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Abstract  

 

Glioblastoma multiforme (GBM), is an aggressive brain tumour that accounts for nearly half of all 

glial brain tumours. Large conductance voltage and Ca2+-activated potassium channels, BK, are 

overexpressed in GBM and are thought to play a role in their invasion and migration. Although 

changes in resting membrane potential modulate these processes, little is known about the origin 

of it in GBM and the role of BK. I have used cell-attached and whole-cell patch clamp in the 

glioblastoma cell lines, SF188 and GCE62 to investigate the role of BK in GMB resting membrane 

potential. Single channel BK currents were measured with cell-attached patch clamp. Pipettes 

contained 140 mM K+. Currents were measured with holding potentials from 0 mV to -90 mV. The 

resting membrane potential of intact cells was estimated from the reversal potential of cell-

attached single-channel BK current-voltage (I-V) plots. Resting membrane potential was then 

measured with current clamp immediately after forming the whole-cell configuration. In SF188s, at 

a pipette potential of 0 mV, BK was spontaneously active in 31 out of 71 patches. Cell-attached I-V 

analyses indicated voltage-dependent activation of gBK with a bimodal distribution of median 

slope-conductance of around 124 and 215 pS. Membrane potential estimated from the cell-

attached I-V reversal potential, -35±0.18 mV was similar to that subsequently measured under 

whole-cell current clamp -35±0.18 mV ([Ca2+] = 120 nM). With high [Ca2+] pipette solution (2.5 mM), 

membrane potential was significantly hyperpolarized in whole-cell current clamp (-44 ± 17 mV) 

whereas the input resistance, 220 ± 173 MW; was similar to that with low pipette [Ca2+]: 396 ± 173 

MW. In 100% of cell-attached patches, BK activity was abolished by 10 µM paxilline and 200 µM 

quinine. With low pipette [Ca2+] whole-cell membrane potential was unaffected by 200 µM quinine 

but was significantly hyperpolarised by 13 mV with 10 µM paxilline and 9 mV with 1 mM TEA. With 

low pipette [Ca2+] whole-cell membrane potential was unaffected by Cl- free Hanks but was 

significantly depolarised by 8 mV with K+ Hanks and hyperpolarised by 8 mV with Na+ free Hanks. In 

GCE62’s, at a pipette potential of 0 mV, BK was spontaneously active in 2 out of 30 patches. In 

whole cell current clamp there was no significant difference in the membrane potential and input 

resistance in the high [Ca2+] pipette solution compared to low [Ca2+] in the pipette solution. GBM 

SF188 exhibit spontaneous K+ channel activity in cell-attached patches, with biophysical and 

pharmacological properties typical for BK. At low intracellular [Ca2+] BK does not appear to be 
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responsible for the resting membrane potential. The reversal potential of BK in cell-attached 

patches appears to be an accurate non-invasive measure of the resting membrane potential of 

SF188 cells. The membrane potential seems to be predominated by potassium with a degree of 

sodium. Further studies are required to determine what underlies BK activation in cell-attached 

patches in SF188 and under what conditions is BK activated to contribute to membrane potential in 

this cell line.  
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Introduction  

 

Glioblastoma Multiforme  

 

Glial cells are one of the main components of the nervous system, making up about half the volume 

of the brain. There are several sub-types of glia such as astrocytes and oligodendrocytes, in the 

central nervous system and Schwann cells, enteric glial cells, and satellite cells in the peripheral 

nervous system. (Jessen, 2004). The functions of glial cells include guidance for neuronal migration 

in the developing brain, aid in the survival of neurones, synapse formation, myelination, control of 

synaptic function and finally homeostatic regulation of neurotransmitter and potassium ion 

concentrations (Allen and Lyons, 2018). There are several diseases associated with glial cells, such 

as multiple sclerosis, Type 1 Charcot-Marie-Tooth disease, and importantly malignant brain 

tumours, most of which arise from glial cells (Jessen, 2004).  

 

Glioblastoma multiforme is an aggressive brain tumour that accounts for 42.5% of malignant 

primary and CNS brain tumours originating from glial cells (Kanderi & Gupta, 2022). It presents with 

a very poor prognosis and a low survival rate of 1 to 2 years from diagnosis, with a global incidence 

of 10 per 100,000 of the population. Gliomas can be classified as grades I to IV using the World 

Health Organisation (WHO) classification system, glioblastomas fall under the grade IV category, 

the most aggressive and malignant type (Hanif et al., 2019, Vigneswaran et al., 2015). Initial 

diagnosis of gliomas is conducted by MRI in conjunction with other imaging methods such as 

functional MRI, diffusion-weighted imaging, diffusion tensor imaging, proton magnetic resonance 

spectroscopy and positron emission tomography. This is followed by confirmation of diagnosis via 

surgical resections or biopsy samples (Alifieris & Trafalis, 2015, Gilard et al., 2021) (Figure 1). 

Gliomas are extensively invasive and have uncontrolled proliferation and abnormal cell death. 

These characteristics make the treatment of the diseases incredibly difficult (Sherriff et al., 2013). 

The primary treatment for glioblastoma is surgical resurrection during which maximal resurrection 

is attempted. This is followed by radiation and chemotherapy. Regardless of these aggressive 

treatments, survival time is only extended up to 3 years, with around 80% of patients still relapsing 

near the initial site of the tumour (Hanif et al., 2019, Sherriff et al., 2013, Silantyev et al., 2019) 
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(Figure 2). To date, the only risk factors associated with glioblastoma are radiation and genetic 

syndromes (Hanif et al., 2019). Migration and invasion of glioblastoma cells are the main reasons 

why eradication of the tumour is nearly impossible. The migration of gliomas involves the invasion 

of the brain parenchyma through narrow spaces. To fit into these narrow spaces, glioblastomas 

reduce their cell volume to about 30% of their original volume (Watkins & Sontheimer, 2011). This 

is attained by altering the osmotic equilibrium within the cell resulting in a release of cytoplasmic 

water, ultimately shrinking the cell. This process is mediated by ion channels which are responsible 

for controlling cell volume and intracellular calcium signals (Catacuzzeno et al., 2015). In 

glioblastomas chloride and potassium channels are found to be the main channels which modulate 

the ionic gradient that is modified (Catacuzzeno et al., 2015). 

 

Figure 1. 

MRI of a 17-year-old with a 4-cm 

glioblastoma. The patient presented 

with headaches, blurred vision, and 

upper left limb weakness. Red circles 

indicate the tumour. A)  Initial MRI at 

the time of admission B) MRI scan 

following treatment with radiation 

and chemotherapy for 5 months. 

Scan indicates treatment had no 

effect on the reduction of the 

tumour (Tan & Tan, 2012). 

Image and data taken and adapted 

from Tan & Tan, 2012. 

 



   
 

 8 

 

 Figure 2. 

Graph showing the overall survival time of 

60 glioblastoma patients who were treated 

with chemoradiotherapy following their 

surgery. Data shows that 47% of patients 

survived up to 6 months to 1 year, with only 

7% of patients surviving for more than 2 

years. Quality of life was assessed using the 

European Organization for Research and 

Treatment of Cancer Core Quality-of-Life 

Questionnaire and it was reported that 

there was an improvement in their quality 

of life following radiotherapy, with patients 

reporting decreased pain and headaches 

(Mohammed et al., 2022). 

Data obtained from the study conducted by 

Mohammed et al., 2022 

 

Potassium Channels 

 

Potassium channels are found in most species, in both excitable and non-excitable cells and are 

vital in the control of the cell’s membrane potential. Potassium channels are also involved in other 

cellular processes such as hormone secretion, epithelial function as well as damping excitatory 

signals (González et al., 2012). Potassium channels can be grouped into three main categories: the 

voltage-gated, the inwardly rectifying and the tandem pore domain. They have a tetrameric 

structure composed of a fourfold symmetric complex that is formed from a pore-forming domain. 

This complex surrounds the ion conducting pore (Choe, 2002, Ge et al., 2014, Kuang et al., 2015). 

Potassium channels are identified using the two transmembrane helices and the short loop which 

connects the two, known as the P loop. Potassium channels exhibit a high degree of selectivity as a 

result of the selectivity filter. This filter can be found at the narrowest part of the ion-permeation 

pathway. Although the gating mechanisms vary depending on the type of potassium channels, they 

23%

47%

23%

7%

Overall survival time of 
glioblastoma patients

Less than 6 months 6 monts to 1 year

1 to 2 years More than 2 years



   
 

 9 

all have similar selectivity filter. (Choe, 2002, Ge et al., 2014, Kuang et al., 2015). The narrow 

selectivity filter (12 Å-long segment) contains carbonyl oxygen atoms on its walls, which are spaced 

in a way which balances the energy required to remove the hydration shell of the potassium ions 

(Bernèche & Roux, 2003, Bernèche & Roux, 2005). The oxygen atoms are unable to interact with 

sodium ions as they are energetically unfavourable, therefore it cannot dehydrate sodium the same 

way it dehydrates potassium. The filter allows the binding of four potassium ions at sites S1 to S4 

(Figure 3) (Bernèche & Roux, 2003, Bernèche & Roux, 2005, Choe, 2002, Doyle et al., 1998, Morais-

Cabral et ., 2001).   

Figure 3. 

Crystal structure of the KcsA potassium channel in 

its closed state. The image shows an example of the 

two transmembrane helices connected by a short P-

loop. Only 2 of the 4 subunits are shown in the 

image. The selectivity filter is shown, this is 

responsible for the high degree of selectivity of 

potassium channels.  

Image taken from Kopec, Rothberg and de Groot, 

2019. 

 

 

Large conductance voltage and Ca2+ - activated potassium channel (BK) 

 

Large conductance voltage and Ca2+ - activated potassium channel (BK, KCNMA1, Slo/Slo1, Maxi-K, 

KCa 1.1 and Slowpoke) referred to as BK hereafter, is a type of potassium channel that is activated 

by membrane depolarisation and binding of intracellular calcium and magnesium (Lee & Cui, 2010) 

(Table 1). Electrophysiology studies using patch clamp identified that the single-channel potassium 

conductance of BK ranges from 100 to 300 Pico siemens (pS) (Table 2) when the channel is open, 

this is significantly higher than the other types of Ca2+ -activated potassium channel; small 

potassium channel (sk) and intermediate potassium channels (IK) have a much smaller conductance 

4– 80 pS (Franciolini et al. 2001, Gong et al. 2001, Hirano et al., 2002, Sun et al. 2004).  
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Table 1. 

Table showing the voltage for half-

maximal activation (V0.5) of BK, at 

different concentrations of Ca2+. A 

negative shift in the V0.5 is seen 

with increased [Ca2+]. The data 

presented in the literature shows a 

calcium-dependent activation in BK 

channels.  

 

 

Table 2. 

Table showing the slope conductances of BK channels measured in a variety of different cells. When 

BK channels are open, they have a slope conductance ranging from 100 – 300 pS. 

 

 

V.05 (mV)  at [Ca2+] Reference  

-40 ± 3 

122 ±53 

 50 μM 

0.5 μM 

De Wet et al., 2006 

150 

65 

12 

0 μM  

0.1 μM  

1 μM  

Ransom and Sontheimer, 2001 

168.5 ±2.23 

136.89 ± 0.9 

39 ± 0.5 

2.4 ± 0.7 

-42 ± 0.6 

0 μM  

1 μM  

10 μM  

100 μM 

1 mM 

Zhang, Solaro and Lingle, 2001 

Cell Type  Slope Conductance (pS) Reference  

Xenopus motor nerve terminals 120.7 ± 8.8 pS  Sun et al. 2004 

Cholinergic presynaptic nerve terminal 210 ± 7 pS  Sun et al. 1999 

Neonatal rat intra cardiac ganglion 

neurons 

207 ± 19 pS  Franciolini et al. 2001 

Cultured rat melanotrophs ~ 190 pS Kehl and Wong 1996 

Cerebrovascular smooth muscle cells 207 ± 10 pS  Wang and Mathers 1993 

Cultured rat superior cervical ganglionic 

neurones 

~ 200 pS Smart 1987 

Rat hippocampal neurons maintained in 

culture 

220 pS Wann and Richards 1994 

Rat hippocampal CA1 pyramidal neurons 245.4 pS Gong et al. 2001 

Cultured human renal proximal tubule 

epithelial cells 

300 pS Hirano et al., 2002 
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Structurally BK is similar to voltage gated potassium channels, containing four alpha subunits, 

coded by the Slo1 (KCNMA 1) gene that is found at the chromosomal 10q22.3 region in humans and 

chromosomal 14 regions in mouse and consists of 27 exons (Ge et al., 2014). Mutation at these loci 

has been associated with epilepsy and paroxysmal dyskinesia (Du et al., 2005). The gene undergoes 

extensive pre-mRNA spicing which results in BK having many diverse functions. Alternative splicing 

of the stress-regulated exon (STREX) can give rise to differences in calcium and voltage sensitivity 

(Chen et al., 2005, Saito et al., 1997) as well as regulation via cellular signalling pathway (Chen et 

al., 2005, Erxleben et al., 2002, Tian et al., 2001). Modified intracellular targeting has also been 

shown via SV1 insert (Zarei et al., 2004). A review by Fodor & Aldrich, 2009 reports that consecutive 

exons amidst different species of the same phylum are conserved, whereas alternative exons are 

not conserved. When looking across phyla, they report that some regions seem more liable to 

alternative splicing in comparison to others.   

 

BK channels consist of 7 transmembrane spanning regions S1-S4, a hallmark of the voltage-

dependent potassium channel, with the addition of S0, an extracellular amino acid terminal and a 

large cytosolic C terminal domain. The S1-S4 domains contain the voltage sensors which are 

responsible for the voltage activation of BK sensor (Ge et al., 2014, Lee & Cui, 2010). Similar to 

voltage gated potassium channels, the voltage sensing domain and the pore-gate domain are 

formed by S1- S4 and S5-S6. The S4 helix has a positively charged Arginine residue (Arg213) that 

acts as the primary voltage sensor (Ge et al., 2014, Lee & Cui, 2010). This was determined by Ma et 

al., 2006 who mutated the residues in the Slo1 gene and found only the S4 (Arg213) residue was 

able to give rise to gating charge. The pore and the selectivity filter of the channel are encoded by 

S5 and S6 (Ge et al., 2014, Kim & Nimigean, 2016, Yuan et al., 2010). The C terminus contains two 

regulatory cytosolic units (RCK1 And RCK2) intracellularly. Divalent cations such as calcium and 

magnesium can bind to the regulatory units with the calcium bowl present at the RCK2 terminal 

(Ge et al., 2014). Binding of calcium increases the intracellular levels of calcium which in turn 

decreases the voltage at which the channel is activated at (Ge et al., 2014, Li & Yan, 2016). Four 

alpha subunits and smaller regulatory beta (β) subunits are arranged to form a functional BK 

channel (Figure 4).  
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Figure 4. 

