in both the time and frequency domains [8]. According to 

calculations performed with Parseval’s theorem in MATLAB, 99% of the 5 ns electric 

pulse’s energy was contained at frequencies up to 60 MHz. However, due to the spatial 

resolution limitation of the Huygens box, numerical simulations below 60 MHz were not 

achievable. 
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Figure 4.1: FT of the 5 ns electric pulse. A) 5 ns electric pulse.  B) FT of the 5 ns electric 

pulse shows that the maximum bandwidth is 100 MHz (the bandwidth that is covered by 

the entire FT of the pulse as shown in (A). 

 

The first step in examining homogeneity in the electric field distribution in the 

region containing the cell was to create geometric models of the two exposure systems. 

 

4.4 Geometrical model of the gold strip exposure chamber 

 

The geometry of the gold strip chamber created in SEMCAD followed the 

description in [3,9-11] and is shown in Figure 4.2. The geometry consisted of a longitudinal 

glass slide (length 75 mm, width 25 mm, thickness 1.0 mm), two parallel gold strips (length 

40 mm, width 5 mm, thickness 0.025 mm), deposited onto the slide with a spacing of 0.10 

mm between them, and a thin square coverslip placed over the gold strips (length 17.2 mm, 

width 21.1 mm, thickness 0.172 mm). The chromaffin cell was represented as a cube 

(length 0.016 mm, width 0.016 mm, height 0.016 mm) with diameters matching that of a 

real chromaffin cell, placed centrally in between the electrodes. This is the region where 
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the cell would be located during an experiment for exposure to an electric field. BSS was 

placed between the parallel gold strips as a longitudinal rectangle (length of 21.1 mm, 

width of 0.10 mm, and height of 0.025 mm) between the gold strips, covering the 0.10 mm 

gap. The edge source and 50  lumped element were connected in parallel between two 

copper strips (length 16.8 mm, width 4.84 mm, thickness 0.337 mm).  A voltage sensor 

was placed between the gold strips at the location of the cell for the control simulation (5 

ns pulse as an input signal) to verify that the correct voltage was being delivered to the 

exposure system. An edge sensor was placed between the gold strips to measure voltage. 

A field sensor or initial computational domain was placed around the cell and copper strip 

electrodes for both the control and single frequency simulations. A point sensor was placed 

at the location of the cell in order to compute the electric field. 
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Figure 4.2: Geometry of the gold strip chamber exposure system created in 

SEMCAD.  A) A glass slide forms the bottom of the chamber (large rectangle). Copper 

strips (the darker gold strips on the each side of the glass slide) are connected to the lighter 

gold strips that comprise the electrodes (in the center). The two electrodes form a gap of 

100 µm between each other, where the longitudinal BSS and the cubic cell are placed. The 

coverslip is placed on top of the BSS, the region contaning the cell, and covers the 

electrodes in the center. A 50 Ω lumped element (blue) and edge source (red) are placed 

between the copper strips. A reference image and diagram are shown in Section 1.7.1. B) 

An enlarged view of the cell between the electrodes and immersed in BSS. The point sensor 

is near the cell to compute the electric field at the location of the cell.  

 

 

 

 

4.5 Geometrical model of the tungsten rod exposure system 

 

The geometry of the tungsten rod exposure system created in SEMCAD was based 

on the exposure system currently in use in our laboratory and is shown in Figure 4.3 (see 

Chapter 2 for fabrication). An enlarged view of the location of a cell is shown in Figure 4.4 
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[2]. The tungsten rods had a length of 2.5 mm and a diameter of 127 μm and were separated 

by100 μm. The tips were positioned 40 μm above the surface of the glass bottom cell dish 

and placed at a 45° angle to the vertical plane. The dimensions of the dish used in 

experiments (35 mm circular dish, depth of 7 mm) was reduced and designed as a square 

(14 mm x 8 mm, depth of 2.93 mm) in order to reduce memory requirements for 

simulations. As a control to determine if reducing the cell dish size affected the computed 

results, a control simulation was performed with a cell dish designed in the same manner 

but with dimensions of 35 mm x 35 mm and depth of 7 mm. Reducing and changing the 

cell dish size did not affect the computation of the electric field distribution in the region 

containing the cell because the volume of the cell dish is large and the electric field is 

generated at the electrode tips, which are confined to a smaller area than the cell dish.  

The tungsten rods were immersed in the cell dish containing BSS, with a length of 

approximately 0.5 mm remaining outside the BSS (the location of the edge source and 

lumped). The BSS (volume had a length of 11 mm, width of 5 mm, and depth of 1.464 

mm) was a rectangle placed inside the cell dish.  The part of the electrodes that remained 

outside the BSS contained the edge source, which acts as the source of the applied 

electromagnetic signal. A 50 Ω resistor was added at the same location as the edge source. 

The bottom of the electrodes immersed in BSS had the following sensors between the 

electrode tips: a) a voltage and b) an edge sensor to measure the voltage of the control 

simulation. A point sensor was placed at the location of the cell to measure the electric 

field. The computational domain was large enough to encompass the electrode tips and a 

cell for each simulation, and large enough to include the parts of the model that will 

compute the electric field distribution in the region of interest.  
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Figure 4.3: Geometry of the tungsten rod exposure system created in SEMCAD.  A) 

Side-view of the tungsten rods immersed in BSS inside the cell dish. The cell dish is the 

dark blue, larger box area. The BSS is the light blue box area inside the dark blue box. The 

electrodes are the yellow colored rods in the center. The edge source (red) and lumped 

element (blue) are at the top of the electrodes. B) A shifted view of the side image. The 

electrodes are placed 40 μm above the glass dish at a 45⁰ angle. The cell is centrally located 

between the electrode tips. 
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Figure 4.4: Geometry of the tungsten rod exposure system created in SEMCAD 

showing a view of the electrode tips with respect to the cell.  A) View of the electrode 

tips at a 45⁰angle and above the surface of the cell dish. B) View of the cell located centrally 

between the electrode tips. C) An enlarged view of the cell centrally located between the 

electrode tips. The point sensor (dark blue square) is located on the bottom of the cell. The 

voltage sensor is placed between the electrode tips. 
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After creating the geometric models of the two exposure systems, the Huygens box 

computational domain was created around the cell to compute the homogeneity of the 

electric field in the region containing the cell.   

 

4.6 Huygens box simulation 

 

As indicated earlier, the Huygens box in SEMCAD is useful when performing 

simulations for a refined computation with a significant reduction of the simulation time 

of the electric field in the vicinity of the cell location [12-17]. Essentially, the Huygens box 

approach required two computational domains for single frequency simulations, one for 

the initial computational domain and one for the smaller Huygens box computational 

domain, requiring a total of two numerical simulations [12-17].  

 

4.7 Grid settings 

 

The grid is important for meshing and discretizing the geometry. For each initial 

simulation for both exposure systems, the grid mesh was coarse, with the voxels within the 

volume containing the cell having a step size of 16 µm. The Huygens box had an even finer 

mesh with a step size of 4 µm for the tungsten rod exposure system and 1 µm for the gold 

strip chamber exposure system. The discretization for the two exposure systems is shown 

in Figures 4.5 and 4.6. The computed results for the electric field distribution of the initial 

F G 

I 

H 
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computational domain were used as source input for the Huygens box computational 

domain. 

