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Structure of the thesis

All experiments described in this thesis were conducted over the period of 2014 — 2017.

They were carried out primarily in the Bioelectromagnetics lab at XLIM Research Institute in

Limoges, France. Another portion of the data presented in this thesis was the result of a

collaboration with the group at the Biocybernetics lab at the University of Ljubljana.

The thesis is outlined as follows:

Chapter 1 provides a review of the literature and describes the general methodology for
this thesis.

Chapter 2 is the first experimental section that employs advanced biostatistics to
examine how well data can be predicted using common parameters present in current
electrophysical models of electropermeabilization.

Chapter 3 looks at the effects of nanosecond pulsed electric fields on the
transmembrane potential in U87 glioblastoma cells. Using a host of pharmacological
modulators of ion channel activity, the role of voltage-gated ion channels is explored.
Chapter 4 is the result of a collaborative exchange with the University of Ljubljana. We
look at the effect of pulsed electric fields, ranging from 10 ns to 10 ms, on membrane
potential and membrane permeability of several cell lines.

Chapter 5 begins with a brief summary of each chapter, and then moves into a more

global discussion of how our results contribute to the current literature.
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Abstract (English)

The use of pulsed electric fields (PEF) in medical and biotechnology sectors has
become increasingly prevalent over the last few decades. Research has shown that by adjusting
the duration of the PEF we can predict what effects will be observed. Whereas PEF in the
micro-to-millisecond range have been used to permeabilize the cell membrane and enhance
drug or protein uptake, nanosecond PEF (nsPEF) have demonstrated unique effects on
intracellular organelles. Both PEF and nsPEF have demonstrated therapeutic potential for a
variety of human pathologies, including the treatment of cancer. Using live-cell imaging, this
thesis investigated, in vitro, the effects of pulsed fields ranging in duration from 10 ns to 10
ms on cancerous (U87 glioblastoma multiforme) and non-cancerous cell lines (mouse
hippocampal neurons (HT22) and Chinese hamster ovary (CHO) cells). Previously published
results have demonstrated that cancerous cells have a greater sensitivity to applied electric
fields than healthy cells do. Our results are in agreement with these findings, insofar as the
U87 cells underwent a significantly greater depolarization of their transmembrane potential
following a single electric pulse at all durations. In a parallel set of experiments, despite having
similar electric field thresholds for membrane permeabilization, the U87 cells demonstrated
significantly enhanced YO-PRO uptake compared to the other cells lines. Although U87 cells
underwent the greatest change in both membrane depolarization and membrane
permeabilization, they also showed the fastest membrane resealing constant, which was
approximately 30 seconds faster than other cell lines. To elucidate some of the underlying
mechanisms by which U87 cells respond to electric fields, a series of experiments looked at the
role of transmembrane ion channels. Several recent studies have reported that PEFs can act
directly on voltage-gated ion channels. Using a variety of specific and broad acting
pharmacological ion channel modulators, we demonstrated that we could almost entirely
inhibit the electric field-induced membrane depolarization in U87 cells by blocking certain
cationic channels. These results were quite specific, such that the big conductance potassium
(BK) channel, L- and T-type calcium channels, and the non-specific cationic channel, TRPMS,

were able to inhibit depolarization while blocking other ion channels produced no significant
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change. The work in this thesis showed that the malignant U87 cell line showed a greater
sensitivity to electric fields from ranging from 10 ns — 10 ms when compared to the non-
cancerous cell lines that were investigated. Potential improvements to current treatment

protocols have been proposed based on the findings presented herein.



Résumé (Francais)

L'utilisation de champs électriques pulsés (PEF) dans les secteurs de la médecine et de
la biotechnologie est devenue de plus en plus courante au cours des derniéres décennies. La
recherche a montré qu'en ajustant la durée du PEF, nous pouvons prédire quels effets seront
observés. Alors que les PEF dans la gamme micro - milliseconde ont été utilisés pour
perméabiliser la membrane cellulaire et améliorer I'absorption de médicament ou de protéine,
le PEF nanoseconde (nsPEF) a démontré des effets uniques sur les organites intracellulaires.
Les deux PEF et nsPEF ont démontré un potentiel thérapeutique pour une variété de
pathologies humaines, y compris le traitement du cancer. Utilisant I'imagerie des cellules
vivantes, cette these a étudié in vitro les effets de champs pulsés d'une durée de 10 ns a 10 ms
sur des lignées cancéreuses (U87 glioblastome multiforme) et non cancéreuses (neurones
hippocampes de souris (HT22) et cellules ovariennes du hamster chinois (CHO)). Des
résultats publiés antérieurement ont démontré que les cellules cancéreuses sont plus sensibles
aux champs électriques que les cellules saines. Nos résultats sont en accord avec ces résultats,
dans la mesure ou les cellules U87 ont subi une dépolarisation significativement plus
importante de leur potentiel transmembranaire apres une seule impulsion électrique a toutes
les durées. Dans un ensemble d'expériences paralléles, malgré des seuils de champ électrique
similaires pour la perméabilisation membranaire, les cellules U87 ont démontré une
absorption significativement améliorée de YO-PRO par rapport aux autres lignées cellulaires.
Bien que les cellules U87 aient subi le plus grand changement dans la dépolarisation
membranaire et la perméabilisation membranaire, elles ont également montré la constante de
rescellement de la membrane la plus rapide, qui était environ 30 secondes plus rapide que les
autres lignées cellulaires. Pour élucider certains des mécanismes sous-jacents par lesquels les
cellules U87 répondent aux champs électriques, une série d'expériences a examiné le role des
canaux ioniques transmembranaires. Plusieurs études récentes ont rapporté que les PEF
peuvent agir directement sur les canaux ioniques voltage-dépendants. En utilisant divers

modulateurs de canaux ioniques pharmacologiques spécifiques et a action large, nous avons



démontré que nous pouvions presque entierement inhiber la dépolarisation membranaire
induite par le champ électrique dans les cellules U87 en bloquant certains canaux cationiques.
Ces résultats étaient assez spécifiques, tels que le canal de potassium de grande conductance
(BK), les canaux calciques de type L et T, et le canal cationique non spécifique, TRPMS, étaient
capables d'inhiber la dépolarisation tandis que le blocage d'autres canaux ioniques ne
produisait aucun changement significatif. . Les travaux de cette thése ont montré que la lignée
cellulaire maligne U87 présentait une plus grande sensibilité aux champs électriques allant de
10 ns a 10 ms par rapport aux lignées cellulaires non cancéreuses étudiées. Des améliorations
potentielles aux protocoles de traitement actuels ont été proposées sur la base des résultats

présentés ici.
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General Introduction
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1.1 Pulsed electric fields

The last few decades have seen an increased interest in the study of pulsed electric
fields, which has been particularly evident in medical and biotechnology sectors. They have
been shown to have broad applications in the food processing industry [1—3], for
cryopreservation of cell lines [4—6], enhancing gene or drug uptake by cells [7—-10], and induce
cell death through necrotic or apoptotic pathways [11—13].

Understanding how electric fields influence cell behavior is important when
considering how to improve or expand current treatment options. The following section will
begin by taking a closer look at the cell and its intracellular contents, but more specifically at

the membranes that surround them, where electric fields are expected to interact.

1.2 Biological membranes

Understanding how a cell interacts with its environment begins with the very boundary
that separates them, which of course is its membrane. The cell membrane (Fig. 1.1) is
composed of a series of polar lipid molecules that have hydrophobic and hydrophilic regions
organized into a bilayer [14]. This structure displays self-organizing properties in an aqueous
environment that results in a boundary condition separating the cytoplasm from extracellular
fluids. A very similar arrangement of amphipathic lipid molecules within the cell serves to
separate organelles from the cytoplasm. These membranes are critical for selective transport

into and out of the cell.

In addition to the phospholipid bilayer, a host of other lipids, proteins and
carbohydrates can be identified. These molecules are highly variable in their distribution along
the membrane, each serving different functions ranging from signaling molecules to structural
support to name a couple. Transmembrane protein channels are of particular interest to our

topic and will be discussed in more detail.
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Figure 1.1 — Structure of cell membrane. The cell membrane is a highly complex
structure whose fundamental unit is the phospholipid molecule (bottom right of the figure).
The amphipathic structure of this molecule results in the formation of a bilayer in aqueous
solution. Embedded within the membrane, multiple additional lipids, proteins and
carbohydrates serve to communicate with the external environment. Figure taken from:

https://www.thinglink.com/scene/634047922140348418.

1.3 Transmembrane proteins

Transmembrane proteins, to a large degree, dictate the function of the cell. Some serve
as signal conduits, whereby extracellular molecules interact with the protein leading to a
specific intracellular effect [15]. Others serve as selectivity filters responsible for modulating,
either passively or actively, the passage of ions. These ion channels are highly variable and are

critical for many cell processes.

Ion channels fluctuate between open and closed states, and these states can be
influenced through multiple mechanisms (Fig 1.2). Some examples include voltage-gated
channels, mechanically-gated channels, or ligand-gated channels. Upon activation, these
channels become permeable to specific ions. They can be highly specific, meaning they allow

just one type of ion to pass, or charge-specific allowing either cations or anions to pass.
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Figure 1.2 — Ion channels are classified by the stimulus which modulates their

activity. Voltage-gated channels can be activated by fluctuations in a cells transmembrane
potential. Ligand-gated channels are activated through signal molecules that bind on extra- or
intracellular sites of the channel. Mechanically-gated channels are modulated through
changes in shape associated a physical stimulus. Image taken from Molecular biology of the

cell, 4th edition at https://www.ncbi.nlm.nih.gov/books/NBK26910/.

The selective nature of these ion channels is responsible for the generation of a
transmembrane potential, which is equally present and varies among intracellular organelles
as it is across the plasma membrane. The chemical basis of this voltage-gradient, known as the
resting membrane potential, is the uneven distribution of ions inside and outside of the cell
[16]. The electrical properties of ions, combined with the conductive properties of protein
channels and the insulating properties of the membranes lipid bilayer, have allowed the cell
to be modeled as an electric circuit. This has been useful when studying electrical
communication between cells for example, but also when developing treatment strategies to

modulate cell activity.
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1.4 Describing the cell as an electrical circuit

In the 1950’s Alan Hodgkin and Andrew Huxley proposed a model to describe the ionic
mechanisms responsible for the propagation of electrical impulses along a giant squid axon.
As a general overview (Fig. 1.3), the Hodgkin-Huxley model represents the lipid bilayer as
parallel capacitors capable of storing charge and ion channels as variable resistors capable of
passing current. The transmembrane potential is generated across the cell membrane and

fluctuates according to the activity of the ion channels.

This model has been invaluable in understanding certain biological phenomena such
as electrochemical communication between cells, particularly between electrically excitable
cells in nervous and muscular tissues. Another application for this model extends into fields

interested in modulating cellular activity using applied electric fields.

R=1/G

Membrane “equivalent circuit”

Figure 1.3 — The equivalent electric circuit model of the cell membrane. In this
model, the lipid bilayer is represented as a pair of parallel capacitors and the transmembrane
ion channels are represented as variable resistors. Image adapted from Lehigh University
Bioengineers page, https://lehighbioe.wordpress.com/2012/10/23/the-cell-membrane-as-a-

circuit/.
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1.5 Electric field interaction with the cell membrane

When cells are exposed to an electric field, an electric force is generated, which acts on
ions both inside the cell and in the external media. Because ions are charged molecules, this
force causes them to move along the electric field lines. Whereas the extra- and intracellular
solutions are conductive, the cells lipid membrane is non-conductive. As a result these ions
will accumulate along the membrane and generate a large transmembrane potential. At a
certain point, which is approximately 1 V [17, 18], the induced voltage exceeds the membrane
capacitance and breakdown of the membrane occurs. When considering the diameter of the
membrane is approximately 10 nm, the electric field strength associated with this threshold is
on the order of a MV/em. This process, which is termed electroporation or
electropermeabilization is associated with enhanced membrane permeability.

To describe this effect, the Schwan equation (Eq. 1.1) was developed. This equation is
limited to modeling a spherical cell, and states that the induced membrane potential (Vm) is
proportional to the radius of the cell (R) and the applied electric field (E), and will not be
uniform along the cell membrane (Fig. 1.4). Extensions of this model have been developed to
help understand more complex models, such as irregular-shaped cells that can’t be accurately

described as spherical or ellipsoid.
3
Vi = > ER cos@

Equation 1.1 Schwan equation (steady-state). This describes the effect of an applied
electric field (E) on the transmembrane potential (Vm) given a cell radius of (R) as a function

of the angle (0).
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Figure 1.4 — The induced membrane potential varies along the cell membrane.
This is an example of the Schwan equation applied to a spherical cell with a radius of 10 uym

and an applied field intensity of 44 kV/cm.

More recently, there has been a shift in methodology toward understanding the
biomolecular events occurring when an electric field interacts with a lipid bilayer. Molecular
dynamics (MD) simulations have helped to clarify some of the events associated with
electropermeabilization, and have allowed us to visualize the dynamics associated with
membrane breakdown [19—23]. Up to now, limitations in the computational power have
restricted MD to a period less than 1 millisecond following pulse delivery [24]; however, a
multitude of effects have been reported over much longer time periods. These effects appear
to be highly dependent on several factors such as; pulse duration, electric field strength,

number of pulses, and frequency of pulses delivered.
1.6 Factors influencing outcome following membrane
exposure to an electric field

It is generally accepted that the initial step in membrane breakdown following PEF
exposure is the magnitude of the induced transmembrane potential [17, 18]. Thus, it is

unsurprising that electric field strength would play an important role in this process. Finding

21



the threshold for this response has been the subject of many investigations seeking to exploit
this consequence of PEF application. Achieving this threshold; however, is highly dependent
on the duration of the pulse delivered, such that eliciting a response using a shorter pulse
would require a stronger electric field than the same response using a longer pulse. For
example, using pulses ranging from 1 ns to 100 ms to stimulate gastrocnemius muscles, an
applied voltage of 4.5 KV was required for a 1.8 ns pulse to elicit a similar response to a 100

ms pulse delivered at 0.02 kV [25].

In addition to the electric field intensity and pulse duration, other important features
are; the number of pulses and the frequency at which they are delivered. These factors were
explored in [26], where nsPEF were investigated for their ability to cause swelling in Jurkat
cells. Single nsPEF were compared to 10 & 50 nsPEF. After 20 seconds significantly
enhanced swelling was seen as a function of number of pulses. In the same study, frequency
of pulses was explored, where swelling was measured after exposure to 10 pulses at 1 Hz or
10 pulses at 1 kHz. Similarly, significantly more swelling was observed in the group of cells

exposed to 10 nsPEF at 1 kHz when compared to the 1 Hz and the control groups.

In a study looking at Yo-Pro uptake in U87 cells following nsPEFs [27] the authors
report a significant enhancement in Yo-Pro uptake as a function of both number & frequency
of pulses delivered. Here, a single 10 nsPEF (1 p) was compared to 10 pulses (10 p) at 1 Hz,
10 Hz, and 100 Hz, and 100 pulses (100 p) at 1 Hz, 10 Hz, and 100 Hz. The results can be
summarized as follows: The greatest Yo-Pro uptake was observed — 100 p 100 Hz > 100 p 10

Hz >100p1Hz>10p 100 Hz > 10 p 10 Hz > 10 p1 Hz > 1 p > control.

A noteworthy feature is evident when considering pulse shape in the context of the
literature presented above. In [28], using usPEFs it was reported that the electric field
intensity required to permeabilize 50 % of the cells was reduced by 20 % when the authors
used symmetrical bipolar pulses. The working hypotheses for these results propose that i)
the polar asymmetry following a unipolar pulse is counterbalanced when a bipolar pulse is

delivered and ii) bipolar pulses increase the odds that a non-spherical cell are permeabilized.
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In contrast to this research, several articles show a dampened effect when bipolar
nanosecond pulses are used. In [29], the addition of a second phase (of opposite polarity)
cancelled the effect of the initial monopolar phase in both intracellular calcium mobilization
and cell survival. These results persisted in spite of a doubling of total energy delivered to
cells, and was not dependent on pulse duration (60 ns or 300 ns), amplitude (15 — 60
kV/cm) or number of pulses delivered (1 — 60). This dampening effect gradually decreased as
the delay between the bipolar pulses increased. A similar dampening effect was observed for
calcium uptake [30] as well as measures of plasma membrane integrity Calcium Green-1,

Propidium Iodide and FM1-43 [31] when comparing bipolar effects to monopolar effects.

Although some explanations were put forth to explain the differences between ps and
ns bipolar pulses, the duration of the pulse is critical and is based on a biological constant
known as the membrane charging constant, which will be discussed in further detail in the

next section.

1.6 The role of pulse duration in PEF effects

Recall that the induced transmembrane potential is due to the accumulation of ions
along the cells membrane. This process obviously requires time, and is referred to as the
charging time, or charging constant. Although it varies slightly between cells, the charging
time is on the order of a few hundred nanoseconds [32—34]. Pulse durations that are longer
than the charging constant will have very different effects those that are shorter.

The following sections will examine the different effects expected when using pulsed
electric fields of various durations. For simplicity, pulses that are longer than the charging
time will be referred to as pulsed electric fields (or PEF), and those that are shorter will be

referred to as nanosecond pulsed electric fields (or nsPEF).
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1.7 PEF effects and applications

At longer durations, in the micro- or millisecond range, PEF have been shown to be
effective at delivering drugs, proteins, and DNA across the cell membrane [35—41]. By
adjusting the number, frequency and intensity of the pulses one can reversibly or irreversibly

permeabilize the plasma membrane.

1.7.1 Irreversible electropermeabilization (IRE)

Irreversible electropermeabilization (IRE) has been studied as a purely electrical
treatment for tumors [13, 42—45]. Here, the cell is unable to repair the damage imposed by the
electric field. A review of this technique [46] looked at results from 106 patients over a period

ranging from 3 — 18 months. Efficacy of treatment ranged from 67 — 100% over this period.

