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ABSTRACT 

Mitochondria are the major organelles responsible for providing energy to the cardiac 

myocytes. In ischemic conditions, the supply of nutrients and oxygen to a region of the 

heart, or the whole organ, is interrupted. Reperfusion, while critically important for tissue 

survival, can cause more damage and can lead to arrhythmias and sudden cardiac death. 

Dysfunctional mitochondria are known to contribute to ischemia/reperfusion injury, but 

more specifically, spatiotemporal heterogeneity of recovery of mitochondrial energetics 

has been suggested to cause metabolic sinks of current, which act to either shorten the 

wavelength of, or block, the electrical excitation wave. In this thesis, I examine how the 

failure of mitochondrial energetics can lead to electrical irregularity and arrhythmias.  

Monolayer cultures of neonatal rat ventricular myocytes were used for the experiments. 

Sarcolemmal voltage was recorded with optical mapping using the voltage-sensitive 

fluorescent dye, di-4-ANEPPS. Mitochondrial function was observed using the 

potentiometric fluorescent dye Tetramethyl Rhodamine Methyl Ester. Metabolic sinks 

were induced by chemically depolarizing mitochondria using a local perfusion system. 

Ischemia/reperfusion was modeled using a newly developed method of coverslip-

induction of ischemia/reperfusion.  

Regional depolarization of the mitochondrial network, either through the use of a 

chemical uncoupler or after ischemia/reperfusion of the monolayers, resulted in an 

increased propensity for arrhythmias. Reperfusion of the monolayer after one hour of 

ischemia initiated dynamic instability of the mitochondrial network consisting of 
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intracellular oscillations or global collapse of mitochondrial inner membrane potential 

(ΔΨm) along with reentrant arrhythmias. Compounds which stabilized the mitochondria 

prevented reentry and electrical instability. Uncoupler-mediated regional depolarization 

of mitochondria to induce metabolic sinks also caused inexcitability and reentry, which 

were significantly prevented by pharmacological inhibition of ATP-sensitive K+ channels 

(KATP).  

Mitochondrial function is a major factor in determining the fate of an ischemic heart. In 

our in vitro model system, mitochondrial instability was demonstrated to be present 

during reperfusion and was highly correlated with electrical instability. Spatiotemporal 

heterogeneity in ΔΨm contributes to dispersion of repolarization and, in some cases, can 

also contribute to ectopic electrical activity. The results support the hypothesis that 

mitochondria are important targets for therapeutic intervention to prevent post-ischemic 

arrhythmias and sudden cardiac death.  
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Preface 

Ischemic heart disease is the leading cause of death, responsible for the death of close to 

375,000 out of 600,000 people who die of different types of heart disease each year, and 

more than 15.37% of total number of deaths annually in the United States alone1, costing 

the country $108.9 billion a year2.  

Ischemia, during occlusion of coronary arteries due to formation of a plaque, thrombosis 

or spontaneous spasm leads to a variety of changes in ion homeostasis, energetics and 

oxidative processes which contribute to mitochondrial and cellular injury. To decrease 

the ischemic damage and prevent cell death, reperfusion of the ischemic area is of key 

importance. However, reperfusion itself can lead to a more severe damage to this region, 

a phenomenon known as reperfusion injury3,4. In addition, there is a high chance of 

arrhythmias after reperfusion, which can be very dangerous and even cause sudden 

cardiac death5. A thorough understanding of the cellular and subcellular events 

implicated in ischemia and reperfusion is important to prevent their consequences.  

A prominent feature of cardiac ischemia and reperfusion is the increase in the dispersion 

of refractoriness, one of the major mechanisms implicated in susceptibility to electrical 

instability and arrhythmias. The increase in dispersion of refractoriness is concurrent with 

depolarization of mitochondrial inner-membrane potential (ΔΨm) and an increased 

spatiotemporal heterogeneity of energy metabolism6,7.  

Mitochondria are the major consumers of oxygen and nutrients in cardiomyocytes, and 

the main producers of adenosine triphosphate (ATP) that is used by the energy-
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consuming elements of the cell. Therefore, they are the first components of the cell that 

are affected by the lack of oxygen and nutrients of ischemic conditions. IR-induced 

metabolic stress on the mitochondrial network of the cardiomyocyte causes collapse or 

oscillation of the mitochondrial inner-membrane potential (ΔΨm)8. This leads to 

dissipation of energy, and increased accumulation of cellular reactive oxygen species 

(ROS).  