Table 4 below provides the number of voxels generated for each simulation and 

discretization of the volume containing the cell in each exposure system. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Discretization of a cell in the gold strip chamber exposure system for the 

Huygens box simulations. The cell (magenta) is located centrally between the gold strip 

chambers (light yellow). Discretization is shown as grid lines that divide the cell into 

multiple boxes. The green and white lines are part of the grid, where finer discretization is 

shown by the white lines. The images on the right are zoomed-in-views of the cell.  A) 

Initial computational domain discretization where the cell has a step size of 16 µm. B) 

Huygens box discretization where the cell has a step size of 1 µm. 
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Figure 4.6: Discretization of the cell in the tungsten rod exposure system for the 

Huygens box simulations. The cell (magenta) is located centrally between the electrode 

tips (yellow). Discretization is shown as grid lines that divide the cell into multiple boxes. 

The images on the right show an enlarged view of the cell and the discretization. A) Initial 

computational domain discretization where the cell has a step size of 16 µm. B) Huygens 

box discretization where the cell has a step size of 4 µm. 

 

 

 

Table 4: Discretization for each simulation for both exposure systems 

 
Exposure 

system 

No. of cells and cell step size in the 

initial computational domain 

No. of cells and cell step size in the 

Huygens box 2 simulation 

Tungsten rod 0.254 Mcells 

Cell step size of 0.016 mm 

 

0.709 Mcells 

Cell step size of 0.004 mm 

 

Gold strip 

chamber 

1.242 Mcells 

Cell step size of 0.016mm 

 

3.784 Mcells 

Cell step size of 0.004 mm 

 

*Mcells: Megacells or 106 cells. 

 

Cell 
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The initial computational domain for the Huygens box simulation was much larger 

than the Huygens box computational domain, which was located inside the initial 

computational domain. The Huygens box used electric field results obtained from the initial 

computational domain as source input. For the tungsten rod exposure system, the initial 

computational domain had dimensions of 0.070 mm x 0.061 mm x 0.075 mm and a 

Huygens box computational domain of 0.026 mm x 0.026 mm x 0.022 mm.  The gold strip 

chamber exposure system had an initial computational domain with dimensions of 0.076 

mm x 0.076 mm x 0.066 mm, with a Huygens box computational domain of 0.051 mm x 

0.051 mm x 0.026 mm. Figure 4.7 shows the initial computational domain (A) and the 

Huygens box (B). Computed results from the initial computational domain (A) were used 

as the input source for Huygens box (B). 
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Figure 4.7: Initial computational and the Huygens box computational domain that 

was used for each simulation. A) The cell is enclosed by the initial computational domain 

(green). This same computational domain was used to enclose each of the Huygens boxes. 

B) The Huygens box was located inside the initial computational domain and focused 

closely on the cell. 

 

 

After creating the geometric models of the two exposure systems and adding the 

Huygens box computational domains, running a simulation required a signal input and 

properties of the various materials/objects in the geometric models. These are described in 

the next section. 
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4.8 Signal input for a 5 ns pulse numerical simulation 

 

For the control simulations, the average of 10 traces for a 5 ns pulse was used as 

the input signal source to compute the electric field distribution (magnitude and direction) 

for both exposure systems. The purpose was to compute the electric field distribution and 

ensure the results of these geometries matched those performed earlier by our laboratory. 

The target was to match results that of 5 MV/m (for the tungsten rod exposure system) and 

7 MV/m (for the gold strip chamber exposure system). Since most of the 5 ns pulse 

experiments were conducted at 5 MV/m, this was the electric field of interest for studying 

homogeneity in the electric field magnitude in order to determine if the longer-lived 

calcium responses are due to differences in homogeneity. SEMCAD requires custom signal 

files (i.e., the pulse trace) to be in text format (.txt file) so that the file reads time (ns) vs. 

voltage (kV) in two columns. In this manner, the amplitude of the voltage can be scaled if 

necessary. 

 

4.9 Computer specifications 

 

Simulations were performed on a computer cluster comprised of the SUPER 

X8DTG-QF motherboard HPC/Cluster with the following hardware specifications: 

 Windows 7 Enterprise 

 Processor: Intel (R) Xeon (R) CPU E5506 @ 2.13 GHz (2 processors) 

 Installed memory: 96 GB 

 System: 64 bit 

Tesla K20C (2X): 
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  CUDA cores: 2496 

  GK110 GPU 

  706 MHz frequency 

  2496 shading units 

  208 texturing mapping units 

  40 ROPs 

  5120 MB GDDR5 

  Power draw rate of 225 W (maximum) 

   

 

4.10 Simulation settings common to both exposure systems 

 

 

 The following tables list the properties of the material for each geometrical model 

and the required settings for a complete simulation (Tables 5 – 14). 

 

Table 5: Basic components used in creating the geometries in SEMCAD 

 of the two exposure systems 
Component Function/Description 

Points Aid in construction and offer a point of reference 

Solids Physical bodies with volume to represent different types of material 

Sources The location where electromagnetic energy is delivered 

Lumped elements Can be resistive, capacitive, or inductive 

Sensors The location where field data are recorded during a simulation 

Field Sensor Boundaries where electromagnetic fields are recorded 

Edge Sensor Records voltage, current, power, or impedance. 

Voltage Sensor Records voltage 
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Table 6: Dielectric properties for each material used in the exposure system models 

 
Material Electrical 

Conductivity (S/m) 

Relative Permittivity 

(F/m) 

Reference 

Glass (slide, coverslip, 

cell dish) 
1.0 ×  10−12 4.3 [18] 

Chromaffin Cell 1.425 72.3 [19, 20] 

BSS 1.425 72.3 [19, 20] 

Tungsten 1.79 ×  107 1 [SEMCAD] 

Gold 4.098 ×  107 1 [SEMCAD] 

Copper 5.813 ×  107 1 [SEMCAD] 

 

Table 7: Settings for the background 

 
Type: Dielectric 

 

Density: 1.0 ×  10−12 kg/m3 

 

Table 8: Settings for the chromaffin cell and BSS for both exposure systems 

Type: Dielectric 

 

Region characteristics: Volume 

 

Frequency: 5.0 ×  102 MHz 

 

Relative Permittivity: 72.3 

 

Relative Permeability: 1 

 

Electrical Conductivity: 1.425 S/m 

 

Number of magnetic poles: No dispersive poles 

 

Electric Field Saturation: 1         
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Table 9: Settings for the glass components for both exposure systems 

Type: Dielectric 

 

Region Characteristics: Volume 

 

Relative Permittivity: 4.3 

 

Relative Permeability: 1 

 

Electrical Conductivity: 1.0 ×  10−12 S/m 
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Table 10: Settings for the control 5 ns pulse simulation 

 
Excitation: Broadband 

 

Frequency: Center frequency of operation; selected to be 50 

MHz because it is half of the frequency 

bandwidth of the FFT of the pulse. 

 

Bandwidth: Essentially, one would need enough bandwidth 

for the simulation to run. This can be any value, 

but since the FFT of the pulse yielded a frequency 

range up to 100 MHz, 100 MHz to 1 GHz was 

selected to be the bandwidth. This would allow 

one to view the simulation calculations over the 

entire bandwidth that covers the entire pulse 

range. 

 

Wavelength/Wavelength Bandwidth: The software, depending on the input value of the 

frequency and bandwidth, calculates these 

automatically. 

 

User defined signal: Pulse of interest in .txt file. 

Simulation time (s): Select the length of the time based on the time 

period from the pulse signal file, it should be long 

enough to cover the entire pulse signal. 

 

Simulation time unit: Select seconds. 