Most recently, another human trial has shown promising results [47]. In this study, 30
patients were treated with liver tumors. They were monitored for 6 months following
treatment where treatment success was defined as no evidence of residual tumors in the
ablated area from CT and ultrasound scans. After 3 and 6 months, success was achieved in

79% and 66% of the patients, respectively.

1.7.2 Reversible electropermeabilization

Contrary to IRE, reversible electropermeabilization utilizes the ability of the
membrane to repair itself as an advantage. Of the two, reversible electropermeabilization has
been most thoroughly investigated, and offers a greater number of potential therapies. Gene
electrotransfer (GET) is one such application, where DNA is introduced into the cell and makes
it possible to regulate the production of a desired transgene. A very thorough review [39]
highlights the vast number of disorders that can potentially be treated, including Parkinson’s

disease, HIV/AIDS and cancer to name a few.

A more recent review of clinical GET trials highly the broad potential for this therapy
[48]. In this review, the author summarizes the results of more than 50 clinical trials (some of
which are ongoing) where GET has proven to be a safe and effective method to treat various
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cancers by stimulating immune activity or disrupting angiogenesis in tumors; as well as a role

in DNA vaccines for HIV, Hepatitis, Human papilloma virus, and Hantaviruses.

Electrochemotherapy @ (ECT) is  another  application for  reversible
electropermeabilization, where chemotherapeutics (or high concentrations of calcium) can be
injected systemically or locally followed by electropulsation of the tumor. Here drugs such as
bleomycin and cisplatin have been selected for their combination of low membrane
permeability and high cytotoxicity, and when combined with electropulsation, the toxicity of

these agents has been significantly enhanced [49—51].

Recently, a case study looked at the effects of calcium electroporation and
electrochemotherapy on a patient with malignant melanoma [52]. This patient had numerous
metastases (Fig. 1.5) yet 12 months following treatment complete leveling was observed in
both treated and non-treated lesions. The fact that non-treated tumors responded highlights
the potential role of the immune system in mediating this response. Biopsies taken upon

completion of the follow-up period revealed an absence of malignant cells.

1.8 nsPEF effects and applications

When pulse durations shorter than the charging constant are applied, the plasma
membrane no longer shields the intracellular environment [32, 33], and very different effects
can be expected. Effects such as mitochondrial depolarization [53, 54], caspase activation [55,
56] and nuclear condensation [57, 58]; all effects typical of cell death by apoptosis, have been
reported. Additional effects such as cytoskeleton disruptions, including microtubule [27] and

actin [59] assembly have also been reported.
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Figure 1.5 — Results from a case study of a patient with malignant melanoma. The
top two images were taken prior to treatment using electrochemotherapy and calcium
electroporation. In these images multiple cutaneous metastases are evident. The bottom two
images were taken 16 months following treatment. A complete leveling was observed in both
treated and non-treated metastases. Biopsies of the pigmented lesions were found to be non-

malignant. Results and images from [52]

Whereas intracellular effects are specific to nsPEF, there is a lot of evidence suggesting
additional effects occur on the plasma membrane. For example, membrane permeability was
found to be enhanced following nsPEF exposure, where YO-PRO [27] and bleomycin [60]
uptake into the cell was observed. In an experiment using giant unilamellar vesicles, a single

nsPEF resulted in the delivery of siRNA molecules into the cytoplasm [61].
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It has been hypothesized that these ultra-short fields may exert effects directly on
transmembrane protein channels in the plasma membrane [62]. Experimental evidence exists
that supports this, where nanosecond pulses have resulted in direct activation of voltage-gated

channels [63—65].

While nsPEF have demonstrated very unique effects compared to PEF, there is still a
need for clinical data to validate the translation of these effects in human trials. The first
human trial using nsPEF for cancer treatment was published in 2014 [66]. In this study a total
of 10 tumors were treated with nsPEF on 3 patients with basal cell carcinoma. Of the tumors
treated, seven were completely free of cancerous cells, two had partially regressed, and one
recurred 10 weeks after treatment. An example of tumor treatment in this study can be seen

in Fig. 1.6 below.

Figure 1.6 — In-human trial for treatment of basal cell carcinoma with nsPEF. An
example from [66], where the first human trial was conducted testing nsPEF efficacy on skin
cancer. Three patients were treated using nsPEF and followed for several weeks following
treatment. Images above are a representative example of the effects observed. The first and
second images were taken pre- and immediately post-nsPEF exposure. The final image was
taken 10 weeks post-treatment where there was no evidence of tumor recurrence. This was

confirmed by histological analysis of biopsy.

Despite all of the promising research using PEF and nsPEF, this field is still continuing

to evolve. Many questions still remain with respect to the mechanism of action of PEF/nsPEF
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effects on biological systems. Understanding these mechanisms will help us overcome some

of the limitations present in this field of study.

1.9 Limitations of PEF/nsPEF as a clinical treatment

The major limitations facing experimentation using pulsed electric fields (PEF/nsPEF)
for treating humans are time and money. An abundance of research demonstrates the
potential of electrically based therapies. Recently, the handbook of electroporation was
published [67] containing a comprehensive series of chapters from various contributing
authors highlighting studies from modeling and simulations to in vitro work right up to
clinical applications. Despite the amount of research, very few countries offer treatments using

pulsed electric fields.

As a result, patients who could benefit from these treatments aren’t even being given
the option. And those who may be aware will have to make the choice between paying from
their own pockets and choosing those treatment options that are covered by health insurance
policies. That is why I say time and money are the major limitations. More money is required
to generate further research, and this takes time. With that said, it is an honor contribute in
the most humble way to this ever-growing field hoping that I can add to the current body of

knowledge.

The pulse generators, as well as the fluorescent indicators of transmembrane potential
and membrane permeability, used for these experiments will be discussed in detail in the

following section.

1.10 General methods

The following section will provide a detailed overview of some of the techniques and
equipment used throughout the work presented in this thesis. Attention will be given to
explaining the cell lines used and how they were maintained; the different pulse generators
and electrodes used; the fluorescence microscopes used and which fluorescent indicators were

selected; the methods involved in extraction of data from images, and the statistical
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methodology applied. Part of the work described in this thesis was the result of a collaboration
with the University of Ljubljana. My contribution to this collaboration involved data collection
and statistical analyses. Whereas we investigated the role of pulse durations ranging from 10
ns to 10 ms, the majority of the work presented in this thesis focuses on 10 nsPEF, which is

the primary focus of our lab.

1.11 Culture and maintenance of cell lines

1.11.1 Cell lines and maintenance

Three cell lines were used for the experiments that will be presented. Chinese hamster
ovary (CHO) cells (European Collection of Authenticated Cell Cultures ECACC, cells CHO-K1,
cat. no. 85051005, obtained directly from the repository), U87-MG human glioblastoma cells
(ECACC, Public Health England, cat. no. 89081402) and HT22 immortalized mouse
hippocampal neurons (The Salk Institute, La Jolla, CA) were grown in an incubator at 37 °C
at 5 % COz2 for 2-5 days before experiments. HT22 cells were used in their non-differentiated
and differentiated states. The procedure used to differentiate these cells will be explained

further in section 1.11.2

Experiments were completed in laboratories in Limoges, France and Ljubljana,
Slovenia. In Limoges, depending on the experimental setup, cells were grown in one of two
ways. They were either grown on Poly-Lysine (Sigma-Aldrich, Germany) coated 22 mm glass
coverslips in 35 mm Petri dishes (VWR International, USA); or they were grown in 35 mm
glass FluoroDishes (World precision instruments, USA). In the former condition, the 22 mm
glass coverslip was transferred into a customized plastic ring which could be mounted onto
the microscope. In Ljubljana, cells were grown in 40 mm Petri dishes (TPP, Austria). To ensure
these subtle differences in methodology were not significantly influencing the results,

experimental results were compared between labs.

For growth and maintenance of cell lines, CHO cells were grown in Ham-F12 media

(Sigma-Aldrich, Germany), U87 cells in MEM (Sigma-Aldrich, Germany) and the HT22 cells
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in DMEM (Sigma-Aldrich, Germany) growth medium. All growth media were supplemented
with 10% fetal bovine serum (Gibco, France or Sigma-Aldrich, Germany, cat. no. F9665), L-

glutamine (StemCell, Canada) and antibiotics.

1.11.2 Differentiation of HT22 cells

HT22 cells were used in their non-differentiated and terminally differentiated forms.
In order for HT22 cells to be differentiated, DMEM growth media had to be replaced with
Neurobasal media (Thermofisher, USA, cat. no. 21103-049), and supplemented with 0.5 mM
L-glutamine and 1 mL B-27 (Thermofisher, USA, cat. no. 17504-044) for every 50 mL
Neurobasal media. Cells were maintained in this differentiation medium for 24 — 48 hours

prior to experimentation.

1.12 Exposure of cells to electric pulses

Cells were exposed to different pulse durations (10 ns, 550 ns, 1 us, 10 us, 100 s, 1 ms,
and 10 ms). To accommodate experiments using these pulse durations, three different pulse
generators were used. For 10 ns pulses, a commercially available nsPEF generator (FPG 10-
1NM-T, FID Technology, Germany) with 50 Q output impedance was used. The 10 ns pulse
durations (13.6 ns full width at half magnitude (FWHM) duration and a 5.2 ns rise time) were
applied with electric field intensities ranging from 16.5 — 52.0 kV/ecm. A high-voltage
measurement device (tap-off) connected to a digital phosphor oscilloscope (DPO 4104,
Tektronix, USA) was used to visualize the time-domain measurements of each pulse. Pulses
were delivered to cells by positioning the electrodes (Fig. 1.7 a), comprised of two stainless-
steel electrodes (1.2 mm gap) with a 50 Q impedance resistive load in parallel, using a
micromanipulator (MP28, Sutter Instruments USA). The applied electric field was
numerically determined [27]. Numerical modelling of the electrode delivery system was
performed with a Finite-Difference Time-Domain (FDTD) based electromagnetic solver, and

a finest spatial mesh of 100 ym.
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For pulse exposures of 550 ns and 1 ps, a laboratory prototype nanosecond generator
with H-bridge MOSFET amplifier architecture and additional peripheral circuitry for voltage
adjustments and safety was used. Voltage could reach 1 kV with an accuracy of 3 %. For pulse
exposures of 10 us — 10 ms a commercially available BetaTech electroporator (Electro cell B1o,
Betatech, France) was used, and the current was measured with either current probe CP030
(Teledyne LeCroy, USA) or a Pearson current monitor (Model 2877, Pearson Electronics Inc.,
USA). Pulses longer than 10 ns were applied using either stainless-steel wire electrodes with a
4 mm intra-electrode distance and 1.29 mm diameter (16 gauge needle) or Pt/Ir wire
electrodes with 5 mm intra-electrode distance and 0.75 mm diameter (Fig. 1.7 b). The
numerical calculations show that the electric field in the middle of the electrodes is
approximately homogeneous [68]. To compare the results obtained with both electrodes, we
approximated the electric field between the electrodes as E = U / d, where U is the applied
voltage and d the distance between the electrodes. We adapted the applied voltage to achieve

the same electric field and acquired images in the middle of the two electrodes.
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Figures 1.7 (a-b) Photos of the electrodes, used for experiments. A - Electrodes used
for delivering 10 ns pulses; B - electrodes used for delivering pulses longer than 500 ns.
Respective traces for 10-ns and 1-us pulses delivered are to the right of electrode images, along

with a numerical simulation of the nsPEF field distribution.
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1.13 Fluorescence imaging

Experiments conducted in Limoges were performed on a DMI6000 confocal
microscope (Leica Microsystems, Germany) using a 63x oil immersion objective (for
experiments measuring membrane potential) or a 20x objective (for experiments measuring
membrane permeability). A Spectra 77 light engine (Lumencor, USA) was used for fluorescence
excitation, whereas the emitted light was captured with an electron-multiplying charge-

coupled device camera (EMCCD Evolve 512, Rope, USA). Fig. 1.8 shows the imaging setup.

Figure 1.8 — Fluorescence imaging setup. An image of the workstation where the nsPEF

experiments were performed.

In Ljubljana, an inverted microscope AxioVert 200 (Zeiss, Germany) was used for
experiments with a 20x (when measuring membrane permeability) or 40x (when measuring
membrane potential) objective. Samples were excited using a high-speed polychromator
(Visitron systems GmbH, Germany), and the emitted fluorescence was acquired with a

VisiCam 1280 CCD camera (Visitron, Germany).
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1.14 Fluorescent indicators for measuring transmembrane
potential and membrane permeability

1.14.1 Measuring membrane permeability

Selecting a fluorescent dye for measuring membrane permeability was straightforward
because there are only a few that are commonly used in the literature. Generally, membrane
integrity is measured using either propidium iodide (PI) or YO-PRO (YP). There are multiple
studies using these dyes; however, when directly compared [69], YP was found to be a more
sensitive measure for membrane permeability than PI (Fig. 1.9). This difference was attributed
to the size of the molecule, insofar as YO-PRO has much less steric hindrance associated with
its planar configuration. For that reason it was used for the permeability experiments

presented in this thesis. In all cases, it was used at a concentration of 1 uM.
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Figure 1.9 — Direct comparison of YP and PI uptake following nsPEF exposure.
These results demonstrate the difference in sensitivities between YP and PI for measurement

of membrane integrity. Image taken from [69].
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1.14.2 Measuring transmembrane potential

Selecting a voltage probe, on the other hand, required more consideration. Typically
voltage-sensors are divided into two slow- or fast-probes. Depending on cell type (excitable vs
non-excitable) or on the experimental objectives, both voltage-sensors have advantages and

disadvantages. A summary of their differences is available below in Table 1.1.

The major difference between slow and fast probes is the mechanism by which they
permit the measurement of Vy. (Fig. 1.10). Slow probes, also called Nernstian probes, undergo
Vm - dependent changes in their transmembrane distribution. These probes typically are
considered when looking for long-term changes (seconds to minutes) in membrane potential

that is due to alterations in ionic permeability of the membrane.

A. Fast-response probe
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Figure 1.10 — Fast-response vs slow-response voltage-probes. A In response to a
change in the local electric field, fast-response probes undergo a change in the electronic
configuration. This structural change leads to changes in the fluorescent properties of the
molecule. B Slow-response probes undergo a transmembrane redistribution that is dependent
on the membrane potential. Source for the figure -

https://www.thermofisher.com/fr/fr/home/references/molecular-probes-the-

handbook/probes-for-membrane-potential/introduction-to-potentiometric-probes.html
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Whereas the optical response time for slow probes prevents the study of single action
potentials in excitable cells such as neurons and muscle cells, the magnitude of response is
much greater than fast-response probes, in some cases approaching 100 x more sensitive (~

1% change per mV). This allows for the measurement of subtler changes in V,, over time.

Fast-probes, or electrochromic probes, are typically selected when the interest is in
very rapid changes in membrane potential. These probes undergo a change in the electronic
structure of the molecule when the surrounding electric field is changed. This change in
structure results in a change in fluorescent properties. Because the change in fluorescence does
not depend on translocation across the membrane, the optical response time is extremely fast.
Contrary to the slow probes, the cost of the rapid response is a significant reduction in

sensitivity (~ 2 — 10% change per 100 mV).

Slow Fast

How they work Membrane potential- A change in surrounding electric
dependent change in their  field results in a change in the
transmembrane electronic structure of the probe
distribution results in which changes the fluorescent
change in fluorescence properties of the molecule

Magnitude of change ~ 1% change per mV ~ 2-10% change per 100 mV

Obti Suitable for detection of Suitable for detection of

ptical response . - .
average membrane transient, rapid changes in
potential changes (from potential (ms) in neurons and
respiratory activity, ion- cardiac cells
channel permeability, drug
binding etc.)

Examples Carbocyanines and AminoNaphthylEthenylPyridium
rhodamines (cations); and = (ANEP) dyes; Forster resonance
oxonols (anions) energy transfer (FRET) sensors;

FluoVolt”

Table 1.1 — Describing fast vs slow voltage probes. Comparing the pros and cons of
various types of probe based on their mechanism of action, magnitude of change and optical

response. * FluoVolt has magnitude of change closer to 25% per 100mV.
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A commercially available slow probe, known as plasma membrane potential indicator
(PMPI); a commercially available fast-probe, FluoVolt; and a genetically encoded fast probe,
ArcLight were tested and compared to determine how they responded to a single nsPEF.
Experiments were performed to determine which would be more appropriate for our

experiments.

ArcLight is part of the rapidly evolving family of genetically encoded voltage sensors.
This next generation technology is made possible due to a fusion of a voltage sensor found in
the sea squirt, Ciona intestinalis, with a fluorescent protein (GFP) found in the jelly fish,
Aequorea victoria [70]. DNA transfection into the host cell and subsequent expression is made
possible using a baculovirus which is unable to replicate in mammalian cells [71—73]. First
described in 2012, ArcLight has been considered a revolutionary step forward in fast-response
probes and genetically encoded voltage sensors in particular because of its relatively large
magnitude of response, which has been reported to approach 35% per 100 mV change in

transmembrane potential [70].

Despite this large magnitude of response when compared to other fast voltage-probes,
when ArcLight-transfected U87 cells were exposed to a 34 kV/cm nsPEF, the relative change
was quite minimal. With such a minimal response taken with the relative inconvenience
associated with the time taken to transfect the cells, this probe was not considered ideal for

the purpose of our intended experiments.

The second fast-response voltage-sensing probe, FluoVolt, is considered to be the next
generation for electrochromes not included in the genetically encoded family. Because of the
commercial nature of this voltage-sensitive dye, the chemical structure is unknown.
Lifetechnologies, the company who distributes this dye, states that its optical resolution is in
the sub millisecond timescale and exhibits a magnitude of response up to 25% per 100 mV

change in membrane potential.

Although easy to use, requiring a simple mixing procedure along with a 15 — 30 minute
incubation period, the response observed following a 34 kV/cm nsPEF was similar to that
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achieved with ArcLight. A recent article [65] using nanosecond pulsed electric fields confirmed
that the resultant response of FluoVolt, in this case to a 3 kV/cm, 200 ns PEF was closer to 5%
than the 25 % expected. This level of response would not be adequate to determine potentially

subtle effects following application of various ion channel modulators.

