
 

 

 

 Modulation of ion channels as 

cardioprotective targets in ischaemic 

injury  

 

 

 

 

By 

Abrar Ibrahim Alnaimi 

 

 

 

 

Department of Cardiovascular and Metabolic Medicine, 

Institute of Life Course and Medical Sciences, Faculty of Health and Life Sciences, University 

of Liverpool 



   
 

ii 
 

Abstract  

Author: Abrar Alnaimi 
Title: Modulation of ion channels as cardioprotective targets in ischaemic injury 
 
Introduction: In the UK alone there are around 76,000 heart attacks each year with around 
48,000 of these being the most serious ST-segment elevation myocardial infarctions. 
Ischaemia occurs during a coronary blockage when the downstream tissue does not receive 
effective blood flow; however, ischaemia can persist following reperfusion where small 
collateral arteries are still impaired, leading to continued ischaemic damage. Despite many 
years of research, there are still no drugs that could be given to the patient to reduce the 
spread of ischaemic damage in the myocardium during ischaemia and into reperfusion. The 
intrinsic cardioprotective pathways within the heart have shown great promise in pre-clinical 
animal models at reducing infarct size, yet most have failed to translate to clinical efficacy. In 
most cardioprotective interventions there is a reduction in electrical excitability leading to a 
reduction in the Ca2+ accumulation during each systolic interval, so reducing cellular energy 
consumption to restore Ca2+ homeostasis. In this study, ion channel modulators will be used 
to alter outward K+ currents, including the ATP-sensitive K+ (lKATP) currents and slowly 
activating K+ (IKs) currents, to directly mimic the changes seen in electrical activity in 
cardioprotection. It is hypothesised that this will directly impart cardioprotection against 
ischaemia, bypassing the conventional signalling pathways.  
 
Methods: 1) Whole-cell patch clamp electrophysiology to measure currents and action 
potentials, 2) simulated ischaemia/reperfusion injury to measure contractile function and cell 
death in an isolated cardiomyocyte model, 3) fluorescence imaging to measure Ca2+-handling, 
and 4) ex vivo Langendorff whole heart coronary ligation experiments as a model of 
myocardial infarction. Selective modulators of IKATP and IKs were used to assess the roles of 
these currents in protection and toxicity.   
 
Results: The key finding was that selective potentiation of IKs or IKATP imparted a protection to 
cardiomyocytes. The mechanism for this is suggested to be due to a modulation of Ca2+ 
homeostasis and so preservation of ATP. The presence of a newly-identified sarcolemmal 
cardiac KATP channel, containing a Kir6.1 pore, was demonstrated. This was potentiated by KATP 
activators and inhibited by selective KATP blockers. Both KATP (Kir6.1) and IKs currents were 
demonstrated to have a role in modulating the action potential duration, and the Ca2+ 
transients. Finally, potentiation of both IKs and Kir6.1 activity had a protective effect in a 
cellular ischaemia/reperfusion assay and in a whole heart ex vivo coronary ligation model. 
Kir6.1 blockers were shown to have a cardiotoxic effect in these assays, whereas IKs inhibition 
had limited effects.  
 
Conclusion: Pharmacological manipulation of the IKs and IKATP currents mimics the effects of 
known endogenous cardioprotective stimuli on the action potential. Data presented in this 
thesis suggest that modulation of these ventricular currents could be used clinically as a 
novel pharmacological cardioprotection against myocardial ischaemia. 
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Chapter 1 Introduction  

In the UK alone there are around 76,000 heart attacks each year with around 48,000 of these 

being the most serious ST-segment elevation myocardial infarctions (STEMI) (BHF, 2021). 

Despite many years of research, there are still no approved cardioprotective interventions 

that could be given to the patient to reduce the spread of ischaemic damage in the 

myocardium during the ischaemia and into the reperfusion. The intrinsic cardioprotective 

pathways within the heart have shown great promise in pre-clinical animal models at being 

able to reduce infarct size, yet most of these have failed to translate to clinical efficacy. In 

most cardioprotective phenotypes there is a reduction in electrical excitability and so 

reduction in the calcium accumulation during each systolic interval, so a reduction in cellular 

energy required to remove that calcium. In this current study, the reduction in the electrical 

excitability to improve calcium overload was investigated by modulation of repolarizing 

outward currents of potassium ions through various types of ion channels located on the 

myocardial surface. This is achieved by using ion channel modulators to directly influence the 

changes seen in electrical activity as a mechanism for directly imparting cardioprotection 

pharmacologically, by-passing the conventional signalling pathways. 

 

1.1 The cardiovascular system  

The cardiovascular system comprises the heart and a network of blood vessels (Levick, 2013) 

(Figure 1.1). The main function of the cardiovascular system is to transport blood containing 

oxygen and essential nutrients and remove waste products, such as carbon dioxide and other 

metabolites.  

 

The heart is a muscular organ that is comprised of four chambers; the right atrium which 

receives deoxygenated blood from the superior and inferior vena cava; right ventricle which 

then pumps the deoxygenated blood into the pulmonary arteries; left atrium which receives 

oxygenated blood from the lungs via the pulmonary veins and left ventricle which then pumps 

the oxygenated blood into the rest of the body via the aorta. The blood flow in the heart is 

maintained in one direction via the presence of valves. The middle layer of the heart walls is 

known as the myocardium formed from cardiomyocytes which are responsible for the 
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contractile function of the cardiac pump. The aetiology of most cardiovascular diseases, such 

as contractile dysfunction and areas of cell death leading to dysfunction, involve this layer of 

cardiac muscle cells (Tran et al., 2021).     

 

 

 

Figure 1.1: Diagram shows the structure of the heart and the cardiac conduction system.  

(Amended from (Herring and Paterson, 2018; Levick, 2013)  

  

1.2 Cardiomyocytes  

1.2.1 The structure of the myocardial cell surface 

The heart is composed of specialised muscle cells, most of which are cardiomyocytes (Burton 

et al., 2014). Each cardiomyocyte is highly compartmentalised by the cell membrane which 

invaginates to form the transverse tubule (T-tubule) network, and the intracellular 

components. The plasma membrane of a cell is comprised of a phospholipid bilayer; each lipid 

layer with hydrophilic heads facing outwards and two hydrophobic tails located between 

these head groups forming a hydrophobic core in the membrane (Figure 1.2). This membrane 
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is a semipermeable layer which has the ability to allow the passing of small non-charged 

molecules (such as CO2, O2) and lipid-soluble molecules (such as steroids), in order to maintain 

the integrated function of internal metabolic processes (Subczynski et al., 1989; Gutknecht et 

al., 1977; Giorgi and Stein, 1981). 

 

In addition to the phospholipid bilayer, the plasma membrane contains two additional 

primary components; glycolipids and cholesterol (Cooper et al., 2007). The glycolipids are 

considered as a minor component of the plasma membrane (~2%), whereas cholesterol is 

considered as a major membrane constituent of cells. Cholesterol plays an important role in 

the membrane structure, particularly on the basic fluidity of the membrane. Cholesterol 

inserts into a bilayer of phospholipids with its polar hydroxyl group close to head groups and 

plays an important role in regulation of membrane fluidity across a range of temperatures. At 

high temperatures, cholesterol makes the membrane less fluid by reducing the motility of 

phospholipid fatty acid chains to restrict permeability to small molecules. However, at low 

temperatures, cholesterol maintains membrane fluidity by interfering with interactions 

between fatty acid chains to prevent membrane from clumping together in solid forms and 

so prevents freeze-fracture of the membrane.  

 

 

Figure 1.2: Components of the cell membrane.  

The membrane is comprised of a bilayer of phospholipids; each lipid layer with hydrophilic heads facing 

outwards and two hydrophobic tails located between these head groups. 

     

The cell membrane is a selectively permeable barrier between in intracellular and 

extracellular environments. Whilst gasses, water and lipid soluble substances may diffuse 
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across the membrane, ions and polar molecules require a route to facilitate their diffusion 

using specialised transport mechanisms (Figure 1.3). These are usually integral proteins that 

span the membrane. There are 3 main classes of membrane transport protein; 1) ion 

channels, 2) carrier proteins, and 3) pumps. Ion channels provide a regulated pathway for 

diffusion of ions down their concentration and electrical gradient. This process is dependent 

on there being an ionic or electrical gradient across the membrane. Carriers are also a form 

of facilitated diffusion, allowing a pathway for movement across the membrane and can be 

grouped into 3 types, 1) Uniports, where the movement of a molecule occurs in one direction, 

2) symports, where the coupled movement of two or more molecules occurs in the same 

direction, and antiports, where molecules move in different directions.  The final group of 

transport proteins are the membrane pumps. These use the energy, for example from the 

hydrolysis of ATP, electron transfer, or photon-coupling (e.g. chloroplasts in plants), to move 

ions across the membrane, generally against their concentration gradient (Maeda, 2022). The 

Na-K-ATPase and plasma membrane calcium ATPase (PMCA) are examples of ATP-dependent 

pumps that moves ions against their concentration gradients. This primary active transport 

sets up the ionic concentration gradients that allow ion channels to function as a diffusion 

pathway. The potential energy stored in the sodium gradient can be utilised in the movement 

of molecules that are not lipid soluble into the cell through carriers. An example of a symport 

that uses this is the sodium glucose co-transporter SGLUT1 (Gorboulev et al., 2012). This co-

transporter utilises the potential energy of the Na+ gradient to drive the uptake of glucose 

into the cell. This is an example of secondary active transport (Maeda, 2022). This same 

secondary active transport is extremely important in cardiomyocytes in the recovery of 

resting Ca2+ levels during diastole, where the sodium-calcium exchanger (NCX) uses the 

energy of the Na+ gradient to remove a Ca2+ ion, against the concentration gradient, for 3 Na+ 

ions moving into the cell. This antiport activity is a key part of the regulation of Ca2+ 

homeostasis.  
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Figure 1.3: Passive movement of ions across the cell membrane. 

A, At different concentration gradients, ions move from higher to lower concentration. B, At the 

equilibrium of concentrations of ions, there is no net movement across the cell membrane. (Diagram 

adapted from (Aidley and Stanfield, 1996)) 

 

1.2.2 Cell membrane potentials 

The membrane potential of a cell depends on two primary factors, 1) the concentration 

differences of the ions across the cell membrane in the intra- and extracellular environments 

 (Table 1.1) (Herring and Paterson, 2018) and 2) the relative permeabilty of the membrane to 

those ions, determined primarily by ion channel activity. Cardiac cells express three main 

types of selective cation channels, Na+, K+, and Ca2+-selective channels. There are also chloride 

(Cl-) channels in human heart which contribute to the resting membrane potential, where 

perturbations in Cl- concentrations can cause a marked prolongation of the action potential 

(Hiraoka et al., 1998; Adkins and Curtis, 2015). Furthermore, the chloride/bicarbonate 

exchanger (Cl-/HCO3
-) is highly expressed in cardiac tissues and may play a role in the 

maintenance of intracellular pH through myocyte acid loading (Alvarez et al., 2004).      

 

Table 1.1: Normal ionic concentrations and equilibrium cardiac membrane potentials. 

Ion 
Ionic intracellular 

concentration (mM) 
Ionic extracellular 

concentration (mM) 

Equilibrium 
membrane potential 

(mV) 

K+ 140 5-6 -95 

Na+ 10-12 135-140 +70 

Ca2+ 0.0001 1.2 +130 
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In the cardiac cell, K+ ions play an important role in determining the resting membrane 

potential (RMP). While the concentration gradient K+ is 30 times higher inside the cell (140 

mM) than outside (5 mM), K+ diffuses out of the cell down its chemical gradient 

(concentration difference) (Levick, 2013). Specifically, the inwardly rectifying family of 

potassium channels is partially in the open state at the more negative resting membrane 

potentials, creating a resting outward current of K+ (Hibino et al., 2010). As the K+ ions diffuse 

from inside of the cell to the outside, the positively charged K+ ions leaving the cell reduce the 

positive charge in the cell, i.e. making the inside of the cell more negative than the outside. 

This electrostatic gradient (charge difference) drives the movement of K+ ions to be attracted 

back inside the cell. As a result, ionic flow is dependent on an electrochemical gradient which 

is defined as the combined gradient of the concentration difference and the electrical charge 

difference across the membrane to drive the movement of particular ion. Effectively, the 

chemical gradient driving K+ out of the cell and the electrostatic gradient driving K+ into the 

cell are equal at the equilibrium potential (Eion), in this case, for K+ ions, EK. The opposite 

situation for Na+ and Ca2+, is that these ions exist to diffuse inside the cell down their chemical 

gradients. The equilibrium potential of an ion is the voltage at which there is no net 

movement of that ion across the cell membrane. The value of the equilibrium potential for 

different ions depends on the temperature and the ionic charge number, which are 

approximated in Table 1.1. This value can be calculated by the following Nernst equation 

(Hille, 1978):  

 

Where R represents the Gas constant (8.314 J K-1 mol-1), T the absolute temperature (in 

degree of Kelvin), Z the charge number of the ion (e.g. +1 for Na+ and K+ ions, whereas +2 for 

Ca2+ ions), F the Faraday constant. [ion]o and [ion]i the concentration of the given ion outside 

and inside the cell, respectively.  

 

The equilibrium potential of K+ is the theoretical resting membrane potential if the membrane 

was solely permeable to K+ ions alone. However, in reality, membranes are not perfectly 

selective for a single ion, and there is always leak of other ions. Therefore, the K+ equilibrium 

potential (EK) is not identical to the cellular membrane potential. In most cell types Em is 
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depolarised relative to EK, the driving force (DF) of K+ efflux is equal to the difference in voltage 

between equilibrium potential and the cellular membrane potential (i.e. DF = Eion - Em) which 

leads to the outward movement of positive charge. This outward current induces 

hyperpolarisation of the cell. In contrast, if Em is negative to EK, there is a driving force for K+ 

influx, leading to movement of positive charge into the cell. This inward current causes 

depolarisation of the cell.  

 

To maintain the electrochemical gradient for Na+ and K+, there is ion transporters such as 

Na+/K+ ATPase which play a critical role to reach the electrochemical equilibrium (Maeda, 

2022). The Na+/K+ ATPase transporter uses the energy from ATP hydrolysis to pump 3 Na+ out 

of the cell and 2 K+ into the cell, which is against the concentration gradients. Once the active 

ion transporters has been taken into account, the Goldman, Hodgkin and Katz (GHK) equation 

(Hodgkin and Katz, 1949) is used to calculate the membrane potential while considering the 

permeability of all ion moving across the cell membrane:  

 

Where Vm is the cellular membrane potential, the pK, pNa and pCl are the relative membrane 

permeabilities of K+, Na+ and Cl- ions, respectively. [K+]o, [Na+]o and [Cl-]o are the extracellular 

concentrations of the ions. [K+]i, [Na+]i and [Cl-]i are the intracellular concentrations of the 

ions.    

 

The relative membrane permeabilities of different ions play an additional important role to 

determine the membrane potential. For instance, if the membrane has a higher permeability 

to specific ion than others, the membrane potential becomes more influence by this ion. As 

described above, a membrane potential of resting ventricular myocytes is near to K+ 

equilibrium potential because this cell in the resting state is more permeable to K+ than 

others. The current flowing through an open single channel can be calculated by using Ohm’s 

law, which sates as the current (i) is proportional to potential difference (ΔV) and electrical 

conductance (g). In other words, i = ΔV x g. When considering a single ion channel, DF = Eion - 

Em. Single channel conductance is defined as the ion current divided by potential difference, 

i.e. g = i/ Eion - Em. The conductance of the membrane to a particular ion is proportional to its 
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permeability to that ion. For example, an increase in the extracellular K+ concentration can 

increase the conductance of K+ through an open channel and therefore can cause 

hyperpolarisation.  

 

1.2.3 Ion Channels 

In the heart, prominent ion channels include Na+, Ca2+, and K+ channels which play an essential 

role in cell physiology by mediating cardiac muscle contraction and relaxation (Hille, 1978; 

Trezise et al., 2009). All ion channels are formed of transmembrane proteins with a central 

pore which allow the movement of ions between the extracellular and intracellular 

environments. Ion channels undergo gating into at least two conformational states, including 

open and close states. The open state is conducting of ions, while the close state is non-

conducting. 

 

Ion channels consist of two types; voltage-gated channels and receptor-gated channels 

(Levick, 2013).  The opening and closing state of voltage-gated cation channels are regulated 

by a change in the membrane potential. For simplicity, depolarisation of the cell membrane 

evokes a conformational change through the movement of positively charged residues and 

other parts of the channel structure. This is referred to as a voltage sensor in voltage-

dependent ion channels. Receptor-gated channels, in contrast, open and close in response to 

the chemical energy of ligand. For instance, G-protein-gated K+ (IKAch) channel opens in 

response to acetylcholine which is released by the stimulation of parasympathetic nerve 

system (DiFrancesco, 2010).  

 

1.2.3.1 Voltage-gated ion channels  

Voltage-dependent ion channels share a common molecular architecture, which consist of α-

subunits (the transmembrane domains) and accessory subunits (such as β). Together the 

repeat transmembrane domains form a functional channel with the primary pore-forming 

subunit which is generally the core of the channel. In particular, voltage-gated Na+ and Ca2+ 

channels have a similar structure with at least three distinct subunits. The  subunit is 

constructed a single polypeptide with four homologous domains (I, II, III, and IV) (Figure 1.4). 

Each domain has a similar sequence which consists of six -helical transmembrane segments 
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(S1 to S6) with a substantial intracellular N and C termini that play key roles in channel gating. 

Additionally, the pore loop is connected to S5 and S6 transmembrane segments via a large 

loop that forms the lining of the pore and also contains the selectivity motifs that allow the 

channel to be selective for single ion species. The S1 – S4 transmembrane domains are 

thought to be the voltage-sensing region, with S4 containing charged amino acids that trigger 

physical movement in the channel structure on changes in the potential difference across the 

membrane. This voltage-sensing-induced conformational change is the most “simple” way in 

which these channels are regulated. On prolonged channel opening, additional mechanisms 

of reducing the current can be displayed by some voltage-gated channels, termed 

inactivation. This process of inactivating is often thought to involve the N and C termini, and 

essentially these provide ion channel inhibition which act by blocking the pore, which known 

as pore plugging (Ragsdale et al., 1994). For instance, a previous study has suggested that the 

N-terminus of K+ channels underlies an inactivation mechanism (Kurata and Fedida, 2006). 

This is described as the ball and chain mechanisms of inactivation, in which the channel pore 

is occluded by a sequence of amino acids at the N-terminus of the channel. Therefore, the 

deletion or enzymatic removal of N-terminus can abolish the inactivation mechanisms of ion 

channels, leading to the suggestion that an N-type mechanism accounts for blocking a pore 

of ion channel. This N-type inactivation is thought to be a rapid block, as seen in Na channels. 

A more prolonged, but ultimately slower, form of inactivating is often referred to as C-type 

inactivation. This type of inactivation, rather than taking milliseconds to occur, might take up 

to 100 ms, as is often observed in smooth muscle voltage-gated K+ channels where 

depolarisation events may last for long durations. IKs is unusual amongst voltage-gated 

channels in that it doesn’t appear to show a significant inactivation over time.         
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Figure 1.4: The general structure of voltage-gated Na+, Ca2+ and K+ channels. 

A, The Na+ channel α-subunit consists of a single polypeptide chain with four structurally similar 

domains (Domains I-IV), with a substantial intracellular N and C termini (as shown in blue colour). Each 

domain contains six transmembrane segments (S1-S6) (as shown in brown colour). The pore region (P) 

is located between S5 and S6. The voltage-sensing domain is located primarily in S4 where there are 

positively charged residues. The Na+ channel β-subunit has a single transmembrane segment. B, The 

Ca2+ channel α-subunit has a similar structural basis to Na+ channels of a single polypeptide chain with 

4 structurally similar domains that coalesce to form the pore. The β and α2δ subunits plays an 

important role for the Ca2+ channel α-subunit, enhancing expression and modulating the voltage-

dependence. C, The K+ channel is classified into three families based on the structure of α-subunit.  C(i), 

The voltage-gated K+ channel α-subunit has six transmembrane segments, that are analogous to a 

single domain in the Na+ and Ca2+ channels, with 4 of these subunits coming together to form a single 

pore. C(ii), Twin pore loops K+ channel α-subunit consists of four transmembrane segments with two 

pore loops. C(iii), Inward-rectifying K+ channel α-subunit consists of two transmembrane segments with 

single pore-forming subunit.  
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1.2.3.1.1 Voltage-gated sodium channels  

Sodium currents through voltage-gated sodium channel were first identified by Hodgkin and 

Huxley (Hodgkin and Huxley, 1952). The voltage-gated sodium channels (NaV) allows the 

movement of Na+ into the intracellular compartment (Hille, 1978). The Na+ channel subunits 

are encoded by several genes, comprises nine members SCN1A-SCN11A (NaV1.1-NaV1.9), in 

particular SCN5A (NaV1.5) which encodes cardiac sodium channels  (Goldin et al., 2000). 

However, the majority of these channels have a high degree of homology (> 90%) (Goldin, 

2002). The subunits of voltage -gated Na+ are formed from , 1 and 2. While the  subunits 

form the pore and has a large molecular weight ( 260 kDa), the  subunits have a crucial 

function in regulating the gating processes (Catterall, 2000a; Caterall et al., 2005). In the 

heart, NaV1.5 channels consist pore-forming -subunits and accessory -subunits as shown 

in Figure 1.4A. The  subunit of Na+ and Ca2+ channels are formed from a single polypeptide 

chain with a total of 24 transmembrane segments.  

 

The segments S1 to S4 of each group of transmembrane domains play the role of voltage 

sensor. Particularly, the S4 transmembrane segment is reported as the fundamental voltage 

sensor which has four positively charged amino acid residues (usually arginine) through the 

transmembrane domain, and is known as the four helix bundle (Noda et al., 1984). These 

positive charges are organized in a specific sequence among the gating charge of the voltage 

sensor and are labelled as R1-R4. Although voltage-gated sodium channels in myocardial cells 

are closed at resting potentials, the gate of NaV1.5 opens in response to membrane 

depolarisation as a result of electrotonic spread from electrically coupled neighbouring cells. 

Once sufficient Na+ channels open, the membrane becomes relatively more permeable to Na+ 

than to K+ and the membrane potential depolarises rapidly towards ENa in an all-or-nothing 

fashion, producing the upstroke (phase 0) of the action potential. The critical membrane 

potential from which action potentials can first be produced as the membrane depolarises is 

known as the threshold potential. Once activated, this channel is rapidly inactivated within 1-

2 milliseconds through blocking the pore gating by the intracellular inactivation particle 

(Hodgkin and Huxley, 1990; Huang et al., 2017). The level of activation voltage is reached as 

a response to the generation of electrical impulses by the cardiac pacemaker (Huang et al., 

2017). The positive charge of the voltage sensor is exposed to the local change in potential 
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which causes the movement of the gating charge from the inner surface to the outward 

direction. In the activated state, the outward movement reflected the helical screw feature 

of the gating charges (Catterall, 2014). The movement of S4-S5 linker leads to the movement 

of S5 and S6 segment, and opens the pore allowing Na+ ions to pass (Yarov-Yarovoy et al., 

2012). The architecture of NaV1.5 pore reveals a wide outer vestibule, a narrow ion selectivity 

filter, and a large central cavity (Catterall, 2014). Although the overall pore architecture of 

voltage-gated Na+ and K+ channels is similar, these channels are varied in the structure of ion 

selectivity filters and their conductance. The selectivity filter of NaV1.5 channels has a high-

field-strength site at its extracellular end, formed by four glutamate residues, which is 

contained in the P-loop between S5 and S6 (Payandeh et al., 2011). This outer site of NaV1.5 

selectivity filter is followed by two ion co-ordination sites formed by backbone carbonyls, 

which are perfectly designed to conduct Na+ as a hydrated ion. 

 

1.2.3.1.2 Voltage-gated calcium channels  

In cardiac muscle, the functional roles for Ca2+ channels are include the generation of cardiac 

pacemaker automaticity, electrical conduction and ventricular contraction (Huang et al., 

2017). In ventricular cardiomyocytes, the voltage-gated Ca2+ channels are extremely 

important in maintaining cardiac depolarization by generating the inward movement of Ca2+ 

ions. The contractile signals are achieved directly by increasing the intracellular Ca2+ 

concentration from L-type Ca2+ channels and via the Ca2+-induced activation of ryanodine 

receptors in the sarcoplasmic reticulum to mediate the calcium release (Reuter, 1979; Tsien, 

1983; Bers, 2002). The intracellular concentration of Ca2+ ions is generally maintained at low 

level during diastolic phase, allowing myocardial relaxation. One important mechanism of 

regulating intracellular Ca2+ is the sarco/endoplasmic reticulum Ca-ATPase (SERCA) (Eisner et 

al., 2020). Increasing SERCA activity leads to faster systolic Ca2+ decay that further diastolic 

[Ca2+]i will fall before the next beat resulting in lower end-diastolic Ca2+. It has been shown 

that decreasing SERCA activity results in increased diastolic Ca2+ (Sankaranarayanan et al., 

2017; Elliott et al., 2012). Another important mechanism working on maintaining lower Ca2+ 

during diastole is the sodium-calcium exchanger (NCX). This transporter actively pumps 1 Ca2+ 

out of cell in exchange with 3 Na+, generating an electric current (Mechmann and Pott, 1986). 

It is worth noting that NCX works in either direction depending on the ionic gradients and the 

membrane potential (Barcenas-Ruiz et al., 1987).  
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Although there are many different types of Ca2+ channels (e.g N-, Q-, R-, and P-type) in 

different human cells, L (long lasting and large conductance) and T (transient-opening and 

small conductance) types are most prominent in the cardiac muscle and play an important 

role in the controlling of a cardiac function (Hirano et al., 1989). The L-type Ca2+ channel is 

considered as the main ventricular type to pass the Ca2+ ions into the cell and is distributed in 

all parts of cardiac cells whereas the T-type Ca2+ channel is expressed in specific regions of the 

heart such as in cardiac pacemaker, the atrium and Purkinje fibres (Rosati et al., 2007). 

Voltage-gated Ca2+ channels have a structural similarity with the -subunit of voltage-gated 

Na+ channels. The -subunit of the voltage-gated Ca2+ channels are modulated by several 

accessory subunits, including ,  and  subunits (Curtis and Catterall, 1984; Takahashi et al., 

1987). The 1 subunit is a large protein with a molecular weight at  190 z (Takahashi et al., 

1987). The sequence of Ca2+ channel 1 subunit is, as with Na+ channels, four identical 

domains, each containing a group of six transmembrane segments with the P loop between 

S5 and S6 transmembrane segment serve as the pore-forming module (as shown in Figure 

1.4B). As in Na+ channels, the voltage sensor of Ca2+ channel is found in the S4 transmembrane 

segment, while the pore is located between the S5 and S6 segments. The external end of the 

pore-lining of voltage-gated Ca2+ channel has a distinctive feature by tapering to a small 

diameter, providing a high selectivity of Ca2+ ions (Heinemann et al., 1992). The accessory 

subunits of voltage-gated Ca2+ channels give different characteristics to the Ca2+ current. The 

presence of  accessory subunit increases the level of Ca2+ channel expression and the gating 

function, and has four intracellular membrane segments with a molecular weight at 55 kDa 

(Ruth et al., 1989; Grant, 2009). The  subunit has four transmembrane segments with a low 

protein weight (33 kDa) and has only a minor effect on Ca2+ gating function (Jay et al., 1990). 

The 170 kDa 2 subunit is found at the extracellular level and connected to  subunit 

throughout the cell membrane by a disulfide-linker (2) (Gurnett et al., 1996).  

 

CaV1.2 is the principal pore-forming alpha-subunit underlying the L-type Ca2+ channels in 

ventricular myocytes. L-type Ca2+ channels are the main source of excitation–contraction 

coupling as an influx of calcium occurs through them during membrane depolarization 

providing long-lasting activity in ventricular myocytes (Hofmann et al., 2014; Zamponi et al., 
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2015). In contrast, T-type Ca2+ channels are a transient (rapid) current which opens when a 

slight depolarisation occurs. T-type channels are not expressed in ventricular myocytes but 

are mainly found in atrial or sinusoidal cells of the heart and therefore plays an important role 

in cardiac pacemaking and electrical impulse conduction (Li et al., 2020; Mangoni et al., 2006). 

The pore of CaV1.2 channels opens during the depolarisation of the cell membrane to mediate 

the influx of Ca2+ through an opening of L-type Ca2+ channels into the cell. This Ca2+ influx 

balances the K+ efflux, creating a plateau phase (phase 2) of the action potential. Therefore, 

the entered Ca2+ into cells serves an essential role in the regulation of muscle contraction 

(Cosconati et al., 2007).  

 

1.2.3.1.3 Voltage-gated potassium channels  

Cardiac voltage-gated potassium channels (KV) are proteins spanning the cell membrane 

which allow the K+ ions to move down their electrochemical gradient. This plays a vital role in 

a cardiac action potential by the outward movement of positive charge driving the membrane 

potential to a more negative value (Hodgkin and Huxley, 1990). Therefore, K+ channels are 

active during the diastolic period, particularly the inward rectifiers, and stabilise the resting 

membrane potential of cardiac myocytes. Activation of K+ channels can shift the membrane 

potential towards EK, thereby contributing to hyperpolarisation of the resting membrane and 

reduction in cell excitability (Hille, 1978). K+ channels are considered as the most abundant 

and widely distributed family of ion channels in the human body (Coetzee et al., 1999; Huang 

et al., 2017). These channels are categorized into three main families, depending on the 

number of transmembrane domain (TMD) regions within the pore-forming α-subunits of the 

K+ channels (Figure 1.4C), and include voltage-gated (6TMD), twin pore domain (4TMD) and 

inwardly rectifying channel (2TMD).     

 

There are various types of KV currents the involved in repolarization of action potential; the 

transient outward K+ current (Ito), the rapidly activating K+ currents (IKr) and the slowly 

activating K+ currents (IKs). Voltage-gated Na+ and Ca2+ channels are constructed from a single 

polypeptide, whereas the Kv channels are formed as a tetramer of four individual subunits 

rather than a single peptide with 4 homologous repeats as seen in Na+ and Ca2+ channels 

(Tempel et al., 1987; Kamb et al., 1987; Pongs et al., 1988). Each KV subunit includes six 

transmembrane segments (T1-T6) and intracellular N- and C-terminals (Figure 1.4C(i)). Similar 
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to Na+ and Ca2+ channels, the voltage sensor of K+ channel is in the S4 transmembrane 

segment which contains of a group of positively charged residues; mainly arginine. The 

conducting pore of K+ channel is between the S5 and S6 transmembrane regions (known as 

P-region) similar to other voltage-gated ion channels. However, the K+ channel conducts the 

ions in different way compared to Na+ channel through the conducting pore. The selectivity 

filter of K+ pore-region is specialized with a narrow diameter because it permits K+ ions to pass 

only in the dehydrated form. Importantly, there are two major key features of K+ channels 

which contribute to the functional role of K+ channels (Armstrong, 2003). These include the 

ion conductance and selectivity, and inactivation properties. In the extracellular field, the K+ 

ions stabilized by binding to water molecules, performing hydrated K+ ions (K+ + H2O). The 

selectivity filter for potassium channels consist of three residues sequence of glycine – 

Tyrosine – glycine (GYG) or glycine – phenylalanine – glycine (GFG), which is contained in the 

P-loop between S5 and S6. This perfectly coordinates the dehydrated K+ ion, improving 

selectivity. This short sequence confers selectivity to K+ over all other ions. 

 

1.2.3.2 Twin-pore potassium channels  

Twin-pore potassium channels (K2P) are characterised as having two P-loops in a single α-

subunit of four transmembrane domains (S1 to S4) (Goldstein et al., 2005; Enyedi and Czirják, 

2010) (Figure 1.4C(ii)). The functional K+ channels are achieved by the co-assembly of only 

two α-subunits (Ahern and Kobertz, 2009). These K+ channels are known as background or 

leak current channels due to their lack of a voltage-sensing domain (Coetzee et al., 1999). As 

a consequence, these channels lack voltage-dependent gating but instead exhibit weak 

rectification, which plays a role in driving cell membrane toward the negative resting 

membrane potential to stabilise the cell (Enyedi and Czirják, 2010; Sepúlveda et al., 2015). 

Fifteen subfamilies have been identified for the K2P family and can be classified into six distinct 

family groups: TASK (two-pore domain acid-sensitive K+ channel), TWIK (tandem of pore 

domains in a weak inward rectifier K+ channel), TREK (TWIK-related K+ channel), TRAAK (TWIK-

related arachidonic acid-activated K+ channel), TRESK (TWIK-related spinal cord K+ channel) 

and THIK (tandem of pore domains in halothane-inhibited K+ channel). Importantly, the TASK 

family includes the TASK1 subfamily which is widely distributed in the heart, and its targeting 

has been recently shown to play an essential role in preventing arrhythmias (Schmidt et al., 
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2019). These K2P channels are controlled by different physiological factors, such as 

temperature and pH, which alter the open probability of these channels (Plant, 2012). 

 

1.2.3.3 Inwardly rectifying potassium channels  

The molecular structure of the inwardly rectifying K+ channels (Kir) is considered less complex 

than that of other K+ channels and comprises two transmembrane domains (2TMD) and a 

single pore-loop (Coetzee et al., 1999; Hibino et al., 2010) (Figure 1.4C(iii)). Functional Kir 

channels are produced by the clustering of four α-subunits of the 2TMD K+ channel. This group 

of channels differs from Kv channels in that they lack the S3-6 segments, responsible for 

providing voltage-sensing, and so Kir subunits are thought to be the simplest K+ channels. 

Although membrane depolarisation does not trigger the opening of Kir channels, the passage 

of ions through this channel is regulated by different mediators, such as intracellular Mg2+ 

and Ca2+, extracellular Ba2+, G proteins and phosphatidylinositol 4,5-bisphosphate (PIP2) 

(Makino et al., 2011; Lopatin et al., 1994; Xie et al., 2007). 

 

This Kir family is named for its biophysical characteristic of allowing linear ion influx at 

membrane potential negative to EK whilst having limited efflux from the cell at potentials 

positive to EK, so called inward-rectification (Nichols and Lopatin, 1997). As stated, these 

channels are structurally voltage-independent, however they are blocked by Mg2+ ions and 

intracellular polyamines, such as spermine, in a voltage-dependent manner giving rise to the 

rectification properties (Lopatin et al., 1994; Kurata et al., 2008). Movement of K+ ions in an 

inward direction is unlikely to ever occur physiologically as the membrane potential of a “real” 

cell is unlikely to rest more negative than EK, ~-95 mV (Hille, 1978). 

 

There are seven members in this family, comprising Kir 1.x to Kir 7.x (Adelman et al., 2019). 

They can be subdivided into four groups as follows: classical Kir channels (IK1) (Kir2.x), K+ 

transport channels (Kir 1.x, Kir 4.x, Kir 5.x and Kir 7.x), G protein-coupled Kir channels (GIRK) 

(Kir3.x) and adenosine triphosphate (ATP)-sensitive K+ channels (KATP) (Kir6.x). Additionally, 

these members can be classified based on their degree of inward rectification into strong 

(Kir2.x and Kir 3.x), intermediate (Kir 4.x) and weak (Kir 1.1 and Kir 6.x) Kir channels. 
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1.2.4 Cardiac action potentials 

The efficient functioning of the heart as a pump is dependent on co-ordinated electrical 

excitability. This electrical excitation is initiated by depolarisation of the plasma membrane 

(PM) and is terminated by stabilisation of the membrane potential by repolarisation to shape 

the cardiac action potential (AP). An AP is the sequence of alterations in the ion gradient 

through the opening and closing of specific ion channels. Therefore, the shape and duration 

of Aps vary according to the interplay between different ion channels during various 

pathophysiological conditions. For instance, heart failure induces a prolongation of cardiac 

Aps, while acute myocardial ischaemia leads to shortening of APs (Cutler et al., 2007; 

Rodriguez et al., 2006). However, most cardiac cells have a similar fundamental AP structure, 

which comprises five phases, as described in the following section (Figure 1.5) (Grant, 2009).  
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Figure 1.5: Action potential of ventricular myocytes in human and rat.  

A, The main ion currents at different phase of the action potential in human and the principal 

underlying ionic currents (amended from (James et al., 2007)). B, The main ion currents at different 

phase of the action potential in rat.   

 

The Electrocardiogram (ECG) is the average of instantaneous electrical activities of all 

excitable cells in the heart, which is recorded by electrodes from the body surface. The ECG 

contains a few characteristic deflections and intervals that can be used clinically to 
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characterise normo- and pathophysiological conditions (Figure 1.6). The P wave corresponds 

to atrial depolarisation, the QRS complex ventricular depolarsiation, and the T wave shows 

ventricular repolarization, respectively. Atrial repolarisation occurs during the QRS complex 

and so is not normally visible.   

 

Figure 1.6: Regional differences in cardiac action potential configurations (AP) and a 
corresponding electrocardiogram (ECG) showing the waves and time correlation between the 
AP and the ECG.  

Schematic cross section of the heart depicting the corresponding action potential configuration from 
different regions of the heart indicated by arrows. Sino-atrial node, atrium, atrio-ventricular node and 
ventricle. A normal electrocardiogram where P and T waves, QRS complex, intervals and segments are 
shown. Ventricular electrical activity activity occurs during QT interval, whereas electical activities of 

other regions occur during P interval (amended from (Joukar, 2021)).     

 

1.2.4.1 Phases of ventricular cardiac action potentials 

Phase 0 is known as the rapid depolarisation phase which is initiated by electrical stimulation 

to reach the threshold voltage and activation of voltage-gated Na+ (NaV) channels at 

approximately -55 mV. This allows the influx of Na+ ions into the cell down their 

electrochemical gradient (Table 1.1). This rapid influx of Na+ ions contributes to a sharp 

increase in the membrane potential to a positive membrane potential towards the ENa value 

as Na+ briefly becomes the primary permeating ion (Nerbonne and Kass, 2005; Santana et al., 

2010). 
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Phase 1 is represented by the small downward reflection (notch) in Figure 1.5, which reflects 

the initial repolarisation phase of the AP. This small repolarisation is achieved by the rapid 

closure of NaV channels coupled with the activation of the fast-transient outward K+ currents. 

Therefore, the combination of K+ efflux and the absence of Na+ influx shifts the membrane 

potential more negative (Tamargo et al., 2004; Liu et al., 1993). 

 

Phase 2 is called the plateau phase, which is maintained by the balanced movements of Ca2+ 

influx and K+ efflux. Due to the opening of long-lasting CaV channels, this phase lasts for 

around 200 ms, at a resting heart rate, to maintain a refractory period that prevents cardiac 

arrhythmias (Tamargo et al., 2004; Grant, 2009). 

 

Phase 3 is identified as the late and rapid repolarisation phase, which is generated by the 

activation of the outward delayed rectifier K+ channels such as the ultra-rapid delayed 

rectifier, rapid delayed rectifier (IKr), and slow delayed rectifier (IKs) (Nicolas et al., 2008). The 

KV channels are highly selectively permeable to K+ ions meaning that the outward movement 

of K+ ions is 10,000 times more than the inward movement of Na+ ions through these 

channels. Consequently, the membrane potential is driven to more negative potentials as K+ 

is the primary permeant ion. However, the PM is not able to reach EK at this stage, as these 

activated channels are voltage-dependent and do not open at negative membrane potentials. 

 

Phase 4 is the resting membrane phase, which is controlled by the classical inwardly rectifying 

K+ and is termed IK1. IK1 is an outward K+ current that contributes to setting of the resting 

membrane potential. This channel can open at a relatively negative membrane potential and 

maintains the membrane close to EK. The role of this channel is to restore the membrane 

potential such that once the membrane is highly hyperpolarised, it contributes to an inward 

K+ current that provides slight depolarisation (Hibino et al., 2010). 

 

The diversity in ion currents and channels density leads to variation in type, duration and 

amplitude of action potentials between species; particularly rat and human ventricular action 

potentials. In all species, the action potential is initiated by the entry of Na+ currents which 

are passing through the opening of voltage-gated sodium channels (Edwards and Louch, 
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2017). The rapid upstroke of action potential triggers the opening of voltage-gated calcium 

channel which allows Ca2+ influx through this channel and therefore elicits further Ca2+ 

released via calcium-induced calcium release mechanism from the sarcoplasmic reticulum 

(Tamargo et al., 2004; Grant, 2009). In contrast, differences in the K+ currents contributing to 

ventricular repolarisation are the major determinant of species differences in ventricular 

action potentials (Edwards and Louch, 2017). In human the initial repolarisation due to Ito 

(transient outward potassium current) is followed by the plateau of the action potential, and, 

following the inactivation of calcium current, IKr and IKs (rapidly- and slowly- delayed rectifier 

potassium current) become dominant (Figure 1.5A). Therefore, the repolarisation phase in 

human ventricular myocytes relies on IKr and IKs which exhibit slower repolarising currents and 

responsible for the late repolarisation. In rat, in contrast, ventricular repolarisation relies on 

Ito that develop rapidly during action potential and dominates to the early contribution to 

repolarisation (Figure 1.5B) (Gralinski, 2003). IKs also contributes onto the repolarisation of 

the rat ventricular AP. Previous studies suggested that there are different components that 

might contribute to outward current in rat cardiomyocytes, including the inward rectifier 

current (IK) and the non-inactivating steady-state current (Iss) (Himmel et al., 1999; Choisy et 

al., 2004). Interestingly, these currents have been shown to exhibit remarkable variability in 

the shape of action potential. For instance, ventricular action potentials in rat show a shorter 

duration and a more triangulated morphology than the human ventricular myocytes (Varró 

et al., 1993). Additionally, the expression of IK1, which plays a major role in terminal 

repolarisation and stabiliser of resting membrane potential, is lower in rat ventricular 

myocytes compared to human and therefore this contributes to a more negative resting 

potential of ~ -90 mV in human compared with that rat ~ -70 mV (Santana et al., 2010; Kavak 

et al., 2008).    

 

1.2.4.2 Automatic generation of electrical impulses in the heart 

The contraction of the heart is regulated by the transmission of electrical impulses through 

the specialised conduction system (Eckert et al., 1988; Silverman et al., 2006). For this to be 

done efficiently, the conduction system is segmented into three main components to provide 

coordinated conduction, which comprise the sinoatrial node (SAN), atrioventricular node 

(AVN) and Purkinje fibres. These parts ensure the uniform spreading of electrical pulses over 
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the atria and ventricles so that they can effectively pump nutrient- and oxygen-containing 

blood into the arterial trunks (the aorta and pulmonary arteries). 

 

1.2.4.2.1 Sino-atrial node  

The electrical pulse is initiated in the sino-atrial node (SAN), which is known as the cardiac 

pacemaker and is located in the right atrium (Keith and Flack, 1907; Anderson et al., 2009). 

This primary pacemaker is distinguished by a unique set of ion channels, leading to SAN APs 

having features that are different from those of ventricular APs, such as the delayed outward 

rectifier K+ current (IK), voltage-dependent activation current (funny current, If), T-type Ca2+ 

current (ICa,T), L-type Ca2+ current (ICa,L) and Ca2+ clock current (INaCa) (Monfredi et al., 2010). 

The AP of the SAN is intrinsic, as the SAN automatically generates electrical impulses, a 

phenomenon referred to as the pacemaker potential (Figure 1.7) (Bozler, 1943). During the 

pacemaker potential, the membrane is depolarised with a smaller overshoot to become more 

positive, resulting in the threshold for activation being reached in phase 4. This phase is 

controlled by the funny current (If) which is also known as the inward current carried almost 

entirely by Na+ (DiFrancesco, 2010). The hyperpolarisation-activated cyclic-nucleotide gated 

(HCN) channel is responsible for this If current and is widely expressed in the cardiac 

pacemaker (Dobrzynski et al., 2007). Once the membrane reaches the threshold level, T-type 

Ca2+ channels and LTCCs are activated to initiate the depolarisation phase of SAN AP (referred 

to as phase 0). Importantly, the APs of the SAN do not have a resting potential phase, unlike 

ventricular APs, which is due to the lack of IK1. Repolarization of the sinus node (phase 3) is 

carried out by the activation of a variety of K+ currents: transient outward K+ current (Ito) and 

ultra-rapid (possibly), rapid- and slow- delayed rectifier K+ currents (IKur, IKr and IKs, 

respectively) (Dobrzynski et al., 2013).  
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Figure 1.7: Phases of the action potential of sinoatrial nodal (SAN) pacemaker, showing the 
ionic current responsible to generate each phase.  

Phase 4: is the pacemaker potential phase which controlled by the funny current (If) to reach the 

threshold level for activation. Phase 0: the depolarization phase which triggers by the activation of 

different types of voltage-gated channels; T-type Ca2+ current (ICa,T), L-type Ca2+ current (ICa,L). phase 3: 

the repolarization phase which shifts the membrane back to the negative voltage by the opening of 

delayed outward rectifier K+ current (IK). (Adapted from (Dobrzynski et al., 2013)).   

 

1.2.4.2.2 Atrioventricular node system  

Once the sinus impulses have been distributed over the two atrial chambers, these impulses 

pass through the atrioventricular node (AVN), which is responsible for transporting the 

electrical pulses from the atria to the ventricles. The most important feature of this 

conduction system is placed in creating a delay of electrical impulses by up to 0.12 s  (Verheule 

and Kaese, 2013). This delay allows the blood in the atria to fully move into the ventricles 

before ventricular contraction begins. AVN cells contain channels similar to those of SAN cells, 

including IK, If, ICa,T and ICa,L. However, the action potential duration (APD) of the AVN is longer 

than that of the SAN because the Na+ channels are absent and therefore leads to slow 

upstroke velocity of the action potential (Greener et al., 2011). 
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1.2.4.2.3 Purkinje fibres 

The electrical signal propagates over the ventricular myocardium via the crucial network of 

Purkinje fibres. This conduction system specialises in propagating electrical signals at a very 

rapid velocity due to the extensive expression of connexin (Cx) (Davis et al., 1995; Gourdie 

and Lo, 1999). Connexins are a large family of highly homologous transmembrane proteins, 

comprising 20 and 21 different isoforms in mice and humans, respectively (Dobrowolski and 

Willecke, 2009). Connexin 43 (Cx43) is, by far, the best-known and most ubiquitously 

expressed isoform, and it is encoded by the GJA1 gene, located, in humans, in chromosome 

6 (Fishman et al., 1991). The gene nomenclature for the two other most common human 

cardiac connexin isoforms, Cx40 and Cx45, are GJA5 and GJC1, respectively (Söhl and 

Willecke, 2003). Cx43 is the main connexin isoform expressed in the working ventricular 

myocardium (Rohr, 2004). The rapid pathway also corresponds to the unique structure of 

these cells, which have fewer myofibrils than the myocardial cells. In addition, the electrical 

signal can be conducted rapidly due to the high expression of NaV channels which causes a 

rapid increase in membrane potential in these cells (Nerbonne and Kass, 2005). 

 

1.2.4.3 The role of the autonomic nervous system in the regulation of cardiac action 

potentials 

The major factors modulated by the activation of the autonomic nervous system (ANS) 

include heart rate (chronotropy), electrical conduction velocity (dromotropy), ventricular 

contraction (inotropy) and relaxation rate (lusitropy). Importantly, the intrinsic heart rate and 

the AVN conduction system are controlled by two branches of the extrinsic cardiac ANS: the 

sympathetic and parasympathetic nervous systems (SNS and PSNS) (Salata and Zipes, 2020). 

Sympathetic efferent neurones arise in the intermediolateral horn of the spinal cord 

(Karemaker, 2017). Most sympathetic fibres (>90%) innervate the heart from both sides of 

the stellate ganglia (cervicothoracic ganglia). Subsequently, the nervous signal travels along 

sympathetic postganglionic fibres, which are highly concentrated on the right side of the 

heart and the atrial surface (Deuchars and K. Lall, 2011; Kattar and Flowers, 2020). 

 

Parasympathetic preganglionic neuronal fibres originate from the vagus nerve, arising in the 

medulla oblongata (Kawashima, 2005). Most parasympathetic preganglionic nerves (~80%) 

arise from the nucleus ambiguous of the medulla and terminate at the junctional site of the 
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superior vena cava (SVC) and right atrial surface. The SAN is predominantly influenced by right 

vagus nerve stimulation, whereas the AVN junction is significantly affected by left vagus nerve 

stimulation (Ng et al., 2001). 

 

Two major neurotransmitters are released during the activation of the neuronal system: 

adrenaline, noradrenaline (NA) and acetylcholine (ACh). The activation of the sympathetic 

system contributes to the release of adrenaline and noradrenaline into the bloodstream, 

which directly stimulates the adrenergic receptors, including the α and β receptors, in cardiac 

cells (Samson et al., 2015; Thomas and Marks, 1978). β-adrenergic receptors are extensively 

expressed in the heart (~90%), whereas α receptors are less dominant (~10%) (O’Connell et 

al., 2014). The targeted activation of β-adrenergic receptors by the binding of NA results in 

increases in the levels of cyclic adenosine monophosphate which increases protein kinase A 

(PKA) activity (Alhayek and Preuss, 2020). PKA phosphorylates various protein subunits, such 

as those of HCN channels (If) and CaV channels (ICa,T and ICa,L). Consequently, this leads to an 

increased intrinsic heart rate and rapid myocardial contractility. 

 

In opposition to the sympathetic drive, the activation of the parasympathetic system results 

in the release of ACh, which activates muscarinic and nicotinic receptors (Liu et al., 2012; 

Zimmermann, 1988). There are several subtypes of muscarinic receptors, including M1 to M5 

(Dhein et al., 2001; Liu et al., 2012), of which M2 is considered the most essential for the 

regulation of cardiovascular function. The stimulation of the vagus nerve leads to reductions 

in heart rate and cardiac contractility via the activation of ACh-dependent K+ (KACh) channels 

in the SAN. The activation of K+ channels causes the membrane potential to become more 

negative, which limits its ability to reach the threshold for activation, and therefore slows the 

heart rate by delaying the functional role of If currents (DiFrancesco, 2010). As a result, the 

SNS causes a positive chronotropic effect, whereas the PSNS contributes to a negative 

chronotropic effect. 

 

1.2.5 The role of calcium currents in the regulation of cardiac contraction 

The surface membrane of cardiomyocyte is invaginated into a set of transverse (T) tubules. 

The T-tubules possess Na+ and Ca2+ channels and closely passes the branching tubular 
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network that forms the sarcoplasmic reticulum (SR) (Hayashi et al., 2009; Pinali et al., 2013). 