Oxidative stress in a small number of mitochondria can spread to the whole 

mitochondrial network of a cardiomyocyte. Mitochondrial ROS-induced ROS release 

(RIRR) has emerged as a key event that underlies ΔΨm depolarization in cardiac cells9. 

RIRR refers to the autocatalytic production of a burst of ROS by the mitochondrial 

electron transport chain when mitochondria are subjected to exogenous sources of ROS, 

or when the antioxidant defenses of the mitochondrion or the cell are compromised10. 

This phenomenon can be synchronized across the entire mitochondrial network of the 

cardiomyocyte in a process that depends on local ROS diffusion and appears as a 

propagated ΔΨm depolarization wave11, or as sustained self-organized slow oscillations of 

ΔΨm (period ≈ 100 seconds)8,12. Further investigation on RIRR showed that ROS triggers 

the opening of an energy-dissipating ion channel8,10, known as the inner-membrane anion 

channel (IMAC)13,14. Opening of IMAC leads to uncoupling of mitochondria, resulting in 

rapid depolarization of ΔΨm, which transforms the mitochondria into consumers, rather 

than producers, of ATP through reverse activity of mitochondrial ATP synthase15, 

causing a drop in the cellular ATP/ADP ratio and loss of energy. The mechanisms linking 

mitochondrial dysfunction to electrical instability in the heart are incompletely 

understood.  
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The goal of the present study is to investigate the effects of IR on mitochondrial function, 

and the subsequent alterations of the dynamics of the electrophysiological substrate, 

which increase the vulnerability to arrhythmias resulting in the dysfunction of the whole 

heart. We use monolayer cultures of neonatal rat ventricular myocytes (NRVMs) as the 

experimental model. This provides a highly-controllable and easily-observable 

myocardial system to study mitochondrial function as well as electrical activity. The 

findings lend credence to the hypothesis that spatiotemporal mitochondrial instability 

underlies electrical instability during metabolic stress in the heart.  
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1 Introduction 

Here, we review the alterations in mitochondrial function and subsequent changes in 

cellular and organ level activity of the heart muscle during IR. We will introduce the 

hypothesis of metabolic sinks of current as a mechanism promoting IR-induced 

arrhythmias.  

 

1.1 Mechanisms of Arrhythmias  

Several arrhythmogenic mechanisms have been proposed to be involved in 

ischemia/reperfusion (IR)-induced arrhythmias (see ref.16). Under normal conditions, the 

heart beat is controlled by the fastest pacemaker in the heart, i.e., the sinoatrial (SA) 

node. However, in pathological situations, such as IR, the firing rate of other pacemakers 

might increase due to high sympathetic stimulation17; or ectopic pacemakers, e.g. on the 

border zone of the ischemic area, might disturb the normal rhythm of the heart18 and 

arrhythmias happen due to abnormal automaticity. Mechanisms for triggered activity in 

non-pacemaker cells include early- and delayed- afterdepolarizations (EAD and DAD, 

respectively). If the action potential (AP) plateau becomes long enough, the L-type Ca2+ 

channels may recover from inactivation, allowing these channels to open again and 

trigger an EAD19. Under certain conditions, such as Na+ overload20, spontaneous Ca2+ 

release from the SR during diastole can cause activation of transient inward currents 

(through the Na+-Ca2+ exchanger or nonspecific Ca2+-activated channels) in the 

sarcolemma, resulting in depolarization of the resting membrane potential, i.e., a DAD. If 
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the DAD is large enough, the membrane potential may exceed the threshold for triggering 

a spontaneous AP. EADs and DADs can thus be important arrhythmogenic mechanisms 

during IR. Other arrhythmogenic mechanisms can also be involved in IR-related 

arrhythmias, including dispersion of refractoriness, slowed conduction velocity (CV), or 

regional excitation block. These latter alterations can favor reentry. 