Structure of the large conductance voltage and calcium activated potassium channel. The α subunit 

consists of the S0 segment, S1 – S4, the voltage sensing domain, S5 and S6 the pore gate domain, as 

well as RCK1 and RCK2 which are the cytosolic domain. RCK2 contains the calcium bowl which is 

responsible for calcium sensitivity. Four α subunits joined together to form a functional BK channel. 

The β subunit has two transmembrane subunits, expression of these are tissue specific.  

Image is created on BioRender.com. 

 

Four types of β subunits exist: β1- β4. A β1 subunit consists of two membrane spanning regions 

with intracellular N and C terminals. The β1 subunit is attached to the alpha subunit via the 

transmembrane region near the C terminus and interacts with the S0 region of the alpha subunit. β 

subunits are not needed to form a functioning BK channel; however, they slightly alter the BK 

channel activity (Ge et al., 2014). They increase the voltage gating and calcium sensitivity gating and 

decrease threshold potential and inactivation kinetics (Ge et al., 2014, Orio et al., 2002). Sequence 

homology between β1- β2 and β2- β3 are closely related in comparison to β4. When β1 subunits 

are co-expressed with the alpha subunits an apparent increase in calcium sensitivity, a decrease in 

voltage sensitivity and slower deactivations are observed. (Cox & Aldrich, 2000, Orio & Latorre, 

2005, Wallner et al., 1995) The β1 subunit also regulates the interactions with toxins and other 

activators.  
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For example, co-expression of the β1 subunit with the alpha subunit increased the potency of the 

BK blocker tetrandrine (Dworetzky et al., 1996). The β1 subunit is mostly expressed in smooth 

muscle cells (Behrens et al., 2000). β2 subunits increase calcium sensitivity similarly to β1 but has 

no effect on voltage sensitivity. It also increases inactivation but slows down deactivation (Lee et 

al., 2010, Orio & Latorre, 2005, Wallner et al., 1995). Uebele et al., 2000 reported that the 

coexpression of β3 subunits did not affect calcium sensitivity or voltage sensitivity. They also 

reported four subfamilies of the β3 subunits, β3a-d, that resulted from alternative splicing of a 

single gene. They found that β3a-c partially inactivated the current whereas β3d presented with an 

inward rectification. β2 and β3 are predominantly neuronally expressed (Behrens et al., 2000). Both 

Brenner et al., 2000a and Wang et al., 2006 illustrated that the β4 subunit affected voltage 

sensitivity in a concentration dependent manner, in which at low concentrations there was a 

decrease of open channel probability, whereas, at a higher concentration, there was a higher open 

channel probability, suggesting that they are more voltage sensitive at a higher calcium 

concentration. β4 subunits are expressed mainly in the brain (Behrens et al., 2000). Interestingly 

Zeng et al., 2008 study reveals that the functional properties of β3 subunits vary between 

mammalian species with some B3 variants being primate-specific ion channel subunits.  

 

BK is ubiquitously expressed in a myriad of cell types such as endocrine, smooth, and neuronal cells 

and is responsible for many physiological processes (Yuan et al., 2010). As seen with voltage-gated 

potassium channels, an influx of potassium ions, results in hyperpolarisation of the cell membrane, 

however, a unique property of BK is that it is also sensitive to changes in intracellular calcium (Faber 

and Sah, 2003). However, it should be noted that the effect of calcium and voltage are independent 

of each other (Faber and Sah, 2003). This allows the channel to control the activity of excitable 

cells, by negative feedback regulation of calcium influx by coupling with voltage-gated calcium 

channels (Grunnet and Kaufmann, 2004, Hu et al., 2001, Yuan et al., 2010). Upon BK channel 

activation, the membrane becomes hyperpolarised, which in turn closes voltage-dependant 

channels such as the potassium and calcium channels, this decreases the calcium influx into the cell 

(Grunnet and Kaufmann, 2004, Hu et al., 2001, Yuan et al., 2010). Within the central nervous 

system, BK is responsible for many functions, including action potential shape, propagation, and 

frequency (Gu et al., 2007, Golding et al., 1999, Ly et al., 2010, Martinez-Espinosa et al., 2014, Pitts 

et al., 2006, Raffaelli et al., 2004) and release of neurotransmitters (Griguoli et al., 2016, Raffaelli et 

al., 2004).  
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BK also contributes to non-neuronal cells in the CNS, such as astrocytes, which are essential in the 

regulation of cerebral blood flow (Filosa et al., 2006, Price et al., 2002) and microglia cells in the 

hippocampus (Bordey & Spencer, 2003) and spinal cord (Hayashi et al., 2011). BK also plays a 

critical role, outside of the CNS, it contributes to the regulation of blood pressure (Brenner et al., 

2000b, Sausbier et al., 2005), urinary bladder function (Meredith et al., 2004) as well as erectile 

function (Werner et al., 2005) and cell proliferation (Wiecha et al., 1998) and cell migration 

(Soroceanu et al., 1999).  

 

Several recent discoveries have shown that implications with BK channels play a role in neurological 

diseases. Zhang et al., 2006, hypothesise that BK is implicated in schizophrenia due to the 

potassium conductance enhancing nature of the commonly used antipsychotics that are used to 

treat the disease. They also report that in the prefrontal cortex of schizophrenics presented with 

significantly lower levels of mRNA expression of the BK channel in comparison to the control. 

Correspondingly, in a study conducted by Laumonnier et al., 2006, it was shown that a defect in the 

BK channel, leading to a decreased expression of BK can contribute to autism and mental 

retardation. Epilepsy has also been linked to mutations in the alpha subunit of BK channels (Du et 

al., 2005) and the β3 subunit (Lorenz et al., 2006). A study by Zhao et al., 2020 found that 

upregulation of the β4 subunit in the anterior cingulate cortex may contribute to anxiety-like 

behaviour induced by neuropathic pain. Several studies have also demonstrated that deletion of 

the BK alpha results in movement disorders such as ryegrass staggers, cerebral ataxia and Purkinje 

cell dysfunction (Du et al., 2005, Du et al., 2020, Imlach et al., 2008, Sausbier et al., 2004). However, 

Imlach et al., 2008 report that only deletion of the alpha subunit causes the syndrome, whereas 

upon deletion of β1 and β4, no effect was seen. Genetic deletion of BK subunits has also been 

shown to lead to hypertension (Brenner et al., 2000b, Sausbier et al., 2005). Typlt et al., 2013 

illustrate that BK plays a crucial role in learning but not memory storage. However, it should be 

noted that the correlation between changes in genetic markers and phenotype does not necessarily 

indicate causation, several other factors could result in the disease aside from BK. Furthermore, 

several of the studies mentioned were conducted on mouse models, hence it may not be a true 

reflection on what will happen in humans. This is specifically a cause for concern with regard to BK 

as it has previously been shown by Zeng et al., 2008 that the B3 subunits vary amongst mammalian 

species.  
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The role of BK in glioblastoma  

 

A subclass of BK, termed glioma BK (gBK) exists, this channel is a result of an alternative splice 

variant with a 34 amino acid exon at splicing site 2 of hSlo, the gene that is responsible for encoding 

the alpha subunit (Ge et al., 2012). gBK also exhibits a higher sensitivity to calcium at physiological 

intracellular calcium concentrations, V0.5 was 12 mV with 1 μM [Ca2+]i in glioblastomas (Ransom 

and Sontheimer, 2001) in comparison to 35 mV with 1 μM [Ca2+]i in human smooth muscle cells 

(Hurley, Preiksaitis and Sims, 1999). This increased sensitivity could be a result of the altered 

structure (Liu et al., 2002, Ransom et al., 2002). Several studies have demonstrated that there is an 

overexpression of BK in glioblastoma (Catacuzzeno et al., 2015, Liu et al., 2002, Ransom & 

Sontheimer, 2001, Rosa et al., 2017, Weaver et al., 2006). Liu et al., 2002 looking at biopsies of 

glioblastoma patients have reported that not only is BK overexpressed there is also a positive 

correlation between the glioma malignancy grade and the BK channel expression. However, this 

finding is restricted to a small sample cohort of seven human biopsies and three glioblastoma cell 

lines. Furthermore, Liu et al., 2002, fail to statically analyse the correlation, stating a “positive 

correlation” is observed. Even though these findings are inciteful, one cannot assume that the 

correlation is significant as well as the fact an observed correlation does not prove causation.  

 

Across, the literature BK in glioblastoma is implicated in cell migration and proliferation. However, 

there are discrepancies in the role of BK in migration, invasion, and proliferation. The migration is a 

result of cell shrinkage from the electrochemical driving force exerted by the BK channel which 

results in the release of cytoplasmic water (Molenaar, 2011). Whilst certain evidence suggests that 

BK channel activation gives rise to the migration of glioma cells, others show evidence of inhibition 

of migration. Weaver et al., 2006 provide evidence to suggest that inhibition of BK channels using 

the blockers, paxilline and iberiotoxin resulted in a reduction in migration of the glioma cells, they 

also reported that activation of the BK channel using NS1619, had no effect on enhancing 

migration.  Similarly, Soroceanu et al., 1999 found a dose-dependent inhibition of glioblastoma 

migration with the use of BK blocker tetraethylammonium chloride. Research by Wondergem et al., 

2008 and Wondergem & Bartley, 2009 illustrate that BK activation via methanol resulted in glioma 

migration. This process is facilitated by methanol activating the TRPM8 channel, which increases 

intracellular calcium, and as a result, BK channels are activated. They also provide evidence that 
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blocking the BK channels via paxilline and tetraethylammonium chloride inhibits migration. This 

suggests that BK plays an important role in the migration of glioma cells. Inhibition of glioblastoma 

migration via BK channel blocker paxilline has also been observed in induced migration such as 

hypoxia (Rosa et al., 2018) and radiation (Edalat et al., 2016, Steinle et al., 2011). However, in 

contradiction, Bordey et al., 2000 illustrated that activation of BK channels via muscarinic activation 

of acetylcholine receptors results in an inhibition of cell migration in glioma cell line, this was also 

corroborated by Kraft et al., 2003, who also found activation of BK channels via phloretin, and 

acetylcholine led to inhibited migration of glioma cells. Interestingly they also reported that upon 

co-application with BK channel blockers, paxilline and iberiotoxin the effects of the BK activators 

were nullified. These contradictory results could be caused by the difference in migration modes 

used in the study, both, Bordey et al., 2000 and Kraft et al., 2003 used patch clamp and time-lapse 

microscopy to study migration which is not an accurate mimic of the extracellular environment of 

the brain. Whereas Weaver et al., 2006 used a 3D migration system using a transwell insert with 

8μm pore coated with a chemoattractant, which is more accurate due to the small pore size that 

mimics the narrow spaces tumour cells encounter during migration. Catacuzzeno et al., 2015 

suggest that the discrepancies across the literature are due to the difference in intracellular calcium 

concentration, they propose that in low concentrations of intracellular calcium, BK are not 

activated and therefore do not contribute to migration, however, once the concentration of 

intracellular calcium increases to an intermediate level, one which is not enough to activate BK 

channels but are efficient for preparing them for cyclic activation following intracellular calcium 

oscillations. Furthermore, they suggest that a prolonged high concentration of intracellular calcium 

would cause a steady activation of BK that would inhibit the migration of glioblastoma cells.   

 

BK has been shown to have an effect on cell proliferation on other cell types such as Muller glial 

cells and astrocytoma cell lines, in which BK blockade results in inhibition of cell proliferation. This 

provides evidence for BK’s critical role in cell proliferation of glioma cells (Basrai et al., 2002, 

Bringmann et al., 1999). Although there is extensive research on the role BK plays in migration, 

there is much less information about the role the channel plays in cell proliferation of glioblastoma, 

where the research available is inconsistent. Weaver et al., 2004 discovered that inhibition of BK by 

the toxin iberiotoxin resulted in a dose and time-dependent decrease in cell growth, they found 

that the toxin inhibited cell growth by eradicating cells in the S phase of the cell cycles, resulting in 

cell death. They also observed that gBK channel expression depended on the growth factor. 
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Similarly, Weaver et al., 2006 illustrated that in the presence of BK channel inhibitors, iberiotoxin 

and paxilline cell growth was inhibited. Conversely, Abdullaev et al., 2010, found that BK does not 

play a role in cell proliferation using the BK channel blocker paxilline and penitrem A. They found 

that an inhibition in proliferation was only seen at supraphysiological concentrations of the blocker 

but at concentrations which were sufficient to inhibit the channel activity, no effect on cell 

proliferation was seen. The difference between the studies could be a result of the different 

blockers used in each study or the fact that the study by Abdullaev et al., 2010 used a 10% growth 

factor for the cell lines. As discovered by Weaver et al., 2004, the effect of the blocker was 

abolished when the cells were in 7% fetal calf serum. This same phenomenon may have resulted in 

Abdullaev et al., 2010 observing no effect. A hypothesis of the role of BK is that activation of these 

growth factors would lead to activation of BK which in turn increases intracellular calcium levels 

and as a result cause membrane depolarisation (Weaver et al., 2006).  

 

The Role of BK role in Other Cancers  

 

BK is not only implicated in glioblastomas, but several studies also indicate its expression in many 

different cancers and is involved in cell proliferation, migration, and invasion as well. For example, 

BK has been shown to be a promotor of hepatocellular carcinoma cell proliferation, migration, and 

invasion by He et al., 2021 who also reported that blocking BK channels resulted in cells arresting at 

the G2 phase. Similarly, Li et al., 2018 reported that overexpression or silencing of BK in 

endometrial cancer cells enhanced or inhibited proliferation and migration respectively. These 

findings were supported by pharmacological data as activators of the channel increased 

proliferation and migration in these cells. Corresponding results were seen in astrocytoma cells 

(Basrai et al., 2002) and breast cancer cells (Mohr et al., 2020, Schickling et al., 2014) 

 

Significance of glutamate and calcium signalling in Glioblastoma Multiforme  

 

Glioblastoma is well known to express glutamate, it is released by glioma cells via the 

cysteine/glutamate antiporter, xCT. xCT is upregulated in glioma cells, whereas the glutamate 

reuptake transporter, glutamate transporter 1 (GluR1) is downregulated, leading to the 

accumulation of glutamate in the cytoplasm of the glioma cell (Corsi, Mescola and Alessandrini, 

2019 and Lange, Hörnschemeyer and Kirschstein, 2021). High levels of glutamate eventually lead to 
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increased levels of intracellular Ca2+. Ca2+ signalling plays a vital role in glioblastoma proliferation 

and invasion (Pei et al., 2020). In the present study, I have used glutamate as a means to increase 

intracellular Ca2+ to see if it can activate BK channels. 