The SR plays an important role in excitation-contraction coupling because it contains a store 

of calcium. The SR contains two regions that plays essential roles in Ca2+ handling. The first is 

that network SR comprises tubes that take up Ca2 via Ca2-ATPase pumps. The second is that 

the junctional SR makes close contact with the T-tubules. Therefore, ryanodine receptors 

(RyRs) on the surface of SR are very closely located to L-type Ca2+ channels on the T-tubules, 

forming the cardiac dyad (dyadic cleft). The close association between L-type Ca2+ channels 

and ryanodine receptors at the cardiac dyad ensures the synchronous rise of intracellular Ca2+ 

currents during systole (Louch et al., 2004). Previous studies documented that in heart failure, 

there is a clear change in structure of the cardiac dyad with a reduction in the number of the 

T-tubules, and therefore a reduction in the synchronicity and the amplitude of Ca2+ transients 

(He et al., 2001; Louch et al., 2006; Song et al., 2006).      

 

Excitation-contraction coupling (EC-coupling) is the process converting the electric 

stimulation (depolarisation of action potential) to mechanical output (contraction) (Santulli 

et al., 2017; Fabiato and Fabiato, 1975). Ca2+ plays an essential role in this process as a critical 

mediator. During excitation, the membrane potential becomes depolarised thereby causing 

an opening of L-type Ca2+ channels (Figure 1.8A). Ca2+ flows via the L-type Ca2+ channels into 

a dyadic cleft to initiate cardiac contraction. The movement of Ca2+ occurs from the 

extracellular environment, where concentrations are high (~1.2 mM), into the intracellular 

environment, where concentrations are low (100 nM) (Levick, 2013). Ca2+ ions can reversibly 

bind to proteins (such as albumin) and form complexes with anions such as citrate and 

bicarbonate to form complexed calcium (Del Valle et al., 2011). About 90% of the protein-

bound calcium is linked to albumin which is not diffusible across the cell membrane. Thus, the 

extracellular Ca2+ concentration available for free diffusion is lower than the total 

extracellular Ca2+ content which is only about 10 to 15%. Following action potential upstroke, 

L-type Ca2+ channels activate rapidly; therefore, the Ca2+ current has already reached 40% of 

its peak during phase 1. The current peaks at 2–7 ms, then continues to flow at a very slow 

declining rate, because L-type Ca2+ channels inactivate slowly. The Ca2+ influx signal through 

L-type Ca2+ channels is known as a “Ca2+ sparklet” (Wang et al., 2001). Whereas Ca2+ sparklets 

increase intracellular concentration from 100 nM to ~ 10 µM, Ca2+ ions are not enough to 

cause contraction. The trigger Ca2+ from a single L-type channel is thought to activate a cluster 
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of 6–20 release channels. Consequently, there is a near-synchronous firing of thousands of 

Ca2+ ions released (~10 000 per cell), which releases a substantial fraction of the SR store, 

typically ~50%. This raises the sarcoplasmic Ca2+ concentration roughly 10-fold over ~50 ms. 

This process is called Ca2+-induced Ca2+ release (CICR) (Fabiato and Fabiato, 1978; Fabiato, 

1985). The mobilization of Ca2+ from a cluster of release channels on the SR produces a 

localised elementary Ca2+ release signal known as a “Ca2+ spark” (Cheng and Lederer, 2008). 

Releases of Ca2+ through CICR from the SR release channels can increase the systolic Ca2+ 

concentration up to ~1 µM transiently (Cheng and Lederer, 2008). The time course of L-type 

Ca2+ currents during an action potential has been recorded by applying voltage-clamp pulses 

consisting of digitised action potentials using a technique called action potential clamp (Doerr 

et al., 1990). The time course during action potential of global intracellular Ca2+ concentration 

(~200 ms) was much slower when compared to the time course of the Ca2+ transients (~25 

ms) (Kistamas et al., 2020; Gómez et al., 1996). 

 

The link between action potential duration and the Ca2+ transient was addressed by 

Janczewski and colleagues in 2002 (Janczewski et al., 2002). They used an action potential 

clamp technique to compare Ca2+ fluxes and Ca2+ transients between voltage clamp wave 

forms representing ‘short’ and ‘long’ action potentials. The study showed that while longer 

action potentials have smaller magnitude of peak Ca2+ current than do shorter action 

potentials, and the total Ca2+ flux via the L-type Ca2+ current (represented by the integral of 

the current) was larger with longer action potentials. Moreover, they suggested that efflux 

via the Na+/Ca2+ exchanger was smaller with longer action potential wave forms. Thus, the 

net sarcolemmal Ca2+ flux at each action potential would be greater with longer action 

potentials, and the resulting increase in SR Ca2+ load would have underpinned the larger Ca2+ 

transient amplitude with prolonged action potentials.   

 

The free Ca2+ binds to troponin C in a concentration-dependent manner, which induces 

conformational changes (Figure 1.8B). Ca2+ displaces the troponin-tropomyosin complex and 

exposes the actin binding sites. Then, the formation of cross-bridges between myosin and 

actin produces the sliding of thick and thin filaments against each other (Ebashi et al., 1967). 

Myosin forms from the thick filament body with a thin fibrous tail region and head region 

(Figure 1.8B). The myosin head consists of an ATPase site which can trigger the binding of 
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adenosine triphosphate (ATP) and subsequently generate its hydrolytic products, for 

example, adenosine diphosphate (ADP) and phosphate (Hanson, 1989). The energy released 

from ATP by hydrolysis is transferred to the myosin which leads to a flexion of the myosin 

head. The motor change of the myosin head is responsible for shifting the thin filament (actin) 

and Z line towards the centre of the sarcomere and then allowing coupling of the action 

potential-mediated Ca2+ transients and muscle shortening and contraction.   

 

During diastole, there are two mechanisms to remove the Ca2+ that enters the cell during 

action potentials. The first mechanism is the SR Ca2+ ATPase (SERCA) that is dependent on the 

ATP to actively re-uptake Ca2+ into the SR. The second mechanism is the Na+/Ca2+ exchanger. 

Na+/Ca2+ exchanger mediates reversibly efflux (forward mode) and influx (reverse mode) of 

Ca2+, depending on the prevailing electrochemical driving force for Na+ and Ca2+. This Ca2+ 

transporter mainly operates in forward mode, which uses the opposing Na+ electrochemical 

gradient to transports one Ca2+ ions out of the cell for three Na+ into the cell (Gambardella et 

al., 2017). Conversely, during “reverse mode” the Na+/Ca2+ exchanger extrudes Na+ in 

exchange for Ca2+ influx. The mode in which Na+/Ca2+  exchanger operates is governed by the 

Na and Ca gradients across the cell membrane, as well as the membrane potential (Em) 

(where ENa/Ca= 3ENa − 2ECa, where ENa and ECa are the Na and Ca equilibrium potentials, 

respectively) (Blaustein and Lederer, 1999). In simpler terms, the positive membrane 

potential and high intracellular Na+ concentration mediate Ca2+ influx through the Na+/Ca2+ 

exchanger, whereas high intracellular Ca2+ mediates Ca2+ efflux through the Na+/Ca2+ 

exchanger. At rest, when Em< ENa/Ca, Na+/Ca2+ exchanger can extrude Ca2+ from the cell. At 

action potential upstroke, when Em> ENa/Ca, Na+/Ca2+ exchanger can bring Ca2+ into the cell.   

 

Adrenaline and noradrenaline increase Ca2+ transient through two mechanisms (Levick, 

2013). First, the increase in trigger Ca2+ current across the sarcolemma recruits more clusters 

of release channels, releasing a greater fraction of the Ca2+ store. Second, the raised Ca2+ 

current during the plateau increases the amount of Ca2+ available for subsequent uptake into 

the SR store, leading to an increase in the size of the Ca2+ store over several heartbeats. For 

example, L-type Ca2+channels are regulated by cyclic adenosine monophosphate-dependent 

kinase (protein kinase A; PKA) downstream from the stimulation of β adrenergic receptor. 

PKA mediated phosphorylation of L-type Ca2+channels, leading to an increase in the number 
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of channels in an active state and the permeability of the channel to pass Ca2+, and thereby 

increases calcium release from the SR (Catterall, 2000b). In contrast, downregulation of 

intracellular cAMP inhibits L-type Ca2+channels (Kamp and Hell, 2000). This pathway is 

coupled to muscarinic receptors (M2) and adenosine receptors (A1) that bind acetylcholine 

and adenosine released by parasympathetic nerves. The L-type Ca2+ channels can also be 

partially inhibited by Ca2+ channel blockers, such as verapamil and diltiazem (Levick, 2013).  

 

Previous studies indicate that shortening of APD reduces the Ca2+ transient and prolongation 

of APD increases the Ca2+ transient (Clusin, 2008; Janczewski et al., 2002). For instance, the 

acute myocardial ischaemia reduces plateau duration, in response to the activation of the 

KATP channel (Levick, 2013). The increased K+ conductance induces early repolarization. This 

shortens the plateau, which in turn truncates Ca2+ influx. This may be helpful, in that it reduces 

the work of the Ca2+ pumps/exchangers, and thus reduces O2 demand during hypoxia. In 

contrast, chronic cardiac failure, ventricular hypertrophy and chronic infarction lengthen the 

plateau (Levick, 2013). This is due to the reduction in K+ channel expression, especially the 

transient outward K+ channel. The reduced K+ current leads to delayed repolarization, and 

therefore causes a prolonged plateau. A longer action potential favours net accumulation of 

Ca2+ in mammalian cardiac cells which may trigger cardiac arrhythmias (Zhang et al., 2016; 

Anderson, 2004). The effects on the Ca2+ transient of changing the duration of the 

repolarisation phase of the action potential was experimentally measured by using action 

potential clamp and the results suggest that stimulation of old rat cardiomyocytes with a short 

action potential-clamp reduces the Ca2+ transient amplitude (Janczewski et al., 2002).  

 

The differences in ventricular repolarisation between rat and human ventricular myocytes 

has been referred to the different types of K+ currents that contribute to develop a 

repolarisation phase of action potential and counteract the developing of Ca2+ entry via the 

L-type Ca2+ current (Edwards and Louch, 2017). The repolarisation in rat myocytes proceeds 

so rapidly due to the dominant of transient outward current (Ito) (Gralinski, 2003). Ito is 

considered as a rapidly developing repolarising currents, contributing to the early 

repolarisation in rat myocytes. The shorter duration of the action potential in rat 

cardiomyocytes is critically important determinant of Ca2+ entry via the L-type Ca2+ current 

(Yuan et al., 1996; Terracciano and MacLeod, 1997). Despite rat hearts exhibit lower Ca2+ 
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sensitivity than those from human, SR Ca2+ is maintained due to the dominant of actively re-

uptake Ca2+ into the SR by SERCA (Walweel et al., 2014). In contrast, the repolarisation in 

human myocytes proceeds so slowly due to the dominant of delayed rectifier potassium 

current such as IKr and IKs. This current exhibit much slower repolarising current development, 

contributing to prolonged the action potential duration. Therefore, more Ca2+ entered into 

human cells, and then triggered RyR opening and increased in releasable Ca2+ (Walweel et al., 

2014; Edwards and Louch, 2017; Pieske et al., 2002). Although Ca2+ is expected to be quickly 

removed from SR in large species such as human, SR content increases with a faster pacing 

rate in failing heart.    
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Figure 1.8: Cardiac calcium cycling.  

A, Ca2+ enters the cell through calcium channels which triggers Ca2+ release from the sarcoplasmic 

reticulum (SR). This process is called Ca2+-induced Ca2+ release (CICR). The combination of Ca2+ influx 

and release raise the intracellular Ca2+ concentrations, allowing Ca2+ to bind to the myofilaments, which 

then induces cardiac muscle contraction. For relaxation to occur, Ca2+ transports out via the 

sarco/endoplasmic reticulum Ca-ATPase (SERCA), the Na+/Ca2+ exchanger (NCX), and the plasma 

membrane Ca2+-ATPase (PMCA). B, Sarcomere shortening via actin-myosin binding. At rest state, the 

actin binding sites are blocked by tropomyosin. During excitation, calcium displaces the troponin-

tropomyosin complex, allowing the myosin head to form a crossbridge.          

 

1.3 ATP sensitive potassium (KATP) channel 

ATP-sensitive potassium (KATP) channels are widely expressed channels that are generally 

inhibited by normal physiological concentrations of ATP and activated by nucleotide 

diphosphates or a fall in ATP during ischaemia. The response to ATP and ADP means that the 

channels are metabolically sensitive and play a major role in responding to the metabolic 

state of the cell. In this section, the main characteristics of the channel subgroup will be 

outlined. 

 

1.3.1 Molecular structure and the distribution of KATP channels   

The molecular structure of the KATP channel complex is hetero-octameric (Aguilar-Bryan and 

Bryan, 1999; Ashcroft and Gribble, 1998; Seino, 1999). This complex requires two unique 

subunits with different protein properties to reconstitute KATP channels, including the inward 

rectifier potassium channel family (Kir6) and the sulfonylurea receptor (SUR). To achieve a 

functional KATP channel, the outer ring is formed from four SURx which interact with four pore-

forming subunits (Kir6.x) to form the inner ring (Shyng and Nichols, 1997; Li et al., 2017) 

(Figure 1.9A).  
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Figure 1.9: The molecular structure of KATP channel.  

A, A cross-section diagram of KATP channel shows the octameric structure of KATP channel. B, Diagram 

shows the molecular components of KATP channel which are essentially required to achieve the 

physiological function of this protein. Kir6 subunit forms from channel’s pore (H5) with M1 and M2 (two 

transmembrane segments) and two terminal tails at intracellular side (N- and C-termini). SUR subunit 

is expressed with three transmembrane domains (TMD0, TMD1, and TMD2) with two nucleotide 

binding folds (NBF-1 and NBF-2) at cytoplasmic side. Abbreviations: P, pore-forming; RKR, endoplasmic 

reticulum retention signals of potassium channel; A and B, the Walker A and B motifs of NBF. 
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The pore-forming subunit of the KATP channel complex is Kir6, of which there are three known 

isoforms: Kir6.1, Kir6.2, and Kir6.3 (Inagaki et al., 1995b; Inagaki et al., 1995a; Zhang et al., 

2006). As members of the inward rectifier potassium channel family, they have two 

transmembrane domains (M1 and M2) and one pore-forming loop (P-pore) with intracellular 

N and C termini (Figure 1.9B). The Kir6 channel resembles a part of the voltage-gated K+ 

channel which consists of S5, H5 and S6 segments. Importantly, the pore forming segment 

(H5) plays an essential role in K+ selectivity, with a glycine-phenylalanine-glycine (GFG) 

sequence within the pore similar to other known K+ channels with a glycine-tyrosine-glycine 

(GYG) motif. Although the Kir family have analogous S5-H5-S6 membrane topology, they are 

not voltage-sensitive like the KV family. This is due to the absence of voltage sensor region 

(S1-S4). The movement of K+ through this channel is regulated by intracellular substances 

such as Mg2+ or polyamines.  

 

Kir6.1 and Kir6.2 are present in most species, whereas Kir6.3 was only found in Zebrafish model 

(Zhang et al., 2006). The gene encoding the expression, and distribution of each subunit of 

KATP channel, has been summarised in  

Table 1.2. In pancreatic cells, skeletal muscle and in cardiomyocytes, it was shown that the 

KCNJ11 gene encodes the Kir6.2 (Miki and Seino, 2005; Fedele et al., 2013). Kir6.1 subunit 

expression, encoded by KCNJ8, was found in some cardiomyocytes and in smooth muscle cells 

(Miki and Seino, 2005; Bao et al., 2011; Delaney et al., 2012). The amino acid sequences 

between Kir6.1 and Kir6.2 show around 70% identity in their sequences and around 40% 

homology with other members of the inward rectifier potassium channel family (Inagaki et 

al., 1995b; Kono et al., 2000). Additionally, the intracellular N- and C-termini play an important 

role in generating a stable tetramer of globular domains of KATP channel (Nichols et al., 2013). 

By using cryoelectron microscopy, it has been found that the ATP binding sites was revealed 

on KATP channel, specifically on the surface of the C-terminal cytoplasmic domain (Li et al., 

2017; Martin et al., 2017). Martin et al. (2017) reported that the C terminal domain of Kir6.2 

is locked with L0 of SUR1 when the ATP binding, which inhibits the essential site to open the 

channel; between L0 of SUR1 and the N-terminal of Kir6.2. Critically, most mutations in N- and 

C-termini actually alter ATP sensitivity of KATP and therefore affect the intrinsic open-closed 

equilibrium (Proks et al., 1999; Cukras et al., 2002; Tucker et al., 1997; Drain et al., 1998). 
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Previous studies report that the channel open probability increased in the presence of 

mutations in the C-terminus (Shyng et al., 1997; Tucker et al., 1998).  

 

Table 1.2: The distribution of KATP channels in the body by differing combinations of Kir6.x and 

SURx subunits.  

Subunit/Gene SUR1/ ABCC8 SUR2A/ ABCC9 SUR2B/ ABCC9 

Kir6.1/ KCNJ8 
1- Atrial and ventricular 

myocytes (1,2) 
1- Smooth muscle cells (8)  

1- Atrial and ventricular 

myocytes? (1,2) 

2- Vascular smooth 

muscle cells (8,11)  

Kir6.2/ KCNJ11 

1- Pancreatic -cells (3,4,5)  

2- Neuronal cells in the 

brain (6,7) 

1- Ventricular myocytes 

(9)  

2- Skeletal muscle cells 

(10)  

1- Non-vascular smooth 

muscle cells (12) 

 

(Morrissey et al., 2005a)(1); (Morrissey et al., 2005b)(2) ; (Inagaki et al., 1997)(3); (Tarasov et al., 2004)(4) ; (Li et al., 
2017)(5) ; (Miki et al., 2001)(6) ; (Liss et al., 1999)(7) ; (Teramoto, 2006)(8) ; (Inagaki et al., 1996)(9) ;  (Jovanović et al., 
2016)(10) ; (Yamada et al., 1997)(11) ; (Isomoto et al., 1996)(12) 

 

The second subunit of the KATP channel complex is SUR which is integrated with the unrelated 

Kir6 subunit. The SUR is a member of a transporter protein family, the ATP-binding cassette 

(ABC) family (Linton and Higgins, 2007), playing a physiological role in all cell types by allowing 

different substrates to transport across the cell membrane. To date, two SUR accessory 

subunits have been reported, SUR1 and SUR2. SUR2 has two splice variants, SUR2A and 

SUR2B (Hambrock et al., 1999; Ashfield et al., 1999; Fujita et al., 2006; Flagg et al., 2008). The 

two isoforms of SUR are derived from different genes ( 

Table 1.2). The SUR1 subunit, from the ABCC8 gene, is found in atrial cells, neuronal tissue 

and in the pancreatic cells (Flagg et al., 2008; Nichols et al., 2007; Flanagan et al., 2009). The 

Kir6.2/SUR1 complex in the pancreas is perhaps the best characterised of all isoforms and has 

been the target for sulphonylurea therapies for type II diabetes. The SUR2 subunit, encoded 

by the ABCC9 gene, is present in cardiomyocytes, skeletal muscle and smooth muscle cells 

(Bienengraeber et al., 2004; Bryan et al., 2007; Nichols et al., 2013). The splice variants, SUR2A 

and SUR2B, differ only in the terminal 42 amino acids of the carboxy terminus (C-terminal tail) 
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(De Wet et al., 2010). This leads to differences in drug and nucleotide binding properties, and 

a lower ATPase activity of SUR2B comparing to SUR2A.  

 

The SUR subunit general structure consists of three groups of domains with different numbers 

of transmembrane segments, including five (TMD0), six (TMD1), and six (TMD2) 

transmembrane helices (Nichols, 2006; Burke et al., 2008) (Figure 1.9B). The total number of 

transmembrane segments in each SUR subunit is 17 segments. Given that there are an odd 

number of transmembrane domains, the N-terminus is extracellular whilst the C-terminus is 

intracellular. The SUR subunit also has two nucleotide-binding folds (NBF-1 and NBF-2) with 

Walker A and Walker B motifs (Linton and Higgins, 2007). NBF-1 is located between TMD1 

and TMD2 whereas NBF-2 is located between TMD2 and the C-terminus. Furthermore, TMD0 

and TMD1 are connected to each other by a linker region. Both nucleotide binding folds 

interact to form two nucleotide binding sites (NBS), increasing the efficacy of ATP binding and 

hydrolysis. 

 

The expression of KATP channels on the cell surface only occurs when both subunits are 

present due to endoplasmic reticulum retention signals (RKR motifs) within the primary 

sequence of both subunits, which were experimentally investigated by Zerangue et al. (1999) 

(Zerangue et al., 1999). A subunit that is not associated with the correct stoichiometry of 

other subunits is therefore maintained in the endoplasmic reticulum (ER) (Babenko et al., 

1998). These signals are located in the C-terminal region in Kir6.x and in the loop region 

between the last transmembrane segments of TMD1 and NBF-1 in SURx (Figure 1.9B). 

Importantly, the co-expression of two subunits of KATP channels masKs these signals and so 

allows the complex to traffic to the membrane. Kir6.2 can be forced to express at the surface 

as a functional channel, however it requires the C-terminal 26 or 36 amino acids to be 

removed (Kir6.2ΔC26, Kir6.2ΔC36 mutants) to exclude the RKR motif (Tucker et al., 1997).  

 

1.3.2 Properties of physiological function of KATP channels  

The composition of the pore forming Kir6.x members with the members of SURx confers 

different channel regulatory mechanisms such as gating and pore properties (Figure 1.10). 

These subunits provide critical binding sites with intracellular ATP and ADP and so it is often 
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stated that the KATP complex couples the cellular metabolic state with electrical excitability 

(Antcliff et al., 2005; Nichols, 2006; Ortiz et al., 2013; Sun and Feng, 2013). In general, KATP 

channels are inhibited under normal conditions due to the presence of high intracellular ATP 

(~4.7 mM), and therefore the opening of channels occurs primarily under pathophysiological 

conditions such as during ATP depletion or metabolic stress. To achieve the channel inhibition 

at normal physiological condition, ATP inhibits at the pore-forming of Kir6 subunits and 

therefore forming four inhibitory sites at that subunit; while MgATP and MgADP activate at 

the nucleotide binding sites of SUR subunits, performing eight stimulatory sites. 

Consequently, the nucleotide regulation of the closed state of the channel is determined by 

a balance between the activation and inhibition events at the 12-nucleotide binding sites on 

the channel complex. However, mutation of these channels may cause them to have more 

prolonged opening in disease conditions due to the imbalance between the activation and 

inhibition effects; for example, congenital hyperinsulinism (HI), permanent and transient 

neonatal diabetes (PNDM, TNDM), septic shock and hypoxia induced lactic acidosis (Pelletier 

et al., 2000; Alejandro et al., 2009). In these physiological conditions, the ATP level falls and 

causes a lack of nucleotide binding to Kir6 inhibitory sites, whereas MgADP can bind to the 

nucleotide binding sites of the SUR subunits (NBF-1 and NBF-2). This imbalance of binding 

stimulates the channel to open.  
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Figure 1.10: The functional role of KATP channel subunits by control the close and open states 
in the response to alteration of the intracellular ATP/ADP level.  

KATP channels are blocked by normal physiological concentrations of ATP or under hyperglycemia. 

However, these channels are opened under ATP depletion or metabolic stress, including hypoglycemia, 

ischaemia and hypoxia.   

 

1.3.2.1 ATP sensitivity 

The primary site for ATP binding to block the KATP channel is located in the C-terminal domain 

of the Kir6.x subunit (Tucker et al., 1997). Truncating the C terminal 36 amino acids 

(Kir6.2ΔC36), in the absence of SUR subunits, forms a functional surface expressed channel, 

however it shows a 10-fold reduction in ATP sensitivity (Ki = ~120 µM). These findings suggest 

that the Kir6.2 subunit contains an ATP binding site that is distinct from the SUR. Co-expression 

with the SUR increases the ATP sensitivity to an IC50 of ~20 µM, suggesting either a second 

inhibitory site on the SUR, or an enhancement of ATP binding to the Kir6.2. The intracellular 
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ATP has two vital functions to regulate the mechanical function of this KATP channel (Takano 

et al., 1990; Findlay and Dunne, 1986). The first function of ATP is achieved by binding of ATP 

to KATP channels, acting as an inhibitory ligand. This block is maintained as long as this 

intracellular nucleotide is attached to the channel. The second function of ATP occurs by 

binding of ATP to intracellular Mg2+ through the hydrolysis process, thereby is known as a 

hydrolysis-dependent action. 

 

Functional KATP channels in the body are characterised by different biophysical properties 

(Table 1.3). Overall, the inhibition of the KATP channel in smooth muscle cells by ATP binding 

is low and often the Kir6.1-containing channels are suggested to be ATP-insensitive 

(Teramoto, 2006). Kir6.1 cannot be easily investigated in excised patches as the current runs 

down rapidly, and so ATP concentration-response profiles cannot be readily measured. What 

is known is that the smooth muscle KATP complex, most often associated with a Kir6.1 pore, is 

constitutively active, modulated by protein kinases and highly sensitive to activation by 

nucleotide diphosphates (NDP’s) and was often referred to as KNDP (Nucleotide diphosphate-

dependent potassium channel) in older literature (Teramoto, 2006; Davies et al., 2010). 

 

Table 1.3: Biophysical properties of different types of KATP channels, including the single-
channel conductance in inside-out patches in ~140 mM symmetrical of K+ concentrations, ATP 
sensitivity and ADP sensitivity.  

KATP channels Single-channel 
conductance 

ATP sensitivity (IC50) ADP sensitivity 

Cardiac cells 
(Kir6.2/SUR2A) 

~80 pS 
(1) 

IC50= 20-30 µM, with or 
without Mg2+ (6,7,8) 

 

EC50= ~250 µM (with 
Mg2+)  

IC50= ~275 µM (without 
Mg2+) 

(15) 

Pancreatic β-cells 
(Kir6.2/SUR1) 

~76 pS (2,3) 
 

IC50= ~5 µM (without 
Mg2+) 

IC50= ~30 µM (with 
Mg2+) (9,10,11) 

 

IC50= ~64 to ~115 µM 
(without Mg2+) (16,17) 

 

Smooth muscle cells 
(Kir6.1/SUR2A)  

~35 pS (4) 
 

IC50= ~190 µM (12) 
  

_ 

Vascular smooth 
muscle cells 

(Kir6.1/SUR2B) 

~35 pS (4) 
 

Insensitive to ATP 
inhibitor (4) 

 

EC50= ~96 µM 
 IC50= ~1.9 µM (18) 
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Non-vascular smooth 
muscle cells 

(Kir6.2/SUR2B) 

~75 pS (4,5) 
 

IC50= ~57 to ~300 µM 
(5,13) 

 

EC50= ~28 µM (with 
Mg2+) (19) 

 

Miscellaneous tissue 
(Kir6.1/SUR1) 

~35 pS (4) 
 

IC50= ~300 µM (14) 
 

_ 

(Inagaki et al., 1996)(1); (Inagaki et al., 1995b)(2); (Sakura et al., 1995)(3); (Teramoto, 2006)(4); (Isomoto et al., 
1996)(5); (Lodwick et al., 2014)(6); (Terzic et al., 1995)(7); (Ashcroft and Ashcroft, 1990)(8); (Kang et al., 2008)(9); 
(Ashcroft, 2005)(10); (Ashcroft and Kakei, 1989)(11); (Aggarwal et al., 2013)(12); (Aziz et al., 2012)(13); (Takano et al., 
1998)(14); (Lederer and Nichols, 1989)(15); (Dabrowski et al., 2003)(16); (Ribalet et al., 2003)(17); (Davies et al., 
2010)(18); (Matsushita et al., 2002)(19)  

 

Interestingly, both KATP channels in smooth muscle cell share a single type of SUR2B, however, 

inhibitory sensitivities by intracellular ATP were varied. The conductance of single KATP 

channels in smooth muscle cells is ~35 pS for channels containing from Kir6.1 and is ~75 pS 

for channels with Kir6.2 providing a clear mechanism for distinguishing the two populations 

of channels (Teramoto, 2006; Isomoto et al., 1996).  Several studies have proposed that KATP 

channel can functionally heteromultimerise with Kir6.1 and Kir6.2 co-assembled in one 

channel complex with members of SUR family (Babenko et al., 2000; Cui et al., 2001; Kono et 

al., 2000), however there is no evidence for this occurring in vivo. In heteromultimeric 

channels, often forced to co-express by synthesising fusion proteins, the electrophysiological 

properties show intermediate single channel conductance with homomeric Kir6.1 having the 

smallest and the homomeric Kir6.2 having the largest conductance (Babenko et al., 2000). 

Furthermore, the presence of a single Kir6.2 subunit conferred Kir6.2-levels of ATP inhibition 

in any of the heteromeric fusion proteins (Babenko et al., 2000).      

 

1.3.2.2 ADP sensitivity  

Intracellular nucleoside diphosphates (NDPs) are considered as a crucial regulator factor of 

KATP channels; for example, adenosine diphosphate (ADP). One of the first studies of the 

primary site of NDP binding to SUR subunits of KATP channels was by Bernardi et al. (1992), 

which was achieved by using the binding sites of the purified SUR from pig brain cells. The 

location of this binding site is within the nucleotide binding domain on SUR subunit which 

forms from the co-localisation of two nucleotide binding folds (NBF-1 and NBF-2) on the SUR 

subunit (Bernardi et al., 1992). Importantly, there are three motifs in each NBF which involve 

the regulation of KATP by providing a hydrolysis reaction (Gribble et al., 1997) (Figure 1.9). For 

instance, each NBF contains from a walker A (WA) motif, a walker B (WB) motif, and the linker 

region which involve in the providing the conformational changes in the opening state of KATP 
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channel. There are two functions of ADPs: attenuating the inhibitory effect of KATP channel by 

intracellular ATP and enhancing the opening activity of KATP channels (Terzic et al., 1994; 

Beech et al., 1993). Under normal physiological conditions, this stimulatory effect by Mg-ATP 

is masked by the blocking action of the free-acid form of ATP. Previous studies have 

documented that the mutation in any particular motif of SUR subunit have detrimental 

impacts on the functional regulation of KATP channel; for example, the activation role by 

binding of MgATP is diminished and the inhibition effect by ATP is increased (Chang et al., 

2011; Gribble et al., 1997).       

 

In smooth muscle cells, the majority of KATP channels are highly sensitive to ADPs while the 

sensitivity of ATP in that channel appears very low. This K+ channel was defined as a KNDP 

channel which is opened in response to NDPs with a small amount of K+  conductance (Beech 

et al., 1993). The sensitivity of KATP channel to intracellular ADP depends on the binding with 

intracellular Mg2+ (Ashcroft and Gribble, 1998). ADP acts as an inhibitor factor in the absence 

of intracellular Mg2+, the presence of Mg enhances the ADP to be a potent stimulator factor 

for this channel. For instance, in vascular smooth muscle cells, the presence of Mg2+ enhances 

the channel stimulation with EC50= ~96 µM, however, and the IC50 value is reported ~1.9 µM 

in absence of Mg2+ (Davies et al., 2010). 

 

1.3.2.3 The physiological role of the KATP channel in pancreatic β-cells 

The functional role of the KATP channel is the best characterized in pancreatic β-cells (Cook et 

al., 1988; Ashcroft and Rorsman, 1989). The KATP channel of pancreatic β-cells is composed of 

Kir6.2 and SUR1 (Inagaki et al., 1997; Tarasov et al., 2004; Li et al., 2017). The electrical activity 

on pancreatic β-cells plays an essential role in the regulation of insulin secretion (Figure 1.11). 

This is achieved by elevation of blood glucose level which is metabolized and thereby 

increases the ATP concentration (Tarasov et al., 2004). The high level of ATP within the 

pancreatic cells block the KATP channels, producing a depolarization of cell membrane 

potential. Therefore, the voltage-dependent calcium channels (VDCCs) are activated, allowing 

Ca2+ currents to move inside the cells. Increasing the intracellular concentration of Ca2+ 

provides the electrical excitability and the calcium required to which triggers calcium-

dependent vesicular release of insulin-containing granules. Accordingly, this KATP channel is 

closed as a response to the metabolic sensor and consequently regulates the insulin 
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secretion.   For several years great effort has been devoted to the study of the essential role 

of KATP channels in the pancreatic β-cells, using pharmacological and genetic manipulation on 

that channel. For instance, the generation of the dominant-negative Kir6.2 in pancreatic β-

cells is represented with hypoglycaemia due to the loss of KATP function and thereby causes 

depolarization, increasing the entry of Ca2+ ions and finally creating a high level of insulin 

secretion (Miki et al., 1997; Koster et al., 2000). As a consequence, the insulin secretion from 

the pancreas depends critically on the KATP channel.     

 

 

Figure 1.11: The role of KATP channel in the pancreatic β-cell.  

At the high blood glucose level, the intracellular metabolic rate increases, leading to increase the ATP 

level. The elevation of ATP triggers KATP channel to close which contributes to depolarize the cell 

membrane. This stimulates the opening of voltage-gated Ca2+ channel which enhances the insulin 

secretion from granule in a response to high concentration of intracellular Ca2+. 

 

1.3.2.4 The physiological role of KATP channel in skeletal muscle cells  

Skeletal muscle cells also contain KATP channels, comprising Kir6.2 and SUR2A (Spruce et al., 

1985). This channel is normally closed at the resting condition whereas is activated during 

muscle fatigue (Light et al., 1994; Tricarico et al., 2016). In this work, the authors observed 

that the genetic deletion of the Kir6.2 subunit lead to increased resting tension due to the loss 

of functional KATP channels. As a result, there is a critical protective role of the KATP channels 
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in skeletal cells during the severe muscle exercised, consistent with a reduction in the 

intracellular Ca2+ handling and reduction in glucose uptake.       

   

1.3.3 The physiological role of KATP channel in cardiac muscle  

The cardiac muscle undergoes a variety of energy demands to maintain contractile function 

during rest and in conditions of exercise. Importantly, it is essential to maintain a balance 

between a cardiac workload and energy consumption. Under stressed conditions such as 

myocardial ischaemia, the cardiac muscle experiences serious alterations in cardiac energy 

metabolism in a response to the reduction of oxygen supply. If the high demand for energy 

causes a depletion of ATP, this stimulates the opening of cardiomyocyte KATP channels, similar 

to skeletal KATP channels (Inagaki et al., 1996). This channel, comprised of Kir6.2/SUR2A 

subunits, is often referred to as the sarcolemmal KATP channel (SarcoKATP) and plays a 

significant role during ischaemic and hypoxic conditions by increased K+ efflux (Figure 1.12) 

(Suzuki et al., 1999; Singh et al., 2003; van Bever et al., 2004; Rainbow et al., 2004).  

 

Cardiac KATP channels have been linked with the phenomenon of cardioprotection as 

activators of cardiac KATP have been shown to be protective, whilst blockers appear 

cardiotoxic (Tinker et al., 2014). This has been previously investigated in our laboratory where 

the role of Kir6.2/SUR2A was investigated in cardioprotection imparted by PKC activity 

(Brennan et al., 2015). In this study, it was found that the time to activation of the cardiac KATP 

channel was delayed following cardioprotection, but that direct inhibition of PKC reversed 

this effect (Brennan et al., 2015). The conclusion of this study was that the early opening of 

Kir6.2/SUR2A channels was not part of the PKC-dependent cardioprotective pathway as 

evidenced by a delayed opening of KATP. It was concluded, therefore, that the channel opening 

during ischaemia was a powerful supporter of the protection to spare the remaining ATP, 

rather than to be a primary cardioprotective factor. In the open state, a severe shortening of 

action potential duration (APD) was achieved, leading to decreased Ca2+ influx. The reduction 

of intracellular Ca2+ overload contributes to energy sparing. The maintenance of a 

considerable amount of energy protects the cardiac muscle from further fatal damage during 

ischaemic conditions.  
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Figure 1.12: The role of KATP channel in cardiomyocytes.  

This KATP channel couples the metabolic change to the electrical activity. KATP channel is open with the 
depletion of ATP as a consequence of insufficient oxygen supply during ischaemia. The opening of KATP 
channels triggers membrane hyperpolarization that prevents electrical excitation and therefore action 
potential duration is shortened, consequently, decreasing the Ca2+ entry via voltage-dependent Ca2+ 
channel. This leads to a reduction in the intracellular Ca2+ concentration and energy saving. As a result, 
the KATP channel can generate a protective role through decreasing calcium loading during ischaemic 
conditions.     

 

To clarify the role of this cardiac KATP channel on Ca2+ handling, a pharmacological activator 

was examined in Kir6.2 knockout animals (Suzuki et al., 2002). Pinacidil was used as a specific 

activator of the sarcolemmal KATP channel, increasing the outward K+ currents and 

consequently shortening the APD in control mice, however was not seen Kir6.2-KO mice 

(Suzuki et al., 2002). These findings suggest that the cardiac KATP channels plays an important 

cardioprotective role in the heart by responding to near complete ATP depletion to preserve 

the cardiomyocyte, but it’s role in ischaemic precondition or other cardioprotective 

interventions is still unclear.    

 

 

Gain of function mutations of KCNJ8 have been identified that cause a paradoxocial effect of 

increasing myocardial L-type Ca2+ current. In patients suffering from Cantu syndrome, the 
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myocardium has been shown to have an increased excitability, which is potentially an 

adaptation to a reduced vascular tone caused by more active Kir6.1 channels (Levin et al., 

2016). A gain-of-function point mutation, S422L, has also been associated with early 

ventricular repolarisation and atrial fibrillation, presenting particularly in patients with J-wave 

syndromes (Delaney et al., 2012). 

        

1.3.4 The pharmacological modulation of KATP channels 

1.3.4.1 Pharmacological blockers of KATP channels   

The KATP channel complex is a well-established target for drug therapies. The presence of the 

large SUR subunit provides a number of drug binding sites to modulate channel function. 

Sulphonylurea drugs can be activators (such as pinacidil, nicorandil or iptakalim) or blockers 

(such as glibenclamide and tolbutamide). Potassium channel openers (KCOs) of this channel, 

such as nicorandil, have been used therapeutically for angina (Kitakaze et al., 2007; Wu et al., 

2013; Campo et al., 2017).  

 

The group of sulfonylurea blocking drugs have an important site for binding in TMD2 of SURx 

subunits especially the region between S4 and S5 of TMD2 (Ashfield et al., 1999; Babenko et 

al., 1999). In a recent paper by Li et al., sulfonylureas also bind to TMD0 (Li et al., 2017). 

Sulfonylureas blockers include glucose-lowering agents such as glibenclamide and 

tolbutamide, enhancing glucose-induced insulin secretion by blocking of pancreatic KATP 

channels (Ashcroft and Ashcroft, 1990; Findlay, 1992; Beech et al., 1993; Stephan et al., 2006; 

Lodwick et al., 2014). Another interesting KATP blocking drug is PNU37883A which provides a 

direct inhibitor effect as a Kir6.1-selective pore blocker, and is defined as non-sulfonylureas 

(Wellman et al., 1999). This inhibitor is mainly selective for KATP channels on vascular smooth 

muscle (Cui et al., 2003). In addition to smooth muscle, our unpublished experimental data 

suggest that there is a significant inhibitory effect of PNU37883A in cardiac cells, either by 

acting on Kir6.2/SUR2A, or as has been demonstrated in the lab, but blocking cardiac surface 

Kir6.1 channels. The blocking contribution of the KATP channel by PNU37883A originally occurs 

on the pore structure of this channel such as the Kir6.1 subunit in the vascular smooth muscle 

(Kovalev et al., 2004; Cui et al., 2003). KATP channels are also blocked by another non-

sulphonylurea drug with a similar effect as PNU, rosiglitazone. Rosiglitazone is a PPARγ 
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agonist used to treat type-II diabetes, but was withdrawn from the market for cardiotoxicity. 

It is clear from the experimental study that both PNU and rosiglitazone are acting as selective 

inhibitors for Kir6.1 rather than Kir6.2 (Yu et al., 2012). The tissue target and IC50 values for 

several pharmacological inhibitors are illustrated in Table 1.4.  

 

Table 1.4: Pharmacological properties by using a selective openers and blockers of KATP 
channels in major tissues with different subunit combinations.   

Tissue with 

KATP channels 

Glibenclamide 

(IC50) 

Tolbutamide 

(IC50) 

PNU37883A 

(IC50) 

Rosiglitazone 

(IC50)  

5-HD  

(IC50) 

HMR1098 

(IC50) 

Pinacidil  

(EC50) 

Diazoxide 

(EC50) 

Pancreatic β-

cells 

(Kir6.2/SUR1) 

̴5-30 nM (1) ̴ 5-20 µM (1) No effect (6)  ̴45 µM (8)  
̴81 µM 

(9)  
̴5 µM (9)   

>500 µM 
(1) 

̴20-102 

µM (1) 

Cardiac cells 

(Kir6.2/SUR2A) 
̴3 nM (2) ̴400 µM (4)  ≥100 µM (7)   ̴37 µM (8)  

No 
effect 

(9)   

̴0.36 µM 
(9,10)  

10-30 µM 
(11)  

No effect 
or 

inhibited 
at 500 µM 

(13)  

Vascular 

Smooth 

muscle cells 

(Kir6.1/SUR2B) 

̴50 nM (3)  ̴350 µM (5)  ̴5 µM (7)  ̴10 µM (8)  
No 

effect 
(9)   

No effect 
(9)   

̴0.5 µM 
(12)  

̴40 µM (12)  

(Ashcroft and Ashcroft, 1990)(1); (Lodwick et al., 2014)(2); (Stephan et al., 2006)(3); (Findlay, 1992)(4) ; (Beech et 
al., 1993)(5); (Surah‐Narwal et al., 1999)(6); (Cui et al., 2003)(7); (Yu et al., 2012)(8); (Liu et al., 2001)(9); (Rainbow et 
al., 2005)(10); (Escande et al., 1989)(11); (Quayle et al., 1995)(12); (Faivre and Findlay, 1990)(13)    

 

1.3.4.2 Pharmacological openers of KATP channels   

KCOs of KATP channels, include diazoxide, pinacidil, nicorandil, and cromakalim. These 

pharmacological treatments maintain KATP channels in the open configuration. The opening 

state of KATP channels is stabilised via an interaction of these drugs with nucleotide 

diphosphates and an enhanced ATP hydrolysis at NBF-2 in combination with binding of Mg-

ATP to SUR subunits (Bienengraeber et al., 2000). These pharmacological modulations elicit a 

negative inotropic effect by stabilising the opening state of KATP channels, reducing Ca2+ influx 

and thereby preserving energy by reducing the requirement to remove intracellular Ca2+ 

(Ashcroft and Gribble, 2000). Several studies have confirmed a protective effect of KCOs. One 

of the first examples of the significant effects of KATP channel openers on the protection from 

myocardial damage was presented using pinacidil and cromakalim in dog models, which 
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showed a reduction of infarct size (Grover et al., 1990). Concentrations of these openers were 

between 300 nM and 10 µM, providing a cardioprotective effect of KATP opening. Different 

KATP channel isoforms show varying sensitivities to KCOs; pancreatic KATP channels are strongly 

activated by diazoxide (EC50= 20-102 µM), however, very weakly activated by pinacidil 

(EC50>500 µM) (Ashcroft and Ashcroft, 1990). The activity of cardiac KATP channels is seen on 

application of 10 µM pinacidil (EC50= ̴10-30 µM), but is not affected by diazoxide (Escande et 

al., 1989; Faivre and Findlay, 1990). KATP channels in smooth muscle cells are activated in 

response to both opening agents (Quayle et al., 1995). These findings were examined in 

mesenteric arteries of the rabbit model, activated by diazoxide (EC50= ~40 µM), and also by 

pinacidil (EC50= 0.5 µM). Indeed, diazoxide is considered as a powerful pharmacological 

activator for SUR1 and SUR2B, however, this activator is only effective in the presence of 

MgADP for SUR2A containing KATP channels (D’hahan et al., 1999). As a result, KATP channels 

in various tissues are considered as a pharmacological target, using selective blockers or 

openers.  

 

1.3.5 Mitochondrial KATP channels 

1.3.5.1 The physiological role of mitochondrial KATP channels  

Since the link between mitochondrial function, KATP channel modulators such as diazoxide, 

and cardioprotection was established, a mitochondrial KATP channel has been postulated.  One 

of the first examples of a report suggesting the presence functional KATP channels in the inner 

membrane of mitochondria was reported by Inoue et al., 1991, using fused giant mitoplast 

prepared from rat liver mitochondria (Inoue et al., 1991). Similarly, Dahlem et al., also 

suggested the presence of mitoKATP channels in the human T-lymphocytes by using 

pharmacological treatments (Dahlem et al., 2004). The difficulties for confirming a role for 

the mitochondrial KATP channel is that, to date, no definitive evidence for a known KATP subunit 

has been identified in the mitochondria. 

 

Under symmetrical 150 mM KCl conditions, a K+ channel with a single channel conductance 

of around 16 pS has been identified (Yarov-Yarovoy et al., 1997). It has been hypothesised 

that the mitochondrial function can be controlled by the modulation of mitoKATP channels, 

through activating or inhibiting of this channel (Garlid, 1988), therefore contributing to the 



   
 

47 
 

regulation of mitochondrial matrix volume, membrane potential and oxygen consumption 

(Paucek et al., 1992; Dȩbska et al., 2001; Debska et al., 2002). The fundamental role of 

mitoKATP channels depends on the K+ uptake in the mitochondrial matrix which leads to 

depolarization of the inner membrane potential (Figure 1.13). As the potential differences 

across the cell membrane occur, the K+ efflux is obtained to the intermembrane space 

through K+/H+ antiporter, producing H+ ion inside the mitochondrial matrix (Garlid, 1996). 

Therefore, this H+ ion is transferred through respiratory enzyme complexes which is identified 

as an electron transport chain (ETC) (Guo et al., 2018). As a result, the activity of mitoKATP 

channels may also be a response to the mitochondrial energetic state which is inhibited by 

the presence of ATP and ADP.  

 

 

Figure 1.13: The mechanical function thought to be involved in the opening of mitoKATP 
channel.  

The mitochondrial K+ cycle consists of K+ uptake and K+ efflux across the inner membrane. The K+ influx 

through the mitoKATP depolarizes the inner membrane. Excess K+ is ejected by the K+/H+ antiporter in 

exchange with H+ resulting in a state of alkalosis. The electron transport chain (ETC) ejects protons, 



   
 

48 
 

leading to the inner membrane hyperpolarization. The channel activity was increased by diazoxide, 

inhibiting Succinate dehydrogenase (SDH), and thus leads to attenuate oxidant stress on the heart and 

have a cardioprotective effect. This cardiprotective effect was reversed by 5-HD. 5-HD is metabolised 

by acyl-CoA synthetase and enters the β-oxidation pathway.   

 

1.3.5.2 The molecular composition of mitochondrial KATP channels  

Although several studies have aimed to identify the molecular structure of mitoKATP channels, 

these observational findings are still lacking and have not clearly identified the subunits 

involved. Suzuki et al., showed that the mitochondrial fraction from rat liver and skeletal 

muscle suggested that Kir6.1 was expressed in the mitochondria through staining by 

immunofluorescent agent (Suzuki et al., 1997). These findings concluded that mitoKATP 

channels are blocked by administration of 5-HD and are opened using diazoxide (Garlid et al., 

1997; Bajgar et al., 2001). Consequently, identification of these pharmacological properties 

indicated that the subunits of mitoKATP channels were different from the sarcoKATP channel, 

suggesting that Kir6.2 is not involved.  

 

Although previous results suggested the mitochondrial localization of Kir6.x subunit, the Kir6.x 

subunit was not identified as a functional part of the mitoKATP complex. Seharaseyon et al. 

(2000) identified that the mitochondrial activity was not altered when dominant negative 

constructs of Kir6.1 or Kir6.2 were introduced into rat cardiomyocytes (Seharaseyon et al., 

2000). In agreement with these findings and by using Kir6.x null animals, Ng et al. (2010) 

showed that the generation of ROS by the opening of mitoKATP channels is maintained, despite 

the deletion of Kir6.x gene (Ng et al., 2010).  

 

The most recent study in the molecular identification of mitoKATP channels was conducted by 

Foster et al., which provides a novel target to modulate the functional role of this channel 

(Foster et al., 2012; Foster and Coetzee, 2016). Using cell imaging, the inner membrane of 

mitochondria of bovine heart identified Kir1.1 subunits. This is defined as a splice variant of 

the renal outer medullary potassium channel (ROMK) which is encoded by KCNJ1 gene. At the 

molecular level, the ROMK subunit is characterized by the presence of ATP binding site on the 

C-terminus (McNICHOLAS et al., 1996). Therefore, this channel has a similar role to KATP in 

cellular protection which is inhibited by ATP and activated by the presence of Mg2+. 
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Additionally, the main hallmark of mitoKATP channels can be activated by PIP2 and regulated 

by PKC and pH which (McNicholas et al., 1998; Lin et al., 2002; Bednarczyk et al., 2008; 

Wojtovich et al., 2010). There are several ROMK isoforms which are distributed in the body, 

and have been reported to involve in mitoKATP activity (Ho et al., 1993). In the heart, ROMK1 

and ROMK2 are highly expressed in isolated cardiomyocytes of adult rat while the differences 

between them was found by the presence of extra 19 amino acid at N terminus of  ROMK1 

isoform as compared with ROMK2 (Kondo et al., 1996). Previous studies indicated that these 

variations in length of the N-terminal ends of ROMK isoforms affect neither ion permeation 

nor channel gating in both human and rat (Shuck et al., 1994; Zhou et al., 1994; Boim et al., 

1995). While ROMK channels, and in particular ROMK2 isoform was showed an inhibition with 

administration of glibenclamide in the absence of SUR auxiliary subunit, the sensitivity to this 

pharmacological inhibitor was increased when the co-expression of ROMK2 with SUR2B 

subunit to form glibenclamide-sensitive channel (IC50 = 0.6 µM) (Tanemoto et al., 2000; 

Jabůrek et al., 1998). On the basis of the recent findings presented in this paper (Foster et al., 

2012), work on remaining issues with genetic approaches will be required to prove that the 

ROMK subunit forms an effective pore-gating component of mitoKATP channels. However, 

since this initial manuscript in 2012, there has been no further expansion on the potential for 

ROMK to form a subunit for the putative mitoKATP channel (Foster et al., 2012).  

