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1.  General Introduction 

1.1. The cell’s membranes 

Eukaryotic cells have both external and internal membranes. The external, or plasma, 

membrane encases the cell cytoplasm whilst the internal membranes surround the various 

intracellular organelles. These membranes are vital in controlling what passes into and out of 

both the cell and its organelles.  

 

 

Figure 1. Lipids of the plasma membrane. 

The cells plasma membrane is made up of five different phospholipids. Their hydrophobic 

tails are buried into the membrane with their hydrophilic head groups facing the aqueous 

cytosol or extracellular matrix. This arrangement forms a barrier between the outside of the 

cell and the inside. From Cooper, 2000
1
. 

The main structure of the membranes is a phospholipid bilayer, which is around 5 nm thick, 

into which many proteins are inserted that have numerous roles including molecule 

recognition, activation of cellular signalling and transmembrane transportation, as shown in 

Figure 2. The plasma membrane (PM) contains five major phospholipids: 

phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, sphingomyelin 

and phosphatidylinositol. As shown in Figure 1 these phospholipids have an asymmetric 

distribution, the negative charge of the head groups of phosphatidylserine and 
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phosphatidylinositol results in the cytosolic facing side of the PM having a negative charge. 

Cholesterol is also an important membrane component, regulating temperature based 

permeability to small molecules
1
. Glycolipids are also found on both the PM and the 

intracellular membranes, with around two-thirds being found on organelle membranes. They 

are made up of a sugar head group and a lipidic tail and play a role in cell-cell interactions, 

signal transduction and protein anchoring
2
.  

 

 

Figure 2. Different types of membrane associated proteins. 

Proteins associate with the membrane in different ways. Transmembrane proteins (1,2,3) have 

a hydrophobic portion, usually α-helical, that inserts into the membrane with hydrophilic tails 

extending into both the extra and intracellular spaces. These proteins often play a role in 

transforming external stimuli into internal signals (for example G-protein coupled receptors) 

or as channels (3) (for example aquaporins). Others are anchored to the membrane by an α-

helical domain (4) or by direct covalent attachment (5) or indirect attachment via an 

oligosaccharide linker (6) to a fatty acid. Others are bound by interaction with other 

membrane bound proteins (7,8).  From Alberts et al. 2000
3
. 

1.2. The cell as an electric circuit 

The cell can be considered as an electrical circuit with the plasma and organelle membranes 

acting as insulators and the extracellular media, the cytoplasm and the organelle interiors 

acting as conductive electrolytes (Figure 3). The cell membranes however are not perfect 

insulators due to the presence of protein channels and pumps. In the PM ion pumps transport 

ions against their concentration gradient, in an active process requiring ATP, to maintain 
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intracellular concentrations of Na
+
, Ca

2+
 and Cl

- 
that are lower than the extracellular 

concentrations and a K
+ 

intracellular concentration that is higher than the extracellular 

concentration. In addition to the pumps, resting membranes also contain many open K+ 

channels that allow the passive movement of potassium ions through the membrane from the 

inside outwards. This results in an accumulation of negative charge on the inside of the cell 

close to the membrane and a positive charge on the outside
4
. This difference in charge creates 

a difference in voltage across the membrane of between 50 and 70 mV.  

 

Figure 3. The cell as an electrical circuit.  

Left shows a cross section of a cell as would be seen with light microscopy. Right is a model 

of the cell shown between two electrodes. The capacitance, or ability to store electrical 

charge, of the PM and the nuclear membrane are shown as Cm and Cn respectively and the 

total capacitance of the system as C0. The resistance of the extracellular media, cytoplasm and 

nucleoplasm are shown as R1, R2 and R3 respectively. R5 is the total resistance of the cell. 

From Schoenbach et al. 2004
5
.  

1.3. Effect of an electric field on cell membranes 

Exposure of a cell to an external electrical field results in a redistribution of charge within the 

cell and its accumulation in the membrane as shown in Figure 4. Where the electrical field has 

its strongest effect is described by Schwan’s equation (Figure 5). This accumulation of charge 

causes an induced transmembrane voltage that is superimposed onto the resting 

transmembrane voltage. Increased transmembrane voltage leads to the opening of voltage 

gated channels and when the transmembrane voltage is in excess of 200-300 mV structural 

rearrangements and breakdowns of the membrane occur resulting in the formation of pores
6
. 
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Whether these pores persist or reseal is dependent on the magnitude and the duration of the 

induced transmembrane voltage. This has been termed electroporation.  

 

 

Figure 4. Effect of an electric field on the resting transmembrane voltage.  

The resting transmembrane voltage is due to an ionic imbalance between the extra and 

intracellular environment that results in an accumulation of negative charge on the inside of 

the cell close to the membrane and a positive charge on the outside. Applying an electric field 

causes a redistribution of charge within the cell that gives an induced transmembrane voltage 

that is superimposed onto the resting transmembrane voltage. Adapted from Puchihar et al. 

2009
7
. 
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Figure 5. Schwan’s equation.  

Schwan’s equation states that voltage is proportional to the cell’s radius and the applied 

electric field. It has maximal and minimal effects where the membrane is perpendicular with 

the field (θ = 0° and 180°) and in between these points it varies proportionally to the cosine of 

θ. Schwan’s equation is only strictly true for a spherical cell, for more complex cells, like 

those used in our experiments, more complex models have to be applied. 

1.4. Clinical applications of electroporation 

1.4.1. Electrochemotherapy 

Electroporation has been exploited for several clinical applications. Its use in the treatment of 

cancer has been in practice for several decades, in the form of electrochemotherapy, with the 

results of the first clinical trial published in 1993
8
. In electrochemotherapy highly cytotoxic 

drugs that have low cell membrane permeability, such as bleomycin
9
 and cisplatin

10
, are 

introduced into cancerous cells by the pores formed during electroporation. To do this the 

drug is injected into the tumour and either needle
8
 or plate

10
 electrodes are placed in or around 

the area to be treated and pulses of µs duration, with an electric field strength of 1.2-1.3 

kV/cm are applied. As the drugs used are largely impermeable to non-electroporated cells the 

result is a localised treatment with side-effects that are much reduced when compared to 

systemic chemotherapy treatments. The development of a commercialised pulsing system, the 
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Cliniporator sold in Europe by IGEA (Italy), and a standard operating procedure
11

 has led to 

an increase in the availability of this treatment to patients.    

1.4.2. Electrogenetherapy 

Electroporation is widely used in the laboratory to introduce DNA into cells, via the 

permeabilised PM, during transfection. This technique is also being developed for use as a 

therapeutic treatment called electrogenetherapy. The idea behind electrogenetherapy is that 

the foreign DNA that is inserted into the cells integrates with the patient’s DNA and is 

expressed to produce a protein that was lacking in, or is beneficial to, the patient. Examples of 

electrogenetherapy treatments that are in the in vivo stage of development include: the 

expression of a protein that neutralises inflammatory tumour necrosis factor-α in rheumatoid 

arthritis
12

; the expression of proteins, by tumour cells, that activate an immune response 

against the tumour
13

; and the expression of a protein that protects motor neurons from 

ischemic death in Amyotrophic lateral sclerosis
14

. It has also been trialled in humans for the 

treatment of melanoma
15

.   

1.5. nsPEF verses other PEF 

Whilst electrochemotherapy and electrogenetherapy use electric pulses of µs duration 

increasing interest is being shown for shorter pulses of ns duration. These nanosecond pulsed 

electric fields (nsPEF) generally have a pulse duration of between 1-300 ns, an electric field 

strength of 10-100 kV/cm
16

 and are generally considered as non-thermal. When applied to 

cells in vitro they have been shown to induce cell death that is widely believed to follow an 

apoptotic pathway, whereas longer pulses of the same intensity (µs-ms) result in cell death via 

necrosis (Figure 6). Research in the field focuses largely on the application of nsPEF as a 

treatment for cancer. Work in both animal models and humans has shown that nsPEF can 

reduce the size of tumours
17–19

, whilst also stimulating an immune response against the cancer 

cells
20

.  

Similar to longer pulses nsPEF has an effect on the cell’s PM with the formation of nanometre 

sized pores, nanopores, that are much smaller than those created by longer pulses
21,22

. Unlike 

other PEF, nsPEF is also able to cause poration of organelle membranes
23

 such as the 

mitochondria resulting in their depolarisation
22,24

 (Figure 7). Other reported effects of nsPEF 

include: phosphatidylserine (PS) externalisation
25

, cytochrome C release from the 
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mitochondria
26

, cleavage of poly ADP ribose polymerase (PARP)
27

, DNA fragmentation
28

; 

caspase activation
21,27–30

  and transient spikes in intracellular calcium concentrations
31–33

.    

 

Figure 6. Comparison between the effects of electric pulse strength and duration on cell 

survival. 

Both nsPEF and conventional electric pulses (EP) cause cell death, by apoptosis and necrosis 

respectively, if applied at high enough field strengths. Lower field strength conventional EPs 

are used for electrochemotherapy (ECT) and reversible and irreversible electroporation (IRE).  

From Weaver et al.
34

. 
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Figure 7. Effect of pulse strength and duration on temperature change and its cellular 

impact. 

When applied to cells non-thermal nsPEF results in the poration of organelles. Longer, low 

field strength pulses result in the electroporation of the cells membrane, whereas longer, 

higher field strength pulses have a thermal effect leading to denaturation and lysis of the cell. 

From Lee
6
. 

  

1.6. nsPEF generator setup 

In the BioEPIX lab at XLIM we use an nsPEF generator that delivers 10 ns pulses, with 

adjustable amplitudes from 4.5 kV to 10 kV and a rise time of 2 ns. The pulse is delivered via 

a coaxial cable with delivery and pulse parameters confirmed by display on an oscilloscope. A 

50Ω load is attached to the delivery device to match the output impedance of the generator 

(Figure 8).   
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Figure 8. The nsPEF generator and pulse delivery setup. 

For the work in this thesis two different nsPEF delivery devices were available. The first was 

a transverse electromagnetic (TEM) cell that had been adapted to deliver nsPEF and to allow 

real-time visualisation, by microscope of cells in a petri dish
35,36

 and the second consisted of 

positionable, steel electrodes that could be lowered into the imaging dish
37

 (Figure 9). The 

steel electrode system was chosen as it was more adapted to future in vivo work envisaged by 

the lab. Numerical simulations showed that the cells in the area between the electrodes, which 

are monitored in real-time by microscope, have a fairly homogenous electric field distribution 

with amplitudes in the range of 35-45 kV/cm (Figure 10). 

 

 

Figure 9. The two available nsPEF delivery devices. 

An nsPEF delivery device based on a TEM cell and a steel electrode based device were both 

available for the work in this thesis. The electrode system was chosen for its suitability for 

future work. 
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Figure 10. Dosimetry of the steel electrode system. 

The image on the left is a numerical simulation showing the spatial distribution of the electric 

field magnitude between the electrodes immersed in the biological sample, at the level of the 

coverslip, for a 6.1 kV delivered pulse. The image on the right shows the time-domain pulse 

profile for the nsPEF used in this thesis with a 13.6-ns pulse full width at half magnitude 

(FWHM) duration with a 6.1 kV maximum amplitude, as measured by the oscilloscope. 

 

1.7. nsPEF as a cancer treatment 

nsPEF has been proposed as an alternative cancer treatment to chemotherapy
38

. Advantages of 

nsPEF over established chemical treatments include: focused rather than systemic treatment 

resulting in reduced side effects; treatment durations are short so the opportunity for resistant 

mutations to occur is reduced
39

; non-inflammatory cell death by apoptosis which occurs even 

in cells containing apoptosis evading mutations
30,40,41

; targets not only the fast dividing cancer 

cells but also the slower dividing cells of the tumour microenvironment thus reducing the 

chances of tumour recurrence and metastasis
39

; possible induction of an anti-tumour immune 

response
20

.  

Transition of the nsPEF technology from research into the clinic is being pioneered by the 

company Pulse Biosciences in Burlingame, California. They are currently targeting cancers of 

the skin with a completed human pilot trial showing promising results for treating basal cell 

carcinomas
19

. 
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1.8. nsPEF as a potential treatment for glioblastoma multiforme 

Glioblastoma multiforme (GBM) is a common and aggressive tumour of the glia affecting the 

central nervous system. It is highly invasive and resistant to all current treatments, with the 

median survival time for patients being 14.6 months
42

. Current standard treatment includes 

surgical resection, chemotherapy and radiotherapy
43

. Treatment of GBM, and other brain 

tumours, by electrochemotherapy is currently under investigation. Preclinical trials in rats 

with glioma suggest that the treatment is safe and effective with 9 out of the 13 treated rats 

showing tumour regression and disappearance
44

. A limited phase 1 trial in humans has also 

been undertaken
45

. 

 

Given the need for an effective GBM treatment and the encouraging results using 

electrochemotherapy our group at XLIM is interested in the application of nsPEF to GBM. 

My PhD work has focused on the in vitro effects of nsPEF on a human glioblastoma cell line 

(U87-MG) in a first step towards assessing its suitability as a treatment. Determining how 

nsPEF acts on a subcellular level, in glioblastoma cells, will hopefully lead to a greater 

understanding of how to optimise nsPEF dosing (number and strength of pulses and frequency 

of delivery) and, later, permit rational decisions to be made concerning the use of any 

adjuvant therapies. 
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Chapter 2:  

General effects of nsPEF on 

U87-MG cells 
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2. General effects of nsPEF on U87-MG cells 

2.1. Introduction 

Many different effects of nsPEF on cells have been published which have recently been 

summarised in a systematic review by Napotnik et al.
46

. Comparing these effects between 

studies is however difficult as many different exposure systems, field strength, pulse duration, 

repetition rates and cell types are used. To date the studies involving glioblastoma are 

limited
47

. The work in this chapter aims to characterise the effects of our nsPEF exposure 

system on the U87-MG human glioblastoma cell line by looking at three of the main reported 

nsPEF effects: membrane permeabilisation, changes in intracellular calcium and loss of 

mitochondrial membrane potential.  

2.1.1. Permeabilisation of the plasma membrane  

An influx of cell membrane impermeable dyes has been used to show that nsPEF causes 

permeabilisation of the cell membrane. Whilst it is generally believed that nsPEF directly 

induces the formation of nanometre sized pores on the plasma membrane the possibility that 

trans-membrane protein channels are opened has also been investigated. 

2.1.1.1. Nanoporation of the plasma membrane by nsPEF 

Molecular dynamics simulations propose that the application of nsPEF to cells results in the 

formation of temporary nano-sized pores in the plasma membrane. They predict the formation 

of ion-conductive pores, on the anodic side of the cell, within 5-6 ns following pulse 

application
48–50

. Pore formation occurs in several steps. When exposed to an external electric 

field a voltage on the plasma membrane is induced. This voltage has the effect of lowering the 

energy needed for membrane lipid rearrangement
51

. As a result defects in the hydrophobic 

lipid layer can form when water, which due to its dipoles orientates in the electric field, 

applies pressure on the membrane. Water then extends into the membrane, with the 

hydrophilic lipid head group following the water to form the pore 
52

. The formation of pores is 

dependent on field strength, pulse duration and repetition rate
53,54

. Pore size has been 

estimated as being 1 – 1.5 nm
55–57

.  

Nanoporation of the cell membrane has been studied experimentally by looking at the uptake 

of the membrane impermeable dyes propidium iodide (PI), YO-PRO-1 and Ethidium 

Homodimer-1 (EthD-1). Early work looking at nsPEF induced nanoporation using EthD-1 

showed that nanoporation was a short lived event with pores remaining open less than 5 

https://www.lifetechnologies.com/order/catalog/product/E1169
https://www.lifetechnologies.com/order/catalog/product/E1169
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minutes following 3, 60 ns, 60 kV/cm pulses to the human T-lymphocyte cell line Jurkat. The 

extent of poration varied between cell types. Small cells, such as Jurkat, were shown to be the 

least resistant (15-fold increase of PI fluorescence in 70% of cells following 3, 60 ns pulses), 

with larger cells, such as monocytes, being more resistant (4-fold increase of PI fluorescence 

in 30% of cells following 3, 60 ns pulses)
26

. Further examination of Jurkat cells showed that 

increasing pulse duration, pulse number and/or electric field caused an increased uptake of 

EthD-1
17

. Pulse type has also been shown to affect the extent of nanoporation with a larger 

influx of PI and increased membrane instability seen with monopolar nsPEF than with bipolar 

nsPEF
58

. In contrast, other investigations studying Jurkat and human promyelocytic leukemia 

HL-60 cells have failed to show the uptake of PI following nsPEF treatment
32,33

. Here, the 

authors suggest that either the electric fields used in their experiments were too low to induce 

poration or that the pores formed were too small to allow uptake of PI. More recent 

experiments looking at uptake of extracellular Ca
2+

 and PI, following single 600 ns pulses, in 

N1-S1 rat hepatoma cells support these theories. Intracellular concentrations of Ca
2+ 

(Van der 

Waals diameter = 0.462 nm
55

), which is smaller in size than PI (Van der Waals dimensions 

0.78 x 1.62 x 1.39 nm
56

) were found to increase significantly for electric fields at and above 

10 kV/cm, whereas significant PI increase was only observed for electric fields above 50 

kV/cm 
24

. YO-PRO-1 (dimensions 1.68 x 0.94 x 0.89 nm
59

), which is also smaller than PI, has 

been used to show the effect of pulse number on pore size in Jurkat cells. The application of 5 

pulses (4 ns, 10mV/m, 1 kHz repetition rate) was enough to cause a significant uptake of YO-

PRO-1, whereas 20 pulses needed to be applied to show a measurable increase in PI 

fluorescence
22

. The number of pores formed has also been linked to number of pulses with 

increasing numbers of 60 ns pulses causing increased uptake of both YO-PRO-1 and PI
57

. 

2.1.1.2. Opening of transmembrane pores by nsPEF 

Nanoporation due to nsPEF treatment is experimentally assessed by the uptake of dyes that 

are impermeable to the plasma membrane. There are however several membrane receptor 

channels present on the cell that, upon activation, are able to gate the entry of these dyes into 

the cell. These include the P2X7 receptor (P2X7R) and members of the transient receptor 

potential (TRP) channels family. As such the activation of these channels by nsPEF has also 

to be considered as an alternative to nanoporation. In further support gadolinium which is 

known to block a range of ion channels, including certain TRP channels, also blocks nsPEF 

membrane permeabilisation
60

.  
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The P2X7R, which is expressed on U87 cells
61

, is a ligand gated cation channel located on the 

plasma membrane, whose functions include the regulation of membrane potential and 

intracellular calcium levels. Part of the P2 family of purinergic receptors it is activated by 

ATP, ADP, UTP and UDP
62

. Brief activation of P2X7R by ATP leads to the opening of an 

ion channel that allows the passage of mono and divalent cations (Na
+
, K

+ 
and Ca

2+
). A more 

prolonged activation leads to secondary permeability which is the formation of a pore that 

allows the uptake of larger cations including the fluorescent dye YO-PRO-1
63

. This secondary 

permeability has been linked to the coupling of activated P2X7R to pannexin-1
64

. Pannexin-1 

is a transmembrane protein that oligomerises to form hexameric membrane channels
62

 that is 

believed to release ATP and be larger enough to allow the passage of cationic and anionic 

molecules of up to 800–900 Da
65

. Brief activation of P2X7R also results in several 

morphological changes that resemble those seen following nsPEF treatment including 

membrane blebbing, phosphatidyl serine exposure, loss of mitochondrial membrane potential 

and cytoskeletal disruption
66

.  

The TRP family are made up of units of six transmembrane domains with intracellular C- and 

N- termini. The majority of TRP channels are found on the plasma membrane and in order to 

form a functional ion channel the assembly of four of these units is needed
67

. Three different 

TRPs have been shown to dilate sufficiently to allow the passage of YO-PRO-1: transient 

receptor potential vanilloid 1 (TRPV1)
68

, transient receptor potential melastatin 8 (TRPM8)
69

 

and transient receptor potential ankyrin 1 (TRPA1)
70

. Their implication in the nsPEF response 

is considered due to their voltage dependent-gating which could be activated by the pulse. In 

addition these three TRPs have their activities modulated by interaction with 

phosphatidylinositol-4,5-bisphosphate (PIP2) and through phosphorylation by protein kinase 

C and A
67,71

, all of which are linked to the phospholipase C (PLC) pathway that is activated 

by nsPEF
72

. TRPV1 also uses its C-terminal to stabilizes microtubules with its activation 

leading to rapid microtubule depolymerisation
73

, similar to the nsPEF effect that we report in 

the following chapter. 

2.1.2. Nanoporation of organelles by nsPEF 

The membranes of organelles can be charged by an external electric field in the same way as 

the plasma membrane is. Theoretical models suggest that this can also lead to their 

poration
48,51,74,75

. These models show that the duration of the electric field exposure needed to 

cause poration is much less for organelles than it is for the plasma membrane, with a 7 µm 
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cell typically needing a charging time of around 105 ns whereas a 1 µm organelle would only 

need around 15 ns
76

. This suggests that our 10 ns pulse should target intracellular membranes 

in addition to the plasma membrane. Experimentally, the poration of granule membranes in 

eosinophil cells was demonstrated to occur following the application of both 60 ns and 10 ns 

pulses
77,78

. As discussed in section 2.1.4 nsPEF induced mitochondrial membrane 

permeabilisation has also been reported
22

. 

2.1.3. Calcium 

An increase in intracellular Ca
2+

 concentration ([Ca
2+

]i) following application of nsPEF has 

been widely shown. However, it is still unclear whether the source of this calcium is from 

intracellular stores, such as the endoplasmic reticulum (ER), or from extracellular calcium 

that enters through plasma membrane nanopores.  

 

2.1.3.1. Calcium influx though nanopores in cellular membranes  

 

N1-S1 cells, in a Ca
2+

 containing buffer, pulsed with a single 600 ns, 40 kV/cm pulse show an 

increase in [Ca
2+

]i whereas the same treatment of cells in a buffer containing the Ca
2+

 chelator 

EGTA failed to show an increase in [Ca
2+

]i
24

. This suggests that extracellular calcium is the 

source of the increase. However, these cells were analysed by flow cytometry 10 minutes 

after pulse application. As calcium signals can be rapid and transient it is possible that this 

time frame was not well adapted to accurately capture calcium changes. Indeed, [Ca
2+

]i 

measured in Fura-2 loaded HL-60 cells, over the time period of 5 – 300 seconds following a 

single 60 ns, 30 kV/cm pulse, showed a rapid and sustained increase of [Ca
2+

]i  in cells in a 

Ca
2+

 buffer and a rapid, but transient, increase in cells in an EGTA buffer
33

. Live cell imaging 

of Calcium Green loaded Jurkat cells showed a uniform increase in fluorescence across the 

cell, within seconds, following 10, 30 ns, 2.5 MV/m pulses
32

. This uniformity suggests an 

intracellular source of calcium. The same study backs up this argument by showing similar 

post-pulse [Ca
2+

]i increases in cells in Ca
2+

 and in EGTA buffer. They show also that this 

increase could be reduced by prior depletion of calcium in the endoplasmoic reticulum (ER) 

using thapsigargin, which is an ER calcium pump inhibitor. It is however unclear, for these 

supporting results, at which time point the calcium increase was measured and whether, in 

agreement with White et al. (2004)
33

, the increases observed were transient or sustained.   
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2.1.3.2. Activation of capacitative calcium entry or calcium induced calcium 

release 

The difference between sustained and transient increases in [Ca
2+

]i observed, respectively, in 

Ca
2+

 and EGTA buffers has been further examined
33

. Ca
2+

 was added to HL-60 cells, in an 

EGTA buffer, 1 minute-post pulse, when the [Ca
2+

]i had returned to resting levels. [Ca
2+

]i 

increased rapidly. These results mirrored those obtained for cells under the same conditions 

and treated with uridine-5'-triphosphate (UTP) instead of nsPEF. UTP is a purinergic agonist 

that causes the release of internal calcium stores via inositol-1,4,5-trisphosphate (IP3) 

signalling. Low calcium in Ca
2+

 storing organelles triggers the opening of plasma membrane 

Ca
2+

 channels in a process called capacitative calcium entry (CCE). The authors conclude that 

nsPEF causes CCE to occur and that the sustained increase seen in Ca
2+

 containing buffer is 

due to Ca
2+

 entering through plasma membrane channels rather than through nanopores. 

