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ABSTRACT 
The role of the plasma membrane potential is most commonly associated with the 

generation of action potentials in excitable cells, however, experimental evidence 

suggests that this membrane potential is also linked to various behaviours in all cells 

(Blackiston et al., 2009). These cell behaviours include cell proliferation, cell 

migration and even cell survival. The membrane potential has been thought to 

influence these cell behaviours upstream of the classical transduction pathways. 

Recent evidence suggests that the membrane potential is dynamic rather than static 

and this dynamic behaviour may encode information on cell behaviours. The whole 

cell patch clamping technique coupled with the continuous wavelet transform (CWT) 

technique was used to investigate the presence of fluctuations and oscillations in the 

membrane potential of Jurkat cells and HMEC-1 cells. The underlying nature of the 

membrane potential dynamics of Jurkat cells was investigated by perturbing the 

extracellular concentration of either K+, Na+ or Cl-. The membrane potential dynamics 

of proliferating, non-proliferating and activated Jurkat cells was investigated by either 

varying the culture medium or treating the cells with the concavalin A mitogen. The 

membrane potential dynamics of HMEC-1 endothelial cells was also investigated. The 

magnitude of the static membrane potential of proliferating Jurkat cells was 

significantly more depolarised that non-proliferating Jurkat cells – a trend which has 

been observed in a wide range of cell types. The membrane potential dynamics appear 

to be driven by the conductance of ions rather than the magnitude of the static 

membrane potential per se. In summary, this thesis has proven that the membrane 

potential varies with cell state and the CWT technique can be used to interrogate 

recordings of the membrane potential to ascertain information on the membrane 

potential dynamics that cannot be currently determined by other techniques. 
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1 INTRODUCTION 

1.1 Overview 

As early as 1969, based on a series of experiments investigating the effects of the 

plasma membrane potential of somatic cells on cell cycle progression, it was 

hypothesised that variations in the membrane potential were associated with 

proliferation (Cone, 1969, 1971). Subsequent studies have provided strong evidence 

for a regulatory role of the membrane potential in proliferation. The membrane 

potential has also been suggested to be an indicator of the proliferative state of a cell 

(Figure 1.1). The influencing role of the membrane potential has also been observed in 

other cell behaviours such as migration, differentiation and survival (Blackiston et al., 

2009; Sundelacruz et al., 2009; Yang and Brackenbury, 2013). The role of the 

membrane potential in cell behaviours is sometimes described as a bioelectric signal 

whereby the electrical properties of a cell affect cell behaviour (Blackiston et al., 

2009). Bioelectric control mechanisms have been described in single cells through to 

complex multi-cellular systems (Blackiston et al., 2009; Sundelacruz et al., 2009). The 

influencing role of the membrane potential in cell behaviours has generally been 

considered in terms of a single static value under different conditions. There is also, 

however, evidence suggesting that the membrane potential is a dynamic property of a 

cell, in other words, the membrane potential has temporal variation. This dynamic 

membrane potential may also have a functional role in bioelectric signalling. In the 

introduction of this thesis, the role of the static and dynamic membrane potential in 

proliferation and activation of cells will be discussed.  
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One of the central questions concerning the regulatory role of the membrane potential 

in cell behaviours is whether the membrane potential is essential in regulating cell 

behaviours or if the membrane potential is just a consequence of downstream 

mechanisms. This question will also be explored in the introduction in light of the 

experimental data available on the role of bioelectric signalling in cellular 

proliferation. 
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Figure 1.1 

The membrane potential of proliferating and non-proliferating cells. The membrane 
potential of proliferating cells is depolarised whilst the membrane potential of non-
proliferating (quiescent) cells is hyperpolarised. The figure is adapted from Yang and 
Brackenbury (2013). 
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1.2 The resting membrane potential 

1.2.1 The resting plasma membrane potential 

The membrane potential is a fundamental physiological parameter found in all cells 

and refers to the voltage difference across the plasma membrane (Lodish, 2004; 

Wright, 2004). The plasma membrane acts as a capacitor due to its electrically 

insulating characteristics where it is surrounded by electrical conductors in the form of 

the cytoplasm and the extracellular fluid. In a similar way, a membrane potential can 

be observed across the membrane of different intracellular organelles such as the 

mitochondria and the nucleus which is linked with the electrochemical gradients of 

ions (Gottlieb et al., 2003; Jang et al., 2015). The work in this thesis concentrates on 

the plasma membrane potential and is referred to as the membrane potential hereon in.  

 

The membrane potential of mammalian cells is “non-zero” due to the semi-permeable 

nature of the plasma membrane. This allows the movement of specific ions through it 

due to the presence of membrane transport proteins (ion channels, pumps and carriers) 

within the membrane (Sundelacruz et al., 2009; Wright, 2004). The movement of ions 

between the cytoplasm and the extracellular space is governed by electrochemical 

gradients. These electrochemical gradients drive ion movement based on chemical 

concentration gradients (i.e. movement of an ion from an area of high concentration to 

an area of low concentration) and electrical gradients (i.e. movement of an ion based 

on the attraction to the opposite charge) (Wright, 2004). The resting membrane 

potential is achieved when the electrochemical gradient either side of the plasma 

membrane is balanced and thus equilibrium is reached and the net flux of ions is zero 

(Reuss, 2011; Sundelacruz et al., 2009) (Figure 1.2). The activity of ion channels, 

pumps and carriers on the plasma membrane of cells maintains the characteristic ionic 

concentrations of the inside of a cell i.e. high [K+] and low [Na+] relative to the 

outside of the cell (Table 1.1).  
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Figure 1.2 

Schematic diagram outlining the generation of the resting membrane potential. The 
figure is adapted from Pearson (2010). 

 

 

Ion 
Intracellular 
Concentration 
(mM) 

Extracellular 
Concentration 
(mM) 

K+ 139 4 

Na+ 12 145 

Cl- 4 116 

Mg2+ 0.8 1.5 

Ca2+ <0.0002 1.8 

Table 1.1 

Ionic concentrations of a mammalian cell. Typical values of the ionic concentrations in the 
intracellular cytoplasm and the extracellular fluid in mammalian cells. The values are taken 
from Lodish (2004). 
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1.2.2 Overview of ion channels, pumps and carriers 

Ion channels, pumps and carriers are integral transmembrane proteins involved in the 

movement of ions, molecules and even macromolecules between the cytosol and the 

extracellular fluid (Sukul and Sukul, 2006) (Figure 1.3). Ion channels are selective 

pores that allow the movement of ions across the plasma membrane by providing a 

hydrophilic route for the ion when the gating mechanism of the channel opens in 

response to the appropriate stimulus (Table 1.2) (Reuss, 2011). Ion channels are 

passive transporters and the net flow of the ion movement is always down its 

electrochemical gradient (Dahl et al., 2004). On the other hand, pumps are active 

transporters that have more complex gating mechanisms than ion channels. As active 

transporters, pumps use energy that is usually released from the hydrolysis of ATP to 

move an ion across the membrane against its electrochemical gradient. Pumps can 

also be driven by light or the redox potential (Gadsby, 2009; Lodish, 2004).  

 

Carriers, like ion channels and pumps, facilitate the movement of molecules across the 

plasma membrane and three primary types of carriers have been identified (Figure 

1.3B). These different carriers are defined by the energy source used for the moment 

of ions and the number of ions transported at each point. A uniporter is a passive 

carrier whilst a symporter and an antiporter are secondary active carriers. A uniporter 

mediates the movement of a single ion whilst a symporter and an antiporter are 

coupled carriers and thus facilitate the transport of two ions. A symporter and 

antiporter use the energy stored in the electrochemical gradient of the driver ion to 

move the coupled substrate (osmolytes, nutrients and neurotransmitters) against its 

electrochemical gradient (Gadsby, 2009). The driver ion in secondary active 

transporters is usually either Na+ or H+ and is transported down its electrochemical 

gradient (Loo et al., 2002). 

 

Pumps can generally be distinguished from ion channels based on several factors such 

as the speed of ion transport and whether or not the membrane transport protein is 

capable of thermodynamic uphill movement of an ion, in other words, moving an ion 

against its electrochemical gradient (Gadsby, 2009). In principle at least, ion channels 

and pumps can also be distinguished by the number of gates; ion channels only require 

one gate whilst pumps require a minimum of two gates. This clear distinction in the 

gating mechanisms of ion channels and pumps is apparent in the crystal structures of 
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bona fide ion channels (KcsA K+ channel) and pumps (Na+/K+ ATPase pump). The 

distinction between ion channels and pumps, however, is sometimes blurred. For 

instance, the CFTR Cl- ion channel has characteristics of pumps (Gadsby et al., 2006; 

Morais-Cabral et al., 2001; Morth et al., 2007; Vasiliou et al., 2009). Similarly, it has 

recently become evident that there is also overlap between the characteristics of ion 

channels and carriers. For example, Cl- channels from the CLC family of transporters, 

act as both, Cl- channels and proton pumps (Lim et al., 2012; Lisal and Maduke, 2008; 

Picollo and Pusch, 2005). The distinction between the different types of membrane 

transport proteins is not always obvious, even at the atomic level. As a prime example, 

ClC-ec1 was initially assumed to be a Cl- channel ion channel but subsequent studies 

showed this apparent Cl- channel was in fact a Cl-/H+ carrier protein. This transporter 

was considered as a channel despite the availability of its crystal x-ray structure 

(Accardi and Miller, 2004; Dutzler et al., 2002). 

 

Nomenclature of the membrane transport proteins. The name of ion channels which 

have a principle permeant ion usually contain the symbol of the permeant ion. This 

symbol is followed by the symbol of the ligand molecule, if indeed, the ion channel is 

gated by a ligand or V, if the ion channel is voltage-gated (Catterall et al., 2003; 

Sterratt, 2014). The subsequent name of the channel contains the type and subtype of 

the channel in the form of digits. The subtype of the channel is usually determined by 

the sequence homology of the hydrophobic transmembrane core. For example, the 

KV1.3 is a voltage-gated K+ channel belonging to the Shaker channel family (KV1). 

Often each ion channel has a number of different names, for instance, the voltage-

gated K+ channel is sometimes referred to as a delayed-rectifier K+ channel due to the 

characteristics of the whole cell current. It also has to be noted that occasionally, this 

nomenclature is not always accurate, for example, the Kca4.2 channel is activated by 

Na+ rather than Ca2+ as the name suggest (Fleming et al., 2013). Similar to ion 

channels, pumps and carriers also contain the symbol of the permeant ion (or ions in 

the case of coupled carriers e.g. Na+/K+ ATPase pump) in addition to the symbol of 

the activating molecule. 

  



 

     8 

 

Figure 1.3 

Schematic diagram illustrating the action of membrane transport proteins. (A) The three 
types of transport proteins are either pumps, transporters or ion channels. Pumps are driven by 
either light, redox state or use the energy released by the hydrolysis of ATP to power the 
movement of specific ions (black circles) through the plasma membrane. Carriers facilitate the 
movement of specific ions or small molecules whilst ion channels provide a hydrophilic 
pathway to allow movement of specific ions through the plasma membrane. (B) The different 
types of carrier proteins. A uniporter facilitates the movement of a single molecular species 
down its electrochemical gradient whilst a symporter facilitates the movement of two or more 
molecular species (black and red circles) down their electrochemical gradients. Antiporters 
facilitate the movement of two or more molecular species in opposite directions. The 
schematic diagram is adapted from Lodish (2004). 
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Gating Mechanism 

Permeating 
ionic species 
or type of 
ligand 
sensitivity 

Examples of 
specific ion 
channels 

Reference 

Voltage  

K+ KV1.3 Channel (Dupuis et al., 1989) 

H+ 
Voltage-gated 

proton channel 

(DeCoursey and Cherny, 

1996) 

Ca2+  
Voltage-gated Ca2+ 

channel 
(Catterall, 2011) 

Ligand  

ATP channels 
ATP sensitive K+ 

channels 
(Craig et al., 2008) 

Glutamate 

channels 

N-methyl-D-

Aspartate (NMDA) 

receptors 

(Petrenko et al., 2003) 

Light 
Non-selective 

cations 
Channelsrodopsin-2 (Lin, 2011) 

Mechanosensitive  Cl- 
Volume sensitive 

Cl- channels 
(Jentsch et al., 1999) 

Temperature  Cations TRPV1 (Vay et al., 2012) 

Table 1.2  

Some examples of the different types of ion channels based on their gating mechanisms. 
KV1.3 channel = Voltage-gated K+ Channel, TRPV1 = Transient receptor potential vanilloid 
subfamily, member 1. 
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1.2.3 Selectivity and gating properties of membrane transport proteins 

Ion channels show a preference for a specific ion, however, they may allow other 

ionic species to travel through the channel. For example, K+ leak channels show a 

preference to conduct K+ over Na+ by a ratio of 10000 to 1, respectively (Doyle et al., 

1998). Ion channels can also be selective for either cations or anions with little or no 

selectivity for the ionic species (Hille, 1992). The mechanism involved in ion channel 

selectivity is not completely understood, however, a significant amount of knowledge 

on K+ selectivity was derived from resolving the atomic structure of a K+ channel 

from Streptomyces lividans (Doyle et al., 1998). Such was the importance of this, 

Roderick Mackinnon was awarded with the Nobel Prize in Chemistry in 2003 for his 

work on resolving the atomic structure of the K+ channel. The selectivity filter of the 

K+ channel is a highly conserved GYG amino acid sequence termed the “K+ channel 

signature sequence” (Heginbotham et al., 1994). Four carbonyl oxygen atoms line this 

selectivity filter and are involved in the dehydration of the impending permeant K+ 

(MacKinnon, 2003). Despite the important developments in understanding aspects of 

K+ channel conductance, there is still continued debate about the mechanism(s) 

involved in allowing movement of K+ but not Na+ i.e. the selectivity (Nimigean and 

Allen, 2011). Different degrees of Na+ permeability have also been observed with K+ 

channels, despite the conserved “K+ channel signature sequence” (Callahan and Korn, 

1994; Korn and Ikeda, 1995; Wang et al., 2009b; Zhu and Ikeda, 1993). Some 

voltage-gated K+ channels have also been reported to become more permeable to Na+ 

after becoming inactivated, which indicates a potential link between selectivity and 

gating mechanisms (the process from sensing the initial signal through to opening the 

channel allowing ion conduction) (Beckstein, 2004; Starkus et al., 1997).          

 

Gating Mechanism. A number of different gating stimuli controlling the conductance 

of ions through ion channels have been identified and a summary of these are 

presented in Table 1.2. The stimuli to activate the gate is transduced by a sensor which 

in turn causes a conformational change in the ion channel, thereby controlling the 

conductance state of the channel (Bezanilla and Perozo, 2003). Ion channels which are 

voltage sensitive respond to changes in voltage through voltage sensor domains, 

whilst ligand gated ion channels contain ligand binding sites. These are usually 

attached to the pore near the plasma membrane on the extracellular side (Bezanilla, 

2000; Schreiber and Salkoff, 1997; Zagotta and Siegelbaum, 1996). Several 
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theoretical models for the gating mechanisms have been proposed such as blockage of 

the site by a single side chain or steric occlusion which prevents ion movement 

through the channel pore (Beckstein, 2004). It is thought that the gating mechanism of 

the inwardly rectifying K+ channel works through a steric mechanism (Nanazashvili et 

al., 2007).  

 

 

1.3 The functional role of the membrane potential in cell 

behaviour 

1.3.1 Introduction 

The membrane potential is not just a physiological phenomenon that arises due to the 

separation of ions between the intracellular and extracellular milieu. A number of 

studies have suggested that that the membrane potential is important for several 

aspects of cell behaviour such as proliferation, differentiation, migration, activation, 

maturation and the survival of the cell. Thus, the membrane potential is vital for living 

systems (Blackiston et al., 2009; Bortner and Cidlowski, 2004; Pardo, 2004; 

Sundelacruz et al., 2009). This section will discuss the influence of the membrane 

potential on cell behaviours, in particular, proliferation. In addition, the opposite 

scenario, wherein cell behaviours that induce changes in the membrane potential and 

the activity of ion channels will also be touched on. Moreover, the role of the 

membrane potential and ion channels in diseases states such as cancer will also be 

discussed. The next section will discuss the eukaryotic cell cycle followed by the 

current knowledge of the mechanisms involved in the relationship between the 

membrane potential and the cell cycle. 

 

 

1.3.2 Overview of the cell cycle 

Cell proliferation is the replication of a mother cell to yield daughter cells and 

involves a series of phases which combine to make the cell cycle (Pardo, 2004; Rao et 

al., 2015) (Figure 1.4). The different phases of the cell cycle include the G1, S, G2 and 

M phase. Cells which are not undergoing proliferation reside in the G0 phase in a 

quiescent state and the majority of non-proliferating cells in vivo reside in this phase 

(Rao et al., 2015). Some cells can be activated to proceed to the next stage of the cell 
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cycle. For example, lymphocytes can be activated by an antigen which triggers the 

lymphocyte to enter the G1 phase of the cell cycle (Lea et al., 2003). G1 is the first 

gap phase and prepares the cell for DNA replication whilst the S phase is the phase 

wherein DNA synthesis occurs and chromosome replication is achieved. G2 is the 

second gap phase and the cell is prepared for mitosis in G2. The M phase is the 

mitosis phase and comprises of the prophase, metaphase, anaphase and telophase and 

the daughter cells are produced during this M phase. After the completion of the M 

phase, the daughter cells can continue through to another cell cycle or enter G0 

(Vermeulen et al., 2003). Progression of the cell cycle from one phase to the next 

occurs in a tightly regulated manner (Golias et al., 2004). This regulation is dependent 

regulatory mechanisms and the important regulators in the cell cycle are checkpoints 

and proteins. These regulatory proteins include cyclin dependent kinases (CDK), 

cyclins, CDK inhibitors (CKI), tumour suppressor gene products p53 and pRb (Gali-

Muhtasib and Bakkar, 2002). The CDK’s are activated by forming a complex with 

cyclins which occurs during specific phases of the cell cycle, for example, during G1 

to S transition, CDK2 is activated by forming a complex with cyclin E (Gerard and 

Goldbeter, 2014). Table 1.3 shows the different CDK’s, their activating cyclins and 

the phase of the cell cycle at which the CDK’s are activated. Checkpoints control 

progression through the cell cycle and ensure critical cell events such as chromosome 

segregation are completed to a high degree of accuracy (Elledge, 1996). For instance, 

the tumour suppressor gene P53 activates the transcription of P21 in response to DNA 

damage which ultimately causes cycle arrest during G1 (Kastan et al., 1992). 

 

In addition to the aforementioned regulatory proteins and mechanisms, it is 

increasingly evident that the membrane potential of a cell can also influence and 

regulate cell cycle progression (Blackiston et al., 2009). Studies have shown that the 

membrane potential is an indicator of the proliferative state of a cell. In general, 

proliferating cells are depolarised (the membrane potential is less negative) whilst the 

membrane potential of quiescent and non-proliferating cells is hyperpolarised (the 

membrane potential is negative) (see Figure 1.1) (Binggeli and Weinstein, 1986; Yang 

and Brackenbury, 2013). 
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Figure 1.4 

Overview of the different stages of the eukaryotic cell cycle. The different phases of the 
cell cycle together with the sites of the cyclins/CDK complexes and the different checkpoints. 
The figure is adapted from Vermeulen et al., (2003).  

 

Cyclins, their associated cyclin dependent kinases (CDK’s) and the 
phase of the cycle in which they act 

Cyclin CDK Cell cycle phase activity 

Cyclin D1, D2, D3 CDK4 G1 phase 

Cyclin D1, D2, D3 CDK6 G1 phase 

Cyclin E CDK2 G1/S transition 

Cyclin A CDK2 S phase 

Cyclin A CDK1 G2/M transition 

Cyclin B CDK1 Mitosis 

Cyclin H CDK7 All cell cycle phases 
Table 1.3 
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1.3.2.1 The effects of the membrane potential on cell cycle progression 
and proliferation  

A role for the membrane potential in cell proliferation has been observed as early as 

the 1970’s when studies showed that a reversible block on proliferation could be 

achieved by merely manipulating the membrane potential to a highly negative value 

by altering the ionic concentration of the culture medium (Cone, 1971; Cone and 

Tongier, 1971). The rationale for manipulating the membrane potential to 

hyperpolarised levels was based on the observations of quiescent fully differentiated 

neurons which have a hyperpolarised membrane potential (Cone and Cone, 1976). 

Subsequent studies by Cone’s group showed that a sustained depolarisation of the 

membrane potential of mature quiescent neurons led to neuronal proliferation (Cone 

and Cone, 1976; Stillwel et al., 1973). In this section of their studies, the membrane 

potential was manipulated to depolarised levels by treating the neurons with different 

compounds to alter their membrane permeability. Gramicidin; a K+ ionophore was 

used to alter K+ permeability, veratidine, a Na+ channel activator was used to alter Na+ 

permeability and ouabain was used to alter both, Na+ and K+ permeability by 

inhibiting the Na+/K+ ATPase pump. The same effect on cell proliferation was 

observed with all three different approaches to manipulating the membrane potential. 

 

Since Cone’s seminal experiments, it has become generally accepted that the 

membrane potential of cells varies during the different phases of the cell cycle. For 

example, using electrical impalements to measure the membrane potential, it was 

observed that MCF-7 breast cancer cells have a hyperpolarised membrane potential 

during the G1 to S and G2 to M transition whilst cells that are arrested in G0/G1 and 

M phase have depolarised membrane potentials (Wonderlin et al., 1995). In line with 

these observations, studies where the membrane potential was manipulated to 

depolarising levels (thus preventing hyperpolarisation) caused inhibition of the G1 to 

S transition in numerous cell types including lymphocytes, astrocytes, fibroblasts and 

Schwann cells (Freedman et al., 1992; Wang et al., 1992; Wilson and Chiu, 1993).  

 

The role of the membrane potential in the control of proliferation in cancer cells has 

also been observed. These cancer cell lines have a depolarised membrane potential in 

comparison to their non-proliferating counterparts (see Figure 1.1). For example, 

fibrosarcoma cells which are proliferating fibroblasts have a membrane potential of -
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14 mV whilst non-proliferating fibroblasts exhibit a relatively hyperpolarised 

membrane potential of -43 mV (Binggeli and Cameron, 1980). Likewise, non-invasive 

in vivo measurements of breast tissue showed a similar trend in the difference in 

polarity of the surface electrical potentials between normal and the site of the breast 

tumour in the same individual (Marino et al., 1994). The degree of the difference in 

the potentials between normal and cancer cells was not as large as the differences 

observed in other cell types, however, this likely reflects the non-invasive in vivo 

measurement technique. 

 

The role of the membrane potential in proliferation has also been studied in stem cells 

and precursor cells. Depolarisation of the membrane potential of neural precursor cells 

(NPC) and embryonic stem cells using inhibitors of membrane transport proteins 

caused an increase in the rate of proliferation (Wang et al., 2005; Yasuda et al., 2008). 

In the study conducted by Yasuda et al., (2008), the inhibition of the voltage-gated K+ 

channels (KV channels) with tetraethylammonium (TEA) failed to significantly alter 

the membrane potential of NPC’s despite inhibiting currents mediated by KV 

channels in whole cell patch clamp studies. Nevertheless, treatment with the same KV 

channel inhibitor dramatically reduced NPC proliferation suggesting that the role of 

KV channels in NPC proliferation is not mediated solely through a change in the 

membrane potential. 

 

In the vast majority of studies wherein ion channel activity is reduced through ion 

channel inhibitors or ion channel knockdown, the membrane potential is not measured 

but there are a few studies where the membrane potential is measured. For example, 

endothelin-1, which can regulate proliferation caused significant changes in the 

activity of Cl- channels and dramatically altered the membrane potential in epithelial 

cells suggesting endothelin-1-induced proliferation involves Cl- channel activity (Mair 

et al., 1998; Murlas et al., 1995).  

 

In summary, a regulatory role of the membrane potential has been observed in 

proliferating and quiescent cells, normal and cancer cells and even stem cells across a 

range of species. In general, a depolarisation of the membrane potential is associated 

with proliferation whilst a hyperpolarisation inhibits proliferation. Due to the 

underlying mechanisms governing the generation of the membrane potential (refer to 
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section 1.2), changes in the membrane potential have to be linked to changes in the 

permeability of ion channels, pumps and carriers. The following section will give an 

overview of the different channel types linked to proliferation with a focus on K+, Cl- 

and Na+ selective membrane transport proteins as these are the primary determinants 

of the membrane potential (Wright, 2004). 

 

 

1.3.3 The role of specific membrane transport proteins in the 
regulation of proliferation 

1.3.3.1 The role of K+ channels in proliferation 

A number of different types of ion channels have been implicated in proliferation with 

the most common ion channels belonging to the K+ channel family. In fact, K+ 

channels represent the largest group of ion channels associated with proliferation 

(Blackiston et al., 2009; Urrego et al., 2014) (Table 1.4). K+ channel activity is usually 

associated with proliferation by causing a depolarisation in the membrane potential 

whilst an inhibition of K+ channel activity leads to membrane potential 

hyperpolarisation and is generally associated with cell cycle arrest (Blackiston et al., 

2009).  

 

The voltage-gated KV1.3 channel was the first channel to be implicated in 

proliferation wherein lymphocyte activation was inhibited in cells treated with either 

4-aminopyridine (4-AP) or quinine (DeCoursey et al., 1984). The activity of specific 

K+ channel types fluctuates during the different stages of the cell cycle (Arcangeli et 

al., 1995; Day et al., 1993; Huang et al., 2012; Lenzi et al., 1991; Takahashi et al., 

1994). For example, in oocytes, K+ channel activity increases through the M and G1 

phases whilst K+ channel activity is reduced during the S and G2 phases and these 

changes correlate with changes in the membrane potential (Day et al., 1993). In 

support of a role for K+ channel activity in cell cycle progression, treatment with K+ 

channel blockers induced cell cycle arrest of B cells and MCF-7 breast cancer cells in 

the G1 phase (Amigorena et al., 1990; Ouadid-Ahidouch et al., 2004). Experimental 

evidence also suggests that K+ channel activity does not always stimulate 

proliferation. For example, the colon carcinoma cell line, T84 cells, Caco-2 cells and 

NPC inhibition of K+ channel activity (Ca2+-activated K+ and Kir channels) either 

resulted in accelerated proliferation or had no effect on proliferation at all (Abdullaev 
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et al., 2010; Lotz et al., 2004; Yasuda et al., 2008). Nevertheless, as a result of the 

observations on the role of K+ channels in proliferation, it has been postulated that K+ 

channels are key components in cell cycle progression with MacFarlane and 

Sontheimer (2000b) even hypothesising that K+ channels act as an additional layer of 

checkpoints. 

 

The most common K+ channels associated with proliferation are the voltage-gated and 

Ca2+-activated K+ channels (KV1.3, KV10.1 and Kv11.1 channel). The KV10.1 

channel (also called ether-a-go-go K+ channel, EAG or EAG1) has been strongly 

implicated with proliferation (Farias et al., 2004; Meyer and Heinemann, 1998; Meyer 

et al., 1999; Ouadid-Ahidouch et al., 2001). For example, CHO cells transfected to 

overexpress KV10.1 channels exhibited faster growth than wild type CHO cells. 

(Pardo et al., 1999). In addition, all of the severe combined immune deficiency mice 

transplanted with CHO cells overexpressing the EAG mRNA transcript for KV10.1 

channel had tumours. These results suggest that constitutive expression of the KV10.1 

channel can drive transformation of cells to a cancerous phenotype. In this study, only 

mRNA transcript levels were measured, rather than actual KV10.1 channel activity. 

Therefore, it is impossible to prove if proliferation was related to bioelectric 

mechanisms associated with KV10.1 channel activity. In fact, other studies have 

shown ion channels can influence cell behaviour without the channel conducting ions 

(Downie et al., 2008; Millership et al., 2011).  

 

Another factor to consider is the presence of compensatory mechanisms which could 

mask the effects of specific ion channel activity. For example, the activity of voltage-

gated K+ channels are vital to proliferation which in turn is critical to an effective 

immune response (DeCoursey et al., 1984). KV1.3 knockout mice, however, failed to 

show an impaired immunological response (Koni et al., 2003). It was postulated that 

Cl- channels or other K+ channels compensated for the absence of the KV1.3 channels. 

  

Despite the plethora of evidence implicating a role of K+ channels in proliferation, 

there is no consensus on either the precise role of K+ channels in proliferation or the 

specific K+ channel types involved. In most cases, K+ channel activity is associated 

with proliferation whilst K+ channel block is generally associated with the inhibition 

of proliferation.  
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1.3.3.2 The role of Cl - channels in proliferation 

Two different Cl- channels (volume-activated Cl- channels and Ca2+- activated Cl- 

channels) have been implicated to play a role in proliferation in several different cell 

types such as glial derived tumour cells and nasopharyngeal carcinoma cells (Ullrich, 

1999; Xu et al., 2010). Generally Cl- channel activity is increased during the G2 and 

M phases of the cell cycle (Blackiston et al., 2009; Habela et al., 2008; Zheng et al., 

2002).  

 

Inhibition of Cl- channels using non-specific Cl- channel inhibitors (flufenemic acid, 

tamoxifen and NPPB) or Cl- channel silencing using small interference RNA (siRNA) 

caused a concomitant reduction in proliferation in several cell types e.g. rat aortic 

smooth muscle cell, human T-lymphocytes and human adipocytes (Hu et al., 2010; 

Nilius et al., 1997a; Schlichter et al., 1996; Schumacher et al., 1995; Tang et al., 

2008). On the contrary, (and similar to the role of K+ channels in proliferation) the 

inhibition of Cl- channels in Schwann cells, astrocytoma’s and B lymphocytes caused 

increased proliferation (Deane and Mannie, 1992; Ullrich and Sontheimer, 1996; 

Wilson and Chiu, 1993).  

 

Unexpectedly, Cl- channel block of Schwann cells from rabbit and rat species using 

the same Cl- channel blocker at similar concentrations exhibited two different 

responses on proliferation. In rat Schwann cells, Cl- channel block appeared to 

stimulate proliferation whilst in rabbit Schwann cells, Cl- channel block reduced 

proliferation (Pappas and Ritchie, 1998; Wilson and Chiu, 1993).  The seemingly 

contradictory findings could be due to the difference in the experimental designs; 

Wilson and Chiu treated the Schwann cells with a mitogen in the form of glial growth 

factor, whilst Pappas and Ritchie conducted experiments on untreated Schwann cells.   

 

1.3.3.3 The role of Na+ channels in proliferation 

A few studies have shown a relationship between inhibition of Na+ flux and 

proliferation (Koch and Leffert, 1979; Ousingsawat et al., 2008). Proliferation of 

neuroblastoma-glioma hybrid cells and fibroblasts was inhibited in response to Na+ 

channel blockers such as amiloride and benzamil (Odonnell et al., 1983). Based on the 

findings from these studies it could be speculated that Na+ channels were involved in 
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proliferation. The concentration of amiloride (a Na+ channel blocker) used by Koch 

and Leffert (1979), however, has also be shown to suppress the citric acid cycle in dog 

kidney cells (Taub, 1978). In addition, the concentration of amiloride used in these 

studies was significantly higher than the concentration required to inhibit Na+ channel 

activity which points towards nonspecific effects of the channel inhibitor (Odonnell et 

al., 1983). In support against a role of Na+ channels in proliferation, inhibition of Na+ 

channels failed to affect cell cycle progression. (Macfarlane and Sontheimer, 2000a). 
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Examples of the effect of inhibiting ion channels on proliferation in different 
cell types 

Cell line/ cell 
type 

Channel 
type 

Effect of channel block on 
proliferation 

Reference 

Brown Fat cells KV reduced proliferation 
(Pappone and 
Ortiz-Miranda, 
1993) 

A549 (Human 
lung cell line) 

KV1.3 reduced proliferation 
(Jang et al., 
2011) 

Bovine 
pulmonary 
endothelial cells  

Cl-
Ca, Cl- 

Vol 
reduced proliferation 

(Nilius et al., 
1997a) 

Human T-
lymphocyte cells  

K+, Cl- Inhibited activation and reduced 
proliferation 

(DeCoursey et 
al., 1984; Phipps 
et al., 1996) 

Several 
melanoma cell 
lines 

KV10.1 reduced proliferation 
(Meyer et al., 
1999) 

MCF-7 (Breast 
cancer cell line) 

KV10.1 reduced proliferation 
(Ouadid-
Ahidouch et al., 
2001) 

LNNCaP, PC-3, 
DU-145 (Prostate 
cancer cell lines) 

KCa3.1 reduced proliferation 
(Lallet-Daher et 
al., 2009) 

Microglia Kir, Cl- reduced proliferation 
(Schlichter et al., 
1996) 

Retinal glial cells  K+ reduced proliferation 
(Puro et al., 
1989) 

O-2A (Cortical 
oligodendrocyte 
progenitor cells) 

KV1.3 reduced proliferation 
(Gallo et al., 
1996) 

Bone marrow 
derived 
macrophages 

KV1.3 Inhibited proliferation 
(Vicente et al., 
2005) 

Rat Schwann 
cells 

Cl- enhanced proliferation 
(Pappas and 
Ritchie, 1998) 

Rabbit Schwann 
cells 

Cl- reduced proliferation 
(Wilson and 
Chiu, 1993) 

B cells derived Cl- stimulated proliferation (Deane and 
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from rat 
splenocytes 

Mannie, 1992) 

LoVo (human 
colon cell line) 

KCa3.1 reduced proliferation (Lai et al., 2011) 

T84 Colon 
(carcinoma cell 
line) 

KCa accelerated proliferation 
(Lotz et al., 
2004) 

Caco-2 cells KCa accelerated proliferation 
(Lotz et al., 
2004) 

U251, U87 
(Gllioma cell 
lines) 

Kir6.2 reduced proliferation 
(Huang et al., 
2009) 

Mouse colonic 
epithelial 

ENaC reduced proliferation 
(Ousingsawat et 
al., 2008) 

Table 1.4 

KV = voltage-gated K+ channels, KCa = Ca2+-activated K+ channels, Kir = Inwardly 
rectifying K+ channel, ENac = Na+ epithelial channel, Cl- Ca = Ca2+-activated Cl- channel, Ca 
Vol = volume activated Cl- channel.  
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1.3.4 The membrane potential and ion channels in disease states 

The discussion thus far provides strong evidence for a regulatory role of either ion 

channel activity and/or the membrane potential in cell proliferation. Therefore, 

disruptions in cell proliferation due to insults in these underlying regulators could 

contribute to disease states that are intrinsically linked to proliferation such as cancers 

(Rao et al., 2015). Despite the heterogeneity of cancer, the basic characteristics of 

carcinogenesis are uncontrolled cell proliferation and dysregulated apoptosis, 

ultimately allowing disease progression (Evan and Vousden, 2001; Fulda, 2010; Stern 

et al., 1999). 

 

The aberrant expression of various channel types have been observed in several 

cancers such as lymphomas, breast and pancreas tissue (Bose et al., 2015; 

Ousingsawat et al., 2007; Preussat et al., 2003). Abnormal ion channel expression has 

also been implicated to confer apoptotic resistance in cells through changes in the 

intracellular volume (Bortner et al., 1997). In support for a role of the membrane 

potential and ion channel activity, inhibition of ion channels, in particular, voltage-

gated K+ channels has been shown to reduce and even inhibit tumour cell proliferation 

in in vivo and in vitro models (Pardo, 2004; Pardo et al., 1999) In addition to K+ 

channels, Cl- channel blockers have also been shown to reduce cancer proliferation 

implicating Cl- channels in cancer (Fernandez-Salas et al., 2002; Suh et al., 2005). 

From the findings showing partial inhibition of tumour cell proliferation, it seems as 

though aberrant expression of a single channel type is not enough to trigger 

tumorigenesis, rather, a number of factors are associated with carcinogenesis. 

 

 

1.3.5 The effects of cell signalling mechanisms and cell cycle 
progression on ion channel activity and the membrane potential 

The role of the membrane potential and the underlying ion channels have been 

discussed in terms of their influencing role in proliferation but it is possible that 

downstream mechanisms and cellular signalling mechanisms feedback to alter either 

the membrane potential and/or ion channel activity. Indeed, a number of in different 

cell types have been shown to be modulated by proliferation in a feedback loop 

(Arcangeli et al., 1995; Lin et al., 2011; Ouadid-Ahidouch et al., 2004; Urrego et al., 

2014).  
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The transient receptor potential channel (TRP) has been found to be modulated by 

enzymes such as PKC and calmodulin which are involved in cellular signalling 

cascades (Bhave et al., 2003; Rosenbaum et al., 2004). PKC increases the activity of 

TRP channel resulting in an increase in the influx of Ca2+. It is possible that this 

increase in intracellular Ca2+ activates other channels ultimately resulting in a change 

in the membrane potential. Similar to the TRP channels, cyclic nucleotide-gated 

channels are activated by molecules involved in signalling mechanism e.g. cAMP and 

cGMP (Kaupp and Seifert, 2002). The activation of ion channels by components of 

signal transduction pathways highlights the potential complexities of identifying the 

initial component of bioelectric signalling in cell behaviours. It is possible that 

changes in ion channel activity and the membrane potential could be secondary to 

signalling transduction mechanisms. 

 

In addition to signalling transduction mechanisms, downstream cell behaviours could 

also modulate ion channel activity and thus the membrane potential. Xenopus oocytes 

are reside in the G2 phase of cell cycle and treatment with progesterone induces the 

activation of mitosis promoting factor which ultimately leads to the G2 to M transition 

(Stanford et al., 2003). Mitosis promoting factor activity leads to the modulation of 

KV10.1 channel activity causing a decrease in the current (Bruggemann et al., 1997). 

Furthermore, in MCF-7 breast cancer cells, KV10.1 channel activity was increased 

after treatment of the cells with insulin-like growth-factor (IGF-1), and IGF-1 

treatment causes G1 to S phase progression via the PI3K/Akt pathway (Borowiec et 

al., 2007). Similarly, the neuron-restrictive silencer factor (NRSF) (also known as RE-

silencing transcription factor) which is considered to be an important transcriptional 

regulator has been shown to modulate membrane transport protein expression and 

activity (Gao et al., 2011; Schoenherr and Anderson, 1995). The gene expression of a 

specific voltage-gated Na+ channel is restricted to neurons by the activity NRSF and 

reduced expression of NRSF has been shown to increase the transcription levels of 

Ca2+-activated K+ channels (KCa3.1) in vascular smooth muscle cells (Cheong et al., 

2005; Chong et al., 1995). The gene encoding the specific Ca2+-activated K+ channel 

in question (KCNN4) contains binding sites for NRSF suggesting a direct link 

between NRSF and KCa3.1 channels. In the same study, mRNA levels of NRSF was 

significantly less (approximately 50% less) in proliferating smooth muscle cells in 
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comparison to quiescent muscle cells. The mRNA levels of the KCNN4 and presence 

of KCa3.1 channels was significantly less in quiescent cells whilst mRNA levels and 

the presence of KCa3.1 channels was significantly increased in proliferating cells. 

Moreover, KCa3.1 channel inhibition with TRAM-34 reduced hyperplasia of the 

human saphenous vein providing further support for a role of KCa3.1 channel activity 

in proliferation. Taken together, ion channel activity could be mediated by 

downstream effectors of the proliferative responses.  

 

Despite the apparent importance of bioelectric signalling in proliferation, studies have 

focussed on the classical signal transduction pathways and largely neglected the 

molecular mechanisms associated with bioelectric signalling. The next section will 

discuss the limited amount of knowledge of the molecular elements in the potential 

pathways involved between ion channel activity and cell behaviours.  

 

 

1.4 Components of the pathways associated with bioelectric 

control of cell behaviours 

1.4.1 Introduction 

The pathways involved in cell behaviour influenced by bioelectric signalling are 

poorly understood, however, experimental evidence has identified various components 

that could be involved (Ouadid-Ahidouch and Ahidouch, 2013). These components 

have been outlined in Figure 1.5 and some of these components are involved feedback 

loops to modulate membrane transport proteins (as discussed previously). It is 

possible that various elements associated with ion channel activity and cell behaviours 

feed into aspects of the classical signal transduction pathways. For example, the 

membrane potential could affect transcription factors, such as NRF-2 transcription 

factor. Depolarisation in the membrane potential can cause nuclear translocation of the 

NRF-2 and intracellular NRF-2 accumulation is favourable for proliferation (Jaramillo 

and Zhang, 2013; Yang et al., 2004). In the earlier section the link between 

progression through the cell cycle and the membrane potential in a feedback loop was 

discussed. The potential molecular mediators involved in this feedback loop will also 

be discussed in this section.  
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The components implicated to be involved in the bioelectric signalling mechanisms 

include Ca2+ mediated mechanisms, voltage-sensitive proteins such as voltage-

sensitive phosphatases (VSP’s) and transporters e.g. SERT and the ions themselves 

(Figure 1.5) (Blackiston et al., 2009; Fukumoto et al., 2005). The SERT transporter 

catalyses the influx of serotonin which has been implicated in proliferation (Azmitia, 

2001). VSP’s are activated in response to depolarisations in the membrane potential 

have recently been discovered and VSP’s from Ciona intestinalis have 

dephosphorylating abilities (Lacroix et al., 2011; Murata et al., 2005; Ooms et al., 

2009). It is therefore, also possible that mammalian VSP’s could be involved in 

proliferation and various other cell behaviours regulated by the membrane potential. 