 

1.3.5.3 Effects of different pharmacological modulators of mitochondrial KATP channels and 

their role in cardioprotection  

There are several pharmacological agents which are suggested to be involved in the activating 

and inhibiting of mitoKATP channels. This channel is activated by diazoxide and isoflurane, 

whereas the channel is inhibited by hydroxy derivative of decanoate (5-HD) and glibenclamide 

(Bednarczyk et al., 2005; Nakai et al., 2001; Zhang et al., 2001). These pharmacological 

treatments also contribute to the differentiation between sarcoKATP and mitoKATP channels 

due no discernible effect of diazoxide and 5-HD on cardiac sarcolemmal KATP channels (Grover 

and Garlid, 2000). The potency of diazoxide was experimentally measured by Garlid et al. 

(1997) which suggested that activation of the mitoKATP channel by diazoxide was 1000 times 

greater than that of the sarcoKATP channel (Garlid et al., 1997).    
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Despite the suggestion that the mitoKATP channel was activated by diazoxide, the incidence of 

sudden death was increased substantially in mice lacking the Kir6.1 gene (Miki et al., 2002). In 

agreement with these findings using dominant negative Kir6.1 subunits, Ng et al. (2010) 

suggested that the generation of ROS by the opening of mitoKATP channels is maintained 

during using of diazoxide, despite the deleting of Kir6.x gene (Ng et al., 2010). Accordingly, the 

Kir6.1 subunit may not be a functional part of the mitoKATP complex (Seharaseyon et al., 2000). 

Additionally, other studies indicate that diazoxide is able to inhibit Succinate dehydrogenase 

(SDH), which leads to oxidation of the mitochondrial flavoproteins and inhibition of the 

energetic production of citric acid cycle (Figure 1.13) (Guo et al., 2018). Furthermore, the 

mitochondrial matrix volume was suggested to be elevated during the opening of mitoKATP 

due to high K+ influx accompanied with high acidity level in the matrix and thus followed by 

the movement of water via osmosis (Grover and Garlid, 2000). Importantly, Suzuki et al. 

(2002) studied the cardioprotective role of diazoxide and showed that there was a lack of 

cardioprotective effect in Kir6.2 knockout mice (Suzuki et al., 2002). According to these points, 

the cardioprotective effect by using of diazoxide may not reflect the opening of a mitoKATP 

channel.  

 

5-hydroxydecanoate (5-HD) was suggested to be a selective blocker of the mitoKATP channel 

that could reverse diazoxides effect on the oxidation of mitochondria (Liu et al., 1998). It was 

found that the administration of 5-HD block Kir6.2/SUR2A channel with an IC50 of 28.7 µM in 

the presence of 1 µM ATP (Notsu et al., 1992).  

Despite many studies in this area, there are significant inconsistencies in the literature on the 

effects of diazoxide and 5-HD on the putative mitoKATP channel. There are other alternative 

pathways which can be involved in the production of deleterious substances from the 

mitochondria during the use of 5-HD. Firstly, 5-HD shares a similar basic  pathway with fatty 

acid substrates which are activated via acyl-CoA synthetase and converted into 5-

hydroxydecanoyl-CoA (5-HD-CoA) (Figure 1.13) (Hanley et al., 2002; Lim et al., 2002). This 

activation occurs in the outer membrane surface, and can be moved into the matrix via 

carnitine palmitoyltransferase (CPT-I and CPT-II) and be oxidized (Lim et al., 2002; Bartlett and 

Eaton, 2004). Secondly, the accumulation of 5-HD-CoA in the matrix stimulates fatty acid 

oxidation, reducing the contractile recovery after myocardial ischaemia (Hanley et al., 2005).  
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1.4 Slowly activating delayed rectifier potassium current (IKs) 

1.4.1 The KCNQ family  

1.4.1.1 Molecular structure of KCNQ family 

The KCNQ channel is a voltage-gated potassium channel which is encoded by the KCNQ gene. 

This gene plays an important role in controlling the shape of action potential. Therefore, the 

alteration of this gene contributes to deleterious impacts such as long-QT syndrome and 

epilepsy (Wang et al., 1996b). There are five members of KV channel which are classified by 

their gene name: KCNQ1 to KCNQ5. All members of the KCNQ gene family encode a K+ channel 

with voltage-gated properties, also termed the KV7 family which has 5 members, KV7.1 

(KCNQ1) to Kv7.5 (KCNQ5). 

 

Despite the variation in K+ channel subunits which are encoded by the KCNQ family genes, all 

of these K+ channels have an identical structure with a tetrameric shape to form a functional 

KV channel (Wei et al., 1996). Each subunit consists of six trans-membrane segments (S1-S6) 

which are constructed to form α subunit (Figure 1.14). As with other KV channels, the first 

four transmembrane segments (S1-S4) are considered the voltage-sensing domain (VSD) (Van 

Horn et al., 2011), and the final two segments (S5-S6) serve as a pore-forming section of the 

α subunit. The primary voltage sensor of each KV7 channel is the S4 segment which allows the 

channel to be activated in response to alterations of membrane potential (Jensen et al., 

2012). The S4 trans-membrane domain (TMD) of all KCNQ subunits contains six repeated 

motifs of positively-charged residues. However, the S4 segment of the KCNQ1 subunit 

exhibits four positively-charged amino acid residues. Due to a lower net positive charge in 

KCNQ1 than other voltage-gated K+ families, the S4 of KCNQ1 can be converted to a voltage-

independent, constitutively active, and leak channel which is attributable to the leak of K+ 

ions through the pore of KCNQ1 channel (Panaghie and Abbott, 2007; Schroeder et al., 

2000b). All K+ channel proteins have an intracellular C- and N-terminus (Schroeder et al., 

2000b; Schroeder et al., 2000a; Schwake et al., 2000). The C-terminus for KCNQ proteins 

consists of four helical domains (A, B, C & D) which are considered as effective sites for protein 

tetramer assembly and binding with different regulatory modulators such as calmodulin 

(CaM) and phospholipids (Haitin and Attali, 2008; Soldovieri et al., 2011; Thomas et al., 2011; 

Yus-Najera et al., 2002). Functional reduction of IKs (KCNQ1/KCNE1 protein complex) have 
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been documented in patients carrying Long QT mutations causing disruption of the 

intracellular C-terminus of KCNQ1 (Ghosh et al., 2006; Wiener et al., 2008). For instance, helix 

A mutations in C-terminal domain disrupt calmodulin binding and therefore reduce IKs 

function (Shamgar et al., 2006). Importantly, calcium/calmodulin-dependent protein kinase II 

(CaMKII), mediates a pathological function of IKs through phosphorylation at a residue in the 

region that connects the calmodulin-binding domains in helices A and B, resulting in 

prolonged action potential duration during sustained β-adrenergic receptor stimulation. 

KV7.1 has a distinctive feature compared to the other KV7 proteins which is the existence of a 

glycosylation on the extracellular loop between TM5 and TM6 (Barhanin et al., 1996b; Wang 

et al., 1996b). Protein kinase A phosphorylation sites have been found on the N-terminal of 

KV7.1 and KV7.2, however, it has been identified on the KV7.5 C-terminus. 

 

In addition to long-QT mutations caused by a loss of function, there are also gain-of-function 

mutations in KCNQ1 that can result in a short-QT syndrome (Campbell et al., 2013). A single 

point mutation (S140) in the KCNQ1 gene leads to a gain-of-function mutation (Campbell et 

al., 2013). This changes the kinetics and the voltage dependence of the channel with the 

channel becoming rapidly activating and more like KCNQ1 expressed in the absence of KCNE1. 

This mutation is believed to be the mechanism underlying an autosomal dominant familial AF 

(Chen et al., 2003). 
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Figure 1.14: Molecular structure of KCNQ α-subunits.  

All types contain six TM segments (1-6), a pore-forming region (P), C-terminal domain with four distinct 

helices (A, B, C, D), and N-terminal domain. Glycosylation site is located on the extracellular area of 

KCNQ1. Protein kinase A phosphorylation sites (PKA) are existed for KCNQ1, KCNQ2, and KCNQ5. 

(Diagrams adapted from (Barrese et al., 2018; Robbins, 2001)).   

    

The biophysical properties of each KV7 sub-family are varied, depending on their expression 

system, whether expressed with identical protein subunit (homomultimers) or expressed 

with other KV7 subunits (heteromultitimers) (Table 1.5). Overall, KCNQ1 currents are 

identified as outward-rectifying K+ currents which play an important role in the heart 

repolarization. The activation kinetic properties of homotetramer KV7.1 channels are 

sigmoidal activation and require 100-200 ms of channel activation to achieve 90% of 

repolarization with subthreshold membrane potential at -53 mV. However, the expression of 

KV7.1 channels in mammalian cell lines gives rise to a more rapid current activation than those 

in the coassembly of KV7.1 and KCNE β-subunit, which reaches a steady state within 1 s (Yang 

et al., 1997). The KV7.1 subfamily is characterised by not being associated with other members 

of the KV7 family, but it is commonly co-expressed with the KCNE1 (Barhanin et al., 1996a; 

Haitin and Attali, 2008; Sanguinetti et al., 1996). KV7.2 homomultimeric channels have 

different current characteristics, depending on their expression in numerous cell types (Table 

1.5). KV7.2 can co-assemble with KV7.3 subunits to form heteromultimeric channels (Main et 

al., 2000; Wang et al., 1998). This summation increases the amplitude of currents by 10 times 

and is referred to as the M-current in neuronal tissue. However, KV7.2 cannot be co-expressed 

with KV7.4 or KV7.5 (Kubisch et al., 1999; Schroeder et al., 2000a). The biophysical parameters 

of homotetramer KV7.4 channels seems to depend on the expression system (Table 1.5). The 

expression of KV7.4 with KV7.3 for heterotetramer channels yields currents with a significant 

large amplitude (Kubisch et al., 1999). Predominantly, KV7.4 and KV7.5 form heteromeric 

channels which are highly expressed in vascular tissues (Chadha et al., 2014; Brueggemann et 

al., 2014).       
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Table 1.5: KV7 family genes and proteins and their properties expressed as homotetramers. 

 KV7 member (α-

Subunit)  
Half -activation voltage 

(V0.5) (mV) 
Single-channel 

conductance (pS) 

Voltage-dependent 
activation at 

threshold (mV) 

KV7.1 
-10 to -29(1) 

 

1-4(8) 

 
-53  

KV7.2 
-14 (CHO)(2), -21 (HEK)(3), 

-37 (Oocytes)(4), -38 
(COS)(5) 

2-9(9) -60 to -50 

KV7.3 -37(2)(4) 8.5(9) -60 

KV7.4 -19 (CHO)(2), -10 
(Oocytes)(6) 

2(9) -60 

KV7.5 -46 to -48(7) 2-9(9) -60 to -50 

(Barhanin et al., 1996b; Shamgar et al., 2008)(1); (Selyanko et al., 2000)(2); (Shapiro et al., 2000)(3); (Yang and 
Sigworth, 1998)(4); (Tinel et al., 2000b)(5); (Kubisch et al., 1999)(6); (Schroeder et al., 2000a)(7); (Sesti and Goldstein, 
1998)(8); (Fermini and Priest, 2008)(9) 

 

1.4.1.2 Different expression and their physiological roles of KCNQ family 

KCNQ proteins have a relatively negative voltage dependence which regulates the functional 

activity of many excitable tissues by the opening at a small membrane depolarization 

(Robbins, 2001). The reduction of electrical excitability is achieved by allowing the outward 

movement of K+ currents, which contributes to the stabilization of resting membrane 

potentials. The functional role of KCNQ channels was discovered in certain cell types such as 

cardiomyocytes, epithelial cells, neurons and smooth muscle cells and are not uniformly 

expressed in the body. KCNQ1 was first discovered by Wang et al. (1996) and was found in 

cardiomyocytes in association with KCNE1. The impact of KCNE1 on cardiac KCNQ1 subunits 

is well characterised and includes slowing activation by 5-10 fold, depolarisation of the 

voltage-dependence of activation by about +50 mV, stabilisation of the open pore of KCNQ1, 

increasing the K+ current by 4-fold increasing single-channel conductance and delaying 

deactivation kinetics (Sanguinetti et al., 1996; Werry et al., 2013). The co-assembly of KCNE1 

with KCNQ1 forming IKs, together with hERG channel (IKr) form a main repolarising currents of 

cardiac action potential (Barhanin et al., 1996b; Wang et al., 1996b; Abbott et al., 1999). 

Specifically, KCNQ1/KCNE1 complex contributes to create a “repolarising reserve” during 
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tachycardia to generate a large repolarising current which shortens the action potential and 

facilitates ventricular diastolic filling before the next heartbeat. It was also suggested that 

KCNE1 may contribute in the regulation of hERG channel which is the dominant repolarising 

current in human ventricles (Silva and Rudy, 2005). KCNQ1/KCNE1 combinations are also 

expressed in cochlea (Neyroud et al., 1997). The co-expression of KCNQ1/KCNE2 was 

identified in the thyroid gland, which plays a role in the regulation of thyroid hormone 

production (Fröhlich et al., 2011; Purtell et al., 2012). A KCNQ1/KCNE3 protein complex can 

be found in pancreas, trachea, small intestine and colon crypt cells which markedly 

contributes to Cl- secretion (Grahammer et al., 2001a; Grahammer et al., 2001b). KCNQ2 and 

KCNQ3 are substantially expressed in the central and peripheral nervous system which 

generates M-type currents and subsequently prevents neuronal hyperexcitability (Prole and 

Marrion, 2004; Robbins, 2001; Wang et al., 1998). KCNQ2/KCNQ3 channels are also expressed 

in skeletal muscle, particularly in human brachial biceps (Iannotti et al., 2010). The expression 

of KCNQ4 was reported to play a crucial physiological role for normal hearing; therefore, it is 

mainly expressed in outer hair cells of the cochlea (Kubisch et al., 1999; Rennie et al., 2001). 

Additionally, KCNQ4 is well located in several other tissues, including the gastrointestinal 

tract, smooth muscle cells, skeletal muscles, cardiac mitochondria, brain and nervous tissues 

(Iannotti et al., 2010; Jepps et al., 2009; Kharkovets et al., 2000; Stott et al., 2014; Testai et 

al., 2015). KCNQ5 is mainly expressed in neurons, which contributes to regulating the 

electrical activity of these neurons (Tzingounis et al., 2010). Expression of KCNQ5 is also 

identified in skeletal muscle (Schroeder et al., 2000a) . Moreover, the combination of 

KCNQ5/KCNQ4 has been detected in smooth muscle cells which contributes to mediating 

vasodilation (Chadha et al., 2014; Mani et al., 2016).             

 

1.4.2 The KCNE family  

The KCNE proteins are a non-pore forming β-subunit with single transmembrane domain 

(Lundby et al., 2010; Wrobel et al., 2012). The KCNE subunit is encoded by members of the 

KCNE gene family (MinK-related peptides), including five proteins (KCNE1 to KCNE5) (Abbott 

and Goldstein, 1998; Abbott et al., 1999; Piccini et al., 1999). These β-subunits co-assemble 

with KCNQ channel α-subunits to alter their biophysical properties. The electrophysiological 

properties of all KV7 channels are modified when they co-assemble with KCNE protein in 
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different aspects such as activation rate, deactivation kinetics, conductance properties and 

their sensitivity to pharmacological treatments. Table 1.6 presents a summary of the effects 

of the KCNE family when they are co-expressed with KCNQ α-subunits of the KV7 family.      

 

Table 1.6: Functional implications of the interaction of KCNE1-5 auxiliary subunits with Kv7 
channel α-subunits  

 KCNQ1 KCNQ2 KCNQ3 KCNQ4 KCNQ5 

KCNE1 1-Slow activation kinetic (5-10 
fold) (1,2,3)  
2-Remove inactivation (4,5) 
3-↑ the amplitude of K+ 
currents (6) 
4- ↑ channel conductance (4 
fold) (6) 
5- ↑ the expression of Kv7 
channels on the cell surface (7) 

1-↓ KCNQ2 
current density 
(15,18) 
2-Slowed activation 
and deactivation 
kinetics (15,18) 

1-↓ KCNQ2 
current density (15) 
2-Slowed activation 
(15) 

1-↑ the amplitude 
of K+ currents (12,13) 

2- shifted the 
voltage for half-
maximal activation 
(V0.5) in the 
negative direction 
(12) 

3-slows the rates of 
Kv4.2 activation 
and inactivation (17) 
 

1-Slow activation 
(13) 
2-↓ current 
magnitude in 
oocytes (13) 
3-↑ the current 
density in HEK293 
cells (14) 

KCNE2 1-Constitutively active currents 
(8,9) 

2-↓ the current density, when 
the KCNE2 subunit presents 
with KCNQ1-KCNE1 protein 
complex (1) 

1-↓ KCNQ2 
current density 
(15,18) 
2-Slowed activation 
and deactivation 
kinetics (15,18) 

1-No significant 
effect on the 
current density (19) 

2-↑ deactivation 
kinetics when the 
KCNE2 subunit 
presents with 
KCNQ2-KCNQ3 
protein complex (19)  

1-↑ the amplitude 
of K+ currents (12,13) 

2- shifted V0.5 in the 
negative direction 
(12) 

No effect (14) 

KCNE3 1-Constitutively active currents 
(8) 

2-↑ the current density when 
the KCNE3 subunit presents 
with KCNQ1-KCNE1 protein 
complex (10)  

↓ currents (15)  1-↓ currents (15) 

2- alters the gating 
of KCNQ3 (16) 

Current 
suppression (12,13) 

Current 
suppression in 
oocytes and 
HEK293 cells (13, 14) 

KCNE4 1- Slow activation kinetic (11) 
2- Small current at physiological 
ranges (11)  

Unaffected by co-
expression with 
KCNE4 (20)   

Unaffected by co-
expression with 
KCNE4 (20)   

1-↑ the amplitude 
of K+ currents (12,13) 

2- ↓ion selectivity 
3- shifted V0.5 in the 
negative direction 
(12) 

No effect (14) 

KCNE5 1- Slow activation kinetic (11). 
2- Small current at physiological 
ranges (11).   

No effect (22) No effect (21) No effect (12) No effect (14) 

(Wu et al., 2006)(1); (Barhanin et al., 1996b)(2); (Sanguinetti et al., 1996)(3); (Pusch et al., 1998)(4); (Seebohm et al., 2003b)(5); 
(Sesti & Goldstein 1998)(6); (Tristani‐Firouzi and Sanguinetti, 1998)(7); (Schroeder et al., 2000b)(8); (Tinel et al., 2000a)(9); 
(Melman et al., 2002)(10); (Bendahhou et al., 2005)(11); (Strutz-Seebohm et al., 2006)(12); (Schroeder et al., 2000a)(13); (Roura-
Ferrer et al., 2009)(14); (McCrossan et al., 2003)(15); (Abbott and Goldstein, 1998)(16); (Zhang et al., 2001)(17); (McCrossan et al., 
2009)(18); (Tinel et al., 2000b)(19); (Grunnet et al., 2002)(20); (Angelo et al., 2002)(21); (Abbott, 2016)(22) 
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1.4.3 The IKs complex in cardiac cells 

1.4.3.1 The Molecular structure of IKs  

The first reported expression of the slowly activating delayed rectifier potassium (IKs) current 

in cardiac cells was made by Noble and Tsien (1969), using multicellular sheep cardiac Purkinje 

fibre model (Noble and Tsien, 1969). In cardiac myocytes, the functional IKs is achieved by co-

expression of KCNQ1 (Kv7.1) subunit with the KCNE1 auxiliary subunit (Barhanin et al., 1996b; 

Sanguinetti et al., 1996) (Figure 1.15A). The number of KCNQ1 bound to KCNE1 is varied, with 

4:1, 4:2, and 4:4 as a KCNQ1:KCNE1 ratio having been identified (Murray et al., 2016; Hou et 

al., 2017). The K+ Current activation becomes progressively slower as more KCNE1 subunit 

bound to KCNQ1 subunits. A full saturated KCNQ1/KCNE1 protein complex (4:4) has the 

slowest activation kinetics and the most positive half-activation curve (Wang et al., 2020). 

Most recent evidence from expression studies in recombinant systems suggests this complex 

is mostly closely modelled with a ratio of 4 KCNQ1:2 KCNE1 (Nakajo et al., 2010; Abbott, 2016; 

Kobertz, 2014; Plant et al., 2014). This IKs complex was also referred to as KvLQT1, by linking 

a deficiency of this IKs and the incidence of long QT1 syndrome (Wang et al., 1996a). 

Membrane depolarization activates the IKs with slow increase of outward K+ currents during 

the action potential which only significantly contributes to repolarization at the end of the 

plateau phase (Figure 1.15B). This current is considered as a repolarization reserve which only 

substantially participates to returning the membrane to its resting potential in the presence 

of sympathetic stimulation (Jost et al., 2005; Roden, 1998). Some studies have suggested that 

because the KCNE1 subunit exerts a crucial role in the regulation of ion conductance through 

the channel’s gating, KCNE1 may bind directly to the pore domain of the KCNQ1 subunit 

(Tapper and George Jr, 2000; Melman et al., 2004). Other reports in the literature have 

suggested that the KCNE1 binds to the voltage sensor domain of KCNQ1 subunit using voltage 

clamp fluorometry (Osteen et al., 2010; Nakajo et al., 2010; Werry et al., 2013).     
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Figure 1.15: The molecular component and the electrophysiological characteristic of KCNQ1 
in the absence and presence of KCNE1. 

A, (i) Diagram showing the general structure of the KCNQ1 and KCNE1 subunits. Electrical currents can 

be recorded from the expression of (ii) KCNQ1 alone and (iii) co-expression of KCNQ1 and KCNE1. 

Currents were evoked in CHO cells by voltage steps between -80 mV and +80 mV. The transfection of 

KCNQ1 with the accessory subunit KCNE1 protein complex alters biophysical properties of outward K+ 

currents, producing larger current amplitude than with KCNQ1 alone, and slows the activation kinetics; 

Adapted from (Zheng et al. 2010). The co-expression of KNCQ1/KCNE1 yields a current that resembles 

native cardiac IKs currents.  B, A diagram showing the time course of the action potential in a ventricular 

cell (blue line) and the coresponding current amplitude of IKs (red line). 

 

1.4.3.2 The physiological role of IKs  

Although the expression of KCNQ1 subunit without KCNE1 can generate functional rapidly 

activating outward K+ currents, the co-expression with accessory β-subunit KCNE1 modulates 

 

(ii) 

(iii) 
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the biophysical kinetics by delaying the opening of the pore-forming KCNQ1 subunit, giving 

rise to the characteristic slow kinetics of channel activation and deactivation (Chen et al., 

2009; Sanguinetti et al., 1996) (Figure 1.15). This property of the IKs contributes to cardiac 

repolarization by increasing the K+ efflux towards the end of the plateau phase. Interestingly, 

some studies have demonstrated that the functional role of IKs was absent in isolated 

cardiomyocytes from a non-diseased human heart (Iost et al., 1998). This finding is in 

agreement with incidences of long QT1 syndrome (IKs mutations) often appearing to be 

subclinical, and only manifesting on heavy exercise or with extreme stress. KCNQ1 and KCNE1 

protein expression has also been detected in the rat ventricular myocytes using various 

imaging techniques including immunofluorescence and immunocytochemistry (Wu et al., 

2006; Tsevi et al., 2005). In the study by Wu and colleagues, isolated rat ventricular myocytes 

were immunolabelled with anti-KCNQ1 and anti-KCNE1 antibodies, and their distribution and 

co-localisation analysed (Wu et al., 2006). KCNQ1 and KCNE1 proteins were found throughout 

the membrane and cytoplasm of rat myocytes and were also found to co-localise with each 

other. Electrophysiological recordings by the same group, using whole-cell patch clamp 

recordings were also shown to produce an outward current component at depolarised 

voltages that resembled that of the described the slowly activating delayed rectifier (IKs) in rat 

ventricular myocytes (Wu et al., 2006). However, unlike human, IKs within the rat is generally 

considered to be small and is not a main repolarisation current under normal condition. It is 

proposed that this contributes to ventricular repolarisation in this species under some 

conditions such as chronically stressed conditions (Jiang et al., 2017; Wang and Fitts, 2020; 

Olgar et al., 2022).     

Under physiological condition with significant sympathetic stimulation, the electrical 

excitability of the sinoatrial node (SAN) increases which triggers an elevation in heart rate 

(Rocchetti et al., 2006). At the same time, the sympathetic nervous system activates β-

adrenergic receptor which augments the IKs through activation of G-protein α (Gα) (Kurokawa 

et al., 2003; Nicolas et al., 2008). The β-adrenergic receptor is a G-protein coupled receptor 

which activates adenylyl cyclase (AC), increases cAMP, and hence activates PKA and 

phosphorylates the Kv7.1 channel α-subunit at the N-terminus (Figure 1.16) (Terrenoire et al., 

2009). The summation of actions of these proteins can phosphorylate this channel, which 

augments channel activation to enhance cardiac repolarization and to prevent deleterious 

impacts of hyperexcitability during sympathetic stimulation. In addition to that, IKs can be 
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regulated by phosphatidylinositol 4,5-biophosphate (PIP2) which stabilises the channel’s 

gating, maintaining the channel in the opening state during the plateau phase (Li et al., 2011; 

Sun et al., 2012; Choveau et al., 2012). It also was observed that the co-expression of KCNE1 

increases KCNQ1 sensitivity to PIP2 by approximately 100-fold compared to KCNQ1 expressed 

alone (Li et al., 2011). As a result, the activation of β-adrenergic receptor and PIP2 are 

considered as major regulators to control the physiological function of the KCNQ1/KCNE1 

protein complex in cardiomyocytes. An additional interesting feature of KCNQ1 is that its 

activation is affected by other modulators such as, polyunsaturated fatty acids (PUFA), 

Calmodulin (CaM), and the serum- and glucocorticoid-inducible kinase 1 (SGK1). PUFA are 

lipid molecules, that bind to KCNQ1 via the lipid head group and consequently cause the 

activation of KCNQ1 channel through this electrostatic interaction (Liin et al., 2018). CaM is 

the cytosolic Ca2+-blinding protein and Ca2+ signalling mediator that binds to the C-terminal 

of KCNQ1 and plays an essential role in facilitating activation of KCNQ1 (Chang et al., 2018). 

SGK1 is a gene abundant in cardiac tissue and regulated by a stress hormone, cortisol, and 

therefore its activation stimulates IKs to increase ventricular repolarisation time during stress 

reaction (Strutz-Seebohm et al., 2009).  
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Figure 1.16: The functional role of Kv7 channel in cardiac myocytes.  

The cardiac IKs channel is composed from KCNQ1 and KCNE1 subunits. Activation of the β-adrenergic 

receptor in the signal transduction pathway leading to potentiation of Kv7.1 channel currents. Gα 

activates adenylyl cyclase, increase cAMP, which activates PKA which phosphorylates the Kv7.1 

channel α-subunit at the N-terminus. As a result, activating of this channel contributes to the 

accelerate repolarization of action potential via increased K+ efflux. (Adapted from (Chen et al., 2005)).  
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1.4.4 The pharmacological modulation of IKs 

The Kv7 family of channels has been shown to have important roles in the regulation of 

different excitable cells, including cardiomyocytes, neuronal and vascular tissue. The focus of 

the present study has been on pharmacological modulation of the cardiac IKs, for which, both 

blockers and activators exist. In addition, other members of the KCNQ family have also been 

successfully used as drug targets, such as KCNQ2/3 for epilepsy (Retigabine) and pain 

management (Fluripitine) (summarized in Table 1.7).    

 

1.4.4.1 Pharmacological blockers of the IKs complex  

Given the known deleterious impact of inhibition of IKs, specific blockers are not currently 

used clinically. In early clinical studies, QT prolongation, leading to torsades de pointes, was 

reported after administration of IKs blockers such as mibefradil, indapamide and propafenone 

(Gläser et al., 2001; Guzzini et al., 1990; Hii et al., 1991). These blockers, however, remain 

useful tools that can be used in pre-clinical research to investigate the role of IKs in the 

regulation of cardiac function. Chromanol 293B was considered the first compound for IKs 

block which selectively inhibits KCNQ1 with IC50 value of 6.9 µM in Xenopus oocytes (Busch 

et al., 1996; Gerlach et al., 2001; Lerche et al., 2007). The efficacy of Chromanol 293B is 

increased by the co-expression of β-subunit with KCNQ1 α-subunit, including KCNE1 and 

KCNE3 subunits (Bett et al., 2006). Chromanol 293B showed a 30-fold greater blockage of the 

IKs with the presence of KCNE3 than KCNE1. Recently, it has also been found that 100 µM 

chromanol 293B enhances insulin secretion in mouse pancreas (Liu et al., 2014), however 

given the high concentration, it is likely that this has off-target effects at this concentration. 

A more powerful and selective blocker of the IKs is HMR1556 which inhibits IKs with an IC50 of 

0.074 µM (Gerlach et al., 2001). This pharmacological compound is 100 times more potent in 

blocking the IKs channel than chromanol 293B. Recently, attention has been paid to 

investigate the inhibitory effect of JNJ303, reported as a selective blocker of IKs, with an IC50 

of 0.064 µM (Towart et al., 2009). The interaction between JNJ303 and the KCNQ1/KCNE1 

channel was first examined by Worbel et al. (2013) which found that the inhibitory effect of 

this pharmacological compound depends on the presence of KCNE1 subunit but their effect 

are abolished when KCNQ1 α-subunit is expressed alone (Wrobel, 2013). This is due to a 

conformational change when co-expressed with KCNE1 which provides a binding site for 
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JNJ303. Accordingly, JNJ303 binds to this inhibitory site and does not block the pore-forming 

section of the α subunit of KCNQ1. Therefore, this result suggests that JNJ303 leads to 

incomplete IKs block by stabilising a closed state via this inhibitory site. Linde et al (2010) 

showed that the administration of JNJ303 contributes to produce a major prolongation of QT-

interval in in vivo anesthetized dogs, minipigs and guinea pigs, leading to Torsades de Pointes 

(TdP) arrhythmia (Van der Linde et al., 2010). Albrecht (2017) offers contradictory findings 

about using JNJ303 in in vitro experiments, suggesting that there is a lack of prolongation of 

APD, but with significantly reduced Ca2+ influx (Albrecht, 2017). However, much uncertainty 

still exists about the relation between Ca2+ influx and IKs blockade to generate cardiac 

arrhythmia. There are also some suggestions that clofilium can act as an IKs blocker, causing 

TdP arrhythmia in anesthetized rabbits (Varnum et al., 1993; Batey and Coker, 2002). 

Interestingly, the effect of this drug also appears to block other members of KCNQ family such 

as KCNQ2, KCNQ5, and KCNQ2/KCNQ3 (Batey and Coker, 2002; de los Angeles Tejada et al., 

2012).  

 

1.4.4.2 Pharmacological activators of the IKs complex  

The first selective, and currently the most potent, activator of the Kv7.1 channel is ML277. As 

reported by Yu et al (2013), the effect of this pharmacological compound was examined using 

a CHO cell line with different expressed ratios for the KCNQ1:KCNE1 complex (Yu et al., 

2013b). The results presented by Yu et al. (2013) showed a significant effect of ML277 on 

KCNQ1 channel subunits expressed alone with an EC50 = 0.26 μM whereas the augmentation 

effect of ML277 was less significant with progressive increases in KCNQ1:KCNE1 

stoichiometry. It has been hypothesised that the presence of KCNE1 may decrease the 

efficacy of ML277 binding. Similarly, Xu et al (2015) found that ML277 led to an augmented 

activation of IKs and subsequently shortening APDs using human-induced pluripotent stem 

cell (iPSC)-derived cardiomyocytes and guinea pig cardiomyocytes (Xu et al., 2015). A recent 

study of the effects of ML277 on KCNQ1 have highlighted the electrophysiological alterations 

in cardiomyocytes, including modulation in voltage-dependence of activation, inactivation 

kinetics, and the permeability of K+ efflux (Hou et al., 2019). The sensitivity of IKs in 

cardiomyocytes to ML277 suggests that the native IKs are not always saturated with KCNE1 

and therefore this pharmacological compound could be considered as a therapeutic approach 

to treat long QT syndrome (Hou et al., 2019). Other IKs activators, 4,40-
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diisothiocyanatostilbene-2,20-disulfonic acid (DIDS) and mefenamic acid, have been 

identified as chloride channel inhibitors and can increase IKs in Xenopus Oocytes (Abbott et 

al., 1999; Busch et al., 1994; Abitbol et al., 1999). IKs properties are significantly changed by 

ML277, including a negative shift in the voltage-dependence of activation by 17 mV, and 

slowed inactivation of KCNQ1 currents. Importantly, applying these agents in the presence of 

KCNE1 with KCNQ1 subunits leads to strong amplification of electrophysiological changes. For 

instance, there has been a reported increase of IKs amplitude by 2.5 times and a shift in the 

voltage-dependence of activation to more negative by 30 mV (Abitbol et al., 1999). 

 

Other pharmacological activators include R-L3 or L-364 373, benzodiazepines (Salata et al., 

1998; Seebohm et al., 2003a) and zinc pyrithione (ZnPy) (Surti and Jan, 2005). These drugs, 

however, activate the KCNQ1 channel and could affect other members of the Kv7 channel, 

but their effects are limited when KCNQ1 is co-expressed with KCNE1, consequently, these 

compounds may have limited effects on the cardiac IKs.        

   

Table 1.7: Pharmacological modulators acting on Kv7 channels, including blockers and 
activators.   

Pharmacological agent Target channels Effects 

Experimental 

application in in vivo 

and their clinical uses 

Pharmacological blockers 

Chromanol 293B KCNQ1+KCNE1, KCNQ1+KCNE3, 

KCNQ1 alone (less efficacy)   

-Inhibit 90% of KCNQ1 at 30 µM  

-Inhibit 10% of other members 

of KCNQ family at 100 µM 

enhance insulin secretion in 

mice (1) 

HMR1556 KCNQ1+KCNE1, KCNQ1 alone 

(less efficacy)   

IC50 of 0.074 µM no longer clinically used (2) 

JNJ303 KCNQ1+KCNE1, KCNQ1 alone 

(less efficacy)   

IC50 of 0.064 µM  prolongation of QT-interval 

in in vivo anesthetized dogs, 

minipigs and guinea pigs (3,4) 

Clofilium KCNQ1+KCNE1, KCNQ2, KCNQ5, 

KCNQ2/KCNQ3 

 causing TdP arrhythmia in 

anesthetized rabbits (5,6) 

XE991 All KCNQ family At different ranges IC50=0.8 µM 

(KCNQ1), 0.71 µM (KCNQ2), <50 

µM (KCNQ3), 2.4 µM (KCNQ4), 

65 µM (KCNQ5), 0.6 µM 

(KCNQ2/KCNQ3) 

neurotransmitter 
release enhancer (7,8,9) 
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Linopirdine All KCNQ family At different ranges IC50=8.9 µM 

(KCNQ1), 4.8 µM (KCNQ2), 4.8 

µM (KCNQ3), 14-200 µM 

(KCNQ4), 16-51.3 µM (KCNQ5); 

4.0 µM (KCNQ2/KCNQ3) 

Increase vascular resistance 

and blood pressure, useful 

to treat dementia (10,11) 

Pharmacological activators 

ML277 KCNQ1+KCNE1 (The effect is 

gradually attenuated with 

progressive increase in 

KCNQ1:KCNE1 stoichiometry)  

EC50= 0.26 μM Anti-arrhythmic (12) 

DIDS and Mefenamic 

acid (Cl- channel 

blockers) 

KCNQ1, KCNQ1+KCNE1 Current potentiation  -  not clinically used  

-  negative shift in the 

voltage-dependence of 

activation by 17 mV, and 

slow the inactivation (in the 

presence of KCNQ1 alone). 

- ↑current amplitude by 

2.5 times and shifting the 

voltage-dependence of 

activation to more negative 

by 30 mV (in the presence 

of KCNQ1+KCNE1). (13) 

R-L3 or L-364 373 KCNQ1 alone, KCNQ1+KCNE1 

(less efficacy)   

Current potentiation -  not clinically used  

-  hyperpolarizing shift in 

the voltage-dependence of 

activation and slow the 

inactivation kinetic (14,15) 

zinc pyrithione (ZnPy) All KCNQ family except KCNQ3, 

KCNQ2/KCNQ3  

Current potentiation, primarily 

an ionophore for zinc 

-  not clinically used  

- hyperpolarizing shift in the 

voltage-dependence of 

activation by 25 mV and 

slow the deactivation kinetic 

(16,17) 

Retigabine All KCNQ family except KCNQ1, 

KCNQ2/KCNQ3 

At different ranges EC50=2.51 

µM (KCNQ2), 0.6 µM (KCNQ3), 

5.25 µM (KCNQ4) 

Many clinical uses (such as 

antidepressant (18), 

anxiolytic (19), antimanic (20), 

antihypertensive (21), 

attenuation inflammation 

pain (22), decrease stroke 

induced brain damage (23))  

Flupirtine All KCNQ family except KCNQ1  Many clinical uses (such as 

antidepressant (18), reduce 

memory damage (24), reduce 

the addiction to cocaine (25), 

decrease pulmonary 

hypertension (26,27), decrease 
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stroke induced brain 

damage (28)) 

(Liu et al., 2014)(1); (Gerlach et al., 2001)(2); (Towart et al., 2009)(3); (Van der Linde et al., 2010)(4); (Varnum et al., 
1993)(5); (Batey and Coker, 2002)(6); (Wang et al., 2000)(7); (Song et al., 2009)(8); (Zaczek et al., 1998)(9); (Chorvat 
et al., 1998)(10);(Mackie and Byron, 2008)(11); (Hou et al., 2019)(12); (Abitbol et al., 1999)(13); (Salata et al., 
1998)(14);(Seebohm et al., 2003a)(15); (Surti and Jan, 2005)(16); (Xiong et al., 2007)(17) ; (Friedman et al., 2016)(18); 
(Korsgaard et al., 2005)(19); (Redrobe and Nielsen, 2009)(20);(Fretwell and Woolard, 2013)(21); (Hayashi et al., 
2014)(22); (Bierbower et al., 2015)(23); (Huang et al., 2015)(24); (Mooney and Rawls, 2017)(25); (Morecroft et al., 
2009)(26); (Sedivy et al., 2015)(27); (Block et al., 1997)(28)  

 

1.5 The modulation of cardiac action potential in disease conditions  

1.5.1 Acute coronary syndrome  

Acute coronary syndrome (ACS) is a broad term referring to several clinical symptoms, 

including unstable angina (UA), myocardial infarction (MI) and sudden cardiac death (SCD) 

(Kumar and Cannon, 2009). In general, coronary artery disease (CAD) is the most serious 

cardiac disorder that leads to ACS. The pathophysiological mechanism of CAD involves the 

rupture of atherosclerotic plaques on the internal surface of the coronary lumen, which 

triggers the activation of platelets and the coagulation cascade (Naghavi et al., 2003). This 

atherosclerotic plaque consists of cells, connective tissues, lipid, immune cells and blood-

borne inflammatory cells. This occlusion interrupts blood flow into the downstream 

myocardial tissue, which causes deleterious effects on the cardiac muscle, such as reduced 

efficiency of cardiac contractility and electrical instability. These effects are due to insufficient 

oxygen supply and increase of energy consumption. 

 

UA is caused by transient and partial blockage of the coronary artery due to spasms, leading 

to a reduction in blood flow. On the other hand, MI is caused by narrowing of the coronary 

artery due to a fixed atherosclerotic plaque. Generally, MIs are classified into two types: ST-

segment elevation myocardial infarction (STEMI), which occurs as a result of a completely 

occluded coronary artery, and non-ST-segment elevation myocardial infarction (NSTEMI), 

which is due to intermittent coronary occlusion. To differentiate between MI types, 

electrocardiograms (ECGs) can be used to diagnose the presence or absence of elevation in 

the baseline between the S and T segments on ECG leads. 

ACS is the leading cause of mortality and morbidity worldwide, especially among patients with 

risk factors such as diabetes and hypertension (O’gara et al., 2013). In 2019, the World Health 
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Organization (WHO) reported that approximately 17.9 million people died from sudden 

occurrences of cardiovascular disease (WHO, 2021). Specifically, in the United Kingdom, over 

160,000 people die per year, with more males than females affected (BHF, 2021). According 

to the latest statistical study by the British Heart Foundation (BHF), the mortality rate 

declining by more than half due to the effective use of preventative therapies and advanced 

control of risk factors (Ibáñez et al., 2015; BHF, 2021). Despite a downward trend in the 

incidence of CAD, 50% of patients are classified as being at a high risk of death as time 

progresses. This is a consequence of damage resulting from ongoing intermittent ischaemia 

and reperfusion (I/R) injury. Hence, it is essential to protect the cardiac muscle from damage 

that could continue in the myocardium, even after the initial ischaemic insult. 

 

1.5.2 Ischaemic and reperfusion injury  

1.5.2.1 Ischaemic injury  

During ischaemia, the cardiac muscle is subjected to inadequate blood perfusion, resulting in 

an insufficient supply of nutrient- and oxygen-containing blood. As a consequence, the 

intracellular adenosine triphosphate (ATP) level declines due to a lack of oxygen and 

metabolic substrates, leading to the impairment of ion homeostasis and therefore causing 

contractile dysfunction (Dutta et al., 2017; Klabunde, 2017). To maintain the ATP level 

required for muscular contraction, anaerobic glycolysis becomes the main source of ATP 

instead of the aerobic metabolic pathway (Xiao and Allen, 1999). Although this anaerobic 

pathway produces ATP, intracellular lactate and acidosis (H+) is increased, which activates the 

sodium/hydrogen exchanger (NHE) to extrude H+. However, this causes an elevation of 

intracellular Na+. Additionally, the reduction in ATP levels lowers the activity of ATP-

dependent ion pumps, including Na+/K+ ATPase, sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) and plasma membrane Ca2+ ATPase (PMCA). The inhibition of the Na+/K+ ATPase 

pump causes elevations in intracellular Na+ and extracellular K+. The rise in extracellular K+ 

shifts the membrane potential to a more positive level, rapidly reaching the threshold for 

activation and causing ventricular depolarisation (Kleber, 1983). Elevation of intracellular Na+ 

due to the impairment of Na+/K+ ATPase activates a reverse mode of the sodium-calcium 

exchanger (NCX), in which the efflux of Na+ ions is coupled with the influx of Ca2+ ions in a 3:1 

ratio. This Ca2+ influx, in combination with the impaired function of SERCA and PMCA, results 
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in an increase in intracellular Ca2+ concentrations. The accumulation of intracellular Ca2+ with 

ATP depletion during ischaemia contributes to large ischaemic insults, which result in 

irreversible cell injury and tissue death. 

 

1.5.2.2 Reperfusion injury 

The restoration of blood perfusion into the stenosed coronary artery is known as reperfusion, 

which is essential to minimise the harmful impacts of myocardial ischaemia (Ye et al., 2019). 

The rapid application of reperfusion therapy limits myocardial damage after a period of 

ischaemic conditions. The reperfusion therapy can be performed via two methods: 

pharmacological and mechanical. For patients presenting with MI, the most effective method 

is mechanical reperfusion, which is achieved by providing percutaneous coronary 

intervention (PCI). PCI is considered an invasive therapeutic technique that leads to reopening 

of the occluded artery and provides rapid restoration of coronary perfusion. According to the 

European Society of Cardiology (ESC), successful outcomes are achieved when PCI is 

performed within 90 minutes after a positive ACS diagnosis (Ibáñez et al., 2015). For patients 

with UA, NSTEMI or those with a delay in implementing PCI, thrombolytic/fibrinolytic therapy 

could be considered within 30 minutes of diagnosis. According to randomised control trials 

(RCTs) in a large sample of acute MI patients treated with fibrinolytic agents, this 

pharmacological approach reduced short-term mortality by approximately 25% (Trialists, 

1994). 

 

Although successful outcomes are often reported in ACS patients after mechanical and 

pharmacological reperfusion therapy, around 20% of patients suffer from recurrent 

myocardial damage, which is termed reperfusion injury (Figure 1.17) (Yellon and Hausenloy, 

2007). The myocardial reperfusion injury can manifest as any of four forms of damage: 

reperfusion-induced arrhythmias, myocardial stunning, microvascular obstruction (MVO) and 

reperfusion-induced necrotic cells (Hausenloy and Yellon, 2013). 

Reperfusion-induced arrhythmias result from the restoration of ATP production. This restores 

the activity of the SERCA pump, allowing excess intracellular Ca2+ to be pumped into the 

sarcoplasmic reticulum (SR). Subsequently, the excessive intracellular Ca2+ leaves the SR via 

the opening of ryanodine receptor 2 (RyR2). The large quantities of intracellular Ca2+ trigger 

the NCX current, which depolarises the diastolic membrane potential via the permission of 
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Ca2+ efflux. This transient depolarisation is known as a delayed afterdepolarisation (DAD) (Liu 

et al., 2015). The second form of reperfusion injury is myocardial stunning, which is a 

reversible contractile dysfunction after reopening of the coronary artery after a long period 

of ischaemia. The third form, MVO, results from ongoing obstruction of the coronary 

microcirculation. The microcirculatory network comprises branching vessels, which play a 

critical role in the myocardial supply of nutrients and oxygen. Patients may suffer from 

recurrent stenosis due to embolisation or microvascular impairment. These microemboli lead 

to occlusion of the microcirculation, resulting in ongoing intermittent ischaemia and 

reperfusion injury. The last form of reperfusion injury, which is the most serious and lethal 

form, manifests as the death of viable cells, even though these cells were functionally 

contractile at the end of the initial ischaemic event. In the heart, the vast majority of this cell 

death occurs due to opening of the mitochondrial permeability transition pore (mPTPs), 

which causes cell swelling and apoptosis (Halestrap et al., 2004). These detrimental impacts 

of I/R injury suggest that the essential targets for cardioprotection should be against 

ischaemia; these follow a common underlying mechanism of reducing cellular excitability and 

understanding the cellular mechanisms behind I/R injury with the aim of exploring the 

potential of new cardioprotective drugs. 
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Figure 1.17: The modulation of ion homeostasis and therefore cardiac action potential during 
ischaemic and reperfusion injury.  

During acute myocardial ischaemia, the absence of oxygen (1) switches cell metabolism to anaerobic 
glycolysis (2A), resulting in the production of lactate and a reduction in intracellular pH (3). This induces 
the Na+/H+ exchanger (4) to extrude H+ and results in intracellular Na+ overload (5), which activates 
the NCX exchanger (6) to function in reverse to extrude Na+ leading to intracellular Ca2+ overload (7). 
The PMCA (2B), SERCA (2C) and Na+/K+ ATPase (2D), cease to function in ischaemia, exacerbating 
intracellular Na+ overload and result in intracellular Ca2+ overload. Therefore, this Ca2+ overload 
activates sarcoKATP channels to extrude K+, resulting hyperkalemia (8) and arrythmogenesis (9). The 
acidic conditions during ischaemia prevent the opening of the the mitochondrial permeability 
transition pores (mPTP) and cardiomyocyte hypercontracture at this time.  

During reperfusion, the electron transport chain is reactivated (1), resulting in the restoration of 
intracellular pH (2A). Generation of ROS mediates myocardial reperfusion injury by inducing the 
opening of the mPTP. This contributes to intracellular Ca2+ overload (3) which activates the NCX 
exchanger (4(i)) to function in forward mode to extrude Ca2+. The reactivation of the Na+/H+ exchanger 
(3) in washout of lactic acid, resulting in the rapid restoration of physiological pH, which releases the 
inhibitory effect on mPTP opening (4(ii)) and cardiomyocyte contracture. The reactivation of SERCA 
(2B) contributes to SR Ca2+ overload in reperfusion which may induce spontaneous Ca2+-release events. 
The Na+/K+ ATPase (5) in reperfusion works to restore the Na+ and K+ gradients, but may play a role in 
arrythmogenesis by restoring the Na+ gradient so increasing the driving force on Na+ influx. (Adapted 
from (Hausenloy and Yellon, 2013)).    

 

1.6 Cardioprotection  

1.6.1 Definition  

Myocardial protection is achieved by different cardioprotective interventions to attenuate 

the injury resulting from myocardial ischaemia and to maximise the benefits of reperfusion 

therapy. The term cardioprotection is defined as any stimulus which activates intracellular 

signalling pathways to protect the heart from damage due to a major ischaemic event. There 

are different methods of conferring cardioprotection and limiting the size of the myocardial 

infarct, including ischaemic pre-conditioning (IPC), ischaemic post-conditioning (IPostC), 

remote ischaemic conditioning (RIC) and certain cardioprotective drugs. 

 

1.6.2 Ischaemic conditioning 

1.6.2.1 Ischaemic preconditioning 

The cardioprotection phenomenon was first described in pre-clinical animal models by Murry 

et al. (1986), who used short periods of ischaemia prior to a major ischaemic event to impart 

protection. They determined that there are two windows of protection: an early window, 
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which continues for several hours after the initial period of reperfusion, and a delayed second 

window of protection, which lasts 24 to 72 hours. This experimental phenomenon is known 

as IPC, which is triggered by repeated cycles of five minutes of coronary artery occlusion and 

five minutes of reperfusion before a sustained occlusion of the same coronary artery for 40 

minutes (Murry et al., 1986). The cardioprotective effect is observed as a reduction in infarct 

size following the major ischaemic insult. 

 

This preconditioning is believed to occur due to a delay in ATP depletion, a reduction in 

oxygen consumption and preservation of the intracellular structure of cardiomyocytes (Murry 

et al., 1986; Kitakaze, 2010). This result is in good agreement with observational studies on 

patients suffering multiple recurrent episodes of myocardial angina prior to an acute 

myocardial infarction, which showed delays in cell death after the onset of complete coronary 

occlusion (Ahmed et al., 2012; Lønborg et al., 2012b). However, the application of IPC is 

limited in the clinical setting among ACS patients because these clinical conditions are 

unpredictable events; therefore, research has focused on understanding the mechanisms of 

IPC. Despite nearly 40 years of research, the complete mechanisms of IPC are not fully 

understood and have not been translated into cardioprotective benefits in a clinical setting. 