 

Membrane Potential  

 

The membrane potential is fundamental in the physiology of a cell. An electrochemical gradient 

arises due to ion diffusion and electrogenic pumps (Alberts et al., 2002, Wright, 2004). There are 

three main functions of membrane potential: cellular functions such as such as movements of 

nutrients and water in and out of cells, as well as cell-to-cell signalling and osmotic homeostasis 

(Moorhouse, 2016). A resting membrane potential is defined as the membrane potential during a 

period in which the cell is not active, the potential is maintained at a steady and stable condition of 

around -80 to -60 mV (Alberts et al., 2002). Both the ion concentration and the permeability of the 

ions determine the resting membrane potential. The ions which have a significant role in generating 

membrane potential are sodium, potassium, and chloride, of which potassium and chloride are 

present at a high concentration within the cell. As a result of the ion gradient a negative 

intracellular potential is created. The selective permeabilities lead to the diffusion of ions (Figure 5) 

(Ramahi & Ruff, 2014). There are two forces at work: a chemical and an opposing electrical force. 

Eventually, the ion flux either reaches equilibrium or steady state depending on the relative 

permeability. The sodium-potassium pump (Na-K pump) which is expressed ubiquitously maintains 

the ion gradients. The equilibrium reached by the ion can be quantitively expressed using the 

Nernst equation (Figure 6A), in which known values of internal and external ion concentration are 

used to calculate a theoretical value of the resting membrane potential for a single ion. However, 

the Nernst equation assumes that the cell is permeable only to one ion. This results in discrepancies 

between the calculated resting membrane potential and the true resting membrane potential due 

to the existence of other ion permeabilities (Alberts et al., 2002, Chrysafides et al., 2019, Ramahi & 

Ruff, 2014). Therefore, to account for multiple ions, we use the Goldman-Hodgkin-Katz equation 

(Figure 6B) to calculate the membrane potential. The equilibrium potential of both sodium is +65 

mV and potassium is -90 mV; however, the resting membrane potential of cells is usually around -

70 to -80 mV, this is due to potassium being much more permeable in comparison to sodium, 

resulting in the membrane potential being closer in value to the equilibrium potential of potassium. 

(Chrysafides et al., 2019). 
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Figure 5.  

Table of intracellular and extracellular concentrations of the different ions that contribute to the 

membrane potential. The Nernst equilibrium potential of each ion is also given.  

 

Figure 6.  

A) Nernst equation used to calculate the equilibrium potential of a particular ion. R is the gas 

constant, T is the temperature, F is the Faraday constant, and z is the valence of the ion. [X]o is the 

extracellular concentration of the ion and [X]i is the intracellular concentration of the ion. B) 

Goldman-Hodgkin-Katz (GHK) equation that is used to calculate the membrane potential when two 

or more ions contribute to it as the Nernst potential no longer is applicable as an equilibrium is no 

longer reached.  For sodium and potassium, RT/zF is equal to 61.5.  
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It should be noted that the resting membrane potential is not only vital in excitable cells, but it also 

plays an important role in non-excitable cells. Several studies have shown that the membrane 

potential is vital for a multitude of biological functions. These include circadian rhythm (Belle et al., 

2009), contractility (Nelson and Quayle, 1995), proliferation (Cone & Cone, 1976, Nelson and 

Quayle, 1995), cell cycle (Amigorena et al., 1990, Neher and Sakmann, 1976), tissue patterning 

(Levin, 2014), cell differentiation (Chen et al., 2019, Tsuchiya & Okada, 1982) as well as insulin 

secretion (Aguiliar-Bryan and Bryan, 1999, Lin et al., 2005). 

 

Membrane potential and cell proliferation and cell differentiation  

 

Dysregulation of normal cell proliferation and invasion in healthy individuals results in the 

development of tumours as well as growth and metastasis. Several recent studies have revealed a 

correlation as well as a functional relationship between membrane potential and cell proliferation 

and differentiation. Cone & Cone, 1976 demonstrate that upon depolarisation with depolarising 

agents, there was an increase in DNA synthesis and mitosis in CNS neurones. Sustained 

depolarisation results in an increase in intracellular sodium and a decrease in potassium ions. 

Similarly, Cone & Tongier, 1973 also found that the mitotic activity of Chinese hamster ovary cells 

could potentially be coupled to membrane potential, with a complete mitotic arrest seen at a 

membrane potential of -75 mV, which was reversed by bringing the membrane potential back to -

10 mV. 

 

Across the literature, several studies indicate a sustained depolarised membrane potential in a 

range of cancerous cells when compared to a hyperpolarised membrane potential in healthy cells 

(Table 3). From this data Binggeli & Weinstein, 1986 suggested that a threshold membrane 

potential exists, when the membrane potential crosses this supposed threshold, it promotes 

mitosis and subsequent DNA synthesis. The proposed mechanism for the promotion of mitosis and 

DNA synthesis by Binggeli & Weinstein, 1986 is cancer and normal proliferating cells have a much 

lower membrane potential than non-proliferating cells, this means that the threshold membrane 

potential can be crossed when cells undergo division, then normal proliferating cells repolarise 

above the threshold potential once growth ceases. However, Binggeli & Weinstein, 1986 

hypothesised that the cancer cells are unable to repolarise and maintain a depolarised membrane 

potential, which promotes mitosis and DNA synthesis.  
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Table 3.  

Table of studies that demonstrate a depolarised membrane potential in cancerous cells in 

comparison to healthy cells.  

 

These findings suggest that ion channels play a key role in tumour development as membrane 

potential itself is regulated by channels present on the cell membrane. Pharmacological blockers of 

several channels have been shown to affect the proliferation rate in a variety of cancer cell lines. 

One of the major channels which have been implicated in cell proliferation is potassium channels. 

However, in contradiction to the hypothesis suggested by Binggeli & Weinstein, 1986, the following 

studies indicate that blocking of the potassium channel, subsequently depolarising the membrane 

potential results in reduced proliferation. For example, Fraser et al., 2000 demonstrated that 

blocking voltage-gated K+ channels in prostate cancer cell lines using a variety of blockers, reduced 

proliferation by 8-15% in a dose-dependent manner. Similarly, Abdul & Hoosein, 2002 reported a 

30-50% increase in proliferation in prostate cancer cell lines when exposed to potassium channel 

activators, however, they observed a subsequent decrease in proliferation with blockers of the 

same channel, followed by apoptosis following 4 hours of treatment. Decreased proliferation by 

inhibition of potassium channel was also seen in human melanoma cell lines by the blocker TEA 

(Nilius & Wohlrab, 1992), neuroblastoma cells, when treated with TEA, 4-aminopuridine and 

capsicum.(Rouzaire-Dubois & Dubois, 1991), malignant lymphocytes with the blockers quinidine, 4-

Cancer Cell Type Membrane Potential in 

comparison to healthy cells  

Reference  

 

Ehrlich Ascites tumour Depolarised Johnstone,1959 

Breast cancer Depolarised Marino et al., 1994 

Cancerous fibroblasts and 

hepatocytes 

Depolarised Binggeli & Cameron, 1980 

Hepatocellular carcinoma cells Depolarised Stevenson et al., 1989 

Adrenocortical tumour Depolarised J. R. Lymangrover et al., 1975 

Fibrosarcoma Depolarised Biggeli & Weinstein, 1985 

Skin cancer Depolarised Melczer & Kiss, 1957 

Ovarian tumour Depolarised Berzingi et al., 2016 
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aminopyridine, barium and TEA (Wang et al., 1992) as well as in MCF-7 breast cancer cell line with a 

range of potassium channel blockers TEA, 4-aminopuridine, quinidine, glibenclamide and linogliride 

(Wonderlin et al., 1995). The cell division cycle plays a major role in cell proliferation and ion 

channels aid this process by means of regulating the membrane potential. Specifically, the G1/S 

phase is thought to be a key player. Studies such as that by Weaver et al., 2004 have demonstrated 

that upon blocking potassium channels using iberiotoxin in glioma cell lines, cells arrest in the S 

phase of the cell cycle. Similarly, Woodfork et al., 1995 reported the arrest of human breast cancer 

cells at the G1 phase when treated with potassium channel blockers quinidine, glibenclamide, and 

linogliride. In the same breast cancer cell line, Wonderlin et al., 1995 showed that hyperpolarisation 

of the membrane potentials drives cell passage from the G1 phase to the S phase.  

 

Furthermore, membrane potential is also seen to play a role in cell differentiation. Modulation of 

the membrane potential has been linked to the differentiation pathway. Sundelacruz et al., 2008 

modulated the membrane potential using ouabain; which is a Na+/K+ ATPase pump inhibitor. This 

allowed them to inhibit the transmembrane potential, they then depolarised the cell with high 

extracellular potassium and found this inhibited osteogenic and adipogenic differentiation of 

mesenchymal stem cells, suggesting that hyperpolarisation is necessary for the differentiation of 

those cells. In accordance with this Konig et al., 2004 report that when hyperpolarisation is blocked 

using blockers of the inward rectifier potassium channel, differentiation of human myoblasts is 

suppressed. Konig et al., 2004 suggest that hyperpolarisation triggers transcription factors that 

result in differentiation of human myoblasts. Finally, Sempou et al., 2022 show that deletion of the 

KCNH6 gene, which is a voltage gated potassium channel protein coding gene, in pluripotent 

embryonic cells results in membrane depolarisation followed by the cell remaining at the 

pluripotent stage as opposed to germ layer differentiation in the embryo. Their results suggest that 

the membrane potential is important in regulating the intracellular calcium levels and subsequently 

the mTOR pathway that is responsible for the differentiation of pluripotent embryonic cells. These 

studies indicate that hyperpolarisation is a key modulator in the differentiation process in a range 

of different cell types and most cases the membrane potential is modulated by potassium channels.  
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Measuring Membrane potential  

 

The most common method to measure membrane potentials is patch clamping or intracellular 

recordings. Both techniques use two microelectrodes, one functions as the ground electrode and 

the other is the recording electrode. Both electrodes are connected to the voltmeter. The recording 

electrode is made up of a glass tube and a silver wire coated with AgCl. In patch clamping the glass 

tube is filled with an intracellular buffer, whereas in intracellular recordings it is with KCL.  Whereas 

the reference electrode is placed in the extracellular solution. In patch-clamping the recording 

electrode is attached to the cell for a giga-seal and in intracellular recording it is inserted into the 

cell (Figure 7) (Khadria, 2022).  However, there are also other non-optical and optical methods 

available such as microelectrode assays, fluorescent bioelectricity reporters, and calcium-sensitive 

fluorescent dyes (Adams & Levin, 2012 Khadria, 2022, Meister et al., 1994, Wilson & Chused, 1985). 

A detailed review of all techniques available to measure membrane potential can be found in the 

review by Khadria, 2022.  In the present study I have chosen to use a patch clamp, this allowed us 

to make high-resolution current recordings to measure as well as study single channel activity, 

allowing us to measure both membrane potential as well as study BK channel activity. One of the 

biggest advantages of patch clamp recordings is that there is less damage to the cell in comparison 

to intracellular recordings. The cell attached patch clamp method allows measurements to be made 

without rupturing the membrane (Figure 7B). When a direct comparison was made between whole 

cell patch clamp and intracellular recordings by Li, Soffe and Roberts, 2004 depolarisation and a 20-

40% drop in input resistance were reported as a result of damage from the intracellular recording 

method. Furthermore, the patch clamp method also allowed us to modulate the pipette solution.  
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Figure 7.  

Overview of the patch clamp technique. A) Standard set-up of patch clamp. The micropipette forms 

a high-resistance gigaohm seal on the cell membrane using suction. Two recording techniques are 

utilised; voltage clamp which clamps the membrane potential at a fixed voltage and measures the 

current, and current clamp in which current is injected into the cell and the membrane potential is 

measured. B) The different patch clamp configurations. Cell-attached: achieved by applying suction 

to form a high resistance seal, with the membrane still attached. This allows recordings of single 

channel activity Whole cell: is achieved by applying a stronger suction which ruptures the 

membrane, allowing access to the cytosolic space. Inside out: Pulling the micropipette from the cell 

attached configuration gives rise to the inside out. This allows manipulation of the conditions the 

intracellular surface of the cell membrane is exposed to. Outside out: Pulling the microelectrode 

from the whole cell configuration results in outside out.  

(Hill & Stephens, 2020) Image created with BioRender.com 

 

SF188 

 

SF188 is a commercially purchased patient-derived glioblastoma cell line, derived from the frontal 

lobe tumour of an 8-year-old male. It has several characteristics such as tumour cell morphology 

and growth kinetics, proliferates as adherent monolayers and expresses glial markers that make it a 

reliable model for studying glioblastoma multiforme (Bax et al., 2009, Rutka et al., 1987). SF188’s 

have been utilised in multiple studies looking into glioblastoma migration and invasion (Aretz et al., 

A 
B 
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2022, Cockle et al., 2015, Cockle et al., 2017, Egbivwie et al., 2019), proliferation (Andrade et al., 

2016, Grossman et al., 2012, Nguyen et al., 2017) signalling pathway studies (Al-Saffar et al., 2014, 

Haas-Kogan et al., 1998, Nguyen et al., 2017), mutation studies (Bjerke et al., 2013, Chen et al., 

2020, Fang et al., 2018, Rakotomalala et al., 2021), cell viability (Hu et al., 2019) as well as cell cycle 

studies (Qin et al., 2022). Although no studies have utilised patch clamping to investigate the 

electrophysiology and biophysics of SF188’s, unlike cell lines such as the human glioblastoma U87 

and U251 cells which have been used in electrophysiology studies (Brandalise et al., 2023, 

Catacuzzeno et al., 2011).  

