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e ATP-Sensitive Potassium 
Channel in the Heart 

Functional, Electrophysiological and Molecular Aspects 



Propositions/Stellingen 

' T h e ATP-sensitive potassium channel in the heart: functional, 
electrophysiological and molecular aspects" 

Carol Ann Remme 

/. During myocardial ischemia, cardioprotection conferred by ATP-sensitive potassium 
(KATP) channel openers may, at least partly, be attributed to a reduction in 
noradrenaline release within the myocardium, (this thesis) 

2. In anoxic myocytes, sarcolemmal KATP channel activation is essential for 
postponement of irreversible damage to occur, whereas mitochondrial KATP channel 
activation by itself has no protective effect, (this thesis) 

3. The apparent contradictory results regarding pro- and anti-arrhythmic effects of KATP 
channel openers can be explained by the fact that KATP channel openers may increase 
the incidence of early, re-entrant (phase la) arrhythmias, but decrease the occurrence 
of non-re-entrant (phase lb) arrhythmias, (this thesis) 

4. The KAIP channel subunit Kir6.2 can traffick to the plasma membrane and form 
functional, ATP-sensitive potassium channels in the absence of a sulfonylurea 
receptor, (this thesis) 

5. The KATP channel subunit Kiró.1 shows important structural and functional 
characteristics different from those of Kir6.2, and may form part of the mitochondrial 
KATP channel complex, (this thesis) 

6. The two-step real-time PCR technique using the LightCycier System provides a 
sensitive and specific method for measuring mRNA expression levels of low abundant 
genes such as ion channels, (this thesis) 

7. Although the KATP channel subunit Kir6.1 is highly expressed in both atrial and 
ventricular tissue, its functional role in the heart remains to be elucidated, (this thesis) 

8. Due to its hair growth stimulating effects, the KATPchannel opener minoxidil should be 
considered a true (pre)conditioner. 

9. The most exciting phrase to hear in science, the one that heralds new discoveries, is 
not "Eureka!" (I found it!), but "That's funny...". (Isaac Asimov) 

10. The great thing about standards is that there are so many. 

/ / .The art of medicine consists of amusing the patient while nature cures the disease. 
(Voltaire) 

12. Destiny was invented by people who can't stand the fact that everything that happens 
is accidental. 

13. When people don't know what you are doing, they don't know what you're doing 
w ron 2. 
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Chapter 1 

Potassium channels and cardiac excitability 

General characteristics of ion channels 

Like all cells, the membrane of cardiac myocytes consists of a lipid bilayer structure 

which is highly impermeable to charged molecules or ions such as sodium (Na~), calcium 

(Ca2+), chloride (CI") and potassium (K+). However, at certain sites protein complexes 

span the ceD membrane forming a narrow water-filled pore, thereby providing a 

transmembrane corridor for ions to move in and out of the cell (Figure 1). Opening and 

closing of these ion channels determines the membrane permeability for the ion 

involved. Most ion channels exhibit ion-selective permeability; based on ion size and 

charge as well as channel properties, one particular type of ion can flow through one 

single ion channel complex. Therefore, one can distinguish between Na+ , K+ , Ca2+ and 

CI" channels. Ions need not bind to the channel protein complex but can diffuse through 

the ion channel pore, if in the open state. Consequently, ions can be transported through 

these channels at a ven- fast rate. Furthermore, ion transport is passive and is mediated 

by both the concentration gradient of the relevant ion and the electrical potential 

difference across the membrane; the net driving force or electrochemical gradient for 

each separate ion determines its transport efficiency. Ion channels can be opened briefly 

and then closed again in response to specific stimuli, such as a change in the electrical 

voltage across the membrane (voltage-gated channels), mechanical stretch (mechanically 

gated channels), or the binding of a ligand (ligand-gated channels). The origin of the 

ligand can be either extracellular such as a neurotransmitter (transmitter-gated channels), 

or intracellular as is the case with ion-gated or nucleotide-gated channels. When studying 

ion channels, they can be characterised by ionic selectivity, conductance (ease of flow of 

current through the channel), gating properties (regulation of channel opening and 

closing), kinetics (rate at which channels open and close) and pharmacology (for more 

details, see Hille 1992 and Alberts etd 1994). 

Channel protein^— Pore 

Lipid bilayer 

Figure 1. Schematic view of an ion channel spanning the lipid bilayer of the membrane. 
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General Introduct ion 

Cardiac excitability and the action potential 

During each cardiac cycle, i.e. heart beat, the heart contracts in order to pump blood 

around the body and thus provides all organs with oxygen and nutrients. During each 

cycle, an electrical impulse or action potential is generated spontaneously in the sinoatrial 

node within the right atrium and is conducted to all myocytes in the heart. Myocytes like 

all cells exhibit a membrane potential or voltage difference across the cell membrane due 

to the difference in ionic composition between intra- and extracellular fluids and the 

relative changes in membrane permeability to certain ions (see Hille 1992 and Standen 

1993). During resting conditions, the membrane is almost exclusively permeable to 

potassium (K+) ions and the membrane potential is around -80 mV (by convention, the 

membrane potential is expressed as the voltage of the inside of the cell relative to the 

extracellular fluid). Since the K+ concentration inside the cell (130-160 mM) is at least 

25-fold higher than the K+ concentration outside the cell (3-5 mM), opening of K+ 

channels will result in outward current due to efflux of positively charged ions. However, 

when a cell is stimulated, the cell membrane depolarises or shifts to a less negative value, 

causing voltage-gated sodium (Na+) channels to open and allowing Na+ ions to flow into 

the cell. This inward current shifts the membrane potential to an even less negative 

value, thereby opening more Na+ channels, and so on. This upstroke of the action 

potential (Figure 2) is followed by a short period, called the early repolarisation phase, 

during which K+ flows outward through rapidly activating and inactivating K+ channels. 

In addition, during the so-called plateau-phase of the action potential, calcium (Ca2+) 

channels open; the subsequent Ca2+-influx is ultimately responsible for contraction of 

the myocyte. Next, the membrane potential returns to its resting value (the late 

repolarisation phase) by the outflow of K+ ions through several voltage-gated K+ 

channels, until the next depolarisation triggers a new action potential. In contrast to 

other ions, K+ currents are involved in nearly ever}' phase of the action potential. In 

addition to repolarising the membrane potential at the end of the action potential, 

opening of K+ channels increases membrane potential to a more negative value 

compared to the resting value (hyperpolarisation). In short, K+ channels when open 

keep the membrane potential at a negative value, in a range where few Na + or Ca2+ 

channels will be open and thus farther away from the action potential threshold. 

Therefore, K+ channels are said to have a stabilising effect on cardiac electrical activity. 

As discussed below, the various functions of K" channels are to be attributed to several 

different K+ channels present in the heart. 

Potassium channel diversity in cardiac myocytes 

Mvocardial cells express multiple types of potassium channels and their distribution and 

density varies throughout the heart (Carmeliet 1992). The various types of potassium 

1 I 



Chapter 1 

Sodium current (Ina) 

Calcium current (Ica) 

Transient outward current 
(ITO) 

Delayed rectifier current 

(IK*) 
Delayed rectifier current 

Inward rectifier currents (IKi, IK-ATP, 
IlC-Ach) 

Figure 2. Schematic representation of the principal ion currents underlying the cardiac action potential and 
the time course of depolarising inward currents (downward) and repolarising inward currents (upward) 

channels can be divided in two main groups according to their function and 

electrophysiological effects (for review, see Jan and Jan 1995 and Snyders 1999). The 

first group consists of the depolarisation-activated or voltage-dependent potassium 

channels (TTO=transient outward K+ channel, lKr/iKs=delayed rectifier K+ channel), 

which function to control the amplitude and duration of the action potential (Figure 2). 

The transient outward K+ current (ITO) is rapidly activated and inactivated upon 

membrane depolarisation and thereby contributes to the initial repolarisation of the 

action potential, prior to the onset of the plateau phase (C)udit et a/. 2001). The delayed 

rectifier K+ is activated much later; it opposes the inward calcium current and therefore 

determines the duration of the plateau and thus of the action potential itself. In many 

species the delayed rectifier consists of two components, the rapid (IK.-) and slow (TKS) 

delayed rectifier (Mitcheson and Sanguinetti 1999). The second group of potassium 

channels comprises the inwardly rectifying channels, which are voltage-independent and 

contribute to the regulation of the membrane potential of the myocardial cell. In these 

channels, current is much larger in the inward than in the outward direction. The inward 

rectifiers are activated upon hyperpolarisation and close when the membrane potential 

12 



General Introduction 

depolarises. The inward rectifier current (IKI) exhibits marked inward rectification, 

carries large currents at negative potentials and is responsible for the resting potential 

and the final repolarisation of the action potential (Lopatin and Nichols 2001). Other 

inwardly rectifying potassium channels include the muscarinic potassium channel (K.kh) 

and the ATP-sensitive potassium channel (KATP)- The muscarinic or achetylcholine-

activated potassium channel is activated through a GTP-binding protein and plays a 

major part in the negative chonotropic and inotropic response to vagal stimulation in the 

sinoatrial node and atrium as well as neuronal tissues (Yamada et al. 1998, Mark and 

Herlitze 2000). The ATP-sensitive potassium channel will be discussed in more detail 

below. 

T h e ATP-sensit ive po tass ium channel 

ATP-sensitive potassium channels in the heart 

In 1983, Noma first described the presence of a potassium channel present in cardiac 

myocytes, that opened when the available ATP inside the cell was decreased by the 

addition of cyanide. The outward potassium current was subsequently inhibited by the 

application of ATP to the inside of the cell membrane. Similar channels were observed 

by Trube and Hescheler in 1984, when they applied 2,4-dinitrophenol (DNP), an 

uncoupler of oxidative phosphorylation, to isolated guinea-pig ventricular myocytes [12]. 

They observed the appearance of a specific current some time after the addition of 

DNP, concomitant with a pronounced shortening of the action potential. This current 

was carried by potassium ions and inhibited by ATP; it was not observed during 

physiological conditions. The authors concluded that the current through this ATP-

sensitive potassium channel (KATP) may at least in part explain the observed increase in 

potassium currents observed during metabolic inhibition. Thus, these KATP channels 

seemed capable of coupling changes in cellular metabolism to changes in membrane 

potential. During the next decade, extensive research of these channels in myocytes but 

also other tissue types has revealed many important functions of KATP channels during 

both physiological and pathophysiological circumstances. 

ATP-sensitive channels in other tissues 

Apart from myocardial cells, KATP channels have also been found in other tissues 

including pancreatic P-cells (Ashcroft et al. 1984, Cook et al. 1984, Misler et al. 1989), 

vascular smooth muscle (Daut et al. 1990, Standen et al. 1989), brain (Amoroso et al. 

1990, Politi etal. 1991), skeletal muscle (Spruce et al. 1985, Davies 1990) and urinary tract 
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Chapter 1 

smooth muscle (Foster et al. 1989). In addition, a potassium channel in the inner 

mitochondrial membrane sensitive to ATP has been described and is currently 

considered to play an important role in protection of cellular function during metabolic 

inhibition (Inoue et al. 1991, Sato and Marban 2000a). This channel and its properties 

will be discussed in more detail later. 

PancreaticP -cell KATP channels. In the pancreas, these channels are involved in the 

regulation of insulin release (reviewed by Ashcroft 2000). When the blood glucose level 

is high, glucose is transported into the pancreatic (3-cell and metabolised to produce 

ATP. The increase in intracellular ATP concentration and concomitant lowering of 

intracellular Mg-ADP closes the KATP channels, leading to depolarisation of the P-cell 

membrane and subsequent calcium-influx through the voltage-dependent calcium 

channels. Ultimately, the increased intracellular calcium concentration enables the 

exocytotic release of insulin from the pancreatic P-cell. KATP channel blocking agents 

such as glibenclamide and tolbutamide are commonly used as oral antidiabetic drugs in 

patients with non-insulin-dependent diabetes mellitus (NIDDM). These drugs, also 

known as sulfonylureas, are capable of increasing insulin secretion from pancreatic P-

cells through direct blockade of KATP channels in these cells. Conversely, certain KATP 

channel activators inhibit insulin release. Therefore, in contrast to cardiac KATP channels, 

pancreatic channels are open during physiological conditions. In patients with familial 

persistent hyperinsulinemic hypoglycemia of infancy (PHHI), a decrease in active KATP 

channels due to gene mutations in the channel have been described, which will be 

discussed in more detail later (Thomas et al. 1995, Kane et al. 1996). In these patients, 

inappropriate hypersecretion of insulin occurs despite the presence of severe 

hypoglycemia. Furthermore, KATP channel-deficient knockout mice showed defective 

glucose- and sulfonylurea-induced insulin secretion (Miki et al. 1998). These findings 

confirm the notion that KATP channels in pancreatic P-cells play a key role in the 

regulation of insulin regulation. 

Vascular KATP channels. KATP channels in the vascular wall contribute to the 

regulation of vascular tone (reviewed by Quayle et al. 1997). Opening of these channels 

hyperpolarises the cell membrane, thereby closing the calcium influx channels, 

decreasing the intracellular calcium concentration and thus decreasing vascular tone (i.e. 

dilating the vessel). The channel forms a target for a number of endogenous vasodilators 

which act through adenosine 3',5'-cyclic monophosphate/protein kinase A, and for 

several vasoconstrictors acting through protein kinase C-induced inhibition of the 

vascular KATP channel (Standen and Quayle 1998). It is involved in the vasodilator 

response to hypoxia, and contributes to the resting membrane potential of vascular 

smooth muscle cells by acting as an important background K+ conductance (Taggart and 

Wray 1998). Certain KATP channel openers can be used for hypertension treatment and 
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General Int roduct ion 

dilatation of coronary vessels (discussed by Edwards and Weston 1995 and Lawson 

1996). 

KATP channels in neuronal tissue. KATP channels are widely distributed in neurones 

throughout the brain (Dunn-Meynell et al. 1998), with a high level of [3H]glibenclamide 

binding observed in the substantia nigra pars reticulata (SNr) (Hicks et al. 1994). 

Electrophysiological analysis of hippocampal slices showed that KATP blockade by 

glibenclamide reduced anoxia-induced neuronal hyperpolarisation (Mourre et al. 1989). 

Furthermore, neuronal KATP channels have been implicated in the control of 

neurotransmitter release during metabolic inhibition (Amoroso et al. 1990, Zini et al. 

1993). Pharmacological KATP channel opening in rat neocortical brain slices prevented 

the morphological cell damage observed during hypoxia (Garcia de Arriba et al. 1999). 

Recently, it was proposed that inactivation of SNr neurones after KATP channel 

activation may provide a protective mechanism against seizure propagation during 

metabolic stress (Yamada et al. 2001). Finally, KATP channels in hypothalamus neurones 

have been implicated in glucose sensing and metabolism (Miki et al. 2001). 

KATP channels in skeletal muscle. Like in most other tissue types, KATP channels help 

regulate excitability in skeletal muscle fibres and KATP channel openers such as 

cromakalim hyperpolarise human skeletal muscle fibres in vitro (Spuler et al. 1989). Their 

importance was underlined by the observation that KATP channel activity was reduced in 

skeletal muscle membranes from chronic hypokalemic rats and in muscle biopsies from 

patients suffering from a skeletal muscle disorder known as hypokalemic periodic 

paralysis (HOPP), in which muscle fibre depolarisation and paralysis occur (Tricarico et 

al. 1999#, Tricarico et al. \999b). KATP channels in skeletal muscle membranes have been 

shown to modulate insulin-stimulated glucose uptake by skeletal cells, possibly through a 

direct activation of KATP channels by insulin leading to membrane hyperpolarisation 

(Wasada et al. 2001, Chutkow et al. 2001). Knockout mice lacking functional KATP 

channels showed enhanced glucose-lowering effects of insulin (Miki et al. 1998). 

Experiments on hypokalemic rats indicate that the modulation of the sarcolemmal KATP 

channels by insulin is impaired in the hypokalemic state, which appears to be related to 

the fibre depolarisation and paralysis observed in these animals (Tricarico eta/. 1999/>). 

Electrophysiological characteristics ofK A rp channels 

In intact cells such as isolated ventricular myocytes, the KATP current can be activated by 

decreasing intracellular ATP through induction of hypoxia or inhibition of cell 

metabolism by cyanide (CN) or dinitrophcnol (DNP) (Trube and Hescheler 1984, 

Ashcroft 1988). In addition, currents can also be studied by excising parts of the cell 

membrane containing a number of channels, thereby exposing the intracellular side of 

the channel to a bath solution containing low ATP concentrations (Trube and Hescheler 

15 
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Chapter 1 

1984). In both situations, a highly K+ selective current is observed, characterised by 

bursts of channel openings separated by closed periods, and brief openings and closings 

(flickering activity) within each burst. However, channel activity decreases after some 

time (channel run-down), which can be reversed by re-applying Mg-ATP, suggesting that 

channel activity is maintained by phosphorylation (see Noma and Takano 1991). The 

current-voltage relation measured for the single KATP current shows inward rectification, 

with outward currents being significantly smaller than inward. Thus, as the membrane 

potential is made progressively positive to the reversal potential of K~, the current 

amplitude becomes smaller than expected from the linear relationship extrapolated from 

the inward-going current (Noma and Takano 1991, Nichols and Lopatin 1997) In 

contrast to the strong inward rectifier current (IKI), KATP channels form weak inwardly 

rectifying channels, allowing for a decreased, but still substantial outward current flow at 

positive potentials compared to inward current. Inward rectification is caused by voltage-

dependent (partial) block of the open channel by internal Mg24 and polyamines 

(metabolites of amino acids) such as spermine (Nichols and Lopatin 1997). Single 

channel conductance of the inward current is about 70-85 pS in cardiac myocytes and 

55-65 pS for pancreatic P-cell K.\TP channels when exposed to symmetrical conditions of 

140-150 mM [K+] (Trube and Hescheler 1984, Kakei et al. 1985, Ashcroft 1988, 

Benndorf et al. 1992). Recently, subconcluctance states of 31-42 pS were reported in rat 

myocytes, induced by submaximal, nanomolar concentrations of the KATP channel 

blocker glibenclamide (]u and Saint 2001). The single channel kinetics of KATP channels 

are voltage-dependent, with membrane depolarisation increasing the mean open time of 

the channel. At negative membrane potentials, the channel flickers more frequently 

between its open state and a short closed state (Trube and Hescheler 1984). The outward 

K + current carried by KATP channels is considered to partly underlie the action potential 

shortening observed during hypoxia (Findlay 1994, Wilde and Aksnes 1995). 

Regulation ofKA TI, channel activity 

Regulation by intracellular nucleotides. Obviously, KATP channels are regulated by 

the intracellular ATP-concentration, but other nucleotides and intracellular metabolites 

also play a role (reviewed by Terzic et al. 1995, Kersten et al. 1998). High concentrations 

of ATP (100 p.M — 1 mM) completely inhibit channel activity in excised membrane 

patches from myocytes, but a low concentration of ATP (1-5 u.M) appears necessary to 

keep the channel in its functional, phosphorylated state. Since ATP applied to the 

outside of the cell is completely ineffective, the ATP binding site is clearly located 

intracellularly. In myocytes, ATP generated by glycolysis preferentially inhibits channel 

activity (Weiss and Lamp 1989). ATP hydrolysis is not required for channel inhibition 

since nonhydrolysable ATP analogues are equally effective channel inhibitors (Kakei et 
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General Introduction 

al. 1985). Also, the presence of Mg2+, which is essential for ATP hydrolysis, is not 

required for channel inhibition by ATP (Ashcroft and Ashcroft 1990), although it does 

seem essential for the reactivation by ATP of channel activity after channel rundown had 

occurred (Furukawa et al. 1994). Nucleotide diphosphates, including MgADP and 

MgGDP, antagonise ATP-induced channel inactivation and directly stimulate channel 

activity in the absence of ATP, apparently through competing with ATP for its binding 

site (Findlay 1988, Terzic et al. 1995). Thus, KATP channels link the metabolic state of the 

cell, reflected by the A T P / A D P ratio, to membrane excitability'. More recent studies 

have focused on the role of intracellular diadenosine polyphosphates (ApnA), 

nucleotides containing two adenosine moieties linked by a phosphate group chain (Baxi 

and Vishwanatha 1995). These ligands have emerged as intracellular and extracellular 

signal molecules and second messengers, alerting cells such as myocytes to metabolic 

stress and injury (Kisselev et al. 1998, Jovanovic et al. 1998). ApnA have been shown to 

directly and indirectly inhibit KATP channels in myocytes and pancreatic (3-cells 

(Jovanovic and Jonanovic 2001). 

Regulation bypH, lactate and other substrates. During anoxia, the pH inside the cell 

decreases rapidly and a fall in pH has been demonstrated to increase KATP channel 

activity7 by decreasing ATP-sensitivity of the channel (Lederer and Nichols 1989, Koyana 

et al. 1993). Intracellular lactate, which also increases during metabolic inhibition, directly 

activates KATP channels in cardiac myocytes (Han et al. 1991, Keung and Li 1993; 

although this was not observed by Lederer and Nichols 1989). Channel phosphorylation 

by protein kinase C has been shown to increase the ATP concentration necessary for 

channel closure, thereby indirectly stimulating KATP channel activity (Terzic et al. 1995, 

Light et al. 1996). Both adenosine and acetylcholine arc able to activate KATP channels 

through a pathway involving G-protein coupled receptors (Ito et al. 1994). Finally, long 

chain Acyl-CoA esters, the metabolically active form of free fatty acids, were shown to 

decrease ATP sensitivity of both pancreatic and cardiac KATP channels (Larsson et al. 

1996, Uuetal. 200L/). 

Regulation by membrane phospholipids. In the pancreas, KATP channel activity is 

observed in the intact cell at cytoplasmic ATP concentrations that almost completely 

inhibit channel activity in excised membrane patches. A potential explanation for this 

discrepancy has recently been put forward with the discoven,' that membrane 

phospholipids such as phosphatidylinositol-4,5-bisphosphate (PIP2) can modulate ATP-

sensitivity of KATP channels (Ashcroft 1998, Baukrowitz and Fakler 2000, Nichols and 

Cukras 2001). At low concentrations of phospholipids, KATP channels are blocked by 

micromolar concentrations of ATP, whereas prolonged application of PIP2 decreases 

ATP sensitivity of the channel (Baukrowitz et al. 1998). Furthermore, PIP2 prevents KATP 

channel run-down after membrane excision and antagonised the inhibitor}* effect of 
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Chapter 1 

ATP (Shyng and Nichols 1998/>). These findings may provide a mechanism for KATP 

channel activation under physiological conditions and explain the considerable variability 

in ATP sensitivity observed for KATP channels from different tissues, since membrane 

phospholipid concentrations may also van,' considerably (discussed by Shyng and 

Nichols 1998£ and Baukrowitz and Fakler 2000). 

The mitochondrialKATP channel 

Both the outer and inner membrane of mitochondria contain a rich diversity of ion 

channels (O'Rourke 2000d). A potassium channel in the inner membrane was found to 

be inhibited by ATP and the KATP channel blocker glibenclamide (Inoue et al. 1991). 

This channel showed gating properties similar to that of sarcolemmal KATP channels, but 

had a lower single channel conductance, ~ 10-30 pS depending on the model used (Inoue 

et al. 1991, Paucek et al. 1992). By studying reconstituted mitochondrial KATP channels 

(mitoI<ATp) in proteoliposomes, more insight has been obtained into the structural and 

functional features of this channel (see O'Rourke 2000/;). Inhibition by ATP of 

mitoI<ATP requires the presence of Mg2+, and the nucleotide regulator}' site was found to 

face the cytosol, i.e. the intermembrane space of the mitochondrion (Paucek et al. 1996, 

Yarov-Yarovoy et al. 1997). Although some studies showed that mitoKAip channel 

opening leads to mitochondrial membrane depolarisation (Holmuhamedov et al. 1998, 

Szewyck et al. 1995), it has been proposed that these effects were aspecific and not due 

to mitoI<ATP opening (discussed by Garlid 2000). Instead, opening of mitoK\TP channels 

is proposed to result in increased K+ flux that is insufficient to cause significant 

membrane depolarisation, but is sufficient to increase mitochondrial matrix volume 

which may improve the rate of oxidative metabolism (Halestrap 1989, Garlid 2000, 

Kowaltowski et al. 2001). Apart from liver and heart mitochondria, mitoKATP has also 

recendy been identified in brain mitochondria, where they are 6-7 times more abundant 

compared to liver or heart (Bajgar et ai 2001). 

Pharmacology ofKATP channels 

KATP channel blockers. Most inward rectifying potassium channels are notoriously 

insensitive to any existing potassium channel blockers. For the KATP channel however, 

high-affinity channel blockers were discovered in the sulfonylureas, a group of drugs 

commonly used in the oral treatment of diabetes. However, the sulfonylurea 

glibenclamide also affects other ionic channels apart from the KATP channel, such as the 

cAMP-activated chloride channel in the heart (Tominaga et al. 1995), and the L-type Ca2+ 

channel and the Ca2+-activated K4 channel in vascular smooth muscle (Brian and 

Hermsmeyer 1994, Gelband et al. 1990). 1990). Also, the specific blocking effects of this 
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group of compounds, including glibenclamide and tolbutamide, were reported to be 

diminished during metabolic inhibition (Findlay 1993). Various sulfonylureas are known 

which show differential sensitivity in various tissues. Glibenclamide and glimcpiride 

block KATP channels in all tissues, whereas both gliclazide and tolbutamide block 

pancreatic but not cardiac or smooth muscle KATP channels (reviewed by Gribble and 

Ashcroft 2000). Another KATP channel blocker, 5-hydroxydecanoate (5-HD), was 

considered an ischemia-specific blocker (McCullough et al. 1991, Schultz et al. 1997), 

although it has also been advocated to be a specific blocker of the mitochondrial KATP 

channel (Garlid et al. 1997). A cardioselective KATP channel blocker, HMR1883 and its 

solid salt form HMR1098, was recently developed and is being investigated for its 

potential antiarrhythmic effects during ischemia (Gögelein et al. 1999). Glimcpiride was 

recently shown to block KATP current in the sarcolemma of rat myocytes, but not in 

isolated cardiac mitochondria (Mocanu et al. 2001). The chemical structures of the 

blockers mentioned are shown in Figure 3A. 

KATP channel openers. For KATP channel openers, the story is much more complex 

and less well understood (reviewed by Lawson 1996 and 2000). In 1986, the benzopyran 

compound BRL 34915 (cromakalim) was reported to have a relaxing effect on rat portal 

vein smooth muscle (Hamilton et al. 1986). Later, many other compounds were classified 

as KATP channel openers, mostly defined as such by their biological effects being 

sensitive to blockade by glibenclamide. These include chemical structures such as 

pyridylcyanoguanidines (pinacidil), benzothiadiazines (diazoxide), nicotinamides 

(nicorandil), pyrimidincs (minoxidil), benzopyrans (cromakalim), carbothiamides (RP 

49356), and thioformamides (aprikalim) (Edwards and Weston 1990, Lawson and Hicks 

1993) (Figure 3B). Although nicorandil [iY-(2- hvdroxyethyl) nicotinamide nitrate) is a 

hybrid between a nitrate and a potassium channel opener, its cardioprotective effects are 

considered to occur primarily through its KATP activating capabilities (Jayawant et al. 

1997). Diazoxide acts strongly on both pancreatic and vascular smooth muscle 

plasmalemmal KATP channels, but in myocytes is considered a specific mitochondrial 

KATP channel opener (see below) (Garlid et al. 1997). In theory, their general property of 

decreasing cell excitability in many tissue types makes KATP channel openers a diverse 

group of drugs with a wide range of potential therapeutic uses, as summarised in Table 1 

(Lawson 1996). Depending on the cell type and/or the opener studied, the effect on 

channel activity' and the potency of antagonism by sulfonylureas may var}' considerablv 

(Table 2 ) (Atwal 1994, Ashroft and Gribble 2000, Lawson 2000). Even within the heart, 

different effects of potassium channel openers on distinct areas (i.e. atria versus 

ventricles) have been described (Ogbaghebriel and Shrier 1995). KATP channel opener 

action is modulated by nucleotides, suggesting that drug efficacy will vary during periods 

of altered metabolism (see Ashcroft and Gribble 2000). 
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Site of action 

Cardiovascular system: 
Vascular smooth muscle 
Myocardium 

Respiratory system 

Reproductive system 

Urinary tract 

Gastrointestinal tract 

Potential action 

Regulation of vascular tone (hypertension, coronary blood flow) 
Cardioprotection, preconditioning 

Bronchodilatation 
Decrease in bronchial tone (hyperreactivity) 

Relaxation of uterine smooth muscle 
Treatment of impotence (vasodilatation) 

Treatment of bladder hyperreactivity 

Gastrointestinal motility regulation (Irritable Bowel Syndrome) 

Nervous system: 
Peripheral 
Central 

Control of neurotransmitter release 
Neuronal protection during pathophysiological conditions 
Control of neurotransmitter release 
Neuronal excitability 

Skeletal muscle Protection during pathophysiological conditions 

Treatment of paralysis 

Hair follicles Hair growth stimulation (male pattern baldness) 

Eyes Lowering of intraocular pressure (glaucoma) 

Table 1. Therapeutical potential for KATP channel openers 

Pancreatic 
-cells 

Cardiac 
myocytes 

Vascular smooth 
muscle cells 

Diazoxide 

++ 

-

++ 

Pinacidil 

-

++ 

++ 

Cromakalim 

-

+ 

++ 

Nicorandil 

-

+ 

++ 

Table 2. Differential tissue sensitivity of KATP channel openers: no effect (-), activation (+) 
and strong activation (++) 
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Openers 

MitoKATP 

Diazoxide 

Nicorandil 

BMS-191095 

MitoKATP + SarcKATP 

Pinacidil 

Cromakalim 

SarcKATP 

P-1075 

Blockers 5-Hydroxydecanoate Glibenclamide HMR1883/1098 

Table 3. Selectivity ofKA TP channel openers and blockers for cardiac sarcolemmal KA TP (SarcKA TP) and 
mitochondrial KA TP (MitoK\ TP) channels. 

Pharmacology of mitochondrial KATP channels. Since the discover}' of an ATP-

sensitive K+ channel present in the inner mitochondrial membrane, the specificity of 

KATP channel openers and blockers for mitoKATP versus sarcolemmal KATP (sarcKvrp) 

has been extensively studied. The first studies on mitoKATP showed blockade of channel 

activity by glibenclamide (Inoue et al. 1991), which is nonselective since it also inhibits 

sarcKATP- Later, the KATP channel opener diazoxide was found to be 1000 to 2000 times 

more potent in opening reconstituted bovine heart mitoKATP compared to cardiac 

sarcKATP, and this effect could be blocked by 5-HD (Garlid et al. 1997). Also, diazoxide 

was ~50 times less potent compared to cromakalim in activating sarcKvn5 channels, 

whereas 5-HD was shown to act solely on mitoKATP- These findings were confirmed in 

isolated ventricular myocytes, using flavoprotein fluorescence as an index of mitoKATP 

and whole cell currents for sarcKATP activity (Liu et al. 1998, Hu et al. 1999). In contrast, 

pinacidil was shown to increase both flavoprotein oxidation and surface KATP current. 

The nitrate/K.ATP channel opener nicorandil primarily activated mi to KATP channels, 

although a 10-fold higher concentration resulted in aspecific activation of both sarcKATP 

and mitoKATP channels (Sato et al. 2000/?). Recently, another mitochondrial KATP channel 

opener, BMS-191095, was developed which showed no effects on vascular or cardiac 

sarcolemmal KATP channels (Grover et al. 2001). Table 3 shows the pharmacological 

profile of several openers and blockers with regard to preferred site of action.However, 

it should be noted that some conflicting results have been described, which may be due 

to the metabolic conditions and experimental models used (O'Rourke 2000/?). 

As will be discussed below, KATP channel openers and blockers have been extensively 

studied to evaluate the role of KATP channels during myocardial ischemia and 

preconditioning. 
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KATP channel opening dur ing ischemia 

Cellular and electrophysiological effects o f myocardial ischemia 

When myocardial blood flow is compromised, the myocardium becomes deprived of 

oxygen and myocytes are no longer capable of maintaining normal energy levels within 

the cell. Instead, anaerobic glycolysis and ATP hydrolysis occur, leading to lactate 

production and subsequent acidification (Jennings et al. 1990). Within minutes, 

potassium is flowing out of the myocardial cells, thereby compensating for an increased 

influx of cations such as sodium (Weiss and Shine 1982, Wilde and Aksnes 1995). The 

cells depolarise, i.e. the resting membrane potential decreases and progressive shortening 

of the action potential duration occurs due to increased outward potassium currents 

(discussed by Janse and Wit 1989 and Shaw and Rudy 1997). Next, the cells become 

inexcitable. As the duration of ischemia progresses, a transition from reversible to 

irreversible injury of the myocyte occurs, characterised by an increase in membrane 

permeability, calcium influx into the cell, cell swelling and finally necrosis (Dekker et al. 

1996, Buja et al. 1998). Theoretically, any intervention that prevents or postpones this 

cycle of events is of potential benefit to the ischemic myocardium. 

The effects of KATPchannel opening 

Cardioprotective effects of KATP channel opening. The effects of KATP channels 

openers were first studied using in vitro isolated heart models of ischemia and reperfusion 

(reviewed by Gross and Auchampbach 1992, Grover and Garlid 2000). KATP channel 

openers were shown to delay the onset of irreversible damage, decrease infarct size and 

necrosis and lead to a faster post-ischemic recover}' of contractile function (Cole et al. 

1991, Grover et al. 1990). Furthermore, these beneficial effects of potassium channel 

openers were prevented by pre-treatment with either KATP channel blocking agent 

glibenclamide or 5-hydroxydecanoate (5-HD) (McCullough et aL 1 9 9 1 > G ^ v e r et al, 

1989, Schultz et al. 1997). In rabbit papillary muscle, cromakalim significandy increased 

the time to onset of electrical uncoupling during ischemia, thus postponing the onset of 

irreversible damage (Tan et al. 1993). In vivo studies of LAD occlusion in anaesthetised 

dogs or pigs showed that KATP channel openers such as cromakalim, pinacidil, bimakalim 

and aprikalim produced a significant reduction in infarct size, when administered at 

doses without any hemodynamic effect (Grover et al. 1990, Auchampbach et al, 1991, 

Rohmann et al. 1994). In stunned myocardium, where a prolonged period of ventricular 

dysfunction is observed after brief intervals (5-20 minutes) of coronary artery occlusion, 

KATP channel openers have been shown to improve postischemic function and preserve 

tissue adenine nucleotide content, again prevented by the presence of the blocker 

glibenclamide (Pieper et al. 1987, Auchampbach et al. 1992, Gross and Auchampbach 

23 



Chapter 1 

1992). Apart from consistently counteracting the beneficial effects conferred by KATP 

channel openers, glibenclamide has also been shown to exert deleterious effects during 

ischemia in the absence of potassium channel openers, such as an earlier onset of 

ischemic contracture and an increase in infarct size (Auchampbach et al 1991, Cole et al. 

1991, Mitani <</*/. 1991). 

KATP channel opening and preconditioning. KATP channels have also been shown to 

play an important role in ischemic preconditioning, in which brief periods of ischemia 

protect the heart from damage caused by subsequent sustained ischemia, resulting in 

reduction of infarct size, postponement of onset of irreversible damage and enhanced 

postischemic contractile recovery (Murry «t al. 1986, Dekker 1998). This cardioprotective 

effect induced by ischemic preconditioning (PC) has been demonstrated in every animal 

species studied (Yellon et al. 1998). The time-frame of cardioprotection shows a typical 

biphasic pattern: in early or classical PC, the effects are visible up to 1-2 hours after the 

PC stimulus, whereas a second, delayed window of protection is observed 12-72 hours 

later (Marber et al. 1993, Gosh et al. 2000). Although many other cellular processes and 

mechanisms are thought to be involved in this phenomenon (see Cohen et al. 2000, 

Baincs et al. 2001), the KATP channel seems to play a vital role, since KATP channel 

blockers prevent the cardioprotective effects of preconditioning, whereas KATP channel 

openers enhance and mimic the effects (reviewed by Gross and Auchampbach 1992 and 

Duncker and Verdouw 2000). KATP channels have been shown to play a role in both 

early (classical) and delayed (late) ischemic PC (Takano et al. 2000, Müllenheim et al. 

2001). Interestingly, brief occlusion of a specific artery has also been shown to 

precondition tissue beyond the perfusion territory of the bloodvessel in question. This 

phenomenon of remote preconditioning has not only been observed within the heart, 

but preconditioning of the myocardium also occurs after brief periods of renal ischemia 

and reperfusion and KATP channel activation may also be involved in this phenomenon 

(Gho et al. 1996, Pell et al. 1998). In addition, myocardial preconditioning may also be 

induced by nonischemic myocardial stimuli, including myocardial stretch, ventricular 

pacing and heat stress (Marber et al. 1993, Koning et al. 1996, Gysembergh et al. 1998). 

Again, the preconditioning effects on the myocardium were abolished by pre-treatment 

with glibenclamide, suggesting involvement of KATP channels. The exact mechanism 

underlying ischemic PC and the pathway to cardioprotection has been the focus of many 

studies in the last decade and a complex picture is emerging involving a series of 

receptors, protein kinases and ion channels. More specifically, adenosine, achetylcholine, 

bradykinin and catecholamines are considered as important triggers in the PC pathway, 

protein kinase C and other kinases as intermediate intracellular messengers, and the KATP 

channel a potential end-effector organ (Cohen et al. 2000, Grover and Garlid 2000, 

B a r n e s ^ / . 2001). 
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Preconditioning in human myocardium. The limited experimental and clinical data 

available also suggests a cardioprotective effect of preconditioning in the human 

myocardium (reviewed by Yellon and Dana 2000). Patients suffering one or more 

episodes of angina prior to myocardial infarction usually have a better in-hospital 

prognosis and long-term survival (see Dana and Yellon 1998). Brief episodes of ischemia 

and reperfusion in patients undergoing percutaneous transluminal coronary angioplasty 

(PTCA) procedures have indicated that myocardial adaptation occurs, as observed by 

attenuation of several indicators of myocardial ischemia during subsequent balloon 

inflations, which could not be fully explained by recruitment of collateral vessels (Tomai 

et al. 1994, Eltchaninoff et al. 1997, Billinger et al. 1999). The observed myocardial 

tolerance could be blocked by glibenclamide, suggesting a role for KATP channels (Tomai 

et al. 1994). In addition, nicorandil was shown to mimic the protective effect of 

preconditioning during PTCA, whereas a nitrate alone did not (Matsubara et al. 2000). A 

protective effect of both preconditioning and cromakalim has been observed in human 

atrial trabeculae and ventricular myocytes, again blocked by glibenclamide (Speechly-

Dick et al. 1995, Arstall et al. 1998). The deleterious effects of sulfonylurea drugs such as 

glibenclamide observed in animal models of ischemia have led to the speculation 

whether the widespread use of these drugs in diabetics, who often are also suffering 

from ischemic heart disease, could have potential harmful effects in these patients. An 

early report of the University Group Diabetes Program suggested an association 

between tolbutamide therapy and increased risk of cardiovascular mortality (L'GDP 

1970), but this study was later seriously criticised for methodological and statistical 

reasons (Kilo et al. 1980). For a long time, no firm clinical data was available to support 

the notion that sulfonylureas are deleterious to the cardiac patient (discussed by 

Schotborgh and Wilde 1997), until a recent retrospective study showed an increased risk 

of early in-hospital mortality- after PTCA for acute myocardial infarction among diabetic 

patients taking sulfonylurea drugs compared to diabetic patients not using these drugs 

(Garratt et al. 1999). Furthermore, sulfonylurea treatment may attenuate ischemia-

induced ST-T segment changes on the ECG, which may lead to clinical underestimation 

of the extent of myocardial damage (see Wilde 1996). 