A potential reason for the poor translation of the preclinical data is that results obtained from 

animal models did not undergo a stress response that would be seen in humans because 

these models are in controlled conditions. In clinical settings, patients with acute myocardial 

infarction undergo immense stress as they are rarely sedated prior to an infarct, and therefore 

cellular pathways could be altered by this stress response.  This preconditioning is believed 

to occur due to a delay in ATP depletion, a reduction in oxygen consumption and preservation 

of the intracellular structure of cardiomyocytes (Murry et al., 1986; Kitakaze, 2010). This 

result is in good agreement with observational studies on patients suffering multiple 

recurrent episodes of myocardial angina prior to an acute myocardial infarction, which 

showed delays in cell death after the onset of complete coronary occlusion (Ahmed et al., 

2012; Lønborg et al., 2012b). However, the application of IPC is limited in the clinical setting 

among ACS patients because these clinical conditions are unpredictable events; therefore, 

research has focused on understanding the mechanisms of IPC. Despite nearly 40 years of 

research, the complete mechanisms of IPC are not fully understood and have not been 

translated into cardioprotective benefits in a clinical setting. A potential reason for the poor 
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translation of the preclinical data is that results obtained from animal models did not undergo 

a stress response that would be seen in humans because these models are in controlled 

conditions. In clinical practices relating, patients with acute myocardial infarction undergo 

immense stress as they are rarely sedated prior to an infarct, and therefore cellular pathways 

could be altered by this stress response.    

  

1.6.2.2 Ischaemic postconditioning 

The technique of applying intermittent short periods of ischaemia during the reperfusion 

period was investigated by Zhao et al. (2003) and is termed ischaemic postconditioning 

(IPostC). This form of protection was applied after three hours of total coronary occlusion, 

using a protocol of three repeated cycles of 30 seconds of reperfusion and 30 seconds of re-

occlusion. The cardioprotective effect was achieved by attenuating the reperfusion injury’s 

effect on infarct size. 

 

With regard to the use of IPostC at the time of reperfusion, its translation into clinical use has 

been the primary goal of research in recent years. To evoke IPostC clinically, rapid repetitive 

ischaemia is performed by inflating a balloon multiple times at the onset of reperfusion during 

PCI and subsequently assessing biomarker levels. A recent systematic review and meta-

analysis suggested that IPostC confers cardioprotection via reduction of final infarct size as 

evaluated by biomarkers of myocardial injury, such as the area under the serum creatine 

kinase curve (CK-AUC) (Touboul et al., 2015). Although the benefits of IPostC have been 

documented in humans, its cardioprotective effects can only be realised by patients who 

undergo reperfusion by PCI and not by those who achieve reperfusion using thrombolytic 

therapy. 

 

1.6.2.3 Remote ischaemic conditioning  

The application of a brief period of ischaemia and subsequent reperfusion in a limb (such as 

the forearm) or internal organs (such as via the renal or mesenteric arteries) provides 

cardioprotective effects, and this is known as remote ischaemic conditioning (RIC) as it is 

“remote” to the organ intended for protection (Hausenloy and Yellon, 2008). Recently, 

cardioprotective effects of RIC have been observed in animal models, which showed a 
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reduction in infarct size after applying transient ischaemia to organs or limbs at a distance 

from the heart (Bromage et al., 2017). In the setting of human patients undergoing coronary 

artery bypass graft (CABG) surgery, the application of RIC via three intermittent cycles of 

inflation of an automated cuff on the right upper arm, followed by three cycles of cuff 

deflation, induces a cardioprotective signal in the myocardium. This beneficial effect is 

documented as reductions in infarct size, troponin T release and reperfusion arrythmias 

(Hausenloy and Yellon, 2008). Despite the promising effects of RIC in both animal models and 

human patients, recent clinical outcome data from the Effect of Remote Ischaemic 

Conditioning in Coronary Artery Bypass Graft (ERICCA) study suggested that application of the 

transient arm ischaemia-reperfusion protocol did not confer a cardioprotective effect 

(Hausenloy et al., 2016b). 

 

1.6.2.4 Cardioprotective drugs 

Cardioprotective drugs can be used to target various endogenous signalling pathways 

pharmacologically to reduce I/R injury. Several therapeutic agents may mimic endogenous 

ischaemic conditions and have been tested in animals and humans. Most of their pre-clinical 

studies have yielded positive results in terms of improvement of infarct size. However, many 

of the pharmacological agents (summarised in Table 1.8) that were initially shown to be 

beneficial in animal models subsequently failed to be translated into routine clinical practice 

for cardioprotection. This poor translation reflects the complexity of understanding the 

mechanisms of cardioprotection. Several barriers exist which may account for the failure of 

translation. The vast majority of pre-clinical studies was done at ex vivo models which leads 

to a lack of physiological interaction such as intact nervous system and a circulation required 

to ideally model ischaemic tolerance. Critically, animal studies most commonly use juvenile, 

healthy animals. These may be a poor representative of the elderly diabetic, hypertensive, 

vascular disease patients who are at increased risk of acute myocardial infarction. The cardiac 

ion channels distribution and function show most similarity among large mammals, such as 

dog, pig, rabbit and human (Joukar, 2021). However, the high costs of working on large 

mammals, and the ethical implications, mean that many studies are limited to the use of 

rodents in many cardioprotective research studies. So, the best model for cardioprotection is 

large mammals, and in vivo models of disease. 
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Table 1.8: A summary of preclinical and clinical trials for certain potentially cardioprotective 
drugs aimed at mimicking ischaemic conditioning 

Agent Indication/ 
Mechanisms 

Pre-clinical testing Clinical testing 

Cyclosporine A Immunosuppressant 
drug which inhibits T-
cell activation and 
the opening of mPTP 

Most animals 
studied had a 
reduction in final 
infarct size (1,2)  

A recent large study suggested that 
there was no beneficial effect on 
the infarct size when administrated 
to patients prior to PCI (3,4)  

Adenosine Nitric oxide and 
protein kinase G 
(PKG)  

When given prior to 
an ischaemic event, 
it reduced infarct 
sizes (5)  

1. The AMISTAD trial demonstrated 
the cardioprotective effect of 
adenosine (via intravenous infusion 
with thrombolysis) on infarct size (6)  
2. The AMISTAD-II trial showed no 
clinical benefit of adenosine when 
given at the time of reperfusion, 
although it did reduce anterior 
infarct size (7)  
3. Administration of adenosine with 
intracoronary boluses at the time of 
PCI did not show cardioprotective 
effects (8)  
Despite large clinical trials on the 
cardioprotective effect of 
adenosine, no studies to date have 
demonstrated that the effective 
dose of adenosine causes a 
meaningful effect on infarct size. 

Nicorandil KATP channel opener 
and vasodilator, used 
as a second-line 
therapy for angina 

Animal studies have 
documented a 
reduction in infarct 
size when Nicorandil 
is administered 
(9,10,11)  

Nicorandil showed a possible effect 
in humans by reducing heart failure 
and myocardial arrythmia but had 
no impact on infarct size (12,13,14)  

Glucagon-like 
peptide-1 (GLP-1) 
(E.g., exenatide) 

Incretin hormone 
that reduces plasma 
glucose levels 

Exenatide reduces 
the infarct size in 
isolated hearts in an 
animal model (15,16)  

In some clinical studies, it has been 
documented that exenatide 
reduced infarct size by 30% if given 
to patients who had suffered a brief 
ischaemic event (17). Additionally, 
exenatide improved myocardial 
salvage by 15% (18). However, it was 
later shown that exenatide failed to 
provide a protective effect in ACS 
patients (19). 

Glucose-insulin-
potassium (GIK) 

Induction of the 
glycolysis pathway  

Some pre-clinical 
studies suggested 
that GIK has a 
cardioprotective 
effect by slowing the 
progression of I/R 
injury (20)  

The IMMEDIATE trial tested the 
administration of pre-hospital 
suspected ACS patients with GIK 
infusion, showing a reduction in 
infarct size but no effect on 
mortality (21) In contrast, the largest 
clinical trial (CREATE-ECLA) testing 
the effect of GIK on mortality in ACS 
patients concluded that GIK had no 
benefit in this group (22) Therefore, 



   
 

76 
 

the clinical outcome of GIK-
mediated cardioprotection remains 
controversial and incomplete. 

Metoprolol Beta-blocker therapy The administration 
of metoprolol caused 
a reduction in infarct 
size in animal hearts 
(23)  

The METOCARD-CNIC trial showed 
a reduction in infarct size and 
preserved left ventricular function 
if given in the ambulance prior to 
PCI or prior to reperfusion (24,25). 
However, the EARLY BAMI trial, 
which tested the effect of 
metoprolol when administrated by 
an intravenous catheter 
immediately prior to PCI, 
demonstrated no beneficial effect 
on infarct size (26). 

(Argaud et al., 2005)(1); (Lim et al., 2012)(2); (Piot et al., 2008)(3); (Cung et al., 2015)(4), (Liu et al., 1991)(5); 
(Mahaffey et al., 1999)(6); (Ross et al., 2005)(7); (Desmet et al., 2011)(8); (Mizumura et al., 1996)(9); (Imagawa et 
al., 1998)(10); (Lenz et al., 2021)(11); (Kitakaze et al., 2007)(12); (Wu et al., 2013)(13); (Campo et al., 2017)(14); 
(Sonne et al., 2008)(15); (Timmers et al., 2009)(16); (Lønborg et al., 2012a)(17); (Lønborg et al., 2012c)(18); (Roos et 
al., 2016)(19); (Grossman et al., 2013)(20); (Selker et al., 2012)(21); (Mehta et al., 2005)(22); (Ibanez et al., 2007)(23); 
(Ibanez et al., 2013)(24); (Pizarro et al., 2014)(25); (Roolvink et al., 2016)(26)   

 

1.6.3 The mechanisms of cardioprotection  

The mechanisms of cardioprotection are still not completely understood, but a large amount 

of research has been carried out in an attempt to elucidate these mechanisms. Although the 

mechanisms underlying these mediators of protection are still unclear, it is agreed that 

protein kinase C (PKC) plays a central role (Eisen et al., 2004). The PKC isoforms believed to 

be involved in cardioprotection include PKCε, which is activated prior to ischaemia to impart 

protection, and PKCδ, which is inhibited at the onset of reperfusion to prevent damage from 

reperfusion injury; these isoforms are both from the “novel” family. This notion is supported 

by several studies revealed that cardioprotection was abolished in animals after deleting 

cardiac PKCε, as demonstrated by the absence of improvement in final infarct size (Ytrehus 

et al., 1994; Inagaki et al., 2005; Weinbrenner et al., 2002). Therefore, the protection is 

mediated by PKCε-induced regulation of SarcoKATP channels, MitoKATP channels and connexin 

(Cx)43 (Budas et al., 2007). The opening of SarcoKATP channels can provide protection via the 

reduction of Ca2+ accumulation by allowing K+ efflux and shortening cardiac action potentials 

(Noma, 1983). Additionally, the opening of MitoKATP channels can impart cardioprotection by 

different methods, including reduction of mitochondrial Ca2+ overload, inhibition of mPTP 
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opening and generation of ROS. Furthermore, PKCε can inhibit Cx43, which is the main 

component of gap junctions, and can therefore inhibit the progression of myocardial injury. 

Thus, the PKC signalling pathway is the main target of cardioprotection, leading to reductions 

in infarct size, necrosis and apoptosis (Hausenloy et al., 2009). 

 

Ischaemic conditioning activates three main signalling pathways to initiate cardioprotection, 

including the cyclic guanosine monophosphate/cGMP-dependent protein kinase (cGMP/PKG) 

pathway, the reperfusion injury salvage kinase (RISK) pathway, and the survivor activating 

factor enhancement (SAFE) pathway (Burley et al., 2007; Hausenloy and Yellon, 2004; Lecour, 

2009) (Figure 1.18). These pathways are activated at different time post myocardial ischaemia 

which in turn support myocardial survival: early and late cardioprotective factors. In the 

following sections, the mechanisms of these signalling pathways are discussed.   

 

1.6.3.1 The cyclic guanosine monophosphate/cGMP-dependent protein kinase (cGMP/PKG) 

pathway 

During the early phase (several hours) of myocardial ischaemia, several ligands are released, 

including adenosine, bradykinin, opioids, angiotensin, acetylcholine and catecholamines 

(Hausenloy et al., 2016a). These ligands can act on G-protein-coupled receptors (GPCR) to 

activate intracellular signalling pathways, including phosphoinositide 3 kinase (PI3K), PKC, and 

mitochondrial KATP which play an essential role in the suppression of cell death and improve 

the cell survival (Vinten-Johansen et al., 2007; Krieg et al., 2002). For instance, adenosine is 

rapidly accumulated during myocardial ischaemia which can interact with GPCR and activate 

the phosphoinositide-specific phospholipase C (PLC) signalling pathway (Liu, 2007). PLC 

enzymes hydrolyse phosphatidylinositol-4,5-bisphosphate (PIP2) and generate the 

messengers, diacylglycerol and inositol-1,4,5-trisphosphate (IP3) which resulting in increase 

in intracellular calcium and activation of PKC (Weernink et al., 2007).  

 

In either case, there is increased in the production of exogenous NO which has been recently 

shown to play an important role in imparting cardioprotection against ischaemia/reperfusion 

injury (Sun et al., 2007). NO activates soluble guanylyl cyclase (sGC), localised in the cytosol, 

which generates cyclic guanosine 3’, 5’-monophosphate (cGMP) from cytosolic purine 

nucleotide guanosine triphosphate (GTP) (Lucas et al., 2000). cGMP is an intracellular second 
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messenger which plays an important role in the regulation of physiological process in the 

myocardium. Once produced, cGMP targets cGMP-dependent protein kinases (PKGs) to 

reduce I/R injury (Hofmann et al., 2000). PKG interacts with PKC to mediate the opening of 

mitochondrial KATP channels with subsequent inhibiting of mPTP (Burley et al., 2007).   

 

1.6.3.2 The reperfusion injury salvage kinase (RISK) pathway 

Following the early period of myocardial ischaemia, there are late cardioprotective factors 

activated within several days after myocardial ischaemia. The definitive mechanism by which 

this occurs is unclear, however, its known to involve a number of growth factors and may 

contribute to cardioprotection from ischaemic injury and enhancing myocardial reperfusion 

via activating cell survival mechanisms (Torella et al., 2007; Ellison et al., 2006). The first group 

of pro-survival protein kinases was described by Yellon’s group, often referred to as the 

Reperfusion Injury Salvage Kinase (RISK) pathway (Hausenloy et al., 2011; Rossello and Yellon, 

2018; Schulman et al., 2002). The RISK pathway refers to a group of late-phase 

cardioprotective factors which combines two parallel cascades: the phosphatidylinositol 3-

kinase-protein kinase B (PI3K-AKT) and extracellular signal-regulated kinase 1/2 (ERK1/2). 

These kinases are initially stimulated by the activation of GPCRs or EGFR, which ultimately 

regulates downstream components such as glycogen synthase kinase 3β (GSK-3β) and 

endothelial nitric oxide (eNOS). The phosphorylation of eNOS via PI3K-AKT is pivotal in PKCε 

activation to impart cardioprotection (Le Good et al., 1998). Similarly, the importance of 

phosphorylation of GSK-3β via ERK1/2 signalling pathway was documented in ischaemic 

conditioning, which ultimately acts to inhibit mPTP and therefore promoting myocardial 

reperfusion (Hausenloy et al., 2003).   

 

1.6.3.3 The survivor activating factor enhancement (SAFE) pathway 

The survivor activating factor enhancement (SAFE) pathway was discovered as a second group 

of pro-survival signalling pathway which activated specifically at the time of reperfusion 

(Lecour et al., 2005; Lecour, 2009). The SAFE pathway is initiated by binding of Tumour 

necrosis factor alpha (TNF-α) to TNF receptor 2 (TNFR2) on the cell surface, leading to 

activation of Janus kinase (JAK) and the subsequent phosphorylation of the single transducer 

and activator of transcription 3 (STAT-3). TNF-α is a proinflammatory cytokine that released 
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from inflammatory cells. Although the presence of TNF-α has been linked to pathological 

conditions in the heart, its activation can contribute to the activation of downstream 

protective signalling pathways (Dörge et al., 2002; Lecour, 2009). Phosphorylation of STAT-3 

mediates cardioprotection in two ways; firstly, by translocation to the nucleus where it up-

regulates several cardioprotective factors such as Bcl-2 and vascular endothelial growth 

factor; and secondly, by  phosphorylation of GSK-3β to inhibit mPTP (Boengler et al., 2010; 

Boengler et al., 2013; Meier et al., 2017; Lacerda et al., 2009).  

 

 

 

Figure 1.18: The early- and late- phase cardioprotective signalling pathways in ischaemic 
conditioning.  

There are several signalling pathways which are involved to impart protection against 

ischaemia/reperfusion injury, including the cyclic guanosine monophosphate/cGMP-dependent 

protein kinase (cGMP/PKG) pathway, the reperfusion injury salvage kinase (RISK) pathway, and the 

survivor activating factor enhancement (SAFE) pathway. Cardioprotective factors activated during the 

early phase (several hours) are a group of small molecules from injured cells in response to myocardial 

ischaemia. These factors include, adenosine, opioids, and bradykinin which act on G-protein coupled 

receptors (GPCR) to activate protein kinase C-epsilon (PKCε). cGMP-dependent protein kinases (PKG) 

also phosphorylates at the early phase post myocardial ischaemia, which interacts with PKCε to impart 

cardioprotection. Cardioprotective factors activated during the late phase (several days) post 
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myocardial ischaemia/or at reperfusion are a group of growth factors and cytokines. These factors 

include RISK and SAFE pathways. These cardioprotective factors act through GPCR or receptor tyrosine 

kinases (RTK) to activate the RISK pathway, or through inflammatory cytokines via tumour necrosis 

factor receptor (TNFR) to activate the SAFE pathway. All of these signalling pathways result in the 

inhibition of the mitochondrial permeability transition pore (mPTP) which contribute to attenuate the 

damage from ischaemic and reperfusion injury. (Adapted from (Hausenloy et al., 2016a)). 

      

1.7 Aims and hypotheses  

The overall aim of the present study was to examine the effects of direct channel modulators 

in imparting cardioprotection. By using isolated ventricular myocytes and intact whole-heart, 

this study will be able to investigate whether direct modulation of cardiac potassium currents 

using pharmacological treatments induce changes in the cardiac function by increasing 

repolarising currents and shortening cardiac action potential, and so reducing calcium 

overload in myocardial ischaemia.  

 

To achieve this goal, the Wistar male rat was used as the primary model. The rat heart,  

despite the differences with the human heart in the pattern of K+ channel activation during 

repolarisation, has remarkably similar cardioprotective signalling to humans (Joukar, 2021; 

Behzadi et al., 2018). Guinea pig cardiomyocytes have a much more human-like action 

potential compared to rat, however their coronary circulation is much more branched than 

in humans. It is therefore, very difficult to record coronary ligation-type data in a guinea pig 

compared to rat. Cardioprotection has not, therefore, been widely studied in the guinea pig 

model. Previous studies confirmed that, similar to humans, the heart rhythm and electrical 

signals changes in rats following various pharmacological treatments such as antidepressant 

and vasodilators are similar to human (Farraj et al., 2011).    

 

Previous studies reported that the reduction in the electrical excitability to improve Ca2+ 

accumulation following ischaemic preconditioning imparts cardioprotection which has been 

observed as a slightly shortened action potential duration in cardioprotected cells compared 

to control cells (Murry et al., 1986). So, it has been hypothesised that direct ion channel 

modulators, particularly that modulating repolarising outward K+ currents will mimic the 
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changes seen in electrical activity of cardioprotective stimuli as a mechanism for directly 

imparting cardioprotection pharmacologically.  

 

Hypotheses:  

Activation/potentiation of Kir6.1 containing KATP current and/or IKs in cardiac cells is 

cardioprotective by shortening the cardiac action potential to reduce Ca2+ overload and thus 

could preserve cellular ATP during myocardial ischaemia.   

 

These hypotheses will be examined in the following sections:   

 

1- Pharmacological manipulation of cardiac Kir6.1 containing KATP modulates action 

potential duration to impart protection (as investigated in Chapter 3) 

 

Patch clamp cell-attached recording will be used under normal physiological conditions to 

record the presence of a second KATP channel in the cardiac ventricular myocytes, with a Kir6.1-

pore, other than the classical Kir6.2/SUR2A channel, which may be associated with imparting 

cardioprotection in the early stages of metabolic stress. Patch clamp whole-cell recording will 

be used to measure the cardiac action potential and current modulate by appropriate 

concentrations to pharmacologically activate and block Kir6.1 selectively (such as pinacidil and 

PNU37883). The effect of modulating Kir6.1 containing KATP with pharmacological 

manipulation on calcium homeostasis will then be investigated. The effectiveness of selective 

Kir6.1 activator and inhibition as a cardioprotective/cardiotoxic target will be investigated in 

cellular and whole heart models of ischaemia and reperfusion.   

 

2- Pharmacological potentiation of IKs modulates the cardiac action potential (as shown 

in Chapter 3) 

 

 In this section of work, initial characterisation will involve pharmacological activation and 

inhibition of IKs, such ML277 and JNJ303, to record action potential shortening/prolongation 

using patch clamp whole-cell recording. The modulation of IKs on currents and calcium 

homeostasis will also be investigated.  
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3- Pharmacological potentiation of IKs imparts cardioprotection (as examined in Chapter 

4)       

 

To investigate the cardioprotective effects of IKs potentiation, pharmacological activation of 

the current, such as ML277, will be used to assess to the cellular measures of cardioprotection 

whilst blocker, such as JNJ303, could abolish it. The effect of selective IKs potentiation on 

infarct size will be assessed in a whole heart ex vivo coronary ligation and reperfusion model. 

This study will be the first to selectively activate this current to impart pharmacological 

cardioprotection against myocardial ischaemia/reperfusion injury.  
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Chapter 2 General methods  

2.1 Solutions  

Isolated cardiomyocytes were maintained at room temperature in 2 mmol/L Ca2+ Tyrode’s 

solution (2 CaT). The Tyrode’s solution was comprised of, in mmol/L, 135 NaCl, 5 KCl, 0.33 

NaH2PO4, 10 N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulphonic acid] (HEPES), 5 Glucose, 

15 Mannitol, 5 Na pyruvate, 2 CaCl2, and 1 MgCl2, at pH of 7.4 using NaOH. During cell 

isolation, a nominally Ca2+ free Tyrode’s solution (0-CaT) was used that was similar to 2CaT, 

however with no added CaCl2 and 0.6 mM EGTA added to the solution. Substrate-free 

metabolic inhibition Tyrode’s solution (SFT-MI) was used as part of a metabolic inhibition 

solution. This solution contained, in mmol/L, 140 NaCl, 5 KCl, 0.33 NaH2PO4, 10 HEPES, 20 

Sucrose, 1 MgCl2, 2 CaCl2, pH to 7.4 with NaOH. Metabolic inhibition was used to simulate 

ischaemia (Brennan et al., 2015; Rainbow et al., 2004). To achieve this, 2 mM cyanide and 1 

mM iodoacetic acid was added to SFT-MI solution on the day of the experiment. Sodium 

cyanide is responsible for blocking ATP synthesis at the level of oxidative phosphorylation and 

iodoacetic acid inhibits glycolysis (by inhibition of GAPDH) (Wink, 2010).  

 

2.2 Isolation of cardiomyocytes 

Adult male Wistar rats were used between 300 to 400 g. Animals were killed by concussion 

and cervical dislocation in accordance with the UK Animals (Scientific Procedures) Act 1986. 

To excise the heart, an extended midline surgical incision was performed toward the 

abdominal surface to expose the ribcage. A cut was made along the diaphragm and then along 

the ribs to expose the heart. The heart was then cut out and placed immediately in Ca2+ free 

Tyrode’s solution. The heart was cannulated via the ascending aorta to perfuse the heart in 

retrograde fashion on a Langendorff-type apparatus, using the aortic valve to push solution 

into the coronary circulation (Figure 2.1). The heart was perfused at 37°C at a rate of 8.5 

ml/min. Initially, the heart was perfused with 0-CaT solution for ~6 min to clear the blood and 

to prevent contractions. A 3F polypropylene catheter (Portex, Kent, UK) was inserted in the 

left atrium to the apical part of the left ventricle, allowing drainage to limit pressure build-up. 

The solution was exchanged with enzyme mix in 0-CaT solution 0.5 mg/ml collagenase type II 
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(Sigma), 1.66 mg/ml BSA from factor V albumin and 0.6 mg/ml protease (type XIV 15 % Ca2+) 

for 7-15 min. Good enzymatic perfusion was indicated by swelling of the heart and an 

increasing viscosity of the perfusate. Typically, the enzymatic solution was perfused for 4 or 

8 minutes depending on the cardiac size and quality of the perfusion through the heart. On 

the appearance of rod-shaped cardiomyocytes in the perfusate, the solution was switched 

back to 0CaT for 3 minutes. The heart was then cut into several pieces to increase the surface 

area, and the solution exchanged for 2CaT solution. This solution was discarded, and the 

tissue placed into a conical flask with fresh 2CaT solution, the flask transferred to a shaking 

water bath at 37°C in order to disperse the cardiac cells. After 5 minutes, the cell suspension 

was decanted to a fresh flask, and fresh 2CaT solution was added to the residual tissue. This 

process was repeated until the tissue was completely dispersed. The cell suspension was 

filtered, and placed into 15 ml FalconTM tubes for 10-15 minutes, allowing living cells to 

separate from dead cells by depositing at the bottom of the tubes. The supernatant 

containing dead cells was removed. This wash was repeated by adding 5-10ml of NT and left 

for 10 minutes, and resuspended cells were transferred to dishes with 5-10ml of NT. This 

protocol yielded around 70% rod-shaped cells, these were stored at room temperature and 

used on the day of isolation.  
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Figure 2.1: Diagram to demonstrate the Langendorff perfusion mode for enzymatic isolation 
of ventricular myocytes.  

The Langendorff apparatus was used for the collection of cells from the tissue. A fully digested heart 

was removed from the Langendorff apparatus and then transferred into a Falcon tube to be dissociated 

in a shaking water bath, allowing the cardiomyocytes to be released from the tissue. Following 

isolation, cardiomyocytes were stored in dish containing NT solution at room temperature (using smart 

servier medical art, https://smart.servier.com/). 

 

 

 

https://smart.servier.com/
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2.3 Patch clamp electrophysiology  

The patch clamp technique allows us to measure the membrane potential or the membrane 

currents (Figure 2.2) (Neher and Sakmann, 1976). This is achieved by using an electrolyte-

filled micropipette that can be used to record currents on the surface of the cell (cell-attached 

patch), from the whole cell (the whole cell configuration) or from an isolated patch of 

membrane (excised patch). All of these configurations have in common a micropipette 

formed from a glass capillary with a tip diameter about 1 µm. Micropipettes were pulled from 

thick-walled borosilicate filamented glass (Narishige PC-10, Japan) in a 2-step process. The 

microelectrodes were filled (approximately 1/3rd) with a pipette solution appropriate to the 

experiment being carried out. For whole cell recording the pipette solution approximates the 

intracellular environment, and in the experiments described here contained, in mM, 140 KCl, 

5 EGTA, 10 HEPES, 1 MgCl2, 0.61 CaCl2 (20 nM free Ca2+, calculated using Webmaxchelator), 1 

ATP, 0.1 ADP and 0.1 GTP, KOH was used to titrate pH to 7.4. Extracellular perfusion in these 

experiments was achieved using the standard 2 mM Ca2+ Tyrode’s solution, outlined in section 

2.1. These solutions give an EK of ~-88 mV (assuming 140 mM intracellular K+ ([K+]i)), an ENa of 

~63 mV (assuming 12 mM [Na+]i), and an ECa of ~130 mV (assuming 100 nM [Ca2+]i). For cell-

attached patch recording the solution does not come into contact with the intracellular 

solution. The potassium concentration for the pipette solution was 140 mM, to ensure that 

the EK for the experiment was ~0 mV. The cell-attached solution contained, in mM, 140 KCl, 

5 HEPES, 2 CaCl2, 1 MgCl2, and KOH was used to titrate pH to 7.4.  

 

The recording electrode was formed from a silver/silver chloride wire in the patch pipette, 

whilst the circuit is completed with a Silver/Silver chloride bath electrode. Recordings were 

made using an Axopatch 200B amplifier (Scientifica, UK), with the signal from amplifier 

digitised using a DigiData 1550 (Scientifica, UK). data was recorded to computer using 

pCLAMP10 software (Scientifica, UK). The electrode was positioned using a Siskiyou 

micromanipulator (Siskiyou, Japan). Cardiomyocyte (~50 µl of cell suspension) was placed into 

a heated perfusion chamber (HW-30, Dagan Corp, USA) for ~10 minutes prior to 

experimentation to adhere to the glass coverslip.  Cells were perfused at a rate of ~5 ml/min 

at 30-32°C. With the Dagan HW-30 perfusion system, temperatures of 37 °C caused a number 

of bubbles to form within the perfusion chamber, which would knock cells during patch-clamp 
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recording. This did not happen when the temperature was reduced to 30 - 32°C (Rainbow et 

al., 2004)(Rainbow et al., 2004)(Rainbow et al., 2004)(Rainbow et al., 2004)(Rainbow et al., 

2004)(Rainbow et al., 2004)(Rainbow et al., 2004)(Rainbow et al., 2004)(Rainbow et al., 

2004)(Rainbow et al., 2004)(Rainbow et al., 2004)(Rainbow et al., 2004).  
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Figure 2.2: Diagram to illustrate the arrangement of instruments that were used for patch 
clamp recording.  

Figure showing the outline of the patch-clamp apparatus used in this study. Firstly, the patch-clamp 

amplifier, connected to the digitizer interface, is connected to the computer to record the signals. The 

patch clamp amplifier is then connected via the patch pipette to the cells mounted in the microscope. 

The cells are perfused within the perfusion chamber mounted on the microscope. pCLAMP software 

which provides a membrane test window to detect the quality of the seal. Briefly, a square pulse 

reflected that the pipette position in the solution bath (1), the square pulse getting smaller (2) indicated 

that the electrode down on to the cell which increases the electrical resistance, A near flat line 

represented a good seal and is termed as cell-attached configuration (3), the appearance of significant 

charge and discharge capacitance spikes (4) with additional syringe suction reflected that the whole-

cell access has been achieved (using smart servier medical art, https://smart.servier.com/). 

 

2.3.1 Cell attached patch recording 

In the cell attached configuration, the patch electrode is pushed up to the cell membrane and 

a tight electrical seal between the pipette and the cell membrane is made. A “good” seal is 

recorded in the GΩ range and this cell-attached patch is the starting point for all patch clamp 

configurations.  In this project, the cell-attached configuration was also used to record Kir6.1 

and kir6.2 channel activity in cardiomyocytes. Having achieved a GΩ seal, the patch electrode 

was held at +40 mV. In the cell attached recording mode, the patch electrode does not control 

the whole membrane, and so only the patch of membrane in the tip of the electrode is 

controlled. The holding potential across the patch of membrane is the sum of the whole cell 

resting membrane potential and the pipette potential. With a holding potential of +40 mV, 

the inside of the cell is -40 mV, plus an assumed membrane potential of ~-70 to -80 mV means 

that the holding potential on the patch of membrane is ~-110 to -120 mV. At this negative 

potential there should be limited activity of any voltage-gated currents. Kir current, however, 

will be active at these potentials and can be distinguished by their conductance. Kir6.1 has a 

conductance of ~40 pS, Kir6.2 ~80 pS and Kir2.x ~20-30 pS (Bao et al., 2011; Isomoto et al., 

1996; Repunte et al., 1999; Roeper, 2001).   

 

2.3.2 Whole cell recording of currents 

From a GΩ seal in the cell-attached configuration, other recording modes are derived by 

disruption of the cell membrane in the patch pipette to obtain the whole cell configuration 
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where the pipette solution and cytoplasm are continuous. Once the pipette solution and the 

intracellular solution are continuous then the membrane potential of cell can be recorded, or 

controlled, via the patch pipette. To record currents, the membrane of the cell is controlled, 

often in a series of voltage steps to activate voltage-gated currents, and the currents recorded 

to computer.  

 

The interaction of electrode and the interior solution of the cell causes resistance of the 

recording electrode in series with the cell membrane which introduces voltage errors and 

unwanted filtering.  This electric resistance is named as a series resistance. To minimise this 

issue, the amplifier can compensate for the series resistance to obtain a correction of the sum 

of all the resistances between the membrane resistance and the electrode resistance. The 

voltage error is caused when there is any current flowing through the electric resistance and 

therefore, the pipette voltage will be not equal to the actual membrane voltage. This 

difference can be minimised by making the input resistance as low as possible to increase the 

peak capacity current and improves the recording of the membrane potential to be closer to 

the voltage at the patch pipette, as predicted by Ohm’s law (𝑣 =
𝐼

𝑅
). The electrodes had 

resistances of 3-6 MΩ when the conductive pathway develops between the electrodes filled 

with internal solution and the cell (Hamill et al., 1981; Rainbow et al., 2005). The unwanted 

filtering is caused when there is insufficient current to charge the membrane voltage and is 

mainly established on large cells. To minimise this error, the capacitance of the cell membrane 

should be considered by adding a voltage pulse to correct for the membrane capacitance. 

Using the membrane test function in pCLAMP, the values given were entered into the 

amplifier to ensure that the capacitance compensation was as good as possible. Changes in 

the capacitance spike during the recordings, or broadening of the sodium current, were used 

to signify a degrading whole cell recording.     

 

2.3.3 Action potential recording 

Once the whole cell configuration has been achieved, the current or the membrane potential 

can be recorded in voltage- or current-clamp respectively. Action potentials were recorded 

from cells stimulated at 1 Hz using a 5 ms current pulse via the patch pipette. The depolarising 

stimulus was set for each cell at 130% of the level require to trigger an action potential.  
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2.4 Metabolic inhibition and reperfusion (MI/R) model and 

contractile function measurements 

A metabolic inhibition and washout protocol was used to investigate the effects of 

pharmacological treatments on freshly isolated cardiomyocytes (Figure 2.3). This technique 

enables the contractile function of the cells to be monitored throughout the simulated 

ischaemia and reperfusion. Ischaemia was simulated in cardiomyocytes chemically with 

iodoacetic acid and cyanide, as described in section 2.1 which inhibit glycolysis and oxidative 

phosphorylation. These chemicals were added to substrate free Tyrode’s (SFT) solution, 

creating a metabolic inhibition solution (SFT-MI). Cardiomyocytes were then perfused with 

NT solution containing glucose and pyruvate which is simulated a reperfusion condition. This 

protocol was used as a screening method to determine whether the cells had been 

cardioprotected during pharmacological treatment.  

 

Firstly, isolated cardiomyocytes were placed into a heated perfusion chamber and allowed to 

adhere to the glass coverslip in the chamber for 10 minutes prior to experimentation. Cells 

were perfused with NT solution using a Gilson Evolution Peristaltic pump at rate of 5 ml/min 

with the temperature controlled using a Heatwave-30 system (Dagan Corp, USA) at 30-32°C. 

Cells were stimulated to contract at 1 Hz, using electric field stimulation (EFS) (Digitimer, 

Stimulator DS92, UK). Isolated cardiomyocytes that contract in the time with the electric field 

stimulation were captured by a JVC CCD camera and recorded to DVD for offline analysis.  

In this  

 

The metabolic inhibition and washout protocol consisted of 3 min of perfusion with NT, 7 min 

with SFT-MI solution to mimic ischaemia followed by 10 min of washout to simulate 

reperfusion. At the end of reperfusion, these cells were stained with 50 µl of Trypan blue, 

where staining with Trypan blue is an indicator of cell death.    

At the end of the experiment, the contractile function of cells was visualised via JVC CCTV 

camera. Cardiomyocytes which showed contractile function synchronous with electric field 
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stimulation following reperfusion were identified as recovered cells and then the percentage 

of contractile recovery and also the percentage of cell survival identifying by Trypan blue were 

compared in the absence and presence of pharmacological treatments. Several parameters 

were recorded including, 1) the time to contractile failure in metabolic inhibition, 2) the time 

to rigor contracture, 3) the time to hypercontracture and 4) the time to contractile recovery 

in reperfusion. The field of view obtained from each stage was recorded onto DVD for later 

analysis. Analysis was then carried out using Microsoft Excel and GraphPad Prism 7.     

    

 

Figure 2.3: The metabolic inhibition and washout protocol was used to simulate ischaemia 
and reperfusion.  

The images show the morphology of cardiomyocytes at different stages of this protocol. At the 

beginning of the recording, cardiomyocytes in the NT solution appear rod-shaped. At the end of SFT-

MI, cardiomyocytes start lose contractile activity and then enter a state of rigor contracture due to 

ATP depletion. At the end of reperfusion, cardiomyocytes may recover their contractile function 

however, some cells can enter a state of hypercontracture due to overload of calcium (can be seen to 

shorten further with further reduction in the length to width ratio). When hypercontracture occurs, 

membranes often bleb and rupture, therefore, allowing Trypan blue to stain dead cells.    

 

2.5 Fluorescence imaging 

To examine the effects of ion channel modulation on cardiac cell function, a fluorescent 

indicator was used, Fura-2-AM. In this study, fluorescent imaging was used to measure 

changes in calcium during the use of specific pharmacological inhibitors and activators.  
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2.5.1 Calcium measurements 

Fura-2-AM, which is in an acetoxymethyl (AM) ester form, was used to measure changes in 

intracellular Ca2+ and changes in Ca2+ transients after perfusion with pharmacological 

treatments. This dye is ratiometric where recordings were achieved by using excitation 

wavelengths of 340 nanometres (nm) (Ca2+ bound)/ 380 nm (Ca2+ free) and emission signals 

collected at wavelengths greater than 520 nm. An advantage of Fura-2 for cardiac cells is that 

during contraction, both excitation signals of Fura-2-AM would change simultaneously, 

therefore minimising movement artifcats due to the fact that data is expressed as a ratio of 

340 and 380 nm excitations signals. Similarly, given prolonged excitation, there may be photo 

bleaching of the indicator, however both excitation signals would decay at the same rate and 

therefore the ratio would remain constant. The indicator crosses the sarcolemmal membrane 

of cardiomyocytes via the ester group, which is cleaved for form a free indicator. Once inside 

the cytoplasm, the free Fura-2 then binds to calcium ions, giving a change in the fluorescent 

molecule that can be detected using imaging methods.   

 

Fura-2-AM was stored in 50 µL dimethyl sulfoxide (DMSO) at 4°C. 0.5 mL of cardiomyocytes 

was diluted in 0.5 mL of Tyrode’s solution, and this 1 mL suspension was incubated with 5 µL 

of Fura-2-AM. The cardiomyocytes were placed into black microtubes for 20 minutes to fully 

load the dye. Fura-2-loaded myocytes were transferred to a glass coverslip and left to settle 

for 10 minutes. Isolated myocytes were perfused at a rate of 5 mL/min and then stimulated 

at 1 Hz. The field of view was visualised using a 20x objective with a Nikon (Eclipse TE200) 

inverted microscope. Myocytes were excited, using a DeltaRAM X monochromator controlled 

by Winfluor software (John Dempster, University of Strathclyde). In order to improve the 

acquisition rate of calcium transients, the exposure time was maintained at low level as 

possible, for 20 ms. Emission signals were captured to a Roper Cascade 512 B CCD camera 

(Photometrics, Arizona, USA) and using a 79001 – ET – Fura 2 Filter (Chroma Technology Corp, 

Vermont, USA). Images were analysed with Winfluor 4.0.2 software (Dr John Dempster, 

University of Strathclyde, Glasgow, UK) by drawing regions of interest around the contracting 

cells in response to electrical field stimulation. An average of 10 calcium transients were used 

in each cell to differentiate between the control and pharmacological treatment conditions. 
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2.6 Langendorff experimental protocol  

A Langendorff perfused heart model was used to assess the effective treatments on the 

ischaemia-reperfusion injury. In this model, ischaemia was induced by ligating left anterior 

descending (LAD) coronary artery. Reperfusion was mediated by returning coronary blood 

flow into the region at risk by releasing the ligature. The infarct size following reperfusion was 

used as a targeted end point to evaluate the effects of the pharmacological treatments on 

the whole heart.  

 

In this protocol, excised hearts were quickly cannulated via the aorta and then held in place 

via secured sutures prior to removal of the temporary holding clip, after sacrificing the 

animals via concussion and cervical dislocation (section 2.2). The hearts were retrogradely 

perfused with NT solution and submerged in a water jacket with NT solution that was warmed 

to 37°C to maintain normothermic conditions throughout the experiment. The hearts were 

equilibrated for 1 hour and perfused via the aorta at a rate of 8.5 mL/min with NT solution 

(Figure 2.4A). A curved needle with a 5-0 suture (USP, 1.0 metric) was inserted behind the left 

anterior descending coronary artery (Figure 2.4B). The ends of the thread were twisted 

together and then inserted into a cut yellow (200 µl) tip with a second tip inside which could 

be pushed together against the heart to temporarily occlude the blood vessels. This coronary 

ligation was maintained for 40 minutes to induce regional ischaemic damage. The ligature 

was released from yellow tips to allow the perfusion of the NT solution for 3 hours, which was 

used to simulate coronary reperfusion. At the end of reperfusion, the ends of the suture were 

tightened to mediate coronary re-occlusion. The perfusion pump was then stopped, and 1-2 

mL of Evans blue (0.5 g in 20 mL Tyrode’s solution) was injected into the heart via the syringe 

attached to the bubble trap to differentiate between the normally perfused myocardium and 

the area affected by ischaemia. The Evans dye coloured the non-affected zone dark blue, 

whereas, the area at risk zone remained pale pink because the dye does not perfuse into this 

area. The heart was then cut and frozen for 1-2 hours and subsequently sliced into several 

thin sections and placed into a 40 ml phosphate buffered solution containing 400 mg 

triphenyltetrazolium chloride (TTC) for 20 minutes in a shaking bath, which allows to 

distinguish between the infarct tissues and living tissues of area at risk. This buffer solution 

was made by combining 30 mL of Na2HPO4 (0.1 M stock) and 10 mL NaH2PO4 (0.1 M stock) at 
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pH 7.4 using NaH2PO4 and warming the solution to 37°C. The TTC dye coloured the viable 

tissues in the area at risk red because the dehydrogenase enzymes in living tissues react with 

TTC, while the infarct tissue in the area at risk remains white (Figure 2.4C) (Bell et al., 2011). 

Heart slices were individually weighted, placed between two cover slips and scanned with 

1200 dpi resolution. Image J software (National Institutes of Health) was used to quantify the 

areas for each cardiac section on both sides, allowing the infarct size and the area at risk to 

be calculated. The final results were obtained as a percentage of area at risk and a percentage 

of infarct size. To minimise the risk of detection of bias, the images were analysed by three 

researchers, including the experimenter. The experimenter provided the two additional 

researchers with the images in a blinded manner so they did not know the experimental 

conditions. The mean of the three analyses were used to give a single infarct size for each 

heart slice. 
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Figure 2.4: A Langendorff experimental model of ex vivo coronary ligation.  

A, Protocol designed to simulate myocardial ischaemia and reperfusion injury: isolated hearts were 

cannulated, stabilised for 1 hr with NT perfusion, ligated for the LAD coronary artery for 40 min to 

induce a regional ischaemia, and un-ligated for the coronary artery with NT perfusion for 3 hr to 

simulate reperfusion period. B, Representative single rat heart mounted in the Langendorff apparatus. 

Before the coronary artery ligation, heart was stabilised for 1 hr. Then the LAD was surrounded by the 

suture which is secured in place via two yellow tips. For coronary artery reperfusion, the yellow tips 
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were removed to release the ligation. In the end of the reperfusion period, rat heart was injected with 

Evans blue. C, Representative image of slice hearts stained and presented different colour, containing 

blue region (unaffected area), red region (area at risk), white region (Necrosis area), and right- (RV) 

and left- (LV) ventricular holes. Representative heart slices of stained heart on the coverslip. (Adapted 

from (Brennan et al 2019)).   

 

2.7 Statistical analysis 

All electrophysiological data were recorded and analyzed by using pClamp10 (Axon 

Instruments) software and Excel 2019 software. Calcium fluorescence data were analysed 

using Winfluor4.1.1 software (Dr John Dempster, University of Strathclyde) and Excel 2019. 

Figures and statistical analysis were completed in GraphPad Prism 9 software (GraphPad 

Software, Inc., La Jolla, CA, 123 USA). Statistical significance was analysed using the paired t-

test (for two groups), unpaired t-test and one-way ANOVA with Holm-Sidak post-test (for 

multiple comparisons versus control condition). A p-value of p<0.05 was classified as 

statistically significant. The statistical tests used are identified in the figure legend for each 

dataset. These experimental data are reported as mean ± standard error of mean (S.E.M).      
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Chapter 3 The cardioprotective role of IKATP activation  

3.1 Introduction 

As described in the introduction, under normal physiological conditions, KATP channels remain 

closed, blocked by normal physiological ATP levels, but are opened during severe ATP 

depletion under ischaemic conditions to limit cardiac damage. Canonical cardiac KATP channels 

are composed of four Kir6.x subunits and four SURx subunits, which form functional channels. 

Of these subunits, Kir6.1 and Kir6.2, as well as SUR1, SUR2A and SUR2B are all found in 

different cell types in the heart in various combinations to form KATP channels (Inagaki et al., 

1996; Miki et al., 2002; Morrissey et al., 2005b; Morrissey et al., 2005a). Previous research 

has documented how the major constituents of ventricular sarcolemmal KATP channels are 

Kir6.2 and SUR2A subunits in various mammalian species, including mouse, rat, guinea pig, 

and human hearts (Morrissey et al., 2005b; Fedorov et al., 2011). However, co-assembly of 

Kir6.2 and SUR1 generates atrial sarcolemmal KATP channels (Glukhov et al., 2010). In the 

heart, the activation of Kir6.2/SUR2A channels plays a vital role during severe metabolic 

depression in ischaemia, which leads to an increase of K+ efflux (Fujita and Kurachi, 2000). 

Consequently, this hyperpolarises the membrane potential, and it also shortens the duration 

of the cardiac action potential, which allows for the reduction of ATP consumption and Ca2+ 

accumulation. 

 

The initial opening of cardiac KATP channels in response to a severe metabolic insult is 

cardioprotective. Consistently, pre-clinical studies show that intrinsic cardioprotective stimuli 

in response to preconditioning bursts of ischaemia prior to sustained ischaemia can also 

protect the heart under physiological conditions via an energy-saving mechanism (Murry et 

al., 1986; Kitakaze, 2010; Brennan et al., 2015). The results of these pre-clinical studies 

provide an exciting opportunity to investigate our hypothesis that reducing Ca2+ accumulation 

to preserve intracellular ATP could be a protective mechanism. Our group has carried out 

studies that suggest that this preservation of ATP and Ca2+ homeostasis would be unlikely due 

to Kir6.2/SUR2A channel activation as might be expected. Recent results suggest that the time 

to activation of Kir6.2/SUR2A channels is delayed following cardioprotective stimuli, which 

indicates that canonical Kir6.2/SUR2A channels do not impart protection in the early stages of 

metabolic inhibition (Brennan et al., 2015). This feature led us to think of the Kir6.2/SUR2A 
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channels as a metabolic sensor rather than cardioprotective effector. The complication with 

this hypothesis stems from the findings that KATP channel openers have a cardioprotective 

effect, but don’t seem to open this channel. Recently, our group have identified that there is 

a second KATP channel in the cardiac ventricular myocytes, with a Kir6.1-pore.  Therefore, the 

hypothesis tested in the present study is that this newly identified KATP channel, other than 

the classical Kir6.2/SUR2A channel, may be associated with imparting cardioprotection in the 

early stages of metabolic stress.   

 

Numerous studies have reported that Kir6.1-containing KATP channels and SUR2B are 

predominantly expressed in vascular smooth muscles (Wang et al., 2003; Teramoto, 2006). 

However, research has been conducted on the expression of Kir6.1 subunit in cardiomyocytes 

(Singh et al., 2003; van Bever et al., 2004; Pu et al., 2008). The SUR2B subunit, which is mainly 

expressed in vascular smooth muscle cells, has also been found in cardiomyocytes (Singh et 

al., 2003; Morrissey et al., 2005a; Jovanović et al., 2016). Interestingly, Kir6.1 null mice are 

prone to cardiovascular disorders, such as sudden infant death syndrome, 

electrocardiographic J wave syndrome, and hypercontractility of coronary arteries (Miki et 

al., 2002; Tester et al., 2011; Nichols et al., 2013). This indicates a potential mechanism of 

Kir6.1-containing channels in regulating cardiomyocyte function and the need to understand 

whether the opening of Kir6.1-containing channels participates in controlling cardiac function 

in physiological resting conditions and cardioprotection.  

 

It was hypothesised that Kir6.1-containing channels expressed at the cardiomyocyte 

membrane surface remained open in normal physiological conditions. Kir6.1 in vascular 

smooth muscle shows constitutive activity with limited ATP sensitivity. The activity of this 

newly identified cardiac KATP channel was hypothesised to follow the properties in the 

vasculature, showing relatively insensitive to ATP depletion and may contribute to protecting 

the heart in the early stages of myocardial ischaemia. The protective role of these new KATP 

channels would be similar to canonical Kir6.2/SUR2A channels via hyperpolarising the 

membrane potential and shortening the cardiac action potential duration to preserve the 

intracellular ATP and reduce calcium overload. Consequently, pharmacological shortening of 

the cardiac action potential duration via targeting this newly identified channel could reduce 

the damage from acute myocardial ischaemia. 
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In this chapter, pinacidil, a vascular KATP channel activator with well characterised effects in 

the vasculature, was tried to see whether it has a similar cardiac effect using both isolated 

ventricular cardiomyocytes and a whole heart model. In vascular smooth muscle cells, 

pinacidil is known to cause a relaxation of vascular smooth muscle due to pinacidil is 

associated with the opening of smooth muscle K+ channels (Bray et al., 1987). We proposed 

that pinacidil would have a similar KATP channel activating effect in cardiac cells, increasing K+ 

efflux, shortening the action potential duration and hence reducing Ca2+ entry. It is 

hypothesised that this action, if present, would be cardioprotective. Previous studies indicate 

that pinacidil was shown to open KATP-like channels at a concentration of 30 and 100 μM 

(Satoh et al., 1998; Suzuki et al., 2001; Lodwick et al., 2014), so these concentrations were 

used to test its functionality on cardiac cells. In this study, the focus of attention was on Kir6.1 

containing KATP channels, and therefore 10 μM, 30 μM and 50 μM pinacidil were attended to 

use to activate Kir6.1 selectively. However, pinacidil at a concentration of 150 μM and 200 μM 

caused the activation of Kir6.2 containing KATP channels and was used to explore the efficacy 

of the canonical Kir6.2/SUR2A opener in myocardial ischaemia compared to the newly 

identified channel containing Kir6.1 pore-forming subunits. First, to test the hypothesis that a 

different K+ channel other than the classical Kir6.2/SUR2A channel opens in normal 

physiological conditions, we used cell-attached patch recording. To further investigate this, 

the patch clamp technique was used to assess 1) whether pinacidil shortens the action 

potential duration, 2) whether pinacidil increases K+ efflux, and 3) whether pinacidil improved 

calcium handling via measuring calcium transients. 