 

Aims and hypothesis 

 

The range of evidence presented by these authors accentuates the importance of BK in migration 

and invasion in glioblastoma cells and provides a potential pharmacological target for therapeutic 

agents. Researching ion channels as potential therapeutic targets is important as around 13% of 

drugs used for treatments such as cardiovascular and neurological disorders whose primary 

therapeutic targets are ion channels (Overington et al., 2006). However, future on the impact of 

gBK knockout could provide additional evidence needed to fill the gap in this field. From the 

evidence presented here, it is clear that intracellular calcium dynamics play a crucial role in cell 

migration and cell growth. BK channels have been a key regulator of membrane potential, which in 

turn affects calcium influx. However, the effect that BK has on glioblastoma membrane potential 

has been relatively unexplored, investigating this will allow us to further understand its role in the 

pathogenesis of this disease. In this present study, I intend to examine the role of the large 

conductance voltage and Ca2+ - activated potassium channel, BK on membrane potential in 

glioblastomas, with a specific focus on the SF188 paediatric glioblastoma cell line.  Using a single-

channel patch clamp I investigated the amplitude of the channel opening at different membrane 

potentials. I also used cell attached whole cell recordings to measure the reversal potential of BK in 

glioblastomas. I also used blockers and activators of BK to investigate if BK had a direct effect on 

the membrane potential. Furthermore, investigation using Ca2+ imaging could provide us with 

further insight into calcium activity in SF188s.  
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Methods  

 

All materials are sourced from Sigma Aldrich, Gillingham, UK unless stated otherwise.  

 

Cell culture  

 

Culturing cell lines  

  

2 cell lines and human-derived astrocytes were used. SF188 were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM)/F12 (Gibco) (Branter et al., 2022) and GCE62 was cultured in Dulbecco’s 

modified Eagle’s medium (DMEM). Both media were supplemented with 10% (v/v) foetal bovine 

serum (HyClone), 10IU/ml penicillin and 100 µg/ml streptomycin. SF188 had a further addition of 

1% (v/v) L-Glutamine in its media.  

 

SF188 and GCE62’s were incubated in a humidified incubator at 37 °C with a 5% CO2 atmosphere. 

To ensure completely sterile environments, cells were handled individually in a biohazard hood 

with laminar air flow that was wiped with 70% ethanol, which decreased the chance of 

contamination. Cells were checked microscopically daily and left in the incubator to grow until 80-

90% confluency in Nunc 75 cm2 flasks (Fisher, Loughborough, UK). To passage the cells, the old 

media was pipetted out and discarded to remove the non-adherent cells. This left the live cells 

adhered to the bottom of the flask, the cell's monolayer was washed in 5 ml of phosphate-buffered 

solution (Thermosphere Scientific) without Mg2+ or Ca2+. Then 3 ml of 0.5 mg/ml trypsin-EDTA 

(Sigma-PAA, UK) was added the flask was then incubated for 3-5 minutes to detach the cells by 

disrupting the monolayer. The flask was viewed under the microscope the see if cells had detached, 

if cells remained attached, they were removed by ‘sharp knocking’ of the flask against the palm or 

further incubation. The trypsin was then inactivated by adding 7 ml of complete media. The 

suspension of cells was then pipetted and transferred to a 15 ml conical tube and centrifuged at 

300 xg for 4 minutes to form a cell pellet. The supernatant was removed, and the pellet was re-

suspended in 8 ml of media for the SF188s and 10 ml of media for the GCE62’S to create a 1:8 and 

1:10 spilt ratio respectively. 1 ml of the cell suspension was then transferred into a new flask 

containing 9 ml of media and was then incubated in the above conditions to grow up to 80-90% 

confluency. Human astrocytes (ScienCellTM, Cat. No. 1800) were cultured in an astrocyte medium 
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containing 2% FBS, 1% astrocyte growth supplement and 1% Pen./Strep(v/v, ScienCellTM) and were 

seeded at a density of 5000 cells/cm2 onto flasks coated in 2 μg/cm2 Poly-L Lysine (ScienCellTM).   

 

SF188 is a well-established cell line that has a recognised STR profile (Bady et al., 2012), it is derived 

from a right frontal lobe glioblastoma multiforme of an 8-year-old male (Merck, Germany).  GCE62 

is an in-house tumour that is derived from a sample core tumour region of a teenage patient. The 

GCE62 was collected by Mr Stuart Smith, Neurosurgical Department, Queens Medical Centre, 

Nottingham during a routine surgical resection. Human derived astrocytes acquired from the 

cerebral cortex were used as an automatically matched control for human glioblastoma cells.  
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Table 4. 

Cell lines with associated patient information and media, doubling time and split ratio of cell lines 

used.  

 

 

Cell Line  Origin  Donor 

Age  

Sex  Brain 

Region  

Histology  Culture 

Media  

Split 

Ratio  

Doubling 

Time  

SF188 Merck, 

Germany  

8 Male Right 

frontal 

lobe 

tumour  

Glioblastoma 

multiforme – 

pediatric 

high-grade 

glioma 

DMEM F12 

(GibcoTM), 

10% FBS 

(HycloneTM), 

1% PenStrep 

(Sigma-

Aldrich), 1% 

L-Glutamine 

(Sigma-

Aldrich), 

1:8 26 hours 

GCE62 Patient 

derived by 

Mr Stuart 

Smith, 

Neurosurgical 

unit, Queens 

Medical 

Centre, 

Nottingham 

19 Male Right 

temporal 

lobe 

Glioblastoma 

multiforme 

(WHO 2021, 

paediatric 

high-grade 

glioma) 

DMEM 

(GibcoTM), 

10% FBS 

(HycloneTM), 

1% PenStrep 

(Sigma-

Aldrich) 

1:10 36 hours 

Human 

Astrocyte 

ScienCellTM, 

California 

(1800) 

- - -  Cerebral 

cortex 

astrocytes 

Astrocyte 

media 

(ScienCellTM), 

1% Astrocyte 

Growth 

Serum 1% 

(ScienCellTM), 

1:4 50 hours, 

increasing 

with 

passage 

number. 

Astrocytes 

senesce 

after 14 
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Plating for experimental work  

 

Cells were seeded onto Nunc 35 mm Petri dishes (Fisher, Loughborough, UK) for patch clamp 

experiments. They were seeded depending on the day that the experiments were carried out (Table 

5). For calcium imaging cells were seeded onto Size 0 22 mm glass cover slides, and placed in 6 well 

plates containing 3ml of media.  

 Table 5.  

Seedings of SF188s and GCE62s per day for patch clamp experiments, amount of cell suspension 

added to the dishes depended on the total number of cells in each cell suspension. The total 

number of cells in the flask was calculated using a haemocytometer.  

 

Cell counting  

 

Cells were manually counted using a Neubauer haemocytometer to determine the amount of cell 

suspension needed for the specific seeding density. After the supernatant was removed following 

centrifugation, 8ml of media was used to resuspend the cell pellet. The cell suspension was then 

applied to the haemocytometer and the number of cells was counted under a x10 objective lens. 

Cells to the left and top of the square were included in the count. Cell number was calculated 

according to the following formula: 

 

The number of cells per millimetre3 = number of cells counter per square millimetre x 10 x 1000 

 

Total cell number= cell concentration x volume of cell suspension 

Cell revival  

 

To revive cells from liquid nitrogen tanks, they are removed and rapidly thawed in a 37 °c water 

bath for ~1 minute or until visibly defrosted. They are then seeded into T25 flasks containing 5 ml of 

media and left in the incubator at 37 °C at 5% CO2 atmosphere for 24 hours. Following this, cells 

were checked under the microscope to ensure cells had adhered, then the media was changed to 

remove any traces of DMSO. They were placed back in the incubator for another 24 hours. They 

were then passaged as mentioned above.  
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Cell storage  

 

Once cells were at 80-90% confluency, the growth medium was pipetted out and discarded and 

washed with 5 ml of phosphate buffered solution, then 3 ml of 0.5 mg/ml trypsin-EDTA was added 

and incubated for 3 minutes. Cells were then centrifuged at 300 xg for 4 minutes, the supernatant 

was removed then the cell pellet was resuspended in 3 ml of freezing medium, made up of 10% 

vol/vol DMSO and 90% FBS. 1 ml of the cell suspension was then transferred to cryovials to form a 

concentration of 1 x 107 cells/mL, which were stored at -80°C freezer for 24 hours and then moved 

to the nitrogen tank for long term storage.  

 

Electrophysiology  

 

Patch clamp preparations  

Pipettes were pulled from Harvard GC150TF-15 thin-walled borosilicate glass capillaries (Harvard 

Apparatus, Cambridge, UK) using a PC-10 Dual-Stage Glass Micropipette Puller (Narishige 

International, London, UK) and the tips were coated in sticky wax (Kerr Dental, Peterborough, UK) 

to reduce electrical capacitance and improve noise. Prior to experiments, pipettes were fire 

polished using an MF-900 microforge (Narishige) to a resistance between 3-5 MΩ. The bubble 

number of the pipette was checked using ethanol, and a bubble number of 6-7 was utilised. 

Pipettes were filled with either an internal solution of high calcium (in mM): 140 KCl, 1.2 MgCl2, 2.6 

CaCl2, and 10 HEPES (pH 7.4 with NaOH; 2.6 mM free [Ca2+]) or low calcium (in mM): 130 K 

Gluconate, 10 NaCl, 3 EGTA, 10 HEPES, 1 CaCl2 and 2 MgCl2 (pH 7.4 with KOH; <35 nM free [Ca2+]).  

Cell attached patch clamp 

Cell-attached patch clamp experiments were performed to investigate the properties of the ion 

channels that affect membrane potential. Recordings were made for 1 minute from a holding 

potential of 0 mV to -90 mV, decreasing in 10 mV increments each time. A median of 5 individual 

amplitude determinations was calculated. Current-voltage graphs were plotted using the amplitude 

determination, which allowed calculations of the slope conductance and reversal potential of the 

channel. Currents above 5 pA were classified as BK. For cell-attached patch clamp experiments cells 
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were bathed in solutions depending on the experiment carried out. A standard HEPES-buffered 

Hanks bath solution contained 137 NaCl, 4.2 NaHCO3, 1.2 NaH2 PO4, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 

HEPES (pH 7.4 with NaOH) supplemented with 10 mM glucose, unless stated otherwise.  

Whole-cell patch clamp  

 

Whole cell recordings were made using either the high calcium or low calcium pipette solution and 

Hanks solution in the bath. Voltage-gated currents were elicited by a voltage step protocol, from a 

holding potential of -60 mV, with the membrane potential increased by 10 mV increments at a 

frequency of 0.1 Hz and step duration of 240 ms. Currents were filtered at 5 kHz. 

 

Membrane currents were recorded with an Axopatch 1D patch clamp amplifier (Axon Instruments, 

Molecular Devices), and a Digidata 1440A low-noise digitizer controlled by PClamp 10.6 software 

(Molecular Devices, Sunnyvale, CA, USA). Currents were filtered by an 8-pole Bessel filter at 2 kHz 

and digitized at 5 kHz. Membrane potential was referenced to an Ag/AgCL agar bridge reference 

electrode in the bath. Currents were zeroed with the pipette in the bath, no correction has been 

made for junction potentials All electrophysiology experiments were performed at 25 °C, 30 °C or 

35 °C as indicated.  

 

Patch clamp analysis 

 

Single-channel current data were analysed with half-amplitude threshold techniques as implemented 

in PClamp Ver. 10.6. Single-channel current amplitudes were measured with cursors. NPo was 

calculated as the fraction of time channels were active. Open channel dwell time was estimated as 

the arithmetic average from all single-level openings. Whole cell input resistance was calculated using 

the inverse of the gradient of the current-voltage graph for the cell using PClamp Ver. 10.6.  

 

To confirm I was observing BK, known activators and blockers of the channels were used in both 

cell attached and whole cell experiments. Preparations of these drugs are given below.  
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Calcium imaging  

 

The concentration of intracellular calcium was monitored using Fluo 4-AM using standard 

epiflourescent imaging protocol as described by Bentley et al., 2014. Imaging was carried out by 

seeding SF188 cells onto 22 mm size glass cover slides sterilised using ethanol, transferred to 6 well 

plates and allowing 48 hours for cells to settle. Determination of calcium concentrations was 

carried out on cells loaded with 1 µM Fluo-4 AM (Thermo Fisher, Loughborough, UK) fluorescent 

dye, diluted in Hanks, for 40 minutes in the dark at room temperature (20 – 25 °C). To monitor 

changes in intracellular Ca2+, cells are continuously illuminated at an excitation wavelength of 450-

490 nm with the lowest light intensity that gives a detectable fluorescent signal without 

photobleaching. The emitted light is filtered at 515-565 nm and the signal is detected using an x20 

Zeiss PlanNeofluar objective lens Images were captured at 1 Hz with a Coolsnap HQ2 camera 

(Photometrics, Tucson, AZ, USA) with a Zeiss XBO 75 xenon short-arc lamp (Zeiss, Oberkochen, 

Germany). Recordings were recorded with Imaging Workbench ver. 6.0 software (INDEC 

Biosystems, Los Altos, CA, USA). 

 

Regions of interest were drawn around cells corrected for background fluorescence by subtraction, 

and the average fluorescence intensity was calculated. ROIs were from both single cells and cell 

clusters. For each experimental group, samples were pooled from multiple visual fields from at 

least 4 different preparations. Initially, the cells were washed by perfusing Hanks at for 4 minutes 

before carrying out treatments, cells were continually perfused at 32 °C. The experimental set-up is 

summarised in Figure 8. To calibrate [Ca2+]i, fluorescence changes were calibrated by a one-point 

method that involved permeabilization of the cells with Triton X-100 (0.00125 - 0 0.1% vol/vol) with 

the maximum fluorescence value observed taken as Fmax. To calculate [Ca2+]i the following 

equation was used: 

 

 

 

Where F is the background corrected fluorescence, and Kd is the dissociation constant of Fluo-4 

(345 nM, Molecular Probes). 

 

 

[Ca2+ ]i  = Kd X !
!"#$%!
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Calcium analysis 

 

Imaging analysis was carried out using Origin 6.1 software with custom scripts written in Labtalk 

(Originlab, Northampton, MA, USA). Raw fluorescent trace was extracted from each ROI and 

analysed in Origin 6.1 to calculate the steady states and peaks. Data was calibrated and only cells in 

which [Ca2+]i was stable were used. Furthermore, if the majority of cells responded to glutamate in 

a group, those who did not respond were excluded.  

 

 

 

 

 

 

 

 

 

Figure 8.  

Summary of the experiment protocol. Initially, cells were perfused with normal Hanks for two 

minutes, followed by perfusion with Ca2+ free Hanks. Glutamate with Ca2+ was then perfused for 4 

minutes. This was then washed with Ca2+ free Hanks, followed by normal Hanks. Glutamate was 

then perfused for 4 minutes. Finally, triton was perfused as the calibration treatment. Experiments 

were done at 0.1, 1, 10 and 100 mM.  