Protection by KATP channel opening in other tissues. KATP channel opening during 

pathophysiological conditions has also proven beneficial in other tissues (reviewed by 

Kersten et al. 1998). KATP channel openers significantly reduced the extent of infarction 

in porcine skeletal muscle (Pang et al. 1997). In brain tissue, administration of several 

KATP channel activators markedly reduced neuronal death during hypoxia (Garcia de 

Arriba et al. 1999, Dawson and Dawson 2000). Furthermore, neuronal KATP channel 

activation during metabolic inhibition may decrease neurotransmitter release and provide 

a protective mechanism against seizure propagation (Yamada et al. 2001). Finally, 
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activation of KATP channels in the coronary and cerebral circulation during hypoxia or 

ischemia results in a marked vasodilatation, which is inhibited by KATP channel blockade 

(Daut eta/. 1990, Narishige eta/. 1993,Taguchi eta/. 1994). Thus, vascular KATP channel 

activation may constitute a compensator)- vasodilator response during conditions of 

inadequate deliver)' of oxygen to various tissues (Taggart and Wray 1998). 

Role of 'sarcolemmal and mitochondrial KATP channels in cardioprotection 

The cardioprotective potential of KATP channel opening is a widely accepted and 

extensively studied phenomenon, but the underlying mechanism of action has been food 

for debate for many years. Early on, it was established that coronary vasodilator activity-

was not necessary for protection of the myocardium to occur (Auchampbach et a/. 1991, 

Arvval et a/. 1994). Next, a direct protective effect of KATP channel opening was proposed 

through action potential shortening with subsequent reduced calcium influx into the cell 

through the L-type calcium channels and ultimately a more favourable energy 

homeostasis and metabolic state for the myocyte. For a long time, this classical view 

regarding KATP channels and their cardioprotective effects was maintained until it was 

proven at least partly incorrect. In a dog model of coronary ligation, a low concentration 

of the KATP channel opener bimakalim had no effect on action potential duration, but 

still significantly decreased infarct size (Yao and Gross 1994). Since then, the search was 

on for new possible mechanisms involved. With the discovery of the mitochondrial 

KATP channel, a new potential site of action had been put forward. Using more or less 

specific openers and blockers of sarcolemmal and mitochondrial KATP channels, many 

studies have investigated the relative contribution of both these channels to 

cardioprotection and preconditioning (see Gross and Fryer 1999, Sato and Marban 

2000tf). Since the selective mitoKATP channel opener diazoxide and blocker 5-HD could 

enhance or attenuate cardioprotection without affecting the action potential duration, 

many investigators now believe that mitochondrial KATP channels are the major effectors 

of cardioprotection (Garlid et a/. 1997, Sato and Marban 2000Ö, Grover and Garlid 2000). 

However, the effects on myocytes of the high concentrations of diazoxide and 5-HD 

often used in experimental models, other than their effect on mitochondrial KATP 

channels, are not yet known and the presence of other KATP channel subtypes has not 

been ruled out. Furthermore, the selectivity of diazoxide for mitoKATP may be reduced 

by increased concentrations of ADP inside the cell (D'hanan et al. 1999, Gross 2000). 

Finally, although it was easy to understand why opening of sarcolemmal KATP channels 

would protect the myocardium, the mechanism of cardioprotection by mitochondrial 

KATP channel activation still remains unclear. Matrix swelling, mitochondrial calcium 

homeostasis and production of reactive oxygen species may play a role but there are still 

many unresolved issues (Vanden Hoek et al. 1998, Holmuhamedov et al. 1999, Wang et 
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al. 2001, Gross 2000, Ovide-Bordeaux et al. 2000). Recent studies have indicated that 

both sarcolemmal and mitochondrial KATP channels are involved in the cardioprotection 

afforded by potassium channel openers and preconditioning (Tanno et al. 2001, Sanada et 

al. 2001, Kong et al. 2000). It is not inconceivable that the two KATP channel types 

somehow interact and together contribute to myocardial protection (Sasaki et al. 2001) 

(Figure 4). 

KATP channel opening and arrhythmogenesis 

Theoretically, the activation of KATP channels during myocardial ischemia may result in 

an increased propensity to ventricular arrhythmias, due to the action potential shortening 

effect of KATP channel opening. However, the cardioprotection afforded by KATP 

channel activation may on the other hand diminish myocardial damage and infarct size, 

which may lead to a reduction in arrhythmogenesis. The issue is further complicated by 

the occurrence of different types of arrhythmias during ischemia and in various 

experimental models. In the last decade, many studies have shown contradictory results 

and this complex problem will be discussed in detail in Chapter 4 of this thesis. 

Figure 4. Sarcolemmal and mitochondrial KATP channels and the multiple 
potential pathways involved in preconditioning (reproduced from O'Rourke 

2000b, with permission) 
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Molecular biology of KATP channels 

Molecular structure of potassium channel families 

In recent years, the increasing availability of molecular techniques has significantly-

increased our understanding of the molecular structure of ion channels. Potassium 

channels were the first to be extensively studied in this line of research, starting with the 

cloning of the first voltage-gated K" channel from the fruit fly Drosopbila melanogaster 

Shaker mutant. Originally, four subfamilies of channels were described {Shaker, Shab, 

Shal, Shaw) but gradually more and more K' channels were discovered (for overview see 

Deal et a/. 1996). In this line of research, the DNA sequences of new channels can be 

obtained through expression cloning or screening of a cDNA library (see Materials and 

Methods), after which the amino acid sequence of the channel protein can be deduced 

and the membrane topology predicted. Comparison with other known protein sequences 

may identify biologically active regions and signalling sequences. Finally, the DNA of 

interest may be introduced in an in vitro expressing system, allowing functional analysis 

of the expressed ion channel protein. 

The molecular structure of voltage-dependent K+ channel proteins shows a core 

domain of six potentially membrane-spanning segments (S1-S6) with the amino- and 

carboxy-terminal ends both located intracellularly (Figure 5) (for review see Nerbonne 

2000, Snyders 1999). A seventh segment, designated H5 or P, is located partially inside 

the membrane between segments S5 and S6 and is considered the pore-forming region 

through which K+ ions actually move across the membrane. This region also contains 

the signature sequence for K+ selectivity, since mutations in H 5 / P either abolish K+ 

channel activity or alter the sensitivity for the specific K+ channel blocker 

tetraethylammonium (TEA) (Doyle et al 1998). The S4 segment contains a number of 

regularly positioned positively charged amino-acid residues which represent the major 

component of the voltage sensor for gating, although negatively charged residues in both 

S2 and S3 also play a role. A functional K+ channel is a multimcr formed by four of 

these core domains, each containing S1-S6, which co-assemble such that the S5-P-S6 

regions of each core domain face each other, thereby creating the central pore of the 

channel. The second group of K ' channels, the inward rectifiers, are also multimers built 

up by four core domains, which each contain only two membrane-spanning segments 

(Ml and M2) with a pore region (H5/P) in between (Figure 5). They lack a voltage-

sensing domain similar to the S4 segment present in voltage-dependent channels, 

concomitant with their functional properties as described before. Since the M1-P-M2 

section highly resembles the S5-P-S6 region of the voltage-dependent K+ channel 

subunits, it is likely that the latter evolved from the simpler inward rectifier structure bv 

incorporating additional domains needed to acquire voltage sensing and gating (e.g. S4) 
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Figure 5. Molecular structure of voltage-dependent potassium channels (left) and inward rectifier 
potassium channels (right) 

(see Snyders 1999). The molecular structure of the inward rectifier K+ channels will be 

discussed in more detail. 

Molecular structure and functional properties of inward rectifier channels 

So far, seven different inward rectifier subfamilies have been identified, designated 

Kirl.x through Kir7.x. These all share the same basic structure of two membrane-

spanning domains M1/M2 and the H5 pore-region, but overall their amino acid 

sequences only show <45 % similarity. In most cases however, one inward rectifier 

subfamily contains more than one channel subunit; the members of each subfamily share 

a higher level of similarity among each other as compared to members of other inward 

rectifier subfamilies (-50-70%). For clarification, we have used the standardised 

nomenclature as proposed by Chandy and Gutman (1993) but the original names of the 

subunits, together with chromosome location and protein size are listed in Table 4. 

Kirl.x subfamily. Using the expression cloning technique, the first inward rectifier 

potassium channel gene, Kirl.1 (originally designated ROMK1) was isolated from rat 

kidney tissue and is also present in various brain tissues, but not in heart, aorta, intestine 

or skeletal muscle (Ho et al. 1993). The 391-amino acid protein contains a Walker A type 

motif [GX4GKX7(I/V)] in the C-terminal which represents a phosphate-binding loop 

and identifies a putative ATP-binding site. Transfection in Xenopus oocytes showed weak 

inwardly rectifying K+ channel activity with a single channel conductance of about 35-40 

pS, low affinity for polyamines, but high sensitivity to changes in intracellular pH (Ho et 

al. 1993, Tsai et al. 1995, Ruknudin et al. 1998). Functional analysis of Kirl.1 did not 

reveal inhibition of channel activity by ATP, but rather (partial) restoration of activity 
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due to ATP after channel rundown upon excision of membrane patches into ATP-free 

bath solutions in the presence of Mg2+ (McNicholas et al. 1994, Ho et al. 1993). In 

addition, protein kinase A (PKA) dependent phosphorylation processes have been 

shown to modulate channel activity, consistent with the presence of potential PKA 

phosphorylation sites on Kirl.1 (McNicholas et al. 1994, Ho eta/. 1993). The available 

data suggests that Kirl.1 channels share common characteristics with a distinct 

population of ATP-sensitive, cAMP-dependent, PKA- and protein kinase C ( P K Q -

rcgulated, inwardly rectifying low-conductance K+ channels observed in cortical kidney 

cells, which are involved in renal K" secretion, K~ homeostasis and NaCl reabsorption 

(Wang et al. 1992, Wang 1995, Bhandari and Hunter 1998). These renal epithelial KATP 

channels differ from KATP channels in other tissues by their relatively low affinity for 

sulfonylurea agents and cytoplasmic ATP (Wang and Giebisch 1991, Tsuchiya et al. 

1992). Kirl.1 channels exist as five isoforms (ROMK1-5 or Kirl.1 a-e) due to alternative 

N-terminal splicing, which exhibit cell-specific expression patterns in the kidney (Yano et 

al. 1994, Boim et al. 1995). A sixth isoform isolated from rat kidney, ROMK6 or Kirl.lf, 

is 19 amino acids shorter than Kirl.1 a (ROMK1) and shows a ubiquitous expression 

pattern in various tissues (Kondo et al 1996). 

Two Kirl.1 related cDNA clones were isolated from a human kidney cDNA library 

(Shuck et al. 1997) which share 63% homology with each other and about 50% 

homology with Kir l .1 . Protein sequence homology among members within most inward 

rectifier subfamilies is about 60-70%, and between different subfamilies 40-50%. 

Therefore, it remains questionable whether to consider these Kir 1.1-related cDNAs as 

members of one single subfamily together with Kirl.1 or as members of a different 

subfamily. Indeed, these clones have been designated in literature either as Kirl.2 and 

Kir 1.3 or as Kir4.1 and Kir4.2, respectively (Shuck et al. 1997, Takumi et al. 1995, 

Pearson et al. 1999). Kirl.2/4.1 is highly expressed throughout the brain and at lower 

levels in the kidney, but not in heart and skeletal muscle, and the 379-amino acid protein 

encodes a mild inwardly rectifying, pH sensitive K~ current of about 23 pS (Takumi et al. 

1995, Shuck et al. 1997). Kirl .2/41 channel subunits have been shown to form 

heteromultimeric channels with Kirl.1 (Glowatzki et al. 1995), Kir2.1 (Fakler et al. 1996) 

and Kir5.1 (Tanemoto et al. 2000). Western blot analysis using specific antibodies 

revealed that co-assembly of Kir5.1 with Kirl .2/4.1 occurs in vivo in kidney (Tanemoto 

et al. 2000). Kir5.1-Kirl .2/4.1 heteromeric channel activity is extremely sensitive to 

inhibition by intracellular acidification and this may therefore sense intracellular pH in 

renal epithelium and be involved in the regulation of acid-base homeostasis (Tucker et al. 

2000). 

Kirl .3/4.2 does not contain the putative ATP-binding site present in both Kirl.1 and 

Kirl .2/4.1 and is expressed at high levels in kidney and pancreas and moderate levels in 

30 



General Introduction 

lung, but not in brain or heart (Shuck et al. 1997). Kirl .3/4.2 channels display 

intermediate inwardly rectifying properties with a single channel conductance of about 

25 pS, although the number of functional channels expressed upon transfection was 

quite low (Derst et al. 1998, Pearson et al. 1999, Pessia et al. 2001). Furthermore, channel 

activity was inhibited by intracellular acidification and PKC-activation and enhanced by 

high extracellular [K+] (Pearson et al. 1999). Also, co-transfection with Kir5.1 resulted in 

heteromeric channels with a substantial increase in single-channel conductance (Pessia et 

al. 2001). Finally, another putative member of this subfamily was cloned from salmon 

brain and originally called sWIRK, but may be regarded as Kir4.3 (Kubo et al. 1996). 

Kir2.x subfamily. Four Kir2.x subfamily members (Kir2.1, Kir2.2, Kir2.3 and Kir2.4) 

have so far been cloned. Kir2.1 (1RK1) was originally isolated from a mouse macrophage 

cell line by expression cloning and was found to encode a strongly inward rectifying K+ 

current of about 20-30 pS (measured in 140-145 raM equimolar [K+]) (Kubo et al. 1993, 

Liu et al. 2001 b). Kir2.2, Kir2.3 and Kir2.4 encode strong inward rectifier K+ currents of 

about 35-40 pS, 10-15 pS and 15 pS, respectively (Kubo et al. 1993, Raab-Graham et al. 

1994, Wible et al. 1995, Makhina et al. 1994, Liu et al. 200U, Lopatin and Nichols 2001). 

Although all four members are expressed in the heart, results from recent cell-specific 

RT-PCR and immunocytochemical experiments suggest that Kir2.1, Kir2.2. and Kir2.3 

are expressed in both cardiac muscle cells and capillary endothelial cells, whereas Kir2.4 

expression is restricted to neuronal cells in the heart (Liu et al. 2001 #). The strong inward 

rectification of the Kir2.x subunits is due to block of outward current by cytoplasmic 

Mg2+ or polyamines and Kir2.x based channels are considered to underlie native inward 

rectifier IKI in cardiac myocytes (Lopatin and Nichols 2001). The predominant unitary 

conductance for the native IKI current is reported to be 20-30 pS, although single-

channel conductances of ~ 10-40 pS have also been described (Sakmann and Trube 

1984, Burnashev and Zilberter 1986, Wible et al, 1995, Nakamura et al. 1998, Liu et al. 

2001). By comparing the cloned Kir2.x channels with native inward rectifier K + channels 

from guinea-pig cardiomyocytes, it was proposed that the large-conductance inward 

rectifier channels found in myocytes (34 pS) correspond to Kir2.2, whereas the 

intermediate-conductance (24 pS) and low-conductance (11 pS) channels described in 

myocytes may correspond to Kir2.1 and Kir2.3, respectively. However, large variations 

in unitary conductance, ranging from 2-33 pS were also observed for Kir2.1 alone 

(Picones et al. 2001). Kir2.1 antisense oligonucleotides partially suppressed IKI current in 

adult rat ventricular myocytes (Nakamura et al. 1998). Also, transgenic mice lacking 

Kir2.1 showed complete absence of IKI current in myocytes, whereas mice lacking 

Kir2.2 showed a 50% reduction in IKI current (Zaritsky et al. 2001). Although the data so 

far are not conclusive, it is assumed that cardiac IKI channels consist of heteromultimeric 

complexes of different Kir2.x subfamily members (for review, see Lopatin and Nichols 
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2001). Furthermore, Kir2.1 plays a role in K+-induced vasodilatation of cerebral arteries 

(Chrissobolis et al. 2000). In addition, a subunit related to Kir2.2, designated Kir2.2v, has 

been isolated from a human genomic library which ma}- act as a negative regulator of 

Kir2.2, most likely involving the intracellular C-terminal region of Kir2.2v (Namba et al. 

1996). All in all, Kir2.x based channels are considered essential for maintaining a stable 

resting potential in a whole range of different cell types, such as vascular, skeletal and 

myocardial tissue. 

Kir3.x subfamily. The Kir3.x subfamily consists of five different members, Kir3.1 

(GIRK1), Kir3.2 (GIRK2), Kir3.3 (GIRK3), Kir3.4 (GIRK4/CIR) and Kir3.5 (GIRK5) 

which encode distinct, G-protein-activated, strongly inward rectifying potassium currents 

such as the muscarinic K+ channel, KAO» (Mark and Herlitze 2000). Kir3.1 was first 

cloned from a rat atrium cDNA library and, although the protein expressed a strong 

inwardly rectifying K+ current of - 4 0 pS, several functional discrepancies with the native 

KAc:h current were observed Pasca l et al. 1993). Indeed, KAO, was later shown to be a 

hetcromultimer of Kir3.1 and Kir3.4 subunits (Krapivinsky et al. 1995). Kir3.1 and 

Kir3.4 are expressed in various tissues including brain and heart, whereas Kir3.2 and 

Kir3.3 expression appears to be restricted to the brain (see Yamada et al. 1998). More 

specifically, Kir3.1 and Kir3.4 are distributed throughout the heart, with high expression 

levels in atrial tissue, moderate expression in the sinoatrial node and low expression 

levels in ventricular tissue (Dobrzynski et al. 2001). More recent data suggest that Kir3.1 

forms heteromultimers with either Kir3.2, Kir3.3 or Kir3.4 to produce tissue-specific K+ 

channel types (Jelacic et al. 1999, Schoots et al. 1999, Bradley et al. 2000). Kir3.1 

participation appears to be essential for normal kinetic properties of the heteromultimer, 

although not necessary for G-protein gating (Krapivinsky et al. 1998Ö). In addition to 

heteromultimers, Kir3.2/3.3/3.4 have also been shown to exist as homomultimers 

(Schoots et al. 1999, Bender et al. 2001). From a physiological point of view, GIRK 

channels contribute to the negative chonotropic and inotropic response to vagal 

stimulation in the heart, and reduce excitability of central neurones and various 

endocrine cells (Kurachi 1995). Indeed, knockout mice lacking Kir3.4 channels show 

abnormal heart regulation, whereas mice without functional Kir3.2 channels are more 

susceptible to develop seizures (Wickman et al. 1998, Signorini et al. 1997). Lastly, Kir3.5 

was cloned from Xenopus oocytes, where it is thought to underlie (part of) the small 

endogenous inward rectifying, ACh-sensitive K+ current (Xir) (Hedin et al. 1996). 

Kir5.x subfamily. So far, only one family member of this subfamily has been cloned, 

designated Kir5.1, which is expressed in the pancreas, kidney and brain (Bond et a/A994, 

Liu et al. 2000, Tucker et al, 2000). Kir5.1 does not form functional channels by itself, but 

can interact with both Kirl .2/4.1 and Karl.3/4.2 to form heteromeric channels with a 

larger conductance, different kinetics and/or increased sensitivity to intracellular p H 
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Kir member 

Kir1.1 
KM.2 (Kir4.1) 
Klii.3 (Kir4.2) 

Kir2.1 
Kir2.2 
Kir2.3 
Kir2.4 

Kir3.1 
Kir3.2 
Kir3.3 
Kir3.4 

Kir4.1 (KIM .2) 
Kir4.2(Kir1.3) 

Kir5.1 

Kir6.1 
Kir6.2 

Kir7.1 

Name 

R0MK1 
BIRK1 

IRK1 
IRK2 
IRK3 
IRK4 

GIRK1 
GIRK2/BIR1 

GIRK3 
GIRK4/CKATP-1/CIR 

BIRK1 

BIR9 

uKATP-1 
BIR 

Gene 

KCNJ1 
KCNJ10 
KCNJ15 

KCNJ2 
KCNJ12 
KCNJ4 
KCNJ14 

KCNJ3 
KCNJ6 
KCNJ9 
KCNJ5 

KCNJ10 
KCNJ15 

KCNJ16 

KCNJ8 
KCNJ11 

KCNJ13 

Size 
(amino acid 

residues) 

391 
379 
375 

427 
433 
443 
439 

501 
423 
393 
419 

379 
375 

418 

424 
390 

360 

Chromosome 

11q24 
1q 

21q22.2 

17 
17p11.2-11.1 

22q13 

2q24.1 
21q22.1 

1q21-1q23 
11q24 

1q 
21q22.2 

17q 

12p11.23 
11p15.1 

2q37 

Table 4. Nomenclature, protein size (amino acids) and chromosome location of Kir family members 

compared homomeric Kirl.x/4.x based channels (Pearson et al. 1998, Tanemoto et al, 

2000). In vivo co-existence of Kirl.2/4.1 with KirS.1 has been observed in renal tissue, 

where they are proposed to be involved in intracellular pH-dependent alteration of renal 

handling of ion transport (Tanemoto et al. 2000, Tucker et al. 2000). Co-

immunoprecipitation of Kirl .2/4.1 with Kir5.1 was not observed in brain, but it is 

possible that here, Kir5.1 co-assembles with Kirl .3/4.2. Although Kir5.1 does not form 

active channels by itself, it does appear capable of trafficking to the cell membrane 

(Derst et al. 2001*/). Furthermore, the Kir5.1 gene is located very close to the Kir2.1 gene 

on chromosome 17, and both inward rectifier channel subunits are co-localised in the 

proximal tubule of the kidney (Liu et al. 2000, Derst et al. 2001*/). However, Kir5.1 forms 

electrically silent channels together with Kir2.1, thereby suppressing Kir2.1 channel 

activity (Derst et al, 2001*/). All in all, Kir5.1 seems to serve a role in Kir channel diversity 

by forming heteromultimers with other Kir subunits. 
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Kiró.x subfamily. The two members of the Kiró.x subfamily, Kiró.1 and Kir6.2, form 

part of the ATP-sensitive potassium (KATIJ) channel by assembling with the structurally 

unrelated ATP binding cassette protein known as the sulfonylurea receptor (SUR). They 

will be discussed in more detail below. 

Kir7.x subfamily. The only member of the Kir7.x subfamily identified so far, Kir7.1, 

was first cloned from a human brain cDNA library and shown to be expressed at high 

levels in small intestine and at lower levels in stomach, kidnev and brain, more 

specifically in epithelial cells of these tissues (Partiseti et al. 1998, Döring et al. 1998, 

Derst et al. 2001/?). Compared to other Kir family members, Kir7.1 is unique in that it 

exhibits a very low single channel conductance (~50 fS) with very weak inward 

rectification and its permeability is almost independent of external K~ (Krapivinsky et al. 

1998(6, Coring et al. 1998, Wischmcycr et al. 2000). These properties have been attributed 

to the presence of a methionine instead of a positively charged arginine in the H5 pore 

region of Kir7.1 (Krapivinsky et al. 1998/?, Wischmeyer et al. 2000). Kir7.1 has been 

suggested to be involved in transepithelial transport and resting membrane potential 

maintenance by providing a steady background current (Krapivinsky et al. 1998/?, Döring 

et al. 1998, Nakamura et al. 2000, Derst et al. 2001/?). 

Cloning and reconstitution ofKATP channel subunits 

Cloning of SURx and Kiró.x subunits. Since the discover)' of the KATP channel in 

cardiac myocytes as well as in many other tissues, much effort has been put into 

unravelling the molecular identity' of this ion channel. In 1995, the first important step 

was taken when from a pancreatic cell line cDNA library, the high-affinity sulfonylurea 

receptor (SUR1) was cloned, which was considered to play a role in the regulation of 

insulin secretion in pancreatic [3-cells (Aguilar-Bryan et al. 1995). SUR is a member of the 

ATP-binding cassette (ABC) transporter family, which includes the cystic fibrosis 

transmembrane receptor (CFTR), P-glycoprotein and multidrug resistance (MDR) 

channels (Philipsone and Steiner 1995). The discover}', structure and properties of SUR1 

have been extensively reviewed (Bryan and Aguilar-Bryan 1999, Seino 1999, Ashcroft 

2000). The protein sequence predicts three transmembrane domains, TMD0, TMD1 and 

TMD2, which consist of five, six and six transmembrane segments, respectively and the 

cytoplasmic domains between TMD1 and TMD2 and after TMD2 both contain a 

consensus sequence for nucleotide binding (Figure 6A) (Tusnady et al. 1997, Aguilar-

Bryan et al. 1995, Raab-Graham et al. 1999, Conti et al. 2001). Both of these nucleotide 

binding domains (NBD1 and NBD2) contain a highly conserved Walker A and B motif 

which are thought to catalyse ATP hydrolysis (Walker et al. 1982). SUR1 mRNA 

expression was observed at high levels in pancreatic islets, at moderate levels in brain 

and at low levels in heart and skeletal muscle (Inagaki et al. 1995#, Aguilar-Bryan et al. 
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1995). Although it was apparent that SUR1 constituted at least part of the KATP channel 

complex, expression of SUR1 alone did not generate a functional K+ channel (Aguilar-

Brvan et al. 1995). In 1995, Inagaki and colleagues isolated a clone, encoding a 424-amino 

acid protein after screening a rat pancreatic cDNA library with a fragment of the inward 

rectifier GIRK. The isolated clone, named UKATP-1 for its ubiquitous mRNA expression 

pattern in rat tissues, showed 43-46 % homology with other inward rectifier K+ channels 

and was therefore considered to represent a new subfamily within the inward rectifier 

family. Subsequently, screening with UKATP-1 (also caUed Kiró.1) and Kirl.1 revealed a 

different clone encoding a 390-amino acid protein which showed 71-74 % homology 

with UKATP-1 and only 41-50 % homology with other members of the inward rectifier 

K+ channel family (Inagaki et al. 1995#, Sakura et al. 1995). This clone, designated Kir6.2 

(or BIR, for -cell inward rectifier family member), showed high levels of mRNA 

expression in pancreatic islets, heart, skeletal muscle and brain, but a less ubiquitous 

expression pattern compared to Kiró.1. When expressed in COS-1 or HEK293 cells, 

Kir6.2 did not generate any channel activity on its own, but when co-expressed with 

SUR1, a K+-selective, weak inwardly rectifying current was observed that was blocked by 

ATP. Gene mapping data have shown that Kir6.2 and SUR1 are clustered on human 

chromosome 11 at position p i 5.1 (Inagaki et al. 1995#). Later, a second SUR (SUR2A) 

was isolated from a rat brain cDNA library which shared 68% homology with SUR1, 

closely resembled the membrane topology of SUR1, and also contained Walker A and B 

motifs (Inagaki et al. 1996). SUR1 and SUR2 are encoded by separate genes containing 

39 and 40 exons, respectively. The SUR2 gene has been shown to undergo alternative 

splicing at various exons, but the nomenclature is confusing since some of them were 

identified simultaneously by different investigators and named at random (see Ashcroft 

and Gribble 1998). To date, five different splice variants of SUR2 have been discovered, 

which arise from alternative usage of exons 14, 17, 39 and 40 (see Chutkow et al. 1999). 

These authors proposed a new SUR2 nomenclature based on the exons involved in 

alternative splicing and named them SUR2(39) (=SUR2A), SUR2(40) (=SUR2B), 

SUR2(A14/39), SUR2(A17/39) and SUR2(A17/40), respectively (Chutkow et al. 1999). 

The two splice variants known as SUR2A and SUR2B differ in 42 amino acids at the C-

terminal end, which is due to alternative usage of exon 39 or 40, respectively (Isomoto et 

al. 1996, Chutkow et al. 1999). SUR2B mRNA shows an ubiquitous distribution in a 

variety of tissues (although not present in cardiomyocytcs), whereas SUR2A expression 

is limited to cardiac myocytes and skeletal muscle (Isomoto et al. 1996, Davis-Taber et al, 

2000, Mederos y Schnitzler et al. 2000). The third SUR2 gene splice variant reported, 

SUR2(A14/39), arises from a deletion of exon 14 with a deletion of 35 amino acids near 

the first nucleotide binding domain (NBD1) of SUR2A, which does not generate 

functional channels together with Kir6.2 (Chutkow et al. 1996). The last two SUR2 splice 
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variants lack exon 17, either in combination with the exon 39 (SUR2(A17/39)) or the 

exon 40 C-terminal domain (SUR2(A17/40)), and are expressed throughout a number 

of tissues ((Chutkow et al. 1999). Exon 17 encodes a 13 amino acid region next to the 

Walker A motif in NBD1 and functional expression of SUR2 variants lacking exon 17 

together with Kir6.2 resulted in a 2-fold decrease in ATP-sensitivity as compared to 

exon 17 containing variants (Chutkow et al. 1999). 

Rcconstitution of Kir6.2-based channels. Co-expression of Kir6.2 and SUR1 resulted 

in weak inwardly rectifying K+ currents with a single channel conductance of about 60-

85 pS, which was inhibited by ATP (Inagaki et al. \99Sa, Sakura et al. 1995, Takano et al. 

1996, Alekseev et al. 1997). Although it was concluded at the time that the native KATP 

channel consisted of Kir6.2/SUR1, it soon became apparent that this combination only 

represented the native pancreatic KATP channel, since the pharmacological and kinetic 

characteristics of this combination did not resemble the native cardiac, skeletal or 

smooth muscle KATP channel (Terzic et al. 1995, Inagaki et al. 1996, Alekseev et al. 1997). 

Co-expression of SUR2A with Kir6.2 reconstituted functional KATP channels distinct 

from the pancreatic [3-cell KATP channel. Compared to Kir6.2/SUR1, channels 

composed of Kir6.2/SUR2A showed a 10-fold lower sensitivity to ATP and a roughly 

500 times lower affinity for sulfonylureas. Also, the kinetic properties of the two subunit 

combinations were different: both the burst duration and the interburst intervals of 

Kir6.2/SUR2A were longer as compared to Kir6.2/SUR1 (Inagaki et al. 1996). 

Furthermore, Kir6.2/SUR2A was activated by the KATP channel openers cromakalim 

and pinacidil, marginally by nicorandil, but not by diazoxide, which did activate 

Kir6.2/SUR1 based channels (Inagaki et al. 1996, Gribble et al. 1991a, Okuyama et al. 

1998). The pharmacological properties and ATP sensitivity of Kir6.2/SUR2A closely 

resembled KATP channels found in cardiac and skeletal muscle cells (Babenko et al. 1998, 

Hu etal. 1999). When Kir6.2 was co-expressed with the SUR2 variant SUR2B, functional 

ATP-sensitive K+ channel activity was also observed. The pharmacological profile of 

Kir6.2/SUR2B closely resembles that of native smooth muscle KATP channel, but their 

single channel conductances do not match (Isomoto et al. 1996). Although RT-PCR 

showed the presence of Kir6.2 and SUR2B but not Kiró.1, SUR1 or SUR2A in intestinal 

smooth muscle cells, the endogenous KATP current of 27 pS far from resembles that of 

Kir6.2/SUR2B ( -80 pS) (Koh etal. 1998). Table 5 summarises the properties of Kir6.2-

based channels compared to endogenous KATP channels. Although one study has 

reported functional activity of wild-type Kir6.2 in the absence of SUR (John etal. 1998), 

Kir6.2 and Kir6.1 are still generally considered incapable of independent functional 

channel expression. However, truncated forms of Kir6.2 with either the last 26 or 36 

amino acids at the C-terminal end deleted (Kir6.2AC26 or Kir6.2AC36) have clearly 

resulted in independent functional expression (Tucker et al. 1997, Zerangue et al. 1999). 
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These truncated Kir6.2 subunits provide an experimental tool to study the relative 

contribution of both Kir6.2 and SUR subunits to the functional properties of the KATP 

channel complex, as will be discussed in more detail later. 

Reconstitution of Kir6.1-based channels. Although Kiró.l was the first member of the 

Kiró.x subfamily to be cloned, its physiological properdes and functions are much less 

clear than those of Kir6.2. Like Kir6.2, Kiró.1 is expressed in cardiomyocytes but its role 

is unknown (Mederos y Schnitzler et al. 2000). Early on, two reports claimed that Kiró.l 

was capable of forming functional KATP channels in the absence of a SUR (Inagaki et al. 

1995#, Ammala' et al. 1996). However, these results have not been reproduced and it is 

now common belief that Kiró.l requires the presence of a SUR for functional 

expression. Kiró.l was mapped to chromosome 12pl 1.23 using fluorescence in situ 

hybridisation, which is close to the SUR2 gene at 12p l l . l 2 (Chutkow et al. 1996, Inagaki 

et al. 1995/;). Co-expression of Kiró.l with SUR results in functional channel activity that 

is quite different from the classical KATP channel. Kiró.l-based channels form weak 

inwardly rectifying K+ channels of ~33-36 pS that are active in cell-attached patch, close 

upon patch excision in low ATP containing bath solution, and are strongly activated by 

Mg2+-nucleotide diphosphates (UDP) (Ammala et al. 1996, Yamada et al. 1997, Takano et 

al. 1998, Repunte et al. 1999, Kono et al. 2000, Babenko et al. 2000). Functional 

expression of Kiró.l-based channels is observed on only 10-20% of transfected cells, 

which is considerably less than Kir6.2/SURx channels (Takano et al. 1998, Kono et al. 

2000). Kir6.1/SUR2B channels were activated by UDP and G D P and by the K+ channel 

openers pinacidil and nicorandil, and inhibited by glibenclamide. This channel is 

therefore not considered a classical KATP channel, but closely resembles the nucleotide 

diphosphate-dependent K+ channel (KNDP) observed in vascular smooth muscle cells 

(Yamada et al. 1997) (Table 5). The functional relevance of both Kiró.l/SUR2A and 

Kiró.l/SUR1 is not yet clarified, although the pharmacological profile of Kiró. l /SURl 

closely resembles that of the native mitochondrial KATP channel (see below) (Liu et al. 

2001). In addition, glucose-receptive neurones displaying a ~65 pS K+ current blocked 

by glibenclamide were shown to express both Kiró.l and SUR1 subunits, but not Kir6.2 

or SUR2 (Lee e/*/. 1999). 

Heteromeric channels containing Kiró.l and Kir6.2. As described before, a number of 

Kir subfamily members are known to co-assemble to form heteromeric channels, such 

as Kir3.1+Kir3.4 which together form the KACII channel. Thus, it would be reasonable to 

expect a similar co-assembly to take place between Kiró.l and Kir6.2, which would also 

provide a functional explanation for the presence of both Kiró.l and Kir6.2 in myocytes 

as well as the discrepancies observed between reconstituted Kiró.x/SURx and native 

KATP channels (Mederos y Schnitzler et al. 2000). Expression of a fused Kiró.l-Kir6.2 

tandem protein together with SUR2A and SUR2B resulted in channel activity- with an 
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Conductance 

lEil 
(symmetrical K') 

Nuc leo t i de sens i t i v i t y P h a r m a c o l o g y Re fe rences 

Kir6 .2 /SUR1 

Ki r6 .2 /SUR2A 

Ki r6 .2 /SUR2B 

Kir6 .1 /SUR1 

Ki r6 .1 /SUR2A 

Ki r6 .1 /SUR2B 

Pancreat ic beta-
cell KATp 

Cardiac/Skeleta l 

KATP 

58-87 

79-80 

33-36 

33-35 

33 

56-65 

ATP inhibits (IC50 5-10 uM) 
ADP/AMP decrease activity 

ATP inhibits ( IQ* 100 uM) 

ATP inhibits ( IQ 0 20-300 uM) 

ATP activates 
UDP/GDP activates 

ATP activates 
UDP activates 

ATP activates (0.1-100 uM) 

ATP inhibits (IC50 15-40 uM) 

O: diazoxide, pinacidil 
C: tolbutamide, glibenclamide 

NE: cromakalim 

O: cromakalim, pinacidil 
C: glibenclamide 

NE: diazoxide 

O: diazoxide, pinacidil 
C: glibenclamide 

O: diazoxide, pinacidil, nicorandil 
C: glibenclamide, 5-HD 

NE: cromakalim 

O: pinacidil, nicorandil 
C: glibenclamide 

O: pinacidil, nicorandil 
C: glibenclamide 

O: diazoxide>pinacidil>cromakalim 
C: glibenclamide, tolbutamide 

NE: nicorandil 

ATP inhibits ( IQ 0 20-100 uM) O: pinacidil, cromakalim»diazoxide 
C: glibenclamide, tolbutamide 

Inagaki 1995/1996, Sakura 
1995, Takano 1996, Alekseev 

1997, Gribble 1997 

Inagaki 1996, Okayama 
1998, Babenko 1998 

Babenko 1998, Isomoto 1996 

Ammala 1996, Takano 1998, 
Babenko 2000, Liu 2001 

Kono 2000, Repunte 1999, 
Liu 2001 

Yamada 1997, Liu 2001 

Ashcroft 1989, Rorsman 
1985, Trube 1986 

Findlay 1992, Faivre 1989, 
Kakei 1985, Noma 1983 

S m o o t h Muscle 
KATP 

Vascular Smooth 
Muscle KATP 

( K N D P ) 

Mitochondr ia l 
KATP 

27 

20-50 

10-30 
(asymmetrical K*) 

Low concentration of ATP 
activates, high cone. ATP 

inhibits 

Low concentration of ATP 
activates, high cone. ATP 

inhibits 

ATP inhibits 

O: pinacidil, lemakalim 
C: glibenclamide 

O: pinacidil, cromakalim>diazoxide 
C: glibenclamide, tolbutamide 

O: diazoxide, pinacidil, nicorandil 
C: glibenclamide, 5-HD 

NE: cromakalim 

Jun2001, Koh 1998 

Beech 1993, Zhang 1996, 
Yokoshiki 1997, Yamada 

1997 

Inoue 1991, Paucek 1992, Liu 
2001 

Table 5. Single channel conductance, nucleotide sensitivity and pharmacology of reconstituted SURx/Kir6.x 
compared to endogenousP channels (O—opens; C=closes; NE=no) 
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intermediate single channel conductance and low ATP-sensitivity (Kono et al. 2000, Cui 

et al. 2001). Experiments with hybrid channels made up of different ratios of Kiró.1 

versus Kir6.2 showed that channel pores containing a larger number of extracellular 

Kir6.2 loops had larger single channel conductances (Babenko et al. 2000). Although 

these data show that Kiró.1 and Kir6.2 can readily co-assemble and form functional 

channels in expression systems, it is not known whether these heteromeric channels exist 

in vivo. In transgenic mice lacking Kir6.2, no surface KATP current could be measured but 

this observation does not preclude the possibility that Kiró.1 needs the presence of 

Kir6.2 subunits to form channel pores (Suzuki et al. 2001). However, adenoviral 

dominant-negative Kiró.1 gene transfer into ventricular myocytes did not affect 

endogenous KATP current, suggesting that Kir6.2 is the sole pore-forming subunit of the 

sarcolemmal KATP channel (Seharaseyon et al. 2000a). On the other hand, in cultured 

neonatal rat atrial myocytes a "mixed" KATP current was observed, displaying properties 

of both pancreatic and conventional cardiac KATP channels (Baron et al. 1999). RT-PCR 

results revealed expression of both Kiró.1 and Kir6.2 subunits as well as all SURx 

subunits in these myocytes, suggesting functional heteromultimerisation of KATP 

subunits. 