 

Ion channel mediated control of cell behaviour has also been observed through 

mechanisms independent of conducting ions which cannot be considered as a 

bioelectric signal (Arcangeli and Becchetti, 2006; Denker and Barber, 2002). For 

example, fibroblasts transfected with a non-conducting mutant KV10.1 channel that is 

incapable of conducting K+ had the same strong stimulating effect on proliferation as 

fibroblasts with wild type KV10.1 channels that were capable of conducting K+ 

(Hegle et al., 2006). 
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Figure 1.5  

Potential mechanisms associated with cell behaviour influenced by bioelectric signalling. 
A change in the membrane potential can occur due to changes in ion channel activity causing 
a flux of K+, Cl-, Na+ and Ca2+. Changes in the flux of these ions could affect cell behaviour 
through changes in the intracellular volume or activation of transcription factors such as 
NFκB. Changes in the membrane potential could also activate small transporters such as 
SERT which can transport serotonin to the cytosol that in turn can act as a mitogen. 
Depolarisation of the membrane potential could also cause nuclear translocation of the NRF-2 
transcriptional factor. This diagram is adapted from Sundelacruz et al., (2009) and Blackiston 
et al., (2009). 
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1.4.2 Mechanisms of Bioelectric signalling in cell behaviours involving 
Ca2+ 

One important downstream mechanism of bioelectric signalling involves Ca2+ which 

is unsurprising due to the extensive role of Ca2+ signalling in cell behaviours 

(Berridge et al., 2003; Bootman, 2012). For example, proliferation that is inhibited by 

manipulating the membrane potential to depolarised levels was reversed by increasing 

intracellular [Ca2+] using ionomycin (Gelfand et al., 1987). This study suggests the 

membrane potential could provide a driving force favouring Ca2+ entry.  

 

The intracellular Ca2+ can activate cytosolic targets such as calmodulin and IκBα 

which activate nuclear factor of activated cells (NFAT) and NFκBα, respectively 

(Hogan et al., 2003; Sen et al., 1996) (Figure 1.6). Activation of these two proteins 

cause them to translocate to the nucleus where they are involved in proliferation 

(Berridge et al., 2003; Macian, 2005). In addition, Ca2+ can also accumulate in the 

nucleus where it activates CAMKII, CAMKIV and CREB binding protein (CBP) 

(Bading, 2013; Berridge et al., 2003; Lipskaia and Lompre, 2004; O'Malley, 1994).  

 

A prolonged Ca2+ signal is required for proliferation and the cytosolic [Ca2+] is 

maintained from a combination of Ca2+ from the extracellular space and Ca2+ from 

intracellular stores resulting in oscillations in the concentration of intracellular Ca2+ 

(Berridge, 1995; Bootman, 2012; Lechleiter and Clapham, 1992). Studies on CHO 

cells and Jurkat cells showed that a Ca2+ signal was required for a period of two hours 

for proliferation. Gene transcription was abated in cells with defective Ca2+ channel 

activity, specifically the CRAC channel, this channel is involved in store operated 

Ca2+ entry i.e. Ca2+ influx from the extracellular space (Akagi et al., 1999; Fanger et 

al., 1995; Timmerman et al., 1996). 

 

Ca2+ has also been found to play a role in cell death through apoptosis. Studies have 

shown an increase in the concentration of cytosolic Ca2+ during the early stages of 

apoptosis. Consequently, studies which investigating the role of Ca2+ through 

mechanisms which cause dysregulation could be complicated by apoptosis (Lynch et 

al., 2000; Pinton et al., 2008; Rizzuto and Pozzan, 2006) 
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Figure 1.6 

The bioelectric signalling pathway involving Ca2+ in a lymphocytic cell. Ca2+ can enter the 
cell through voltage-gated Ca2+ channels in response to changes in the membrane potential. 
The cytosolic Ca2+ binds calmodulin and calcineurin to activate NFAT. The Ca2+ also plays a 
role to activate NFκB. Ca2+ in the nucleus activates CBP which binds to CREB and the Ca2+ 
also activates CAMKIV. Ca2+ is also involved in the canonical transduction pathways which 
is initiated by an antigen binding with the T-Cell receptor which recruits phospholipase Cγ1 
which leads to the generation of diacylglycerol and inositol-1,4,5-triphosphaote (Ins(1,4,5)P3). 
This leads to the release of Ca2+ from the endoplasmic reticulum to cause the initial rise in 
intracellular Ca2+. The depletion of Ca2+ from the endoplasmic reticulum goes to activate 
capacitive Ca2+ entry through the activation of Orai by STIM1.The figure is copied from 
Berridge et al., (2000). 
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1.4.3 Mechanisms of bioelectric signalling in cell behaviours associated 
with intracellular ions 

Although Ca2+ signalling is important in bioelectric signalling and cell behaviours, 

studies have highlighted other components independent of Ca2+ signalling that are 

potentially involved in bioelectric signalling. For example, a number of studies have 

shown that apoptosis is averted in the presence of either the non-specific K+ channel 

blocker, TEA or an increase in the extracellular [K+] implicating the importance of 

intracellular K+ in apoptosis (Thompson et al., 2001; Yu et al., 1999). Moreover, in 

lymphocytes, intracellular K+ was found to be inhibitory to apoptotic enzymes such as 

active nuclease and caspases during apoptosis, thus providing protection against 

apoptosis, albeit through poorly understood mechanisms (Hughes et al., 1997). 

However, subsequent studies on neuronal apoptosis induced by K+ efflux using a K+ 

channel opener and an K+ ionophore was inhibited by cycloheximide (an inhibitor of 

protein synthesis). This study hints at a potential link between K+ and gene 

transcription in the bioelectric control of apoptosis. Indeed, a subsequent study by Tao 

et al., (2006) showed that apoptosis induced by serum deprivation was is inhibited by 

K+ channel blockers (TEA and cesium) and the TEA also blocked de novo gene 

transcription of Bcl-XS, a pro-apoptotic protein. Furthermore, using an assay to 

investigate the binding ability of transcription factors to their consensus DNA 

sequences, they also showed the transcriptional activity of NF-κΒ is directly up-

regulated by a decrease in the concentration of intracellular K+. 

 

Changes in the intracellular concentrations of K+ and Cl- are also associated with 

apoptosis through a dramatic decrease in cell volume (Chen et al., 2002; Chen et al., 

2007; Yu and Choi, 2000). Several different hypotheses have been made attempting to 

link changes in cell volume with proliferation and these include changes in 

intracellular pH, size of the cell and changes in the cytoskeleton (Chen et al., 2007; 

Dubois and Rouzaire-Dubois, 2004; Urrego et al., 2014). It is also well established 

that the size of the cell changes during the progression of the cell cycle (Vermeulen et 

al., 2003).  
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1.4.4 Components linking ion channel activity and cell cycle regulators 

Some of the regulatory factors involved in ion channel mediated effects on the cell 

cycle have been investigated across a range of cell types. From Table 1.5 it appears 

that the activity of different channel types, even from the same channel family i.e. 

voltage-gated K+ channel family (KV10.1 and KV1.3) can affect different regulators 

of the cell cycle.  

 

Mitogenic stimulation of MCF-7 breast cancer cells causes an increase of KV10.1 

channel activity and ultimately cell cycle progression whilst inhibition of this channel 

causes cell cycle arrest in the G1 phase (Borowiec et al., 2011; Ouadid-Ahidouch et 

al., 2001). MCF-7 breast cancer cells arrested in the G1 phase of the cell cycle could 

be re-entered into the cell cycle through IGF-1 treatment (as previously discussed, 

IGF-1 causes G1 to S phase progression and a concomitant increase in the activity of 

KV10.1) and the effects of IGF-1 are thought be partly mediated by an increase in 

cyclin D1. The role of cyclin D1 in the progression of MCF-7 breast cancer cells 

through G1 is well established (Bartkova et al., 1994). Similarly, aberrant changes in 

the expression of cyclin D1 and cyclin E were also observed with cell cycle arrest at 

G1 in MG-63 osteosarcoma cells and mesenchymal stem cells when the KV10.1 

channel was knockdown using shRNA (short hairpin RNA) (Wu et al., 2014; Zhang et 

al., 2014).  

 

Knockdown of Cl- channels using small interference RNA (siRNA) caused cell cycle 

arrest of endothelin-1-induced proliferation of smooth muscle cells at the G1/S 

checkpoint together with the downregulation of cyclin D1 and cyclin E and the 

upregulation of p21Waf1/Cip1 p27Kip1 (Tang et al., 2008). Cyclin D1 and cyclin E are 

associated with cell cycle progression whilst p21Waf1/Cip1 and p27Kip1 restricts the 

transition between G1 and S. It has to be remembered that knockdown models of ion 

channels assume a role of the ion channels and thus, bioelectric signalling. As 

discussed earlier, it is possible that ion channels can exert influence on cell behaviours 

without passing current. 
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The effect of ion channel inhibition on cell cycle regulatory proteins.  

Cell line/cell type Channel type 

Cell cycle 
phase 
affected 
by the 
channel 

Cell cycle 
regulators affected 
by the channel Reference 

MCF-7 (Breast 
cancer cell line) 

KV10.1 
G1 & 
G1/S 

Cyclin D1 

Cyclin E 

pRb 

(Borowiec et 
al., 2007) 

LoVo (Human 
colon cell line) 

KCa3.1 G2/M p-Cdc2 (Lai et al., 
2011) 

A549 (Human 
lung cell line) 

KV1.3 G1 

p2Waf1/Cip1 

CDK4 

Cyclin D3 

(Jang et al., 
2011) 

U87 & U251 
(Human glioma 
cell lines) 

Kir6.2 G1 p-ERK (Huang et al., 
2009) 

LNCaP 

PC-3 

DU-145 (Prostate 
cancer cell line) 

KCa3.1 G1/S p2Cip1 
(Lallet-Daher 
et al., 2009) 

MD 
(medulloblastoma) 
CNS tumour 

KV10.2 G2 
Cyclin B1 

p38 MAPK 

(Huang et al., 
2012) 

HL-60 (Leukaemia 
cell line) 

KV11.1 G1 

Β-catenin 

Cyclin D1 

c-myc 

(Zheng et al., 
2011) 

Aortic smooth 
muscle cells 

Cl- channels G1 

Cyclin D1  

Cyclin E  

p21Waf1/Cip1 
p27Kip1 

(Tang et al., 
2008) 

Table 1.5 

The table is adapted from Ouadid-Ahidouch and Ahidouch (2013). 

  



 

     32 

In summary, despite advances in understanding the mechanisms involved in the 

control of proliferation through bioelectric signalling, it seems unlikely that the 

bioelectric signal controls cell behaviour through a simple binary mechanism. This 

binary mechanism suggests that a membrane potential depolarisation results in cell 

proliferation. Conversely, a hyperpolarisation results in the inhibition of proliferation. 

This raises questions regarding the nature of the bioelectric signal itself and how 

information bearing instructive roles is encoded in either the membrane potential 

and/or ion channel activity.  

 

One mechanism that this bioelectric signalling could influence proliferation is through 

the dynamic nature of the membrane potential in the form of oscillations and 

fluctuations. It is hypothesised that this dynamic characteristic of the membrane 

potential can be investigated using the continuous wavelet transform technique.  

 

 

1.5 Introduction to the dynamic behaviour within human biology  

The human body and in fact, all living organisms exhibit dynamic changes in their 

behaviour and/or physiology which arises from biological clocks (Vitaterna et al., 

2001). This biological clock gives rise to rhythms such as the circadian rhythm, 

ultradian rhythm and the infradian rhythm. The circadian rhythm is approximately 24 

hours and determines several behavioural and physiological factors such as patterns of 

hormone secretion e.g. melatonin and blood pressure (Czeisler and Klerman, 1999; 

Giles, 2006), These inherent rhythms involve complex interactions between the 

biological clocks and external cues such as light exposure, behaviour and 

neuroendocrine feedback mechanisms (Czeisler and Klerman, 1999).  

 

In addition to circadian rhythms, the human body has several other dynamic 

components, namely, organ systems wherein there are continuous changes that are 

sometimes oscillatory and these systems are interdependent on each other (Cherif et 

al., 2012; Stefanovska, 2007b). A primary example of the dynamic behaviour within 

the human body is the heart beat which pumps blood around the body and this heart 

beat is manifested as the pulse which is easily measured. In addition to the single 

entity of the pulse, the cardiovascular system contains other dynamic aspects which 
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are not as easily measured as the pulse. Complex measurement techniques such as the 

laser Doppler flowmetry (to measure blood flow) coupled with analytical methods to 

investigate the time-frequency domain have been used to appreciate the full range of 

dynamic activity within this cardiovascular system (Kvandal et al., 2006; Stefanovska 

and Bracic, 1999). Distinct oscillations with frequency intervals ranging from 0.005 

Hz to 2 Hz were observed in the analysis of the blood flow recordings in the time-

frequency domain using the continuous wavelet transform (CWT) technique (Kvandal 

et al., 2006; Stefanovska, 2007b). These oscillations correspond to the dynamic 

activity of different physiological processes feeding into the cardiovascular system 

which are synchronised to function efficiently (Figure 1.7) (Stefanovska, 2007b). For 

example, the oscillatory process which has a frequency interval of 0.6 to 2 Hz 

corresponds to the heart beat (Stefanovska and Bracic, 1999).  

 

The two lowest oscillatory bands have frequency intervals of either 0.005 – 0.0095 Hz 

or 0.0095 – 0.021 Hz. Both frequency intervals correspond to oscillatory components 

associated with endothelial cell activity within the cardiovascular system (Bernjak et 

al., 2008; Kvandal et al., 2006; Kvernmo et al., 1999). The assignment of these 

frequencies to the activity of endothelial cells was ascertained through studies on 

blood flow in the presence of endothelial dependent vasodilators using acetylcholine 

(ACh), sodium nitroprusside (SNP) and N(G)-monomethyl arginine (L-NMMA) 

(Kvandal et al., 2003; Kvernmo et al., 1999). The application of both ACh and SNP 

caused a significant increase in the amplitude of the low frequency oscillations, whilst 

application of L-NMMA in the presence of these two compounds allowed assignment 

of the dynamic properties to either NO dependent or NO independent endothelial 

activity. It is possible that these low frequency oscillations arise due to a degree of 

synchrony between the endothelial cells in the cardiovascular system as vasodilation 

or vasoconstriction spreads along the vessel and this is associated with changes in ion 

flow across the cells (Segal et al., 1999). Oscillations related to the activity of 

endothelial cells could therefore be considered as oscillations in a multicellular 

context.  
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Figure 1.7 

Schematic diagram highlighting different oscillatory frequencies identified in the blood 
flow signal. The blood flow signal was measured using laser Doppler flowmetry and 
subsequently analysed using the continuous wavelet transform to identify the oscillations. 
Oscillations with distinct frequency intervals are associated with different aspects of the 
human body. The figure is adapted from Stefanovska (2007a).   
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1.5.1 The dynamic nature of the membrane potential 

In addition to the oscillatory activity within multicellular systems, oscillations have 

also been observed in a single cellular context, for example, in recordings of the 

membrane potential (Lang et al., 1991). A dynamic membrane potential with 

persistent oscillations has been observed in neurons (Yoshida et al., 2011), fibroblasts 

(Ince et al., 1984; Lang et al., 1991; Okada et al., 1979), pancreatic β-cells (Goehring 

et al., 2012), macrophages (Hanley et al., 2004) and mammary epithelial cells 

(Enomoto et al., 1986). The frequency of the oscillations in the membrane potential of 

these cells ranged from approximately 0.01 to 0.05 Hz and these oscillations were 

visible within the recordings themselves. The oscillatory activity of the membrane 

potential was obvious by eye mainly due to the large degree of change in the 

membrane potential. For example, the membrane potential of fibroblasts recorded by 

Lang et al., (1991) changed by approximately 20 mV with a frequency of roughly 

0.016 Hz (oscillatory cycle lasting 1 minute) (Figure 1.8). It is possible that the 

oscillatory behaviour observed in the cardiovascular system using laser Doppler 

flowmetry coupled with the CWT technique is manifested in the membrane potential. 

 

 

 

Figure 1.8 

The oscillations in the membrane potential of a fibroblast cell. The oscillations in the 
membrane potential of a fibroblast cell was induced with bradykinin and recorded using the 
electrical impalement technique. The figure is copied from Lang et al., (1991). 
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The oscillations in the membrane potential could be important in the context of 

bioelectric signalling in proliferation due to a number of reasons. Oscillations in the 

membrane potential of fibroblasts (overexpressing the EGF receptor) and mammary 

epithelial cells were observed upon treatment with EGF (Enomoto et al., 1986; 

Pandiella et al., 1989). Activation of the EGF receptor is known to induce a number of 

intracellular signalling pathways leading to an increase in cytosolic [Ca2+] which in 

turn plays a role in proliferation (Berridge et al., 2003; Berridge et al., 2000). 

Oscillations in the membrane potential induced by EGF treatment in mammary gland 

cells was blocked by inhibitors of the Na+/K+ ATPase pump and the K+ channel, 

(ouabain and quinine, respectively) (Grinstein and Foskett, 1990; Kuriyama et al., 

1995; Moller et al., 1990). Both of these membrane transport protein inhibitors have 

been shown to block proliferation raising the possibility that oscillations in the 

membrane potential maybe an important signal for proliferation (Glavinovic and 

Trifaro, 1988; Pappone and Ortiz-Miranda, 1993). Bradykinin-induced oscillations of 

the membrane potential of fibroblasts were only observed in cells transfected with a 

mutated Ha-ras oncogene and mutations in the Ha-ras have been implicated to confer 

a hyper-proliferative phenotype to cells (Lang et al., 1991; Prior et al., 2012).  This 

again hints at the possible importance of the dynamic membrane potential in encoding 

a regulatory signal.   

 

The membrane potential oscillations discussed up to this point described oscillations 

that were induced by perturbing the cells through transfections or treatment with 

compounds. Furthermore, the oscillations in the membrane potential recordings were 

easily observed by eye due to the large change in the magnitude of the membrane 

potential. It is possible that oscillations with a smaller change in the magnitude of the 

membrane potential were overlooked as more complex analytical techniques were not 

used. Given the evidence that low frequency oscillations exist in the cardiovascular 

system and these low frequency oscillations are linked to the activity of endothelial 

cells, it is possible that there is novel oscillatory behaviour in the membrane potential 

that is associated with cell behaviours. Consequently, we asked this question and 

decided to investigate the presence of oscillations and fluctuations in the membrane 

potential of endothelial cells using the CWT technique.  
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1.6 Recording the plasma membrane potential 

The following section will discuss the techniques available to record the membrane 

potential. The current techniques available to record the membrane potential of cells 

are based on either optical methods or electrophysiological methods.  

 

 

1.6.1 Optical techniques to measure the membrane potential 

Optical methods to measure the membrane potential utilise voltage sensitive dyes, also 

known as potentiometric dyes. The standard potentiometric dyes are based on either 

oxonols, cyanines or mercocyanines e.g. di-8-ANEEPS, RH421 and DiBAC4(3), 

whilst the more advanced dyes use coupled dyes or fluorescence resonance energy 

transfer (Clarke and Kane, 1997; Gonzalez and Tsien, 1997; Miller et al., 2012; 

PromoKine, 2015; Whiteaker et al., 2001). These potentiometric dyes relay 

information of the membrane potential by either an electrochromic or an 

electrophoretic effect. The dyes which operate through electrophoretic effects traverse 

the plasma membrane in response to a change in the membrane potential (Sundelacruz 

et al., 2009). Dyes operating through electrochromic effects relay changes in the 

membrane potential through a shift in their spectral properties upon coupling between 

their molecular electronic states with the electric field across the membrane (Loew, 

2010). 

 

The dyes are often categorised according to the speed at which they respond to 

changes in the membrane potential. Some dyes are very slow. For example, the 

DiBAC4(3) dye takes more than a minute to reach 90% of its maximum signal. On the 

other hand, other dyes are classed as fast dyes (the FRET based system takes five 

seconds to reach 90% of its maximum signal), therefore, the temporal resolution of 

these dyes varies greatly (Wolff et al., 2003). Furthermore, additional calibration 

using electrophysiological methods are needed if absolute membrane potential values 

need to be ascertained (Adams and Levin, 2012). As the aims of the current project 

include investigating the absolute membrane potential and temporal changes in the 

membrane potential across a range of frequencies, optical methods to record the 

membrane potential may not be suitable.  
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1.6.2 Electrophysiological techniques to record the membrane 
potential 

Electrophysiological methods utilise microelectrodes to record the membrane 

potential and are considered as the gold standard technique and the information 

obtained is far superior in comparison to the optical methods (Gonzalez et al., 1999; 

Harrison et al., 2015). Electrophysiological techniques can be grouped into either 

intracellular impalements or patch clamping technologies. Intracellular impalements 

are conducted using a sharp glass microelectrode which impales the cell membrane to 

make contact with the cytoplasm. Simultaneously, another electrode is positioned in 

the extracellular solution surrounding the impaled cell. The membrane potential is 

calculated from the difference in the potential between the cytoplasm of the impaled 

cell and the electrode in the extracellular solution (Ling and Gerard, 1949).  

 

The patch clamp technique utilises a similar glass microelectrode, however, unlike the 

impalement technique, this tip of the glass microelectrode is blunt allowing a high 

resistance seal (usually above 1 GΩ) with a miniscule region of the cell membrane. 

Subsequently, suction or a short pulse of electricity is applied to remove this region of 

the plasma membrane to yield access to the cytosol and produce the whole cell 

configuration (Molleman, 2003). Similar to the impalement technique, a second 

electrode is positioned in the bath solution and the difference in the electric potential 

between the two electrodes is considered as the membrane potential.  

 

Despite being the gold standard in measuring the membrane potential, the 

electrophysiological methods are laborious, time consuming and have a low 

throughput due to measurements being obtained from individual cells (Stuart and 

Palmer, 2006). The electrophysiological techniques do however, allow continuous 

long term recordings with a high accuracy of reporting the membrane potential. Both 

of these aspects are essential for this project.  
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1.7 Model cell systems to investigate membrane potential 

dynamics 

1.7.1 Jurkat cells – T-lymphocytes 

One of the aims of the current project was to investigate the membrane potential 

dynamics in cell behaviours such as proliferation and activation. The Jurkat cell line is 

an established model of T-lymphocytes and allows different aspects of cell behaviour 

to be investigated. Jurkat cells can also be easily activated by treating them with a 

mitogen and this activation process can be monitored through assays of IL-2 secretion 

(Gillis and Watson, 1980; R&D systems, 2015). There is also general consensus that 

this mitogen-induced activation results in a homogeneous population of activated 

Jurkat cells. Furthermore, there is evidence that this activation process is related to 

bioelectric signalling (DeCoursey et al., 1984).  

 

The Jurkat cell line also provides a well characterised model of T-lymphocytes in 

vivo, however, unlike T-lymphocytes in vivo, the cells proliferate rapidly in vitro with 

a population doubling time of 24 hours in serum containing growth medium (ATCC, 

2015). The Jurkat cells do not require any special conditions to grow in culture, 

therefore, it is envisaged that the proliferation rate of the cells can be manipulated 

easily. Moreover, T-lymphocytes in vivo are activated upon encountering an antigen 

which prepares them for proliferation. This aspect of lymphocyte behaviour can also 

be replicated in vitro using a number of different mitogens. As such, Jurkat cells 

provide the possibility to investigate the membrane potential dynamics in different 

aspects of proliferation and activation in a single model cell line.  

 

 

1.7.2 HMEC-1 endothelial cells 

As discussed earlier, low frequency oscillations in the cardiovascular system related to 

the activity of endothelial cells have been identified (Bernjak et al., 2008; Kvandal et 

al., 2006; Kvernmo et al., 1999). Little however, is known about the origin of these 

oscillations besides being associated with the activity of microvascular endothelial 

cells. In addition, as the membrane potential has been shown to influence cell 

behaviours, the questions were asked if the low frequency oscillations could be 

manifested in the membrane dynamics of microvascular endothelial cells and if these 
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low frequency oscillations are related to cell behaviours. Consequently, a human 

microvascular endothelial cell line similar to endothelial cells in vivo suitable for this 

aspect of the work was identified. Several characteristics and markers of 

microvascular endothelial cells have been identified and these can be used for 

comparing the resemblance of in vitro cell models with in vivo endothelial cells (Table 

1.6). 

 

The human umbilical vein endothelial cell (HUVEC) was one of the first model 

systems to used study endothelial cells (Gimbrone et al., 1974; Jaffe et al., 1973). 

They are primary cells, therefore, the results obtained from experiments using 

HUVEC cells are physiologically relevant, however, these cells have a short life span 

and the phenotype of these cells can vary depending on the source (Koch et al., 1995). 

To address these limitations several immortalised endothelial cell models have been 

produced (Figure 1.7). From the available cell lines, the HMEC-1 cell line best 

reflects the in vivo situation of endothelial cells. The immortalized HMEC-1 

(CDC/EU.HMEC-1) cell line was established by transfecting human dermal 

microvascular cells with the pSVT vector. The pSVT vector is a PBR-322 based 

plasmid encoding the large T antigen of the simian virus 40 (Ades et al., 1992). 

 

In contrast to the Jurkat cells, the HMEC-1 cells are a much less tractable cell system 

and consequently, are more difficult to manipulate. The work in this thesis, therefore, 

was undertaken on Jurkat cells and HMEC-1 cells to accomplish the aims of the 

project.  
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Markers and characteristics of microvascular endothelial cells and their 
relevance in endothelial cells.  

Marker/Characteristics Relevance Reference 

Cobblestone 
morphology 

Microvascular endothelial cells have a 
cobblestone morphology 

(Ades et 
al., 1992) 

Weibel-Palade Bodies Weibel-Palade bodies store von Willebrand factor 
multimers for rapid release during vessel injury. 
Weibel-Palade bodies are specific to endothelial 
cells. 

(Bouis et 
al., 2001; 
Sumpio et 
al., 2002) 

von Willebrand Factor Endothelial cells and platelets secrete von 
Willebrand factor but the vast majority is 
synthesized by endothelial cells. Von Willebrand 
factor is instrumental in blood coagulation 

(Sumpio 
et al., 
2002) 

Adhesion molecules Adhesion molecules include ICAM, VCAM, and 
E-Selectin. E-selectin is only expressed by 
endothelial cells. ICAM and VCAM are present in 
leukocytes and endothelial cells in small numbers 
but all three adhesion molecules are upregulated to 
play an important role in the inflammatory 
response. 

(Sumpio 
et al., 
2002) 

Ulexeuropaeuslectin 
Agglutinin 1 Binding 

Ulexeuropaeuslectin Agglutinin 1 binds 
selectively to human microvascular endothelial 
cells. 

(Jackson 
et al., 
1990) 

Acetylated low density 
lipoprotein uptake 

Acetylated low density lipoproteins are taken up 
by macrophages and endothelial cells. 

(Voyta et 
al., 1984) 

Tubule Formation Although not a defining trait, tubule formation is 
considered important for angiogenesis studies i.e. 
the expansion of the vascular system from existing 
vessels. 

(Cines et 
al., 1998) 

Table 1.6 
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The characteristics of microvascular endothelial model cell lines 

Cell 
Line 

Origin 
Morphol
ogy 

Life span 
Weibel-
Palade-
bodies 

von 
Willibr
and 
Factor 

Adhesion 
molecules 

bind 
Ulexeuropaeu
slectinaglutan
in I 

Uptake of 
acetylated 
low density 
lipoprotein
s 

Tube like 
structure
s on 
matrigel 

Reference 

HMEC-
1 

Dermal 
Cobblest
one 

Immortal       
(Ades et al., 
1992) 

HPEC-
A1 

Placenta  Extended       (Schutz et al., 
1997) 

hTERT-
HDMEC 

Dermal         
(Yang et al., 
1999) 

HPMEC
-ST1.6R 

Pulmonary 
Cobblest
one 

Immortal       
(Krump-
Konvalinkova et 
al., 2001) 

SV-
HCEC 

Microvessels 
Cobblest
one 

Immortal       
(Muruganandam 
et al., 1997) 

iHDME
1 

Dermal  Immortal       
(Jiang et al., 
2010) 

RF24 
Umbilical 
cord 

 Immortal       (Fontijn et al., 
1995) 

iSEC Fetal sinusoid  Immortal  (diffus     (Hering et al., 
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Table 1.7 

Different microvascular endothelial cell models and their characteristics. The table highlights different characteristics observed in a number 
of different immortalised models of endothelial cells. Note, the blank fields indicate unknown characteristics.

ed) 1991) 

HMVEC Microvascular  Immortal       
(Shao and Guo, 
2004) 

HADM
EC-5 

Adipose  Immortal       
(Flynn et al., 
1997) 

hTERT-
HDLEC 

Lymphatic 
Cobblest
one 

Extended       
(Nisato et al., 
2004) 

TIME Microvascular 
Cobblest
one 

Immortal       
(Venetsanakos et 
al., 2002) 
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1.8 Hypothesis and Aims of the current project 

It is hypothesised that the membrane potential is a dynamic property of a cell and the 

static membrane potential influences cell behaviours such as proliferation and 

activation. The dynamic membrane potential will be investigated using the continuous 

wavelet transform to highlight oscillations and fluctuations not observed by eye. 

  

As described in this introduction, it is widely accepted that a complex array of ion 

channels, pumps and carriers play a role in various cell behaviours such as 

proliferation and activation. Although the static value of the membrane potential is 

usually associated with the proliferative state of the cell, it is hypothesised that 

oscillations and dynamic changes in the membrane potential may also play a role. 

Thus the aims of the project are:  

 to continuously record the plasma membrane potential of a single Jurkat cell or 

a HMEC-1 cell for either 10 or 30 minutes to investigate the presence of 

fluctuations and oscillations 

 to investigate the feasibility of applying the CWT technique to investigate the 

membrane potential dynamics of Jurkat cells and HMEC-1 cells 

 to investigate the presence of low frequency oscillations in the membrane 

potential of HMEC-1 cells 

 to investigate the role of specific ions in the membrane potential dynamics of 

Jurkat cells 

 to investigate the influence of the static membrane potential on mitogen 

induced activation of Jurkat cells 

 to ascertain the culture conditions required to alter Jurkat cell behaviour i.e. 

alter the proliferative state of Jurkat cells and yield a population of non-

proliferating Jurkat cells 

 to investigate changes in the membrane potential dynamics of Jurkat cells with 

altered cell behaviours, focussing on proliferation and activation 

 to determine the static membrane potential and the underlying ion channels of 

Jurkat cells with altered cell behaviours 

 to determine the static membrane potential and the underlying ion channels 

present on the plasma membrane of HMEC-1 cells. 
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2 MATERIALS AND 

METHODS 

2.1 Materials 

Jurkat E6.1 cells were purchased from the American Type Culture Collection (ATCC) 

and the HMEC-1 cells (termed CDC/EU.HMEC-1) were a kind gift from Dr. Victoria 

Heath from the University of Birmingham (Kaur et al., 2011).  

 

 

2.2 Methods 

2.2.1 Cell culture 

Culturing actively proliferating Jurkat cells. Jurkat E6.1 cells a widely used human T-

lymphocyte cell line was used as a model of T-lymphocytes. These cells were cultured 

in 25 cm3 flasks (Nunc) at 37°C with 95% air and 5% CO2. The Jurkat cells were 

cultured in RPMI-1640 medium (Sigma Aldrich) supplemented with 10% foetal 

bovine serum (FBS) (Life Technologies) and 100 units/ml penicillin and streptomycin 

(Sigma Aldrich). The cells were subcultured in fresh culture medium at a dilution ratio 

of 1:10 (1 ml of cells in 10 ml of new culture medium) every 2-3 days by centrifuging 

the medium containing the Jurkat cells at 600RPM for 5 minutes, removing the 

supernatant and resuspending the cell pellet in a new T25 culture flask containing 7 ml 

of warm RPMI-1640 medium. The cells were maintained at a density between 1x105 
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and 1.2x106 cells/ml. The new T25 flask was incubated at 37°C with 95% air and 5% 

CO2. 

 

Culturing viable Jurkat cells in a state of inactive proliferation. In experiments where 

Jurkat cells that were viable but not in a proliferative state, the cells were cultured in 

RPMI-1640 medium supplemented with 1% FBS and 100 units/ml penicillin and 

streptomycin and used at 48 hours. Briefly, the cells were subcultured from the T25 

flask containing the main stock of Jurkat cells by centrifuging the cells at 600RPM for 

5 minutes. The supernatant was removed and the pellet was resuspended in warm 

RPMI-1640 medium. Trace amounts of FBS was removed by centrifuging the cell 

suspension at 600RPM for 5 minutes. The cell pellet was then resuspended in warm 

RPMI-1640 and the volume of medium containing 2x105 cells/ml was transferred to a 

T25 flask containing fresh new RPMI-1640 medium supplemented with 1% FBS and 

100 units/ml penicillin and streptomycin. These cells were used at 48 hours. 

 

Culturing HMEC-1 cells. HMEC-1 cells were cultured in Medium 199 (Sigma 

Aldrich) supplemented with 10% FBS, 10% Glutamax (Life Technologies), 100 

units/ml penicillin and streptomycin antibiotic and large vessel endothelial cell growth 

supplement (TCS Cellworks). The cells were cultured in T25 culture flasks at 37°C 

with 95% air and 5% CO2. The HMEC-1 cells were subcultured at a ratio of 1:10 

every 5-7 days. 

 

 

2.2.2 Trypsinising HMEC-1 Cells 

The HMEC-1 cell line is an adherent cell line, consequently, to maintain a healthy 

population of cells, the cells needed to be disassociated from the bottom of the T25 

culture flask before each subculture. The HMEC-1 cells were subcultured at a ratio of 

1:10. The medium from the T25 culture flask containing the HMEC-1 cells was 

removed and the cells were washed three times with Dulbecco’s Phosphate-Buffered 

Saline (DPBS) without Ca2+ and Mg2+ (Gibco). 500 µl of Trypsin-EDTA (Gibco) was 

added to the T25 flask and the flask was incubated for 5 minutes at 37°C. After which, 

the flask was removed from the incubator and gently tapped on the side to ensure the 

HMEC-1 cells had detached from the surface of the flask. 7 ml of fresh complete 

medium was added to the flask and 700 µl volume of the cell suspension was 
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transferred to the new T25 flask containing pre-warmed complete medium. The flask 

was then incubated at 37°C with 95% air and 5% CO2 until required.    

 

 

2.2.3 Cell viability and proliferation assays 

Cell viability and proliferation was determined using either the trypan blue exclusion 

dye (Sigma Aldrich) or the PrestoBlue cell viability reagent (Invitrogen). Cell viability 

determined with the trypan blue exclusion dye was completed by mixing 20 µl of 

trypan blue with an equal volume of RPMI-1640 medium containing the Jurkat cells. 

20 µL of the suspension containing the trypan blue and Jurkat cells was then loaded 

on a haemocytometer and the viable and non-viable cells were counted. The Jurkat 

cells which were unstained were considered as viable whilst the Jurkat cells which 

were stained blue were considered non-viable. Proliferation of the Jurkat cells was 

determined as cells per ml using the calculation below 

 

Cells (x10^4 per ml) = Number of cells x ൬
dilution factor

 Numer of large squared counted
൰ 

 

The % cell viability was ascertained using the following formula 

 

Viability (%) =
Number viable cells

Total number of cells
x 100 

 

Cell viability established using the PrestoBlue cell viability reagent was completed by 

adding PrestoBlue at a ratio of 1:10 to each well on the 96 well plate. The rate of 

proliferation was ascertained by incubating a known density of Jurkat cells which 

ranged from 1x105 cells/ml to 5x103 cells/ml and the PrestoBlue cell viability reagent 

added at the same time as incubating the test wells with the PrestoBlue reagent. The 

96 well plate was then incubated at 37°C for 10 minutes and the fluorescence was read 

at 560 nm on a plate reader (Tecan Infinite 200). The fluorescence from the known 

concentration of cells was plotted as the function of the cell density. The cell density 

of the Jurkat cells present in the test wells was interpolated from this graph.  
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Investigating proliferation and cell viability of the Jurkat cells cultured in a range of 

FBS concentrations. Jurkat cells cultured in RPMI-1640 medium were supplemented 

with FBS concentrations ranging from 0% to 10%. These Jurkat cells were incubated 

in a T25 flask for 24, 48 or 72 hours at 37°C with 95% air and 5% CO2. After the 

required time lapsed, the cells were counted using the same method used for the 

trypan blue exclusion dye to determine viability and the rate of proliferation. The rate 

of proliferation and cell viability of Jurkat cells cultured in identical conditions was 

also ascertained using the PrestoBlue cell viability reagent. In these experiments, the 

Jurkat cells were cultured in 96 well plates and the seeding density of the Jurkat cells 

was 2x105 cells/ml. These experiments were repeated three times in triplicate. 

   

Investigating proliferation and cell viability of Jurkat cells stimulated with mitogens 

and cultured in a range of FBS concentrations. Jurkat cells were cultured in RPMI-

1640 medium supplemented with a range of FBS concentrations with and without the 

presence of either the concanavlin A (ConA) (Sigma Aldrich) or phytohaemagglutinin 

(PHA) (Sigma Aldrich) mitogen were seeded in 96 well plates at a density of 2x105 

cells/ml. These 96 well plates were incubated at 37°C with 95% air and 5% CO2 

between 24 and 72 hours. After the required culturing time lapsed, the cell viability 

was determined by adding PrestoBlue. A negative control containing RPMI-1640 

medium rather than cells was added into each plate. Each condition in the ConA 

experiment was performed in triplicates and each triplicate repeated three times. Each 

condition in the PHA experiment was obtained in triplicates and repeated twice. The 

required concentration of either ConA or PHA was made by diluting the required 

concentration in dH20 and then sterile filtered prior to freezing in aliquots until 

needed.  

 

 

2.2.4 Cell cycle analysis 

Cell suspension containing 1.5x106 Jurkat cells/ml was centrifuged and the 

supernatant was removed. The cell pellet was resuspended in phosphate buffered 

saline (PBS) (Sigma Aldrich) and fixed in ice cold absolute ethanol for 30 minutes. 

The cells were then centrifuged and the supernatant removed. The cell pellet was then 

resuspended in 480 µL of PBS. RNAse A (Thermo Scientific) and propidium iodide 

(Cambridge Bioscience) was added to the cell suspension at a final concentration of 
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20 µg/ml and 50 µg/ml, respectively. The cells were then analysed by flow cytometry 

using PE detection. The data was captured using the FACSDiva software (BD 

Biosciences) and subsequently analysed using ModFit LT 4.1 (Verity Software 

House) to ascertain the percentage of cells in the G0/G1, S, G2, and M phase of the 

cell cycle. 

 

 
2.2.5 Interluekin-2 secretion assay 

Jurkat cells secrete interleukin-2 (IL-2) when activated with mitogens (ATCC, 2015). 

To investigate the activating effects of ConA and PHA, the IL-2 concentration was 

measured using the Human IL-2 Quantikine ELISA kit (R&D systems). Jurkat cells 

were seeded at 2x106 cells/ml in RPMI-1640 supplemented with a final concentration 

of 10% FBS with either 20 µg/ml ConA, 20 µg/ml PHA or 20 µl RPMI. The 

experiments were conducted on 96 well plates. In a series of experiments, the same 

conditions were used with the addition of RPMI-1640 culture medium supplemented 

with either 6 mM or 30 mM K+, Na+, Cl-, K+ and Na+ or 0.5 mM 4-aminopyridine (4-

AP). A sorbitol control was included to ascertain the effect of osmolarity changes 

caused by the elevated ions. In another series of experiments the Jurkat cells were 

seeded with RPMI-1640 medium supplemented with 1% FBS in the presence and 

absence of 20 µg/ml PHA. The assay incorporated known IL-2 standards to 

interpolate the concentration of the IL-2 concentration of the test wells.  

 

The IL-2 Quantikine assay was completed by adding 100 µl of the assay diluent which 

contained a buffered protein base to the test wells followed by 100 µl of either the 

human IL-2 standard or the test sample. The solution was left to incubate for 2 hours 

at room temperature, after which the wells were washed with the Wash buffer three 

times. Subsequently, 200 µl of a polyclonal antibody specific for human IL-2 

conjugated to horseradish peroxidase was added to the wells and left to incubate for 2 

hours at room temperature. The wells were then washed again with the Wash buffer 

three times and the 200 µl of substrate solution was added to the wells and left to 

incubate for 20 minutes at room temperature. The substrate solution contained 

hydrogen peroxide and the chromogen, tetrametheylbenzidine. After 20 minutes, 50 µl 

of the Stop solution which contained 2 N sulphuric acid was added and the color was 

measured immediately at 540 nm. The known human IL-2 standard solution and wash 
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buffer were made one hour before completing the assay whilst the substrate solution 

was made 5 minutes prior to its use as per the manufacturer’s instructions. 

 
 
2.3 Patch clamping 

The patch clamping technique was used to investigate the whole cell currents and the 

membrane potential of the Jurkat cells and the HMEC-1 cells. 