Reentrant arrhythmias are a common type of cardiac arrhythmia21. Reentry is the 

recurrent excitation of a part of the muscle tissue with the same excitation wave. In the 

normal situation, each excitation wave is elicited from SA node in the right atrium, and 

after a short delay at the atrioventricular (AV) node, propagates through the cardiac His-

purkinje conduction system to activate the ventricles in a coordinated manner. This 

normal propagation is needed for effective excitation and contraction of heart. In reentry, 

an excitation wave, arising either from the conduction system or from a site of ectopic 

activity, does not terminate and returns to previously excited areas. If these regions have 

recovered from the refractory state, reentry can be initiated, usually at a frequency much 

higher than the normal heart beat, resulting in tachycardia or fibrillation. The resulting 

uncoordinated contraction of the myocardium does not support effective ejection of the 

blood and cardiac output decreases below that required to sustain circulation to the rest of 

the body.  

In reentry, the excitation wave propagates through a circuitous pathway which is formed 

around an anatomical or functional obstacle. Anatomical obstacles are parts of the heart 

tissue that are not excitable, e.g. scar tissue. Functional obstacles, however, are formed 

due to heterogeneity of the electrophysiological properties of the tissue. Usually, a 
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transient unidirectional block, e.g., due to refractoriness, causes the excitation wave to 

turn around the obstacle and form a reentrant wave. For reentry to happen, the length of 

the pathway should be long enough so that the second time the excitation wavefront 

reaches a point, that point is excitable and not refractory. Therefore, slow conduction 

velocity and dispersion of the refractory period promote reentry. Changes in resting 

membrane potential during IR can contribute to both abnormal conduction velocity and 

dispersion of refractoriness. Many other factors, such as gap junctional uncoupling or 

changes in ionic concentrations can also be involved in mechanisms leading to formation 

of reentrant waves. For more information on reentry and subsequent cardiac fibrillation 

please refer to ref22. 

 

1.2 Mitochondria in Ischemia/Reperfusion 

IR-induced changes in ion gradients and their effects on resting membrane potential and 

the action potential of the cell can occur through direct and indirect mechanisms 

involving ion channels and transporters on both the sarcolemmal and mitochondrial 

membranes. The interaction between the altered ion fluxes across these two 

compartments could be a main factor that drives arrhythmias, especially when these 

changes occur in a heterogeneous manner. Failure of the mitochondrial network of 

cardiac myocytes to produce energy, to control the amount of reactive oxygen species 

(ROS), to prevent proton accumulation, and to regulate ion concentrations (Na+ and Ca2+) 
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are key factors in the vast number of changes at the cellular and subcellular level that can 

scale to organ level electrical and contractile dysfunction (Figure 1). 

 

 

Figure 1 Scaling from a mitochondrion to the whole heart.  

Changes in function of an individual mitochondrion scales to changes in the mitochondrial network 

of the cardiomyocyte, to cellular activity, and to the contractile and electrical function of the whole 

heart. 

 

1.3 Mitochondrial Criticality and RIRR 

If oxidative stress exceeds a threshold in the majority of mitochondria in an isolated 

cardiomyocyte, a state called mitochondrial criticality may be reached12,23. A 
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mitochondrial network in the critical state becomes hypersensitive to small perturbations, 

and depolarization of a few mitochondria, or even one, can lead to propagation of a wave 

of ΔΨm depolarization and collapse, or oscillation, of the whole network11,12,24.   

Spread of the mitochondrial instability or depolarization wave through the whole 

mitochondrial network is through an autocatalytic mechanism called ROS-induced ROS-

release (RIRR)9,25,26. RIRR was originally demonstrated by increased ROS generation via 

photodynamically-induced mitochondrial depolarization9. However, an increase in 

mitochondrial ROS generation due to inhibition of scavenging systems can cause a 

similar effect10. When ROS in a mitochondrion increases by a certain amount, the 

mitochondrion loses its inner membrane potential, due to opening of energy-dissipating 

channels, and becomes depolarized. The resulting depolarization itself causes a burst of 

mitochondrial ROS generation by the electron transport chain. Release of ROS would 

affect the neighboring mitochondria and will enhance their ROS generation, essentially 

propagating mitochondrion-to-mitochondrion RIRR. This will cause their depolarization 

and further ROS release. This process continues to spread until the whole mitochondrial 

network is depolarized or oscillates synchronously. RIRR might also spread to the 

mitochondria of neighboring cells and ultimately affect the whole tissue. In its initial 