Molecular structure of the mitochondrialKATP channel. Although the putative subunit 

composition of the sarcolemmal KATP channel has now been identified, the molecular 

structure of the mitochondrial channel remains elusive. Since sarcolemmal and 

mitochondrial KATP channels share many electrophysiological and pharmacological 

properties, mitoKvrp is also thought to consist of SUR and Kir components. Grover and 

Garlid (2000) have reported the identification of two components of mitoKATP through 

labelling with bodipy-glyburide, a 55 kD channel protein and a 63 kD SUR. In rat 

skeletal muscle mitochondrial fractions, a 51 kD band was observed with immunoblot 

analysis using a Kiró.1 antibody (Suzuki et al. 1997*). In addition, electron-microscopic 

examination showed Kiró.1 labelling on the inner mitochondrial membrane. On the 

other hand, immunohistochemistry with an anti-Kiró.1 antibody in ventricular myocytes 

did not show co-localisation with mitochondria (Seharaseyon et al. 2000£). Using another 

approach, Liu et al. (2001 c) compared the pharmacological profile of the native mitoKATP 

channel with that of several reconstituted combinations of SURx/Kiró.x, and found that 

only Kiró.1/SUR1 is similar to mitoKATP (see Table 5). However, the exact molecular 

composition of the mitoKATP channel remains speculative. 

Structure-function relationship 

The information contained within the structural architecture of the channel protein 

together with the functional aspects observed on for instance electrophysiological 

analysis of the protein in question can provide insight into the relation between structure 
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and function. More importantly, studying the effects of changes in the molecular 

structure (i.e. mutations of certain amino acids or transgenic mouse models over-

expressing or lacking the protein in question) may give even more detailed informadon 

regarding the specific function of certain (parts of) proteins. Cloning and mutational 

analysis of many Kir channels (including KATP) has identified several regions and specific 

amino acid residues associated with specific biophysical properties of these channels 

(reviewed by Nichols and Lopatin 1997, Ashcroft and Gribble 1998, Reimann and 

Ashcroft 1999, Ruppersberg 2000). Figure 6A shows which properties of the KATP 

channel complex are now believed to be contributed by either the SUR or the Kiró.x 

subunit, including the proposed regions involved. 

Properties of the sulfonylurea receptor. The binding site for ATP was originally 

thought to lie within SUR, because it contains two nucleotide binding domains (NBDs). 

However, mutation of these NBDs in SUR1 had only minor effects on ATP-inhibition 

(Gribble et al. 1997a; Shyng et al. mi a, Shyng et al 1998a). The SUR subunit is now 

considered to confer sensitivity to sulfonylureas, potassium channel openers and 

MgADP upon the KATP channel, whereas the Kiró.x subunit forms the actual pore of the 

channel and controls channel inhibition by ATP (see below) (discussed by Bryan and 

Aguilar-Bryan 1999, Ashcroft 2000). NBD1 and NBD2 play an important role in the 

modulation of KATP channel activity by Mg-ADP, since electrophysiological analysis of 

mutations in either of the NBDs of SUR1 showed that alteration of one protein within 

the Walker A or B motifs removed the stimulating effect of Mg-ADP on channel activity 

(Nichols et al. 1996, Gribble et al. 1997*, Ueda et al. 1997, Shyng et al. 1997'a, Shyng et al. 

1998a). Whereas the Walker B motif is required for nucleotide binding through Mg2~, 

the Walker A motif interacts with the phosphate groups of ATP and is essential for ATP 

hydrolysis (Carson et al. 1995, Ko and Pedersen 1995, Saraste et al. 1990). ATP can bind 

to NBD1 in the absence of Mg2+, which is antagonised by the binding of MgADP to 

NBD2 (Ueda et al. 1997). In addition, the interaction of Mg-ATP or Mg-ADP with the 

amino acid lysine in the Walker A motif in both NBDs modulated KATP channel 

activation by the potassium channel openers diazoxide, pinacidil and nicorandil, but 

differences between SUR1 and SUR2A have been observed (Gribble et al. 1997a, 

Gribble et al. 2000, Reimann et al. 2001). The transmembrane domains at the C-terminal 

end of SUR1 are thought to be involved in binding of sulfonylureas, although residues 

nearer to the N-terminus are also required (Ashfield et al. 1999, Ashcroft 2000). Studies 

with a SUR1 splice variant lacking the second nucleotide binding domain showed that 

N B D 2 is required for KATP channel activation by potassium channel openers (KCOs) 

and nucleotides, but not for functional channel expression or sulfonylurea block (Sakura 

et al. 1999). Substitution of a tyrosine for a serine at position 1206 in SUR2B(Y1206S) 

increased the affinity for glibenclamide about 7-fold but did not affect the affinity for the 
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Figure 6. (A) Membrane topology and functional properties ofSURx and Kir6.x subunits. For 
SUR, the three transmembrane domains TMDO, TMD1 and TMD2 and the Walker A (WA) and 

Walker B (WB) motifs in both nucleotide binding domains (NBD1 and NBD2) are depicted (left). 
The two transmembrane segments (Ml and M2) and the pore region (H5) are shown for Kiró.x 

(right).Structural properties for each subunit are represented (KCOs=potassium channel openers; 
PIPs=phospholipids). (B) Assembly and stoichiomctry for SUR1/Kir6.2 channel. 
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KATP channel opener P-1075 (Hambrock et al. 2001). At least two regions are thought to 

form part of the KCO binding site, the cytosolic loop between M l 3 and M l 4 and that 

between Ml6 and M l 7 (see Ashcroft 2000). These regions are identical in both SUR2A 

and SUR2B, and their different carboxy termini influence channel response to Mg-

nucleotidcs, which accounts for the greater KCO-binding affinity of SUR2B compared 

to SUR2A (Hambrock et al. 1999, Reimann et al. 2001). 

Structural features of Kiró.x subunits. The weak inwardly rectifying properdes of 

KATP channels are determined by the Kiró.x subunit. Replacement of asparagine with 

aspartate in the pore (H5) region of Kir6.2 resulted in strong instead of weak inward 

rectification (Shyng et al. 1997r). Like all Kir channels, single channel conductance of 

KATP channels is controlled by short trains of amino acids in the extracellular link 

between the first transmembrane domain (Ml) and the pore region (H5) and between 

the H5 and M2 regions of Kr6 .2 (Repunte et al. 1999). Using a 3D structure model, 

putative steric effects and structural constraints were identified within these regions, 

which may influence K+ diffusion and determine the conformation of the permeation 

pathway, respectively. The observation that a truncated form of Kir6.2 (Kir6.2HC26/36) 

forms active ATP-dependent channels (albeit with reduced potency) in the absence of 

SUR, suggests that the ATP-binding site may be located on Kir6.2 itself, although the 

possibility of other auxiliary proteins cannot be ruled out (Tucker et al. 1997). 

Furthermore, direct evidence for a functional nucleotide-binding on Kir6.2 was obtained 

by photoaffinity labelling of Kir6.2 by [y-32P]-8-azido-ATP (Tanabe et al. 1999). 

Mutations in the N-terminal region preceding (R50G) and the C-terminus immediately 

following the transmembrane domains (T171A, I182Q, K185R) as well as mutations 

within the second transmembrane region (N160D, C166S, I167M) were found to 

markedly change ATP-sensitivity of the truncated form of Kir6.2 and decreased 

photoaffinity labelling of Kir6.2 (Shyng et al. 1997a, Tucker et al. 1998, Trapp et al. 1998, 

Drain et al. 1998, Tanabe et al. 1999, Reimann et al.\999b). It is, however, not yet known 

whether these regions actually' constitute the ATP-binding site or merely provide a link 

between ATP binding and channel closure. It has been proposed that the N and C 

termini of Kir6.2 interact and stabilise the ATP-binding region and that mutations in 

these regions may allosterically alter and destabilise this interaction (see Reimann et al. 

\999b). A distal region in the C-terminus of Kir6.2 (amino acids 333-338) was found to 

contain an ATP-binding motif (FX4K) and may form part of the ATP-binding site 

(Drain et al. 1998). Deletion of 14 amino acids at the N-terminal end of Kir6.2 

(Kir6.2AN14) did not alter intrinsic properties such as gating or ATP-sensitivity, but this 

region was shown to be involved in the high-affinity sulfonylurea block conferred by 

SUR (Reimann et al. \999b). The stimulating effect of the phospholipid PIP2 on KATP 

channel activity was also shown to act through the Kir6.2 subunit, although the presence 
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of SUR modulates the response (Baukrowitz et al. 1998). It has been proposed that 

rather than directly closing KATP channels, ATP may actually stabilise a pre-existent 

closed state, although it can also interact with the open state of the channel (Trapp et al. 

1998, Enkvetchakul et al. 2000, Enkvetchakul et al. 2001). Furthermore, the effects of 

PIP2 or mutations within the Kir6.2 pore region may consist of reduced accessibility to 

ATP of this pre-existent closed state, thereby reducing ATP sensitivity (Enkvetchakul et 

al. 2000). Also, PIP2 profoundly altered the sensitivity of cardiac type KATP channels to 

ATP, sulfonylureas and KCOs, each through a distinctive mechanism (Krauter et al. 

2001). Cloned KATP channels are also stimulated by hypercapnia and intracellular 

acidosis; this pH sensitivity is independent of the SUR subunit (Xu et al. 2001). Three 

domains on the Kir6.2 appear to be required for this proton-dependent gating: Thr-71 in 

the N-terminus, Cys-166 in M2 and His-175 in the C-terminal region (Piao et al. 2001). 

Molecular assembly of KATP channels. KATP channels are assembled as hetero-

octamers comprising a tetramer of Kiró.x and a tetramer of SURx subunits 

([Kir6.x/SURx]4) (Inagaki et al. 1997, Shyng and Nichols 19970). Four Kir6.2 subunits 

line the KATP channel pore and each of these requires a SUR (1:1 ratio) for optimal KATP 

channel activity (Inagaki et al. 1997, Shyng and Nichols 1997/?) (Figure 6B). The 

molecular mass of the labelled SUR1/Kir6.2 complex was estimated to be - 9 5 0 kDa, 

which is roughly equal to the predicted total mass of 4 SUR1 subunits (—175 kDa each) 

and 4 Kir6.2 subunits ( -45 kDa each) (Aguilar-Bryan et al. 1998, Ashcroft 2000). A 

direct physical association between Kir6.2 and SUR1 was demonstrated by co-

immunoprecipitation (Lorenz et al. 1998). A close juxtaposition of the C-terminus of 

SUR1 and the N-terminal region of Kir6.2 was suggested by the observation that the 

fusion protein SUR1-Kir6.2 upon expression formed functional KATP channels (Inagaki 

et al. 1997, Shyng and Nichols 1997). Numerous studies have revealed a number of 

interactions between and within SUR and Kir6.2 subunits important for the assembly of 

KATP channels (Tucker and Ashcroft 1999). Trafficking assays combined with co-

immunoprecipitadon analysis revealed that the first transmembrane domain (Ml) and 

the N-terminus of Kir6.2 are involved in assembly with SUR1 and SUR2A (Schwappach 

et al. 2000). Although the distal C-terminal amino acid sequence was not required for co-

immunoprecipitation with SUR1, the proximal part of the C-terminus (amino acids 208-

279) appeared necessary although not sufficient for interaction with SUR1 (Giblin et al. 

1999). The transmembrane domains of SUR, TM12 and TM13, and the NBDs, were 

shown to be involved in co-assembly with Kir6.2 subunits (Ashfield et al. 1999, 

Schwappach et al. 2000, Mikhailov et al. 2000). Based on these findings, a model of KATP 

channel structure and assembly was proposed, featuring interactions between and within 

the described regions of SUR and Kir6.2 (Mikhailov et al. 2000). 
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Intracellular trafficking ofKATP channel subunits 

Most proteins in organelles, particles, and membranes of a eukaryotic cell are encoded by 

nuclear DNA, are synthesized on ribosomes in the cytosol, and are distributed to their 

correct destinations via the sequential action of several sorting signals and multiple 

sorting events (Roden and Kupershmidt 1999). Some nascent proteins contain, generally 

at the amino terminus, a specific signal, or targeting, sequence that directs the ribosomes 

synthesizing them to the endoplasmic reticulum (ER). Protein synthesis is completed on 

ribosomes attached to the rough ER membrane (Figure 7). In contrast, most 

mitochondrial proteins are synthesized on cytoplasmic unbound ribosomes as cytosolic 

precursor proteins containing N-terminally located up take-targeting sequences which are 

recognised by receptors on the mitochondrial membrane (Lithgow 2000). For 

plasmalemmal ion channels, the transmembrane folding of specific segments across the 

membrane and assembly of multimeric channel subunits occur in the FR. The 

completed polypeptide chains then move to the Golgi complex for posttranslational 

modification (i.e. N-glycosylation, the addition of Nl-linked oligosaccharide chains) and 

are finally incorporated into transport vesicles which fuse with the plasma membrane. 

The steps between transcription and insertion into the plasma membrane are numerous 

and are considered to regulate channel surface expression (Griffith 2001). Glycosylation 

of plasma membrane proteins including K+ channels is thought to regulate protein 

folding and function and can increase K+ channel complex stability and surface 

expression (Pabon et al. 2000, Khanna et al. 2001). In addition, short specific amino acid 

sequences contained within a protein are now known to regulate processing and 

trafficking of that particular protein (Griffith 2001). In the Kv family of voltage-

dependent K+ channels a transport signal motif, VXXSL (where X is any amino acid), 

was found to be essential for cell surface expression (Li et al. 2000). Recently, members 

of the inwardly rectifying K+ channel family were shown to contain traffick signals 

which promote export from the ER to the Golgi complex but do not modulate channel 

folding or assembly. A sequence motif (FxYENEV) in the cytoplasmic C-terminus of 

Kir2.1 was found to be both necessary and sufficient for efficient export from the ER 

and cell membrane expression of Kir2.1 channels (Stockklausner et al. 2001, Ma et al. 

2001). Another ER-to-Golgi forward signal was identified in the C-terminal region of 

Kirl .1 (Ma et al. 2001). In mammalian proteins, ER retention signals are observed which 

prevent the efficient transport from the ER to the Golgi and thus the final destination of 

the protein (Zerangue et al. 2001). Such a retention signal, RKR, is present in both the 

SUR and Kir6.x subunits of the K.vn> channel. When expressed independently, both 

SUR and Kir6.x are retained in the ER due to the exposure of the RKR signal (Zerangue 

et al. 1999). Co-expression of SUR with Kiró.x is thought to conceal the retention signal 

allowing for functional expression of the channel. In-line truncation of Kir6.2, thereby 
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Figure 7. Simplified ovendew of the secretory pathway of protein synthesis and sorting. 
Proteins are synthesised on cither ER-bound or free ribosomes, transported to the Golgi 

complex for modification, and sorted to their final destination 

removing the RKR motif, also results in cell surface expression of Kir6.2 in the absence 

of SUR (Tucker et al. 1997, Zeranguc et al. 1999). On the other hand, independent 

trafficking for Kir6.2 in the absence of SUR has been reported (Makhina and Nichols 

1998). Alterations of two similar putative retention signals at positions 317 (KRK) and 

370 (RRR) in the C-terminus of the human Kio .1 subunit, which does not form 

functional channels by itself, did not result in generation of active channels (Derst et al. 

2001a). However, in the same study Kir5.1 was found to be able to traffick 

independently to the surface membrane without actually forming functional channels. 

Studies on mutations in SUR1 observed in patients with persistent hyperinsulinemic 

hypoglycaemia of infancy (PHHI, see below) have identified other regions that are 

important for efficient trafficking of KATP channels. Deletion of a single phenylalanine in 

the cytoplasmic C-terminal end of SUR1 (AF1388) caused defective trafficking and lack 

of surface expression of KATP channels, which could be partially overcome by 

inactivation of the RKR-retention signal in SUR1 (Cartier et al. 2000). Also, the R1394H 

mutation was shown to prevent KATP channel surface expression through retention in 

the Golgi complex (Partridge et al. 2001). Furthermore, the more distal C-terminal region 

of SUR1 is also important for KATP channel trafficking since deletion of the last 7 C-

terminal amino acids markedly reduced surface expression (Sharma et al. 1999). 
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Channelopathies of inwardly rectifying potassium channels 

Another important area of investigation which has provided some insight into the 

structure-function relationship in Kir channels, is the search for ion channel mutations 

underlying certain disease in humans. It is now known that mutations in certain genes 

encoding inward rectifier potassium channels may cause abnormal physiological 

conditions and (severe) clinical symptoms, often in newborns and young children. Of 

the seven Kir subfamilies described earlier, disease-causing mutations in humans have 

been observed in Kir l .1 , Kir2.1 and Kir6.2 genes, which will be briefly discussed below 

(for more extensive review see Reimann and Ashcroft 1999, Abraham et al. 1999, Shieh 

etal. 2000). 

Hereditary renal tubulopathies. These disorders affect ion transport in the renal 

epithelium and thus lead to excessive salt loss. Three types of these rare diseases can be 

distinguished (Jeck et al. 2000). The most severe form, the hyperprostaglandin E 

syndrome (HPS) or hypercaliuric furosemide-like salt-losing tubulopathy (SLT), is 

geneticallv heterogeneous: mutations in the furosemide-sensitive Na + /K + /2C1 

cotransporter or in Kirl.1 (ROMK) have been identified in patients with HPS (Simon et 

al. 1996tf, jeck et al. 2001). Most of the Kirl.1 point mutations linked to HPS are 

clustered around the putative pH sensor, the R / K / R triad, and indeed display shifts in 

pH-gating (Schulte et al. 1999). Physiologically, these patients lack functional Kirl.1 

channels, resulting in excessive salt and fluid loss leading to polyhydramnios and 

premature birth. The second phenotype, the hypocalciuric-hypomagncsaemic thiazide-

like SLT, also called Gitelman syndrome, is relatively mild with transient muscle 

weakness, tetanic episodes and abdominal pain and is caused by mutations in the 

thiazide-sensitive Na-Cl co-transporter (NCCT) (Gitelman et al. 1966, Simon et al. 

1996/?). Thirdly, the Bartter-like SLT without major disturbances in renal calcium and 

magnesium handling (also called classical Bartter syndrome) is described, with salt loss 

and pronounced hypokalemia during early infancy leading to muscle weakness and 

failure to thrive (Bartter et al. 1962). Mutations in the kidney-specific chloride channel 

CIC-Kb have been described as the molecular defect underlying this syndrome (Konrad 

etal. 2000). 

Andersen's syndrome. This syndrome is a rare disorder characterised by periodic 

paralysis, cardiac arrhythmias and developmental defects in bony structures (dysmorphia) 

(Canun et al. 1999). Skeletal and myocardial muscle hyperexcitability occurs, resulting in 

abnormal muscle relaxation (myotonia), transient inexcitability (weakness/paralysis) and 

ventricular tachyarrhythmias (Plaster et al. 2001). Two mutations in the KCNJ2 gene, 

which encodes Kir2.1, co-segregated with the Andersen's phenotype. These mutations 

resulted in loss of function of Kir2.1 and a dominant negative effect on Kir2.1 current 

when expressed together with wild-type Kir2.1 subunits as assayed by voltage-clamp 
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experiments (Plaster et al. 2001). These findings demonstrate the importance of 

maintaining a stable resting membrane potential in a diverse population of cells, ranging 

from cardiomyocytes to osteoclasts and skeletal muscle cells (discussed byjongsma and 

Wilders 2001). 

The weaver phenotype. In mice, the weaver phenotype is inherited as an autosomal 

recessive disease, resulting in severe ataxia within weeks after birth due to a defect in 

neuronal differentiation (Patil et al. 1995). A missense mutation resulting in a single 

amino acid substitution (G156S) within the H5 pore region of Kir3.2 leads to loss of K+ 

selectivity of homomeric Kir3.2 channels and strongly reduces heteromeric 

Kir3.1/Kir3.2 function (Slesinger et al. 1996, Kofuji et al. 1996). The knowledge obtained 

from these studies may, in future, provide insight into human degenerative neural 

diseases. In fact, the progressive loss of dopaminergic neurones in the weaver mouse is 

similar to the pathology underlying Parkinson's disease, suggesting a possible shared 

genetic defect (see Shieh et al. 2000). However, so far no mutations in the pore-forming 

region of Kir3.2 have been observed in patients with Parkinson's disease (Bandmann et 

al. 1996). 

Persistent hyperinsulinemic hypoglycaemia of infancy (PHHI). This syndrome is 

also known as nesidioblastosis or familial hyperinsulinism and is the most common 

cause of persistent hypoglycemia in young children, characterised by inappropriately high 

levels of insulin despite low levels of blood glucose (Stanley 1997). Recent research has 

shown that PHHI is genetically heterogeneous; the disease can be inherited in either a 

recessive or dominant manner and can be caused by mutations in at least four genes 

(reviewed by Aguilar-Bryan and Bryan 1999 and Sharma et al. 2000). Two dominant 

forms of PHHI are caused by mutations in the glucokinase (GK) and glutamate 

dehydrogenase (GlnDH) genes, respectively (Glaser et al. 1998, Weinzimer et al. 1997). 

Experiments on glucokinase knock-out mice have shown that a defective glycolytic 

metabolism may lead to KATP channel dysregulation (i.e. decreased sensitivity to glucose) 

and impaired glucose-induced insulin secretion (Sakura et al. 1998). Both dominant 

forms of PHHI show a relatively mild phenotype and respond well to treatment with 

diazoxide, indicating that functional KATP channels are still present. Mutations in both 

the Kir6.2 and SUR1 subunits of the KATP channel have been linked to the more severe, 

recessive forms of PHHI, in which case partial pancreatectomy is sometimes necessary 

to maintain normoglycemia. At least 50 mutations in SUR1 have been described, which 

are either nonsense or frame-shift mutations, producing truncated forms of SUR1 

resulting in loss of functional KATP channel activity (Thomas et al. 1995, Nestorowicz et 

al. 1996, Thomas et al. 1996d), or missense mutations which result in a reduction in 

sensitivity of the KATP channel to changes in the intracellular [ATP]/[ADPJ ratio 

(Nichols et al. 1996, Grible et al. 1997*, Shyng et al. 1998*, Matsuo et al. 2000). Most 
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SUR1 mutations that still formed functional KATP channels showed decreased sensitivity 

to MgADP and varied responses to diazoxide (Shyng et al. 1998^). For a number of 

SUR1 mutations which failed to generate functional channel activity, defective 

membrane trafficking has been demonstrated (Cartier et al. 2000, Partridge et al. 2001). 

Three mutations in the Kir6.2 gene have been described to cause PHHI, all of which fail 

to produce functional KATP channels when co-expressed with SUR1. One of these is a 

missense mutation that truncates the Kir6.2 protein after 12 amino acids (Y12X) 

(Nestorowicz et al. 1997), whereas the other two mutations are located in the first 

(W91R) or second transmembrane region (L147P), respectively (Thomas et al. \996b, 

Sharma et al. 2000). It is not yet known whether Kir6.2 subunits containing these 

mutations fails to form functional channels together with SUR1 due to a membrane 

trafficking defect or channel activity dysregulation. Direct evidence linking PHHI to 

defects in KATP channel activity has come from studies on pancreatectomy specimens 

obtained from patients with the disease, which showed that functional KATP channels 

were absent in pancreatic £-cells (Kane et al. 1996, Dunne et al. 1997). For the more 

common disease diabetes, no linkage between non-insulin-dcpcndent diabetes mellitus 

(NIDDM) and either Kir6.2 or SUR1 was found (Stirling et al. 1995), nor were any 

mutations in either genes identified in diabetic patients (Sakura et al. 1996, Ohta et al. 

1998), although an association between SUR1 sequence variants and high insulin levels 

in healthy subjects as well as a reduced insulin response to tolbutamide in N I D D M 

patients have been described (Goksel et al. 1998, Hansen et al. 1998). In contrast to 

SUR1/Kir6.2, the SUR2/Kir6.1 gene cluster has not yet been linked to a disease. 

Regional distribution ofKATP channel subunits in the heart 

In the myocardium, the density of KATP channels in cardiac myocytes has been estimated 

to be around 0.5-10 fxm2 (Belles et al. 1987, Nichols and Lederer 1990). Although the 

molecular structure of the KATP channel has been studied extensively over the past 

decade, not much information has been obtained regarding the regional distribution of 

the channel and/or its subunits in the myocardium. In the pancreas, in situ hybridisation 

showed that Kir6.2 was localised within the islets of Langerhans and not in exocrine 

acinar cells (Suzuki et al. 1997). Similar analysis has not yet been carried out for Kiró.1 or 

Kir6.2 in the myocardium. Functional studies have shown that although KATP channels 

are present throughout the heart, regional differences in channel characteristics do exist, 

both between atrial and ventricular cells as well as cpicardially and endocardial!}' located 

myocytes (Furukawa et al. 1991, Ogbaghebriel and Shrier 1995, Miyoshi et al. 1998). 

However, it is not yet known whether these observations are to be attributed to 

differences in channel density, diversities in channel structure, local variations in channel 

regulation or combinations of these. 
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KATP channel expression during (pntho)physiological conditions 

In general, gene expression is a dynamic process which enables cells to respond to 

specific conditions with the up- or downregulation of proteins. For instance, certain 

genes are known to be expressed only during embryonic development or rather during 

ageing. The density of KATP and inward rectifier potassium (IKI) currents was shown to 

increase progressively before birth in rat ventricular myocytes and ATP sensitivity of 

KATP channel activity was higher in neonatal versus adult myocytes (Xie et al. 1997). In 

rabbits, KATP channel single-channel conductance and channel density was significandy 

smaller in neonatal myocytes as compared to adult ventricular cells (Chen et al. 1992). 

Neither RNA nor protein expression levels were assessed in these studies and it 

therefore remains uncertain whether changes in the number of channels, or alterations in 

channel activation efficiency, or both, accounted for the observed differences. Similar 

changes in densities and properties have been observed in the developing mammalian 

myocardium for voltage-gated K+ channels (Nerbonne 1998). 

Many ion channels are known to be differentially regulated during pathophysiological 

conditions. Certain potassium channels are down-regulated during ventricular 

hypertrophy and heart failure, leading to substantial action potential prolongation 

(reviewed by Tomaselli and Marban 1999). Also, profound changes occur in the kinetics 

and density of several ion channels during subacute and chronic ischemia/infarction, 

which could contribute to disturbances in electrical activity and arrhythmogenesis (Pinto 

and Boyden 1999, Aimond et al. 1999). In a rat model of regional ischemia, upregulation 

of Kiró.1 mRNA expression and protein level was observed after 60 minutes of 

ischemia, when followed by at least 24 hours of reperfusion (Akao et al. 1997). Although 

no changes in Kir6.2 mRNA were found, expression levels were measured using 

Northern blot analysis, a rather crude and unreliable quantification technique (see 

Materials and Methods). KATP channel upregulation during chronic states of metabolic 

deprivation may enhance the myocardial tolerance and thus increase myocardial survival. 

Another potential mechanism of channel regulation during (patho)physiological 

conditions involves environmentally controlled alternative splicing. For instance, it is 

feasible that during periods of metabolic stress, different splice variants of the SUR2 

gene may be up or down regulated, thereby altering overall ATP-sensitivity of the KATP 

channels present (Chutkow et al. 1999). Such a regulatory mechanism has been 

demonstrated to regulate alternative splicing of a K+ channel transcript upon changes in 

stress hormones (Xie and McCobb 1998). Whether this also occurs for KATP channel 

subunits Kiró.1 or Kir6.2 during for instance maturation, ischemia or preconditioning, 

remains to be seen. 
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H y p o t h e s e s and a ims 

The hypotheses and aims regarding the experiments described in this thesis are: 

1. Since it has been observed that action potential shortening is not a prerequisite for 

the cardioprotective effects of KATP channel opening during ischemia, we aimed to 

find other possible mechanisms involved in this process. In brain tissue, KATP 

channel openers reduce the release of various neurotransmitters during ischemia. 

Therefore, we hypothesised that KATP channel opening may reduce the ischemia-

induced release of noradrenaline in the heart, with potential favourable effects on 

the myocardium. In Chapter 3, we describe the background and rationale and in 

Chapter 5 we tested this hypothesis in a globally ischemic rabbit heart model. 

2. The issue of KATP channel opening and arrhythmogenesis during ischemia remains 

somewhat controversial, since both pro- and anti-arrhythmic effects of potassium 

channel openers have been described. In Chapter 4 we provide an explanation for 

this apparent discrepancy and in Chapter 5 we present some data on the effect of 

the KATP channel opener cromakalim on ischemia-induced arrhythmias. 

3. Results from recent studies suggest a prominent role for mitochondrial KATP 

channels in the cardioprotective effect of potassium channel openers. However, 

most studies were conducted in whole-heart preparations, leaving the possibility 

that the observed effects were due to activation of potassium channels in the 

vascular wall. Therefore, in Chapter 6, we evaluated the effects of sarcolemmal and 

mitochondrial KATP channel activation anoxia in anoxic isolated myocytes. 

4. In Chapter 7 we compare the structural and functional characteristics of the KATP 

channel subunits Kiró.1 and Kir6.2 which we have isolated from a rabbit heart 

cDNA library. The gene structures of both these inward rectifiers are compared to 

each other and to other potassium channel genes. Electrophysiological analysis is 

performed to evaluate the functional differences between the two subunits. 

5. Recently, Kiró.1 has been suggested to form part of the mitochondrial KATP 

channel complex, in contrast to Kir6.2 which is part of the sarcolemmal KATP 

channel. To further investigate this issue, we studied intracellular trafficking of 

fluorescent fusion proteins of both Kiró.1 and Kir6.2. Confocal imaging and 

electrophysiological analysis of these fusion proteins are described in Chapter 8. 

6. Changes in expression levels of genes can have profound effects on channel 

function during (pathophysiological) conditions. However, most expression 

analysis techniques are not highly sensitive and may not detect small but possibly 

relevant changes in expression levels. Therefore, in Chapter 9 we show preliminary 

results from mRNA expression measurements of the KATP channel subunits Kiró.1 

and Kir6.2 using a new quantitative Real-Time PCR technique. 
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Chapter 2 

Part I: Funct ional exper iments in rabbit heart 

T h e Langendorff perfused rabbit heart 

Anaesthesia, heart excision and preparation 

New Zealand White rabbits of either sex (2.0-3.0 kg) were sacrificed by intravenous 

administration of an overdose of pentobarbital (> 100 mg/kg), and heparin (750 IU, iv.) 

was infused to prevent blood clotting. After opening of the chest, the heart was rapidlv 

excised and immersed in ice-cold Tyrode's solution (for composition, see below). The 

aorta was prepared free from surrounding tissue, cannulated and attached to a 

thermostated (37-38°C), non-recirculating perfusion system. The aorta and subsequently 

the coronary arteries were retrogradely perfused according to Langendorff with modified 

Tyrode's solution (for composition, see below). Perfusion pressure was maintained at 70 

mmHg. The heart was suspended in a temperature-controlled chamber, which permitted 

the passage of a water saturated gas mixture (95% O2 and 5% CO2) at 37°C. 

Perfusion fluids and drugs 

Hearts were perfused with modified Tyrode's solution with the follwing composition: 

Na + 155.5 111M, K+ 4.7 mM, Ca2+ 1.45 mM, Mg2+ 0.6 mM, Ch 136.5 111M, HCO.y 27.0 

mM, PO43- 0.4 mM, and glucose 11.0 mM; pH was maintained at 7.4 by equilibration 

with a mixture of 95% O2 and 5% CO2. The KATP blocking agent glibenclamide (3u 

mol/1, Sigma) and the KATP opener cromakalim (3umol/l, Smith, Kline and Beecham) 

were both dissolved in dimethyl sulfoxide (DMSO) and added to the perfusate 20 

minutes before onset of ischemia. The final concentration of DMSO was < 0.1 %. After 

50 minutes of equilibration, global ischemia was induced by complete interruption of 

flow. During ischemia, the oxygen-containing gas surrounding the heart was replaced bv 

a continuously flowing mixture of 95% N2 and 5% CO2. Before this gas mixture entered 

the chamber it passed a sodium dithionite solution (37°C) to absorb any residual O2. 

Electrical stimulation and extracellular electrograms 

A bipolar stimulus electrode was inserted in the right ventricular outflow tract and the 

hearts were stimulated with a basic cycle length of 280 ms (210 beats/min). Extracellular 

electrograms were recorded with two bipolar electrodes on the left ventricular free wall. 

The occurrence of ventricular arrhythmias was recorded and QT-intervals were 

measured as an indication of action potential duration (APD) variation (Figure 1). To 

prevent reperfusion arrhythmias, pacing was stopped during the first minutes of 

repcr fusion. 
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Figure 1. Examples of extracellular electrograms obtained during ischemia: 
measurement of QT-interval (A) and onset of ventricular tachycardia (VF) 

degenerating in to ventricular fibrillation (VF) (B) 

Measurement of extracellular potassium concentration 

Extracellular potassium concentration ([K+]o) was measured using potassium selective 

electrodes inserted in the left ventricular free wall. These electrodes were constructed as 

follows (Hill et al. 1978, Wilensky et al. 1986): a 30 cm long silver (Ag) insulated wire 

(diameter 0.13 mm, Goodfellow Cambridge Limited) was glued at one end to an 

atraumatic suture with needle. Next, the polyimide insulation layer of the Ag wire was 

removed over a distance of 0.5 mm and the uncovered area of wire was bleached in 

sodium hypochlorite, covered by a drop of typewriter correction fluid (Typex) forming a 

protective barrier and soaked in a 10 mM KC1 solution. Finally, this area was covered by a 

few drops of potassium selective membrane fluid, composed of 266.4 mg 
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polyvinylchloride powder (PVC, Fluka 81392), 11.7 mg valinomycine (Sigma V-0627) and 

629.1 mg di-octyl sebacinezuur (DOS, Merck 9672) dissolved in 10 ml tetrahydrofuran 

(THF, Merck 8110). The electrodes were connected to a high-input impedance buffer 

amplifiers. Output signals were differentially amplified, filtered (0.1 Hz low pass) and 

recorded on a low-speed chart recorder and/or PC. Electrode calibration was performed 

in vitro by switching between solutions containing 1 mM K G and 10 mM KC1, and in 

situ prior to induction of ischemia by perfusion of the heart with Tyrode's solution 

containing 11.5 mM [K+]. Electrode signals were accepted when calibration produced a 

response of 55 to 61 mV change per electrode per 10-fold change in potassium 

concentration (Figure 2). 

Noradrenaline measurements 

Noradrenaline concentration was measured in one-minute control samples collected from 

the coronary venous effluent before addition of glibenclamide, in the last minute before 

ischemia in all hearts, and in the first 100 ml of coronary venous effluent after 

reperfusion. Reduced gluthatione (200 ul) was immediately added to the catecholamine 

samples as antioxidant and the samples were put on ice. Noradrenaline content was 

measured using a Radio Immune Assay Technique according to Endert (1979). Total 

release of noradrenaline after reperfusion was corrected for basal release rate to obtain 

net ischemia-induced noradrenaline release. To verify whether reperfusion was sufficient 

15.IH 

Figure 2. Example o f extracellular potassium measurement including potassium 
sensitive electrode calibration before and after ischemia and reperfusion 
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Figure 3. Noradrenaline concentration of 10 ml fractions of the first 
100 ml of reperfusate in three separate control hearts (9, A and ) 

for complete recovery of the noradrenaline accumulated in the extracellular space during 

ischemia, in three control hearts the perfusate upon reperfusion was collected in fractions 

of 10 ml each. Noradrenaline levels of these fractions showed the highest levels in the 

first 30-40 ml of reperfusate and returned to pre-ischemic values in the last samples 

(Figure 3). 

Isolated ventricular myocytes 

Left ventricular myocyte isolation procedure 

Hearts from New Zealand White rabbits were excised and cannulated as described above. 

Left ventricular myocytes were isolated as described previously (Ter Welle et al. 1988). 

Initially, hearts were retrogradely perfused at 37°C with modified Tyrode's solution (for 

composition, see above), which was replaced after 15 minutes by an oxygenated low 

calcium perfusion fluid with the following composition (mmol/1): Na+ 155, K+ 4.7, Mg2+ 

2.0, CI- 140, phosphate 1.4, creatine 10, glucose 11, HCO 3 4.3, HEPES 17 (pH 7.3) and 

10 n.mol/1 Ca2+. Within one minute, contraction ceased and the atria were removed. After 

15 minutes of low calcium perfusion, a mixture of the following enzymes was added: 5 

mg collagenase P, 15 mg collagenase B, 10 mg trypsin inhibitor (all Roche) and 20 mg 

hyaluronidase (Sigma). Perfusion with these enzymes was continued until perfusion 
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pressure had decreased to 0 mmHg (usually within 30 minutes). The heart was removed 

and cur into small pieces which were fractionated by various shaking episodes in a 

Gyrotory waterbath shaker (37°C) at increasing speed. During the last two shaking 

episodes 1% bovine serum albumine (fatty acid free; Sigma) was added for preservation 

purposes. Myocytes were allowed to sediment for 10 minutes after which portions of the 

sedimented cells were resuspended and stored in separate vials containing 5 ml creatine-

free HEPES buffered solution (see above) with 1% albumin and 1.3 mmol/1 Ca2+. 

Action potential measurements 

Action potentials from isolated rabbit myocytes were measured using the amphotericin 

perforated patch-clamp technique at 37°C (Rae et oL 1991). Pipettes were pulled from 

borosilicate glass, heat-polished and filled with pipette solution, which contained 

(mmol/1) HEPES 16.8, K+ 140, Na+ 10, Ca2+ 0.01, Mg2+ 2.0, CI 149.7, HCO.y 4.3, P ( V 

1.4, EGTA 0.1, glucose 11 and 0.2 mg/ml amphotericin B (pH adjusted to 7.1 with 

KOH) . The bath solution was composed of (mmol/1) HEPES 16.8, K+ 4.7, Na+ 155, 

Ca2+ 2.6, Mg2+ 2.0, CI 149, HCO.v 4.3, P04
3" 1.4, and glucose 11. Action potentials were 

elicited at a rate of 2 Hz by 2ms current pulses, applied via the patch pipette (1.5 x 

diastolic threshold). Recordings were filtered on-line (1 kHz), digitised at 2 kHz and 

stored on the hard disk of a personal computer for off-line analysis. Cell capacitance was 

determined as described previously (Verkerk et oL 2000). N o correction for the liquid 

junction potential was made. 

Measurement of cytosolic calcium concentration 

Cytosolic calcium concentrations were measured using the ion-specific fluorescent 

indicator indo-1 (Takahashi et a/. 1999). Isolated myocytes were exposed for 30 minutes 

to the acetoxymethyl ester of indo-1 (5 | imol/ l indo-1-AM, Molecular Probes) before 

each individual experiment. The cells were subsequently washed twice and resuspended in 

fresh HEPES buffer without albumin. Next, myocytes were attached to a coverslip 

treated with poly-D-lysine (0.1 g/1, Sigma) which was subsequently placed on an inverted 

fluorescence microscope (Nikon Diaphot). A temperature controlled (37°C) perfusion 

chamber, with two needles at opposite sides enabling perfusion, was tightly positioned 

over the coverslip. Chamber volume was 30 u.1 and its contents could be replaced by 

perfusion within 100 ms. Field stimulation was applied at 2 Hz using bipolar square 

pulses through two thin platinum electrodes placed 8 mm apart and parallel to the 

chamber pulse width 0.2 ms, amplitude 40 V/cm). After a rod-shaped myocyte was 

selected using top illumination, the measuring area was restricted to the rod-shaped 

surface using a rectangular diaphragm. Cells were excited at 340 nra (xenon-arc lamp, 

100W) and Indo-1 fluorescence was continuously recorded in dual emission mode at 410 
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and 516 nm emission wavelengths at 1 kHz sampling rate and stored on the hard disk of 

a personal computer for off-line analysis. Intracellular calcium concentration was 

calculated from the ratio of fluorescence (F410/F516) after correction for background 

fluorescence (Baartscheer et al. 1996). 

Metabolic inhibition and measurement of rigor 

To induce metabolic inhibition, myocytes were superfused with HEPES solution (37°C) 

containing 3 mmol/1 sodium cyanide (NaCN, Fluka 71431) and no glucose. NaCN 

produces metabolic hypoxia by blocking ATP synthesis from oxidative phosphorylation. 