 

2.3.1 Patch clamping measurements 

Equipment. The patch clamping rig is shown in Figure 2.1. The patch pipette was 

positioned in a standard pipette holder (Warner Instruments, Hamden) which in turn 

was attached to an Axon CV201 headstage (Axon, USA). The pipette holder 

contained a silver/silver chloride wire and was connected to a 1 ml syringe. The 

syringe allowed for pressure to be applied to the patch pipette and was used to achieve 

a GΩ seal. The headstage was connected to the Axopatch 200B amplifier (Axon, 

USA). The headstage was also connected to another pipette holder containing a 

silver/silver chloride pellet electrode containing 3 M KCl with a 5% agar bridge. This 

agar bridge was positioned in the bath solution. The headstage was mounted on a 

bracket attached to a micromanipulator allowing coarse and fine movements. To 

reduce the electrical noise, the cells were patched inside a faraday cage as shown in 

Figure 2.1. In addition, all of the different pieces of equipment were grounded. The 

cells were continually perfused with the required extracellular solution. The inlet of 

the perfusion system was based on a gravity fed system whilst the outlet of the 

perfusion was based on a peristaltic pump.  
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Figure 2.1 

A picture of the patch clamping rig. The microscope, micromanipulator, headstage and the 
gravity fed perfusion system were kept in a faraday cage to reduce electrical noise. These 
pieces of equipment together the amplifier were also grounded to a thick copper wire inside 
the faraday cage to further reduce electrical noise. 
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Cell handling. On the day of experiments on Jurkat cells, 200 µl of Jurkat cells were 

removed from the culture flask and kept at room temperature. 50 µl of the cell 

suspension was then placed on 35mm culture dishes for patching. These cells were left 

for 5 minutes to settle before the perfusion system was switched on. This settling time 

allowed the Jurkat cells to loosely adhere to the bottom of the culture dish. The Jurkat 

cells were kept on the culture dish for a maximum of 60 minutes before being 

replaced. The cells were kept at room temperature for a maximum time of 2 hours 

before being replaced by a fresh 200 µl cell suspension from the cell culture flask (see 

Section 2.2.1).  

 

For experiments using HMEC-1 cells, an aliquot of HMEC-1 cells taken from the T25 

culture flask containing HMEC-1 cells were seeded on a 35mm culture dish 24 hours 

before patch clamping experiments. The confluency of the HMEC-1 cells in these 

culture dishes was not allowed to exceed 60% confluency (determined visually). If 

required, the confluency was diluted by adding fresh Medium 199. On the day of the 

experiments, a culture dish containing the HMEC-1 cells was placed on the 

microscope and the cells were perfused for 10 minutes to remove trace amounts of the 

culture medium before being patched. The culture dish was used for a maximum of 90 

minutes before being replaced by another culture dish containing fresh new cells.  

 

The culture dish containing the cells was positioned on the stage of the Nikon Diaphot 

inverted microscope (Nikon, Japan). The microscope and the micromanipulator were 

positioned on a floating table which was kept in a Faraday cage to provide electrical 

insulation. The microscope, perfusion system and micromanipulator were earthed to 

the Faraday cage. The patch clamping measurements were conducted using the 

Axopatch 200B amplifier. The stimulation protocols were set up using Clampex 8.1 

software (Molecular devices, USA) and was visualised on a computer monitor. The 

sampling frequency was 10 KHz and the recorded currents were saved directly to the 

computer. 

 

Recording conditions. The electrophysiological experiments were conducted using the 

patch clamping technique in the whole cell configuration (Hamill et al., 1981). All 

electrophysiology experiments were carried out between 20-22°C with borosilicate 

glass pipettes. The borosilicate glass had an external diameter of 1.5-1.8 mm. The 
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pipettes had a resistance between 3-5 MΩ. The patch pipettes were fabricated using a 

2 stage pipette puller (Narishige, Japan). The pipette tip was filled by placing the 

pipette by drawing up the required intracellular solution using a 1 ml syringe. The 

remainder of the pipette was back filled with the required intercellular pipette solution 

using an adapted pipette tip with a fine elongated end attached to a 1 ml syringe.   

 

2.3.2 Procedure for patch clamping 

In order to patch a cell, positive pressure was applied to the patch pipette using a 1 ml 

syringe attached to the patch pipette holder to prevent debris contaminating the patch 

pipette tip. This pipette was then positioned in the culture dish containing the cells 

using the coarse micromanipulator. The seal test function on the Clampex software 

was selected and the junction potential was adjusted to zero using the pipette offset 

dial on the amplifier when the patch pipette was close to the target cell. A square pulse 

was also observed at this point (Figure 2.2). The seal test was programmed to deliver a 

2 mV pulse at a holding potential of 0 mV. The patch pipette was then positioned such 

that it was touching the cell membrane of the target cell using the fine controls on the 

micromanipulator. Contact between the tip of the patch pipette and the cell membrane 

was confirmed with an increase in the seal resistance by approximately 0.5 MΩ on the 

seal test function. At this point, gentle negative pressure was applied to the back of the 

patch pipette using the syringe. The negative pressure was locked and the seal 

resistance was left to form a GΩ seal. During this sealing process, the holding 

potential was gradually hyperpolarised from 0 mV to -60 mV to help achieve a GΩ 

seal. The seal formation was monitored using the seal test function in Clampex. A GΩ 

seal was confirmed by an increase in pipette capacitance together with the increase in 

the seal resistance. The pipette capacitance was minimized using the fast capacitance 

dial on the amplifier.  

 

The whole cell configuration was achieved by applying gentle suction using the 1 ml 

syringe. Successful break-in was confirmed by an increase in the transient capacitance 

due to the series resistance, that is the combination of the cell capacitance and the 

series resistance of the pipette and access. Immediately upon achieving the whole cell 

configuration, the membrane voltage of the cell was noted by changing to the current 

clamp mode. The amplifier was then switched back to the voltage clamp mode and the 

capacitance was reduced using the fast and slow pipette capacitance compensation 
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together with the whole cell capacitance and series resistance capacitance 

compensation on the amplifier. The cytosolic solution and the intracellular pipette 

solution were allowed to equilibrate for 10 minutes before any stimulation protocols 

were applied. The membrane voltage recordings were made in current clamp mode. 

The stimulation protocols used in the voltage clamp mode are described in the figure 

legends in the results chapters.  
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Figure 2.2 

Schematic diagram showing the current response during the different steps of achieving 
a whole cell configuration. The low resistance shown whilst the pipette is in the solution but 
not touching the cell indicates the resistance of the pipette tip. An increase in the resistance 
indicates contact between the pipette tip and the plasma membrane of the target cell. Gentle 
suction usually results in an increase in the resistance and further sealing between the pipette 
and the membrane. Suction is stopped when the seal resistance exceeds a gigaΩ. Further 
suction is applied to achieve the whole cell configuration.  
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2.3.3 Intracellular and extracellular solutions used in the patch 
clamping experiments 

Solutions used in patch clamping experiments of Jurkat cells. Electrophysiology 

experiments to investigate the membrane potential and the whole cell currents of 

Jurkat cells were undertaken in various extracellular and intracellular solutions. Table 

2.1 details the standard intracellular solution used. The osmolarity of the solutions was 

between 280 mOsm and 310 mOsm and was measured using a Vapro osmometer 

(Wescor, USA).  

  



 

     57 

The composition of the standard intracellular and extracellular solutions used to patch 
Jurkat cells 

Constituent 

E1 

Standard 
extracellu
lar 
solution 
(mM) 

I1 

Standard 
intracellu
lar 
solution 
(mM) 

E1K 

Elevated 
extracellu
lar K+ 
solution 
(mM) 

E1Cl 

Low 
extracellu
lar Cl- 
solution 
(mM) 

E1Na 

Low 
extracellu
lar Na+ 
solution 
(mM) 

I1Ca 

Elevated 
intracellu
lar Ca2+ 

solution 
(mM) 

KCl 6 120 6 - 6 120 

NaCl 150 20 150 - 10 20 

MgCl2 1 - 1 1 1 - 

CaCl2 2 - 2 2 2 1µM 

Hepes 10 10 10 10 10 10 

Glucose 10 - 10 10 10 - 

EGTA  - 11 - - - 11 

K gluconate - - 54 6 - - 

Na gluconate - - - 150 - - 

Choline Cl - - - - 140 - 

pH 7.4  7.2  7.4 7.4 7.4 7.2 

Table 2.1 

The constituents of the standard extracellular and intracellular pipette solutions used in 
patch clamping experiments on Jurkat cells. The solutions were made by adding each of 
the constituents from stock solutions prepared in advance. The bath solutions were made up to 
450ml with dH20. The pH of the solutions was then adjusted to 7.4 with NaOH and then dH20 
was added to make the volume of the solution 500ml. The intracellular solution I1 was made 
to a final volume of 100 ml but the pH was adjusted to 7.2 with KOH. The concentration of 
CaCl2 in solution I1Ca is the free concentration of Ca2+. The intracellular solution was frozen 
in aliquots of 1 ml and frozen until required. Solutions E1K and I2 were designed to isolate K+ 
currents.  
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In a series of experiments, solutions were designed to isolate chloride currents. KCl in 

the extracellular and intracellular solutions was replaced with equimolar 

concentrations of CsCl to avoid contamination of the whole cell currents with the 

conductance of K+. To investigate the Cl- selectivity of these currents, extracellular 

solution E2Cl which contained 12 mM Cl- rather than the 162 mM Cl- in solution E2 

was used. Table 2.2 shows the constituents of the solutions used in this series of 

experiments. 

 

The composition of the K+ free intracellular and extracellular solutions used to 
investigate Cl- selective currents in Jurkat cells 

 Constituent 

E2Cl 
extracellular 
solution 
(mM) 

E2.1 

K+ Free 
extracellular 
solution 
(mM)  

E2.1Cl 

K+ Free 
reduced 
extracellular 
Cl- solution 
(mM) 

I2 

K+ free 
intracellular 
solution 
(mM) 

I2Ca 

K+ free 
intracellul
ar solution 
(mM) 

CsCl - - 6 120 120 

NaCl - 150 - 20 20 

MgCl2 1 1 1 - - 

CaCl2 2 2 2 - 5µM 

Hepes 10 10 10 10 10 

Glucose 10 10 10 10 10 

Na 
Gluconate  

150 - 150 - - 

K Gluconate 6 - - - - 

EGTA  - - - 11 5 

Table 2.2 

Solutions designed to isolate Cl- currents. The concentration of CaCl2 in solution I2Ca is the 
free concentration of Ca2+. The pH of the extracellular solutions was 7.4 whilst the pH of the 
intracellular solutions was 7.2. The solutions were made up as described in Table 2.1. 
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To isolate slow activating currents present in Jurkat cells, solutions were designed to 

eliminate the conductance of K+, Na+, and Cl-. Solutions with different pH were made 

as shown in Table 2.3.  

 

The composition of intracellular and extracellular solutions 
used to investigate slow activating currents observed in Jurkat 
cells 

Constituent 

E3 

extracellular 
solution (mM) 

I3 

intracellular 
solution (mM) 

D-Gluconic acid 100 100 

CaCl2 1 - 

MgCl2 - 2 

EGTA - 1 

Buffer 

100 MES 

100 Hepes 

100 Tricine 

100 MES 

pH 

6.5 

7.5  

8.5  

6.4 

Table 2.3 

The constituents of the extracellular and intracellular pipette solution designed to isolate 
the slow activating currents. The solutions were made by adding each of the constituents 
from stock solutions. The pH of the solutions was adjusted using chlorine hydroxide. When 
the pH of the extracellular solution was 6.5, the buffer 2-ethanosulfonic acid (MES) was used 
in the solution. HEPES was used as the buffer in the extracellular solution with a pH of 7.5. 
When the pH of the extracellular was 8.5 tricine was used as the buffer in the solution. The 
solutions were made as described in Table 2.1. 
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Solutions used in patch clamping experiments of HMEC-1 cells. Patch clamping 

experiments investigating the whole cell currents and the membrane potential of 

HMEC-1 cells were undertaken in various extracellular and intracellular solutions. 

The intracellular and extracellular solutions are detailed in Table 2.4. These solutions 

were altered depending on the experimental requirements. The osmolarity of the 

solutions was between 280 mOsm and 310 mOsm.  
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The composition of standard intracellular and extracellular solutions used to patch HMEC-1 cells 

Constituent 

HE1 

extracellular 
solution (mM) 

HI1 

intracellular 
solution (mM) 

HI1.2 

intracellular 
solution (mM) 

HI1.3 

intracellular 
solution (mM) 

HE1Cl 

Reduced  

extracellular 

Cl- solution 
(mM) 

HE1Na 

Reduced  

extracellular 

Na+ solution 
(mM) 

HE1K 

Elevated 

extracellular 

K+ solution 
(mM) 

KCl 6 40 40 40 - 6 6 

K gluconate - 100 100 100 6 - 24 

NaCl 150 - - - - 10 150 

MgCl2 1 1 1 1 1 1 1 

EGTA - 1 1 1 - - - 

HEPES 10 10 10 10 10 10 10 

Na-ATP - 4 - 4 - - - 

CaCl2 2 - 1 µM 1 µM 2 2 2 

Glucose 10 - - - 10 10 10 

Na Gluconate - - - - 150 - - 

HCl - - - - - 140 - 
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pH 7.4 7.2 7.2 7.2 7.4 7.4 7.4 

Table 2.4 

The constituents of the extracellular and intracellular pipette solutions used to investigate the currents from HMEC-1 cells. The solutions were made 
up as described in Table 2.1. The concentration of CaCl2 in solution H1.2 and HI1.3 is the free concentration of Ca2+. The pH of the intracellular solutions 
were adjusted to 7.2 using KOH whilst the pH of the extracellular solutions were adjusted to 7.4 using NaOH with the exception of solution HE1Na which 
was adjusted to pH 7.4 using NMDG. 
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The composition of the intracellular and extracellular solutions used to investigate the K+ selectivity 
of the currents recorded from HMEC-1 cells 

Constituent 

HE2 

Redesigned 
extracellular 
solution 
(mM) 

HI2 

Redesigned 
intracellular 
solution 
(mM) 

HE2KCl 

Elevated 

extracellular 

K+ solution 
(mM) 

HE2MgCl 

Elevated 

extracellular 

Mg2+ 
solution 
(mM) 

HE2KG 

Elevated 
extracellular 
K+ solution 
(mM) 

HI2.1 

intracellul
ar solution 
(mM) 

KCl 10 140 110 10 10 140 

K gluconate - - - - 100 - 

NaCl 40 - 40 40 40 - 

MgCl2 1 1 1 101 1 1 

EGTA - 1 - - - 1 

HEPES 10 10 10 10 10 10 

Na-ATP - 4 - - - 4 

CaCl2 2 - 2 2 2 100nM 

Glucose 10 - 10 10 10 - 

Table 2.5 

The constituents of the redesigned solutions used to investigate K+ selectivity of the 
whole cell currents recorded from HMEC-1 cells. The solutions were made up as described 
in Table 2.1. The concentration of CaCl2 in solution HI2.1 is the free concentration of Ca2+. 
The pH of the intracellular solutions was adjusted to 7.2 using KOH whilst the pH of the 
extracellular solutions was adjusted to 7.4 using NaOH. 
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The composition of the intracellular and extracellular solutions used to investigate the selectivity and Ca2+ sensitivity of the currents 
recorded from HMEC-1 cells 

Constituent 

HE3 

Extra-
cellular 
solution 
(mM) 

HE3.1 

Extra-
cellular 
solution 
(mM) 

HE3.1K 

Extra-
cellular 
solution 
(mM) 

HE3.1Cs 

Extra-
cellular 
solution 
(mM) 

HE3.1KG 

Extra-
cellular 
solution 
(mM) 

HI3 

Intra-
cellular 
solution 
(mM) 

HI3.1 

Intra-
cellular 
solution 
(mM) 

HI3.2 

Intra-
cellular 
solution 
(mM) 

HI3.3 

Intra-
cellular 
solution 
(mM) 

HI3.4 

Intra-
cellular 
solution 
(mM) 

HI3.5 

Intra-
cellular 
solution 
(mM) 

KCl 10 10 110 - 10 140 140 140 140 140 140 

CsCl - - - 100 - - - - - - - 

NaCl 40 - - - - - - - - - - 

MgCl2 1 1 1 1 101 1 1 1 1 1 1 

EGTA - - - 1 1 1 1 - - - 1 

HEPES 10 10 10 10 10 10 10 10 10 10 10 

Na-ATP - - - - - 4 4 4 4  4 

CaCl2 2 2 2 2 2 - 100 nM 200 nM 600 nM 600 nM 1 µM 

Glucose 10 10 10 10 10 10 10 10 10 10 10 

Mg-ATP - - - - - - - - - 4 - 

Mg-ATP 4 4 4 4 4 4 4 4 4 - 4 

NMDG  40 40 40 40 - - - - 40 - 

K gluconate - - - - 10 - - - - - - 
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pH 7.4 7.4 7.4 7.4 7.4 7.2 7.2 7.2 7.2 7.2 7.2 

Table 2.6 

The constituents of solutions used to investigate K+ selectivity and Ca2+ sensitivity of the whole cell currents. The solutions were made up 
as described in Table 2.1. The pH of extracellular solutions containing Na+ was adjusted using NaOH whilst the pH of the intracellular solutions 
containing Na+ was adjusted with KOH. The pH of the solutions containing NMDG was adjusted with HCl. The concentration of CaCl2 in 
solutions HI3.1, HI3.2, HI3.3, HI3.4 and HI3.5 is the free concentration of Ca2+. 
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2.4 Stimulation protocols 

The standard protocol to study whole cell currents had test potentials ranging from 

+80 mV to -100 mV with -20 mV steps from a holding voltage of -80 mV. The time 

interval between each voltage step ranged between 1 second and 60 seconds 

depending on the experiment.  

 

 

2.5 Data analysis 

2.5.1 Analysis of the whole cell currents 

Selectivity of the currents. Whole cell currents obtained were analysed by constructing 

a current-voltage (IV) plot. The selectivity of the instantaneous currents was 

characterized by using the same stimulating protocol in solutions containing different 

concentrations of the ion in question. An IV plot of the currents was constructed and 

the reversal voltages (Erev) i.e. the membrane voltage at which there is no net flow of 

ions was noted for both extracellular solutions. The Erev was then compared to the 

calculated Erev for the ion in question using the Nernst equation (Hille, 1992).  

 

In some experiments the current is presented as the chord conductance. The chord 

conductance was defined by 

G =  ൬
ݔܽ݉ ܫ

 (ܸ − ݒ݁ݎܧ
൰ 

Where G is the conductance, Imax is the peak current, V is the test potential at which 

the peak current was measured and Erev is the reversal voltage.  

 

 

Characterizing the activation and inactivation kinetics of the time dependent current 

with rapid activation with slow inactivating properties. Kinetic analysis of the 

activation and the inactivation phase of this time dependent current were undertaken 

using the single exponential function 

(ݐ)ܨ = ෎ ݅ܣ ൬1 − ݁
݅ݐ/ݐ−

൰ ܣ +  ܥ

௡

௜ୀଵ
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Where Ai is the maximum outward current amplitude of the current, ti is the decay 

time constant. 

 

Characterizing the effect of channel blockers on currents. In experiments 

investigating the effect of channel blockers, various approaches were used. In one 

series of experiments investigating either the TEA or 4-AP blockers on the current 

thought to be conducted by K+, a range of blocker concentrations were used to 

produce a dose response curve. The dose response curve was constructed as the % 

inhibition and was calculated by  

% Inhibiton = ൬
Peak current in the presence of TEA
Peak current in the absence of TEA

൰ x 100. 

 

The data was fitted with the Hill function and the Kd value and Hill coefficient was 

noted. 

 

In experiments investigating the instantaneous outward current, NPPB was used at a 

single concentration of 100 µM and an IV plot of the currents in the presence and 

absence of this blocker was plotted. 

 

 

2.5.2 Nonlinear analysis of the membrane potential using continuous 
wavelet transform 

The presence of fluctuations and oscillations was investigated using the CWT.  The 

technique highlights the power, the frequency and the time at which the fluctuations 

occur (Figure 2). This technique is capable of highlighting fluctuations and 

oscillations of a lower power which would not be observed by eye.  

 

The membrane potential was recorded for either 10 minutes or 30 minutes using the 

current clamp mode of the patch clamping technique. The recorded membrane 

potential was analysed for nonlinear dynamics using the CWT technique, more 

specifically, the Morlet wavelet transform. The Morlet wavelet transform is an 

adaption of the Fourier transform. The Fourier transform investigates the time series 

of a given recording by identifying the amplitude, frequency and phase of the sine and 

cosine functions. Components in the Fourier transform with higher amplitude than the 
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background noise indicate the existence of periodic fluctuations or oscillations in the 

signal. The frequency of the fluctuations can then be determined from the amplitude 

of the components in the Fourier transform. The resolution of the frequency is limited 

by the length of the time series. The Fourier transform in its simplest form is 

inaccurate for non-stationary time series i.e. time series which contain time dependent 

changes in the frequency. 

 

To transform a non-stationary signal accurately, the signal has to be divided into 

multiple time windows covering both short windows and long windows. The short 

windows allows for a high resolution of low frequency fluctuations whilst the long 

windows allow for high frequency fluctuations to be resolved. The changing 

frequencies can be analysed using Morlet wavelets in which each frequency has a 

wavelet constructed with its optimal frequency resolution. The wavelet transform is 

then calculated from a convolution between each wavelet and the time series i.e. 

comparing the fit of the data with the wavelets.  

 

Signal pre-processing for non-linear analysis of the membrane potential. The patch 

clamping recordings were conducted in the Faraday cage to minimise electrical 

interference, however, electrical interference in the form of large spikes was still 

evident. In order to remove these artificial spikes, the trend of the time series 

recording was ascertained using a 3rd order polynomial and spikes were identified if 

they were more than 5σ away from the trend of the time-series.  

 

 

2.5.3 Statistical Analysis 

All the data was plotted as the mean ± SEM unless otherwise states. The statistical 

significance of the data was analysed using a Student’s T-test, one-way ANOVA, 

mixed models ANOVA, a three-way mixed model ANOVA, a Wilcoxon signed-rank 

test, Mann-Whitney U test or Chi-square test for association.  

 

The mixed models ANOVA allowed for a comparison between the within-subject 

factors in addition to between-subjects. The mixed models ANOVA consisted of a 

univariate ANOVA and repeated measures ANOVA with post hoc tests in the form of 

either a Tukey’s HSD test or a Bonferroni correction to account for the multiple 



 

     69 

comparisons (Seltman, 2012). The three-way mixed models ANOVA was similar to 

mixed models ANOVA but allowed for more comparisons of the between-subjects. 

Prior to completing the statistical tests, the following tests were undertaken to ensure 

the assumptions required for the tests were met and thus the results of the chosen 

statistical tests were valid. Box plots were constructed to ensure the data had no 

outliers. Shapiro-Wilk’s test was used to test the data for normal distribution. 

Homogeneity of variances and covariance’s were tested using Levene’s test and Box’s 

test, respectively. Mauchly’s test of sphericity was used to ensure the assumption of 

sphericity had been met. Sphericity is an equal difference between the data in 

individual groups of data. In cases wherein the assumption of sphericity was violated, 

then the Greenhouse-Geisser correction was applied and the statistical significance of 

these interactions was based on these corrections. In data sets where the assumption of 

sphericity had been violated, a one-way ANOVA rather than a mixed model ANOVA 

was used to test significance. This was because of the critical importance of the 

assumption of sphericity in the repeated measured ANOVA. 

 

Similar to the mixed models ANOVA, several assumptions were tested before 

conducting the one-way ANOVA statistical. The data was tested to ensure that there 

were no outliers in the dataset. The normal distribution and homogeneity of variances 

was tested. If the assumption of homogeneity of variances was violated, then the 

Welch test was used and the Games-Howell post Hoc test was used for multiple 

comparisons since the Games-Howell test does assume homogeneity in the variance 

within the data. 

 

The significance of the results from the different statistical tests was considered 

significant by a p-value below 0.05. Where possible, the p-value less than 0.05 is 

presented as * in figures whilst a p-value less than 0.005 and 0.0005 is presented as ** 

and ***, respectively.  
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3 ELECTROPHYSIOLOGICAL 

CHARACTERISATION OF 

JURKAT CELLS IN THE LOG 

PHASE OF GROWTH 

3.1 Introduction 

The membrane potential is the difference in the electric potential between the 

cytosolic and extracellular solution and the difference in the electric potential is 

generated due to the semi-permeable nature of the plasma membrane. This semi-

permeable property of the plasma membrane is conferred by ion channels, carriers and 

ATP-powered pumps which are embedded within the plasma membrane. Through 

these transport mechanisms, a combination of the concentration gradient and the 

electric gradient drive the movement of the principal cellular ions i.e. K+, Na+, Cl- and 

Ca2+. Although the combined effect of the membrane transport proteins produce the 

separation of ions across the plasma membrane, the activity of ion channels and 

pumps primarily determine the membrane potential of cells (Lodish, 2004).  

 

The Na+-K+-ATPase pump and the resting K+ channels are the primary contributors of 

the membrane potential during the resting state. The Na+-K+-ATPase pump is a P 

class pump which transports three molecules of Na+ from the cytosol whilst pumping 
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two molecules of K+ into the cytosol. The intracellular K+ then move to the 

extracellular space through the resting K+ channels leaving the cytosol with a negative 

potential (Lodish, 2004; Wright, 2004). Although the Na+-K+-ATPase pump and the 

resting K+ channels are the major determinants of the membrane potential, the 

permeability of ions through various other pumps, channels and transporters can also 

contribute to the generation of the membrane potential. In fact, the Goldman-

Hodgkin-Katz equation shows that the membrane potential is dependent on the 

permeability of K+, Cl- and Na+ ions, therefore, the membrane potential of cells should 

reflect the complement of ion channels and pumps permeable to these three ions 

(Hodgkin and Katz, 1949).  

 

Aims of the chapter 

In this chapter, the culture conditions required to achieve Jurkat cells in the log phase 

of proliferation are ascertained. The membrane potential and the underlying ion 

channels setting the resting membrane potential of these cells are also investigated.         
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3.2 Results 

3.2.1 Ascertaining culture conditions required to yield Jurkat cells in 
an actively proliferating state  

The aim of this chapter was to investigate the link between the membrane potential of 

actively proliferating Jurkat cells and the underlying ion channels determining this 

membrane potential. Consequently, the rate of proliferation of Jurkat cells cultured in 

RPMI-1640 medium supplemented with FBS concentrations ranging from 0-10% was 

investigated by staining the cells with trypan blue stain and manually counting the 

viable cells. Figure 3.1 shows that the Jurkat cells were in an actively proliferating 

state when cultured in RPMI-1640 medium supplemented with 10% FBS. As a result, 

Jurkat cells were cultured in RPMI-1640 medium supplemented with 10% and this 

composition of culture medium was considered as the standard growth medium. 
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Figure 3.1 

The effect of FBS on proliferation over 72 hours. Jurkat cells were seeded at 2x105 cells/ml 
in T25 flasks in RPMI culture medium supplemented between 0 - 10% FBS as shown and 
incubated between 24 hrs and 72 hrs at 37◦C. Thereafter, the rate of proliferation was assayed 
by manually counting the number of viable Jurkat cells i.e. cells which excluded the trypan 
blue dye on a haemocytometer after being stained with trypan blue. The number of cells was 
determined by the formula ݎܾ݁݉ݑܰ ݈݈݁ܥ ቀ

஼௘௟௟௦

௠௟
10ହቁݔ =

ே௨௠௕௘௥ ௢௙ ௟௔௥௚௘ ௦௤௨௔௥  ௖௢௨௡௧௘ௗ

஽௜௟௨௧௜௢௡ ௙௔௖௧௢௥ ௜௡ ௧௥௬௣௔௡ ௕௟௨௘
/10. Each 

experiment was repeated 3 times in triplicates and the average plotted with the SEM. A one-
way ANOVA was used to ascertain the statistical significance of the differences within the 
groups. * represents p<0.05 whilst ** and *** represent p<0.005 and p<0.0005, respectively. 

  



 

     74 

3.2.2 The membrane potential of actively proliferating Jurkat cells 

The membrane potential is determined in part by the complement of active ion 

channels on the plasma membrane (Kurachi et al., 2001). Variations in the expression 

of ion channels and the time after subculture have been observed in cells (Ypey and 

Clapham, 1984). Consequently, the possibility that the membrane potential of the 

Jurkat cells varied with time after subculture was investigated. As such, the current 

clamp mode in the whole cell configuration of the patch clamping technique was used 

to investigate the distribution of the membrane potential in actively proliferating 

Jurkat cells.  

 

The average immediate membrane potential of the Jurkat cells was measured within 

two seconds of achieving the whole cell mode. This immediate measurement of the 

membrane potential was considered to reflect the membrane potential of the actively 

proliferating Jurkat cells during growth in the culture medium (see Chapter 2 for 

information on the handling of cells).  
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Figure 3.2 

Distributions of the membrane potential of Jurkat cells cultured in standard culture 
conditions, i.e. RPMI supplemented with 10% FBS. (A) The distribution of the membrane 
potential of Jurkat cells measured within 2 seconds after establishing the whole cell 
configuration. Each dot represents the membrane potential of an individual Jurkat cell. The 
data from 243 Jurkat cells aged between 1 and 5 days after subculture is shown. The dashed 
grey line indicates the mean membrane potential of the 243 cells. (B) The distribution of the 
membrane potential of Jurkat cells according to the age of cells after subculture (n=243). The 
data is plotted as the average ± SEM. The Jurkat cells were patched in extracellular solution 
E1 and the intracellular solution was I1. A paired Student’s T-test was used to ascertain the 
degree of statistical significance between the different groups. 
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3.2.3 The resting membrane potential of actively proliferating Jurkat 
cells 

After achieving the whole cell configuration, the cytosolic components of a cell are 

replaced with the pipette solution causing the membrane potential to be in a state of 

flux. During this cytosolic washout process the complement of active membrane 

transport proteins could change, which in turn could affect the membrane potential as 

the complement of active ion channels play a role in determining the membrane 

potential. Consequently, the resting membrane potential of the Jurkat cells was 

measured after 15 minutes to allow equilibration of the cytosolic and the intracellular 

solution. Figure 3.3 shows the difference in the average resting membrane potential 

and immediate membrane potential of 30 Jurkat cells was not significantly different.  

 

As there are Ca2+-gated ion channels on the plasma membrane of Jurkat cells, the free 

intracellular concentration of Ca2+ was increased from nominally free to 1 µM and the 

resting membrane potential of the cells was recorded. The mean immediate membrane 

potential and the mean resting membrane potential of Jurkat cells patched with a free 

intracellular Ca2+ concentration of 1 µM failed to significantly differ (n=17) (Figure 

3.3). The mean immediate membrane potential of cells patched in the presence of 1 

µM free Ca2+, however, was significantly different to the membrane potential of 

Jurkat cells patched with nominally free intracellular Ca2+.   
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Figure 3.3 

The membrane potentials of Jurkat cells with intracellular solution containing either 
nominally free or 1µM free Ca2+. The immediate membrane potential was recorded within 2 
seconds of achieving the whole cell configuration whilst the resting membrane potential was 
recorded after 15 minutes of achieving the whole cell configuration. The Jurkat cells were 
patched in extracellular solution E1 and the intracellular solution was either I1 or I1Ca. The 
concentration of intracellular free CaCl2, was nominally free in solution I1 whilst it was a free 
concentration of 1µM in solution I1Ca. The data is plotted as the average ± SEM whilst the 
sample size was a minimum of 17. A paired Student’s T-test was used to ascertain the degree 
of statistical significance between the different groups. 

  



 

     78 

3.2.4 Whole cell currents observed in Jurkat cells cultured in standard 
culture conditions 

In an attempt to understand the role of ion channels in determining the membrane 

potential of the actively proliferating Jurkat cells, the patch clamping technique was 

used in voltage clamp mode to measure the whole cell currents of the cells. In this 

whole cell configuration, from a holding potential of -80 mV, the Jurkat cells 

exhibited outwardly rectifying currents which could be grouped according to kinetics 

of the currents (Figure 3.4). A current exhibiting rapid activation with slow 

inactivating kinetics was observed in 77% (146 of the190 cells) of the cells. The 

current density of the peak activated current exhibited wide variation when induced by 

test potentials between -20 and +80 mV. At test potentials of +80 mV, the average 

current density was 95.6 pA/pF with a standard deviation of 36 pA/pF. Furthermore, 

in some Jurkat cells, this current exhibited rapid rundown with time within the first 

few minutes of achieving the whole cell configuration. As such, where possible, 

subsequent analysis of this time dependent K+ current was undertaken in cells 

exhibiting a large conductance without significant rundown of the current within the 

first six minutes of achieving the whole cell configuration.  

 

An instantaneous current which developed into a large current after 4 minutes and 

subsequently exhibited gradual rundown with time was also observed in 14% (27 out 

of 190 cells) of the cells. This instantaneous current was often coactivated with the 

rapidly activating current exhibiting slow inactivation. This resulted in the partial 

inactivation of the rapidly activating current. In addition, a current with slow 

activating characteristics was observed in 9% of cells (17 out of 190 cells). This slow 

time dependent activating current was observed immediately after achieving the whole 

cell configuration in some of the cells whilst in other cells the slow activating current 

eventually developed over the course of an experiment, ultimately dominating the 

existing current.  

 

A series of biophysical characterisations of these whole cell currents was performed to 

define their gating, selectivity and pharmacological properties. 
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Figure 3.4 

Whole cell currents observed in Jurkat cells. Representative current traces observed in four 
different Jurkat cells in the whole cell configuration. (A) Time dependent activating current 
with slow complete inactivation, (B) time dependent activating current with slow partial 
inactivation, (C) slow time dependent activating current and (D) an instantaneous current. The 
currents were measured in response to test potentials between +80 mV and -12 mV from a 
holding potential of -80 mV with -20 mV steps. These currents were recorded in extracellular 
solution E1 whilst the intracellular solution was solution I1. 
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3.2.5 The time dependent activating current with slow inactivation was 
carried by K+ 

Tail current analysis was used to determine the selectivity of the time dependent 

current. These tail currents were evoked by stepping the membrane potential from a 

holding voltage of -80mV to an activating voltage of +60 mV for 10 mseconds 

followed by stepping the membrane potential between -50 mV to -90 mV in -10 mV 

intervals (Figure 3.5). The potential at which the tail currents reversed was determined 

by plotting the current ‘X’ against the current at ‘Y’ (Figure 3.5B) and interpolating 

the potential against the current amplitude (x-y=0 current). The tail current reversal 

potential followed changes in the theoretical EK values. More specifically, the average 

observed Erev of the tail currents in the standard extracellular solution (E1) which 

contained 6 mM KCl was -70 ± 1 mV (n=12). This was close to the theoretical EK of -

75mV. Increasing the extracellular concentration of KCl to 60 mM shifted the reversal 

potential of the tail currents to -11 ± 1 mV (n=9). This shift followed the change in the 

theoretical Ek (-17.5 mV) rather than the change in the theoretical ECl (ECl changed 

from -3 mV to -9 mV). Consequently, these results confirmed that the time dependent 

outward current was carried predominantly by K+.  
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Figure 3.5 

Tail currents of the time dependent outward current in Jurkat cells showed the current 
was carried by K+. (A) Representative current traces of the tail currents in bath solution 
containing 6mM K+. The initial pulse to +60 mV was followed by repolarizing test potentials 
between -50 and -90 mV in -10 mV steps with 60 second intervals between each test potential. 
The repolarizing test potentials in bath solution containing 60mM K+ ranged between +10 and 
-20 mV in -5 mV steps with 60 seconds between each test potential. (B) The zero current of 
the tail current was ascertained by plotting the current at ‘X’ and ‘Y’ and identifying the 
membrane voltage at which the two points cross. The extracellular solution was either E1 or 
E1K. Solution E1 contained 6mM KCl and solution E1K was similar to solution E1 but 
contained 60mM KCl. The intracellular solution was solution I1. The data is plotted as the 
average ± SEM of a minimum of 9 experiments. 
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Channel recovery and inactivation kinetics of the time dependent K+ 
current  

Channel recovery. The outward K+ current exhibited slow time dependent inactivation 

after the initial rapid activation during the first test potential. The subsequent test 

potentials, however, failed to completely activate the outward current (Figure 3.4B). 

These findings indicate that a recovery period was necessary before channel re-

activation. The recovery period associated with this channel was investigated by 

varying the time interval between test potentials. Figure 3.6 shows that the recovery 

period required to enable full activation of the time dependent K+ current was 60 

seconds. 

 

Inactivation Kinetics. The time dependent outward K+ current exhibited slow 

inactivation kinetics which became apparent with test potentials lasting more than 100 

mseconds. As described earlier, some Jurkat cells exhibiting the time dependent K+ 

current showed complete inactivation whilst other Jurkat cells exhibited partial 

inactivation. The partial inactivation was thought to be a result of coexisting currents, 

therefore, the inactivation kinetics were only investigated on Jurkat cells exhibiting 

the time dependent K+ current exhibiting complete inactivation. The inactivation 

phase of this current was fitted with an exponential function. The results showed that 

the time of inactivation ranged from 200 mseconds at -20 mV to 327 mseconds at +80 

mV (Figure 3.7). 
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Figure 3.6 

Recovery of the time dependent outward K+ current. (A) Representative current traces 
from the same cell following a two pulse protocol. The time dependent current was activated 
by voltage step from -80 mV to +60 mV with varying times of 1, 10 and 60 seconds between 
the two test potentials. (B) Fractional recovery of the current is plotted as a function of the 
interpulse time, i.e. the two pulses to +60 mV. The fractional recovery was calculated using 

Fractional Recovery =  
୍୮ୣୟ୩ ଶି୍୫୧  ଶ

୍୮ୣୟ୩ ଵି୍  ଵ
. The time course of the recovery was fit with the single 

exponential equation (ݐ)ܨ = ෍ ൫1݅ܣ − ݁ ି௧/௧௜൯ܣ +  ܥ
௡

௜ୀଵ
Where A1 is the maximum outward 

current amplitude of the, 1ݐ is the decay time constant. The extracellular solution was E1 and 
the intracellular solution was I1. The data is plotted as the average ± SEM of 5 experiments. 
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Figure 3.7  

The inactivation phase of the time dependent K+ current. (A) The inactivation phase of the 

time-dependent currents fit with the exponential equation (ݐ) = ෍ ݅݁
ି௧

ఛ௜
+ ܥ

௡

௜ୀଵ
 here A1 is 

the maximum outward current amplitude of the, 1ݐ  is the decay time con. (B) The time 
constants of the inactivation phase of the currents as a function of the membrane potential. 
Each point is the mean of 5 experiments and the error bars represent the SEM. The 
extracellular solution was E1 whilst the intracellular solution was I1.  

 

  



 

     85 

Cumulative inactivation. Several types of voltage-gated K+ currents exhibiting 

different properties have been found in lymphocytes (Lewis and Cahalan, 1988). 

Differentiation of these K+ currents can be done based on the kinetics of the currents 

in response to a single depolarising test potential several times in rapid succession. In 

response to such a pulse protocol, the K+ current recorded from the Jurkat cells 

exhibited cumulative inactivation (Figure 3.8), that is, the current failed to fully 

activate after the initial test potential. This cumulative inactivation is consistent with 

the time dependent outward current being carried by the N-Type voltage-gated K+ 

channel. 

 

 

 

 

 

 

 

Figure 3.8 

Cumulative inactivation of the outwardly rectifying time dependent K+ current in 
Jurkat cells. Current traces in response to repeated stimulations to an activation potential of 
+30 mV in a single Jurkat cell. The holding potential was -80 mV whilst the interval between 
activating potentials was 1 second. The Jurkat cells were patched with extracellular solution 
E1 and intracellular solution I1. 
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Gating and activation kinetics of the time dependent K+ current 

Voltage gating. The voltage dependency of the gating was investigated by plotting the 

average conductance against the voltage of the test potential as shown in Figure 3.9A. 

Applying a Boltzmann function to this plot revealed that the current was indeed 

voltage dependent.  