description, activation of the permeability transition pore (PTP) was suggested as the 

main mechanism of RIRR9. RIRR was shown to be inhibited by bongkrekic acid, an 

inhibitor of the adenine nucleotide translocase, thought to be a regulator of PTP, and 

evidence for calcein permeability of the inner membrane was reported. However, 

Cyclosporine A (CsA), a PTP inhibitor, could not prevent RIRR induced by laser 

excitation9. Work from the O’Rourke group revealed that RIRR also underlies self-
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sustained cell-wide mitochondrial oscillations in adult cardiomyocytes8 triggered either 

by energy substrate depletion, highly localized laser excitation, or glutathione depletion. 

These oscillations were insensitive to CsA, independent of cell Ca2+, and did not involve 

large scale permeability changes in the inner membrane. Furthermore, they were 

effectively blocked by ligands of peripheral benzodiazepine receptors, leading to an 

alternative mechanistic explanation for RIRR involving ROS-sensitive inner membrane 

anion channels (IMAC). Therefore, IMAC was introduced as a major player in 

mitochondrial instability resulting from oxidative stress8.  

A mitochondrial benzodiazepine receptor with nanomolar affinity is known to exist on 

the mitochondrial outer membrane, but IMAC was originally proposed to be present on 

the inner membrane of mitochondria14, with micromolar sensitivity towards ligands of the 

mitochondrial benzodiazepine receptor (mBZR). Intriguingly, a benzodiazepine 

modulated ion channel on the inner membrane has also been described by several 

groups27, but its molecular structure has yet to be deduced. For the purposes of this thesis, 

we will use IMAC to refer to the energy-dissipating inner membrane channel activated by 

ROS and blocked by 4ʹ-Cl-Diazepam (4ʹ-Cl-DZP), but not CsA, that underlies ΔΨm loss 

under oxidative stress. 4ʹ-Cl-DZP was shown to stabilize stressed mitochondria and 

prevent depolarization and oscillation of ΔΨm
8,28. Moreover, 4ʹ-Cl-DZP also inhibited AP 

oscillations linked to ΔΨm oscillation, as well as reperfusion arrhythmias28.  
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1.4 Dysfunction of mitochondria leads to shortened APs or inexcitability of 

the myocytes 

ΔΨm is established by proton pumping action of the mitochondrial electron transport 

chain. The electrochemical gradient for protons (the protonmotive force) then drives the 

mitochondrial ATP synthase to produce ATP from ADP29. Mitochondrial depolarization 

leads to loss of ATP production and also induces fast ATP consumption through reverse 

activity of the ATP synthase15, thereby dramatically decreasing the ATP/ADP ratio. One 

of the major sensors of ATP in the cell is the ATP-sensitive K+ channel (KATP) (Figure 2). 

A decrease in ATP/ADP will activate sarcolemmal KATP channels and induce a large 

background potassium current30,31 that decreases excitability. Opening of sarcolemmal 

KATP channels mediates a steady outward current of K+ during the AP plateau, 

accelerating repolarization to shorten the action potential duration (APD). A large KATP 

current can also render the cell inexcitable28. Inward excitation current through fast Na+ 

channels will be opposed by outward KATP current, effectively increasing the threshold 

for AP firing. This “current sink” effect is the basis of the metabolic sink hypothesis of 

arrhythmias28.   
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Figure 2 KATP is sensitive to ATP/ADP.  

When ATP/ADP reaches a threshold low value, KATP channels open and establish a large K+ current 

across the sarcolemmal membrane which shortens the APD and lowers excitability of the myocyte. 

 

1.5 Metabolic Sink Hypothesis 

Metabolic stress during ischemia and upon reperfusion is a major effect of IR on 

cardiomyocytes, rendering their mitochondrial network unstable. Mitochondrial 

dysfunction shortens the AP and lowers the excitability of the cardiac myocytes, and if 
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this occurs heterogeneously in the myocardium, the conduction pathway and wavelength 

of electrical excitation can be strongly impacted. Metabolic sinks of the excitation current 

and could act as functional blocks in front of the propagating excitation wave, or else act 

to markedly shorten the waves, resulting in regions of tissue with very short refractory 

periods next regions with longer refractory periods. Changes in the pathlength, together 

with the large increase in dispersion of repolarization then could promote reentry and 

cause whole heart arrhythmias28 (Figure 3).  