 

Automatic termination: Must be selected in order for the software to 

terminate the solver once it reaches steady state. 

 

Global Auto Stop Threshold: Medium was selected. This is important for the 

solver to converge to a solution once it reaches 

steady state, medium is the suggested setting. 

 

Monitoring of Edge: Select this 

 

Solver: FDTD 

 

FDTD High performance: aXware 

 

aXware preferences: Favor fastest simulation 

 

Time step factor: 1 

 

Max iSolve Threads: Automatic 
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4.11 Tungsten rod electrode properties 

 

Table 11: Settings for tungsten in the tungsten rod electrode exposure system 

Type: Perfect Electric Conductor (PEC)/Metal 

 

Region characteristics: Volume 

 

Remove Perfect Electric Conductor 

(PEC)/Perfect Magnetic Conductor (PMC) : 

Select this 

 

Lossy Metal Select this 

 

Relative permittivity: 1 

 

Relative Permeability: 1 

 

Electrical Conductivity: 1.79 ×  107 S/m 

 

 

4.12 Gold strip electrode properties 

 

Table 12: Settings for the gold strips in the gold strip exposure chamber 

Type: PEC/Metal 

 

Region Characteristics: Volume 

 

Remove PEC/PMC Spikes: Select this  

Lossy Metal SIBC: Select this 

 

Frequency: 1.0 ×  103 MHz 

(Frequency is specific for gold)  

 

Relative Permeability: 1 

 

Relative Permittivity: 1 

 

Electrical Conductivity:   4.098 ×  107 S/m 
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4.13 Copper strip properties 

 

Table 13: Copper strip settings used in gold strip exposure system 

Type: PEC/Metal 

 

Region characteristics: Volume 

 

Remove PEC/PMC spikes: Select this 

 

Lossy Metal SIBC: Select this 

 

Frequency: 1.0 ×  103 MHz 

 

Relative Permittivity: 1 

 

Relative Permeability: 1 

 

Electrical Conductivity:  5.813 ×  107  S/m 

 

 

Table 14: Settings specific to the Huygens box simulations for both exposure 

systems 

Excitation: Harmonic 

 

Frequency: Insert the single frequency at which you wish to 

run the simulation 

 

On Select this 

 

Source of Incident Field:  Enclosing Field Sensor 

 

Simulation for Excitation Field:  Previous Simulation 

 

Sensor for Excitation Field: Field Sensor from previous simulation 

 

Amplitude:  Need to modify the amplitude as needed 
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4.14 Extracting Results 

 

 

After the completion of a numerical simulation, the computed electric field results 

could be extracted in the software in two ways: as contour plots in the X, Y, and Z plane 

or as line plots in the X, Y, and Z plane. The contour plots provided the magnitude and 

direction of the computed electric field distribution, within the computational domain. The 

line plots provided a graphical representation of the magnitude of the computed electric 

field distribution within the computational domain. 3D mesh graphs of the electric field 

magnitude along the Z axis were plotted for the tungsten rod exposure system using 

Sigmaplot (Version 14, Systat Software, Inc.). 
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Chapter 5: Numerical modeling results for both 

exposure systems 

 
5.1 Introduction 

 

 

 Exposure systems for applying electric fields to biological cells in vitro must be 

well characterized in terms of homogeneity of the electric field magnitude to reproduce 

experimental results and to understand if variations in biological responses are due to 

differences in homogeneity of the electric field, or due to some other reason [1].  As 

mentioned earlier, our laboratory used two different exposure systems to deliver 5 ns pulses 

to chromaffin cells for studying the effect of these pulses on changes in intracellular 

calcium [2-4]. Chromaffin cells exposed to a 5 ns pulse using the gold strip chamber 

exposure system underwent increases in intracellular calcium that returned to pre-stimulus 

levels with an average half-width of ~8.6 s [4] and in experiments conducted more recently, 

with an average half-width of ~11.1 s (experiments performed by Dr. Josette Zaklit, 

University of Nevada, Reno).  

Currently, we are exposing cells to 5 ns, 5 MV/m pulses using a tungsten rod 

exposure system, which evoked variable calcium responses in which calcium either 

returned to pre-stimulus calcium levels with an average half-width of 23 s or remained 

prolonged compared to cells exposed by the gold strip exposure system (Figure 3.2). Figure 

5.1 compares the average time course of the calcium responses evoked by both exposure 

systems. This difference in the time course presented an anomaly regarding how the 
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calcium responses of the same type of cell exposed to a single 5 ns pulse can vary 

tremendously when two different exposure systems are used. The characteristics of the 

calcium responses evoked by 5 ns pulses applied using the two exposure systems are 

summarized in Table 15.  

 

 

 

 

 

 

 

Figure 5.1 Comparison of calcium responses evoked by each exposure system. 

Average response of cells exposed to a single 5 ns pulse (4-5 MV/m) using A) the gold 

strip chamber exposure system (N=24) and B) the tungsten rod exposure system (N=11). 

Responses in (A) obtained from Dr. Josette Zaklit (University of Nevada, Reno). Arrow 

indicates when the 5 ns pulse was applied. 
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The calcium responses evoked by the tungsten rod exposure system had a slightly 

longer T50 to reach maximum calcium amplitude, a larger amplitude, a larger half-width, 

and a much slower rate of recovery to pre-stimulus calcium levels compared to cells 

exposed in the gold strip chamber exposure system. Hence, it was pertinent to investigate 

if the variations in the calcium responses were due to differences in the homogeneity of the 

electric field magnitude and propagation of the direction in the region containing the cell. 

It was also important to investigate the effect of slight differences in the placement of the 

tungsten rod electrode tips above glass bottom dish as well as the effect of slightly 

misaligned electrode tips on the electric field magnitude. 

 In this Chapter, the computed results of the electric field magnitude are presented 

as contour plots along the Y axis and Z axis, vector plots, surface plots, and line plots for 

Table 15: Characteristics of calcium responses generated by the gold strip 

chambers and tungsten rod exposure systems. 

 

Stimulus T50 (s) 
Amplitude ± SE 

(F/F0) 

Half-width ± SE   

(s) 

 

Recovery ± SE 

((F/F0)/s) 

Gold strip 

chambers                       

(4.44 - 5.89 

MV/m) 

1.6 ± 0.1 1.6 ± 0.2 11.1 ±1.6 

 

0.035 ±0.00 

                  (N= 24) 

  

Tungsten rods                              

(Single 4.95 - 5 

MV/m) 
2.2 ± 0.3 2.1 ±0.3 23.0 ± 2.6 

 

 

0.02 ±0.00 

(N=11) 
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the Huygens box simulations. Figure 5.2 shows diagrams of the X, Y, and Z axis and at 

which axis the contour slice was extracted.  

 

 

 

 

 

Figure 5.2: Diagram of the axes showing the planes at which contour plots were 

extracted in SEMCAD. The exposure system geometries are aligned according to the axes 

shown in (A).  The Z axis contour slice is extracted as shown in (B), providing a contour 

slice in the XY plane. A Y axis contour slice is extracted as shown in (C), providing a 

contour slice in the YZ plane.  

 

Surface plots of the electric field distribution were generated by plotting individual 

points of the contour plots along the Z axis in a graphing software program, Sigmaplot, 

which showed more detail in miniscule differences in the electric field magnitude as 

compared to the respective contour plots from each simulation in SEMCAD. However, 

surface plots were graphed in Sigmaplot for the tungsten rod exposure system only. Due to 

the depth of the glass slide, the small volume in which the cell is located, and meshing of 

the gold strip chamber exposure system, the exported contour slices did not graph well in 

Sigmaplot. 