The CCE theory is however refuted by Semenov et al. (2013)
31

. They showed in Chinese 

hamster ovary (CHO) cells that, in a Ca
2+

 buffer, single 60 ns pulses at intensities over 9 

kV/cm cause a rapid, low (200-350 nM) and sustained increase in [Ca
2+

]i. At intensities over 

19 kV/cm the rise was again rapid reaching concentrations of 1–3 µM, before returning to 

resting levels within 2-3 minutes. When EGTA buffer was used an intensity of 19 kV/cm was 

needed to induce a rise in [Ca
2+

]i, again the rise was rapid and returned to resting levels within 

50-100s. In addition they looked at the possibility of calcium induced calcium release (CICR) 

playing a role in the increase in [Ca
2+

]i. CICR is the cells natural way of propagating calcium 

signals and thus increasing cellular response time. Calcium and IP3, that is produced during 

nsPEF stimulation
72

, bind to IP3 receptors (IP3R) and ryanodine receptors, which are Ca
2+

 

release channels on the ER membrane. Opening these channels increases the local Ca
2+

 

concentration and thus results in the activation and opening of adjacent receptors and 

potentially the opening of Ca
2+

 releasing mitochondrial permeability transition pores 
79

. CHO 

cells do not have ryanodine receptors and on blocking the IP3R following a 60 ns, 30 kV/cm 

pulse [Ca
2+

]i was found to only rise to between 400-500 nM. The authors interpreted these 

results as the cell’s plasma membrane being more susceptible to nanoporation by nsPEF than 

the ER membrane (thresholds for poration at 9 kV/cm and 19 kV/cm respectively for the 60 

ns pulse), with the nanoporation being a short lived event. During nanoporation the [Ca
2+

]i 

remains within physiological levels. The [Ca
2+

]i increases seen with the lower intensity pulses 

fail to provoke a cellular response, including clearance of Ca
2+

, resulting in the sustained 

signal. When [Ca
2+

]i reach a critical level (~300 nM) CICR is induced leading to the µM 
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range concentrations seen with the higher intensity pulses. CICR is self-limiting ending when 

the channels close and/or the ER Ca
2+

 stock is depleted. Ca
2+

 is then returned to the ER by 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) 
80

. This could explain return to 

resting levels of [Ca
2+

]i seen with the higher intensity pulses. 

 

2.1.4. nsPEF causes loss of mitochondrial membrane potential (∆Ψm) 

Given that poration of both the plasma and ER membranes are thought to be a result of nsPEF 

treatment, the poration of the mitochondrial membrane has also been proposed. This was 

demonstrated when mitochondrial membranes of Jurkat cells were shown to be more 

susceptible to permeabilisation than the plasma membranes following 5, 4 ns, 10 MV/m 

pulses
23

. This permeabilisation is linked to a decrease in ∆Ψm. ∆Ψm, as measured by 

tetramethylrhodamine, ethyl ester (TMRE) a dye that sequesters in active mitochondria, was 

found to decrease in E4 squamous carcinoma cells by 10 minutes post-pulse (10, 300 ns 

pulses, between 0 and 60 kV/cm)
81

. Earlier time points however were not reported so it is 

difficult to determine from this result whether the loss of ∆Ψm is due to a direct effect of 

nsPEF or is the downstream result of other changes in the cell. Another study, using Jurkat 

cells, looked at a shorter time scale and showed that when delivering 4 ns, 10 MV/m pulses, at 

a 1 kHz repetition rate, higher pulse numbers (≥30) caused a decrease in ∆Ψm within 30 

seconds of pulse application (~10% decrease as compared to pre-pulse levels, for 30 pulses) 

which had decreased further by 3 minutes (~50% decrease as compared to pre-pulse levels, 

for 30 pulses). At lower pulse numbers (10) there was no change in ∆Ψm after 30 seconds and 

a 20% decrease after 3 minutes
22

. This study linked the loss in ∆Ψm to mitochondrial 

membrane permeabilisation using cobalt-quenched calcein stained cells, but again the authors 

could not confirm if the permeabilisation was a direct effect of nsPEF or a secondary effect of 

another process. Beebe et al. (2012)
24

, however, call into question the theory of nsPEF 

nanoporation of mitochondrial membrane. They show in N1-S1 cells that loss of ∆Ψm, 

following a single 600 ns, 80 kV/cm pulse, is both time and calcium dependant, whereas 

nanoporation would cause an immediate and calcium independent loss of ∆Ψm.  

Low energy status in nsPEF treated cells, as measured by ATP levels and AMP-activated 

protein kinase activity, has been reported and linked to the loss of mitochondrial activity 
82,83

. 

nsPEF with short rise and fall times have a more detrimental effect on ∆Ψm, linked to 

decrease in cell viability, than those with long rise and fall times
24

. As changes to [Ca
2+

]i were 

similar with both short and long rise and fall times the authors concluded that intracellular 
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membranes are more sensitive to short rise and fall times than plasma membranes. They 

concluded also that loss of ∆Ψm plays an intrinsic part in nsPEF related cell death.  

 

2.1.5. Objectives 

From the published material it is evident that the impact that nsPEF will have on a cell is 

dependent on the type of exposure system, the field strength applied, the pulse’s duration, the 

repetition rate and cell types used. The objective of this chapter is therefore to assess the 

sensitivity of our cell of interest, U87 glioblastoma, to our nanopulse generating system and 

application method. We also aim to determine a pulse application regime that will have an 

effect on our cells and compare these effects to previously published data. 

2.2. Material and methods 

2.2.1. Cell line and culture 

The human glioblastoma cell line U87-MG (ATCC HTB-14) was cultured in T75 flasks at 

37°C, 5% CO2 in MEM medium (Gibco, 10370-047) supplemented with 10% FBS (Gibco, 

10500), 2 mM L-glutamine (Dutscher, X0550-100), 1.1 mM glucose (Gibco, 19002-013), 100 

U/ml penicillin and 100 µg/ml streptomycin (Gibco, 15070-063). On reaching 80% 

confluence, cells were detached from the surface of the flask by washing twice with PBS 

(Gibco, 14190) and then incubating for 3-5 minutes at 37°C with trypsin (Gibco, 25200-056). 

Trypsin activity was stopped with the addition of an equal quantity of defined trypsin 

inhibitor (Gibco, R-007-100) and then centrifuged for 10 minutes at 600g. The resulting cell 

pellet was resuspended in MEM for use in experiments and for reseeding flasks. 

2.2.2.  Preparation of poly-L-lysine coated coverslips 

For microscope analysis cells were adhered to 22 mm round, glass coverslips (Dutscher, 

140541DD) that were coated in poly-L-lysine (P9155, Sigma). For coating, coverslips were 

first washed in 100% ethanol and then rinsed in sterile PBS before being placed, individually, 

in 35 mm plastic petri dishes. 2 ml of PBS containing 5µg/ml of poly-L-lysine was added to 

each petri dish and incubated at 37°C for at least 2 hours. After incubation the liquid was 

aspirated from each petri dish and replaced with 2 ml of a cellular suspension containing 1.8 x 

10
5
 cells/ml. Cells were then cultured for 24 - 48 hours before use in imaging.  
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2.2.3. Live cell imaging 

Cells were observed by epifluorescence using a Leica DMI6000 microscope with a 100x 

objective. Fluorescent excitation was provided by a Spectra 7 light engine (Lumencor). 

Emitted light was filtered and captured on an electron-multiplying charge-coupled device 

camera (EMCCD; Photometrics Evolve 512, Roper) with 512 x 512 pixels. The system was 

controlled by, and images were captured with, Metafluor (version 7.8, Molecular Devices). 

Protocols for each experiment were first optimised to minimize illumination in order to reduce 

photobleaching. 

2.2.3.1. Measurement of plasma membrane permeability 

For measurement of cell membrane poration coverslips were removed from their dishes, 

sandwiched into plastic imaging chambers and covered in 1 ml of 1 µM of YO-PRO-1 (Life 

Technologies, Y3603) in room temperature HBSS (NaCl 121 mM, KCl 5.4 mM, MgCl2 0.8 

mM, NaHCO3 6 mM, D-glucose 5.5 mM, HEPES 25 mM, CaCl2 1.8 mM, pH 7.3). The 

coverslips were imaged immediately using an excitation of 475/25 nm and emission at 525/50 

nm with an exposure time of 35 ms and 10% source intensity. For P2X7R experiments cells 

were incubated for 30 minutes at 37°C with either 10 µM A-438079 (Sigma, A9736) or 1 mM 

probenecid (Sigma, P8761) in HBSS. For TRP experiments cells were incubated for 10 

minutes at 37°C with 1 µM A-784168 (Tocris, 4319), 10 µM M8B (Sigma, SML0893) or 30 

µM AP18 (Sigma, A7232) in HBSS. 

2.2.3.2. Measurement of changes in intracellular calcium 

For measurement of intracellular calcium levels cells were incubated for 30 minutes at room 

temperature, in the dark, in HBSS or Ca
2+

 free HBSS (NaCl 121 mM, KCl 5.4 mM, MgCl2 

0.8 mM, NaHCO3 6 mM, D-glucose 5.5 mM, HEPES 25 mM, EGTA 4 mM, pH 7.3) 

containing 1.25 µM Fura Red, AM (Life Technologies, F3020) or 0.5 µM FLUO-4, AM (Life 

Technologies, F14201), 0.02% pluronic acid (Life Technologies, P3000MP), then washed 

three times in the corresponding HBSS and incubated a further 30 minutes at room 

temperature in the dark.  To deplete intracellular calcium stores cells were incubated with 1 

µM of thapsigargin (Sigma, T9033) in Ca
2+ 

free HBSS for the final 30 minute incubation 

before imaging.  Cells loaded with Fura Red were imaged with an excitation of 475/25 nm 

and emission at 615/25 nm with an exposure time of 25 ms and 5% source intensity. For 
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FLUO-4 excitation was 475/25 nm and emission 525/50 nm with an exposure time of 10 ms 

and 5% source intensity. 

2.2.3.3. Measurement of mitochondrial membrane potential 

Mitochondrial membrane potential was measured by incubating cells with 10 nM 

Tetramethylrhodamine, methyl ester (TMRM) (Interchim, FP-21089A) at room temperature, 

in the dark for 30 minutes, and washing three times in HBSS before imaging. For the sodium 

free experiments cells were loaded with TMRM in normal HBSS and washed with and 

imaged in a HBSS variant made of: KCl 5.4 mM, MgCl2 0.8 mM, CaCl2 1.8 mM, CHKO3 6 

mM, Glucose 5.5 mM, HEPES 25 mM, 146 mM choline chloride, pH 7.3. Cells were imaged 

with an excitation of 542/27 nm and emission at 615/25 nm with an exposure time of 10 ms 

and 5% source intensity. 

2.2.4. Exposure of cells to nsPEF 

10 ns pulses, with an electric field strength of 44 kV/cm (unless otherwise stated), were 

applied to cells using an nsPEF generator (FPG 10-1NM-T, FID Technology, Germany) with 

50 Ω output impedance. A high-voltage measurement device (tap-off 245 NMFFP-100, Barth 

Electronics Technology, USA) connected to an oscilloscope (DPO 4104, Tektronix, USA) 

was used to visualize the time-domain measurements of the pulse
84–86

. Pulses were applied by 

positioning an electrode delivery system with a micromanipulator (Sutter MP285) comprising 

of two steel electrodes, separated by a gap of 1.2 mm and with 50 Ω impedance in parallel
37

.  

2.2.5.  Image analysis 

Images were analysed using Image Analyst MKII (Image Analyst Software). Background was 

subtracted from the stack of images by manually drawing a region of interest (ROI) in a zone 

that did not contain cells and subtracting the grey level in this area from the rest of the image. 

ROIs were then drawn to include the entire cell of interest and fluorescence intensity data for 

the ROIs were generated by Image Analyst MKII. 

2.2.6. Statistical analysis 

Statistical analyses were performed with OriginPro 2016 software. Datasets were first tested 

for normal distribution using Q-Q plots and a Levene’s test was used to assess the 

homogeneity of variance. Changes in fluorescence intensity were statistically tested over time 

(repeated measures) and between independent treatments (between groups) using a mixed-
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model two-way repeated measures analysis of variance (ANOVA). The source of significant 

differences identified by ANOVAs was found using pair-wise post-tests that were Bonferroni 

corrected. Effects were considered statistically significant when the probability of falsely 

rejecting the null hypothesis was less than 0.05 (p<0.05). 

2.3. Results 

2.3.1. Effect of nsPEF on plasma membrane permeability 

2.3.1.1. nsPEF causes YO-PRO-1 uptake in a dose dependent manner 

The first reported nsPEF effect that we tested was membrane poration. To do this we used the 

fluorescent dye YO-PRO-1, a cell impermeable dye that is only able to enter the cell when the 

plasma membrane is compromised. By looking at YO-PRO-1 uptake at different pulse 

application regimes (1 pulse, 10 pulses at 1 Hz, 10 Hz or 100 Hz and 100 pulses at 1 Hz, 10 

Hz or 100 Hz) we were able to determine that poration occurs and that it is dependent on both 

pulse number and frequency of application (Figure 11a). The effect of frequency is most 

clearly demonstrated by the results for 100 pulses, where YO-PRO-1, for the 1 Hz 

application, follows a slower sigmoidal uptake compared to the rapid uptake for 10 and 100 

Hz. By considering the area under the curve for the entire imaging period (Figure 11b) we see 

a total YO-PRO-1 uptake with a dose-response effect for increasing pulse numbers and for 

increasing frequencies within the same number of pulses. This effect appears to reach a 

plateau between 100 pulses delivered at 10 Hz and 100 pulses delivered at 100 Hz. YO-PRO-

1 entry into the cell was not uniform and instead had a polar entry before diffusing across the 

cell (Figure 11c).  
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Figure 11. Temporal and spatial uptake of YO-PRO-1 as a function of pulse number 

and frequency.  

a: Change in fluorescence over time from live cell imaging experiments on YO-PRO-1 uptake 

into U87 cells following application of 10 ns pulses at varying pulse numbers and repetition 

rate frequencies. The start of pulse application is represented by a green arrow. The 10 s line 

shows the pulse duration for 100 pulses 10 Hz and 10 pulses 1 Hz. The 100 s line shows the 

pulse duration for 100 pulses 1 Hz. Error bars show S.E. 0P n = 5, 1P n = 4, 10P 1 Hz n = 4, 

10P 10 Hz n = 7, 10P 100 Hz n = 4, 100P 1 Hz n = 7, 100P 10 Hz n = 4, 100P 100 Hz n = 4. 

b. Total area under the fluorescence curves for each pulse regime based on the results in part 

a. Error bars show S.E. c: Representative live cell images of YO-PRO-1 cellular uptake 

following 100, 10 ns pulses at 10 Hz. The pulse train was applied just after the image capture 

at 27 seconds (first image in sequence). The images are pseudocoloured for contrast and the 

colour calibration bar represents arbitrary units of fluorescence. 

2.3.1.2. Determination of how YO-PRO-1 enters the cell 

There are four membrane receptors that are known to form pores/channels which can gate 

YO-PRO-1: P2X7R, TRPV1, TRPA1 and TRPM8. Whilst nanoporation is a widely accepted 

result of nsPEF treatment it is also possible that one or more of these pores may be implicated 

to some extent in the observed permeability. To determine their involvement we used 

different pharmacological inhibitors of the receptors to see if they decreased YO-PRO-1 

uptake. 

2.3.1.2.1. P2X7R 

The P2X7R was inhibited by incubation (30 minutes at 37°C in HBSS) with 1 mM of 

Probenecid or 10 µM of A-438079. Applying one pulse to untreated cells caused a 0.2 fold 

increase in YO-PRO-1 fluorescence which started gradually after the pulse application 

(Figure 12). A similar increase in fluorescence occurred in the cells that had been treated with 

A-438079. The cells treated with probenecid, however, failed to show an increase in 

fluorescence after pulse application, reflecting the results of cells that had not been pulsed. 
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Figure 12. The effect of P2X7 antagonist/inhibitors on YO-PRO-1 uptake following 

application of 1, 10 ns pulse.  

1 pulse was applied to cells incubated with 10 µM A-438079 (blue line, n=4) or 1 mM 

probenecid (green line, n=4) or no inhibitor (red line, n=4). The black line denotes the non-

pulsed control (n=3). Error bars show S.E. and the light green arrow indicates pulse 

application. Asterisk indicates a significant difference between the 0 pulse response and that 

of 1 pulse and 1 pulse with A-438079 as well as a significant difference between 1 pulse and 

1 pulse with probenecid, as reported by two-way repeated measures ANOVA with Bonferroni 

tests, F (4.61, 15.35) = 5.82, p < 0.05. 

To see if the inhibitory effect of probenecid held true at higher pulse numbers we next looked 

at YO-PRO-1 uptake following the application of 100 pulses at 10 Hz. We found the same 

increase in fluorescence in cells treated with or without probenecid (Figure 13). 
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Figure 13. The effect of P2X7 blocker probenecid on YO-PRO-1 uptake following 

application of 100, 10 ns pulse at 10 Hz.  

100, 10 ns pulses were applied at 10 Hz to cells incubated with 10 1 mM probenecid (red line, 

n=3) or no inhibitor (back line, n=3). Error bars show S.E. and the light green arrow indicates 

pulse application. There was no significant difference between the two conditions as reported 

by two-way repeated measures ANOVA with Bonferroni tests, F (1.27, 5.09) = 0.02, p > 0.05. 

 

2.3.1.3. TRP channels 

The TRP channels were inhibited by incubating cells (10 minutes at 37°C in HBSS) with one 

of the following inhibitors: 1 µM of A-784168 (TRPV1), 10 µM of M8B (TRPM8) or 30 µM 

AP18 (TRPA1 inhibitor). When 100 pulses were applied at 1 Hz there was found to be no 

difference in YO-PRO-1 uptake under any of the pharmacological treatments when compared 

to the untreated cells (Figure 14). 
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Figure 14. The effect of different TRP channel inhibitors on YO-PRO-1 uptake 

following application of 100, 10 ns pulses applied at 1 Hz.  

Pulses were applied to cells incubated with 1 µM A-784168 (TRPV1 inhibitor, red line, n = 4 

over 3 independent experiments), 10 µM M8B (TRPM8 inhibitor, green line, n = 9 over 5 

independent experiments), 30 µM AP18 (TRPA1 inhibitor, blue line, n = 8 over 6 

independent experiments) or no inhibitor (black line, n = 7 over 4 independent experiments). 

Error bars show SE and the light green arrow indicates start of pulse application. There is no 

significant difference between any of the tested conditions, as measured by two-way repeated 

measures ANOVA with Bonferroni tests, F (3.07, 24.60) = 0.49, p > 0.05. 

2.3.2.  Effect of nsPEF of intracellular calcium levels 

2.3.2.1. Effect of 1 pulse on intracellular calcium levels using FLUO-4 

Preliminary experiments to investigate the effect of nsPEF on intracellular calcium levels 

within the cell were carried out using the calcium indicator FLUO-4, AM. This indicator 

shows an increase in fluorescence on binding calcium. U87 cells loaded with the dye were 

exposed to a single 10 ns pulse after recording a 5 minute base line with image captures every 

30 seconds (Figure 15). Of the five separate pulsed experiments only one cell responded with 

an increase in intracellular calcium. Whilst the control shows that the imaging conditions 

caused some loss of fluorescence, either due to photobleaching or clearance from the cell 
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through anion transporters
87

, they had been sufficiently optimised to avoid light induced 

calcium responses
88

.  

 

 

Figure 15. The effect of 1, 10 ns pulse on intracellular calcium in U87 cells.  

The black line denotes averages for control experiments (n = 4), where no pulses were 

applied. The red line denotes averages for pulsed, non -responding experiments (n = 4) and 

the green line for the responder (n=1). Pulse application is denoted by the green arrow. Error 

bars show S.E. 

 

2.3.2.2. The effect of 100, 10 ns pulses applied at 10 Hz on intracellular calcium 

levels using FLUO-4 

There were two obvious reasons that would explain the lack of a consistent post-pulse change 

in intracellular calcium. The first is that the response was too rapid to be caught by the 

relatively slow imaging protocol. The second is that one pulse was not sufficient to elicit a 

reproducible effect. We therefore optimised a faster imaging protocol, taking one image every 

second, and applied a higher number of pulses (100 pulses at 10 Hz). This resulted in a rapid, 

repeatable, almost 6-fold, increase in intracellular calcium following the pulse and elimination 

of photobleaching (Figure 16). The calcium response continued to increase throughout the 

pulse application period before plateauing at the end of this period and beginning to slowly 

decrease.  
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Figure 16. The effect of 100, 10 ns pulse applied at 10 Hz on intracellular calcium in U87 

cells.  

The blue line denotes averages for control experiments (n = 3), where no pulses were applied. 

The red line denotes averages for 100 pulses applied at 10 Hz (n = 3). The start of pulse 

application is denoted by the green arrow and the duration is shown by the black double 

ended arrow. The asterisk indicates a significant difference between the 100 pulse at 10 Hz 

response and 0 pulse control as reported by two-way repeated measures ANOVA with 

Bonferroni tests, F (1.57, 6.26) = 124.94, p < 0.05. Error bars show S.E. 

 

2.3.2.3. Effect of 100P applied at 10 Hz on intracellular calcium levels using Fura 

Red, AM 

In an attempt to carry out a more quantitative assessment of the intracellular calcium 

concentrations we used the ratiometric dye Fura Red, AM. This indicator has a dual excitation 

and ratiometric confocal imaging has previously been demonstrated using 457 nm to excite 

the non-calcium bound form of the dye and 488 nm to excite the calcium-bound form
89

 with 

emissions for both collected on a 585 nm longpass filter. When intracellular calcium 

concentrations increase both fluorescent levels decrease, however the ratio of F457/F488 

increases. This method also allows for the correction of photobleaching and other imaging 

artefacts. However, due to equipment limitation and budgetary constraints, we were unable to 

exploit the dual excitation with the LED illumination system and the filter sets available to us. 
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We were, however, able to excite and image the calcium bound form and induce a 

reproducible increase in intracellular calcium by using 100 pulses applied at 10 Hz (Figure 

17). A 0.5 fold decrease in Fura Red fluorescence, representing an increase in intracellular 

Ca
2+

 concentration, was observed in the first 3 seconds following the start of pulse 

application. A minimum, and stable, level of fluorescence was reached by 9 seconds with the 

timing of this stabilisation corresponding with the end of the pulse application period. The 

control experiments also showed a degree of photobleaching which is likely to mask any 

recovery of calcium levels in the pulsed experiments. 

 

 

Figure 17. Change in Fura Red fluorescence in U87 cells subjected to 100 pulses 

delivered at 10 Hz. 