 

PNU is a known vascular KATP channel blocker. It selectively blocks the pore of the vascular 

KATP channel (Kir6.1/SUR2B), resulting in depolarisation of vascular smooth muscle cell action 

potential (Humphrey et al., 1996). Previous electrophysiological experiments showed that 

PNU at a concentration up to 3 µM had no significant effect on classical Kir6.2/SUR2A channel, 

whereas the same concentration was sufficient to block the current carried by Kir6.1 

containing KATP channels and was considered to be the half inhibition constant for PNU 

treatment (Meisheri et al., 1993; Khan et al., 1997; Cui et al., 2003; Kovalev et al., 2004) 

(Wellman et al., 1999). Moreover, PNU at a concentration of 10 µM was shown to inhibit  

vascular Kir6.1 containing KATP current while having a little effect on the Kir6.2/SUR2B (Kovalev 
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et al., 2004). The same study used PNU at a concentration of 3 µM which still showed Kir6.1 

containing KATP channels blocking effect. So, similar to testing pinacidil as a cardiac KATP 

channel opener, we examined PNU at the concentrations mentioned above as a cardiac Kir6.1 

containing KATP blocker which could increase the action potential duration and Ca2+ influx and 

thus has deleterious cardiac effects. In this chapter, we tested whether 1) PNU prolongs 

action potential duration, 2) PNU reduces K+ efflux in rat cardiomyocytes, 3) Kir6.1 subunit is 

a component of classical Kir channels (IK1), and 4) PNU increases calcium accumulation.  

 

In this chapter, we also tested the cardioprotective role of KATP channel activators and 

blockers, which were applied using a simulated ischaemia and reperfusion protocol and a 

whole-heart ex vivo coronary ligation model. In the simulated ischaemia and reperfusion 

protocol, the contractile function was assessed as the endpoint to investigate whether these 

pharmacological treatments had any effect on cellular injury in isolated myocytes. Further, a 

whole-heart ex vivo coronary ligation experiment was used to investigate the same 

cardioprotection with Kir6.1 subunit activation and cardiac damage via the inhibition of Kir6.1-

containing channels. These experiments may identify the effect of direct modulating of the 

newly identified channel containing Kir6.1 pore-forming subunits and therefore provide 

insight into their effect on infarct size.   

 

3.2 Results 

3.2.1 Identification of a channel with a current with amplitude half of that 

compared to the Kir6.2/SUR2A cardiac KATP current  

Many studies have been published on the activity of KATP channel on the surface of ventricular 

myocytes (Inagaki et al., 1995a; Inagaki et al., 1995b; Noma, 1983; Babenko et al., 1998; 

Brennan et al., 2015). These studies reported that during metabolic inhibition, the canonical 

Kir6.2-containing channel is activated with a large conductance current of approximately 79 

pS. Kir6.2/SUR2A KATP channels do not open under normal physiological conditions, as it 

requires an ATP-depletion to less than 100 μM to start to see channel openings (Lodwick et 

al., 2014). This channel, therefore, acts as an ATP sensor; stimuli that slow ATP depletion also 

slow the time to activation of this metabolically-sensitive current. Metabolic inhibition 

activates the Kir6.2/SUR2A channel complex in every cell, with the timing of the activation 



   
 

101 
 

dependent on the ability of the cell to regulate its ATP consumption. The opening of the 

cardiac KATP (Kir6.2/SUR2A) channel in cardioprotected cells is markedly delayed following 

ischaemic preconditioning, which suggests that this channel does not impart protection in the 

early stages of metabolic inhibition and is only activated at severe ATP depletion to prevent 

calcium overload (Brennan et al., 2015). Therefore, it was hypothesised that there is 

unidentified K+ channel other than the classical cardiac KATP channel that may open and 

participate in the early stage of protection. To investigate this hypothesis, cell-attached patch 

experiments were used to record the activity of the channel current on the surface of 

ventricular cardiomyocytes during the absence and presence of metabolic inhibition.  

 

To investigate the openings of ventricular K+ channel, the membrane potential of 

cardiomyocytes was held at around -110 mV, which was achieved by holding the pipette 

potential at +40 mV and assuming a resting membrane potential of ~-70 mV. At this negative 

membrane potential, inward rectifier K+ channels, such as Kir2 and the putative Kir6, will be 

the primary open channels. These channels are readily differentiated by their single channel 

current amplitude and kinetics. Kir2 channels have a conductance of ~30 pS and so have a 

single channel current of ~3.5 pA in these conditions. The kinetics of the Kir2 channels show 

long openings that do not display a bursting pattern. The putative Kir6.1 channels show a 

bursting activity with a single channel current amplitude of 5.5 – 6 pA. When analysing these 

cell-attached records, the threshold for channel detection can be set to treat the opening of 

Kir2 as a shift in baseline. Kir6.2 channels, unlike the putative Kir6.1 channels, only open in 

metabolic inhibition when there is significant ATP depletion, triggering the activation of a 

larger (~75 pS) channel with a single channel current amplitude of 10 – 11 pA. The bursting 

behaviour of this channel gives a characteristic open and closed level with no obvious sub-

condutance states, differentiating it from the opening of multiple Kir6.1 channels. With 

increasing openings of Kir6.2 channels, the single channel current may increase as the resting 

membrane potential of the cell becomes more hyperpolarised. The channels that underlie INa, 

ICa, IKs and IKr normally pass currents at positive membrane potentials and so these channels 

will be in a closed state at -110 mV. It is unliklely that these voltage-gated channels will make 

any contribution to the single channel activity in these cell-attached recordings.  
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Cells were perfused with normal Tyrode (NT) solution for 1 min, followed by administration 

of substrate-free metabolic inhibition Tyrode’s solution (SFT-MI) to simulate ischaemia to 

activate the classical cardiac KATP current (Figure 3.1A). Figure 3.1A(i) shows an unidentified 

active KATP-like channel with a half amplitude current at ~5 pA in resting conditions. By 

contrast, after simulated ischaemia with metabolic inhibition, the classical Kir6.2/SUR2A 

channel opens, characterised by ≥ 10 pA of passing amplitude currents, as shown in Figure 

3.1A(ii). To measure the open probablility of the newly-identified, putative Kir6.1 channel, 

analysis was carried out of the cell-attached recording in Clampfit. Given that it was not 

possible to ascertain how many channels were contained within each cell-attached patch 

recording, the NPo was calculated. Channel opening events were measured using a threshold 

level search, with this level being set at 5 pA to limit detection of smaller conductance 

channels, such as Kir2. Given the difficulties of assessing the true number of channels in the 

cell-attached patch, the NPopen (NPo) (where N, the number of the channels in the patch 

estimated from the maximum number of simultaneous openings) was used. This method of 

analysis does not take into account channels opening independently in “series” whilst other 

channels are closed, and so is most likely an underestimation of the number of channels in 

the cell-attached patch. Figure 3.1B shows no significant difference in the open probabilities 

of this newly-identified KATP channel between control and perfusion of SFT-MI [from 

0.076±0.02 (n=21) in control to 0.078±0.02 (n=21, p=0.89) in SFT-MI cells]. 

 

This cell-attached patch recording provides important evidence that under normal 

physiological conditions, there is a second type of KATP channel that plays an important role 

in the K+ ion conductance through the cardiac surface. Previous studies have reported that 

recombinant Kir6.1/SUR2B channels in vasculature are characterised by ATP insensitivity (Koh 

et al., 1998; Beech et al., 1993; Zhang and Bolton, 1995). Therefore, it was hypothesised that 

this new KATP channel comprises of Kir6.1 subunit. This finding supports previous research that 

links the KATP channel, in particular Kir6.1 containing channel, and cardiovascular disorders 

(Miki et al., 2002; Tester et al., 2011; Nichols et al., 2013). Subsequent experimental studies 

in this chapter aimed to determine the extent to which the role of Kir6.1 containing channel 

in regulating cardiac function and whether modulation of this newly-identified KATP channel 

has a protective role, using a selective activator and blocker.  
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Figure 3.1: Identification a channel with a current with amplitude half of that compared to 
the Kir6.2/SUR2A cardiac KATP current on the surface of ventricular myocytes.  

A, Representative traces of cell-attached patch recording showing the activity of cardiac sarcolemmal 

currents before and after the administration of metabolic inhibition. The patch pipette was held at +40 

mV with the resting membrane potential of cardiomyocyte at -70 mV to maintain the cell membrane 

at -110 mV. A(i), Expanded trace showing the openings of an unidentified cardiac channel that allowed 

approximately 5 pA of current in resting condition. A(ii), Expanded trace showing a canonical 

sarcolemmal KATP channel, Kir6.2/SUR2A that allowed approximately 10 pA of current in the presence 

of metabolic inhibition. B, Bar chart showing the number of openings of an constitutively active KATP-

like channel, in the absence and presence of SFT-metabolic inhibition. There was no significant 

difference in the open probabilities of this newly-identified KATP channel between control and perfusion 

of SFT-MI (controls vs. SFT-MI, n=21, p=0.89) (paired t-test). 
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3.2.2 IKATP activation with pinacidil causes a shortening of the action potential 

duration  

The ventricular myocytes of rat models contain numerous KATP channels that present in a 

closed state during normal physiological conditions. These channels can be activated by two 

different methods: metabolic inhibition or pharmacological manipulation. During metabolic 

inhibition, such as myocardial ischaemia, the quantity of intracellular ATP is depleted resulting 

in contractile failure, caused by a failure of electrical activity (cardiac action potential) in the 

heart, due to the enhanced opening of KATP channels to preserve ATP levels. Figure 3.1 shows, 

in line with the results obtained by Brennan et al. (2015), that the time to activation of classic 

cardiac KATP (Kir6.2/SUR2A) channels is delayed following cardioprotective stimuli (Brennan et 

al., 2015), and therefore, this indicates the presence of a new KATP channel than canonical 

Kir6.2/SUR2A channels to impart early-stage protection. In a previous study, application of 

pinacidil at a concentration less than 150 μM had a limited effect on the Kir6.2-containing KATP 

channels. Therefore, the present study considered 150 μM pinacidil sufficient to cause 

pinacidil-induced vascular KATP-like channels (Kir6.1 containing) (Satoh et al., 1998; Suzuki et 

al., 2001; Lodwick et al., 2014). Action potentials from isolated cardiomyocytes were recorded 

using the whole-cell patch-clamp technique. To trigger action potentials, the cells were 

stimulated at a rate of 1 Hz via a patch pipette. Cardiomyocytes were perfused with NT 

solution for 3–5 min in the control recordings. Then, 150 μM pinacidil was applied after 5 min 

of steady-state control recording to measure the change happening during KATP-like channel 

activation.  

 

Figure 3.2A(i) presents representative trace of action potentials recorded before and after 

perfusion with 150 µM pinacidil, which resulted in the shortening of action potential duration 

of cardiomyocyte. The role of the KATP activator in the resting membrane potential was also 

investigated.  

 

The action potential duration to 90% (APD90) was measured in rat cardiomyocytes. The mean 

APD90 in Figure 3.2B(i) showed that 150 µM pinacidil induced significant shortening of APD90 

(from 53.6±10.5 ms to 29.7±6.6 ms; p=0.001, n=5), an effect that was lost with washout (with 

APD of 50.38.5 ms compared to control APD; p=0.44, n=5). In these cardiomyocytes, there 
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was no effect on resting membrane potential, with -66.5±2.3 mV in the control recording, -

66.6±2.1 mV after pinacidil treatment (n=5, P=0.987) and -67.1±2.8 mV following washout 

(n=5, P=0.987) (Figure 3.2B(ii)). 

 

KATP channels pass a current that is weakly rectifying and, therefore, will affect the action 

potential across the voltage range. To investigate this, action potential durations for different 

levels of repolarisation were measured in the presence of 150 µM pinacidil (Figure 3.2A(ii)). 

The application of 150 µM pinacidil to isolated cardiomyocytes resulted in a significant 

shortening of APD at 50% repolarisation, from 37.5±6.3 ms at control to 24.9±5.5 ms at 

treatment conditions (p=0.003) (Figure 3.2C(i)). Additionally, the mean APD50 (n=5) did not 

significantly change following the washout of the drug, being 35.65.0 ms (p=0.49).  

Moreover, 150 µM pinacidil resulted in the shortening of APD at 10% repolarisation but was 

insignificant (p=0.08), decreasing from 13.1±3.3 ms (control, n=5) to 10.4±4.0 ms (pinacidil, 

n=5) and to 14.4±4.2 ms following the washout of the drug (p=0.26) (Figure 3.2C(ii)).  

 

As pinacidil was dissolved in DMSO, control experiments were carried out in which DMSO 

alone was added to the cells to rule out any interference. As illustrated in Figure 3.2D, no 

differences were observed in APD90 and RMP between the mean data of the control value 

and the measurements taken after DMSO administration. Figure 3.2D(i) is a plot of the mean 

data (n=6) of APD90 at 62.9±11.3 ms for control and 63.5±12.5 ms for DMSO (P=0.876). Figure 

3.2D(ii) demonstrates that there were no differences in membrane potential between control 

(-63.5±1.7 mV) and DMSO (-64.1±1.3 mV) (p=0.724). These data suggested that activation of 

KATP channels affected all levels of repolarisation, which corresponds to the previous findings 

on the shortening of APD90 with the presence of 150 µM pinacidil.  
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Figure 3.2: pinacidil causes shortening of action potential duration in rat cardiomyocytes.  

A(i), Representative traces of an action potential prior to perfusion with 150 µM pinacidil treatment 

(blue line) and during it (red line), showing shortening of the APD. A(ii), Sample trace of cardiac action 

potential duration, which identifies different points of repolarisation to investigate the effect of drugs 

at 10%, and 50% of repolarisation. B(i), Histogram showing 150 µM pinacidil shortened the mean 

APD90 (n=5, ***p=0.001, for one-way ANOVA Holm-Sidak post-test), which increased again with the 

washout and shown no significant difference with the control (p=0.44). B(ii), Histogram showing no 

effect of 150 µM pinacidil on the membrane potential (n=5, p=0.99, one-way ANOVA Holm-Sidak post-

test). C(i) Histogram showing 150 µM pinacidil shortened the mean APD50 (n=5, **p=0.003), which 

increased again with the washout and shown no significant difference with the control (n=5, p=0.49). 

C(ii), Histogram showing that APD10 was not significantly changed with 150 µM pinacidil (n=5, p=0.08) 

or after washout (n=5, p=0.26). D, Diagram showing that 0.1% DMSO as a control has no effect on 

either the duration of action potential (i) or the resting membrane potential (ii) (n=6, p=0.876, p=0.724, 

respectively) (paired t-test). 

 

3.2.3 Activation of KATP currents by different concentrations of pinacidil 

treatment in rat ventricular myocytes changes the inward rectifier 

potassium currents  

As demonstrated above, a KATP channel opener (KCO), particularly pinacidil, increased K+ efflux 

by enhancing the shortening of cardiac APD. To investigate the effects of pinacidil on IK1 and 

other potassium currents in cardiomyocytes, a protocol was used as shown in Figure 3.3. 

Initially, whole-cell currents were recorded by holding the cell membrane potential at -70 mV, 

followed by depolarisation to -30 mV to activate Na+ and some Ca2+ currents. Subsequently, 

the K+ currents were recorded by applying 400 ms pulses between -100 mV and +60 mV. 

Throughout these voltage steps, the K+ current, which is considered a major cardiomyocyte 

current across the voltage range, is classified into IK1 and voltage-gated K+ current (Noma, 

1993; Huang et al., 2017). IK1 is normally activated over a narrow potential range between -

100 mV and -20 mV. The rectifying property at approximately -20 mV results in no 

conductance of IK1 and limits the outward current at more positive membrane potentials to 

fire action potential, so this membrane potential was used to test the effect of KATP channel 

opener on cardiac cells. Under metabolic stress, the flow of outward current is maintained 

via passing IKATP, which is important for adaption to stress. For the purpose of IKATP activation, 

KCO pinacidil treatment was used at different concentrations (30 µM and 150 µM). 
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Figure 3.3: A designed protocol with a voltage clamp mode for whole-cell recording in rat 
ventricular myocytes.  

The cell membranes were evoked by moving the cell membrane from a holding potential of -70 mV to 

-30 mV to activate Na+ channel, followed by 400 ms voltage steps between -100 mV and +60 mV (10 

mV increments) to activate Ca2+ and K+ channels. This recording trace was obtained as described in the 

protocol above, showing different currents, for example, INa, ICa, and IK1. IK1 was measured by a series 

of depolarising steps between -100 mV and +60 mV. The inward potassium current was measured at 

specific regions which were represented between the two red cursors. IK1 was measured as mean 

current in the final 50 ms of each voltage step.  
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Representative traces showing the effect of low and high concentrations of pinacidil on K+ 

current in the control and 4 min after pinacidil application are shown in Figure 3.4. From 

Figure 3.4A it can be seen that the administration of 30 µM pinacidil caused non-notable 

increased in K+ currents. However, as shown in Figure 3.4(B) it is notable that 150 µM pinacidil 

causes elevation in K+ current. This finding supports the idea that the activation of KATP obtains 

by administrating pinacidil treatment at a high concentration (150 µM), and consequently 

leads to increase K+ efflux.  

 

 

Figure 3.4: Comparison of whole-cell patch clamp recordings with a voltage clamp mode in 
the absence and presence of different concentrations of pinacidil treatments, highlighted 
with a red circle.  

A, Representative traces of isolated rat ventricular cells in the control condition (i) and after being 

perfused with 30 µM pinacidil (ii). B, Recording traces of single cardiomyocyte under control recordings 

(i) and after the administration of 150 µM pinacidil (ii), showing a noticeable increase of K+ current 

with a high concentration of pinacidil. 
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To demonstrate a current-voltage (I-V) relationship, the mean K+ currents over the 400 ms 

depolarisation steps were measured. These currents were normalised to the cell capacitance. 

Across the voltage range tested here, there are two main potassium currents: the IK1 are 

activated at greater negative voltage steps, and voltage-gated potassium currents are opened 

from -10 mV and gradually increase with positive depolarising steps (Figure 3.5A). The major 

effect of pinacidil treatment on the IK1 was noticeable at -20 mV, a potential where IK1 shows 

rectification. Opening of the weakly rectifying KATP current yielded a significantly larger 

current at -20 mV. Figure 3.5B(i) is a plot of the application of 30 µM pinacidil versus the 

control conditions, showing no difference between the recordings. The mean IK1 was recorded 

in the control condition at 0.72 ± 0.23 pA/pF and with the pharmacological treatment at 

0.93±0.29 pA/pF (p=0.69, n=6) (Figure 3.5B(ii)). The mean IK1 was not significantly different to 

the control conditions in the washout recordings, being 0.78±0.1 pA/pF (n=5, p=0.85). This 

finding suggested that at -20 mV, there were no significant changes in the IK1 with 30 µM 

pinacidil. The administration of 150 µM pinacidil is shown in Figure 3.5(C(i)), demonstrating 

an increase in IK1 at a -20 mV voltage step after treatment. As a result, the mean data of IK1 at 

-20 mV significantly increased from 0.37±0.25 pA/pF in the control condition to 1.42±0.09 

pA/pF with 150 µM pinacidil (n=6, p=0.01) (Figure 3.5C(ii)). After washout period, IK1 at -20 

mV did not return to control values (1.29±0.5 pA/pF, n=3, p=0.03, Figure 3.5B(ii)). 

 

An explanation is that pinacidil at high concentration may not be completely washed 

compared to lower concentration. (Pelzmann et al., 2003) reported that pinacidil at a 30 µM 

concentration can be washed out completely. Pinacidil, being lipophilic may accumulate in 

the membrane where it interacts with the channel. This may take a longer duration to 

washout than anticipated to be returned to control values. Further cell-based washout 

experiments are needed. 
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Figure 3.5: Pinacidil at different concentrations changes IK1, which leads to maintaining K+ 
efflux at the -20 mV voltage step. 

A, A recording trace shows the relationship between the IK1 (black line) and the IKs (gray line) in response 

to alterations in voltage steps. The voltage-current relationship of K+ current is shown in the absence 
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and in the presence of 30 µM pinacidil (B(i)) and 150 µM pinacidil (C(i)). The control condition is 

displayed with the blue line, while the red line represents the effect of pharmacological treatment. 

Histograms B(ii) and C(ii) show the mean data for the cardiomyocytes under the control conditions 

compared to the pinacidil treatments. The alteration of IK1 by this pharmacological treatment was 

detected at a -20 mV voltage potential. B(ii) There was no difference in the IK1 after the application of 

30 μM pinacidil and following the washout of the drug (n=6, p=0.69 and n=5, p=0.85, respectively). 

C(ii) The application of 150 μM pinacidil led to significantly increased IK1 (n=6, *p=0.01). Also, there 

was a significant increase in IK1 in washout recordings versus controls (n=3, p=0.03). (one-way ANOVA 

[non-pairing experimental design] with Holm-Sidak post-test). 

 

3.2.4 Identification of a second KATP channel in cardiomyocytes by the 

application of a selective Kir6.1 blocker (PNU37883)  

3.2.4.1 PNU37883 prolongs the cardiac action potential  

As mentioned in Section 3.1, that Kir6.1 null mice are prone to cardiovascular diseases. The 

classical cardiac KATP channel has been suggested to be an important player in protective 

mechanisms when there is severe depletion of intracellular ATP. However, studies have 

shown that the known cardiac KATP (Kir6.2/SUR2A) does not open early during metabolic stress 

to impart protection. Previous studies show that PNU37883 is an effective blocker of 

Kir6.1/SUR2B, which mainly contributes as KATP channels in vasculature, and has partially 

inhibitory effects on Kir6.2/SUR2A when applied at high concentration (10 µM) (Cui et al., 

2003; Kovalev et al., 2004). To identify the possibility of other KATP channel, in particular Kir6.1-

containing channel other than the classical cardiac Kir6.2/SUR2A channel, a low concentration 

(3 µM) PNU was used as a completely (100%) selective blocker for Kir6.1 subunit. Studies to 

identify the expression of other isoforms of KATP channels expressed in cardiomyocytes were 

undertaken to investigate the presence of other isoforms and to understand the molecular 

nature of these channel subunits using specific pharmacological blockers, PCR, and western 

blotting. To date, all KATP channel subunits have been identified in the heart, with compelling 

evidence suggesting that the IKATP is comprised of subunits other than the widely accepted 

Kir6.2/SUR2A cardiac sarcolemmal isoform.  

 

To determine whether Kir6.1 subunits had a role in the ventricular KATP current, we assessed 

the effects of Kir6.1-pore blocker, PNU (3 μM), and pan-KATP channel blocker glibenclamide 

(10 μM) on the action potential measured in ventricular cardiomyocytes. Cells were first 
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perfused with NT solution, and APD was measured at steady-state recording, followed by 

measuring the alteration of different blockers following 5 min of application of each.  

 

Figure 3.6A shows representative traces of action potentials recorded in the absence and 

presence of these pharmacological blockers, showing a prolongation of APD90 in the presence 

of either PNU or Glibenclamide. The mean APD90 (n=9) of ventricular cells perfused with 3 μM 

PNU showed a significant prolongation of APD90 compared to control conditions (53.4±4.8 ms 

vs. 76.6±5.0 ms, p<0.0001), as shown in Figure 3.6B(i). The subsequent application of 10 μM 

glibenclamide caused further prolongation of APD90, from 53.4±4.8 ms (control) to 85.0±6.0 

ms (pharmacological treatment) (n=9, p=0.0003) (Figure 3.6B(i)). After washout of these 

blockers, the mean APD50 (n=9) returned nearly to control recordings (53.4±4.8 pA/pF vs. 

66.3±5.7 pA/pF, p=0.051). There was a significant difference in the prolongation between 

PNU (76.6±5.0 ms) and glibenclamide (85.0±6.0 ms) (p=0.024), suggesting that the maximal 

block of IKATP had been achieved with the application of glibenclamide, a pan-KATP blocker. 

Furthermore, treatment of cells with either PNU or glibenclamide did not result in any shift 

in resting membrane potentials compared to baseline values (-65.3±0.8 mV in control vs. -

65.3±0.8 mV (p=0.94) and -65.5±0.8 mV (p=0.89) after application of PNU and glibenclamide, 

respectively) (Figure 3.6B(ii)). There was no statistically significant difference between the 

resting membrane potential in control recordings and after a washout period (-65.3±0.8 mV 

vs. -66.6±0.8 mV) (p=0.09). This suggests that Kir6.1 inhibition prolongs the action potential 

duration of ventricular cardiomyocytes.      
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Figure 3.6: A selective blocker of Kir6.1 (PNU) prolongs the duration of cardiac action potential 
at 90% repolarisation.  

A, Recording traces show APD90 (at control, 3 μM PNU, and 10 μM glibenclamide) of ventricular cells. 

B(i), Graphs showing the effect of 3 μM PNU (Kir6.1 blocker), compared to control on APD90, displaying 

a significant increase in cardiac action potential (n=9, ****p<0.0001). Prolongation of APD90 was also 

significant with 10 μM glibenclamide (pan-KATP blocker) (n = 9, ***p=0.0003). There was no significant 

change with washout recordings, compared to controls (n=9, p=0.051). A significant difference was 

found between PNU and glibenclamide (*p=0.024). B(ii), Histograms show that these pharmacological 

blockers did not induce any change in the resting membrane potential of cardiomyocytes (one-way 

ANOVA Holm–Sidak post-test). 
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3.2.4.2 PNU37883 blocks Kir6.1 currents in rat ventricular myocytes 

Having demonstrated that the Kir6.1 blocker (PNU) caused a change in the action potential 

duration in ventricular cells, the contribution of PNU-sensitive K+ currents in cardiomyocytes 

was investigated (section 3.2.4.1). Previous studies have shown 10 µM PNU is a selective 

blocker of the vascular form of KATP channel (Kir6.1/SUR2B) and has a little effect on the 

Kir6.2/SUR2A (Kovalev et al., 2004). We next sought to examine the inhibition of KATP currents 

by 10 µM PNU. Pharmacological inhibition of Kir6.1 was expected to be mostly observable in 

the IK1, because the Kir6.1 subunit, as with the IK1-carrying Kir2.x channel subunits, is a member 

of the inwardly rectifying K+ channel family. Whole-cell recording was used based on the 

protocol shown in Figure 3.3. The IK1 is normally activated over a narrow potential range, from 

-100 mV to about -20 mV, whereas voltage-gated K+ current, in particular IKs, is fully activated 

at +60 mV. Cardiomyocytes were initially perfused with NT solution, followed by 

administration of 10 μM PNU. To illustrate the result, an example experimental trace under a 

control condition (Figure 3.7A(i)) and after pharmacological administration (Figure 3.7A(ii)) 

are shown. The application of 10 µM PNU notably decreases the K+ currents.    
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Figure 3.7: PNU reduces potassium currents at different membrane potentials. 

A, Example recordings from whole-cell voltage-clamp experiments in control conditions (i) and 

following perfusion with with 10 µM PNU (ii); showing a reduction of K+ currents in the presence of 

PNU treatment. B, The current voltage relationship of K+ currents is shown in the absence (blue line) 

and in the presence of 10 µM PNU (red line). C, bar charts show the mean data (n=11) of isolated 

cardiomyocytes under control conditions and in the presence of PNU, demonstrating the block 

response at different membrane potentials. At a membrane potential of -100 mV (i), there is a 

significant reduction of K+ current in the presence of 10 µM PNU (n=11, ****p<0.0001) and following 

the washout of the drug (n=11, ****p<0.0001). At -20 mV membrane potential (ii), K+ current was 
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significantly reduced with 10 µM PNU (n=11, ****p<0.0001), and there was also a significant decrease 

in K+ current in washout recordings compared to controls (n=11, ****p<0.0001). At +60 mV membrane 

potential (iii), there is also a significant reduction of K+ current with 10 µM PNU (n=11, ****p <0.0001; 

paired T-test) and following washout of the drug (n=11, ****p<0.0001). (one-way ANOVA Holm–Sidak 

post-test). 

 

To examine the inhibitory effect of PNU on K+ current at different voltage steps, a current-

voltage (I-V) curve was plotted from the voltage steps to show the currents in control and 

PNU perfusion normalised to cell capacitance. The curves were measured before and after 10 

µM PNU, showing the reduction of K+ currents in response to this inhibitor (Figure 3.7B). This 

concentration was used to block as much Kir6.1 as possible without causing inhibition of Kir6.2 

(Kovalev et al., 2004). As we expected the Kir6.1 to be opened all through the action potential 

duration, the mean data for K+ currents were measured at different voltage steps, including -

100 mV, -20 mV, and +60 mV (Figure 3.7C). The mean data for the control condition were 

compared to the inhibited mean currents following pharmacological treatment. At -100 mV 

(Figure 3.7C(i)), the mean data for the K+ current (n=11) was significantly decreased from -

6.3±0.4 pA/pF in the control condition to -4.40.5 pA/pF with PNU treatment (p<0.0001). The 

mean K+ current was significantly decreased compared to the control conditions in the 

washout recordings at -100 mV, being -4.0±0.5 pA/pF (n=11, p<0.0001, Figure 3.7C(i)). 

Further, the reduction of the mean K+ current (n=11) at -20 mV was recorded as 1.2±0.1 pA/pF 

in the control condition and 0.6±0.1 pA/pF with 10 µM PNU (Figure 3.7C(ii)). This reduction in 

current at the -20 mV depolarising step was a significant response to pharmacological 

inhibition (p<0.0001). There was a significant decline in K+ current at -20 mV following the 

washout of the drug (0.5±0.1 pA/pF), compared to control conditions (n=11, p<0.0001, Figure 

3.7 C(ii)). Further, K+ current at +60 mV significantly declined with PNU, from 7.9±0.6 pA/pF 

(control condition, n=11) to 4.9±0.5 pA/pF (10 µM PNU, n=11) (p<0.0001) (Figure 3.7C(iii)). K+ 

current at +60 mV showed significant reduction, with 7.9±0.6 pA/pF for control versus 4.8±0.6 

pA/pF for the washout condition (n=11, p<0.0001, Figure 3.7 C(iii)). For all washout 

recordings, the inhibitory effect on K+ current was still observed. An explanation for this is 

that PNU treatment is characterised by a relatively slow time course of action which can result 

in a special type of slow recovery or irreversible inhibition (Wellman et al., 1999). Further 

research into time-matched recordings is still necessary before obtaining a definitive answer 

to whether decreases in K+ current could be attributed to this compound or rundown.   
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These data suggest that the inward rectifier K+ current (IK1) may also be formed from Kir6.1 in 

addition to the established Kir2.x subunits. These findings suggest that Kir6.1 in the heart may 

play a pivotal role in normal physiological conditions.   

 

3.2.5 The classical KATP channel (Kir6.2/SUR2A) remains inactive following 

HMR1098 (selective Kir6.2 blocker) treatment in cardiac muscle cells   

HMR1098 has been reported as a potent cardio-selective KATP channel (Kir6.2/SUR2A) blocker 

in cardiac muscle cells (Sato et al., 2000b; Manning Fox et al., 2002). As the canonical cardiac 

KATP channel remains closed in resting conditions, it was hypothesised that application of 

pharmacological blockade of Kir6.2/SUR2A containing KATP channel, HMR1098, would not 

affect K+ currents of cardiomyocytes in control conditions. Additionally, PNU treatment was 

used to block Kir6.1-containing channel. To examine these pharmacological treatments, the 

effect of 1 µM HMR1098 and 3 µM PNU on potassium currents were measured, as shown in 

Figure 3.3. Whole-cell K+ currents were initially recorded in control conditions using normal 

Tyrode’s solution, followed by 1 µM HMR1098 for 4 min and then a solution containing both 

1 µM HMR1098 and 3 µM PNU, recorded for 4 min. To demonstrate a current-voltage (I-V) 

relationship, the mean K+ currents recorded in normal conditions and following the 

application of these inhibitors were measured and compared. These currents were 

normalised to the cell capacitance.  

 

Figure 3.8A shows the curve of the mean data for K+ currents in control conditions and 

following perfusion with different inhibitors. At -100 mV, the mean data of K+ currents was 

significantly decreased by 1 µM HMR1098, from -5.48±0.33 pA/pF to -4.24±0.47 pA/pF 

(control vs. HMR1098, n=7, *p=0.033). A further reduction was observed with a combination 

of both pharmacological inhibitors (1 µM HMR1098 and 3 µM PNU), recorded as -3.36±0.32 

pA/pF (n=7, **p=0.003), as shown Figure 3.8B(i). Furthermore, the K+ current at +60 mV did 

not significantly decline, being 7.09±0.51 pA/pF in the control condition, 6.29±0.54 pA/pF 

with HMR1098 (n=7, p=0.276), and 5.84±0.52 pA/pF with PNU+HMR1098 (n=7, p=0.215), as 

shown in Figure 3.8B(ii). As anticipated, the classical KATP channel (Kir6.2/SUR2A) was not 

opened under normal physiological conditions, which was confirmed by maintaining the 

inactive mode following a selective pharmacological activator (HMR1098) at +60 mV. 
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Time-matched recordings were carried out to determine whether decreases in K+ currents at 

-100 mV could be attributed to rundown. Figure 3.8C shows the mean K+ currents in the 

presence of vehicle (DMSO) at time points equivalent to control, HMR1098 administration 

and with a combination of HMR1098 and PNU. At -100 mV, the mean K+ currents was not 

altered from -4.4±0.4 pA/pF at baseline to -3.5±0.4 pA/pF at the equivalent time of drug 

addition, and to -3.2±0.4 pA/pF at time matched a combination of drug (n=8, p=0.14, p=0.06, 

respectively) (Figure 3.8C(i)). K+ currents at +60 mV were also not significantly altered, 

recording from 5.8±0.4 pA/pF to 5.2±0.3 pA/pF and to 5.3±0.3 pA/pF (n=8, p=0.28, p=0.24, 

respectively, Figure 3.8C(ii)). Consequently, the control experiments at the time-matched 

fashion concluded that there is an absence of rundown in K+ currents at -100 mV. These 

findings suggest that 3 µM PNU had effect on the whole-cell K+ current at -100 mV.  

 

In these experiments, 3 µM PNU had no effect on the whole-cell K+ current, unlike the results 

shown earlier that PNU caused prolongation of APD90 in 3.2.4.1. We now have included time 

matched control data for these experiments showing a little rundown in the presence of 

DMSO vehicle alone. These data in Figure 3.8 demonstrate a reduction in current at both -

100 mV and +60 mV, however this does not reach significance at +60 mV. Currents at -100 

mV will be almost exclusively inwardly rectifying potassium channels given that voltage-gated 

channels will be closed at this potential. At +60 mV, there will be influence from at least KV7.1 

channels and so detecting a change in current will be more difficult. 
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Figure 3.8: The classical KATP channel (Kir6.2/SUR2A) maintains inactive following a selective 
pharmacological activator (HMR1098).  

A, The voltage-current curve of K+ current is shown in the absence and in the presence of selective 

pharmacological inhibitors, the blue line defining the control condition, the red line representing the 1 

µM HMR1098 treatment, and the green line representing a solution containing both 1 µM HMR1098 

and 3 µM PNU. B, Histograms show the mean data (n=7) of isolated cardiomyocytes under normal 

conditions with different pharmacological treatments at different depolarisation steps. At -100 mV, 1 

µM HMR1098 caused a significant reduction of K+ current (*p=0.033) (i), however; these results 

showed that there was no significant decrease in resting currents with 1 µM HMR1098 at +60 mV (n=7, 

p=0.276) (ii). The application of 1 µM PNU treatment + 1 µM HMR1098 caused a significant reduction 

at only -100 mV (n=7, **p=0.003) (i), and no significant alteration at +60 mV (ii) (n=7, p=0.215) (one-

way ANOVA Holm-Sidak post-test). C(i), Bar chart shows the mean K+ current (n=8) at -100 mV at a 

time-matched fashion, being a non-significant change (n=8, p=0.14, p=0.06, respectively). C(ii), K+ 

currents at +60 mV were not significantly affected by the run-down phenomena at time-matched 

corresponding measurements in the absence of the drug (n=8, p=0.28, p=0.24, respectively). (one-way 

ANOVA Holm–Sidak post-test). 

 

3.2.6 Identification of Kir6.1 as a component of the IK1 in cardiomyocytes using 

selective blockers of Kir6.1 and Kir2.1 

An important finding presented in Section 3.2.4.2 is that Kir6.1 appears to act as a component 

of the IK1, suggesting that Kir2.x subunits might not be solely responsible for IK1. To distinguish 

between these subunits in cardiomyocytes, a whole-cell configuration was used to record the 

responses of two different selective pharmacological blockers. Previous research has 

indicated that Ba2+ is a selective blocker of the inward rectifier K+ channel pore (Kir2.x-

containing channel) and this channel pore is inhibited by <30 µM external Ba2+ (Kubo et al., 

1993; Robertson et al., 1996). The potency level of this Ba2+ inhibition increases with 

membrane hyperpolarisation. Previous studies have reported that PNU is highly effective to 

block Kir6.1-containing channel and this channel is blocked by ≤10 μM PNU (Cui et al., 2003; 

Kovalev et al., 2004). An example protocol was designed with two subsequential voltage steps 

(Figure 3.9A). Recordings were measured from a holding potential at -70 mV and at a 

frequency of 1 Hz, followed by two depolarisation steps: the first step at -100 mV for 200 ms, 

followed by the second at -20 mV for 400 ms.  

 

Whole-cell K+ currents were initially recorded under control conditions using normal Tyrode’s 

solution, followed by 10 µM PNU for 4 min and then a solution containing both 10 µM PNU 
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and 20 µM Ba2+, recorded for 4 min. The K+ currents recorded in normal conditions and 

following the application of these inhibitors were compared (Figure 3.9A). From this figure, 

the Kir6.1 selective blocker (PNU) reduced the size of the K+ currents. Furthermore, the 

combination of blockers (PNU+Ba2+) blocked a greater proportion of the cardiac potassium 

inward rectifier currents. The reduction of K+ currents was more notable at -20 mV than at -

100 mV. This is of particular importance, as it is within the normal physiological range of the 

IK1 in cardiomyocytes, where this current shows its rectification.  

 

Figure 3.9B shows the mean data for inward rectifier currents in control conditions and 

following perfusion with different inhibitors. At -100 mV, the mean data of K+ currents was 

significantly decreased by both pharmacological treatments from -3.2±0.4 pA/pF at control 

to -2.9±0.4 pA/pF with PNU treatment (p=0.04), and a further reduction to -2.2±0.4 pA/pF 

with a combination of Ba2+ and PNU (p<0.0001) (n=7) (Figure 3.9B(i)). There was also a 

significant difference between these pharmacological inhibitors in the IK1 at -100 mV 

(p=0.025). In addition to that, the mean K+ currents (n=7) at -100 mV was decreased from the 

controls to –1.9±0.7 pA/pF with washout (p<0.0001, Figure 3.9B(i)). Further, at -20 mV, a 

significant reduction of the mean K+ currents was recorded as 0.9±0.2 pA/pF in the control 

condition and 0.6±0.2 pA/pF at 10 µM PNU (p=0.05) (n=7), and an additional reduction was 

observed with a combination of 20 µM Ba2+ and 10 µM PNU to 0.2±0.1 pA/pF (p<0.0001) 

(Figure 3.9B(ii)). However, the reduction in the IK1 at -20 mV was not significant between these 

pharmacological inhibitors (p=0.16). The mean K+ currents at -20 mV showed a further 

reduction following the washout of the pharmacological treatment, being 0.1±0.1 pA/pF (n=7, 

p<0.0001, Figure 3.9B(ii)). Consequently, the washout recordings of pharmacological 

inhibitors concluded the presence of rundown in K+ currents. This finding might be attributed 

to the presence of a residual block; however, the results should be applicable also to an 

identical time recording on this experimental protocol to verify whether modulation of this 

K+ current has been resulted from rundown in these experiments or these could be not 

washed out completely.  

 

Time-matched recordings were carried out to determine whether decreases in IK1 could be 

attributed to rundown. Figure 3.9C shows the mean K+ currents in the presence of vehicle 

(DMSO) at time points equivalent to control, PNU administration and with a combination of 
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Ba2+ and PNU. At -100 mV, the mean K+ currents was not altered from -4.1±0.4 pA/pF at 

baseline to -3.3±0.4 pA/pF at the equivalent time of drug addition, and to -3.4±0.4 pA/pF at 

time matched for the combination of drugs (n=8, p=0.08, p=0.23, respectively) (Figure 

3.9C(i)). K+ currents at -20 mV were also not significantly altered, recording from 0.5±0.1 

pA/pF to 0.6±0.2 pA/pF and to 0.6±0.1 pA/pF (n=8, p=0.56, p=0.38, respectively, Figure 

3.9C(ii)). Consequently, the experiments with the time-matched controls concluded that the 

effects of rundown in K+ currents at -100 mV and -20 mV were negligible.  

 

These findings suggest that the application of both PNU and Ba2+ have a cumulative effect on 

inhibiting IK1. These data suggest that the external Ba2+ and PNU blocked different 

components of the IK1. This provides evidence that the Kir6.1 current may contribute to the 

IK1.  
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Figure 3.9: The Kir6.1 is a component of the IK1 in cardiomyocytes using selective blockers of 
Kir6.1 and Kir2.1.  

A, IK1 was recorded at two membrane potentials using voltage-clamp from rat ventricular myocytes. A 

voltage step of -100 mV was first applied for 200 ms with a second step to -20 mV for 400 ms. IK1 were 

measured during NT solution for isolated ventricular myocytes (blue line), following 10 µM PNU for 4 

min (red line), finally with the addition of 20 µM Ba2+ for 4 min (green line). B(i), The bar chart shows a 

significant reduction in the mean IK1 at -100 mV with both 10 µM PNU treatment and 20 µM Ba2++10 

µM PNU (n=7, *p=0.04, ****p<0.0001, respectively). Additionally, there was a significant decrease in 

IK1 in washout recordings versus controls (n=7, ****p<0.0001). B(ii), This graph shows the mean data 

(n=7) of IK1 at -20 mV in the absence and the presence the same manner of inhibitor drugs, 

demonstrating gradual reduction of IK1 and did change following washout of inhibitor drugs (n=7, 

*p=0.05, ****p<0.0001, and ****p<0.0001, respectively). C(i), Histograms show the mean IK1 (n=8) at 

-100 mV of isolated cardiomyocytes in a time-matched fashion, showing non-significant change (n=8, 

p=0.08, p=0.23, respectively). C(ii), IK1 at -20 mV were not significantly affected by the run-down 

phenomena at time-matched corresponding measurements in the absence of the inhibitors (n=8, 

p=0.56, p=0.38, respectively). (one-way ANOVA Holm–Sidak post-test). 

 

3.2.7 Calcium transients are shortened by Kir6.1 activation in rat ventricular 

myocytes  

We hypothesised that activation of KATP channels in ventricular myocytes, which are formed 

from both Kir6.2 and Kir6.1 as pore-forming subunits (Morrissey et al., 2005b; Li et al., 2013; 

Aziz et al., 2017), shortens the cardiac action potential, as presented in Section 3.2.2. The 

opening of KATP channels was achieved by the application of pinacidil at a range from 10 µM 

to 300 µM (Cole et al., 1991; Glukhov et al., 2010). Therefore, this markedly shortening of 

APD could impart cardioprotection by limiting calcium accumulation during each systolic 

interval, thus reducing cellular energy. The hypothesis tested in this section is whether the 

calcium transients could be regulated by potentiation of Kir6.2 and Kir6.1-containig KATP 

channels in cardiac muscle cells in the presence of a low (50 µM) and high (200 µM) 

concentration of pinacidil treatment.  

 

Isolated cardiomyocytes were loaded with Ca2+ sensitive dye Fura-2 for 20 min. Cardiac action 

potentials are triggered by stimulating the cells at 1 Hz. Cardiomyocytes were perfused with 

NT solution for 2 min, followed by separately exposing the cells for 3 min to 50 μM pinacidil 

and a solution containing 200 μM pinacidil treatment. The Ca2+ transients were recorded for 

30 s at the end of each stage. 
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Figure 3.10A shows representative traces of Ca2+ transients for cardiomyocytes in the NT 

solution (control), 50 μM pinacidil, and 200 μM pinacidil, illustrating a notable decrease of 

Ca2+ transients. In some cardiomyocytes pre-treated with a high pinacidil concentration, 200 

μM, showed a complete loss of the Ca2+ transients. A possible explanation might be that 200 

μM pinacidil can cause complete action potential failure in some cells via Kir6.2 containing 

KATP activation. This complete failure of cardiac action potential might provide a final step in 

the cardioprotection that can be afforded to the myocardium during severe ATP depletion. 

For the analysis, the ratio of emission signals (340:380) was measured together with the area 

under the curve. A significant declined the amplitude of Ca2+ transients was recorded from 

0.05±0.002 (Controls, n=142) to 0.04±0.003 (50 μM pinacidil, n=65, ****p<0.0001) and 

0.03±0.002 (200 μM pinacidil, n=77, ****p<0.0001), as shown in Figure 3.10B(i). Figure 

3.10B(ii) demonstrates that pinacidil induced a significant reduction in the AUC of the Ca2+ 

transient, from 0.02±0.001 (controls, n=142) to 0.011±0.001 (50 μM pinacidil, n=65, 

****p<0.0001) and 0.007±0.001 (200 μM pinacidil, n=77, ****p <0.0001). There was a 

significant difference in the alteration in AUC of Ca2+ transients between low-concentration 

(50 μM) pinacidil and high-concentration (200 μM) pinacidil treatments (**p=0.01), however; 

a reduction in the amplitude of Ca2+ transients was not significant between these 

concentrations of pinacidil treatment (p=0.06). Additinally, a significant decrease in the 

duration of the Ca2+ transients was recorded with pinacidil in concentration-dependent 

(n=142 for control, n=65 for 50 μM pinacidil, n=77 for 200 μM pinacidil, ****p<0.0001, 

**p<0.01, respectively), as shown in Figure 3.10B(iii). Further time-match control 

experiments or recovery of the Ca2+ transient amplitude following washout of pinacidil 

treatments will be needed to exclude photobleaching and/or extrusion of Fura-2 from the 

cells. However, with Fura-2, rather than single wavelength indicators, such as Fluo-4, the 

photobleaching would tend to occur in both wavelengths simultaneously. This leaves the ratio 

unchanged and therefore suggests that any decrease in signal is due to an effect of a drug 

rather than a photobleaching effect.  
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Figure 3.10: Pinacidil treatment at different concentrations reduced Ca2+ transients.  

A, Representative traces showing Ca2+ transients during cardiac action potentials in rat cardiomyocytes 

using Fura-2-AM as an intracellular calcium indicator, from control (blue line) to 50 μM pinacidil (red 

line) and 200 μM pinacidil (green line). B(i), Histograms show the peak of Ca2+ transients which is 

significantly reduced with pinacidil treatment (n=142 for control, n=65 for 50 μM pinacidil, n=77 for 

200 μM pinacidil, ****p<0.0001 for both concentrations). B(ii), Graphs showing that pinacidil led to a 

significant concentration-dependent decrease in the area under the curve of the Ca2+ transients (n=142 

for control, n=65 for 50 μM pinacidil, n=77 for 200 μM pinacidil, ****p<0.0001, **p<0.01, one-way 

ANOVA Holm–Sidak post-test). B(iii), Graphs showing that pinacidil led to a significant concentration-

dependent decrease in the duration of the Ca2+ transients (n=142 for control, n=65 for 50 μM pinacidil, 

n=77 for 200 μM pinacidil, ****p<0.0001, **p<0.01, one-way ANOVA Holm–Sidak post-test). 
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3.2.8 Calcium transients are prolonged by Kir6.1 inhibition in rat ventricular 

myocytes  

The previous results, shown in Section 3.2.4.1, suggested that Kir6.1 inhibition prolonged the 

action potential duration of ventricular cardiomyocytes. Therefore, we examined the 

hypothesis of whether blockade of Kir6.1 using PNU indeed increases Ca2+ accumulation in 

cardiomyocytes. Isolated cells were loaded with Ca2+-sensitive dye, Fura-2, for 20 min and 

stimulated at 1 Hz. Isolated cardiomyocytes were perfused with NT solution for 2 min to 

record a steady state of Ca2+ transients and then followed by recording the same field of cells 

following exposure to a solution containing 3 µM PNU for 3 min. At the end of each stage, 

Ca2+ transients were recorded for 30 s.  

 

The Ca2+ transient recordings in the control condition and after the application of PNU 

treatment are shown in Figure 3.11A. Ca2+ transients at the end of PNU treatment exhibited 

a significantly higher amplitude compared to control conditions, with 0.065±0.01 for controls 

versus 0.073±0.01 for 3 μM PNU (n=43, ***p=0.0002) (Figure 3.11B(i)). The effect was also 

measured on the AUC of Ca2+ transients which showed a significant increase to 0.025±0.004 

following PNU treatment (3 μM PNU, n=43, ***p=0.0003) compared to the control conditions 

0.022±0.003, Figure 3.11B(ii). Figure 3.11B(iii) demonstrates that 1 µM PNU caused a 

significant prolongation of the duration of the Ca2+ transients (n=43, **p=0.038). These data 

showed that selective blockade of cardiac Kir6.1 containing channels enhanced the 

accumulation of intracellular Ca2+. However, future work including time-match controls will 

be needed to exclude possible photobleaching and/or extrusion of Fura-2 from the cells. 

However, as mentioned previously, photobleaching is unlikely with Fura-2.  
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Figure 3.11: PNU treatment increased Ca2+ transients, which may have a cardiotoxic effect to 
cardiac muscle cells during metabolic stress.  

A, Representative traces of Ca2+ transients during cardiac action potentials in rat cardiomyocytes using 

Fura-2-AM as a sensitive intracellular calcium indicator, from control (blue line) to pharmacologically 

pre-treated myocytes (red line). B(i), Graph showing 3 μM PNU caused a significant rise in the peak of 

Ca2+ transients (n=43, ***p=0.0002; paired t-test). B(ii), Graph showing that 1 µM PNU increased the 

AUC of the Ca2+ transients (n=43, ***p=0.0003; paired t-test). B(iii), graphy showing that 1 µM PNU 

caused a prolongation of the transient duration (n=43, **p=0.038; paired t-test). 