The commercially available slow-response probe, PMPI, was determined to be the
most capable for answering the questions we set out to answer, and will be addressed in the
following section. This probe, also of unknown chemical structure because of its commercial
nature, was able to reliably respond with a magnitude around 20 - 30x greater than the other
probes tested. Because of the kinetics of this dye, such that an increase in fluorescence is
associated with a depolarization of the transmembrane potential, the chemical family could be

determined.

Three types of slow-response probes exist: Carbocyanines, rhodamines, and oxonols.
The two former families are cationic species. Because they are positively charged, these
molecules tend to be used more for monitoring mitochondrial membrane potential whose
resting potential is significantly more negative than that of the cell’s plasma membrane [74,
75]. Oxonol dyes, on the other hand, are anionic species which do not label mitochondria or
other intracellular organelles. This is the choice family of dyes for monitoring changes in

plasma membrane potential in vitro [76].

When compared with ArcLight and FluoVolt, PMPI has the advantage of a significantly
greater sensitivity to our nsPEF conditions. Moreover, it requires a simple dilution (0.5 pL/
mL) into the imaging solution and a 30 minute incubation period prior to use. Finally, PMPI
has been relatively well tested and validated as an appropriate tool for the optical
measurement of transmembrane potential, even when compared to patch-clamp
electrophysiology [77—80]. Taken together, this voltage-sensitive dye was selected to

investigate nsPEF effects on Vi, in the experiments to be presented.
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1.15 Image acquisition

Images were acquired using MetaFluor software (Molecular Devices, USA) in Limoges
and with MetaMorph software (Molecular Devices, USA) in Ljubljana. Prior to
experimentation the growth media was replaced with Live cell imaging solution (Molecular
probes-A14291DJ) with the addition of 20 % D - glucose at a concentration of 1.0 mg/mL.
Images were acquired every 30 seconds for experiments using PMPI, and every 3 seconds for

those using YO-PRO. Where electropulsation occurred, a 5 minute baseline of fluorescence

was collected for PMPI experiments, and a 30 second baseline for YO-PRO experiments.
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Figure 1.11 — Example of image processing and data extraction. The ROI’s are traced
around the perimeter of each cell membrane in the brightfield image (top left). These ROI's
are then copied and pasted into the fluorescence image series (top right). Both the raw
fluorescence data (bottom left) and relative fluorescence data (bottom right) is extracted for

statistical analyses.
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An example of image analysis using HT22 undifferentiated cells in Image Analyst MKII
software (Fig. 1.11). The initial step involves tracing the perimeter of the visible region of each
cell membrane which will be the regions of interest (ROIs) when extracting data. Following
this step, the ROIs were copied from the bright field image and then pasted into the
fluorescence image series. An additional ROI is traced in an area of the fluorescence image
series where no movement is observed. This final ROI will serve to remove the background
noise by subtracting its value from the entire image series. Finally, the raw and relative (AF/F,)
data is extracted and exported for statistical analysis. This was an example where PMPI was

used. YO-PRO experiments were handled in the same manner.

1.16 Statistical analysis

Following image analysis and extraction of data, statistical analyses were performed
using IBM SPSS 19 or SigmaPlot v.11. Multiple types of statistical tests were performed
throughout this thesis, all of which were parametric tests. Therefore, certain assumptions
pertaining to the dataset had to be met for these tests to be properly used and interpreted. The
following assumptions are required for all tests used in this thesis. Additional assumptions are
required depending on the statistical test used. For a review on the more specific assumptions,

refer to [81].

1.16.1 Independence of data

Because the experimental questions looked at differences between groups, the
assumption of independence had to be met. This assumption simply states that the
observations were collected on different subjects. This can be slightly difficult in in vitro
studies since we are often comparing different effects on the same cell line. Therefore, to
ensure the design was as balanced as possible, data was collected and repeated on different

days ensuring that the assumption of independence was met.
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1.16.2 Normal distribution

Since parametric tests are based off the normal distribution, it is important to ensure
that the data collected within groups is normally distributed. To measure normality, several
measures should be evaluated; including plotting the frequency distribution, evaluating the
shape of the data using values of kurtosis and skewness, analyzing P-P plots to determine if
the data collected was comparable to a theoretical normal distribution, and using the
Kolmogorov-Smirnov (K-S) test which compares the data with a theoretical dataset containing

the same mean and standard deviation.

1.16.3 Homogeneity of variance

The final general assumption to be met involved variability in the dependent variable.
This requires that the variances within conditions are approximately similar. As an example,
suppose we are interested in the electric field threshold for a 10 ns PEF. To meet this
assumption, the variability should be similar for each electric field intensity used. Levene’s test
is used for this purpose, where a significant result suggests that the variance between

conditions is not similar.

1.16.4 Violations of statistical assumptions

Two options are available when the data does not meet the conditions for parametric
testing: Either the data can be transformed using one of many available options, or it can be
removed from the analysis. The drawback to transforming data is that one must also change
any conclusions. For example, if we log transform our data for membrane depolarization, any
conclusions must interpreted in the same way. For the purpose of our results, it seems
unhelpful to make claims about the effects of PEF on the log transformed membrane

depolarization.

Therefore, we are left with the alternative, which is to remove any cases that are
significantly influencing the dataset. For the purpose of analyses outliers were defined as cells

(ROIs) whose fluorescence was beyond 2 standard deviations from the group mean (+/- 2 SD).
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1.16.5 Additional inclusionary criteria

It is worth noting that prior to testing the assumptions, additional criteria was
necessary for inclusion. In order to be considered for analysis, the cells being measured could
not undergo any excessive movement. This included an automatic exclusion of any cells
entering or exiting the field of view after the experiment commenced. Moreover, cells were
excluded in the event that other debris entered the image series and altered the measured
fluorescence in those ROIs. Finally, a stable baseline was required prior to any experimental

manipulation in order for data from that cell to be further considered.

1.16.6 Definition of threshold

Many of the results to be presented will refer to a threshold. Whether it refers to PMPI
experiments or YO-PRO experiments, the threshold was defined as the minimum electric field
intensity required to produce a response that was significantly different than the control as
determined by the statistical test performed. In the case of PMPI experiments, the threshold
refers to membrane depolarization, whereas in YO-PRO experiments this refers to membrane

permeability. The alpha criteria was set at a = 0.05 for all tests.

1.16.7 Statistical terminology and abbreviations

Each statistical test is associated with an abbreviation. Using an ANOVA, the following
will help elucidate some of the terminology that will be encountered when reading this text.
The first letter, F, is used to represent the ANOVA. If a t-test is used, a t will replace the F; and
in the case of a discriminant analysis, a A will take its place. In brackets, 2 numbers are seen
and these represent the degrees of freedom (between, within groups). Between groups degrees
of freedom (df) are calculated by subtracting 1 from the total number of groups tested. This
would indicate that 3 groups were tested in the example below. Within groups df relates more
to the sample size, where the number of groups is subtracted from the total sample size.

Following the same example, this would indicate that the total sample size was 30. The number
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14.20 is the obtained F-value, which is compared to a critical F-value and is dependent on the

degrees of freedom and the threshold for statistical significance.
F (2, 27) = 14.20, p<0.01, Q2 = 0.80

The p-value is a measure of statistical significance. If the F-value obtained is greater
than the critical F-value, the p-value will represent a statistically significant difference between
the groups tested. This value is traditionally set to either 0.05 or 0.01, which suggests that
there is a 5 % or 1 % probability that the measured significance is false. The final number is
the effect size Q2. This value represents the proportion of change in your dependent variable
due to the experimental manipulations of the independent variable. The value 0.80 means
that 80 percent of the variability in your dependent variable is due to the experimental
manipulation. Additional abbreviations will be encountered for parameters such as; sample

size (n), average (X), and standard error (SE).

1.17 Objectives and hypotheses for this Thesis

As a general overview of this chapter, whether the cell or the intracellular organelles
are targeted, ultimately the membranes surrounding them are influenced using pulsed electric
fields. Depending on the desired effect, pulse durations can be used which are greater than or
less than the membrane charging constant. When pulse durations are greater than the
charging time, we observe effects at the level of the plasma membrane. Conversely, shorter
pulse durations have the ability to penetrate the plasma membrane and influence intracellular

organelles.

The research presented in this thesis investigated pulse durations ranging from 10
nanoseconds up to 10 milliseconds on several cell lines. The major point of interest will be to
study the potential for these fields to act on transmembrane proteins, specifically ion channels.
Three experimental chapters will be presented. Because our lab specializes in nsPEF exposure,

the bulk of the data will be centered on these effects. The longer pulse durations were used in
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the final experimental chapter, which was a collaborative venture between our lab and the

University of Ljubljana.

The first chapter presents a statistical perspective on the results of nsPEF-induced
membrane depolarization. Here we examined experiments on 500 cells over 3 years and
attempted to use factors common in electrophysical models, such as cell size, shape,
orientation to the electric field, and density of cells exposed to determine how well these

parameters could predict the observed depolarization response.

The second chapter investigates the potential for nsPEF to modulate ion channel
activity in U87 cells. Here, a vast number of broad and specific modulators of a variety of ion
channels were used to determine whether they could influence the depolarizing response
following electric field exposure. The null hypothesis being, if the depolarizing response to
these fields was predominately due to electroporation of the plasma membrane, blocking

individual ion channels should not significantly alter the effect.

Finally, knowledge gained from these chapters was applied to several cell lines in a
collaborative project with the University of Ljubljana. Both excitable and non-excitable cell
lines were selected to determine effects of pulse durations ranging from 10 ns to 10 ms on
membrane depolarization. Membrane permeability was an additional parameter explored for
these experiments. The goal for this chapter was to determine whether an electric field
intensity could be found that was able to permeabilize the cells without significantly altering
the transmembrane potential. The application of such a pulse would be to permeabilize cells
targeted during electrochemotherapy treatment, while minimizing pain associated with
electrically exciting surrounding nervous tissue. A manuscript has been submitted for this
collaboration and is currently under review. The results presented in this thesis will include

only those that I directly contributed to.
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Chapter 2:
A comparative analysis of the
theoretical and experimental

interactions of PEF with cells in vitro
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2.1 Introduction

Despite decades of research into the effects of PEF on biological systems, the
mechanisms by which electric fields interact with cells are not fully understood. The present
consensus relies on the combination of mathematical models and computer simulation to

describe and predict experimental data.

A pioneer in this field of research, H. P. Schwan, was the first to mathematically
describe the interactions between electric fields and biological systems in the late 1950’s [82].
This relationship is summarized in Fig. 2.1 below, where the induced transmembrane
potential, (V,), is expected to be proportional to the applied electric field (E) and the cell radius
(R). The cosine function predicts that V, will be non-uniformly affected along the cell
membrane, such that the greatest effects would be predicted at areas of the membrane
adjacent to the electrodes. Moreover, it suggests that when two cells are exposed to an electric

field of equal intensity, the greatest effects on Vy, will be observed in the larger cell.

b m
v

Figure 2.1 — Schwan equation (steady - state). This steady-state equation predicts the
induced transmembrane potential (Vi,) on a cell with a radius (R) following the application of
an electric field with an intensity (E). The cosine function (0) suggests the effect will be

influenced by the angle at which it interacts with the membrane.

An important issue to consider with the steady-state Schwan equation is that it does
not consider the time required to superimpose an external electric field on the cell’s resting

membrane potential. This has become especially important as pulse durations have become
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shorter than the time constant for charging the plasma membrane. For that to be considered,
a modification of Schwan’s equation incorporates the pulse duration (t) and the membrane

charging time (1) (Eq 2.1).

3 &)
szzERcose(l—e Tm/)
Equation 2.1 - Schwan equation (first - order). Extension of the Schwan equation that

incorporates time (t), and the membrane charging constant (tm).

One limitation with the Schwan equation is that the more a cell deviates from a
spherical shape, the less it becomes applicable. With that said, regardless of the shape of the
cell, experimental data has demonstrated repeatedly when fluorescent markers with high
temporal resolution are used, the greatest effects are observed at membrane regions adjacent

to the electrodes [83—86].

An excellent example of this was published recently, when a genetically encoded
calcium indicator, GCamP, was used in experiments using nsPEF [87]. In Fig. 2.2 the authors
delivered 100 x 10 ns pulses at either 10 Hz (top series) or 1 Hz (bottom series) with an electric
field intensity of 44 kV/cm. In both conditions, although the time dynamics differ, a wave of
calcium can be seen entering the cell moving along the electric field gradient from the anode

to the cathode.

Sometimes, however, we find unanticipated results in the literature. Theory would
predict [88] that, under the same conditions, the cell with a larger radius should be more
influenced by the electric field than the smaller one. Yet we find results that show a positive
relationship [88], an inverse [89], or no relationship [90, 91] between the size of a cell and the

observed effects.
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Figure 2.2 — Calcium wave entering the cell from the anodic pole following
nsPEF. The top series shows results following 100 x 10 nsPEF, delivered at 100 Hz and an
electric field intensity of 44 kV/cm. The bottom exposed cells to the same parameters except
the pulses were delivered at 1 Hz. The numbers above the images are measure of time in

seconds. Figure adapted from [87].

It is possible that there are some methodological differences that could shed some light
on this discrepancy. For example, there were different cell types used in those experiments,
which included yeast, rodent and human cell lines. All cells exhibit fairly characteristic growth
patterns and rates, specific to their cell type. Since the density of cells being exposed is
expected to play a significant role in the observed effect [86, 92], perhaps this factor could
have contributed to the variation in results when considering the size of the cell. Despite the
models describing the influence of cell density on PEF effects, I was unable to find any

published articles that attempted to experimentally account for this parameter.

The objective for this section will be to determine how factors such as cell size, shape,
orientation and density can predict membrane depolarization in U87 cells exposed to a single
10 ns PEF. Although analytical and numerical models for these parameters have been
described [85, 86, 92], (Fig. 2.3) there have been no studies which have tried to experimentally

determine how all of these factors simultaneously influenced the induced transmembrane
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potential. For these analyses, additional factors such as temperature, medium conductivity,
electric field intensity, pulse shape and duration have all been held constant to reduce as many
extraneous variables as possible. One would expect that a significant contribution to the
induced transmembrane potential following a PEF will be accounted for by variables such as;
cell size, shape, the angle at which the PEF interacts with the cells major axis, and the density

of cells in the field of view.

Figure 2.3 — Theoretical interaction of an electric field and a cell membrane.
Factors such as cell size (top left), shape (top right), orientation to the electric field (bottom

left), and density of cells (bottom right) will influence the observed response following PEF.

2.2 Methods

2.2.1 Determining size, shape and orientation of cells to PEF

2.2.1.1 Calibration of images

In order to measure the size of a cell, images had to be calibrated. This was
accomplished using Image J software along with a calibration slide. The slide contained
15 micron beads, and when loaded into Image J, a line was traced across the diameter of the

bead. A measurement of the line provided a value in pixels, and since the diameter of the bead
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was known, we obtained a value of pixels / um. This value was then applied to all subsequent

images.
2.2.1.2 Determining size of the cell

The size or area of a given cell was determined using the same protocol as in 2.4.3,
where a line was traced around the visible perimeter of the plasma membrane. This procedure
was repeated for all cells in the field of view, and then added to the ROI manager in Image J.

From here the measurements for size (um2) were extracted and loaded into SPSS for analysis.

2.2.1.3 Determining shape of a cell

The cells used in these analyses were attached to the glass dish, which means that they
each varied in shape to a certain degree. Image J offers a measurement of circularity, which is
described in equation 2.2 below. This provides a unitless value with a range from o to 1, with

1 indicating a perfect circle.

ci larit 4 Area
ircularity = 4mx —————
Y Perimeter?

Equation 2.2 - Determining the shape of a cell. A predetermined parameter provided
by image J software providing a measure of sphericity. Unitless values are computed from o —

1, where 1 indicates a perfect circle.

2.2.1.4 Determining the angle of the cell with respect to the applied electric field

The ROI manager in Image J also provides a measurement of angle. This is a
calculation that initially measures the long and short axes of the plasma membrane, and then
measures the angle in degrees between the x axis of the image and the cell’s long axis. Once

this data was extracted, a correction was made for the positioning of the electrodes.

2.2.1.5 Determining the density of cells in a given image

After each cell had been traced a final ROI was traced around the entire field of view,

which was also added to the ROI manager. The density of cells per unit area (cells / um2) was
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then calculated simply by dividing the number of cells in the field of view by the area of the

image.

2.2.2 Statistical analyses

The statistical tests used in this chapter were based on the assumptions of a parametric
dataset. As such, various criteria had to be met prior to performing these tests. These
assumptions have been outlined in the general methods section of the introductory chapter

and are detailed in [81].

2.3 Results

From a large sample size of 500 U87 cells collected over a multitude of experiments
and over a three year period, variables such as cell size (um2), circularity of cell (1 indicating a
perfect sphere), angle (degrees) relative to the direction of the applied electric field, and
density of cells in the field of view (cells per um?) were extracted. These factors were
subsequently entered as predictors into a linear multiple regression. The outcome variable was

relative change in membrane potential, which was measured using PMPI.

Two variables were able to account for a small proportion of the change in V,, following
nsPEF. Circularity (n = 500, X = 0.78, SD = 0.10, p < 0.01) and density (n = 500, X = 0.0015,
SD = 0.0008, p = 0.02) entered the statistically significant model [F(2, 497) = 6.65, p < 0.01,
Q2 = 0.02]. The relationship can be represented by (Eq. 2.3). This equation, as would be
expected, highlights a positive relationship with circularity and a negative relationship with
cell density. In other words, the greatest change in Vy, post nsPEF would be expected under
conditions where fewer cells were present and when those cells were more spherical than

irregularly shaped.
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V,, = 88.4x — 9157.9y + 54.9

Equation 2.3 — Equation describing relationship between cell shape and density
with PEF-induced membrane depolarization. Here, Vy, is measured as relative change

in PMPI fluorescence; x refers to the shape (circularity); and y refers to density.