 Pulsed experiments are represented by the red line (n = 3) and non-pulsed controls by the 

black line (n = 3). A decrease in Fura Red fluorescence denotes an increase in calcium 

concentration. The asterisk indicates a significant difference between the pulsed and control 

experiments as reported by two-way repeated measures ANOVA with Bonferroni tests, F 

(1.96, 7.83) = 172.06, p < 0.05. Error bars show S.E and the green arrow the start of pulse 

application. 
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2.3.2.4. Identifying the source of the calcium increase 

The increased calcium in the cell, following nsPEF treatment, has previously been attributed 

to both extracellular and intracellular sources. Having confirmed permeabilisation of the 

plasma membrane an influx of extracellular calcium seemed likely but intracellular calcium 

stores, such as the E.R. could also add to the effect. To determine the contribution of each 

source we pulsed Fura Red loaded cells in a calcium-free HBSS containing the calcium 

chelator EGTA which would give an indication of extracellular influx. We also pulsed cells 

which had had their intracellular stores depleted with thapsigargin in the same calcium free 

HBSS. Thapsigargin is an inhibitor of the sarco/endoplasmic reticulum Ca
2+

 ATPase 

(SERCA) which transfers calcium from the cytosol into the ER. The difference in response 

between the two conditions would give us an indication of the contribution of the intracellular 

stores. We found that both conditions gave a similar response when 100 pulses were applied 

at 10 Hz with the elimination of the decrease in Fura Red fluorescence observed previously in 

the presence of calcium (Figure 18).  

 

Figure 18. Change in Fura Red fluorescence in calcium depleted U87 cells subjected to 

100 pulses delivered at 10 Hz.  

In calcium free HBSS (green line, n = 3) or in calcium free HBSS with thapsigargin depleted 

intracellular stores (blue line, n = 3). The non-pulsed control is shown by the black line (n = 

3). A decrease in Fura Red fluorescence denotes an increase in calcium concentration. The 

green arrow denotes the start of pulse application and error bars show S.E. 
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We observed also a slight increase in fluorescence 6-9 seconds after the start of pulse 

application which appeared to be a result of cell contraction rather than due to a decrease in 

calcium concentration. To confirm that the increase is just an artefact, the experiment was 

repeated using FLUO-4 (Figure 19). No significant differences were found in the fluorescence 

responses between either of the calcium free pulsed conditions or the control. There was also 

no post pulse change in fluorescence supporting the idea of minor cell contraction. 

 

Figure 19. Change in FLUO-4 fluorescence in U87 cells subjected to 100 pulses delivered 

at 10 Hz.  

In normal HBSS (red line, n = 8) a calcium free HBSS (green line, n = 3) or in calcium free 

HBSS with thapsigargin depleted intracellular stores (blue line, n = 3). The non-pulsed 

control is shown by the black line (n = 4). There were no significant differences between the 

non-pulsed condition and either of the pulsed calcium free conditions, as measured by two-

way repeated measures ANOVA with Bonferroni tests, F (2.75, 9.63) = 0.87, p > 0.05. The 

green arrow denotes the start of pulse application and error bars show S.E. 

2.3.3. Effect of nsPEF on the cell mitochondrial membrane potential 

 

We next sought to confirm that our nsPEF system could cause a loss of ∆Ψm. U87 cells were 

loaded with TMRM and subjected to 100 pulses applied at 10 Hz with an electric field 

strength of 44 kV/cm. This resulted in the immediate onset of a gradual reduction in TMRM 



44 

 

fluorescence, indicating a gradual loss of ∆Ψm (Figure 20). Lowering the electric field strength 

demonstrated that this effect had a dose-response relationship. At lower field strengths the 

depolarisation was reduced and occurred more slowly, with no depolarisation occurring for 

pulses of 16.5 kV/cm (Figure 21).  

 

 

 

Figure 20. Effect of nsPEF on mitochondrial membrane potential. 

Representative live cell images showing the effect of 100, 10 ns, 44 kV/cm pulses on ∆Ψm as 

measured by TMRM fluorescence, compared to a non-nsPEF treated control. TMRM 

fluorescence decreases with loss of ∆Ψm. The yellow square shows the ROI used to measure 

TMRM fluorescence. 

 

 



45 

 

 

Figure 21. Effect of different electric field strengths on mitochondrial membrane 

potential. 

100, 10 ns pulses delivered at a frequency of 10 Hz applied to U87 cells loaded with TMRM 

with electric field strengths of 0 kV/cm (black line, n = 3), 16.5 kV/cm (red line, n = 3), 22 

kV/cm (green line, n = 3), 34 kV/cm (blue line, n=3) and 44 kV/cm (orange line, n = 4). There 

was a significant difference between 44 and 0 kV/cm and between 34 and 0 kV/cm as well as 

between 34 and 44 kV/cm, two way repeated measures ANOVA with Bonferroni test, F 

(8.41, 23.12) = 46.82, p < 0.05. The green arrow denotes the start of pulse application and the 

error bars show S.E. 

One potential cause of this depolarisation is the increased levels of Ca
2+

 within the cell. When 

intracellular Ca
2+

 levels rise, mitochondria take up Ca
2+

 via their calcium uniporter. If Ca
2+

 

concentrations within the mitochondrial matrix become too elevated the mitochondrial 

permeability pore (mPTP) opens to release the excess. This mPTP opening results in loss of 

∆Ψm
90

. To see if calcium influx was the cause of our depolarisation we measured ∆Ψm in cells 

pulsed in a Ca
2+ 

free HBSS in order to prevent the post-pulse increase in intracellular Ca
2+

. 

We found that this did not have an impact on the loss of ∆Ψm (Figure 22). 



46 

 

 

Figure 22. Loss of ∆Ψm is not caused by calcium.  

100, 10 ns pulses delivered at a frequency of 10 Hz applied to U87 cells loaded with TMRM 

in either Ca
2+

 HBSS (red line, n = 7) or in Ca
2+

 free HBSS (blue line, n = 4) and the non-

pulsed control (black line, n = 3). Asterisk indicates a significant difference between pulsed 

conditions and control and no significant difference between the two pulsed conditions, two 

way repeated measures ANOVA with Bonferroni test f (4.23, 18.35) = 11.49, p < 0.05. The 

green arrow indicates the start of pulse application and error bars show S.E.  

Sodium influx has also been shown to cause depolarisation of the mitochondria
91

. Similar to 

the influx of extracellular calcium post pulse there is also likely to also be an influx of 

sodium. To ensure that this sodium is not responsible for loss of ∆Ψm, cells loaded with 

TMRM were pulsed in a sodium free buffer which was osmotically balanced with choline. 

Following application of 100 pulses at 10 Hz no significant difference was found between the 

response in the presence of sodium and that in the absence of sodium (Figure 23). 
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Figure 23. Effect of sodium on mitochondrial membrane potential following nsPEF 

treatment.  

100, 10 ns pulses delivered at a frequency of 10 Hz applied to U87 cells loaded with TMRM 

and pulsed in normal HBSS (red line, n=4) or in choline HBSS (green line, n=4). The black 

shows the non-pulsed controls (n=3). There was no significant difference between either of 

the pulsed conditions as measured by two-way repeated measures ANOVA with Bonferroni 

tests, F (3.05, 12.21) = 22.42, p > 0.05. The green arrow denotes the start of pulse application 

and the error bars show S.E. 

2.4. Discussion 

The effect of our nsPEF exposure on plasma membrane poration in U87 cells is largely in 

agreement with previously published work. We found that one pulse was sufficient to allow 

limited uptake of the dye and, in agreement with published data
17,57

, increasing the number of 

pulses resulted in more dye uptake. Dye uptake occurred most rapidly in the period during/ 

immediately after pulse application before plateauing. This suggests that the uptake is either 

actively facilitated by the pulse, for example by electrophoretic transport
92

, or that the 

duration that the pores are open is limited
17

. Confirmation of the duration of pore opening 

could be determined by infusing YO-PRO-1 into the imaging buffer at different post-pulse 

time points. The increased dye uptake with increasing pulses suggests that either there is an 

increased number of pores and/or that there is an increase in pore size. Whilst we did not 

further investigate this published data supports the idea of increasing numbers of pores
57

. 
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Whilst total YO-PRO-1 uptake has previously been shown to depend on frequency of 

application
93

, we have shown  that there is also a relationship between frequency and rate of 

YO-PRO-1 uptake, best demonstrated by the results for 100 pulses where 1 Hz application 

resulted in a sigmoidal curve and the 10 and 100 Hz applications in hyperbolic curves. This 

can perhaps be explained by the pulse being shorter than the charging time of the plasma 

membrane, which is estimated to be around 100 ns
76

. Work in our lab has shown that the 

change in membrane voltage potential following the application of a single 10 ns pulse only 

returns slowly (minutes) to resting values, and that application of a second pulse causes a 

cumulative effect on the voltage potential. It could be imagined therefore that a certain 

number of pulses, attained more rapidly with the faster frequencies, are needed for an 

appreciable level of poration to occur. The polar entry of YO-PRO-1 agrees with published 

data
93

 and suggests that the membrane nearest to the electrodes is more prone to poration. 

Nanoporation following nsPEF is a widely accepted phenomenon within the nanopulse 

community, as such there has been little investigation into the possibility of other 

explanations for the uptake of membrane impermeable dyes. We looked at the possibility of 

involvement of the P2X7R and certain TRP channels, using different inhibitors of the 

channels. We were able to block YO-PRO-1 uptake following 1 pulse with the P2X7R 

inhibitor probenecid. Probenecid is believed to have a dual action on P2X7R with evidence of 

a direct inhibitory effect
63

 as well as blocking Pannexin-1 channels
94

, which are thought to be 

implicated in the receptors secondary permeability state that gates YO-PRO-1. This mode of 

action, involving Pannexin-1 inhibition, is different to A-438079, a competitive antagonist of 

P2X7R
95

, which perhaps explains why it failed to block dye uptake. At higher pulse numbers 

(100 pulses at 10 Hz) probenecid failed to have any effect on uptake suggesting the possibility 

of different mechanisms of dye entry with a dilation of P2X7R channels at low pulse numbers 

and nanoporation occurring at higher pulse numbers. Both the need to inhibit Pannexin-1 and 

too high pulse numbers could explain Vernier et al.
93

 results where they ruled out P2X7R’s 

involvement after applying 30, 4 ns pulses at 1 kHz to cells incubated with brilliant blue, a 

non-competitive antagonist of P2X7R.   

Whilst the preliminary results presented here were unable to show any effect of TRP 

inhibitors on YO-PRO-1 uptake further work could be envisaged including monitoring uptake 

following the application of a single pulse and perhaps using a combination of inhibitors in 

case more than one TRP channel is involved.  
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The initial strategy we used to investigate post pulse changes in intracellular calcium, 

applying a single pulse and imaging every 30 seconds, proved to be inadequate to capture any 

reproducible result. The application of one 600 ns, 40 kV/cm pulse has been shown to cause 

an increase in intracellular calcium that persists 10 minutes after pulse application
24

 and a 

single 60 ns pulse of 30 kV/cm results in an increase lasting for at least 150 seconds
33

. It is 

therefore possible that for a single pulse a longer pulse duration than our 10 ns or a higher 

electric field is needed to elicit a change, supported by data that shows a 112 kV/cm, 10 ns 

pulse is needed to produce the same calcium response as a 12 kV/cm 60 ns pulse
54

.  

By increasing the number of pulses to 100 applied at 10 Hz we were able to induce a rapid 

and sustained rise in calcium levels as measured by two different calcium indicators. The 

presence of EGTA to the extracellular buffer completely eliminated this calcium response, 

with the additional depletion of intracellular calcium stores with thapsigargin showing the 

same effect as with EGTA alone. This suggests that the source of calcium was extracellular 

and not intracellular. Whilst this is in agreement with some published data
24

 it is at odds with 

others that show evidence of calcium release from intracellular stores in addition to influx 

from the extracellular buffer
31–33,96

 and a study that shows 10 ns pulses are more efficient at 

releasing intracellular stores than longer pulses
54

. The pulse conditions used in our 

experiments were however more intense, 100 pulses at 10 Hz, when compared to those used 

in the cited studies where generally a single pulse was applied. As shown by our earlier results 

the pulse conditions we used caused more membrane permeabilisation than a single pulse, it is 

therefore possible that there was an influx of EGTA following the pulse that would have 

masked any intracellular release. Repeating these experiments with a lower number of pulses 

may reveal an intracellular calcium source. Of the two calcium indicators used FLUO-4 was 

more adapted to our needs as it allowed faster imaging without photobleaching. An imaging 

system that allowed the exploitation of Fura Red’s ratiometric qualities would give further 

useful data by allowing the quantification of the calcium concentration within the cell, as 

previously done by Semenov et al.
31

 with Fura-2. 

Applying 100 pulses at 10 Hz to U87 cells caused the immediate onset of a gradual decrease 

in ∆Ψm that showed a dose-response relationship with applied electric field. A similar electric 

field dependent effect has been shown with 600 ns pulses, using a single time point 

measurement
24

. Here, as with our results, a threshold electric field value (30 kV/cm) had to be 

attained in order to cause ∆Ψm dissipation. The same study also showed that dissipation was 

dependent on both time and calcium. They propose that this effect is not due to nanoporation 
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of the mitochondrial membrane, which would cause an immediate loss in ∆Ψm, but instead 

due to increased calcium uptake into the mitochondria, in response to increased intracellular 

levels, resulting in the opening of the mitochondrial permeability transition pore. Whilst our 

results showed time dependency, they are not calcium dependent suggesting a different 

mechanism is involved. We also looked at the possibility of sodium causing the loss of ∆Ψm
91

 

but found no link perhaps reflecting a lack of sodium influx following nsPEF that has been 

previously reported
32

.  

Mitochondrial depolarisation has been shown to occur at lower pulse counts than plasma 

membrane permeabilisation
23

 further investigating this with our pulse system could be an 

interesting future experiment. The nsPEF induced loss of ∆Ψm has been shown to be 

associated with increased mitochondrial membrane permeability
22

 which results in the release 

of cytochrome C
81

 and therefore a key step in nsPEF induced apoptosis. Further investigation 

into this could also be envisaged. 

In general our pulse generating system was able to reproduce similar responses in our U87 

cells as those that have previously been published. A pulse application regime of 100, 44 

kV/cm, 10 ns pulses applied at 10 Hz was found to induce reproducible results in all cellular 

responses of interest. 
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Chapter 3:  

The effect of nsPEF on 

microtubules 
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3. The effect of nsPEF on microtubules 
3.1. Introduction 

 

nsPEF have been shown experimentally to have a direct effect on protein structure with a 

resulting effect on the protein’s function
97

. Microtubules (MT) form part of the cytoskeleton 

and are filamentous, polar, protein structures. Purified MT have been shown to align with an 

electric field
98,99

 and, in cells, electric fields can disrupt microtubule polymerisation
100

. 

Theoretical simulations also suggest that MT possess electromechanical properties in the 

microwave range
101

. Many of the downstream events following MT depolymerisation parallel 

those seen following nsPEF treatment. Given all this it was therefore of interest to us to see if 

nsPEF had an effect on MT stability.  

 

3.1.1. Microtubule function 

 

Microtubules are essential to many cellular functions. They play a key role in cell division in 

both spindle formation and cytokinesis. They provide a track for cellular transport of vesicles 

and proteins and are also involved in changes of cell shape leading to cell motility and 

migration
73,102

. The depolymerisation of MT is also a key event in apoptosis
103

.  

 

3.1.2.  Microtubule structure and dynamics 

 

Microtubules are hollow, cylindrical, protein structures that are composed of repeating α and 

β- tubulin heterodimers. The heterodimers, with a molecular weight of 110 kDa
104

, bind head 

to tail to form strands called protofilaments. In mammalian cells 13 of these protofilaments 

self-assemble to make a MT (Figure 24). Forming part of the cell cytoskeleton, along with 

microfilaments and intermediate filaments, they are highly dynamic structures subject to 

constant lengthening and shortening. In interphase cells they are nucleated by γ-tubulin in 

microtubule-organising centres (MTOCs) and grow out towards the cell periphery. The 

protofilaments are polarised structures with the β- tubulin monomer pointing towards the 

growing plus-end and the α- tubulin monomer forming the negative-end that points towards 

the MTOC. 

 

Each β- tubulin monomer contains a GTP binding site. Heterodimers with GTP bound to the 

β- tubulin monomer are able to attach to growing MT in a process called polymerisation. If 
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the GTP on the heterodimers at the MT growing tip is hydrolysed to GDP then the MT begin 

to rapidly depolymerise
105,106

. The dynamics between polymerisation and depolymerisation 

can be altered chemically. The drugs vinblastine, nocodazole and colchicine are microtubule-

destabilising agents which prevent polymerisation of MT and at high enough concentrations 

cause depolymerisation. Paclitaxel is a microtubule-stabilising agent which blocks MT 

depolymerisation and at high concentrations enhances polymerisation (Figure 25).  

 

 

Figure 24. Structure and dynamics of microtubules.  

MT are nucleated in the MTOC from γ-tubulin that has been stabilised by a complex of 

capping proteins. MT are made up of 13 protofilaments that have been formed from 

heterodimers of α and β- tubulin. They are dynamic structures which are constantly shrinking 

and growing. Growth is dependent on the maintenance of a bound GTP to the plus-end, 

terminal β- tubulins. Hydrolysation of these GTPs to GDP results in the rapid onset of 

depolymerisation (Figure from: Conde & Cáceres 2009
106

). 
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Figure 25. Binding sites for microtubule stabilising and destabilising drugs.  

a: Vinblastine binding site; b: colchicine binding site; c: paclitaxel binding site (Figure from: 

Jordan & Wilson 2004
107

). 

 

3.1.3.  Microtubule associating proteins   

 

The dynamic nature of MT needs to be tightly regulated in order for them to carry out their 

many cellular roles. This regulation is carried out by a large range of microtubule associating 

proteins (MAPs). MAPs can be divided into several categories: structural/stabilising, 

severing/destabilising, motor proteins and plus TIP. Structural MAPs include the neuronal 

proteins MAP2 and tau and the non-neuronal protein MAP4. By binding to MT they help hold 

the protofilaments together, suppressing catastrophes and increasing growth speeds
105,108,109

. 

These proteins are regulated by their phosphorylated state, with phosphorylation causing their 

release from the MT
109

. Structural MAPs also provide space around the MT to allow cellular 

transport along the microtubule by the motor proteins dynein, dynactin and some kinesins. 

MAPs that destabilise MT include the non-motor kinesin-13 family which enzymatically 

promote catastrophe and stathmin which sequesters free tubulin thus reducing the amount 

available for polymerisation
108,109

. Severing MAPs such as katanin, spastin and fidgetin are 

enzymes that cut the MT lattice with roles in mitosis and cilia biogenesis
110

. Plus TIP proteins 
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bind to the growing tip of the MT and have roles in promoting polymerisation (XMAP215), 

stabilising the newly formed microtubule (EB family) or providing MT stabilisation by 

forming an interaction with the cell cortex
108,109,111

.    

 

 

3.1.4.  Role of microtubules in apoptosis  

 

As summarised in Figure 26, MT have an important role in apoptosis. As an early event in the 

execution phase of apoptosis the interphase microtubule network is depolymerised and 

subsequently replaced by a novel, densely packed microtubule array that features rigid 

cellular spikes. This array facilitates cell blebbing, fragmentation and provides anchorage for 

phagocytic cells
112,113

. Depolymerisation leads to the release of proteins that are normally 

sequestered on microtubules, some of which are linked to apoptosis. These include: (1) 

Protein phosphatase 2A which dephosphorylates and inactivates the anti-apoptotic protein 

Bcl-2
112,114

; (2) Pro-apoptotic Bim, whose release causes the activation of Bax
115

; (3) Pro-

apoptotic Bak
115

. Both Bax and Bak are able to integrate into the mitochondrial membrane 

where they form homo-oligomers which cause the loss of membrane integrity and subsequent 

loss of mitochondrial membrane potential
116

.  

 

 

Figure 26. Summary of the role of MT in apoptosis.  

The execution phase is denoted by the purple box. 
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3.1.5.  Effect of electric fields and nsPEF on microtubules 

Microtubules have a large surface area and a high negative electrostatic charge density which 

together give the potential to interact with electric fields
117

. It has been shown, in vitro, that 

purified microtubules will align with and can be moved by an electric field
98,118,119

 and that 

electric fields can disrupt microtubule polymerisation in cells
100

. Microsecond pulses, such as 

those used for electroporation, when applied to cultured endothelial cells, have been shown to 

cause a breakdown of the microtubule network within five minutes of pulse application
120

. 

This breakdown was more pronounced at higher voltages (60 V) and was transient with 

recovery seen within two hours. 

Given this, it is therefore probable that nsPEF could have an effect on microtubules. In plants, 

nsPEF have indeed been shown to cause a loss of the cortical microtubule network
121

. This 

breakdown was linked to a direct effect of nsPEF on a plasma membrane signalling hub 

formed from a KCH kinesin, that crosslinks microtubules to actin, and phospholipase D 

(PLD). Cortical microtubules are, however, plant specific and whilst depolymerisation of 

microtubules, post nsPEF application, has recently be shown in animal cells, it was believed 

to be due to influx of calcium, which destabilises microtubule, as opposed to a direct effect of 

the pulse
122

. 

Whilst breakdown of the microtubule-actin crosslinks has been proposed to explain the effect 

in the plant model, the involvement of phospholipases may also of interest. In plants PLD 

activation has been shown to cause microtubule depolymerisation 
123

, whereas in animal cells 

the same effect is seen when PLC is activated by carbachol stimulation of the M1 Muscarinic 

acetylcholine receptor (hM1)
124,125

. This effect has been linked to either the increase of 

calcium caused by PLC activation or the activation of GTPase, by the α subunits of G 

proteins, which results in loss of the GTP cap on the plus end of growing microtubules
126

. 

Interestingly, CHO cells exposed to a single 600 ns pulse have recently been shown to exhibit 

hM1-like signalling
127

. 

 

3.1.6.  Microtubule depolymerisation and membrane poration 

Disruption of the microtubule network has been shown to have an effect on membrane 

permeability. A link between sonoporation-mediated plasma membrane permeabilisation and 

MT depolymerisation has been demonstrated
128

 and cells have been shown to become more 

permeable when their MT are disrupted by a mechanical force
129

. Pore resealing is also 
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dependent on microtubule integrity
130

. Microtubules form interactions with many membrane 

associated proteins including certain TRP channels
131,132

, septins
133

 and metabotropic 

glutamate receptors
134

. It therefore seems possible that breaking these interactions could result 

in channel opening or pore formation.  

 

3.1.7.  Microtubule depolymerisation and increase in intracellular calcium levels 

Increases in cytosolic calcium have been observed following chemical-induced 

depolymerisation of microtubules. On addition of nocodazole, dendrites, loaded with the Ca
2+

 

indicator dye FLUO-3, showed an immediate, but slow, increase in fluorescence. The 

increase, which corresponds to an increase in [Ca
2+

]i, continued over the 7 minute 

experimental period 
135

.  

Whilst Ca
2+

 may simply enter the cells through microtubule depolymerisation-induced plasma 

membrane pores it is also possible that Ca
2+

 channels are opened by MT depolymerisation. 