 

 

 

 

A B C 



113 

 

 

5.2 Area of homogeneity of the electric field distribution in the region containing the 

cell 

 

 Homogeneity in the electric field magnitude was calculated by taking the computed 

electric field magnitude values from each contour slice in the X, Y, and Z directions over 

multiple slices to provide a volume computation for each simulation. Each slice was the 

computed electric field magnitude within the grid. For example, in a coarse mesh, the cell 

was designated by a grid step size of 16 µm or a dimension of 16 µm x 16 µm x 16 µm. 

The electric field magnitude was computed for a total distance of 16 µm from one end of 

the contour slice to the other end in the X, Y, and Z directions. The homogeneity of this 

cell was computed in a larger area around the cell. Figure 5.3 shows a diagram of the region 

from which the homogeneity in the electric field magnitude was calculated in dimensions 

of 50 µm x 50 µm x 50 µm, with the cell centrally located.  

For the Huygens box simulations, homogeneity in the electric field distribution was 

calculated in the region containing the cell in a volume of 20 µm x 20 µm x 20 µm, 

providing the homogeneity in an enlarged view in the region of interest containing the cell. 

The electric field distribution is plotted as line plots that show the change in the electric 

field along a distance of 20 µm in the X, Y, and Z directions. Homogeneity was computed 

by calculating the percent difference in the line plots. In the following section, line plots, 

surface plots, and contour plots of the electric field magnitude (and direction for control 

simulations and Huygens box simulations) show the computed electric field magnitude 

distribution. 
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Figure 5.3: Homogeneity in the electric field magnitude was calculated by volume 

with the cell centered in the region. The diagram in (A) shows how each contour slice of 

the electric field magnitude was analyzed by slice along the Z axis and used to calculate 

the electric field homogeneity over a distance of 50 µm, comprising multiple contour slices. 

The diagram in (B) shows how homogeneity was calculated by slice over a distance of 50 

µm along the Y axis. This same method was also used to calculate homogeneity along the 

X axis. The diagram in (C) shows the total volume if the contour slices were connected to 

form a 50 µm x 50 µm x 50 µm region, with the cell resting on the glass bottom dish.  

 

 

5.3 Tungsten rod exposure system: control simulations  

 

A test case control simulation with the tungsten rod exposure system was conducted 

by comparing the computed electric field magnitude with simulations performed by 

previous lab members [5]. The goal was to obtain a computed electric field magnitude of 

5 MV/m at the location of the cell. The next section discusses this control simulation. 

 

5.3.1 Tungsten rod exposure system: control simulation with cell dish 

dimensions in the model matching the dimensions of the cell dish used in experiments 

 

Since the dimensions of the cell dish were reduced in order to decrease computer 

memory requirements and simulation time for the computations of electric field 

distributions (described in Chapter 4), a simulation was conducted with the cell dish having 
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the exact dimensions of the cell dish (length and width of 35 mm and height of 7 mm) used 

in experiments. This simulation was completed with a coarse mesh in which the cell was 

represented by a cube with a step size of 16 μm having the electrical properties of BSS. 

Figure 5.4, A shows a contour plot of the distribution of the computed electric field 

magnitude, taken at the time which the applied pulse was at its maximum magnitude of 

1000 V normal to the Z axis. The electrodes are the cylindrical structures (dotted line) with 

the cell centered between them. The Z axis provides an image of the electrodes as if one 

were looking downward towards the end of the tips. The cell is represented as a cube 

centered between the electrodes and is exposed to an electric field of 5 MV/m. The 

homogeneity was computed in a volume of dimensions 50 μm x 50 μm x 50 μm with the 

cell centered in this region. The electric field magnitude was constant in the plane normal 

to the Z axis over a distance of 50 µm, within 6% over a distance of 50 µm in the Y 

direction, and 3% over a distance of 50 µm in the X direction. Figure 5.4, B is a contour 

plot of the electric field distribution along the Y plane, showing that the cell, represented 

as a single voxel, is exposed to an electric field of 5 MV/m. The dark regions in the contour 

plot are the tips of the electrodes along the Y direction. As expected, since the electrodes 

are represented by a perfect electric conductor (PEC), the electric field within the 

electrodes is zero as seen in Figure 5.4, B. Figure 5.5 shows a vector plot of the electric 

field direction indicating that the cell is exposed to the electric field in the X direction. 

Figure 5.6 shows a surface plot of the electric field magnitude in the XY plane, showing 

that the electric field magnitude remains at 5 MV/m over a distance of 50 µm in both the 

X and Y directions. The next section discusses the results with the reduced cell dish size, 

which was used for all of the simulations. 
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Figure 5.4: Computed electric field magnitude distribution for the tungsten rod 

exposure system with the cell dish dimensions matching the actual dish size used in 

experiments. Contour slice images of the magnitude of the computed electric field 

distribution in a plane normal to the Z axis (A) and Y axis (B), respectively, at the point at 

which the pulse was at its maximum voltage. The cell (cube) is centered between the 

electrode tips and receives an electric field magnitude of 5 MV/m. The homogeneity was 

computed in a volume of dimensions 50 μm x 50 μm x 50 μm with the cell centered in this 

region.  

 

 
 

Figure 5.5: Vector plot showing the direction of the electric field distribution in the Y 

plane. The direction of the electric field at the location of the cell is only in the X-direction.  
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Figure 5.6: Surface plot of the computed electric field magnitude in a plane normal 

to the Z axis for the tungsten rod exposure system. The cell dish dimensions matched 

the actual size used in experiments.  

 

 

5.3.2 Tungsten rod exposure system: control simulation with reduced cell 

dish dimensions  

 

To compare the electric field distribution in the region containing the cell, using the 

actual dimensions of the cell dish used in experiments to the electric field distribution 

obtained in the same region using the smaller dimension cell dish, the computation was 

performed with the cell having a step size of 16 μm. Figures 5.7, A and 5.7, B show the 

computed electric field distributions taken at the time point at which the highest voltage in 

the pulse was applied to the tungsten rod exposure system in planes normal to the Z and Y 

axes respectively. Figure 5.8 shows a vector plot of the electric field direction applied to 

the cell by the tungsten rod exposure system. The vector plot shows that the cell is exposed 

to the electric field in the X direction (Ex direction). However, there is noticeable change 

in the electric field from the X-direction around the electrode tips. Since the cell is placed 

Electrode 
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centrally between the electrode tips it is concluded from Figures 5.7, A and 5.7, B, that the 

cell is not exposed to a change in direction of the electric field. Figure 5.9 shows a surface 

plot of the electric field in the region containing the cell, demonstrating that the electric 

field remains constant at a value of 5 MV/m over a distance of 50 µm in the X and Y 

directions. According to these computations, the cell is exposed to an electric field 

magnitude of 5 MV/m that was constant in the Z direction over a distance of 50 µm, to 

within 1.9 % over a 50 µm distance in the X direction, and to within 22.9% over a distance 

of 50 µm in the Y direction, with the cell placed centrally in the 50 µm x 50 µm x 50 µm 

region. Within a 20 µm x 20 µm x 20 µm, region, the electric field magnitude remained 

constant at 5 MV/m in the X, Y, and Z directions. However, since we used a reduced cell 

dish size for the remaining simulations, we compared the differences between simulations 

with the reduced cell dish size and actual dish size, as discussed in the next section. 