During hypoxia, myocyte shape was monitored continuously and time of onset of rigor 

was noted. Onset of rigor was visually defined as the transition from rod shaped into 

squared or rounded cells. Once this transformation process had started, the cells usually 

became completely rounded within seconds. 
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Part II: Molecular biology and electrophysiology 

Cloning of rabbit heart Kir6.1 and Kir6.2 

Complementary DNA (cDNA) library construction 

Background. In order to clone specific genes, we constructed a complementary DNA 

(cDNA) library, a comprehensive collection of cloned DNA fragments, which should 

include at least one fragment that contains the gene of interest. Since RNA molecules are 

exceptionally labile and difficult to amplify in their natural form, the messenger RNA 

(mRNA, the part of the RNA population that actually encodes for proteins) is first 

converted into a stable D N A duplex (cDNA) followed by insertion into a self-replicating 

lambda vector. Once the final cDKA library is made, specific parts of interest can be 

isolated from it and examined. 

Total RNA and messenger RNA (polyA+) isolation. We chose to make our cDNA 

library from rabbit heart tissue, since its cardiac electrophysiology is more similar to 

human compared to mouse or rat. For RNA isolation, a rabbit heart (New Zealand White-

rabbits, 2.0-3.0 kg) was rapidly excised and immediately immersed in ice-cold Tyrode's 

solution. The heart was separated in atrial, left and right ventricular tissue, frozen in liquid 

nitrogen and stored at -80" C. About 500 mg of tissue was homogenised in a 

guanidinium-isothiocyanate (GTC) lysis buffer using a ultra turrax homogeniser. RNA 

was isolated through a CsCl-cushion during overnight ultra- centrifugation. After phenol 

extraction and ethanol precipitation, RNA was dissolved in 5 |al H2O per 100 mg tissue. 

OD26O/28O was measured and the RNA concentration was calculated. On average, 21.9 \Xg 

total RNA was isolated from 100 mg of heart tissue. Messenger RNA (mRNA) was 

isolated from 500 |ig total RNA (using equal amounts of right ventricular, left ventricular 

and atrial tissue) using 01igodT25 beads (Dynal #61002). Tn total, 13.5 (ig of mRNA was 

isolated from 500 ng of total RNA (yield of 2.7%). 

cDNA synthesis, size fractionation and insertion into the A ZAP Express vector. A 

methylated cDNA copy of the mRNA molecules was made, catalysed by reverse 

transcriptase, leading to the formation of single-stranded DNA molecules (Figure 4A). 

These were converted into double-stranded DNA by DNA polymerase; the completed 

cDNA strands contain an Xhol restriction enzyme site at one end and an EcoRT 

restriction site at the other. During second strand synthesis a small amount of oc32P-dATP 

was added to monitor the cDNA synthesis reaction by checking the size on gel (Figure 

5A). Next, the fragments were size-fractionated on a drip column containing Sepharose 

gel (Sepracryl S-400). After checking the length of the various fractions on gel (Figure-

SB), the fractions containing fragments of >450 basepairs (bp) were pooled 
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Figure 4. cDNA library construction: synthesis ofcDNA strands from mRNA (A); cDNA fragments are ligated into 
the ZAP Express vector at XhoI/EcoRI restriction sites (top arrows) (B). Inserts can be excised out of the phage in 

the form of pBK-CMV (pictures available online at www.stratagene.com/vectors/cloning/zap_cxprcss.htm) 

and ligated into the XhoI/EcoRI site of the X Zap Express vector (Stratagene) (Figure 

4B). These recombinant DNA vectors were packaged using the Gigapack III Gold 

packaging system, thereby forming the lambda phages. The entire collection of all the 

phages containing cDNA constitutes a cDNA library. Inserts cloned into the XZAP 

Express vector can be excised out of the phage in the form of the kanamycin-resistant 

pBK-CMV phagemid vector using the Ex-Assist helper phage (Figure 4B). 

Titering and amplification of the cDNA library. The collection of lambda phages was 

introduced into bacteria and plated on N Z Y agar plates. To calculate the cDNA library 

titer, the number of plaque forming units (pfu's) was determined using IPTG and X-gal 

as selection markers (non-recombinants turn blue). In our case, over 99.9 % of the 

phages were found to be recombinant. For our primary cDNA library, the titer was 8.6 x 

10s pfu's which is very near the ideal titer of 1 x 106 pfu's. However, since primary 

libraries can be unstable, we amplified our library by growing it in bacterial host cells. The 

final titer of the amplified cDNA library was 4 x 108 pfu/ml. 
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cDNA library screening 

To identify the lambda phages in the cDNA library that contain the DNA fragment of 

interest, part of the library (1 x 106 plaques, containing all the different cDNA clones) was 

plated out on petri dishes and blotted on a Hybond-N nylon membrane (filter lifted) 

(Figure 6). The nylon membrane was incubated (hybridised) with a radioactively labeled 

D N A probe and subsequently exposed to photographic film (autoradiography). As probe, 

a mix of 32P-labeled partial rat Kiró.1 cDNA fragment (GenBank Accession No . D42145) 

and rabbit Kiró.2 cDNA (GenBank Accession No. AF006262) was used. Three positive 

plaques (A, B and C), which had bound the probe, were plugged out from the agar plate 

and rescreened; the plaques were again plated out, filter lifted and hybridised with the 

same probe mix used in the first screening. Single positive plaques were plugged out, the 

recombinant vector (plasmid) was isolated (rescued) using the Ex-Assist helper phage. 

Miniprep plasmid isolation was performed and the inserted fragment D N A of interest 

was cut out of the vector with the restriction enzymes Xhol and EcoRI. The digested 

DNA was size fractionated on gel, filter lifted and hybridised with the radioactively 

labelled Kiró.1 /Kir6.2 probes and exposed to a phosphor screen (autoradiography; 

Southern blotting). Two of the positive clones (A and B) were identical with respect to 

insert length (about 3 kb) and hybridisation signal intensity (Figure 7). The third positive 

clone C contained an insert with a length of 2.2 kb and a much weaker hybridisation 

signal. Nucleotide composition of the clones was determined using the Big Dye 

Termination procedure (DNA sequencing) and standard primer sites for DNA 

Clone A 

Rabbit Kir6.2 
98% 

b p l 88% bp2701 
i 

Rat/human Kir6.2 

Rat/human Kiró.1 
86% 

C l o n e C i < - ' • i 
bp 1 bp 2245 

Figure 8. Nucleotide sequence length and homology with Kir6.1 and Kir6.2 of other species 
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Figure 7. (A) cDNA library screening and rescteening; (B) Results after digestion with EcoRI and Xhol; (C) 
Hybridisation and autoradiography (Southern blotting) results for clones A, B and C 

sequencing in the vector (Ml3-20, T3 and T7). Both DNA strands were sequenced and 

checked against each other and against human, rabbit or rat sequences of Kiró.1 

andKir6.2 available on GenBank (Figure 8). Clone A (2785 bp=basepairs) showed 98% 

nucleotide homology with rabbit Kir6.2 (AF006262) and was designated rabbit heart 

Kir6.2. Clone C (2252 bp) showed 86% nucleotide homology with rat and human Kiró.1 

and was designated rabbit heart Kiró.1. Clones A and C shared 78% nucleotide homology 
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Structural analysis of rabbit heart Kir6.1 and Kir6.2 

Translation and protein architecture 

After nucleotide sequencing of the isolated clones, the coding sequences encoding the 

amino acids for both clones were determined using the Open Reading Frame (ORF) 

Finder programme from the National Center for Biotechnology Information (NCBI) 

(available at www.ncbi.nih.gov/gorf/orfig.cgi). For each potential open reading frame, 

the initiation codon (ATG) was analysed for the presence of a strong Kozak consensus 

sequence, which predicts the probability of initiation of translation at that particular 

point (Kozak 1999). 

Evaluation of structural features 

Using the Simple Modular Architecture Research Tool (SMART, available at 

http://smart.embl-heidelberg.de/smart), the presence and location of transmembrane 

segments, conserved domains, coiled regions, signal peptides, internal repeats, sequence 

motifs and other structural features were determined (Ponting et cil. 1999, Schultz et cil. 

2000). Furthermore, the amino acid sequences of both rabbit heart Kiró.1 and Kir6.2 

were compared to signature amino acid patterns for biologically significant regions or 

residues, as contained in the PROSITF database (ScanProsite at http://expasy.ch/cgi-

bin/scanprosite) (Hofmann el cil. 1999). 

Homology comparison 

Using the BLAST" (Basic Local Alignment Search Tool) function at NCBI website 

(http://wAvw.ncbi.nlm. nih.gov/BLAST/), similarity of our rabbit heart Kiró.1 and 

Kir6.2 clones to those of other species as well as to other inward rectifier potassium 

channels was evaluated, both on the nucleotide and protein level. The BLAST system 

seeks local regions of alignment and is therefore able to detect relationships among 

sequences which share only isolated regions of similarity (Altschul et cil. 1990). 

Fluorescent fusion protein constructs 

Background 

To study the intracellular distribution and final destination of a certain protein 

transfected in mammalian cells, a fluorophore can be attached to the protein of interest 

and the fluorescence can be detected by microscopy (Yokoe et cil. 1996). Using this 

strategy, no other agents such as antibodies or cofactors are necessary. However, to 

detect intracellular localisation, the fluorophore should be attached to the protein of 
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interest in a way that both are translated simultaneously, under the influence of the same 

promotor. For this purpose, many expression vectors that produce fusion proteins with 

different chromophores such as green fluorescent protein (GFP) are now commercially 

available for subcellular localisation studies in mammalian cell lines. When expressed in 

either eukaryotic or prokaryotic cells and illuminated by blue or UV light, GFP yields a 

bright green fluorescence (Chalfie eta/. 1994, Tsien 1998). GFP chromophore formation 

occurs post-translationally and thus, nascent GFP is not fluorescent (Heim eta/. 1995). 

Furthermore, G F P is not endogenously expressed in cells and growing evidence suggests 

that it does not affect cell function. An enhanced green fluorescent protein (EGFP) is 

now commonly used, since its red-shifted excitation spectrum makes it 4-35 times more 

fluorescent upon excitation compared to GFP. For the construction of our fusion 

proteins (see below), we used the enhanced yellow fluorescent variant, EYFP, which 

contains four amino acid substitutions compared to EGFP, shifting fluorescence from 

green (509 nm) to yellow-green (527 nm). The fluorescence level of EYFP is considered 

roughly equivalent to that of E G F P (living Colours Manual, Clontech). 

Yellow fluorescent fusion protein construction 

To study the intracellular localisation of rabbit heart Kiró.1 and Kir6.2 in the mammalian 

cell line HEK293 (Fluman Embryonic Kidney), we made fusion proteins of each one 

using the expression vector pEYFP-Nl (Clontech) (Figure 9). This vector was designed 

for the generation of proteins fused to the N-terminal of EYFP, i.e. EYFP is fused to 

the C-terminal of the protein of interest. The DNA clone of interest, after mutation of 

its stop codon, can be ligated into the multiple cloning site (MCS) of pEYFP-Nl such 

GCTAGCGCTA CCG GAC TEA GAT CTC GAG CTC AAG CH CGA ATt C?G CAG TCG ACG GTA CCG C3GGCC CGG GA F CCA CCG GTG GCC ACC ATt GT! 
« » / ! ! i . Wwl l l l f c # S I ft* I SWI v. —Y 4» | 

feci A,,7U \ Bifm\ XmA 
fefnett P " foul 

Figure 9. Map of the pEYFP-Nl vector (top) and multiple cloning site sequence (bottom) 
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Figure 11. Cloning strategy for construction of fluoresecent fusion protein pEYFP-Nl \ Kir6.2 (A), and 
final sequence result showing in-frame transition from Kir6.2 to EYFP (B) 
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that the protein sequence remains in frame, ensuring that after translation of the inserted 

protein, EYFP is translated as well. The fusion protein will be expressed under the 

control of a strong CMV promotor after transfection into mammalian cells. The cloning 

steps involved in the construction of the Kiró.1 and Kir6.2 fusion proteins are shown in 

Figures 10A and 11 A, respectively. Briefly, Kiró.1 and Kir6.2 were inserted into the 

multiple cloning site (MCS) that is located 5' to the coding sequence of EYFP in the 

pEYFP-Nl vector, as follows. The stop codon at the end of the Kir6.1 and Kir6.2 

cDNA was mutated and degenerate primers were designed, containing additional 

nucleotides and introducing specific restriction sites, to facilitate the final ligation into 

the pEYFP-Nl vector. To ensure EYFP protein translation after translation of the 

inserted Kiró.1 and Kir6.2, the coding sequence of the inserted cDNA must be in-frame 

with the start codon (methionine=ATG) of EYFP. After the constructs were finished, 

they were sequenced with special attention to this in-frame transition from Kiró.1 /6.2 to 

EYFP and possible mutations introduced during the PCR reactions (Figure 10B/1 IB). 

Con focal imaging 

To visualise the cellular distribution of the Kiró.x-EYFP fusion proteins, 100-300 ng of 

EYFP-Nl\Kir6.1 or EYFP-Nl\Kir6 .2 was transfected into HEK293 cells as described 

in the section on patch-clamp analysis (see below). After 1-2 days in culture, the 

transfected cells were trypsinised and plated on small plastic coverslips. After 2-3 hours 

at 37°C, the majority of cells had attached to the coverslip, which was subsequently 

placed upside down on a glass slide for analysis using a confocal laser scanning 

microscope. In most cases, the mitochondrion-selective dye MitoTracker® Red CM-

FbXros (Molecular Probes M-7513, final concentration 1 |xM) was added to the medium 

at 37°C for 30-45 minutes, prior to removal of the coverslip. The non-fluorescent, ccll-

permeant MitoTracker* Red probe is oxidised upon accumulation within mitochondria 

and has excitation and emission maxima of 579 and 599 nm, respectively (Whitaker et al. 

1991). The excitation and emission maxima for EYFP are 513 nm and 527 nm, 

respectively. Imaging was performed using a confocal laser scanning microscope 

(BioRad MRC1024) equipped with a 15 mV Krypton/Argon laser, using the 568 and 

488 excitation lines and 605DF32 and 522DF35 emission filters for MitoTracker® Red 

and EYFP, respectively. For simultaneous visualisation of MitoTracker* Red and EYFP, 

dual-colour red and green images respectively were recorded. To measure the degree of 

co-localisation between MitoTracker» Red and EYFP, the degree of spatial overlap 

between the two channels of the dual-colour images was analysed and both red and 

green co-localisation coefficients were calculated (Manders et al. 1993). After correction 

for background fluorescence, a 2D fluorogram was constructed indicating the 

distribution of all pixels in the 2D intensity space. The green (red) co-localisation 
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coefficient is the ratio of the sum of the co-localised green (red) pixel intensities to the 

sum of all the green (red) pixel intensities. If no co-localisation is present, this ratio is 0, 

whereas a ratio of 1 indicates complete overlap between all red and green pixels. 

Func t iona l analysis of KATP channel subuni ts 

Heterologous expression ofKATP channel subunits 

For electrophysiological analysis, the cDNA of interest is first transfected into a 

mammalian cell line, where it will express functional channels on the cell surface 

membrane. For functional analysis of our KATP channel subunits, HEK293 (Human 

Embryonic Kidney) cells and C H O (Chinese Hamster Ovary) cells were used. HEK293 

cells were cultured in Minimum Essential Medium containing Earle's salts and L-

glutamine (Gibco BRE 11095) supplemented with non-essential amino acid solution, 

10% fetal bovine serum, 100 I E / m l penicillin, and 100 [xg/ml streptomycin in a 5% CO2 

incubator at 37°C. C H O cells were cultured in F-12 Nutrient Mixture (Ham) containing 

L-alanyl-L-glutamine (Gibco BRI. 31765) supplemented with 10% fetal bovine serum, 

100 I E / m l penicillin, and 100 U-g/ml streptomycin. For transfection, 1-2 ug of pBK-

CMY containing full-length cDNAs of rabbit heart Kir6.2 or Kiró.1 (isolated clones A 

and C respectively, Figure 8), with or without an equal amount of human SERI, was 

introduced together with 1 ug pEGFP-Nl (as a marker for successful transfection) into 

HEK293 and CHO cells using EipofectAMINE Reagent (GibcoBRL, Fife Technologies 

18324-012), according to manufacturer's instructions. In part of the experiments, both 

rabbit Kii'6.1 and Kir6.2 were transfected together in equimolar amounts (1-2 u.g), with 

or without human SERI. In addition, a subset of both H E K and CHO cells were either 

not transfected at all or transfected with 1 (ag pEGFP-Nl only, to serve as a negative 

control. The transfected cells were cultured for 1-2 days in culture media as described 

earlier, without fetal bovine serum. Before analysis, cells were treated with trvpsine and 

kept in culture medium at room temperature. Cells exhibiting green fluorescence were 

considered transfected and selected for further electrophysiological experiments. 

Electrophysiological analysis: patch clamp technique 

For electrophysiological analysis of Kiró.1 and Kir6.2, single-channel currents were 

recorded using the conventional patch-clamp technique (Hamill et al. 1981). After a glass 

micropipette is gently pressed against the cell membrane, the electrical behaviour of the 

small membrane patch under the tip of the pipette can be studied. A tight seal between 

the micropipette and the membrane is made through gentle suction and the membrane 
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Figure 12. Patch clamp technique. Schematic representation of cell-attached and inside-nut patch configuration (A); 
Single channel current measurements with each stepwise deviation from the baseline representing one channel 

opening (B); Current-voltage (I/V) relation of single channel current: slope of linear part of graph represents single 
channel conductance (C) 

potential is maintained or "clamped" at a set value. Channel activity can be measured in 

the cell-attached patch configuration, with the integrity of the membrane and therefore 

also the intracellular environment still intact (Figure 12A). Classical KATP channel 

sufficiently low. Therefore, the inside-out patch clamp configuration is measured by 

pulling the pipette free from the cell membrane, thereby exposing the inside of the 

channel in the patch to the bath solution containing a very low ATP-concentration 

(Figure 12A). The resultant channel activity can be analysed for number of channels 

present per patch (Figure 12B), channel conductance, open probability and ATP 

sensitivity. To study voltage dependence of channel activity, currents are measured at 

various membrane holding potentials and plotted as a current-voltage (I/V) relation 

(Figure 12C). The single-channel conductance is defined as the slope of linear part of 

the line fitted to the points on the graph. In our experiments, single-channel currents 

were recorded at room temperature in cell-attached or inside-out configuration of the 

patch-clamp technique, using an Axopatch 200B amplifier (Axon Instruments). Patch 

electrodes were made of borosilicate glass on a home-made one-stage puller. The tips of 

the electrodes were heat-polished and, after filling with pipette solution, has a tip 

resistance of 2-3 MQ. The pipette solution contained 145 mM K G , 1 raM MgCb, 1 mM 

CaCb and 10 mM HEPES (pH adjusted to 7.4 with KOH).The bath solution contained 
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145 mM KC1, 1 mM MgCl2, and 10 mM HEPES (pH adjusted to 7.2 with KOH); 1 uM 

ATP was added to prevent channel run-down. To test channel inhibition by ATP after 

patch excision, the bath was perfused with bath solution containing 1 mM ATP. Single-

channel currents were measured at various holding potentials between -60 mV and +80 

m \ \ and unitary current amplitudes were obtained from amplitude histograms. Single 

channel data were filtered at 500 Hz (low-pass) and digitised at 2 kHz. Voltage control, 

data acquisition and analysis were performed using custom made software. 

m R N A expression analysis 

Background 

RNA expression levels are usually studied using Northern blotting, RNase protection 

assays or semi-quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). 

Although Northern blot analysis is considered a quantitative technique, it can only detect 

large differences in mRNA expression levels. Furthermore, Northern blotting requires 

large quantities of RNA as starting material, which is not always feasible, especially with 

human material. For semi-quantitative analysis, PCR-based methods have also been used 

often; the starting product is converted into cDNA using reverse transcriptase and 

subsequently amplified during a pre-fixed number (i.e. 20 or 30) of PCR amplification 

cycles and the end-product is visualised and quantified using gel electrophoresis. Since 

this method involves end-point analysis, many reaction conditions such as decrease in 

reagent concentration and enzyme instability may prevent an accurate analysis of 

expression levels (Kains 2000). Furthermore, small but possibly biologically relevant 

differences in mRNA levels may not be detected by these methods. A novel method, the 

two-step real-time RT-PCR technique, allows on-line detection of product formation 

during PCR amplification, and collection of data during the log linear phase of the PCR 

reaction, considered to be the period of constant amplification efficiency. This technique 

allows for more accurate, efficient and sensitive measurement of mRNA levels. 

Northern Blot analysis 

With Northern blotting, the RNA isolated from tissue samples is fractionated according 

to size by gel electrophoresis prior to hybridisation with the probe of interest. 10 (ig of 

total RNA isolated from atrial and ventricular rabbit heart tissue was size fractionated by 

agarose gel electrophoresis, transferred ("blotted") onto a nylon membrane (Hybond-N, 

Amersham). Two of such blots were incubated overnight under stringent conditions 

(65°C) with 32P-labelled, full-length rabbit heart Kiró.1 or Kir6.2 cDNA as probes. After 
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washing of the membranes with 2xSSC/0.1%SDS and lxSSC/0.1%SDS (SSC=0.15 M 

NaCl/15 mM NaCHO, SDS=sodium-dodecylsulphate) to remove residues of unbound 

probe, the RNA bands complementary to the probe were visualised by autoradiography. 

Real-Time PCR using the LightCyclcr technique 

For RNA quantification, we used a two-step RT-PCR reaction. PCR is an in vitro method 

for enzymatically synthesising defined sequences of DNA. The reaction uses two 

oligonucleotide primers that anneal to opposite strands and flank the D N A fragment 

that is to be amplified. The synthesis of DNA starting from the primers is catalysed by a 

heat-stable DNA polymerase (such as Taq DNA polymerase). A repetitive series of 

cycles involving template denaturing, primer annealing, and extension of the annealed 

primers by polymerase results in exponential accumulation of the specific DNA 

fragment. RNA is first converted into cDNA using the reverse transcriptase enzyme. 

The two-step RT-PCR reaction using the LightCycler combines the conventional PCR 

method with online detection of the amount of DNA produced using fluorescence 

(Lekanne Deprez eta/, 2001, Gibson eta/. 1996). The dye SYBR Green I that is added to 

Figure 13. After denaturation of the double stranded DNA, the primer can anneal to the DNA strand 
and with the help of DNA polymerase, dsDNA fragments arc formed and the dsDNA binding dye 

SYBR Green I is incorporated, upon which it will emit fluorescence. 9 1 
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Figure 14. (A) Comparison between conventional PCR technique (top panel) and on-line quantification 
using the Lightcycler technique (lowerpanel); (B) A calibration graph is calculated fromthe threshold 

cycle (at the "crossing line") of various concentrations of a cDNA sample 

the PCR reaction binds in the minor groove of double stranded DNA upon which its 

fluorescence increases over hundred-fold. The increase in fluorescence can be analysed 

on-line during the entire PCR cycling process (real-time PCR), enabling detection of the 

log-linear phase of amplification instead of just an end- point analysis (Figures 13 and 

14A). The log-linear phase of PCR reactions is thought to represent the period of 

constant amplification efficiency, whereas various factors may decrease amplification 

efficiency during later stages of the PCR protocol (Technical Note Lightcycler System 

No. LC 10/2000, Kains et al. 2000). By calculating the number of PCR cycles necessary 

to detect a threshold signal, the starting levels of a certain mRNA can be determined. 

For this, a calibration graph is calculated for a set of samples with known template 

concentration by determining at which PCR cycle number the amplification signal enters 

the log linear region. Furthermore, after completion of the amplification cycles, 

characteristics of the formed PCR product can be checked by melting curve analysis. As 

the temperature is raised, the DNA starts to denature and the SYBR Green I dye is 

released from the dsDNA. Since each dsDNA product has its own unique melting 

temperature (Tm), the specificity of the PCR reaction can be checked after completion 

of the amplification reaction. Finally, the size of the amplified fragments can be checked 

by separating the PCR products on a polvacrylamide gel. 
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1. Introduction 

Myocardial ATP-sensitive potassium (KATP) channels are closed during physiological 

conditions but are activated by a decrease in intracellular ATP-concentration (Noma 

1983). KATP activation during myocardial ischemia postpones the onset of irreversible 

damage, and reduces the size of the area of myocardial infarction (reviewed by 

Schotborgh and Wilde 1997). Blockade of KATP channels by sulfonylurea antagonists and 

sodium 5-hydroxvdecanoate (5-HD) reverses these cardioprotective effects (Schotborgh 

and Wilde 1997). The exact mechanism of cardioprotection by KATP activation has not 

yet been unravelled. Shortening of action potential duration due to the opening of KATP 

channels (Shaw and Rudy 1997, Wilde 1997), the previously supposed underlying 

mechanism, is not a prerequisite for cardioprotection to occur (Yao et al. 1994). 

Mitochondrial KATP channels may play a role, but further studies are needed for 

clarification (Szewczyck 1997). 

Another potential contributing mechanism involves KATP channels in cardiac 

sympathetic nerve-endings. Throughout the central nervous system, KATP channels are 

located on both pre- and postsynaptic neurones (Mourre et al. 1990). Release of 

neurotransmitters in the brain can be influenced by neuronal KATP modulation, both 

under normoxic and ischemic-like conditions (Amoroso et al. 1990, Zini et al. 1993). Oe 

and colleagues show a relationship between KATP modulation and norepinephrine release 

from the atrium under physiological conditions (Oe et al. 1999). To correctly interpret 

their results and appreciate the potential role of KATP channels in catecholamine release 

modulation during myocardial ischemia, understanding of the mechanisms of 

catecholamine secretion during physiological and pathophysiological conditions is 

essential. 

2. Catecholamine release, uptake and metabolism in the normal heart 

In the sympathetic nerve terminals, norepinephrine (NE) is contained in granular storage 

vesicles. Activation of the sympathetic nerve fibres leads to influx of calcium through 

voltage-gated calcium channels and subsequent calcium-dependent exocytotic release of 

N E from the vesicles into the extracellular space (Figure 1A) (Knight et al. 1989). 

Secreted N E can influence further NE release from the nerve ending via activation of 

presynaptic alpha-adrenoceptors (inhibitor,' effect) and beta-adrenoceptors (facilitatory 

effect). Furthermore, activation of postsynaptic adrenoceptors by N E has a positive 

inotropic and chronotropic effect. Excess N E may be removed from the extracellular 

space by three different mechanisms: (1) re-uptake into the nerve terminal from where it 

was originally secreted (uptake-1); (2) diffusion of N E into the surrounding body fluids 
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and tissues (uptake-2); (3) breakdown of N E extracellularly by the enzyme catechol-0-

methyl transferase (COMT). Uptake-1 is an active carrier-mediated, sodium-dependent 

transport process capable of removing large amounts of secreted N E from the 

extracellular space back into the nerve terminal (Paton 1976). During physiological 

conditions, the high extracellular sodium concentration as opposed to inside the nerve 

terminal ensures that carrier-mediated N E transport is almost exclusively inward 

(Sammet and Graefe 1979). 

Besides its regulation by presynaptic adrenoceptors, N E release is inhibited by 

activation of presynaptic muscarinic acetylcholine receptors and Al adenosine receptors 

(Fuder 1985). In addition, recent reports have shown a possible regulatory role for 

neuronal ATP-sensitive potassium channels (Amoroso et al. 1990, Zini et al. 1993, Ye et 

al. 1997). Oe and colleagues (1999) describe an inhibitor}7 effect of cromakalim, a KATP 

channel opener, on the stimulation-evoked NE-release from the isolated guinea pig, but 

not human, atrium. This effect was antagonised by the addition of glibenclamide, a KATP 

channel blocker, suggesting the involvement of the channel. In addition, glibenclamide 

alone increased both resting and stimulation-evoked N E release. However, since 

glibenclamide is not a specific K.VIP channel blocker and since high concentrations of 

both the KATP blockers and openers were necessary for the mentioned effects, it remains 

unclear whether the observed effects are a direct result of modulation of the channel. 

The more specific KATP channel antagonist 5-hydroxydecanoate (5-HD) did not 

influence stimulation-evoked NE-release, making a direct involvement of the KATP 

channel more questionable. However, as suggested by the authors, the possibility of 

selectivity of 5-HD for mitochondrial rather than plasmalemmal channels remains. In 

addition, molecular heterogeneity of KATP channels may lead to pharmacological 

diversity, which may also explain the observed paradoxical increase in N E release due to 

pinacidil (Oe et al. 1999, Takata et al. 1992), a compound with KATP activating properties 

in vascular smooth muscle and pancreas. It is of interest that the effects of KATP 

modulation observed by Oe and colleagues in the guinea pig atrium were attenuated in 

human atria. In particular, KATP channel opening did not affect exocytotic N E release. 

Since these tissues were obtained from patients suffering from cardiovascular disease, it 

is possible that due to chronic ischemia in these patients, the open state, the number of 

available channels, or the responsiveness of these channels was altered. 

3. Catecholamine release during myocardial i schemia/ infarc t ion 

During myocardial ischemia, local norepinephrine accumulation in the myocardium may 

occur as a result of exocytotic or non-exocytotic release from sympathetic nerve-endings. 

Reflex stimulation of svmpathetic nerves and subsequent increased N E release occurs 
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due to local metabolic changes in the myocardium as well as decreases in blood pressure 

and cardiac output. During early ischemia, increased re-uptake of N E into the nerve 

ending (uptake-1) can successfully prevent local N E accumulation in the myocardium. 

However, as the ischemic episode progresses, the intact sodium gradient across the cell 

membrane necessary for this re-uptake is gradually lost, and excessive N E will start to 

accumulate (Schömig et al. 1984). After even longer duration of ischemia, ATP-depletion 

of the nerve terminals occurs and exocytotic N E release will cease. Instead, after about 

10 minutes of ischemia, local non-exocytotic norepinephrine release is responsible for 

the observed massive amounts of NE accumulated in the ischemic myocardium. Here, a 

two-step release mechanism is thought to occur (Schömig 1990), comprising N E loss 

from the storage vesicles and consequent increased axoplasmic N E concentrations, 

followed by a carrier-mediated outward transport of N E into the synaptic cleft (Figure 

IB). For this purpose, the uptakc-1 carrier is used in reverse mode, the altered sodium 

gradient across the neuronal membrane enabling binding of N E to the carrier and 

transportation to the extracellular space (Schömig et al. 1985). This release is independent 

of extracellular calcium concentrations and is completely prevented by the presence of 

glucose (Dart et al. 1987). Non-exocytotic release during ischemia can lead to 

extracellular NE-concentrations in the micromolar range (1000-fold increase) (Wilde et 

al. 1988) with potentially harmful consequences for the ischemic heart such as increased 

myocardial damage (calcium overload) and increased propensity to ventricular 

arrhvthmias. 

4. Modula t ion of ca techolamine release from the ischemic myocard ium 

Any intervention capable of reducing or preventing NE-release during myocardial 

ischemia has a potential beneficial effect. Many studies have focused on possible ways of 

modulating excessive NE-accumulation in the myocardium, often with apparent 

conflicting results. However, outcome depends on the dominant mechanism of NE-

release present at the time of investigation (for review, see Schömig 1990). For instance, 

during early ischemia, when exocytotic release is still predominant, blockade of the re

uptake carrier by dcsipramine will result in an increase in NE-release. During longer 

periods of ischemia, non-exocytotic release using this carrier in the reverse direction will 

lead to decreased release. Also, stimulation of presynaptic adenosine-receptors will only 

influence exocytotic release and therefore will have no significant effect during longer 

periods of ischemia.Opening of neuronal KATP channels during ischemia has been 

suggested to be able to modulate NE-release in various tissues. Indeed, during simulated 

ischemia, KATP activation reduced the release of various neurotransmitters in brain tissue, 

whereas KATP inhibition aggravated its release (Amoroso et al. 1990, Zini et al. 1993, 
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Figure 1. Schematic representations of exocytotic NE-release from sympathetic neurones during normal 
conditions (A), and non-cxocytotic NE-releasc during ischemia (B). 

Schaeffer and Ladzdunski 1991). As suggested by Oe and colleagues, KATP channel 

activation may also attenuate N E release during myocardial ischemia, with potentially 

favorable impact on cardiac metabolism, ventricular arrhythmias and infarct size. Indeed, 

preliminary results from our laboratory show a significant decrease in release of N E by 

cromakalim in globally ischemic rabbit hearts as compared to control hearts (Remme et 

al. 1998). 

In conclusion, these data on endogenous myocardial norepinephrine release (Oe et al. 

1999, Remme et al. 1998) provide alternative explanations for the many consequences of 

pharmacological KATP channel modulation. 
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Chapter 4 

In t roduc t ion 

Myocardial ATP-sensitive potassium (KATP) channels and their modulation have been 

extensively studied in various experimental models. KATP channels, which open when the 

intracellular ATP-concentration decreases, constitute an endogenous myocardial 

protective mechanism. KATP activation during ischemia postpones the onset of 

irreversible damage, and reduces the size of the area of myocardial infarction (reviewed 

by Schotborgh and Wilde 1997). Blockade of KATP channels by sodium 5-

hydroxydecanoate (5-HD) and sulfonylurea derivatives abolishes these cardioprotective 

effects. The latter drugs are commonly used in diabetics, who are often also suffering 

from ischemic heart disease. The potential harmful effects of these drugs in terms of 

more rapid development of irreversible damage and enlarged infarcts have only been 

studied recently (Garratt et al. 1999). However, over the years much attention has been 

focused on the pro-arrhythmic potential of KATP openers (KCOs), which may constitute 

an important drawback of this new and promising class of drugs in the treatment of 

ischemic heart disease. However, both pro-arrhythmic and anti-arrhythmic effects of 

KCOs have been described (Chi et al. 1990, Kerr et al. 1985). These apparent 

discrepancies may result from the large variation in experimental models used and, more 

importantly, the different electrophysiological mechanisms of the particular arrhythmia 

studied. 

In this article, we will first describe the electrophysiology of the different tvpes of 

ischemia-related arrhythmias. Next, we will discuss the electrophysiological effects of 

KATP channel modulation and the implications for arrhythmogenesis during myocardial 

ischemia. Finally, we will comment on the available literature concerning the clinical 

aspects of this issue. 

Electrophysiological changes and arrhythmias dur ing myocardial i schemia 

Electrophysiological effects of myocardial ischemia 

Cessation of myocardial blood flow and subsequent shortage of oxygen and substrate 

leads to a cascade of metabolic and electrophysiological changes in the deprived 

myocardium (reviewed by Wilde and Aksnes 1995 and Janse and Wit 1989). Within 

minutes, the potassium concentration in the extracellular space rapidly rises, resulting 

from an increase in efflux of potassium ions from myocardial cells presumably 

compensating for an influx of cations such as sodium (Shivkumar et al. 1997). More 

importantly, inhomogeneity in [K+]o develops during regional ischemia, both within the 

border zone between the ischemic and normal myocardium, and in the central ischemic 
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zone (sec Janse and Wit 1989). Also, extracellular acidification occurs due to 

accumulation of protons and lactate generated by anaerobic glycolysis and ATP 

hydrolysis. In rabbits, the extracellular potassium concentration ([K+]o) reaches a 

plateau-phase after about 8 minutes of ischemia, and a third phase (second rise in [K+]o) 

is observed after about 16-18 minutes of ischemia, correlating with the onset of 

irreversible myocardial damage (Wilde and Aksnes 1995, Cascio et al. 1990). At this 

stage, anaerobic glycolysis is exhausted and the extracellular pH does not decrease 

further. 

Electrically, cells in the ischemic area depolarise within minutes, i.e., the resting 

membrane potential decreases, at least partly due to the alterations in extracellular 

potassium concentrations (reviewed by Wilde and Aksnes 1995). Secondary to the 

depolarisation, the conduction velocity decreases. Another important 

electrophysiological effect of ischemia is progressive shortening of the action potential 

duration (APD), caused by the increased activity of outward potassium currents. In 

particular, opening of KATP channels seems to be involved (Shaw and Rudy 1997). It is 

ultimately followed by a progressive decrease in amplitude of the action potential and 

inexcitability, changes in the refractory period and slowing of conduction velocity (Wilde 

and Aksnes 1995). Epicardial cells are more susceptible to action potential shortening 

than endocardial cells, giving rise to spatial inhomogeneities in action potential duration. 

Indeed, it is thought that the spatial dispersion in ischemia induced electrophysiological 

changes (i.e. slow conduction and altered refractoriness) is the most important trigger 

for re-entrant arrhythmias during early myocardial ischemia (Janse and Wit 1989). 

Mechanism and occurrence o f arrhythmias during ischemia 

The incidence and time distribution of ventricular arrhythmias during myocardial 

ischemia is dependent on the experimental model used and the electrophysiological 

changes induced. In dog and pig models of early regional ischemia, ventricular 

arrhythmias occur in two distinct phases (reviewed by Janse and Wit 1989). The first 

phase (phase la) occurs between 2 and 10 minutes after the onset of ischemia. 

Following an arrhythmia-free interval, the second early phase (phase lb) starts at about 

15 to 20 minutes and lasts until 30 minutes after coronary occlusion. In contrast, other 

species such as rats, guinea pigs and rabbits show a unimodal rather than a bimodal 

distribution of arrhythmias in the first 30 minutes of both regional and global ischemia, 

with a peak incidence at 10 minutes or longer. It has been suggested that the arrhythmias 

observed in smaller hearts correspond to the phase l b arrhythmias of larger hearts. 

Phase la arrhythmias are considered to be caused by re-entry, since they occur when 

slowing of conduction and delayed activation are most prominent (Kaplinsky et al. 

1979). Mapping experiments, using simultaneous electrogram recordings from multiple 
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myocardial sites, have demonstrated that circus movement re-entry occurs during the la 

phase of ischemic arrhythmias (Janse and Wit 1989). The electrophysiological basis of 

phase l b arrhythmias is less clear. Their time course suggests that they may be related to 

the onset of irreversible myocardial damage, since they occur at roughly the same time as 

the second rise in [K']oand the rise in extracellular resistance (Smith eta/. 1995, Cinca et 

al. 1997). Uncoupling of cells may provide favourable conditions for (micro-) re-entrv. 

In addition, the endogenous release of catecholamines in the myocardium, also 

occurring around this time (Wilde et al. 1988), may contribute to the occurrence of 

arrhythmias. Involvement of catecholamines may be pertinent to all electrophysiological 

mechanisms. 

During the later, sub-acute stage of myocardial ischemia, delayed ventricular 

arrhythmias occur about 12-18 hours to days after the onset of ischemia. These so-called 

phase 2 arrhythmias are based on abnormal automaticity (Janse and Wit 1989). During 

the following weeks and years, surviving fibres within the infarct area may provide an 

anatomical substrate for re-entrant pathways, leading to degeneration into late 

ventricular tachycardia or fibrillation. 

KATP channe ls and ischemia: electrophysiology and effects on arrhythmias 

Electrophysiological effects ofKA TP activation during ischemia 

When the intracellular ATP-concentration decreases, as occurs during ischemia and 

hypoxia, KATP channels are activated resulting in increased potassium conductance. 

However, it is still unclear exactly when and at what level of intracellular ATP ([ATP];) 

during ischemia these channels become activated (discussed by Wilde 1997). KATP 

channel sensitivity to [ATP]j is altered during ischemia, and intracellular 

compartmentalisation of ATP may occur. It has been suggested that KATP channel 

activation is regulated by ATP produced by oxidative phosphorylation and not by ATP 

produced by anaerobic glygolysis (Shigematsu and Arita 1997), but this issue has not 

been settled vet. 