 

Activation Kinetics. The rapid activation of the voltage-gated K+ current had a 

sigmoidal curve when observed on an expanded time scale. Kinetic analysis of this 

activation phase was undertaken using the exponential power function. The activation 

phase was voltage dependent and the tau ranged from 3 mseconds at +80 mV to 38 

mseconds at-20 mV. 
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Figure 3.9  

Voltage dependency and activation kinetics of the K+ current observed in Jurkat cells. 
(A) Average conductance voltage relationship of Jurkat cells (n=10). The plot was constructed 
by plotting the chord conductance of the peak outward current induced by test potentials 
between +80 and -120 mV in -20 mV steps every 60 seconds. The chord conductance was 
calculated using the equation G =

୍

(୚୫ି୉ )
 Where G is the chord conductance, I is the 

maximum outward current, Vm is the activation potential and Ek is the theoretical reversal 
potential for K+. The data was fitted with a Boltzmann fit, Gk =

ୋ୩,୫ୟ୶

(ଵାୣቀ୚ି
౒౤
ే౤

ቁ୶
 Where Gk, max is 

the maximum conductance, Vm is the voltage midpoint of the curve, Kn is the steepness of 
the voltage dependence and x is 1. The Gk max was 5.6 ± 0.3, Vm was -41.1 ± 0.3 mV and 
the Kn was 9.46. (B) The activation phase of the currents overlaid with the exponential 

function (ݐ) = ෍ ݅݁
ି௧

ఛ௜
+ ܥ

௡

௜ୀଵ
 Where A is the maximum outward current, C is the exponent 

of the activation phase, t is activation time constant. The best fit of the data for C was 4. The 
time constants are plotted as a function of the test potentials on (C). The currents in (A) were 
induced by activating potentials ranging from +80 mV to -120 mV whilst the currents in (B) 
were induced by test potentials ranging from +80 mV to -20 mV with -20 mV steps from a 
holding potential of -80 mV. The time interval between the test potentials was 60 seconds. 
The data (A) and (C) are plotted as the mean ± SEM. The extracellular solution was E1 whilst 
the intracellular solution was I1. 
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Pharmacology of the time dependent K+ current 

Sensitivity to tetraethylammonium. The sensitivity of the time dependent outward 

current to the broad spectrum channel blocker, TEA was investigated to gain further 

insight into the identity of this outward current. TEA inhibited the time dependent 

outward current with a determined Kd of 9.6 mM at +60 mV (Figure 3.10). The 

mechanism of action of TEA was not voltage dependent. Furthermore, inhibition of 

the time dependent current was only partial and this was likely due to a TEA 

insensitive component of the current.  

 

Sensitivity to 4-aminopyridine. The sensitivity of the time dependent outward current 

to extracellular 4-AP was also investigated. The outward current was sensitive to 4-

AP at concentrations above 1 µM with noticeably greater inhibition of the current at 

+40 mV compared to +60 mV. For example, in the presence of 50 µM 4-AP, the peak 

inhibited current amplitude at +60 mV was 90 ± 0.3% in comparison to unblocked 

current. On the other hand, the peak inhibited current during +40 mV i.e. the second 

pulse was 50 ± 0.1 % (n= minimum of 3). Consequently, the Kd value of 4-AP at +60 

mV was 831 µM and decreased to 128 µM during the second test potential (+40 mV). 

It is unclear if this is a voltage dependent effect of 4-AP or if it reflects uptake of 4-AP 

into the cytosolic side as a result of the initial depolarising pulse at +60 mV.  
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Figure 3.10 

Dose response curve for externally applied TEA. (A) Representative current traces in the 
presence of varying concentrations of TEA. (B) The % inhibition of the K+ current was 
plotted as a function of the concentration of TEA on a log10 scale for currents induced at +80 
mV, +60 mV and +40 mV. The % inhibition was calculated by                                                    
% Inhibiton = ቀ

௉௘௔௞ ௖௨௥௥௘௡௧ ௜௡ ௧௛௘ ௣௥௘௦௘௡௖௘ ௢௙ ்ா஺

௉௘௔௞ ௖௨௥௥௘௡௧ ௜௡ ௧௛௘ ௔௕௦௘௡௖௘ ௢௙ ்ா஺
ቁ x 100. The data was fitted with a Hill function. 

The Kd value for TEA at +80 mV was 8.9 mM and a Hill coefficient of -0.93. The Kd value 
for TEA at +60 mV was as 9.6 mM with a Hill coefficient of -0.88. The Kd value for TEA at 
+40 mV was as 10.90 mM with a Hill coefficient of -0.85. The data is plotted as the mean ± 
SEM. Inset, current response of a Jurkat cell at test potentials of +60 mV superimposed in the 
presence of 0, 10 and 50 mM TEA. The K+ current was induced by test potentials ranging 
from +80 mV to -20 mV with a time interval of 60 seconds between each pulse. Each 
experiment was repeated a minimum of 4 times. The Jurkat cells were patched in intracellular 
solution I1 and extracellular solution E1. 
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Figure 3.11  

Dose response curve for exogenously applied 4-AP. (A) The % inhibition of the K+ current 
was plotted as a function of the concentration of 4-AP plotted on a log10 scale. The effect of 4-
AP was recorded at +40 mV and +60 mV. The % inhibition was calculated by                     
% Inhibiton = ቀ

௉௘௔௞ ௖௨௥௥௘௡௧ ௜௡ ௧௛௘ ௣௥௘௦௘௡௖௘ ௢௙ ସ஺௉

௉௘௔௞ ௖௨௥௥௘௡௧ ௜௡ ௧௛௘ ௔௕௦௘௡௖௘ ௢௙ ସ஺௉
ቁ x 100. The data was fitted with a Hill function. 

The Kd value for 4-AP at +60 mV was 831 µM and a Hill coefficient of -0.6. The Kd value 
for 4-AP at +40 mV was as 128 µM with a Hill coefficient of -0.5. The data is plotted as the 
mean ± SEM. Each experiment was repeated a minimum of 3 times. (B) Representative 
current traces from a Jurkat cell in response to varying extracellular concentrations of 4-AP at 
test potentials of +60 and +40 mV with a time interval of 60 seconds between each pulse. The 
Jurkat cells were patched in intracellular solution I1 and extracellular solution E1.
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3.2.6 Instantaneously activating outward currents 

Cl- selectivity of the whole cell current 

The ion carrying the instantaneous current was investigated by varying the 

extracellular [Cl-] from 162 mM to 6 mM (Figure 3.12). This decrease in the 

extracellular [Cl-] shifted the average observed Erev of the whole cell instantaneous 

current from -8.6 ± 3 mV to +31.0 ± 8 mV (n=7). The change in this observed Erev 

followed the change in the theoretical ECl which is consistent with at least some of the 

current being carried by Cl- ions. The observed Erev of the whole cell currents, 

however, remained less than the theoretical Ecl when the extracellular solution 

contained 162 mM Cl- indicating permeability of other ions. As expected, when the 

external [Cl-] was reduced to 6 mM, the magnitude of the inward whole cell currents 

increased with a concomitant decrease in the magnitude of the outward currents. This 

could reflect either the change in the driving force for Cl- or altered gating whereby a 

decrease in the extracellular [Cl-] could inactivate the whole cell outward current.
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Figure 3.12 

Cl- selectivity of the instantaneous outward whole cell current. (A) Representative current 
traces of the instantaneous whole cell currents measured in extracellular solutions containing 
either 162 mM or 6 mM Cl-. The whole cell currents in the extracellular solution containing 
162 mM Cl- were recorded after 4 minutes of achieving the whole cell configuration whilst 
the whole cell currents in the extracellular solution containing 6 mM Cl- were recorded after 
90 seconds of perfusing the solution containing the reduced [Cl-]. The currents were induced 
by test potentials between +80 and -140 mV in -20 mV steps from a holding potential of -80 
mV with a 1 second interval between test pulses. The 1 second pulse interval was used to 
eliminate contamination from the voltage-gated K+ currents described earlier. (B) The average 
current amplitude of the varying extracellular solutions is plotted as a function of the 
membrane potential between +80 and -100 mV. The current amplitude of the whole cell 
instantaneous current from each cell was the average between 400 and 800 mseconds from 
each test pulse. The extracellular solution was either E1 or E2Cl. Solution E2Cl was similar to 
solution E1 but contained 6mM total Cl- rather than 162mM-. The intracellular solution was 
solution I1. The data is plotted as the average ± SEM of a minimum of 7 experiments. 
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Ca2+ sensitivity of the instantaneous Cl- current 

Ca2+-activated Cl- channels have been observed in Jurkat cells (Nishimoto et al., 

1991). Therefore, the Ca2+ sensitivity of the whole cell instantaneous Cl- current was 

characterised in the presence of 5µM free intracellular Ca2+. As was evident from 

Figure 3.12A, the whole cell Cl- current was contaminated with the time dependent K+ 

current exhibiting rapid activation and slow inactivating kinetics. Moreover, Ca2+-

activated K+ currents have also been described in lymphocytes (Grissmer et al., 1993). 

Consequently, K+ was replaced with equimolar [Cs+] in the extracellular and 

intracellular solutions. 

 

Due to the introduction of Cs+ to the solutions, Cl- selectivity of the remaining whole 

cell instantaneous current was investigated in a similar manner to the investigation of 

Cl- selectivity in the presence of K+ solutions (see Figure 3.12). In response to the 

reduction of the extracellular [Cl-] from 162 mM to 12 mM in the K+ free intracellular 

solution containing 0 mM Ca2+, the change in the observed Erev of the whole cell 

currents was consistent with the change in the theoretical ECl. In addition, the 

magnitude of both, the inward and the outward whole cell instantaneous currents also 

changed in response to the reduction in extracellular Cl- confirming at least part of the 

whole cell currents were carried by Cl- (Figure 3.13A). Similar results were observed 

with Cl- selectivity experiments carried out with a free concentration of 5 µM Ca2+ in 

the intracellular solution. Figure 3.13B shows the magnitude of the whole cell 

instantaneous currents were not significantly different in the presence of 5 µM Ca2+. 

Taken together, these results suggest that the whole cell instantaneous Cl- currents 

were not Ca2+ dependent. 
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Figure 3.13 

Cl- selectivity and Ca2+ sensitivity of the whole cell instantaneous currents. (A) The 
average current amplitude in varying extracellular Cl- solution of 7 Jurkat cells is plotted as 
function of the membrane voltage between +80 and -100 mV. The current amplitude of the 
whole cell instantaneous current from each cell was the average between 400 and 800 
mseconds from each test pulse. The instantaneous currents were induced by test potentials 
ranging from +80 and -100 mV from a holding potential of -80 mV. The whole cell currents 
were either recorded in extracellular solution E2.1 (final [Cl-] was 162 mM) or solution 
E2.1Cl (final [Cl-] concentration 12 mM). The intracellular solution was solution I2. (B) Same 
as (A) but the currents were recorded in either intracellular solution I2 or I2Ca. Solution I2 
had nominally free intracellular Ca2+ whilst solution I2Ca had 5 µM free intracellular Ca2+. 
(C) Representative current traces of the instantaneous whole cell currents measured in either 
extracellular solution E2.1 or E2.1Cl. The currents recorded in extracellular solution E2.1 
were recorded after eight minutes of achieving the whole cell configuration whilst the whole 
cell currents in extracellular solution E2.1Cl were recorded after 90 seconds of perfusing the 
solution containing the reduced [Cl-]. The currents were induced by test potentials between 
+80 and -100 mV in -20 mV steps from a holding potential of -80 mV with 1 second intervals 
between test pulses. The data is plotted as the average ± SEM of a minimum of 5 experiments. 
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Time course of the instantaneous Cl - current 

The whole cell instantaneous currents exhibited rundown with time, therefore, the 

time course of the currents induced by test potentials of +80 mV was characterised in 

the absence and presence of intracellular Ca2+ as shown in Figure 3.14. The time 

course of these Cl- currents showed that the instantaneous current developed after an 

average of eight minutes of achieving the whole cell configuration. Within two 

minutes of achieving the maximal current at +80 mV, the Cl- current exhibited 

rundown in all the Jurkat cells investigated. Interestingly, rundown of the 

instantaneous current was abated in the presence of 5 µM intracellular Ca2+.
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Figure 3.14 

Time course of the instantaneous whole cell currents in the absence and presence of 5 
µM free intracellular Ca2+. (A) Time course of the average instantaneous whole cell currents 
in the absence and presence of 5 µM intracellular Ca2+. The whole cell currents were elicited 
by test potentials of +80 mV from a holding potential of -80 mV every two minutes. The data 
is plotted as the average ± SEM of a 6 experiments. (B) Representative current traces from the 
same Jurkat cell patched in Ca2+ free intracellular solution at the specified time. The 
instantaneous currents were induced by test potentials to +80 mV from a holding potential of -
80 mV every two minutes. The Jurkat cells were patched in extracellular solution E2.1 and the 
intracellular solution was either I2 or I2Ca. Solution I2Ca was the same as solution I2 but 
contained a concentration of 5µM free Ca2+ rather than nominally free Ca2+. 
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Pharmacology of the instantaneous Cl - current 

NPPB Sensitivity. The whole cell instantaneous currents in Figure 3.12 showed Cl- 

selectivity, therefore, the sensitivity of the instantaneous whole cell Cl- current to 

extracellular NPPB, a broad spectrum Cl- channel inhibitor was investigated. Figure 

3.15 shows exogenous applications of 100 µM NPPB caused a significant decrease in 

the magnitude of the whole cell currents. The amplitude of the whole cell current 

decreased by 72% at test potential of +80 mV (p<0.05). The NPPB block was 

reversible, however, the instantaneous whole cell currents only partially returned to 

pre-treatment levels. This partial recovery of the current amplitude could be due to 

current rundown described in Figure 3.14.  
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Figure 3.15 

NPPB sensitivity of the whole cell instantaneous outward currents. (A) Whole cell 
instantaneous currents in the absence and presence of extracellular 100 µM NPPB. The 
instantaneous currents were induced by test potentials between +80 and -100mV from a 
holding potential of -80 mV with a pulse interval of 1 second. (B) The current amplitude of 
the whole cell currents in the absence and presence of 100 µM NPPB applied externally and 
after washout of NPPB. The extracellular solution was E2.1 and the intracellular solution was 
solution I2. The data is plotted as the average ± SEM of a minimum of 4 experiments. 
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3.2.7 Slow activating currents 

In the whole cell configuration, 9% (17 out of 190 cells) of Jurkat cells that were in a 

state of active proliferation exhibited a slow time dependent activating outward 

current. This current developed immediately after achieving the whole cell 

configuration. Figure 3.16A-D shows the variability of the activation kinetics of this 

slow activating outward current from four different Jurkat cells.  

 

Several lines of evidence suggested that this slow activating outward current was 

carried by protons. Firstly, tail current analysis of the current showed that the 

observed Erev was around 0 mV (Figure 3.16F). This observed Erev is close to the 

theoretical ECl, however, the tail currents did not respond to a decrease in extracellular 

[Cl-]. Secondly, the slow activating current was still present in recording solutions 

lacking K+, Na+, Ca2+, Mg2+ or ATP (Figure 3.16E). Thirdly, slow activating currents 

in Jurkat cells have been shown to be carried by protons (DeCoursey and Cherny, 

1996; Schilling et al., 2002). The solutions designed to isolate the proton current 

resulted in slow activating currents that were very small making its characterisation 

very difficult (Figure 3.16E). Nevertheless, the slow activating kinetic properties 

together with the insensitivity to extracellular Cl- and occurrence in solutions lacking 

K+, Na+, Ca2+, Mg2+ or ATP suggest that this current was a proton current. 
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Figure 3.16 

Slow time dependent activating outward current. (A-E) Representative current traces 
showing the slow activating outward current with different activating properties from five 
different Jurkat cells. The currents were induced by test potentials between +80 and -100mV 
from a holding potential of -80 mV with a pulse interval of 1 second. (F) Representative 
current trace of tail currents from a Jurkat cell. The initial activating pulse to +80 mV was 
followed by repolarizing test potentials between +50 and -30 mV in -10 mV steps with 1 
second intervals between each pulse. Only repolarizing pulses to +10, -10 and -30 mV is 
shown for clarity. The currents from Jurkat cells shown in (A-D) were patched in extracellular 
solution E1 and intracellular solution I1. The currents shown in (E and F) were patched in 
extracellular solution E3 and. intracellular solution I3. 
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3.3 Discussion 

The aim of the current project was to investigate the membrane potential dynamics of 

Jurkat cells in different proliferative states, ultimately, working towards elucidating 

the underlying mechanisms and the physiological relevance of any fluctuations and 

oscillations in the membrane potential. As a starting point, it was first necessary to 

characterise the membrane potential with regards to its magnitude and the underlying 

ion channels governing this membrane potential in Jurkat cells in the log phase of 

growth. To this end, the mean immediate membrane potential of the Jurkat cells was     

-15 ± 1 mV. The results from investigations on selectivity, pulse protocols and the 

degree of sensitivity to exogenously applied 4-AP, TEA and NPPB suggests that the 

Jurkat cells expressed the N-type voltage-gated K+ channel, a Cl- channel and a slow 

time dependent activating current. In one population of the Jurkat cells, both, the K+ 

and Cl- channel were coexpressed whilst in other populations either the K+ or the Cl- 

channels were expressed. In addition, a slow time dependent activating current which 

was considered to be carried by protons was also observed in the Jurkat cells either 

immediately upon going whole cell or the current developed with time.  

 

The aim of this chapter was to characterise the electrophysiology of Jurkat cells in the 

log phase of growth. This proliferative state was achieved by culturing the Jurkat cells 

in RPMI-1640 medium supplemented with 10% FBS. These are also the conditions 

recommended by ATCC, the source of the Jurkat cells used in this study (ATCC, 

2015). 

 

The membrane potential of the Jurkat cells. The mean membrane potential of the 

actively proliferating Jurkat cells in this study was recorded within two seconds of 

achieving the whole cell configuration. The mean resting membrane potential of the 

Jurkat cells was significantly depolarised in comparison to observations of 

lymphocytes in published literature which was between -50 and -70mV (Lewis and 

Cahalan, 1995; Sarkadi et al., 1990). The discrepancy in the membrane potentials 

could be associated with several factors. The membrane potential described in the 

literature were based on indirect measurements of the membrane potential using 

fluorescent dyes. Nevertheless, as a number of different published studies report 
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similar membrane potentials of lymphocytes using fluorescent dyes, the difference in 

the membrane potential as a result of the measurement parameter can be overlooked.  

The treatment of the cells from the culture flask to the recording chamber in the 

present study involved leaving 50 µl of the Jurkat cell suspension in the culture dish at 

room temperature to settle for five minutes before being patched. It is possible that the 

membrane potential began changing during the five minute settling period due to the 

difference in ionic composition of the patch clamping solutions and the culture 

medium during the cell culture. Consequently, this could have driven the membrane 

potential to the depolarised potentials recorded.  

 

The change in the temperature from 37°C to room temperature could have also altered 

the gating properties of channels causing a change in the membrane potential. Indeed, 

a temperature change from 20 to 40°C affected CRAC channels in Jurkat cells within 

five minutes causing a calcium influx (Xiao et al., 2011). Likewise, the temperature 

could also affect other channels and thus cause a change in the membrane potential. 

The malleability of the cells to the culture conditions could have also affected ion 

channel activity and in turn, the membrane potential. Jow and colleagues (1999) 

showed altered expression of ion channels in endothelial cells merely as a result of 

using conditioned growth medium. Sarkadi et al., (1990) failed to mention the cell 

culturing regime for the Jurkat cells used in their study. The culturing regime could 

have also produced differences in the membrane potential of the Jurkat cells between 

this study and study conducted by Sarkadi et al., (1990). Nevertheless, if the 

immediate membrane potential of the Jurkat cells was determined by their treatment 

and handling, the membrane potential of the Jurkat cells irrespective of their 

proliferative state could still be compared as all cells were treated in the same manner. 

 

The immediate membrane potential of the Jurkat cells used in the present study 

exhibited significant variation and ranged from -50 mV to +5 mV. It is possible that 

this large deviation in the membrane potentials was due to cells being in different 

stages of the cell cycle (Yang and Brackenbury, 2013). This could be overcome by 

synchronising the Jurkat cell population to a specific stage of the cell cycle prior to 

measuring the membrane potential. For example, the cells could have been serum 

starved or treated with chemical inhibitors of the cell cycle such as lovastatin 

(Javanmoghadam-Kamrani and Keyomarsi, 2008; Rosner et al., 2013).   
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The membrane potential of lymphocytes is determined primarily by the activity of the 

voltage-gated N-type K+ channel (Lewis and Cahalan, 1995). As such, specific 

inhibitors of this channel, loureirin B and DPO-1 caused a significant depolarisation in 

the membrane potential (Yin et al., 2014; Zhao et al., 2013). Furthermore, cells 

expressing voltage-gated K+ channels have been shown to exhibit a more 

hyperpolarised membrane potential compared to those cells without voltage-gated K+ 

channels (Leonard et al., 1992). In the present study, however, despite 77% of the 

cells expressing a voltage-gated K+ current, the majority of the cells exhibited a 

membrane potential significantly more depolarised than the theoretical EK+. Taken 

together, these results suggest that the membrane potential of the Jurkat cells in the 

current study was not determined solely by the activity of N-type voltage-gated K+ 

channels. 

 

In support for the activity of additional ion channels types, the observed Erev from IV 

plots of the peak activated K+ current failed to completely reflect the theoretical Ek+. 

Furthermore, the voltage-gated K+ current failed to completely inactivate during 

prolonged test potentials and this inactive portion of the whole cell current was also 

insensitive to TEA and 4-AP. The additional current was suspected to be carried by 

Cl- for a number of reasons. First, the ubiquitous nature of Cl- channels in animal cells 

(Jentsch et al., 1999). Second, a stimulation protocol known to induce Na+ currents in 

Jurkat cells failed to show the presence of Na+ currents (data not shown) (Fraser et al., 

2004). Third, investigations on Cl- selectivity and NPPB sensitivity of the whole cell 

currents showed that the Jurkat cells used in the present study also exhibited Cl- 

channels.  

 

As the Jurkat cells in the present study expressed three current types i.e. a K+ current, 

Cl- current and potentially, a proton current, the Goldman-Hodgkin-Katz (GHK) 

equation could be used to delineate the membrane potential of cells expressing all 

three conductance’s (Hille, 1992). Assuming a permeability of 1 for K+ and Cl-, and 

overlooking the permeability of the potential protons due to its low concentration in 

the solutions used, the calculated membrane potential using the GHK equation is -16.5 

mV which is very close to the mean resting membrane potential of Jurkat cells in this 

study. If the permeability of Cl- was assumed to be low at 0.1, for example, in Jurkat 
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cells expressing the N-type voltage-gated channel with complete inactivation, the 

GHK equation suggests that the membrane potential of the cell would be -47.4 mV. 

On the other hand, if the permeability of Cl- was large and the permeability of K+ low 

then the membrane potential as calculated using the GHK equation would be closer to 

0 mV. All three scenarios were observed in the present study. Taken together, these 

results suggest that the resting membrane potential of the Jurkat cells is due to the 

combined permeability’s of K+ and Cl- through their respective membrane transport 

proteins. 

 

N-type voltage-gated K+ channel 

Variability of the voltage-gated K+ channel. It was interesting to note that the 

magnitude of the voltage-gated K+ current varied significantly between the Jurkat 

cells patched in the present study. The mean magnitude of this voltage-gated current at 

activation potentials of +80 mV was 928 pA with a standard deviation of 401 pA. 

Several studies investigating the voltage-gated K+ current from lymphocytic cells of 

human and mouse origins have also shown considerable variability in the magnitude 

of this K+ current (Cahalan et al., 1985; Fukushima et al., 1984; Matteson and 

Deutsch, 1984). The variability could be a result of cell damage during the cell 

handling, however, Cahalan et al., (1985) suggested the variability was not due to cell 

damage. Rather, the variations in the K+ current amplitude was hypothesized to be a 

result of the differences in the number of voltage-gated K+ channels in each cell. 

 

Inactivation kinetics. The K+ current exhibited cumulative inactivation upon repetitive 

pulses to a single depolarising potential with a 1 second interval between the pulses. 

This cumulative inactivation points towards a complex inactivation process (Cahalan 

et al., 1985). Indeed, the existence of more than one inactivation processes in the N-

type voltage-gated K+ channel has been acknowledged - a slow C-type inactivation 

and a fast N-type inactivation (Levy and Deutsch, 1996a, b). Marom and Levitan 

(1994) suggested that the inactivation process is dependent on the state of the channel 

prior to the inactivation, however, the mechanism of inactivation is yet to be fully 

understood.  

 

Pharmacology. TEA and 4-AP which are non-specific K+ channel blockers, blocked 

the voltage-gated K+ channel. Two binding sites for TEA have been identified, an 
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intracellular binding site and an extracellular binding site. The results from this study 

showed that the potency of 4-AP was more pronounced during the second activating 

pulse at +40 mV in comparison to the first pulse at +60 mV. Although this suggests 

that that 4-AP block is voltage dependent, Choquet and Korn (1992) showed that 4-

AP block requires an initial depolarising pulse presumably to allow 4-AP to enter the 

channel pore. They also showed that a depolarising potential is necessary for 4-AP 

unblock.  

 

The Kd value for 4-AP during the second test pulse i.e. at +40mV was 128 µM which 

is similar to the Kd value of 120 µM ascertained by Choquet and Korn (1992) but less 

than 190 µM observed by DeCoursey et al., (1984). These results suggest that 4-AP 

was a more potent K+ channel than that reported by DeCoursey et al., The difference 

in the Kd values of this study and the study conducted by DeCoursey et al., could be 

related to the cell type. DeCoursey et al., used primary T-lymphocytes whilst Jurkat 

cells were used in the current study. Nevertheless, these results suggest the potency of 

4-AP in blocking N-type voltage-gated channels varies between the type of 

lymphocyte.  

 

Although variability was observed in the current amplitude of the time-dependent 

voltage-gated K+ current, this does not explain the seemingly increased potency of         

4-AP observed in the present study. In two different Jurkat cells, the peak amplitude 

of the voltage-gated K+ current was similar at 460 and 500 pA, however, the ratio of 

remaining current during the second test pulse differed significantly.  

 

4-AP block depends on the intracellular and extracellular pH and as such, the Kd 

value has shown to differ based on the pH. This effect of pH seems unlikely in the 

current study as the pH of the intracellular solution used in this study was 7.2 and was 

the same as the intracellular pH used by DeCoursey et al., (1984). The concentration 

of hepes was also 10 mM in both experiments. It is possible that the intracellular pH 

changed during the course of an experiment in the current study. This hypothesis is 

based on the development of the outwardly rectifying slow time dependent activating 

current during the course of some patch clamping experiments which was 

hypothesized to be a proton current. This, however, seems unlikely due to the 
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intracellular concentration of hepes used. The reason for the discrepancy in the Kd 

value of 4-AP remains unknown.  

 

Cl- currents. The theoretical membrane potential ascertained using the GHK equation 

suggested the contribution of Cl- permeability. Indeed, Cl- channels in the Jurkat cells 

were observed in the present study. Interestingly, the time course of the Cl- currents 

showed run-up followed by rundown of the current test potentials of +80 mV. The 

development of the current with time hints to the Jurkat cells having a low cytosolic     

[Cl-] during the cell culture. This low [Cl-] was replaced by an elevated [Cl-] in the 

pipette upon achieving the whole cell configuration. In fact the cytosolic concentration 

of Cl- has been found to be approximately 58 mM in Jurkat cells cultured in RPMI-

1640 (Heimlich and Cidlowski, 2006). On the other hand, Lewis et al., (1993) also 

saw the development of a Cl- conductance after 50 seconds of achieving the whole cell 

configuration despite having a low intracellular [Cl-] in the pipette solution. This 

suggests that the development of the Cl- currents was not completely due to the 

difference in the [Cl-] between the cytosol of intact cells and the intracellular patch 

clamping solution. Rather, the development of the Cl- current could be related to the 

volume sensitive Cl- channel (Ross et al., 1994). 

 

Although the precise Cl- channel type expressed by the Jurkat cells used in the present 

study remains elusive, several lines of evidence suggest that the Cl- current was 

conducted by the volume sensitive channel. Firstly, the Cl- current in this study 

exhibited run up with time. Lewis et al., (1993) and Worell et al., (1989) also observed 

cell swelling with a volume sensitive Cl- current that developed 50 seconds after going 

whole cell despite a difference of only 6% in the osmolarity of the intracellular and 

extracellular solutions. In the present study, the maximal difference between the 

osmolarity of the intracellular solution and extracellular solution was slightly higher at 

10% and cell swelling in some cells was also noticed. Secondly, Lewis et al., (1993) 

and Ross et al., (1994) showed that ATP is required to maintain the volume sensitive 

Cl- current. ATP was omitted from the intracellular solution, therefore the rundown in 

the Cl- could be due to the lack of intracellular ATP. Thirdly, the volume sensitive Cl- 

channel has been shown to be sensitive to 100 µM NPPB which was also observed in 

the current study (Schmid et al., 1998).  
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Slow activating current. In a subset of Jurkat cells, an outwardly rectifying slow time 

dependent activating current was observed at depolarising test potentials. This current 

was observed either immediately after achieving the whole cell configuration or it 

developed slowly with time. Based on the presence of this current in the absence of 

K+, Cl-, Na+, Ca2+ and ATP in the patch clamping solutions, this current was 

considered as a proton current. This slow activating current exhibited noticeable 

variations in its activation kinetics making its characterisation difficult. Four distinct 

types of proton current kinetics have been identified in different Jurkat cells in the 

current study. In the study conducted by Schilling et al., (2002), were they 

characterised a similar slow activating current, noticeably different activation kinetics 

of the proton currents can also be observed by eye. The reason for the variation in the 

apparent activation kinetics of this current remain elusive. 

 

The slow time dependent activating current has been described in Jurkat cells, as well 

as other cell types as a proton current (DeCoursey and Cherny, 1996; Schilling et al., 

2002). In the present study, this current developed slowly with time. Schilling et al., 

showed that the proton current amplitude increased with intracellular pH 6.0 

compared with intracellular pH 7.0. This suggests that the intracellular pH in the 

current study changed during the course of an experiment. This seems unlikely as the 

pH of the intracellular solution was buffered with 10 mM hepes which was expected 

to keep the pH stable at pH 7.2. Furthermore, the same regime for making solutions 

was used throughout the entire study, therefore, the slow activating current should 

have developed during the course of all experiments if the concentration of hepes was 

inadequate. 

 

In some Jurkat cells, the development of this slow activating current coincided with 

rundown in the voltage-gated K+ current, however, this was not always observed. 

Furthermore, if there was a relationship between rundown of the voltage-gated K+ 

current and the activation/observance of the slow activating current, then the slow 

activating current should have been observed in Jurkat cells when the K+ channel was 

blocked with either TEA or 4-AP. The reason for the development of this slow time 

dependent activating current with time in some Jurkat cells but no others remains 

unidentified.  
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In solutions designed to isolate this slow time dependent activating current, the current 

amplitude was very small. These observations disagree with the findings in published 

literature where the amplitude of the proton currents in Jurkat cells was large enough 

to characterise. These differences could be due to the solutions used. Schilling et al., 

and DeCoursey and Cherny (1998) used trimethylamine methosulfonate (TMA-

MeSO3) based solutions whilst Kuno et al., (1997) used K glutamate as the major 

intracellular ion. In the present study, D-gluconic acid was used as the major ion in the 

solution in an attempt to isolate the potential proton currents. It is possible that the D-

gluconic acid could have reduced the amplitude of proton currents.   

 

More likely, the voltage-gated proton channel is extremely sensitive to temperature, 

therefore, the differences in the amplitude of the slow time dependent current could be 

related to the temperature. In mast cells, the conductance of a proton current was 

found to increase proportionally with temperature, that is an increase in temperature 

from 24 to 36°C resulted in an elevated current amplitude (Kuno et al., 1997). 

Conversely, a decrease in the temperature by 11°C resulted in a reduced amplitude of 

the proton current (DeCoursey and Cherny, 1998). Similar temperature sensitive 

characteristics of this proton channel have been observed in several other cell types. 

Therefore, differences in the current properties observed in the Jurkat cells used in this 

study and those cited elsewhere could be attributed to differences in the temperature. 

The change in temperature could have also caused the development of the slow 

activating current with time in some Jurkat cells but not others as described earlier. 

This, however, seems unlikely as the room was kept air conditioned to a constant 

temperature between 20-22°C. To eliminate temperature related differences, stringent 

mechanisms to control the temperature could be used through a temperature controlled 

microscope stage and a heated perfusion system similar to the one used in the study by 

Kim et al., (2013). In addition, a temperature controlled patch clamping set-up would 

also overcome difficulties associated with changes in the temperature during the cell 

culture and patch clamping.     

 

In summary, the membrane potential of actively proliferating Jurkat cells has been 

investigated and this membrane potential has been found to be determined by a 

contribution of N-type voltage-gated K+ channels and Cl- channels. In addition, a 

channel exhibiting a current with slow time dependent activating kinetics was also 
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observed. However, its contribution to setting the membrane potential in this study 

was considered minimal due to the low concentration of protons in the patch clamping 

solutions. The membrane potential and the underlying channels determining this 

membrane potential in non-proliferating and activated Jurkat cells will be investigated 

in the next chapter.  
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4 EFFECT OF CELL STATUS 

ON THE 

ELECTROPHYSIOLOGICAL 

CHARACTERISATION OF 

JURKAT CELLS 

4.1 Introduction 

The membrane potential is the voltage difference across the plasma membrane of a 

cell and is generated through gradients in the ion concentration between the 

intracellular and extracellular solutions (Sundelacruz et al., 2009). As described in the 

introduction, these ionic gradients arise due to the movement of ions through ion 

channels and pumps. The importance of ionic homeostasis has been established in cell 

viability, cell excitability, the functioning of protein’s such as interleukin-IB 

converting enzyme and gene expression (Lodish, 2004; Muto et al., 2000; Walev et 

al., 1995). 

 

Recently, a functional relationship rather than a mere correlative relationship between 

the membrane potential and various cell behaviours has emerged. The static 

membrane potential of cells has been shown to vary depending on the proliferative 
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state of the cell. In general, the static membrane potential of quiescent cells is 

hyperpolarised whilst proliferating cells have a depolarised membrane potential (see 

Figure 1.1). Similarly, tumour cells which are in a highly proliferative state also have 

a depolarised membrane potential (Yang and Brackenbury, 2013). Furthermore, the 

membrane potential can stimulate and even inhibit cell proliferation (Cone and 

Tongier, 1973). Changes in the membrane potential have also been shown to modulate 

differentiation, maturation and migration (Sundelacruz et al., 2009; Yang and 

Brackenbury, 2013). 

 

Interestingly, regulation of these cell behaviours through the membrane potential has 

been observed in many different cell types such as proliferative and quiescent cells, 

normal and cancerous cells (Sundelacruz et al., 2009). This suggests that the 

modulation of cell behaviours through the membrane potential is a ubiquitous and 

fundamental control mechanism which is not limited to specific cell type or stage in 

the life of the cell.  

 

Although a functional relationship between the membrane potential and cell 

behaviours in a wide variety of cell types has been identified, the precise pathways 

from the initial change in the membrane potential to the final cell behaviour remains 

to be elucidated. Only a handful of studies have investigated the membrane potential 

in detail with a view to understanding its physiological role in cells (de Queiroz et al., 

2008; Marek et al., 2010).  

 

Aims of the chapter 

In this chapter, culture conditions to inhibit proliferation of the Jurkat cells without 

inducing cell death are ascertained. In addition, conditions required to activate the 

Jurkat cells are also determined. The magnitude of the static membrane potential and 

the ion channels underpinning this static membrane potential is investigated in Jurkat 

cells in either a non-proliferative state or an activated state and compared to the static 

membrane potential and the ion channels identified in Jurkat cells in the log phase of 

growth (see Chapter 3).        

 

The Jurkat E6-1 model cell line is a T-cell leukemic cell line derived from a 14 year 

old teenager (Schneider et al., 1977). Since its emergence in the late 1970’s, Jurkat 
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cells have been widely used to investigate signalling leukaemia of T cells. 

Lymphocyte activation can be investigated and confirmed through the secretion of IL-

2 and as Jurkat cells also secrete IL-2, this cell line provides a convenient and a well-

studied model system in which the influence of the membrane potential (i.e. 

bioelectric control) on cell behaviours can be studied in a population of Jurkat cells in 

different proliferative states.  
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4.2 Results 

4.2.1 Ascertaining the culture conditions required for achieving Jurkat 
cells in a non-proliferative state  

Although a functional relationship between the membrane potential and cell 

proliferation and cell cycle progression has been shown in a wide variety of cells, the 

precise mechanisms and pathways are poorly understood (Blackiston et al., 2009; 

Sundelacruz et al., 2009; Yang and Brackenbury, 2013). The membrane potential is 

determined primarily by the conductance of ions through ion channels and these ion 

channels have been shown to vary throughout the cell cycle (see Chapter 1). As such, 

it was hypothesised that the electrophysiological characteristics, namely the static 

membrane potential i.e. the membrane potential recorded at a single time point would 

differ between Jurkat cells in either a non-proliferative state, an activated state or cells 

in the log phase of proliferation (described in Chapter 3). In addition, the activity of 

ion channels in the plasma membrane of the Jurkat cells was also hypothesised to 

differ between cells in the three different states. 

 

Experiments were set up to ascertain culture conditions required to achieve Jurkat 

cells in a static proliferative state wherein proliferation was inhibited with minimal 

cell death. Proliferation and cell viability was ascertained using the trypan blue 

exclusion dye assay and the PrestoBlue cell viability assay. The PrestoBlue cell 

viability reagent is based on resazurin-resorufin dye. The resazurin is reduced to 

resorufin by the mitochondrial activity of cells which can be monitored by either by 

fluorescence or absorbance and thus the fluorescence/absorbance is proportional to the 

rate of proliferation and cell viability (Niles et al., 2009). 

 

Cell viability and proliferation assays determined using the trypan blue reagent 

suggested that the Jurkat cells were in the log phase of proliferation between 24 and 

48 hours when cultured in RPMI-1640 medium containing between 1 and 10% FBS 

(Figure 4.1). Jurkat cells cultured in medium containing less than 1% FBS also 

showed an increase in proliferation between 24 and 48 hours, however, the cells were 

not in the log phase of growth. Jurkat cell numbers continued to increase after 48 

hours when the culture medium contained FBS concentrations between 2 and 10%. 

Jurkat cells cultured in culture medium containing less than 2% FBS showed a 



 

119 

decrease in the cell number at the 72 hour time point in comparison to the 48 hour 

time point in the same conditions. Furthermore, at the 72 hour time point, a significant 

decrease in Jurkat cell viability was also observed in comparison to the 48 hour time 

point in all the culture conditions. It has to be noted, however, that the cell viability at 

the 72 hour time point increased as the concentration of FBS in the culture medium 

was increased. For example, in cell cultures lacking FBS, Jurkat cell viability was 41 

± 9% at the 72 hour time point whilst the viability of Jurkat cells cultured with 

medium supplemented with 10% FBS was 88 ± 1% at the same time point. 

  

Similar to the results obtained using the trypan blue assay, the proliferation assay 

using PrestoBlue showed a significant increase in the cell number between 24 and 48 

hours when the culture medium contained between 1 and 10% FBS (Figure 4.2). 

Unlike the results from the trypan blue assay, the proliferation assay ascertained using 

the PrestoBlue reagent showed that the Jurkat cells were not in the log phase of 

growth between 24 and 48 hours in the different culture conditions investigated. In 

addition, the cell viability from the PrestoBlue assay did not show significant changes 

in the Jurkat cell viability at the 72 hour time point when cultured in RPMI-1640 

medium containing between 1 and 10% FBS. 

 

The cell viability and proliferation results obtained using the trypan blue reagent and 

the PrestoBlue assay suggest that the Jurkat cells used in the present study cannot be 

put into a completely static proliferative state without inducing cell death. Rather, 

these results indicate a specific time point wherein the Jurkat cells were in a static 

proliferative state with minimal cell death. The time point wherein the Jurkat cells 

were in this static proliferative state was at 48 hours when the Jurkat cells were 

cultured in RPMI-1640 medium supplemented with 1% FBS. This static proliferative 

state will be referred to as the non-proliferative state for hereon in. In line with the 

objectives of this chapter and the aims of this study, these conditions will be used for 

the electrophysiological characterisation of the Jurkat cells that were in a non-

proliferative state with minimal cell death. 
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Figure 4.1 

Using trypan blue to investigate the effect of FBS on cell viability and cell proliferation 
over 72 hours. Jurkat cells were seeded 2 x 105 cells/ml in T25 flasks in RPMI culture 
medium supplemented with FBS concentrations between 0 - 10% as shown and incubated 
between 24 hours and 72 hours at 37°C. Thereafter, the cells were stained with trypan and 
manually counted at 24 hours, 48 hours and 72 hours to ascertain the (A) cell number and the 
(B) cell viability. The cell viability was determined using the methods described in the 
methods section. A mixed models ANOVA was used to ascertain the statistical significance of 
the differences between the different conditions with the most relevant statistical differences 
highlighted with *** which represents p<0.0005. A Bonferroni correction was applied when 
comparing either cell number or cell viability at the different time points within each FBS 
concentration group. Each experiment was repeated three times in triplicates and plotted as the 
mean ± SEM. 
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Figure 4.2 

Investigating the effect of FBS on cell viability and cell proliferation over 72 hours using 
PrestoBlue cell Viability reagent. Jurkat cells were seeded 2 x 105 cells/ml in 96 well plates 
in RPMI culture medium containing between 0 - 10% FBS as shown and incubated between 
24 hours and 72 hours at 37°C. Thereafter, the cells were incubated with PrestoBlue and the 
fluorescence measured. Jurkat cells incubated with PrestoBlue were incubated for 10 minutes 
at 37°C and the (A) cell number and the (B) fluorescence intensity. The cell number in (A) 
was ascertained by incubating between 100 and 2 x 106 cells/ml of Jurkat cells at the same 
time as incubating the Jurkat cells under investigation with PrestoBlue. The fluorescence 
intensity of the known density of cells was plotted against each and a curve of best fit of the 
data was added. The density of the Jurkat cells under investigation i.e. under different 
treatments was interpolated based on the fluorescence intensity. A mixed models ANOVA 
was used to ascertain the statistical significance of the differences between the different 
conditions. The most relevant statistical differences have been highlighted with *** which 
represents p<0.0005. A Bonferroni correction was applied when comparing either the cell 
number or fluorescence intensity at the different time points within each FBS concentration 
group. Each experiment was repeated three times in triplicates and plotted as the mean ± 
SEM. 
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4.2.2 The effect of ConA and PHA on the activation of Jurkat cells 

Activation of T-lymphocytes results in the secretion of IL-2 and the secretion of this 

cytokine promotes the expansion of T cells both, in vivo and in vitro (Nelson, 2004). 