The opening of Ca
2+

 influx channels in the plasma membrane during CCE (see section 

2.1.3.2) is dependent on two families of proteins STIMs and Orias. The STIMs (STIM 1 and 

2) are Ca
2+

 sensors that, under normal conditions, are located diffusely throughout the ER but 

reposition to the regions of the ER that are close to the plasma membrane when the 

concentration of Ca
2+

 in the ER drops. Proximity to the plasma membrane allows STIMs to 

interact with and activate Orias, which are the pore-forming subunits of the CCE channels
136

. 

A proportion of STIM1 present in the ER is thought to be located in vesicular sub-

compartments that move along MTs powered by kinesin, a plus-end directed motor protein. 

Depolymerisation of MT by nocodazole, in a GFP-STIM1 DT40 chicken B-cell line, caused 

the formation of STIM1 puncta, reminiscent of those seen during CCE, near the plasma 

membrane
137,138

. It was later shown in STIM1 overexpressing HEK 293 cells that the 

formation of these puncta, induced by nocodazole, was able to induce activation of CCE. 

However, the same treatment in cells with normal expression of STIM1 did not result in CCE 

activation
139

. However, many cancer cell lines, including the human glioblastoma cell line 

used in this study, have an increased expression of STIM1
140

. 

 

3.1.8.  Effect of calcium on microtubule dynamics 

Calcium itself has been shown to cause the depolymerisation of MT. Work using purified 

tubulin, polymerised in vitro, suggests that calcium increases the catastrophe rate but not the 
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growth rate of MT. It is proposed that Ca
2+

 is able to affect the rate of GTP hydrolysis on the 

plus end GTP cap
141

.  

Ca
2+

 also activates a family of cysteine proteases called calpains. Tubulin is one of the 

substrates of calpains I and II. These proteases are able to prevent the in vitro polymerisation 

of purified tubulin and are able to cause the depolymerisation of in vitro purified 

microtubules
142

. Increases in [Ca
2+

]i induced by nsPEF have been shown to cause a 1.7 fold 

increase in basal calpain activity when tested an hour after pulse exposure
81

.  

 

3.1.9.  The effect of microtubule depolymerisation on mitochondrial membrane 

potential 

Microtubule depolymerisation has been shown to cause a decrease in ∆Ψm and as 

demonstrated in the previous chapter (Figure 21) our nsPEF pulse regime also causes loss of 

∆Ψm. 

In brain stem pre-Bötzinger complex neurons (excitable cells) taxol and nocodazole which 

respectively stabilize and depolymerize MT were found to cause loss of ∆Ψm. Taxol caused 

an almost instantaneous loss of ∆Ψm whereas nocodazole caused a more gradual decrease in 

∆Ψm
135

. By using inhibitors of the mitochondrial permeability transition pore (mPTP) the 

authors propose that for both drugs, loss of ∆Ψm is due to opening of mPTP, an event which 

also leads to the release of mitochondrial proapototic factors such as cytochrome C.  

 

Similar results have been shown in the non-excitable Hep G2 human liver carcinoma cell line, 

where the treatment of cells with either colchicine or nocodazole caused a decrease in 

∆Ψm
143

. In contrast, they found that taxol caused an increase in ∆Ψm. They concluded that 

free tubulin regulates ∆Ψm by binding to voltage-dependant anion channel (VDAC) and 

blocking the ATP/ADP exchange through this channel
144,145

. Other cancer cell lines, A549 

adenocarcinomic human alveolar basal epithelial cells and UM-SCC-1 upper aerodigestive 

tract carcinoma cells tested in the same study also linked MT depolymerisation to loss of 

∆Ψm. Reduction in oxidative phosphorylation and a decrease in mitochondrial outer 

membrane permeability, leading to a release of apoptotic signals are proposed implications of 

the VDAC closure by tubulin
146

. 
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As discussed previously (section 3.1.4) MT depolymerisation also leads to the release of 

proapoptotic proteins that are normally sequestered on the MT. Pores formed by these 

proteins in the mitochondrial membrane could also explain loss of ∆Ψm.  

 

3.1.10. Live cell imaging of microtubules and their dynamics  

3.1.10.1. End binding proteins 

 

End binding proteins (EBs) are conserved in plants, yeast and mammals
147

, with a mammalian 

expression of three different EBs (EB1, EB2 and EB3)
148

. They bind to the plus tips of 

growing microtubules and as such when fused with a fluorescent protein, such as GFP, they 

give a comet-like appearance that can be used to visualise microtubule growth dynamics
149,150

. 

EB proteins are made up of an N-terminal calponin homology domain, that binds to the 

microtubule, a C-terminal coiled-coil domain which allows dimerization of EB molecules and 

an acidic C-terminal tail
151,152

. This acidic tail binds to most other known plus tip proteins 

associating them with the microtubules
151

.  

 

EB proteins bind to microtubules through electrostatic interactions preferring tubulin in its 

GTP state over its GDP state
153

, with an average of 270 EB1 dimers bound to the plus tip of 

growing microtubules in mammalian cells
154

. They bind to microtubules between the 

protofilaments, with each EB protein forming a contact with four tubulins and this 

crosslinking of tubulin makes the plus tip less susceptible to depolymerisation
155

. 

Microtubules with longer EB binding regions are more stable and microtubule catastrophe 

occurs when less than 15-30% of the binding region is occupied
111

. Under normal growth 

conditions EB proteins have been estimated to bind to the microtubule tip for about 8 seconds, 

resulting in faster growing microtubules having longer EB comets
150

. 

 

3.1.10.2. Tubulin 

The visualisation of microtubules themselves is achieved through the incorporation of 

fluorescent tubulin units. This can be done by the covalent attachment of rhodamine or Cy3 to 

tubulin subunits which are then micro-injected into the cell. The labelled subunits are then 

polymerised into the microtubules before imaging
156–158

. A second method is to use cells that 

express, either stably or transiently, tubulin that is fused to a fluorescent protein such as GFP 

or RFP
159

.  
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3.1.10.3. Using super-resolution microscopy to visualise microtubules 

Resolution is defined as the minimum distance necessary between two-point source objects 

for them to be distinguished from each other. The resolution obtained by an optical 

microscope is limited by the diffraction of the waves of light as they pass through the aperture 

at the rear focal plane of the objective. The resolution limit was described by the Rayleigh 

criterion as: 𝑟 =
0.61 λ

𝑁 𝐴
; where r is the resolution, λ is the wavelength of light and NA is the 

numerical aperture of the objective (Figure 27).  

 

Figure 27. The effect of light diffraction on resolution. 

The image on the left shows how diffraction affects the transmitted light from a single GFP 

molecule resulting in a pattern of a fuzzy circle and rings which are known as Airy disks. The 

profile pattern of this Airy disk is shown on the right. Using Rayleigh criterion based on an 

objective with a 1.4 numerical aperture the resolution is 222 nm. Image from
160

.   

With a standard optical microscope the resolution is therefore limited to 200 nm in the x-y 

dimension and 500-700 in z dimension
161

. Microtubules have a diameter of 25 nm and within 

the cell are tightly packed so the microscope set up at XLIM is unable to resolve them clearly. 

For better microtubule visualisation part of this thesis was carried out at the Advanced 

Imaging Centre at the Janelia Research Campus in Virginia, using a 3D structured 

illumination microscope (3D-SIM). 3D-SIM is one of several recent advances that allows 

super resolution microscopy, in the case of 3D-SIM resolutions of 100 nm (x-y) and 300 nm 

(z) are attained using a wide-field microscope
162,163

. In 3D-SIM a grid pattern is introduced 

into the focal plane and the interference of the grid with the diffusion of light from the 
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biological sample creates a Moiré fringe pattern that is collected by the objective. Due to this 

change in diffraction the Moiré pattern contains information about the sample that would not 

normally be seen (Figure 28) and this information is computationally extracted using 

algorithms developed by the group at Janelia. By rotating the grid 15 times, for each z stack, 

and combining the information contained in each of these 15 images the improved resolution 

is achieved. 

 

Figure 28. Improving resolution with Moiré fringes. 

The improved resolution in 3D-SIM is based on the properties of Moiré fringes. A grid (b) is 

introduced into the focal plane and interferes with light emitted from the sample (a) resulting 

in a Moiré pattern (c) that contains otherwise unseen details about the sample. Image from
164

. 

3.1.11. Objectives 

Microtubules are the main target of numerous chemotherapy treatments that work as 

antimitotics. These drugs, however, come with a range of side effects including neuropathies, 

immunosuppression, myelosuppression and gastrointestinal toxicity, some have even been 

linked to an increased expression of multidrug resistant proteins leading to tumour 

resistance
165

. Given that microtubule growth
100

 and orientation
98,118,119

 can be manipulated by 

electric fields, and supported by previous nsPEF studies into microtubules
121,122

, this chapter 

aims to further explore the effects of nsPEF on the microtubule network and its growth 

dynamics. The disruption of the microtubule network by nsPEF could potentially be exploited 

as a locally administered antimitotic with reduced systemic side effects and lower resistance. 
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3.2. Material and methods  

 

3.2.1. Cell culture 

The human glioblastoma cell line U87 and U87 stably transfected with EB3-GFP and tubulin-

RFP (U87-EB3-GFP-tubulin-RFP) were cultured in T75 flasks at 37°C, 5% CO2 in MEM 

medium (Gibco, 10370-047) supplemented with 10% FBS (Gibco, 10500), 2 mM L-

glutamine (Dutscher, X0550-100), 1.1 mM glucose (Invitrogen, 19002-013), 100 U/ml 

penicillin and 100 µg/ml streptomycin (Gibco, 15070-063). On reaching 80% confluence, 

cells were detached from the surface of the flask by washing twice with PBS (Gibco, 14190) 

and then incubating for 3-5 minutes at 37°C with trypsin (Gibco, 25200-056). Trypsin activity 

was stopped with the addition of an equal quantity of defined trypsin inhibitor (Gibco, R-007-

100) and then centrifuged for 10 minutes at 600g. The resulting cell pellet was resuspended in 

MEM for use in experiments and for reseeding flasks. 

 

3.2.2. Cell transfection 

 

U87 cells were transfected using LentiBrite ™ EB3-GFP Lentiviral Biosensor and LentiBrite 

™ RFP-Tubulin Lentiviral Biosensor (Merck Millipore, 17-10208 and 17-10205). U87 cells 

were seeded into a 35 mm sterile dish containing 2 ml of complete MEM medium at a density 

that gave 70% confluence after an overnight culture. The day following seeding the medium 

was replaced with fresh medium and stock from both lentiviruses was added to give a 

multiplicity of infection of 20 for each. Remaining lentiviral stock was aliquoted and stored at 

-80°C. Cells were cultured with medium being changed every 24 hours. On reaching 

confluence cells were transferred to and maintained in a T75 flask.  

 

For wide-field imaging of mNeonGreen EB3 (Allele Biotechnology), cells were transiently 

transfected using Xfect Transfection Reagent (Clontech, 631318). Cells were seeded onto a 6 

well dish so as to be at 50%-70% confluence the day of transfection. Following the 

manufacturer’s protocol, for each well to be transfected, 5 µg of plasmid DNA was mixed 

with 100 µl Xfect Reaction Buffer, followed by 1.5 µl of Xfect Polymer. After an incubation 

of 10 minutes at room temperature the DNA / reagent mix was added dropwise to the well, 

mixed gently and incubated overnight under cell culture conditions. The culture media was 

replaced the following day and cells were plated onto imaging slides for use 48 hours after 

transfection.    
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For 3D-SIM experiments U87 cells were transiently transfected by electroporation with either 

mNeonGreen EB3, mEmerald tubulin or mEmerald-mito-7 (both from the Davidson 

collection). For transfection 2 µg of the desired DNA plasmid was mixed with 2 µl of cold 

salmon sperm DNA (Invitrogen, 15632011) and stored on ice. The salmon sperm DNA acted 

as a carrier during electroporation to increase protein expression
166

. A confluent T75 flask of 

U87 cells were detached by trypsin and spun down, as described in section (add document 

location). The resulting cell pellet was re-suspended in 400 µl of cold, serum free, Opti-MEM 

(Gibco, 31985062). 200 µl of this cell suspension was added to the tube containing the DNA, 

mixed once gently and incubated on ice for 5-10 minutes. The mixture was then gently 

transferred to a 0.4 mm Gene Pulser Electroporation Cuvette (Bio-Rad, 1652088) taking care 

to avoid introducing bubbles. After placing the cuvette into the ShockPod cuvette chamber of 

the Gene Pulser Xcell electroporating system (Bio-Rad, 1652660) cells were porated using an 

exponential decay pulse of 190 V and 950 µF capacitance. Following the pulse 2 ml of room 

temperature MEM was added to the cuvette and the cells were plated onto poly-D-lysine 

coated FluoroDishes (WPI, FD35PDL-100) and cultured for 24 – 48 hours before imaging. 

 

3.2.3.  Preparation of cells for wide-field live cell imaging 

 

Cells were plated at a density of 1.8 x 10
5
 cells/ml into 35 mm dishes, each containing a 22 

mm poly-L-lysine (Sigma, P9155) coated glass coverslip (Dutscher, 140541DD), and 

incubated overnight. For imaging coverslips were removed from their dishes, sandwiched into 

plastic imaging chambers and covered in 1 ml of room temperature HBSS (NaCl 121 mM, 

KCl 5.4 mM, MgCl2 0.8 mM, NaHCO3 6 mM, D-glucose 5.5 mM, HEPES 25 mM, with 

either CaCl2 1.8 mM (Ca
2+

 HBSS) or EGTA 4 mM (Ca
2+

 free HBSS), pH 7.3). For 

measurement of intracellular calcium levels U87 cells were incubated for 30 minutes at room 

temperature, in the dark, in HBSS (Ca
2+

 or Ca
2+

 free) containing 1.25 µM Fura Red, AM (Life 

Technologies, F3020) or 0.5 µM FLUO-4, AM (Life Technologies, F14201), 0.02% pluronic 

acid (Life Technologies, P3000MP), then washed three times in the corresponding HBSS and 

incubated a further 30 minutes at room temperature. For measurement of cell membrane 

poration 1 µM of YO-PRO-1 (Life Technologies, Y3603) in Ca
2+

 HBSS was added just 

before imaging. To deplete intracellular calcium stores cells were incubated with 1 µM of 

thapsigargin (Sigma, T9033) in Ca
2+ 

free HBSS for 30 minute before imaging. Microtubules 

were stabilised or destabilised by the addition of 10 µM paclitaxel (taxol) (Sigma, T7191) or 
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10 µM of colchicine (Sigma, C9754) 10 minutes before imaging. Mitochondrial membrane 

potential (ΔΨm) was measured by incubating cells with 10 nM TMRM (Interchim, FP-

21089A) at room temperature, in the dark for 30 minutes, and washing three times in HBSS 

before imaging. 

 

3.2.4. Preparation of cells for 3D-SIM live cell imaging 

 

Before imaging culture medium was removed from the FluoroDish and replaced with 2 ml of 

Live Cell Imaging Solution (Life Technologies, A14291DJ) supplemented with 5.5 mM of 

glucose. 

 

3.2.5. Wide-field live cell microscopy  

 

Cells were observed by epifluorescence using a Leica DMI6000 microscope with a 100x 

objective. Fluorescent excitation was provided by a Spectra 7 light engine (Lumencor). 

Emitted light was filtered and captured on an electron-multiplying charge-coupled device 

camera (EMCCD; Photometrics Evolve 512, Roper) with 512 x 512 pixels. The system was 

controlled by, and images were captured with, Metafluor (version 7.8, Molecular Devices). 

Protocols for each experiment were first optimised to minimize illumination in order to reduce 

photobleaching. GFP (excitation: 475/25 nm; emission: 525/50 nm) and RFP (excitation: 

542/27 nm; emission: 615/25 nm) had exposure times and source intensities of 50 ms, 10% 

and 20 ms, 25% respectively. Cells showing good expression of both GFP and RFP were 

chosen for imaging. Fura Red (excitation: 475/25 nm; emission: 615/25 nm) had an exposure 

time of 25 ms and 5% source intensity. FLUO-4 (excitation: 475/25 nm; emission: 525/50 

nm) had an exposure time of 10 ms and 5% source intensity. YO-PRO-1 (excitation: 475/25 

nm; emission: 525/50 nm) used an exposure time of 35 ms and 10% source intensity. TMRM 

(excitation: 542/27 nm; emission: 615/25 nm) had an exposure time of 10 ms and 5% source 

intensity. mNeonGreen (excitation: 475/25 nm; emission: 525/50 nm) had an exposure time of 

50 ms and 10% source intensity. In all experiments a 2 x binning was used. 

 

3.2.6. 3D-SIM 

 

3D-SIM imaging experiments were performed on a custom system constructed at the 

Advanced Imaging Center of the Janelia Research Campus (Janelia HHMI, Ashburn, VA).  

The 3D-SIM microscope was based around a Zeiss AxioObserver microscope.  A 488 nm 
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laser (Sapphire 488-500, Coherent) was used for fluorescence excitation. The laser was 

rapidly shuttered with an acousto-optic deflector (AA Opto Electronic) and the structured 

illumination was accomplished with a ferroelectric spatial light modulatator (SXGA-3DM; 

Fourth Dimension Displays). Fluorescent emission was collected with a Zeiss C-Apochromat 

water immersion objective (magnification of 63×, N.A. = 1.2) and Z sections were sampled 

with an axial step size of 125 nm. A sCMOS camera (Orca Flash 4.0, Hamamatsu) was used 

as the detect fluorescence after a dichromatic beam splitter (ZT405/488/561TPC-22.5deg; 

Chroma). All the system components were controlled with custom software written in 

Labview (National Instruments) and provided by the Janelia AIC. Complete details of the 3D-

SIM microscope, method of structured illumination and the reconstruction algorithm have 

been described elsewhere
162,163,167

. 

 

3.2.7.  In vitro polymerisation of rhodamine labelled tubulin 

 

Purified, rhodamine-labelled microtubules were prepared using a Fluorescent Microtubule 

Biochem kit (Cytoskeleton Inc., BK007R). The lyophilised, rhodamine tubulin vial (20 µg) 

was reconstituted with 4 µl of cold General Tubulin Buffer containing 0.01 volumes of GTP 

and 1 µl of Microtubule Cushion Buffer and stored on ice. The lyophilised, unlabelled tubulin 

vial (1 mg) was reconstituted with 180 µl of cold General Tubulin Buffer and 20 µl of 

Microtubule Cushion Buffer and stored on ice. 2.5 µl of the unlabelled tubulin was mixed into 

1 µl of the rhodamine tubulin and polymerised by incubating at 37°C for 20 minutes. 

Unpolymerised, reconstituted tubulin was aliquoted and snap frozen in liquid nitrogen before 

storage at -80°C. Following polymerisation microtubules were stabilised by immediately 

adding 100 µl of General tubulin buffer, containing 20 µM taxol, warmed to 37°C. The 

stabilised microtubules were then kept at room temperature for up to 24 hours or aliquoted 

and snap frozen in liquid nitrogen before storage at -80°C. 

 

3.2.8.  Imaging of rhodamine labelled microtubules 

 

Microtubules were imaged in eight-electrode µ-slides (Ibidi, 82000). For imaging 2 µl of the 

stabilised microtubules were diluted in a mixture containing 20 µl of antifade, 200 µl of 

General tubulin buffer and 20 µM taxol, warmed to 37°C. This was added to the slide and 

imaged immediately. Polymerised microtubules were observed with the microscope set up 

described in section 3.2.5. The rhodamine was excited at 542/27 nm with an emission of 
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615/25. Images were taken every second for 100 captures, exposure time and laser intensity 

were 20 ms and 50% respectively and a 2 x binning was used. 

 

3.2.9.  Exposure of cells to nsPEF  

100, 10 ns pulses, with an electric field strength of 44 kV/cm, were applied to cells at a 

frequency of 10 Hz using an nsPEF generator (FPG 10-1NM-T, FID Technology, Germany) 

with 50 Ω output impedance. A high-voltage measurement device (tap-off 245 NMFFP-100, 

Barth Electronics Technology, USA) connected to an oscilloscope (DPO 4104, Tektronix, 

USA) was used to visualize the time-domain measurements of the pulse
84–86

. Pulses were 

applied by positioning an electrode delivery system with a micromanipulator (Sutter MP285) 

comprising of two steel electrodes, separated by a gap of 1.2 mm and with 50 Ω impedance in 

parallel
37

.  

 

3.2.10.  Image analysis 

 

For wide-field live cell imaging experiments images were analysed using Image Analyst 

MKII (Image Analyst Software). Background was subtracted from the stack of images by 

manually drawing a region of interest (ROI) in a zone that did not contain cells and 

subtracting the grey level in this area from the rest of the image. Unless otherwise stated ROIs 

were then drawn to include the entire cell of interest and fluorescence intensity data for the 

ROIs were generated by Image Analyst MKII. Cell area was determined by drawing a free 

hand ROI around the perimeter of the cell and the corresponding area was calculated using 

ImageJ. 

 

3D-SIM data was visualised using ImageJ (NIH). Microtubule plus end comet size was 

quantified from EB3 images from Z projected 3D-SIM stacks and thresholding before 

treatment with the “analyze particles” tool.  

 

3.2.11. Statistical analysis 

Statistical analyses were performed with OriginPro 2016 software. Datasets were first tested 

for normal distribution using Q-Q plots and a Levene’s test was used to assess the 

homogeneity of variance. Changes in fluorescence intensity were statistically tested over time 

(repeated measures) and between independent treatments (between groups) using a mixed-
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model two-way repeated measures analysis of variance (ANOVA). The source of significant 

differences identified by ANOVAs was found using pair-wise post-tests that were Bonferroni 

corrected. Effects were considered statistically significant when the probability of falsely 

rejection the null hypothesis was less than 0.05 (p<0.05). 

3.3. Results 

 

3.3.1.  Effect of different pulse regimes on microtubule dynamics 

 

In order to test our hypothesis that nsPEF will disrupt the microtubule network we first looked 

at the effect of different pulse application regimes on EB3 dynamics. To do this U87 cells 

expressing EB3-GFP were treated with 1 pulse, 10 pulses applied at either 1 or 100 Hz or 100 

pulses applied at 10 Hz (Figure 29). We observed that application of a single pulse or 10 

pulses at 1 Hz failed to cause an obvious change to EB3 dynamics with comets remaining a 

similar size before and after pulse with no change in fluorescence levels. However, applying 

10 pulses at a higher frequency (100 Hz) resulted in an increase in EB3 comet size occurring 

within the first 5 minutes following pulse application. Within the same time period 100 pulses 

applied at 10 Hz caused a reduction in the number of EB3 comets present associated with an 

increase in size of the remaining comets.  
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Figure 29. Representative images showing the effects of different pulse application 

regimes on EB3 dynamics. 
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3.3.2. Effect of nsPEF on the microtubule network and its dynamics 

 

Given that 100 pulses applied at 10 Hz had a dramatic effect on EB3 dynamics we next used 

U87 cells expressing both EB3-GFP and tubulin-RFP to look at the effect of this pulse 

application regime on the interphase microtubule network. Cells were imaged every 30 

seconds for a total of 24.5 minutes (50 image pair captures). Pulses were applied after 4.5 

minutes (10 image pair captures) to give a baseline measurement. Changes in fluorescence 

were measured in a peripheral region, in the MTOC and in a central region of the imaged cell 

(Figure 30A). Control experiments, where electrodes were placed but no pulse was 

administered, showed stable measurements of both EB3-GFP and tubulin-RFP fluorescence 

levels, in all regions, throughout the imaging period (Figure 30B). Following pulse 

application both EB3-GFP and tubulin-RFP fluorescence in the central ROI started to 

decrease within the 30 seconds following the pulse, reaching a steady level within 10 minutes 

of the pulse. Decrease in EB3-GFP and tubulin-RFP fluorescence also occurred in the MTOC 

ROI with a delay of 2.5 minutes (EB3) and 3 minutes (tubulin) following pulse delivery. The 

decrease levelled off within 10 minutes of the pulse. In the peripheral ROI both EB3-GFP and 

tubulin-RFP fluorescence levels remained relatively stable for the whole imaging period with 

the exception of a transient increase in fluorescence immediately after the pulse, 

corresponding to a contraction of this region following the pulse. In contrast to this cytosolic 

clearance, both EB3 and tubulin show a post-pulse accumulation close to the plasma 

membrane (arrows Figure 30A). The increase in EB3 comet length is observable in the first 

image post-pulse and persists to the end of the imaging period.  
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a. 

b. 
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Figure 30. 100, 10 ns pulses applied at a frequency of 10 Hz induces clearance of the 

microtubule network and disrupts microtubule growth.  

