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Chapter 

Sarcolemmal and not mitochondrial KATP channel opening 
postpones onset of rigor in anoxic myocytes 

Carol Ann Remme, Gees A. Schumacher, Antonius Baarscheer, 
Arthur A.M. Wilde, Jan W.T. Fiolet 



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). 

131 



Chapter 6 

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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Onset of rigor in anoxic myocytes 

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 
cromakalim 10 /xMpostponed onset of rigor as compared to control (# p<0.001). 
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Figure 4. Effects of cromakalim 10 JXM, glibenclamide 10 fxMand/'or 5-HD 100 [xM on mean time of 
onset of rigor. Only glibenclamide 10 [xM was able to reverse the effect of cromakalim (# p<0.001, * 

p<0.01, both vs. control). 
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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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