 

 

Figure 3 Metabolic sinks and arrhythmia.  

Formation of metabolic sinks due to IR can provide reentrant circuits and lead to arrhythmia. 
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The goal of this project is to test the metabolic sink hypothesis in monolayers of neonatal 

rat ventricular myocytes (NRVM), a 2D experimental model of heart tissue. Advantages 

of using a monolayer include the possibility of highly precise observation of 

mitochondrial and electrical function and the fact that the preparation is more 

homogeneous than the whole heart, allowing for the selective induction of a defined 

metabolic sink in a controlled region of the monolayer. 
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2 Metabolic Sinks Cause Reentry in NRVM Monolayers 

2.1 Introduction 

Based on experiments with ischemic whole hearts, Akar et al. hypothesized that 

metabolic stress due to IR would cause ΔΨm instability and the formation of metabolic 

sinks28. Spatiotemporal heterogeneity of the electrical substrate would then provide the 

conditions that promote reentrant arrhythmias.  

To test this hypothesis, we first study the effects of induction of a metabolic sink on 

propagation of an excitation wave. We examine whether the presence of metabolic sinks 

can lead to occurrence of reentry in monolayer cultures of neonatal rat ventricular 

myocytes (NRVM). We induce a metabolic sink in NRVM monolayers by uncoupling 

the mitochondrial electron transport chain using a chemical protonophore, which 

dissipates ΔΨm and results in ATP consumption. Local mitochondrial uncoupling in only 

one part of the monlayer was accomplished by perfusing the center part of the monolayer 

with the chemical uncoupler, while the cells outside of this zone were perfused with 

normal physiological solution. By means of optical mapping, we observed how 

mitochondrial depolarization affects the electrical activity and propagation of excitation 

waves through the monolayers.  
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2.2 Methods 

2.2.1 NRVM monolayers 

Dissection was performed on 2-day old newborn Sprague-Dawley rats (Harlan 

Laboratories); their ventricles were excised, chopped into small pieces, washed with 

HBSS and then put overnight in a solution of trypsin in HBSS in the cold room at 4 ˚C. 

The procedure conformed to the protocols of the National Institutes of Health32.  

The next day, the cardiomyocytes were isolated using collagenase. Two preplating 

procedures were done to reduce the fibroblast concentration and then cells were 

suspended in Medium 199 (Invitrogen), supplemented with 10% heat-inactivated fetal 

bovine serum (Invitrogen). 850,000 cells were plated on each plastic coverslip (D = 2.1 

cm), coated with fibronectin (25 µg/mL). After one day, serum was reduced to 2%. After 

5-7 days in culture, beating and confluent monolayers were used for experiments. 

 

2.2.2 Induction of Metabolic Sink 

To create a metabolic sink, the center part of the monolayer was perfused, using a 

custom-made local perfusion device33 (Figure 4), with Tyrode’s solution (see below) 

containing the mitochondrial oxidative phosphorylation uncoupler, carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP, 1 µM; Sigma-Aldrich). The rest of the 

monolayer received only normal Tyrode’s solution. FCCP was used to depolarize the 
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mitochondria and generate a metabolic sink without inducing extensive oxidative 

modifications of ion channels and transporters.  

 

 

Figure 4 Local perfusion lid.  

The center part (shown with a red circle) receives FCCP-containing solution while the outer part 

receives only normal physiological solution. 
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2.2.3 Optical Mapping of Vm 

To observe the changes in sarcolemmal membrane potential, the monolayers were stained 

with 5 µmol/l di-4-ANEPPS (Invitrogen) for 15-30 minutes in the 37 ˚C incubator, then 

they were washed and put in the custom-built chamber of the optical mapping setup and 

continuously superfused with Tyrode’s solution consisting of (in mM) 135 NaCl, 

5.4 KCl, 1.8 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 5 HEPES, and 5 glucose, unless noted 

otherwise. The chamber was maintained at 37 ˚C. Excitation light of 480 ± 15 nm was 

used and emitted fluorescence was recorded at 500 Hz, with a 464-element photodiode 

array (WuTech), after passing through a red dye-coated glass filter (605nm; long-pass). 