A: representative live cell images of U87-EB3-GFP-tubulin-RFP cells before and 2 minutes 

after the application of 100, 10 ns pulses delivered at a frequency of 10 Hz. Circles show 

example ROIs: red solid = MTOC; red broken = central; yellow = peripheral.  

B: Change in fluorescence over time plots for live cell imaging of U87-EB3-GFP-tubulin-

RFP cells. For each of the three ROI for EB3-GFP (left) and tubulin-RFP (right) black lines 

denote averages for control experiments, where no pulse was applied and red lines denote 

averages for pulsed experiments; the start of application of 100, 10 ns pulses at 10 Hz is 

denoted by the green arrow. For control experiments: EB3 n = 7 and tubulin n = 5. For pulsed 

experiments: EB3 and tubulin central n = 4, EB3 and tubulin MTOC n = 3, EB3 peripheral n= 

4, tubulin peripheral n = 5. Error bars show SE. 

 

3.3.3. Determination of how quickly nsPEF affects microtubule dynamics 

 

As both tubulin and EB3 fluorescence levels in the central ROI had decreased within the 30 

second interval between pulse application and the subsequent image capture, we carried out 

faster imaging using U87 EB3-mNeonGreen cells to better determine the timescale of the 

onset of this decrease. Previous attempts at faster imaging with U87-EB3-GFP-tubulin-RFP 

cells resulted in photo bleaching. mNeonGreen is brighter than GFP
168

 and therefore less 

illumination needs to be applied resulting in less photo bleaching and the fluorescence 

remaining stable throughout the imaging period (Figure 31). Unfortunately we had no photo 

stable alternative for imaging tubulin.   

 

Cells were imaged every 2 seconds for a total of 178 seconds (90 image captures) and the 

pulse was applied after 24 seconds (13 image captures). A difference in the fluorescence 

signal in control and pulsed experiments is first observed 8 seconds after the beginning of 

pulse application, and by 44 seconds post pulse this difference is significant. 
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Figure 31. Faster imaging of EB3-mNeonGreen shows that microtubule growth in the 

central region is disrupted within 8 seconds of the application of 100, 10 ns pulses 

applied at a frequency of 10 Hz.  

Red line denotes averages for control experiments (n = 4), where no pulses were applied and 

the black line denotes averages for pulsed experiments (n = 4). The start of application of 100, 

10 ns pulses at 10 Hz is denoted by the green arrow. Asterisk indicates a significant difference 

between control and pulsed experiments, as reported by two-way repeated measures ANOVA 

with Bonferroni tests, F (2.06, 12.38) = 17.88, p < 0.05.  

 

3.3.4. EB3 comet size increase following application of 100 pulses at 10 Hz 

 

We next sought to better understand the post-pulse increase in EB3 comet length with the 

aims of both quantifying the increase and determining its time frame. Whilst wide-field 

imaging of cells expressing EB3-GFP clearly shows a post-pulse increase in comet size, the 

resolution and background fluorescence make it insufficient to allow for quantification of the 

increase. We overcame this by using 3D-SIM, a type of super-resolution microscopy, which 

uses structured illumination to allow the resolution to be doubled
163

 (Figure 32). 3D-SIM uses 

considerably higher levels of illumination than wide-field microscopy which would have 
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resulted in photo bleaching of GFP. We therefore used cells expressing EB3-mNeonGreen, as 

it 1.5-3 times brighter than GFP, which allowed us to limit illumination as much as 

possible
168

. We found that 60 seconds after pulse application EB3 comets were 47.8 ± 4.4 % 

(n=11) larger than the pre-pulse comets compared with non-pulsed controls which had a 4.1 ± 

3.0 % (n = 4) decrease in size over the same time period (mean ± SE). This size difference 

was significant; t (13) = 6.79, p < 0.0001.  

          

                   

 

Figure 32. 100 pulses at 10 Hz causes an increase in EB3 comet size.  

EB3 comets pre-pulse (left) and 30 seconds post-pulse application (right) captured with wide-

field fluorescent microscopy (EB3-GFP) (top) or 3D-SIM microscopy (EB3-mNeonGreen) 

(bottom). 
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3.3.5. Is increased intracellular calcium responsible for disruption of the microtubule 

network? 

 

Given that nsPEF causes a rapid increase in intracellular calcium concentration and that 

calcium ions are known to destabilise microtubules, we next investigated the possibility that 

the microtubule network disruption was calcium induced. U87 cells were loaded with Fura 

Red, AM and imaged every 3 seconds for a total of 174 seconds (59 image captures). 100, 10 

ns pulses at 10 Hz were applied after 24 seconds (9 image captures). Changes in fluorescence 

for these experiments were plotted on the graph obtained in Figure 31 that showed changes in 

EB3-mNeonGreen fluorescence following the same pulse exposure. This allowed for a 

temporal comparison between increase in intracellular calcium and the onset of microtubule 

disruption. 

  

A 0.2 fold decrease in Fura Red fluorescence, representing an increase in intracellular Ca
2+

 

concentration, was observed in the first 3 seconds following the start of pulse application and 

a stable fluorescence level was reached by 9 seconds. The timing of this stabilisation 

corresponds with the end of the pulse application period (Figure 33). Given that the decrease 

in EB3-mNeonGreen fluorescence, from base-line, is first observed to occur 8 seconds after 

the start of pulse application, it would seem that the increase in calcium concentration 

precedes the start of the breakdown of the microtubule network.  
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Figure 33. Effect of 100, 10 ns pulses delivered at 10 Hz on the change of fluorescence of 

EB3-mNeonGreen and Fura Red. 

EB3-mNeonGreen (green line, n=4) and the calcium indicator Fura Red (black line, n=3) and 

their respective controls (EB3-mNeonGreen: blue line, n=4 and Fura Red: red line, n=3) 

Decrease in Fura Red fluorescence indicates an increase in Ca
2+

 concentration. The start of 

application of pulse is denoted by the green arrow. Error bars show S.E. 

 

This result made calcium a likely candidate for the disruption of the microtubule network. To 

test this we next looked at the effect of 100, 10 ns pulses applied at 10 Hz on the microtubule 

network in calcium free environments. Having already shown that plasma membrane poration 

occurs with this pulse regime it was likely that extracellular calcium would be a large 

contributor to the post-pulse increase in intracellular calcium. We therefore pulsed EB3-GFP 

expressing U87 cells in a calcium-free HBSS containing 4 mM EGTA. As shown in Figure 34 

the absence of extracellular calcium failed to have an effect on either the decrease in EB3-

GFP fluorescence or the increase of EB3 comet length.  
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Figure 34. Effect of 100, 10 ns pulses delivered at 10 Hz on EB3-GFP in the absence of 

extracellular calcium   

A: Effect of 100, 10 ns pulses delivered at 10 Hz on the change of fluorescence of EB3-GFP 

in the presence (black line, n=6) and absence (green line, n=4) of extracellular calcium. Their 

respective unpulsed controls are shown by the red (n=7) and blue lines (n=3). NS denotes no 

significant difference between the two pulsed conditions. Asterisk a indicates a significant 

difference between the calcium control and both pulsed experiments, asterisk b indicates a 

significant difference between the EGTA control and the EGTA pulsed experiment, as 

reported by two-way repeated measures ANOVA with Bonferroni tests, F (11.82, 63.04) = 

13.64, p < 0.05. The start of application of pulse is denoted by the green arrow. Error bars 

show S.E. B: Representative images showing EB3 comets before and after pulse application 

in a calcium free buffer. 
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Figure 35. Effect of 100, 10 ns pulses delivered at 10 Hz on EB3-GFP in the absence of 

extracellular and intracellular calcium.   

A: Effect of 100, 10 ns pulses delivered at 10 Hz on the change of fluorescence of EB3-GFP 

in the presence (black line, n=6) of extracellular calcium and absence of calcium with 

thapsigargin depleted intracellular calcium stores (green line, n=5). Their respective unpulsed 

controls are shown by the red (n=7) and blue lines (n=3). NS denotes no significant difference 

between the two pulsed conditions. The asterisk indicates a significant difference between the 

control conditions and pulsed conditions, as reported by two-way repeated measures ANOVA 

with Bonferroni tests, F (12.19, 69.10) = 13.97, p < 0.05. The start of application of pulse is 

denoted by the green arrow. Error bars show S.E. B: Representative images showing EB3 

comets before and after pulse application in a calcium free buffer with thapsigargin depleted 

intracellular calcium stores. 
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Intracellular calcium stores, such as the ER, are also likely to contribute to the post-pulse 

increase in calcium. To deplete the ER stores U87 EB3-GFP cells were incubated for 30 

minutes with 1 µM of thapsigargin before pulsing in the calcium-free HBSS. Again the same 

initial decrease in EB3-GFP fluorescence was observed (Figure 35), however fluorescence 

levels started to recover towards the end of the imaging period suggesting a possible 

downstream action of calcium. The increase in EB3 comet length was also observed under the 

calcium depleted conditions. The absence of a post-pulse increase in calcium under the 

calcium depleted conditions was confirmed by the FLUO-4 results in the previous chapter, 

reproduced here in Figure 36.  

 

 

Figure 36. Effect of 100, 10 ns pulses delivered at 10 Hz on the change of FLUO-4 

fluorescence in U87 cells under calcium free condition. 

Change in FLUO-4 fluorescence in U87 cells subjected to 100 pulses delivered at 10 Hz. 

Black = non-pulsed controls (n=4), red = pulsed Ca
2+

 HBSS (n=8), green = pulsed Ca
2+

 free 

HBSS (n=3) and blue = pulsed Ca
2+

 free HBSS with thapsigargin treatment (n=3). NS denotes 

no significant difference between the unpulsed and both calcium-free pulsed conditions. The 

asterisk indicates a significant difference between Ca
2+

 HBSS pulsed condition and the 

unpulsed control and both calcium free conditions, as reported by two-way repeated measures 

ANOVA with Bonferroni tests, F (5.39, 25.15) = 97.97, p < 0.05. The start of application of 

pulse is denoted by the green arrow. Error bars show S.E. 
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3.3.6.  Is cellular swelling responsible for disruption of the microtubule network? 

 

By imaging YO-PRO-1 entry we have previously shown cell poration following the 

application of 100 pulses at 10 Hz. Osmotic swelling as a result of this poration is therefore 

likely to occur and rapid swelling could be an explanation for the observed breakdown of the 

microtubule network.  

To test if swelling caused the microtubule breakdown we applied pulses to cells in calcium 

containing HBSS mixed 7:3 with a 300 mM sucrose solution, which has previously been 

shown to prevent nsPEF induced swelling
169

. A post-pulse decrease in EB3 fluorescence, 

initially closely resembling that observed with Ca
2+

 HBSS, was obtained (Figure 37a). 

However, unlike the cells pulsed only in the calcium containing HBSS, those in the sucrose 

solution show EB3 fluorescence levels starting to recover within 5 minutes of pulse 

application. The previously observed increase in EB3 comet size was also seen in sucrose 

pulsed cells (Figure 37b). 

Sucrose does however affect the conductivity of the HBSS solution and can alter the intensity 

of the nsPEF effect on the cell
170

. To further understand post-nsPEF swelling in U87 cells we 

used phase contrast microscopy to observe cell morphology before and after nsPEF 

application (Figure 38). We observed no morphological indications of swelling with an 

absence of blebbing in all cases. We also measured cell area and found an absence of 

swelling. Cells had a pre-pulse cell area of 202.1 ± 13.4 µm² (n = 12). When compared to the 

pre-pulse cell area nsPEF treated cells showed a 3.5 ± 1.4 % decrease in area at 30 seconds 

post nsPEF, a 6.6 ± 3.5 % decrease at 180 seconds post nsPEF and a 8.1 ± 5.4 % decrease 10 

minutes post pulse (n = 6). Non-nsPEF treated cells at the same time points showed a 2.0 ± 

2.7 % decrease for 30 seconds post, a 3.7 ± 1.7 % decrease for 180 seconds post and a 3.6 ± 

3.6 % increase at 10 minutes post (n = 6). Using a two tailed independent samples t-test, there 

was no significant difference in cell area change between cells in the control condition (X = 

3.55, SE = 3.59) and cells in the nsPEF condition at the 10 minute time point (X = -8.07, SE = 

5.43) t (9) = -1.78, p = 0.11.                 
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Figure 37. Cellular swelling does not cause nsPEF induced changes to microtubule 

growth.  

A.100, 10 ns pulses delivered at a frequency of 10 Hz were applied to U87-EB3-GFP 

glioblastoma cells bathed in Ca
2+

 HBSS (red line, n=6) or a 7:3 mix of Ca
2+

 HBSS and 300 

mM sucrose (blue line, n=3) and their corresponding unpulsed controls (black line, n=7 and 

green line, n=3, respectively). NS denotes no significant difference between the two pulsed 

conditions, as reported by two-way repeated measures ANOVA with Bonferroni tests, F 

(11.55, 53.90) = 12.12, p > 0.05. The green arrow denotes the start of pulse application and 

error bars show S.E. B. EB3 comets before pulse, left, and 30 seconds post pulse, right in the 

sucrose containing HBSS. 
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Figure 38. U87 cells do not swell following the application of 100, 10 ns pulses at 10 Hz. 

Representative phase contrast images of U87 cells before and following the application of 

100, 10 ns pulses delivered at a frequency of 10 Hz (top) or non-nsPEF treated controls taken 

at the same time points (bottom). 

3.3.7. Evidence of a direct effect of nsPEF on microtubules  

 

As neither of the obvious explanations for microtubule disruption, calcium ions and swelling, 

appear to be responsible we next looked at the possibility that nsPEF was exerting a direct 

effect on microtubules.  

 

Microtubules exist in a complex environment within the cell where they interact with, and can 

be stabilised or destabilised by, many different proteins and ions. To limit the impact of these 

factors we looked at taxol-stabilised microtubules, polymerised in vitro from rhodamine-

labelled, purified tubulin. We exposed them to nsPEF using a custom delivery system (Figure 

39). Care had to be taken when imaging these microtubules as exposure to too much light 

resulted in their spontaneous depolymerisation. Pulsing these microtubules however failed to 

have an effect on them (Figure 40).  
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Figure 39. The delivery system used to apply nsPEF to purified microtubules. 

A: photo and B: a diagram of the delivery system that comprised of a glass slide with built in 

electrodes and a central reservoir that held the microtubule solution. This was placed in a 

holder and the electrodes were connected to a coaxial cable via a connector. An area in the 1 

mm gap between the two central electrodes was visualised with the microscope. C: the 

electric field distribution between the electrodes at the maximum electric field magnitude. 

Images used with permission from Malak Soueid, XLIM.  
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Figure 40. nsPEF show no effect on taxol stabilised, purified microtubules.  

100, 10 ns pulses were applied at 10 Hz to purified rhodamine labelled microtubules in a µ-

slide. 

 

Given the lack of response in the purified microtubules we looked in more detail at 

microtubules in their cellular environment. U87 cells expressing tubulin-RFP were imaged by 

wide-field microscopy and exposed to our 100 pulse, 10 Hz pulse regime. Whilst the lack of 

resolution made it impossible to visualise individual microtubules we were able to see 

microtubule bundles. These bundles were most identifiable in flatter areas of the cell, such as 

the prolongations, where the density of microtubules is lower. Following pulse application we 

saw wave-like buckling occurring in some of these microtubule bundles (Figure 41a). To see 

if this buckling also occurred in individual microtubules we used the higher resolution offered 

by 3D-SIM. U87 cells expressing tubulin m-Emerald, which proved more photostable in 3D-

SIM imaging than tubulin-RFP, were subjected to our pulse regime. We found, in the few 

minutes following pulse application, evidence that individual microtubules can bend and 

buckle and that this results in the depolymerisation of the microtubule (Figure 41b).  
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Figure 41. nsPEF application can cause microtubule buckling and depolymerisation. 

 a: A U87 tubulin-RFP cell showing post-pulse microtubule buckling as indicated by the 

white arrow. Scale bar = 5 µm b: A U87 tubulin-mEmerald cell, imaged using 3D-SIM, 

showing how individual microtubules can buckle following the pulse (120 s post pulse image) 

resulting in loss of the microtubule by depolymerisation (240 s post pulse image). Scale bar = 

5 µm. 

 

3.3.8. Link between disruption of the microtubule network and loss of mitochondrial 

membrane potential 

Having demonstrated that nsPEF causes disruption of the microtubule network we next 

wanted to look at its possible downstream effects. Chemically induced microtubule 

depolymerisation has previously been shown to cause loss of ∆Ψm
135

. As nsPEF treatment is 

also known to cause loss of ∆Ψm we looked next for a temporal link between post-pulse 

breakdown of the microtubule network and ∆Ψm dissipation. Using U87 cells loaded with 

TMRM we have already shown that our 100 pulse, 10 Hz pulse regime caused loss of ∆Ψm 

(Figure 21).When compared to the fluorescence-time plot of EB3-GFP (Figure 42) we found 

that the loss of ∆Ψm closely followed the disruption of microtubule dynamics.  



85 

 

 

 

Figure 42. Loss of ∆Ψm is temporally linked to microtubule disruption.  

100, 10 ns pulses delivered at a frequency of 10 Hz were applied to either U87-EB3-GFP cells 

(blue line, n = 6) or U87 cells loaded with TMRM (red line, n = 7) with corresponding non-

pulsed controls (green line, n = 7 and black line, n = 3, respectively). Asterisk indicates a 

significant difference between pulsed and control TMRM experiments, when analysed by two 

way repeated measures ANOVA with Bonferroni tests F (1.36, 10.85) = 79.52, p < 0.05. The 

green arrow indicates the start of pulse application and error bars show S.E. 

3.3.9. Does the breakdown of the microtubule network cause the mPTP to open?  

Loss of ∆Ψm due to chemical depolymerisation of microtubules has been shown to be due to 

opening of the mPTP
135

. We therefore investigated the role that mPTP opening may play in 

the post-pulse loss of mitochondrial membrane potential. One effect of mPTP opening is the 

formation of donut-shaped mitochondria
171

. We used 3D-SIM to visualise mEmerald labelled 

mitochondria in U87 cells before and post application of 100 pulses applied at 10 Hz. We 

found the presence of a small number of mitochondrial donuts before the pulse application 

(Figure 43). These donuts remained at 120 seconds post pulse but no new ones were observed. 

Whilst this suggests that mPTP opening is not involved, it is possible that their opening and 

the donut formation takes longer than the two minute period we observed. Longer monitoring 

with the 3D-SIM was complicated by photobleaching of the mEmerald. Opening of the mPTP 
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is triggered by increased calcium concentrations
172

 and catalysed by the binding of 

cyclophilin-D
173

. However, we were unable to prevent the loss of ∆Ψm by pulsing cells in 

Ca
2+ 

free HBSS or cells that were pre-treated with 10 µM cyclosporin A, which binds to, and 

inhibits the action of cyclopholin-D (Figure 44).  

 

      

Figure 43. Small numbers of mitochondrial donuts are present in the cell before and 

after pulse.  

mEmerald labelled mitochondria in U87 cells before and 120 seconds post application of 100 

pulses applied at 10 Hz, visualised by 3D-SIM. Examples of mitochondrial donuts are 

labelled with the yellow arrows. 
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Figure 44. Loss of ∆Ψm is not caused by mPTP opening.  

100, 10 ns pulses delivered at a frequency of 10 Hz applied to U87 cells loaded with TMRM 

in either Ca
2+

 HBSS (red line, n = 7), in Ca
2+

 free HBSS (blue line, n = 4) or Ca
2+

 HBSS with 

a pre-treatment in 10 µM cyclosporin A (CsA) (green line, n = 4) and the non-pulsed control 

(black line, n = 3). Asterisk indicates a significant difference between pulsed conditions and 

control and no significant difference between the different pulsed conditions, two way 

repeated measures ANOVA with Bonferroni test f (4.23, 18.35) = 11.49, p < 0.05. The green 

arrow indicates the start of pulse application and error bars show S.E.  

 

3.3.10.  Effect of microtubule chemical disruptors and stabilisers on EB3 dynamics  

To further assess the downstream effects of nsPEF microtubule disruption we looked at how 

nsPEF affected cells with either chemically depolymerised or stabilised microtubules. To 

determine an effective dose and incubation time EB3-GFP expressing U87 cells were imaged 

before and following application of 10 µM colchicine or 10 µM taxol, to respectively disrupt 

or stabilise microtubules (Figure 45). We found that for both conditions by 2.5 minutes 

following drug addition, EB3 comet size had reduced. By 7.5 minutes there were no visible 

EB3 comets in either of the conditions. By 25 minutes the colchicine cells show a modified 

morphology with signs of detachment and cell rounding. Conversely the taxol treated cells 

maintain their morphology at 25 minutes. 
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Figure 45. Effects of taxol and colchicine on microtubule growth dynamics in U87 cells 

expressing EB3-GFP.  

Representative images of the effect of 10 µM colchicine or 10 µM taxol on microtubule 

growth dynamics as visualised with EB3-GFP.  

 

3.3.11. Does breakdown of the microtubule network cause plasma membrane poration? 

As microtubules form many interactions with the cell membrane we next looked at the 

possibility that their nsPEF induced disruption could result in the membrane poration that we 

have previously observed post-pulse (Figure 11). To do this we looked at post-pulse YO-

PRO-1 uptake into U87 cells that had been treated with either taxol or colchicine. We found 

that applying 100 pulses at 10 Hz to cells with chemically stabilised microtubules did not alter 

the uptake of YO-PRO-1 when compared to non-taxol treated pulsed cells (Figure 46). 

Similarly, when cells with chemically depolymerised microtubules were pulsed there was no 

difference in YO-PRO-1 uptake when compared to non-colchicine treated pulsed cells (Figure 

47).  
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Figure 46. Microtubule stabilisation does not alter YO-PRO-1 uptake.  

YO-PRO-1 uptake following application of 100, 10 ns pulses delivered at a frequency of 10 

Hz to U87 cells that were either treated with 10 µM taxol (blue line, n=7) or not (red line, 

n=3) with corresponding non-pulsed controls (green line, n = 6 and black line, n = 6, 

respectively). NS denotes no significant difference between the two pulsed conditions. 

Asterisk indicates a significant difference between pulsed and control experiments, as 

analysed by two way repeated measures ANOVA with Bonferroni tests, F (3.13, 18.77) = 

24.17, p < 0.05. The green arrow indicates the start of pulse application and error bars show 

S.E. 
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Figure 47. Chemical microtubule disruption does not alter YO-PRO-1 uptake.  