It is interesting that the statistically significant model was only able to account for
approximately 2 % of the change in Vm following nsPEF exposure. In other words, that
majority of the variability in membrane depolarization is unaccounted for using the factors
entered into the regression. Moreover, factors such as cell size and orientation to the electric

field failed to significantly contribute to the model.

After carefully looking through the data, something became apparent that wasn’t
noticed during the initial analysis. When considering the baseline fluorescence, there was a
clear grouping of data points (Fig 2.4). To test if this represented two statistically different
groups, a sequence of tests was performed. To begin, a cluster analysis was performed on the
baseline fluorescence data. Consistent with our observations, the results from the cluster
analysis divided the data into 2 groups, where 465 cells were in the first group and the other

35 cells were in the second group.

Using the groups generated from the cluster analysis, a discriminant function analysis
was performed to determine if these groups were truly statistically different from one another.
The results from this test revealed a discriminant function that explained 92% of the variance
between groups. This function significantly differentiated the baseline fluorescence data [A =

0.15, x2(1) = 946.82, p < 0.01].
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Figure 2.4 - Investigating pattern in baseline fluorescence. Two distinct clusters are
easily distinguishable when examining baseline fluorescence values. X (average of first 5
minutes pre-pulse) and y (first 2.5 minutes post-pulse) values are given in raw fluorescence

values.

These results suggest that there were two populations of cells that were significantly
different from one another despite having identical experimental protocols. Moreover, these
cells weren’t clustered temporally, meaning they represent two distinct populations that have
been collected over several years. What could be different about these cells then? Referring to
table 2.1 and 2.2 below, you will find descriptive statistics for the two groups along with a
correlation table which describes their relationship with the factors used in the multiple

regressions.
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S.a mple Minimum Maximum Mean Stal.ldé.lrd
size (n) deviation
Cluster 1
Area (um>) 465 15.09 538.62 87.05 58.56
Baseline 465 12.55 465.64 88.48 84.38
fluorescence
Circularity 465 0.36 0.96 0.77 0.10
Angle 465 0.25 179.76 95.66 51.50
(degrees)
Density 465 9.70 10° 2. 10° 1.54 10° 8.54 10
(#/pm?) - ' - |
Cluster 2
Area (um>) 35 33.33 363.48 126.24 74.08
Baseline
luorescence 35 543.81 1237.91 958.54 172.66
Circularity 35 0.65 0.90 0.80 0.08
Angle 35 0.13 177.49 92.32 46.94
(degrees)
Density 35 291 10% 282 10°  1.48 10° 4.56 10*
(#/um?)

Table 2.1 - Descriptive statistics for the two populations of cells grouped by
baseline fluorescence. For each parameter investigated, this table provides the sample size
(n), minimum, maximum, and mean values, as well as the standard deviation for both clusters

of cells.
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Fluorescence Area Fluorescence Circularity Angle Density

change (um2) baseline (degrees) (#/umz2)
Cluster 1 0.106 0.424 0.123 0.029 -0.107
Cluster 2 -0.160 -0.446 0.069 0.238 -0.072

Table 2.2 - Pearson correlation table from the multiple regression test divided
into clusters. Values in bold indicate a statistically significant correlation between those

values and the change in fluorescence using an alpha of 0.05.

Interpretation of the above two tables provides insight into the difference between
groups. Beginning with the descriptive statistics (Table 2.1), aside from the different baseline
fluorescence values, the average values from all other factors are essentially identical.
Important differences are seen, however, when we refer to the correlation table (Table 2.2).
Despite being the same cells treated in the exact same way, the first cluster is comprised of
cells that are depolarized more as the size of the cell increases; which is contrasted in the

second cluster, where depolarization is more pronounced as the size of the cell decreases.

The same pattern follows when considering the baseline values. Keeping in mind that
the baseline values are representative of the resting membrane potential, cells in cluster 1 have
a tendency to be more influenced by exposure to the nsPEF as the baseline fluorescence
increases (less negative resting membrane potential); whereas cells in cluster 2 tend to be
more influenced as the baseline fluorescence decreases (more negative resting membrane

potential).

2.4 Discussion

Since the 1950’s, electrophysical models have described the interaction between an
applied electric field and a biological membrane. These have been extremely useful in

designing experiments and interpreting results. Yet, despite multiple discrepancies between
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theoretical predictions and experimental data in the literature, the established theory has not

been challenged.

Of course these models are based off well established physical laws of
electromagnetism described eloquently by Maxwell in the mid 1800’s; however, application of
these theories into biology tends to require that a cell is reduced from a complex living thing

to a capacitor floating in conductive solution.

Molecular dynamics (MD) simulations have been a technological breakthrough that
allow us to investigate electric field effects on the individual molecules making up a cell. Yet
despite this incredible tool, the programs that determine the output are all designed based off
the same fundamental theories. One advantage of MD is modeling a dynamic structure as
opposed to the static electrophysical resistor-capacitor model. The cost of this, however, is the
requirement for tremendous computational power limiting our search to a small fraction of

the cell membrane and for a very short period of time.

The goal of this chapter was to investigate how theoretical models hold up against a
large experimental dataset. Membrane potential was selected as the outcome variable because
according to the literature, the induced transmembrane potential is the first step in a series of

biological events following electropulsation [17, 18].

The results from this section suggest that under these conditions, there
appears to be additional variables that are contributing to the nsPEF-induced
membrane depolarization. Factors such as cell size, shape, orientation to the electric field
and the density of cells being exposed failed to account for more than 90 % of variability in

membrane depolarization following nsPEF exposure.

So, what other factors could account for this variability? One possibility could include
ion channels. This idea was first explored almost 30 years ago [93], where microsecond pulses
were found to influence the activity of Na*/K* pump in human erythrocytes. Later, evidence

was presented suggesting ms-PEF may induce electro-conformational damage to voltage-gate
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channels [94]. Despite these findings, researching the potential role of ion channels in PEF-
effects has just recently began to resurge. Several studies have now shown that voltage-gated

ion channels can be activated by nsPEF [63—-65].

Directly related to the activity of voltage-gated channels, the cell cycle could provide
additional clues regarding variability in data from PEF experiments. Cells constantly oscillate
through periods of de- and hyperpolarization, associated with changes in ion channel

conductivity, that have been directly correlated with specific phases of the cell cycle [95—97].

When we consider results [89] demonstrating that membrane permeability was
significantly greater following PEF exposure of cells in the S — M phase of the cell cycle
compared to those in the G1 phase, it may not be spurious that we found two statistically
distinct groups of cells clustered by baseline fluorescence (resting membrane potential).
Furthermore, the 90/10 split between clusters is in line with the proportion of time primary
carcinomas [98], and specifically U87 cells [99], spend in G1 phase versus S, G2 and M phases.
Even If we assume that our clusters are representative of groups of cells divided into G1 and S
— M phases, several key differences make it is difficult to compare our results to those in [89];
namely different pulse durations (us vs ns), measured outcomes (permeability vs membrane

potential), and cell type used (yeast vs human cells).

With that said, more attention should be given to expanding our understanding of
electric field — cell membrane interactions. This is most important when we are looking at cell
effects over longer periods of time. Combining the results presented here, along with some of
the recent research discussed above, the influence of PEFs on transmembrane ion channels

and perhaps even the role of cell cycle effects seem like good candidates for future studies.
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Chapter 3:

Nanosecond pulsed electric fields
depolarize transmembrane poten-
tial via voltage-gated K*, Ca2* and
TRPMS channels in US87
glioblastoma cells.

(Based on published manuscript)
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3.1 Introductory Remarks

The following chapter is based on the manuscript [100]. It is worth noting that
additional experiments have been included here that were not present in the manuscript.
When considering the effects of PEF on complex living cells, the most fundamental process to
begin our investigations would be the transmembrane potential (V). The reason it is
imperative to understand the interaction of an electric field with the cell’s resting membrane
potential is because the superposition of the applied electric field on the cells Vy, is considered

to be the initial factor influencing cell behavior [17, 18] .

nsPEFs have a variety of applications in the biomedical and biotechnology industries.
Cancer treatment has been at the forefront of investigations thus far as nsPEFs permeabilize
cellular and intracellular membranes leading to apoptosis and necrosis. nsPEFs may also
influence ion channel gating and have the potential to modulate cell physiology without
poration of the membrane. This phenomenon was explored using live cell imaging and a
sensitive fluorescent probe of transmembrane voltage in the human glioblastoma cell line, U87
MG, known to express a number of voltage-gated ion channels. The specific ion channels
involved in the nsPEF response were screened using a membrane potential imaging approach
and a combination of pharmacological antagonists and ion substitutions. It was found that a
single 10ns pulsed electric field of 34 kV/cm depolarizes the transmembrane potential of cells
by acting on specific voltage-sensitive ion channels; namely the voltage and Ca2* gated BK
potassium channel, L- and T-type calcium channels, and the TRPMS8 transient receptor

potential channel.

3.2 Introduction

Nanosecond pulsed electric fields (nsPEFs) have been exploited in applications such
as cancer therapy [66, 101, 102], and have demonstrated promise in improving gene delivery

when combined with conventional pulses [103, 104]. In vitro experiments [27, 69, 105—107]
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along with support from mathematical modeling [32, 62, 108] have demonstrated that nsPEFs
cause changes in cell physiology by permeabilization of the plasma membrane and
intracellular organelles. Results have also been demonstrated in vivo with considerable nsPEF
effects on tumor growth [55] and vascular perfusion [109]. A prominent mechanistic working
model developed from MD simulations suggests that nsPEF permeabilization is mediated by
the reorganization of water molecules at the lipid membrane interface by the electric field-

induced orientation of their dipoles, leading to the formation of pores [110].

Few experimental studies or simulations have considered the potential role of
transmembrane pore-forming protein complexes and channels in nsPEF effects. A wide
variety of such ion channels exist in the plasma membrane that can influence membrane
permeability to ions and small molecules and can be gated by a wide range of stimuli ranging
from ligands (ionotropic receptors), voltage (voltage-gated ion channels), mechanical
perturbation (mechanosensitive ion channels) or changes in temperature (transient receptor

potential channels (TRPs)).

In vitro studies have primarily investigated the permeabilization of the plasma
membrane by nsPEF using the translocation of small membrane-impermeant fluorescent
molecules, fluorescent ion sensors, or electrophysiology. The latter, more direct approach of
measuring plasma membrane impedance using the patch-clamp technique was used to probe
membrane resistance following the application of nsPEFs (60 ns, 12 kV/cm), revealing a
threefold decrease in membrane resistance 80 - 120 seconds following pulse delivery with a
gradual recovery over 15 minutes [105]. Several ion channel pore blockers and ion
substitutions were used in these experiments to examine the selectivity and specificity of the
membrane permeability to various ionic species. Although this study did support MD theory
of membrane permeabilization, the authors were careful to differentiate permeabilization and
poration, and concluded that there was not sufficient evidence to confirm the creation of

aqueous pores.
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A subsequent study examined the size and lifetime of nanopores at the level of the
plasma membrane. These experiments compared the effects of nsPEF (600 ns, 0.75-10.2
kV/cm) on the uptake of small fluorescent molecules (YO-PRO, propidium iodide PI) vs the
uptake of Thallium (TI+) [111]. This investigation followed previous studies [69, 112] which
demonstrated that more intense electric field strengths were required to observe PI uptake
versus YO-PRO uptake. It was concluded that the larger PI molecules were occluded from
pores where the smaller YO-PRO molecules passed through. Because of its small size (< 1 nm),
TI+ uptake showed the presence of even smaller nanopores from which YO-PRO and PI would
be excluded. The results from this study, combined with previous findings, suggested that

nsPEF exposure led to pores smaller than 1 nanometer.

Some studies have considered the possibility that such short pulsed electric fields could
influence ion channel behavior. This alternative to electroporation was first explored in bovine
chromaffin cells using a pulse protocol of 5 ns, 50 kV/ecm [64]. By using several
pharmacological inhibitors of calcium and sodium channels, it was shown that a combination
of L- N- and P/Q-type calcium channel blockers abolished the nsPEF-induced influx of

calcium into cells, suggesting the involvement of voltage-gated calcium channels.

In a separate study, the effects of PEF’s was examined on several cell lines [63] using a
pulse duration of 500 picoseconds at 190 kV/cm, with a range of pulses up to 100 at a
frequency of 200 Hz or 1 kHz. When applying these pulse parameters to CHO cells, which
served as a negative control due to the lack of voltage-gated channels, no effects were observed
while measuring [Ca2+]; with Fura-2. Yet when tested on cell lines known to contain voltage-
gated channels, such as GH3 and NG108, the same protocol resulted in a significant increase
in [Ca2+]i. To demonstrate this effect was not due to electroporation of the plasma membrane,
voltage-gated calcium channel blockers, verapamil (L-type) and w-Conotoxin (N-type) were
utilized. While these pharmacological inhibitors could partially block the calcium response

when used separately, as a cocktail they could block 85 - 100 % of the observed PEF response.
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These results imply that the calcium increase caused by ultrashort pulsed electric fields was

mediated by voltage-gated calcium channels.

The distinction between direct permeabilization effects on the plasma membrane and
changes in ion permeability mediated by voltage-gated ion channels is important, given that
many cancers are known to express voltage-gated ion channels [113, 114]. We therefore chose
to investigate the influence of nsPEFs on the human glioblastoma cell line (U87), as it
expresses many types of ion channels that are characterized at the level of gene expression
[115] and in detailed electrophysiological recordings [116, 117]. Our working hypothesis was
that if nsPEF-induced membrane permeabilization was due to electroporation and the
formation of nanopores, the response would not be inhibited by specific pharmacological
inhibitors of ion channels. We tested this hypothesis using a fluorescent indicator of
transmembrane potential to screen a wide range of ion channel inhibitors for their ability to
inhibit a plasma membrane depolarization response caused by a single, 10 ns pulsed electric

field of 34 kV/cm.

3.3 Materials and Methods

3.3.1 Pharmacological manipulation of ion channel activity

Multiple ion channel agonists/antagonists were used to monitor their effects on
nsPEF-induced membrane depolarization. These drugs were selected based on their ability to
block channels known to be present in this cell line [97, 116—121]. All ion channel modulators

were purchased from Sigma Aldrich and are summarized by activity in table 3.1 below.
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A784168

AMTB Hydrate

BAPTA-AM

Cyclopiazonic acid

Ethylene glycol
tetraacetic acid (EGTA)

Gadolinium

HC-030031

Ionomycin

Lanthanum chloride
(LaCls)

MS8-B

Mibefradil
Nifedipine

Ruthenium Red

2-APB

Barium chloride
(BaCl2)

Clotrimazole

Glibenclamide

Iberiotoxin

10 UM

50 uM

10 uM, 30 uM
1uM

1.8 mM (replaced
C&Clz)

10 pyM

3 uM to 300 UM

iouM

100 uM

2 nM to 50 uM

20 uM
10 puM

100 uM

100 uM

2.5 mM (replaced KCl)

30 uM

50 uM

10 nM

Calcium channel modulators

TRPV1 blocker

TRPMS8 channel
blocker

IC Ca2+ chelator

Ca-ATPase
blocker/depletes ER

EC Ca2+ chelator

Broad calcium and TRP
channel antagonist

TRPA1 blocker

Ca2* ionophore

Broad calcium channel
antagonist

TRPMS8 channel
blocker

T-type VGCC blocker
L-type VGCC blocker

Broad calcium channel
antagonist

TRPC blocker

Potassium channel modulators

KIR channel blocker

IK channel blocker

ATP-dependent K*
channel blocker

BK channel blocker

15 minutes

15 minutes

45 minutes

10 minutes
15 minutes
15 minutes
15 minutes
Added prior
to imaging
15 minutes

15 minutes

15 minutes
15 minutes

15 minutes

15 minutes

15 minutes

15 minutes

15 minutes

15 minutes




Paxilline 100 UM BK channel blocker 15 minutes

Penitrem A 100 nM to 10 uM BK channel blocker 15 minutes
Phloretin 30 — 1000 UM BK activator Added prior

to imaging
Tetraethylammonium 5 mM to 100 mM Voltage-gated K+ 15 minutes
chloride (TEA) channel blocker

Sodium channel modulators

Amiloride HC] 200 UM Na+ channel blocker; 15 minutes
ASIC blocker;
mechanogated ion
channel blocker

Tetrodotoxin (TTX) 1uM Voltage-gated Na+ 15 minutes
channel blocker

Choline Chloride 140 mM Used to replace sodium 15 minutes
in imaging media

N-methyl-D-glucamine 140 mM Used to replace sodium 15 minutes
(NMDG) in imaging media

Table 3.1 - List of pharmacological agents used throughout this investigation.
Product names are given along with the concentrations used and their mechanism of action.
For clarification of abbreviations: TRP = transient receptor potential, IC = intracellular, EC =
extracellular, CaMKII = Calcium/calmodulin-dependent protein kinase II, VGCC = voltage-
gated calcium channel, Kir - inward-rectifying potassium channel, IK = intermediate
conductance calcium-dependent potassium channel, BK = big conductance calcium-

dependent potassium channel, ASIC = acid-sensing ion channel.

3.3.2 Calibration of PMPI voltage-dye

In order to obtain information regarding membrane potential from fluorescence data
the fluorophore (PMPI) needed to be calibrated. Cells were incubated in the same method as
above; however, several imaging solutions were made where the concentration of NaCl was

replaced by increasing amounts of KCl (2.5 mM, 25 mM, 50 mM, 100 mM, and 140 mM). An
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estimate of membrane potential was then computed by applying the Goldmann equation and
comparing the fluorescence data at various K+ concentrations with the calculated membrane
potential at those concentrations. Although semi-quantitative in nature, this method allowed
for a general estimate of the changes in membrane potential over time following exposure to

nsPEF.