 

 

 

Preparation of solutions and drugs  

 

Hanks (in mM) 137 NaCl, 4.2 NaHCO3, 1.2 NaH2 PO4, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4 

with NaOH). Na free Hanks (in mM) 92 NaCl, 4.2 NaHCO3, 1.2 NaH2 PO4, 45 n-methyl-d-glucamine, 

1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4 with HCL). Cl free Hanks (in mM) 137 Na gluconate, 4.2 

NaHCO3, 1.2 NaH2 PO4, 5.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4 with NaOH). K Hanks (in mM) 
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92 NaCl, 4.2 NaHCO3, 1.2 NaH2 PO4, 50.6 KCl, 1.2 MgCl2, 2.6 CaCl2, 10 HEPES (pH 7.4 with NaOH). Ca 

free Hanks (in mM) 137 NaCl, 4.2 NaHCO3, 1.2 NaH2 PO4, 5.6 KCl, 3.8 MgCl2, 10 HEPES (pH 7.4 with 

NaOH). 

 

TEA 1 mM: 33 mg in 100 ml of Hanks, Paxilline - 1 µM: 5 mg in 11.5 ml of DMSO, Quinine - 200 µM: 

10 mg into 2.5 ml of water to create 10 mM stock, then 1 ml of stock into 50 ml of Hanks. 

Isopimeric acid - 20 µM 10 mg into 3.3 ml of DMSO to create 10 mM stock then 100 µl of stock to 

50 ml Hanks. Glutamate – in 50 ml Hanks for: 0.1 mM add 0.73 mg, 1 mM add 73.56 mg, 10 mM 

add 73.56 g and 1M add 735 g. Triton - 0.02%: add 100 µl of 10% to 50 ml of Hanks.  

 

Statistics  

 

All statistical analysis was carried out using PRISM 9 software (GraphPad Software Inc., San Diego, 

CA), normality of data sets was determined by D’Agostino & Pearsotest. A combination of box and 

whisker and bar graphs were used to represent results, which are expressed as means ± SEM., with 

n representing the number of values represented. Tests used are detailed in the text where a p 

<0.05 was deemed statistically significant, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001.  
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Results 

 

SF188 Electrophysiology Characterisation 

 

To determine the channel’s identity and biophysics in SF188’s, a cell-attached single channel patch 

clamp was used. Figure 9A shows a representative single channel linear current-voltage curve of BK  

in high calcium pipette solution. Figure 9B shows representative BK activity in a high calcium 

pipette solution. Single channel analysis revealed BK was spontaneously active in 31 out of 71 

patches. Figure 9C shows that the open probability of BK channels was voltage-dependent across 

the range of holding potential tested, suggesting the channel is voltage activated. Figure 9D shows 

the frequency distribution of slope conductance from 27 patches which revealed a bimodal 

distribution of single channel amplitude in SF188’s with midpoints of around 124 and 215 pS. A 

bimodal distribution is indicative of two channels being active: in this instance BK and an 

unidentified K+ permeable ion channel. 
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Figure 9. BK are spontaneously active in SF188’s. A) Representative single-channel current (i) 

voltage (Vp) relationship BK channel measured on a SF188 cell. Each point is the median of 5 

individual amplitude determinations. A solid line is fit by linear regression. In this case, the slope 

conductance and reversal potential are 210 pS and -44.06 mV. B) Representative activity of BK in an 

SF188 cell in high calcium pipette solution. Downward flickers are characteristic of the BK channel. 
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Vertical bars represent amplitude and horizontal bars represent time C) Open probability (NPo) of 

BK channel plotted against membrane potential (Vm) in a SF188 cell. Membrane potential = 

reversal potential (Vr) – holding potential (Vp). Voltage dependency of the channel is seen. D) 

Frequency distribution of slope conductance from 27 patches. Bimodal distribution with midpoints 

of around 124 and 215 pS. A bimodal distribution is indicative of two channels being active: in this 

instance BK and an unidentified K+ permeable ion channel. Data is mean. N = 27 

 

Membrane Potential 

 

Membrane potential was determined using two different methods. Cell attached current-voltage 

curve was used to calculate the reversal potential of the cell followed by the whole cell current 

clamp. Figure 10 A-B shows a current activated by a voltage step going from -120 mV in 10 mV 

increments. A shift in the current-voltage relationship with high [Ca2+] pipette solution reversing at 

a more negative potential is seen. Figure 10C shows a linear current-voltage curve of a whole cell 

recording measured in a low [Ca2+] pipette versus a low [Ca2+] pipette. A negative shift in 

membrane potential with the high [Ca2+] pipette solution is seen. High [Ca2+] in the whole-cell 

pipette solution was also associated with a linear current-voltage relationship (n=38, p=0.0020, 

Fisher’s exact test) (not shown). Figure 10D shows that in the whole cell, the current clamp 

membrane potential was significantly different ( -46.42 ± 16.77 mV, p=0.001, unpaired t-test) when 

measured with high [Ca2+] pipette solution, which was 16.8 mV more negative than that measured 

with low [Ca2+] (-29.65 ± 16.77 mV). Figure 10E shows that in the whole cell, the input resistance 

showed no significant difference 220 ± 172.8 MW (n=8, p=0.1568, unpaired t-test) in high [Ca2+] 

pipette solution compared to low [Ca2+] in the pipette solution 396 ± 172.8 MW (n=28). Although in 

this particular cohort of experiments, the input resistance is high, compared to those cells 

presented in Figure 14C, there was no notable difference in the cell capacitance, access resistance 

or membrane potential between these cells. The reason for a lower channel density is unknown.  
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Figure 10. High [Ca2+] pipette solution caused hyperpolarisation of membrane potential by 16.8 mV, 

which is consistent with a cell that expresses BK. A-B) Current activated by voltage step going from -

120 mV in 10 mV increments, for the period indicated by the black line. Note the shift in the 
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current-voltage relationship with high [Ca2+] pipette solution reversing at a more negative potential. 

C) Representative comparison of whole-cell current (i) voltage (Vp)relationship of two different 

cells with high and low [Ca2+ ] in the pipette solution. D) Comparison of membrane potential 

measured with current clamp from different cells with high and low [Ca2+ ] in the pipette solution. 

High [Ca2+] pipette solution was significantly different (p=0.001, unpaired t-test). E) Comparison of 

input resistance measured from different cells with high and low [Ca2+ ] in the pipette solution. No 

significant difference (p=0.1568, unpaired t-test ) was seen. Data is shown as mean. N = 8-28.  
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Figure 11A shows a representative single channel current-voltage relationship, the reversal 

potential was used as an estimate of membrane potential. Figure 11B shows the comparison of the 

membrane potential estimated from the reversal potential of the cell attached current-voltage 

relationship -34.9±2.37 mV (n=21) and that measured from whole cell current clamp -35.09±2.35 

mV (n=45) ([Ca2+] = 1mM) was similar (p=0.732, Paired t-test).  

Figure 11 Comparison of membrane potential estimated from cell attached reversal potential and 

whole cell current clamp in SF188. A) Representative single-channel current (i) voltage (Vp) 

relationship of BK channel measured on an SF188 cell. Each point is the median of 5 individual 

amplitude determinations. A solid line is fit by linear regression. In this case, the reversal 
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membrane potential is -44.5 mV, and the slope conductance is 206 pS B) Paired t-test shows no 

significant difference (p=0.732) between the estimated membrane potential (Vmr CA) and that of 

the subsequent whole cell current clamp measurement (Vm CC). Data is shown as mean. N = 14 

 

Effect of different drugs on BK channel activity in SF188  

 

Channels were modulated using known blockers and activators of BK to determine the effect it had 

on channel activity, which allowed us to determine if the channels were indeed BK.  

 

In experiments using 1 µM of paxilline (Wei et al., 2015), 4 out of 11 patches initially had inward 

currents > 5 pA at Vp = 0 indicative of BK. In 100% of patches that expressed BK, 1 µM paxilline 

abolished BK channel activity following its perfusion (Figure 12 A-B). In experiments using 200 µM 

of Quinine, 4 out of 10 patches had inward currents > 5 pA at Vp = 0 indicative of BK. In 100% of 

patches that expressed BK, 200 µM quinine (Mancilla and Rojas, 1990) abolished BK channel activity 

following perfusion (Figure 12 C-D). In experiments using 20 µM of Isopimeric acid an agonist of BK 

(Henney et al., 2009), 8 out of 9 patches initially had inward currents > 5 pA at Vp = 0 indicative of 

BK (Figure 12 E-F). 20 µM of Isopimeric acid did not affect BK channel activity as no significant effect 

was seen in the slope conductance before and after perfusion of the drug (n=5, p=0.9452, paired t-

test) (not shown). Due to the absence of channels at the different voltages, I could not see the 

effect on NPo. However, the reversal potential hyperpolarised by 22.69mV following perfusion of 

20 µM of Isopimeric acid (n=5, p=0.0313, paired t-test) (Figure 12 G-H).  Experiments were 

performed in low [Ca2+] pipette solution. 
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Figure 12. Representative single channel activity of BK channel measured on SF188 cells under 

different BK channel blockers and activator at different holding potential as indicated. A-B) 

Perfusion of 1 µM paxilline abolishes all channel activity of the same cell measured across a holding 

potential of 0 mV to -90 mV. C-D) Perfusion of 200 µM quinine abolishes all channel activity of the 

same cell measured across a holding potential of 0 mV to -90 mV. E-F) Perfusion of 20 µM 

Isopimeric acid shows no effect on BK channel activity of the same cell measured across a holding 

potential of 0 mV to -90 mV. Experiments were performed in low [Ca2+] pipette solution. G) 

Representative single-channel current (i) voltage (Vp) relationship of BK channel measured before 
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and after perfusion of Isopimeric acid on an SF188 cell. H) Paired t-test shows a significant 

difference (p=0. 0313) between the reversal potential before and after perfusion with Isopimeric 

acid. Data is shown as mean. N = 5.  

 

Effect of different drugs on membrane potential in SF188  

 

The effect of modulation of BK channels on membrane potential was assessed using the same 

blockers and activators.  

 

Since paxilline blocked BK activity, I could not then see any shift in a cell attached resting 

membrane potential, therefore the initial BK cell-attached reversal potential and the subsequent 

post paxilline whole cell current clamp value was used. As Figure 13A shows, a comparison between 

membrane potential measured via the reversal potential and that on subsequent current clamp 

after going whole cell in the presence of paxilline appears to depolarise the membrane potential, 

but this was not significant (p= 0.0594, n=3, paired t-test), hence I performed experiments where 

paxilline was perfused in whole cell to see its effect. Figure 13B shows in whole cell patches 1 µM 

paxilline significantly depolarized membrane potential by 13 mV (p= 0.0178, n=7, paired t-test). 

However as seen in Figure 13C no effect of the drug was seen on the input resistance (p=0.2823, 

n=6, paired t-test). Experiments were performed in low [Ca2+] pipette solution.   
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Figure 13. Effect of 1 µM Paxilline on the membrane potential and input resistance before and after 

perfusion A) Comparison of cell attached reversal potential (VmR CA) before paxilline and the 

whole cell current clamp (Vm CC) after 1µM paxilline (p= 0.0594, n=3, paired t-test) B) Comparison 

of whole cell current clamp (Vm) before and after 1µM paxilline perfusion (Vm Pax). Paxilline 

caused hyperpolarization of the cell membrane potential by 13 mV. (p= 0.0178, n=7, paired t-test). 

C) Comparison of the whole cell input resistance before (Rm) and after 1 µM paxilline perfusion 

(Rm Pax). No significant effect is seen (p=0.2823, n=6, paired t-test). Data is shown as mean. N = 3-

7.  Experiments were performed in low [Ca2+] pipette solution. 
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Figure 12 C-D shows that 200 µM quinine blocked BK activity, so I could not see the shift in a cell 

attached resting membrane potential, therefore the cell-attached reversal potential and the whole 

cell current clamp value were compared. Figure 14A shows that 200 µM of Quinine, had no 

significant effect on membrane potential (p= 0.6541, n=4, paired t-test). I then performed 

experiments where quinine was perfused in the whole cell to see its effect. Figure 14 B-C shows 

that in whole cell patches, the membrane potential and input resistance showed no significant 

effect (p=0.2709, n=6, paired t-test and p=0.9521, n=6, paired t-test) before and after perfusing 

with quinine. 
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Figure 14. Effect of 200 µM Quinine on the membrane potential and input resistance before and 

after perfusion A) Comparison of cell attached reversal potential (VmR CA) before quinine and the 

whole cell current clamp (Vm CC) after 200 µM quinine (p= 0. 6541, n=3, paired t-test) B) 

Comparison of whole cell current clamp (Vm) before and after 1µM quinine perfusion (Vm Pax). No 

significant effect is seen (p=0.2709, n=6, paired t-test). C) Comparison of the whole cell input 

resistance before (Rm) and after 200 µM quinine perfusion (Rm Pax). No significant effect is seen 

(p=0.9521, n=6, paired t-test). Data is shown as mean. N = 3-6.  Experiments were performed in low 

[Ca2+] pipette solution. 
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As shown in Figure 12 E-G, Isopimeric acid sustained BK activity, I compared the shift in cell 

attached resting membrane potential, using the cell-attached reversal potential. Figure 15 A shows 

that in cell attached patches, 20 µM of Isopimeric acid, had no significant effect on the resting 

membrane potential (p= 0. 1475, n=8, paired t-test) before and after perfusing with Isopimeric acid. 

Figure 15B shows no significant difference (p= 0.1211, n=8, paired t-test) was seen between the cell 

attached reversal potential and whole cell current clamp after perfusion of Isopimeric acid. Using 

one sample t-test, all 10 voltages were tested (0 mV - -90 mV) none gave a significant change in the 

mean amplitude difference from before and after perfusion of 20 µM of Isopimeric acid, suggesting 

it does not affect membrane potential.  

 
Figure 15. Effect of 20 µM of Isopimeric acid on the membrane potential and input resistance 

before and after perfusion. A) Comparison of cell attached reversal potential before (VmR CA) and 

after (VmR CA Iso) 20 µM Isopimeric acid. No significant effect was seen (p= 0. 1475, n=8, paired t-

test). B) Comparison of cell attached reversal potential (VmR CA Iso) and whole cell current clamp 

(Vm CC) after 20 µM Isopimeric acid. No significant effect is seen (p= 0.1211, n=8, paired t-test). 

Data is shown as mean. N =6. Experiments were performed in low [Ca2+] pipette solution.  
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perfusing with 1 mM TEA. The input resistance showed a significant difference (p=0. 0135, n=16, 

Wilcoxon test) following perfusion with TEA. 