YO-PRO-1 uptake following application of 100, 10 ns pulses delivered at a frequency of 10 

Hz to U87 cells that were either treated with 10 µM colchicine (blue line, n=6) or not (red 

line, n=4) with corresponding non-pulsed controls (green line, n = 3 and black line, n = 3, 

respectively). NS denotes no significant difference between the two pulsed conditions. 

Asterisk indicates a significant difference between pulsed and control experiments, two way 

repeated measures ANOVA with Bonferroni tests, F (3.15, 12.61) = 20.37, p < 0.05. The 

green arrow indicates the start of pulse application and error bars show S.E. 

3.3.12. Does nsPEF induced breakdown of the microtubule network cause an increase in 

intracellular calcium concentration?  

We next looked at whether chemical microtubule stabilisation or depolymerisation would 

affect the post-pulse calcium response. We applied 100 pulses at 10 Hz to U87 cells loaded 

with Fura Red and treated with either taxol (Figure 48) or colchicine (Figure 49). Under both 

chemical treated conditions the post-pulse intracellular calcium increase matched that of non-

chemically treated pulsed cells. 
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Figure 48. Microtubule stabilisation does not alter the post-pulse increase in 

intracellular calcium. 

 Intracellular changes in calcium measured in U87 cells loaded with Fura Red following 

application of 100, 10 ns pulses delivered at a frequency of 10 Hz. Cells were either treated 

with 10 µM taxol (blue line, n=6) or not (red line, n=6) with a non-pulsed control (black line, 

n = 3,). The asterisk indicates a significant difference between pulsed and control experiments 

and no significant difference between the two pulsed conditions, two way repeated measures 

ANOVA with Bonferroni tests F (2.82, 6.94) = 66.26, p < 0.05. The green arrow indicates the 

start of pulse application and error bars show S.E. A drop in Fura Red fluorescence indicates 

an increase in intracellular calcium.  
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Figure 49. Chemical microtubule disruption does not alter the post-pulse increase in 

intracellular calcium.  

Intracellular changes in calcium measured in U87 cells loaded with Fura Red following 

application of 100, 10 ns pulses delivered at a frequency of 10 Hz. Cells were either treated 

with 10 µM colchicine (blue line, n=3) or not (red line, n=3) with corresponding non-pulsed 

controls (green line, n = 4 and black line, n = 3, respectively). The asterisk indicates a 

significant difference between pulsed and control experiments and no significant difference 

between the two pulsed conditions. Two way repeated measures ANOVA with Bonferroni 

test f (3.68, 11.05) = 30.54, p < 0.05. The green arrow indicates the start of pulse application 

and error bars show S.E. A drop in Fura Red fluorescence indicates an increase in intracellular 

calcium. 

3.3.13. Increasing pulse number results in a calcium-dependant nuclear uptake of EB3 

Having only looked at a maximum of 100 pulses we next looked at the effect of 500 or 1000 

pulses applied at 10 Hz to cells expressing EB3-mNeonGreen. When 500 pulses were applied 

an increase in EB3 comet length was visible 15 seconds after the start of pulse application. By 

65 seconds EB3 comets had shrunk to less than their pre-pulse length and remained like this 

throughout the rest of the imaging period (Figure 50a). By 300 seconds post-pulse the MTOC 

was no longer visible. Microtubule nucleation by the MTOC appeared also to be reduced or 

absent as EB3 comets showed more random movement within the cell than the organised, pre- 
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Figure 50. Effects of higher pulse numbers on microtubule dynamics in U87 cells 

expressing EB3-mNeonGreen.  

Representative images of the effect of 500 or 1000 pulses applied at 10 Hz on microtubule 

growth dynamics as visualised with EB3-mNeonGreen, in the presence (a) or absence (b) of 

extracellular calcium. The red arrow denotes the MTOC and the yellow arrows denote 

immobile EB3 comets.   

pulse MTOC to plasma membrane movement. Applying 1000 pulses resulted in the same 

initial increase in EB3 comet length and subsequent shortening, however, by the end of the 
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pulse application period (100 seconds) the EB3 comets had stopped moving and gradually 

disappeared with the exception of several immobile comets. By 600 seconds post pulse these 

immobile comets were still visible. The disappearance of the EB3 comets coincided with a 

nuclear uptake of EB3, visible in the image taken at 300 seconds post-pulse. 

The same 1000 pulses were then applied to cells that were bathed in a calcium free buffer, 

containing 4 mM EGTA. EB3 comet lengthening was again observed immediately after the 

start of pulse application. In contrast to when calcium is present, the increased comet length 

persisted, as can be seen in Figure 50b at 300 seconds. Over the imaging period the number of 

comets in the cell decreased. By 1000 seconds of the start of pulse application only a few 

comets persisted and these comets showed both elongation and dynamic movement. No 

uptake into the nucleus of EB3 was observed. 

 

Figure 51. 1000P applied at 10 Hz pushes cells into mitosis.  

Representative images of U87- EB3-mNeonGreen cells, 1 hour after pulse application and 

located proximally to the electrodes. Different stages of mitosis were observed: a) prophase, 

b) metaphase, c) anaphase. 

An hour following the 1000 pulse application the slide was examined in further detail. In 

addition to the cells located between the electrodes, cells located in proximity to them were 

found to also found to have nuclear uptake of EB3. Cells located further from the electrodes 

however appeared to be unaffected by the pulse and showed normal EB3 comet movement. 

Nuclear uptake of tubulin, and therefore EB3, occurs before cells undergo mitosis. Whilst no 

signs of cell division were observed in cells located directly between the electrodes, some 

proximal cells did show signs of division (Figure 51). No cells undergoing division could be 

found in the regions unaffected by the pulse.  
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3.4. Discussion 

In order to have an effect on the microtubule network a certain number of pulses need to be 

applied. We found that 10 pulses applied at 10 Hz had no visible effect on the microtubule 

dynamics whereas an application at 100 Hz caused an increase in EB3 comet length. 

Applying 100 pulses at 10 Hz caused both a rapid and persistent increase in EB3 comet length 

and a decrease in the overall number of comets. This decrease in comet number, demonstrated 

by the overall reduction in EB3-GFP fluorescence, implies a decrease in microtubule 

nucleation and polymerisation and an increase in catastrophe. This would result in an overall 

decrease in the number of microtubules, as supported by the reduction in tubulin-RFP 

fluorescence following pulse application. An increase in EB3 comet size has been shown to 

be due to an increase in microtubule growth rate
150

, suggesting that whilst we observe an 

overall decrease in the number of polymerising microtubules, those that persist in 

polymerising do so at a faster rate post-pulse. Increase in growth speed can be attributed to 

either a higher concentration of available free tubulin
150

 or to cellular swelling
174

.  

The increase in EB3 comet size was rapid, occurring within seconds. Whilst this is possibly 

due to an increase in free tubulin from a rapid microtubule breakdown, it could potentially 

also be explained by a release of sequestered tubulin from the MAP stathmin, if nsPEF were 

able to disrupt the electrostatic interactions between the proteins
175,176

.  

nsPEF has previously been shown to cause depolymerisation of the microtubule network in 

mammalian cells
122

. The authors concluded that the effect, however, was indirect and due to 

the post-pulse increase in intracellular concentrations of calcium, with calcium being known 

to induce microtubule instability. In this chapter we have shown for the first time in human 

cancer cells that nsPEF causes a breakdown of the microtubule network, this is important as 

microtubule isotype composition and post-translational modifications are often altered in 

cancerous cells
177

 which can effect microtubule rigidity
178

 and stability
179

. We show also that 

contrary to the previously published study our pulse effect persisted under calcium depleted 

conditions. One possible explanation for the difference in results is the pulse regimes that 

were used, with the mammalian cell study using 20, 600ns pulses of 16.2 kV/cm. It is possible 

that microtubules are more susceptible to the conditions that we used: a higher number of 

shorter pulses, with a larger electric field. Another supporting argument against calcium 

induced depolymerisation under our conditions is that the rapid disruption of microtubule 

growth occurs globally within the cell. We have previously shown that YO-PRO-1 entry into 
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the cell is polar followed by diffusion across the cell (Figure 11). Assuming that extracellular 

calcium also enters via the same part of the membrane, if it were responsible for the 

disruption we see, it could be expected that the microtubules in this area would be affected 

first
180

. A calcium dependent effect on EB3 was however observed when 1000 pulses were 

applied. Under this pulse regime the immediate EB3 comet lengthening occurred in both the 

presence and absence of extracellular calcium. However, whilst the longer comets persisted in 

the calcium free conditions, when calcium was present they underwent rapid shortening 

before the end of the pulse application duration. If this rapid reduction in comet length is 

characteristic of the effect of calcium on EB3 dynamics, then its absence when 100 pulses are 

applied further supports that our results, at this pulse number, are independent of calcium. We 

did however observe a significant increase in intracellular Ca
2+

 following pulse application 

and it is likely that under normal conditions, such elevations in Ca
2+

 would cause additional 

disruption to the microtubule network and other downstream signalling effects. 

Microtubule depolymerisation following nsPEF has also been shown to occur in plants where 

it was proposed that the pulse acts directly on a membrane localised signalling hub formed 

from a kinesin and phospholipase D that cross-link microtubules and actin filaments
121

. 

Action on a homologous mammalian hub could perhaps also provide an alternative 

explanation for disruption of the actin cytoskeleton that has previously been linked to 

nsPEF
169

 and the microtubule depolymerisation that we see. We also cannot rule out the 

possibility of nsPEF having an alternative, direct action on the membrane, resulting in 

microtubule disruption. Microtubules form many interactions with the plasma membrane 

including certain transient receptor potential channels
131,132

, septins
133

 and metabotropic 

glutamate receptors
134

, nsPEF induced membrane trauma could cause a disruption of these 

interactions and a resulting loss in microtubule stability. 

It is possible that nsPEFs activate other lipid signalling pathways in the plasma membrane of 

U87 cells that influence microtubules. Mammalian cells treated with nsPEF exhibited 

muscarinic receptor-like signalling with PIP2 depletion and calcium independent accumulation 

of diacylglycerol (DAG)
72,127

, these effects are proposed to be a result of a direct effect of 

nsPEF on the plasma membrane and membrane bound proteins. Agonist activation of the 

muscarinic receptor causes microtubule depolymerisation with translocation of tubulin to the 

plasma membrane, within minutes of activation, where it binds to, and inhibits the activity of, 

phospholipase D
124,125

. In the same time-scale we observed a similar membrane accumulation, 

of both tubulin and EB3 following pulse application. 
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Given that rapid swelling, in addition to increasing EB3 comet size, has been shown to cause 

microtubule depolymerisation
181

 we investigated whether swelling was the cause of our 

observed effects. Cellular swelling is a known consequence of nsPEF
27,182,183

, especially for 

pulses of longer durations, and this swelling has been shown to cause a breakdown of the 

actin network
169

, which is cross-linked with microtubules. By using an isotonic sucrose 

HBSS, which has previously been shown to inhibit post-nsPEF swelling
169

, we showed that 

the same initial disruption of microtubule growth was observed in the presence of sucrose. 

This observation is in agreement with previously published results
122

. However, EB3 

fluorescence levels started to recover within the imaging period which we did not observe in 

the absence of sucrose. It is possible that an influx of water reduced the concentration of free 

tubulin, thus lowering the polymerisation rate. We further showed that our nsPEF treatment 

did not in fact result in any signs of osmotic swelling in U87 cells, with a tendency towards a 

small decrease in cell size observed instead. This could potentially be explained by the 

previously described nsPEF induced activation of the PIP2/ IP3 pathway
72,127

, which in 

glioblastoma plays a role in cell volume regulation. Glioblastoma cells metastasise through 

the extracellular space in the brain, as such they have to adapt to the tight spatial limitations of 

this area. They achieve this by being able to dynamically adjust their cellular volume and are 

able to shrink by up to 35%
184

. Cell volume change can be a result of IP3 activation by the 

chemotactic peptide Bradykinin, leading to the subsequent activation of outward pumping 

chlorine and potassium channels, with cytosolic water following via aquaporins
185–187

.  

Further experiments would be necessary to confirm a role of the PIP2 pathway in the cell 

volume regulation and microtubule disruption that we observe. 

Having discounted both obvious explanations for the microtubule disruption, calcium and 

swelling, we looked at the possibility that our nsPEF pulse regime might act directly on 

microtubules. Pulse application to microtubules that had been polymerised from purified 

tubulin and stabilised with taxol failed to have an effect. Whilst we did not see an effect the 

possibility that nsPEF acts directly on the microtubules cannot be disregarded. Lack of effect 

could be explained by the taxol stabilisation, which is considerably different to the 

stabilisation by MAPs that occurs in cells. Tubulin polymerisation is temperature dependent 

with polymerisation favoured at 37°C. The company providing the microtubule 

polymerisation kit suggest that there is a 5% loss of polymer per degree reduction in 

temperature without the addition of taxol. All our experiments were carried out at room 

temperature (around 21°C) and it is possible that if warmer temperatures were used taxol 
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stabilisation could be avoided. A purer and better quality of tubulin has also been suggested as 

a way of improving this experiment as well as testing different exposure systems. 

Using wide-field microscopy we saw evidence, in the cellular environment, of bundles of 

microtubules buckling following the pulse. Using 3D-SIM the same was found to be true of 

individual microtubules. Whilst microtubule bending occurs frequently during growth, due to 

deflections of the growing tip, once polymerised microtubules form rigid structures that are 

100 x more resistant to bending than actin
188,189

. However, buckling of microtubules, such as 

we observed, can occur as a natural phenomenon
190

, when bends or weaknesses present in the 

microtubule are subjected to compressive forces such as caused by polymerisation against the 

cell perimeter or the activity of molecular motors
189,191,192

. Given that the EB3 comet 

lengthening indicates an increased rate of microtubule growth it could be imagined that the 

buckling we observe is in part due to more microtubules reaching, and polymerising against, 

the cell membrane. Microtubule bending has been shown to result in breaking, followed by 

depolymerisation
190

, and our 3D-SIM results provide support that this is the case here. These 

effects might also be mediated by the electrical and/or mechanical properties of microtubules. 

Microtubules are dielectric structures with dipole moments that have been assessed by a 

number of methods, including electroorientation and simulation
193,194,195

. The resulting 

microtubule breakage associated with nsPEFs could therefore be caused directly by the force 

of the applied electric field, disrupting the electrostatic interactions of the microtubules 

proteins. It has already been proposed by Havelka et al.
101

 that the electric fields associated 

with nsPEFs might be sufficient to directly disrupt microtubules and this hypothesis could be 

tested in future in vitro studies. 

Bending is believed to either promote the dissociation of stabilising MAPs, cause the 

dissociation of tubulin dimers and/or allow for the binding of microtubule severing 

enzymes
190,196,197

. By increasing the amount of buckling microtubules within the cell, pulse 

application could therefore increase the amount of microtubule depolymerisation.  

Having established that nsPEFs have an effect on the microtubule network we next sought to 

understand the possible knock-on effects on the rest of the cell. We first considered the effect 

on mitochondria and found a temporal link between the disruption of the microtubule network 

and loss of mitochondrial membrane potential. The loss was dose-dependent and gradual 

which does not fit with previously reported pulsed-induced electroporation of the inner 

mitochondrial membrane
22

 where a more rapid loss of ∆Ψm would be expected. A similar 
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decrease in ∆Ψm was reported following chemical disruption of microtubules with 

nocodazole
135

. Mitochondria and microtubules are intrinsically linked within the cell with 

mitochondria being transported along microtubules by MAP motor proteins to areas of the 

cell that require ATP
198,199

. Nocodazole treatment disrupts this association of mitochondria to 

microtubules with a potential effect of opening the mPTP
135

. The opening of mPTP has also 

been proposed as a downstream effect of nsPEF treatment
24

. However in our case mPTP 

involvement seems unlikely as there was an absence of post-pulse donut shaped mitochondria, 

which are characteristic of the opening of the pore
171

. We were also unable to prevent ∆Ψm 

loss in the absence of calcium or in the presence of CsA, two conditions that prevent mPTP 

opening.  Other mitochondrial pores or channels may, however, be implicated. One candidate 

which should be tested is the VDAC which are blocked by high levels of free tubulin leading 

to decreased ∆Ψm
143,200

.  

A further possible explanation for the loss of ∆Ψm is release of pro-apoptotic proteins such as 

Bim which, under normal conditions, is bound to microtubules. Bim is known to dissociate 

from destabilised microtubules and translocate to the mitochondria
201–203

. Following 

translocation Bim activates Bax which has an essential role in apoptotic mitochondrial 

membrane permeabilisation, an event that causes loss of ∆Ψm 
177,204

. 

As microtubules interact with and help regulate many channels in the cell membrane, 

including some that gate YO-PRO-1
205,206

, we next looked at whether microtubule disruption 

was linked to post-pulse membrane poration. However, we found no difference in YO-PRO-1 

uptake or changes in intracellular calcium levels following pulse application in cells with 

chemically stabilised or depolymerised microtubules, when compared to cells with no 

chemical treatment. This result suggests microtubules do not have a role in membrane 

permeabilisation, but within a cell in interphase there is a population of stable detyrosinated 

microtubules
207–209

, as these stable microtubules are not polymerising they will be more 

resistant to both colchicine and taxol treatment and perhaps this persistent subset is enough to 

cause the permeabilisation.  

Increasing the number of pulses applied to the cells resulted in a more dramatic effect on EB3 

dynamics. Following the application of 500 pulses the initial EB3 comet lengthening, that we 

saw with 100 pulses, was rapidly replaced by comet shortening accompanied by a loss of the 

MTOC and disorganisation of EB3 direction. Glioblastoma cell lines, including U87, have 

high levels of gamma tubulin
210

 which can cause non-MTOC nucleation of microtubules
211

. 
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This type of nucleation, enhanced by high levels of soluble tubulin from microtubule 

breakdown, could explain these more random comet trajectories. Abrupt, mass microtubule 

depolymerisation just prior to nuclear envelope breakdown occurs in cells undergoing 

mitosis
212

. When 1000 pulses were applied a similar process occurred with EB3 uptake into 

the nucleus suggesting a breakdown of the nuclear envelope. This breakdown appears to be 

calcium dependent as it failed to occur in the absence of calcium. nsPEF have previously been 

shown to cause the breakdown of the nuclear membrane
213

 and, under certain conditions, 

increase cell proliferation
214

. This, in combination with my results showing cells entering cell 

division following pulse application, highlights the importance of understanding the 

relationship between nsPEF dose and cellular response before use in a therapeutic setting. 

However, with a good understanding of this relationship nsPEF treatment could provide a 

drug-free, and locally acting, alternative to the microtubule disrupting medication commonly 

used in cancer therapies.  
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Chapter 4: 

A comparison between 

chemical and genetically 

encoded calcium indicators 

and their application to 

understanding the nsPEF 

calcium response.  
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4. A comparison between chemical and genetically encoded calcium indicators and 

their application to understanding the nsPEF calcium response.  

4.1. Introduction 

4.1.1. Role of calcium within the cell 

Calcium ions (Ca
2+

) play a key role in a wide range of cellular processes, with elevation of 

intracellular Ca
2+

 levels being seen by cells as a signalling event. Resting intracellular calcium 

levels are in the order of 100 nM with cell activation occurring at concentrations above 1000 

nM
215

. Ca
2+

 is involved in gene transcription, metabolism, muscle contraction as well as cell 

development, differentiation, proliferation and death
216,217

. The ability to influence such a 

wide range of processes is due to tight control of calcium by many different molecular 

contributors that control its spatio-temporal patterning
215

. 

4.1.2. Regulation of calcium in the cell 

Calcium signals within the cell originate from either an influx of extracellular calcium or from 

the release of calcium from intracellular stores (Figure 52). The primary intracellular stores 

are the endoplasmic and sarcoplasmic reticulums (ER and SR). Within the ER the total 

concentration of calcium is greater than 2 mM, however the majority is bound to buffering 

proteins leaving a free concentration of 50 – 500 µM
218

. Influx of extracellular calcium is via 

the activation of voltage-operated channels (VGCC) activated by depolarisation of the plasma 

membrane, receptor operated channels activated by the binding of agonists such as ATP and 

acetylcholine (P2X), mechanically activated channels (TRP) activated by stress and shape 

changes to the cell and store operated channels that are activated by low levels of calcium in 

the internal stores (ORAI1 and STIM1 see section 3.1.7)
219

.  

Release of calcium from the ER or the SR is controlled by IP3R and ryanodine receptors 

(RYR). IP3R are activated by IP3, a secondary messenger that forms following the activation 

of a membrane receptor, such as a G-protein coupled receptor (GPCR). Activation of a GPCR 

causes the release of its bound G-proteins, which in turn activate phospholipase C (PLC). IP3 

is formed as a result of PLC hydrolysis of the plasma membrane
216

. IP3 can then diffuse 

through the cell and on reaching the ER/SR bind to the IP3R causing local calcium release. 

This can then lead to calcium induced calcium release which is discussed in an earlier chapter 

(see section 2.1.3.2). Some of the calcium released from the ER is taken up by mitochondria 
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through the mitochondrial calcium uniporter (MCU). Mitochondria acts as a buffer for 

calcium, however the uptake of too much cytosolic calcium leads to an overload and the 

opening of the mPTP with a subsequent release of pro-apoptotic proteins
220

. 

 

Figure 52. Calcium homeostasis within the cell. 

The levels of calcium within the cell are tightly regulated by different membrane receptors 

and channels. Abbreviations: ER: endoplasmic reticulum; CICR: Ca
2+

-induced Ca
2+

 release; 

SOCE: store-operated Ca
2+

 entry; ATP: adenosine triphosphate; AA: arachidonic acid; 

VGCC: voltage-gated calcium channel; TRP: transient receptor potential channel (C: 

canonical; V: vanilloid; M: melastatin); ORAI1: Ca
2+

 release-activated calcium channel 

protein 1; STIM1: stromal interaction molecule 1; IP3: inositol-1,4,5-trisphosphate; IP3R: IP3 

receptor; RyR: ryanodine receptor; SERCA: sarco/endoplasmic reticulum Ca
2+

-ATPase; 

MCU: mitochondrial calcium uniporter; VDAC: voltage-dependent anion channel; PMCA: 

plasma-membrane Ca2+-ATPase. From
220

: Marchi and Pinto 2016. 

Once calcium has been released by either a plasma membrane or ER/SR channel the signal 

can remain local or develop into a global signal or wave, this is in part due to the action of 
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cytosolic calcium buffers such as, calretinin and parvalbumins
215,221

. Following signalling the 

levels of calcium in the cell are rapidly decreased by extrusion from the cell via plasma 

membrane pumps (PMCA) and exchangers or by pumping back into internal stores by the 

SERCA pump
215

.  

4.1.3. Effects of the disruption of calcium homeostasis 

The tight regulation of calcium within the cell is therefore governed by many different 

proteins working together. The disruption of one or more of these regulating proteins can 

result in calcium levels that are either higher or lower than normal. This deregulation of 

calcium homeostasis has been linked to numerous disorders including heart disease, 

neurological disease such as Alzheimer’s and schizophrenia
222

. There is also a link to cancer 

progression with many cancerous cells exhibiting alterations in the channels and pumps 

responsible for calcium homeostasis. These alterations include modifications of the 

expression level or localisation and mutations that affect activity
223

.  