The Jurkat T-lymphocyte model cell line also secretes IL-2 upon activation (ATCC, 

2015; Pawelec et al., 1982). Consequently, activation of the Jurkat cells can be 

followed by assaying the IL-2 secreted. The effect of either 20 µg/ml ConA or PHA 

treatment on IL-2 secretion from the Jurkat cells was investigated using this IL-2 

secretion as the marker for activation. Both, PHA and ConA are lectins and are widely 

used mitogens in this regard (Gillis and Watson, 1980). 

 

In the absence of the mitogens no IL-2 secretion above the minimum detectable level 

of 7 pg/ml was observed in either the proliferating or the non-proliferating Jurkat cells 

(Figure 4.3) (R&D systems, 2015). On the other hand, Jurkat cells treated with 20 

µg/ml of either the ConA or the PHA mitogen showed IL-2 secretion confirming that 

the Jurkat cells can indeed be activated by treatment with either ConA or PHA (Figure 

4.3). Interestingly, treatment with 20 µg/ml PHA induced significantly more 

(p<0.005) IL-2 secretion in comparison to 20 µg/ml ConA suggesting that PHA is the 

more effective mitogen for the Jurkat cells at this concentration. 
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Figure 4.3 

The effect of ConA or PHA treatment on IL-2 secretion from Jurkat cells either in a 
non-proliferative or a proliferative state. The proliferative Jurkat cells were either untreated 
or treated with either 20 µg/ml ConA or 20 µg/ml PHA for 24 hours. The Jurkat cells were 
seeded at a density of 2 x 106 cells/ml and incubated with the mitogen for 24 hours before the 
cell suspension was harvested, spun down and the supernatant removed for IL-2 quantification 
using the Human IL-2 Quantikine ELISA kit. Each experiment was repeated three times in 
triplicates and the bar chart is plotted as mean ± SEM. A Student’s T-test was to ascertain the 
degree of statistical significance between the different conditions and * represents p<0.05 
whilst ** and *** represents p<0.005 and p<0.0005, respectively.  
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4.2.3 The effect of ConA treatment on the cell viability of Jurkat cells 
cultured in medium containing varying concentrations of FBS 

The results thus far have shown that both, ConA and PHA treatment induced 

activation of the Jurkat cells. Next, the effect of either ConA or PHA treatment on the 

cell viability of Jurkat cells was ascertained. In addition, the effect of either ConA or 

PHA treatment was also investigated in the presence of different concentrations of 

FBS in the culture medium (Figure 4.4). 

 

As expected, cell cultures supplemented with 0% FBS were not viable over the 72 

hour time course. At the 24 hour time point, minimal effects of ConA treatment were 

observed but at the 48 hour time point, the higher concentrations of ConA caused a 

reduction in the cell viability of the Jurkat cells cultured in medium containing FBS 

concentrations less than 3%. This cytotoxic effect induced by ConA was even more 

pronounced at the 72 hour time point, however, the cytotoxic effect of ConA was 

abated by the addition of 10% FBS in the culture medium at both, 48 and 72 hours. At 

the 72 hour time point, the cytotoxic effect of ConA was most apparent in cultures 

containing FBS concentrations less than 10% FBS with ConA concentrations above 5 

µg/ml. 
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Figure 4.4 

The effect of ConA on the viability of the Jurkat cells. The Jurkat cells were seeded at 2.0 x 
105 cells/ml in 96 well plates and incubated for either (A) 24 hours, (B) 48 hours or (C) 72 
hours in RPMI-1640 culture medium containing either 0, 1, 3 or 10% FBS concentrations. 
The concentration of ConA treatment ranged from 0 to 20 µg/ml. The cell viability was 
measured by incubating the cells with PrestoBlue reagent for 10 minutes and the fluorescence 
measured as described in the methods. A mixed models ANOVA was used to ascertain the 
statistical significance of the differences between the different conditions. A Bonferroni 
correction was applied when pairwise comparisons were made between the ConA 
concentration and the different FBS concentrations. Although statistically significant 
differences of p<0.05 were observed they have been omitted for clarity. Each experiment was 
repeated three times in triplicate. The data is plotted as the mean ± SEM. 
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4.2.4 The effect of PHA treatment on the cell viability of Jurkat cells 
cultured in medium containing varying concentrations of FBS 

To investigate if the cytotoxic effect was specific to the ConA mitogen, the effect of 

PHA on the viability of the Jurkat cells was ascertained. Consistent with the findings 

of Gillis and Watson (1980), PHA was a more effective activator of the Jurkat cells 

used in the present study in comparison to the ConA (see Figure 4.3). Similar to the 

cytotoxic effects of ConA on the Jurkat cells, the results showed that PHA treatment 

was also cytotoxic to the cells (Figure 4.5). The cytotoxic effect of PHA was apparent 

at 1 µg/ml at 24 hours, whereas the cytotoxicity of ConA was observed at the 48 hour 

time point at concentrations above 5 µg/ml. The degree of cytotoxicity of PHA failed 

to show a dose dependent increase at both, 48 and 72 hour time points hinting at the 

increased cytotoxic potency of PHA. Furthermore, increasing the concentration of 

FBS in the RPMI-1640 culture medium failed to prevent the cytotoxic effect of PHA 

unlike the counteracting effect of FBS on ConA induced cytotoxicity shown in Figure 

4.4. Taken together, these results suggest that PHA is a more potent cytotoxic agent to 

the Jurkat cells than ConA. 
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Figure 4.5 

The effect of PHA on the viability of the Jurkat cells. The Jurkat cells were seeded at 2.0 x 
105 cells/ml in 96 well plates for either (A) 24 hours, (B) 48 hours or (C) 72 hours and were 
cultured in either 0, 1, 3 or 10% FBS concentrations with PHA treatment ranging from 0 to 20 
µg/ml. Cell viability was measured by incubating the cells with PrestoBlue reagent for 20 
minutes and the fluorescence measured. Each experiments was repeated two times in 
triplicate. The data is plotted as mean ± SD. A mixed models ANOVA was used to ascertain 
the statistical significance of the differences between the different conditions. A Bonferroni 
correction was applied when pairwise comparisons were made between the PHA 
concentrations with FBS concentrations. Although statistically significant differences of 
p<0.05 were observed they have been omitted for clarity. 
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4.2.5 The role of extracellular ions on mitogen induced activation of 
the Jurkat cells 

To further investigate the activation mechanism involved with either ConA or PHA, 

the concentration of either K+, Na+ or Cl- was increased in the RPMI-1640 culture 

medium. The concentration of these ions were increased by either 6 mM or 30 mM. 

The [K+] was increased through the addition K gluconate, whilst the [Na+] was 

increased using Na gluconate. The [Cl-] was increased through the addition of ChCl.  

 

As the concentration of IL-2 secretion differed significantly according to the mitogen 

used to induce the secretion of IL-2 (see Figure 4.3), the IL-2 secretion was 

normalised to the IL-2 secretion induced by either the ConA or PHA mitogen 

described in Figure 4.3. This normalisation allowed for a direct comparison between 

the effects of the three ions on IL-2 secretion induced by either ConA or PHA. In 

addition, osmolarity matched controls using sorbitol were incorporated in the assay to 

account for changes in the osmolarity of the RPMI-1640 culture medium due to the 

addition of the salts. The increase in the osmolarity did not show significant 

differences in the mitogen-induced IL-2 secretion relative to that in the unperturbed 

RPMI-1640 medium. This indicates that any effects on the mitogen-induced IL-2 

secretion in the presence of the RPMI-1640 medium perturbed with salts was not 

caused by changes in the osmolarity. 

 

Figure 4.6 shows that an increase in [K+] in the culture medium by only 6 mM 

significantly reduced (p<0.05) both, ConA and PHA induced IL-2 secretion in the 

Jurkat cells. A further increase in the [K+] in the RPMI-1640 medium by 30 mM 

completely abolished both, PHA and ConA induced IL-2 secretion. Interestingly, an 

increase in the extracellular [Na+] by 30 mM also reduced both, PHA and ConA 

induced IL-2 secretion albeit to a much lesser degree than the effect of elevating the 

[K+] of the culture medium by the same concentration.  

 

As the increase in extracellular [K+] caused a significant decrease in mitogen induced 

IL-2 secretion, the role of K+ channels in mitogen-induced activation was investigated 

using 4-AP. 4-AP is non-specific K+ channel blocker which inhibited the voltage-

gated K+ channel (see Chapter 3). The presence of 0.5 mM 4-AP in the culture 

medium did not affect either the ConA or PHA induced IL-2 secretion. 
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Figure 4.6 

IL-2 secretion induced by either ConA or PHA in the presence of altered membrane 
potential by varying the ionic concentration of the RPMI culture medium. The Jurkat 
cells were either untreated or treated with 20 µg/ml ConA or 20 µg/ml PHA for 24 hours in 
RPMI-1640 culture medium containing elevated concentration of either K gluconate, Na 

gluconate or ChCl by (A) 6mM or (B) 30mM. Appropriate sorbitol controls were incorporated 
to ascertain the effect of osmolarity on IL-2 secretion. The Jurkat cells were seeded at a 
density of 2.0 x 106 cells/ml and incubated with the mitogen for 24 hours before the cell 
suspension was spun down and the supernatant removed for IL-2 quantification using the 
Human IL-2 Quantikine ELISA kit. The cells which were treated with either PHA or ConA in 
the standard RPMI culture medium were considered as the control and shown as 100% change 
in IL-2 secretion in the figures. The IL-2 secretion in the changed RPMI solution was 
compared to this control and shown as the % change between the control and the changed 
RPMI solution. Data represents mean ± SEM (n=6). The same conditions were investigated in 
the absence of ConA and PHA (untreated Jurkat cells), however, as the cells did not secrete 
IL-2, they were omitted from (A) and (B) for clarity. A Student’s T-test was used to ascertain 
the statistical significance between the changes in the mitogen induced IL-2 secretion in the 
different conditions. * represents a p<0.05, whilst ** represents p<0.005 and *** represents 
p<0.0005. 
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4.2.6 The effect of ConA and PHA treatment on the viability of Jurkat 
cells with altered concentrations of either K+. Na+ or Cl-  

The results thus far have shown that changes in the ionic concentrations of either K+ 

or Na+ in the RPMI-1640 medium interferes with mitogen induced IL-2 secretion in 

the Jurkat cells. It is possible that the decrease in the secretion of IL-2 was due to 

reduced cell viability as a result of the alterations in the RPMI-1640 culture medium. 

Therefore, the viability of the Jurkat cells was investigated with the altered ion 

concentrations already investigated i.e. the concentration of either K+, Na+ or Cl- was 

increased in the culture medium by either 6 mM or 30 mM. In addition, osmolarity 

matched controls were also incorporated into the assay. The viability of the Jurkat 

cells were ascertained using the PrestoBlue cell viability reagent.  

 

Figure 4.7 shows that the fluorescence intensity and thus the viability of the Jurkat 

cells did not significantly change after 24 hours in culture with the medium containing 

the elevated ionic concentrations by either 6 mM or 30 mM in comparison to the 

unaltered RPMI-1640 culture medium. These results suggest that reductions in the IL-

2 secretion observed in the presence of an increase of 6 mM or 30 mM K+ in RPMI-

1640 culture medium was not due to a reduction in Jurkat cell viability.  
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Figure 4.7 

The effect of increasing the ionic concentration of the RPMI-1640 culture medium on the 
viability of the Jurkat cells. The Jurkat cells were seeded at 2.0 x 105 cells/ml in 96 well 
plates for 24 hours. The ionic concentration of the specific ions was increased by either (A) 6 
mM or (B) 30 mM. The cell viability was measured by incubating the cells with PrestoBlue 
reagent for 10 minutes and the fluorescence measured as described in the Chapter 2. The data 
represents the mean ± SEM (n=3). 
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4.2.7 The effect of FBS and ConA on the cell cycle distribution in 
Jurkat cells 

The results from the trypan blue and PrestoBlue assay’s showed that the Jurkat cells 

can be cultured to a non-proliferative state with minimal cell death from a state of 

active proliferation by reducing the concentration of FBS in the culture medium. In 

addition, the Jurkat cells can also be activated using mitogens. To further characterise 

the Jurkat cells the distribution of the cell cycle was investigated in the three different 

states i.e. Jurkat cells in the log phase of growth, Jurkat cells in a non-proliferative 

state and Jurkat cells in an activated state. The distribution of the cell cycle was 

investigated using propidium iodide staining. 

 

The results showed that the distribution of the cell cycle of the Jurkat cells in the log 

phase of growth did not change significantly over the 120 hour time course (Figure 

4.8). A decrease in the proportion of cells in the G2 phase was observed at 96 and 120 

hours in comparison to 24 hours, however, this was not statically significant.  

 

Previous results from the present study showed that incubation of the Jurkat cells with 

ConA for 24 hours caused IL-2 secretion and thus suggested that the Jurkat cells were 

in an activated state. Despite this change in the state of the Jurkat cells, the 

distribution of the cell cycle at the different phases of the cell cycle did not 

significantly change between proliferating Jurkat cells and the activated Jurkat cells 

(Figure 4.9).  

 

The previous results suggested that the Jurkat cells were in a non-proliferative state 

with minimal cell death at 48 hours when cultured in RPMI-1640 medium containing 

1% FBS. The distribution of the cell cycle at the 48 hour time point supported these 

findings and failed to show significant changes in the proportion of cells in the G2 

phase of the cell cycle between Jurkat cells in the log phase of growth and Jurkat cells 

in a non-proliferative state (Figure 4.9). Furthermore, no significant differences in the 

proportion of cells in the G0/G1 phase were observed at the 48 hour time point. If 

proliferation was completely inhibited an accumulation of cells in the G0/G1 phase 

would be expected.  
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Figure 4.8 

Cell cycle analysis of proliferating Jurkat cells using the propidium iodide dye. Jurkat 
cells were cultured in RPMI medium containing 10% FBS and harvested at time points 
between 24 and 120 hours for cell cycle analysis. (A) A representative dot plot highlighting 
the gating regime used for doublet discrimination using pulse width and pulse area. (B) A 
representative histogram of the cell cycle profile of Jurkat cells cultured in RPMI-1640 culture 
medium containing 10% FBS at 24 hours. (C) Bar chart showing the percentage of cells in the 
different phases of the cell cycle for Jurkat cells in the log phase of growth. The cells were 
harvested at the indicated time points. 1.5 x 105 cells/ml Jurkat cells were fixed in ethanol and 
stained with propidium iodide as described in the methods. The plot on (A) and the histogram 
in (B) are representative of three independent experiments. Data in (C) is presented as means 
± SEM. 
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Figure 4.9 

Cell cycle analysis of Jurkat cells using propidium iodide dye. Jurkat cells were cultured in 
RPMI medium containing either 10% FBS, 1% FBS or 10% FBS with 20 µg/ml to achieve 
cells in either the log phase of growth, a non-proliferative state or an activated state, 
respectively. The Jurkat cells were harvested at time-points between 24 and 72 hours for cell 
cycle analysis. Bar charts showing the percentage of cells in different phases of the cell cycle 
for Jurkat cells in the different states and analysed at (A) 24 hours, (B) 48 hours and (C) 72 
hours. The cells were harvested at the indicated time points. The Jurkat cells were counted and 
1.5 x 105 cells/ml were fixed in ethanol and stained with propidium iodide as described in the 
methods. Cell cycle analysis of the Jurkat cells was repeated three times. The data is presented 
as mean ± SEM. 
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In summary, the Jurkat cells used in the present study can be cultured into a static 

proliferative state with minimal cell death which is referred to as a non-proliferating 

state. This state was achieved by culturing the Jurkat cells in RPMI-1640 medium 

supplemented with 1% FBS for 48 hours. In addition, the Jurkat cells can also be 

activated treating them with either 20 µg/ml ConA or 20 µg/ml PHA for 24 hours. 

Next, the electrophysiology of Jurkat cells in these two states will be investigated and 

compared to Jurkat cells in the log phase of growth described in Chapter 3. 
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4.2.8 Electrophysiological characterisation of Jurkat cells in either a 
non-proliferating or an activated state 

Increasing evidence suggests that the membrane potential plays a functional role in 

various cell behaviours such as proliferation (Sundelacruz et al., 2009). Therefore, the 

electrophysiological characteristics of Jurkat cells which were either in a non-

proliferating state whilst maintaining cell viability or activated by the ConA mitogen 

were investigated using the whole cell configuration of the patch clamping technique. 

The patch clamping technique was also used to investigate the membrane potential of 

the Jurkat cells and the ion channels underpinning this membrane potential. In line 

with the aims of this chapter, the electrophysiological characteristics of Jurkat cells in 

the three different states i.e. Jurkat cells in a non-proliferating state, Jurkat cells in a 

proliferative state and cells in an activated state were compared.  
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4.2.8.1 The membrane potential of the Jurkat cells in different states  

Figure 4.10A shows the distributions of the immediate membrane potential 

(membrane potential recorded within 2 seconds of achieving the whole cell 

configuration) of all the Jurkat cells which were either in the log phase of 

proliferation, a non-proliferative state without concurrent cell death or activated by 

ConA treatment. The mean immediate membrane potential of the population of cells 

in the log phase of growth was -15 ± 1 mV (n=243) whilst the mean membrane 

potential of Jurkat cells in a non-proliferative state was -20 ± 2 mV (n=51) whilst the 

mean membrane potential of the ConA activated Jurkat cells was -14 ± 2 mV (n=40).  

 

Figure 4.10B shows the mean immediate membrane potential of Jurkat cells in a non-

proliferative state was significantly different to the immediate membrane potential of 

the proliferating Jurkat cells which was -11 ± 2 mV (n=30) (p<0.05). On the contrary, 

Jurkat cells which were activated by treatment with 20 µg/ml ConA for 24 hours did 

not show a significant difference in the mean immediate membrane potential in 

comparison to the proliferating Jurkat cells. Figure 4.10B also shows that the resting 

membrane potential (recorded after a minimum of five minutes of achieving the whole 

cell configuration) of the population of Jurkat cells in a state of static proliferation was 

-17.5 ± 3 mV (n=16) whilst the resting membrane potential of the activated Jurkat 

cells was -9 ± 4 mV (n=11). In both states, the resting membrane potential failed to 

significantly differ from the immediate membrane potential of the Jurkat cells in their 

respective states.  
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Figure 4.10 

Distributions of the membrane potentials of Jurkat cells in different proliferative states. 
(A) Box plot showing the distribution of the membrane potential of either 243 Jurkat cells in a 
proliferative state, 51 Jurkat cells in a non-proliferative state or 40 ConA activated Jurkat cells 
measured within 2 seconds after establishing the whole cell configuration. Each point 
represents the membrane potential of an individual Jurkat cell. (B) The immediate and 
stabilised membrane potential of 30 proliferating Jurkat cells, 16 Jurkat cells in a non-
proliferative state or 11 ConA activated Jurkat cells. Treatment with 20 µg/ml ConA for 24 
hours was used to activate the Jurkat cells, whilst Jurkat cells were in a non-proliferative state 
by culturing the cells with RPMI-1640 supplemented with 1% FBS and patched at 48 hours. 
The data is plotted as the mean ± SEM. Note, all the cells that had their immediate membrane 
potential measured are shown in (A), whilst only cells that had a membrane potential 
measured both, immediately and at a resting state are shown in (B), consequently, the sample 
size of (A) and (B) is significantly different despite cells shown in (B) belonging to same 
populations in (A). The Jurkat cells were patched in extracellular solution E1 and intracellular 
solution I1. A paired Student’s T-test was used to ascertain the statistical significance between 
the immediate and resting membrane potential within each state. An independent Student’s T-
test was used to ascertain the statistical significance between the immediate membrane 
potential of the Jurkat cells in the three different states. * represents p<0.05. 
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4.2.9 The whole cell currents of Jurkat cells either in a non-
proliferative state or a ConA activated state 

The membrane potential is determined predominantly by the activity of ion channels 

and as the immediate membrane potential of the Jurkat cells in the non-proliferative 

state significantly differed from the immediate membrane potential of proliferating 

Jurkat cells described in Chapter 3, it was hypothesised that these two populations of 

Jurkat cells would also have different ion channels. On the contrary, it was envisaged 

that there would be no differences in the ion channels and currents observed between 

ConA activated Jurkat cells and proliferating Jurkat cells due to the non-significant 

differences in the immediate membrane potential of these two populations of cells. 

 

In the whole cell configuration, Jurkat cells which were in a non-proliferative state 

exhibited three different current types (Table 4.1 and Figure 4.11). These current types 

exhibited similar activation and inactivation properties to the proliferating Jurkat cells 

in described in Chapter 3. A time dependent activating current with rapid activation 

followed by slow inactivating properties was observed in 83% of the Jurkat cells (45 

out of 54 cells). This current was determined to be conducted by the N-type voltage-

gated K+ channel in Jurkat cells in the log phase of proliferation (see Chapter 3). A 

current exhibiting slow time dependent activating current properties was observed in 

6% of the cells (3 out of 54 cells) and an instantaneous current was also observed in 

11% of the Jurkat cells in a non-proliferative state (6 out of 54 cells).  

 

The ConA-activated Jurkat cells also exhibited similar current types that were seen in 

both, the proliferating Jurkat cells and Jurkat cells that were in a non-proliferative 

state, however, the proportion of cells expressing the current types differed (see Table 

4.1). The time dependent activating current with slow inactivating properties was 

observed in 58% of the ConA treated Jurkat cells (23 out of 40 cells). The current 

exhibiting slow time dependent activating current properties was observed in 8% of 

the cells (3 out of 40 cells) whilst the instantaneous current was observed in 33% of 

the cells (13 out of 40 cells). In addition to these three current types, a voltage-

dependent instant current was also observed in one ConA activated Jurkat cell wherein 

the current appeared to be inactivated at test potentials above +20 mV (Figure 4.11E). 

This current was not characterised as it was only observed in one cell, however, the 



 

144 

observed Erev of this current was -55 mV suggesting that it could be carried by K+ as 

the theoretical EK+ was -75 mV. 

 

The time dependent activating current with slow inactivation properties observed in 

both, the non-proliferating and ConA activated Jurkat cells was suspected to be 

carried by K+ as the observed Erev of the peak activated current was close to the 

theoretical Ek+ which was -75 mV (see Figure 4.11B). This current was also suspected 

to be to be conducted through the same voltage-gated K+ channel described in the 

proliferating Jurkat cells characterised in Chapter 3 due to the manner of activation 

and inactivation. To confirm, if the current was indeed conducted through the same 

channel, the degree of cumulative inactivation of the whole cell currents of Jurkat 

cells in the non-proliferative state and ConA activated state was ascertained. Recall, 

cumulative inactivation is a defining characteristic of the N-type voltage-gated K+ 

channel and the results showed that this time-dependent current exhibited cumulative 

inactivation (Figure 4.12).The Erev of whole cell time dependent current and the 

cumulative inactivation in combination suggest that this current is indeed the same 

current type observed in the proliferating Jurkat cells. 

 

Activation kinetics. As the time dependent current was suspected to be the same 

current found in the Jurkat cells in the log phase of proliferation (see Chapter 3), it 

was decided to investigate the activation kinetics of this current from the Jurkat cells 

in a non-proliferative state or an activated state. The activation phase of this voltage-

gated K+ current was fitted with an exponential function. Table 4.2 shows that tau in 

the proliferating Jurkat cells was voltage dependent and there were no significant 

differences in the tau’s between Jurkat cells in either a proliferative state, non-

proliferative state or an activated state.  
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Table 4.1 

The proportion of current types observed the Jurkat cells that were in a different state. 
The proportion of the Jurkat cells exhibiting the different currents types from either 190 Jurkat 
cells in a proliferative state, 54 Jurkat cells in a non-proliferative state or 40 ConA activated 
Jurkat cells. The percentage of cells of cells are shown in brackets. The currents types are 
described by the apparent kinetics. A Chi-Squared test was to compare the expected 
proportion of current types observed with the actual current types observed. 

  

The current types and its expression in the Jurkat cells in the three different states 

Current Type 

Number of cells (% of total cells in brackets) 

Non-

proliferating 

Jurkat cells 

Proliferating 

Jurkat cells 

ConA Activated 

cells 

Instant 6 (11) 27 (14) 13 (33) 

Fast activating slow inactivating 45 (83) 146 (77) 23 (58) 

Slow activating 3 (6) 17 (9) 3 (8) 

Voltage-dependent instant 0 0 1 (3) 

Total number of cells 54 190 40 
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Figure 4.11 

Whole cell currents observed in Jurkat cells in different states. (A) Representative current 
trace of a Jurkat cell in an activated state with a time dependent activating current with slow 
partial inactivation. (B) The average peak current amplitude of the time dependent current 
with slow partial inactivation in either proliferating Jurkat cells cell in the log phase of 
growth, non-proliferating Jurkat cells or Con-activated Jurkat cells plotted as a function of the 
membrane potential. (C, D) Representative current trace of a Jurkat in a non-proliferative state 
exhibiting either instant or a slow activating time dependent current, respectively. (E) 
Representative current trace of a ConA activated Jurkat cell exhibiting a voltage dependent 
instant current. (F)  The average peak current amplitude of the currents in (E) plotted as a 
function of the membrane potential. The Jurkat cells were in a state of inactive proliferation 
by culturing them in RPMI-1640 medium supplemented with 1% FBS and used at 48 hours. 
The activated Jurkat cells were activated treating them with 20 µg/ml ConA for 24 hours. The 
currents in (A) were recorded in response to test potentials between +80 mV and -60 mV with 
-20 mV steps whilst (C), (D) and (E) were recorded in response to test potentials between +80 
mV and -140 mV with -20 mV steps from a holding potential of -80 mV. These currents were 
recorded in extracellular solution E1 and intracellular solution I1. 
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Figure 4.12 

Cumulative inactivation of the outwardly rectifying time dependent K+ current in Jurkat cells. Cumulative inactivation of the K+ current in (A) Jurkat 
cells in the log phase of growth, (B) Jurkat cells in a non-proliferative state and (C) Jurkat cells activated with 20 µg/ml for 24 hours. Current trace in response 
to repeated stimulations to an activation potential of +30 mV from a holding potential of -80 mV with a 1 second interval between activating pulses. The 
Jurkat cells were patched with extracellular solution E1 and intracellular solution I1. 
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Figure 4.13 

Characterising the activation kinetics of Jurkat cells in the different proliferative states. 
(A) Representative current trace showing the exponential fit of the activation phase of a 

ConA-activated Jurkat cell (ݐ) = ෍ ݅݁
ି௧

ఛ௜
+ ܥ

௡

௜ୀଵ
 where C is the exponent of the activation 

phase, t is activation time constant. The time constants are plotted as a function of the test 
potentials on (B). The extracellular solution was E1 whilst the intracellular solution was I1. 
The data in (C) is plotted as the mean ± SEM with a sample size of a minimum of 4. 
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The tau of the activation phase of the time dependent 

Holding 

potential (mV) 

Mean τ (ms) 

Non-proliferating 

Jurkat cells 

Proliferating 

Jurkat cells 

ConA Activated 

cells 

+80 1.0 ± 0.3 1.4 ± 0.2 0.5 ± 0.1 

+60 1.4 ± 0.3 2.1 ± 0.4 0.7 ± 0.1 

+40 1.9 ± 0.3 2.7 ± 0.4 1.0 ± 0.1 

+20 3.2 ± 0.7 5.4 ± 0.9 1.3 ± 0.1 

0  11.2 ± 3.7 10.3 ± 3.3 3.3 ± 1.4 

-20 32.0 ± 8.8 25.4± 8.1 19.1 ± 8.7 

Table 4.2 

The tau of the activation phase of the time dependent current exhibiting rapid activation 
and slow inactivation characteristics. This current was observed in Jurkat cells in all three 
different states. The data is presented as mean ± SEM with a sample size of a minimum of 4. 
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In summary, the immediate static membrane potential of the Jurkat cells differed in 

cells which were in a non-proliferative state in comparison to Jurkat cells in the log 

phase of growth. The whole cell currents of Jurkat cells in the different states did not 

express different current types, however, non-proliferating Jurkat cells did express a 

higher percentage of cells expressing the N-type voltage-gated K+ channel in 

comparison to either the Jurkat cells in the log phase of growth or the activated Jurkat 

cells. 
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4.3 Discussion 

The aim of this chapter was to ascertain the culture conditions required to achieve 

Jurkat cells in either a non-proliferative or an activated state. The magnitude of the 

static membrane potential and the whole cell currents of the Jurkat cells in these two 

states were also investigated and compared to the membrane potential and the whole 

cell currents of Jurkat cells in the log phase of growth (see Chapter 3).  

 

Obtaining Jurkat cells in either a non-proliferative or an activated state. 

Investigations on the cell viability of the Jurkat cells using trypan blue and PrestoBlue 

dyes were undertaken to ascertain the culture conditions required to achieve Jurkat 

cells in a non-proliferative state wherein the rate of proliferation was reduced with 

minimal cell death. The proliferation assay using trypan blue suggested that the Jurkat 

cells stopped proliferating at 48 hours when cultured in RPMI-1640 medium 

supplemented with 1% FBS as seen by the static rate of the cell numbers between the 

48 and 72 hour time point (see Figure 4.1). As such, the Jurkat cells were in a non-

proliferative state at 48 hours when cultured with culture medium supplemented with 

1% FBS. The rate of proliferation and the cell viability ascertained using the 

PrestoBlue assay also suggested that the Jurkat cells were in a non-proliferative state 

at the 48 hour time point in culture medium supplemented with 1% FBS. Unlike the 

trypan blue assay, the PrestoBlue assay suggested that the Jurkat cells were in a non-

proliferative state between 48 and 72 hours despite increasing the concentration of 

FBS in the culture medium from 1% to 10%. This seems out of line with literature 

since most laboratories, and even the ATCC suggest using 10% FBS to culture Jurkat 

cells to a healthy standard (ATCC, 2015). 

 

Differences between the trypan blue and PrestoBlue assay. The trypan blue assay and 

the PrestoBlue cell viability assay are based on different principles with different 

advantages and disadvantages. The PrestoBlue assay is based on the resazurin-

resorufin dye wherein the resazurin is reduced to resorufin by the mitochondrial 

activity of the cells which in turn was monitored by fluorescence in the present study 

(Lall et al., 2013; Niles et al., 2009). On the other hand, the trypan blue requires a 

manual assessment of the cells to distinguishing between living and dead cells. It is 

therefore, possible that the cell viability and proliferation obtained using the trypan 
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blue method yielded results of low precision due to human error as the technique 

requires labour intensive examination of the cells (Kim et al., 2011). Furthermore, 

trypan blue exclusion assay has been shown to overestimate the cell viability of the 

cells in the early stages of cell death and the diminishing nutrients in the culture media 

after 48 hours could have induced cell death (Ming et al., 2008). Thus, at the time of 

the cell counts, the Jurkat cells could potentially be in the early to mid-stage of 

apoptosis (Koopman et al., 1994; Terri Sundquist, 2006). As the trypan blue is an 

exclusion dye assay, like other vital stains used as viability assays, it is based on the 

assumption that dead cells have a compromised cell membrane which allows the dye 

to permeate the membrane (Strober, 2001). Consequently, an intact plasma membrane 

with concurrent cell death, as is the case of a cell in the initial stages of cell death 

would exclude the trypan blue dye and thus, the cell would be incorrectly considered 

as a viable cell (Lee and Shacter, 2007).  

 

Although the PrestoBlue assay provides rapid results of the cell viability and 

proliferation of cells, it is based on the same principle as the AlamarBlue assay and a 

high concentration of FBS has been shown to attenuate the fluorescence signal from 

the resorufin in the AlarmarBlue assay (Voytik-Harbin et al., 1998). Both the trypan 

blue assay and the PrestoBlue assay were used in the present study to ascertain the cell 

viability and the rate of proliferation to overcome the disadvantages of each assay. 

Alternatively, Jurkat cell proliferation could have been assayed by measuring either 

DNA synthesis, ATP concentration or measuring proteins associated with 

proliferation i.e. Ki-67 (Defries and Mitsuhashi, 1995; Palutke et al., 1987). It is 

possible that a protocol measuring DNA synthesis would provide a more accurate 

measurement of proliferation than a metabolic assay such as PrestoBlue as DNA 

synthesis is directly correlated with proliferation (Madhavan, 2007). Indeed, Quent et 

al., (2010) found metabolic assays over-estimated cell proliferation in comparison to 

assays using DNA synthesis.      

 

Obtaining Jurkat cells in a non-proliferative state. The Jurkat cells that were in a non-

proliferative state without inducing cell death was achieved through the reduction of 

nutrients in the culture medium. It was also possible to get Jurkat cells into a non-

proliferative state without inducing cell death by using antiproliferative compounds 

such as ciprofloxacin and SP600125 at concentrations which confers cytostatic 
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properties to these compounds (Du et al., 2004; Duszynski et al., 2006; Koziel et al., 

2010). Although this is an alternative method to achieve Jurkat cells in a non-

proliferative state, treatment with antiproliferative compounds exhibiting cytostatic 

effects could adversely affect important cellular mechanisms such as mitochondrial 

respiration, ATP synthesis and even intracellular [Ca2+]. Indeed, all of these changes 

have been observed with ciprofloxacin treatment (Koziel et al., 2010). Consequently, 

the Jurkat cells treated with such antiproliferative compounds could potentially 

undergo a plethora of intracellular changes such as aberrant intracellular signalling, 

changes in the cytosolic [ATP] and cytosolic [Ca2+] in and across the cell and thus 

affect the membrane potential and the underlying ion channel activity of the Jurkat 

cells. On the other hand, primary lymphocytes which are mostly in a quiescent state 

could also be used as a model of non-proliferating lymphocytes (Kinet et al., 2002). 

 

Using primary lymphocytes would have also ensured the physiological relevance of 

the findings from this study. Immortalised cell lines which are derived from primary 

cells as is the case with Jurkat cells offer several advantages over primary cell lines 

such as cost effectiveness and ease of culturing the cells, whilst providing a 

homogenous population of cells. Nevertheless, as T-lymphocytes are in a quiescent 

state in vivo, the findings obtained from Jurkat cells in a non-proliferative state should 

also be physiologically relevant and produce comparative data. 

 

Electrophysiological characteristics of the Jurkat cells. The mean immediate 

membrane potential of the population of Jurkat cells which were in a non-proliferative 

state was significantly different to the mean immediate membrane potential Jurkat 

cells in the log phase of growth, albeit by only 6 mV. On the other hand, the 

immediate membrane potential of the Jurkat cells in a non-proliferative state was 

similar to the immediate membrane potential of the ConA activated Jurkat cells.  

 

The cell viability assay of the Jurkat cells treated with ConA suggested that the Jurkat 

cells were in a non-proliferative state when treated with ConA and cultured with 10% 

FBS (see Figure 4.4). A proliferation assay is required to confirm this. Nevertheless, 

the current types observed in these two populations of Jurkat cells, although similar, 

were evident in different proportions. The voltage-gated K+ current was observed in 

83% of Jurkat cells which were in a state of non-proliferation whilst this current was 
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observed in only 58% of ConA activated Jurkat cells. As the membrane potential is 

determined by the activity of ion channels, the difference in the mean immediate 

membrane potential between non-proliferating and activated cells could be explained 

by the difference in the proportion of cells expressing the voltage-gated K+ current. 

The activity of the voltage-gated K+ channel would make the membrane of the Jurkat 

cells more permeable to K+. As a result, this increased permeability is expected to 

influence the membrane potential and push it towards the theoretical EK which is -75 

mV. The membrane potential, however, failed to completely reflect this theoretical 

EK+ probably due to the activity of currents carried by other ions, namely the 

instantaneous current which was most likely carried by Cl- as was discussed in 

Chapter 3. The theoretical ECl- was -3 mV, thus the presence of a Cl- conductance 

within the whole cell currents would drag the observed Erev of the whole currents 

between theoretical EK+ and    theoretical ECl-. 

     

The characteristics of the ion channels from the activated Jurkat cells have been 

shown to express various differences in the voltage-gated K+ channel such as faster 

activation kinetics and a more hyperpolarised threshold for the activation of the 

currents in comparison to non-activated Jurkat cells (Cahalan et al., 1985; DeCoursey 

et al., 1984). In contrast, the ConA activated Jurkat cells in the present study failed to 

show a significant difference in the activation voltage in comparison to the Jurkat cells 

in the log phase of growth or Jurkat cells in a non-proliferative state. This is surprising 

as a change in the activation kinetics was been observed following the addition of 

PHA (Cahalan et al., 1985; DeCoursey et al., 1984). It is possible that the change in 

kinetics upon mitogenic stimulation is specific to the PHA mitogen, thus, differences 

in the activation kinetics from ConA-activated Jurkat cells was not observed in the 

current study. Interestingly, the change in the activation kinetics induced by PHA 

were observed within 30 seconds of the mitogen addition implying that the PHA 

mitogen induced local changes rather than widespread genetic changes in the voltage-

gated K+ channel which would be expected to take longer. The increased speed of the 

activation phase has been postulated to be associated with an increase in the flux of K+ 

as more voltage-gated K+ channels would be in a recruitable state at any given time 

(Tsien et al., 1982). 
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The cell viability assay showed that both, ConA and PHA mitogens were cytotoxic to 

the Jurkat cells after 24 hours. The time course for the different stages of apoptosis in 

these Jurkat cells remains unknown, however, based on the results from the cell 

viability assays, the Jurkat cells were still viable at 24 hours. Nevertheless, it is 

possible they were in the early stages of apoptosis at this 24 hour time point. In 

Xenopus oocytes undergoing apoptosis, Englund et al., (2014) found a voltage-gated 

Na+ channel that exhibited dramatic differences in the activation voltage and gating 

kinetics in comparison to established voltage-gated Na+ channels. This could be due to 

the observed Na+ channel being a novel unidentified Na+ channel, however, it is likely 

to reflect channel properties which were altered by the process of apoptosis. 

Furthermore, changes in ionic homeostasis have also been observed during the early 

stages of apoptosis (Bortner and Cidlowski, 2004). 

  

Jurkat cell activation. Activation of Lymphocytes in vivo is required for clonal 

expansion to mount an efficient immune response (Nelson, 2004). As discussed in the 

introduction, the signalling cascade leading to activation involves the secretion of IL-2 

which marks a critical point past which activation is no longer dependent on an 

antigen (Panyi et al., 2004). Consequently, activation in Jurkat cells is manifested and 

easily measured by the secretion of IL-2. In vitro this can be mimicked using 

activators such as ConA or PHA.  

 

PHA was found to be a more effective inducer of the IL-2 secretion in the present 

study in comparison to ConA. This is in agreement with Gillis and Watson (Gillis and 

Watson, 1980). These results are, however, in contrast to the findings of Dupuis and 

Bastin (Dupuis and Bastin, 1988) who found ConA to be a more effective activator of 

the Jurkat cells. The difference in the contrasting results could be due to the type of 

Jurkat cells used. Alternatively, the differences could be associated with the type of 

PHA used. PHA-L was used in the present study whilst PHA-M was used by Gillis 

and Watson. PHA-L is the purified form of the PHA lectin and has higher mitogenic 

activity in comparison to PHA-M owing to the higher affinity for the lymphocyte 

surface receptors (Movafagh et al., 2011). On the other hand, PHA-M is a crude form 

of PHA-L and is present in the form of a mucoprotein (Aldrich, 2015). It is also 

possible that the reduced efficiency of ConA in comparison to PHA was related to the 

fact that ConA’s carbohydrate binding requires Ca2+ and manganese (Sigel, 1983).   
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Mitogenic stimulation using either ConA or PHA did not increase proliferation as was 

expected, rather, both mitogens were in fact found to be cytotoxic to the Jurkat cells 

with PHA being more cytotoxic that ConA in the present study. ConA-induced cell 

death of lymphocytes has been reported, however, this cell death was not investigated 

in detail in studies showing ConA-induced cytotoxicity. Nevertheless, in these studies, 

the cell viability upon stimulation with ConA and PHA ranged from 5% to 90% 

(Dupuis and Bastin, 1988; Gillis and Watson, 1980). The discrepancy of the 

cytotoxicity could be due to the Jurkat variant used in the experiments. The Jurkat 

E6.1 cell line was used in the present study whilst the Jurkat FHCRC variant was used 

by Gillis and Watson and Dupuis and Bastin used the Jurkat 77 variant. 

 

Mitogen induced cell death could be due to a result of the generation of either reactive 

oxygen species (ROS) upon mitogen stimulation, activation of scramblase or 

activation induced cell death (Benichou and Leca, 1989; Maher et al., 2002). 