The results from the calibration were compared to separate results calibrating PMPI
using patch-clamp electrophysiology (section 3.4.1). Here, cells were exposed to a voltage-
ramp while PMPI fluorescence was measured. With these results, we were able to compare
both quantitative and semi-quantitative measures of transmembrane potential and use this

data to estimate the magnitude of depolarization following electric field exposure.
3.3.3 Statistical analyses

Statistical analysis was performed using IBM SPSS 19. Assumptions were met for
analysis using parametric tests. More detail on the individual statistical analyses can be found

in the general methods section of the introductory chapter, in addition to [81].

3.4 Results

3.4.1 Calibration of PMPI

The first step in our investigation was to calibrate PMPI. Although semi-quantitative
in nature, using different calibration methods it should be possible to determine a change in
transmembrane potential in response to a stimulus. This is different than knowing the
absolute value of the transmembrane potential at a given moment; however, knowing how
much a given manipulation is altering Vy, is still useful for interpreting effects. PMPI
calibration was performed using potassium [K+] gradients and additionally using patch-clamp

electrophysiology.
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3.4.1.1 Potassium calibration

Calibration of the dye using K+ was achieved by monitoring the change in relative
fluorescence over time using varying concentrations of extracellular K+. For a period of 30
minutes, imaging medium was exchanged every 5 minutes with [K+] from 2.5 mM to 140 mM
(Fig. 3.1). Maximum depolarization of the transmembrane potential occurred following the

addition of 100 mM [K+].

Membrane depolarization (Af/f0)

5 10 15 20 25 30
Time (min)
Figure 3.1 - Calibration of PMPI by varying extracellular K+. Relative fluorescence
changes for PMPI were measured over time in response to increases in extracellular [K*].
Potassium concentration was gradually increased from 2.5 mM to 140 mM with a step

occurring every 5 minutes Results are the average from 5 experiments. Error bars represent

+/-2 SE

Because we were most interested in the change in relative fluorescence at different
concentrations of extracellular [K*], a linear regression was performed to determine the
relationship between variables. It should be noted that maximum depolarization occurred at
100 mM; therefore, the 140 mM data was not entered into the regression because no useful
information could be obtained. The relationship between relative fluorescence and
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extracellular [K*] can be summarized using Eq. 3.1 below in which 96 % of the variability can

be explained by the relationship between variables.
y = 0.0993x — 0.479,R? = 0.96

Equation 3.1 — Equation describing relationship between extracellular
potassium concentration and membrane depolarization between 0 and 100 mM
[K+]. A linear regression was performed to find a relationship between relative fluorescence

and the extracellular [K+].

3.4.1.2 Calibration using electrophysiology

The next step involved a similar approach as above, using patch-clamp
electrophysiology. Cells (n = 4) were exposed to a voltage-step ranging from -9go mV to +10 mV
for five minutes and the relative fluorescence was recorded. The results obtained from these
experiments were best fit using a 214 order polynomial expression, which is summarized in
equation 3.2 below, where the experimental manipulation accounted for 99% of the variability.
This equation suggests that every increase in 1 relative fluorescent unit is associated with a

membrane depolarization equivalent to 22.7 mV.
y = 0.0052x% — 0.1198x + 1.0402,R? = 0.99

Equation 3.2 — Equation describing relationship between membrane potential
and PMPI fluorescence. A 2" order polynomial equation was best able to explain the
relationship between the transmembrane potential (mV) and the relative fluorescence

measured.

PMPI calibration using two methods should allow us to generate a semi-quantitative
estimate regarding the PEF effects on Vy. Table 3.2 below provides a comparison of the

relative fluorescence changes using K+ calibration and electrophysiology. The last column
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provides an estimation, using the Goldman-Hodgkin-Katz (GHK) equation (Eq 3.3), of the
transmembrane potential changes associated with alterations of the extracellular potassium
concentration. Results from both electrophysiology and GHK estimation of the V,, are seen in
columns 2 & 4. Relative fluorescence changes using PMPI under both calibration methods

result in very similar (+/- 4 mV) changes in Vp,.

RT <Pk [K*]; + pna [Na™1; + per [C17]; )
F

Vi =—1In

" Pk [K+]o +pNa [Na+ ]o +pCl [Cl_]o
Equation 3.3 — Goldmann equation. Describes the predicted membrane potential based
on the concentrations of ions inside [X]; and outside [X], of the cell, where X is Na*, K+, or Cl-
, in addition to factors such as membrane permeability (p) of a give ion species, The gas

constant (R), Faraday’s constant (F) and the temperature (T).

ﬂul({)f'least(t‘elflce A‘lgm {lmV) [K+]o GH?(‘;nslt(iIIrlll‘gion
(AF/F,) phys

1 22.7 14.9 18

20.3 25.0 26
3 341 35.0 32
4 38.0 45.1 37
5 41.4 55.2 42
6 44.5 65.2 45
7 47.3 75-3 48
8 49.9 85.4 51

Table 3.2 - Comparison between calibration methods for PMPI. This table
summarizes the membrane potential change following nsPEF delivery for both the

electrophysiology and potassium calibration.

3.4.2 Determining the threshold of electric field intensity
required for nsPEF-induced membrane depolarization.

In order to determine the threshold for membrane depolarization, electric field

intensity was varied (16.5 kV/cm, 22 kV/cm, 34 kV/cm, and 44 kV/cm). When comparing the
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group means 2.5 minutes post pulse, significant group differences were observed. Applied
electric field strengths of 16.5 kV/cm or 22 kV/cm were not significantly different than the no
pulse conditions, although the latter was qualitatively different. Both the 34 kV/cm and 44
kV/cm applied field strengths were significantly different than control conditions (Fig. 3.2).
In each case, membrane depolarization caused by a single 10 ns pulse was transient,

recovering in 15 - 20 minutes.
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Figure 3.2- Determining the electric field threshold for a single nsPEF to
depolarize plasma membrane. An analysis of variance indicated there was a significant
difference in relative fluorescence between groups exposed to different electric field strengths
[F (4, 26) = 27.82, p < 0.01, Q2= 0.80]. Post hoc analysis followed using the Games-Howell
method. Significant membrane depolarization was observed when using applied field
strengths of 34 kV/em [n = 5, X = 2.85, SE = 0.17, p < 0.01, r = 0.99] and 44 kV/ecm [n = 5, X
= 2.90, SE = 0.56, p < 0.01, r = 0.97] when compared to control conditions [n = 8, X = 0.01,
SE = 0.02]. When field strength was reduced to either 22 kV/em [n = 5, X = 0.89, SE = 0.31]
or16.5kV/cm [n = 5, X = 0.001, SE = 0.03] no significant effect was observed, though a visible
qualitative response in the 22 kV/cm condition. Pulse deliver occurred at 5 minutes and is

indicated by arrow in figure. Error bars represent +/- 2 SE
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3.4.3 Fluorescence imaging of plasma membrane
depolarization following a single 34 kV/cm nsPEF.

One of the most conspicuous features of the membrane potential dye (PMPI) is its
unequal distribution within the cell. The 2-part dye responds to changes in membrane
potential by entering or exiting the cell. During depolarization, the anionic, charged
component enters the cell resulting in an increase in fluorescence (Fig. 3.3 a, b). This response
is reversed during repolarization as the charged molecules exit the cell and interact with the

quenching agent present in the extracellular space thereby decreasing the fluorescence.
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Figure 3.3 - Fluorescence imaging of U87 cells prior to and after delivering a
single nsPEF with an electric field intensity of 34 kV/em. PMPI is a two-part indicator
of membrane potential consisting of an anionic, charged component and a quenching agent
restricted to the extracellular space. Upon depolarization of the plasma membrane, the
charged molecules enter the cytosol and increase in fluorescence intensity. Pseudo-colored
images are shown for enhanced contrast. a and b depict the fluorescence change pre vs. post
pulse. ¢ is a surface plot montage of the selected region in a framed by the square. The nsPEF
was delivered after five minutes, corresponding to the tenth image of the montage marked by

the arrow. Maximum depolarization can be seen after 60 seconds and individual regions of
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intense depolarization are observed throughout the remainder of the experiment at different
time points. d is an example taken from the surface plot highlighting the geometry of these
punctate regions where depolarization of membrane potential first occurs in response to the

nsPEF (x and y axes are given in micrometers, while the z axis is in raw fluorescence changes).

3.4.4 Inhibition of nsPEF depolarizing effect with BK channel
blockers.

In order to investigate the role of ion channels in the nsPEF depolarization, multiple
ion channel antagonists were tested for their ability to abrogate the response to a single
34 kV/cm nsPEF. If depolarization was mediated by pores, then none of the pharmacological
channel-blockers would be expected to inhibit the response. The following section investigates

the influence of nsPEF on a subtype of voltage-dependent potassium channels.

U87 cells are known to express several potassium channels, many of which are voltage
dependent. Because the observed depolarization was slow, taking place over minutes, non-
voltage-gated channel antagonists were also used. Inhibitors of voltage-and-calcium-
dependent potassium channels were found to inhibit the depolarization of the plasma
membrane caused by a single nsPEF (fig. 3.4 below). When inhibitors of voltage-and-calcium-
dependent potassium channels (BK, SK, IK), Inward rectifying potassium channels (Kiz) and
ATP-dependent potassium channels (Karp) were compared with nsPEF-only conditions, there
was a statistically significant difference in their ability to abrogate the nsPEF depolarization

(fig. 3.4 below).

Prior to depolarization, the dye can be seen clustering into small, punctate regions.
Although the spatial distribution of labelling varied in each cell, the clusters accounted for
roughly 15 - 20 percent of the observable plasma membrane, with the small punctate regions

ranging from 0.5 - 1.0 um in diameter (fig. 3.3 c, d).
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Post-hoc analysis using Games-Howell method indicated the source of the significant
difference was between the nsPEF only condition and those cells pretreated with 10 pM
Penitrem A and 100 mM TEA. No significant differences were observed between nsPEF
depolarized cells and cells those treated with any of the other inhibitors. Results are presented

in Fig. 3.4 below.

254

1L .

Membrane depolarization (Af/f0)
N

154 * *
4 T
o
e x
054 < El‘) x X < .
>
o x
a2 N @ v \s N
& & e &S
> ) g RS O
X S & & S
& & & PO
; Q’\io (o <& ;
+ nsPEF

Figure 3.4- Effects of potassium channel blockers on nsPEF-induced membrane
depolarization. An analysis of variance indicated there was a significant difference between
the mean fluorescence between groups using different potassium blockers [F (6, 64) = 17.09,
p < 0.01, Q2 = 0.60]. Post hoc analysis using the Games-Howell method revealed the
following: when comparing control conditions (nsPEF only) and those with potassium
channel blockers, only Penitrem A, a specific BK channel blocker [n = 5, X = 0.75, SE = 0.26,
p < 0.01, T = 0.96]; and 100 mM TEA, a broad voltage-gated potassium channel blocker (Ky)
[n = 16, X = 0.58, SE = 0.26, p < 0.01, r = 0.96] significantly inhibited membrane
depolarization from a single 34 kV/cm, 10 nsPEF. Inhibiting ATP-dependent (Karp) channels
with Glibenclamide [n = 9, X = 2.73, SE = 0.27], small conductance voltage-and-calcium
dependent potassium (SK) channels with 5 mM TEA [n = 5, X = 2.42, SE = 0.18], intermediate
conductance voltage-and-calcium dependent potassium (IK) channels with 30 uM
Clotrimazole [n = 11, X = 2.55, SE = 0.09], or inward rectifying potassium channels (Kiz) with

2.5 mM Barium chloride (BaCl.) [n = 10, X = 2.24, SE = 0.40] produced no significant
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differences from controls. Asterisks * represents statistical significance at alpha = 0.05

compared to nsPEF only condition. Error bars represent +/- 2 SE

Whereas the 100 mM TEA condition significantly inhibited the nsPEF-induced
depolarization, the 5 mM TEA did not. Since it is known that Ky inhibition at high
concentrations (> 10 mM) of TEA are known to include BK channels but not at low
concentrations (< 10 mM) [116], a range of TEA concentrations were used next to investigate
the dose-response of the TEA inhibition of the nsPEF depolarization. A statistically significant
trend can be seen, whereby increasing concentrations of TEA inhibited the nsPEF-induced

membrane depolarization (Fig. 3.5).
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Figure 3.5 - Concentration-dependent inhibition of nsPEF depolarization by TEA.
Comparing the nsPEF-induced membrane depolarization measured using increasing
concentrations on tetraethyl ammonium (TEA) compared to the control conditions showed
significant group differences [F (5, 46) = 25.32, p < 0.01, Q2= 0.72]. Post hoc analysis using
Games-Howell test were conducted. Whereas 5 mM [n = 5, X = 2.42, SE = 0.18] TEA
concentrations did not have statistically significant effects on nsPEF-induced depolarization,
alinear trend can be seen as concentrations increase reaching statistical significance at 10 mM
[n=7,X=1.58,SE =0.15,p = 0.02, T = 0.69], 20 mM [n = 5, X = 1.13, SE = 0.34, p = 0.02, T

=0.87],50 mM [n = 5, X = 0.68, SE = 0.22, p < 0.01, T = 0.84], and 100 mM [n = 15, X = 0.57,
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SE = 0.08, p < 0.01, T = 0.96] TEA. Asterisks * represents statistical significance at alpha =

0.05 compared to nsPEF only condition. Error bars represent +/- 2 SE

Post-hoc analyses using Games-Howell reveal that statistically significant nsPEF
inhibition was observed in conditions using 10 mM, 20 mM, 50 mM, and 100 mM TEA

concentrations, but not with conditions using 5 mM TEA.

Since results from experiments using high concentrations of TEA and those using the
selective BK channel blocker, Penitrem A, suggest that BK channel blockers can inhibit the
nsPEF-induced membrane depolarization; two additional BK channel blockers were
investigated: 100 uM Paxilline and 10nM Iberiotoxin. When compared to the nsPEF only
condition BK channel block resulted in statistically significant inhibition of nsPEF-induced
depolarization (Fig. 3.6a). Post-hoc analysis using Games-Howell indicated that Paxilline but

not Iberiotoxin was able to significantly inhibit depolarization following nsPEF.

If the nsPEF application was depolarizing transmembrane potential via activating the
BK channel, as suggested by the inhibition of these effects by BK inhibitors, one would also
expect that activation of the BK channel by pharmacological agonists should produce similar
changes in PMPI as induced by nsPEF. To confirm this, a specific activator of the BK channel
was used without any exposure to pulsed electric fields. When 10 uM Phloretin was added to
gate the BK channel, a depolarization was observed that was statistically similar to that

observed following nsPEF (Fig. 3.6b).
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Figure 3.6 - BK channel blockers significantly inhibit membrane depolarization
following 34 kV/cm nsPEF. a- An analysis of variance indicated there was a significant
difference in mean fluorescence between groups [F (4, 49) = 27.79, p < 0.01, Q2= 0.70]. Post
hoc analysis followed using the Games-Howell method. When comparing nsPEF only
conditions to those with Paxilline [n = 5, X = 0.35, SE = 0.25, p < 0.01, r = 0.94] and
Iberiotoxin [n = 15, X = 2.64, SE = 0.26], only the condition with 100 uM Paxilline significantly
inhibited the nsPEF-induced depolarization. b- A two-tailed t-test comparing relative
fluorescence measures indicated there was no significant difference between group means [t.
tin(11) = 0.32, p = 0.75] when 10 uM of Phloretin [n = 4, X = 3.26, SE = 0.14] was added to the
external media, compared to the response observed when cells were exposed to nsPEF [n = 9,
X = 3.10, SE = 0.32]. Data for tetraethyl ammonium chloride (TEA) and Penitrem A are
included from figure 4. Asterisks * represents statistical significance at alpha = 0.05 compared

to nsPEF only condition. Error bars represent +/- 2 SE
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3.4.5 Depolarizing response of nsPEF is calcium-sensitive.

Among the potassium channel blockers explored, BK channel blockers were the only
ones able to significantly inhibit membrane depolarization following nsPEF application. Its
role was confirmed by using specific BK channel activators which mimicked the response
observed following pulse application. Given that the BK channel can be gated by voltage-and-
calcium, it was expected that modulating calcium should influence the sensitivity of the
response to nsPEF. To test whether modulating intracellular and extracellular calcium
concentrations could influence the threshold depolarization response following nsPEF,
experiments were conducted using the following parameters: calcium-free conditions were
performed with cells that were incubated with 10 uM BAPTA—AM and 1.8 mM Ethylene glycol
tetraacetic acid (EGTA) substituted for 1.8 mM calcium chloride; and conditions where 10 uM

of the calcium ionophore Ionomycin was added.

As represented in Fig. 3.7, altering the concentration of calcium shifted the threshold
of the electric field intensity required for depolarization. In the control condition (n = 25), the
EF50 (electric field required for 50 % maximal depolarization response) was determined to be
26.15 kV/cm where a maximal response was considered 100 %: A significant shift to the left
was observed in the Ionomycin condition (n = 19) where the EF50 was 20.34 kV/cm and the
maximal response exceeded the control by 10 %, whereas in the calcium-free condition (n =
21) the EF50 was shifted significantly to the right to a value of 45.43 kV/cm with the maximal
response being less than 50 % of that under control conditions. Descriptive statistics for these

results can be found in Table 3.3.

75



120 4 —+

100 + - ¢

80 <+ -

60 +

20 +

Percent depolarized response (%)

) 0 20w s
Electric field intensity (kV/cm)
Figure 3.7 - Calcium-dependent threshold response curves in response to nsPEF
of varying electric field strengths. Removing extracellular and intracellular calcium
resulted in an EF50 (electric field intensity required to produce 50 % of the maximal
depolarization) of 45.43 kV/cm (blue trace) and reduced the maximal response to less than 50
% of that observed in control conditions where the EF50 was determined to be 26.15 kV/cm
(black trace). An opposite shift in EF50 of 20.34 kV/cm (red trace) was observed using the
calcium ionophore Ionomycin, which also resulted in a 10 % increase in maximal response
compared to control conditions. The overall fit for these dose-response curves was very good
with statistically significant differences between groups [x2(2) = 0.38, p < 0.01, Adj. R2= 0.99].