4.1.4. Methods used to measure intracellular calcium levels 

The measurement of intracellular calcium first became possible with the discovery, in the 

early 1960’s, of a jellyfish protein called aequorin that emits visible light when in contact with 

calcium
224

. Early experiments using this photoprotein involved its microinjection into the 

cells of interest
225

. In the 1980’s work by Tsien and colleagues introduced new synthetic 

calcium indicators
226,227

 that could be loaded easily into cells by using a membrane-permeant 

acetoxymethyl (AM) ester
228

. More recently the field has advanced by the introduction and 

improvement of genetically encoded calcium indicators (GECIs).  

4.1.4.1. Small molecule fluorescent indicating dyes 

Synthetic calcium indicators are mostly based on the calcium chelators EGTA and BAPTA 

modified with a range of fluorescent molecules allowing detection in different colours. The 

structures of the three synthetic calcium indicators used in this chapter, all based on BAPTA, 

are shown in Figure 53. Their well-established protocols, range of calcium affinities and 

commercial availability means that these chemical indicators are easy to use
229

. In general 

they are cytosolic dyes, including FLUO-4 and Fura Red which are used in this study. 

However, a limited range of membrane localised indicators are available. We have used FFP-

18 a near membrane indicator based on Fura-2 which has hydrophobic tail that inserts into the 

membrane, with the indicator being tethered to the intracellular part of the plasma membrane. 
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The addition of a piperazine collar helps to prevent the indicator being pulled into the 

membrane
230

. Both Fura Red and FFP-18 are ratiometric indicators that allow a quantitative 

measurement of calcium concentrations. Given that these indicators are based on calcium 

chelators their results have to be interpreted with care as they can buffer the calcium within 

the cell and distort the response, for example they can lead to the attenuation of calcium 

waves
231

. 

 

Figure 53. Chemical structure of the synthetic calcium indicating dyes used in this 

chapter. 

FLUO-4, Fura Red and FFP-18 are both based on the calcium chelator BAPTA and composed 

of a fluorescent reporter molecule (highlighted by red rectangle) and an AM ester (the AM 

group is shown by purple rectangle in the BAPTA-AM image); the BAPTA + AM base is 

shown by the blue rectangles. In addition FFP-18 has a hydrophobic tail that inserts into the 

membrane and a piperazine collar which helps prevent the indicator being pulled into the 

membrane (Images adapted from thermofisher.com and sigmaaldrich.com).  
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4.1.4.2. Genetically encoded calcium indicators 

 

Figure 54. Examples of the different GECIs that have been developed. 

GECIs that are based on a single fluorescent protein are shown in images A-E. These proteins 

are excited by light of different frequencies (wavy line) and binding calcium (purple circles) 

induces a conformational change and subsequent modification of emitted fluorescence. GECIs 

based on two fluorescent proteins are shown in images H-G. Binding of calcium causes a 

conformational change that brings both proteins together allowing FRET to occur (reproduced 

from Pérez and Nagai
232

). 

GECIs are fluorescent proteins, expressed by the cell through molecular biology techniques, 

which have been modified, by fusion to a calcium binding motif, to act as calcium sensor. The 

calcium binding motifs include calmodulin, a Ca
2+

/calmodulin binding peptide called M13 

and troponin C. They can be genetically targeted to specific locations within the cell such as 

the plasma membrane or organelles and therefore can be used to measure localised calcium 

signals. GECIs can be split into two groups based on whether they use a single fluorescent 

protein or two fluorescent proteins (see Figure 54). The single fluorescent group rely on the 

binding of calcium inducing a conformational change in the fluorescent protein causing a 

detectable alteration in its fluorescence properties. Those made of two fluorescent proteins use 

Förster resonance energy transfer (FRET). In FRET one of the fluorescent proteins (the 

donor) is excited by its specific wavelength of light and when it is in close enough proximity 

to the second fluorescent protein (the acceptor) it is able to transfer its excitation energy to the 
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acceptor via long-range dipole-dipole interactions. Excitation of the acceptor results in it 

emitting detectable fluorescence. In the calcium unbound state FRET based GECIs have their 

donor and acceptor proteins separated, a conformational change induced by the binding of 

calcium results in the donor and acceptor being brought into close proximity. These different 

types of GECIs are reviewed in
232

. 

In this study we have used GCaMP as our GECI of interest. GCaMP uses a circularly 

permuted variant of enhanced-GFP (cpEGFP) as the fluorescent protein and this is fused with 

a calmodulin protein at its C-terminus and an M13 peptide at its N terminus. M13 interacts 

with calcium bound calmodulin resulting in a change of conformation cpEGFP and an 

increase in its fluorescence intensity
233

. Various mutations and optimizations of GCaMP have 

led to the development of brighter and more sensitive sensors
234–236

. We have used two 

versions of this GECI, GCaMP6-S which is expressed in the cytosol and a form of GCaMP5-

G which is expressed as a fusion protein with archeorhodopsin leading to a PM bound 

expression (Figure 55). This fusion protein was originally conceived as a dual function Ca
2+

 

and voltage reporter (CaViar)
237

, however in this study we have only used its calcium reporter 

properties.  

 

Figure 55. Structure of the CaViar fusion protein inserted into the plasma membrane. 

The transmembrane voltage indicator Arch (D95N) is shown in red and the calcium reporter 

GCaMP5-G in blue. From Hou et al.
237

. 
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4.1.5. Ways that calcium has been measured following nsPEF 

An increase in [Ca
2+

]i following application of nsPEF has been widely reported. However, it 

is still unclear whether the source of this calcium is from intracellular stores, such as the ER, 

or from extracellular calcium that enters through plasma membrane nanopores. Measurements 

of intracellular calcium levels following nsPEF have been measured using live cell imaging 

with different chemical indicators including FLUO-4
24,238,239

, Fura-2
31,54,83

 and Calcium 

Green
58,72,96,122,240–242

. Whilst most of these studies report calcium changes over a time period 

of seconds a high-speed imaging technique has been reported
96

 that allows images to be 

captures approximately every millisecond. This method showed entry of calcium on the 

cathodic side of the cell within 3.5 ms of the application of a 600 ns, 16.2 kV/cm pulse, with 

the calcium signal spreading progressively across the cell in the following 60 ms. Many 

chemical calcium indicators, including Fura-2 and Calcium Green, show temperature 

sensitivity with fluorescence output being decreased at higher temperatures
243

. nsPEF has 

been shown to cause temperature changes within the cell
244

 and this presents a potential 

drawback of the use of chemical indicators in nanopulse studies.    

4.1.6. Objectives 

Chemical indicators are easy to use and to date have been the only means used to detect post-

nsPEF intracellular calcium changes. Whilst initially requiring more effort to prepare the 

transfected cell line, genetically encoded calcium indicators provide an alternative to chemical 

indicators. Once the cell line has been established they have the potential to be more 

economic and quicker as they are ready to use straight from the incubator, with possible 

detrimental effects caused by the long room temperature incubations needed by the chemical 

indicators are also avoided.  

The objectives of this chapter are therefore to assess the use of genetically encoded calcium 

indicators in nsPEF studies, to see how they compare to commonly used chemical indicators 

and identify any other advantages they may have.    

4.2. Material and methods 

4.2.1. Cell culture 

The human glioblastoma cell line U87-MG and U87 stably transfected with GCaMP5-G were 

cultured in T75 flasks at 37°C, 5% CO2 in MEM medium (Gibco, 10370-047) supplemented 

with 10% FBS (Gibco, 10500), 2 mM L-glutamine (Dutscher, X0550-100), 1.1 mM glucose 
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(Gibco, 19002-013), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, 15070-063). On 

reaching 80% confluence, cells were detached from the surface of the flask by washing twice 

with PBS (Gibco, 14190) and then incubating for 3-5 minutes at 37°C with trypsin (Gibco, 

25200-056). Trypsin activity was stopped with the addition of an equal quantity of defined 

trypsin inhibitor (Gibco, R-007-100) and then centrifuged for 10 minutes at 600g. The 

resulting cell pellet was resuspended in MEM for use in experiments and for reseeding flasks.  

 

4.2.2. Cell transfection 

4.2.2.1. Lentiviral transfection 

U87 cells were transfected with the CaViar plasmid (Addgene, 42168) using lentiviral 

transfection. The lentivirus was produced using a Lenti-X 293T cell line (Clontech, 632180) 

which is a HEK 293-T cell that has been optimized for Lenti-X virus production. These cells 

were cultured in DMEM (Sigma, D6429) containing 4500 mg/l glucose, L-glutamine, sodium 

pyruvate and sodium bicarbonate supplemented with 10 % tetracycline-free FBS (Clontech, 

631105) and 1.1 mM glucose (Gibco, 19002-013), 100 U/ml penicillin and 100 µg/ml 

streptomycin (Gibco, 15070-063). The Lenti-X 293T cells were transfected with a Lenti-X 

expression vector containing the DNA coding for CaViar using the Xfect Transfection 

Reagent (Clontech, 631318) following a similar method as described in the following section, 

but with the addition of Lenti-X HTX Packaging Mix (Clontech, 631248) to the DNA and 

reaction buffer. Following 48 hours of culture the lentivirus was recovered by an overnight 

incubation at 4°C of the Lenti-X 293T cells’ culture medium with Lenti-X concentrator 

(Clontech, 631231). U87 cells were infected with the lentivirus by direct addition with a 

target multiplicity of infection (MOI) of 10. 

 

4.2.2.2. Chemical transfection 

U87 cells were transiently transfected with CaViar (Addgene, 42168) or GCaMP6-S 

(Addgene, 40753) using Xfect Transfection Reagent (Clontech, 631318). Cells were seeded 

onto a 6-well dish so as to be at 50%-70% confluence the day of transfection. Following the 

manufacturer’s protocol, for each well to be transfected, 5 µg of plasmid DNA was mixed 

with 100 µl Xfect Reaction Buffer, followed by 1.5 µl of Xfect Polymer. After an incubation 

of 10 minutes at room temperature the DNA / reagent mix was added dropwise to the well, 

mixed gently and incubated overnight under cell culture conditions. The culture media was 
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replaced the following day and cells were plated onto imaging slides for use 48 hours after 

transfection.    

4.2.3.  Preparation of cells for wide-field live cell imaging 

 

Cells were plated at a density of 1.8 x 10
5
 cells/ml into 35 mm dishes, each containing a 22 

mm poly-L-lysine (Sigma, P9155) coated glass coverslip (Dutscher, 140541DD), and 

incubated overnight. For imaging coverslips were removed from their dishes, sandwiched into 

plastic imaging chambers and covered in 1 ml of room temperature HBSS (NaCl 121 mM, 

KCl 5.4 mM, MgCl2 0.8 mM, NaHCO3 6 mM, D-glucose 5.5 mM, HEPES 25 mM, CaCl2 1.8 

mM, pH 7.3). For measurement of intracellular calcium levels with chemical calcium 

indicators U87 cells were incubated for 30 minutes at room temperature, in the dark, in HBSS 

containing 1.25 µM Fura Red, AM (Life Technologies, F3020) or 0.5 µM FLUO-4, AM (Life 

Technologies, F14201) or 1 µM of FFP-18 (Interchim, SC-218476) all with 0.02% pluronic 

acid (Life Technologies, P3000MP), then washed three times in the corresponding HBSS and 

incubated a further 30 minutes at room temperature.  

 

4.2.4. Wide-field live cell microscopy  

 

Cells were observed by epifluorescence using a Leica DMI6000 microscope with a 100x 

objective. Fluorescent excitation was provided by a Spectra 7 light engine (Lumencor). 

Emitted light was filtered and captured on an electron-multiplying charge-coupled device 

camera (EMCCD; Photometrics Evolve 512, Roper) with 512 x 512 pixels. The system was 

controlled by, and images were captured with, Metafluor (version 7.8, Molecular Devices). 

Protocols for each experiment were first optimised to minimize illumination in order to reduce 

photobleaching. GCaMP5-G and GCaMP6-S (excitation: 475/25 nm; emission: 525/50 nm) 

with exposure times and source intensities of 20 ms and 5%. Only cells showing good 

GCaMP expression were chosen for imaging. Fura Red (excitation: 475/25 nm; emission: 

615/25 nm) had an exposure time of 25 ms and 5% source intensity. FLUO-4 (excitation: 

475/25 nm; emission: 525/50 nm) had an exposure time of 10 ms and 5% source intensity. 

FFP-18 (excitation: 390/18 nm; emission: 525/50 nm) had an exposure time of 10 ms and 

10% source intensity. In all experiments a 2 x binning was used.  

 

 



111 

 

 

 

 

4.2.5.  Exposure of cells to nsPEF  

100, 10 ns pulses, with an electric field strength of 44 kV/cm, were applied to cells at a 

frequency of 10 Hz using an nsPEF generator (FPG 10-1NM-T, FID Technology, Germany) 

with 50 Ω output impedance. A high-voltage measurement device (tap-off 245 NMFFP-100, 

Barth Electronics Technology, USA) connected to an oscilloscope (DPO 4104, Tektronix, 

USA) was used to visualize the time-domain measurements of the pulse
84–86

. Pulses were 

applied by positioning an electrode delivery system with a micromanipulator (Sutter MP285) 

comprising of two steel electrodes, separated by a gap of 1.2 mm and with 50 Ω impedance in 

parallel
37

.  

 

4.2.6.  Image analysis 

 

For wide-field live cell imaging experiments images were analysed using Image Analyst 

MKII (Image Analyst Software). Background was subtracted from the stack of images by 

manually drawing a region of interest (ROI) in a zone that did not contain cells and 

subtracting the grey level in this area from the rest of the image. ROIs were then drawn to 

include the entire cell of interest and fluorescence intensity data for the ROIs were generated 

by Image Analyst MKII. 

To calculate calcium and YO-PRO-1 wave velocity a straight line ROI was drawn across the 

cell in the direction of the wave (Figure 56A). Using this ROI a kymograph was created, with 

Image J’s resliced function, using only the stacks that covered the wave duration (Figure 

56B). On the kymograph a line was drawn along the front of the wave and the pixel 

coordinates for the  start (Xa,Ya) and end (Xb,Yb) of the line noted. The total distance, in µm, 

travelled was calculated by: (Yb-Ya) / 7.467 (with 7.467 being the number of pixels/µm in our 

images). The total duration of the wave (in seconds) was calculated by: Xb-Xa. Speed in µm/S 

was then calculated by: Distance / Duration. 
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Figure 56. Calculation of calcium wave velocity.  

A. Representative image showing the location of the ROI (red line) used to create the 

kymograph in B. The black line in B traces how the wave front travels over time. (Xa,Ya) are 

the start coordinates of the wave and (Xb,Yb) are the end coordinates. 

4.2.7. Statistical analysis 

Statistical analyses were performed with OriginPro 2016 software. Datasets were first tested 

for normal distribution using Q-Q plots and a Levene’s test was used to assess the 

homogeneity of variance. Changes in fluorescence intensity were statistically tested over time 

(repeated measures) and between independent treatments (between groups) using a mixed-

model two-way repeated measures analysis of variance (ANOVA). The source of significant 

differences identified by ANOVAs was found using pair-wise post-tests that were Bonferroni 

corrected. Effects were considered statistically significant when the probability of falsely 

rejection the null hypothesis was less than 0.05 (p<0.05). 
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4.3. Results 

4.3.1. The effect of nsPEF on common chemical and genetically encoded calcium 

indicators 

We looked first at the spatiotemporal effect of 100, 10 ns pulses applied at 10 Hz on two 

different types of GCaMP (membrane bound GCaMP5-G and cytosolic GCaMP6-S) and two 

common chemical indicators: FLUO-4 and Fura Red. GCaMP expressing cells were used 

directly from the incubator whereas FLUO-4 and Fura Red were both loaded for 30 minutes at 

room temperature in the dark, followed by washing and another 30 minute incubation, under 

the same conditions, to allow for de-esterification of the AM group.  

For all indicators a change in fluorescence could be observed within the first second of pulse 

application (Figure 57) and with the exception of GCaMP5-G, which took longer, maximum 

fluorescence was reached by the end of the 10 second pulse application duration (Figure 58). 

Whilst all three of the cytosolic indicators (FLUO-4, Fura Red and GCaMP6-S) indicated a 

global, uniform change in intracellular calcium the membrane bound GCaMP5-G showed a 

polar increase in fluorescence, reminiscent of our previous observations with YO-PRO-1, 

before spreading as a wave across the cell. 
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Figure 57. Spatiotemporal effect on intracellular calcium of 100, 10 ns pulses applied at 

10 Hz to U87 cells visualised with different calcium indicators.  

Representative live cell images of U87 cells either stably expressing the genetically encoded 

calcium indicator GCaMP (membrane bound expression top line and cytosolic expression 

second line) or loaded with the chemical calcium indicators FLUO-4 (third line) or Fura Red 

(bottom line). Images have been pseudo-coloured for clarity. Fura Red fluorescence decreases 

with increasing calcium, the other indicators show an increase in fluorescence.   
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Figure 58. Change in fluorescence over time plots for live cell imaging of U87 cells either 

loaded with a chemical calcium indicator or expressing a GCaMP indicator.  

For each condition 100, 10 ns pulses at 10 Hz were applied as indicated by the green arrow 

(GCaMP5-G: n = 3, GCaMP6-S: n = 2, FLUO-4: n = 3 and Fura Red: n = 3). Controls were 

no pulse was applied are also included (GCaMP5-G: n = 2, FLUO-4: n = 3 and Fura Red: n = 

3). Error bars show SE and the arrows indicate start of pulse application. 

4.3.2. Understanding the GCaMP5-G calcium wave 

4.3.2.1. How does the GCaMP5-G Ca2+ signal vary with different pulse numbers 

and different frequencies of application?   

We next sought to further investigate the calcium wave that was unique to GCaMP5-G. We 

applied increasing numbers of pulses at increasing frequencies to see if there was a threshold 

for the wave occurrence and to better understand the dose-response relationship between 

nsPEF and intracellular calcium changes. We found that increasing the number of pulses 

increases the total amount of fluorescence change with the three 100 pulse conditions 

reaching comparable levels of maximum change in fluorescence and similar being true of the 

three 10 pulse conditions. The time taken to reach maximum fluorescence is dependent on the 

frequency of application at 100 pulses, the 100 Hz application reached maximum fluorescence 

2 seconds after the start of pulse application, whereas, at 1 Hz the maximum was reached 87 

seconds after the start (total pulse period 100 seconds). The application of 1 pulse failed to 

cause any appreciable increase in fluorescence (Figure 59A). The enlargement of the axis in 

Figure 59B demonstrates further that increasing the frequency of pulse application increases 

the rate of fluorescence change. Regardless of the total number of pulses applied the onset of 

fluorescence increase depends on pulse frequency; at 100 Hz the onset is immediate whereas 

at 1 Hz the onset does not occur until 7 seconds after the first pulse is applied. 

Figure 60 shows that in all cases the start of the calcium signal is polar (top right part of each 

cell). For 10 pulses applied at 1 or 10 Hz this initial calcium spike occurs but is not 

propagated across the cell, however, for 10 pulses applied at 100 Hz a calcium wave follows 

the spike. For the 100 pulse application all three frequencies resulted in a calcium wave the 

speed of which depended on pulse frequency. Quantification of the wave velocity showed the 

following speeds in µm/s ± SE: 100P 100 Hz: 7.23 ± 0.89; 100P 10 Hz: 2.42 ± 0.43; 100P 1 

Hz: 0.40 ± 0.04 (Figure 61). YO-PRO-1 also showed a similar polar entry before crossing the 

cell as a wave. Quantification of the YO-PRO-1 wave showed a similar speed for 100 pulses 
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applied at both 10 (0.68 ± 0.04 µm/s, n = 4) and 100 Hz (0.71 ± 0.10 µm/s, n = 4). These 

speeds are comparable with the calcium wave observed at 1 Hz.       

    

 

Figure 59. Change in fluorescence over time plots for live cell imaging of U87 cells 

expressing GCaMP5-G.  

Figure A shows fluorescence over the whole imaging period with figure B being an 

enlargement of the period just before and after pulse application. Increasing pulse numbers 

and frequencies were applied: 100 pulses 100 Hz n = 3, 100 pulses 10 Hz n = 3, 100 pulses 1 

Hz n = 4, 10 pulses 100 Hz n = 2, 10 pulses 10 Hz n = 3, 10 pulses 1 Hz n = 3, 1 pulse n = 3 

and 0 pulses n = 2. Error bars show SE. 
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Figure 60. Spatiotemporal effect on intracellular calcium of different pulse numbers and 

frequencies visualised with GCaMP5-G.  

Representative lives cell images of U87 cells expressing GCaMP5-G exposed to increasing 

number and frequencies of 10 ns pulses. Images have been pseudo-coloured for clarity. 

Yellow arrows indicate the zone of increased fluorescence in cells where the effect is not 

obvious. Times shown vary between pulse conditions.  
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Figure 61. Speed of the intracellular calcium wave following application of 100 pulses at 

increasing frequencies.  

The velocity of the calcium wave front was calculated in U87 cells expressing GCaMP5-G 

that were exposed to 100, 10 ns pulses at either 1 Hz (n = 4), 10 Hz (n = 3) or 100 Hz (n = 4). 

The same was done to measure the wave speed of YO-PRO-1 entering cells treated with 100, 

10 ns pulses at either 10 Hz (n = 4) or 100 Hz (n = 4). Error bars show SE. 

 

4.3.2.2. The relationship between frequency and onset of increase in intracellular 

calcium – comparison with FLUO-4   

To see if the delay in the increase in fluorescence at lower pulse frequencies was unique to 

GCaMP5-G we compared the effect of 100 pulses applied at 10 Hz and at 1 Hz in cells loaded 

with FLUO-4. We found that, unlike in GCaMP5-G cells, at both frequencies the onset of the 

increase in fluorescence was directly after the start of pulse application. However, in 
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agreement, the rate of increase is slower, and the maximum fluorescence obtained was lower, 

for the 1 Hz application (Figure 62).  

 

Figure 62. The effect of 100, 10 ns pulse applied at 10 or 1 Hz on intracellular calcium in 

U87 cells measured by FLUO-4.  

Change in fluorescence over time plots for live cell imaging of U87 cells loaded with FLUO-

4. The blue line denotes averages for control experiments (n = 3), where no pulses were 

applied. The red line denotes averages for 100 pulses applied at 10 Hz (n = 3) and the green 

line averages for 100 pulses applied at 1 Hz (n = 3). The start of pulse application is denoted 

by the green arrow. Asterisk a indicates a significant difference between the 100 pulse at 10 

Hz response and the 100 pulse at 1 Hz and control, asterisk b indicates a significant difference 

between the 100 pulses at 1Hz and the control, as reported by two-way repeated measures 

ANOVA with Bonferroni tests, F (5.29, 15.88) = 29.04, p < 0.05. Error bars show S.E. 

 

4.3.2.3. Does nsPEF cause intercellular waves? 

To further understand the calcium waves we looked to see if the wave was confined as an 

intracellular signal or if it was able to spread from cell to cell. To do this we applied 100 

pulses at 10 Hz to clusters of GCaMP5-G expressing cells (Figure 63) and found that in all 
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cells within the field of view the calcium increase started in each cell at the same time, always 

in the top right segment of the cell, and spread across all cells with comparable timing and 

velocity. Repeating the experiment with a lower objective, to incorporate more cells, would 

be a useful for the future as it would show if the wave propagates to cells that are less directly 

affected by the pulse.  

 

Figure 63. Wave spread in clusters of U87 cells following nsPEF.  

Representative live cell images of a cluster of U87 GCaMP5-G cells exposed to 100, 10 ns 

pulses at 10 Hz. Images are pseudo-coloured for clarity.  