 

3.2.9 Potentiation of ventricular Kir6.1 channels with pinacidil delays Kir6.2 

channel openings during metabolic inhibition  

Cardioprotected cells differ from unprotected cells via a delay in the time taken to activate 

the cardiac KATP (Kir6.2/SUR2A) current following metabolic inhibition, which is caused by ATP 

depletion during metabolic stress (Brennan et al., 2015). Based on the previous results, we 

hypothesised that activation of Kir6.1 containing channels in cardiomyocytes shortened the 

cardiac action potential and reduced calcium overload to limit the utilisation of cellular ATP. 
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To investigate a delay in the time for Kir6.2/SUR2A activation after perfusion with selective 

activation of Kir6.1, cell-attached patch recording was used. In control experiments, cells were 

perfused with NT for 1 min, and then exposed to substrate-free metabolic inhibition Tyrode’s 

solution (SFT-MI) containing cyanide and iodoacetic acid to inhibit glycolysis and the electron 

transport chain, respectively, to activate the classic cardiac KATP current (Figure 3.12A). 

Cardiomyocytes were perfused with 100 µM pinacidil for 5 min prior to exposure to the 

metabolic inhibition to activate Kir6.1 containing channels (Figure 3.12A). In metabolic 

inhibition, the opening of Kir6.2/SUR2A channel for longer than 100 ms was used as a 

surrogate marker of ATP depletion, displaying an amplitude of ~10 pA in the recording 

conditions described. To investigate the effect of selective potentiation of Kir6.1 current, we 

measured the time difference from the beginning of the metabolic inhibition to the first burst 

of Kir6.2/SUR2A activity greater than 100 ms in duration.  

 

Figure 3.12B(i) shows a representative trace of cardiac KATP current activity on the cell 

membrane for cardiomyocytes in NT solution and after perfusion with metabolic inhibition, 

demonstrating two levels of the cardiac KATP current amplitude: ~5 pA in the control condition 

(ATP-insensitive Kir6.1 channel), and ~10 pA following the introduction of the metabolic 

inhibitor (ATP-sensitive Kir6.2 channel) as shown in Figure 3.12B(ii) and (iii), respectively.  

 

Pre-treating with 100 μM pinacidil led a significant delay in the Kir6.2/SUR2A opening, from 

245.2±14.1 s (control, n=31) to 305±20.4 s (100 μM pinacidil, n=20, *p=0.016, Figure 3.12C(i)). 

The effect of 100 μM pinacidil on Kir6.1 channel can be visulaised using amplitude histograms 

in control conditions and in the presence of pharmacological treatment. Representative 

amplitude histograms of the Kir6.1 channel open probability during control and 100 μM 

pinacidil, showed values close to 0 pA (the shut level or closed state) and ~5.5 pA (the opening 

level of Kir6.1) (Figure 3.12C(ii). The increase in Kir6.1 channel opening with piniacidil 

treatment is shown as an increase in the peak at ~5.5 pA, compared with control conditions 

(Figure 3.12C(ii). Additionally, the amplitude histogram shows a second peak of opening level 

of Kir6.1 channel in the presence of 100 μM pinacidil, at ~11 pA which indicates multiple 

openings of the same channel type. Finally, the peak indicating the closed state of the channel 

suggests that the Kir6.1 activity spends less time in the closed state in the presence of 

pinacidil.  
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Figure 3.12C(iii) shows the mean data for the Kir6.1 channel open probability (NPo) in control 

conditions and following perfusion with pinacidil and SFT-MI.  The application of pinacidil as 

a pre-treatment prior to metabolic inhibition resulted in a significant increase in NPo of the 

Kir6.1 channel. This was recorded with 100 µM pinacidil treatment, from 0.09±0.02 (control, 

n=19) to 0.18±0.04 (100 µM pinacidil, n=19, p=0.001). However, the NPo of the Kir6.1 channel 

was not significantly different to control following metabolic inhibition (0.09±0.02 vs 

0.07±0.02, n=19, p=0.43). This indicates that a 100 µM pinacidil induced a marked increase in 

channel open probability of the Kir6.1 with an amplitude of ~5.5 pA. At the single channel 

level, no Kir6.2 activity was observed until SFT-MI was applied. 
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Figure 3.12: Potentiation of Kir6.1 led to a delay in the opening of Kir6.2/SUR2A channels and 
consequently delayed time to ATP depletion.  

A, Protocols to measure the time to opening of Kir6.2/SUR2A channels in cell attached recording. The 

time difference between the beginning of the metabolic inhibition to the first burst of activity greater 

than 100 ms was measured. B, Representative traces of cardiac KATP current activity in the cell attached 

patch recordings, showing ~5 pA in the control condition (ii), and ~10 pA following the introduction of 

the metabolic inhibitor (iii). C(i), Bar chart showing the time to activation of cardiac KATP (Kir6.2/SUR2A) 

current was significantly delayed (control, n=31 vs. 100 µM pinacidil, n=20, *p=0.016) (unpaired t- 

test). C(ii), Representative amplitude histograms of a 1 min interval assessed in the absence and 

presence of 100 µM pinacidil, showing increased in the peak of opening level of Kir6.1 at ~5.5 pA in the 

presence of pinacidil. C(iii), Graphs showing the mean NPo of Kir6.1 channels in control cells, in cells 

treated with 100 µM pinacidil and following the perfusion of SFT-metabolic inhibition. There was a 

significant increase in NPo following perfusion with pinacidil, however, there was no significant 

difference in NPo following the perfusion of SFT-metabolic inhibition, compared to controls (n=19, 

p=0.001, p=0.43, respectively) (One-way ANOVA with Holm-Sidak post-test).  

 

3.2.10 Potentiation of ventricular Kir6.1 channels by pre-treatment with pinacidil 

imparts cardioprotection in isolated rat ventricular myocytes 

The previous results showed that KATP activation caused a shortening of APD so presumably 

limiting Ca2+ channel activation so reducing Ca2+ transients (Section 3.2.2 and 3.2.7). It was 

hypothesised that pharmacological modulation of KATP channel could impart protection to 

cardiomyocytes. To investigate this hypothesis, isolated cardiomyocytes were subjected to 

metabolic inhibition and reperfusion protocols under control conditions and pharmacological 

treatments (protocol outlined in Figure 3.13A). Isolated cardiomyocytes were perfused with 

NT for 3 min, followed by perfusion with SFT-MI for 7 min to simulate ischaemia, and then for 

10 min with NT to simulate reperfusion injury. The contractile function of cardiomyocytes was 

examined by stimulating cells at 1 Hz via electric field stimulation (EFS) throughout this 

protocol. For the analysis, several parameters were measured: the time for contractile failure 

(as a measure of the time to ATP depletion), the percentage of cells recovering their 

contractile function, and the percentage of cell survival (as measured using trypan blue 

exclusion).  

 

Figure 3.13B(i) shows the time course of the effects of metabolic inhibition on contractile 

function and contractile recovery. This figure suggests that pinacidil imparted 
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cardioprotection, as see with an increasing recovery of contractile function for pinacidil-

treated compared to untreated cardiomyocytes. It was also noted that prior to perfusion with 

metabolic inhibition, cardiomyocytes treated with 200 μM pinacidil had a decrease in the 

percentage of contractile cells compared to control cardiomyocytes (~60% of contractile cells 

with 200 μM pinacidil vs. ~80% of contractile cells with NT). The possible loss of contractile 

function following perfusion of high pinacidil could be explained by an activation of Kir6.2-

containing channels normally involved in late-stage protection via severe shortening or 

complete failure of the cardiac action potential.  

 

To examine pinacidil pre-treatment-induced cardioprotection, the time from the onset of 

metabolic inhibition to the time when the cells failed to contract was measured, as shown in 

Figure 3.13B(ii). The application of pinacidil as a pre-treatment prior to metabolic inhibition 

resulted in a significant delay in the time to contractile failure. This was most pronounced 

with 50 µM pinacidil treatment, from 152.4±1.1 s (control, n=23) to 249±8.4 s (50 μM 

pinacidil, n=6, ****p<0.0001), 212.5±14.8 s (100 μM pinacidil, n=6, ****p<0.0001), and 

184.2±4.9 s (200 μM pinacidil, n=6, ***p=0.0002), as shown in Figure 3.13B(ii).  

 

An increased contractile recovery following metabolic inhibition is another hallmark of 

cardioprotection. To confirm pinacidil-induced cardioprotection, the percentage of cells 

regaining contractile function at the end of the washout period was assessed. In the control 

conditions, 23.9 ± 1.3% of cardiomyocytes recovered their contractile function following 10 

min of reperfusion (n=23) (Figure 3.13B(iii)). Pre-treatment with pinacidil tended to increase 

the percentage of cardiomyocytes regaining contractile function, and this was pinacidil 

concentration-dependent. Contractile function increased from 23.9±1.3% (control, n=23) to 

66.7±2.3 (50 μM pinacidil, n= 6, ****p<0.0001), 77.9±4.1% (100 μM pinacidil, n=6, 

****p<0.0001), and 84.5±5.0% (200 μM pinacidil, n=6, ****p<0.0001), as shown in Figure 

3.13B(iii). 

 

As a further indicator of cardioprotection at the end of the reperfusion period, trypan blue 

was used to stain dead cells and thus indicate the percentage of cell survival. Figure 3.13B(iv) 

shows that pinacidil treatment increased cell survival from 69.0±0.8% (control, n=23) to 
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93.7±1.2% (50 μM pinacidil, n=6, ****p<0.0001), 95.3±0.6% (100 μM pinacidil, n=6, 

****p<0.0001), and 100±0.00% (200 μM pinacidil, n=6, ****p<0.0001).  

Together, these data suggest that isolated cardiomyocytes treated with pinacidil were able 

to maintain contractile function for longer during metabolic inhibition, and showed increased 

contractile recovery and cell survival, an outcome that was concentration-dependent. This 

suggests that potentiation of ventricular KATP channels, whether containing of Kir6.1 subunit 

or Kir6.2 subunit, imparts cardioprotection. 
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Figure 3.13: Pre-treatment with pinacidil imparts cardioprotection in isolated 
cardiomyocytes.  

A, Example of the protocols used in these experiments. B(i), Example time course showing the 

percentage of rod-shaped contractile cells throughout the protocol. B(ii), Time to contractile failure 

(****p<0.0001, ****p<0.0001, ***p=0.0002, for 50 μM, 100 μM and 200 μM pinacidil). B(iii), The 

percentage of cardiomyocytes regaining contractile function at the end of reperfusion, (****p<0.0001 

for all concentrations). B(iv), Bar chart showing the mean percentage of cell survival (****p<0.0001 

for all concentrations) (one-way ANOVA with Holm–Sidak post- test). 
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3.2.11 PNU37883 is cardiotoxic to cells during metabolic inhibition protocol  

As documented previously, PNU tended to prolong the cardiac action potential by blocking 

ventricular Kir6.1 channels, and we also documented that this treatment caused a significant 

increase of Ca2+ transients (Section 3.2.4.1 and 3.2.8). To investigate whether blocking Kir6.1 

is cardiotoxic, the effects of PNU during simulated ischaemia and reperfusion were 

investigated. For the control group, isolated cardiomyocytes were perfused with NT for 3 min, 

followed by perfusion with SFT-MI for 7 min to simulate ischaemia, and then for 10 min with 

NT to simulate reperfusion injury. In the pharmacological treatment group, isolated 

cardiomyocytes were exposed to a solution containing SFT-MI and 3 μM PNU to determine 

whether this pharmacological blocker could attenuate ischaemic cardioprotection. We used 

the protocol outlined in Figure 3.14A. As with the pinacidil recordings from the metabolic 

inhibition and washout protocols, similar parameters were used to examine the effect of PNU 

on contractile function, including the time to contractile failure, the percentage of contractile 

recovery, and the percentage of cell survival.  

 

The percentage of contractile isolated cardiomyocytes in response to metabolic inhibition and 

the regaining of contractile function on reperfusion is shown in Figure 3.14B(i), for both 

controls and PNU treatments.  

Figure 3.14B(ii) shows the time to contractile failure, which was measured from the onset of 

metabolic inhibition to the time of loss of contractility of cardiomyocytes, to examine the 

cardiotoxicity of Kir6.1 inhibition. The application of 3 μM PNU treatment caused a 

significantly shortened time to contractile failure, from 158.3±1.6 s (control, n=6) to 

119.7±5.3 s (3 μM PNU, n=6, ****p<0.0001).  

 

To further confirm the cardiotoxic effect of PNU treatment, the percentage of cardiomyocytes 

regaining contractile function after 10 min of reperfusion was measured. The 3 μM PNU 

treatment significantly worsened contractile recovery compared to the control myocytes, 

from 36.0±2.2% (control, n=6) to 22.2±2.3% (3 μM PNU, n=6, ****p=0.002), as shown in 

Figure 3.14B(iii).  
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Figure 3.14B(iv) shows that the treatment with 3 μM PNU attenuated the percentage of cell 

survival, showing significantly decreased viable cardiomyocytes from 67.1±1.3% in the control 

group to 57.9±1.3% in the PNU group (n=6, ***p=0.0004).  

 

All three measurement strategies indicated the deleterious impact of 3 μM PNU treatment 

on the contractile function of cardiomyocytes. The application of a Kir6.1 blocker in isolated 

cardiomyocytes had a cardiotoxic effect, evidenced by the accelerated time to contractile 

failure, as well as the worsening contractile recovery and cell survival at the end of 

reperfusion. 
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Figure 3.14: The application of PNU treatment leads to cardiotoxic effects on isolated 
cardiomyocytes during the metabolic inhibition protocol.  

A, Metabolic inhibition and reperfusion protocols for the control group and cardiotoxicity group used 

in this study (3 min with NT, 7 min with SFT-MI, and treatment was washed out for 10 min with NT in 

the control; and 3 min with NT, followed by 7 min with SFT-MI+3 μM PNU, and then washed out for 10 

min with NT in the cardiotoxicity group). B(i), Time course traces showing the percentage of isolated 

cardiac myocytes in response to the stimulator throughout the protocol in the control and 3 μM PNU. 

B(ii), Time to contractile failure was measured from the onset of the metabolic inhibition period that 

shows a significant reduction (****p<0.0001; unpaired T-test). B(iii), The percentage of 

cardiomyocytes with 3 μM PNU which recovered contractile function, significantly decreased (n=6, 

****p=0.0015; unpaired t-test). B(iv), The mean percentage of cell survival at the end of reperfusion 

for cardiomyocytes was documented which showed a reduction in the number of cell surviving 

(***p=0.0004; unpaired t-test). 
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3.2.12 The presence of 10 µM pinacidil reduced infarct size in a whole heart ex 

vivo coronary ligation model via potentiation of ventricular Kir6.1 channels 

In the previous section (Section 3.2.10), we showed that pre-treatment with pinacidil tended 

to improve the contractile recovery of cardiomyocytes during ischaemia and reperfusion. To 

investigate whether the application of pinacidil had beneficial effects on infarct size following 

ischaemia and reperfusion, we employed a whole-heart preparation that used a coronary 

ligation model on a Langendorff system. The rat hearts were stabilised for 1 h, the hearts 

underwent ischaemia by ligation of the coronary artery for 40 min, and then ligation was 

released for 3 h to simulate the reperfusion period (the protocol is outlined in Figure 3.15A). 

Heart slices were stained with Evans blue and TTC: blue indicated non-affected regions (Evans 

blue dye), red indicated areas at risk, and white indicated necrotic tissue (stained with TTC), 

as described in Section 2.6. To determine the cardioprotective potential of pinacidil, this 

pharmacological treatment was perfused throughout the experimental protocol, and the 

infarct size was measured.  

 

Figure 3.15B shows representative images of sliced rat hearts for the control group and hearts 

treated with 10 μM pinacidil. The percentage of infarct size was significantly reduced in hearts 

treated with 10 μM pinacidil compared to untreated hearts, at 32.6±1.1% (control, n=19) to 

21.3±2.2% (10 μM pinacidil, n=10, ****p<0.0001) (Figure 3.15C). These data suggest that 

potentiation of Kir6.1 channels provides a cardioprotective effect against damage from 

ischaemic insult.  
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Figure 3.15: Pinacidil imparts cardioprotection by reducing infarct size in the whole heart after 
coronary ligation via potentiation of ventricular Kir6.1 channels.  

A, Protocol designed to examine the effect of Kir6.1 potentiation on the damage from myocardial 

ischaemia and reperfusion injury: rat hearts were stabilised for 1 h with NT perfusion, and ischaemia 

was induced by coronary ligation for 40 min, followed by 3 h of reperfusion with NT. Pinacidil was 

perfused throughout this protocol. B, Representative scanned images of stained hearts during control 

and 10 μM pinacidil which demonstrate reduction of infarct size with pinacidil treatment. C, Bar chart 

showing that the mean infarct size was significantly reduced after perfusion with 10 μM pinacidil 

(****p<0.0001; unpaired t-test). 

 

3.2.13 Selective inhibition of Kir6.1 with PNU37883 increased infarct size in a 

whole heart ex vivo coronary ligation model 

As previously described, perfusing isolated cardiomyocytes with the Kir6.1 pore-blocker (PNU) 

(section 3.2.11) caused cardiotoxic effects. We hypothesised that the application of PNU in a 

whole-heart ex vivo coronary ligation model would have a cardiotoxic effect by increasing 

infarct size. Figure 3.16 shows the protocol used to assess the effects of PNU. To measure the 

detrimental impact on the size of the infarct area, PNU was perfused during the coronary 
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ligation period. As with the pinacidil experiments from whole hearts, similar parameters were 

used to examine the effect of PNU on infarct size and were then compared with the control 

hearts.  

 

Representative images of slice-stained hearts are shown in Figure 3.16B. Figure 3.16C shows 

the mean data of infarct size in the absence and presence of 3 μM PNU, which indicated a 

significant increase in the infarct size, from 32.6±1.1% (control, n=19) to 50.4±3.7% (3 μM 

PNU, n=6, ****p<0.0001). These results suggest that exposure to Kir6.1 blocker led to 

extending the infarct size, causing a cardiotoxic effect during myocardial ischaemia. 

 

 

Figure 3.16: PNU treatment causes a cardiotoxic effect via inhibition of Kir6.1 channel, 
increasing the infarct size in whole-heart preparation.  

A, Protocol used to investigate the effect of PNU on infarct size: hearts were stabilised for 1 h with NT 

perfusion and ischaemia was induced by coronary ligation for 40 min, followed by 3 h of reperfusion 

with PNU perfused during the coronary ligation period in the same experimental protocol for the 

treatment group. B, Representative images of stained hearts during control and 3 μM PNU which 



   
 

143 
 

demonstrate a larger infarct size with PNU treatment compared to that in the normal untreated heart. 

C, Histogram showing a larger mean infarct size during PNU perfusion (****p<0.0001; unpaired t-test).  

 

3.3 Discussion  

In the present study, we identified a ventricular SarcoKir6.1 channel by recording current 

activity on the cell membrane for cardiomyocytes, based on our hypothesis that Kir6.1-

containing KATP channels and cardiac Kir6.2-containing KATP channels are expressed in 

ventricular muscles. As described previously, the cardiac KATP (Kir6.2/SUR2A) channel is 

considered a metabolic sensor, detecting ATP depletion during myocardial ischaemia, which 

leads to shortening and ultimately failure of the action potential and consequently sparing of 

intracellular ATP. This newly identified channel, similar to the canonical Kir6.2/SUR2A channel, 

was hypothesised to be very important in modulating normal physiological process by having 

a role in altering the action potential duration. Confirming the identity of this KATP channel has 

been extensive with a publication in preparation for submission. Part of my role in the 

characterisation of this channel was to use cell-attached patch clamp electrophysiology to 

record the activity of Kir6.1-containing channels, and use metabolic inhibition to distinguish 

from the canonical cardiac KATP channel (Kir6.2/SUR2A). This newly identified channel was 

characterised by a single current amplitude of ~5pA, which when the single channel 

conductance was investigated using the IV relationship gave a conductance of 39 pS.  

 

To investigate the physiological role of Kir6.1-containing channels at the ventricular cell 

surface, patch clamp recording was used to measure alterations in the electrophysiological 

properties, and the effects of specific pharmacological agents that target the Kir6.1 subunit.  

A key finding, was that activation of Kir6.1 subunit by pinacidil occurred at concentrations 

used in previous studies, but that had little to no effect on the canonical Kir6.2/SUR2A (<100 

µM) but did lead to a delay in the time for opening Kir6.2/SUR2A. It was also found that 

potentiation of this Kir6.1 current with a lower concentration of pinacidil than would normally 

be used in cardiomyocytes (normally up to 200 µM) improved the contractile function of cells 

following metabolic inhibition and washout. The low concentration of pinacidil (10 µM) can 

reduce infarct size following an ischaemic insult, however it should be noted that this 

concentration of pinacidil is known to activate the vascular KATP current (Suzuki et al., 2001; 
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Kovalev et al., 2004; Selvam et al., 2010). Similarly, although the selective blocker of this newly 

discovered KATP channel had a cardiotoxic effect, the caveat to this is that 3 µM PNU37883A 

could significantly block vascular channels to cause vasoconstriction and so worsen perfusion 

to the cardiac tissue.  

3.3.1 Identification of Kir6.1 containing channels expressed in sarcolemmal 

cardiomyocytes and their role in regulation of the cardiac 

electrophysiology 

KATP channels have been found to be expressed in different tissues with different 

combinations of various Kir6.x and SURx subunits, contributing to a variety in their biophysical 

properties and their sensitivities to pharmacological agents (Foster and Coetzee, 2016). This 

chapter mainly focuses on identifying the functional role of the two known mammalian pore-

forming subunits of KATP channels in ventricular muscle. The probability of their opening in 

response to the physiological ATP concentration as an endogenous modulator varies. KATP 

channels in cardiac ventricular myocytes was first identified by Noma (Noma, 1983). Previous 

research suggests that the opening of the cardiac KATP (Kir6.2/SUR2A) channels was involved 

in cardioprotection. It has been proposed that KATP openers impart protection by enhancing 

repolarising potassium current and therefore causing a shortening of APD.  This shortening of 

APD contributes to limiting Ca2+ influx, reducing Ca2+ release so sparing intracellular ATP that 

would be required to restore Ca2+ levels in diastole (D'Alonzo et al., 1992). There is a 

consensus that Kir6.2 null mice are prone to cardiotoxicity measured as a worsening the 

infarct size in vivo coronary ligation models (Suzuki et al., 2001; Du et al., 2014).  

 

The findings by Brennan et al. (2015) agree with a key role for Kir6.2 in cardioprotection, 

however do not entirely support the role of cardiac KATP (Kir6.2/SUR2A) channels in KATP  

agonist-induced cardioprotection (Brennan et al., 2015). This study found that following 

cardioprotective stimuli, rather than opening earlier to limit electrical excitability, the time to 

the opening of cardiac Kir6.2/SUR2A channels was delayed. These findings were rather 

surprising and suggested that canonical KATP channels at the ventricular surface do not impart 

protection in the early stages of metabolic stress, rather they act as a metabolic sensor of 

significant ATP depletion. This led to the hypothesis that there was another cardioprotective 

ion channel that could be active in imparting early-stage protection. 
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The literature has documented that Kir6.1 pore-forming KATP channels are normally found in 

vascular smooth muscle cells, and play a unique electrophysiological role in the conduction 

system controlling the heart rate from the sinoatrial node and inducing vasodilatation (Aziz 

et al., 2018; Aziz et al., 2014). However, few studies have suggested that it is also expressed 

in ventricular myocytes and plays an effective role in cardiac function (Singh et al., 2003; van 

Bever et al., 2004; Pu et al., 2008). These results agree with the findings of other studies, in 

which Kir6.1 null mice are prone to cardiovascular disorders, such as sudden infant death 

syndrome, electrocardiographic J wave syndrome, and hypercontractility of coronary arteries 

(Miki et al., 2002; Tester et al., 2011; Nichols et al., 2013). Furthermore, prior studies have 

documented a strong relationship between Kir6.1-containing KATP channels and cardiovascular 

disease such as Cantu syndrome, which is characterised by a gene mutation in Kir6.1 subunit, 

and this contributes to cardiomyopathy and hypercontractility of cardiac muscles (Huang et 

al., 2018; Ye et al., 2018). The most interesting finding, which may indicate the functional role 

of Kir6.1-containing channels in ventricular myocytes, is the absence of ST-segment elevation 

among animals with deletion of vascular-specific Kir6.1 pore-forming subunits, whereas ST-

segment elevation was reported among mice with deletion of the global Kir6.1 subunit (Aziz 

et al., 2014; Miki et al., 2002; Dart, 2014). According to these data, we can infer that two types 

of KATP channel may be expressed on the surface of ventricular cardiomyocytes. 

 

In addition to literature demonstrating an importance for Kir6.1 subunit in the heart, the data 

presented in this chapter support the hypothesis that in Kir6.1-containing channels are 

present in the ventricular membrane surface and that both pore-forming subunits of KATP 

channels contribute to ventricular electrophysiology. The current of Kir6.1 pore-forming 

subunit was identified by using a cell-attached patch holding the pipette potential at +40 mV 

to maintain the membrane potential of cardiomyocyte at ~-110 mV. The activity of Kir6.1-

containing KATP channels passed a current of ~5 pA in amplitude at rest, whereas Kir6.2-

containing KATP channels passed a current of ~10 pA in amplitude and were only active 

following metabolic inhibition. As shown in Figure 3.1, there was a clear difference in the 

current amplitude between these subunits during recording of cardiac KATP current activity on 

the cell membrane of rat cardiomyocytes, which suggests the presence of KATP-like channel 

on ventricular myocytes. The data presented here suggest that Kir6.2-containing KATP channels 
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are a metabolic sensor that responds to significant ATP depletion, demonstrated by exposing 

isolated cardiomyocytes to substrate-free metabolic inhibition Tyrode’s solution (SFT-MI) 

containing cyanide and iodoacetic acid to inhibit glycolysis and the electron transport chain, 

respectively. Although Kir6.2-containing KATP is not thought to be active under rest 

physiological conditions due to inhibition under normal intracellular ATP (~4.7 mM), the data 

from this experimental study suggest that this newly identified pore-forming subunit carries 

a similar characteristic ATP-insensitive Kir6.1 channel. The data presented from cell-attached 

recordings are consistent with previous literature, which suggests that Kir6.1-containing KATP 

channels in vascular smooth muscle cells contribute to regulating membrane potential under 

resting conditions (Teramoto, 2006; Yamada et al., 1997). To confirm that conventional 

cardiac KATP (Kir6.2/SUR2A) remains inactive in resting conditions, a reportedly selective 

Kir6.2/SUR2A blocker (1 µM HMR1098) (Sato et al., 2000a; Manning Fox et al., 2002) was used 

(Figure 3.8). Under the experimental resting physiological condition, no apparent inhibition 

of the constitutively active channel was seen. Kir6.2/SUR2A in whole cell recordings activated 

by 200 µM pinacidil was inhibited by HMR1098, but this could not be tested in cell attached 

recording activated by metabolic inhibition as HMR1098 has been reported to have reduced 

efficacy in the presence of elevated ADP as seen in metabolic inhibition (Rainbow et al., 2005). 

These findings support previous evidence from the literature that Kir6.2/SUR2A is found to be 

closed in normal physiological ATP. If this small conductance Kir6.1-like channel is like the 

vascular smooth muscle Kir6.1/SUR2B channel, then this could also be a relatively ATP-

insensitive.  

 

Several attempts have been made to investigate Kir6.x subunit in the functional ion channels 

in rodent ventricular myocytes by calculating the channel conductance of Kir6.x isoform 

because the passing current is largely dependent on this subunit. A greater unitary 

conductance of ~80 pS was found in Kir6.2-containing KATP channels, whereas a low unitary 

conductance of ~35 pS was recorded in Kir6.1-containing KATP channels (Bao et al., 2011; 

Isomoto et al., 1996; Repunte et al., 1999; Roeper, 2001). The intermediate unitary 

conductance of ~58 pS was investigated in the presence of a heteromultimeric pore-forming 

channel (Kir6.1/ Kir6.2) and a debate continues about the expression of Kir6.1/ Kir6.2 complex 

as a native channel in ventricular myocytes (Baron et al., 1999; Seharaseyon et al., 2000). As 

a result, it is believed that the newly discovered KATP channels are formed from a Kir6.1/SUR2B 
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or Kir6.1/SUR2A complex. The first possible reason may be due to the characteristic of newly 

identified KATP channels mimicking vascular smooth muscle type KATP channels, which are 

maintained open under resting conditions to allow vasodilatation. Another possible 

explanation for this is the single channel current amplitude presented in the resting condition 

compared to Kir6.2-containing KATP channel (double current amplitude). 

 

Further investigation to characterise the newly identified Kir6.1-containing KATP channel in 

ventricular myocytes was conducted using a specific pharmacological activator and inhibitor 

of Kir6.1. Pinacidil is a well-recognised KATP channel opener that leads to increase K+ efflux, 

and therefore causes membrane hyperpolarisation (Kowaltowski et al., 2001; Quayle et al., 

1994). It was reported that the EC50 of pinacidil is ~0.2 µM for Kir6.1/SUR2B and ~40 µM for 

Kir6.2/SUR2A (Grover and Garlid, 2000; Lodwick et al., 2014). Although pinacidil activates all 

types of KATP channels, the maximum level of Kir6.2/SUR2A activity was not reached at a 

pinacidil concentration of 100 µM (Satoh et al., 1998). In this study, a pinacidil concentration 

(≤150 µM) was used to activate Kir6.1-containing KATP channels, which may also cause some 

brief activation of Kir6.2-containing. We revealed in Figure 3.5 that 150 µM pinacidil had the 

ability to significantly increase the K+ current at -20 mV. The effects of 150 μM of pinacidil on 

the outward current indicated that pinacidil had a significant effect on the cardiac action 

potential duration. Figure 3.2 showed that 150 μM pinacidil induced a 23.9% shortening of 

APD90 in rat ventricular myocytes. This finding is in agreement with Nakayama et al.’s (1990) 

findings, which showed APD90 was shortened after application of 150 μM pinacidil in guinea 

pig cardiomyocytes (Nakayama et al., 1990). The new KATP-like channel is a weakly-rectifying 

K+ channels, and therefore the effect of pinacidil on the action potential right across the 

voltage range was investigated. The findings in Figure 3.2 suggest that pinacidil induced 

shortened APD at 50% (APD50) and 10% (APD10) repolarisation by ~12.6% and ~2.7%, 

respectively. From these observations, a selective opener of Kir6.1 appeared to affect all 

different levels of repolarisation, and therefore, this Kir6.1-containing KATP channels may be a 

component of what we know as the IK1 in ventricular myocytes.  

 

We therefore hypothesised that Kir2.x subunits might not be solely responsible for IK1, and 

Kir6.1 subunit may contribute to IK1 in cardiac sarcolemma. To test this hypothesis, the 

reduction of K+ currents was measured at -20 mV and -100 mV after perfusion with 
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extracellular Ba2+ (Kir2.x pore-blocker) (Kubo et al., 1993; Robertson et al., 1996; Zhao et al., 

2003) and PNU (Kir6.1 pore-blocker). This served as a pharmacological tool to distinguish 

between the link of the two pore-forming subunits and the current from IK1. A significant 

inhibition was found from the two different pore types containing channels on IK1, as shown 

in Figure 3.9. These data suggest that the Kir6.1-containing KATP channels play an important 

physiological role in resting conditions by contributing to IK1, which is responsible for 

maintaining the membrane close to EK.  

 

To further investigate the newly identified KATP channel, isolated cardiomyocytes were 

perfused with PNU37883A (PNU) to examine the pore-forming subunit of this channel. PNU 

is well documented as a selective Kir6.1 pore-blocker (Kovalev et al., 2004; Ploug et al., 2008). 

Current inhibition by PNU has been observed in truncated KATP channels that lacked SUR 

subunits and were expressed on the cardiac cell surface with only pore-forming subunit. This 

finding suggests that PNU blocks the pore sites of KATP channels. PNU is also known as a non-

sulphonylurea KATP blocker. To avoid potential off-target effects of high concentrations of 

PNU, less than 10 µM was used to assess the role of Kir6.1 in cardiac cells. This was followed 

by the application of a pan-KATP blocker, glibenclamide (sulphonylurea inhibitor). First, the 

relationship between the blockade of Kir6.1-containing KATP channels and current was 

investigated using a whole-cell recording configuration, followed by an investigation of the 

effect of this pharmacological agent on the cardiac APD. The data in Figure 3.7 showed that 

the current was significantly reduced following 10 µM PNU treatment, for ~1.9%, ~0.6%, and 

~3.0% at -100 mV, -20 mV and +60 mV, respectively. The observed reduction in K+ current at 

different voltage steps could be attributed to the presence of Kir6.1 pore-forming channels in 

active states right across the voltage range of cardiac action potential, which supports the 

finding documented in Figure 3.2. The APD was prolonged by 23.2% following treatment with 

3 µM PNU, with a further 31.6% prolongation of APD90 with 10 µM glibenclamide treatment, 

as shown in Figure 3.6. The application of these pharmacological inhibitors did not result in 

any shift in resting membrane potential. From these findings, it is possible to hypothesise that 

Kir6.1 pore-forming KATP channels play an important role in regulating cardiac action potential 

in resting conditions.  
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3.3.2 The modulation of Kir6.1-containing channels alters calcium influx by 

limiting the opening time of the L-type calcium channel 

We hypothesised that a direct modulation of Kir6.1 containing channel in cardiac sarcolemma 

results in reduced cell excitation via shortening of cardiac action potential and ultimately 

reducing intracellular Ca2+, presumably by causing L-type channels to close more quickly, as 

part of the cardioprotective mechanism. L-type channels are known to mediate the Ca+2 influx 

during the depolarization phase of the cardiomyocyte action potential (Levick, 2013; Nilius et 

al., 1985). Previous studies have reported the activation of cardiac KATP channels during 

hypoxia to limit ATP depletion via reduced L-type calcium current entry to reduce toxic 

calcium loading during each systolic beat (Korchev et al., 2000; Suzuki et al., 2001; Shimoda 

and Polak, 2011). In the present study, the levels of Ca2+ transients in control conditions and 

during perfusion with a selective Kir6.1 activator and blocker were measured. Figure 3.10 

shows, in line with previous literature, that activation of cardiac KATP (Kir6.2/SUR2A) channels 

following a high pinacidil concentration (200 μM) led to a severe reduction or abolished of 

Ca2+ transients. The findings observed in this figure mirror those of the previous studies that 

have found the opening of cardiac Kir6.2/SUR2A channel imparts late-stage protection to 

preserve the remnant intracellular ATP for a long time through severe reduction of cardiac 

contractility. Potentiation of Kir6.1 by application of 50 μM pinacidil significantly shortened 

the Ca2+ transients but the limiting of cardiac contractility was lower than the shortening 

effect in high pinacidil concentration treatment, as shown in Figure 3.10. Given these findings, 

it is possible that the newly identified Kir6.1-containing KATP channels could contribute to 

imparting energy-sparing mechanisms during the early stage of metabolic stress. By contrast, 

selective blockade of the cardiac Kir6.1 subunit (3 μM PNU) caused a significant prolongation 

of Ca2+ transients, as shown in Figure 3.11. The findings presented in this figure may suggest 

that inhibition of cardiac Kir6.1 containing channels have a toxic effect on cardiomyocytes 

during metabolic stress, via loading intracellular calcium.    
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3.3.3 Activation of Kir6.1 imparts protection to cardiomyocytes and isolated 

hearts 

The link between the potentiation of Kir6.1-containing KATP channels and cardioprotection was 

a further objective of this chapter. It is well documented in the literature that KATP channels 

openers and ischaemic preconditioning are a cardioprotective mechanism (Kitakaze, 2010; 

Wojtovich et al., 2010; Brennan et al., 2015). While there is a fall in intracellular ATP during 

simulated ischaemia, cardioprotected cells show a delay in action potential and contractile 

failure to maintain the cardiac function for longer during the ischaemic insult and a 

corresponding delay in the opening of the cardiac KATP (Kir6.2/SUR2A) channel. Consequently, 

a delayed opening of this classic cardiac KATP has been suggested as one of the hallmarKs of 

ischaemic preconditioning. The study by Brennan et al. (Brennan et al., 2015) indicated that 

during cardioprotective stimuli, the time to opening the canonical Kir6.2/SUR2A channels is 

delayed, which indicates that this channel provides a late-protection with severe ATP 

depletion. This observation supports the hypothesis about the presence of another cardiac 

KATP channel that may be involved in imparting the early stage of protection. In accordance 

with our hypothesis, previous studies have demonstrated that during normal physiological 

conditions, mice with Kir6.2 deletion did not exhibit modulation in the cardiac action 

potential, whereas mice with Kir6.1 deletion exhibited sudden death and ST segment 

elevation (Suzuki et al., 2001; Miki et al., 2002). It is possible, therefore, that the activation of 

Kir6.1-containing KATP channels may act during resting conditions and contribute to the effect 

on the time to activation of canonical Kir6.2/SUR2A channels. To investigate this, a cell-

attached patch recording was used to measure the effect of Kir6.1 potentiation on the time 

required to activate known cardiac KATP (Kir6.2/SUR2A) channels. In experiments with pre-

treating isolated cardiomyocytes with 100 μM pinacidil, the time to Kir6.2/SUR2A channels 

activation following metabolic inhibition was significantly delayed, as shown in Figure 3.12. 

This finding indicates that Kir6.1-containing KATP channels play an important role in 

cardioprotection by delaying ATP depletion.  

 

The question that remains is how potentiation of cardiac Kir6.1-containing KATP channels may 

result in cardioprotection. To investigate this hypothesis, the metabolic inhibition and 

reperfusion protocol was used to examine the contractile function of isolated cardiomyocytes 
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following pinacidil treatment and the time to contractile failure at this point, as well as the 

percentage of contractile recovery and cell survival at the end of reperfusion. The present 

findings provide evidence of the cardioprotective role of Kir6.1 pore-forming KATP channels 

against damage from metabolic inhibition and reperfusion injury. This is shown in Figure 3.13; 

with pre-treatment with pinacidil to potentiate the Kir6.1 activity, the time to contractile 

failure, which is reflected in the time to ATP depletion, and the rate of contractile recovery 

increased with an increase in cell survival at the end of the reperfusion period. Different 

concentrations of pinacidil treatment were applied separately to target different pore-

forming subunits of KATP channels in the cardiac membrane surface; both 50 µM and 100 µM 

pinacidil caused marked activation of Kir6.1 pore-forming channels, whereas 200 µM pinacidil 

led to marked opening of Kir6.2 pore-forming channels. The contractile function before the 

application of the metabolic inhibitor was noticeably reduced in cardiomyocytes pre-treated 

with 200 μM pinacidil compared to controls and pre-treatment with other concentrations of 

pinacidil (as shown in the time-course trace in Figure 3.13B(i)). A possible explanation for 

these findings might be that activation of the known cardiac KATP (Kir6.2/SUR2A) channels with 

200 µM pinacidil is sufficient to limit the ability of the electric field stimulation to reach the 

threshold for activating an action potential, therefore reducing the proportion of contractile 

cells at the start of the experiment. 

 

The protective effect of Kir6.1 activation was investigated in this chapter using whole-heart ex 

vivo coronary ligation. The findings indicate that hearts treated with 10 μM pinacidil exhibited 

a significant reduction in infarct size, as shown in Figure 3.15. The observed of protecting the 

heart following an application of 10 μM pinacidil treatment could be attributed to dilation of 

the coronary arteries. Despite the demonstrated cardioprotective effect of pre-treatment 

with Kir6.1 potentiation against damage after myocardial ischaemia, it is necessary to 

investigate this pharmacological potentiator during ischaemia and reperfusion by simulating 

human hearts undergoing myocardial infarction in the clinical setting. Based on the findings 

of isolated cardiomyocytes and isolated whole hearts, we could infer that the 

cardioprotective effect against damage after myocardial ischaemia is a result of the opening 

of the newly identified Kir6.1 containing KATP channel. 
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3.3.4 Blockade of Kir6.1 causes cardiotoxicity to cardiomyocytes and isolated 

hearts 

As mentioned in previous studies, mice with Kir6.1 deletion exhibit a larger infarct size 

following hypoxia (Miki et al., 2002; Aziz et al., 2017). Mice with global knockout of Kir6.1 have 

shown ST-segment elevation, an outcome that was absent in mice with vascular deletion of 

Kir6.1 (Miki et al., 2002; Aziz et al., 2014). Figure 3.14 shows, in line with previous literature, 

that the blockade of cardiac Kir6.1 containing KATP channels has a deleterious impact on the 

contractile function of isolated cardiomyocytes following 3 µM PNU treatment. This finding 

was evidenced by the accelerated time to contractile failure as well as the reduced rate of 

contractile recovery and cell survival at the end of reperfusion. This is consistent with our 

hypothesis in that Kir6.1-containing channels impart protection in ventricular myocytes by 

either indirectly mediating vasodilatation of the coronary artery to reduce infarct size or 

directly modulating the physiological function of cardiomyocytes.  

 

We further determined the effect of Kir6.1 inhibition on the infarct size of whole-heart 

preparation using a coronary ligation model. The findings from this experiment indicate that 

hearts treated with Kir6.1 inhibition (3 µM PNU) caused a significant increase in infarct size, 

as shown in Figure 3.16. It seems possible that the cardiotoxicity following PNU treatment is 

due to this pharmacological inhibitor having effects on the coronary circulation. Together, the 

findings in isolated cardiomyocytes and isolated hearts suggest that the blockade of cardiac 

Kir6.1 pore-forming channels has a cardiotoxic effect after metabolic stress.  

 

At the beginning of this chapter, we postulated that increased Kir6.1 activity in ventricular 

myocytes could impart cardioprotection by shortening the cardiac action potential, limiting 

calcium overload, and thus preventing ATP depletion. The data presented here suggest that 

the potentiation of Kir6.1 may act as a novel effector of cardioprotection. These observations 

suggest that there may be two types of KATP channel on the surface of ventricular 

cardiomyocytes, including the canonical cardiac KATP channel (Kir6.2/SUR2A) and the second 

ventricular SarcoKir6.1, possibly with a SUR2B subunit. The newly identified cardiac Kir6.1 

containing KATP channel may be involved in fine-tuning of the resting potential and action 

potential of ventricular myocytes and may also impart early-stage protection, whereas 
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Kir6.2/SUR2A channel is a metabolic sensor by opening during prolonged ischaemia to impart 

late-stage protection. However, further studies should be performed to explore the link 

between cardiac Kir6.1-containing KATP channels and protection against the damage of 

myocardial ischaemia and reperfusion injury.  
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Chapter 4 Characterisation of IKs in the heart 

4.1 Introduction  

Despite the initial identification of ischaemic preconditioning as a cardioprotective 

intervention nearly 40 years ago, its underlying mechanisms are still not fully understood. 

More disappointingly, the cardioprotective stimuli that are effective in pre-clinical models 

have not successfully translated to efficacy in humans (Rossello and Yellon, 2016). The ability 

to activate the intrinsic cardioprotective mechanisms within the heart to protect against 

ischaemic and reperfusion damage has thus far eluded us. 

Studies have shown that cardioprotective interventions, such as ischaemic preconditioning 

and adenosine treatment, cause changes in the functional behaviour of cardiomyocytes. It 

has been observed that cardioprotected cells have a slightly shortened action potential 

duration, while in simulated ischaemia, they have a prolonged time to ATP depletion and a 

corresponding delay of the opening of the known cardiac KATP (Kir6.2/SUR2A) channel. This 

delay in the opening of this large hyperpolarising current means that there is a delay in action 

potential and contractile failure, meaning that they maintain function for longer during the 

ischaemic insult. Finally, the cells maintain their intracellular calcium homeostasis for longer 

during metabolic stress, which also suggests that intracellular ATP is preserved for longer 

(Murry et al., 1986; Kitakaze, 2010; Brennan et al., 2015). In short, cardioprotected cells 

appear to be able to maintain their intracellular calcium homeostasis for longer than non-

cardioprotected cells via a mechanism that is most likely dependent on them having a 

reduced or more efficient use of ATP. 

 

It was hypothesised that the slight shortening of the action potential duration seen in the 

cardioprotected cell shortened the time that L-type channels permitted the influx of calcium, 

thus limiting the accumulation of cytoplasmic calcium during each contractile cycle. This 

would reduce the ATP consumption of the cell, as there would be less calcium to remove from 

the cytoplasm during diastole.   

 

In this chapter, the compound ML277, which is a known KV7.1 (KCNQ1) selective activator 

with an EC50 260 nM (Mattmann et al., 2012; Yu et al., 2013a), was used to shorten the action 

potential duration to assess whether potentiation of the repolarisation reserve current in 
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resting conditions impart cardioprotection. We used ML277 at a concentration of 1 µM. 

Previous studies indicate that ML277 at this concentration increased the peak of IKs (Yu et al., 

2013a; Xu et al., 2015; Hou et al., 2019).  ML277 is an activator of KCNQ1 currents and its 

effectiveness is reduced at saturating levels of KCNE1 expression (Yu et al., 2013a). 

 

Blockade of IKs was achieved by using JNJ303. JNJ303 was developed from the initial 

compound JNJ423 which is a potent inhibitor of 11β-hydroxysteroid dehydrogenase-1 (HSD1) 

enzyme being profiled as an anti-obesity/diabetes drug (Towart et al., 2009). JNJ303 has 

selectivity at the IKs complex rather than solely KCNQ1 (Yu et al., 2013a). JNJ303 binds to a 

unique pocket when the KCNQ1 and KCNE1 subunits are co-assembled, with an IC50 value of 

64 nM. JNJ303 at a concentration of 1 µM was shown to inhibit the KCNQ1/KCNE1 channel 

current by about 80% (Wrobel, 2013), so we used this concentration in our experiments. The 

inhibitory effect  of JNJ303 increases with higher expression level of β-subunit KCNE1 (Wrobel, 

2013). In order for JNJ303 to bind to KV7.1 it requires the co-assembly with the accessory 

subunit, KCNE1, to form a pocket in the structure that JNJ303 can bind to (Wrobel, 2013). This 

does not rule out any additional effects of JNJ303 on other proteins or ion channels. There is 

literature that suggestes JNJ303 had an effect on KV11.1, causing QT prolongation in the 

anaesthetised guinea-pig model when JNJ303 was intravenously applied at dose of 0.63 and 

1.25 mg/kg (Towart et al., 2009). This suggests that JNJ303 might have effects on other ion 

channels.  

 

To investigate the cardioprotective/cardiotoxic effects of IKs modulation, several different 

techniques were used. Firstly, patch clamp recording was done to assess 1) whether ML277 

shortens the action potential duration via potentiating of the voltage-gated current 

component in rat cardiomyocytes, 2) whether ML277 had any additional effects on other 

currents to ensure it was selective for IKs, and 3) the calcium transients in cardiomyocytes to 

determine whether ML277 did indeed reduce calcium accumulation. Isolated cardiomyocytes 

were treated with JNJ303 to investigate whether 1) JNJ303 prolongs cardiac action potential, 

2) JNJ303 reduces the peak amplitude of IKs and their effect on other cardiac ion channels, 

and 3) JNJ303-induced calcium accumulation.  
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4.2 Results   

4.2.1 ML277 (a selective activator of the IKs) shortens the cardiac action 

potential  

Previous studies have shown that, ML277 is a potent potentiator of the cardiac IKs at the ratio 

of 4 KCNQ1: 2KCNE1 found in native IKs (Yu et al., 2013a; Xu et al., 2015). The potent 

potentiation by ML277 of the IKs makes it a promising pharmacological target which causes a 

shortened duration of cardiac action potentials. To examine this pharmacological effect, the 

action potentials of isolated rat cardiomyocytes were measured. These recordings were 

carried out using current-clamp recordings, as outlined in Section 2.3.3. Cardiomyocytes were 

first perfused with NT solution. The action potential was stimulated at a rate of 1 Hz via a 

patch pipette. The cells were recorded in NT solution for 2 min to allow the action potential 

duration to reach a steady state before the addition of drugs. Once equilibrated, 1 M ML277 

in NT solution was applied for 5 min. 

 

Figure 4.1A shows a representative recording of an action potential in control conditions and 

during the perfusion of ML277. For the analysis, the action potential duration (APD) was 

measured together with the resting membrane potential. The APD was measured at three 

time points, 10%, 50% and 90% repolarised, to investigate the effects of ML277 (Figure 4.1B). 

It was anticipated that ML277 activation of IKs would have the greatest effect on the APD90, 

given that IKs is a slowly activating current. In the presence of ML277, the IKs retains its slow-

acting phenotype.  

ML277 led to a significant shortening of the APD90 in ventricular myocytes, from 62.192.9 

ms (control condition, n=16) to 50.13.2 ms (ML277, n=16, p<0.0001) and that there was not 

a significant change at washout to 56.84.6 ms (p=0.142) (Figure 4.2A(i)). Figure 4.2A(ii) 

showed APD90 variability was reduced after exposing cardiomyocytes with a solution 

containing 1µM ML277 as a compared to APD90 variability of control conditions. In these 

cardiomyocytes, there was no effect on resting membrane potential, with -68.8±1.5 mV in 

the control recording, -70.6±1.7 mV after ML277 treatment (n=8, P=0.35) and -68.9±2.6 mV 

following washout (n=8, P=0.99) (Figure 4.2A(iii)).   
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As anticipated, the effects of ML277 on APD10 and APD50 were limited (Figure 4.2B). The mean 

APD50 (n=7) did not significantly alter from 61.4±5.1 pA/pF at baseline to 56.9±5.6 pA/pF with 

ML277 treatment and to 58.4±5.6 pA/pF following the washout of the drug (p=0.52, p=0.66, 

respectively) (Figure 4.2B(i)). In addition to that, APD10 did not significantly change, recording 

from 20.3±5.1 pA/pF at control to 19.2±3.9 pA/pF with ML277 treatment and to 20.5±4.1 

pA/pF following the washout of the drug (p=0.80, p=0.90, respectively) (n=7), as shown in 

Figure 4.2B(ii).  

 

 

Figure 4.1: The representative effect of ML277 on action potential duration (APD) in a rat 
ventricular myocyte compared to the control condition.  

A, Representative traces of an action potential prior to (blue line) and during perfusion with 1 μM 

ML277 (red line), showing shortening of the action potential during the pharmacological treatment. B, 

A representative trace of APD at different points of the repolarisation at 10% (green dot), 50% (blue 

dot) and 90% (red dot).  
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Figure 4.2: ML277 treatment shortened action potential duration (ADP) with no effect on 
resting membrane potential.  