 

Figure 5.7: Computed distribution of the electric field magnitude for the tungsten rod 

exposure system with reduced cell dish dimensions.  In (A), plane is normal to the Z 

axis and in (B), normal to the Y axis. The electric field magnitude was 5 MV/m in the X, 

Y, and Z directions in both (A) and (B).   
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Figure 5.8: Vector plot showing the direction of the electric field distribution in the Y 

plane with reduced cell dish dimensions. The direction of the electric field at the location 

of the cell is only in the X direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Surface plot of the computed electric field magnitude in a plane normal 

to the Z axis for the tungsten rod exposure system. The cell dish dimensions were 

reduced relative to the actual cell dish size used in experiments.  
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5.3.3 Comparison of the computed electric field magnitude and direction for 

the tungsten rod exposure system with the actual cell dish and reduced dimension cell 

dish 

 

 After completing simulations of the tungsten rod exposure system with the actual 

cell dish size and reduced cell dish size, it was important to compare the electric field 

distribution in the region containing the cell for both these cases. Both simulations were 

conducted with a coarse mesh size with the cell having a step size of 16 µm with 

dimensions of 16 µm x 16 µm x 16 µm. Figure 5.10 shows the contour plots of the electric 

field magnitude distribution in the XY plane for both simulations (actual cell dish size vs. 

the reduced cell dish size). There is relatively no significant difference in the electric field 

magnitude in the X, Y, and Z directions over a distance of 20 µm when the two cases are 

compared. However, there is an 8 % difference in the X direction and 6 % difference in the 

Y direction over a distance of 50 µm. Overall, the region containing the cell is exposed to 

the same electric field magnitude of 5 MV/m (Figures 5.10 and 5.11) and in the Ex direction 

only (Figures 5.5 and 5.8) in both simulations. Thus, there is no significant difference in 

the electric field magnitude and direction when the two cases are compared, validating the 

use of the reduced cell dish size for the following simulations. 
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Figure 5.10: Comparison of the computed distribution of the electric field in the 

tungsten rod simulations using different cell dish sizes. Both (A, cell dish matching 

actual dimensions used in experiments) and (B, reduced cell dish size) show contour plots 

of the electric field magnitude in the XY plane with the cell centered between the electrodes 

is exposed to a constant electric field of 5 MV/m over a distance of 20 µm in the X, Y, and 

Z directions in both simulations.  

 

 

 

Figure 5.11: The computed electric field magnitude is 5 MV/m in the tungsten rod 

simulations using different cell dish sizes. Both (A, cell dish matching actual dimensions 

used in experiments) and (B, reduced cell dish size) contour slices normal to the Y axis of 

both simulations show no significant difference in the electric field magnitude in the region 

containing the cell. 
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5.4 Validation of the conversion factor for obtaining the desired electric field 

magnitude for experiments 

 The benefit of performing simulations with SEMCAD is obtaining the computed 

electric field magnitude relative to the voltage applied to the electrodes. As shown earlier, 

an applied voltage of 1000 V generates an electric field magnitude of 4.95 MV/m, which 

is rounded to 5 MV/m. The conversion factor is calculated by dividing the computed 

electric field magnitude by the applied voltage (see Chapter 4). For example, in this case, 

4.95 MV/m divided by 1000 V and yields a conversion factor of 0.00495 MV/m. This 

applied voltage for an experiment is multiplied by this conversion factor in order to obtain 

the electric field. Thus, multiplying 0.00495 MV/m by 2000 V yields an electric field 

magnitude of 9.9 MV/m and multiplying 0.00495 MV/m by 3000 V yields an electric field 

magnitude of 14.85 MV/m. Figures 5.12, A and 5.12, B show contour plots of the electric 

field magnitude along the Z axis by applying 2000 V and 3000 V to the electrodes, which 

correlate with calculating the electric field magnitude by multiplying the conversion factor 

with the applied voltage. 
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Figure 5.12: Electric field magnitudes of 10 MV/m and 15 MV/m correlate with the 

conversion factor. A) Applying 2000 V resulted in an electric field magnitude of 10 MV/m 

in the region containing the cell, validating the linear relation between the conversion factor 

and applied voltage. B) Applying 3000 V resulted in an electric field magnitude of 10 

MV/m in the region containing the cell, also validating the conversion factor and applied 

voltage relationship. 
 

 

5.5 Tungsten rod exposure system: Electrode tips placed at different heights from 

the surface of the glass bottom dish  

 

 5.5.1 Computed electric field magnitude and direction at the location of a 

cell when electrode tips are placed 35 µm and 45 µm above the surface of the glass 

bottom dish 

 

As described earlier, a cell is exposed to an electric field magnitude of 5 MV/m 

when the tungsten rod electrode tips are positioned 40 µm above the surface of the cell 

dish. However, for each cell that is exposed to a pulse in experiments, placement of the 

electrode tips could possibly be off by ± a few micrometers. We therefore computed the 

electric field distribution and direction at the location of a cell when the electrode tips were 

positioned at 40 ± 5 µm from the surface of the glass dish. For these determinations, a cell 
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was represented by a single cubical voxel of dimension 16 μm. Figure 5.13 shows the 

computed electric field distributions in the form of contour plots normal to the Z axis with 

electrodes placed at a height of 35 µm above the dish surface. Under these conditions, the 

electric field at the location of the cell was increased to 5.5 MV/m, with the electric field 

remaining constant at 5.5 MV/m over a distance of 50 µm in the X, Y, and Z directions. 

That is, the electric field magnitude was homogeneous in the Z direction over a 50 µm 

distance, homogeneous to within 7.7% in the X direction over a 50 µm distance, and 

homogeneous to within 15.2% in the Y direction over a 50 µm distance, with the cell placed 

at the center of the 50 µm x 50 µm x 50 µm computational region.  The vector plot in 

Figure 5.14 shows that the electric field propagates in the X direction in the region 

containing the cell.  

 

 

Figure 5.13: Computed electric field for tungsten rod electrode tips placed 35 µm 

above the surface of the glass bottom dish. A) A contour slice normal to the Z axis shows 

that the electric field was 5.5 MV/m at the location of the cell. B) The surface plot normal 

to the Z axis shows that the electric field magnitude remains at 5.5 MV/m over a distance 

larger than the diameter of a chromaffin cell. 
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Figure 5.14: Vector plot showing the direction of the electric field distribution in the 

Y plane with electrodes placed 35 µm above the glass bottom dish. The direction of the 

electric field at the location of the cell is only in the X direction.  

 

  

Figure 5.15 shows a contour plot of the computed electric field distribution normal 

to the Z axis with electrodes placed 45 µm above the surface of the glass dish. In this case, 

the electric field magnitude decreased to 4.6 MV/m in the region containing the cell, 

remaining constant at 4.6 MV/m over a distance of 50 µm in the X, Y, and Z directions. 

That is, the electric field magnitude was constant in the Z direction over a distance of 50 

µm, homogeneous to within 4.0 % in the X direction over a 50 µm distance, and 

homogeneous to within 15.1% in the Y direction over a 50 µm distance, with the cell placed 

at the center of the 50 µm x 50 µm x 50 µm computational region. The vector plot in Figure 

5.16 shows that the electric field propagates in the X direction as well.  
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Figure 5.15: Computed electric field for tungsten rod electrode tips placed 45 µm 

above the surface of the glass bottom dish.  A) A contour slice normal to the Z axis 

shows that the electric field was 4.6 MV/m at the location of the cell. B) The surface plot 

normal to the Z axis shows that the electric field magnitude remains at 4.6 MV/m over a 

distance larger than the diameter of a chromaffin cell. 