Pre-treatment with KATP channel blockers such as glibenclamide reduces, but does 

not abolish potassium loss from ischemic myocardium (Wilde et al. 1990). Concomitant 

with a decrease in [K+]o, the decrease in conduction velocity is attenuated and 

conduction block is prevented (Bekheit et al. 1990). In contrast, KATP channel openers 

(KCOs) do not enhance either the rate of increase in [K+]0 or the concentration of 

potassium in the extracellular space during ischemia (Wilde et al. 1990). However, the 

rate of action potential shortening is enhanced in the presence of KCOs, and is 

decreased by KATP blockers (see Schotborgh and Wilde 1997). 
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From the functional point of view, KATP channel activation during ischemia is 

beneficial, and pre-treatment with KCOs postpones the onset of contracture and 

electrical uncoupling (i.e. the onset of irreversible myocardial damage) and may diminish 

infarct size (Auchampbach and Gross 1993). The concept of a cardioprotective effect of 

KCOs is further supported by the observation that the KATP blocker glibenclamide 

reverses this effect, leading to an acceleration of onset of irreversible damage and an 

increase in eventual infarct size [Schotborgh and Wilde 1997, Auchampbach and Gross 

1993). For several years, the action potential shortening and subsequent decreased influx 

of calcium into the cell resulting in reduced contractility and less calcium overload was 

considered pivotal to the cardioprotective potential of KCOs. However, a low dose of 

the KCO bimakalim was equally effective in reducing infarct size without affecting 

action potential duration, suggesting that other (sub-) cellular mechanisms may be 

involved in the cardioprotection process (Yao and Gross 1994). One such mechanism 

may be activation of KATP channel in the mitochondrial inner membrane (Liu et al. 

1998). Alternatively, we recently reported that cromakalim reduces endogenous 

myocardial noradrenaline release during global ischemia in rabbits, which may also 

favourably affect the functional status of ischemic myocardium (Remme et al. 1998). 

When considering the data above, the question whether KATP activation and blockade 

during ischemia is beneficial and deleterious, respectively, appears simple and 

straightforward. Unfortunately, the issue is considerably complicated by the effects of 

both openers and blockers on ischemia-related ventricular arrhythmias, as will be 

discussed below. 

KATP channel modulation and arrhythmias during early ischemia 

The hypothetical background for the potential pro-arrhythmogenic effects of KCOs in 

the setting of myocardial ischemia relates to their ability to accentuate action potential 

shortening in the early stages of ischemia. This effect is intensified by the fact that the 

sensitivity of KATP channels to KCOs is enhanced during ischemia, resulting in action 

potential duration changes at relatively low dosages of KCOs (reviewed by Wilde and 

Janse 1994). The enhancement of action potential shortening may be expected to 

increase the incidence of re-entrant arrhythmias, potentially resulting in an increased 

number of phase la arrhythmias during early ischemia. On the other hand, KCOs do 

not affect the initial changes in [K+]o, and therefore do not seem to influence the second 

parameter critical for the development of re-entry, (inhomogeneous) slowing of 

conduction. 

The experimental evidence for a pro-arrhythmic effect of KCOs is actually very 

limited. The observation that glibenclamide and other KATP antagonists diminish 

arrhythmias during ischemia is often used as an argument but sulfonylurea derivatives in 
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particular affect several other cell functions and ionic channels, which may potentially 

contribute to their anti-arrhythmic efficacy (see Schotborgh and Wilde 1997). Several 

studies have investigated the pro-arrhythmic potential of KCOs in myocardial ischemia; 

the contradictor}' results observed may be explained by the large variety of experimental 

models used (see Wilde and Janse 1994). Some studies using models with a high 

incidence of arrhythmias in control animals, have shown an acceleration of the time of 

onset of ventricular arrhythmias due to KCOs (discussed by Wilde 1993 (Figure 1), 

which may reflect an increase in phase la arrhythmias. The study by Chi et al. (1990) 

showed a pro-arrhythmic effect of the KCO pinacidil in conscious dogs with coronary 

artery ligation, but heart rate was not controlled and infarct-size could not be 

determined in the pinacidil-treated animals. In addition, in this study and in most other 

studies showing a pro-arrhythmic effect of KATP activation, pinacidil was used, and 

increased propensity to arrhythmias during ischemia occurred only at high doses which 

often produce hypotension and reflex tachycardia. Therefore, it remains unclear whether 

the observed pro-arrhythmic effects of pinacidil indeed result from myocardial KATP 

modulation itself. When dosages with no additional effect on action potential duration 
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Figure 1. The incidence of ventricular fibrillation (VF) and ventricular tachycardia (VT) (Y-axis) 
during global ischemia in the stimulated isolated rabbit heart. In control hearts, VT/VF occurred 

in 67% of hearts, after a mean interval of 11.4 minutes of ischemia. Cromakalim 3 uMbut not 
1 pM added 15 minutes before the onset of ischemia accelerated the time of onset of VT/VF to 
a mean interval of 5.2 minutes, without altering the incidence. Finally, glibenclamide (3 pM) 

markedly reduced the incidence of VT/VF (13%) (reproduced in modified form from 
ref. [23], with permission) 
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are used, no ventricular pro-arrhythmia is observed (Yao and Gross 1994). 

Consequendy, it seems feasible to benefit from the cardioprotective potential of KCOs 

(see above), without necessarily creating more favourable conditions for 

arrhvthmogenesis. Besides their effects on phase la arrhythmias, KCOs may decrease or 

postpone phase 1 b arrhythmias, since activation of KATP channels postpones the onset 

of irreversible myocardial damage and reduces infarct size (Auchampbach and Gross 

1993, Yao and Gross 1994). Our observation that cromakalim reduces endogenous 

noradrenaline release during ischemia (Remme et al. 1998), may also contribute to this 

anti-arrhythmic potential. However, to the best of our knowledge, there have been no 

studies in which the effects of KCOs on both phase la and l b arrhythmias were 

evaluated simultaneously, since there are few experimental models in displaying only one 

distinct peak of early ischemia-related arrhythmias are unsuitable for such studies 

(discussed Janse and Wit 1989, and Wilde and Janse 1994). The question therefore 

remains, whether a reduction or delay of phase l b arrhythmias due to potassium channel 

openers is possible without a simultaneous increase in phase la arrhythmias. With the 

use of selective mitochondrial KATP openers (Liu et al. 1998), one would expect such a 

differentiated effect on ischemia-related arrhythmias. 

KATP channels and arrhythmias during the sub-acute phase of ischemia 

As mentioned before, arrhythmias occurring during the sub-acute phase of ischemia (12-

18 hours after onset), are due to abnormal automaticity, i.e. spontaneous impulse 

formation occurring at a less negative diastolic membrane potential. Theoretically, 

opening of KATP channels, by increasing K+ conductance, hyperpolarises the resting 

membrane potential (reviewed by Wilde and Janse 1994), potentially reducing abnormal 

pacemaker activity. Indeed, abnormal automaticity during normoxic conditions as 

well as ventricular arrhythmias present 22-24 hours after the onset of coronary artery 

ligation, are suppressed by potassium channel openers (Kerr et al. 1985, Wilde and Janse 

1994). 

Ischemic preconditioning and arrhythmias 

Several studies of preconditioning (PC) have shown a reduction of the incidence and 

severity of arrhythmias during the period of ischemia following the PC stimulus, 

although the results are controversial (reviewed by Dekker 1998). Since infarct size is 

also decreased in the preconditioned myocardium, it seems likely that this may influence 

the incidence of arrhythmias. In addition, the onset of irreversible myocardial damage is 

postponed, which may delay the onset of phase l b arrhythmias. Indeed, Cinca et al. 

(1997) showed that PC postpones electrical uncoupling as well as the l b phase of 

arrhythmias during sustained ischemia in pigs. However, an anti-arrhythmic effect 
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without concomitant decrease in contractile dysfunction has also been described 

(Botsford and Lukas 1998), suggesting that different mechanisms underlie the various 

effects of PC. In the latter study, a marked reduction in dispersion in APD between 

epicardium and endocardium was observed in preconditioned hearts, which may 

decrease the substrate for re-entrant arrhythmias. So far, there have been no reports 

concerning the specific effects of PC on la arrhythmias; obviously, the degree of action 

potential shortening may be of importance. KATP channels seem critically involved in the 

preconditioning process (see Dekker 1998). Hence, pharmacological KATP modulation 

will affect the extent and timecourse of PC and will impact on its (electrophysiological) 

consequences. 

Clinical observat ions 

Most clinical studies concerning KATP modulation in the heart have focused on the 

effects of the KATP blocker glibenclamide, a sulfonylurea derivative commonly used by 

diabetic patients. Many of these patients also suffer from cardiovascular disease, and the 

use of glibenclamide may theoretically have deleterious effects during ischemic episodes 

or myocardial infarction (discussed by Schotborgh and Wilde 1997). Indeed, in a recent 

retrospective study, Garratt et a/. (1999) found an increased risk of early in-hospital 

mortality after coronary angioplasty for acute myocardial infarction among diabetic 

patients taking sulfonylurea drugs compared to diabetic patients not using these drugs. 

Since an increase in ventricular arryhthmias could not explain the observed effect, the 

authors suggested a deleterious effect of sulfonylurea drug use on myocardial tolerance 

for ischemia and reperfusion. In addition, oral administration of glibenclamide may 

abolish ischemic preconditioning in the setting of coronary angioplasty, as shown by the 

lack of improvement of ECG changes normally observed after the second balloon 

inflation during coronary angioplasty (Tomai et at. 1994). Two studies have shown a 

marked decrease in ventricular arrhythmias in the setting of myocardial infarction in 

patients using glibenclamide (Davis et a/. 1998, Lomuscio et a/. 1994). In a randomised 

cross-over study, glibenclamide compared favourably with metformin in diabetic 

patients in terms of incidence of ventricular premature beats and ventricular tachycardia 

during transient myocardial ischemia (Cacciapuoti et a/. 1991). 

Potassium channel openers (KCOs) were first advocated as antihypertensive agents. 

In small clinical studies with KCOs no pro-arrhythmic effects have been reported 

(Friedel and Brogden 1990, Krumenacker and Roland 1992). Potassium channel openers 

as anti-anginal agents (nicorandil) have only recently been studied by Patel et al. (1999). 

In this randomised study, either nicorandil or placebo was administered to 188 patients 
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nicorandil placebo nicorandil placebo 

Figure 1. Nicorandil treatment inpatients with unstable angina, on a full anti-anginal treatment 
regimen, significantly reduces the number of episodes of transient myocardial ischemia (TMI) 
and ventricular tachycardia compared to placebo (reproduced in modified form from ref. [32], 

with permission). 

with unstable angina and already on a full anti-anginal drug regimen. Nicorandil 

significantly reduced the number of episodes of non-sustained ventricular tachycardia 

compared to placebo (Figure 2). Since nicorandil also reduced the number of episodes 

of transient myocardial ischemia, it is likely that the anti-arrhythmic effect of nicorandil 

is secondary to its anti-ischemic effect. So far, in none of the available reports an 

increase in the occurrence of arrhythmias due to KCOs has been observed, although 

transient T wave inversion or T wave flattening may be seen on the electrocardiogram 

(Goldberg 1988). 

From the available clinical data so far, it may be concluded that the pro-arrhythmic 

potential of potassium channel openers during ischemia is overestimated. We believe 

that pro-arrhythmia will only be observed in the presence of significant hemodynamic 

and electrophysiological effects. Hence, the observed pro-arrhythmia due to KCOs in 

experimental models is most likely due to the high doses used, and may not reflect the 

clinical situation. 

Conclusions 

During ischemia, the potential cardioprotective effect of pharmacological opening of 

KATP channels may be abolished by the pro-arrhythmic potential of potassium channel 
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openers. Although there is a solid theoretical background to this issue, there is actually 

little experimental or clinical evidence. The few available clinical studies with potassium 

channel openers do not show any pro-arrhythmic effects; if any, a decrease in 

arrhythmias concomitant with a reduction in ischemic events has been described. It is 

very well possible that the pro-arrhythmic potential of KCOs is overestimated, since the 

available data suggest that this side-effect only occurs with high dosages, while the 

cardioprotective effect is already available at low dosages. Future experimental and 

clinical studies should be focused on these issues, in order to clearlv establish both 

favourable and unfavourable effects of these promising drugs during ischemia. 
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Abstract 

Purpose. Cardioprotection by KATP channel openers during ischemia is well documented 

although ill understood. Pro-arrhythmic effects may be an important drawback. KATP 

channel modulation influences neurotransmitter release during ischemia in brain 

synaptosomes. Therefore, we studied the effects of KATP channel modulation on 

myocardial noradrenaline release and arrhythmias in ischemic rabbit hearts. 

Methods. Isolated rabbit hearts were perfused according to Langendorff and stimulated. 

Local electrograms were recorded and K+-selective electrodes were inserted in the left 

ventricular free wall. Cromakalim (3 U.M) or glibenclamide (3 uM) was added 20 min 

prior to induction of global ischemia. After 15, 20 or 30 min of ischemia, hearts were 

reperfused and noradrenaline (NA) content of the first 100 ml reperfusate was 

measured. 

Results. Cromakalim (n=16) prevented the second rise of extracellular [K+] in 

accordance with its cardioprotective effect. Cromakalim significantly reduced NA release 

after 15 min (mean 169 ± SEM 97 pmol/gr dry weight vs. control 941 ± 278; p<0.05) 

and 20 min of ischemia (230 ± 125 pmol/gr dry wt vs. control 1460 ± 433; p<0.05), but 

after 30 min of ischemia, the difference in NA release was no longer significant 

(cromakalim 2703 ± 1 1 9 5 pmol/gr dry wt vs. control 5413 ±1310; p=0.08). Ventricular 

fibrillation (VF) or ventricular tachycardia (VT) occurred in 10 out of 13 (77%) control 

hearts (n=19), in 6 out of 10 (60%) glibenclamide treated hearts (n=15) and in 6 out of 

14 (43%) cromakalim treated hearts (p=NS). Cromakalim significantly accelerated onset 

of V T or VF (means ± SEM onset after 12.5 ± 1.6 min ischemia vs. control 16.2 ± 0.7 

min; p<0.05). NA release only occurred in cromakalim treated hearts with early onset 

arrhythmias while no NA release was observed in cromakalim treated hearts without VT 

o r V F . 

Conclusion. Our results show that activation of the KATP channel by cromakalim during 

ischemia reduces myocardial noradrenaline release and postpones the onset of 

irreversible damage, contributing to the cardioprotective potential of KATP openers 

during myocardial ischemia. 
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In t roduct ion 

Myocardial ATP-sensitive potassium (KATP) channels are closed during physiological 

conditions but open during the course of ischemia concomitant with a decrease of 

intracellular ATP-concentration (Noma 1983). Addition of KATP channel opening drugs 

before onset of ischemia results in a delayed time of onset of irreversible damage during 

ischemia (Tan et al. 1993), reduction of infarct size and enhanced recover}' of post

i shemic , reperfused myocardium (Yao eta/. 1994, Grover eta/. 1990, Auchampbach eta/. 

1993). However, KATP channel openers may have pro-arrhythmic effects during ischemia 

through their action potential shortening property (Wilde and Janse 1994). Blockade of 

KATP channels by sulfonylurea antagonists and sodium 5-hydroxydecaonate reverses the 

beneficial effects of KATP channel opening (McCullough et a/. 1991, Grover et a/. 1989). 

Although the exact mechanism of cardioprotection by KATP activation has not yet been 

unequivocally established, it has been shown that action potential shortening is not a 

prerequisite for cardioprotection to occur (Yao et al. 1994). A role for mitochondrial 

KATP channels has been suggested, but further studies are needed for clarification 

(Szewczyk 1997). 

KATP channels are present throughout the brain and are located on both pre- and 

postsynaptic neurons (Mourre et al. 1990). Recent studies have focused on the effects of 

KATP channel modulation on the release of certain potentially toxic neurotransmitters in 

the brain. Indeed, during simulated brain ischemia, KATP channel opening reduced, 

whereas KATP channel blockade increased the release of the neurotransmitter GABA in 

brain synaptosomes (Amoroso et al. 1990, Zini et al. 1993). 

During myocardial infarction, noradrenaline release from adrenergic nerve-endings in 

the heart is observed after 10-15 minutes of ischemia and progressively increases with 

duration of ischemia (Wilde et al. 1988, Schömig et al. 1984). Reduction or prevention of 

noradrenaline release during ischemia delays the onset of irreversible myocardial damage 

and improves myocardial function (Culling et al. 1984, Schömig 1990). Furthermore, 

noradrenaline release may be associated with the occurrence of ventricular arrhythmias 

(Kurz et al. 1995). Therefore, we sought to investigate whether modulation of KATP 

channels in the heart during myocardial ischemia influences endogenous noradrenaline 

release, thus contributing to the cardioprotective effect conferred by KATP channel 

opening. Our results show that opening of KATP channels reduces endogenous 

myocardial noradrenaline release during global ischemia and delays the onset of 

irreversible damage in the myocardium. 
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Me thods 

Experimental set-up and protocol 

Hearts of New Zealand White rabbits of either sex (2.0-3.0 kg) were retrogradely 

perfused according to Langendorff with modified Tyrode's solution (37-38°C), as 

described in the Materials and Methods section. Perfusion pressure was maintained at 70 

mmHg. A bipolar stimulus electrode was inserted in the right ventricular outflow tract 

and the hearts were stimulated with a basic cycle length of 280 ms (210 beats/min). 

Atter 50 minutes of equilibration, global ischemia was induced by complete interruption 

of flow. Either the KATP blocking agent glibenclamide (3umol/l, Sigma) or the KATP 

opener cromakalim (3umol/l, Smith, Kline and Beecham) (both dissolved in dimethyl 

sulfoxide, DMSO) was added to the perfusate 20 minutes before onset of ischemia. 

After 10, 15, 20 or 30 minutes of ischemia, pacing was stopped (to prevent reperfusion 

arrhythmias) and hearts were reperfused. The first 100 ml of reperfusate was collected 

and the time required for this amount to be obtained was measured (trep). After the 

experiment, hearts were dry frozen and their dry weights were measured. 

Extracellular electrograms and measurement of extracellular potassium 

Extracellular electrograms were recorded with two bipolar electrodes on the left 

ventricular free wall. The occurrence of ventricular arrhythmias was recorded and QT-

intervals were measured as an indication of action potential duration (APD) variation 

(see Materials and Methods). To prevent reperfusion arrhythmias, pacing was stopped 

during the first minutes of reperfusion. Extracellular potassium concentration ([K+Jo) 

was measured using potassium selective electrodes inserted in the left ventricular free 

wall. For information on construction and calibration, see the Materials and Methods 

section. 

Noradrenaline measurements 

Noradrenaline concentration was measured in one-minute control samples collected 

from the coronary venous effluent before addition of glibenclamide, in the last minute 

before ischemia in all hearts, and in the first 100 ml of coronary venous effluent after 

reperfusion. Reduced gluthatione (200 ul) was immediately added to the catecholamine 

samples as antioxidant and the samples were put on ice. Noradrenaline content was 

measured using a Radio Immune Assay Technique (Wilde eta/. 1988). Total release of 

noradrenaline after reperfusion was corrected for basal release rate to obtain net 

ischemia-induced noradrenaline release. 

116 



Ki-rp and noradrenaline release 

Control (n=19): 
baseline (t=0 min) 
prior to ischemia (t=18 min) 

Cromakalim (n=16): 
baseline (t=0 min) 
prior to ischemia (t=18 min) 

Glibenclamide (n=15): 
baseline (t=0 min) 
prior to ischemia (t=18 min) 

Coronary flow 
(ml/min) 

45.8 ±2.1 
43.7 ± 1.9 

50.9 ± 2.0 

70.3 i 2.7 " 

43.5 ±4.6 
28.1 ±4 .4* 

QT-interval 
(msec) 

161.5 ± 1.8 
163.1 ± 1.6 

162.7 ±2.3 
134.2 ±4 .1* 

163.6 ± 1.3 
165.5 ± 1.8 

Noradrenaline release 
(pmol/min/gr dry 

weight) 

6.5 ± 1.5 

9.3= 1.6 

9.4 ± 2.4 
11.1±2.0 

Data presented as mean ± SEM; H p<0.0001 vs. baseline: * pO.01 vs. baseline 

Table 1. Baseline characteristics and drug effects 

Noradrenaline (NA) release (pmol/gr dry weight) 

10 min ischemia: 15 min ischemia: 20 min ischemia: 30 min ischemia: 

Control: 

Cromakalim: 

Glibenclamide: 

34 ±23 
n=3 

65 ± 18 
n=5 

941 ±278 
n=5 

169±97# 
n=5 

607± 184 
n=5 

1460 ±433 
n=6 

230± 125# 
n=5 

1709 ±501 

n=5 

5413 ±1310 
n=5 

2703 ±1195" 

n=5 

Data presented as mean ± SEM; H p<0.05 vs. control; * p=0.08 vs. control 

Table 2. Noradrenaline (NA) release (pmol/gr dry weight) measured in reperfusate 
after global ischemia 

Statistics 

Data are presented as mean ± standard error of the mean (SEM), unless otherwise 

specified. Comparison of means was performed using Student's /-test. Differences 

between groups were analyzed using Fisher's exact test. Analysis of variance (ANOVA) 

was applied to compare multiple sets of data. Pearson's correlation coefficient was 

calculated to test for association between variables. A Rvalue of <0.05 was considered 

significant. 
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Resul ts 

Baseline parameters and drug effects on coronary flow, noradrenaline release and ECG 

characteristics. 

Baseline coronary flow and noradrenaline release and QT-interval duration in control, 

glibenclamide and cromakalim hearts are shown in Table 1. Perfusion with cromakalim 

before onset of ischemia resulted in a significant increase in coronary flow (p<0.0001), a 

significant shortening of the QT-interval on the extracellular electrogram (p<0.01), but 

had no effect on noradrenaline release. Perfusion with glibenclamide before onset of 

ischemia significantly reduced coronary flow (p<0.0001) but had no effect on 

noradrenaline release and Q T duration (Table 1). 

Potassium accumulation and noradrenaline release during ischemia. 

During the first minutes of ischemia, the extracellular potassium concentration ([K+]o) 

increased to a "plateau" after 8.3 ± 0.5 minutes (mean ± SEM) of ischemia in control 

hearts and after 7.9 ± 0.4 minutes in cromakalim hearts (p=NS) (Figure 1A). There was 

no significant difference in "plateau" [K+]o between control and cromakalim hearts, but 

in glibenclamide treated hearts the "plateau" [K+]o was significandy lower compared to 

control. However, this difference gradually disappeared with increasing duration of 

ischemia (Figure IB). After approximately 20 minutes of ischemia, a second phase of 

increase in [K.+]o started in control hearts, indicating the onset of irreversible damage. 

Cromakalim prevented this second phase of increase of [K+]o, in accordance with its 

cardioprotective effect (Figure 1A). Glibenclamide did not have a significant effect on 

the time of onset of the second rise of [K+]n. However, there was a large variation in 

[K+]d between 15 and 20 minutes of ischemia in glibenclamide treated hearts (Figure IB). 

N o net ischemia-induced noradrenaline release occurred after 10 minutes of ischemia, 

but after 15, 20 and 30 minutes of ischemia net noradrenaline release markedly increased 

(Table 2, Figure 2). There were no differences in trep between the different treatment and 

ischemia groups. Pre-treatment with cromakalim significantly reduced noradrenaline 

release after both 15 minutes (mean 169 ± 97 pmol/gr dry weight vs. control 941 ± 278; 

p<0.05), and 20 minutes of ischemia (mean 230 ± 1 2 5 pmol/gr dry weight vs. control 

1460 ± 433; p<0.05) (Table 2, Figure 2). After 30 minutes of ischemia reduction in 

noradrenaline release was still observed, although not statistically significant compared to 

control. Treatment with glibenclamide did not affect noradrenaline release during 15 and 

20 minutes of ischemia compared to control, neither did it accelerate the onset of 

noradrenaline release. Therefore, we did not investigate the effects of glibenclamide on 

hearts with 30 minutes of ischemia and thus no potassium data are available after 20 

minutes of ischemia. If the cardioprotective effects of cromakalim are, in least in part, 
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Figure 1. Extracellular potassium concentration during ischemia in control and cromakalim 
treated hearts (A), and control and glibenclamide treated hearts (# p<0.05) (B). 
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due to a reduction in noradrenaline release, then a comparable result may be expected 

with a beta-adrenoceptor antagonist. Therefore, we assessed the effects of the beta-

adrenoceptor antagonist propranolol (1 pM) during 30 minutes of ischemia. Propranolol 

significantly reduced noradrenaline release at 30 minutes of ischemia compared to 

control (mean 1373 ± SEM 699 pmol/gr dry weight vs. control 5413 ± 1195; p<0.05). 

Furthermore, the onset of the second rise in [K+]u was delayed until 26 minutes of 

ischemia or later; the mean "plateau" [K+]o was not significantly different from control 

(data not shown). None of the propranolol treated hearts showed sustained ventricular 

tachycardia (VT) or ventricular fibrillation (VF), although nonsustained VT was 

observed in all of them. 

Ventricular arrhythmias during ischemia and reperfusion 

None of the hearts of either group showed arrhythmias during control perfusion. 

Ventricular tachycardia (VT) or ventricular fibrillation (VF) was not observed in control 

and glibenclamide treated hearts during the first 10 minutes of ischemia. In order to 

analyse overall incidence of ventricular arrhythmias during ischemia, all hearts from the 

ischemia groups 15, 20 and 30 minutes were pooled. In the inset of Fig. 3, the onset of 

V T / V F in each heart in the various ischemia groups is represented. In hearts with 15, 20 

or 30 minutes of ischemia, sustained VT or VF occurred in 10 out of 13 control hearts 

(77%); mean time of onset of sustained VT or VF was 16.2 ± SEM 0.7 minutes of 

ischemia. In cromakalim treated hearts the incidence of V T / V F was 6 out of 14 hearts 

(43%) (NS vs. to control), but arrhythmias occurred earlier during the ischemic episode 

(mean onset 12.5 ± 1.6 minutes; p<0.05 vs. control) (Figure 3). In hearts treated with 

glibenclamide, V T / V F was observed in 6 out of 10 (60%, NS vs. control), with a mean 

onset after 15.8 ± 0.9 minutes of ischemia (NS vs. control). It is possible that some 

hearts in the group with 15 minutes ischemia would have also experienced V T / V F if the 

ischemic period was prolonged. Therefore, the reported incidence may in fact be an 

underestimation of the true incidence of V T / V F in these hearts. QT-intervals showed a 

progressive shortening during the first 10 minutes of ischemia in control hearts (Figure 

4a). Glibenclamide had no influence on the QT-interval during control perfusion, but 

attenuated shortening of the QT-interval during ischemia (Table 1). Cromakalim 

treatment significantly shortened the QT-interval during control perfusion and QT-

intervals in cromakalim treated hearts shortened significantly more during ischemia than 

in control hearts (Figure 4a). Figure 4b compares QT-interval durations in cromakalim 

treated hearts that exhibited an early onset of VT or VF (i.e. before 15 minutes of 

ischemia) with cromakalim treated hearts with "late" arrhythmias (after 15 minutes of 

ischemia) or without arrhythmias. The QT-interval shortened more in cromakalim 
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Figure 2. Noradrenaline release (pmol/gr dry weight) as a function of duration of ischemia in all hearts (A) and in hearts 
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treated hearts with "early" arrhythmias, which became significant after 2-3 minutes of 

ischemia (p<0.05). 

Relation between the occurrence of arrhythmias and NA release during ischemia 

Figure 2b shows noradrenaline release from hearts without arrhythmias or with "late" 

onset V T / V F (after more than 15 minutes of ischemia). Both in control and in 

glibenclamide hearts, a substantial amount of noradrenaline was released. In contrast, 

only limited noradrenaline release was observed in any of the remaining cromakalim 

treated hearts. In other words, cromakalim greatly reduced noradrenaline release with the 

exception of those hearts in which it induced "early" onset arrhythmias, whereas control 

and glibenclamide treated hearts showed progressive noradrenaline release with 

increasing duration of ischemia, irrespective of the presence of arrhythmias. Of all the 

cromakalim treated hearts, only three hearts showed substantial noradrenaline release 

(Figure 2a), which however occurred after long duration (30 minutes) of ischemia. In 

these three hearts, "early" onset arrhythmias (before 15 minutes of ischemia) occurred 

and thus these hearts suffered from a long period of arrhythmias. In fact, an earlier onset 

of arrhythmias (i.e. longer duration of arrhythmias) was associated with a progressively 

larger noradrenaline release in cromakalim hearts (r=0.92; Figure 5). 

D i scuss ion 

The results described in this studv show that the KATP channel opener cromakalim 

reduces myocardial noradrenaline (NA) release during global ischemia. In general, KATP 

channel activation during ischemia postpones the onset of irreversible damage and 

reduces infarct size (Tan et a I. 1993, Yao et al. 1994, Grover et al. 1990, Auchampbach et 

al. 1993). Accordingly, in this study cromakalim prevented the second rise of 

extracellular potassium, considered to represent the time of onset of irreversible damage 

(Cascio et al. 1990). However, the exact mechanism underlying the cardioprotective 

effects conferred by KATP opening is not yet fully understood.The original hypothesis 

that action potential shortening and decreased calcium influx into the cell causes a more 

favorable metabolic state, has been proven at least partly incorrect, since 

cardioprotection was also observed with KATP channel openers at doses with negligible 

effect on action potential duration (Yao et al. 1994). Our present results indicate that 

KATP channel openers strongly affect endogenous myocardial NA release during 

ischemia. This may provide an additional mechanism to explain cardioprotection by 

KATP channel opening. During ischemia, local noradrenaline (NA) accumulation in the 
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Figure 4. (A) Change in QT-interval during the first 10 minutes of ischemia. Data are presented as percentages (normalized to 
QT-interval at start of ischemia; *p<0.05, #p<0.005, fp<0.0001 vs. control); (B) Change in QT-interval duration in cromakalim 
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myocardium occurs. Increased re-uptake of NA into the nerve-ending (uptake-1) by a 

carrier-mediated, sodium-dependent transport process prevents local NA accumulation 

during early ischemia (Paton 1976). However, as ischemia progresses, the sodium 

gradient across the neuronal membrane necessary for neuronal re-uptake gradually 

collapses, and NA starts to accumulate (Schömig et al. 1984). Local non-exocytotic NA 

release replaces exocytotic ATP-dependent NA release (Schömig 1990), causing 

extracellular NA accumulation in the micromolar range (1000-fold increase) (Wilde et al. 

1988, Schömig et al. 1985). This release process is independent of extracellular calcium 

and is counteracted by glucose (Dart et al. 1987). The nerve-ending membrane potential 

also plays a role; ischemia-induced depolarization may facilitate NA release (Amoroso et 

al. 1990). Accumulation of NA in the ischemic myocardium is generally considered 

harmful, causing increased myocardial damage (calcium overload) and increased 

propensity to ventricular arrhythmias (Culing et al. 1984, Schömig et al. 1990). Therefore, 

any intervention capable of reducing or preventing NA release during myocardial 

ischemia is of potential benefit. 

The presence of ATP-sensitive potassium (KATP) channels in the central nervous 

system, both on pre- and postsynaptic neurons, has been described (Mourre et al. 1990). 

It has been shown that release of neurotransmitters in the brain can be influenced by 

neuronal KATP modulation, both under normoxic and ischemia-like conditions 

(Amoroso et al. 1990, Zini et al. 1993). Blockade of KATP increased the release of y-

aminobutyric acid (GABA) from the substantia nigra during anoxia, as well as glutamate 

release from rat hippocampal slices during simulated ischemia (Amoroso et al. 1990, Zini 

et at. 1993), whereas opening of KATP channels in these conditions reduced the release of 

neurotransmitters (Zini et al. 1993, Ye et al. 1997). Opening of neuronal KATP channels 

may at least partly prevent the ischemia-related neuronal depolarization and/or postpone 

the onset of irreversible damage secondary to energy deprivation and consequently delay 

massive release from the nerve terminal. Extrapolating from the beneficial effects of 

KATP channel openers in reducing cerebral injury, they may from a mechanistic point of 

view be equally effective in myocardial ischemia (Remme and Wilde 1999). Indeed, Oe 

and colleagues described inhibition of stimulation-evoked NA release by cromakalim in 

isolated normoxic guinea pig, but not human, atrium (Oe et al. 1999). Our study extends 

these observations to conditions of myocardial ischemia; cromakalim significantly 

decreased NA release during global ischemia in the rabbit heart. We have used 

cromakalim in a known effective concentration which was previously shown by our 

group to cause KATP channel opening in the myocardium, resulting in action potential 

shortening and delay in onset of the second rise in [K+]o until more than 30 minutes of 

ischemia (Wilde 1993). In the present study we investigated whether the cardioprotective 

effect of cromakalim may (partly) be due to a reduction of NA release in the ischemic 
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myocardium, in addition to its known effects on KATP channels in the myocyte. We also 

analysed whether the KATP channel blocker glibenclamide, which is widely used by 

patients with coronary artery disease, either increased or accelerated the onset of NA 

release during the ischemic episode. Neither of these effects of glibenclamide were 

observed, which may be explained by the reported loss of efficacy of KATP channel 

blockade during ongoing metabolic inhibition (Findlay 1993). 

If the cardioprotective effects of cromakalim are, in least in part, due to a reduction in 

NA release, then a comparable result may be expected with a beta-adrenoceptor 

antagonist. However, since we observed that propranolol inhibited NA release itself, as 

was previously reported (Du et al. 1993), it is difficult to interpret its inhibitory effect on 

the myocyte and compare the outcome to cromakalim. In any case, cromakalim has 

additional beneficial effects mediated through KATP channels on the myocyte, which may 

explain the more pronounced effect on the onset of irreversible damage (i.e. second rise 

in [K+]o) compared to propranolol. 

Although cardioprotective effects of KATP openers are well documented, an important 

drawback is their putative pro-arrhythmic potential (Wilde and Jansc 1994). During early 

ischemia, ventricular arrhythmias occur in two distinct phases: phase la occurs between 

2-10 minutes of ischemia and are considered to be caused by re-entry, while phase l b 

arrhythmias start after 15-20 minutes and may be related to the onset of irreversible 

damage Qanse and Wit 1989). Due to enhanced action potential shortening, KATP 

openers may promote re-entrant ventricular arrhythmias. In this study, cromakalim 

indeed significantly shortened the QT-interval, suggesting a shortening of action 

potential duration, which was associated with significant acceleration of onset of 

ventricular arrhythmias in comparison with untreated hearts. In addition, QT-interval 

shortening was more pronounced in hearts with "early" arrhythmias. KATP channel 

openers may on the other hand delay or decrease l b arrhythmias by postponing the 

onset of irreversible myocardial damage. In fact, although "early" arrhythmias were 

increased by cromakalim in our study, the incidence of V T / V F between 15-20 minutes 

was clearly reduced, concomitant with a delayed onset of irreversible damage. 

Depending on the experimental model used, the effect of KATP channel openers on 

either la and/or l b arrhythmias may vary, resulting in different overall arrhythmia 

incidences. In a previous study by Chi ef a/.(\993), the effect of pinacidil was investigated 

in a rabbit heart model of global hypoxia and reoxygenation. The incidence of VF during 

the 12 minute hypoxic period was 10% in control versus 50% in pinacidil treated hearts. 

It is conceivable that during a more prolonged period of hypoxia the incidence in 

control hearts would increase and therefore show a similar pattern compared to our 

results. Nevertheless, our results show a similar increase in arrhythmias due to 

cromakalim during the first 12 minutes of ischemia. In another study by Wolleben et 
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Ö/.(1989), the high incidence of VF during low-flow ischemia in rat hearts was not 

decreased by either BRL34915 (cromakalim) or pinacidil, although both drugs shortened 

the time required for the hearts to develop VF, as shown for cromakalim in our study. 

Low-flow ischemia induces more heterogeneous ischemia compared to global ischemia 

and is considered more arrhythmogenic, explaining the higher incidence compared to 

our results. Nevertheless, in cromakalim treated hearts with "early" arrhythmias, NA 

release of similar magnitude as control hearts was observed after 30 minutes of ischemia. 

In these hearts, the beneficial effect of cromakalim regarding NA release was abolished 

by its electrophysiological effect, causing early arrhythmias and concomitant metabolic 

stress. In contrast, hearts without accelerated onset of arrhythmias released very little 

NA even after 30 minutes of ischemia, which is of potential benefit to the metabolically 

compromised heart. 

In conclusion, our results show that opening of ATP-sensitive potassium channels 

during myocardial ischemia significantly decreases endogenous myocardial noradrenaline 

release and postpones the onset of irreversible damage. This mechanism contributes to 

the cardioprotective potential of KATP openers during myocardial ischemia. 
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Chapter 6 

In t roduc t ion 

Although the cardioprotective potential of KATP channel opening is extensively studied 

and widely accepted (Grover and Garlid 2000, Dunker and Verdouw 2000), the 

underlying mechanism has not yet been fully clarified. Originally, the protective effect of 

KATP activation was thought to act through action potential (AP) shortening implicating 

reduced Ca2+ influx with favourable impact on energy expenditure. This classical view 

was proven at least partly incorrect when a low concentration of the KATP channel 

opener bimakalim was shown to decrease infarct size in a dog model of coronary artery 

ligation without shortening the AP (Yao and Gross 1994). With the discovery of a KATP 

channel in the mitochondrial membrane, another potential site of action was introduced 

(Inoue et al. 1991). The mechanism of cardioprotection by mitochondrial KATP 

(mitoK ATP) channel activation remains unclear, but matrix swelling, mitochondrial Ca2+ 

homeostasis and production of reactive oxygen species are thought to play a role 

(Vanden Hoek et al. 1998, Wang et al. 2001, Gross 2000). The mitoK.vrp channel opener 

diazoxide and blocker 5-hydroxydecanoate (5-HD) have been shown to enhance and 

abolish cardioprotection, respectively, without affecting AP duration, which suggests 

that mitoKvrp channels are major effectors of cardioprotection (Garlid et al. 1997, Sato 

and Marban 2000<?, Grover and Garlid 2000). However, recent studies have indicated 

that both sarcolemmal KATP (sarcKvrp) and mitoKvrp channels are involved (Tanno et al. 

2001, Sanada et al. 2001). Tt has been proposed that the two channel types interact; 

sarcKATi' activation may reduce the cytosolic level of endogenous mitoK\Ti» inhibitors 

and /or trigger a signalling pathway for mitoK\Ti> activation (Paucek et al. 1996, Tanno et 

al. 2001, Sasaki et al. 2001). 

In many studies investigating the effects of mitoK\Ti> modulation, high concentrations 

of diazoxide and 5-HD have been used (see Garlid 2000). The toxic or aspecific effects 

of these drugs at high doses, other than their effect on mitoKvrp, are not yet known. 

Furthermore, the protective effects of diazoxide during ischemia and preconditioning 

have mostly been studied in whole-heart preparations, leaving the possibility that the 

observed effects were due to activation of K+ channels in the vascular wall (Fryer et al. 

2000, Wang et al. 2001, Tanno et al. 2001). Therefore, in this study we compared the 

effects of the mitoKvrp opener dia/.oxide and the sarcK\TP opener cromakalim in 

anoxic isolated myocytes. Our results show that cromakalim at a concentration which 

induced AP shortening, postponed the onset of rigor, but not diazoxide, indicating that 

sarcKvrp activation, but not mi to KATP, is involved in the protection of myocytes during 

inhibition of oxidative phosphorylation. 
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Onse t of rigor in anoxic myocytes 

Me thods 

Left ventricular myocyte isolation procedure 

Hearts from New Zealand White rabbits were excised and left ventricular myocytes were 

isolated as described in Chapter 2. In short, hearts were retrogradely perfused at 37°C 

with modified Tyrode's solution (for composition, see Chapter 2), which was replaced 

after 15 minutes by an oxygenated low calcium perfusion fluid. After 15 minutes, a 

mixture containing collagenases, trypsin inhibitor and hyaluronidase was added and 

perfusion with these enzymes was continued at constant flow until perfusion pressure 

had decreased to approximately 0 mmHg (usually within 30 minutes). The heart was 

removed, cut into small pieces and fractionated stepwise by various shaking episodes in a 

Gvrotorv waterbath shaker 37°C. After sedimentation, myocytes were resuspended and 

stored in separate vials containing 5 ml creatine-free HEPRS buffered solution with 1% 

albumin and 1.3 mmol/1 Ca2+. 