A(i), Graph showing that 1 μM ML277 shortened the mean APD90 with non-significant change 

compared to washout recordings (****p<0.0001, p=0.142, respectively for one-way ANOVA Holm-

Sidak post-test) (n=16). A(ii), Poincare plot showing the action potential variability in control and 

ML277. Data plotted for 10 action potentials in each condition. A(iii), Histogram showing no effect of 

1 μM ML277 on the membrane potential (n=8, P=0.35, p=0.99, one-way ANOVA Holm-Sidak post-test). 

B(i), APD50 was not altered in the presence of ML277 and following the washout (p=0.52, p=0.66, 

respectively for one-way ANOVA Holm-Sidak post-test) (n=7). B(ii), APD10 was also not significant 

change with ML22 and washout recordings, compared to controls (p=0.81, p=0.90, respectively for 

one-way ANOVA Holm-Sidak post-test) (n=7). Data are presented as mean  SEM. 

 

4.2.2 JNJ303 (a selective IKs blocker) did not prolong cardiac action potentials  

JNJ303 has been reported to be a selective blocker of the IKs (Section 1.4.4.1) (Towart et al., 

2009). It was hypothesised that if the hyperpolarising effect of the IKs was removed, then the 

action potential would be longer, as is seen in IKs mutations associated with long QT syndrome 
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(Heijman et al., 2012). We therefore hypothesised that IKs inhibition would have a cardiotoxic 

effect on cardiomyocytes. 

To examine this pharmacological effect, the action potentials of isolated rat cardiomyocytes 

were measured. As with the ML277 recordings, once a steady state of APD was reached (after 

~2 min), the solution was exchanged for ones containing 1 M or 300 nM JNJ303 to enable 

us to assess changes in APD.  

 

Figure 4.3 shows the action potential in the control condition and during the perfusion of 

JNJ303. There was a small but insignificant prolongation of the APD90 at different 

concentrations of JNJ303 (1 M and 300 nM), with no effect on the RMP.  

 

In the cardiomyocytes, the APD90 was measured. The APD90 increased from 50.65.6 ms to 

56.37.9 ms, albeit insignificantly (control vs 1 M JNJ303, n=6, p=0.265, Figure 4.3B(i)). 

Investigation of the membrane potential showed a non-significant depolarisation of RMP 

from -68.30.74 mV to -67.21.0 mV (control vs 1 M JNJ303, n=6, p=0.162, Figure 4.3B(ii)). 

Similarly, at a low concentration of JNJ303 (300 nM), the alteration of APD90 was not 

significant, changing from 74.910.2 ms to 73.310.3 ms (control vs. 300 nM JNJ303, n=7, 

p=0.560, Figure 4.3C(i)). Figure 4.3C(ii) showed no change in RMP from -48.52.4 mV (control, 

n=7) to -50.62.6 mV (300 nM JNJ303, n=7, p=0.126). These data of JNJ303 at different 

concentrations suggested that the prolongation of APD90 was not significant due to IKs not 

being the major current for repolarisation in rat cardiomyocytes.  

 

Given that IKs only makes a minor contribution to repolarisation in rat ventricular myocytes 

(Edwards and Louch, 2017), it was not expected that JNJ303 would have a significant effect 

on the APD. In these experiments, no significant prolongation of APD was seen, although 

washout data were not recorded in these experiments. Future experiments could be required 

to further investigate this.  
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Figure 4.3: The effect of JNJ303 on action potential duration (APD) from a rat ventricular 
myocyte compared to the control condition.  

A, Representative traces of an action potential prior to (blue line) and during perfusion with 1 μM 

JNJ303 (i) or 300 nM JNJ303 (red line) (ii), showing a slight prolongation/an abolished alteration of the 

action potential during the pharmacological treatment. B, Graph showing that 1 μM JNJ303 did not 

change the mean APD90 (p=0.265 for the paired t-test), or the resting membrane potential when 

compared to the control condition (p=0.162, n=6). C, mean data showing that 300 nM JNJ303 did not 

prolong the mean APD90 (p=0.560 for the paired t-test) and had no effect on RMP (p=0.126 for the 

paired t-test, n=7). 
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4.2.3 ML277 selectively activates the IKs in rat cardiomyocytes 

The hypothesis under investigation in this chapter is that the selective potentiation of the IKs 

shortens the cardiac action potential and that this reduces calcium loading during each 

contractile cycle to preserve energy. To confirm this hypothesis, it is important to first 

understand whether IKs is indeed selectively potentiated by ML277, or whether ML277 has 

effects on other cardiac ion channels. To investigate this, whole-cell recordings were used to 

measure different cardiac currents using a voltage-clamp protocol. This protocol was 

designed to measure several currents, including IK1, ICa, INa and IKs, as shown in Figure 4.4. 

Currents were evoked by depolarising the membrane to different voltages from a holding 

potential at -70 mV. In the cardiac myocytes, inward currents were activated at different 

voltages, including, sodium current (INa) and calcium (ICa) current (more positive than -50 mV) 

(Figure 4.4). The outward movement of K+ in rat ventricular myocytes occurs via different 

currents, including the transient outward current (Ito) and the slowly activating K+ currents 

(IKs) (Figure 4.4). The inwardly rectifying K+ currents formed from Kir2 and Kir6 subunits will 

pass inward currents negative to EK (~-90 mV) and outward currents at potentials positive to 

EK (Figure 4.4). The IK1 current, conventionally considered to be due to the activity of Kir2 

subunits, was measured from -100 to -45 mV giving both inward and outward currents across 

the voltage range.  The duration of depolarisation step was maintained for 6 s where other 

currents such as INa, ICa and Ito would be inactivated, whilst IK1 blocked by its rectification 

properties, at the end of this long protocol. It would be anticipated that at the end of this 

depolarising step, IKs would be a significant part of the current active. It would also be 

expected that there would be a KATP current companent, Kir6.1-containing KATP channels, as 

described in the previous chapter. 

 

The main limitation of the experimental protocol (Figure 4.4) is that does not isolated IK from 

other potassium currents (Himmel et al., 1999). For example, the end-pulse current under 

these recording conditions will include a non-inactivating steady-state outward current (Iss) 

with properties inconsistent with the properties of IKs. In this experiment, we used a highly 

selective KCNQ1 activator, ML277 (Mattmann et al., 2012), and then we investigated their 
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effect at the end of the depolarisation step with a duration around 6 s where IKs would be a 

significant part of the current active. 

 

To test whether ML277 had an effect on IK1, the current was recorded by applying 100 ms 

steps from -100 mV to -45 mV (Figure 4.4). INa typically activated when conditions were more 

positive than resting membrane potential (~ -40 mV) and peaked within a few milliseconds of 

the start of the depolarisation (Figure 4.4). This fast and transient current was fully inactivated 

by the end of a 100 ms pulse to -40 mV. The final depolarising steps (from -50 mV to +60 mV 

in 10 mV increments) were to activate Ca2+ currents and IKs. IKs were assessed at the end of 

the duration of depolarisation steps (6 s) due to their slow kinetics of activation. 

 

Initially, the cells were perfused with NT solution for 2 min to measure the control conditions 

(Figure 4.5A). After running the recording protocol twice, cardiomyocytes were perfused with 

an NT solution containing 1 µM ML277. Application of ML277 led to a notable increase in IKs 

compared to the control solution (Figure 4.5B). 

 

To compare the currents between cells, the currents were normalised to their cell capacitance 

(Figure 4.6). The mean data for the IKs, IK1 and ICa were compared, as shown in Figure 4.6. 

Figure 4.6A(i) shows that the I-V relationship of IKs had increased current amplitude in the 

presence of 1 µM ML277 when compared to control conditions. At a membrane potential of 

+60 mV, the mean IKs (n=16) increased from 3.6±0.2 pA/pF at baseline to 4.7±0.3 pA/pF with 

ML277 treatment (n=16, p<0.0001, Figure 4.6B(i)). The mean IKs was not significantly different 

to the control conditions in the washout recordings, being 4.0±0.2 pA/pF (n=16, p=0.09). This 

finding suggested that there was no rundown of IKs at +60 mV.  

 

The I-V curves of IK1 at -100 mV was recorded in the control condition at -5.9±0.4 pA/pF and 

with the pharmacological treatment at -5.7±0.4 pA/pF (n=16, p=0.22) as shown in Figure 

4.6B(ii). However, there was a significant decline in IK1 at -100 mV following the washout of 

the drug (-5.1±0.4 pA/pF), compared to control conditions (n=16, p=0.02, Figure 4.6B(ii)). A 

possible explanation for this finding might be rundown of IK1 over time at -100 mV.  Although 

the calculated EK for these solutions is -88 mV, in reality, the reversal potential of a K+ current, 

in the absence of any selective ion channel blockers, in a cardiac myocyte is unlikely to be 
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strictly at EK. This is partially due to potential ion flux through non-selective leak currents and 

transporters that may contribute to an Na+ influx.   

  

ICa at -10 mV showed no significant alterations, with -3.8±0.6 pA/pF for control versus -3.8±0.5 

pA/pF for 1 µM ML277 and -3.8±0.5 pA/pF for the washout condition (n=16, p=0.99 and 

p=0.98, respectively) (Figure 4.6B(iii)). This finding indicates that ICa at -10 mV were not 

rundown.  
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Figure 4.4: Representative trace from multi-current protocol used for whole-cell recording 
from rat ventricular myocytes which was illustrated the currents measured. 

The cardiac membrane currents were measured using the voltage step protocol outlined above. IK1 was 

measured by a series of depolarising steps between -100 and -45 mV. Measurements of inward 

currents such as INa and ICa, were carried out by depolarizing the membrane to more positive voltage 

than -50 mV. Voltage steps from -50 to +60 mV for 6 s were applied, and the start of the deploarisations 

were used to record Ca2+current and the very end of this depolarisation step was used to measure IKs. 
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The current was measured at specific regions which were represented between the two red cursors. IK1 

was measured as mean of final 20 ms of each sweep. ICa was measured when the peak negative of 

calcium current (between the two red cursors) are subtracted from the potassium current (between 

the two blue cursors). IKs was measured as mean of the end 6 s of each recording. Data was normalized 

to cell capacitance to allow comparison between cells.       

 

Figure 4.5: Comparison of the whole-cell patch clamp recordings in the absence and present 
of ML277, highlighted the treatment effect on IKs.  

A, Representative traces of isolated rat ventricular cell at the control condition. B, Recording trace of 

single ventricular myocyte after being perfused with 1 µM ML277, ML277 treatment selectively 

increases the slowly activating delayed rectifier potassium channel, as indicated by red circles.  
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Figure 4.6: The limited effect of ML277 on the activation of IKs.  

A, A voltage–current relationship of different cardiac ion currents (IKs (i), IK1 (ii), and ICa (iii)) of 

cardiomyocytes in control conditions (blue line) and during the application of ML277 (red line). B, 

Graphs showing the mean data in the control conditions, 1 µM ML277 treatment, and following 

washout of ML277. B(i), ML277 caused a significant activation of IKs (n=16, ****p<0.0001), that 
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showed no difference to control following washout (n=16, p=0.09). B(ii) Bar chart showing that 1 µM 

ML277 did not induce any change in IK1 at -100 mV (n=16, p=0.22), however there was a significant 

decrease in IK1 in washout recordings versus controls (n=16, p=0.02). B(iii) ICa (at -10 mV) currents were 

not significantly affected by the application of ML277 and did not change following washout of ML277 

(n=16, p=0.99 and p=0.98, respectively). (one-way ANOVA with Holm-Sidak post-test). 

 

4.2.4 JNJ303 blocks IKs cardiac currents  

The converse of our hypothesis (that a shortening of the APD by IKs potentiation is 

cardioprotective) is that blocking of IKs could be cardiotoxic. JNJ303 is an IKs-specific blocker 

that is thought to bind to a unique pocket that is exposed when the KCNQ1 and KCNE1 

subunits are co-assembled (Towart et al., 2009). To confirm that the compound was selective 

for the IKs, whole-cell recording was carried out using the protocol for ML277 described in 

Section 4.2.3. Cardiomyocytes were perfused with NT solution, and the protocol was run 

twice under these control conditions. Further experiments were then run following the 

perfusion of NT containing 1 µM JNJ303. Application of JNJ303 to ventricular cells led to a 

notably reduced IKs (Figure 4.7). The application of JNJ303 may have a detrimental impact on 

cardiac muscles by delaying the repolarisation phase of the cardiac action potential. 

 

A current voltage (I-V) curve was plotted following normalisation of the currents to their cell 

capacitance and compared with JNJ303 (Figure 4.8). Figure 4.8A(i) shows that the I-V 

relationship of IKs had decreased current amplitude in the presence of 1 µM JNJ303 when 

compared to control conditions. At a membrane potential of +60 mV, the mean IKs (n=6) 

decreased from 3.2±0.2 pA/pF at baseline to 2.6±0.2 pA/pF under 1 µM JNJ303 treatment 

(n=6, p=0.01, Figure 4.8B(i)). After the washout of JNJ303 treatment, the mean IKs increased, 

and was no longer significantly changed compared to control conditions (3.0±0.2 pA/pF, n=6, 

p=0.29) (Figure 4.8B(i)).     

 

I–V relationships for IK1 and ICa during JNJ303 perfusion were compared to control conditions 

(Figure 4.8A(ii) and (iii), respectively, n=6). 1 µM JNJ303 did not affect the IK1 at -100 mV (-

6.2±1.3 pA/pF to -5.2±0.9 pA/pF (Control vs JNJ303, n=6, p=0.35, Figure 4.8B(ii)). In addition 

to that, the mean IK1 (n=6) was not altered from the controls to -4.9±0.7 pA/pF with washout, 

(n=6, p=0.24, Figure 4.8B(ii)). Calcium currents were measured at -10 mV voltage steps and 
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showed no inhibition by 1 µM JNJ303 (-9.9±1.8 to -8.5±1.3 pA/pF (control vs. JNJ303, n=6, 

p=0.13, Figure 4.8B(iii)). The mean ICa at -10 mV was not further affected following the 

washout of the pharmacological treatment (-9.9±1.8 pA/pF to -7.9±0.9 pA/pF (Control vs 

washout, n=6, p=0.21,Figure 4.8B(iii))).  

 

 

Figure 4.7: Comparison between single cardiomyocytes under control condition with NT 
solution and after the administration of JNJ303, using whole-cell patch clamp recordings with 
a voltage clamp mode.  

A, Recording trace of cardiomyocyte under control condition. B, Recording of the same single 

cardiomyocyte after perfusion with 1 µM JNJ303, JNJ303 reduced the delayed rectifier potassium 

channel (IKs), as indicated by the red circles.       
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Figure 4.8: The effect of JNJ303 on the blocking of IKs.  

A, A current-voltage relationship of different ionic currents (IKs (i), IK1 (ii) and ICa (iii)) in cardiomyocytes 

under control conditions (blue line), during the application of 1 µM JNJ303 (red line) and following the 

washout of the treatment (gray line). B, Graphs showing the mean data in the control conditions, 1 

µM JNJ303 treatment, and following washout of JNJ303. B(i), JNJ303 caused a significant block of IKs 
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(n=6, **p=0.01), and showed no difference to control following washout (n=6, p=0.29). B(ii) Bar chart 

showing that 1 µM JNJ303 did not induce any change in IK1 at -100 mV (n=6, p=0.35), and showed no 

difference to control following washout (n=6, p=0.24). B(iii) ICa (at -10 mV) currents were not 

significantly affected by the application of JNJ303 and did not change following washout of JNJ303 

(n=6, p=0.13, p=0.21, respectively). (one-way ANOVA with Holm-Sidak post-test). 

 

Time-matched recordings were carried out to determine whether decreases in IK1 and ICa 

could be attributed to rundown. Figure 4.9A shows the current-voltage (I-V) relationship for 

IKs, IK1 and ICa in the presence of vehicle (DMSO) at time points equivalent to control, drug 

administration and washout. The mean IKs (n=10) was not altered from 4.8±0.2 pA/pF at 

baseline to 4.7±0.1 pA/pF at the equivalent time of drug addition, and to 4.7±0.1 pA/pF at 

time matched washout (n=10, p=0.71, p=0.69, respectively) (Figure 4.9B(i)). At -100 mV, the 

mean IK1 (n=10) significantly decreased from -9.81.2 pA/pF in control conditions, to -8.50.3 

pA/pF at a time equivalent to drug and to -7.90.3 pA/pF at a time matched washout (n=10, 

p=0.002, p=0.008, respectively, Figure 4.9B(ii)). ICa at -10 mV were also not significantly 

altered, recording from -4.4 ±0.2 pA/pF to -4.2±0.3 pA/pF and to -4.3±0.4 pA/pF (n=10, 

p=0.74, p=0.92, respectively, Figure 4.9B(iii)). Consequently, the control experiments 

concluded that there is an absence of rundown in IKs and ICa at the time-matched recordings. 

These findings suggest that 1 µM JNJ303 is a selective inhibitor of IKs.  
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Figure 4.9: The possibility of run-down in the currents at equivalent time of drug recordings 
in the absence of the drug with recordings in the presence of NT solution.  

A, A current-voltage relationship of different ion currents (IKs (i), IK1 (ii) and ICa (iii)) in cardiomyocytes 

under control conditions (blue line), following of the time-matched control (green line) and following 

of the time-matched washout (gray line). B, Graphs showing the mean data in a time-matched fashion 

so that the control currents are measured in the presence of vehicle at a time matched (relative to 

whole-cell access being obtained) to that of the corresponding measurements in the presence of 

ML277/or JNJ303. IKs (at +60 mV) currents were not significantly affected by the application of vehicle 

at a time matched fashion (n=10, p=0.71, p=0.69, respectively). B(ii) Bar chart showing that vehicle 
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(DMSO) caused a significant decrease in IK1 at -100 mV at a time matched fashion (n=10, **p=0.002, 

**p=0.008, respectively). B(iii) ICa (at -10 mV) currents were not significantly affected by the application 

of vehicle at a time matched fashion (n=10, p=0.74, p=0.92, respectively). (one-way ANOVA with Holm-

Sidak post-test).  

 

4.2.5 ML277 increases IKs over the duration of a normal human cardiac action 

potential 

In normal human cardiomyocytes, the action potential duration (APD) at resting conditions, 

of around 60 – 70 beats per minute, is around 300 ms in duration (Antzelevitch et al., 1999; 

Qu and Chung, 2012). The outward currents contribute to terminate the action potential 

duration, including the components of the delayed rectifier potassium current (IKr and IKs) in 

human. However, in rat cardiomyocytes, there are two main components of the outward 

currents: the transient outward current (Ito) and the delayed rectifier potassium current (IK), 

which contribute to terminate the cardiac action potential (Himmel et al., 1999). Ito is 

characterised by rapidly activating and inactivating outward current, whereas, IKs is 

characterised by slowly activating and inactivating current. A voltage protocol was used to 

investigate the effect of ML277 on the current over the normal duration of the human action 

potential, to see whether IKs activity would become more visible over this 300 ms timecourse. 

The voltage protocol depolarised the cell to +20 mV, with a ramp to +10 mV over 300 ms, and 

then a ramp back down to the resting membrane potential of -70 mV, with a frequency of 1 

Hz. The IKs was measured at the end of this protocol where the slowly activating current would 

most likely be distinguished.  To examine this, whole-cell recording was used and currents 

were evoked by depolarising the membrane to +20 mV from a holding potential of -70 mV as 

shown in Figure 4.10. The cell membrane was then repolarised to +10 mV down a slow ramp 

over 300 ms (Figure 4.10). However, a main limitation of the experimental protocol is that 

other ion currents might contribute to the IKs that was measured in rat ventricular myocytes 

(Himmel et al., 1999). For instance, rat Iss contributes to the total outward current.  

 

Initially, the cells were perfused with NT solution for 2 min to reach a steady state before the 

application of pharmacological treatments. Once equilibrated, 1 μM ML277 in NT solution 

was applied for 5 min. Figure 4.10A shows a representative recording of the protocol in 

control conditions and during the perfusion of ML277. ML277 led to a significant increase in 
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IKs, from 2.20.2 pA/pF to 2.50.2 pA/pF (Control vs. 1 µM ML277, n=11 for both conditions, 

p=0.009, Figure 4.10B). The mean data for the IKs in control conditions was compared to cells 

following the washout of the drug (2.40.1 pA/pF), demonstrating a washout of the ML277 

current potentiation (n=11, p=0.07, Figure 4.10B). However, the limitation of this study that 

there is possibility of other ion currents might involve to the current measured such as Ito, Iss 

Kir6.1 containing KATP currents.    
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Figure 4.10: A whole-cell recording was used to examine the effect of ML277 on IKs over the 
normal human action potential.    

A, Representative current traces recording showing the voltage-clamp protocol outlined. The IKs was 

measured as mean of the end of 300 ms of each recording which annotated in the region between two 

black cursors. B, Graphs showing the mean data for cardiomyocytes in control conditions compared to 

1 µM ML277 treatment and following the washout of the drug. ML277 significantly increased IKs (n=11, 

**p=0.009). This potentiation was reversed on washout of ML277 (n=11, p=0.07). (One-way ANOVA 

with Holm-Sidak post-test). 

 

4.2.6 The activation curve of ML277 in rat cardiomyocytes 

ML277-induced alterations in the voltage-dependent activation of KCNQ1/KCNE1 channels 

can be observed by eliciting tail current from a series of pre-pulse steps (-60 mV to +60 mV) 

for 6 s and then measured immediately following a fixed step to -30 mV, as shown in Figure 

4.11A. Measurement of the tail current at -30 mV was selected because the driving force of 

currents is uniform at the second step that elicits the tail (Liin et al., 2015; Wu and Larsson, 

2020). The tail current is decaying current which represents open voltage and time dependent 

conductance elicited by the first fixed step. Initially, the cells were perfused with NT solution 

for 3 min to measure the control conditions (Figure 4.11B(i)). After running the control 

recording protocol, cardiomyocytes were perfused with an NT solution containing 1 µM 

ML277. Application of ML277 led to a notable increase in the tail current following pre-pulses 

of -40 to 0 mV, compared to the control (Figure 4.11B(ii)). This tail current was plotted as 

fraction of maximal activation over the pre-pulse voltage steps (Figure 4.11C). Normalised tail 

currents were then fitted to the Boltzmann curve.  

 

To test whether ML277 had an effect on the activation kinetics of IKs, the tail current was 

measured after applying 1 μM ML277 and this was compared to control conditions (Figure 

4.11C). The activation curve of IKs shows that ML277 tended to induce a leftward shift 

compared to the control condition, which was represented as a shifting in the half-activation 

potential (V0.5) from -8.2 mV to -29.4 mV (Control vs 1 µM ML277). This means that the 

potentiation of the IKs had a powerful effect on the repolarisation phase because the IKs at the 

plateau of the action potential was significantly larger by ~-10 pA after exposure to ML277. 

This negative shift indicates that the IKs channel opened quickly at more negative membrane 

potentials and therefore affected cardiac APDs more rapidly.  
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This experimental protocol was used to record IKs, however, there is a possibility of the 

presence of other outward currents than IKs in rat ventricular myocytes. To add more 

confidence about the tail current being carried out by the IKs, the results should be applicable 

also to a selective blocker of IKs (such as JNJ303). 
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Figure 4.11: The activation curve of ML277 shows that the activation of the IKs occurred at 
resting potentials that were more negative.  

A, shows the protocol to measure ML277 activation of IKs in rat cardiomyocytes, using whole-cell patch 

clamp. B, Example traces of single ventricular myocyte showing the tail currents on repolarisation to -

30 mV at the control condition (i) and after being perfused with 1 µM ML277 (ii). ML277 treatment 

increases the tail currents on repolarisation. C, Voltage-dependent activation curves are shown in the 

absence and presence of 1 µM ML277. Data recorded from an n of 6 cells and presented as mean ± 

SEM.  

 

4.2.7 IKs activation reduced the peak amplitude and duration of the calcium 

transient  

The hypothesis in this chapter links the shortening of the cardiac action potential with the 

selective potentiation of the IKs and, consequently, the reduction of calcium loading to reduce 

energy consumption during each contractile cycle. To investigate whether the calcium 

transients could be regulated by potentiation of the IKs, isolated cardiomyocytes were loaded 

with fura-2-AM, a Ca2+-sensitive dye, for 20 min. Isolated myocytes were stimulated at 1 Hz 

to trigger cardiac action potentials. The cells were perfused with NT solution for 2 min 

followed by 1 M ML277 in NT solution for 3 min. The Ca2+ transients were recorded at the 

end of each stage for 30 seconds. 

 

Figure 4.12A shows a representative recording of Ca2+ transients in control conditions and 

after the perfusion of ML277. For the analysis, the ratio of emission signals (340:380) was 

measured together with the area under the curve (AUC). The application of 1 M ML277 led 

to a notable reduction in Ca2+ transients compared to in control solution. A significant decline 

in Ca2+ transients was recorded from 0.4±0.01 (controls, n=8) to 0.3±0.1 (1 μM ML277, n=8, 

p=0.006, Figure 4.12B(i)). Figure 4.12B(ii) demonstrates that 1 M ML277 caused a significant 

shortening in the AUC of the Ca2+ transients, from 0.07±0.02 (controls, n=8) to 0.06±0.02 

(ML277, n=8, p=0.013). A significant reduction in the duration of the Ca2+ transients after the 

application of 1 µM ML277 (n=8, p=0.003), as shown in Figure 4.12B(iii).  These data showed 

that selective potentiator of IKs reduced the accumulation of intracellular Ca2+. Although both 

excitation signals of Fura-2 would decay at the same rate and therefore the ratio would 
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remain constant, future research including time-match controls will be required to exclude 

possible photobleaching and/or extrusion of Fura-2 from the cells.  

 

 

 

Figure 4.12: ML277 treatment reduced Ca2+ transients.  

A, Representative traces of Ca2+ transients during cardiac action potentials in rat cardiomyocytes using 

Fura-2-AM as a sensitive intracellular calcium indicator to examine the difference between controls 

and 1 μM ML277. B(i), Graph showing that 1 μM ML277 reduced the amplitude of Ca2+ transients (n = 

8, **p = 0.006, paired t-test). B(ii), Graph showing that 1 µM ML277 reduced the area under the curve 

of the Ca2+ transients (n=8, *p=0.013, paired t-test) compared to the control conditions. B(iii), Graph 

showing that 1 µM ML277 reduced the mean transient duration (n=8, **p=0.003, paired t-test). 
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4.2.8 IKs inhibition enhanced the peak amplitude and prolonged the calcium 

transient duration 

The results above showed that the selective blockage of IKs caused a small but insignificant 

prolongation of the cardiac APD (Section 4.2.2). We therefore hypothesised that IKs inhibition 

affected the intracellular Ca2+ release as measured using a calcium-sensitive dye, fura-2-AM. 

 

To examine this pharmacological effect, Ca2+ transients from isolated rat cardiomyocytes 

were measured after loading these cells for 20 min in fura-2-AM. As with the ML277 

recordings, the Ca2+ transients were recorded for 30 seconds during two stages: after 

perfusion with NT solution for 2 min and after perfusion for 3 min with 1 M JNJ303 in NT 

solution. 

 

Figure 4.13 shows the calcium transient recordings in the control condition and after the 

perfusion of JNJ303 treatment. There was a statistically insignificant increase in Ca2+ 

transients with JNJ303 from 0.04±0.003 to 0.05±0.006 (control vs. 1 μM JNJ303, n=11 for both 

groups, p=0.07, Figure 4.13B(i)). Furthermore, 1 μM JNJ303 caused a significant increase in 

the AUC of the Ca2+ transients from 0.0090.0008 to 0.0120.002 (control vs. 1 M JNJ303, 

n=11 for both groups, p=0.04, Figure 4.13B(ii)). Figure 4.13B(iii) demonstrats that 1 µM JNJ303 

did not increase the duration of Ca2+ transients (n = 11, p=0.289). In our future work we 

intended to measure Ca2+ transients at time-match control data or recovery of the Ca2+ 

transient amplitude following washout of 1 M JNJ303 to exclude photobleaching and/or 

extrusion of Fura-2 from the cells. However, as previously discussed that the photobleaching 

of Fura-2 would tend to occur in both wavelengths simultaneously and therefore this leaves 

the ratio unchanged. 
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Figure 4.13: JNJ303 treatment tended to prolong the duration of the Ca2+ transients, which 
may have detrimental impacts on cardiac muscle.  

A, Representative traces of Ca2+ transients during cardiac action potentials in rat cardiomyocytes using 

Fura-2-AM as a sensitive intracellular calcium indicator to examine the difference between controls 

and 1 μM JNJ303. B(i) Graph showing 1 μM JNJ303 caused a small insignificant increase in the 

amplitude of Ca2+ transients (n=11, p=0.07 for the paired t-test). B (ii), Graph showing that 1 µM JNJ303 

increased the area under the curve of the Ca2+ transients (n=11, *p=0.04 for the paired t-test) when 

compared to the control conditions. B(iii), Graph showing that 1 µM JNJ303 did not increase the 

transient duration (n = 11, p=0.289, paired t-test). 

 

4.3 Discussion  

In this chapter, the imparting of cardioprotection via pharmacological manipulation of cardiac 

action potentials was investigated. The results suggest that IKs, which is formed by co-

expression of KCNQ1- with the KCNE1-subunits, play a role in regulating electrical activity by 
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inducing a shortening of action potential duration and ultimately cardiac contractility by 

reducing intracellular Ca2+, presumably by causing L-type channels to close more quickly. 

Considering these electrophysiological properties, the IKs of isolated rat cardiomyocytes were 

examined using an electrophysiological approach and with selective pharmacological 

activator and blocker. This current was augmented using a potent activator of IKs, ML277; 

whilst blockage of IKs, using the IKs blocker, JNJ303. The effects of these two pharmacological 

modulators support a functional role for KCNQ1/KCNE1 channels in rat ventricular myocytes, 

as assessed by patch-clamp electrophysiology and fluorescence imaging. The IKs activator 

shortened the cardiac action potential of rat cardiomyocytes, and reduced the amplitude and 

the area under the curve of the Ca2+ transients. It is hypothesised that this shortening of the 

action potential reduced the time that the L-type-channels were open for and so altered Ca2+ 

entry via L-type calcium channels, potentially reducing Ca2+ loading which may have a 

protective role in the heart. Further investigations of the effects of action potential duration 

on the L-type channel directly would be required to understand this further. The IKs activator 

and blocker in this study were tested at concentrations used in previous studies (Yu et al., 

2013a; Towart et al., 2009; Jost et al., 2007).   

 

4.3.1 The potentiation of the IKs channel imparts cardioprotection via direct 

modulation of the cardiac action potential 

Several studies in the literature have documented that a significant accumulation of IKs 

contributes to the shortening of repolarisation, which is usually seen as a shortening of the 

length of the cardiac cycle, resulting in a reduction of cardiac damage (Magyar et al., 2006; 

Seebohm et al., 2003a). Despite these studies being well documented regarding the beneficial 

role of IKs against arrhythmia, this is the first study aimed at establishing the cardioprotective 

role of IKs potentiation against cardiac ischaemia. To investigate the properties of IKs in the 

heart, activation of this current via specific pharmacological treatments is essential to 

understand its channel-gating kinetic properties and therefore their ability to prevent life-

threating cardiac damage will be tested in the next result chapter. The selectivity of ML277 

has been reported by comparing its effects on IKs (Yu et al., 2013b; Mattmann et al., 2012). 

The concentration-response curve of ML277 was generated by Yu et al. (2013), which showed 

an EC50 of 0.26 μM with ML277 treatment and that the maximal response of current 
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accumulation was achieved at concentrations greater than 1 μM (Mattmann et al., 2012). It 

was also documented that 1 μM ML277 led to an increase in the IKs by 266% at 40 mV in a 

CHO cell line with different expressed ratios for the KCNQ1:KCNE1 complex. In guinea pigs 

and canine cardiomyocytes, IKs amplitudes have also been shown to increase by 22% and 

228%, respectively (Xu et al., 2015). The data presented in Figure 4.6 are in line with previous 

studies, as 1 μM ML277 caused a significant increase in IKs amplitudes at +60 mV in isolated 

rat cardiomyocytes.  

 

However, a drawback of the current protocol that was used to record the IKs is that it does 

not isolate IKs from other potassium currents. Previous studies suggested that there are at 

least four different components that might contribute to outward current in rat 

cardiomyocytes, including the transient outward current (Ito), the delayed-rectifier potassium 

current (IK), the inward rectifier current (IK1) and the non-inactivating steady-state current (Iss) 

(Himmel et al., 1999; Choisy et al., 2004). For rat Iss, had properties inconsistent with the 

properties of IKs (Himmel et al., 1999). For component Ito, this current appears as a rapidly 

activating by 2.6 times faster than IK, and rapidly inactivating by around 3.9 times faster than 

IK (Himmel et al., 1999). Therefore, the end-pulse current under these recording conditions 

would likely include Iss in addition to a possible contribution of IKs. While rat Iss is inhibited by 

external application of the α1-adenoceptor agonist phenylephrine (PE), further research will 

be needed to verify whether these K+ currents have been measured from IKs or other 

potassium currents might have contributed to the currents measured in this study. 

 

Since the IKs channel activates slowly during the plateau phase of cardiac action potentials at 

a more positive membrane potential, a very minor IKs may strengthen the repolarisation and 

play a role in normal action potentials (Varró et al., 2000; Jost et al., 2005). However, the 

selective augmentation of the IKs using a direct pharmacological modulator plays an important 

role by limiting excessive lengthening of APDs, contributing to the shortening of 

repolarisation. By using human induced pluripotent stem cell (iPSC)-derived cardiomyocytes, 

1 μM ML277 induced a 35% shortening of APD (Yu et al., 2013a). This is in a good agreement 

with our observations in Figure 4.2, which showed that 1 M ML277 led to a significant 

shortening of the APD90 in ventricular myocytes. This suggests that the targeting of this 

cardiac ion channel is important in the phase 3 repolarisation of cardiac action potentials and 
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the large amount of K+ efflux, contributing to quick repolarisation and shortened cardiac 

APDs. Therefore, the activation of these outward K+ channels might cause a reduction in 

contractility by reducing intracellular calcium overload, thus may contribute to reduce the 

utilisation of intracellular ATP. 

 

There are also suggestions that the IKs activator can alter the kinetic characteristics of this ion 

channel (Murray et al., 2016; Hou et al., 2017; Wang et al., 2020). Using a CHO cell line, Yu et 

al. demonstrated that ML277 induced a hyperpolarising shift of the IKs activation curve at 

different voltage steps by ~16 mV, hyperpolarising the membrane potential 

from -16.8±0.7 mV to -32.7±1.3 mV (controls vs. 1 μM ML277) (Yu et al., 2013a). This result is 

similar to Abitbol et al.’s study, which used another IKs activator in xenopus oocytes and 

caused a leftward shift in the voltage dependence of activation by 17 mV (Abitbol et al., 

1999). More recently, this observation was supported by Xu et al., who reported that ML277 

affected the IKs activation curve negatively by ~30 mV in canine cardiomyocytes (Xu et al., 

2015). The data presented in Figure 4.11 show that the activation voltage curve was shifted 

negatively by ~21 mV from -8.2 mV (Controls) to -29.4 mV (1 µM ML277). This result suggests 

that the potentiation of IKs with ML277 may have a protective role in the heart, as the 

membrane potential does not have to change that much for the channel to open. Therefore, 

the early opening of the IKs channel at a more negative membrane potential could have a 

more potent effect on the cardiac APD. Although the pharmacological activator of IKs was 

believed to elicit more APD shortening and there has been an effort to consider selective IKs 

activators as a potential therapy against ischaemia to preserve ATP, the long-lasting activation 

of IKs may be detrimental when it is shifted too far as it may prevent evocation of cardiac 

action potentials and lead to arrhythmias. 

 

4.3.2 The inhibition of the IKs channel may cause a cardiotoxic effect via direct 

modulation of the cardiac action potential 

The potentiation of IKs could impart cardioprotection via repolarisation shortening; therefore, 

it was hypothesised that the pharmacological blockade of IKs would lengthen APDs and might 

potentially be cardiotoxic. A considerable amount of literature has been published on the 

effect of selective IKs blockers in heart regulation; however, there are controversial results 
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about their effects on ventricular repolarisation. Several researchers have reported that the 

selective inhibition of IKs causes significant lengthening of cardiac APDs, which consequently 

induces long QT syndrome (Sun et al., 2001; Emori and Antzelevitch, 2001; Burashnikov and 

Antzelevitch, 2002). This has been seen in the case of IKs mutations, which contribute to 

cardiac disorders such as Romano-Ward syndrome (KCNQ1 loss of function) and Jervell and 

Lange-Nielsen syndromes (KCNQ1/KCNE1 loss of function) (Zehelein et al., 2004; Schwartz et 

al., 2006). Another study by Casimiro et al. reached a similar conclusion, finding a critical role 

of the IKs channel in the regulation of mouse cardiomyocytes and noting that the deletion of 

KCNQ1 contributed functionally to life-threatening long QT syndrome (Casimiro et al., 2001). 

This observation occurs due to the inhibition of one of the outward potassium currents, which 

plays a role in the repolarisation of ventricular muscle, leading to a delay of repolarisation 

and, consequently, prolonged APD. On the other hand, there are other studies reporting 

different results. Several researchers have shown that the inhibition of IKs by selective 

blockers did not significantly prolong APDs (Varró et al., 2000; Lengyel et al., 2001; Jost et al., 

2005). A possible reason for this is that the activity of IKs is characterised by a slow process 

during the plateau phase of the normal action potential. This means that once IKs activates, 

there is only a small amount of current that would not be expected to cause a significant 

change in the repolarisation phase of AP. Therefore, under normal physiological conditions, 

blockade of IKs contributes minimally to the cardiac repolarization, especially in mice and rat 

ventricular myocytes. However, lengthening of the APD beyond its normal duration (>300 ms) 

may provide IKs with more opportunities to influence the repolarisation process and therefore 

protect the heart from excessive APD prolongation. This observation suggested that the effect 

of IKs blocking agents is increased during prolonged APDs. 

 

The experimental data are controversial, and there is no general agreement on APD 

prolongation after the inhibition of IKs; therefore, further study would be essential. The data 

presented in this chapter examined the effect of JNJ303 as a selective IKs blocker on the heart 

regulation. In our experiments using isolated rat ventricular myocytes, JNJ303 induced a small 

but insignificant prolongation of the APD90. A possible explanation for this result may be that 

the main repolarisation current within adult rat myocytes is the transient outward current 

(Ito) (Wettwer et al., 1993; Oudit et al., 2001; Arrigoni and Crivori, 2007). It also seems possible 

that the failed effect of the JNJ303 blocker on the APD of rat ventricular cells is due to the 
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inhibitory action of JNJ303 becomes noticeable effect with higher expression of KCNE1 

(Wrobel, 2013). Apkon and Nerbonne pointed to some instances of the complete absence of 

IKs function in rat ventricular muscle despite the obvious expression of KCNQ1/KCNE1 

complex as noticed in previous studies (Apkon and Nerbonne, 1991). 

 

A decreased of total IKs following administration of JNJ303 have been shown in Figure 4.8. 

JNJ303 was found to be selective with no significant effect on the other investigated cardiac 

ion channels (ICa and IK1).  

 

4.3.3 IKs channel modulators alter calcium influx by limiting the opening time of 

the L-type calcium channel  

This chapter set out with the aim of assessing the importance of IKs modulators in regulating 

intracellular calcium and therefore might limit the utilisation of intracellular ATP during 

ischaemic insult. It has been documented that modulation of the IKs channel has the ability to 

alter Ca2+ transients via modulation of the cardiac APD (Bartos et al., 2017). Prior studies have 

noted the importance of IKs in the regulation of intracellular calcium using the whole-cell 

patch technique. It was found that the increased force of contraction in isolated guinea pig 

ventricular myocytes increased outward potassium currents (Tohse, 1990). Therefore, there 

may be a strong link between the levels of intracellular calcium and the opening of IKs 

channels. In the current study, the levels of Ca2+ transients in control conditions and during 

infusion with a selective IKs activator and blocker were measured. The intracellular Ca2+ was 

measured using fura-2 as a fluorescent indicator. A significant shortening of Ca2+ transients 

after treatment with ML277, a selective IKs opener, was noted (Figure 4.12). In contrast, 

JNJ303, an IKs blocker, caused a significant prolongation of Ca2+ transients as shown in Figure 

4.13. For instance, during sympathetic stimulation, the stimulation of β-adrenergic receptors 

contributes to increase the outward IKs, which consequently counterbalances the 

concomitant increase in the influx of calcium current. As a result, the prolongation of the 

cardiac APD is limited and therefore, that allows an efficient time for diastolic filling between 

heart beats. These findings match those observed in the alteration of cardiac action potential 

(in section4.2.1 and section4.2.2), which suggests that the IKs channel plays an important role 

in balancing of the Ca2+ entry through the voltage-gated calcium channels via enhancing the 
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delayed rectifier potassium currents to modulate the plateau phase of cardiac action 

potential.  As a result, the potentiation of IKs could play an important role during instances of 

metabolic stress, such as myocardial ischaemia where it contributes to limit the time of 

calcium influx and repolarisation.  

 

Returning to the hypothesis posed at the beginning of this study, it is now possible to state 

that a potentiation of the IKs in cardiomyocytes may be cardioprotective by shortening the 

cardiac action potential, reducing intracellular calcium loading and thus could preserve 

cellular ATP. Despite IKs blockage having a small effect on cardiac APDs, this pharmacological 

blocker caused a significant decreased in the outward current amplitude and consequently 

prolonged Ca2+ transients and thus may contribute to cardiotoxicity. This hypothesis will be 

further examined in the next result chapter. 
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Chapter 5 The cardioprotective role of IKs 

potentiation  

5.1 Introduction 

In the previous results chapter, it was demonstrated that the acceleration of ventricular 

repolarisation via pharmacologically targeting IKs channels imparted a shortened action 

potential duration. The shortening of APD by selectively activating IKs (ML277) reduces 

calcium overload and may limit intracellular ATP consumption. This result was demonstrated 

using patch clamp electrophysiological recordings and fluorescence imaging. In this chapter, 

the cardioprotective role of the IKs potentiation on the cellular level and the whole heart was 

investigated using a selective pharmacological activator and blocker.  

The importance of the IKs to the normal physiological function of the heart is highlighted by 

the fact that it can cause several inherited pathological conditions. Loss-of-function mutations 

lead to the pro-arrhythmic prolongation of the cardiac action potential, while gain-of-function 

mutations cause pro-arrhythmic shortening of the cardiac action potential (Zehelein et al., 

2004; Schwartz et al., 2006; Loussouarn et al., 2006). It is hypothesised that the modification 

of IKs plays a key role in cardioprotection against arrhythmic episodes. This indicates a need 

to understand how modification of this IKs channel affects myocardial function in the setting 

of acute coronary ischaemia. Briefly, it has been reported that cardiac ion channels, such as 

the KATP channel, limit ischaemic damage by shortening the action potential duration to 

regulate calcium entry and therefore reduce energy consumption (Fujita and Kurachi, 2000; 

Brennan et al., 2015). The outcome of this protection suggests correlation between the 

potentiation of other cardiac potassium currents, such as IKs, and limited ischaemic damage.  

 

Whether the cardioprotection of IKs potentiation could be achieved after exposing isolated 

rat myocytes to metabolic inhibition and reperfusion protocol was tested. Furthermore, the 

cardiotoxic effect of IKs inhibition was examined throughout the simulated ischaemia and 

reperfusion protocol. This protocol with selective pharmacological tools was used to 

investigate contractile function, using the endpoints to assess cellular injury in isolated 

myocytes. In addition to that, ex vivo coronary ligation experiments in adult male rat hearts 

were used, cannulating on a Langendorff apparatus. This protocol was used to assess the 
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protection of pharmacological manipulation of the IKs on the whole heart by measuring the 

effect on infarct size.  

 

The objective of this chapter was to study cardiac IKs as a potential target to limit 

ischaemia/reperfusion injury. ML277 was used to potentiate IKs to determine whether there 

was a direct effect of its activity on the cellular function of isolated single cardiomyocytes. 

Following on from this, it was further investigated in whole-hearts following perfusion with 

ML277. By recording the effect on JNJ303 treatment on the contractile function from isolated 

cardiomyocytes and on the infarct size from Langendorff perfused intact hearts, it was also 

hypothesised that there was a potential cardiotoxicity with IKs inhibition. In this chapter, the 

use of IKs as a pharmacological target for imparting cardioprotection was assessed.         

   

5.2 Results 

5.2.1 Potentiation of IKs does not delay Kir6.2 channel openings during 

metabolic inhibition  

It is hypothesised that a delay in the time taken to activate of cardiac KATP (Kir6.2/SUR2A) 

current in a cardioprotected state is caused by a delay in ATP depletion during a major 

ischaemic insult. As the previous results chapter suggests, selective potentiation of the IKs 

alters of a number of cellular functions, including shortening cardiac action potential. It was 

hypothesised that this would reduce intracellular calcium and, therefore, preserve cellular 

ATP. Therefore, the first set experimental analyses in this chapter examined the effect of IKs 

potentiation on the time to activation of the cardiac Kir6.2/SUR2A current. To investigate this, 

cell-attached patch recording was used to record cardiac Kir6.2/SUR2A activity in isolated 

cardiomyocytes. In cell-attached patch recording, the membrane potential of the cell-

attached patch on a cardiomyocyte was held at around -110 mV to investigate the openings 

of ventricular K+ channel, which was achieved by holding the pipette potential at +40 mV and 

assuming a resting membrane potential of ~-70 mV. At this negative membrane potential, 

inward rectifier potassium channels, such as Kir2 and Kir6, will be the primary open channels. 

These channels are readily differentiated by their single channel current amplitude and 

kinetics. Kir2 channels have a conductance of around 30 pS and so have a single channel 

current of around 3.5 pA in these conditions. The kinetics of the Kir2 channels show long 
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openings that do not display a bursting pattern. The Kir6.1 channels show a bursting activity 

with a single channel current amplitude of 5.5 – 6 pA. When analysing these cell-attached 

records, the threshold for channel detection can be set to treat the opening of Kir2 as a shift 

in baseline. Kir6.2 channels only open in metabolic inhibition when there is significant ATP 

depletion, triggering the activation of a larger (~70 pS) channel with a single channel current 

amplitude of 10 – 11 pA. The bursting behaviour of this channel gives a characteristic open 

and closed level with no obvious sub-condutance states, differentiating it from the opening 

of multiple Kir6.1 channels. With increasing openings of Kir6.2 channels, the single channel 

current may increase as the resting membrane potential of the cell becomes more 

hyperpolarised. The channel that underlie INa, ICa, IKs and IKr normally pass currents at positive 

membrane potentials and so these channels will be in a closed state at -110 mV. It is unliklely 

that these voltage-gated channels will make any contribution to the single channel activity in 

these cell-attached recordings.  

 

In order to differentiate between cardioprotected cells and non-cardioprotected cells, 

cardiomyocytes underwent a separate protocol, as shown in Figure 5.1A. In the control group, 

unprotected cells were perfused with NT for 3 min, and then metabolic inhibition was used 

to activate the cardiac KATP current by exposing the cells to substrate-free metabolic inhibition 

Tyrode’s solution (SFT-MI) containing cyanide and iodoacetic acid to inhibit glycolysis and the 

electron transport chain respectively. Cardioprotected cells were treated with 1 µM ML277 

for 5 min prior the application of the metabolic inhibition. The Kir6.2/SUR2A channel complex 

is activated by metabolic inhibition and so can be used as a surrogate marker of ATP 

depletion. The opening of the KATP complex was defined as a burst of single channel activity, 

with an amplitude of ~10 pA, that lasts for longer than 100 ms. The time to the first burst of 

activity was measured as the time difference from the beginning of the metabolic inhibitor to 

the first burst of activity greater than 100 ms.  

 

Figure 5.1B shows a representative trace of cardiac KATP current activity on the cell membrane 

of rat cardiomyocytes, showing two levels of the cardiac KATP current amplitude: ~5 pA in 

control conditions with multiple openings of the same channel type, attributed to the 

relatively ATP-insensitive Kir6.1 channel, and ~10 pA following introduction of the metabolic 

inhibitor activating the Kir6.2 containing ATP-sensitive pore. The  most widely studied cardiac 
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KATP (Kir6.2/SUR2A) current opens after a fall in ATP level during metabolic inhibition 

(Voitychuk et al., 2011). Treatment with 1 µM ML277 led to a small, but not significant, delay 

in the Kir6.2/SUR2A opening during metabolic inhibition, from 245.2±14.1s (control, n=31) to 

289.8±19.8s (1 µM ML277, n=14, p=0.08), as shown in Figure 5.1C(i).  

 

In chapter 3, data was presented giving evidence for the presence of Kir6.1, with a smaller 

single channel current amplitude than Kir6.2/SUR2A, in the myocardium. This channel opens 

in resting conditions was hypothesised to play an important role in the regulation of APD and 

in improving the calcium handling. For these reasons, potentiation of the opening of Kir6.1 

channel is considered as a potential cardioprotective mechanism. The effect of ML277 on 

Kir6.1 channel open probability (NPo) was tested as a potential mechanism by which ML277 

may impart additional protection. Representative amplitude histograms of Kir6.1 in control 

and in 1 µM ML277 are shown in Figure 5.1C(ii). From Figure 5.1C(ii) it can be seen that the 

administration of ML277 caused no change in the peak open or closed level of Kir6.1 channel 

compared to control.   

 

Figure 5.1C(iii) shows the mean open probability (NPo), suggesting that ML277 did not cause 

any significant change in the NPo of Kir6.1 channel, from 0.085±0.02 (control, n=12) to 

0.086±0.02 (1 µM ML277, n=12, p=0.95). However, NPo of the Kir6.1 channel was significant 

decreased following metabolic inhibition compared to controls (0.085±0.02 vs 0.034±0.01, 

n=12, p=0.01). These findings indicate that a 1 µM ML277 did not increase open probability 

of the Kir6.1 channel. 
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Figure 5.1: Potentiation of the IKs does not delay cardiac Kir6.2/SUR2A channel opening 
following metabolic inhibition.  

A, Cell-attached patch configuration with metabolic inhibition protocols to trigger the cardiac 

Kir6.2/SUR2A channel opening. Under control condition protocol, isolated cardiomyocytes were initially 

perfused for 3 min with NT, followed by substrate-free metabolic inhibition Tyrode’s solution (SFT-MI). 
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The cardioprotection protocol was differed by introducing ML277 prior to the application of the 

metabolic inhibitor. To investigate the difference between these two groups, the time difference from 

the start of the metabolic inhibitor to the time when the cardiac Kir6.2/SUR2A activated for a duration 

of 100 ms was calculated. B, Representative traces recorded from cell-attached patch at ~-110 mV. 