Increasing evidence suggests ROS play a pivotal role in transduction pathways that 

mediate apoptosis (Perl et al., 2002). An increase in the intracellular concentration of 

Ca2+ has also been shown to activate phospholipid scramblase 1 which in turn has 

been shown to increase phosphatidylserine on the surface of the cell. 

Phosphatidylserine breakdown on the surface of the cell is a hallmark of apoptosis 

(Zhou et al., 2002).   

 

Activation-induced cell death is a self-inflicted apoptotic process to remove T cells 

after clonal expansion caused by antigenic stimulation in vivo. In essence, the 

mechanism maintains homeostasis after clonal expansion and is hypothesised to 

prevent autoimmune diseases (Cohen and Eisenberg, 1991; Krammer et al., 2007). 

Although activation-induced cell death is an in vivo phenomena, it can be mimicked in 

vitro by repeatedly stimulating T cells with a mitogen over a course of a few days 

separated by washout of the mitogen (Krammer et al., 2007; Lenardo et al., 1999). In 

the present study, the in vivo situation rather than the in vitro situation was mimicked 

as the Jurkat cells were continually stimulated with the mitogen without washout of 

the mitogen thus, the results are expected to be more physiologically relevant. The 

Jurkat cells still exhibited a reduction in cell viability which is in stark contrast to in 

vitro induction of activation-induced cell death and suggests that the Jurkat cells have 
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become more susceptible to activation-induced cell death, if indeed the mitogen 

induced cell death is activation-induced cell death. The fact that cell death was also 

observed with both, ConA and PHA stimulation suggests the increased susceptibility 

was not specific for one particular mitogen.  

 

PHA was a more potent cytotoxic agent to the Jurkat cells in the present study in 

comparison to ConA. Furthermore, unlike ConA, PHA failed to show a dose 

dependent response in cytoxicity. There is some disagreement whether PHA is a more 

potent mitogen than ConA based on IL-2 secretion, however, PHA treatment caused 

significantly more IL-2 secretion than ConA in the present study. It is possible that the 

increased cytotoxicity was due to the elevated concentrations of IL-2 secreted in 

response to treatment with PHA as IL-2 has been shown to enhance mitogen-induced 

cell death although there is some disagreement on this (Nguyen and Russell, 2001). 

Nevertheless, this provides further support for the hypothesis that the mitogen-induced 

cytotoxity of the Jurkat cells was due to activation-induced cell death. 

 

It was surprising to find that several studies which investigated IL-2 secretion induced 

by mitogens failed to investigate the cytotoxic effects of the mitogens in detail 

(Dupuis and Bastin, 1988; Gillis and Watson, 1980). An increased concentration of 

FBS provided a protective effect of ConA induced cell death in a concentration 

dependent manner. The protective effects of FBS was most obvious at 10%. 

Surprisingly, FBS did not protect against cell death elicited by PHA stimulation, 

possibly due to the increased cytotoxic potency of PHA. It would have been 

interesting to see the effects of FBS on concentrations of PHA less than 1 µg/ml or 

shorter incubation times. Taken together, these results suggest that FBS confers a 

protective effect against mitogen induced cell death whilst IL-2 could contribute to the 

mitogen-induced cell death. In fact, the role of IL-2 in increasing susceptibility of T-

lymphocytes to mitogen-induced cell death has been previously debated (Lenardo, 

1991; Pender, 1999).  

 

The membrane potential and mitogen induced activation. The role of the membrane 

potential in mitogen induced activation was investigated by increasing the 

extracellular ionic concentration of either K+, Na+ or Cl-. This perturbation was 

expected to modulate the membrane potential of the Jurkat cells during incubation 
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secretion precedes activation and clonal expansion. Indeed, the membrane potential 

has been implicated to initiate proliferation in post-mitotic cells (Cone and Cone, 

1976; Stillwel et al., 1973). Electrophysiological characterisation of the static 

membrane potential and the underlying ion channels in Jurkat cells which were in a 

non-proliferative state and Jurkat cells which were either in the log phase of growth or 

activated by the ConA mitogen had significantly different static membrane potentials.  

In the next chapter, the dynamic membrane potential of the Jurkat cells will be 

investigated in the time frequency domain using the continuous wavelet transform 

technique. 
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5 ANALYSIS OF THE 

MEMBRANE POTENTIAL 

DYNAMICS OF JURKAT 

CELLS USING THE 

CONTINUOUS WAVELET 

TRANSFORM  

5.1 Introduction 

The membrane potential of cells is often reported in terms of its static potential i.e. the 

membrane potential value at a single time point. The physiological relevance of this 

static membrane potential has traditionally been associated with excitable cells in the 

generation of action potentials and spiking behaviour (Fontaine et al., 2014; Hodgkin 

and Huxley, 1952; Miura, 2002). Mounting experimental evidence, however, suggests 

that the membrane potential plays a functional role in regulating various aspects of 

cell behaviours such as proliferation, differentiation and migration (Blackiston et al., 

2009; Sundelacruz et al., 2009). The precise mechanisms involved in membrane 

potential regulated cell behaviours are ill understood but various mechanisms such as 

the actual change in the static membrane potential, change in the ionic concentrations 
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and the osmolarity have been implicated (see Chapter 1). The effect of the dynamic 

membrane potential i.e. the membrane potential over a longer continuous time period 

has been completely overlooked in relation to cell behaviours. 

 

In support for studying membrane potential dynamics, rhythmic fluctuations have 

been observed in single cells through to complex multi-cellular organisms. For 

example, in humans, several different types of oscillations have been observed such as 

circadian rhythms, the heartbeat and ultradian rhythms. In the context of these 

fluctuations in the membrane potential, single cells often display oscillating behaviour 

in the membrane potential. For example, the membrane potential of mammary gland 

cells, fibroblasts and kidney cells were found to be oscillating after treatment with 

EGF (Enomoto et al., 1986; Pandiella et al., 1989). These oscillations had a large 

amplitude which made them easily detectable by eye, however, it is possible that 

smaller amplitude oscillations which are less apparent are also present in the 

membrane potential. The membrane potential dynamics were investigated using the 

continuous wavelet transform (CWT) technique. The CWT technique is an established 

analytical technique used to investigate the dynamic nature of a time-series. 

Application of the CWT technique may uncover further dynamical behaviour of the 

membrane potential that is potentially associated with cell behaviours or responses.  

 

Aims of the chapter 

The CWT technique was developed to investigate a time-series in the frequency 

domain, however, to the best our knowledge it has not been applied to investigate the 

dynamic behaviour, specifically oscillations in the membrane potential of mammalian 

cells across a time-series recorded for more than a few minutes (Huizinga et al., 

2014).  

 

In this chapter the dynamic nature of the membrane potential of Jurkat cells is 

investigated using the CWT technique. To gain insights in to the nature of the 

membrane potential dynamics, the concentrations of extracellular K+, Cl- or Na+ was 

varied which was also expected to alter the membrane potential of the Jurkat cells. In 

addition, the effect of the presence of intracellular Ca2+ on the membrane potential 

dynamics were also investigated. Finally, the membrane potential dynamics of Jurkat 
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cells in either the log phase of proliferation, a non-proliferative state or a ConA-

activated state (described in Chapter 4) are also investigated.  

  



 

164 

5.2 Results 

5.2.1 Investigating the application of the wavelet transform technique 
– can the technique discriminate between physiological and non-
physiological electrical signals?  

The patch clamping recordings were conducted in a Faraday cage to isolate electrical 

noise, however, some membrane potential recordings still exhibited obvious electrical 

interference which manifested as large spikes in these recordings. These large spikes 

produced artefacts in the CWT analysis, consequently, a regime to remove this 

obvious artificial noise during the analysis stage was implemented (described in 

Chapter 2). Besides the obvious noise, it was possible that less obvious electrical noise 

originating from the patch clamping hardware was also present in the membrane 

potential recordings. Consequently, to ensure the CWT technique could accurately 

discriminate between membrane potential dynamics of a physiological origin and 

noise arising from the patch clamping hardware (described simply as noise hereon in) 

within the time-series recording, CWT analysis was applied to the membrane potential 

recorded from Jurkat cells and electrical signals generated from a dummy cell was 

used to replicate the whole cell scenario.  The dummy cell is a model cell with an in-

built circuit to create a complete circuit and replicate the resistance of either the whole 

cell or the cell attached scenario.  

 

The wavelet transforms of the membrane potential recordings from the Jurkat cells 

and the electrical signal from the dummy cell showed significant (p<0.05) differences 

in the wavelet power across all the frequency intervals investigated (Figure 5.1). 

Figure 5.1A shows that the CWT technique failed to show fluctuations for the time-

series recorded from the dummy cells at frequencies spanning approximately 0.1 and 

5 Hz. On the other hand, CWT analysis of the Jurkat cells showed fluctuations and 

these fluctuations appear to be deterministic rather than stochastic (Figure 5.1B). The 

frequency interval of these fluctuations was approximately 0.1 and 5 Hz. The wavelet 

transform of the membrane potential signal also provides evidence of nonstationary 

dynamics in the membrane potential of the cells which is evident by the time-

dependent frequency distributions within the membrane potential signal (Nason, 

2006). The time-averaged wavelet power (Figure 5.1C) confirmed that the power of 

the fluctuations within the membrane potential of the Jurkat cells was significantly 
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larger than the fluctuations of the background noise by several orders of magnitude 

across all of the frequency intervals tested (p<0.05).  

 

The variation in the time-averaged wavelet power (Figure 5.1C with the 25th and 75th 

quartiles) of the nine membrane potential recordings from the Jurkat cells was 

significantly larger than the variation from the recordings using the dummy cells. 

Taken together, these findings suggest that the CWT technique can be used to 

investigate dynamics of a physiological origin without contamination of non-

physiological dynamics. 
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Figure 5.1 

Continuous wavelet transform of the membrane potential of Jurkat cells and electrical 
signals from dummy cells. Representative membrane potential as seen in the time domain 
from either (A) electrical signal from a dummy cell or (B) Jurkat cell. The wavelet transforms 
seen in the time-frequency domain are shown directly below the membrane potential 
recordings and the colour key to the wavelet power is shown on the far right (highlighted by 
an *). The wavelet power shows the magnitude of the oscillations and it translates to the 
change in the maximum and minimum membrane potential values during one oscillatory 
cycle. The frequency of the oscillatory cycle is shown on the Y axis of the wavelet transform 
whilst the X axis corresponds to the time at which the oscillation occurred within the 
membrane potential recording. For example, the membrane potential recording on A has no 
oscillations and as such the wavelet transform shows no oscillatory activity. On the other 
hand, the membrane potential recording on B has oscillatory activity occurring throughout the 
recording. To highlight this, at the 15 minute mark of recording B (shown by **) there are 
several different oscillations which have frequencies ranging from 0.001 to 10 Hz. (C) The 
median wavelet power from the time-frequency domain plotted as a function of the frequency 
from the membrane potential signal from either nine Jurkat cells (solid blue line) or 18 
different electrical signals from a dummy cell (solid red line). The dashed lines represent the 
25th and 75th quartiles. The level of statistical significance difference between the median 
time-averaged wavelet power of the Jurkat cells and the electrical signal is shown using the 
greyscale bar as shown by ***. The greyscale bar represents the level of difference in the 
statistical significance of the time-averaged wavelet power at that particular frequency. In the 
case of this figure, the areas of the bar that are black show that the difference between the 
oscillations between the two groups at those frequencies has a p value close to 0.0. A Mann 
Whitney U test was used to test for the significance level and the key for the p-value is shown 
at the bottom of (C) and is highlighted in the figure with ****. 
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5.2.2 Longitudinal analysis of the membrane potential recording from 
Jurkat cells in the frequency domain (using histograms) 

In order to investigate the nature of the dynamics (fluctuations and oscillations) of the 

membrane potential, these membrane potential recordings were investigated in the 

frequency domain using the mean and standard deviation across the entire time-series. 

The membrane potential was recorded at a sampling frequency of 20 KHz which 

equates to measuring the membrane potential every 50 µs. This measurement at each 

50 µs interval was plotted on a frequency histogram. The standard deviation across the 

membrane potential time-series provides preliminary information on the variability of 

the membrane potential whilst the frequency histogram represents the distribution of 

the membrane potential across the time-series measured.  

 

To understand the nature of the membrane potential dynamics recorded from the 

Jurkat cells, the membrane potential was recorded in standard extracellular solution 

(SES) and extracellular solution with changes in the ionic concentration of either K+, 

Cl- or Na+ (described as CES followed by either K+, Cl- or Na+ depending on the ion 

changed, thus a change in the extracellular concentration is denoted as CESK). These 

ions were changed as they are the major ion species setting the membrane potential 

and represent the dominant ions used in the intracellular and extracellular solutions. 

Furthermore, Chapter 3 showed that the Cl- and K+ set the membrane potential of the 

Jurkat cells used in the present study. Thus, it was envisaged that the membrane 

potential should also change in response to changes in the extracellular of either [K+] 

or [Cl-].  

 

In experiments wherein the concentration of extracellular K+ was altered, K+ was 

increased from 6 mM to 60 mM in the CES by the addition of 54 mM K gluconate. 

The concentration of Cl- was reduced from 162 mM to 12 mM in experiments altering 

the concentration of Cl- by substituting the concentration of extracellular KCl and 

NaCl with equimolar concentrations of K gluconate and Na gluconate, respectively. In 

experiments investigating Na+, the extracellular concentration of Na+ was reduced 

from 150 mM to 10 mM by replacing 140 mM NaCl with 140 mM choline Cl.  
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5.2.3 Investigating the effect of ionic changes on the static resting 
membrane potential  

The Jurkat cells were grouped based on the response of the resting membrane 

potential to the extracellular (CES) perturbations in the concentration of either K+, Cl- 

or Na+ (Figure 5.2). The membrane potentials of cells which were responsive to a 

change in extracellular K+ were grouped into cohort 1 whilst cells that were 

responsive to a change in Cl- were grouped into cohort 2. Cells which had a membrane 

potential that were sensitive to a change in the extracellular concentration of Na+ were 

grouped into cohort 3. The average membrane potential over a ten minute time period 

was considered as the static membrane potential. 

 

The effect of ionic changes on the membrane potential time-series 

The membrane potential time-series were investigated by analysing the mean, 

standard deviation and the distribution of the entire time-series. Recall that the 

sampling frequency of the membrane potential was 20 KHz, however, the membrane 

potential time-series was (down)sampled during the analysis to 20 Hz (which is 

equivalent to a sampling interval of 50 ms). Therefore, in a 10 minute recording of the 

membrane potential, the membrane potential was measured 12000 times. The mean ± 

SEM and the mean of the standard deviations ± SEM of these 12000 measurements of 

the membrane potential time-series was calculated for each membrane potential 

recording present in each of the three cohorts. The data are presented as means and are 

described simply as either mean membrane potential or mean standard deviation. 

Similarly, the frequency distribution of the entire membrane potential time-series (the 

mean and the standard deviation of the entire time-series) was also investigated. The 

standard deviations of the membrane potential recording provides an insight into the 

membrane potential dynamics whereby the power of the fluctuations is proportional to 

the standard deviation of the entire time-series. The histograms also provide an insight 

into the distribution of the membrane potential which is seen by the spread of the 

histogram. 

 

Figure 5.3A shows the mean membrane potential of the Jurkat cells belonging to 

cohort 1. In SES, this mean membrane potential was -28.6 ± 6 mV and significantly 

depolarised to -8.7 ± 2 mV in CESk (n=8) (p<0.005). Concurrently, the mean standard 

deviation of the membrane potential time-series also changed from 2.1 ± 1 in SES to 
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0.59 ± 1 in CESk (p<0.005) (Figure 5.3B). In agreement, the frequency histograms of 

the membrane potential recordings from the Jurkat cells belonging to cohort 1 also 

showed that the membrane potential became depolarised i.e. less negative in response 

to increasing the extracellular concentration of K+ from 6 mM to 60 mM. This change 

in the membrane potential is evident by the shift in the red coloured histogram on 

Figure 5.3D. The magnitude of this change varied between cells (from the same 

cohort) but the largest change was observed in the cells expressing the most negative 

membrane potential in the SES. Likewise, the smallest change in the membrane 

potential within the same cohort in response to increasing the extracellular 

concentration of K+ was observed in a cell which had a membrane potential that was 

the least negative i.e. closest to 0 mV. Similar to the findings of the mean standard 

deviation, there was a concomitant decrease in the spread of the histogram with an 

increase in the extracellular concentration of K+. Upon the change from SES to CESk, 

the frequency histogram of the membrane potential from the different cells in cohort 1 

also changed roughly from a bell shaped curve to a sharp peak. Taken together, these 

results suggest that there was a decrease in the membrane potential dynamics of the 

Jurkat cells upon increasing the concentration of extracellular K+.  

 

The mean resting membrane potential of the Jurkat cells from cohort 2 depolarised 

from -4.1 ± 2 mV in SES to 16 ± 6 mV in CEScl (p<0.05) whilst the standard 

deviation increased significantly from 1.0 ± 1 in SES to 1.7 ± 1 in CESCl (p<0.05) 

(Figure 5.3A). The histograms of the membrane potential recordings from the cells in 

this cohort shifted to more positive potentials in response changing from CES to 

CESCl (Figure 5.3B). This was expected as the theoretical ECl- shifted to more positive 

potentials upon a reduction in the extracellular [Cl-]. In this cohort of cells, the 

difference in the shape and spread of the frequency histogram of the membrane 

potential was difficult to ascertain by eye (Figure 5.3E).  

 

Jurkat cells from cohort 3 had a mean membrane potential of -7.2 ± 3 mV in SES 

which was not significantly different from the mean membrane potential of cells 

belonging to cohort 2 (Figure 5.3A). Upon a reduction in the extracellular [Na+] i.e. 

CESNa, the mean membrane potential hyperpolarised to -14 ± 5 mV, however, this 

change was not statistically significant. Nevertheless, the mean standard deviation of 

the membrane potential from the cells in cohort 3 decreased significantly from 2.0 ± 1 
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in SES to 0.8 ± 1 in CESNa (p<0.0005) (Figure 5.3B). The frequency histograms of the 

membrane potential recordings of cells in cohort 3 showed that the membrane 

potential of the cells shifted to more negative potentials upon reducing extracellular 

[Na+], however, it was difficult to ascertain the difference between the spread of the 

histograms in SES and CESNa (Figure 5.3F).  
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Figure 5.2 

The effect of the membrane potential of Jurkat cells in extracellular solution containing 
different ionic concentrations. Representative membrane potential recordings from different 
Jurkat cells with either (A) standard extracellular solution (SES) containing 6 mM K+ or 
elevated extracellular K+ solution (CESK) which contained 60 mM K+, (B) standard 
extracellular solution (SES) containing 162 mM Cl- or low extracellular Cl- solution (CESCl) 
which contained 12 mM Cl- or (C) low extracellular Na+ solution (CESK) containing 150 mM 
Na+ or standard extracellular solution (SES) which contained 10 mM Na+. The membrane 
potentials recorded in SES were recorded in solution E1 whilst the intracellular solution was 
solution I1. The changed extracellular solution CESK was E1K whilst CESCl was E1Cl or 
CESNa was E1Na. 
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Figure 5.3 

Investigating the membrane potential in the frequency domain. Bar chart showing (A) 
mean and (B) standard deviation of the membrane potential from the cells belonging to either 
cohort 1, cohort 2 or cohort 3 in either standard extracellular solution (SES) or changed 
extracellular solution (CES). The bar chart in (C) shows the mean membrane potential of cells 
belonging to either cohort 1, cohort 2 or cohort 3 in standard extracellular solution. 
Representative frequency histogram of the membrane potential recording from a single cell 
belonging to either (D) cohort 1, (E) cohort 2 or (F) cohort 3 in either SES (red histograms) or 
CES (blue histograms). The bar chart in (A) is plotted as the mean ± SEM of the mean of the 
entire membrane potential recording from each cell in the respective cohort. Similarly, the bar 
chart in (B) is plotted as the mean standard deviation ± SEM of the mean of the standard 
deviation from each membrane potential recording in the respective cohorts. The statistical 
significance of the mean membrane potential and mean standard deviation within each cohort 
was ascertained using the paired Student’s T-test and a level of significance with a p<0.05 
between the SES and CES is highlighted with *, whilst a level of p<0.005 is highlighted with 
** and the significance level of p<0.0005 is highlighted with ***. The sample size was a 
minimum of 7. 
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In summary, the mean membrane potential of the Jurkat cells belonging to either 

cohort 1, cohort 2 or cohort 3 was sensitive to changes in the extracellular 

concentration of either K+, Cl- or Na+, respectively. The standard deviations and the 

frequency histogram of the membrane potential time-series also suggest changes in 

the dynamics of the membrane potential (induced through changes in the extracellular 

concentration of either K+, Cl- or Na+). These findings suggest the necessity of further 

investigations of the membrane potential signal in the time-frequency domain using 

the CWT technique. 
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5.2.4 Investigating the membrane potential of Jurkat cells in the time-
frequency domain using the continuous wavelet transform 

The results from the investigation of the membrane potential time-series suggest that 

the dynamics of the cell membrane potential change in response to changes in the 

concentration of extracellular ions. Consequently, CWT was applied to the membrane 

potential time-series to investigate the dynamics of the cells in the three cohorts. This 

also allowed for the application of the CWT technique to the analysis of the 

membrane potential dynamics technique to be appraised. 

 

Comparing the membrane potential dynamics of the Jurkat cells from different 

cohorts. The wavelet transforms of the membrane potential recorded in SES showed 

that fluctuations were present at frequency intervals between approximately 0.01 to 10 

Hz in all three cohorts (Figure 5.4).The membrane potential of cells from cohort 1 and 

cohort 2 recorded in SES showed significant differences in the static membrane 

potential (see Figure 5.3C) and the properties of the membrane potential dynamics 

(Figure 5.4A). The differences the membrane potentials point to differences in the 

active membrane transport proteins. CWT analysis of the membrane potential also 

showed a significant decrease in the time-averaged wavelet power of the fluctuations 

across all frequency intervals investigated (p<0.05) of cells from cohort 1 and cohort 2 

(Figure 5.4A). The simplest explanation of the data is that this reflects differences in 

the activity of membrane transport proteins.  

 

To ascertain if the differences in the time-averaged wavelet power of the fluctuations 

are due to the actual membrane potential itself or the activity of the underlying 

membrane transport proteins, the membrane potential dynamics of cells from cohort 2 

and cohort 3 was investigated. The mean membrane potential of the Jurkat cells from 

cohort 2 and cohort 3 were not significantly different (Figure 5.3C) yet there was 

significant difference in the power of the fluctuations at the frequency intervals tested 

(p<0.05) (Figure 5.4C). These results suggest that the membrane potential dynamics 

of the Jurkat cells are likely to be associated with distinct ion channels, pumps or 

carriers. Furthermore, a comparison of the time-averaged wavelet power of the cells 

belonging to cohort 1 and cohort 3 did not show significant differences in the 

membrane potential dynamics (Figure 5.4B) despite significant differences in the 
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mean membrane potential of the Jurkat cells from these two cohorts (Figure 5.3C) 

(p<0.05).  

Comparing the membrane potential dynamics of Jurkat cells from cohort 1 in varying 

concentrations of extracellular K+. The membrane potential of Jurkat cells from 

cohort 1 was recorded in SES and in CESk and the membrane potential dynamics was 

investigated using CWT. The time-averaged wavelet power of the membrane potential 

of cells recorded in SES showed an increase in the median power of the fluctuations 

with approximately 0.01 Hz and ranged between approximately 0.1 and 1 Hz (Figure 

5.5). The fluctuations with these frequencies appear to be blocked in response to 

increasing the concentration of extracellular K+ (p<0.05). In fact, elevated 

extracellular K+ blocked fluctuations at all the frequencies investigated and this can be 

seen by eye in the membrane potential recording. 

 

Comparing the membrane potential dynamics of Jurkat cells from cohort 2 in varying 

concentrations of extracellular Cl-. The membrane potential dynamics of the cells 

from cohort 2 showed significantly different dynamics in comparison to cells from 

cohort 1 and the time-average wavelet power across all the frequencies investigated 

was very small in comparison to the wavelet power of cells from cohort 1. 

Nevertheless, Figure 5.6 shows that the time-averaged wavelet power of the 

membrane potential recordings of Jurkat cells from cohort 2 did not cause a change a 

change in the time-averaged wavelet power of the fluctuations upon the reduction of 

extracellular Cl- (p<0.05). A large spread in the power of the fluctuations, however, 

was observed in individual membrane potentials as seen by the large spread between 

the 25th and 75th quartiles. 

 

Comparing the membrane potential dynamics of Jurkat cells from cohort 3 in varying 

concentrations of extracellular Na+. The membrane potential dynamics of the cells 

from cohort 3 recorded in SES showed that the fluctuations and dynamics were 

similar to cells from cohort 1 recorded in SES. Furthermore, similar to the effect 

observed on the membrane potential dynamics in cells from cohort 1 with elevating 

extracellular K+, a reduction in the concentration of Na+ also caused a significant 

reduction (p<0.05) in the time-average wavelet power of the fluctuations. This 

decrease was observed at   ~ 0.01 Hz and between ~ 0.1 and 1 Hz frequencies (Figure 
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5.7). Unlike CESK, the reduction of Na+ did not completely block the fluctuations at 

these frequencies. 
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Figure 5.4 

A comparison of the membrane potential dynamics recorded from Jurkat cells from 
three different cohorts. The median (solid lines) time-averaged wavelet power across the 
frequency intervals 0.01 and 10 Hz calculated from cells belonging to either (A) cohort 1 or 
cohort 2, (B) cohort 1  or cohort 3 or (C) cohort 2 or cohort 3 together with the 25th and 75th 
quartiles shown as dashed lines. The Mann Whitney U test was used to ascertain differences 
between the membrane potential dynamics of the cells from different cohorts at the specific 
frequency. The bar (greyscale) above the time-averaged plots represents the p-value obtained 
from this Mann Whitney U test. The number of samples was a minimum of 6 for each cohort. 
The Mann Whitney U test was used to test for level of significance and is shown by the bar on 
(A), (B) and (C). 
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Figure 5.5 

A comparison of the membrane potential dynamics of Jurkat cells from cohort 1 
recorded in varying concentrations of extracellular K+. Representative membrane potential 
recordings as seen in the time domain from Jurkat cells in either (A) standard extracellular 
solution containing either 6 mM K+ or (B) changed extracellular solution containing 60 mM 
K+. The wavelet transform of the representative membrane potential time-series is shown 
directly below the membrane potential recording. (C) The median time-averaged wavelet 
power across the frequency intervals between 0.01 to 10 Hz of the membrane potential from 
all the cells in either (A) or (B). The Mann Whitney U test was used to ascertain the degree of 
statistical difference between the membrane potential dynamics recorded in either standard 
extracellular solution (SES) or reduced extracellular K+ solution (CESK) at the specific 
frequency. The bar (greyscale) above the time-averaged plot represents the p-value obtained 
from this Mann Whitney U test. The dashed lines represent the 25th and 75th quartiles. The 
number of recordings was a minimum of 7 for each cohort.  
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Figure 5.6 

A comparison of the membrane potential dynamics of Jurkat cells belonging to cohort 2 
recorded in varying concentrations of extracellular Cl-. Representative membrane potential 
recording as seen in the time domain from Jurkat cells in either (A) standard extracellular 
solution containing 162 mM Cl- or (B) changed extracellular solution containing 12 mM Cl-. 
The wavelet transform of the representative membrane potential time-series is shown directly 
below the membrane potential recording. (C) The median time-averaged wavelet power 
across the frequency intervals between 0.01 to 10 Hz of the membrane potential from all the 
cells in either (A) or (B). The Mann Whitney U test was used to ascertain the degree of 
statistical difference between the membrane potential dynamics recorded in either standard 
extracellular solution (SES) or reduced extracellular Cl- solution (CEScl) at the specific 
frequency. The bar (greyscale) above the time-averaged plot represents the p-value obtained 
from this Mann Whitney U test. The dashed lines represent the 25th and 75th quartiles. The 
number of recordings was a minimum of 7 for each cohort.  
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Figure 5.7 

A comparison of the membrane potential dynamics of Jurkat cells from cohort 3 
recorded in varying concentrations of extracellular Na+. Representative membrane 
potential recording as seen in the time domain from Jurkat cells in either (A) standard 
extracellular solution containing either 150 mM Na+ or (B) changed extracellular solution 
containing 10 mM Na+. The wavelet transform of the representative membrane potential time-
series is shown directly below the membrane potential recording. (C) The median time-
averaged wavelet power across the frequency intervals between 0.01 to 10 Hz of the 
membrane potential from all the cells in either (A) or (B). The Mann Whitney U test was used 
to ascertain the degree of statistical difference between the membrane potential dynamics 
recorded in either standard extracellular solution (SES) or reduced extracellular Na+ solution 
(CESNa) at the specific frequency. The bar (greyscale) above the time-averaged plot represents 
the p-value obtained from this Mann Whitney U test. The dashed lines represent the 25th and 
75th quartiles. The number of recordings was a minimum of 8 for each cohort. 



 

186 

 
  



 

187 

In summary, analysis of the membrane potential of Jurkat cells using the CWT 

technique identified the presence of fluctuations and these fluctuations were affected 

by changes in the extracellular ion concentrations. Changes in the extracellular 

concentration of either K+, Cl- or Na+ have different effects on the membrane potential 

dynamics. The membrane potential dynamics were significantly altered in response to 

changes in the extracellular [K+] suggesting an important role of K+ channel in the 

membrane potential dynamics. Consequently, as the voltage-gated K+ channel was 

observed in the Jurkat cells (Chapter 3), the effect of this channel on the membrane 

potential dynamics was investigated. The effect of Cl- channels on the membrane 

potential dynamics could not be investigated due to the rundown of Cl- channel 

activity (see Figure 3.14) observed in the Jurkat cells. The effects of Na+ channels on 

the membrane potential dynamics could not be investigated either as specific Na+ 

channels were not observed in the Jurkat cells used. The effect of intracellular Ca2+ on 

the membrane potential dynamics was also investigated. 
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5.2.5 Investigating the role of voltage-gated K+ channels on the 
membrane potential dynamics of Jurkat cells 

Voltage-gated K+ channels have been identified in the Jurkat cells used in the present 

study (see Chapter 3), therefore, the possibility that the activity of these channels 

could be contributing to the observed membrane potential dynamics was investigated. 

As the activity of ion channels determines the membrane potential, it is also possible 

that the activity of these channels could be the origin of the observed fluctuations in 

the membrane potential dynamics. Consequently, the membrane potential of Jurkat 

cells with the active voltage-gated K+ current was compared to the membrane 

potential recordings of Jurkat cells that lacked activity of this channel. In addition, the 

membrane potential dynamics of Jurkat cells with the active voltage-gated K+ channel 

was compared to the with cells wherein this K+ channel was blocked using 4-AP. 

 

The membrane potential dynamics did not to show significant differences between 

Jurkat cells with an active voltage-gated K+ channel and cells which did not have an 

active voltage-gated K+ channel (Figure 5.8). A slight decrease, however, was 

observed in the median time-averaged wavelet power in the cells which did not show 

activity of this voltage-gated K+ channel. To confirm if the voltage-gated K+ channels 

were not involved in the observable membrane potential dynamics, the K+ channels 

were blocked with 1 mM 4-AP. This concentration of 4-AP completely blocked the 

voltage-gated K+ currents (Figure 3.11). In the presence of 1 mM 4-AP, the membrane 

potential dynamics failed to show significant differences in comparison to the 

membrane potential recorded in the absence of 4-AP (Figure 5.8D). Notwithstanding, 

there was a slight decrease in the median time-averaged wavelet power at most of the 

frequency intervals investigated, albeit this was not statistically significant. These 

results suggest that the voltage-gated K+ channel do not play a major role in the 

observed membrane potential dynamics of the Jurkat cells.  
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Figure 5.8 

The influence of the activity of voltage-gated K+ channels on the membrane potential 
dynamics of Jurkat cells. Representative whole cell currents from a Jurkat cell with (A) 
voltage-gated K+ current and (B) a cell without the voltage-gated K+ current. The median 
time- averaged wavelet power as a function of the frequency from either (C) 27 Jurkat cells 
showing the voltage-gated K+ current and 12 cells without the activity of the voltage-gated K+ 
current in the voltage clamp mode or (D) 27 Jurkat cells expressing the voltage-gated K+ 
current and 8 different Jurkat cells wherein the voltage-gated K+ current was blocked by 1 
mM 4-AP. The whole cell currents were induced using test potentials between 80 mV to -20 
mV in -20 mV intervals with 30 seconds between each test pulse. The dark red line in (C) and 
(D) represents the median wavelet power of Jurkat cells with activity of the voltage-gated K+ 
current whilst the dashed lines represent the 25th and 75th quartiles. The dark blue line in (C) 
represents the median wavelet power of Jurkat cells without activity of the voltage-gated K+ 
current whilst in (D) it represents the blocked voltage-gated K+ channel. The dashed lines 
represent the 25th and 75th quartiles. The Mann Whitney U test was used to ascertain the 
degree of statistical difference between the membrane potential dynamics recorded in the 
different conditions at the specific frequency. The bar (greyscale) above the time-averaged 
plots in (C) and (D) represents the p-value obtained from this Mann Whitney U test. 
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5.2.6 Investigating the influence of intracellular Ca2+ on the static 
membrane potential 

Oscillations in intracellular [Ca2+] have been observed in a number of different cell 

types and these oscillations cause oscillations in the membrane potential through the 

activation of Ca2+-activated ion channels (Akagi et al., 1999; Berridge et al., 2003). 

Therefore, the effects of intracellular Ca2+ was investigated on the membrane potential 

dynamics of the Jurkat cells from the three cohorts recorded in SES and either CESK, 

CESCl or CESNa (as described earlier). Recall, these three cohorts were identified in 

the previous section of this thesis and the Jurkat cells were grouped according to the 

response of the membrane potential to changes in the extracellular concentration of 

either K+, Na+ or Cl-. Increasing the free intracellular [Ca2+] from nominally free to 1 

µM did not significantly change the static resting membrane potential of cells 

belonging to either cohort 1 or cohort 2 in SES (Figure 5.9A).  
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5.2.7 Investigating the effect of intracellular Ca2+ on the membrane 
potential of Jurkat cells in the time domain  

As the presence of intracellular Ca2+ can affect the membrane potential by modulating 

the activity of ion carriers, it is possible that the intracellular Ca2+ could alter the 

membrane potential dynamics. Indeed, oscillations in the intracellular concentration of 

Ca2+ have been reported in a wide number of cell types (Akagi et al., 1999; Dolmetsch 

et al., 1998; Dupont et al., 2011). As such, preliminary investigations on the 

membrane potential dynamics was undertaken in the presence of intracellular Ca2+. 

The membrane potential dynamics in these investigations were ascertained by the 

standard deviation of the entire membrane potential time-series recorded in either SES 

or CES.  

 

Analysis of the standard deviation can highlight differences related to the dynamics of 

the time-series. The results showed that the membrane potential recorded with an 

elevated intracellular [Ca2+] failed to significantly affect the standard deviation of the 

membrane potential of Jurkat cells from either cohort 1 or cohort 2, though there was 

evidence of some differences (see Figure 5.9B). 
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Figure 5.9 

Investigating the membrane potential in the frequency domain. Bar chart showing (A) mean and (B) standard deviation of the membrane potential from 
the cells belonging to the three different cohorts patched with presence or absence of intracellular Ca2+. The bar charts in (A) is plotted as the mean ± SEM of 
the mean. The bar chart in (B) is plotted as the standard deviation of the time-series from all the cells in the three cohorts. The statistical significance of the 
mean membrane potential and mean standard deviation within each cohort was ascertained using the paired Student’s T-test. The sample size was a minimum 
of 6. 
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5.2.8 Investigating the effect of intracellular Ca2+ on the membrane 
potential of Jurkat cells in the time-frequency domain using the 
continuous wavelet transform 

Analysis of the standard deviation of the membrane potential from the Jurkat cells 

suggested that the presence of intracellular Ca2+ could affect the membrane potential 

dynamics. To investigate this further, CWT analysis was applied to the membrane 

potential of Jurkat cells recorded in the presence of intracellular Ca2+. 

 

The results of the CWT analysis of the membrane potential of cells belonging to 

cohort 1 did not show differences in the membrane potential dynamics in the presence 

of the elevated intracellular Ca2+ in comparison to membrane potential recordings in 

nominally free Ca2+ (Figure 5.10A). Despite non-significant differences in the median 

time-averaged wavelet power in the presence of 1 µM intracellular Ca2+, there was an 

increase in the spread of the time-averaged wavelet power between the individual 

recordings (as seen by the 25th and 75th quartiles in Figure 5.10). This suggests that 

intracellular Ca2+ could have altered the membrane potential dynamics of some Jurkat 

cells but not others. As such more samples are required to confirm if Ca2+ could have 

affected the membrane potential dynamics of the Jurkat cells. The large deviation was 

most obvious on the 75th quartile which showed increased power of the fluctuations 

with frequency intervals spanning approximately 0.024 to approximately 3 Hz.   

 

Increasing the intracellular [Ca2+] failed to significantly alter the membrane potential 

dynamics of the cells from cohort 2 (Figure 5.10B). Unlike the results from cohort 1, 

the elevated concentration of intracellular Ca2+ failed to affect the spread of the time-

averaged wavelet power between the individual recordings. On the contrary, in the 

presence of 1 µM intracellular Ca2+, the spread between the recordings decreased in 

comparison to the spread of the wavelet power observed in nominally free Ca2+.  
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Figure 5.10 

The influence of intracellular Ca2+ on the membrane potential dynamics of Jurkat cells. 
The median time-averaged wavelet power as a function of frequency of Jurkat cells patched in 
the presence or absence of 1 µM intracellular Ca2+ in either (A) cohort 1 or (B) cohort 2. The 
dashed lines represent the 25th and 75th quartiles. The Mann Whitney U test was used to 
ascertain differences between the membrane potential dynamics recorded in the different 
conditions at the specific frequencies. The bar (greyscale) above the time-averaged plots in 
(A) and (B) represents the p-value obtained from this Mann Whitney U test. The number of 
samples was a minimum of 6. 
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5.2.9 Investigating the membrane potential of Jurkat cells in different 
states in time-frequency domain using the continuous wavelet 
transform 

One of the aims of this project was to investigate the role of temporal changes in the 

membrane potential which could potentially be involved in bioelectrical signalling 

mechanisms associated with either proliferation or activation. Consequently, the 

membrane potential dynamics of the Jurkat cells that were in either a non-proliferative 

state, state of log growth or an activated state by the techniques described in Chapter 3 

or 4 were investigated using the CWT technique. 

 

The membrane potential dynamics investigated using the CWT technique failed to 

show significant differences in the time-averaged wavelet power between Jurkat cells 

in the log phase of growth and ConA activated Jurkat cells (Figure 5.11A). Similarly, 

Jurkat cells in a non-proliferative state failed to alter the membrane potential dynamics 

in comparison to Jurkat cells in a proliferative state or an activated state (Figure 

5.11B). These results suggest that the membrane potential dynamics of Jurkat cells do 

not change irrespective of the state of the Jurkat cells.  
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Figure 5.11 

Analysis of the membrane potential time-series from Jurkat cells in different states. 
Time-averaged wavelet power of the membrane potential of Jurkat cells in either (A) Jurkat 
cells in either the log phase of proliferation or ConA activated state. (B) Jurkat cells in either 
the log phase of proliferation or a non-proliferative state. (C) Jurkat cells in the non-
proliferative state or ConA activated state. The dashed lines represent the 25th and 75th 
quartiles. The Mann Whitney U test was used to ascertain differences between the membrane 
potential dynamics recorded in the different conditions at the specific frequency. The bar 
(greyscale) above the time-averaged plots represents the p-value obtained from this Mann 
Whitney U test. The number of samples was a minimum of 9. 
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5.3 Discussion 

The dynamic nature of the membrane potential is generally overlooked and as a result 

it is often reported as a static signal (the magnitude of the membrane potential at a 

single time point) and thus, only one value for the membrane potential value is quoted. 

This approach overlooks temporal changes in the membrane potential and the 

nonstationary dynamics of the membrane potential signal. 

 

The aim of this chapter was to ascertain if the CWT technique could be used to 

investigate the membrane potential in the time-frequency domain. It is also possible 

that the time-frequency domain encodes information for regulating cell behaviours 

that are associated with bioelectric signalling. Consequently, understanding the 

membrane potential dynamics could shed light on potential bioelectric signalling 

pathways.  

 

Analysis of the membrane potential in the time-frequency domain using CWT showed 

the presence of fluctuations rather than continuous oscillations. In other words, the 

changes in the membrane potential did not occur in a repeatable manner with time. 

This is seemingly contradictory to the findings of Lang et al., (1991), Enomoto et al., 

(1986), Pandiella et al., (1989) and Swann et al., (1989). In the aforementioned 

studies, high amplitude oscillations in the membrane potential of either fibroblasts, 

mammary epithelial cells or hamster eggs were observed. The oscillations in the 

membrane potential, however, were observed upon treatment with either bradykinin, 

epidermal growth factor (EGF) or fertilisation. The magnitude of the oscillations in 

the membrane potential of those cells were at least 10 mV and the frequency of the 

oscillations were approximately 0.01 Hz which made them observable in the 

membrane potential recordings by eye without the need of more complex analytical 

techniques.  