Action potential measurements 

Action potentials from isolated rabbit myocytes were measured using the amphotericin 

perforated patch-clamp technique at 37°C. Pipettes were pulled from borosilicate glass, 

heat-polished and filled with pipette solution. Composition of pipette and bath solution 

are listed in Chapter 2. Action potentials were elicited at a rate of 2 Hz by 2ms current 

pulses, applied via the patch pipette (1.5 x diastolic threshold). Recordings were filtered 

on-line (1 kHz), digitised at 2 kHz and stored on the hard disk of a personal computer 

for off-line analysis. Cell capacitance was determined as described previously (Verkerk et 

cd. 2000). N o correction for the liquid junction potential was made. 

Measurement of cytosolic calcium concentration 

Cytosolic calcium concentration was measured using the ion-specific fluorescent 

indicator indo-1 as described in Chapter 2. In short, isolated myocytes were exposed for 

30 minutes to the acetyl-methoxy(AM)-ester of indo-1, washed twice and resuspended in 

fresh I ll'.PF.S buffer without albumin. Next, myocytes were attached to a coverslip and 

placed in a temperature controlled (37°C) perfusion chamber on an inverted 

fluorescence microscope (Nikon Diaphot). Myocytes were field stimulated at 2 Hz using 

bipolar square pulses and excited at 340 nm (xenon-arc lamp, 100W). Indo-1 

fluorescence was continuously recorded in dual emission mode at 410 and 516 nm 

emission wavelengths at 1 kHz sampling rate and stored on the hard disk of a personal 

computer for off-line analysis. Intracellular calcium concentration was calculated from 

the ratio of fluorescence (F410/F516) after correction for background fluorescence 

(Baartscheer et d. 1996). 
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Metabolic inhibition, measurement of rigor and drugs 

Metabolic inhibition was induced by superfusion of the myocytes with HEPES solution 

(37°C) containing 3 mmol/1 sodium cyanide (NaCN, Fluka 71431) and no glucose. 

During hypoxia, myocyte shape was continuously monitored by a video camera and time 

of onset of rigor was defined as the time of transition from a rod shaped to squared or 

rounded cells. Typically, 10-16 myocytes were monitored simultaneously in one single 

field. To allow comparison with myocytes used for calcium measurements, the cells were 

also loaded with Indo-1. Cromakalim (1 j^M and 10 [iM; Smith, Kline and Beecham), 

glibenclamide (3 [xM; Sigma) and diazoxide (30 uM and 100 JAM; Sigma) were dissolyed 

in dimethyl sulfoxide (DMSO), whereas 5-hydroxy^decanoate or 5-HD (100 [iM) was 

dissolved in water. The respective drugs were added to the superfusion solution 5 

minutes prior to induction of anoxia. 

Statistics 

Data are presented as mean ± standard error of the mean (SEM), unless otherwise 

specified. To determine differences between groups, a paired or unpaired Student's /-test 

was used, where applicable. Analysis of variance (ANOVA) was applied to compare 

multiple data sets A Rvalue of <0.05 was considered significant. 

Results 

Onset of rigor during anoxia 

Figure 1 shows the transition from a normal, rod shaped myocyte before anoxia to 

squared and rounded cells during anoxia. Once this transformation process had started, 

the cells usually became completely rounded within seconds. Figure 2 shows a 

cumulative representation of the time of onset of rigor in control cells compared to 

cromakalim treated cells. Onset of rigor varied between 9 to 29 minutes of anoxia in 

control myocytes and between 11 and 26 minutes of anoxia in cromakalim (1 fiM) 

treated cells. Cromakalim (10 uAi) postponed the onset of cell rigor, which occurred 

between 12 and 37 minutes of anoxia in this group of myocytes. In control cells, onset 

of rigor occurred on average after 17.5 ± 0.3 minutes of anoxia (mean ± SEM, n=149). 

The sarcK.vrp channel opener cromakalim (10 p.M) significantly postponed the onset of 

rigor to 24.0 ± 0.6 minutes of anoxia (p<0.001 vs. control, n=96). However, at a lower 

concentration of 1 pM, prolongation of the time to onset of rigor by cromakalim was no 

longer observed (16.2 + 0.4 min, n=42, p = K S vs control). The postponement by 

cromakalim (10 pM) was abolished by the addition of the nonselective KATP channel 
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B 

Figure 1. Diastolic myocyte shape. (A) normoxic control situation, (B) onset of myocyte 
shortening during anoxia, followed by (C) irreversible contracture 
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Figure 2. Cumulative onset of rigor during anoxia in control myocytes, and 
cromakalim (10/4M) and diazoxidc (100 (xM) treated myocytes 133 
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Figure 3. Effects of cromakalim 1/10 p.M and diazoxide 30/100 pM on mean time of onset of rigor. Only 
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Figure 5. Representative examples of action potentials during control condition and 
exposure to 1 and 10 fxM cromakalim 

blocker glibenclamide (17.5 ± 0.8, n=31, p=NS vs control), but not by the mitoK.vrp 

channel blocker 5-HD (23.5 ± 1.1, n=28, p<0.001 vs cromakalim 10 |xM) (Figure 3). 

Both KATP channel blocking agents glibenclamide and 5-HD alone were without effect 

on the time of onset of rigor (18.5 ± 0.9, n=34 and 17.5 ± 0.7, n=39; both p=NS vs 

control). In contrast to cromakalim, the mitoKATP channel opener diazoxide at 30 u.M 

did not postpone the onset of rigor (16.7 ± 0.5, n=46), nor at 100 [xM (16.9 ± 0.5, n=43) 

(both p=NS vs control and p<0.()01 vs, cromakalim 10 \)M) (Figure 4). To exclude the 

possibility that pre-incubation of 5 minutes was too short for diazoxide to reach the 

mitochondria, a separate set of cells was pre-treated with diazoxide for 15 minutes prior 

to the onset of anoxia. However, these cells showed similar time of onset of rigor as 

compared to control cells and cells pre-treated for only 5 minutes. 

Action potential duration and calcium measurements 

Figure 5 shows representative examples of an action potentials before (control) and after 

5 minutes of superfusion with 1 and 10 |xM cromakalim during normoxia. On average, 

cromakalim (10 p.NI) decreased action potential duration (APD90) by about 10%, from 

243 ± 13 ms to 219 ± 12 ms (p<0.0001), whereas cromakalim at 1 [xM did not 

significantly shorten APD90. The effect of diazoxide on APD90 was not tested, but 

diazoxide at 30 or 100 [xM has previously been shown not to affect action potential 
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Figure 6. Effects of cromakalim 1 [xM, (A), cromakalim 10 fxM (B) 
and dinzo.xidc 100 pM (C) on calcium transient amplitude during 

normoxic conditions (representative examples) 

duration or membrane current during normoxic conditions (Garlid et al. 1997, Sato et al. 

1998). Tn Figure 6, the effects of cromakalim and diazoxide on the intracellular calcium 

concentration during one contraction cycle are shown. During normoxic conditions, 

cromakalim (10 fxM) decreased calcium transient amplitude by 30.4 ± 6.5 % (n=8), 

whereas superfusion with cromakalim (1 u.M) resulted in a decrease of only 10.6 ± 7.1 % 

(n=5) (p<0.005 vs. cromakalim 10 fiM). After the addition of diazoxide (100 [xM), the 
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calcium transient amplitude was decreased by 25.2 ± 7.3 % (n=14) (p=NS vs. 

cromakalim 10 [xM). In summary, although both KATP channel openers decreased the 

calcium transient amplitude equally, only cromakalim postponed the onset of rigor 

during anoxia. 

Discussion 

The main finding from this study is the observation that the mitoK.-vrp channel opener 

diazoxide did not postpone the onset of rigor during anoxia in isolated ventricular 

myocytes, whereas the nonselective KATP channel opener cromakalim did. Furthermore, 

cromakalim postponed the onset of rigor only at a concentration at which action 

potential shortening was observed. In addition, the effects of cromakalim were reversed 

by the non-selective blocker glibenclamide but not by the mitoKvrp channel blocker 5-

HD. These results suggest that opening of the sarcK\TP channels, and not mi to KATP 

channels, protects myocytes during metabolic inhibition. Our observation that 

cromakalim did not affect the onset of rigor when a low concentration was used without 

concomitant action potential shortening, suggests that sarcKvrp activation is mandatory 

for myocyte protection, in accordance with the original cardioprotection hypothesis. The 

underlying mechanism is still unclear, but it is reasonable to assume that the decrease in 

calcium transient amplitude of about 30% which we observed in cromakalim treated 

cells, plays an important role. A decrease of calcium transient amplitude and thus a 

reduction of contractive force is undoubtedly energetically favourable for metabolically 

deprived cells. Nevertheless, diazoxide also reduced calcium transient amplitude by 

- 2 5 % without affecting the time of onset of rigor. So far we did not exclude whether 

reduction by cromakalim of the calcium transient amplitude is due to action potential 

shortening with concomitant reduced calcium influx through the L-type calcium 

channels, exclusively. If this were the case, then the protectivity conferred by 

cromakalim should be observable with any (pharmacological) intervention producing 

action potential shortening. Moreover, this effect should be absent in quiescent cells and 

more pronounced in myocytes stimulated at higher frequencies. As an alternative, it 

might be speculated that cromakalim affects calcium handling directly. Indeed, 

cromakalim has been shown to reduce the sarcoplasmic reticulum (SR) calcium content 

(Chopra etal. 1992, Schumacher eta/. 1997). In this respect, it is of relevance to note that 

the presence of KATP channels on the SR membrane has not yet been demonstrated nor 

ruled out. The question remains why diazoxide, which also decreased calcium transients 

similar to cromakalim, did not have any effect on the time of onset of rigor. One 
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possible explanation is that the selectivity of diazoxide for mitoKATP is reduced by 

increased concentrations of ADP inside the cell (D'hanan et al. 1999, Gross 2000). Thus, 

diazoxide mav have lost its effectiveness during the course of the anoxic episode. The 

observation by others that diazoxide decreased the number of myocytes that 

hypercontracted following removal of metabolic inhibition is seemingly in contrast to 

our results (Lawrence et al 2001). It should be stressed, however, that the events leading 

to the onset of irreversible cell damage (i.e. rigor) during an episode of anoxia, are 

mechanistically entirely different from the effects on cell viability after removal of 

metabolic inhibition as studied by Lawrence et al. (2001). A number of studies have 

previously addressed the issue of KATP channel activation and intracellular calcium 

concentration in myocytes. The potassium channel openers aprikalim and nicorandil 

prevented calcium loading in isolated myocytes exposed to a high potassium solution, in 

a glyburide sensitive manner (Lopez et al. 1996). Also, pinacidil delayed the rise in 

intracellular calcium during anoxia in cultured chicken myocytes, which was also blocked 

by glyburide (Tang et al. 1999). On the other hand, it was also reported that 

glibenclamide, while partially inhibiting anoxia-induced K.vrp-currents, had no significant 

effect on the rise in intracellular calcium during metabolic inhibition in isolated myocytes 

(Rup et al. 1996). Our observation that diazoxide decreased calcium transients by ~ 2 5 % 

is in contrast to the finding of Wang et al. (2001) who found an increase in the calcium 

transient of about 7% with the same concentration of diazoxide. These authors 

hypothesised that this small increase in intracellular calcium preconditions the heart 

through activation of protein kinase C (PKC) and priming of the mitoK.vrp channel, 

leading to an earlier activation of mitoK.vrp during ischemia. However, in the latter study, 

rabbit ventricular myocytes were stimulated at a frequency of 0.5 Hz, which is much 

slower than the more physiological frequency (2 Hz) used in our experiments. Whether 

this can explain the observed opposite effects of diazoxide on the calcium transient 

amplitude, remains speculative. 

Since the discoven- of the ATP-sensitive K+ channel in the inner mitochondrial 

membrane, the specificity of KATP channel openers and blockers for mitoKATP versus 

sarcK.vrp has been extensively studied. The first studies on mitoKATP showed blockade 

of channel activity by glibenclamide (Inoue et al. 1991), which is nonselective since it also 

inhibits sarcKATP. Later, the KATP channel opener diazoxide was found to be 1000 to 

2000 times more potent in opening reconstituted bovine heart mitoK.vrp compared to 

cardiac sarcK.vrp , and this effect could be blocked by 5-HD (Garlid et al, 1997). Also, 

diazoxide was —50 times less potent compared to cromakalim in activating sarcK.vrp 

channels, whereas 5-HD was shown to act on mitoK,\TP exclusively. These findings were 

confirmed in isolated ventricular myocytes, using flavoprotein fluorescence as an index 

of mitoKATP activity and whole cell currents for sarcK.vrp activity (Liu et al. 1998, Hu et 
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al. 1999). Pinacidil, however, did increase both flavoprotein oxidation and surface KATP 

current. However, in another study, diazoxide was not observed to influence 

flavoprotein oxidation in freshly isolated ventricular myocytes and, therefore, this 

measure mav not be appropriate in different metabolic conditions (Lawrence et al. 2001, 

Kowaltowski et al. 2001). Although diazoxide is considered specific for mitoK.vn> in 

myocytes, it also acts strongly on both pancreatic and vascular smooth muscle 

sarcolemmal KATP channels (Garlid et al. 1997). Since many studies showing a protective 

effect of diazoxide during myocardial ischemia and preconditioning have been 

performed in whole heart preparations, it is possible that at least part of the 

cardioprotection was in fact afforded through actions unrelated to KATP channels within 

the myocardium itself. Such an explanation would be in accordance with our observation 

that diazoxide does not show any protective effects in isolated myocytes. In fact, we also 

tested diazoxide at 50 [xM in Langendorff perfused rabbit hearts and found it to increase 

coronary flow during normoxia (data not shown). Thus, several explanations should be 

considered: 1) diazoxide may not be a mitoKATP channel opener after all, 2) diazoxide 

loses its efficacy during metabolic deprivation, and/or 3) mitoK.\TP channel activation by 

itself does not result in myocyte protection during metabolic deprivation, but requires 

simultaneous co-activation of sarcKvrp channels. In accordance with the latter, Tanno 

and colleagues (2001) have shown that both sarcK.vn» and mitoK.vrp channels 

contributed to the infarct size limitation afforded by pinacidil and diazoxide in isolated 

rabbit hearts. 

In conclusion, the results presented in this study, although underlining the complexity 

of data on the role of sarcK.vrp versus mitoK.vn» channels, favour our hypothesis that 

mitoKATP channel activation by itself is not capable of affording cardioprotection. Key 

elements that are currently missing to definitely confirm a role for either channel in the 

protection mechanism include a reliable method to directly monitor mitoKATP channel 

activity and a clear definition of pharmacological sarcKyrp and/or mitoKATP channel 

selectivity. 
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In t roduc t ion 

Myocardial ATP-sensitive potassium channels (KATP) are closed during physiological 

conditions but are activated during ischemia when the intracellular ATP-level is 

sufficiently decreased (Noma 1983). Activation of these channels during ischemia 

constitutes an intrinsic cardioprotective mechanism, resulting in delayed onset of 

irreversible damage, decreased infarct size and faster recover}' of function (reviewed by 

Grover and Garlid 2000). Furthermore, these channels also play an important role in 

ischemic preconditioning (Duncker and Verdouw 2000). 

The K.\TP channel complex consists of two different subunits, an inwardly rectifying 

potassium channel (Kiró.x) and a sulfonylurea receptor (SUR) (see Seino 1999). Two 

Kiró.x isoforms, Kiró.1 (UKATP-1) and Kir6.2 (BIR) and three major SUR isoforms 

(SUR1, SUR2A and SUR2B) have been cloned so far (Inagaki et al. 1995*7, Inagaki et al 

1995b, Sakura et al. 1995, Chutkow et al 1999). KATP channels assemble as tetramers 

(|SUR/Kir6.x].|) and the subunit composition determines the KATP channel subtype and 

its properties. Kiró.1 and Kir6.2 are generallv considered not to be functional in the 

absence of SUR (Aguilar-Bryan et al. 1998, Seino 1999). The classical sarcolemmal 

cardiac KATP channel consists of 4 Kir6.2 and 4 SUR2A subunits, whereas pancreatic 

KATP channels are composed of (Kir6.2/SUR1)4 (Inagaki et al 1995/>, Sakura et al 1995, 

Inagaki et al. 1996, Okuyama et al. 1998). Channels composed of Kir6.2 show weak 

inward rectification and have a conductance of about 70-80 pS under symmetrical 

potassium concentrations (Inagaki et al 1995/;, Alekseev et al. 1997, Babenko et al. 1998, 

Hu et al 1999). In contrast, Kir6.1-based channels are active under normal conditions, 

i.e. at physiological ATP concentration, and have a smaller channel conductance (33-36 

pS) compared to channels composed of Kir6.2 (Yamada et al. 1997, Takano et al. 1998, 

Kono et al. 2000). The only combination resulting in channel properties resembling a 

known physiological KATP channel consists of Kir6.1 /SUR2B, which resembles the K\TP 

channel found in vascular smooth muscle (Yamada et al. 1997). However, Kiró.1 is also 

present in cardiomyocytes (Mederos y Schnitzler et al. 2000), where its role is not yet 

known. Recent evidence suggests that Kiró.1 may form part of the mitochondrial KATP 

channel, but conflicting data have been reported (Suzuki et al. 1997, Seharasevon et al. 

2000/;). Therefore, to gain more insight into the role of Kiró.1 in the myocardium, we 

have isolated both Kiró.1 and Kir6.2 from a rabbit heart cDNA library and compared 

their structural characteristics, regional distribution in the heart and electrophysiological 

properties. Our results show that Kiró.1 and Kir6.2 share many structural characteristics 

but differ in functional properties. Although Kiró.1 expression is abundant in both atrial 

and ventricular tissue, its functional role remains to be elucidated. 
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Me thods 

cDNA library construction and cDNA cloning 

A cDNA library was made from rabbit heart tissue (New Zealand White rabbits, 2.0-3.0 

kg) in the "k ZAP Express vector (Stratagene), as outlined in the Materials and Methods 

section. 1 x 106 plaques were screened by hybridisation with a mix of 32P-labcled partial 

rat Kiró.1 cDNA fragment (GenBank Accession no. D42145) and rabbit Kir6.2 cDNA 

(AF006262) used as a probe. Positive colonies were rescreened and the recombinant 

phage vector was rescued using the Ex-Assist helper phage. Both strands of the positive 

clones were sequenced using the Big Dye Termination procedure, revealing them to be 

rabbit heart Kiró.1 and rabbit heart Kir6.2, respectively. 

Protein architecture, homology comparison, and structural analysis 

After nucleotide sequencing of the isolated clones, the coding sequences encoding the 

amino acids for both clones were determined using the Open Reading Frame (ORE) 

Finder programme from NCBI and Kozak sequence analysis (for details, see Chapter 2). 

Structural and functional features of both Kiró.1 and Kir6.2 proteins, such as 

transmembrane segments, signal peptides and biologically significant regions or residues 

were evaluated using the Simple Modular Architecture Research Tool (SMART) and the 

PROSITE database (ScanProsite). Homology comparison between Kiró.1 and Kir6.2 

and multiple sequence alignment between various inward rectifier (Kir) channels was 

performed using the BLAST (Basic Local Alignment Search Tool) and CLUSTALW 

multiple alignment programmes, respectively. 

Northern blot analysis 

For RNA isolation, rabbit heart tissue was separated in atrial, left and right ventricular 

tissue, frozen in liquid nitrogen and stored at —80° C. RNA was isolated through a CsCl-

cushion during overnight centrifugation (for details, see Chapter 2). For Northern blot 

analysis, 10 Ug of total RNA was blotted on a nylon membrane (Hybond-N, Amersham) 

and hybridised under stringent conditions (65'C) with 32P-labelled, full-length rabbit 

heart Kiró.1 or Kir6.2. 

Expression and electrophysiological analysis 

1-2 fag of pBK-CMV containing full-length cDNAs of rabbit heart Kir6.2 or Kiró.1 

(isolated clones A and C respectively) was transfected together with 1 ug pEGFP-Nl (as 

a marker for successful transfection) in HEK293 and CHO cells using Lipofectamine 

Reagent (Gibco BRL, Life Technologies 18324-012), according to manufacturer's 

instructions. In part of the experiments, both rabbit Kiró.1 and Kir6.2 were transfected 
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together in equal amount (1-2 \JLg). Unless mentioned otherwise, human SL'Rl (1-2 |ig) 

was co-transfected. In addition, a subset of both HEK and CHO cells were either not 

transfected at all or transfected with 1 (ig pEGFP-Nl only, to serve as a negative 

control. Transfected HEK293 cells were cultured in Minimum Essential Medium 

containing Earle's salts and L-glutamine (Gibco BRL 11095) supplemented with non

essential amino acid solution, 10% fetal bovine serum, 100 IU/ml penicillin, and 100 

[xg/ml streptomycin in a 5% CO2 incubator at 37°C for 1-2 days. Similarly, C H O cells 

were cultured in F-12 Nutrient Mixture (Ham) containing L-alanyl-L-glutamine (Gibco 

BRE 31765) supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, and 100 

u.g/ml streptomycin. Single-channel currents were recorded at room temperature in the 

cell-attached or inside-out configuration of the patch-clamp technique, using an 

Axopatch 200B amplifier (Axon Instruments). Patch electrodes were made ot 

borosilicate glass on a home-made one-stage puller. The tips of the electrodes were heat-

polished and, after filling with pipette solution, had a tip resistance of 2-3 MO. The 

pipette solution contained 145 mM KC1, 1 mM MgCb, 1 mM CaCb and 10 raM HEPES 

(pH adjusted to 7.4 with KOH). The bath solution contained 145 mM KC1, 1 mM 

MgCb, and 10 mM HEPES (pH adjusted to 7.2 with KOH); 1 uM ATP was added to 

prevent channel run-down. To test channel inhibition by ATP after patch excision, the 

bath was perfused with bath solution containing 1 mM ATP. Single-channel currents 

were measured at various holding potentials between -60 mV and +80 mV, and unitary 

current amplitudes were obtained from amplitude histograms. Single channel data were 

filtered at 500 Hz (low-pass) and digitised at 2 kHz. Voltage control, data acquisition and 

analysis were performed using custom made software. 

Statistical analysis 

Data are presented as mean+SEM. Differences in mean single-channel conductance and 

number of channels per patch between groups was analysed using the Student's /-test. A 

Rvalue of <0.05 was considered statistically significant. 

Resul t s 

Sequence analysis and structural features 

After rabbit heart cDNA library screening, three positive plaques (A,B and C) were 

isolated and rescreened. Clones A and B were found to be identical. Sequence analysis of 

clone A (2785 bp=basepairs) revealed an 1170-bp open reading frame preceded by three 

in-frame termination codons, which encoded a protein of 390 amino acids, and overall 
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Figure 1. Structure of rabbit Kiró.l and Kir6.2 proteins and location of phosphorylation, 
myristoylation and/orglycosylation sites (0) 
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Figure 2. Amino acid sequence homology between rabbit heart Kir6.1 and Kir6.2, human Kirl. 1, 
human Kir5.1, guinea pig Kir2.1 and guinea pig Kir.3.1. Identical amino acids among Kir family 

members arc boxed in black and conserved substitutions are boxed in grey. The transmembrane 
domains All and M2 and the pore region H5/P are lined, the putative A TP-binding site in Kirl. 1 

is denoted by an asterisk and potential glvcosylation sites on Kiró.1 are indicatedby•([>. 
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Rabbit Human Rat Mouse Guinea 
Klrt.1 Klrf.l Kirf.1 Klrt.1 pig 

Kiro.1 

Protein kinase C: 
110TEK _ • + . - -
224 SVR + + + + + 
345 TMK + + + + + 
354 SAR + + + + + 
379SLR + + + + + 
385 SMR + + + + + 
391 SMR + + + + + 

cAMP/cGMP : 
231 RKTT + + + + + 
382KRNS + 1 + + + 
Casein kinase II : 
63 TLVD + + + + + 
108SGME + 
113 SALE + + + + + 
234TTPE + + + + + 
329TEEE + + + + + 
354SARE + + + + 

N-myristoylation: 
109GMEKSA + + . - + 
II4GLESTV _ + + + _ 
166GLMINA + + + + + 
298GWETT + + + + + 
417 GNQNTS + + - - + 

N-glycosylation: 
389 NNSM + + + + + 
395NNSI + + . + + 
401 NNSS + + + + + 
402NSSL + + + + + 
420 NTSE + + 

Rabbit Human Rat Mouse Guinea 
Kirf.2 Kir6.2 Klr6.2 Kir6.2 pig 

Kirt.2 

Protein kinase C: 
3 SRK + + + + + 
37 SKK + + + + + 
190 TLR + + 
336 TVK + + + + + 
345 TAR + + + + -
363 SAR + + + + + 

cAMP/cGMP: 
221 RKTT + + + + + 
369RKRS + + - + + 

Casein kinase H: 
62 TLVD + + + + + 
224TSPE + + + + + 
354SLLD + + + + + 

N-myristoylation: 
I56GLM1NA + - + + + 
243GVGGNS + + + + + 
289GWETT + + + + + 

Table 1. Amino acid positions of protein kinase C (PKC), casein kinase II, and cAMP/cGMP-dependent 
(PKA) phosphorylation sites, and N-glycosylation and N-myristoylation sites in Kiró.1 and Kir6.2 of various 

species 

showed 98% nucleotide homology with rabbit Kir6.2 (AF006262). Clone C (2252 bp) 

showed 86% nucleotide homology with rat and human Kiró.1 and encoded a 424-amino 

acid protein. Clone A was designated rabbit heart Kir6.2 and clone C was designated 

rabbit heart Kiró.1; they share 78% nucleotide homology. Hydropathy analysis revealed 

that both rabbit heart Kiró.1 and Kir6.2 contain two membrane-spanning domains, Ml 

and M2, in between which a pore-forming region H5 is located which is present in all 

potassium channels. Using the SMART and PROSITE databases, both Kiró.1 and 

Kir6.2 sequences were screened for the presence of amino acids sequences predicted to 

be of functional relevance. N o signal peptides, coiled coil regions or internal repeats 

were present in either Kiró.1 or Kir6.2 according to the SMART programme. Rabbit 

Kir6.2 contained five putative protein kinase C (PKC) phosphorylation sites in addition 

to three putative cAMP/cGMP-dependent protein kinase phosphorylation, three casein 

kinase II phosphorylation and three N-myristoylation sites (Figure 1). Rabbit Kiró.1 
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contained six potential protein kinase C (PKC) phosphorylation, two cAMP/cGMP-

dependent protein kinase phosphonlation, six casein kinase phosphorylation and four 

N-mvristoylation sites. In contrast to Kir6.2, the rabbit Kiró.1 sequence also predicted 

five potential N-glycosylation sites in the distal part of the C-terminal region (Figure 1). 

Interestingly, not all of the sites in rabbit Kiró.1 and Kir6.2 were found to be conserved 

in other species such as human, rat, mouse and guinea pig (Table 1). Overall, rabbit 

Kiró.1 and Kir6.2 showed 89% and 92% nucleotide homology to human, 87% and 9 3 % 

to rat, 88% and 9 3 % to mouse, and 88% and 92% to guinea pig Kiró.1 and Kir6.2, 

respectively. The guinea-pig Kir6.2 protein contained one PKC-phosphorylation site less 

compared to rabbit Kir6.2. For Kiró.1, only the human protein contained the same five 

N-glycosylation sites as rabbit Kiró.1, whereas in rat, mouse and guinea pig at least one 

of these sites was absent. Both rat and mouse Kiró.1 lacked two N-myristoyladon sites 

observed in the rabbit gene. Conversely, other phosphorylation and/or myristyoliation 

sites observed in both Kiró.1 and Kir6.2 of other species were absent in rabbit (Table 1). 

In general, the amino acid composition variation between species was more pronounced 

for Kiró.1 as compared to Kir6.2. 

Figure 2 shows multiple sequence alignment of both rabbit Kiró.1 and Kir6.2 as 

compared to other members of the inward rectifier potassium (Kir) family. A high 

degree of homology between Kir family members existed in the transmembrane 

domains M l and M2 and the pore-forming region H5/P . In contrast to other potassium 

channels, both rabbit Kiró.1 and Kir6.2 contain the amino acids Gly-Phe-Gly (GFG) 

instead of Gly-Tyr-Gly (GYG) within their H5 region, corresponding to the weak 

inward rectifying properties of the KATP channel (Shyng eta/. 1997/;). It is of interest to 

note that neither Kiró.1 nor Kir6.2 contain a putative ATP-binding site such as the 

Walker A type motif Gly-X-t-Gly-Lys (GX-jGK, where X is any amino acid) observed in 

Kir 1.1 (denoted by asterisk in Figure 2). Furthermore, it is clear that the distal C-terminal 

region of Kiró.1 is unique and a similar sequence containing multiple putative N-

glycosvlation sites (marked tjj) was not observed in either Kir6.2 or other Kir family 

members. In addition, the extracellular region between Ml and H5 is considerably longer 

in Kiró.1 compared to Kir6.2 (see also Figure 1). 

Expression of Kiró.1 and Kir6.2 in rabbit heart 

Northern blot analysis (Figure 3) showed ubiquitous expression of two transcripts of 

approximately 2.3 and 1.5 kb for rabbit heart Kiró.1 at similar intensities for both atrial 

and ventricular tissue. In contrast, Kir6.2 showed only one transcript of approximately 

2.7 kb with a high level of expression in atrial tissue, but surprisingly, only moderate 

expression in both left and right ventricle. The transcript sizes of both Kiró.1 and Kir6.2 
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2.7 W) 

Kir6.1 Kir6.2 

Figure 3. Northern Blot analysis of rabbit Kiró.1 and Kir6.2 
showing mRNA expression in various regions of the heart 

were similar to the nucleotide sequence length of the isolated clones, suggesting that full-

length cDNA fragments were isolated from our library. 

Electrophysiological analysis 

In cells transfected with pEGFP-Nl alone and in untransfected cells, some endogenous 

channel activity was observed of about 10-20 pS, which was insensitive to ATP and 

showed no inward rectification. Transfection with Kiró.2 and SUR1 cDNA in H E K cells 

resulted in functional KATP channel activity, which was observed upon patch excision in 

low ATP concentration in 6 out of 8 cells (38.1±17.8 channels/patch, meantSEM). 

These channels had a single-channel conductance of 61.4 ±3.2 pS (mean±SEM, n=5), 

showed weak inward rectification and were inhibited by the application of 1 mM ATP 

(Figure 4). Co-transfection of Kiró.1 and SUR1 also resulted in channel activity, which 

was present in the cell-attached patch configuration. In general, very few channels were 

observed in each patch and the activity pattern was quite non-uniform with respect to 

the frequency of channel openings (Figure 5). In cell-attached patches, channel activity 

with a mean conductance of 34.3±5.6 pS was observed in 4 out of 16 H E K / C H O cells 

(0.9+0.4 channels/patch, mean+SEM). Upon patch excision, channel activity did not 

increase but rather decreased. Transfection of Kiró.1 alone in either HEK293 (n=16) or 

CHO (n=12) cells did not result in functional channel activity. Interestingly, in 4 out of 

25 H E K / C H O cells transfected with Kir6.2, without SUR1, functional KATP channel 

L49 



Chapter 7 

activity was observed (0.4±0.2 channels/patch, meaniSEM). Figure 6 shows channel 

activity upon patch excision in a CHO cell transfected with Kir6.2 only; at least 3 

channels with short open duration were observed. These channels appeared to be weakly 

inwardly rectifying, but their conductance was difficult to establish due to the short, 

spiky channel openings. By selecting the channel openings with the longest duration, 

mean channel conductance for this cell was calculated to be 55.4 pS (overall 5U.2±3.0 

pS, mean+SEM, n=3). Strikingly, application of 1 raM ATP did not seem to have much 

effect, although channel activity had already diminished considerably prior to the 

addition of ATP to the bath. 

We also tested the possibility that Kiró.1 and Kir6.2 join together to form 

heteromultimeric channels together with SUR. Figure 7 shows functional channel 

activity in a C H O cell transfected with Kiró.1, Kir6.2 and SURF Activity increased 

dramatically upon patch activity and was reversibly inhibited by 1 mM ATP. In total, 

similar channel activity was observed in 5 out of 13 CHO cells with 29.6±8.2 channels 

per patch and a mean channel conductance of 56.4±F6 pS (p=NS versus 

Kir6.2+SUR1). Channel characteristics appeared similar to that of Kir6.2 together with 

SUR1, and no channels with intermediate or low mean channel conductance were 

observed, suggesting that all channels observed were composed of Kir6.2+SURF 

Although these results suggest that Kiró.1 does not readily co-assemble with Kir6.2 and 

SUR1, it is possible that some heteromultimeric channels were formed, but that they 

were too few to be noticed or had no functional impact on channel activity. 

Discuss ion 

Since the discover)' of the KATP channel in cardiac myocytes by Noma in 1983, much 

effort has been put into unravelling the molecular identity of this ion channel. First, 

Kiró.1 was isolated from rat pancreas and showed an ubiquitous mRNA expression 

pattern in various rat tissues (Inagaki et al. 1995^). Next, screening of a human and 

mouse library revealed a second clone, Kir6.2, which shared 71-74 % homology with 

Kiró.1 (Inagaki el al. 1995/', Sakura et al. 1995). Kir6.2 showed high mRNA expression in 

pancreatic islets, heart, skeletal muscle and brain, and was shown to form functional, 

ATP-sensitive potassium channels when co-transfected with a sulfonylurea receptor 

(SUR) (Inagaki et al 1995/;). By comparing electrophysiological and pharmacological 

characteristics of different combinations of Kir6.2 and SURs, it became apparent that 

Kir6.2+SUR1 constitutes the pancreatic beta-cell K,\TP channel type (involved in insuline 

release), whereas Kir6.2+SUR2A underlies the cardiac KATP channel (involved in 
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Figure 4. Single-channel characteristics ofKir6.2+SURl transfected in HEK293 ceils; current at various holding 
potentials (A), I/V-relationship showing inward rectification (B), and effects of patch excision and application 
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cardioprotection during ischemia and preconditioning) (Inagaki et al. 1996, Okuyama et 

al. 1998). Co-expression of Kiró.1 with SUR results in functional channel activity that is 

quite different from the classical KATP channel. Kiró.1-based channels form weak 

inwardly rectifying K+ channels of -33-36 pS that are active in cell-attached patch and 

are strongly activated by Mg2+-nucleotide diphosphates (UDP) (Ammala et al. 1996, 

Yamada et al. 1997, Takano et al. 1998, Kono et al. 2000, Babenko et al. 2000). Channels 

composed of Kiró.1/SUR2B are thought to form the nucleotide diphosphate-dependent 

K + channel (KNDP) observed in vascular smooth muscle cells (involved in vasodilatation) 

(Yamada et al. 1997). Kiró.1 also forms functional channels together with SUR2A and 

SUR1 in vitro, but the physiological relevance of these combinations is not yet clarified. 

Structural characteristics of Kiró.1 and Kir6.2. In the present study, we were interested 

in the role and function of Kiró.1 in cardiac muscle, and therefore we have isolated both 

Kiró.1 and Kir6.2 from rabbit heart cDNA librarv and compared their structural and 

functional characteristics. Like all other inward rectifier K+ channels, Kiró.1 and Kir6.2 

have two membrane-spanning domains, Ml and M2, in between which is the pore-

forming region H5, as depicted in Figure 1. The latter is proposed to enter and exit the 

lipid bilayer from the extracellular side. The N- and C-termini are both located 

intracellularly and contain certain biologically active regions, a number of which we have 

shown to van7 between rabbit Kiró.1 and Kir6.2. One of the most striking differences 

which we observed between the amino acid sequences of Kiró.1 and Kir6.2 is the unique 

distal C-terminal region of Kiró.1 which is not observed in any other Kir family member. 

This 20-amino acid stretch contains mostly asparagines, serines and arginines, all 

hydrophilic amino acids, as well as five potential N-glycosylation sites. In N-linked 

glycosylation, a carbohydrate is attached to the asparagines (Asn/N) in the sequence 

Asn-X-Ser/Thr-Y, where X and Y denote any amino acid. Whether or not the presence 

of this consensus sequence actually leads to protein glycosylation is difficult to predict. It 

has been shown that non-glycosylated sites tend to be found more frequently towards 

the C-terminal end, and that the presence of proline (P) residues at positions X and Y in 

the consensus Asn-X-Ser/Thr-Y reduces the likelihood of N-linked glycosylation (Gavel 

and von Heijne 1990). All five potential glycosylation sites we observed in rabbit heart 

Kiró.1 are located in the C-terminal region, but none of them contains a proline within 

the consensus sequence. Although interspecies variation was observed, three of the five 

glycosylation sites are conserved among rabbit, human, rat, mouse and guinea-pig Kiró.1 

suggesting functional importance. Interestingly, these glycosylation sites are located in 

the region which is predicted to be intracellular according to the membrane topology of 

all Kir family members. However, in most cases, N-glycosylation sites are found on 

extracellular domains, as is the case with SUR and other plasma membrane channels 

(Khanna et al. 2001). Glycosylation occurs on the luminal side of the endoplasmic 
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Figure 6. Single-channel characteristics of a cell transfected with Kir6.2 alone; increase in current upon 
patch excision and effect of A TP (A), current at various holding potentials (B) and I/V-relationship 

showing inward rectification (C) 

reticulum only (see Bennett and Kanner 1997), after which the membrane proteins are 

transported to the cell membrane by transport vesicles. After fusion of these vesicles the 

extracellular side of the cell. Accordingly, the location of the putative glycosylation 

sitesprotein compared to the current view. Whether this observation underlies any of the 

observed differences in functional channel activity- between Kiró.1 and Kir6.2 remains 
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speculative. An important issue to address is whether or not the predicted sites are 

actually glycosylated in the endoplasmic reticulum. 

Electrophysiological characteristics. In accordance with others, we observed that co-

expression of Kiró.1 with SUR1 resulted in a lower number of functional channels 

compared to Kir6.2+SUR1 (Takano et al. 1998, Kono et al. 2000). In the absence of 

SUR1, Kir6.1 did not generate any KATP channel activity. Although Kiró.1 was initially 

reported to generate functional channels in the absence of SUR (Inagaki et al. 1995, 

Ammala et al. 1996), our observations are in agreement with more recent reports 

(Yamada et al 1997, Kono et al. 2000). However, our results indicate that Kir6.2, in 

contrast to Kiró.l , is capable of forming functional KATP channels when transfected 

without SUR1. In fact, these findings confirm the results of John et al, who already in 

1998 reported channel activity for Kir6.2 in the absence of SUR1. Nevertheless, it is still 

generally accepted that only Kir6.2 with the last 26 or 36 amino acids removed from the 

C-terminal end, is capable of independent functional expression (Tucker et al. 1997, 

Zerangue et al. 1999). As such, a putative endoplasmic reticulum (BR) retention signal, 

the amino acid triad RKR (Arg-Lys-Arg) located within the distal C-terminal region, is 

removed. The interaction of Kiró.x subunits with SURx is thought to conceal the 

retention signal, thereby allowing for surface channel expression. However, the RKR 

triad is present in both Kiró.l and Kir6.2, and thus cannot explain the difference in 

plasma membrane expression between these subunits observed in the present study. 