 

 
 

Figure 5.16: Vector plot showing the direction of the electric field distribution in the 

Y plane with electrodes placed 45 µm above the glass bottom dish. The direction of the 

electric field at the location of the cell is only in the X-direction.   

 

Taken as a whole, these results suggest that the electric field, though slightly 

different in magnitude when the electrode tips are placed at slightly different heights above 
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the bottom of the cell dish, was constant in the Z direction over a distance of 50 µm, with 

slight variations in the X and Y directions. Therefore, cells are exposed to an acceptable 

homogeneous electric field magnitude under each of these exposure conditions [1].  

 

5.5.2 Calcium responses evoked by pulses delivered with electrode tips placed 

35 µm and 45 µm above the surface of the glass bottom dish 

 

Although the simulations showed that misplacement of the electrode tips affected 

the electric field magnitude to which a cell was exposed, we would not have expected that 

the differences in electric field magnitude would be significant enough to affect calcium 

responses. This is because the threshold for a 5 ns pulse to evoke calcium influx via 

VGCCs, which is an all-or-none process, is 3 MV/m [5]. As shown in Figure 5.17, there 

were no significant differences in the calcium responses compared to those observed with 

the electrode tips placed 40 µm above the surface of the glass bottom dish (compare with 

responses in Figure 3.2). Thus, minor misplacement of the electrodes that causes cells to 

be exposed to slightly different electric field magnitudes does not impact 5 ns evoked 

calcium responses. 

 

 

 

 

 

 

Cell 
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Figure 5.17: Calcium responses in chromaffin cells stimulated with a 5 ns pulse when 

the tungsten rod electrode tips were placed at two different heights above the surface 

of the glass bottom dish. A) Electrode tips placed at 35 µm (N=10) and B) at 45 µm 

(N=10) above the glass bottom dish. 

 

5.6 Tungsten rod exposure system: Misaligned electrode tips  

 

 During electrode fabrication, there could be some misalignment of the electrode 

tips such that one electrode tip is longer than the other. We therefore computed the electric 

field magnitude at the location of a cell when one electrode tip was 5 µm shorter in length 

than the other electrode tip. As for previous simulations, the cell was represented by a 

single cubical voxel of dimension 16 μm. As shown in Figure 5.18, the misalignment of 

the electrode tips caused an increase in the electric field magnitude to 5.2 MV/m.   The 

electric field magnitude is homogeneous in the Z direction over a 50 µm distance, 

homogeneous to within 6.2% in the X direction over a 50 µm distance, homogeneous to 

within 10.5% in the Y direction over a 50 µm distance, with the cell placed at the center of 

the 50 µm x 50 µm x 50 µm computational region.  Figure 5.19 shows further that the 

A B 
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electric field propagates in the X direction in the region containing the cell. These results 

suggest that misalignment of the electrode tips, while causing a slight increase in electric 

field magnitude, does not affect the direction or homogeneity of the electric field.  

 

 

 

 

 

 

 

 

Figure 5.18: Computed electric field for misaligned tungsten rod electrode tips. A) A 

contour slice normal to the Z axis shows that the electric field was 5.2 MV/m at the location 

of the cell. B) The surface plot normal to the Z axis shows that the electric field magnitude 

remains at 5.2 MV/m over a distance larger than the diameter of a chromaffin cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19: Vector plot showing the direction of the electric field distribution in the 

Y plane with misaligned electrode tips. The direction of the electric field at the location 

of the cell is only in the X-direction.   
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5.7 Homogeneity in the region containing the cell for the tungsten rod exposure 

system at a single frequency 

 

After establishing the electric field magnitude of the tungsten rod exposure system 

with the rods placed 35 µm, 40 µm, and 45 µm above the surface of the glass bottom dish, 

as well as for misaligned electrode tips, the homogeneity of the electric field in the vicinity 

of the region containing the cell was computed at the frequency of 60 MHz that 

encompasses most of the pulse’s energy (Section 4.3). Moreover, whereas the previous 

simulations were performed with a coarse mesh with the cell having a step size of 16 µm, 

in the following sections the region containing the cell was further discretized with a step 

size of 4 µm for the tungsten rod exposure system and 1 µm for the gold strip chamber 

exposure system in the Huygens box simulation, thereby providing the computed electric 

field magnitude with higher resolution. The following sections show the results using line 

plots of the electric field magnitude extracted over a distance of 20 µm in the region 

containing the cell, along with vector plots of the electric field direction. 

 

5.7.1 Tungsten rod electrodes: Computations at 60 MHz 

 

 

 At 60 MHz, the electric field magnitude homogeneity in the initial computational 

domain (Figure 5.20) was computed over a distance of 20 µm in each direction based on 

the line plots. The electric field was homogeneous within 7% in the X direction, uniform 

in Y direction, and within 7% in the Z direction. Furthermore, there was no change in the 
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direction of the electric field in the region containing the cell (Figure 5.21).  These 

simulations showed that the cell is in an acceptably homogeneous region [1]. 
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Figure 5.20: Computed distribution of the electric field magnitude for the tungsten 

rod exposure system at 60 MHz along the X, Y, Z directions. The homogeneity in the 

electric field magnitude axis over a distance of 20 µm in the A) X direction was within 7%, 

B) constant in the Y direction, C) and within 7% in the Z direction. The electric field was 

normalized to 1 and the purple box represents the area of the cell along that axis. The cube 

on the right of each graph represents the cell with the red line marking the line of extraction 

for each line plot. 
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Figure 5.21: Vector plot showing the direction of the electric field distribution in the 

X, Y, and Z planes at 60 MHz for the tungsten rod exposure system in the region 

containing the cell. The vector plots show that the electric field propagates in the X 

direction only. The purple box represents the region containing the cell along each axis. 

 

 

5.8 Gold strip chamber exposure system: Control Simulations  

 

 Simulations of the gold strip chamber exposure were performed and the 

homogeneity in the electric field magnitude was calculated in the same manner as for the 

tungsten rod exposure system. First, control simulations were performed to verify that the 

electric field magnitude distribution of magnitude 7 MV/m was the same as previously 

published [2], with the cell being represented by a single voxel at a step size of 16 μm. The 

homogeneity in the electric field magnitude over a distance of 20 µm in the Z direction 

(starting at the bottom of the cell resting on the glass surface and 20 µm above the glass 

surface) and 20 µm in both X and Y directions with the cell in the center was computed. 

The electric field magnitude was constant in the Z direction over a distance of 20 µm, 

homogeneous to within 0.1% in the X direction, and homogeneous to within 0.01 % in the 

Y direction. 

X plane 
Y plane Z plane 
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 After completing a simulation at 7 MV/m, a simulation was performed to compute 

the electric field distribution at 5 MV/m, which is the electric field magnitude at which the 

distributions for both the exposure systems will be compared. Figure 5.22 shows the 

electric field magnitude and direction distribution at 5 MV/m in the gold strip chamber 

exposure system with the cell represented as a single voxel (step size of 16 μm). The vector 

field view shows that the cell is exposed to the electric field in the X direction. The electric 

field magnitude is constant in the Z direction over a distance of 20 µm, homogeneous to 

within 0.1% in the X direction, and homogeneous to within 0.01 % in the Y direction. 