 

It is possible that oscillations of a similar frequency to the frequency observed in the 

fibroblasts and epithelial cells but with a lower magnitude were present in the 

membrane potential of the Jurkat cells used in the present study but were hidden 

within the membrane potential signal and therefore not obvious by eye. This, 

however, is unlikely as the wavelet transform analysis failed to highlight the presence 
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of continuous oscillations at any of the frequency intervals investigated. The high 

magnitude oscillations seen in the previous studies may not have been present in the 

membrane potential of the Jurkat cells in the current study due to the treatment of the 

cells, the type of cells used or the whole cell patch clamping technique used to 

measure the membrane potential. Alternatively, the high magnitude oscillations may 

just not exist in the Jurkat cells. 

 

The absence of oscillations in the membrane potential of the Jurkat cells could reflect 

the fact that oscillations in the membrane potential are cell specific as Enomoto et al., 

(1986) used mammary epithelial cells whilst Lang et al., (1991) used fibroblasts cells. 

Furthermore, the fibroblasts and mammary epithelial cells were treated with either 

bradykinin or EGF which could have affected metabolic processes (Enomoto et al., 

1986). In turn, this could have had intracellular effects which manifested in the 

observed membrane potential dynamics. For example, bradykinin can indirectly cause 

the release of intracellular Ca2+ by stimulating the formation of 1,4,5-inositol 

triphosphate (Yano et al., 1985). In line with this hypothesis, fibroblasts and 

mammary epithelial cells which were untreated did not have oscillations in the 

membrane potential that were obvious by eye. It is still possible that oscillations or 

fluctuations with similar characteristics observed in the present study were present in 

the membrane potential of the cells used in their studies. They may have been hidden 

within the membrane potential recording and not evident without complex analysis 

(Enomoto et al., 1986; Lang et al., 1991).  

 

The oscillations observed in the membrane potential of fibroblasts and mammary 

epithelial cells were only observed in the treated cells and thus cells that were not in a 

resting state. One of the aims of the present study was to investigate the membrane 

potential dynamics of Jurkat cells in a resting state using complex analytical methods. 

The fact that the Jurkat cells were in a resting untreated state could have contributed to 

the absence of large amplitude oscillations in the membrane potential of the Jurkat 

cells. Perhaps the difference in the measurement technique lead to the differences in 

the observance of membrane potential oscillations.  
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The whole cell patch clamping technique was used in the present study whilst 

electrical impalements were used in the studies by Lang et al., and Enomoto et al., To 

the contrary, the whole cell patch clamping technique was used by Pandiella et al., yet 

oscillations in the membrane potential were still observed. The electrode impalement 

technique does not cause washout of the cytosol and thus, regulatory molecules 

needed for the functioning of intracellular organelles unlike the whole cell patch 

clamping technique which was used in the current study (Sarantopoulos, 2007). 

Consequently, washout of molecules from the cytosol could have affected the 

functional state of intracellular organelles. As a result, the possible role of functional 

organelles in the oscillations of the membrane potential could be disrupted from the 

whole cell patch clamping technique.  

 

The findings from the study conducted by Pandiella et al., showed that at least in 

fibroblasts cells, oscillations occur in the absence of cytosolic factors indicating that 

membrane associated factors are sufficient to drive oscillations. Indeed, if oscillations 

in the membrane potential are driven by oscillations in cytosolic Ca2+ then the patch 

clamping technique would not be able record them due to cytosolic washout caused by 

the whole cell patch clamping technique (Dupont et al., 2011; Hess et al., 1993). 

Nevertheless, interplay between cytosolic Ca2+ mobilisation from intracellular stores 

and the extracellular medium occurs in an oscillatory manner which could in turn 

cause oscillatory changes in the membrane potential by activating ion channels in an 

oscillatory manner, thus, ultimately leading to membrane potential oscillations (Uhlen 

and Fritz, 2010). This was, in fact, suggested to be the cause of the oscillations in the 

membrane potential of fibroblast cells (Pandiella et al., 1987; Peres and Giovannardi, 

1990). Consequently, understanding the membrane potential dynamics in and of itself 

is imperative before adding additional layers of complexities arising from the presence 

of organelles and other metabolic components. Washout of the cytosolic components 

could be avoided using the perforated patch clamping technique (Spruston and 

Johnston, 1992).    

 

Moreover, using the electrode impalement technique to measure the membrane 

potential has additional difficulties. The technique is more suited to cells which have a 

diameter larger than 50 µM (Ince et al., 1986; Ogden, 1994). In the case of measuring 
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the membrane potential of cells with a smaller diameter, the membrane potential is not 

reliable due to electrode induced transmembrane shunts. These shunts occur due to the 

lack of a tight seal between the electrode and the plasma membrane (Ince et al., 1984; 

Li et al., 2004; Svirskis et al., 1997). These transmembrane shunts are thought to arise 

due to the presence of a water layer between the microelectrode and the plasma 

membrane. These transmembrane shunts have even been considered to be the cause of 

membrane potential oscillations observed in membrane potential recordings using 

impalements (Ince et al., 1986).  

 

The membrane potential could have been recorded using membrane potential dyes 

such as indo-carbocyanines (Wilson et al., 1985). Although, dyes would overcome the 

issue of cytosolic washout, as discussed in the introduction,  a major drawback with 

fluorescent dyes is that additional calibration is required to ascertain the precise 

membrane potential which is an important requirement of the current project (Cohen 

and Salzberg, 1978). 

 

While continuous oscillations in the membrane potential of Jurkat cells were not 

identified in the present study, CWT analysis of the membrane potential did highlight 

fluctuations which had frequencies that spanned between approximately 0.01 and 1 

Hz. Evidence for the presence of fluctuations in the membrane potential recordings 

were seen in the time-frequency domain of the membrane potential of all Jurkat cells 

recorded in the SES. The presence of fluctuations in all recordings investigated 

provides preliminary evidence that these fluctuations are deterministic rather than 

stochastic, although this requires further study to confirm. Nevertheless, the wavelet 

transform also showed the membrane potential has nonstationary dynamics i.e. the 

membrane potential changes with time, therefore, this could explain the differences in 

the quoted membrane potential of a given cell type and also raises questions about 

citing a single static membrane potential.  

 

The membrane potential fluctuations were affected by either K+, Cl- or Na+ in the 

absence of intracellular Ca2+. An increase in the concentration of extracellular K+ 

completely blocked the fluctuations whilst a reduction in the concentration of 

extracellular Na+ reduced the power i.e. the magnitude of the fluctuations but failed to 
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completely block them. On the other hand, a reduction in the concentration of 

extracellular Cl- caused an increase in the power of the fluctuations. Was the change 

in the membrane potential dynamics a consequence of the change in the membrane 

potential itself, or was it due to the change in the ionic concentration and the change in 

the conductance of these ions? The membrane potential changed significantly in 

response to changes in the ionic concentration of either extracellular K+, Cl- or Na+, 

concurrently, the membrane potential dynamics also changed. If the membrane 

potential dynamics was dependent on the membrane potential of the Jurkat cells then a 

correlation between the membrane potential of a cell and the power of the fluctuations 

would have been evident in the cells prior to changes in the extracellular concentration 

of either K+, Cl- or Na+. Such correlations were not evident suggesting that the 

membrane potential dynamics were not voltage dependent. In line with this 

hypothesis, a comparison between the membrane potential dynamics of the three 

different cohorts recorded in SES showed that the dynamics were significantly 

different depending on which ion dominated to determine the membrane potential 

rather than the membrane potential per se. These results support the hypothesis that 

the membrane potential dynamics are not dependent on the membrane potential. A 

similar hypothesis was also made by Enomoto et al., (1986). 

 

An increase the ionic concentration of extracellular K+ has been shown to reduce the 

magnitude of oscillatory changes in the membrane potential of fibroblasts and T-

lymphocytes (Lang et al., 1991; Maltsev, 1990). These studies are in agreement with 

the findings of the present study wherein changes in the conductance of K+ manifested 

in the altered membrane potential dynamics. It is difficult to relate the membrane 

potential dynamics to the activity of a specific K+ channel from the results in the 

present study. However, the dynamics have been linked to voltage-gated K+ channels 

and Ca2+ activated K+ channels in T-lymphocytes and fibroblasts, respectively 

(Maltsev, 1990; Pandiella et al., 1987). Nevertheless, in the present study, inhibition 

of the voltage-gated K+ channels reduced the power of the fluctuations with a 

frequency of approximately 0.1 Hz but failed to completely inhibit the fluctuations. 

This suggests that the membrane potential dynamics were not associated solely with 

the activity of a specific type of voltage-gated K+ channels. As an increase in the 

extracellular concentration of K+ blocked fluctuations in the membrane potential, it is 
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possible that these fluctuations could have been associated with the conductance of K+ 

through other channels or transport mechanisms or even the conductance of other 

ions. In agreement with this, there were insignificant differences between the 

membrane potential dynamics of Jurkat cells belonging to cohort 1 and cohort 3 

despite significant differences in the membrane potential. The significantly different 

membrane potentials likely reflects the activity of different ions channels, pumps and 

carriers. Several other lines of evidence also support this hypothesis.  

 

First, the power of the fluctuations were also reduced through a reduction of 

extracellular Na+ even though there was no evidence of specific Na+ channels in the 

Jurkat cells used in the current study. Second, the membrane potential of the Jurkat 

cells was not determined exclusively by K+ conductance since the theoretical Ek+ in 

the present study was -75 mV and the mean membrane potential of the Jurkat cells in 

all three cohorts was significantly depolarised in comparison. Third, application of 

exogenous 4-AP failed to significantly alter the membrane potential despite inhibiting 

the voltage-gated K+ channel.  

 

Although the power of the fluctuations were reduced through the reduction of 

extracellular Na+. It is unlikely that the altered dynamics were due to the conductance 

of Na+ through specific Na+ ion channels since the only specific Na+ channel observed 

in lymphocytes (the voltage-gated Na+ channel) was not observed in the present study 

(Fraser et al., 2004). Nevertheless, the conductance of Na+ could have occurred 

through non-specific cation channels or the Na+/Ca2+ exchanger. If the conductance of 

Na+ was through the Na+/Ca2+ exchanger then it is possible that a decrease in the 

concentration of extracellular Na+ could cause cytosolic Na+ extrusion and Ca2+ entry 

via this exchanger. The increase in the intracellular Ca2+ could have activated Ca2+ 

activated channels and contributed to the observed fluctuations in the membrane 

potential (Lang et al., 1991). 

 

Due to the difficulty in isolating the different current types and thus identifying 

specific channel types in the Jurkat cells used, it is difficult to link specific channel 

activity and any dynamics associated with the activity of specific channels. It is 
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envisaged that future studies will investigate the dynamic signatures of specific 

channel types. 

  

The wavelet transforms of the membrane potential showed frequent occurrence of the 

fluctuations in all of the membrane potential recordings suggesting that the membrane 

potential dynamics is indeed regulated (i.e. deterministic). The regulating factors for 

these fluctuations, however, remain ill understood. Although changes in the ionic 

concentration of either K+, Cl-, or Na+ produced changes in the membrane potential 

dynamics, it is unlikely that the mere conductance of these ions was the deterministic 

factor. If the conductance of these ions was the determining factor then the membrane 

potential dynamics should have been unaffected by changes in the ionic 

concentrations as the conductance of these ions determined the membrane potential of 

the Jurkat cells whilst they were in SES. The origin of the fluctuations observed in the 

membrane potential could be due to the activity of ion channels, pumps and carriers. 

Although ion channel gating mechanisms are poorly understood, their activity 

contributes to the conductance of ions, therefore, it could be involved in the origin of 

the deterministic fluctuations. For instance, hydrophobic gating mechanisms may be 

involved in voltage-gating K+ channels (Aryal et al., 2015). In this hydrophobic model 

of gating, water molecules transition between wet and dry states leading to changes in 

the pore diameter ultimately acting as gates. The transition between the wet and dry 

states could be the underlying deterministic factor for the change in the membrane 

potential dynamics.  

 

Jurkat cells in an activated state or a non-proliferative state failed to show significant 

differences in the membrane potential dynamics in comparison to Jurkat cells in the 

log phase of growth. The channels observed in the three different states were also 

similar and only differed on the proportion of cells expressing the voltage-gated K+ 

channel. As the membrane potential is determined by the activity of the ion channels, 

it is therefore unsurprising that there were no significant differences in the membrane 

potential dynamics. These results also provide further evidence that the fluctuations in 

the membrane potential are not simply due to the activity of the voltage-gated K+ 

channel.  
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In the present study, the membrane potential dynamics of the Jurkat cells were 

investigated on single cells by changing either the concentration of extracellular K+, 

Cl- or Na+. The membrane potential of Jurkat cells belonging to either cohort 1, 2 or 3 

failed to match the theoretical EK+, ECl- or ENa+ respectively, which suggests that the 

membrane potential was determined by the conductance of more than one of these 

ions. It would have been interesting to investigate the voltage sensitivity of the 

membrane potential dynamics by changing the concentration of more than one ion on 

a single cell rather than using different cells as was the case in the present study. This 

could be considered as a limitation of the present series of investigations, however, the 

current study design was chosen based on the fact that the tight seal between the glass 

microelectrode and the cell membrane required for the whole cell configuration could 

not be maintained for a period of 90 minutes. 

 

In summary, the CWT technique can be applied to the membrane potential time-series 

recorded using the patch clamping technique to investigate the membrane potential in 

the time-frequency domain in a novel manner. The application of the CWT analysis 

on the membrane potential time-series highlighted nonstationary dynamics. 

Furthermore, membrane potential dynamics which are probably deterministic were 

also identified and these dynamics can be distinguished from dynamics associated 

with the patch clamping hardware. The results also highlighted the possibility that the 

membrane potential dynamics of the Jurkat cells is dependent on the activity of ion 

channels and transport mechanisms rather than the static magnitude of the membrane 

potential per se. As the CWT technique can be used to investigate membrane potential 

dynamics, in the next chapter, the CWT technique will be used to investigate 

oscillations and fluctuations in the membrane potential of endothelial cells. The 

membrane potential dynamics of endothelial cells were investigated as low frequency 

oscillations in the cardiovascular system ascertained using the CWT technique have 

been linked to the activity of endothelial cells.   
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6 ELECTROPHYSIOLOGICAL 

CHARACTERISATION AND 

ANALYSIS OF THE 

MEMBRANE POTENTIAL 

DYNAMICS OF HMEC-1 

ENDOTHELIAL CELLS  

6.1 Introduction 

Complex analytical techniques, namely, the CWT technique can be applied to 

investigate the membrane potential dynamics of Jurkat cells (see Chapter 5). The 

CWT technique has also been used to investigate the time-frequency domain of blood 

flow measurements recorded from humans (Stefanovska et al., 1999). The results from 

studies suggest that the blood flow signal has at least six different oscillatory 

frequencies (Kvandal et al., 2003; Kvernmo et al., 1999). These oscillatory 

frequencies range from 0.005 to 2 Hz and are thought to correspond to different 

aspects of the cardiovascular system (Stefanovska, 2007b). Studies with Nitric oxide 

dependent and nitric oxide independent vasoactive compounds altered the 
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characteristics of the two lowest oscillatory frequency ranges i.e. 0.005 – 0.0095 Hz 

and 0.0095 – 0.021 Hz. This indicates that these two low frequency intervals are 

related to the activity of microvascular endothelial cells (Bernjak et al., 2008; Kvandal 

et al., 2006).  

 

The physiological relevance of these oscillations are only starting to be realised. 

Emerging evidence has shown that the characteristics of the blood flow dynamics at 

the low frequency intervals is altered in individuals with heart disease in comparison 

to healthy age-matched controls (Bernjak et al., 2008). Consequently, a thorough 

understanding of these low frequency oscillations present in the cardiovascular system 

could provide additional insights into human health.  

 

It is well documented that the membrane potential has an influencing role in a diverse 

range of cell behaviours (as discussed in Chapter 1). It is possible that the low 

frequency oscillations in the cardiovascular system which are associated with the 

behaviour of endothelial cells have their origins in the oscillations of membrane 

potential. This is also an attractive proposition because the membrane potential is a 

tractable parameter which would allow further investigation and understanding of the 

physiological significance of the low frequency oscillations associated with 

endothelial cell behaviour. 

 

Aims of the chapter 

The aim of this chapter is to apply the CWT technique used in Chapter 5 to a 

physiologically relevant system wherein the membrane potential dynamics are known 

to be important i.e. blood flow dynamics. More specifically, the blood flow dynamics 

related to the activity of microvascular endothelial cells which occupy the lowest two 

frequency intervals i.e. 0.005 – 0.0095 Hz and 0.0095 – 0.021 Hz will be investigated 

within the membrane potential recordings. The membrane potential of HMEC-1 cells 

(see Chapter 1 for a detailed discussion on the selection of the HMEC-1 cell line) will 

be investigated using the patch clamping technique. It is envisaged that this approach 

will allow understanding of the membrane potential dynamics with respect to any 

dependence on ion channels, pumps and transporters.  
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Briefly, the HMEC-1 cell line is a microvascular endothelial cell line which exhibits 

several characteristics and markers of endothelial cells in vivo. In turn, making the 

HMEC-1 cells more akin to primary microvascular endothelial cells. Consequently, 

the findings of this chapter should be physiologically relevant.  

 

The findings from Chapter 5 suggested a role for intracellular Ca2+ in the membrane 

potential dynamics, therefore, the effect of Ca2+ will also be investigated in the 

HMEC-1 cells. Moreover, the physiological role of intracellular Ca2+ elevations is 

well documented in endothelial cells adding the physiological relevance of this series 

of experiments (Berridge et al., 2000; Tran et al., 2000). To investigate oscillations 

with a minimum frequency of 0.005 Hz, the membrane potential of microvascular 

endothelial cells were recorded for 30 minutes which will allow identification of 

oscillations with this minimum frequency.  
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6.2 Results 

6.2.1 The membrane potential of proliferating HMEC-1 cells 

In the first instance, the membrane potential of proliferating HMEC-1 cells in the log 

phase of growth was investigated and the effect of intracellular ATP and intracellular 

Ca2+ on the membrane potential was established. The membrane potential was 

determined using the current clamp mode of the patch clamping technique.  

 

In the presence of intracellular ATP, the mean immediate membrane potential 

(recorded within two seconds of achieving the whole cell configuration) for the 

HMEC-1 cells used in the present study was -4.5 ± 1 mV (n=50). The membrane 

potential of these cells ranged from 18 mV to -25 mV (Figure 6.1). The average 

resting membrane potential (after two minutes of achieving the whole cell 

configuration) of these HMEC-1 cells was not significantly different from the mean 

immediate membrane potential (n=90). 

 

The presence of intracellular ATP stimulates active transport mechanisms and 

together with ion channels, they combine to set the membrane potential of mammalian 

cells (Wright, 2004). Active transport mechanisms require intracellular ATP to 

function, therefore, ATP was omitted from the intracellular solution and the 

contribution of active transport mechanisms to setting the resting membrane potential 

of the HMEC-1 cells was investigated. In the absence of ATP, the mean resting 

membrane potential of the HMEC-1 cells was 3.8 ± 2 mV (n=11) and was 

significantly different to the mean resting membrane potential of cells patched in the 

presence of intracellular ATP which was -5.7 ± 1 mV (n=90) (p<0.05) (Figure 6.1). 

The difference between the resting membrane potentials likely reflects the presence of 

intracellular ATP which would activate ATP dependent ion transport processes.  

 

Studies have shown the presence of Ca2+ activated ion channels in HMEC-1 cells 

(Grgic et al., 2005; Zuidema et al., 2010). It was therefore envisaged that an increase 

in the concentration of intracellular Ca2+ from nominally free to 1 µM free would 

activate Ca2+ activated channels, if they are present on the plasma membrane of the 

HMEC-1 cells used in the current study. The activation of any Ca2+ activated channels 

could potentially alter the resting membrane potential of the HMEC-1 cells. The 
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results showed that the average resting membrane potential of the HMEC-1 cells 

patched in the presence of 1 µM free intracellular Ca2+ was -23 ± 4 mV (n=25) 

(p<0.05). The large difference in the membrane potential of the HMEC-1 cells in the 

presence of intracellular Ca2+ indicates the presence of Ca2+-activated ion channels in 

the HMEC-1. In the next section, the contribution of either Cl-, Na+ or K+ to the 

resting membrane potentials of the HMEC-1 cells will be investigated. These three 

ions were investigated as their conductance are the major determinants of the 

membrane potential (Wright, 2004). 
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Figure 6.1  

The distribution of the membrane potentials of proliferating HMEC-1 cells. The 
membrane potential of the HMEC-1 cells was measured either immediately (within two 
seconds of achieving the whole cell configuration or in a resting state (after two minutes of 
achieving the whole cell configuration). The immediate membrane potential of the HMEC-1 
cells was recorded in the presence of 4 mM ATP and nominally free intracellular Ca2+ (n=50). 
The resting membrane potentials of the cells was recorded in either 4 mM (n=90) or 0 mM 
ATP and nominally free intracellular Ca2+ (n=11), or 4 mM ATP and 1 µM free intracellular 
Ca2+ (n=25). A Student’s T-test was used to compare the level of significance between the 
conditions and the * denotes p<0.05. Note, although the mean resting membrane potential of 
HMEC-1 cells in the presence of 1 µM free Ca2+ and ATP in the intracellular solution was 
significantly different to the resting membrane potential of the HMEC-1 cells in the absence 
of 1 µM free Ca2+ and presence of intracellular ATP, the assumption of homogeneity of 
variances as tested by Levene’s test of equality of variances was violated. The HMEC-1 cells 
were patched in extracellular solution HE1 and the intracellular solution was either HI1, H1.2 
or HI1.3. Solution HI1 contained nominally free Ca2+ and 4mM ATP. Solution HI1.2 was 
similar to HI1 but contained 1µM free CaCl2

 without ATP. Solution HI1.3 contained. 1µM 
free CaCl2 and 4mM ATP. 
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6.2.2 Ionic conductance’s regulating the membrane potential of the 
HMEC-1 cells 

The membrane potential of mammalian cells is primarily regulated by the ionic 

conductance’s of K+, Cl-, and Na+ (Wright, 2004). Consequently, the individual 

contribution of these three ions to setting the resting membrane potential of the     

HMEC-1 cells was investigated in nominally free intracellular Ca2+ solutions. 

Channels selective for all of these three ions have been observed in endothelial cells 

(Nilius et al., 1996; Nilius and Riemann, 1990; Wang et al., 2009a; Zuidema et al., 

2010).  

 

The contribution of Cl- to setting the observed resting membrane potential of the 

HMEC-1 cells was investigated by reducing the extracellular concentration of Cl- 

from 162 mM to 6 mM. The Cl- concentration was reduced by replacing KCl and 

NaCl with equimolar concentrations of K gluconate and Na gluconate, respectively. 

The reduction in the concentration of Cl- caused the theoretical Ecl- changed from -33 

mV to 48 mV. As such, a change in the observed membrane potential was expected if 

the conductance of Cl- contributed to setting the resting membrane potential of the 

HMEC-1 cells. The HMEC-1 cells could be grouped into two different populations 

based on the resting membrane potential recorded in the standard extracellular 

solution (HE1). The mean resting membrane potential of the HMEC-1 cells from 

population 1 was -0.8 ± 1 mV (10 out of the 23 cells investigated) whilst the resting 

membrane potential of the HMEC-1 cells from population 2 was -11.4 ± 1 mV (13 out 

of the 23 cells). The change in the membrane potential of the cells in response to the 

reduction of extracellular [Cl-] also produced two different responses. The membrane 

potential of the cells from population 1 (-0.8 ± 1 mV) did not significantly change 

(n=10) whilst in population 2, the membrane potential of the HMEC-1 cells 

depolarised from an average of -11.4 ± 1 mV to 20.5 ± 1 mV (n=13) (p<0.0005) 

(Figure 6.2A).     

 

Next, the contribution of Na+ to setting the resting membrane potential of the HMEC-

1 cells was ascertained as Na+ channels have observed in endothelial cells (Wang et 

al., 2009a). Extracellular Na+ was reduced from 150 mM to 10 mM by replacing 140 

mM NaCl with equimolar concentrations of NMDG-Cl. This reduction caused the 
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theoretical ENa+ to change from 91 mV to 5 mV. In response to the decrease in the 

extracellular Na+, the membrane potential of the HMEC-1 cells hyperpolarised from a 

mean resting membrane potential of -1.5 ± 3 mV to -12.2 ± 7 mV (n=5) (Figure 6.2). 

Unlike the varied response observed in response to the reduction of extracellular Cl-, 

all the HMEC-1 cells showed a uniform hyperpolarizing response to the reduction of 

extracellular Na+. 

 

A variety of K+ channels have been described in HMEC-1 cells in the literature and 

the conductance of K+ also plays a role in determining the membrane potential of 

mammalian cells in general (Grgic et al., 2005; Tran et al., 2000; Zuidema et al., 

2010). It was therefore predicted that a change in the extracellular concentration of K+ 

would change the membrane potential of the HMEC-1 cells in the present study. As 

such, the extracellular concentration of K+ was increased from 6 mM to 30 mM 

through the addition of 24 mM K gluconate. This change in the concentration of K+ 

caused the theoretical EK+ to change from -79 mV to -38 mV. Surprisingly, this 

increase in the extracellular concentration of K+ failed to significantly change the 

membrane potential of the HMEC-1 cells (n=7) (Figure 6.2). 
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Figure 6.2 

The membrane potential of HMEC-1 cells in response to changes in the extracellular 
concentration of either Cl-, Na+ or K+. Representative membrane potential recording of a 
HMEC-1 cell from (A) population 2 exhibiting a depolarising change in response to the 
reduction of extracellular concentration of Cl- from 162mM to 6mM (n=13) or (B) a HMEC-1 
cell exhibiting a hyperpolarizing change in response to the reduction of extracellular Na+ from 
150mM to 10mM (n=5). (C) Representative membrane potential recording of a HMEC-1 cell 
which was unresponsive to the elevation of extracellular concentration of K+ from 6mM to 
30mM (n=7). (D) The mean membrane potential in the standard extracellular solution 
(solution HE1) and the membrane potential in the changed extracellular solution. The HMEC-
1 cells were patched in intracellular solution HI1 and the standard extracellular solution was 
HE1. The low Cl- extracellular solution in (A) was HE1Cl which was similar to HE1 but the 
KCl and NaCl were replaced with equimolar concentrations of K gluconate and Na gluconate, 
respectively. The extracellular bath solution in (B) was changed to HE1Na which was similar 
to HE1 but the [Na+] was reduced to 10 mM. The extracellular bath solution HE1K in (C) 
contained an extra 24 mM K+ rather than 6 mM K+ through the addition of 24 mM K 
gluconate. The data in (D) is presented as mean ± SEM. A paired Student’s T-test was used to 
ascertain the statistical significance of the difference between the mean membrane potential in 
standard extracellular solution and the changed extracellular solution shown in (D) and the * 
denotes a significance level of p<0.05 whilst *** represents p<0.0005.
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In summary, the mean immediate membrane potential of the HMEC-1 cells used in 

this study was -4.6 ± 1 mV in the presence of intracellular ATP. This membrane 

potential did not significantly change after two minutes of achieving the whole cell 

configuration i.e. the resting membrane potential. In the absence of intracellular ATP, 

the membrane potential stabilised to slightly more depolarised potentials in 

comparison to the resting membrane potential recorded in the presence of intracellular 

ATP. Furthermore, the resting membrane potential of the HMEC-1 cells was 

determined by the conductance of Cl- and Na+ although the conductance of Cl- 

appeared to have the stronger influence on the resting membrane potential. The next 

section will investigate the whole cell currents recorded from these HMEC-1 cells 

using the voltage clamp mode of the patch clamping technique. 
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6.2.3 Analysis of the whole cell currents of proliferating HMEC-1 cells 

The results suggested that Cl- conductance had a large influence in setting the resting 

membrane potential of some of the HMEC-1 cells used in the present study. 

Consequently, to further understand the underlying nature of the Cl- conductance, the 

whole cell currents of these HMEC-1 cells were characterised using the voltage clamp 

mode of the patch clamping technique.  

 

Analysis of the whole cell currents recorded from HMEC-1 cells that were sensitive to 

changes in the concentration of extracellular Cl- 

Cells were grouped into either population 1 or population 2 according to the response 

of the membrane potential to a reduction in extracellular [Cl-] (Figure 6.2). The whole 

cell currents of the HMEC-1 cells belonging to population 1 showed significant 

differences in the current amplitude and the observed Erev in comparison to cells 

belonging to population 2 (p<0.0005) (Figure 6.3). The mean observed Erev of the 

whole cell currents of the HMEC-1 cells from population 1 was -2.15 ± 1 mV (n=10) 

whilst the mean observed Erev of the whole cell currents recoded from population 2 

was -7.4 ± 1 mV (n=6). The Cl- selectivity of the whole cell currents of these two 

populations of HMEC-1 cells was investigated by reducing the extracellular [Cl-] from 

162 mM to 6 mM. This decrease in the concentration of Cl- changed the theoretical 

Ecl- from -33 mV to 48 mV. 

 

The mean observed Erev of the whole cell currents and the amplitude of the whole cell 

currents of the cells from population 1 did not significantly change in response to the 

reduction of the extracellular concentration of Cl- from 162 mM to 6 mM (n=10). On 

the other hand, Figure 6.3E shows that the whole cell current amplitude of the cells 

from population 2 significantly changed in response to the reduction in extracellular 

[Cl-]. The observed Erev of the whole cell currents also depolarised in response to the 

reduction in the extracellular [Cl-] (n=5) (p<0.005) in comparison to the observed Erev 

of the whole cell currents recorded in HE1 (solution contained 162 mM Cl-). Although 

this change in the Erev of the whole cell currents reflected the change in the theoretical 

ECl-
 between standard extracellular solution and the reduced Cl- solution, the 

magnitude of the change in the observed Erev of the whole cell currents was only 24.2 

mV which was significantly less than the magnitude of change in the theoretical Ecl- 
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(81 mV). These results hint at the presence of additional conductance’s which kept the 

observed Erev of the whole cell currents away from the theoretical ECl-. Nevertheless, 

the change in the whole cell current amplitude and the observed Erev was compatible 

with the change in the equilibrium potential for Cl- in response to the reduction of 

extracellular [Cl-] concentration i.e. there was a significant decrease in the inward 

anion current (outward current) at all positive test potentials investigated. 
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Figure 6.3 

Cl- selectivity of the whole cell currents from the HMEC-1 cells belonging to two 
different populations. Representative whole cell current traces from the HMEC-1 cells from 
(A) population 1 and (B) population 2. (C) Representative whole cell currents of a cell 
belonging to population 2 recorded in low extracellular [Cl-] (6mM Cl-). The whole cell 
currents were recorded after ten minutes of achieving the whole cell configuration. The 
currents in (A) were induced by test potentials between +80 and -100 mV in -15 mV steps 
whilst the currents in (B) and (C) were induced by test potentials between +80 and -80 mV in 
-20 mV steps. The currents in (A-C) were induced from a holding potential of 0 mV with 1 
second intervals between test pulses. (D) The average current amplitude of the whole cell 
currents plotted as a function of the membrane potential. (E) The average current amplitude of 
the whole cell currents in standard extracellular solution (HE1) and low Cl- extracellular 
solution (HE1Cl) plotted as a function of the membrane potential (n=11). The standard 
extracellular bath solution was HE1 (which contained 162mM Cl-) and the intracellular pipette 
solution was HI1 whilst the low Cl- extracellular solution was HE1Cl which contained 6mM 
Cl-. The data in (D) is plotted as the mean ± SEM of a minimum of 5 experiments.
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Several lines of evidence suggested that the whole cell currents of the HMEC-1 cells 

from population 2 were largely carried by Cl-. The Erev of these currents, however, 

were closer to 0 mV rather than completely reflecting the theoretical Ecl- of -33 mV. 

This suggests that other ions were also carrying some of the observed whole cell 

current and consequently forcing the observed Erev away from the theoretical Ecl-. As 

such, to minimise contamination of the Cl- currents, the extracellular and intracellular 

solutions were redesigned and the concentration of intracellular gluconate ions were 

replaced with equimolar concentrations of Cl- and the extracellular concentration of 

Na+ was reduced from 150 mM to 40 mM. The redesigned intracellular solution was 

called HI2 whilst the redesigned extracellular solution was called HE2. The whole cell 

currents of HMEC-1 cells were investigated in these redesigned solutions. 

 

The whole cell current amplitude of the HMEC-1 cells in these redesigned solutions 

were significantly larger than the whole cell currents of the HMEC-1 cells patched in 

solutions containing gluconate ions and an elevated concentration of extracellular Na+ 

(extracellular solution HE1 and intracellular solution HI1) (Figure 6.4). In addition, 

the heterogeneity observed in the amplitude of the whole cell currents in solution HE1 

and HI1 (see Figure 6.3) was not observed in the in the whole cell currents recorded in 

the redesigned intracellular and extracellular solutions. 

 

To investigate the ions responsible for carrying this large amplitude current in these 

redesigned solutions, Cl- and K+ selectivity of the whole cell currents were 

investigated. The selectivity of the whole cell currents to these two ions was 

investigated as K+ and Cl- currents have been observed in HMEC-1 cells (Grgic et al., 

2005). Cl- selectivity of the whole cell currents were investigated by increasing the 

extracellular concentration of Cl- from 56 mM to 156 mM through the addition of 

either 100 mM KCl or 100 mM MgCl2. K+ selectivity of the whole cell currents were 

investigated through the addition of either 100 mM KCl or 100 mM K gluconate in 

the extracellular solution.  

 

The increase in the extracellular concentration of Cl- from 56 mM to 156 mM through 

the addition of 100 mM MgCl2 caused the observed Erev of the whole cell currents to 

follow the change in the theoretical ECl-. The observed Erev in the standard 
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extracellular solution (solution HE2) was 10.2 ± 1mV (n=11) and shifted to -0.1 ± 

1mV (n=11) in the presence of elevated extracellular Cl- (extracellular solution 

HE2MgCl). This change was similar to the change in the theoretical ECl- between 

solution HE2 (24 mV) and HE2MgCl (-2 mV). Moreover, the change in the inward 

and outward current amplitudes were completely consistent with the change in the 

driving force of Cl- conductance. Next, the selectivity of the whole cell currents to 

both K+ and Cl- was investigated through the addition of 100 mM KCl in the 

extracellular solution (solution HE2KCl) (Figure 6.5). The change in both, the whole 

cell current amplitude and the observed Erev of these currents were consistent with the 

hypothesis that the large amplitude currents in the redesigned solutions were carried 

by Cl- rather than K+. Furthermore, when the extracellular concentration of K+ was 

increased by 100 mM through the addition of 100 mM K gluconate in the extracellular 

solution (solution HE2KG) the whole cell currents and the observed Erev of these 

whole cell currents remained unchanged (Figure 6.5).  

 

Taken together, these results suggest that the whole cell currents were carried by Cl- 

rather K+, therefore, the nature of this Cl- conductance was investigated through the 

addition of exogenous 100 µM NPPB; a widely used Cl- channel blocker (Myssina et 

al., 2004). 100 µM NPPB caused a significant decrease in the current amplitude of the 

whole cell currents (p<0.005) confirming the presence of a Cl- channel in these         

HMEC-1 cells (Figure 6.5). 
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Figure 6.4 

Whole cell currents from HMEC-1 cells recorded in two different solutions. 
Representative whole cell current traces from a HMEC-1 cell recorded in (A) extracellular 
solution HE1 and intracellular solution HI1 or (B) the redesigned solutions (HE2 and HI2). 
The whole cell currents were recorded after ten minutes of achieving the whole cell 
configuration. The currents were induced by test potentials between +80 and -85 mV in -15 
mV steps from a holding potential of 0 mV with 1 second intervals between test pulses. (C) 
The average current amplitude of the whole cell currents is plotted as a function of the 
membrane potential between +80 and -85mV. The whole cell currents in (A) were recorded in 
standard extracellular solution HE1 and the intracellular pipette solution HI1. The whole cell 
currents in (B) were recorded in the redesigned intracellular solution HI2 while the redesigned 
extracellular was HE2. The data in (C) is plotted as the average ± SEM of a minimum of 5 
experiments.  
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Figure 6.5 

Cl- selectivity and NPPB sensitivity of the whole cell currents recorded from the HMEC-
1 cells. Representative whole cell current traces from HMEC-1 cells in (A) the redesigned 
extracellular solution (HE2) which contained a final concentration of 6 mM K+ and                        
56 mM Cl-. (B) Whole cell currents recorded in elevated KCl solution (HE2KCl) that 
contained a final concentration of 106 mM K+ and 156 mM Cl- and (C) elevated K gluconate 
solution (solution HE2KG) which contained a final concentration of 106 mM K. The whole 
cell currents were recorded after ten minutes of achieving the whole cell configuration. The 
currents were induced by test potentials between +80 and -120 mV in -20 mV steps from a 
holding potential of 0 mV with a 1 second interval between the test pulses. (D) The mean 
current amplitude of the whole cell currents recorded in various extracellular solutions plotted 
as a function of the membrane potential between +80 and -120 mV. (E) The mean current 
amplitude of the whole cell currents recorded in absence and presence of 100 µM NPPB in the 
standard extracellular solution (HE2). The HMEC-1 cells were patched in intracellular 
solution HI2 whilst the extracellular solution was either HE2, HE2KCl, or HE2KG. The data 
in (D) and (E) is plotted as the mean ± SEM of a minimum of 5 experiments.
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Ca2+ sensitivity of the Cl- channel 

Next, the Ca2+ sensitivity of this Cl- current was investigated by elevating the 

intracellular free Ca2+ concentration from nominally free (Solution HI2) to 100 nM 

(Solution HI2.1). The presence of the elevated intracellular Ca2+ did not change the 

amplitude of the whole cell current and the observed Erev in comparison to the absence 

of intracellular Ca2+ (Figure 6.6).   
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Figure 6.6 

Ca2+ sensitivity of the Cl- selective whole cell currents recorded from the HMEC-1 cells. 
Representative whole cell current traces from HMEC-1 cells recorded in the (A) absence of 
intracellular Ca2+ (solution HI2) and (B) presence of 100 nM free intracellular Ca2+ (solution 
HI2.1). The whole cell currents were recorded after ten minutes of achieving the whole cell 
configuration. The currents were induced by test potentials between +80 and -100 mV in                
-15 mV steps from a holding potential of 0 mV with a 1 second interval between test pulses. 
(C) The mean current amplitude of the whole cell currents plotted as a function of the 
membrane potential between +80 and -120 mV. The standard extracellular bath solution was 
HE2 and the intracellular pipette solution was either HI2 or HI2.1. Solution HI2.1 was similar 
to HI2 but contained 100 nM free Ca2+. The data in (C) is plotted as the average ± SEM of a 
minimum of 8 experiments.  
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In summary, the HMEC-1 cells patched with redesigned solutions expressed whole 

cell current amplitudes that were a significantly larger in comparison to HMEC-1 cells 

from either population 1 or 2 which were patched in the presence of intracellular 

gluconate and elevated extracellular [Na+]. The increased current amplitude in these 

redesigned solutions were carried by Cl- which was likely to be conducted, at in least 

in part, through a NPPB sensitive Cl- channel. This Cl- current was not sensitive to an 

increase in the intracellular Ca2+ concentration to 100 nM free Ca2+.  
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6.2.4 Investigating the effect of K+ conductance on the membrane 
potential of HMEC-1 cells in the presence of elevated concentrations of 
intracellular Ca2+ 

The presence of 1 µM intracellular Ca2+ caused the resting membrane potential of the 

HMEC-1 cells to become significantly more hyperpolarised (-23 ± 4 mV) in 

comparison to Ca2+ free intracellular solutions which was -4.5 ± 1 mV (see Figure 

6.1). As the resting membrane potential moved towards theoretical EK+, it was 

hypothesised that the resting membrane potential in the presence of intracellular Ca2+ 

was influenced by the conductance of K+. In line with this hypothesis, Ca2+-activated 

K+ channels have also been described in HMEC-1 cells (Zhang et al., 2011; Zuidema 

et al., 2010). To investigate this hypothesis, the response of the membrane potential to 

elevated extracellular [K+] was investigated in the presence of 1 µM intracellular Ca2+. 