 

Figure 16. Comparison of whole cell current clamp 

before (Vm) and after (Vm TEA) 1mM of TEA. A 

significant decrease by 9mV is seen (p=0. 0249, n= 

16, paired t-test). Data is shown as mean. N =16. 

Experiments were performed in low [Ca2+] pipette 

solution. 

 

 

 

 

 

 

 

I performed control experiments to observe if perfusing had any effect on membrane potential and 

input resistance. Figure 17A shows that in cell attached control patches, no significant difference 

was seen in the resting membrane potential (p= 0. 6275, n=8, paired t-test) before and after 

perfusing with control Hanks. In Figure 17B no significant difference (p= 0. 1227, n=8, paired t-test) 

was seen between the cell attached reversal potential and whole cell current clamp after perfusion 

of Hanks. Figure 17 C-D shows that in whole cell patches, the membrane potential showed a 

significant effect (p=0.0067, n=7, paired t-test) before and after perfusing with Hanks. The 

membrane potential was 9 mv higher after perfusing with Hanks. The input resistance showed no 

significant effect (p=0.1996, n=7, paired t-test) following perfusion. 
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Figure 17. Control experiments using vehicle Hanks on the membrane potential and input 

resistance before and after perfusion. A) Comparison of cell attached reversal potential of BK 

before (VmR) and after (VmR perfused) control Hanks. No significant effect was seen (p= 0. 6275, 

n=8, paired t-test).  B) Comparison of cell attached reversal potential (VmR perfused) and whole cell 
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current clamp (Vm CC) after perfusion of control Hanks. No significant effect was seen (p= 0. 1227, 

n=8, paired t-test). C) Whole cell membrane potential before (Vm) and after (Vm Control) perusing 

with control Hanks. A significant effect was seen (p=0.0067, n=7, paired t-test).  D) Whole cell input 

resistance before (Rm) and after (Rm Control) perusing with control Hanks. No significant effect 

was seen (p=0.1996, n=7, paired t-test). Data is shown as mean. N =6. Experiments were performed 

in low [Ca2+] pipette solution. 

 

Figure 18A shows the comparison of whole cell membrane potential using one-way ANOVA showed 

no significant effect in the difference between the membrane potential before and after perfusion 

of control (n=8) 200 µM Quinine (p=0.9870, n=6), 1 mM TEA (p=0.9936, n=16) and 1 µM Paxilline 

(p=0.7188, n=7). Figure 18B shows the comparison of whole cell reversal potential using one-way 

ANOVA showed no significant effect in the difference between the membrane potential before and 

after perfusion in control (n=8) and 200 µM Quinine (p=0. 9947, n=6), 1 mM TEA (p=0. 5186, n=16) 

and 1 µM Paxilline (p=0. 9992, n=7). 

 

Figure 18. Effect of blockers and activators of BK on membrane potential and reversal potential. A) 

Comparison of the difference in whole cell membrane potential measured with current clamp 

before and after perfusing with control (Ctrl), Quinine (Quin), TEA and Paxilline (PAX). No Significant 

differences were seen with 200 µM Quinine (p=0.9870, n=6), 1 mM TEA (p=0.9936, n=16) and 1 µM 

Paxilline (p=0.7188, n=7). B) Comparison of the difference in whole cell reversal potential before 

Ctrl Quin TEA PAX
-40

-20

0

20

40

Difference in membrane potential  

D
V

m
 (m

V
)

ns

ns

ns

Ctrl Quin TEA PAX
-20

-10

0

10

20

30

Difference in reversal potential  

D
V

m
 (m

V
)

ns

ns

ns

A B



   
 

 51 

and after perfusing with perfusing with control (Ctrl), Quinine (Quin), TEA and Paxilline (PAX). No 

Significant differences were seen with 200 µM Quinine (p=0. 9947, n=6), 1 mM TEA (p=0. 5186, 

n=16) and 1 µM Paxilline (p=0. 9992, n=7). Data is shown as mean. N =6-16. Experiments were 

performed in low [Ca2+] pipette solution. All Statistical tests were by One-way ANOVA.  

 

Effect of different ions on membrane potential in SF188  

 

To investigate the ionic dependency of membrane potential, cell attached and whole cell patch 

clamp experiments were conducted with different ion compositions of Hanks. Experiments were 

conducted in the same manner as the drugs, with the Hanks being perfused for 2 minutes.  

In cell attached patches in which [K+]o was elevated to 50 mM by substitution of bath Na+, 5 out of 8 

patches had inward currents > 5 pA at Vp = 0 indicative of BK. In Figure 19A no significant effect was 

seen on the resting membrane potential (p= 0.0648, n=4, paired t-test). Figure 19B shows that in 

whole cell, in which [K+]o was elevated to 50 mM by substitution of bath Na+, showed an 8 mV 

significant depolarization (p=0. 0016, n= 3, paired t-test). Figure 19C shows that the input resistance 

showed no significant difference (p=0. 7418, n=3, paired t-test) following perfusion with K+ elevated 

Hanks. 
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Figure 19. Effect of K+ Hanks, in which [K+]o was elevated to 50 mM by substitution of bath Na+ on 

the membrane potential and input resistance before and after perfusion. A) Comparison of cell 

attached reversal potential before (VmR) and after (VmR K+ Hanks) K+ elevated Hanks perfusion. No 

significant effect was seen (p= 0.0648, n=4, paired t-test). B) Comparison of whole cell current 

clamp before (Vm) and after (Vm K+) K+ elevated Hanks perfusion. An 8 mV significant 

depolarization was seen (p=0. 0016, n= 3, paired t-test) C) Comparison of the whole cell input 

resistance before (Rm) and after (Rm K+) K+ elevated Hanks perfusion. No significant difference was 

seen (p=0. 7418, n=3, paired t-test) Data is shown as mean. N = 3-4. Experiments were performed 

in low [Ca2+] pipette solution. 
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In cell attached patches in which [Cl-]o was decreased to 8 mM by substitution of bath Cl- with Na+ 

gluconate, out of 7 patches 3 had large inward currents > 5 pA at Vp=0 indicative of BK. Figure 20A 

shows that in cell attached patches, no significant effect was seen on the resting membrane 

potential (p= 0.068, n=2, paired t-test) before and after perfusing with Cl- free Hanks. Figure 20B 

shows that in whole cell patches, in which [Cl-]o was decreased to 8 mM by substitution of bath Cl- 

with Na+ gluconate Cl- Hanks showed no significant difference (p=0. 0610, n= 4, paired t-test) in the 

membrane potential before and after perfusing with Cl- free Hanks. Figure 20C shows that the input 

resistance showed no significant difference (p=0. 4950, n=4, paired t-test) following perfusion with 

Cl- free Hanks. 
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Figure 20. Effect of Cl- free Hanks in which [Cl-]o was decreased to 8 mM by substitution of bath Cl- 

with Na+ gluconate, on the membrane potential and input resistance before and after perfusion. A) 

Comparison of cell attached reversal potential before (VmR CA) and whole cell current clamp after 

(Vm CC) Cl- free Hanks perfusion. No significant effect was seen (p= 0.068, n=2, paired t-test). B) 

Comparison of whole cell current clamp (Vm) before and after (Vm Cl- free) Cl- free Hanks perfusion. 

No significant effect was seen (p=0. 0610, n= 4, paired t-test). C) Comparison of the whole cell input 

resistance before and after Cl- free Hanks perfusion. No significant effect was seen (p=0. 4950, n=4, 

paired t-test). Data is shown as mean. N = 2-4. Experiments were performed in low [Ca2+] pipette 

solution. 
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In cell attached patches perfused with Na+ free Hanks, patches in which [Na+]o was decreased to 

100 mM by substitution of bath Na+, out of 12 patches 2 had large inward currents > 5 pA at Vp = 0 

indicative of BK. Figure 21A shows that in cell attached patches, in which [Na+]o was decreased to 

100 mM by substitution of bath Na+, no significant effect was seen in the resting membrane 

potential (p= 0. 1890, n=2, paired t-test) before and after perfusing with Na+ free Hanks. Figure 21B 

shows that in whole cell patches, Na+ free Hanks showed significant hyperpolarisation by 8 mV 

(p=0. 0054, n= 10, paired t-test) in the membrane potential before and after perfusing with Na+ free 

Hanks. Figure 21 C shows that the input resistance showed no significant difference (p=0. 9239, 

n=4, paired t-test) following perfusion with Na+ free Hanks. 
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 Figure 21. Effect of Na+ free Hanks on the membrane potential and input resistance before and 

after perfusion. A) Comparison of cell attached reversal potential before (VmR) and (VmR Na+ 

Hanks) after Na+ free Hanks perfusion. No significant effect was seen. (p= 0. 1890, n=2, paired t-

test) B) Comparison of whole cell current clamp before (Vm) and after (Vm Na+ free) Na+ free Hanks 

perfusion. Ssignificant hyperpolarisation by 8 mV was seen (p=0. 0054, n= 10, paired t-test) C) 

Comparison of the whole cell input resistance before (Rm) and after (Rm Na+ free) Na+ free Hanks 
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perfusion. No significant difference was seen (p=0. 9239, n=4, paired t-test) Data is shown as mean. 

N = 2-10. Experiments were performed in low [Ca2+] pipette solution. 

 

Figure 22A shows the comparison of whole cell membrane potential measured with current clamp 

using one-way ANOVA showed no significant effect in the difference between the membrane 

potential before and after perfusion in control (n=8) high K+ (p=0.0714 n=4), Cl-free (p=0.9916, n=3) 

and low Na+ Hanks (p=0.9720, n=10). Figure 22B shows the comparison of whole cell reversal 

potential using one-way ANOVA showed a significant effect in the difference between the 

membrane potential before and after perfusion in control (n=8) and high K+ Hanks (p=0.0248, n=4) 

but no significant difference between control and Cl- free Hanks (p=0.9996, n=3 and low Na+ Hanks 

(p=0.9995, n=10).  

 

Figure 22. Effect of different Hanks on membrane potential and reversal potential. A) Comparison 

of the difference in whole cell membrane potential measured with current clamp before and after 

perfusing with control (Ctrl), Cl-  free Hanks (Cl-), High K+ Hanks (K+) and low Na+ Hanks (Na+).No 

significant differences were seen with control (n=8) high K+ (p=0.0714 n=4), Cl- free (p=0.9916, n=3) 

and low Na+ Hanks (p=0.9720, n=10).  B) Comparison of the difference in whole cell reversal 

potential before and after perfusing with control (Ctrl), Cl- free Hanks (Cl-), High K+ Hanks (K+) and 

low Na+ Hanks (Na+). A significant difference was seen in the difference between the membrane 
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potential before and after perfusion in control and high K+ Hanks (p=0.0248, n=4) but no significant 

difference between control and Cl- free Hanks (p=0.9996, n=3 and low Na+ Hanks (p=0.9995, n=10) 

was seen. Data is shown as mean. N =4-10. Experiments were performed in low [Ca2+] pipette 

solution. All Statistical tests were by One-way ANOVA.  

 

 

GCE62 

 

To determine the channel’s identity and biophysics in GCE62’s, cell-attached single channel patch 

clamp was used. Figure 23A shows a representative single channel current-voltage relationship of 

BK in high calcium pipette solution. Figure 23B shows representative BK activity in a high calcium 

pipette solution.  Single channel analysis revealed BK was spontaneously active in 2 out of 30 

patches.  

 
Figure 23.  BK is spontaneously active in GCE62’s. A) Representative single-channel current-voltage 

relationship of BK channel measured on a GCE62 cell. Each point is the median of 5 individual 

amplitude determinations. A solid line is fit by linear regression. In this case, the slope of BK is 148 

pS and Vmr is -56.27 mV. B) Representative activity of BK in a GCE62 cell in high calcium pipette 

solution. Downward flickers are characteristic of BK channel openings. Note: The red circle indicates 

an unidentified K+ permeable channel.  

 

Figure 24A shows that in whole cell, the membrane potential showed no significant difference -47 ± 

5.6.8 mV (n=5, p=0.5426, unpaired t-test) in high [Ca2+] pipette solution compared to low [Ca2+] in 

the pipette solution -41.38 ± 5.6 mV (n=5). Figure 24B shows that in whole cell, the input resistance 
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showed no significant difference 168 ± 16.3 MW (n=4, p=0.8628, unpaired t-test) in high [Ca2+] 

pipette solution compared to low [Ca2+] in the pipette solution 184 ± 16.3 MW (n=8). 

 

Figure 24. Whole cell membrane potential and input resistance in high [Ca2+] and low [Ca2+] pipette 

solution in GCE62’s. A) Comparison of membrane potential measured from the current clamp in 

different cells with high and low [Ca2+] in the pipette solution. No significant difference was seen -

47 ± 5.6.8 mV (n=5, p=0.5426, unpaired t-test) B) Comparison of input resistance measured from 

different cells with high and low [Ca2+] in the pipette solution. No significant difference was seen 

168 ± 16.3 MW (n=4, p=0.8628, unpaired t-test). Data is shown as mean. N = 4-8   

 

Figure 25 shows no significant difference (p=0.0926, unpaired t-test) was seen between the 

membrane potential measured from the current clamp of SF188 (n= 45, -35.09 ± -8.45 mV) and 

GCE62 (n= 13, -43.54 ± -8.45 mV).  
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Figure 25. Comparison of membrane potential 

measured from the current clamp of SF188 and 

GCE62. Paired t-test shows no significant 

difference between SF188 (n= 45, -35.09 ± -8.45 

mV) and GCE62 (n= 13, -43.54 ± -8.45 mV). Data is 

shown as mean. was seen N = 13-45  

 

 

 

 

 

 

Calcium Imaging 

 

To measure intracellular calcium levels in SF188’s, I used Fluo-4 imaging to under different 

conditions to measure the cells response. Initially, cells were continuously perfused with Hanks 

solution, followed by Ca2+ free Hanks, Ca2+ free Hanks and glutamate, Ca2+ free Hanks, wash, 

Glutamate then Triton (Figure 8). Concentrations of 100 nM, 1 mM, 10 mM and 100 mM glutamate 

were used, only cells which elicited a glutamate response ≥ 10% of the basal value were selected 

for analysis, and the steady state and peaks were analysed. Figure 26A shows a representative 

image of SF188 cells loaded with the dye. Figure 26B shows trace details of 5 representative cells 

responding to 10 mM glutamate. Out of the 5, 3 responded under Ca2+ -free glutamate and all 

responded to glutamate. From the 73 cells in total, 18 cells responded to Ca2+-free glutamate and 

100% of cells responded to glutamate.  