 

 

 
 

Figure 5.22: Electric field magnitude and direction within the gold strip chamber 

exposure system. The cell is exposed to an electric field of 5 MV/m in the X direction 

only. The black regions are where the gold strips are located, and where the computed 

electric field magnitude is zero as expected. 

 

 

5.9 Homogeneity in the region containing the cell in the gold strip chamber exposure 

system at a single frequency 

 

In order to compare the homogeneity in the electric field magnitude generated by 

the gold strip chambers to that of the tungsten rod exposure system, a 60 MHz simulation 

was performed.   
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5.9.1 Gold strip chambers: Computations at 60 MHz 

 

 At 60 MHz, the electric field magnitude homogeneity in the initial computational 

domain (Figure 5.23) was computed over a distance of 20 µm in each direction based on 

the line plots. The electric field was homogeneous within less than 1% in the X direction, 

within 19% in the Y direction, and within 18% in the Z direction. In addition, there was no 

change in the direction of the electric field in the region containing the cell (Figure 5.24). 

This showed that the cell is in an acceptably homogeneous region [1]. 
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Figure 5.23: Computed distribution of the electric field magnitude for the gold strip 

chamber exposure system at 60 MHz along the X, Y, Z directions. The homogeneity in 

the electric field magnitude axis over a distance of 20 µm in the A) X direction was within 

less than 1%, B) within 20% in the Y direction, C) and within 18% in the Z direction. The 

electric field was normalized to 1 and the purple box represents the area of the cell along 

that axis. The cube on the right of each graph represents the cell with the red line marking 

the line of extraction for each line plot. 
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Figure 5.24: Vector plot showing the direction of the electric field distribution in the 

X, Y, and Z planes at 60 MHz for the gold strip chamber exposure system in the region 

containing the cell. The vector plots show that the electric field propagates in the X 

direction only. The purple box represents the region containing the cell along each axis. 

 

 

5.10 Summary and Conclusions  

 

The Huygens box simulations showed that the region containing a chromaffin cell 

is exposed to a homogeneous electric field magnitude at 60 MHz in both exposure systems.  

There are minor differences in homogeneity in the X and Y directions between the tungsten 

rod and gold strip chambers exposure systems as shown in Figure 5.25, but they are not 

significant enough to cause a large deviation in the electric field magnitude [1]. In addition, 

there are also no major differences in other electric field parameters, such as the direction 

of the electric field (Figure 5.26), that could account for the variability in calcium responses 

observed with each exposure system.    
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Figure 5.25: Comparison of the distribution of the electric field magnitude for the 

gold strip chamber and tungsten rod exposure systems at 60 MHz along the X, Y, Z 

directions. The homogeneity in the electric field magnitude axis over a distance of 20 µm 

in both exposure systems (red: tungsten rod exposure system, black: gold strip chamber 

exposure system) is within acceptable limits. There is no significant difference in the 

homogeneity in the A) X direction between, B) in the Y direction in, and C) in the Z 

direction in. The cube on the right of each graph represents the cell with the red line 

marking the line of extraction for each line plot. 
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Figure 5.26: Comparison of the vector plots of the electric field in both exposure 

systems. The vector plots show that the electric field propagates in the X direction only in 

both exposure systems. The purple box represents the region containing the cell.  

 

From these results we conclude that although the two exposure systems are 

different in design and deliver the same 5 ns electric pulse, the region containing the cell 

is exposed to the same homogeneous electric field and electric field direction in each case.   

The simulations further showed that for the tungsten rod exposure system, placing 

the electrode tips 35 µm from the surface of the glass bottom dish causes an increase of 0.5 

MV/m in the electric field magnitude compared to that when electrode tips are placed 40 

µm from the surface of the glass bottom dish.  Placing the electrode tips at 45 µm causes a 

decrease of 0.4 MV/m in the electrode field magnitude. Likewise, misaligned electrode tips 

caused a minor increase of 0.2 MV/m in the electric field magnitude. Importantly, in each 

case the homogeneity of the electric field or its direction in the region containing an 

exposed cell is not affected.   
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Chapter 6: Discussion 

6.1 Introduction 

 

The effects of electric pulses in the low nanosecond duration range (less than 10 

ns) are being investigated by our group for their potential application for targeted non-

invasive neurostimulation. The ultimate goal is an alternative to surgical implantation of 

electrodes that serves as an electrostimulation method in procedures such as deep brain 

stimulation. To work toward this goal, we are using a well-characterized neural-type cell 

model, adrenal chromaffin cells, to investigate the effects of nanosecond electric pulses, 

specifically pulses that are 5 ns in duration, on the neurosecretory function of the cells. Our 

laboratory has shown that the application of a 5 ns pulse mimics the actions of acetylcholine 

to evoke calcium-dependent catecholamine release by causing activation of VGCCs and a 

rise in intracellular calcium [1-4]. However, calcium responses evoked by the pulse are 

more prolonged in duration compared to those evoked by the physiological stimulus. 

Because of the importance of understanding how and why 5 ns pulses trigger calcium 

responses that exhibit a slower return of calcium to pre-stimulus levels, our first aim was 

to investigate the effects of these pulses on the mitochondria, the main organelle involved 

in rapid calcium clearance. Moreover, because calcium responses were also shown to differ 

in duration depending on which NEP exposure system was used for experiments (i.e., a 

gold strip chamber and a tungsten rod exposure system), our second aim was to carry out 

refined numerical simulations to determine the extent to which the electric field distribution 

differed between the exposure systems. 
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6.2  5 ns pulses have no apparent effect on the mitochondrial membrane potential   

 

When chromaffin cells are stimulated and calcium enters via VGCCs, mitochondria 

rapidly clear the calcium once the stimulus has ended. Mitochondria accomplish this by 

utilizing the mitochondrial membrane potential as the driving force for taking up calcium 

ions [5-7]. Perturbations or possible collapse of the mitochondrial membrane potential by 

protonophores, such as CCCP and FCCP, has been shown to cause a delay in calcium 

clearance [8-11]. The effects of these protonophores vary by concentration in different cell 

types. For example, the IC50 (maximal concentration of a substance that causes 50% 

inhibition of an enzyme or function) for CCCP has been reported to be 0.3 µM for 

myocardial cells and 0.55 µM for Jurkat cells [12-13]. As for FCCP, the  IC50 has been 

reported to be 0.02 µM for human neutrophils, 1.31 µM  for human hepatocellular 

carcinoma cells, and 7 µM  for human hepatocellular carcinoma cells [14-16].  For our 

experiments we treated chromaffin cells with concentrations of CCCP and FCCP close to 

and higher than these ranges to obtain an effect in chromaffin cells. We started by treating 

the cells with 2 µM CCCP since this concentration was reported to cause an increase in the 

half-width of the calcium responses in these cells [8]. At this concentration, applying 5 

applications of 100 µM DMPP resulted in calcium responses exhibiting a pronounced 

decrease in amplitude relative to control cells, with similar results observed with cells 

treated with 1 µM CCCP, and FCCP at 2 µM and 1 µM. At 0.5 µM CCCP, calcium 

responses were variable, with amplitudes that were either similar to those of the control 
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cells or much smaller. The decrease in amplitude most likely can be attributed to non-

specific effects of CCCP. For example, CCCP has been shown to decrease calcium currents 

through L-type channels by indirectly disrupting ATP production [17-18]. In addition, 

when mitochondrial membrane potential is disrupted, several cellular mechanisms are also 

affected that result in a decrease in ATP production, a decrease in respiration, an increase 

in ROS production, and changes in pH levels [17-18].  Therefore, our experiments 

suggested that CCCP and FCCP altered the calcium responses of chromaffin cells in our 

hands but the effects of CCCP and FCCP may not have been limited to the mitochondria.  