Error bars represent +/- 2 SE

76



Electric field Control Calcium-free Ionomycin

strength (kV/cm)

Baseline n=8,X=187,SE= n=3,X=0.93,SE= n=4,X=2.58,SE =
0.47 0.40 0.76

16.5 n=3,X=247,SE= n=3,X=156,SE= n=3,X=10.38, SE
1.02 0.21 =1.70

22 n=4,X=30.73,SE n=5,X=542,SE= n=4,X=175.30,SE
=10.78 1.22 =19.38

34 n=5,X=91.93,SE n=5,X=2540,SE n=3,X=100.94,
= 8.56 =3.06 SE =14.83

44 n =5, X =100.00, n=5,X=46.01,SE n=5,X=114.03, SE
SE =8.56 =10.60 =0.42

Table 3.3 - Descriptive statistics from figure 3.7. Sample sizes (n), means (X), and
standard errors (SE) are included by calcium condition for each level of electric field strength

used.

Knowing that calcium was important for the nsPEF depolarizing effect, subsequent
experiments were undertaken to determine whether the source of the calcium; being either
extracellular (EC), intracellular (IC) or via release from the endoplasmic reticulum (ER)
played a role in the amplitude of the response. These experiments were separated into
extracellular calcium-free, intracellular calcium-free, and ER depleted; and these were
compared to both the controls and the calcium-free (IC+EC) results above. Cells were
incubated with 1.8 mM Ethylene glycol tetraacetic acid (EGTA), which was substituted for the
calcium chloride in the media for the EC calcium-free condition; whereas for the IC calcium-
free condition cells were incubated with 10 yM BAPTA-AM; and for the ER calcium-depleted

procedure cells were incubated with 1 uM Cyclopiazonic acid (Fig. 3.8).

Whereas conditions using 1 uM Cyclopiazonic acid were not significantly different than
controls, removing calcium from the extracellular and intracellular environment resulted in
significant inhibition that was statistically similar to those observed when removing EC and
IC calcium. Although removing EC and IC calcium resulted in significant inhibition of the
nsPEF-induced membrane depolarization, the greatest effect was observed when EC calcium

was removed.
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Figure 3.8 - Comparing the role of calcium from intracellular, extracellular and
endoplasmic reticulum compartments. An analysis of variance indicated there was a
significant difference in average fluorescence between groups [F (4, 41) = 16.44, p < 0.01, Q2
= 0.60]. Post hoc analysis followed using the Games-Howell method. Significant differences
in depolarization were observed when comparing controls with 1.8 mM calcium in media [n =
9, X = 3.10, SE = 0.32] to conditions where EC calcium was removed by substituting 1.8 mM
EGTA for calcium in the media [n = 7, X = 0.88, SE = 0.11, p < 0.01, r = 0.95], IC calcium was
removed by adding 10 uM BAPTA-AM [n = 10, X = 1.28, SE = 0.18, p < 0.01, r = 0.89], or both
[n = 5, X = 0.74, SE = 0.09, p < 0.01, r = 0.96]; however, no significant effect was observed
when calcium from the ER was depleted using 1 uM Cyclopiazonic acid [n = 11, X = 2.44, SE =
0.27]. Asterisks * represents statistical significance at alpha = 0.05 compared to nsPEF only

condition. Error bars represent +/- 2 SE
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Next, to test whether the influence of calcium on the depolarizing response was solely
due to its role in modulating BK channel function or by nsPEF modulation of voltage-gated
calcium channels, a series of experiments using several calcium channel blockers were
performed (Fig. 3.9). Broad calcium entry channel blockers, Gadolinium, Lanthanum chloride
and Ruthenium Red were investigated; as were L-type calcium channel blocker Nifedipine and
T-type calcium channel blocker Mibefradil. Calcium can also enter via non-voltage-gated
calcium channels such as the family of transient receptor potential (TRP) channels; therefore,
selective TRPA1 blocker HC030031, TRPV1 blocker A784168, TRPC blocker 2-APB, and
TRPMS blockers M8-B and AMTB hydrate were tested for the capacity to block the nsPEF

depolarization response.

Analysis revealed a statistically significant difference between conditions. Post hoc
analyses using Games-Howell method revealed a significant inhibition of membrane
depolarization between 10 uM Nifedipine, 20 uM Mibefradil, combined 10 uM Nifedipine and
20 uM Mibefradil, 100 uM Gadolinium, 100 pyM Ruthenium Red, 100 uM Lanthanum
chloride, 100 UM 2-APB, 50 uM M8-B, and 50 uM AMTB hydrate conditions when compared
with controls. Conversely, no significant differences were observed between control conditions

and those using 300 uM HC030031 or 10 uM A784168.
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Figure 3.9 - Effects of calcium channel blockers on nsPEF-induced membrane
depolarization. An analysis of variance revealed a significant difference in mean
fluorescence between groups [F (11, 91) = 11.71, p < 0.01, Q2= 0.56]. Post hoc analysis were
then performed using the Games-Howell method. Conditions using 10 uM of TRPV1 blocker
A784168 [n = 9, X = 3.43, SE = 0.42], or 300 uM of TRPA1 blocker HC030031 [n = 6, X =
2.38, SE = 0.41] produced no significant differences from control conditions [n = 9, X = 3.10,
SE = 0.32]. Significant inhibition of nsPEF-induced membrane depolarization was observed
in conditions using broad calcium channel blockers 100 uM Gadolinium [n = 9, X = 1.69, SE
= 0.12, p = 0.04, I = 0.70], 100 uM Ruthenium Red [n =7, X = 1.43, SE = 0.23, p = 0.04, T =
0.71] and 100 uM Lanthanum chloride [n = 7, X = 1.07, SE = 0.33, p = 0.02, r = 0.83]; with
the selective L-type calcium channel blocker 10 uM Nifedipine [n = 6, X = 1.41, SE = 0.14,p =
0.02, 1 = 0.90], T-type calcium channel blocker 20 uM Mibefradil [n = 8, X = 0.81, SE = 0.23,
p < 0.01, r = 0.91], or when 10 uM Nifedipine was combined with 20 uM Mibefradil [n = 4, X
= 0.71, SE = 0.29, p < 0.01, T = 0.93]; as well as with TRPC blocker 100 uM 2-APB [n =9, X =
1.57, SE = 0.19, p = 0.03, r = 0.69], or TRPMS blockers 50 uM M8-B [n = 5, X = 0.88, SE =
0.28, p < 0.01, T = 0.91] and 50 uM AMTB hydrate [n = 9, X = 0.44, SE = 0.18, p < 0.01, T =
0.95]]. Asterisks * represents statistical significance at alpha = 0.05 compared to nsPEF only

condition. Error bars represent +/- 2 SE
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3.4.6 nsPEF-induced membrane depolarization is not mediated
by voltage-gated Na+ channels; however, Na+ ions may still be
involved.

With evidence that nsPEF depolarization responses were abrogated by inhibitors of
voltage-gated K* and voltage-gated Ca2* channels, the following section investigated inhibitors
of voltage-gated Na+* and Cl- channels. For these experiments 1 uM of Tetrodotoxin (TTX) and
200 UM of Amiloride hydrochloride were used to block voltage-dependent Na+ channels.
Further tests were performed by removing extracellular Na+ and replacing it with equimolar

140 mM N — methyl — D - glucamine (NMDG) or Choline chloride.

The results from this series of investigations revealed (Fig. 3.10) a significant difference
in group means. It should be noted that the assumption of homogeneity of variance was not
met as determined using Levene’s test; therefore, Welch’s F test was used as a correction. Post
hoc analysis using Games-Howell test showed no significant differences between conditions
using TTX or Amiloride HCl when compared with controls. In contrast, removing extracellular
sodium using either NMDG or Choline chloride significantly inhibited membrane

depolarization caused by nsPEF.

These results, however, are difficult to interpret given that both NMDG and Choline
chloride are known to block BK channel activity [122, 123]. Confirmation of this fact is evident
in the same analysis where 10 uM Phloretin was applied in the presence of Choline chloride
and the depolarizing effect observed above, which was on the same order of magnitude as that

observed following nsPEF delivery, was abolished.
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Figure 3.10 - Comparing effects from sodium and chloride channel blockers on
nsPEF-induced membrane depolarization. An analysis of variance, reporting Welch’s
F due to a violation of the assumption of homogeneity of variance, revealed a significant
difference in mean depolarization responses between groups [F (6, 20.3) = 61.69, p < 0.01, 2
= 0.70]. Post hoc analysis using the Games-Howell method found no significant effects on
depolarization response following nsPEF delivery when comparing control conditions [n = 9,
X = 3.10, SE = 0.32] to those with voltage-gated sodium channel blockers 1 uM TTX [n = 7, X
= 2.96, SE = 0.25] and 200 uM Amiloride hydrochloride (HCI) [n = 8, X = 2.93, SE = 0.69].
Conversely, when sodium was replaced in the extracellular media there was significant
inhibition of the membrane depolarization using either N — methyl — D - glucamine (NMDG)
[n =9,X =0.53, SE = 0.11, p < 0.01, r = 0.96] or Choline chloride [n = 9, X = 0.51, SE = 0.05,
p < 0.01, r = 0.97]. Repeating the experiments with Choline chloride in the presence of the BK
channel activator Phloretin 10 uM resulted in inhibition of the depolarizing response [n = 10,

X =0.04, SE = 0.02, p < 0.01, r = 0.98]. Error bars represent +/- 2 SE
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3.4.7 nsPEF-block is reversible.

In order to demonstrate that the inhibitors used were in fact inhibiting the nsPEF-
induced membrane depolarization, we first had to rule out the possibility that the inhibitors
were depolarizing the cells during the incubation period. If they were indeed depolarizing the
cells they would not have the ability to further depolarize in response to nsPEF, which could
explain nsPEF depolarization-inhibition. This possibility was ruled by applying multiple
pulses at five minute intervals and observing the response over time. After three initial pulses,
the imaging solution containing the inhibitor was washed off and replaced with the control

solution (Fig. 3.11).

5
1 nsPEFl

mmmm control
m TEA

mmmm Penitrem A

Inhibitors removed

Membrane depolarization (Af/f0)

5 10 15 20 25 30
Time (min)

Figure 3.11 - Reversibility of the TEA and Penitrem A inhibition of the nsPEF-
induced membrane depolarization. A single 34 kV/cm nsPEF (n = 9) was delivered every
5 minutes (indicated by black arrows in figure) while the TEA (n = 15)/Penitrem A (n = 6)
(solution was replaced with control solution after 17.5 minutes (indicated by black bar in
figure) demonstrating that the inhibition of the nsPEF-induced depolarizing response was not
due to any depolarizing effect of inhibitors during incubation. For the purpose of clarity, only
the 10 uM Penitrem A and 100 mM TEA data is displayed. Reversibility of the response was

consistent among other inhibitors. Error bars represent +/- 2 SE
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Following the removal of the pharmacological inhibitor, subsequent nsPEF delivery
produce depolarizing response expected in the control conditions. This reversibility of the
nsPEF block demonstrates that the cells were not depolarized during incubation and that the
inhibitors used were in fact inhibiting the plasma membrane depolarization following nsPEF
application. Another important feature is that repolarization of the resting membrane

potential could be prevented by applying a subsequent pulse every five minutes.

3.5 Discussion

The purpose of this investigation was to study the role of voltage-gated ion channels in
the depolarization response of the transmembrane potential following delivery of a single 10
nanosecond pulsed electric field. A combination of pharmacological inhibitors and a
fluorescent indicator of plasma membrane potential was used with live cell imaging to evaluate
the role of the various ion channels expressed in human U87 glioblastoma cells. These intense,
short duration pulsed electric fields are known to exert their influence on cell physiology by
inducing a transmembrane voltage across the cell leading to the formation of pores in the
plasma membrane and intracellular organelles. This study implicated several ion channels in
the nsPEF response and pharmacologically discriminated the specific voltage-gated channels

involved.

The membrane potential indicator (PMPI) we employed in our investigations has
previously been used in several studies and has been shown to be a valuable tool for
monitoring membrane potential with higher throughput than patch clamp electrophysiology
[77, 124, 125]. Our calibration of PMPI fluorescence with transmembrane potential was
consistent with previous studies that compared PMPI fluorescence using electrophysiology

[126].

By using a wide range of ion channel blockers and ion substitutions, we have provided
strong evidence that the application of a single nsPEF is directly modulating ion channels
within the parameters used in this study (10 ns pulse, 34 kV/cm). With that said, these results
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may at first appear to be somewhat contrary to what one would expect. It is counterintuitive
that the BK channel would gate at a negative resting membrane potential in the absence of
Caz*as we have observed with nsPEF depolarization; however, this has been reported in non-
excitable cells and the mechanism is well characterized [127]. The BK channel is primarily a
hyperpolarizing channel and blocking the BK channel would be expected to increase the
depolarizing effect observed; however, multiple studies have demonstrated that blocking the
BK channels could have an inhibitory effect on depolarization and neurotransmitter release
[128—130]. Interestingly, the BK channel has been demonstrated in some cells to operate in a
biphasic mode [131, 132]. In excitable cells such as neurons, the activation of BK channels
induces a hyperpolarizing response leading to a decrease in intracellular calcium and closing
of voltage-gated calcium channels creating a negative feedback loop. Conversely, in non-
excitable cells activation of BK results in increased intracellular calcium through activation of
non-voltage gated calcium channels thereby increasing the driving force of calcium, and

creating a positive feedback loop.

It is worth noting that the dimensions of punctate depolarized clusters and “hotspots”
observed in PMPI labelling are consistent with previously measured size and distribution of
lipid rafts within the cell membrane [133, 134]. From a physiological perspective, it is well
established that many ion channels including voltage-gated ion channels are commonly
clustered in lipid rafts [117, 134]. Specifically the BK channel has been shown to form

complexes with T-type calcium channels [135] and L-type calcium channels [136].

The positive-feedback relationship between calcium channels and BK channels
explains the results presented in this work and can be summarized as follows: Activation of T-
type and L-type voltage-gated calcium channels by the nsPEF generates an inward calcium
current which results in activation of BK channels. Activation of voltage-gated calcium
channels has been confirmed previously with 5 ns, 50 kV/cm pulses [64] and shorter 500 ps,
190 kV/cm pulses [63]. Here, BK activation creates an outward potassium current which can

activate calcium influx through non-voltage-gated calcium channels [131, 132], in the case of

85



U87 cell, where TRPMS8 channels are known to interact with BK channels in glioblastoma cells
[137]. Itis also possible that the nsPEF could simultaneously activate BK channels and voltage-
gated calcium channels. The fact that using a specific BK channel activator could depolarize

the cells to a similar degree as the nsPEF corroborates this possibility (Fig. 3.12).

Na+, Ca2+ , N Ca2+

‘—

Extracellular

TRPMS8

Cytoplasmic

v KI- v

Figure 3.12 - Proposed mechanism of direct interaction between nsPEF and
voltage-gated channels along with downstream effects on non-voltage dependent
channels. 1. A single 10 ns, 34 kV/cm nsPEF activated voltage-gated calcium channels (L. and
T-type) along with the voltage- and calcium-dependent BK channels, causing an influx of Ca2+
and efflux of K+. 2. The K+ efflux then triggers further Ca2+ entry through non-voltage-gated
cation channels (TRPMS8). 3. This action establishes a positive feedback loop and results in

further membrane depolarization.

Considered the “gold standard” for studying BK channel activity, the lack of inhibitory
action of the selective BK channel blocker, Iberiotoxin, was an unexpected result. However,

reviewing the literature shed light on this apparent mystery. Toxin resistant BK channels have
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been described since the late 1980’s [138]. Originally found to be insensitive to Charybdotoxin,

these channels are also insensitive to Iberiotoxin, which is a closely related toxin [139].

As a general overview of the BK channel, it consists of a tetrameric assembly of alpha
subunits (BKa), which are responsible for creating the pore forming domain, and also contain
the calcium biding domain and voltage sensing domain. Co-expressed with the alpha subunits
are auxiliary beta subunits which are known to modulate the channel’s activity [132, 140, 141].
The resistance to toxins is due to the presence of a specific isoform of the beta subunit (34),
which is known to be widely expressed in the brain [142—-144]. Moreover, glioblastoma cells
are known to express a specific subtype of BK channel known as the glioma BK or gBK [117],
which incidentally are also known to express the Iberiotoxin-and-Charybdotoxin resistant 4

subunit [145].

It was not possible to definitively rule out Na* in the nsPEF transmembrane
depolarization response, although it was clear from our results that voltage-gated Na+*
channels were not involved. When Na* was removed from the extracellular media and replaced
with equimolar NMDG+ or Choline*, the depolarizing effect of Phloretin was eliminated. This
result makes sense as both NMDG+ and Choline* are also known to inhibit BK channel activity
[122, 123, 146, 147]. It is of interest that TRPMS8 channels were found to have a role in the
nsPEF depolarization response as they are permeable to divalent and monovalent cations
[148—151]. BK activation with TRPMS8 gating would undoubtedly transport Na* in addition to
Caz* into the cell and this would be commensurate with recent electrophysiological studies

that have identified Na* currents in the early stage of nsPEF effects [152].

The involvement of TRP channels in the depolarization response caused by nsPEFs
was also an important finding as some of the TRP channels are known to dilate to form pores
permeable to small cationic fluorescent molecules such as YO-PRO-1 and ethidium. TRPA1,
TRPV1and TRPMS are cell sensors for thermal, chemical and mechanical stimuli that are also
known to form large, stable and reversible pores [149, 153], intriguingly similar to those caused

by nsPEFs. Our investigation showed TRPMS8 inhibition partially abrogated the nsPEF
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depolarization response. It is still controversial whether TRPMS8 form large pore complexes
[154], and pore dilation is more confirmed with TRPA1 and TRPV1 [154—156]; so future studies
should consider the influence of nsPEFs on pore-dilating TRPs as these are also known to be

upregulated in cancer [113, 137].