The extracellular [K+] was increased from 6 mM to 30 mM through the addition of 24 

mM K gluconate to the extracellular bath solution. In response to the increase in 

extracellular [K+], the membrane potential of the HMEC-1 cells depolarised by an 

average of 23.8 ± 3 mV and the mean membrane potential changed from -24 ± 4 mV                             

to -0.8 ± 4 mV (n=11) (p<0.0005) (Figure 6.7).  
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Figure 6.7 

The response of the membrane potential of the HMEC-1 cells to an increase in the extracellular concentration of K+ in the presence of 1 µM free 
intracellular Ca2+. (A) A representative membrane potential recording of a HMEC-1 cell patched in the presence of 1 µM intracellular Ca2+ showing a 
depolarising change in the membrane potential upon an increase in the extracellular concentration of K+ from 6 mM to 30 mM. (B) The mean membrane 
potential of the seven HMEC-1 cells patched in standard bath (6 mM K+) solution and elevated K+ bath solution (30 mM K+). The HMEC-1 cells were patched 
in intracellular solution HI1.3 and the standard extracellular bath solution was HE1 which was changed to HE1K. Solution HE1K contained a total 
concentration of 30 mM K+ rather than 6 mM K+. The bar graph in (B) is shown as the mean ± SEM. A paired Student’s T-test was used to ascertain the 
statistical significance between the different conditions in (B) and the *** in (B) represents a p<0.005. 
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6.2.5 Analysis of the whole cell currents of HMEC-1 cells in response 
to elevated concentrations of intracellular Ca2+ 

The increase in the intracellular [Ca2+] from nominally free to 1 µM free resulted in 

the membrane potential of the HMEC-1 cells becoming hyperpolarised (see Figure 

6.1). In addition, the membrane potential was responsive to changes in the 

concentration of extracellular K+ in the presence of the elevated intracellular Ca2+ (see 

Figure 6.7). These findings suggest that there are Ca2+-activated channels present in 

the plasma membrane of the HMEC-1 cells used in the present study. These Ca2+- 

activated channels are likely to be K+ channels. To further investigate the Ca2+ 

sensitivity of the membrane potential, whole cell currents from the HMEC-1 cells 

were investigated in the presence of intracellular Ca2+ ranging from 0 and 10 µM 

(Solution HI3 to HI3.5).  

 

The whole cell currents of the HMEC-1 cells exhibited inactivation in the first few 

milliseconds at all test potentials. These current kinetics were observed at all of the 

intracellular [Ca2+] investigated (Figure 6.8A). This inactivating current, however, 

was not investigated in detail. The amplitude of the whole cell outward current 

increased as the intracellular concentrations of Ca2+ was increased from nominally 

free to 600 nM (Figure 6.8D). The amplitude of this outward current did not increase 

with further increases in the intracellular [Ca2+]. With the exception of 600 nM 

intracellular Ca2+, the inward current amplitude was not significantly different 

between the different [Ca2+] investigated. Furthermore, the observed Erev of the whole 

cell currents moved towards the theoretical EK+ (-67 mV) as the intracellular [Ca2+] 

was increased suggesting that these Ca2+-activated currents were carried by K+ (Figure 

6.8E). This hypothesis was investigated by increasing the extracellular [K+] by 100 

mM through the addition of 100 mM KCl to the standard extracellular solution with 

the intracellular [Ca2+] ranging from nominally free to 10 µM free. The increase in the 

extracellular [KCl] caused the theoretical EK+ to change from -67 mV to 6 mV. With 

the exception of the currents recorded in the nominally free intracellular Ca2+ solution, 

the observed Erev of the whole cell currents followed the change in the theoretical EK+ 

i.e. the observed Erev moved to less negative potentials. Concomitantly, the inward 

current significantly increased when the extracellular [K+] was increased by 100 mM 

suggesting that the Ca2+-activated currents were indeed carried by K+. In the elevated 
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[K+] solution, there was an increase in the magnitude of the inward current as the 

intracellular [Ca2+] was increased, probably due to the activation of more Ca2+-

activated K+ channels. In fact, Ca2+-activated K+ channels have been described in 

HMEC-1 cells (Grgic et al., 2005; Zuidema et al., 2010). 

 

Interestingly, in the presence of Na+ containing intracellular and extracellular 

solutions containing 600 nM intracellular Ca2+, the whole cell inward current 

amplitude was significantly larger than the inward current amplitude observed in the 

presence of the other concentrations of intracellular Ca2+ (Figure 6.8D). This inward 

current was not observed in the Na+ free solutions (in the presence of 600 nM 

intracellular Ca2+) suggesting that this inward current was carried by Na+. 

Furthermore, the observed Erev of the whole cell currents in these Na+ free solutions 

was also significantly more hyperpolarised in comparison to the observed Erev in the 

presence of the Na+ containing intracellular and extracellular solutions (with 600 nM 

intracellular Ca2+) (Figure 6.8E). The rapidly inactivating current that was observed in 

the first few milliseconds in solutions containing Na+ was also evident in the Na+ free 

solutions.  

 

In the presence of the elevated intracellular Ca2+, the initial experiments suggested 

that the whole cell currents were carried by K+. These results however, also indicate 

the presence of currents carried by Na+, therefore, the K+ selectivity of the Ca2+-

activated currents were further investigated in the presence Na+ free intracellular and 

extracellular solutions (Solution HI3.4 and HE3.1). K+ selectivity was investigated 

through the addition of either exogenous 100 mM K gluconate, 100 mM KCl or 100 

mM CsCl. In addition, Cl- selectivity of the whole cell currents was also investigated 

as previous results suggested the presence of a Cl- current (see Figure 6.5). 

 

In response to the exogenous increase in the [K+] through the addition of either 100 

mM K gluconate or 100 mM KCl, the whole cell outward current amplitude decreased 

at test potentials between 0 and 80 mV whilst the current amplitude increased at test 

potentials between -160 and 0 mV (Figure 6.9). Furthermore, the observed Erev of the 

whole cell currents in the presence of the elevated extracellular [K+] also become 

more depolarised which mirrored the depolarising change in the theoretical EK+ 
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(theoretical Ek+ changed from -67 mV to -6 mV). The magnitude of the change in the 

experiment, however, was not as large as the theoretical Ek+. Interestingly, the inward 

current was larger when the extracellular solution contained 100 mM KCl in 

comparison to extracellular solutions containing 100 mM K gluconate suggesting Cl- 

also carried some of the whole cell currents. The amplitude of the whole cell currents, 

however, only increased slightly at test potentials of 60 and 80 mV and -160 and -140 

mV when the extracellular [Cl-] was increased by 100 mM CsCl. The observed Erev of 

the whole cell currents did not significantly change despite the change in theoretical 

ECl- from 37 mV to 6 mV (Figure 6.9).  
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Figure 6.8 

Ca2+ sensitivity of the whole cell currents recorded from HMEC-1 cells. Representative 
whole cell current traces from HMEC-1 cells recorded in the presence of either (A) 200 nM 
intracellular Ca2+, (solution HI3.2), (B) 600 nM intracellular Ca2+ (solution HI3.3) or (C) 600 
nM free intracellular Ca2+ in Na+ free solutions (solution HI3.4). The whole cell currents were 
recorded after ten minutes of achieving the whole cell configuration. The currents were 
induced by test potentials between +80 and -120 mV in -20 mV steps from a holding potential 
of 0 mV with a 1 second interval between test pulses. (D) The mean current amplitude of the 
whole cell currents plotted as a function of the membrane potential between +80 and -120 mV 
in the presence of different concentrations of intracellular Ca2+. The current amplitude was 
measured between 600 and 800 ms and plotted as the average between these time points. (E) 
The observed Erev of the whole cell currents shown in (D). The standard extracellular bath 
solution was either HE3 or HE3.1. The intracellular solution was either HI3, HI3.1, HI3.2, 
HI3.3, HI3.4 or HI3.5. The data in (D) is plotted as the average ± SEM of a minimum of 5 
experiments. 
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Figure 6.9  

K+ selectivity of the whole cell currents recorded from HMEC-1 cells. Representative 
whole cell current traces from HMEC-1 cells recorded in either (A) standard extracellular 
solution (Solution HE3.1), (B) extracellular solution containing 100 mM K gluconate 
(Solution HE3.1KG) or (C) extracellular solution containing 100 mM KCl (HE3.1K). The 
whole cell currents were recorded after ten minutes of achieving the whole cell configuration. 
The currents were induced by test potentials between +80 and -160 mV in -20 mV steps from 
a holding potential of 0 mV with a 1 second interval between test pulses. (D and E) The mean 
current amplitude of the whole cell currents plotted as a function of the membrane potential 
between +80 and -160 mV. The current amplitude was measured between 600 and 800 ms and 
plotted as the average between these time points. The extracellular bath solution was either 
HE3.1, HE3.1KG, HE3.1K or HE3.1Cs and the intracellular solution was HI3.4. The data in 
(D) is plotted as the average ± SEM of a minimum of 6 experiments.  
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To summarise, the whole cell currents of the HMEC-1 cells used in the present study 

showed a Ca2+ sensitive current wherein the amplitude of the outward whole cell 

currents increased as the intracellular [Ca2+] was increased. These Ca2+-activated 

currents were conducted by K+ channels. In line with the aims of this chapter, the 

membrane potential recordings were investigated in the time-frequency domain using 

the CWT technique. 
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6.2.6 Analysis of the membrane potential dynamics of HMEC-1 cells  

An aim of this chapter was to investigate the membrane potential recordings of the 

HMEC-1 cells to identify the presence of oscillations and fluctuations that may not be 

apparent by eye. As such, 30 minute recordings of the membrane potential signal were 

analysed using the CWT technique. Recall the CWT technique was used to analyse 

the membrane potential of the Jurkat cells in Chapter 5. The membrane potential was 

recorded for 30 minutes to allow identification of oscillations and fluctuations with a 

minimum frequency of 0.005 Hz. Although 17 membrane potential recordings were 

made for analysis using the CWT technique, nine recordings had to be excluded from 

the CWT analysis due to the presence of sharp transients which would compromise 

the reliability of the CWT analysis.  

 

The CWT technique did not show the presence of oscillations, however, fluctuations 

in the membrane potential signal were identified (Figure 6.10) These fluctuations had 

different frequencies and ranged from ~0.01 and 1 Hz with a low power, in other 

words, the amplitude of the fluctuations were small. 

 

The results from the present study suggested that in the presence of intracellular ATP 

the magnitude of the static resting membrane potential was different in comparison to 

the absence of intracellular ATP (see Figure 6.1). The contribution of intracellular 

ATP on the membrane potential dynamics were therefore investigated by recording 

the membrane potential in the absence and presence of intracellular ATP. The 

amplitude of the fluctuations were significantly smaller than the fluctuations within 

the membrane potential in the presence of intracellular ATP (Figure 6.10). 

 

As an increase in the concentration of intracellular Ca2+ caused a significant change in 

the magnitude of the static resting membrane potential of the HMEC-1 cells used in 

the current study (see Figure 6.1), it was decided to investigate the effect of 200 nM 

free intracellular Ca2+ on the membrane potential dynamics of the HMEC-1 cells. The 

results of the time frequency analysis hinted at an increase in the power of fluctuations 

that had a frequency of ~0.1 and 1 Hz in the presence of 200 nM intracellular Ca2+ 

(Figure 6.11).  
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Figure 6.10 

The effect intracellular ATP on the membrane potential dynamics of HMEC-1 cells 
Representative membrane potential recordings as seen in the time domain from HMEC-1 cells 
recorded in either (A) the presence of 4 mM ATP or (B) absence of intracellular ATP. The 
wavelet transforms seen in the time-frequency domain is shown directly below the membrane 
potential recordings. (D) The median (solid lines) time-averaged wavelet power across the 
frequency intervals 0.01 and 10 Hz calculated from cells belonging in the presence and 
absence of ATP together with the 25th and 75th quartiles shown as dashed lines. The bar above 
the plot represents the p-value obtained from the Mann-Whitney U test for differences 
between the different conditions at the specific frequency. Each experiment was done a 
minimum of 4 times. 
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Figure 6.11 

The effect of intracellular Ca2+ on the membrane potential dynamics of the HMEC-1 
cells. The time-averaged wavelet power of the fluctuations in the membrane potential signal 
as a function of the frequency derived from the wavelet transform analysis of HMEC-1 cells 
in the absence and presence of 200 nM free intracellular Ca2+. The plot is presented as the 
median of a minimum of 3 recordings with the 25th and 75th quartiles. The bar above the plot 
represents the p-value obtained from the Mann-Whitney U test for differences between the 
different conditions at the specific frequency. Each experiment was done a minimum of 3 
times.  
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In summary, the wavelet transform technique failed to highlight oscillations in the 

membrane potential signal of the HMEC-1 cells, however, fluctuations were observed. 

These fluctuations appear to be driven by mechanisms dependent on ATP. The results 

also suggested that intracellular Ca2+ can alter the power and frequency dynamics of 

these fluctuations.  
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6.3 Discussion 

The aim of this chapter was to investigate the membrane potential dynamics of the 

HMEC-1 cells with a view to linking them with low frequency oscillations in the 

cardiovascular system which were found to be related to the activity of endothelial 

cells. The membrane potential dynamics and the underlying currents determining the 

membrane potential of the HMEC-1 was also investigated. 

 

The immediate static membrane potential of the HMEC-1 cells. The magnitude of the 

static “immediate” membrane potential of the HMEC-1 cells (in the presence of 

nominally free Ca2+ and intracellular ATP), which was recorded within two seconds 

of achieving the whole cell configuration was -4.5 ± 1 mV. The magnitude of the 

static “resting” membrane potential (recorded after two minutes of achieving the 

whole cell configuration) of these cells failed to significantly change in comparison to 

the immediate resting membrane potential in the presence of intracellular ATP. 

 

The HMEC-1 cells were perfused with the extracellular solution for 10 minutes before 

a cell was patched, therefore, it was possible that the membrane potential of the cells 

began to change during this 10 minute period. The change in the membrane potential 

could have been induced by the difference in the ionic composition of the extracellular 

solution and the culture medium. Unfortunately, the immediate static membrane 

potential was not recorded in the absence of intracellular ATP or in the presence of 

intracellular Ca2+ which would have provided further information on the immediate 

membrane potential of the HMEC-1 cells used in the present study.  

 

The static resting membrane potential of the HMEC-1 cells has been shown to be 

approximately -30 mV (Zhang et al., 2011; Zuidema et al., 2010). The difference in 

the resting membrane potential of the HMEC-1 cells patched in the present study and 

those observed by Zhang et al., and Zuidema et al., could be due to reasons associated 

with the treatment of the cells during the cell culture. The characteristics of 

endothelial cells are highly malleable and can vary with culture and growth conditions                        

(Hewett et al., 1993). In addition, the membrane potential of cells in general vary with 

different stages of the cell cycle due to changes in the activity of the underlying ion 

channels (Gericke et al., 1993), therefore, the HMEC-1 could be at different stages of 
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the cell cycle. In support of this hypothesis, the HMEC-1 cells in the present study 

were patched 24 hours after splitting the cells using trypsin treatment. On the other 

hand, Zuidema et al., (2010) patched the HMEC-1 cells one hour after trypsin 

treatment. In addition, both Zuidema et al., and Zhang et al., cultured the HMEC-1 

cells in MCDB-131 medium supplemented with bicarbonate. Bicarbonate has been 

found to increase the open probability of K+ channels in rabbit corneal endothelium 

(Rae et al., 1990). In fact, K+ channels were dominant in the HMEC-1 cells used by 

both, Zuidema et al., and Zheng et al., As such, it is possible that the bicarbonate 

present in MCDB-131 culture medium influenced the membrane potential by altering 

the phenotype of the active ion channels on the plasma membrane of the HMEC-1 cell 

used in those studies.  

 

The differences in the static resting membrane potential of the HMEC-1 cells in the 

present study and the study conducted by Zuidema et al., could be associated with the 

presence of 600 nM intracellular Ca2+ used by Zuidema et al., (2010). In support for 

this theory, the static resting membrane potential of the HMEC-1 cells in the present 

study was closer to 0 mV in the absence of intracellular Ca2+ but this static resting 

membrane potential depolarised to -23.6 ± 4 mV in the presence of 1 µM free 

intracellular Ca2+. The membrane potential in the presence of Ca2+ was closer to -37 

mV observed by Zuidema et al., and the -32 mV observed by Zhang et al., It is 

possible that the combination of the reasons discussed contributed to the differences in 

the resting membrane potential of the HMEC-1 cells and those published in literature.  

 

The influence of ATP on setting the membrane potential of the HMEC-1 cells. In the 

absence of intracellular ATP, the resting membrane potential of the HMEC-1 cells in 

the present study was significantly more depolarised in comparison to the resting 

membrane potential in the presence of intracellular ATP, albeit by only 8 mV. This 

finding suggests that active transport processes could have contributed to setting the 

membrane potential of the HMEC-1 cells used in the present study by approximately     

-8 mV. In fact, the activity of the Na+/K+ ATPase pump has been shown to contribute 

approximately -8 mV to the resting membrane potential of endothelial cells (Daut et 

al., 1994; Oike et al., 1993). It is also possible that the presence of intracellular ATP 

increased the activity of unknown ion channels, thus causing a change in the 
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membrane potential of the cells (Janigro et al., 1996; Wilson et al., 1998). For 

example, the activity of Ca2+-activated K+ channels has been shown to increase in the 

presence of active Na+/K+ ATPase pumps which itself requires intracellular ATP 

(Gerlach et al., 2001; Tajima et al., 2011). 

 

The heterogeneity of the HMEC-1 cells. The results from changing the extracellular 

concentration of either Cl-, Na+ or K+ highlighted heterogeneity in the HMEC-1 cells. 

The response of the membrane potential to a changes in the extracellular concentration 

of Cl- highlighted two populations of HMEC-1 cells. In population 1, the membrane 

potential was not affected by the change in the extracellular [Cl-], whilst in population 

2, both, the membrane potential and the observed Erev of the whole cell currents 

followed the change in the theoretical Ecl-. The observed change in the membrane 

potential, however, was not as large as the theoretical Erev (see Figure 6.2). 

Nevertheless, investigations on Cl- selectivity of the whole cell currents indicated that 

the whole cell currents were carried by Cl-. Furthermore, this current was also 

sensitive to NPPB which is a Cl- channel blocker suggesting that this Cl- conductance 

was through Cl- channels (Myssina et al., 2004). A number of different types of Cl- 

channels have been observed in endothelial cells which include swelling-activated Cl- 

channels, glycine-gated Cl- channels and Ca2+-activated Cl- channels (Nilius et al., 

1997b; Yamashina et al., 2001). It is unlikely that the whole cells currents in the 

present study were conducted through glycine-gated Cl- channels as these channels are 

activated by glycine and glycine was not present in either the intracellular or 

extracellular solutions (Yamashina et al., 2001).  

 

The membrane transport proteins conducting Cl-. Swelling-activated Cl- channels and 

Ca2+-activated Cl- channels have been observed in endothelial cells and both channel 

types show outward current rectification (Nilius et al., 1997b). A small degree of 

outward rectification was observed in some of the HMEC-1 cells. It was possible, 

however, that more obvious outward rectification was not apparent for a number of 

reasons. Firstly, the presence of the inward current could have blunted the appearance 

of the outward rectification. Secondly, both, swelling-activated Cl- channels and Ca2+-

activated Cl- channels exhibit different degrees of outward rectification and both 

channel types are co-expressed in endothelial cells. If both channels were active in the 
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HMEC-1 cells used in the present study then the degree of outward rectification may 

be complicated (Nilius et al., 1997b). Thirdly, it is possible that other channels, pumps 

and transporters were also active which could have confused the whole cell current 

picture. In favour of this third hypothesis, the observed Erev of the whole cell currents 

was not the same as the theoretical ECl- (see Figure 6.3D and Figure 6.5E) and the 

membrane potential was also sensitive to changes in extracellular Na+ (see Figure 

6.2). The precise Cl- channel in the HMEC-1 cells used in the present study remains 

unknown.    

 

The membrane transport proteins conducting Na+. A reduction in the concentration of 

extracellular Na+ caused the membrane potential to hyperpolarise, (the magnitude of 

this change was relatively minor) indicating the presence of Na+ conductance. It is 

possible that this Na+ conductance was through either Na+ selective channels, 

nonselective cation channels or pumps and carriers conducting Na+ such as the Na+/K+ 

ATPase pump. In fact, the contribution of Na+ conductance to setting the resting 

membrane of endothelial cells has been shown to range between 3 to 30% through 

non-specific cation channels (Himmel et al., 1993; Miao et al., 1993). Interestingly, in 

the voltage clamp mode, a large inward current was only observed in the presence of 

600 nM intracellular Ca2+ in the standard extracellular solution (Solution HI3) which 

was not observed in Na+- free solutions suggesting that this large inward current was 

carried by Na+. On the other hand, it is possible that the large inward current which 

was only observed at 600 nM intracellular Ca2+ represented a heterogeneous 

population of HMEC-1 cells. Notwithstanding, Na+ specific channels i.e. amiloride-

sensitive Na+ channels and epithelial Na+ channels have been observed in the 

endothelium but it seems unlikely that this large inward current in the presence of 600 

nM intracellular Ca2+ was conducted by the amiloride-sensitive Na+ channel. This 

hypothesis is based on findings which showed that the open probability of the 

amiloride-sensitive Na+ channel increased with elevations in the intracellular [Ca2+] 

between 100 nM and 1 µM and this was not the case in the present study (Benos and 

Stanton, 1999; Golestaneh et al., 2001; Hillebrand et al., 2007; Kusche-Vihrog et al., 

2008; Marunaka et al., 1999; Perez et al., 2009). 
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The membrane transport proteins conducting K+. The membrane potential of the 

HMEC-1 cells was not sensitive to the elevation of extracellular [K+] in nominally 

free intracellular Ca2+ (see Figure 6.2). On the other hand, the membrane potential was 

sensitive to perturbations in [K+] when the intracellular [Ca2+] was increased to 1 µM 

suggesting the presence of Ca2+-activated K+ channels. Several lines of evidence 

support this hypothesis, firstly, in the presence of 1 µM intracellular Ca2+, the 

membrane potential also shifted towards the theoretical EK+. Secondly, the observed 

Erev of the whole cell currents moved towards the theoretical EK+ of -67 mV, 

concurrently, there was also a significant increase in the outward whole cell current 

amplitude as the intracellular [Ca2+] was increased from nominally free to 600 nM. 

Several types of Ca2+-activated K+ channels such as the small-conductance, 

intermediate-conductance and large-conductance family of Ca2+-activated K+ channels 

have been observed in HMEC-1 cells (Grgic et al., 2005; Zhang et al., 2011; Zuidema 

et al., 2010). Furthermore, the large-conductance Ca2+-activated channels can be 

activated by  600 nM intracellular Ca2+ and these channels exhibit outward 

rectification with slow time-dependent activation (Zuidema et al., 2010). In this study, 

similar current kinetics i.e. outward rectification and slow time-dependent activation 

was also observed in 70% (7 out of 10 cells patched) in the presence of 600 nM 

intracellular Ca2+ and Na+ free intracellular and extracellular solutions. The degree of 

time-dependent activation of the outward current in these conditions was more 

obvious in some current traces than others but this could be due to the large amplitude 

current that exhibited rapid time-dependent inactivation at the start of each test 

potential. This large amplitude current could have masked the rising phase of the slow 

time-dependent activing current. Although the exact Ca2+-activated K+ channel 

remains unidentified, it is possible that the HMEC-1 cells used in the present study 

had co-activated small, intermediate and large-conductance Ca2+-activated channels 

due to the variation in the outward current amplitude in the presence of 600 nM 

intracellular Ca2+ and the abundance of these channel types in endothelial cells 

(Coleman et al., 2004).  

 

Whole cell currents of the HMEC-1 cells in the presence of reduced concentrations of 

Na+ and gluconate. The whole cell current amplitude of the HMEC-1 cells were 

significantly larger than the whole cell current amplitude of HMEC-1 cells when 
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intracellular gluconate was replaced with equimolar concentrations of Cl- with a 

reduction in the extracellular [Na+]. This increase in the magnitude of the whole cell 

currents could have been due to either the increase in Cl- or the reduction of 

extracellular Na+. It is also possible that the intracellular gluconate ions had an 

inhibitory effect on the Cl- channels (Ueda et al., 1990). It is unlikely that the 

extracellular concentration of Na+ had a blocking effect on the Cl- conductance as no 

published reports of Na+ block on Cl- conductance was found. The increase in the [Cl-

] could have activated Cl- channels or the increase in the [Cl-] could have provided 

more substrate for the Cl- channels, thus, resulting in an increase in the whole cell 

outward current amplitude. In fact, volume-activated currents in HeLa cells have been 

shown to be modulated by external Cl- (Stutzin et al., 1997). 

 

The presence of membrane transport proteins conducting ions besides K+ or Cl-. The 

evidence from the present study provides strong evidence for the presence of K+ and 

Cl- channels, however, it is possible that other channel types were also present but 

overlooked. Several lines of evidence support this hypothesis, the observed Erev of the 

whole cell currents failed to completely reflect the theoretical ECl- or EK+. 

Furthermore, the observed Erev of the whole cell currents moved closer to the 

theoretical EK+                  (-67 mV) in Na+ free intracellular and extracellular solutions 

(see Figure 6.8). The membrane potential was also sensitive to perturbations in the 

extracellular [Na+]. A non-specific cation current has been described in endothelial 

cells derived from human umbilical vein (Nilius et al., 1993). The non-specific current 

described by Nilius et al., (1993) had similar characteristics i.e. Ca2+ sensitivity of the 

current and the effect of the absence of extracellular Na+. In the absence of 

extracellular Na+, Nilius et al., like the present study, observed a decrease in the 

inward current with a hyperpolarising shift in the observed Erev of the whole cell 

currents. Nilius et al., (1993) did not ascertain the type of the non-specific channel, 

however, a number of non-specific cation channels, namely, the TRP channels have 

recently been identified which could be potential candidates for conducting the non-

specific current in the HMEC-1 cells used in the present study (Gees et al., 2010; 

Nadler et al., 2001; Schmitz et al., 2003; Voets et al., 2004).  
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The role of K+ channels in HMEC-1 cells. The precise ion channels in the HMEC-1 

cells were not ascertained but the results suggest the presence of calcium-activated K+ 

channels and Cl- channels. Notwithstanding, Ca2+-activated K+ channels, such as 

BKCa and IKCa have been implicated in cell proliferation of endothelial cells such as     

HMEC-1 cells, in addition to other cell types (Grgic et al., 2005; Wiecha et al., 1998). 

In HMEC-1 cells expressing both BKCa and IKCa channels, BKCa channel inhibition 

failed to inhibit mitogenesis suggesting IKCa channels, rather than BKCa channels 

play a role in the proliferation of HMEC-1 cells (Grgic et al., 2005). On the contrary, 

in HUVEC endothelial cells, the BKCa channel rather than the IKCa channel was 

associated with proliferation (Wiecha et al., 1998). These findings suggest that K+ 

channel types involved with proliferation varies with cell type. Nevertheless, similar 

to the mechanism associated with K+ channels and proliferation in lymphocytes, it is 

speculated that the K+ channels in endothelial cells play a role in proliferation through 

control of the membrane potential which could in turn control Ca2+ influx. On the 

contrary, however, a study conducted by Millership et al., (2011) wherein kidney cells 

transfected with a nonconducting mutant K+ channel showed increased proliferation 

without Ca2+ entry. In these kidney cells, it was hypothesised that the presence of the 

mutant K+ channels were linked to the ERK1/2 or JNK pathways either directly, or 

indirectly in a currently unknown manner. Similar results on proliferation from 

transfecting nonconducting mutant K+ channels have also been observed in fibroblast 

cells wherein conformational change in the channel was considered to initiate 

signalling cascades (Hegle et al., 2006). It is possible that K+ channels mediate 

proliferation through different (possibly even multiple) mechanisms depending on the 

K+ channel type, cell type and the state of the cell.     

 

The membrane potential dynamics of the Jurkat cells. The membrane potential 

dynamics recorded from the HMEC-1 cells were investigated using the CWT 

technique discussed in Chapter 5. This technique was used to investigate the presence 

of low frequency oscillations (0.005 Hz) associated with the activity of microvascular 

endothelial cells within the cardiovascular system (Kvandal et al., 2006; Kvandal et 

al., 2003; Kvernmo et al., 1999). Oscillations in the membrane potential were not 

observed, however, fluctuations within the membrane potential with a low frequency 

were identified. In the studies conducted Kvandal et al., and Kvernmo et al, vasoactive 
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compounds were used to investigate the originating source of the oscillations. These 

vasoactive compounds would ultimately alter blood flow. Consequently, it is possible 

that the low frequency oscillations identified from the studies were driven by the 

blood flow itself, rather than activity the activity of the endothelial cells. In the present 

study, however, flow dynamics were not considered in favour of a simpler system. 

The aspect of flow dynamics could be added to the model system by culturing tubules 

and altering the flow rate of the perfusion. In fact, one of the reasons HMEC-1 cells 

were selected as the model system was due to the fact that they can be grown as 

tubules.  

 

In the presence of intracellular ATP, these fluctuations had different frequency 

intervals (~0.005 Hz and 0.05 Hz). Interestingly, in the absence of intracellular ATP, 

there were hints that the membrane potential dynamics changed. Although 17 

membrane potential recordings were made to investigate the influence of active 

transport mechanisms on the membrane potential dynamics, only eight recordings 

were suitable for analysis in the time-frequency domain using the CWT technique, 

consequently, further studies are required. Nevertheless, these preliminary results 

suggests that active transport mechanism could be contributing to the membrane 

potential dynamics of the HMEC-1 cells. 

 

In the presence of intracellular ATP, the membrane potential dynamics also showed 

an increase in the time-averaged wavelet power of the fluctuations with a frequency 

interval of 0.1 Hz and 1 Hz. These results suggest the presence of intracellular Ca2+ 

affected the membrane potential dynamics of the HMEC-1 cells. It has to be 

remembered that the sample size was only 4 recordings, therefore, further studies on 

the effect of intracellular Ca2+ and the membrane potential dynamics are required. 

Notwithstanding, the effect of the presence of 200 nM intracellular Ca2+ on the whole 

cell currents and observed Erev of these currents showed significant differences 

relative to the whole cell currents and the observed Erev of the currents in the absence 

of intracellular Ca2+. Taken together, these results suggest that the membrane potential 

dynamics of the HMEC-1 cells are, in part, associated with the activity of the Ca2+- 

activated non-specific cation channels (see Figure 6.9). 
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The overriding aim of the current project was to investigate the role of membrane 

potential dynamics using CWT in cell behaviours such as proliferation. Consequently, 

the endothelial cells used in the current project were in a proliferative state. The 

majority of the microvascular endothelial cells in vivo, however, are quiescent and are 

connected to adjacent endothelial cells, therefore, the physiological relevance of the 

findings from investigations on the HMEC-1 cells is debateable (Staton et al., 2009). 

The approach for using proliferating HMEC-1 cells in the current study was selected 

to investigate the role of membrane potential dynamics in proliferation. The role of 

membrane potential dynamics in vivo can be easily investigated using the HMEC-1 

cell line by either patching confluent cells rather than individual cells. Moreover, 

HMEC-1 cells grown as tubules can be patched to reflect vessel structure in vivo 

(Francescone et al., 2011) . It may be possible to use a model system where 

endothelial cells are surrounded by smooth muscle cells in a co-culture, however, the 

presence of oscillations in the smooth muscle cells may attenuate and mask 

oscillations arising from endothelial cells, if indeed the oscillations are driven by the 

activity of the endothelial cells (Truskey, 2010).  

  

In summary, the findings from investigating the membrane potential dynamics of 

HMEC-1 cells did not show low frequency oscillations similar to those observed in 

the cardiovascular system. The results, however, suggested the presence of 

fluctuations in the membrane potential dynamics of the HMEC-1 cells and these 

fluctuations could be dependent on the active transport mechanisms and Ca2+-

activated non-specific cation channels.      
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7 CONCLUSION 

The primary aim of the current study was to investigate the presence of fluctuations 

and oscillations in the membrane potential (i.e. the membrane potential dynamics) of 

Jurkat cells and HMEC-1 endothelial cells using the CWT technique. The application 

of the CWT technique to investigate membrane potential dynamics provides a novel 

approach to investigating the membrane potential recorded using the patch clamping 

technique. It was also hypothesised that the static membrane potential influences cell 

behaviours such as proliferation and activation. 

 

 

The magnitude of the static membrane potential and the membrane potential dynamics 

of Jurkat cells in different proliferative states were investigated. These states included 

cells in the log phase of growth, cells in a non-proliferative state and activated Jurkat 

cells. The work in this thesis identified the culture conditions required to produce 

Jurkat cells in these different states. The Jurkat cells that were either in the log phase 

of growth or a non-proliferative state were achieved by simply varying the serum 

concentration in the culture medium; medium containing 10% FBS for Jurkat cells in 

the log phase of proliferation whilst 1% FBS at 48 hours caused the cells to be in a 

non-proliferative state. Pharmacological intervention, for example, using cytostatic 

drugs could have been used to regulate proliferation of the cells. These compounds, 

however, could have had non-specific effects on the cells, thus compromising the 

physiological relevance of the results. Likewise, the FBS in the culture medium could 
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have also had non-specific effects on the cells and thus affected the physiological 

relevance of the results. In fact, it can be argued that the side effects induced by 

compounds are more specific than FBS, consequently, the use of compounds to alter 

proliferation could have been better. Studies were also carried out on activated Jurkat 

cells which were activated through continuous treatment with ConA.  

 

The literature suggests the magnitude of the static membrane potential of proliferating 

cells is depolarised in comparison to non-proliferating cells (as shown previously in 

Figure 1.1). In the present study, it was also shown that the magnitude of the static 

membrane potential of proliferating Jurkat cells was depolarised whilst the membrane 

potential of the non-proliferating Jurkat cells was comparatively hyperpolarised. 

These results are in line with the hypothesis and the literature suggests that the 

membrane potential could play an influencing role in cell proliferation.  

 

It was hypothesised that the membrane potential is not static and this dynamic nature 

can be investigated using the CWT technique. The work in this study proves this 

hypothesis and shows that the membrane potential of Jurkat cells is not static, instead, 

it is dynamic exhibiting fluctuations. The amplitude of these fluctuations were not 

completely dependent on the activity of a specific channel type or the magnitude of 

the static membrane potential per se. Rather, the amplitude of these fluctuations 

appear to be dependent on the conductance of a particular ion species. For example, in 

situations where K+ contributed to the static membrane potential, the fluctuations had 

larger amplitude in comparison to cells with a membrane potential determined 

primarily by the conductance of ions besides K+, i.e. Cl-.  

 

The membrane potential dynamics also changed in response to perturbations in the 

extracellular [ion]. This hints at the importance of ion permeability in the dynamics. 

An increase in the extracellular [K+] caused a significant decrease in the amplitude of 

the fluctuations to the extent of blocking the fluctuations whilst a decrease in the 

extracellular [Cl-] caused an increase in the amplitude of the membrane potential 

fluctuations. Similar to the effect of increasing extracellular [K+], a decrease in the 

extracellular [Na+] also caused a reduction the amplitude of the fluctuations. The 

fluctuations, however, were not completely blocked. 
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Although significant changes in the magnitude of the static membrane potential of the 

Jurkat cells in different states was observed, the membrane potential dynamics i.e. 

fluctuations, did not show significant differences. It is possible that the differences in 

the dynamic properties of the cells were not observed due to the lack of intracellular 

Ca2+ in this series of experiments. Ca2+ was not added in the intracellular solutions to 

simplify the membrane potential dynamics. It is envisaged that future studies will 

investigate the effect of intracellular Ca2+ in the membrane potential dynamics of 

Jurkat cells in the three different states. 

 

Alternatively, it is also possible that the differences in the membrane potential 

dynamics were not observed due to the patch clamping technique itself. The whole 

cell patch clamping technique causes cytosolic washout, consequently, other dynamic 

activities in the cell, such as the metabolic activity which could have impacted the 

membrane potential dynamics would be lost. The metabolic activity of the cells could 

have itself been affected by altering the state of the cells, for example, metabolic 

differences would be expected in proliferating and non-proliferating Jurkat cells due 

to the Warburg effect (Heiden et al., 2009). Furthermore, the experimental set-up used 

to record the membrane potential in the present study may not accurately reflect the 

conditions during cell growth. The temperature, atmospheric conditions and the 

culture medium in the patch clamping experiment differed from the culture conditions. 

The experimental setup for future studies could incorporate culture chambers that are 

designed to control the temperature and the atmospheric conditions (Nikon, 2015).    

 

The membrane potential dynamics of HMEC-1 endothelial cells were also 

investigated in light of the low frequency oscillations observed in the cardiovascular 

system that were hypothesised to be related to the activity of endothelial cells. The 

origins of the low frequency oscillations in the blood flow were associated with 

endothelial cells as these cells can signal to surrounding cells and influence blood 

flow i.e. by secreting nitric oxide (Verma et al., 2003). The low frequency oscillations 

in the blood flow signal had a frequency interval of 0.005 Hz to 0.0095 Hz and    

0.0095 to 0.021 Hz. Consequently, to investigate these low frequency oscillations 

reliably, the membrane potential was recorded continuously for 30 minutes in the 

present study. The results suggest that fluctuations rather than oscillations were 
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present in the membrane potential dynamics of these cells. The preliminary data 

suggests that these membrane potential dynamics were altered by the presence of 

either ATP or Ca2+ in the intracellular solution. It is possible that the low frequency 

oscillations in the cardiovascular system were observed due to a coupling effect 

between adjacent endothelial cells. In the current study, only the membrane potential 

dynamics of single cells were investigated. Despite this, these single HMEC-1 

endothelial cells still exhibited low frequency fluctuations, therefore, it is possible that 

low frequency oscillations are present in the membrane potential of HMEC-1 cells 

that have been cultured as tubules to replicate vessels in vitro. 

 

In summary, analysis of the continuous membrane potential (for more than five 

minutes) using the CWT technique is a novel application of the CWT technique. 

Application of this technique in this manner can provide additional information of the 

membrane potential in the frequency domain. Consequently, the characteristics of 

fluctuations and oscillations in the membrane potential can also be investigated rather 

than just the magnitude of the static membrane potential at specific time points. Based 

on the evidence presented in this thesis, application of the CWT technique to the 

membrane potential has the capability of distinguishing the dynamics related to an 

animal cell against background noise that is not of a physiological origin. The CWT 

technique is a powerful analytical tool, however, a drawback of the CWT technique is 

that it requires a continuous uninterrupted recording of the membrane potential around 

a relatively stable baseline without which the results can be unreliable. The membrane 

potential is nonstationary (due the activation and inactivation of ion channels, pumps 

and carriers with time), therefore, careful consideration has to be given to normalise 

the initial experimental set up. The work in this thesis demonstrates that the CWT can 

be used to investigate the membrane potential dynamics under tightly controlled 

conditions.  

 

 

Future Direction 

The work in the present thesis provides the first evidence of the application of the 

CWT technique to investigate long term recordings of the membrane potential to 

demonstrate the presence of fluctuations in the membrane potential of Jurkat cells and 
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HMEC-1 cells. It is expected that future work will investigate the origin of these 

fluctuations and confirm if the observed fluctuations are deterministic or stochastic. It 

is also envisaged that the physiological role of these fluctuations will be determined in 

the future work. 

 

The preliminary evidence suggests that intracellular Ca2+ and possibly even other 

intracellular components play a role in the observed fluctuations. It is therefore, 

expected that studies will investigate these aspects through alternative 

electrophysiological methodologies which maintain the cells in a more physiologically 

relevant state. Such techniques will need to be optimised to allow long term 

recordings of the membrane potential. It is also expected that the conditions used 

during the membrane potential recordings will reflect the conditions of the cells 

during cell culture. 

 

The CWT technique in its current form could be applied to other cell types to 

determine if low frequency oscillatory behaviour is present in their membrane 

potential recordings. Cell types which have already been shown to exhibit oscillations 

of a large amplitude that were visible in the recordings without complex analytical 

techniques could also be investigated using the CWT technique to ascertain the 

presence of the low frequency oscillations.  

 

It is also envisaged that the membrane potential dynamics from disease states will also 

be investigated. The current literature suggests that the blood flow dynamics differ 

with cardiovascular ageing and according to the health status of individuals 

(Goldberger et al., 2002; Lancaster et al., 2015; Shiogai et al., 2010). 
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8 GLOSSARY 

Bioelectric signalling = A term used to describe cell behaviours induced by ion 

channel activity or the membrane potential. 

ConA = A plant mitogen used to activate lymphocytes 

PHA = A plant mitogen used to activate lymphocytes 

Continuous wavelet transform = A technique used to analyse the frequency over time 

Cytostatic = A substance that inhibits proliferation without inducing cell death 

Deterministic = In the context of dynamics, it describes dynamics that are not random 

Dynamic membrane potential = The membrane potential which is continually 

changing with time 

ERev = reversal potential. The membrane potential at which point there is no net 

movement of an ion.  

Fluctuations = Changes in the signal which do not have a predictable cycle over a time 

period 

Frequency domain = The analysis of a signal with respect to the frequency of a 

characteristic 

HMEC-1 = A immortalised model cell line of microvascular endothelial  

IV = Current voltage plot– used to analyse the whole cell currents 

Jurkat cells = An immortalised model cell line of T-lymphocytes  

Mitogen = A substance that induces cell behaviour 

Non stationary time signal = A signal wherein the characteristics change in a random 

fashion with time 
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NPPB =. A non-specific Cl- channel blocker. 

Oscillations = Changes in the signal which have a predictable cycle over a time period 

Patch clamping = An electrophysiological technique to record ion channel activity 

Static membrane potential = The membrane potential at a single time point 

TEA = A non-specific K+ channel blocker 

4AP = A non-specific K+ channel blocker 

Time frequency domain = The analysis of a signal with variation in time 
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