 

Analysis showed a significant effect between peaks of Ca2+ free and Ca2+ free 100 nM glutamate (p= 

0.0202, n=38, Friedman test), Ca2+ free 100 nM glutamate and 100 nM glutamate (p= 0.0116, n=38, 

Friedman test) (Figure 27A), Ca2+ free and Ca2+ free 1 mM glutamate (p= 0.0020, n=131, Friedman 

test), wash and 1 mM glutamate (p= <0.0001, n=131, Friedman test)and Ca2+  free 1 mM glutamate 

and 1 mM glutamate (p= <0.0001, n=131, Friedman test) (Figure 27B), although these statistics 
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suggests a significant effect, the effect seen is a decrease in intracellular calcium following 

glutamate perfusion, which is the opposite of expected.  

 

10 mM data was parsed: cells which did not respond to glutamate were excluded, both data sets 

were analysed (Figure 27 C-D), which revealed a significant difference in the peaks between wash 

and 10 mM glutamate (p= <0.0001, n=125, Friedman test) (Figure 27D), whereas the parsed data 

revealed a significant difference between peaks of Ca2+ free and Ca2+ free 10 mM glutamate (p= 

0.0078, n=86, Friedman test), wash and 10 mM glutamate (p= <0.0001, n=86, Friedman test) and 

Ca2+ free 10 mM glutamate and 10 mM glutamate (p= 0.0001, n=86, Friedman test) (Figure 27D). 

Finally, Figure 27E shows a significant difference between peaks of wash and 100 mM glutamate 

(p= 0.0008, n=116, Friedman test).   
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Figure 26. Calcium imaging in SF188 cells. A) Representative image of SF188 cells stained with Fluo-

4 AM dye. Cells were loaded for 40 minutes at room temperature. Cells are continuously 

illuminated at an excitation wavelength of 450-490 nm with the lowest light intensity that gives a 

detectable fluorescent signal without photobleaching. The emitted light is filtered at 515-565 nm. 

B) Representative recording of intracellular Ca2+ for 5 SF188 cells in response to 10 mM glutamate 

in the absence and presence of extracellular Ca2+. Out of the 5, 3 responded under Ca2+ -free 

glutamate and all responded to glutamate. 
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Figure 27. Effect of different concentrations of glutamate on calcium response in SF188 cells. A) 

Peaks of calcium response to 100 nM Ca2+ -free glutamate and 100 nM glutamate B) Peaks of 

calcium response to 1 mM Ca2+ -free glutamate and 1 mM glutamate C) Peaks of calcium response 

to 10 mM Ca2+ -free glutamate and 10 mM glutamate. D) Parse data of 10 mM glutamate peaks, 

cells which did not respond were excluded peaks of calcium response to 10 mM Ca2+ -free 

glutamate and 10 mM glutamate. E) Peaks of calcium response to 100 mM Ca2+ -free glutamate and 
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10 mM glutamate. Absolute [Ca 2+ ]i is reported as an absolute peak from baseline. Data is shown as 

mean± SEM. N = 38-131. All Statistical tests were by Friedmans the *s indicates significance. *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001. 

 

Finally, Figure 28 shows one-way ANOVA comparing the intracellular calcium response of the 

different concentrations of glutamate. This revealed a significant difference between 100 nM and 1 

mM (p= <0.0001) 100 nM and 10 mM (p= <0.0001), 100 nM and 100 mM (p= <0.0001), 1 nM and 10 

mM (p= <0.0001), 1 mM and 100 mM (p= <0.0001) and 10 mM and 100 mM (p= 0.0005) Results 

also indicate, as concentration of glutamate increases, the concentration of intracellular calcium 

also increases. 

 

Figure 28. Comparison of peak calcium response to 

different concentrations of Glutamate in the 

presence of bath Ca2+. Data is shown as mean± 

SEM. N = 269. Statistical test was by One-way 

ANOVA.  

 

 
  

Discussion 

 

Identification of the BK channel 

 

From cell attached electrophysiology I have 

demonstrated the existence of a channel with properties characteristic of BK in SF188 and GCE62 

cells. This was identified by the slope conductance observed in these cells, these were calculated 

using the slope of the linear current-voltage curve. Using the frequency distribution of 27 patches, I 

identified two slope conductance of around 124 to 215 pS, this electrophysiological profile is 

consistent with the expected conductance of 100-300 pS in BK (Lee and Cui 2010). Similar BK slope 

conductance’s in the range of 200 – 250 pS were also found in cholinergic presynaptic nerve 

terminal (210 ± 7 pS) (Sun et al. 1999, neonatal rat intracardiac ganglion neurons (207 ± 19 pS ) 

(Franciolini et al. 2001), cultured rat melanotrophs, (~ 190 pS) (Kehl and Wong 1996), 
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cerebrovascular smooth muscle cells (207 ± 10 pS) (Wang and Mathers 1993), cultured rat superior 

cervical ganglionic neurones (~ 200 pS ) (Smart 1987), rat hippocampal neurons maintained in 

culture (220 pS) (Wann and Richards 1994) and rat hippocampal CA1 pyramidal neurons (245.4 pS) 

(Gong et al. 2001) in 140 – 150 mM of potassium in the pipette solution, which is similar to that 

used in this study. This is in accordance with Sun et al. 2004, who reported a BK slope conductance 

of 120.7 ± 8.8 pS in inside out patches in Xenopus motor nerve terminals. In cell-attached patches, 

they report a slope conductance of 78.3 ± 6.2 pS, however, they suggest that the lower value could 

be a result of internal Na+, partially blocking cell-attached channels. 

 

The identity of BK was also confirmed using pharmacology, I found that 1 µM paxilline and 200 µM 

Quinine completely abolished BK activity following perfusion. No channels were present during 

experiments with TEA, its effect on blocking the channel could not be observed. The effect of 20 

µM Isopimeric acid on BK channel activity could not be quantified due to the absence of channels at 

different voltages, hence I could not see the effect on NPo. Paxilline is a widely used inhibitor, that 

is highly selective for BK channels (IC50 = 2-50 nM) (Dorte Strøbæk et al., 1996, Wulff and Zhorov, 

2008, Yu et al., 2016). In human glioblastoma cell lines, DBTRG (Wondergem and Bartley 2009) and 

U251 MG (Abdullaev et al. 2010), 2 µM of paxilline was shown to abolish whole cell BK currents. 

Although quinine is a non-selective potassium channel blocker, in the review on BK blockers by Yu 

et al., 2016, quinine is characterised to have BK channel blocking properties. Several studies have 

demonstrated its capability of blocking BK channels; 50µm of quinine blocked single channel BK 

activity in an open channel block manner in neonatal rat intra cardiac ganglion neurons (Franciolini 

et al. 2001). Furthermore, Bokvist et al. 1990 reported that in pancreatic beta cells, 20 µM did not 

decrease channel amplitude but instead decreased channel openings in rat pancreatic beta cells, 

however in this study a ten-fold increase in concatenation of 200 µm completely abolished 

channels. Although in the present study, I couldn’t see the effect of TEA on BK channel activity due 

to the absence of channels, TEA is a well-known blocker of potassium channels, with capabilities of 

blocking BK in a voltage-dependant manner (IC50 = 250 μM) (Ransom, Liu and Sontheimer, 2002, Yu 

et al., 2016).  A range of concentrations of TEA has been demonstrated to block BK channels; 50 

and 200 µM in neonatal rat intra cardiac ganglion neurons (Franciolini et al. 2001), 1 mM in guinea-

pig urinary bladder myocytes (Herrera and Nelson 2002) and 10 mM in the glioblastoma cell line 

D54 MG (Ransom et al. 2002). Moreover, I used a BK channel activator, Isopimeric acid at a 

concentration of 20 µM to see its effect on BK activity. Isopimeric is highly selective for BK with an 
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EC50 of 7.8 µM (Wu et al., 2014b).  Although I could not see the effect of Isopimeric acid on BK 

channel activity in the present study, others such as Henney et al. 2009 saw that 10 µM of 

Isopimeric acid increased BK channel activity by 34% in human osteoblasts. Henney et al. 2009, also 

reported BK being blocked by paxilline and TEA. My results compared to the data available in the 

literature, allow us to confirm the identity of the channel as BK.  

 

The existence of BK is well established in glioblastoma, quantitative RT-PCR has revealed the 

existence of BK in glioma cell lines U251 MG and U87 MG as well as a primary glioblastoma sample. 

The functionality of BK cells was also confirmed using whole cell electrophysiology. (Abdullaev et al. 

2010). Immunoblotting revealed that BK channel expression is upregulated in glioblastoma cell lines 

U251 MG and D54 MG with a correlation between BK channel expression and glioblastoma 

malignancy grade (Liu et al. 2002). Edalat et al. 2016 examined the glioma cell line T98G and U-

87MG-Katushka. The experiments performed were conducted in a similar manner to the present 

study. From single channel recordings, they report a depolarisation dependant increase in the open 

probability of the channel, which is a typical characteristic of BK channels, this is in accordance with 

what was observed in the present study. We observed a voltage-dependent open probability, as 

the membrane potential depolarised, an increase in the probability of open channels was seen. 

Edalat et al. 2016 also found in whole cell recordings, large outward currents were abolished by 

paxilline. This differs from the findings presented here. In the present study, paxilline did not block 

whole cell current but rather increased it, however, BK currents were abolished in cell attached 

patches. A possible explanation for this might be that in my study, BK seems prevalent and 

activated by the act of cell attached patching, seemingly by the stretch or suction of the pipette, 

however in whole-cell patches, BK makes a very little contribution, hence paxilline did not block the 

whole cell currents in our study.  The electrophysiology data from U251 glioma cell lines presented 

by Hoa et al. 2007 are in accordance with those reported in my study, BK was present in single 

channel studies with a slope conductance of 150 pS. In combination, the electrophysiology, 

pharmacology data and the voltage-dependant open probability in this study are consistent with 

those across the literature, in both glioblastoma cell lines and other cell lines.  

 

Furthermore, a smaller unidentified K+ permeable channel was seen in the present study, in both 

SF188s and GCE62s. The channel had a slope conductance ranging from 80 – 100 pS and was 

attributed to being K+ permeable as it reversed in a similar manner to BK in the single channel 
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studies (Ko et al., 2007). However further investigations are required to validate the identity of the 

channel.  

 

Predicting the membrane potential using cell attached I-V 

 

Using the cell-attached single channel data I was able to predict the membrane potential of the 

SF188 cells, by creating a current-voltage curve and using the reversal potential. This method of 

measuring membrane potential provides an alternative method which does not compromise the 

cell membrane integrity and prevents the development of leak and cell dialysis in which the pipette 

solution alters the ionic composition of the cytoplasm (Cota, 1986, Smith, Ashcroft and Rorsman, 

1990). The estimations were based on the assumption that the currents were potassium selective 

and that the potassium concentration (140mM) was equal between the pipette and cytoplasm. The 

assumption of the currents being potassium selective is supported by several studies on BK 

channels in other cell models support this idea. For example, Findlay 1984 observed large outwards 

currents which they had identified as BK in cell-attached and excised inside out patches in acinar 

cells. When these were exposed to ion gradient which were quasi-physiological and they replaced 

the potassium in the pipette solution with rubidium, the currents were abolished, and considering 

no chloride gradient was observed they were able to conclude that the channel is highly selective 

for potassium. Similar methods were used by Gallacher and Morris 1986 in acinar cells. The 

potassium in the pipette was replaced with sodium they also showed it is selective to potassium. 

They observed rectification at negative membrane potential in the current-voltage relationship of 

cell-attached potassium currents. Had they been selective for sodium, a linear relationship would 

have been observed. They also found that the extrapolated reversal potential was -90 mV. 

 

If we assume that in my experiment the intracellular concentration of potassium in the cytoplasm 

was similar to that of the potassium concentration in the pipette, we can assume that the 

potassium current should reverse direction when the patch has a potential of zero, at this point the 

pipette holding potential would theoretically be equivalent and opposite to that of the cell’s resting 

membrane potential. Using this approach, I was able to estimate a mean resting potential of -34.9 ± 

2.37 mV from 21 cell attached patches. In comparison, the measured whole cell current clamp 

value of the cells was -35.09 ± 2.35 mV. I found no significant difference between the two methods 

of measuring membrane potential. This is promising as it shows the reversal potential of BK in cell 
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attached patches appears to be an accurate non-invasive measure of the resting membrane 

potential of SF188 cells.  

 

A similar approach was also reported by Verheugen et al. 1995 who found that in human T 

lymphocytes, the reversal potential of cell attached potassium currents was an accurate 

quantitative measure for membrane potential with a high K+ pipette solution. However, slightly 

different results were observed by Fricker et al. 1999, in cell attached experiments of CA1 

pyramidal cells and interneurons of rat hippocampal slices. Similar to the present experiment they 

used the reversal potential of potassium currents to estimate membrane potential. However, in 

their experiments, the cell attached membrane potential was 13 mV more hyperpolarised than the 

whole cell membrane potential. A hyperpolarised membrane potential in cell attached compared to 

whole cell was also reported by Verheugen et al. 1999, who applied the same method in 

interneurons in hippocampal brain slices as well as Tyzio et al. 2003 in CA3 hippocampal pyramidal 

cells. These authors suggest that the difference in membrane potential is likely to be related to the 

existence of the Donnan junction potential. This is a phenomenon that occurs as a result of the 

difference in Galvani potential that occurs as a result of the Donnan equilibrium in which the 

distributions of ion species differed between two ionic solutions that have been separated by a 

semi-permeable membrane, which in this case is the cell membrane. The act of going whole cell 

causes direct contact between the cytoplasm and the pipette solution causing a Donnan junction 

potential between the cytoplasm and pipette solution. This results in the whole cell membrane 

potential to be depolarised (Gokturk et al. 2022, Verheugen et al. 1999). However, Verheugen et al. 

1999 found that after 20 minutes of going whole cell, the potassium current shifted by about -15 

mV, which was the initial difference between the cell attached membrane potential and the whole 

cell membrane potential. All three authors concluded that if you consider the junction potential, 

the cell attached method is accurate at non-invasively measuring membrane potential.   