4.3.2.4. Is the intracellular wave propagated by calcium induced calcium release? 

Semenov et al.
31

 showed that under their pulse conditions nsPEF causes calcium release from 

internal stores via CICR. CICR is propagated through activation of IP3R leading to release of 

calcium, and calcium waves. To see if CICR was involved in our wave we followed Semenov 

in using 50 µM of 2-APB to inhibit IP3R. We found however that 2-APB had no impact on 

the time-course of fluorescence increase when compared to untreated cells (Figure 64A) nor 

did it eliminate the wave (Figure 64B). Quantification of the wave speed found it also to be 

comparable to untreated cells (2.37 ± 0.39 µm/s, n = 3). As a further test we depleted the 

intracellular stores with thapsigargin and applied 100 pulses at 10 Hz in Ca
2+ 

HBSS, this 

treatment also failed to prevent the wave (Figure 65). 
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Figure 64. Effect of IP3R inhibitor, 2-APB, on the calcium wave.  

Change in fluorescence over time plots for live cell imaging of U87 cells expressing 

GCaMP5-G. Cells were incubated with 50 µM 2-APB (red line, n=3) or without (black line, 

n=3) before application of 100, 10 ns pulses at 10 Hz. There is no significant difference in 

change of fluorescence between cells treated or not with 2-APB, as measured by two-way 

repeated measures ANOVA with Bonferroni tests, F (1.97, 7.90) = 0.52, p > 0.05. Error bars 

show S.E. B. Representative live cell images of U87 GCaMP5-G cells incubated with 50 µM 

2-APB and exposed to 100, 10 ns pulses at 10 Hz. Images are pseudo-coloured for clarity.  
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Figure 65. Effect of intracellular store depletion, with thapsigargin, on the calcium wave. 

Representative live cell images of U87 GCaMP5-G cells, whose intracellular calcium stores 

had been depleted by incubation with 1 µM of thapsigargin for 30 minutes, exposed to 100, 

10 ns pulses at 10 Hz. In the top panel the images are pseudo-coloured and in the bottom 

panel the same cell is shown as relative change in fluorescence (F/F0) to make the wave, seen 

in white, easier to visualise.  

4.3.2.5. Is the wave due to the dye being tethered to the membrane? 

Of the calcium indicators measured GCaMP5-G was the only one that was tethered to the 

membrane. As mobile, cytosolic buffers have previously been shown to buffer calcium waves, 

whereas immobile ones do not
245,246

, we hypothesised that this difference could be responsible 

for the wave that we see with GCaMP5-G. To test this we loaded cells with a synthetic 

calcium indicator, FFP-18, that is also tethered into the PM. We found that we were able to 

measure an increase in intracellular calcium following the pulse application and that this 

increase occurred in a wave (Figure 66). When FFP-18 (X̅ = 3.42 µm/s, S.E. = 0.3, n = 8) was 

compared to GCaMP5-G (X̅ = 2.42 µm/s, S.E. = 0.43, n = 3) by a two-tailed t-test there was 

found to be no difference in wave speed [t(4) = 1.92, p = 0.13]. 
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Figure 66. The effect of 100, 10 ns pulse applied at 10 Hz on intracellular calcium in U87 

cells measured by FFP-18. 

A. Change in fluorescence over time plots for live cell imaging of U87 cells loaded with FFP-

18. Cells were exposed to 100, 10 ns pulses at 10 Hz (black line, n = 19 over 8 independent 

experiments), control cells were not exposed to nsPEF (red line, n = 16 over 6 independent 

experiments). A decrease in fluorescence represents an increase in intracellular calcium. Error 

bars show S.E and the green arrow the start of pulse application. B. Representative live cell 

images of U87 cells loaded with FFP-18 and exposed to 100, 10 ns pulses at 10 Hz. In the top 

panel the images are pseudo-coloured and in the bottom panel the same cells are shown as 

relative change in fluorescence (F/F0) to make the wave, seen in black, easier to visualise.  

4.3.3. Are the hotspots with the GCaMP5-G cells due to viral transfection? 

Resting, virally transfected, GCaMP5-G expressing cells all showed persistent hotspots of 

fluorescence (Figure 67) that became more intense upon nsPEF application. We speculated 

that it could be an artefact of the transfection method and perhaps linked to the location in 
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which the virus had entered the cell. However, cells that underwent a chemical transfection 

demonstrated the same presence of fluorescence hotspots. 

 

Figure 67. Hotspots appear in both virally transfected and chemically transfected 

GCaMP5-G cells.  

Representative live cell images of U87 GCaMP5-G cells either transfected virally (left) or 

chemically (right). Images are pseudo-coloured for clarity with the hotspots of fluorescence 

visible in pink. 

 

4.4. Discussion 

The effect of nsPEF on intracellular calcium levels has been widely investigated and reported, 

however, no published nsPEF study has used GECIs. This chapter has compared nsPEF 

response using three commercially available synthetic calcium indicators, two of which are 

commonly used, and two forms of the GECI GCaMP. The overall objective was to access the 

suitability of GECIs in nsPEF studies and to see what advantages they had over synthetic 

indicators. 

All the synthetic indicators had the advantages of being easy to use straight from the packet 

with a common loading protocol lasting in total 1 hour. In contrast the GCaMP cells were 

more complicated to prepare involving plasmid amplification and purification followed by 

lentiviral transfection of the cells. However, once transfected the GCaMP cells were ready to 

use straight from the incubator increasing the number of experiments that could be done in a 

day. Loading of the synthetic dyes also had to be carried out at room temperature in HBSS, in 

order to prevent dye compartmentalisation or loss of dye
87

, resulting in possible detrimental 

effects on the cell.  
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For imaging selecting cells loaded with the synthetic dyes was rapid as all cells showed 

similar levels of fluorescence. Choosing a suitable GCaMP cell for imaging was more 

challenging as our cells had not undergone antibiotic selection to create a stable cell line. 

Therefore the cells on the imaging slides had different levels of GCaMP expression and each 

slide had to be searched to find a cell expressing a suitably high level of fluorescence.  

All of the indicators used showed an increase in intracellular calcium levels following the 

application of nsPEF. However, cells that only expressed GCaMP weakly would fail to show 

a response. Of the five indicators only Fura Red and FFP-18 photobleached, even after 

optimisation of acquisition conditions (amount of dye loaded, exposure time, source intensity, 

number of acquisitions). This is possibly due to the slightly higher exposure time needed to 

capture the lower level of initial fluorescence and the subsequent decrease following pulse 

application. This impact of the photobleaching could be limited by exploiting the dual 

excitation properties of Fura Red and FFP-18 to give ratiometric measurements.   

Following the application of 100, 10 ns pulses at 10 Hz FLUO-4, Fura Red and GCaMP6-S 

all showed a uniform, global increase in calcium with an onset immediately after pulse 

application. GCaMP5-G, however, showed a polar spike in calcium, occurring 1 second after 

the start of pulse application, which then spread across the entire cell in a wave. The same 

wave was seen with FFP-18. The time taken for each dye to reach maximum change in 

fluorescence following the start of pulse application varied: GCaMP6-S: 4 seconds, Fura Red: 

6 seconds, FLUO-4: 14 seconds, FFP-18: 18 seconds and GCaMP5-G: 22 seconds. These 

time differences can potentially be attributed to the calcium affinity of each dye as those with 

a higher affinity will bind the calcium more readily than those with lower affinities. Of the 

four, GCaMP6-S has the highest affinity (Kd = 144 nM)
247

 compared to the lower affinities of 

FLUO-4 (Kd = 345 nM)
229

, FFP-18 (Kd = 400nM)
248

 and GCaMP5-G (Kd = 447 nM)
247

. 

Fura Red should therefore, logically, have an affinity somewhere between that of GCaMP6-S 

and FLUO-4, however, it has the highest Kd (650 nM)
249

 of all four indicators. That it reaches 

it maximum change in fluorescence quicker than FLUO-4 is perhaps due to it being used at a 

higher concentration (1.25 µM vs 0.5 µM) and therefore there is more dye available to bind 

calcium. Also of note is that we cannot know the amount of GCaMP6-S in the cells that we 

imaged. As cells with higher levels of basal fluorescence were chosen it is likely that their 

concentrations of GECI were high and this could also play a role in the speed of the increase 

in fluorescence.    
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GCaMP5-G and FFP-18 are unique amongst the indicators studied in that they are membrane 

bound whereas the others are free within the cytosol. This difference may explain their slower 

responses and why we only saw a calcium wave with these indicators. As all calcium 

indicators are essentially calcium buffers they will have a perturbing effect on the underlying 

calcium signal. It has been shown by modelling experiments that mobile buffers, which would 

include FLUO-4, Fura Red and GCaMP6-S, are able to eliminate calcium wave activity 

whereas immobile buffers, such as GCaMP5-G, will have little effect
245

. This has been also 

been demonstrated experimentally
246,250

 and can be explained by the mobile buffer 

contributing to the diffusional equilibration by binding calcium in one area and releasing it in 

another
249

. Calcium waves following pulsed fields have been reported for ms pulses
251

, but 

with the exception of one study that used high speed imaging
96

 and one looking at electrically 

excitable cardio myocyte cells
252

, it is generally agreed that they do not occur with 

nsPEF
32,251

. This is the first study to investigate the nsPEF induced calcium response with a 

membrane bound indicator and suggests that a wave can occur but may previously been 

masked by mobile indicators.  

When we looked further at the GCaMP-5G response to nsPEF we found that increasing the 

number of pulses increased the maximum change in fluorescence, in agreement with previous 

work
32

. The value of the peak change in fluorescence, especially when 100 pulses were 

applied, remained comparable regardless of the frequency of application, however the time 

taken to reach this peak fluorescence was longer for lower frequency applications. FLUO-4 

showed a similar frequency dependent change although its maximum peak fluorescence was 

lower for 100 nsPEF applied at 1 Hz than at 10 Hz. These frequency differences are likely a 

result of delayed entry, due to slower poration with lower frequency pulses and a similar 

result was seen with YO-PRO-1 uptake (Figure 11). When we looked at the speed of the 

calcium wave we found that those induced by lower pulse frequencies took longer to move 

across the cell than those from faster frequency pulses. This is not however the case for the 

YO-PRO-1 wave where those generated by the application of 100 pulses at either 10 Hz or 

100 Hz were both the same speed as the 100 pulse 1 Hz calcium wave. Temperature has been 

shown to alter the velocity of calcium waves
253

 with faster calcium diffusion occurring at 

higher temperatures. More cell heating occurs with faster nsPEF application frequencies
244

 

providing a potential explanation for the differences in calcium wave velocities that we 

observed. The diffusion of YO-PRO-1, being a bigger molecule, is perhaps less affected by 

temperature. The velocity of the calcium waves observed here were in close agreement with 
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previously reported fast calcium waves (non-fertilization waves) which are in the range of 3-

30 µm/s
254

.   

We considered that the calcium wave was either due to entry from the extracellular solution or 

a result of CICR from the ER. Given the polar origin of the calcium wave mirroring the entry 

of YO-PRO-1, and the lack of calcium response we have seen under EGTA conditions 

(Figure 19) it seems likely that the calcium source is extracellular. This is supported by our 

inability to prevent the wave under conditions that favour CICR inhibition. Whether this entry 

is through nanopores or through one of the calcium channels in the PM remains to be 

confirmed. P2X7R is a candidate given that it also gates YO-PRO-1 and we have shown some 

evidence that its inhibition can prevent nsPEF entry of this dye (Figure 12). Seeing if the 

P2X7R inhibitor probenecid was able to prevent the intracellular calcium signal would be an 

interesting future experiment. 

For 10 pulses applied at 1 or 10 Hz only the initial calcium spike occurred, which failed to 

propagate across the cell. The same, however, is not true for YO-PRO-1 which showed waves 

under these pulse conditions, but with a reduced maximum fluorescence when compared to 

more intense conditions. This suggests that the absence of the wave is due to less calcium 

entrance following the nsPEF treatment which the cell is able to buffer locally. 

The hotspots present on cells expressing GCaMP5-G, which are not a result of the viral 

transfection process, still remain to be identified. Similar sized spots, due to TRPA1 channels, 

were seen in astrocytes expressing a form of GCaMP-3 that is attached to the PM by a 

membrane tethering domain called Lck
255

. These spots, however, were transient, lasting only 

for seconds whereas the ones we observed were stable lasting the entire 30 minute imaging 

period in non-nsPEF treated cells. Transient spots were also observed in cardiomyocytes 

expressing CaViar 
256

. The lack of hotspots with the FFP-18 dye suggests that they are an 

artefact of the CaViar fusion protein expression as opposed to real, membrane localised, high-

calcium domains. 

Whilst chemical indicators are easy to use, with standard protocols, there are advantages of 

using GECIs for studying nsPEF calcium responses. Whereas chemical indicators are in 

general cytosolic, GECIs can be expressed in specific subcellular locations. Here we have 

shown the advantage of their membrane expression to demonstrate influx of extracellular 

calcium. Whilst this was also possible with the FFP-18 chemical indicator obtaining the dye 

was difficult with an 8 month delay between the first order attempt and actual delivery to the 



129 

 

lab. The ability to tag to other locations within the cell could also be used to further 

investigate the nsPEF response. For example, using a GECI expressed within the ER could 

show if there is indeed a loss of calcium from intracellular stores. GECI expressing cells are 

also ready to use from the incubator, increasing experimental throughput and any negative 

effects of room temperature incubations. As disadvantages the time taken to generate the 

stable cell line can be long and needs to be repeated if a different cell line is to be studied. 
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Chapter 5:  

Conclusion and perspectives 
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5. Conclusion and perspectives 

With GBM being such a devastating disease for both sufferers and their family and friends the 

search for new, more effective treatments is imperative. nsPEF is showing clinical promise, 

with minimal side effects, for the treatment of skin cancers and there is much research 

underway into their application to other tumour types. This PhD thesis provides the first 

detailed description of the in vitro effects of nsPEF on a human glioblastoma cell line (U87-

MG) with the aim of providing preliminary data to support future in vivo studies and any 

eventual patient based trials.    

We used an electrode based delivery system to apply nsPEF to U87 cells and observed their 

responses in real time using live cell imaging. We initially sought to characterise three nsPEF 

responses, plasma membrane poration, increased intracellular calcium levels and loss of 

mitochondrial membrane potential; all of which have been already well documented in other 

cell types and with other delivery systems. We then further investigated the less well 

documented effect on the microtubule network using probes and imaging techniques that are 

novel to nsPEF research. Finally we assessed the applicability of GCaMP, a type of 

genetically encoded calcium indicator, to nsPEF studies and compared it with various 

commercially available and commonly used chemical calcium indicators.  

 

Our results measuring YO-PRO-1 uptake, following the application of a repeated number of 

pulses, support the widely held view that nanoporation occurs as a result of nsPEF, and that 

the effect is more pronounced near the electrodes. When only a single pulse was applied we 

showed novel evidence that implicated a permeability channel, formed by the P2X7 receptor, 

in the uptake of YO-PRO-1. The pore opening however appears to be an indirect effect of the 

pulse and is instead mediated by ATP release from the pannexin-1 channel. The results 

presented are however preliminary and further work is required to demonstrate, 

pharmacologically, YO-PRO-1 entry through the P2X7R channel and also the ability to block 

this with antagonists. As probenecid has a dual inhibitory action on P2X7R and pannexin-1 it 

would also be interesting to use a specific pannexin-1 inhibitor and see if YO-PRO-1 uptake 

is still blocked. These results suggest a role of ATP in the membrane permeabilisation 

therefore a better understanding of how ATP levels are affected by nsPEF could help to 

elucidate the mechanism. To this end, work using U87 cells expressing a fluorescent ATP 

biosensor is currently being done in our lab. Further work to characterise the effect of a single 

pulse on other YO-PRO-1 gating channels, such as the TRPs, could also be envisaged. The 
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post nsPEF permeability is transient and we know from classic electroporation that cells are 

able to recover from short term poration. However, if nsPEF is affecting membrane channels 

and receptors then there is the possibility of signal pathway activation which would create 

further knock-on effects. This type of signalling as a result of nsPEF has been previously 

reported
72,127

.           

 

We used several different fluorescent indicators to show that there is a rapid increase in 

intracellular calcium following the application of nsPEF and that the source of this calcium is 

extracellular. To date there is no published work on the use of GECIs in nsPEF research. We 

showed that they can be useful tools with several advantages over the commonly used 

chemical indicators. One of the main advantages is being able to have a defined subcellular 

expression of the indicator. We demonstrated this by visualising a post-nsPEF wave of 

calcium with a membrane bound GCaMP that was not seen with the cytosolic indicators, 

including cytosolically expressed GCaMP. The wave had a polar entry similar to that of YO-

PRO-1. Confirmation of its presence with a membrane bound chemical indicator confirms 

that the wave is not just specific to the GECI but is dependent on the tethering of the indicator 

which prevents the diffusion. We believe that this indicator diffusion masks the wave when 

using the cytosolic indicators. The wave was present even when intracellular calcium stores 

had been depleted indicating that the calcium was extracellular. The difference in the calcium 

wave speed observed with higher frequency pulses, but not with the YO-PRO-1 wave, hint at 

an increased diffusion of the smaller calcium molecule with increased heat. nsPEF is 

generally believed to be non-thermal but previous work from our lab has shown that there is 

indeed cellular heating
244

, our work provides some evidence that this heating may augment 

nsPEF effects on the cell. To confirm this it would be interesting to look at how the nsPEF 

induced calcium wave speed varies in cells that are heated at a range of different temperatures 

between the room temperature used for our experiments and 37°C.  

 

Previous nsPEF studies have interpreted the even increase in calcium throughout the cell, as 

measured with cytosolic chemical indicators, as being due to global nanoporation across the 

cell or the release of intracellular calcium stores. Our results suggest the possibility that these 

observations may have been misinterpreted to some extent due to wave masking by indicator 

diffusion. These published observations were made with different pulse conditions and cell 

types to those that we have used and it would be interesting to replicate them with the 

membrane bound GCaMP or FFP-18 in order to see if a wave does occur.  



133 

 

 

Persistent, elevated levels of intracellular calcium, like those we see following nsPEF, are 

likely to have an important detrimental effect on the cell. Among these include modulation of 

gene transcription, phosphorylation or dephosphorylation of proteins altering signalling 

pathways, mitochondrial failure as a result of metabolic exhaustion from trying to clear 

calcium ions from the cell and cytoskeletal disruption.   

Whilst the work presented in this thesis shows a loss of mitochondrial membrane potential 

following nsPEF application it does not identify the mechanistic cause. Possible explanations 

include: nanoporation of the mitochondrial membrane, although the gradual loss of the 

potential seems to disagree with this hypothesis; the opening of a channel through the 

mitochondrial membrane, although this is unlikely to be the mPTP; poration by proapoptotic 

proteins released from the microtubules during depolymerisation. Metabolic exhaustion could 

also be a candidate, however, it seems unlikely in this case to be linked to increased calcium 

levels. Experiments with the ATP sensor may help to confirm or discredit this theory.  

Whilst our results seem to show that the loss in ∆Ψm is not due to an influx of extracellular 

sodium they do need to be interpreted with care and ideally supported by further experiments. 

Choline whilst bigger than sodium is however still small enough to fit through nanopores; the 

dimensions of choline, as measured from a JMol image of the molecule, are approximately 

0.6 x 0.4 x 0.4 nm and nanopores are estimated to be between 0.9 and 1.3 nm
257

. Choline 

itself could therefore have an impact on the ∆Ψm and confuse the interpretation of results. It 

could well be that the slight delay in loss of membrane potential (Figure 23) seen with 

choline, when compared with when sodium was present, reflects choline being bigger and it 

being harder for it to pass through the membrane. Repeating the experiment using larger 

cations such as quinine (1.4 x 0.9 x 0.7 nm) or tetrabutylammonium hydroxide (1.2 x 1 x1 

nm) that are too big to pass through the pores could help to clear up the role of cations in 

causing the loss of ∆Ψm.  

Loss of ∆Ψm is linked to the opening of pores or channels in the mitochondrial membrane 

with a subsequent release of pro apoptotic molecules combined with a loss of ATP 

production. These two factors would have an important impact on the cell’s viability. 

We have shown here, for the first time, that nsPEF causes microtubule depolymerisation and 

affect microtubule growth dynamics in a calcium and swelling independent fashion. Our EB3 

results represent the first time that microtubule dynamics have been looked at following 
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nsPEF treatment, giving an insight into polymerisation speeds and the number of 

polymerising microtubules. A more in-depth analysis of the EB3 comets could provide further 

quantitative information on their dynamics, for example, the number of comets present over 

time post-nsPEF, any changes in the comets trajectory following the pulse, and differences in 

trajectory speed pre- and post-pulse. There is a free Matlab package available to do this
258

, 

however my efforts to use this were unsuccessful due to the high signal to noise ratio of EB3 

in our widefield imaged cells, leading to poor detection of the comets, and also bugs that 

occurred when using the package. Efforts to improve the EB3 labelling and the input of 

someone with more Matlab experience could however overcome these problems. 

The 3D-SIM work carried out at the Janelia Research Campus is the first time nsPEF effects 

have been assessed using super resolution microscopy. Not only did it provide evidence of an 

alternative reason for the breakdown of the microtubule network, bending and breaking, it 

also demonstrated that the effects we saw in our lab were reproducible in another lab. 

Between the two locations, slightly different experimental conditions were used including: 

different fluorescent markers, slightly modified imaging solution, cells of different passage 

numbers and lots, and a different model of pulse generator (producing the same pulse shape 

and intensity). This reproducibility supports the robustness and reliability of our results.    

A mass breakdown of the microtubule network is a major event for the cell. Whilst we have 

shown that it is unlikely to be implicated in the nanoporation and loss of mitochondrial 

membrane potential that we see, it is likely to have other important downstream effects. Of 

which could include the release of microtubule sequestered pro-apoptotic proteins. Work to 

determine if this occurs could be envisaged with a first step being to determine if the nsPEF 

treated U87 cells actually die and if this death is apoptotic. 

Further investigation into the effect of nsPEF on mitosis may also prove interesting to see if 

cells treated with high pulse numbers really do get blocked in mitosis, as suggested by our 

work. Cell cycle effects are currently being studied by another student in the lab. The ability 

to prevent replication by nsPEF, mimicking antimitotic drugs, would be an important 

discovery for tumour treatment. 

This study has therefore shown that the XLIM nsPEF generator and electrode application 

device were able to reproduce published effects of nsPEF, validating their use for future work. 

It has also shown that GECIs were suitable for measuring nsPEF effects, providing 

justification for their use in mouse models for any future in vivo work. We have also 
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demonstrated that glioblastoma cells are sensitive to nsPEF, encouraging the need for in vivo 

follow up studies. We have also identified a pulsing regime (100, 10 ns, 44 kV/cm pulses 

applied at 10 Hz) that has a reproducible and large effect on all the parameters measured, 

whether this regime will give the desired anti-tumour effect in vivo remains to be seen. 

The effect of nsPEF on microtubules will potentially prove to be of importance for 

glioblastoma treatment. In the brain glioblastoma are connected via microtubule containing 

membrane microtubes. These microtubes are an important factor in glioblastomas resistance 

as they allow for intercellular communication and repair, with radiotherapy treated connected 

cells being protected from death whereas unconnected ones were not
259

. If nsPEF were shown 

to be able to disrupt this microtube network, by breaking down their microtubules, it could 

perhaps be used as a pre-treatment to improve the results of radiotherapy.     

Whilst the validation process for the use of nsPEF as a treatment for glioblastoma will be long 

and uncertain, the work in this thesis provides preliminary support to justify giving it a go. 
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