Since our rabbit heart Kir6.2 was active in its untruncated form, these results contradict 

the previous notion that the last 26 amino acids of Kir6.2 prevent its independent 

functional expression (Tucker et al. 1997). Nevertheless, we cannot rule out the 

possibility that both HEK293 and CHO cells contain an endogenous SUR-like protein 

with interacts with Kir6.2 to form functional channels. 

Distribution in the heart. Our Northern blot results indicate that Kiró.l mRNA is 

highly expressed both in atria and ventricle, and previous studies have shown its 

presence in cardiomyocytes (Mederos y Schnitzler et al. 2000). Nonetheless, the 

functional role of Kiró.l in myocardial cells remains elusive. The pharmacological profile 

of Kiró.l /SUR1 closely resembles that of the native mitochondrial KATP channel (Liu et 

al. 2001), and electron-microscopic examination of immunogold staining suggested 

Kiró.l labelling on the inner mitochondrial membrane of rat skeletal muscle (Suzuki et al. 

1997). On the other hand, Kiró.l did not co-localise with mitochondria in ventricular 

myocytes (Seharaseyon et al. 2000/>). Kiró.l may also form part of the neuronal KATP 

channel complex, based on the observation that Kiró.l+SUR1 were shown to underlie 

the glibenclamide-sensitive K+ current observed in glucose-receptive neurones (Lee et al. 

1999). Another possibility is that Kiró.l forms heteromultimeric channels together with 

Kir6.2 and SUR. Although some studies have shown that functional 
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Figure 7. Single-channel characteristics of Kir6.1+Kir6.2+SUR1 transfectedin a CHO cell; current at various holding 
potentials (A), I/V-relationship showing inward rectification (B), and effects of patch excision and application and 

washout ofl mMA TP (C) 

co-assembly of Kiró.1 and Kir6.2 occurs in vitro, it is not known whether these 

heteromeric channels also exist in vivo and whether they are of functional importance 

(Kono et a/. 2000, Cui et a/. 2001, Babenko et a/. 2000). In fact, adenoviral dominant-

negative Kiró.1 gene transfer into ventricular myocytes did not affect endogenous KATP 

current, which suggests that Kir6.2 is the sole pore-forming subunit (Seharaseyon et al. 

2000a). In accordance with this, in the present study no evidence of 

heteromultimerisation between Kiró.1 and Kir6.2 was observed. It remains clear that 

Kiró.1-based channels show a very low level of plasma membrane channel activity, 

suggesting a preference for intracellular distribution and function. In Chapter 8, we will 

present data from trafficking studies that support this hypothesis. 

Structure-function relation. Cloning and mutational analysis of KATP channels has 

identified several regions and specific amino acid residues associated with specific 

biophysical properties (Ashcroft and Gribble 1998). The SUR subunit is now considered 

to confer sensitivity to sulfonylureas, potassium channel openers and MgADP upon the 

KATP channel, whereas the Kiró.x subunit forms the actual channel pore and controls 

channel inhibition by ATP (Bryan and Aguilar-Bryan 1999, Ashcroft 2000). The weak 

inwardly rectifying properties of KATP channels are determined by the pore (H5) region 
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of the Kiróx subunit (Shyng et al. 1997/;). Single channel conductance is controlled by 

short amino acid residues in the extracellular regions between the first transmembrane 

domain (Ml) and the pore region (H5) and between the H5 and M2 regions of Kir6.2 

(Repunte et al. 1999). These findings are reflected in the structural and functional 

(dis)similarities between rabbit heart Kiró.1 and Kir6.2 described in this saidv. Both 

subunits have identical pore (H5) regions and show weak inward rectification. Also, 

protein sequence homology is low in the extracellular region between Ml and H5, 

consistent with the differences in single channel conductance between Kiró.1 and Kir6.2. 

Our observation that Kir6.2 forms functional ATP-sensitive channels in the absence of 

SL'Rl supports the notion that the ATP-binding site is located on Kir6.2, and confirms 

previous findings from studies with truncated forms of Kir6.2 (Kir6.2AC26/36) and 

direct photo-affinity labelling of Kir6.2 by [y-'2P]-8-azido-ATP (Tucker et al, 1997, 

Tanabe et al. 1999). Mutations in the N-terminal region, the C-terminus and the second 

transmembrane region have been associated with ATP-sensitivity of Kir6.2 and it has 

been proposed that the N- and C-termini of Kir6.2 interact and stabilise the ATP-

binding region (Shyng et al. 1997'a, Tucker et al. 1998, Tanabe et al. 1999, Reimann et 

a/A999b). A distal region in the C-terminus of Kir6.2 (amino acids 333-338) is thought to 

contain an ATP-binding motif (FX4K or Phe-X4-Lys) and has been proposed to form 

part of the ATP-binding site (Drain et al. 1998). However, this seems unlikely since both 

Kiró.1 and Kir6.2 contain this motif, whereas their ATP-sensitivity differs greatly. 

Although our results showed that Kir6.2 can form functional channels on its own, we 

also observed that the presence of SUR1 greatly enhanced its surface expression and 

increased the number of channels per patch by roughly 100-fold. Interestingly, SUR1 not 

only influenced trafficking efficiency of Kir6.2 but also altered certain channel 

characteristics. Compared to Kir6.2+SUR1, channels composed of Kir6.2 showed short 

open channel durations with a spiky appearance. Thus, the assembly of Kir6.2 with 

SUR1 likely leads to certain conformational changes in or near the channel pore, thereby 

influencing channel kinetics. 

In conclusion, in this study we have compared the structural and functional 

characteristics of the KATP channel subunits Kiró.1 and Kir6.2. The most striking 

differences between the two subunits include plasma membrane expression efficiency 

and ATP-sensitivity. Furthermore, we have shown that, in contrast to Kiró.1, Kir6.2 in 

its untruncated form can form ATP-sensitive potassium channels independent from 

SUR1. By comparing their structural characteristics, we attempted to provide a basis for 

the functional differences between Kiró.1 and Kir6.2. Although Kiró.1 mRNA was 

shown to be highly expressed throughout atrial and ventricular tissue, further studies are 

necessary to clarify its functional role in the heart. 
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Chapter 8 

Abstract 

Aim. To study functional expression and cellular distribution of the K \ T P channel 

subunits Kiró.1 and Kir6.2 using patch-clamp technique and fluorescence imaging. 

Methods and Results: Kiró.1 and Kir6.2 were isolated from a cDNA library 

constructed from rabbit heart tissue. Fluorescent fusion proteins of Kiró.1 and Kir6.2 

were made using the pEYFP-Nl vector such that EYFP was fused at the C-terminal end 

to either Kiró.1 or Kir6.2. These constructs (110-300 ng) were transfected into HFK293 

cells in the presence or absence of SUR1. Confocal imaging showed plasma membrane 

localisation for both Kiró.1 and Kir6.2 fusion proteins in the presence of SUR1. Without 

SUR1, Kiró.1 was distributed intracellularly, and showed a high degree of co-localisation 

with the mitochondrion-selective dye MitoTracker® Red, whereas Kir6.2 was localised at 

the plasma membrane. Single channel activity was measured in cell-attached patch (CAP) 

and inside-out (I-O) configuration in HEK293 and CHO cells. EYFP\Kir6.2+SURl 

produced a large number of active channels in I-O patches (mean 32.8 ± SEM 15.4 

channels/patch) with burst openings and a single channel conductance y of 58.3+1.4 

pS. EYFP\Kiró . l+SURl generated only few channels active in the CAP configuration 

(0.6±0.3 channels/patch; y 30.5±2.8 pS). EYFP\Kir6.2 alone -but not EYFP\Kir6.1-

also resulted in channel activity in I-O patches (2.1+0.9 channels/patch), characterised 

by very brief openings and a y of 62.4+2.9 pS. 

Conclusion: Rabbit Kir6.2 can traffick to the plasma membrane and form functional 

KATP channels in the absence of SUR. Co-expression with SUR1 increases channel 

density and alters the kinetic properties of Kir6.2. In contrast, Kiró.1 showed an 

intracellular distribution and a high degree of co-localisation with a mitochondrial dye, 

suggesting that Kiró.1 may form part of the mitochondrial KATP channel complex. 
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Mitotracker® 
Red + GFP 

Mitotracker® 
Red + Green 

Figure I. Panel A (top) shows a HEK293 cell containing both wild-type GFP and Mitotracker® Red. GFP 
(green) is distributed evenly throughout the cell and the mitochondria are labeled in red. Panel B shows two 

HEK293 cells which contain both Mitotracker" Red and Green. The fluorograms with the red and green 
colocalisation coefficients for both these cells are depicted in panel C. 
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In t roduc t ion 

Activation of ATP-sensitive potassium channels (KATP) protects the myocardium during 

myocardial ischemia and preconditioning (Grover and Garlid 2000, Duncker and 

Verdouw 2000). Recent attention has focused on KATP channels in the inner membrane 

of mitochondria and these mitochondrial KATP channels (mitoKvn5) are thought to play 

an important role in cardioprotection during myocardial ischemia and preconditioning 

(Garlid et al. 1997, Sato and Marban 2000, Grover and Garlid 2000). On the other hand, 

other studies suggest that both sarcolemmal and mitochondrial KATP channels are 

involved and together may contribute to myocardial protection (Tanno et al. 2001, Sasaki 

el al. 2001). 

The KATP channel complex consists of two different subunits, an inwardly rectifying 

potassium channel (either Kiró.l or Kir6.2) and a sulfonylureareceptor (SUR1, SUR2A 

or SUR2B) (see Seino 1999). KATP channels assemble as tetramers (|SUR/Kir6.x]4) and 

Kir6.1 and Kir6.2 are generally considered not to be functional in the absence of SUR 

(Aguilar-Bryan et al. 1998, Seino 1999). The subunit combination determines the KATP 

channel type: classical sarcolemmal cardiac KATP channels arc composed of 

(Kir6.2/SUR2A)4, pancreatic KATP channels of (Kir6.2/SUR1)4 and vascular smooth 

muscle KATP channels of (Kir6.1/SUR2B)4 (Inagaki et al. 1995, Sakura et al. 1995, Inagaki 

et al. 1996, Yamada et al. 1997, Okuyama et al. 1998). The molecular structure of 

mitoK\TP is unknown. Although some studies showed that Kiró.1 may form part of the 

mite)KATP channel complex, contradictor)- results have also been reported (Suzuki et al. 

1997'a, Liu et al. 2001, Seharaseyon et al. 2000/?). Therefore, the molecular composition of 

the mitoKvrp channel remains an area of interest. 

KATP channel assembly takes place in the endoplasmic reticulum (ER), after which the 

completed polypeptide is transported to the Golgi complex for post-translational 

modification such as N-linked glycosylation (Griffith 2001, Khanna et al. 2001). Finally, 

the protein is inserted into transport vesicles and directed to the plasma membrane. An 

ER retention signal present on both Kiró.x and SUR subunits has been proposed to 

inhibit the effective trafficking from the ER to the Golgi and thus prevent transportation 

to the plasma membrane of either subunit when expressed in the absence of the other 

(Zcrangue et al. 1999). Also, truncation of Kir6.2 by deletion of the distal C-tcrminal 26 

or 36 amino acids, would remove the retention signal motif and thus explain the 

observed functional channel activity of truncated Kir6.2 in the absence of SUR (Tucker 

et al. 1997, Zerangue et al. 1999). On the other hand, both independent trafficking and 

functional channel expression of wild-type untruncated Kir6.2 in the absence of SUR 

have been reported (Makhina and Nichols 1998, John et al. 1998). 
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In this study we have evaluated subcellular trafficking and functional expression of 

both Kiró.1 and Kir6.2 in the presence and absence of SUR 1. Our results indicate that 

Kir6.2 can traffick to the plasma membrane and form functional channels independent 

of the presence of SUR1. In contrast, plasma membrane localisation for Kiró.1 was only 

observed in the presence of SUR1. When transfected alone, Kiró.1 showed an 

intracellular distribution with a high degree of co-localisation with mitochondria, 

suggesting that Kiró.1 may form part of the mitochondrial KATP channel complex. 

Methods 

Generation of fluorescent fusion protein constructs 

To study the intracellular localisation of both rabbit heart Kiró.1 and Kir6.2 in the 

mammalian cell line HEK293 (Human Embryonic Kidney), we constructed fusion 

proteins of each one using the expression vector pEYFP-Nl (Clontech), as described in 

the Materials and Methods section. Briefly, Kiró.1 and Kiró.2 were inserted into the 

multiple cloning site (MCS) in the pEYFP-Nl vector located 5' to the coding sequence 

of EYFP as follows. The stop codon at the end of the Kiró.1 and Kir6.2 cDNA was 

abolished and degenerate primers were designed, containing additional amino acids and 

introducing specific restriction sites, to facilitate the final ligation into the pEYFP-Nl 

vector. cDNA encoding Kiró.1 or Kir6.2 was ligated into the multiple cloning site (MCS) 

of pEYFP-Nl such as to encode a protein consisting of Kiró.1 or Kir6.2 with EYFP 

fused at the carboxyl end. 

Con focal imaging 

For confocal imaging, 100-300 ng of pEYFP-Nl\Kiró . l or pFYFP-NT\Kir6.2 was 

transfected with or without 1-2 ug human SUR1 (a kind gift from Dr. M. Nishimura) 

into HEK293 cells using Lipofectamine Reagent (Gibco BRL, Life Technologies 18324-

012), according to manufacturer's instructions. Transfected cells were cultured as 

described in Chapter 7. After 1-2 days in culture, the transfected cells were trypsinised 

and added to a 12-well plate containing a small plastic coverslip. After 2-3 hours at 37°C, 

the majority of cells had attached themselves to the coverslip, which was subsequently 

placed upside down on a glass slide for confocal analysis. The mitochondrion-selective 

dye MitoTracker® Red CM-H2Xros (Molecular Probes M-7513) was added to the 

medium for 30-45 minutes at 37°C, prior to removal of the coverslip (final concentration 

1 uM). In a subset of untransfected cells, both mitochondrion-selective dyes 

MitoTracker* Red and MitoTracker8 Green were added at a final concentration of 1 uM 
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in the medium. Confocal imaging was performed using a confocal laser scanning 

microscope (BioRad MRC 10.24) equipped with a 15 mY Krypton/Argon laser (scanning 

enlargement 20-40x), using the 568 and 488 excitation lines and 605DF32 and 522DF35 

emission filters for MitoTracker" Red and EYFP, respectively. For simultaneous 

visualisation of MitoTracker" Red and EYFP, dual-colour red and green images 

respectively were recorded. To measure the degree of colocalisation between 

MitoTracker" Red and EYFP, the degree of spatial overlap between the two channels of 

the dual-colour image was analysed and both red and green co-localisation coefficients 

were calculated (Manders et al. 1993). After correction for background fluorescence, a 

2D fluorogram was constructed indicating the distribution of all pixels in the 2D 

intensity space. The green (red) co-localisation coefficient is the ratio of the sum of the 

co-localised green (red) pixel intensities to the sum of all the green (red) pixel intensities. 

If no co-localisation is present, this ration is 0, whereas a ration of 1 indicates overlap 

between all red and green pixels. To evaluate this method, co-localisation coefficients 

were measured in cells containing both mitochondrion-selective dyes MitoTracker^ Red 

and Green. 

Electrophysiological analysis 

For electrophysiology, 1-2 (j.g of pEYFP-Nl\Kir6.1 or pFYFP-Nl\Kir6 .2 was 

transfected in either HEK293 or CHO cells, with or without human SUR1 (1-2 jag). 

Transfection and cell culture were performed as described earlier. Single-channel 

currents were recorded at room temperature in the cell-attached or inside-out 

configuration of the patch clamp technique, using an Axopatch 200B amplifier (Axon 

Instruments) and the following solutions. Pipette solution: 145 mM KC1, 1 mM MgCb, 1 

mM CaCb and 10 mM HEPES (pH adjusted to 7.4 with KOH). Bath solution contained 

145 mM KC1, 1 mM MgCb, and 1(1 mM HEPES (pH adjusted to 7.2 with KOH); 1 (xM 

ATP was added to prevent channel run-down. Patch electrodes were made of 

borosilicate glass on a home-made one-stage puller. The tips of the electrodes were heat-

polished and, after filling with pipette solution, had a dp resistance of 2-3 M . Single-

channel currents were measured at various potentials from -60 to +80 mV, and unitary 

currents were obtained from amplitude histograms. Single-channel data were filtered at 

500 Hz (low-pass) and digitised at 2 kHz. Voltage control, data acquisition and analysis 

were accomplished by use of custom-made software. 

Statistical analysis 

Data are presented as mean±SEM. Differences in mean single-channel conductance and 

number of channels per patch between groups was analysed using the Student's /-test. A 

/>-value of <0.05 was considered statistically significant. 
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Results 

Con focal imaging of'Mito Tracker" Red and Green 

Figure 1A (page 161) shows confocal images of a HEK293 cell transfected with pEGFP-

Nl and coloured with the mitochondrion-selective dye MitoTracker® Red. The green 

fluorescent protein is distributed evenly throughout the cytoplasm of the cell and clearly 

indicates the outlines of the cell. The mitochondria are distributed throughout the 

cytoplasm. In Figure IB, untransfected HEK cells are shown which contain both 

MitoTracker" Red and MitoTracker* Green. Areas of overlap between the red and 

green dyes are appear yellow. Green or red areas may indicate absence of co-localisation 

or local intensity differences in both dyes. Thus, visual evaluation of co-localisation may 

be hampered by technical as well as biological variations and therefore the degree of 

spatial overlap between the two channels of the dual-colour image was analysed. Figure 

1C shows the 2D fluorogram of the dual-colour image for a cell containing both 

MitoTracker* Red and Green. Theoretically, non-overlapping pixels are located near the 

axes and co-localising pixels are clustered around the diagonal line at 45° (y—x)- In this 

case, most pixels are found around a diagonal line and thus a high degree of co-

localisation is predicted. Indeed, the co-localisation coefficients for red and green are 

0.83-0.98 and 0.95-0.99 respectively, indicating that 83-98% of all red pixels co-localise 

with green and 95-99% of all green pixels co-localise with red. Thus, as expected, the 

degree of co-localisation between MitoTracker" Red and Green is very high. 

Confocal imaging of YFP-constructs 

When the Kir6.2 fusion protein (EYFP-NT\Kir6.2) was co-transfected with SUR1 into 

HEK cells, fluorescence was clearly observed on the plasma membrane and both red 

(MitoTracker1 Red) and green (EYFP) co-localisation coefficients arc low (Figure 2). 

Similarly, EYFP-Nl\Kir6.1 transfected together with SUR1 also showed plasma 

membrane localisation, although the fluorescent signal appeared less intense compared 

to EYFP-Nl\Kir6 .2+SURl. When the same amount of EYFP-Nl\Kir6 .2 (200 ng) was 

transfected in the absence of SUR1, no plasma membrane localisation was observed and 

the fluorescent signal was located inside the cytoplasm (Figure 3). However, when the 

amount of transfected DNA for EYFP-Nl\Kir6.2 was increased, fluorescence was 

localised at the plasma membrane, indicating that Kir6.2 is targeted to the cell membrane 

independently of SUR1. In contrast, no plasma membrane labelling was observed in cells 

transfected with EYFP-N1\Kiró.1 in the absence of SUR 1, irrespective of the amount 

of DNA used (Figure 3). Instead, EYFP-Nl\Kir6.1 showed an intracellular distribution 

and appeared to co-localise with MitoTracker" Red. Indeed, the fluorogram showed a 

clustering of points around a diagonal line and the green and red co-localisation 
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coefficients were 0.98 and 0.33 respectively, suggesting that nearly all of F.YFP-

Nl \Ki r6 .1 co-localises with mitochondria, whereas roughly a third of all mitochondria 

contain the EYFP-Nl\Kir6 .1 signal. Although this may suggest that Kiró.1 is targeted to 

the mitochondria, a similar degree of co-localisation was also observed in cells 

transfected with a low concentration of EYFP-Nl\Kir6.2 (Figure 3). However, the 

degree of co-localisation decreased dramatically for EYFP-Nl\Kir6.2 when more DNA 

was transfected, and this was not observed for EYFP-Nl \Kir6 .1 . The differences in 

subcellular distribution and membrane targeting between Kir6.2 and Kiró.1 arc 

summarised in Table 1. 

Electrophysiological analysis of YFP constructs 

In mock transfected and untransfected cells, some endogenous channel activity of about 

10-20 pS was observed, which was insensitive to ATP and showed no inward 

rectification. Co-transfection of FYFP-Nl\Kir6.2 and SUR1 resulted in typical KATP 

channel activity in 5 of 8 cells with 32.8±15.4 (mean±SEM) channels per patch. 
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Figure 4. Single channel charactcristicsol'EYFP-N1 \ Kir6.2+SUR1: current traces at various 
holding potentials (A), J/V-relationship indicating weak inward rectification (B), and effects of 

patch excision (IO) and application ofl mM ATP (C) 
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Figure 2. Confocal analysis of EYFP-h I Kir6.2 (top) and EYFP-N1 Kir6 I (bottom) transfected in HEK293 
cells together with SLR/ Fluorograms with colocalisation coefficients are shown as insets 
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Channel activity increased upon patch excision in low ATP concentration and decreased 

after application of 1 mM ATP to the bath (Figure 4A). These channels had a mean 

single channel conductance in the negative voltage range of 58.3±1.4 pS (mean±SEM) 

and showed weak inward rectification, similar to wild-type Kir6.2+SUR1 described in 

Chapter 7 (Figure 4B/C). The number of channels observed per patch was also not 

different from wild-type Kir6.2+SUR1 (Table 1). In HEK293 and/or CHO cells 

transfected with only RYFP-Nl\Kir6.2, channel activity was also observed upon patch 

excision in 5 out of 12 cells (2.1 ±0.9 channels/patch) (Figure 5A). These channels 

showed weak inward rectification and had a single channel conductance of 62.4+2.9 pS, 

which is similar to EYFP-Nl\Kir6.2 in the presence of SUR1 (Figure 5C). However, the 

channel openings observed for EYFP-Nl\Kir6.2 alone were quite different in that they 

were of short duration and had a spiky appearance (Figure 5B). These characteristics 

were similar to those of wild-type Kir6.2 without SUR1 described in Chapter 7. 

Although there was a trend towards a higher number of channels observed per patch 

compared to wild-type Kir6.2, this difference was not significant (Table 1). 
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Figure 6. Single channel characteristics ofE\'FP-Nl\Kir6.1+SURl in cell-attached mode: current 
traces at various holding potentials (A) and I/V relationship showing weak inward rectification 

and a single-channel conductance of 32.8 pS (B) 
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N o differences in channel characteristics were observed between HEK293 and CHO 

cells.In contrast to EYFP-Nl\Kir6.2, no functional channel activity was observed for 

EYFP-Nl\Kir6.1 when transfected without SUR1 in either HEK293 or CHO cells. 

When SUR1 was co-transfected, channel activity was observed in cell-attached patch in 4 

out of 13 cells, which did not increase upon patch excision (0.6+0.3 channels/patch) 

(Figure 6A). Mean single channel conductance for EYFP-Nl\Kir6.1+SURl was 

30.5+2.8 pS and weak inward rectification was present (Figure 6B). Again, no 

differences in channel characteristics between EYFP-Nl\Kir6.1+SURl and wild-type 

Kir6.1+SUR1 (see Chapter 7) were observed. In addition, the number of channels 

observed per patch was similar compared to wild-type Kir6.1+SUR1 (Table 1). 

Discussion 

In the present study, we evaluated the intracellular distribution of KATP channel subunits 

Kiró.1 and Kir6.2 by confocal imaging of fluorescent fusion proteins transfected into 

HEK293 cells. Plasma membrane ion channels are assembled at the endoplasmic 

reticulum (ER), where transmembrane folding of specific segments across the 

membrane occurs. The completed polypeptide chains then move to the Golgi complex 

for posttranslational modification (i.e. N- glycosylation, the addition of N-linked 

oligosaccharide chains) and are finally incorporated into transport vesicles which fuse 

with the plasma membrane (see Griffith 2001). In mammalian proteins, an ER retention 

signal has been described which prevents the effective transport of the protein from the 

ER to its final destination (Zcrangue et al. 2001). This retention signal, RKR (Arg-Lys-

Arg), is present in both SUR and Kiró.x subunits of the KATP channel and was proposed 

to prevent their independent functional expression (Zerangue et al. 1999). Co-expression 

of SUR with Kiró.x was thought to conceal the retention signal allowing for functional 

expression of the channel. Similarly, truncation of Kiró.2, thereby removing the RKR 

motif, also resulted in cell surface expression of Kir6.2 in the absence of SUR (Tucker et 

al. 1997, Zerangue et al. 1999). Contrary to these findings, our confocal imaging data 

indicate that untruncated Kir6.2 is capable of independent trafficking to the plasma 

membrane (i.e. in the absence of SUR1, in accordance with previous results reported by 

Makhina and Nichols (1998). Similarly, we showed that Kir6.2 also forms functional 

channels by itself and apparently does not require the presence of SUR1 to "override" 

the retention signal. Thus, the functional relevance of the RKR motif as an ER retention 

signal seems questionable, although it may still be involved in the regulation of channel 

expression efficiency. The functional characteristics, such as single-channel conductance 
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number of 
channels/patch 

conductance 
(PS) 

membrane 
localisation 

WT Kir6.2+SUR1 38.1 ± 17.8 61.4 ±3.2 

EYFP-N1\Kir6.2+SUR1 32.8 ±15.4 58.3 ±1.4 

WT Kir6.2 alone 0.4 ± 0.2 50.2 ± 3.0 

EYFP-N1\Kir6.2alone 2.1 ±0.9 62.4 ± 2.9 

WT Kir6.1+SUR1 0.9 ± 0.4 34.3 ± 5.6 

EYFP-N1\Kir6.1+SUR1 0.6 ± 0.3 30.5 ± 2.8 

WT Kir6.1 alone 

EYFP-N1\Kir6.1 alone 

Tabic 1. Summary of electrophysiological characteristics and plasma membrane localisation of 
wild-type (WT) and YFP constructs ofKiró. 1 and Kir6.1 in the presence and absence of SUM 

(dampresented as mean+SEM) 

and inward rectification, of the fusion protein EYFP-Nl\Kir6.2 are similar to the wild-

type Kir6.2 described in Chapter 7. Therefore, the YFP fused to the C-terminal end of 

Kir6.2 does not seem to interact with the channel pore, nor can it explain the 

independent functional expression and membrane 

trafficking of EYFP-N1 \Kir6.2, since we have also observed this for wild-type Kir6.2 

(Chapter 7). Co-expression of SUR1 with HYFP-Nl\Kir6.2 greatly enhanced I he-

number of channels and the fluorescent signal on the cell surface. Thus, the co-assembly 

of these subunits somehow results in a more efficient transportation to and/or insertion 

in the plasma membrane. The C-terminal sequence motif (Phe-X-Tyr-Glu-Asp-Glu-Val) 

in Kir2.1 reported to be both necessary and sufficient for efficient export from the ER 

to the cell surface, is not present in either Kir6.2 or Kiró.1 (Stockklausner et al. 2001, Ma 

et al. 2001) (see Chapter 7, Figure 2). 

Originally, the protective effect of KATP channel opening was thought to act through 

sarcolemmal KATP channel (sarcK.vn>) activation, leading to action potential shortening, 

reduced calcium influx into the cell resulting in a more favourable energy homeostasis 

and metabolic state for the myocyte. With the discovery of a KATP channel in the inner 

mitochondrial membrane, a potential additional site of action was introduced (Inoue et 

al. 1991). The mechanism of cardioprotection by mitochondrial KATP (mitoKATp) 
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channel activation still remains unclear, but matrix swelling, mitochondrial calcium 

homeostasis and production of reactive oxygen species are thought to play a role 

(Vanden Hoek et al. 1998, Wang et al 2001, Gross 2000). Recent studies have indicated 

that both sarcK.vi P and mitoK.vrp channels are involved in the cardioprotection afforded 

by potassium channel openers and preconditioning, possibly through interaction 

between the two channel types (Tanno eta/. 2001, Sanada eta/. 2001, Sasaki eta/. 2001). 

Two possibilities were proposed: 1) sarcK.vn» activation may reduce the cytosolic level of 

endogenous mitoK.vn' inhibitors and/or 2) trigger a signalling pathway for mitoK.vn' 

activation (Paucek et at. 1996, Tanno et a/. 2001, Sasaki et a/. 2001). For more detailed 

analysis of the role of either channel in cardioprotection, knowledge of their structural 

features is essential. However, although the subunit composition underlying the 

sarcK.vip channel is now known, the molecular structure of the mitochondrial channel 

has not yet been identified. Since sarcK.vn» and mitoKvn» channels share many 

electrophysiological and pharmacological properties, mitoI<ATi» channels are also thought 

to consist of SUR and Kir subunits. Two components of mitoKvn» have been identified 

through labelling with bodipy-glyburide, a 55 kD channel protein and a 63 kD SUR 

(Grover and Garlid 2000). In rat skeletal muscle mitochondrial fractions, a 51 kD band 

was observed with immunoblot analysis using a Kir6.1 antibody and 

immunofluorescence staining showed Kiró.1 labelling on the inner mitochondrial 

membrane (Suzuki et a/. 1997c/). in addition, the subunit combination Kir6.1/SUR1 

shares pharmacological similarities with the native mitoKvip channel (Liu eta/. 200If). 

On the other hand, immunohistochemistrv with an anti-Kiró.1 antibody in ventricular 

myocytes did not show co-localisation with mitochondria (Seharaseyon et at. 2000/;). 

Thus, it seems undecided whether or not Kiró.1 forms part of the mitoK.\TP channel 

complex. 

Proteins destined for the mitochondrial membranes are often recognised through 

specific signal peptides within their amino acid sequence (Lithgow 2000). Although 

neither Kiró.1 or Kir6.2 contain such a signal peptide sequence (see Chapter 7), little is 

known about these signal motifs in ion channels. In the present study, we found that 

Kiró.1 in the absence of SUR1 is localised within the cytoplasm. Furthermore, a high 

degree of co-localisation was observed between the fusion protein EYFP-N1\Kiró.1 and 

the mitochondrion-selective dye MitoTracker® Red, suggesting that Kiró.1 is located 

within the mitochondria. However, a similar degree of co-localisation was also observed 

in a minority of cells containing EYFP-Nl\Kir6.2, although only when transfected in 

low concentrations. A possible explanation for this finding may be that the resolution of 

the method used is insufficient to discriminate between the various intracellular 

structures. The pixel size of the confocal images obtained in our experiments was 

calculated to be about 0.6 um. Since mammalian mitochondria have a diameter of about 
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0.5-1.0 pirn, it is possible that one single pixel represents two separate adjacent organelles, 

for example a mitochondrion and part of the ER. Therefore, this method may not be 

sensitive enough to draw any major conclusions concerning the putative localisation of 

Kiró.1 within the mitochondrial membrane. Nevertheless, the results from the present 

study indicate that the KATP channel subunits Ivii'6.1 and Kir6.2 behave differently with 

regards to subcellular trafficking and membrane targeting. Furthermore, our results are 

in accordance with the possibility that Kiró.1 forms part of the mitoKATP channel 

complex. 
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Chapter 9 

In t roduc t ion 

Many ion channels are known to be differentially regulated during (patho)physiological 

conditions, development and ageing. Changes in gene expression levels during 

pathological situations alter normal cellular behaviour and may lead to various 

abnormalities. Indeed, down-regulation of certain potassium channels during ventricular 

hypertrophy and heart failure results in action potential prolongation (reviewed by 

Tomaselli and Marban 1999). Also, profound changes occur in the kinetics and density 

of several ion channels during subacute and chronic ischemia/infarction, which could 

contribute to disturbances in electrical activity and arrhythmogenesis (Pinto and Bovden 

1999, Aimond et al. 1999). For the ATP-sensitive potassium (KATP) channel, only very 

few studies have been performed to evaluate alterations in channel expression during 

myocardial ischemia and infarction. The KATP channel activation occurs when the 

intracellular ATP is sufficiently decreased and constitutes an intrinsic cardioprotective 

mechanism. Thus, KATP channel upregulation during chronic states of metabolic 

deprivation could enhance myocardial tolerance and thus increase myocardial survival. 

Indeed, an increase in Kir6.1 (one of the KATP channel subunits) mRNA expression was 

observed in a rat model of regional ischemia, although only when followed by at least 24 

hours of reperfusion (Akao et al. 1997). 

RNA expression levels are usually studied using Northern blotting, RNase protection 

assays or semi-quantitative RT-PCR (Reverse-Transcriptase Polymerase Chain 

Reaction). PCR-based methods are often used for quantification analyses; the starting 

product is amplified during a pre-fixed number (i.e. 20 or 30) of PCR amplification 

cycles and the end-product is visualised and quantified using gel electrophoresis. 

However, this method involves an end-point analysis and is therefore sensitive to the 

influence of reaction conditions such as reagent exhaustion and enzyme instability 

(Kains 2000). Furthermore, PCR-based methods may not be sensitive enough to detect 

small but possibly biologically relevant differences in mRNA expression. In this study, 

we introduce a recently developed technique, real-time PCR, which enables on-line 

monitoring of the PCR amplification process. Due to the improved PCR reaction 

kinetics, this method may provide a more accurate, efficient and sensitive measurement 

of KATP channel mRNA expression levels in the heart. In general, this method is a 

promising tool in the study of ion channel expression behaviour during various 

(patho)physiological conditions. 
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Methods 

Background 

Real-time PCR allows on-line monitoring of PCR amplification through the use of the 

fluorescent DNA binding dye, SYBR Green I, which emits only when bound to the 

minor groove of double-stranded DNA (dsDNA) (Gibson et al. 1996). The increase in 

fluorescence can be analysed on-line during the entire PCR cycling process, enabling 

detection during the log-linear phase of amplification instead of just an end-point 

analysis. The log-linear phase of PCR reactions is thought to represent the period of 

constant amplification efficiency, whereas various factors may decrease amplification 

efficiency during later stages of the PCR reaction (Technical Note No. LC 10/2000, 

Kains et al. 2000). By calculating the number of PCR cycles necessary to detect a 

threshold signal, the starting levels of a certain D N A can be determined. Before mRNA 

can be used for quantitative measurements, it is converted into complementary DNA 

(cDNA) by the use of priming oligo (oligo-dTuvx and/or gene-specific) and reverse-

transcriptase (RT). For our measurements, we performed a "two-step" RT-PCR 

reaction. First, single-strand cDNA is made, after which a small part is used as a 

template for the real-time PCR reaction. After completion of the amplification cycles, 

characteristics of the formed PCR product are checked by melting curve analysis and gel 

electrophoresis. 

RNA isolation, DNase I treatment and Northern blot analysis 

For RNA isolation, rabbit whole heart tissue (New Zealand Whites, 2.0-3.0 kg) was 

separated in atrial, left and right ventricular samples, frozen in liquid nitrogen and stored 

at — 80° C. RNA was isolated through a CsCl-cushion during overnight centrifugation, as 

described in Chapter 2. To remove any contaminating genomic DNA, 10-100 ug RNA 

was incubated with 10 units RQ1 RNase-frcc DNase (Promega, M6101) for 30 minutes 

at 37°C, extracted with phenol and finally ethanol precipitated and dissolved in 3 mM 

Tris-HCl (pH 7.5)/0.2 mM EDTA. Total RNA concentration was determined 

spectrophotometrically at 260 nm and RNA integrity was verified by gel electrophoresis. 

For Northern blot analysis, 10 ug total RNA was separated on gel, blotted on a nylon 

membrane (Hybond-N, Amersham) and hybridised under stringent conditions with 32P-

labelled, full-length rabbit heart Kir6.1 or Kir6.2. 

Primer design 

cDNA PCR primers for rabbit heart Kir6.1 and Kir6.2 were designed from the RNA 

sequences obtained in Chapter 7, using the Oligo primer analysis (version 4.1, National 

Biosciences) and Primer Express (version 1.0, PE Applied Biosvstems) software (Table 
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1). In addition, measurements of total RNA by 18S were performed, which can be used 

as tissue base in order to compensate for differences in total RNA levels between 

separate samples. For 18S, the primer was designed from the rabbit sequence obtained 

from GenBank (Accession number X06778). Since cDNA synthesis, primed with oligo-

dTuvN, starts from the 3' end of the RNA strand, all PCR primers were designed at this 

end to increase the probability that all synthesised cDNA strands will contain the PCR 

primer annealing sites. All primer sets had a calculated annealing temperature of 59-60'C 

(nearest neighbour method) and regions containing a large number of purines (A or G), 

G / C tandems, repetitions or self-complementarity were avoided. Primers were ordered 

from Biolegio (The Netherlands). 

cDNA synthesis 

First-strand complementary D N A (cDNA) was synthesised by priming with either 

oligo-dTi-ivN (Biolegio, The Netherlands) together with the 18S antisense oligo or with a 

mix containing both oligo-dTnvN and gene-specific primers for Kir6.1, Kir6.2 and 18S 

(antisense only). First, the priming oligo (mix of 125 pmol oligo-dTnvN and/or 2 pmol 

gene-specific primer) was annealed to 1 ug of total RNA by incubadon at 70"C for 10 

minutes and cooling down to 4° C (total volume of 10 [i.1). Next, the reverse 

transcription mix was added with a final concentration of lx first strand buffer (Gibco), 

0.5 mM dNTP, 4 mM MgCb and 100U Superscript II (Gibco) and incubated at 42°C for 

60 minutes, heated to 70"C for 15 minutes and cooled to 4°C. In some cases, the reverse 

transcription mix also contained 10 mM DTT. Finally, 30 u.1 of a 3mM Tris-HCl (pH 

7.5)/0.2 mM E D T A solution was added. To check for the presence of contaminating 

genomic DNA, cDNA synthesis was also performed in the absence of reverse 

transcriptase (i.e. without Superscript II in the mix). 

Polymerase Chain Reaction using the Lightcycler System 

Real-time PCR amplification and subsequent data analysis were performed using the 

LightCycler Instrument and software version 3.0, respectively (both Roche). The 

reaction mixture (total volume 15 \x\) contained 2 ul cDNA, 0.5 piM of each primer 

(sense and antisense), 1.5 JJLI LightCycler FastStart DNA Master SYBR Green 1 mix 

(Roche, 2239264) and 4 mM MgCfe. For 18S measurements, the cDNA samples were 

first diluted 1000-fold. The LightCycler amplification protocol was as follows 

(fluorimcter gain for channel 5 set to 1): (1) pre-incubation at 95°C for 10 minutes for 

FastStart polymerase activation and cDNA denaturation, (2) 40 cycles of template 

amplification, each consisting of 10 seconds at 95°C (denaturation), 5 seconds at 58"C 

(primer annealing) and 10 seconds at 72"C (extension), (3) 10 seconds at 95°C and 15 

seconds at 50"C followed by slowly heating at 0.1°C/sec up to 95°C for melting curve 
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Gene Primer sequences Co-
ordi nates 

Annealinq 
temperature 

Amplicon 
size (bp) 

Rabbit Forward (se): 5'-TCCATGGAAATACACCTGCTAAGA-3" 1933-1956 59°C 126 
K i r 6 ' ' Reverse (as): 5'-CTGCCCCCAGAGGCTGTTA-3' 2058-2037 60°C 

Rabbit Forward (se): 5'-TCCTAGTGGTAACTGGGACTCATTC-3' 2544-2568 59°C 151 
K i r 6 " 2 Reverse (as): 5'-CCATCAGGACCAAGGGCC-3' 2676-2694 60'C 

Rabbit Forward (se): S'-TTCGGAACTGAGGCCATGAT-S' 894-913 59°C 151 
1 RS 

Reverse (as): 5'-CGAACCTCCGACTTTCGTTCT-3' 1024-1044 59°C 
Tabic 1. Forward (sense) and reverse (antiscnse) primer sequences, coordinates and annealing temperatures 

and calculated amplicon (amplified fragment) size. Coordinates arc according to rabbit heart Kiró.1 and 
Kir6.2 sequences described in Chapter 7 and the 18S sequence from GenBank (Accession No. X06778) 

temperature (58 °C) and MgCfe concentration had been experimentally determined 

previously. Fluorescence intensity was measured at the end of each extension phase and 

reflects the amount of dsDNA formed. During melting curve analysis, a fast drop in 

fluorescence intensity is observed at the denaturing (melting) temperature of a dsDNA 

fragment. As the temperature is raised, the DNA starts to denature and the SYBR Green 

I dye is released from the dsDNA. Since each dsDNA product has its own unique 

melting temperature (Tm), the specificity of the PCR reaction can be checked after each 

amplification protocol. By plotting the negative first derivative of the fluorescence 

intensity against temperature, the melting peak can be obtained. Finally, DNA product 

identity and primer specificity were verified by size electrophoresis on a 10% non-

denaturing polyacrylamide gel, which was stained afterwards with ethidium bromide for 

visualisation. 