 

Effect of BK on membrane potential  

I then explored the role of BK on membrane potential in standard whole cell. When measured with 

a high calcium pipette solution (2.6 mM), the membrane potential was 16.8 mV more negative in 

comparison to low calcium (<35 nM).  High calcium in the pipette increases BK activity which in turn 

increases the permeability of potassium ions leading to hyperpolarisation of the membrane 
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potential in SF188 cells. Hyperpolarisation of the membrane by BK activation has been observed in 

other cells which have BK. For example in airway smooth muscles, 8,9 and 14,15 

epoxyeicosatrienoic acid hyperpolarised the membrane potential by -12 ± 3,5 mV and -16 ±  3 mV 

respectively, by activation of BK channels (Benoit et al., 2001). Similarly, hyperpolarisation of the 

membrane potential in neuroblastomas was also reported by Park et al., 2010, however, the degree 

of hyperpolarisation was not stated. I found that there was no effect on the input resistance. When 

BK channels are active in a cell, they should cause a decrease in input resistance like that observed 

by Whitt, Montgomery, and Meredith, 2016 and Meredith et al., 2006. Although my results suggest 

a decrease, it is not significant.  

Given that the channels were active in cell-attached patches, I wanted to explore how BK would 

affect the membrane potential. For cell attached experiments I used the reversal potential of cell 

attached current voltage before perfusing with BK selective drugs and compared it to the current 

clamp value after BK was blocked. In SF188’s the cell attached data suggests that the BK activator 

Isopimeric acid had no effect on the membrane potential in cell attached and whole cell, which 

could be due to the fact that BK maybe already maximally activated, such that Isopimeric acid had 

no further effect. Paxilline depolarised the membrane potential however this was not significant. In 

whole cell, paxilline caused a hyperpolarisation by 13 mV. This is somewhat surprising as my results 

indicated that paxilline caused depolarisation in cell attached. It is possible that the membrane 

potential could shift due to cell dialysis (Cota, 1986, Smith, Ashcroft and Rorsman, 1990). The input 

resistance showed no changes following perfusion of any of the drugs. Kryshtal’, Nesin and Shuba, 

2007 showed that membrane potential is not controlled by BK in smooth muscle cells as 1 mM 

paxilline did not affect membrane potential when measured with the amphotericin B perforated 

patch-clamp technique. Quinine had no effect on the membrane potential in cell attached and 

whole cell even though it blocked Bk; evidence that suggests perhaps that BK is not involved in the 

control of membrane potential as I initially thought where the effect of high calcium in whole cell is 

an ionic effect as mentioned earlier. I found that the concentration of TEA hyperpolarised the 

whole cell membrane potential by 9 mV, which was in contradiction to that observed by Jospin et 

al., 2002 who reported that the concentration of TEA depolarised membrane potential in body wall 

muscle cells from Caenorhabditis elegans. My analysis showed significant changes in the membrane 

potential and input resistance suggesting that perfusion with concentration TEA blocked basal 

potassium permeability. A possible explanation for this could be that using 200 µM of quinine only 
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knocks out 75% of the channel and therefore we do not see an effect on the membrane potential. 

However, 1 mM of TEA would knock out 90% of the channels only then does it affect the 

membrane potential. It seems possible that there is some type of voltage-gated dependency. When 

only 75% of the channel is blocked, the membrane depolarises but it is sufficient enough to activate 

the voltage-gated potassium channel, therefore it prevents the membrane potential from 

depolarising further. However, when 90% of the channel is blocked, the depolarisation is 

insufficient to stop the membrane potential from changing. In this case, the blocker is almost acting 

like a potassium buffer. When comparing the drug perfused membrane potential to the control, I 

saw no effect in both the membrane potential and input resistance. My results indicate that 

although BK channels are active in cell attached patches, they are not required for membrane 

potential or contribute to input resistance in whole cell, and they make very little contribution to 

the potassium permeability and membrane potential. There are several possible explanations for 

this result, there could be the possibility of losing the channel whist going whole cell. Another 

possibility is that the channels are activated by a second messenger modulator such as cAMP and 

cGMP-dependant protein kinases (Kyle et al., 2013, Nara et al., 1998, Zhou et al., 1996), protein 

kinase C (Zhou et al., 2012) which is lost by pipette dialysis in whole cell. The channel could also be 

activated by membrane stretch as seen by Mobasher et al., 2010 who found BK channels in 

chondrocytes, these channels had a conductance of 288 pS and channels were inhibited by TEA.  

 

Ion responsible for membrane potential  

 

The roles of other ions in membrane potential were explored, if BK channels were present, I 

performed cell attached experiments, whereas if they were not present, I performed whole cell 

experiments. To determine the relative contributions of different ionic moieties on membrane 

potential, it was compared at different ions bath solutions. In summary, the elevation of 

extracellular potassium by 45 mM from 5 mM to 50 mM of depolarised the membrane potential, 

removal of 137 mM extracellular sodium hyperpolarised by 8mv and finally removal of 45 mM 

extracellular chloride had not effect, however, these are not significant. When compared to the 

control, potassium showed a significant difference in the reversal potential. This suggests that the 

membrane seems to be dominated by potassium with a degree of sodium. My findings are 

somewhat limited by the lack of power in my study which could explain why I was unable to detect 

statistically significant results. Furthermore, there is a possible role of calcium ions in membrane 
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potential. As mentioned previously, in whole cell experiments with, a high calcium pipette solution 

(2.6 mM), the membrane potential was 16.8 mV more negative in comparison to low calcium ( <35 

nM). This suggests there is a possibility of the membrane potential being permeable to calcium ions 

as well.  

 

Using the known internal and external ion concentrations and mean membrane potential values 

(Table 6) I was able to get an estimate of the relative ion permeabilities. This was done using the 

Goldman-Hodgkin-Katz equation (Figure 6B) on the Nernst/Goldman simulator from the website. 

Under the assumption that there are three major contributing ionic species, and the pumps 

have no contribution to the membrane potential, I estimated a potassium permeability of 25 

and a sodium permeability of 9. My results indicate that in glioblastoma SF188, potassium 

permeability is 2 and a half fold more than that of sodium. This seems to be consistent with 

other research which found that membrane potential is highly selective for potassium (Gallacher 

and Morris, 1986, Lara, Acevedo and Onetti, 1999, Smart, 1987 Wang and Mathers, 1993 and Wann 

and Richards, 1994).  

 

 

 

 

 

 

 

 

Table 6.  

Table of the parameters I used to model and estimate the ion permeability using the Goldman-

Hodgkin-Katz equation on the Nernst/Goldman simulator from the website. Mean membrane 

potential was calculated from whole cell current clamp data. The membrane potential that was 

estimated by the simulator matched the values we saw in our experiments.  

 

 Potassium Sodium  Chloride  

Ion Permeability  25 9 0 

Internal 

concentration (mM) 

135 10 

 

16 

External 

Concentration (mM) 

50 100 8 

 

Mean Membrane 

Potential (mV) 

-15 -30.3 -34.8 
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The removal of chloride from the bath solution would cause chloride efflux from the cell which 

should have depolarised the membrane potential, but that is not what I saw. A possible explanation 

for this could be that in order to remove chloride, I substituted with sodium gluconate. Gluconate is 

permissible through the chloride channel, which would allow gluconate permeability (M. Hallani, 

Lynch and Barry, 1998). Chloride channels in glioma cells have previously been demonstrated to 

have gluconate permeability (Olsen et al., 2003). Another explanation could be that the gluconate 

buffers extracellular calcium and a subsequent effect is seen on membrane potential. This was 

observed by Akaniro-Ejim and Smith, 2021, who found a decrease in intracellular calcium as a result 

of reducing chloride by substituting with gluconate in mouse white fat adipocytes. Similar results of 

gluconate buffering calcium were also reported by Woehler, Lin and Neher, 2014. The chelate 

effect of gluconate could provide an explanation as to why my results indicate that the removal of 

chloride causes hyperpolarisation of the membrane potential, providing evidence that there may 

be some passive calcium permeability in these cells.  

 

Calcium Imaging  

 

Surprisingly, in my study, the intracellular calcium was very low, around 60nM or smaller compared 

to the values found in the literature. For example, Weaver, Liu and Sontheimer, 2004 found the 

resting calcium levels in glioma cells to be around 118 nM, using Fura-2 Ca2+ imaging. Similarly, 

other studies report resting calcium levels in glioma cell lines to be around 100-200 nM 

(Verkhratsky, Orkand and Kettenmann, 1998). The addition of glutamate in glial cells causes an 

increase in intracellular calcium (Parpura and Haydon, 2000). I found that 10 mM and 100 mM 

glutamate caused an increase in intracellular calcium, in both the absence and presence of 

extracellular calcium. My results indicate glutamate caused a significantly higher increase in 

intracellular calcium levels with the presence of extracellular calcium. Glutamate acts on 

metabotropic and ionotropic receptors such as mGluR5 and AMPA on gliomas (Oh et al., 2012, Pei 

et al., 2020) which causes a subsequent increase in intracellular calcium. This increase can be a 

subsequent result of an extracellular influx of calcium via the activation of calcium permeable 

channels or a release from internal calcium stores such as the mitochondria (Leclerc et al., 2016). 

Increased intracellular calcium can also behave as a secondary messenger in various pathways. This 

increase in calcium signalling can result in glioma proliferation invasion and migration (Pei et al., 

2020). In the literature, following activation of the channel, a tenfold increase in intracellular 
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calcium ions can be observed, this increase in calcium was a result of the influx of calcium from the 

external environment or release from the intracellular stores (Kuhn et al., 2009).   

 

One of the possible reasons for the difference in basal calcium values could be the dye used in the 

experiments. I used Fluo-4, which is a low affinity calcium probe with a Kd of 345 nM, whereas 

Weaver, Liu and Sontheimer, 2004, used Fura-2 which is higher with a Kd of 140 nM. It could be 

possible that glioblastomas require a higher affinity calcium probe, glutamate in glioblastomas 

induces an increase in intracellular calcium, this response can be transient and as a result of influx 

from extracellular stores or released from intracellular stores. A higher affinity probe will be able to 

detect these changes with a higher sensitivity and provide a more quantitative measure. (Corsi, 

Mescola and Alessandrini, 2019, Lock, Parker and Smith, 2015). The multidrug resistance properties 

of cancer cells could be an alternative explanation for the lower values observed. The multidrug 

resistance is when there is a lower sensitivity to chemotherapeutic drugs as well as many other 

drugs with no specified structural homology or target, which results in reduced drug influx or 

increased drug efflux. This resistance is most commonly thought to be a result of the expression of 

P-glycoprotein. A higher expression of the glycoprotein has been linked to a higher degree of drug 

resistance (Gerlach et al., 1986, Simon and Schindler, 1994). In glioblastomas, a 90% expression of 

p-glycoprotein in primary and a 60% expression in secondary are found (Tews et al., 2000).  

Interestingly Abe et al., 1998 observed that both P-glycoprotein and multidrug resistance protein 

expression increased in glioblastoma cells following chemotherapy. This would mean that the Fluo-

4AM dye is not completely taken up by the cell or only taken into the vesicles of the cell. Under 

normal conditions, once the dye permeates through the cell membrane, is esterified by the cell, 

forming the acidic form of the dye. This acid does not diffuse out of the cell which means it can bind 

to the free calcium ions in the cell (Kuhn et al., 2009). However, due to the drug-resistive property 

of glioma cells, it is possible that the dye is esterified and then discarded by the cell or is only taken 

up by the vesicles of the cell. Therefore, the calcium values recorded will not be the true 

intracellular calcium values. Another explanation could be that the glutamate is buffering 

intracellular calcium by acting on voltage-gated chloride channels as seen by Akaniro-Ejim and 

Smith, 2021. I also found several significant responses; however, these are misleading as the 

calcium levels decrease following the addition of glutamate.  
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Limits  

 

The main issue I faced in my study was the dialysis that occurred as a result of going whole cell 

(Hooper et al., 2015). This could have potentially affected the membrane potential measured.  An 

additional uncontrolled factor is the possibility that substituting the chloride with gluconate caused 

gluconate permeability or calcium buffering causing subsequent effects in the chloride channels as 

mentioned previously. Furthermore, this study is limited by the possible effect of temperature on 

the physiology whilst carrying out patch clamp experiments. Most of my experiments were 

conducted at 25 °C.  However, Harberts et al., 2020 observed that the resting membrane potential 

increased by around 7mV at 37 °C compared to room temperature in T-Lymphocytes and stem cell-

derived neurones. Moreover, the passage number of the cells could affect the physiology and 

properties of the cell, this has been seen by several different authors in a range of cell types (Cantor 

et al., 2022 and Gloy et al., 1994). Interestingly Ahring et al., 1997 observed that in HEK239 cells 

which were stably expressing high levels of transfected BK were no longer stable in passages over 

50. This could explain the non-significant data seen in my study as the SF188 cells were passaged up 

to 53. Another possible limit of my research is that was conducted on BK channels in glioma cell 

lines SF188 and GCE62. Li et al., 2008 have shown that several established glioma cell lines show a 

difference between the genomic, transcriptome and functional pathway levels between the cell 

lines and primary glioma samples. Hence caution should be taken when translating data from 

glioma cell lines to human samples. In spite of its limitations, the study certainly adds to our 

understanding of the with biophysical and pharmacological properties of BK.  

 

Further experiments  

 

Further, consider for this work would involve q-PCR and western blots to quantify mRNA levels and 

protein expression of BK in SF188 cells, which would provide further information on the presence 

and quantity of BK channels expressed in SF188 cells. Other considerations would involve further 

investigations into what activates BK channels in SF188s using cell-attached patch clamp 

experiments as well as pharmacological experiments to determine what controls membrane 

potential in SF188s. Furthermore, repeating my calcium imaging studies using an x63 lens would let 

us know if the dye is taken up by vesicles. Finally, the calcium imaging experiments should be 

repeated using ATP rather than glutamate, as ATP can stimulate the release of glutamate and 
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increase in intracellular calcium in glioblastomas (Hartmmann and Verkhratsky, 1998, Strongg et al., 

2018).  

 

Conclusion  

To summarise, in conclusion, I have shown that glioblastoma SF188 exhibits spontaneous K+ 

channel activity in cell attached patches, with biophysical and pharmacological properties typical 

for BK. At low intracellular calcium concentrations, BK does not appear to be responsible for the 

resting membrane potential. Furthermore, the reversal potential of BK in cell attached patches 

appears to be an accurate non-invasive measure of the resting membrane potential of SF188 cells. 

The hyperpolarization of membrane potential that is seen on the elevation of calcium is indicative 

of BK activation. However pharmacologically, BK does not seem to be responsible for membrane 

potential. The membrane potential seems to be predominated by potassium with a degree of 

sodium, with potassium permeability being 2 and a half fold more than sodium. Further studies are 

required to determine what underlies BK activation in cell attached patches on SF188 and under 

what conditions is BK activated to contribute to membrane potential in this cell line. 
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