Before proceeding to study the effects of NEPs on mitochondrial membrane 

potential, we first established that in cells in which mitochondria were labeled with TMRE, 

CCCP caused a decrease in fluorescence, which would be indicative of a disruption in 

mitochondrial membrane potential. For these experiments, chromaffin cells were treated 

with CCCP at concentrations of 1 µM, 2 µM, 8 µM, or 10 µM. The results showed that 

TMRE fluorescence did not undergo a decrease at 1 µM and 2 µM CCCP that caused 

significant effects on the amplitude of calcium responses to DMPP. Only at CCCP 

concentrations of 8 µM and higher was a decrease in TMRE fluorescence observed (up to 

35%-50%). While we have no explanation for this finding, it may be that using 

mitochondrial membrane potential dyes for assessing changes in mitochondrial membrane 

potential in conjunction with widefield fluorescence microscopy is not sensitive enough.   

 We did not detect convincing evidence of a change in mitochondrial membrane 

potential in cells exposed to a singe 5 ns, 5 MV/m pulse, to a train of five and ten pulses at 

5 MV/m, or to a single pulse applied at electric field magnitudes of 10 and 15 MV/m.  In 

fact, the small changes in fluorescence (less than 2%) that were observed in some cells 
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were also observed in cells exposed to multiple applications of DMPP. From these results 

it can concluded that NEPs do not cause an effect on mitochondrial membrane potential 

disruption that could account for why calcium responses are prolonged in duration.  

 

6.3 The electric field distribution in the region containing a cell is homogenous to the 

same degree in each NEP exposure system  

 

Our laboratory has studied the effects of 5 ns pulses on chromaffin cells by 

exposing the cells to 5 ns pulses using either a gold strip chamber or tungsten rod exposure 

system. In cells exposed to a pulse using the gold strip chamber exposure system, calcium 

returns to pre-stimulus calcium levels with half-widths ranging from 8 to 11 s [1, 3] versus 

a half-width of 23 s or greater for cells exposed to a pulse using the tungsten rod exposure 

system. To understand the basis for these variations in cell response duration, we 

investigated whether there are differences in the homogeneity in the magnitude and other 

parameters of the electric field in both exposure systems using the Huygens box approach. 

The advantage of using this approach was the ability to conduct simulations with finer 

discretization of the region containing a cell together with a significant reduction in the 

simulation time. Previous simulations had the region containing the cell discretized with a 

mesh size of 16 µm. In the simulations presented in this thesis, this region was further 

discretized (with a mesh size of 4 µm for the tungsten rod exposure system and 1 µm for 

the gold strip chamber exposure system) for the Huygens box simulation. The homogeneity 

in the electric field generated by the tungsten rod exposure system in the Huygens box 

computational domain at a frequency of 60 MHz was homogenous (over a distance of 20 



145 

 

 

µm in each direction) within 7% in the X direction, constant in the Y direction, and within 

7% in the  Z directions, which was acceptable [19]. As for the gold strip chambers, the 

homogeneity in the electric field distribution in the Huygens box simulations at a frequency 

of 60 MHz was homogeneous within 1% in the X direction, within 20% in the Y direction, 

and within 18% in the Z direction, which was acceptable [19]. Although there are minor 

differences in homogeneity in the exposure systems, the differences are not significant 

enough to cause a large deviation in the electric field magnitude in the region containing 

the cell. In addition, differences in the direction of the electric field in the region containing 

the cell in the exposure systems were also not significant. From these results we conclude 

that when comparing the two exposure systems, the differences in electric field 

homogeneity in the region containing the cell are too minor to account for the variation in 

calcium responses.  

 With respect to the tungsten rod exposure system, we also determined that when 

the electrodes are placed 5 µm below or above the target position of 40 µm above the glass 

bottom dish, there are no significant differences in calcium responses even though 

numerical simulations determined that the electric field is different at each height. That is, 

at 40 µm the electric field at the location of the cells is 5.0 MV/m, at 45 µm the electric 

field is 4.6 MV/m, and at 35 µm the electric field is 5.5 MV/m. Our conclusion is that 

during experiments, placement of the electrode tips could be off by ± 5 µm without having 

an impact on cell responses. Likewise, misalignment of the electrode tips such that one 

electrode tip is longer than the other also has no impact. Although experiments with 

misaligned electrode tips were not conducted, numerical simulations showed a computed 

electric field of 5.2 MV/m, which falls in the electric field range established for electrodes 
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placed 5 µm below or above the target position of 40 µm.  Thus, calcium responses would 

not be affected by electrode tips having slightly different lengths. 

   

6.4 Future directions 

 

 Since the results of our studies raise the possibility that the method that we used for 

detecting changes in mitochondrial membrane potential may not have been sensitive 

enough, repeating experiments with the mitochondria labeled with a quantitative, cationic 

dye such as JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi- 

dazolylcarbocyanine iodide), which distinguishes minute changes in the 

mitochondrial membrane potential by forming JC-1 aggregates and JC-1 monomers 

that can be viewed under two different wavelengths [20-21]. This particular dye is 

more sensitive in detecting changes in the mitochondrial membrane potential 

because it allows for thorough assessment of the labeled mitochondria at two different 

wavelengths, whereby a decrease in JC-1 aggregates indicates a decrease in 

mitochondrial membrane potential [20-21]. If these experiments still do not show an 

effect of NEPs on mitochondrial membrane potential, other mechanisms that may be 

involved in prolonging intracellular calcium levels would need to be explored. One series 

of experiments could determine whether NEPs affect the activity of the plasma membrane 

calcium ATPase and/or the plasma membrane Na+/Ca2+ exchanger. Other experiments 

could be to examine the extent to which calcium release from the ER or calcium influx via 

VGCCs continues after pulse delivery.  
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As for computational studies, since the magnitude and direction of the electric field 

were not significantly different in each exposure system, it is important to consider other 

factors between the two geometries. For example, the current density between the two 

electrodes in each exposure may be different. Once the basis for the different calcium 

responses evoked by the two exposure systems is identified, further studies would be 

directed at designing geometries of the rod exposure system that evoke less sustained 

calcium responses.  
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Appendix I: Copyright permission to use Mitotracker 

Green labeled chromaffin cell 

 

Email granting permission to use cell image of labeled chromaffin cells from the following 

journal:  "The position of mitochondria and ER in relation to that of the secretory sites in 

chromaffin cells" by  Jose´ Villanueva et. al 2014. The link to the journal is: 

 

https://jcs.biologists.org/content/joces/127/23/5105.full.pdf. 

Dear Ruby, 

  

Thank you for your request. Permission is granted without charge for a thesis. 

 

The acknowledgement is very important and should state "reproduced/adapted with 

permission" and give the source journal name - the acknowledgement should either 

provide full citation details or refer to the relevant citation in the article reference list - the 

full citation details should include authors, journal, year, volume, issue and page citation.  

 

Where appearing online or in other electronic media, a link should be provided to the 

original article (e.g. via DOI). 

 

Journal of Cell Science: http://www.biologists.com/journal-of-cell-science 

https://jcs.biologists.org/content/joces/127/23/5105.full.pdf
http://www.biologists.com/journal-of-cell-science
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