Standard curve analysis 

By calculating the number of PCR amplification cycles necessary to detect a threshold 

signal, the starting levels of a certain mRNA can be determined. For this, a calibration 

graph is calculated for a set of samples with known template concentration by 

determining at which PCR cycle number the amplification signal enters the log linear 
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Figure 1. Mathemathic relation between efficiency of target amplification and 
slope of the standard curve. 100% PCR efficiency corresponds to an Ex value of 2 

(dashed line) (see Methods section) 

region. As mentioned earlier, the log-linear phase of PCR reactions is thought to 

represent the period of constant amplification efficiency. Standard curves were generated 

from cDNAs synthesised from increasing amounts of total RNA (0.125, 0.25, 0.50, 1.0, 

2.0, and 4.0 jxg). Using the LightCycler quantification software, the threshold cycle (CT) 

was determined with the noise band set to 1 (Figure 2). The CT values obtained for each 

concentration were used to construct a linear regression line by plotting the logarithm of 

the template concentration (X-axis) against the corresponding threshold cycle (Y-axis). 

The correlation coefficient (r) reflects standard curve quality and indicates a linear 

relation when r approaches - 1 . The slope is used to evaluate target amplification 

efficiency (—Ex) using the equation 'Ex = (10'/s/oPe)-1 which is a mathematical derivative 

of Xn — Xo * (1+Ex)" where Xn denotes the number of target molecules at cycle n, Xo 

represents the initial number of target molecules, and n is the number of amplification 

cycles (Figure 1). A slope smaller than -3.3 implies a PCR efficiency of more than 1 (i.e. 

>100%) and indicates that more than twice as much fragments are amplified per PCR 

cycle, which is impossible. 
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Results 

Quantification and standard curve analysis 

Figure 2 shows examples of three separate LightCycler experiments for all three primer 

sets Kiró.1, Kir6.2 and 18S. The increase in fluorescence intensity with increasing 

number of amplification cycles is shown in ventricular samples from rabbit heart (Figure 

2A). In panel B, standard curve analysis for each primer set is shown, using various 

dilutions of a single ventricular tissue sample. The crossing point of the noise band (set 

to 1) with the amplification curve represents the threshold cycle (Gr value) for each 

sample (lower panels). Using the C T values of the various dilutions, a standard curve is 

constructed, as shown in the insets in the lower panels of Figure 2. The slope and 

correlation coefficient (r) of each standard curve is calculated (Table 2). The graphs 

shown in Figure 2 were all obtained from cDNA samples which were synthesised by 

priming with oligo-dTuvN together with the gene-specific primers for Kiró.1, Kiró.2 and 

18S. Similar experiments were also performed with cDNA samples synthesised by 

priming with just oligo-dTuvN and 18S. In Table 2, it can be seen that the results for 

Kiró.1 using gene-specific priming (Kiró.1+Kir6.2+18S) are somewhat better than those 

for oligo-dTi4VN+18S, with Ex of 0.98 (i.e. around 98% PCR efficiency) and a near-

linear relation (r = -0.99). However, the threshold cycle (CT) for Kiró.1 is around 23, 

indicating that the mRNA in question is expressed at low levels or shows a low 

abundance. In our experience, optimal results are usually obtained when threshold cycles 

are reached after 15-20 cycles. For Kir6.2, the CT values are even higher, 25-26, 

indicating an even lower abundance of this mRNA in ventricular tissue as compared to 

Kiró.1. Using gene-specific priming, the standard curves for Kir6.2 are slightly improved, 

but still show a slope of 2.81 or a PCR efficiency of 126%. This is most probably due to 

low abundance of the mRNA, which makes these samples unsuitable for standard curve 

analysis, since reproducibility is dependent on mRNA copy number (i.e. mRNA 

abundance). In future experiments, this can be overcome by adding a fixed amount of 

amplified amplicon, purified from the PAGE gel, to each sample, thereby artificially 

increasing the abundance of the amplified fragment, lmportandy, the standard curve 

characteristics for 18S showed optimal conditions for both oligo-dTi4VN+18S and gene-

specific priming, indicating that the latter does not negatively influence the PCR process. 

PCR product identity and primer specificity 

To evaluate PCR product identity and primer specificity, melting curve analysis and 

polyacrylamide gel electrophoresis were performed. For Kiró.1, Kir6.2 and 18S a single 

melting peak was observed, indicating the formation of a single PCR product during the 

amplification protocol (Figure 3A). Furthermore, a negative control sample was added in 
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which cDNA synthesis had been performed in the absence of reverse transcriptase. 

Although a PCR product was formed during the amplification protocol, this occurred 

only after a high number of cycles and the product showed a different melting peak 

compared to either Kiró.1 and Kir6.2 (not shown), suggesting that there was no 

contamination of genomic DNA in the cDNA samples used. 

Melting curve analysis only indicates whether primer specificity exists (i.e. the 

formation of a single PCR product) but it does not give any information on the identity 

of the product formed during the PCR process. For this, the size of the PCR product 

can be checked on a polyacrylamide (PAGE) gel and compared to the expected size of 

the amplified fragment (amplicon). Indeed, the estimated fragment size on PAGE gel 

was 125 bp for Kiró.1 and 150 bp for both Kir6.2 and 18S (Figure 3B), which closely 

resembles their estimated amplicon sizes as depicted in Table 1. Thus, the Kiró.1, Kiró.2 

and 18S primer sets are all product specific. 

LightCycler versus Northern blot results 

Figure 4 shows two sets of LightCycler experiments using both atrial and ventricular 

tissue samples. For these examples, Dithiothreitol (DTT) was included in the reverse 

Primers cDNA priming CT value Slope Ex 

Kiró.1 oligo-dT,4vN+18S 22.62 

oligo-dT,4VN+ 18S + Kiró.1 + Kiró.2 22.73 

Kiró.2 oligo-dT,4vN+18S 26.22 

oligo-dT,4vN + 18S + Kiró. 1 + Kiró.2 25.46 

18S oligo-dTi4vw+ 18S 12.09 
oligo-dTuvN + 18S + Kir6.1 + Kir6.2 12.13 

Table 2. Effect on cDNA priming on standard curve, amplification efficiency and detection sensitivity 
(CT vaIue=threshold cycle; Ex=amplification efficiency; r=corrclation coefficient) 

3.20 
3.35 

2.66 
2.81 

3.24 
3.33 

1.05 
0.98 

1.38 
1.26 

1.04 
1.00 

-0.96 
-0.99 

-0.90 
-0.99 

-1.00 
-1.00 

185 



3 

J 

i 
.7 • 

J7~ r ' r i i7XF 

U 
< : : : 

,. ..s 

• — i 

i n 

MM III! 
O. 

-O 
c r - o t~~r~ 

2 

C/5 
00 

Mill III I 
I 

CS 

5" 8<=^2 

X) 
— 
IT5 

vo 'T) m (N 



m R N A expression of Kiró.1 and Kir6.2 

Figure 4. Increase in fluorescence intensity (Y-axis) depending on amplification cycle number 
(X-axis) for Kiró.1 and Kir6.2 in atrial (A) and ventricular (B) tissue samples. In atrial samples, 
Kiró.1 and Kir6.2 show similar amplification curves (A), whereas in ventricular samples, Kiró.1 

fluorescence intensity increased after a lower number number of amplification cycles 
compared to Kiró.2 (B). 

transcriptase mix during cDNA analysis, which may explain the slight initial increase in 

fluorescence before reaching the threshold cycle. Since it was shown that DTT is best 

omitted from the cDNA synthesis reaction (see Lekanne Deprez et aL 2001), we did not 

include DTT in the other experiments described before. Although the results are still 

preliminary, it can be seen that in atrial tissue, both Kiró.1 and Kir6.2 PCR product 

formation started after equal number of amplification cycles (Figure 4A). In contrast, in 

three separate ventricular tissue samples, the Kiró.1 PCR products were consistently 

formed after a lower number of amplification cycles as compared to Kir6.2 (Figure 4B). 

These observations suggest that in ventricular tissue, Kiró.1 is expressed at a higher level 

than Kir6.2. These findings are in accordance with results obtained from Northern blot 

analysis, where a high expression level of Kiró.1 is observed in both atrial and ventricular 

tissue, whereas Kir6.2 is only moderately expressed in right and left ventricle compared to 

atrial tissue (Figure 5). 

Discussion 

In general, gene expression is a dynamic process which enables cells to respond to 

specific conditions with the up- or downregulation of protein activity. In this process, 

multiple steps are involved, including gene transcription, where mRNA is synthesised 
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from genomic DNA, and translation from RNA into protein (see van den Hoff and 

Moorman 1999). In addition, post-translational modification occurs, with protein 

processing, assembly, trafficking and degradation occurring within the cell cytoplasm. 

Regulation at all these levels of gene expression may be altered during certain 

(pathophysiological conditions and ultimately determine the final effect on the 

biological function and activity of the protein in question (Roden and Kupershmidt 

1999). 

Regulation of gene expression may play a role not only during pathological 

conditions, but also in the process of tissue development. For instance, certain genes are 

known to be expressed only during the embryonic stage of development or rather during 

ageing. The density of ATP-sensitive potassium (KATP) and inward rectifier potassium 

(IKI) currents was shown to increase progressively before birth in rat ventricular 

myocytes (Xie et a/. 1997). in rabbits, KATP single-channel conductance and channel 

density was significantly smaller in neonatal myocytes as compared to adult ventricular 

cells (Chen et al. 1992). Neither RNA nor protein expression levels were assessed in 

these studies and it therefore remains uncertain whether changes in the number of 

channels, or alterations in channel activation efficiency, or both, accounted for the 

observed differences. Similar changes in densities and properties have been observed in 
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the developing mammalian myocardium for voltage-gated K+ channels (Nerbonne 

1998). Similarly, during pathological conditions such as myocardial infarction and heart 

failure, the electrophysiological properties of cardiac tissue are dramatically altered due to 

changes in the function or expression of genes encoding ion channels or other proteins 

crucial for cardiac electrophysiology (Roden and Kupershmidt 1999, Pinto and Boyden 

1999). 

Identification of abnormally expressed genes during (pathophysiological conditions 

may increase our knowledge of affected pathways and in some cases provide useful 

information regarding disease diagnosis, prognosis, and therapy. In most studies, 

changes in mRNA expression levels are used as a measure of gene expression alteration. 

Although changes in mRNA levels do not necessarily reflect protein levels and thus 

channel activity, they may provide useful information regarding the processes involved. 

mRNA expression levels are usually studied using Northern blotting, RNase protection 

assays or competitive RT-PCR. The disadvantage of competitive RT-PCR is that it can 

be an unreliable and insensitive method. Therefore, there is a growing need for the 

development of more sensitive and reliable mRNA detection methods. Recently, real

time PCR has been introduced in which data can be collected in the log-linear phase of 

the amplification reaction. In addition, a two-step RT-PCR method has been developed 

that allows for reliable quantification of mRNA expression levels (Lekanne Deprez et ai 

2001). In the present study, we have used this method and system to determine whether 

Kiró.1 and Kir6.2 mRNA levels can be reliably quantified. Our ultimate goal is to use the 

LightCycler System to study (small) changes in mRNA expression levels for the ATP-

sensitive potassium (KATP) channel during myocardial ischemia, heart failure, cardiac 

development, ageing, as well as regional differences within the myocardium. This 

channel opens when the intracellular ATP concentration is low and provides an 

endogenous protective mechanism for the heart (and other tissues) during periods of 

metabolic deprivation such as ischemia and infarction. Therefore, the investigation of 

KATP gene expression regulation during these conditions is of particular interest. In a 

previous study, upregulation of Kiró.1 (one of the channel subunits) mRNA expression 

was observed after 60 minutes of regional ischemia in the rat heart, but only when 

followed by at least 24 hours of repcrfusion (Akao et al. 1997). However, these results 

were obtained using Northern blot analysis, and this method may not have been 

sensitive enough to detect small but potentially important changes in mRNA expression 

levels during the earlier stages of the experimental protocol. Thus, it will be interesting to 

see whether the new real-time PCR method is capable of improved detection of small 

alterations in mRNA levels during similar experimental models. 

The real-time RT-PCR method has a number of important advantages compared to 

conventional PCR based methods. The latter actually represents an end-point analysis, 
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since the starting product is amplified during a pre-fixed number (i.e. 20 or 30) of PCR 

amplification cycles and the end-product is visualised and quantified using gel 

electrophoresis. In contrast, the Lightcvcler System allows real-time detection of PCR 

products and collection of data during the log linear phase of the PCR reaction, which is 

considered the period of constant amplification efficiency (Kains 2000). Therefore, 

different RNA samples can be compared at similar PCR amplification efficiencies. Due 

to the exponential nature of the PCR amplification process, small changes in 

amplification efficiency can have profound effects on the final outcome. For 

quantification purposes, relative quantification methods are commonly used, where the 

target concentration is expressed in relation to the concentration of a housekeeping gene 

or the total amount of RNA (i.e. 18S or 28S). Using real-time PCR, the expression levels 

of the target and the housekeeping gene can be determined with the help of separate 

standard curves for each gene. However, since the target concentration is ultimately 

expressed in arbitrary units, the expression levels can only be used to compare samples 

which were measured in the same experimental set-up. An even more promising 

application of real-time PCR involves absolute quantification, or expression of the target 

concentration as an absolute value, i.e. the number of mRN A molecules. For this, an in 

vitro translated RNA transcript identical to the native RNA with a known concentration 

is used as a standard. However, since exact RNA concentration measurement and 

accurate calibration of this standard is difficult to achieve, this approach needs further 

optimisation. Finally, by combining melting curve analysis with PAGE gel 

electrophoresis, the LightCycler System allows for the detection of both specific and 

aspecific PCR product formation, thereby providing not only a sensitive but also a 

specific method of mRN A expression analysis. 

In this study we have optimised the two-step real-time PCR reaction for the 

assessment of K.yrp channel mRNA expression levels in the rabbit heart. In future 

studies we plan to use this highly sensitive and specific method to evaluate mRNA 

expression levels for this channel during certain (patho)physiological conditions, 

including myocardial ischemia, preconditioning and cardiac development. 
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Summary 

The ATP-sensitive potassium (KATP) channel is an ion channel selective for potassium, 

which is activated when the ATP concentration inside the cell is decreased. This channel 

is found in many different tissue types, including the pancreatic beta-cells, vascular 

smooth muscle cells and neuronal tissue, where they play a role in the regulation of 

insulin release, vascular tone and neurotransmitter release, respectively. In cardiac 

myocytes, the KATP channel is activated when myocardial blood flow is compromised, 

i.e. during myocardial ischemia. KATP channel activation postpones the onset of 

irreversible tissue damage during ischemia and decreases infarct size, thus constituting an 

endogenous cardioprotective mechanism. Therefore, KATP channel activation may be of 

therapeutical importance in patients with ischemic heart disease. However, the exact 

mechanism of the cardioprotective effects of KATP channel opening has not yet been 

fully clarified. Moreover, the issue of whether or not KATP channel opening may increase 

the incidence of ventricular arrhythmias, has not been settled. In addition, the recent 

discoven,- of the presence of a KATP channel within the mitochondrial membrane has 

provided a potential new site of action. For future optimisation of pharmacological 

treatment strategies, a detailed knowledge of the structure and function of the KATP 

channel is required. In particular, the integration of results obtained from molecular 

research with those from in vivo experiments will prove increasingly important. 

Therefore, in this thesis both the functional and molecular aspects of the cardiac KATP 

channel were studied. The results provide new insights into the mechanism of ischemic 

cardioprotection as well as the molecular structure and (electro) physiological features of 

the KATP channel complex, as summarised below. 

Chap te r 1 gives an introduction to the KATP channel and discusses its role in various 

tissues, including heart, pancreas and vascular smooth muscle. Functional characteristics, 

regulator}' aspects and pharmacology of the cardiac KATP channel are reviewed. The 

effects of KATP channel activation during myocardial ischemia and preconditioning are 

discussed, including the possible role of mitochondrial KATP channels. An overview of 

the molecular structure and functional properties of potassium channels, including 

inward rectifier channels and the KATP channel, is presented. Intracellular trafficking and 

regional distribution within the heart of the KATP channel subunits Kiró.1 and Kir6.2 is 

discussed. Finally, the hypotheses and aims regarding the experiments described in this 

thesis are presented. 

Chap te r 2 describes the various experimental set-ups and techniques used in this thesis, 

including the Langendorff perfused rabbit heart and isolated ventricular myocytes. A 

detailed description of the rabbit heart cDNA library synthesis and isolation of the rabbit 

heart Kir6.1 and Kir6.2 clones from this library is provided. The cloning steps involved 
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in the generation of fluorescent fusion proteins for rabbit heart Kiró.1 and Kir6.2 are 

described and the confocal and electrophysiological analysis techniques used are 

presented. Finally, a new quantitative two-step reverse-transcriptase polymerase chain 

reaction (RT-PCR) for mRNA expression level measurement is introduced. 

In Chapter 3, the background and rationale is provided for a possible role for the KATP 

channel in the regulation of noradrenaline release within the myocardium during 

ischemia. Originally, the cardioprotective potential of KATP channel opening was 

attributed to the action potential shortening it caused, resulting in decreased calcium 

influx into the myocyte and a more favourable metabolic state, but more recently it was 

shown that action potential shortening is not a prerequisite for cardioprotection to 

occur. Therefore, other mechanisms underlying the effects of KATP channel activation 

must be considered. In brain tissue, KATP channel openers have been shown to reduce 

the release of various neurotransmitters during ischemic conditions. During myocardial 

ischemia, noradrenaline is progressively released from adrenergic nerve-endings in the 

heart and has deleterious effects on the ischemic myocardium. Any intervention capable 

of reducing or postponing this noradrenaline release is potentially favourable. Therefore, 

we hypothesise that KATP channel opening reduces the ischemia-induced noradrenaline 

within the heart, which may (in part) explain its cardioprotective effects. 

Chapter 4 addresses the issue of KATP channel opening and arrhythmogenesis. 

Theoretically, the action potential shortening caused by KATP channel opening may 

increase the occurrence of re-entrant ventricular arrhythmias. This possible side-effect is 

considered one of the major potential drawbacks of treatment with KATP channel 

openers in patients. However, in a number of experimental models, both pro- and anti

arrhythmic effects of KATP channel openers have been reported. This apparent 

discrepancy may be explained by the fact that during ischemia, ventricular arrhythmias 

occur in two distinct phases. The first (phase la) is thought to be caused be re-entry and 

may be accelerated by action potential shortening through KATP channel opening. The 

second l b phase may be related to the onset of irreversible damage in the ischemic 

myocardium and can therefore potentially be postponed by KATP channel opening. 

Different experimental models will exhibit variable incidences of either phase of 

arrhythmias and therefore may respond differently to KATP channel openers. We propose 

that the pro-arrhythmic potential of KATP channel openers is actually overestimated and 

mostly observed when unnecessary high doses are used. Furthermore, the few available 

clinical studies with KATP channel openers have not shown any pro-arrhythmic effects. 
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In Chapte r 5, the effects of the KATP channel opener cromakalim on myocardial 

noradrenaline release and ventricular arrhythmias were studied in the globally ischemic 

rabbit heart. Results from these experiments show that cromakalim protects the ischemic 

myocardium, since it postponed the onset of the second rise of extracellular potassium, 

which is considered the time of onset of irreversible damage. Furthermore, cromakalim 

did not increase the incidence of ventricular arrhythmias, although it did significantly 

accelerate the time of onset of arrhythmias, in accordance with a relative increase of 

phase la arrhythmias. On the other hand, late-onset arrhythmias were clearly diminished 

in cromakalim treated hearts concomitant with postponement of irreversible damage, 

suggesting a decrease in phase l b arrhythmias. More importantly, cromakalim was found 

to decrease noradrenaline release within the ischemic myocardium, as proposed in 

Chapter 3. This mechanism contributes to the cardioprotective potential of KATP channel 

openers during myocardial ischemia. 

In Chapter 6, we evaluated the effects of sarcolemmal and mitochondrial 

(pharmacological) KATP channel activation in isolated ventricular myocytes during 

metabolic inhibition (anoxia). Results from recent studies have suggested a prominent 

role for mitochondrial KATP channels in the cardioprotective effects of KATP channel 

openers. However, most of these studies were conducted in whole-heart preparations, 

leaving the possibility of an aselective effect. In our experiments, we found that the 

sarcolemmal KATP channel opener cromakalim postponed the onset of rigor (irreversible 

damage) in anoxic myocytes, whereas the mitochondrial KATP channel opener diazoxide 

did not. Furthermore, cromakalim postponed the onset of rigor only at concentrations 

that shortened the action potential. In addition, the effects of cromakalim were not 

reversed by the mitochondrial KATP channel blocker 5-HD. These results suggest that 

opening of the sarcolemmal KATP channels, and not the mitochondrial KATP channels, 

protects myocytes during metabolic inhibition. Another possibility is that diazoxide is 

not a mitochondrial KATP channel opener or that diazoxide loses its efficacy during 

metabolic inhibition. The results underline the complexity of the issue and show that a 

clear definition of pharmacological KATP channel selectivity is needed. 

To ultimately integrate the functional in vivo data with molecular, structural and 

electrophysiological aspects, we investigated the molecular structure of the KATP channel 

complex. The KATP channel complex consists of two different subunits, an inwardly 

rectifying potassium channel (Kir6.x) and a sulfonylurea receptor (SUR). Two Kiró.x 

isoforms, Kiró.1 (UKATP-1) and Kir6.2 (BIR) and three major SUR isoforms (SUR1, 

SUR2A and SUR2B) have been isolated so far. Each KATP channel is assembled from 4 

Kiró.x subunits and 4 SUR's (tetramers, [SUR/Kir6.x]4) and the subunit composition 
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determines the KATP channel subtype and its properties. For instance, Kir6.2 together 

with SUR2A forms the cardiac sarcolemmal KATP channel, whereas the pancreatic KATP 

channel is formed by Kir6.2 and SUR1. Kiró.1 and Kir6.2 are generally considered not 

to be functional in the absence of SUR. In Chapter 7, we compared the structural and 

functional characteristics of the KATP channel subunits Kiró.1 and Kir6.2, which were 

isolated from a cDNA library made from rabbit heart tissue. Both subunits share many 

structural and funcdonal characteristics, but there are also many differences. In 

particular, Kiró.1 has structural features that are unusual and require further 

investigation. In contrast to common believe, we found that Kir6.2, but not Kiró.1, can 

form functional KATP channels in the absence of SUR. Thus, Kir6.2 must possess an 

intrinsic ATP-sensor, whereas it was common belief that this property- was conferred by 

SUR. Co-expression with SUR1 increases the amount of channels expressed and also 

alters the kinetic properties of Kir.6.2. 

In Chapter 8, we studied intracellular trafficking of fluorescent fusion proteins of Kiró.1 

and Kir6.2. This approach allows us to study the localisation inside the cell of the 

subunits using microscopy. Since Kiró.1 has recently been suggested to form part of the 

mitochondrial KATP channel complex, we aimed to investigate its intracellular 

distribution using confocal imaging. We observed that Kir6.2 could traffick to the 

plasma membrane in the absence of SUR, and electrophysiological analysis also showed 

functional KATP channel formation by Kir6.2 alone. In contrast, Kiró.1 in the absence of 

SUR did not form functional channels and showed an intracellular distribution and a 

high degree of co-localisation with a mitochondrial dye. These results indicate that the 

KATP channel subunits Kiró.1 and Kir6.2 behave differently with regards to subcellular 

trafficking and membrane targeting, and are in accordance with the possibility that 

Kiró.1 forms part of the mitochondrial KATP channel complex. 

In Chapter 9 wc present some preliminary results from mRNA expression 

measurements of Kiró.1 and Kif6.2 using a new quantitative Real-Time Polymerase 

Chain Reaction technique. Our results show that in ventricular tissue, Kiró.1 is expressed 

at a higher level than Kiró.2, whereas in atrial tissue, both Kiró.1 and Kir6.2 are 

expressed in equal amounts. This underlines the importance of determining the 

functional relevance of Kiró.1 in future studies, since its role in the heart remains 

uncertain. Furthermore, the highly sensitive and specific method of mRNA expression 

measurement described in this chapter can be used to study mRNA expression of the 

KATP channel during various (patho)physiological conditions, including myocardial 

ischemia, heart failure and cardiac development. This will provide more insight into the 

physiological relevance of the KATP channel during these conditions. 

197 



'~ï~'' •?i¥.'* T" ?*?:"' '''•'''"" - - " " " - T - " * ~ ""y^—^^''' —-•_'• z-rsrv"--^- ••••••-:-•••:-*-



Samenvatting 

He t ATP-gevoeiige kalium (KATP) kanaal is een ionkanaal dat selectief is voor kalium en 

dat geopend wordt wanneer de ATP-concentratie binnen in de cel daalt. Het kanaal is 

aanwezig in verschillende soorten weefsels, zoals de pancreas (alvleesklier), gladde 

spiercellen van de vaatwand en neuronaal weefsel, waar ze een rol spelen bij 

respectievelijk afgifte van insuline, regulatie van vaatwand tonus en afgifte van 

neurotransmitters. In hartspiercellen (myocyten) wordt het KATP geopend wanneer de 

bloedtoevoer naar het hart verminderd is, zoals bij myocardischemie/infarct. KATP 

kanaal opening (activatie) vertraagt het optreden van irreversibele schade tijdens 

myocardischemie (bloedeloosheid) en vermindert de grootte van het hartinfarct en 

vormt aldus een intrinsiek beschermingsmechanisme (cardioprotectie). KATP kanaal 

opening vormt dus een potentieel belangrijke therapeutische optie voor de behandeling 

van patiënten met hart- en vaatziekten. Het exacte werkingsmechanisme van de 

beschermende functie van KATP kanaal activatie is echter nog niet geheel duidelijk. 

Daarnaast is er nog onzekerheid over de vraag of KATP kanaal activatie tot een toename 

van levensbedreigende ritmestoornissen kan leiden. De recente ontdekking van een KATP 

kanaal in het mitochondrion, een organel in de cel dat een belangrijke rol speelt in de 

energie-huishouding, biedt een mogelijk nieuw aangrijpingspunt. Voor toekomstige 

ontwikkeling van KATP openers en een optimaal gebruik van dit unieke beschermings

mechanisme in het hart, is gedetailleerde kennis van de structuur en de functie van het 

KATP kanaal noodzakelijk. Met name de integratie van resultaten uit moleculair 

onderzoek en functioneel onderzoek in vivo zal in toenemende mate van belang worden. 

Daarom is in dit proefschrift zowel moleculair als functioneel onderzoek met betrekking 

tot het KATP kanaal beschreven. De resultaten bieden nieuwe inzichten in de structuur, 

samenstelling en functie van de verschillende onderdelen van het kanaal welke kunnen 

bijdragen aan de optimalisering van therapie bij patiënten met hart- en vaatziekten. 

In Hoofdstuk 1 wordt het KATP kanaal geïntroduceerd en de rol van het kanaal in 

diverse weefsels beschreven. Een overzicht wordt gegeven van de functionele 

eigenschappen, regulering en farmacologie van het cardiale KATP kanaal. Het effect van 

KATP kanaal activatie tijdens myocardischemie en preconditioning wordt besproken, 

inclusief de mogelijke rol van het mitochondriale KATP kanaal. F-en overzicht wordt 

gepresenteerd van de moleculaire structuur en functionele eigenschappen van 

kaliumkanalen in het algemeen en inwaarts rectificerende kaliumkanalen en KATP kanalen 

in het bijzonder. Intracellulair transport en regionale distributie in het hart van de KATP 

kanaal onderdelen Kiró.1 en Kir6.2 wordt besproken. Ten slotte worden de hypothesen 

en doelstellingen van het onderzoek zoals beschreven in dit proefschrift, genoemd. 

199 



Samenvatt ing 

Hoofds tuk 2 beschrijft de verschillende experimentele modellen en technieken die 

gebruikt zijn in dit proefschrift, inclusief het Langendorff geperfundeerde konijnenhart 

en geïsoleerde ventriculaire myocyten. Verder wordt een gedetailleerde beschrijving 

gegeven van de cDNA bank synthese uit het konijnenhart en de isolatie hieruit van de 

KATP kanaal onderdelen Kiró.1 en Kir6.2. De clonerings strategieën voor het genereren 

van fluorescerende fusie-eiwitten van Kiró.1 en Kir6.2 en de gebruikte technieken met 

betrekking tot confocaal microscopie en electrofysiologie worden beschreven. Tenslotte 

wordt een nieuwe kwantitatieve polymerase chain reaction (PCR) voor de bepaling van 

mRNA expressie niveaus geïntroduceerd. 

In Hoofds tuk 3 wordt de achtergrond en onderbouwing gegeven voor de mogelijke rol 

van het KATP kanaal bij de regulering van noradrenaline-afgifte in het hart tijdens 

myocardischemie. Oorspronkelijk werd het beschermende effect van KATP kanaal 

activatie toegeschreven aan de optredende verkorting van de actiepotentiaal met als 

gevolg een verminderde calcium-influx in de cel en dus een lager metabolisme. 

Recentelijk is echter aangetoond dat het beschermende effect ook optreedt in 

afwezigheid van een verkorting van de actiepotentiaal. Daarom moeten mogelijke andere 

onderliggende mechanismen overwogen worden. In hersenweefsel verminderen KATP 

kanaal openers de afgifte van bepaalde neurotransmitters tijdens ischemic Gedurende 

myocardischemie treedt er in toenemende mate afgifte van noradrenaline op in het 

myocard en dit heeft een nadelig effect op het hart. Elke ingreep die een vermindering 

van deze noradrenaline-afgifte tot gevolg heeft, heeft een potentieel gunstige uitwerking 

op het ischemische hartweefsel. Onze hypothese is dat KATP kanaal activatie een 

vermindering van de noradrenaline-afgifte tijdens myocardischemie veroorzaakt en dat 

mechanisme (gedeeltelijk) het beschermende effect kan verklaren. 

In Hoofds tuk 4 wordt het effect van KATP kanaal activatie op het ontstaan van 

ritmestoornissen besproken. In theorie kan de door KATP kanaal activade optredende 

actiepotentiaal verkorting aanleiding geven tot ventriculaire ritmestoornissen. Deze 

mogelijke bijwerking wordt gezien als de belangrijkste potentiële bijwerking van 

behandeling van patiënten met hart- en vaatziekten met KATP kanaal openers. In 

experimentele diermodellen zijn echter zowel pro- als anti-aritmische effecten van KATP 

kanaal openers beschreven. Deze schijnbare tegenstrijdigheid zou verklaard kunnen 

worden door het feit dat ventriculaire ritmestoornissen tijdens ischemie optreden in twee 

verschillende fasen. Ritmestoornissen tijdens de eerste fase (fase la) worden meestal 

veroorzaakt door re-entry en deze zouden door KATP kanaal activatie verergerd kunnen 

worden. De tweede, l b , fase is waarschijnlijk gerelateerd aan het optreden van 

onherstelbare schade aan het myocard en zou dus door KATP kanaal activatie uitgesteld 
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kunnen worden. Verschillende experimentele modellen hebben een verschillende 

verdeling van deze fase la en l b ritmestoornissen en zullen dus verschillende reageren 

op KATP kanaal openers voor wat betreft toe- of afname van de incidende van 

ritmestoornissen. Wij concluderen uit literatuuronderzoek dat het pro-aritmische effect 

van KATP kanaal openers waarschijnlijk overschat is en voornamelijk optreedt bij gebruik 

van onnodig hoge doseringen. Verder is uit de weinige klinische studies gedaan met KATP 

kanaal openers geen pro-aritmisch effect gebleken. 

In Hoofds tuk 5 wordt het effect van de KATP kanaal opener cromakalim op de 

noradrenaline-afgifte in het hart tijdens myocardischemie bestudeerd in een globaal 

ischemisch konijnenhart. De resultaten laten zien dat cromakalim het ischemische 

myocard beschermt, aangezien het optreden van de tweede stijging in de extracellulaire 

kalium concentratie (hetgeen het moment van optreden van onherstelbare schade 

aangeeft) wordt uitgesteld. Cromakalim had geen effect op de incidentie van ventriculaire 

ritmestoornissen, maar vervroegde wel het moment van optreden hiervan, hetgeen in 

overeenstemming is met een toename van fase la ritmestoornissen. Aan de andere kant 

werden er minder later optredende ritmestoornissen waargenomen onder invloed van 

cromakalim, suggestief voor een vermindering van fase l b ritmestoornissen. De 

belangrijkste bevinding was echter dat cromakalim inderdaad de noradrenaline-afgifte in 

het hart tijdens ischemie verminderde, zoals reeds beargumenteerd in Hoofdstuk 3. Deze 

bevinding levert een nieuwe (gedeeltelijke) verklaring op voor het mechanisme van 

cardioprotectie door KATP kanaal openers tijdens myocardischemie. 

In Hoofds tuk 6 wordt het effect van farmacologische activatie van sarcolemmale KATP 

kanalen met dat van mitochondriale KATP kanalen vergeleken in geïsoleerde myocyten 

tijdens metabole inhibitie (anoxie). Resultaten van recente studies suggereren een 

belangrijke rol voor het mitochondriale KATP kanaal bij cardioprotectie. Veel van deze 

studies zijn echter uitgevoerd in intacte harten waardoor aspecifieke effecten buiten de 

myocyt niet uitgesloten zijn. In onze experimenten had de sarcolemmale KATP kanaal 

opener cromakalim een vertragende effect op het ontstaan van rigor (onherstelbare 

schade) in anoxische myocyten, terwijl de mitochondriale KATP kanaal opener diazoxide 

geen effect had. Het effect van cromakalim werd bovendien niet teniet gedaan door de 

mitochondriale KATP kanaal antagonist 5-HD. Deze resultaten suggereren dat niet 

mitochondriale KATP kanaal activatie, maar juist activatie van het sarcolemmale KATP 

kanaal essentieel is voor bescherming van myocyten tijdens metabole inhibitie. 

In het tweede gedeelte van dit proefschrift worden de moleculaire, structurele en 

electrofysiologische aspecten van het KATP kanaal complex bestudeerd. Het KATP kanaal 
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complex bestaat uit twee verschillende onderdelen (subunits), een inwaarts rectificerend 

kalium kanaal (Kiró.x) en een sulfonylureum receptor (SUR). Twee Kiró.x isoformen, 

Kiró.1 (UKATP-1) en Kir6.2 (BIR), en drie SUR isoformen (SUR1, SUR2A and SUR2B) 

zijn tot nu toe ontdekt. Elk KATP kanaal is opgebouwd uit 4 Kiró.x subunits en 4 SUR's 

(tetrameren, [SUR/Kiró.x]4) en de combinatie van de verschillende subtypen bepaalt de 

functionele eigenschappen van het kanaal. Kiró.2 samen met SUR2A vormt bijvoorbeeld 

het cardiale sarcolemmale KATP kanaal, terwijl de combinatie Kiró.2 met SUR1 het KATP 

kanaal in de pancreas vormt. De consensus is dat Kiró.1 noch Kiró.2 zonder de 

aanwezigheid van een SUR een functioneel KATP kanaal kan vormen. 

In Hoofds tuk 7 vergelijken we de structuur en functie van Kiró.1 en Kiró.2 die uit de 

cDNA bank van het konijnenhart verkregen zijn. Hoewel beide subunits veel 

overeenkomsten vertonen, vonden wij toch een aantal belangrijke verschillen tussen 

Kiró.1 en Kiró.2. Met name bij Kiró.1 werden structurele kenmerken gevonden die 

mogelijk belangrijke functionele consequenties kunnen hebben. Interessant was onze 

bevinding dat Kiró.2, in tegenstelling tot wat altijd aangenomen was, wel functionele 

KATP kanaal activiteit kan geven in afwezigheid van een SUR. Een consequentie hiervan 

is dat op Kiró.2 ook een ATP-sensor aanwezig moet zijn, terwijl altijd is aangenomen dat 

deze zich alleen op de SUR bevindt. De toevoeging van SUR veroorzaakte wel een 

duidelijke toename van het aantal functionele kanalen en had bovendien effect op 

bepaalde kinetische eigenschappen van het kanaal. 

In Hoofds tuk 8 bestuderen we de intracellulaire distributie en transport van Kiró.1 en 

Kiró.2 met behulp van fluorescerende fusie eiwitten. Deze techniek maakt het mogelijk 

de localisatie van het kanaal te bepalen in een cel met behulp van een confocaal 

microscoop. Aangezien recentelijk gesuggereerd werd dat Kiró.1 mogelijk onderdeel 

uitmaakt van het mitochondriale KATP kanaal complex, waren we geïnteresseerd in de 

localisatie van de subunits binnenin de cel. In combinaüe met SUR1 werden zowel 

Kiró. 1 en Kiró.2 naar de membraan getransporteerd. We observeerden dat Kiró.2 ook in 

de afwezigheid van SUR naar de celmembraan getransporteerd werd, en daarnaast liet 

elektrofysiologisch onderzoek inderdaad functionele kanaalactiviteit zien. Daarentegen 

vormde Kiró.1 in afwezigheid van SUR geen functionele KATP kanalen en was Kiró.1 

niet op de celmembraan, maar binnenin de cel (in het cytoplasma) gelocaliseerd, met een 

hoge mate van co-localisatie met een mitochondriale kleuring. Deze resultaten laten zien 

dat de KATP kanaal subunits Kiró.1 and Kiró.2 zich duidelijk verschillend gedragen voor 

wat betreft intracellulaire distributie en transport naar de celmembraan. Daarnaast 

komen onze resultaten overeen met de eerdere bevindingen dat Kiró.1 deel uitmaakt van 

het mitochondriale KATP kanaal complex. 
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In Hoofdstuk 9 worden voorlopige resultaten beschreven van mRNA expressie 

metingen van Kiró.1 en Kir6.2 met behulp van een nieuwe, quantitative techniek, de 

two-step RT polymerase chain reaction. Deze resultaten laten zien dat in vcntriculair 

hartweefsel, Kiró.1 hoger tot expressie komt dan Kir6.2, terwijl in atriaal hartweefsel 

beiden in gelijke mate tot expressie komen. Dit geeft aan dat het belangrijk is om de 

functionele relevantie van Kiró.1 te ontrafelen, aangezien de rol van Kiró.1 in het hart 

nog steeds onduidelijk is. Daarnaast is de nieuwe techniek nu geoptimaliseerd en kan 

deze gevoelige en specifieke methode van mRNA expressie meting in de toekomst 

gebruikt worden om verschillen in mRNA expressie van het KATP kanaal te meten 

tijdens verschillende (patho)fysiologische omstandigheden, zoals myocardischemie, 

hartfalen en de ontwikkeling van het hart. Deze informatie zal meer inzicht geven in de 

fysiologische relevantie van het KATP kanaal gedurende deze omstandigheden. 
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