Under normal conditions, there were at least two Kir6.1 channels opening with a single channel current 

amplitude of ~5 pA each. However, there was a large current amplitude channel (~10 pA) that 

indicated the activation of the cardiac Kir6.2/SUR2A channel in response to ATP depletion. C(i), Bar 

chart showing the mean of total cells for the time to activation of cardiac KATP (Kir6.2/SUR2A) current, 

was not delayed (control, n=31 vs. 1 µM ML277, n=14, p=0.08) (unpaired t- test). C(ii), Representative 

amplitude histograms (1 min interval) assessed in conltrol and in 1 µM ML277, showing no change in 

the peak of opening level of Kir6.1 at ~5.5 pA in the presence of ML277 compared to control value. 

C(iii), Bar chart showing the mean NPo of Kir6.1 channels in control cells, in cells treated with 1 µM 

ML277 and following the perfusion of SFT-metabolic inhibition. There was no significant change in NPo 

following perfusion with ML277, however, there was a significant decrease in NPo following the 

perfusion of SFT-metabolic inhibition, compared to controls (n=12, p=0.95, p=0.01, respectively) (One-

way ANOVA with Holm-Sidak post-test). 

 

Although the selective activation of the IKs did not significantly delay the time to Kir6.2/SUR2A 

activation, there was a small delay. To further investigate this, it was hypothesised that IKs 

potentiation may induce hyperpolarisation of the membrane potential. To investigate this, 

current clamp recordings were made to measure the membrane potential in response to 

perfusion with ML277 and metabolic inhibition. Figure 5.2A shows that the membrane 

potential hyperpolarised from -60.86.3 mV to -63.12.9 mV (control vs. 1 M ML277, n=5, 

p=0.63), however this was not a significant effect. The effect of metabolic inhibitors such as 

DNP (2,4-Dinitrophenol) on the membrane potential of rat cardiomyocytes was recorded and 

showed a significant depolarisation of the cell membrane, from -70.70.7 mV at controls 

(n=9) to -62.22.8 mV (DNP, n=9, **p=0.01, Figure 5.2B). Further to this, the combination of 

IKs potentiation and metabolic inhibition caused a significant depolarisation of the membrane 

potential, going from -71.70.5 mV to -67.00.8 mV (control vs. 1 M ML277, n=6, **p=0.01, 

Figure 5.2C). Following perfusion with a solution containing both 1 µM ML277 and DNP, the 

membrane potential showed a trend towards hyperpolarisation, although this was not 

significant, -67.00.8 mV in 1 µM ML277+DNP (n=6), -63.13.0 mV in 1 µM ML277 (n=5, 

p=0.42), and -62.22.8 mV in DNP (n=9, p=0.27). There was also a no significant difference 

between 1 µM ML277 treatment and the application of DNP alone (p=0.73). These findings 

suggest that IKs potentiation had no effect on membrane potential as would be expected for 

a voltage-gated channel. 
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Figure 5.2: ML277 did not cause hyperpolarisation of the membrane potential.  

A, Graph showing that ML277 treatment caused no change in membrane potential (p=0.63, paired t-

test). B, Graph showing that metabolic inhibition, such as with DNP (2,4-Dinitrophenol), led to a 

significant depolarisation of cell membrane of rat cardiomyocytes (**p=0.01, paired t-test). C, Graph 

showing that membrane potential was significantly depolarised after exposing the isolated 

cardiomyocytes to the combination of IKs potentiation and metabolic inhibition (**p=0.01, paired t-

test). Together these results showed that the presence of ML277 with metabolic inhibition caused no 

change in membrane potential, compared to application separately with 1 µM ML277 treatment and 

DNP alone (p=0.42, p=0.27, respectively, one-way ANOVA Holm-Sidak post-test).   

 

5.2.2 ML277 imparts cardioprotection from metabolic inhibition and washout 

protocol in a concentration-dependent manner 

As mentioned in the previous chapter, IKs potentiation caused a shortening of cardiac action 

potential, and we hypothesised that the pharmacological modulation of this channel could 

impart cardioprotection via limiting the calcium influx by shortening the duration that calcium 

channels remain open. The reduction in calcium accumulation reduces the energy needed to 

remove the calcium from the cell via the calcium ATPase. In order to investigate ML277-

induced cardioprotection, isolated cardiomyocytes underwent two protocols, as shown in 

Figure 5.3A, subjected to metabolic inhibition to induce reperfusion injury. Cardiomyocytes 

were perfused with NT for 3 min, then 7 min with substrate-free metabolic inhibition Tyrode’s 

solution (SFT-MI), followed by 10 min reperfusion with NT. Cardioprotected cells were pre-
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treated for 5 min with different concentrations of ML277 and compared to unprotected cells 

in the control protocol. Cardiomyocytes were stimulated to contract at 1 Hz via electric field 

stimulation (EFS) throughout this protocol in order to assess the contractile function. Several 

parameters were measured to reflect the contractile function, including the time for 

contractile failure (as a measure of the time to ATP depletion), the percentage of cell 

recovering their contractile function and the percentage of cell survival as measured using 

Trypan Blue exclusion. 

 

Using the times to contractile failure and contractile recovery, a time course was constructed, 

as shown in Figure 5.3B(i). This figure illustrates the effect of metabolic inhibition on cells and 

a reversible inhibition of ATP generation as on myocardial reperfusion. It was found that 

preconditioning myocytes with ML277 resulted in increased recovery of contractile function 

compared to untreated cardiomyocytes.  

 

To assess the protective effect of IKs potentiation, the time from the onset of metabolic 

inhibition to the time when the cells failed to contract was measured in both the control and 

pre-treated groups, as shown in Figure 5.3B(ii). The time to contractile failure was significantly 

prolonged, from 144.0±2.4 s (control, n=21) to 147.8±2.6 s (100 nM ML277, n=12, p=0.42), 

166.9±2.7 s (300 nM ML277, n=14, ****p<0.0001), 192.3.2±4.0 s (1000 nM ML277, n=18, 

****p<0.0001) and 201.1±4.3 s (3000 nM ML277, n=12, ****p<0.0001). The results shown in 

Figure 5.3B(ii), indicate that pre-treatment with ML277 led to a significant delay in the time 

of contractile failure, and this was ML277 concentration dependent.  

 

Further investigation assessed the cardioprotective effect of ML277 at the end of the 

reperfusion period, which was achieved by counting the percentage of cells regaining 

contractile function. In the control experiment, 31.4±1.5% of cardiomyocytes recovered their 

contractile function following 10 min of wash out (n=21) (Figure 5.3B(iii)); therefore, any cell 

preparation with a contractile recovery greater than ~30% was considered a cardioprotected 

condition. Figure 5.3B(iii) shows that the application of ML277 significantly increased 

contractile recovery in a concentration-dependent manner, going from 34.8±1.7% (100 nM 

ML277, n=12,  p=0.18), 49.9±1.5% (300 nM ML277, n=14, ****p<0.0001), 71.5±2.2% (1000 

nM ML277, n=18, ****p<0.0001) and 70.2±1.6% (3000 nM ML277, n=12, ****p<0.0001).   
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Additionally, dead cells were stained with Trypan blue at the end of the reperfusion period to 

examine the effect of this pharmacological treatment on cell survival. The mean percentage 

of cell survival at the end of reperfusion increased from 66.4±1.2% (control, n=21) to 

67.8±1.1% (100 nM ML277, n=12, p=0.39), 78.2±1.1% (300 nM ML277, n=14, ****p<0.0001), 

88.8±1.0% (1000 nM ML277, n=18, ****p<0.0001) and 90.5±0.9% (3000 nM ML277, n=12, 

****p<0.0001) (Figure 5.3B(iv)). 

 

These results suggest that pre-treatment with ML277 led to maintaining the contractile 

function for longer after the application of SFT-MI. Furthermore, increasing the concentration 

of ML277 provides improved cardioprotection by increasing contractile recovery and 

increasing cell survival. This provides important insight into the use of pharmacological IKs 

potentiation to impart cardioprotection.  
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Figure 5.3: Pre-treatment with ML277 imparts cardioprotection in isolated cardiomyocytes.  

A, Metabolic inhibition and reperfusion protocols. For the control condition protocol, cardiomyocytes 

were initially perfused for 3 min with NT, 7 min with substrate-free metabolic inhibition Tyrode’s 

solution (SFT-MI) and then washed out for 10 min with NT. The cardioprotective protocol was varied 

by applying ML277 prior to the start of the control condition protocol. B(i), Time course showing the 

percentage of rod-shaped cardiomyocytes contracting in response to the stimulator during perfusion 

with SFT-MI and reperfusion with NT. B(ii), Time to contractile failure from the onset of metabolic 

inhibition, which shows a was significantly prolonged after perfusion with 300 nM ML277, 1000 nM 

ML277, and 3000 nM ML277 (n=14, n=18, n=12, respectively); however, 100 nM ML277 led to 

insignificant change (n=12). B(iii), The percentage of cardiomyocytes regaining contractile function in 

response to the stimulator by the end of reperfusion shows the application of ML277 significantly 

increased contractile recovery in a concentration-dependent manner except 100 nM ML277. B(iv), Bar 

chart showing the mean percentage of cell survival at the end of reperfusion, increases in response to 

ML277 treatments with concentration dependent. (One-way ANOVA Holm-Sidak post- test). 
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5.2.3 JNJ303 is cardiotoxic to cells during metabolic inhibition and washout 

protocol  

The previous chapter highlights that a selective blocker of the IKs channel caused a small but 

insignificant prolongation of the cardiac action potential and a significant increase in the AUC 

of the Ca2+ transients. It was hypothesised that IKs inhibition would have a cardiotoxic effect 

on ventricular myocytes. To investigate the cardiotoxic mechanisms of IKs inhibition, isolated 

ventricular myocytes were exposed to JNJ303 during metabolic inhibition and on reperfusion. 

As with the ML277 recordings from the metabolic inhibition and wash out protocol, similar 

parameters were used to examine the effect of JNJ303 on contractile function. For instance, 

the time to contractile failure, the percentage of contractile recovery and the percentage of 

cell survival were measured from both control and pharmacological recordings. This recording 

was carried out using a protocol similar to ML277 as described in Figure 5.4A.  

 

Figure 5.4B(i) shows the percentage of contractile isolated myocytes in response to metabolic 

inhibition and their recovery on the reperfusion, which were recorded every 30 sec 

throughout the protocol.  

 

In order to investigate the cardiotoxicity of JNJ303, time to contractile failure was measured 

from the onset of metabolic inhibition to time of loss of contractility of cardiomyocytes. Figure 

5.4B(ii) shows that the application of this pharmacological treatment caused a significant 

shortening of time to contractile failure, going from 143.0±2.9 s at control (n=21) to 125.4±4.0 

s following perfusion with 1 µM JNJ303 (n=6, **p=0.003). This result indicates the 

cardiotoxicity of IKs inhibition, showing an acceleration of the time to contractile failure, 

specifically during severe metabolic stress.   

 

To further examine the effects of the selective blocker of IKs on contractile function, the 

percentage of contractile recovery on the reperfusion period was used as a cardiotoxic 

indicator. The percentage contractile recovery was significantly decreased following JNJ303 

treatment, going from 32.0±1.7% to 17.7±1.2% (control, n=9 vs 1 µM JNJ303, n=6, 

****p<0.0001) (Figure 5.4B(iii)). Figure 5.4B(iv) shows that pre-treatment with JNJ303 led to 
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cause a significant decline in cell survival, from 67.7±1.3% at the control (n=9) to 55.4±2.9% 

at 1 µM JNJ303 (n=6, ***p=0.0008).   

It is apparent from Figure 5.4 that IKs inhibition is cardiotoxic to ventricular myocytes during 

severe metabolic inhibition, such as myocardial ischaemia. This outcome was revealed in 

several ways, including shortened the time to contractile failure and decreased contractile 

recovery and cell survival. 
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Figure 5.4: Pre-treatment with JNJ303 causes cardiotoxicity in isolated rat ventricular cells.  

A, Metabolic inhibition and reperfusion protocols. At the control experimental protocol, 

cardiomyocytes were initially perfused with NT for 3 min, then 7 min with substrate-free metabolic 

inhibition Tyrode’s solution (SFT-MI) to simulate ischaemia and then for 10 min with NT to simulate 

reperfusion. Cardioprotection was achieved by administering JNJ303 prior to the start of the control 

condition protocol. B(i), Time course showing the percentage of rod-shaped cardiomyocytes 

contracting in response to the stimulator throughout the experimentation. B(ii), Time to contractile 

failure from the application of the metabolic inhibitor (SFT-MI), which shows a significant reduction 

(**p=0.003). B(iii), The percentage of ventricular myocytes recovering contractile function in response 

to the stimulator by the end of reperfusion shows a significant decrease (****p<0.0001). B(iv); Graphs 

showing a significant reduction in the mean percentage of cell survival at the end of reperfusion 

(***p=0.0008). (Unpaired t- test). 

 

5.2.4 ML277 protects the whole heart from damage during a whole-heart ex 

vivo coronary ligation protocol 

The results in Section 5.2.2 show that IKs potentiation minimised damage after metabolic 

inhibition by improving contractile recovery and cell survival. To investigate whether there 

was an effect in the whole heart, a Langendorff experimental model of ex vivo coronary 

ligation was used to measure the effect of IKs potentiation on the infarct size. The protocol 

was shown in Figure 5.5A to expose the isolated heart muscle into ischaemia and reperfusion. 

The heart was stabilised for 1 hr, the LAD was ligated for 40 min to cause a regional ischaemia 

and then ligation was released to allow for 3 hr of reperfusion. Heart slices were stained using 

different pigmentations to produce three different colours: blue pigment indicated non-

affected regions (Evans Blue dye), red pigment indicated areas at risk and white pigment 

indicated dead tissue (stained with TTC), as described in Section 2.6C. To determine the 

cardioprotective effect of ML277 on infarct size, the drug was perfused throughout the 

experiment, and the effect on the infarct size was measured.             

 

Figure 5.5B shows representative scanned images from adult rat hearts, comparing the 

cardioprotected heart with 1 μM ML277 to the control heart. The application of ML277 

reduced the infarct size (a small white area) compared to the control.  

 

The percentage of infarct size was significantly reduced in the pharmacological treatment 

group, and this was ML277 concentration dependent, going from 35.6±1.8% (control, n=16) 
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to 33.4±1.8% (100 nM ML277, n=5, p=0.45), 20.8±2.6% (300 nM ML277, n=4, ****p<0.0001) 

and 12.6±1.2% (1μM ML277, n=5, ****p<0.0001) (Figure 5.5C). The current finding adds 

substantially to our hypothesis of the cardioprotective role of IKs potentiation against the 

damage from myocardial ischaemia.  

 

  

Figure 5.5: ML277 imparts cardioprotection by reducing the infarct size in the whole heart 
after coronary ligation using the Langendorff technique.  

A, Protocol designed to examine the effect of IKs potentiation on the damage from myocardial 

ischaemia and reperfusion injury: rat hearts were stabilised for 1 hr with NT perfusion, the coronary 

artery was ligated for 40 min to induce regional ischaemia, and myocardial reperfusion with NT was 

simulated by un-ligation the coronary artery for 3 hr. Then, TTC staining perfusion was used to 

investigate the infarct size. ML277 was perfused throughout this experimental protocol. B, 

Representative scanned images of stained hearts during control and 1 μM ML277, which showed a 

reduction of infarct size (white tissue) after the pharmacological treatment. C, Graph showing the 

mean of infarct size with a reduction in concentration dependent infarct size (Control, n=16 vs p=0.45 

(100 nM ML277, n=5), ****p<0.0001 (300 nM ML277, n=4), and ****p<0.0001 (1 μM ML277, n=5)). 

(One-way ANOVA Holm-Sidak post- test).  
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5.2.5 JNJ303 increases infarct size in a whole-heart ex vivo coronary ligation 

model 

Data from the contractile function protocol, as shown in Section 5.2.30, indicated the 

cardiotoxicity of JNJ303 on the contractility of isolated cardiomyocytes after metabolic 

inhibition and reperfusion. To investigate the cardiotoxicity effect of this pharmacological 

treatment on the infarct size of the whole heart, ex vivo coronary ligation with the 

Langendorff method was used (Figure 5.6A). Solution containing JNJ303 was perfused 

throughout this protocol to measure the detrimental impact on the size of the infarct area.       

Representative sliced images from adult rat hearts in the control condition and during the 

perfusion of 1 M JNJ303 are shown in Figure 5.6B. The infarct size was increased with JNJ303, 

which was obvious from an extension of white tissue on a slice of the pharmacological 

version.  

 

Figure 5.6C shows that inhibition of IKs led to a significant increase in infarct size, going from 

35.6±1.8% to 50.0±1.5% (control, n=16 vs 1 μM JNJ303, n=5, ***p=0.0005). This result 

suggests that the pharmacological blockade of IKs has the potential to be cardiotoxic by 

enlarging the infarct size.    
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Figure 5.6: JNJ303 causes cardiotoxicity by increasing the infarct size in the whole heart after 
blocking the coronary artery using the Langendorff approach.  

A, A designed protocol used to examine the effect of a selective blocker of IKs on the size of damage 

after myocardial ischaemia/reperfusion injury: intact hearts were stabilised with NT solution for 1 hr, 

myocardial ischaemia via ligation was induced in the coronary artery for 40 min and then the coronary 

artery was un-ligated to simulate myocardial reperfusion with NT for 3 hr. To investigate the infarct 

size, TTC staining was used. JNJ303 was perfused throughout the protocol. B, Representative scanned 

images of stained rat hearts were used to compare the control and 1 μM JNJ303. These example 

images show a larger infarct size after the pharmacological treatment. C, Mean data showing an 

increase in the percentage of infarct size (control, n=16 vs JNJ303, n=5, ***p=0.0005) (Unpaired t- 

test). 

 

5.2.6 ML277 imparts cardioprotection when introduced during the coronary 

artery block or reperfusion 

Strong evidence of the cardioprotective effect of ML277 on the reduction of infarct size was 

found once the activation of IKs commenced prior to the coronary ligation, as shown in Section 

5.2.4. Despite the potentially important finding that IKs potentiation could protect against 
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myocardial ischaemia-reperfusion injury, translating this finding into a clinically relevant 

scenario is difficult in the ex vivo model. This is because myocardial ischaemia is unpredictable 

in human beings and it would be unlikely that you would be able to give a drug, such as ML277 

pre-emptively in acute coronary syndromes due to their unpredictability. In order to 

investigate this novel target of cardioprotection and investigate the potential clinically 

feasiblity, two strategies have been tried using a whole-rat-heart ex vivo coronary ligation 

protocol. The first protective method was achieved by applying ML277 after 20 min of 

coronary artery block, which represents the scenario of a patients undergoing acute 

myocardial infarction and given ML277 once ischaemia was established. The second protocol 

was to add this pharmacological agent during the reperfusion stage, which the drug could be 

clinically applied with stenting or thrombolysis, which may provide evidence to attenuate 

reperfusion injury in clinical settings. As ML277 protects the whole heart during the entire ex 

vivo coronary ligation protocol (Section 5.2.4), a similar protocol was used during a selective 

targeting time, which involved 1 hr for heart stabilisation, 40 min for coronary ligation and 3 

hr for reperfusion (Figure 5.7A).     

 

Figure 5.7B shows that the protective effects of ML277 on infarct size were maintained, 

although there was variety in the introduction times of pharmacological treatment. After 20 

min of coronary artery block, a reduction in the infarct size was significant with 1 μM ML277, 

decreasing from 35.6±1.8% to 11.7±1.8% (control, n=16 vs 1μM ML277, n=4, ****p<0.0001) 

(Figure 5.7). Additionally, ML277 significantly reduced infarct size when was applied at only 

reperfusion period, 35.6±1.8% for control (n=16) vs 16.8±1.2% for the pharmacological group 

(n=4, ****p<0.0001) (Figure 5.7). These results emphasise the efficacy of the 

cardioprotection afforded by IKs potentiation, which has been investigated over different 

times of whole-heart coronary ligation protocol and therefore are probably applicable in 

clinical settings to prevent life-threatening cardiac damage.       
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Figure 5.7: ML277 imparts cardioprotection by reducing infarct size in the whole heart when 
applied during coronary artery ligation or only during reperfusion.  

A, Protocol designed to examine the effect of IKs potentiation on the damage from myocardial 

ischaemia and reperfusion injury with the application time of the pharmacological treatment. ML277 

was perfused at two certain points: after 20 min of blocking LAD or at the reperfusion period. B, Graph 

showing the mean infarct size with a reduction in infarct at both times, during myocardial ischaemia 

and at reperfusion (control, (n=16) vs 1μM ML277 after 20 min of coronary ligation (n=4), and 1μM 

ML277 at reperfusion only (n=4), ****p<0.0001 for both times of drug application) (One-way ANOVA 

Holm-Sidak post- test). 
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5.3 Discussion  

It is interesting to note that in all the experimental studies presented in this chapter, 

potentiation of the cardiac IKs plays an important role in cardioprotection. The protective 

effect gained from targeting this channel for myocardial function against damage in the 

setting of acute coronary ischaemia was a major aim in this chapter. As mentioned in the 

literature review, in most cardioprotected cells there was an improved cell survival following 

an ischaemic insult, which has led to limiting the myocardial damage by shortening the cardiac 

potential duration to reduce calcium load and so reduce the utilisation of ATP. This led to the 

hypothesis that pharmacological modulation of IKs has a protective potential against 

ischaemic damage. In the first result chapter, findings were presented showing that the 

pharmacological modulation of cardiac action potential via targeting the IKs reduces calcium 

overload and consequently preserves intracellular ATP. With the importance of the IKs channel 

in cardiac repolarisation, the ability of IKs modulation to protect the heart against damage 

from myocardial ischaemia is an increasingly important area in the cardioprotection field. The 

experiments described in this chapter were designed to investigate the effects of a selective 

pharmacological activator and blocker after metabolic inhibition. The first finding from a 

patch-clamp recording is that IKs potentiation caused a delay in the time for opening 

Kir6.2/SUR2A, albeit insignificant, which is considered a major phenotype in cardioprotected 

cells. It was also found that a direct modulation of this IKs can affect the contractile function 

of isolated cardiomyocytes using a metabolic inhibition and reperfusion protocol. 

Additionally, a whole-heart ex vivo coronary ligation protocol was used as the 

cardioprotective effect of IKs on infarct size after an ischaemic insult.  

   

5.3.1 Perfusion with the pharmacological IKs potentiation imparts 

cardioprotection to cardiomyocytes and isolated hearts  

It is well documented in the literature that the opening of the cardiac KATP (Kir6.2/SUR2A) 

current plays an essential role in metabolic stress to limit ATP consumption (Kitakaze, 2010; 

Brennan et al., 2015; Wojtovich et al., 2010). Therefore, a delayed activation of this SarcoKATP 

is suggested as one of the hallmarks of ischaemic preconditioning. This result was based upon 

data collected over 10 years, and it was hypothesised that in cardioprotected cells, the activity 

of the cardiac KATP channel only occurs from substantial and severe ATP depletion to impart 
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protection via shortened APD and a negative-shifted membrane potential. To investigate the 

cardioprotective mechanism of IKs, cell-attached patch recording was used to measure the 

effect of IKs potentiation on the time to activate the cardiac Kir6.2/SUR2A current in 

cardioprotected myocytes compared to control cells. Pre-treating isolated cardiomyocytes 

with 1 µM ML277 led to a non-significant delay of the activity of cardiac KATP, as shown in 

Figure 5.1. This finding suggests that ML277 did not effect on the cardiac membrane potential 

which fits with the previous result chapter in Figure 4.2A (ii). This is consistent with the data 

in Figure 5.2, which showed that the cardiac membrane potential did not have a negative-

shift following IKs potentiation treatment of isolated cardiomyocytes. It was also hypothesised 

in the literature that IKs activates in phase 3 repolarisation and has no role on resting 

membrane potential (Nicolas et al., 2008). The possible explanation for a small delay in 

cardiac Kir6.2/SUR2A complex opening in the presence of IKs potentiation: ML277 induced a 

hyperpolarising shift of the IKs activation curve. This could be a plausible opening of the IKs 

channel when the cell membrane was held at more negative potential for cell-attached patch 

recording. This finding was encouraging because the resting membrane potential was not 

affected by the pharmacological activation of the IKs and thus provides a degree of safety as 

it would not prevent the membrane potential reaching the threshold to trigger cardiac action 

potential. Furthermore, in these experiments, the cardiomyocyte was quiescent, not 

stimulated to fire action potentials, and therefore would not necessarily have an opportunity 

for ML277 to fully affect the membrane potential.   

 

Previous studies suggest that during ischaemia, the function of cardiac contractility increases 

in response to the insufficiency of oxygen supply and ultimately leads to energy depletion 

(Rosano et al., 2008). Regulating contractile function plays an important role during hypoxia 

to impart cardioprotection via limited ischaemia-induced myocardial death and increased 

infarct size. The results presented in this chapter support the hypothesis that contractile 

function was improved in cardioprotected myocytes compared to non-protected cells by 

using the metabolic inhibition and reperfusion protocol. Upon treatment with 1 µM ML277 

to potentiate the IKs, the time to contractile failure and the percentage of contractile recovery 

and cell survival were significantly increased, as shown in Figure 5.3. A similar trend was 

shown in sympathetic stimulation, causing an increase in the activity of IKs to provide a 

protective mechanisms against excessive prolongation of cardiac action potential in order to 
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decrease cardiac contractility (Nicolas et al., 2008; Kurokawa et al., 2003). However, in normal 

physiological conditions, the reduction in force of contraction by IKs potentiation had no 

significant effect because IKs is not the main repolarisation current within the rat ventricles, 

and it ultimately had limited efficacy on cardiac APD (Arrigoni and Crivori, 2007).   

 

Given the considerable cellular protection of IKs potentiation on contractile recovery and cell 

survival, the whole-heart ex vivo coronary ligation was used to investigate the protection in 

models with myocardial ischaemia and reperfusion injury (Bell et al., 2011). This experimental 

technique detected the effect of pharmacological IKs potentiation on infarct size. The current 

study found that infarct size was significantly reduced in the pharmacological treatment 

group when ML277 was perfused throughout the experiment (Figure 5.5). In support of this 

hypothesis, the down-regulation of IKs was documented in infarcted canine hearts (Jiang et 

al., 2000; Dun and Boyden, 2005). This result explained why the outward potassium currents 

responsible for repolarisation are exposed to change during myocardial ischaemia (Guo et al., 

2012). The IKs is also reported to be reduced after 2 days following in vivo coronary ligation of 

rabbit hearts (Guo et al., 2012). Although the cardioprotective effect of IKs potentiation 

against the damage of myocardial ischaemia has been documented, these results cannot be 

translated into the clinical setting. The reason for this is the unpredictable incidence of 

myocardial ischaemia in human beings. To investigate this pharmacological treatment under 

similar conditions to patients who are suffering from acute myocardial ischaemia, this 

treatment was applied after 20 min of coronary artery block or at the reperfusion period. The 

data presented in Figure 5.7 suggest that the percentage of infarct size was significantly 

reduced with 1 μM ML277 at different time points during myocardial ischaemia. These data 

fit with the earlier results chapter; it was shown that the pharmacological potentiation of this 

channel has a cardioprotective effect via shortened APD, limited time of VGCC and 

preservation of intracellular ATP to maintain a functional heart. Together, the result of 

isolated cardiomyocytes and isolated whole hearts provide important insights into the 

protective mechanisms of IKs potentiation against damage after myocardial ischaemia.  

 

Previous studies have reported that adenosine plays an important role in triggering a 

cardioprotective phenotype in hypoxic myocytes (Liu et al., 1991; Cohen et al., 2000). This 

ligand activates PKC via binding it to G-protein-coupled receptors (GPCR) or tyrosine kinase-
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linked receptors on the cell membrane. Therefore, this provides evidence for the role of PKC 

as a central line in cardioprotection, and so, further work is required to establish the link 

between IKs activation and PKC. Despite numerous studies of successful outcomes on 

adenosine-induced ischaemic preconditioning, a major problem is that during stress 

conditions, there is a high probability of interrupting these pathways during cardioprotective 

intervention. As mentioned in the literature review, the co-assembly of KCNQ1 and KCNE1 to 

form a functional IKs channel is mainly expressed in two cell types: cardiac myocytes and inner 

ear cells (Wrobel et al., 2012). Due to a direct targeting of this cardiac ion channel, the use of 

a pharmacological modulator of the IKs complex imparts cardioprotection with limited off-

target effects. Based on these data, it has been suggested that a direct electrical modulation 

of the IKs channel may be clinically useful as a novel pharmacological cardioprotection. 

 

5.3.2 Perfusion with the pharmacological IKs inhibition causes a cardiotoxic 

effect to cardiomyocytes and isolated hearts 

The results of this chapter show that pre-treated myocytes with a specific IKs blocker such as 

JNJ303 result in cardiotoxic effect during myocardial ischaemia, decreasing the time to 

contractile failure and the percentage of contractile recovery and cell survival (Figure 5.4). 

This finding in consistent with Van der Linde et al. (Van der Linde et al., 2010) and suggests 

that the administration of JNJ303 in anaesthetised dogs causes a mismatch between electrical 

activity and the mechanical response. Therefore, the abnormality in the cardiac contractility 

was reflected in these groups, known as Torsade de pointes arrhythmias. These results agree 

with the findings of the first results chapter, in which the blockade of IKs caused a small 

increase in action potential duration and cardiac contractility through the accumulation of 

intracellular Ca2+ as voltage-gated Ca2+ channels remains open (Section 4.2.2 and Section 

4.2.8). Considering the slow activation of IKs, this current has only affected cardiac 

repolarisation to a minimal extent during normal physiological conditions (Varró et al., 2000; 

Jost et al., 2005). It can therefore be assumed that at normal repolarisation, the 

pharmacological blockade of IKs can decrease a repolarisation reserve current; however, the 

harmful impact of blocking this current could be extended in the presence of pathological 

conditions such as during myocardial ischaemia or elevated sympathetic activity. Hence, it 

could conceivably be hypothesised that IKs block by pharmaceuticals is a lesser concern 
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compared to block of IKr, given IKr is the major outward repolarising current in the myocardium 

(Sato et al., 2000a; Abbott et al., 1999). However, more research on the cardiotoxic effect of 

this selective blocker of IKs needs to be undertaken because, as mentioned by Wrobel, the 

level of cardiotoxicity after JNJ303 treatment increases with higher expression of the KCNE1 

encoded β-subunit of the IKs complex (Wrobel, 2013).       

 

With successive increases in cardiomyocyte damage after metabolic inhibition with JNJ303 

treatment, perfused, isolated hearts provided further evidence to the effect of this 

pharmacological blockage on damage after an ischaemic event. The current results in Figure 

5.6 found that the infarct size was increased after perfusing the isolated hearts with a solution 

containing JNJ303 throughout the Langendorff preparation protocol. This finding supports 

the idea of an IKs blockade-induced prolongation of action potential in a diseased heart. This 

lengthening of cardiac APD allows the accumulation of intracellular calcium and, therefore, 

enhances the use of intracellular ATP for a short time following myocardial ischaemia 

(Bányász et al., 2004). In the earlier results chapter, it was shown that the pharmacological 

inhibition of the IKs channel caused a non-significant prolongation of APD under normal 

physiological conditions, as shown in Figure 4.3. These data support the hypothesis that IKs 

blockers may be potent cardiotoxic agents with dangerous prolongation of APD in 

pathological conditions, however, this is ineffective in control conditions. These results 

indicate that ATP depletion was faster among the pre-treated group with IKs blockers 

particularly, among acute myocardial ischaemia.  

 

Based on the data presented in this chapter, it is hypothesised that increased KCNQ1/KCNE1 

currents in cardiac myocytes could provide cardioprotection against damage from myocardial 

ischaemia and reperfusion injury. These findings suggest that the modification of IKs acts as a 

novel cardioprotection intervention via several aspects. It could maintain cell survival for a 

long time by delaying the activation of the cardiac KATP channel to preserve intracellular ATP. 

The observed increase in the time to contractile failure, the percentage of contractile 

recovery and the percentage of cell survival could be attributed to improved contractile 

function after myocardial ischaemia. Furthermore, reduction of infarct size could be achieved 

by targeting this cardiac channel. In contrast, blockage of the KCNQ1/KCNE1 currents is 
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cardiotoxic. Further research should investigate the effect of this pharmacological 

manipulation in diseased human hearts to provide novel insights for clinical use. 
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Chapter 6 General Discussion 

6.1 An overview of the findings  

According to the World Health Organisation (WHO), acute coronary syndromes are one of the 

greatest causes of mortality and morbidity worldwide (O’gara et al., 2013; WHO, 2021). An 

accumulation of plaque inside the coronary artery lumen is a key concern in acute coronary 

syndrome patients, as it contributes to coronary artery diseases due to the blocking of blood 

flow into the cardiac muscle (Naghavi et al., 2003). Although there is evidence supporting the 

reduction of the mortality rate after an invasive therapeutic technique, such as percutaneous 

coronary intervention, this group of patients remain at a high risk of death (Ibáñez et al., 

2015). The issue of ongoing intermittent ischaemia and reperfusion (I/R) injury has received 

considerable intense attention over the past century; however, there are still no approved 

therapeutic treatments to protect the cardiac muscle from damage after myocardial 

ischaemia and reperfusion injury. It has long been suggested that intrinsic cardioprotective 

pathways are able to reduce infarct size by activating intracellular signalling that imparts 

protection by shortening the episode of ischaemia. This has been documented in pre-clinical 

animal models of cardioprotected cells, which are characterised by the shortening of the 

cardiac action potential duration that reduces electrical excitability, resulting in the reduction 

of Ca2+ entry into the cell via limiting the opening time of L-type calcium channels (Murry et 

al., 1986; Kitakaze, 2010). Despite the significant evidence of pre-clinical success of 

cardioprotective interventions, it has failed to translate into the clinical setting. It is unclear 

whether the mechanisms underlying cardioprotection in man are different or whether there 

are other confounders that we have not currently identified. This disparity between pre-

clinical and lack of clinical translation means that the whole area of intrinsic cardioprotection 

in man is controversial.   

 

This current study focused on the shortening of the action potential duration observed in 

cardioprotected cells, which limits the accumulation of cytoplasmic calcium through a 

reduced opening duration of L-type channels, so reducing the influx of calcium. A shorter 

action potential duration was achieved by directly modulating two cardiac ion channels, 

which might have contributed to reducing the damage caused by myocardial ischaemia and 

reperfusion injury. K+ channels play an essential role in regulating the normal electrical activity 
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of cardiac muscle by controlling the repolarisation following a cardiac action potential, and 

they control the resting membrane potential. This led to the hypothesis that IKs and Kir6.1-

containing KATP potentiators could provide an effective protective mechanism against damage 

from myocardial ischaemia. To assess whether the modulating of these potassium channels 

could impart cardioprotection, this study set out to determine the cardioprotective role of 

these channels in ventricular myocytes. Briefly, the study demonstrated that IKs and Kir6.1-

containing KATP activators impart cardioprotection, which results in a reduction in infarct size. 

Moreover, modulating of these channels was found to improve the contractile function 

against the damage from metabolic inhibition and reperfusion injury by delaying contractile 

failure. The rate of contractile recovery also increased with an increase in cell survival. 

 

Chapters 3 and 4 describe experiments relating to investigating whether pharmacological 

activator and blockade of IKs have a cardioprotective role against ischaemia-reperfusion 

injury. This study provides the first evidence for the cardioprotective role of KCNQ1/KCNE1 

channels in rat cardiomyocytes. We showed that selective activation of this outward K+ 

current (1 μM ML277) led to a significant shortening of the APD90 in ventricular myocytes. As 

the potentiation of IKs plays a significant role in the regulation of the action potential duration 

in speeding up repolarisation, we hypothesised that the IKs plays an important role in the 

regulation of intracellular calcium, probably by reducing the utilisation of intracellular ATP. 

The data presented in this study showed a significant shortening of Ca2+ transients after 

treatment with this potent IKs activator. By contrast, the observed small but insignificant 

prolongation of the APD90 and a significant prolongation of Ca2+ transients following the 

selective blockade of IKs (JNJ303) could be attributed to cardiotoxicity. These findings raise 

the hypothesis that the potentiation of KCNQ1/KCNE1 channels is a cardioprotective factor 

in reducing ATP consumption. Cardioprotected myocytes with a selective IKs activator showed 

a delay in the activity of cardiac KATP, Kir6.2/SUR2A channels, which has been suggested as a 

hallmark of ischaemic preconditioning (Kitakaze, 2010; Wojtovich et al., 2010; Brennan et al., 

2015). This indicates that activating IKs leads to maintaining intracellular ATP for a long time 

following an ischaemic insult. Furthermore, following the metabolic inhibition and 

reperfusion protocol, the present findings seem to support the idea of the cardioprotective 

role of IKs potentiation and that IKs play an important role in the regulation of contractile 

function to adapt to the insufficiency of oxygen supply during myocardial ischaemia. This was 
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documented by demonstrating a significant increase in the time to contractile failure, the 

percentage of contractile recovery, and cell survival in the pre-treated cells with IKs 

potentiation. The cardioprotective effect was abrogated following the administration of a 

selective IKs blocker. Following the promising results in isolated cardiomyocytes treated with 

IKs potentiation, it was interesting to consider how IKs modulation affects the infarct size of 

the whole-heart ex vivo coronary ligation model. The results of this study showed that the 

activation of IKs exerted a protective effect by reducing infarct size, whereas blocking of IKs led 

to a larger area of infarction. These new findings confirm an important link between a 

shortening of action potential duration seen after the administration of a selective IKs 

activator, and the mediation of cardioprotection against damage from myocardial ischaemia 

and reperfusion injury. 

 

Chapter 5 describes an investigation into the functional presence of pore-forming subunits of 

KATP channels other than the canonical Kir6.2/SUR2A channel in ventricular muscle. The 

functional role of this newly-identified KATP channel was examined in normal physiological 

conditions and in conditions of metabolic-stress. As part of an ongoing study in our research 

group, the new pore-forming subunit of KATP channels was characterised using cell-attached 

patch recording, which passed a single current amplitude of ~5 pA, giving rise to a 

conductance of~39 pS, in normal physiological conditions. It seems possible that this newly 

identified KATP channel comprises a Kir6.1 pore-forming subunit because of the conductance, 

its sensitivity to glibenclamide and PNU37883A and that this channel was relatively insensitive 

to ATP, demonstrated by a constitutive activity. This finding supports the hypothesis that the 

canonical cardiac Kir6.2/SUR2A channel acts as a metabolic sensor rather than a 

cardioprotective effector. We hypothesise that this second channel is activated following 

cardioprotective stimuli, which protects the cell by shortening the action potential to impart 

early-stage protection (Brennan et al., 2015). The data presented in this study demonstrated 

that selective modulation of Kir6.1-containing KATP channels impart protection via direct 

modulation of the action potential duration. The action potential duration was shortened 

with a KATP channels activator at a low concentration (150 μM) of pinacidil, that did not 

significantly potentiate Kir6.2-containing KATP channels (Satoh et al., 1998; Nakayama et al., 

1990). A prolongation of the action potential duration was observed after the selective 

blocking of Kir6.1 pore-forming subunit KATP channels using PNU37883A. As the modulation of 
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Kir6.1-containing channels in the ventricular myocyte led to an effect on ventricular 

repolarisation by the manipulation of action potential duration, we hypothesised that Kir6.1 

forming subunit KATP channels plays a role in the regulation of the accumulation of 

cytoplasmic calcium, therefore limiting ATP consumption. Data presented in this study show 

that the activation of different pore-forming subunits of KATP channels in the cardiac 

membrane surface resulted in differential shortening of the calcium transient as follows: 1) a 

severe shortening or abrogation of Ca2+ transients was recorded after activation of cardiac 

KATP (Kir6.2/SUR2A) channels with a high pinacidil concentration (200 μM), and 2) a lower level 

of Ca2+ transients shortening was documented after potentiation of Kir6.1-containing 

channels with a low pinacidil concentration (50 μM). However, the inhibition of the cardiac 

Kir6.1-containing KATP channels (3 μM PNU) caused a significant prolongation of Ca2+ 

transients. The findings showed that the time to Kir6.2/SUR2A channels activation following 

metabolic inhibition was significantly delayed in pre-treated cardiomyocytes with 

potentiation of Kir6.1-containing KATP channels (100 μM pinacidil), thereby delaying ATP 

depletion as part of the cardioprotective mechanism. It was further documented that the 

potentiation of Kir6.1-containing KATP channels contributed to a cardioprotective phenotype 

by improving the contractile function after ischaemic-reperfusion injury; for instance, it led 

to an increase in the time to contractile failure and the percentage of contractile recovery 

and cell survival in cardioprotected myocytes. A high concentration (200 μM) of pinacidil 

caused a reduction in cardiac contractility before the application of the metabolic inhibitor, 

suggesting that activation of cardiac KATP (Kir6.2/SUR2A) channels is responsible to prevent 

the membrane potential to reach the threshold for activating an action potential, therefore 

limit the ability of the contractile function of cells at the start of the experiment, to limiting 

further ATP consumption. This cardioprotective factor was eliminated following the blockade 

of cardiac Kir6.1 containing KATP channels with 3 µM PNU treatment. We further investigated 

whether the potentiation of Kir6.1-containing KATP channels can affect the infarct size of the 

whole-heart ex vivo coronary ligation model. We previously observed that the activation of 

Kir6.1-containing KATP channels (10 μM pinacidil) led to a significant reduction in infarct size, 

whereas inhibition of this channel (3 µM PNU) caused a significant increase in infarct size. The 

results from the study in this chapter provide evidence of two types of KATP channel on the 

surface of ventricular cardiomyocytes, including Kir6.2/SUR2A channels and 

SarcoKir6.1/SUR2B channels. These channels could impart cardioprotection at different times. 
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The newly identified cardiac Kir6.1 containing KATP channel plays a key role in normal 

physiological conditions and imparts early-stage protection against damage from myocardial 

ischaemia-reperfusion injury. However, Kir6.2/SUR2A channel is activated in response to 

severe ATP depletion to impart late-stage protection. Importantly, the data presented here 

document a link between manipulation of action potential duration via direct modulation of 

KATP channels and imparting the cardioprotective effect against damage from myocardial 

ischaemia-reperfusion injury.   

 

Given the protective effects of potentiating both IKs and IKATP, it might be worth combining 

drugs targeting both currents for added benefit. Experiments using both ML277, as an IKs 

activator, and pinacidil, as a KATP channel activator, can show whether combining the drugs 

would have an effect that is more significant than either of each. It will also show how this 

can affect the APD. Precise regulation of the cardiac APD is essential as the APD determines 

the refractory period of the heart. If the APD becomes too short, premature re-excitation can 

occur, leading to unwanted arrhythmias. 

 

This study highlights that a shortening of the cardiac action potential could be a novel 

cardioprotective mechanism. The increase in repolarising current by direct pharmacological 

potentiation of potassium currents could mark a novel mechanism by which cardioprotection 

could be imparted where intricate cellular signalling may fail in the clinic.  

 

6.2 Clinical implications and translational aspects   

The IKs activator, ML277, was developed as an anti-arrhythmic drug and has been shown to 

potentiate the repolarisation reserve current in pre-clinical models (Mattmann et al., 2012; 

Yu et al., 2013a; van Bavel et al., 2021; Hou et al., 2019). The ability of ML277 to confer acute 

cardioprotection seems to be due to the activation of the IKs. An ideal follow on investigation 

would be to measure the cardioprotective effect following the administration of ML277 in 

patients suffering from acute myocardial ischaemia, as the drug could reduce the damage 

from ischaemia and arrhythmia. Despite the beneficial effect of ML277 treatment against an 

increase in repolarisation time, there has been no clinical use of this pharmacological agent, 

partly due to the efficacy of the drug and its chemical properties making it a poor 
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pharmaceutical agent. The formation of the IKs requires the co-assembly of the KCNQ1 α-

subunit and KCNE1 β-subunit, and they are only expressed in cardiac myocytes and inner ear 

cells (Wrobel et al., 2012). Thus, IKs in ventricular cells are a good starting point for selectively 

targeting K+ channel activation in the heart and could be a potential treatment in future 

studies. Furthermore, IKs activation would potentially have milder side effects. One further 

drawback of this pharmacological agent is that the compounds is a Kv7.1 (KCNQ1) selective 

activator, rather than IKs. The activation by ML277 is less with progressive increases in the 

expression ratio of the KCNQ1:KCNE1 complex (Yu et al., 2013b), therefore it would be 

advantageous to develop a compound that is a selective IKs potentiator. This may be possible 

given that JNJ303 is thought to be IKs selective be binding in a pocket that is only exposed 

when KCNQ1 and KCNE1 exist in a complex. 

 

The KATP channel activator, pinacidil, was approved as an antihypertensive drug that produced 

vascular dilation (Selvam et al., 2010; Koliopoulos et al., 1984). This drug is generally well 

tolerated in humans with relatively mild side effects, such as headache (Rastogi and Pragya, 

2012). Previous studies suggest that vasodilation with pinacidil requires ~0.2 μM to cause 

pinacidil-induced Kir6.1 containing channels opening, and ~40 μM would cause pinacidil-

induced Kir6.2 containing channels opening (Suzuki et al., 2001; Lodwick et al., 2014). The 

ultimate aim of this pharmacological treatment at a low concentration (~10 μM) would be to 

improve myocardial function and reduce the final infarct size following administration to 

patients suffering from ST-elevation myocardial infarction. One drawback of this drug is that 

Kir6.1 pore-forming channels are weakly rectifying, and, therefore, the activation of this 

channel will affect the resting membrane potential and increase the possibility of not reaching 

the threshold of activation to trigger an action potential. It should be noted that in 

experiments carried out in this study, it took a concentration of 200 μM pinacidil to cause 

complete action potential and contractile failure in cells. 

 

This pharmacological treatment could possibly be used to modify the heart’s response against 

the damage from chronic ischaemia-reperfusion injury, perhaps by improving the contractile 

function and reducing the infarct size. This new therapeutic strategy could be administered 

when patients are diagnosed with acute coronary syndrome and could also be part of the 

clinical reperfusion intervention.  
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6.3 Future work  

The experiments using rat ventricular myocytes and isolated rat hearts have proven 

successful in demonstrating that targeting of the IKs and cardiac Kir6.1-containing channels 

can protect against ischaemia-reperfusion injury. However, the study of the cardioprotective 

effects of these potassium channels against the damage following myocardial ischaemia 

leaves open some questions that require further investigation.  

 

1- A common issue in research in the cardioprotection field has been the translation step 

from pre-clinical studies into clinical trials. In future investigations, it might be possible 

to assess pharmacological treatments on cardiomyocytes isolated from tissue samples 

of patients undergoing cardiac surgery procedures. The drugs could also be tested 

against ischaemia in patients diagnosed with acute myocardial ischaemia.  

 

2- Myocardial arrhythmias are a major cause of death, with ~2 million people in the UK 

expected to suffer from the conditions during their lifetime. Broadly, the 

dysregulation of Ca2+ signalling underlies certain arrhythmias, where the ion triggers 

after-depolarisations to restimulate muscle contraction. The management of after-

depolarisations, or aberrant intracellular calcium release events, is an important 

clinical tool for preventing arrhythmias. Cardioprotection against ischaemia and 

arrhythmias, therefore, has a common underlying mechanism of reducing cellular 

excitability. Thus, the effect of these cardiac ion channels on the anti-arrhythmic 

outcomes could be assessed.  

 

3- Assessing the effect of IKs or IKATP potentiation could also be performed in vivo in 

coronary ligation surgery models, which would allow deeper investigations and 

optimization of the potentiation to reduce infarct size in animals exposed to these 

pharmacological treatments.  
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4- A thorough assessment of IKs activity, Kir6.1 activity, and an early cardioprotected 

phenotype in cardiomyocytes isolated from tissue specific with knockout models and 

transgenic animals is needed to fully elucidate the role of these ion channels following 

myocardial injury.  

 

6.4 Overall conclusion   

A common uniting theme in all these investigations in this thesis is the ability of cardiac ion 

channel activity to induce cardioprotection in the ventricular myocardium through the 

manipulation of cardiac action potential duration, which limits the time for calcium influx and 

reduces ATP consumption. The question arises, would it be simpler to use Ca2+ channel 

inhibitors to protect the heart against myocardial ischaemia-reperfusion injury? Previous 

studies have demonstrated that calcium channel blockers, particularly L-type Ca2+ channel 

blockers, are associated with an increase in the occurrence of myocardial infarction (Ivanov 

et al., 2004; Psaty et al., 1995; Eisenberg et al., 2004). This inhibitory mechanism causes 

bradycardia via slowing the depolarisation, because this channel plays an important role in 

phase 2 ventricular action potential. This may result in reducing the blood flow via the 

coronary artery and reducing the cardiac output. As there are a controversy regarding the risk 

of cardiovascular events following calcium channel inhibition, therefore the data from this 

work suggest that a reduction of calcium overload could indirectly be achieved by potassium 

channel activation to provide a protective effect. The mechanism of the protection is 

hypothesised to be by accelerating the repolarisation of the cell membrane, which 

consequently leads to the shortening of the action potential, the limiting of calcium influx 

time, and reduction of ATP consumption. Therefore, limiting cellular calcium overload is 

thought to be protective in the heart against damage from myocardial ischaemia. The cell 

membrane of ventricular myocytes has a large diversity of K+ channels; however, this study 

was focused on targeting two types of K+ channels: the slowly activating delayed rectifier 

potassium (IKs) and newly-identified cardiac Kir6.1-containing KATP channels. Our results 

demonstrated that selective activators of these potassium channels act as a novel 

cardioprotection intervention via an increase in the time to contractile failure, the percentage 

of contractile recovery, and the percentage of cell survival. These pharmacological treatment 

outcomes could also be attributed to the reduced infarct size. However, inhibition of cardiac 
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ion channels is cardiotoxic. Taken together, this work contributes to the existing knowledge 

of cardioprotection by providing novel insights into these pharmacological manipulations for 

clinical use against damage from myocardial ischaemia and reperfusion injury. However, 

some important limitations of this study indicate avenues for further research, and thus must 

be considered. First, these experiments were not subjected to stress-responses; hence, the 

effect of stress conditions on the protective pathway should be investigated in an in vivo 

model. Second, the rat model brings with it limitations regarding differences in action 

potential compared to human cardiomyocytes, which may be expected to have variations in 

calcium handling and repolarising currents. Future studies should be performed in large 

animal species to examine the cardioprotective effect of these potassium channels against 

damage from ischaemia-reperfusion injury.  
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