BK channels (Big Potassium, also called Maxi-K or slo1), are a potentially important
target for nsPEF effects as they have currents in order of 100-300 picoSiemens [157] and they
are known to be upregulated in glioma and many other types of cancer [158, 159]. BK
activators are also known to lead to apoptosis [160]. Mechanistically, it is not clear whether
electric pulses in the nanosecond timescale could directly open BK channels as their gating
time at physiological voltages requires multiple states with an activation time constant in the
order or 150-200 microseconds [161]. Certain isoforms of BK channels are also known to be
sensitive to mechanical stimulation and membrane stretch [162]. Further investigations
should consider the mechanical properties of both BK and TRP channels in nsPEF effects,

given that these stimuli have recently been shown to generate pressure transients [163].

Finally, we have also demonstrated that a single nsPEF delivered at five minute
intervals can depolarize and prevent reestablishment of the resting membrane potential of
U87 glioblastoma cells. Experiments are underway exploring the long-term manipulation of
transmembrane potential to determine if non-electroporating nsPEFs can disrupt cell
physiology in a manner that may be therapeutically useful for the treatment of cancer. The
repolarization of plasma membrane potential in cancer cells repeatedly depolarized by nsPEF
would be expected to occur via the Na+/K+-ATPase at great energetic cost, and given that only
cancer cells expressing voltage-gated ion channels would be sensitive to this treatment, this
may represent a new means to bioelectrically exhaust cancer, while sparing non-malignant

cells nearby.

3.6. Conclusion

The primary aim of this section was to investigate the possibility that nsPEF are

acting on transmembrane ion channels. A single 10 nsPEF was used at varying electric field
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intensities to explore this. We monitored the transmembrane potential using the commercial
indicator, PMPI, which proved to be a useful tool for studying long-term effects. Using a
variety of pharmacological modulators of ion channel activity, we found that voltage-gated
potassium and calcium channels were intimately connected to the observed depolarization
following nsPEF exposure, as was the TRPMS8 cation channel. Blocking these channels
resulted in a significant decrease in membrane depolarization post-nsPEF exposure. We
provided a potential theoretical model explaining how the interconnectivity between these
channels, that are often found in proximity in lipid rafts, could help explain our results.
Because the expression of ion channels varies significantly among cell lines, nsPEF effects

would most likely be explained by different ion channels in different cells.
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Chapter 4 -

Plasma membrane depolarization
and permeabilization due to electric
pulses in cell lines of different
excitability
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4.1 — Introductory remarks

The following chapter has been adapted from a manuscript that is currently under
revision. This was a collaborative project between our lab and the University of Ljubljana.
Results presented will include only those to which I directly contributed. Three cell lines were
used for the following experiments: U87 glioblastoma cells, CHO cells, and HT22 mouse
hippocampal neurons. HT22 cells were used in their differentiated and non-differentiated
states. Experiments were conducted using pulse durations ranging from 10 ns up to 10 ms,
where membrane potential and membrane integrity were the outcome variables measured.
For both variables, the goal was to determine the threshold, or the lowest electric field
intensity, required to depolarize or permeabilize the cells.

The bigger picture for these experiments was to test the potential for optimizing
current treatments using electropermeabilization, such as electrochemotherapy. One common
complaint for electrically based therapies is the associated discomfort due to the electrical
excitation of the surrounding muscle and nervous tissues, which leads to muscle contractions
and pain. We investigated whether it would be possible to find an electric field intensity that
could simultaneously permeabilize the target tissues while minimizing the excitation of the
surrounding nerves and muscles.

We found a statistically significant difference in excitability between cell types.
Although the electric field threshold required to permeabilize the cells did not differ
significantly between cell lines, the differentiated neurons required a stronger electric field to
depolarize their transmembrane potential compared to the other cell lines. Although this was
an in vitro study, these results indicate that it may be possible to modulate the electric field
intensity in a clinical setting to enhance permeabilization, while limiting the excitation of

neighboring nerves and muscles, thus the sensation of pain.
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4.2 Introduction

Short, high-voltage pulses have been shown to increase the permeability of cell membranes
to different molecules (reversible electroporation) or cause cell death (irreversible
electroporation - IRE) [164—166]. Electropermeabilization is used in biotechnology sectors for
food-processing [167—169], and in medicine [170] for gene electrotransfer (GET) [37, 48, 171],
DNA vaccination [172—-175], transdermal drug delivery [176, 177], IRE as a soft tissue ablation

technique [42, 45, 46, 178] and electrochemotherapy (ECT) [179—-182].

Medical applications of electroporation extend to a variety of tissues and tumours. Some
of these tissues are electrically excitable, such as neurons in the central and peripheral nervous
systems as well as muscle tissues. These cells are known to undergo sponataneous electrical
activity [183] which is how they communicate with other tissues, and these excitable cells may

be particularily vulnerable to electrically-based treatments.

In the literature, there are several examples of ECT, IRE and GET targeting excitable
tissues using electric pulses. Brain cancer has been treated with IRE, and electric pulses have
been shown to transiently disturb the blood-brain-barrier allowing chemotherapeutics to
enter the brain [44, 184—188]. Treating prostate cancer [43, 189], bone metastases [179, 190],
and tumours in the spine can affect the surrounding nervous tissue [190]. When treating
tumours in other parts of the body, electrodes will invariably be in the vicinity of the nerves or
muscles where the electric field is high enough for excitation or even permeabilization. Electric
pulses are also used for ablation of myocardial tissue to treat atrial fibrillation [191—193].
Muscles are a popular target for gene electrotransfer as they are easily accessible and

transfected [194, 195]. Among them, the heart can be electroporated to treat ischemia [196,

197].

Several studies have shown that the effect of electric pulses on the functionality of excitable
tissues was only short-term. Following IRE, nerves in different animal models recovered

electro-physiologically, histologically and functionally [190, 198—200] or at least showed a
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potential for regeneration [201]. After electroporation of neurons within the rat neocortex , in
vitro and in vivo, the membrane potential, the action potential waveform and passive
membrane properties remained unchanged [202]. Following pulmonary vein ablation using
electroporation, the histology and functionality of phrenic nerve remained unchanged [203].
Finally, no histological damage on nerves in the neurovascular bundle was observed post-IRE

treatment of the prostate [199].

Some of the main drawbacks to treating tissues with pulsed electric fields are; the pain
associated with repeated electrical stimulation [204—207], the need to administer muscle
relaxants and anaesthesia [208] and synchronization with the ECG [209—211]. The neurons
responsible for pain sensation are also known as nociceptors and have been shown to be
stimulated by electric pulses [212, 213]. An important advancement for PEF treatments would
be to determine a point at which maximum permeability of the membrane could be achieved
while minimizing excitation of the nearby excitable cells. In ECT, for example, this would
translate to maximum drug delivery into tumour cells with minimum tissue damage to
surrounding regions, reduced pain experienced by the patient, and minimal use of muscle

relaxants.

The following experiments will explore how pulsed electric fields will effect excitable and
non-excitable cells. This will be addressed using measures of membrane potential and
membrane permeability for pulse durations ranging from 10 ns to 10 ms. Using a range of
electric field intensities, the goal will be to determine the lowest intensity required to
depolarize the transmembrane potential and to permeabilize the plasma membrane. The
results will be compared between cell types to determine whether or not it could be possible
to optimize current treatments to reduce the sensation of pain due to repeated electrical

stimulation.
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4.3 Materials and Methods

Some of the materials and methods are common between thesis chapters. These include
cell culture, growth and maintenance; fluorescence microscopy, pulse generators and
electrodes used; data extraction from images, as well as statistical methods used to analyze
data. In the interest of not repeating information, these have been explained in detail in the

general methods section of the introductory chapter.

4.3.1 Cell culture and preparation

Three cell lines were used (Fig. 4.1) for the following experiments. CHO Chinese
hamster ovary cells (Fig. 4.1a), U87 human glioblastoma cells (Fig. 4.1b), and HT22
immortalized mouse hippocampal neurons. The HT22 cell line was used in their non-
differentiated and differentiated states. Following differentiation, morphological changes

were evident and the cells stopped dividing (Fig. 4.1 ¢ vs d).

4.3.2 Potassium calibration of PMPI.

A chemical calibration was performed for all cell types to determine their degree of
excitability. This was accomplished by measuring membrane depolarization (PMPI
fluorescence) in conditions with increasing [K*] in the imaging solution (2.5 mM, 25 mM, 50
mM, 75 mM, 100 mM, 140 mM). Osmolarity was maintained by removing NaCl in an
equimolar manner as KCl was increased. Each sample was monitored continuously with the

buffer being replaced every 5 minutes.
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Figure 4.1 - Phase-contrast images of all four cell lines used in experiments. a —
CHO; b - U87 MG; c - undifferentiated HT22; and d - differentiated HT22. All images were

taken at 200x magnification.

4.4 Results

4.4.1 Cell Excitability

The first experiment compared how each cell line responded to chemical depolarization by
increasing the extracellular [K+] over time (Fig. 4.2). Here we found that the greatest relative
change in membrane potential occurred in the CHO cell line. U87 cells and the
undifferentiated HT22 cells responded almost identically, whereas the differentiated HT22
cells showed the least amount of relative change. The four cell lines began to show the greatest

divergence when the 50 mM [K*] buffer was added.
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Figure 4.2 — Chemical depolarization of cells using K+. Fluorescence changes were
monitored in all four cell lines. The imaging solution was changed every 5 minutes with
increasing [K*] ranging from 2.5 mM in the original imaging solution up to 140 mM. Error

bars represent +/- 2SE.

A representative response to the depolarization dynamics following pulsed electric field
exposure can be seen in (Fig. 4.3). A similar trend was observed for all pulse durations, where
the U87 cells showed the greatest depolarization and the differentiated HT22 cells showed the
least. One exception to this was in the 10 ms condition, where the CHO cells were depolarized
more than all other cells. The maximal depolarization was observed within the first 2.5
minutes following pulse exposure, after which the membrane potential gradually returned to
near baseline levels. The time for repolarization differed based on the magnitude of

depolarization but ranged anywhere from 5 — 25 minutes.
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Figure 4.3 — Representative depolarization dynamics following PEF
exposure. Membrane depolarization was observed after a single 10 ns PEF of 44 kV/cm,
with the exception of the differentiated HT22 cells requiring a minimum of 52 kV/cm to

depolarize the transmembrane potential. Error bars represent +/- 2SE.
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Figure 4.4 — Magnitude of depolarizing response to pulsed fields from 10 ns
— 10 ms. U87 cells show a greater response to PEF-induced membrane depolarization
compared to all cells, but they also show the greatest variability. Error bars represent +/-
2SE.
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Another interesting feature is highlighted in Fig. 4.4, where the U87 cells not only show
the largest depolarization response, but they also show the greatest variability in their
response. In some cases, such as the 1 us duration, U87 cells had 5 times more variability than
the other cell lines. An ANOVA was performed comparing the variance between cells, which
confirmed that the variability in the U87 cell line was statistically greater than the other cells

[F(3, 27) = 4.19, p = 0.01, Q2 = 0.24].

Fig. 4.5 shows the strength-duration curve for depolarization of all cell lines. The exact
values are listed in Table 4.1. We can see that an inverse relationship between the threshold
and pulse duration is evident, such that longer pulses require a much lower electric field to
elicit a depolarizing response. The statistical parameters for the analyses of the depolarization

threshold are shown in the Supplementary data section (Table S1 and S2).

Electric field (kV/cm)

Pulse duration 10ns 550ns 1S iopus 100us 1ms 10 mS
CHO 44 2.0 1.2 0.45 0.30 0.15 0.10
U-87 MG 34 2.2 1.4 0.60 0.35 0.20 0.12
Undifferentiated 34 2.0 1.4 0.70 0.50 0.35 0.24
HT22

Differentiated 52 2.0 1.7% 0.90 0.60 0.40 0.28
HT22

Table 4.1 - The depolarization thresholds for all tested pulse durations and cell
lines. The results listed here are a tabular representation of the data in Fig. 4.5. The asterisk
(*) denotes that the threshold for this condition had to be estimated due to the large variability

of the data. All data is presented in kV/cm.
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Figure 4.5 - The strength-duration curve for depolarization thresholds of all cell
lines. The minimum electric field intensity required to depolarize the transmembrane
potential is given for all pulse durations tested in kV/cm. As the pulse duration increases, the

electric field required to depolarize the cell decreases.

4.4.2 Plasma Membrane Permeability

The normalized plasma membrane permeabilization curve to YO-PRO is shown for all four
cell lines in Fig. 5.6. The threshold for electropermeabilization (Fig. 4.6a) in U87 and CHO
cells was 0.4 kV/cm, whereas it was slightly higher (0.6 kV/cm) for the undifferentiated and
differentiated HT22 cells. A similar increase in permeabilization was seen for all cell lines as
the electric field strength increased. The permeabilization curve could be best described using
a symmetric sigmoid (Fig. 4.6b). Table 4.2 summarizes some of the parameters from the curve,
which show that all four cell lines reached 50% permeabilization (Ej0%) between 0.8 and 0.9

kV/cm.
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Figure 4.6 - Normalized permeabilization curve of all four cell lines to YO-PRO,

5 min after the pulse application. The threshold for electroporation was reached at

0.4 kV/ecm (U-87 MG and CHO) or 0.6 kV/cm (undifferentiated and differentiated HT22

cells). a) Normalized values, the error bars represent one standard deviation and b) the fitted

symmetric sigmoid. Normalized fluorescence f,,/- is presented as a function of applied electric

field E/(kV/cm).

An example of the time dynamics for YO-PRO uptake following 8 x 100 us pulses at
1.2 kV/cm is shown in Fig. 4.7a. The maximal fluorescence and the resealing dynamics (7) were
extracted by fitting a first-order uptake model. The maximal fluorescence (Fig. 4.7b) was the
highest for the U-87 MG cells and the lowest for the CHO cells. There were no significant
differences in maximal fluorescence between the differentiated and undifferentiated HT22s,
while all other pairwise comparisons using a t-test yielded statistically significant differences.
The value of time constant 7 (Fig. 4.7¢) corresponds to the time when 63% of the pores in the
membrane resealed. The resealing was the fastest for the U-87 MG cells, similar for the

undifferentiated HT22s and CHO cells, and slowest for the differentiated HT22 cells.
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Figure 4.7 - Time dynamics of YO-PRO uptake and analyses. a - Time dynamics of
the YP uptake for all four cell lines following 8 x 100 pus pulses at 1.2 kV/cm and 1 Hz repetition
frequency. Error bars represent one standard deviation. Fluorescence (arbitrary units) is
presented as a function of time (min). b - The maximal value of YP fluorescence (arbitrary
units) for all four cell lines. c - The resealing constant (t/s) is presented for each cell line. Error

bars for b and c represent the 95% confidence interval.

Cell line Eso0% (KV/cm) b (kV/cm) R-squared
CHO 0.80 £ 0.06 0.15+0.11 0.98
U-87 MG 0.81+0.10 0.13+£0.09 0.99
HT22 undifferentiated 0.94 £ 0.07 0.12 £ 0.06 0.99
HT22 differentiated 0.91 £0.07 0.12 £ 0.06 0.99

Table 4.2 - Parameters of the fitted symmetric sigmoid to the normalized data of
YO-PRO uptake. The numbers listed denote the optimal value and the corresponding 95%

confidence intervals.

4.5 Discussion

The goal of this study aimed to compare the depolarization thresholds between excitable
and non-excitable cells. For each cell, the strength-duration curve was determined, using the

obtained threshold values, following exposure to a single pulse ranging in duration from 10 ns
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to 10 ms. The permeability curve was also determined for each cell line following application
of 8 x 100 ps pulses, delivered at 1 Hz. For the assessment of cell depolarization we used the
PMPI dye. For the assessment of the plasma membrane permeabilization we used YO-PRO

(YP) dye.

PMPI is a valuable tool for the measurement of membrane potential [125] and ion channel
pharmacology [214, 215]. Although electrophysiology is considered the gold standard for
measurement of membrane potential, PMPI has several advantages, namely the ease of use,
the ability to monitor long-term changes, and the ability to monitor multiple cells
simultaneously. Furthermore, PMPI has been compared directly to electrophysiology data
with a good agreement [126]. It consists of a two-part system which includes a fluorescent
anionic voltage-sensor and a quencher. When a cell is depolarized, the sensor translocates
across the plasma membrane resulting in an increase in fluorescence. Conversly, the
quenching molecule is excluded from the cell. With that said, when the plasma membrane is
permeabilized, it could be possible for the quenching molecule to enter the cell through pores
formed in the membrane and decrease the fluorescence in the cell. Interestingly, when pulses
were applied well above the depolarization threshold, we observed a decrease in the
fluorescent signal which could be indicative of cell electroporation. In the future, it should be
established to what extent the PMPI dye could also serve as cell membrane permeabilization

indicator.

The results following electrochemical depolarization show that with increasing K+
concentration, the fluorescence and thus the transmembrane voltage are increasing which is
in agreement with theory. It was unexpected, however, that the highest fluorescence was
achieved in CHO cells and not with the differentiated HT22 cells. Excitable cells typically have
a higher density of voltage-gated channels, thus more ions should enter the cell when these
channels are open. CHO cells are non-excitable cells and would be expected to have a low
expression of voltage-gated ion channels; however, some reports indicate that these cells

express voltage-gated Na+* channels [216] and voltage-gated Ca2+ channels [217].
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CHO cells have a resting membrane potential around - 10 mV [218], which is similar to
that of U87 cells [116]. Although electrophysiology studies on HT22 cells were not found, a
typical neuron has a resting potential around — 70 mV [219]. If we recall from the previous
chapter, the depolarizing response measured here would be associated with a change in
magnitude less than 30 mV. One possibility could be that the resting potential of the neurons

did not reach the threshold required to activate voltage-gated channels.

The relatively low resting potential of the U87 cells combined with the large complement
of voltage-gated channels [116] could explain why the U87 cells experienced the greatest
depolarizing effect to one pulse. It is also worth noting that cancerous tissues have been shown

to be more affected by PEFs than non-cancerous tissues [220, 221].

The repolarization time for all four cell lines was in the range of minutes. Certainly this
was most surprising when considering the differentiated neurons which normally would be
expected to have repolarization times in the millisecond range [219]. There are several possible
explanations for the longer-than-expected repolarization time. First, as the assessment
method, we used PMPI dye, which has a time constant of several seconds [222]. Second, our
experiments were performed at room temperature which would be expected to slow down the
kinetics of the Na*/K+ pump. Third, it is possible that cells were depolarized as well as
electroporated. If true, electroporation has been reported to cause leakage of ATP [223] which
is necessary for repolarizing the membrane. Fourth, due to such a high induced
transmembrane voltage (several volts), it is possible that ion channels could be damaged

[224].

The time required for reaching the peak fluorescence in depolarization experiments
coincided with the resealing time observed in the permeabilization experiments. It is possible
that during depolarization and permeabilization experiments, PMPI and YP were entering

through voltage-gated channels [154] as well as through pores formed in the plasma
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membrane. Even when using channel inhibitors, a total inhibition of depolarization could not

be achieved which indicates that during depolarization ions also enter through pores [100].

In the next part of our study, we exposed cells to 8 x 100 ps pulses, which are typically used
in electrochemotherapy treatments. All four cell lines reached the threshold of electroporation
at approximately the same value - between 0.4 and 0.6 kV/cm. The permeabilization curve of
all four lines could be described using a symmetric sigmoid. Although differentiation of HT22
cells causes a drop in the resting membrane potential [225], the more negative resting
membrane potential did not affect the threshold for electroporation. The permeabilization
curves followed similar dependency and reached 50% of the maximal fluorescence around
0.9 kV/cm. We can conclude that irrespective of the cell’s excitability, all four cell lines

responded similarly to electroporation pulses.

The YO-PRO uptake was the greatest in the U87 cell line and least in CHO cells. As
mentioned previously, cancerous cell have been shown to be more susceptible to PEFs when
compared to non-cancerous cells which could explain why they were the most permeabilized.
Since the cells were grown attached in a monolayer, the reason CHO cells showed the least
YO-PRO uptake could be due to the tendency of CHO cells to grow in colonies in close
proximity which decreases the area of the plasma membrane available for dye uptake. The
close proximity of cells could have also decreased the induced transmembrane potential due

to shielding [226—228].

4.6 Conclusion

In summary, the depolarization threshold was higher for the excitable cells than for the
non-excitable cells. All four cell lines responded similarly to pulses of standard
electrochemotherapy parameters. The shape of the permeability curve was similar to curves
already published in the literature [229]. Thus, electroporation is a feasible means of treating
excitable and non-excitable cells with pulses of similar parameters. Furthermore, our results

show the potential of achieving permeabilization and minimizing or avoiding excitation/pain
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sensation which needs to be explored in more detail. In future studies, it should be established,
however, to what extent in vitro depolarization and excitability correlate to the actual

excitation and pain sensation in vivo.
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Supplementary Data

Table S1 - Statistical parameters for the strength-duration curve by cell line. F(x,
y) = ANOVA score with degrees of freedom in parentheses. F., = Welch’s F adjustment when
the assumtion of homogeneity of variance was not met. The statistical significance provides
the p-values which are compared to our alpha criterion of a = 0.05. The effect size column

provides the proportion of variation in response attributed to the PEF.

CHO

ANOVA Significance Effect size (Q2)
10 ns F(2,17) =9.00 p < 0.01 0.47
550 ns F(3,15) =4.56 p = 0.02 0.36
1us F(3,16) =91.52 p < 0.01 0.93
10 us Fw (3, 6.08) = 14.12 p < 0.01 0.67
100 us F(4,19)=10.35 p < 0.01 0.61
1ms Fw(3, 5.55) = 53.76 p < 0.01 0.89
10 ms F(3,13) =10.80 p < 0.01 0.63

U87

ANOVA Significance Effect size (Q2)
10 ns F(4,19)=2.90 p < 0.01 0.80
550 ns F(3,15)=3.60 p = 0.04 0.29
1us F(3,16) =4.32 p = 0.02 0.33
10 us Fw(4,9.27) = 43.54, p < 0.01 0.63
100 us F(3,21) =47.64 p < 0.01 0.85
1ms Fw(4, 6.62) =13.96 p < 0.01 0.71
10 ms F(3,19) =10.66 p < 0.01 0.56

Undifferentiated HT22

ANOVA Significance Effect size (Q2)
10 ns Fw(3,3.06) = 21.88 p = 0.01 0.81
550 ns F(2,9)=12.96 p < 0.01 0.67
1us F(3,9) =11.14 p < 0.01 0.70
10 pus F(4,10) =5.24 p = 0.02 0.53
100 us F(2,12)=3.79 p = 0.05 0.27
1ms F(3,10) =9.06 p < 0.01 0.63
10 ms F(4,13) =4.15 p = 0.02 0.41

Differentiated HT22

ANOVA Significance Effect size (Q2)
10 ns Fw(3,11.76) = 13.41 p < 0.01 0.60
550 ns F(2,10) =5.20 p = 0.03 0.39
1us F(2,16) =4.56 p = 0.03 0.29
10 us F (6, 21)=3.97 p < 0.01 0.39
100 us F(4,16)=6.13 p < 0.01 0.49
1ms F(3,19)=8.80 p < 0.01 0.50
10 ms F(4,20) =6.02 p < 0.01 0.45
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Table S2 - Additional statistical parameters from the strength-duration curve.

All electric fields that were tested for threshold determination are provided by cell line,

including the sample size for each.

Cell type

Control
10 ns

550 ns

1ps

10 ps

100 ps

1ms

10 ms

CHO

22 kV/m
34 kV/m
44 kV/m

1.6 kV/cm
2.0 kV/ecm
2.4 kV/cm

1.0 kV/cm
1.2 kV/cm
1.4 kV/cm

0.30 kV/cm
0.45 kV/cm
0.60 kV/cm

0.10 kV/cm
0.20 kV/cm
0.30 kV/cm
0.40 kV/cm

0.10 kV/cm
0.15 kV/cm
0.20 kV/cm

0.02 kV/cm
0.06 kV/cm
0.10 kV/cm

a w U

EE N N N

EEE

U-87
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1.0 kV/cm
1.2 kV/cm
1.4 kV/cm

0.35 kV/m
0.45 kV/m
0.60 kV/m
0.75 kV/m

0.25 kV/m
0.35 kV/m
0.45 kV/m

0.10 kV/cm
0.20 kV/cm
0.30 kV/cm
0.60 kV/cm
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0.08 kV/cm
0.12 kV/cm
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HT22 undiff

22 kV/m
34 kV/m
44 kV/m

1.6 kV/cm
2.0 kV/ecm
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Chapter 5 —

Discussion and Conclusion
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5.1 Summary

This thesis investigated the effects of pulsed electric fields on multiple cell lines. Three
chapters evaluated important questions regarding cell membrane — electric field interactions.
The first experimental chapter compared the traditional view of this interaction with
experimental results using a statistical approach. The next chapter studied the role of
transmembrane proteins in PEF effects. These proteins, or ion channels, are often overlooked
in PEF research and are critically important to a cells response to environmental stimuli.
Finally, the last chapter investigated the electric field thresholds required to depolarize the
transmembrane potential and permeabilize the plasma membrane in multiple cell lines.
Several pulse durations, ranging from 10 ns to 10 ms were used. The results from each chapter

will be discussed as they pertain to the literature.

5.2 A comparative analysis of the theoretical and experimental

interactions of PEF with cells in vitro

The effects of pulsed electric fields on biological systems has been studied for more
than a half of a century. As with any scientific inquiry, a model was required to help understand
how these fields interact with cells. But what happens when the model fails to provide a true

representation of the effects we are interested in measuring?

The results from this section indicate that the fundamental mathematical models that
were intended to help guide us in designing and interpreting experiments have very low
predictive power. Specifically, when considering size, shape, orientation to the electric field,
and density of cells exposed, the currently accepted models account for less than 5 % of the
changes observed. It is important to mention that this chapter looked at the induced

transmembrane potential as the outcome variable.

Transmembrane potential was selected because the literature states that this is the

gateway to modulating cellular activity with applied electric fields. Both older and newer

109



literature have stated that an induced transmembrane voltage of ~ 1V is required to cause

breakdown of the cell membrane [17, 18, 34, 84, 230—234]

Cell have mechanisms by which they cope with induced transmembrane voltage under
physiological conditions. Transmembrane proteins, or ion channels, control the induced
voltage through opening and closing of these proteins. These channels, although studied
mostly in excitable cells, are present to a certain degree in all cells. They are responsible for

many cell processes from cell volume regulation, DNA replication and cell division [96, 235].

5.3 Nanosecond pulsed electric fields depolarize
transmembrane potential via voltage-gated K+, Caz+ and

TRPMS channels in U87 glioblastoma cells

The purpose of this section was to look at electric field - cell interactions with the
following question in mind: What if the changes in transmembrane potential following a single
10 nanosecond pulsed electric field were not due to electroporation of the plasma membrane?
As we saw in the previous section, there appears to be a fundamental flaw with the description
provided by the traditional theoretical model. This is most likely due to an oversimplification
of a cell, which is not merely a leaky dielectric membrane separating two conductive solutions.
A cell is a complex, living organism that is always adapting to its environment. As a result,
modelling the cell in the traditional way has very little predictive power when analyzing

experimental results.

Since we were working with applied voltage, it seemed most logical to study cellular
mechanisms which were responsible for regulating transmembrane potential. To accomplish
this task a series of pharmacological ion channel modulators were employed to monitor their
effects on membrane depolarization following nsPEF exposure. The underlying hypothesis

supposed that if the observed change in membrane potential was due to simple diffusion of
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ions across the electroporated plasma membrane, then we should expect no significant effect

from chemical blockers or activators of ion channels.

Although few articles have explored the possibility of PEF influencing ion channel
behavior, our results appear to be consistent with the literature. Specifically, calcium influx
was abolished following PEF exposure of bovine chromaffin cells [64], as well as GH3 and
NG108 cells [63] when specific voltage-gated calcium channel blockers were used. In the latter
study, CHO cells were used as a negative control due to the lack of voltage-gated calcium
channels. When PEF was combined with or without calcium channel blockers, no increase in

intracellular calcium was observed.

In our study we have implicated additional channels, such as voltage-gated K+ channels
and TRPMS8 channels, in the depolarization response following nsPEF exposure. Although
TRPMS8 channels were originally described as cold-receptors, more recently they have been
shown to display voltage sensitivity [236—238]. We had to explore the possibility that TRPMS8
involvement may have been an artefact because experimentation took place at ambient
temperature. To rule this out, experiments were replicated at 37°C and similar results were

observed.

Of course the presence of voltage-gated channels will differ significantly between cell
types and possibly within the same cell type. These differences could prove to be important
when designing in vivo experiments. As an example, in certain cases electrochemotherapy
could be refined to maximize effects on a given target cell type while minimizing effects on
surrounding tissues by exploiting these differences. The following chapter has been dedicated

to investigating these effects among various cell types and pulse durations.
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5.4 Plasma membrane depolarization and permeabilization

due to electric pulses in cell lines of different excitability

More than 20 years ago the first clinical trial used electroporation as a means to
significantly enhance chemotherapeutic uptake into tumors [239]. Since then, the study of
electrochemotherapy has continued to gain traction in the scientific and medical community.
Whether studies have utilized chemotherapeutics, high concentrations of extracellular
calcium or electric fields alone, PEF have shown to be an effective alternative to traditional

chemotherapy [40, 52, 66, 102, 182, 240, 241].

Treatment of malignant tissues with PEF has shown several significant advantages
over conventional treatments. One such advantage consists of chemical delivery directly into
the tumor. Chemotherapy is generally delivered intravenously in significant concentrations
which ultimately circulate through the entire body. Since these are highly toxic compounds,
serious secondary effects can often be expected. With electrochemotherapy,
chemotherapeutics can be injected locally to into the target tissues, and subsequent
application of PEF protocol permeabilizes the target and leads to enhanced uptake of the drug

[50, 51] while minimizing secondary effects associated with systemic administration.

Another advantage comes in the selectivity of the treatment. Whereas chemotherapy
is toxic to all cells, PEFs appear to have a greater effect on malignant cells than normal cells
[220]. Although not very well understood, this difference in sensitivity may be linked to
membrane repair. When comparing dye uptake following the standard ECT protocol and
viability 24 hours later, cancerous cell lines have been shown to be significantly more

vulnerable than normal primary cell lines [221].

Despite the advantages, one of the primary drawbacks with PEF treatment is the
potential for pain. This is due to nervous and muscular tissues in areas adjacent to the
treatment site which have become electrically excited from the applied electric field [212, 213].

The purpose of this section was to investigate PEF-induced permeability and excitation of
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various cell lines. An important advance in PEF treatment would involve finding the
appropriate electric field duration and intensity that would minimize the excitation of

surrounding nervous tissue yet remain effective at permeabilizing the target cells.

Four cells lines were used for these experiments, three of which were non-excitable
under physiologic conditions, the other being terminally differentiated neurons. For each cell
line, PMPI was used to measure changes in membrane potential, and YO-PRO was used as a

measure of membrane permeability.

Consistent with the literature, we found that the electric field intensity required to
depolarize the transmembrane potential decreased as the pulse durations increased [25, 242,
243]. We also found that the electric field required to depolarize cells was significantly greater
in the differentiated neurons than the non-excitable cells. When we combine these results with
the fact that no difference in thresholds were observed for membrane permeability, we find
that by carefully selecting a treatment protocol with the appropriate intensity, it is possible to
achieve clinically relevant enhancement of chemical uptake while minimizing or preventing

the pain associated with excitation of the surrounding nervous tissues.

5.5 Conclusion

This thesis focused heavily on understanding the role of transmembrane ion channels
in pulsed electric field effects. These have been shown to be directly influenced in several
studies [63—65, 93]. In the first section we compared theoretical parameters influencing
membrane-electric field interactions with experimental results. We found that less than 5 %
of the experimental results could be attributed to factors included in current electro-physical
model, such as size, shape, orientation with respect to the electric field and the density of cells.
These results suggested, at least for long-lasting changes that were measured here, were

mediated to a large extent by other parameters.
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One of those parameters are voltage-gated ion channels, which was the focus of the
second chapter. These are channels that are integral for many physiological processes and are
present, to varying degrees, in every type of cell. Although it is important that future
experiments look to understand the precise mechanism, it is no surprise that applying an
electric field would somehow influence the activity of electric field sensors in a cell. In addition
to directly acting on these channels, other research has suggested they may be damaged by

PEF exposure [224, 244, 245].

It was interesting that no ion channel blocker was able to completely abolish the
depolarizing response. It is important to consider the possibility that pores were formed in the
plasma membrane which allowed the diffusion of ions, and it was this diffusion that resulted
in the transmembrane potential being sufficiently depolarized to allow voltage-gated channels
to open. Whether or not the PEF acted directly or indirectly on the ion channels is something
that needs to be explored in the future; however, it is clear that they play a significant role in

the change in transmembrane potential following PEF exposure.

In the final experimental chapter we extended these results to include multiple cell
lines. A series of experiments looking at pulse durations from 10 ns to 10 ms were conducted
with membrane potential and membrane permeability as outcome variables. Multiple electric
field intensities were used for each duration in order to find the minimum fields strength
required to either depolarize, or permeabilize the plasma membrane. One of the most common
complaint reported from patients treated with PEF treatments is the pain associated with
repeated electrical stimulation. It would be beneficial to find a protocol which could limit or

prevent the pain associated with treatment.

Since the experienced pain is due to electrically exciting nervous tissue surrounding
the treatment site, we aimed to explore the possibility of preventing excitation without
interfering with the permeability required for enhanced drug uptake in electrochemotherapy.

Our results demonstrated that the threshold required for membrane depolarization was
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different between cell lines. Specifically, the differentiated neurons required a significantly

greater field strength than the non-excitable cell.

In the second series of experiments investigating the threshold for
electropermeabilization in the same cells, we found that there were no significant difference
between field strengths required. This effect was consistent at every pulse duration tested.
These results are promising as they suggest it may be possible to find an electric field intensity
that would be able to enhance drug uptake, all the while avoiding excitation of the surrounding
nervous tissue associated with the sensation of pain. Most likely this effect would differ based

on several factors such as cell type, treatment site, or density of nervous tissue in the area.

Future research should focus on testing how well in vitro excitability correlates with in
vivo perception of pain. Potentially, this could reduce or eliminate the requirement for

sedatives and muscle relaxants in PEF treatments.

5.6 Perspectives

In the first experimental chapter we uncovered two significantly different populations
of U87 cells. This came in spite of the care taken to keep as many variables constant as possible,
including temperature, imaging medium, electric field intensity etc. Although there was not
enough time to experimentally pursue these differences further, these results require more
investigation. There were many interesting coincidences which may implicate cell cycle as a

target for future experimentation.

This is not something that has received a lot of attention in this field of study; however,
one study did report significant differences in PEF effects depending on the phase of cell cycle
[89]. Of course, during my last month as a Ph.D. student, an incredible tool arrived in our lab.
A Digital holographic microscope capable of monitoring cells long-term in 3D without the
need for fluorescent molecules. I truly hope future researchers will use this tool to investigate

the role of cell cycle.
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In the second experimental chapter, we showed that by delivering a single 10 nsPEF
every 2.5 minutes, the membrane potential could not be recovered. This could be important
since cells oscillate between periods of depolarization and hyperpolarization that are
associated with DNA replication and division. If cells need to hyperpolarize to replicate their
DNA, maintaining a depolarized transmembrane potential over time could prove to be a novel
treatment for cancer that would require no chemotherapeutics and would not damage
surrounding tissues. Whether or not this is the case, I look forward to reading future results

investigating this question.
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