After filtering and digitization, data was analyzed with software developed using 

LabVIEW (Texas Instruments) and MATLAB (MathWorks). Basic processing included 

zero-phase application of low-pass and high-pass butterworth filters, median filtering, 

detrending, normalization and application of a spatial filter. Filter order, cutoff 

frequencies, order of median filter and spatial filter were all adjustable by the user 

through the graphical user interface; the default values are 1, 0.1 Hz – 25 Hz, 7 and 1 

respectively. The graphical user interface can be seen in Figure 5 and Figure 6. 

 

2.2.4 Recording Mitochondrial Inner membrane Potential 

Regional ΔΨm depolarization by local FCCP perfusion was recorded using the 

potentiometric fluorescent indicator tetramethylrhodamine methyl ester (TMRM, 2 µM) 

in the dequench mode34. In this mode, the TMRM concentration in the mitochondrial 
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matrix exceeds a critical level above which its fluorescence self-quenches. Consequent 

depolarization of ΔΨm is then indicated by an increase in fluorescence due to 

dequenching. After TMRM was loaded for 1 hour, the monolayer was imaged from 

above by means of a cooled CCD camera (MicroMax 1300Y; Princeton Instruments).  

 

 

Figure 5 The user interface of the optical mapping software for acquiring data. 
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Figure 6 The user interface of the optical mapping software for producing the movie. 



17 

 

2.3 Results 

Local perfusion of the center part (D = 0.5 cm) of the monolayer with FCCP-containing 

solution induced regional ΔΨm depolarization (Figure 7). 

 

Figure 7 FCCP depolarizes the mitochondria.  

Local perfusion with FCCP depolarizes the mitochondria of the cells in the center zone of the 

monolayer. Upper: TMRM in dequench mode. Lower: Changes in ∆Ψm in the center zone in 

response to FCCP perfusion or washout. 

 

2.3.1 Effect of metabolic sink on action potential 

As a consequence of ΔΨm depolarization, wavelength shortened and wave slowing was 

observed (Figure 8). Mitochondrial depolarization also resulted in a fast decrease in both 
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APA and APD50 (Figure 9, Figure 10). Effect of FCCP on the action potential was 

observed to be much slower at room temperature (Figure 11).  

 

 

Figure 8 Mitochondrial depolarization and propagation of excitation wave. 

Loss of ΔΨm decreased APA and APD, resulting in wavefront slowing and a shorter refractory 

period within the metabolic sink. Bipolar point stimulation at 1 Hz; frame rate: 50 Hz. 

 

 

Figure 9 Action potential during FCCP perfusion and washout.  

Mitochondrial uncoupling and subsequent depolarization causes inexcitability. Cardiomyocytes 

recover upon reperfusion.  
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Figure 10 Effect of FCCP on action potential amplitude and duration at 37˚C. 

The sink area becomes inexcitable in less than a minute.  

 

 

Figure 11 Effect of FCCP on Action Potential at room temperature. 

At room temperature, it takes ~10 minutes for FCCP to render the sink area inexcitable. 

 



20 

 

2.3.2 Reentry due to metabolic sink  

Induction of a metabolic sink elicited wavebreaks and occasionally led to formation of 

reentry. Figure 12 shows such an event in a monolayer paced at 4 Hz. Spiral waves 

formed and continued for several minutes after pacing was turned off. Also, 

heterogeneity in refractoriness and conduction, due to reperfusion of the metabolic sink 

with normal physiological solution to restore ΔΨm, caused transient or sustained reentry. 

Figure 13 shows formation of a transient reentrant wave in a monolayer, as the sink 

started to regain excitability upon FCCP washout.  

Overall, reentry occurred in 6 out of 10 monolayers paced at 1-4 Hz (4 monolayers 

during FCCP perfusion and 4 during washout).  

 

 

Figure 12 Sustained reentry during perfusion with FCCP.  

Dotted circles show the approximate border of the metabolic sink. Bipolar point stimulation at 4 Hz; 

frame rate: 33 Hz. 
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Figure 13 Transient reentry during washout of FCCP.  

Dotted circles show the approximate border of the metabolic sink. Bipolar point stimulation at 4 Hz; 

frame rate: 25 Hz. 

 

2.3.3 Size of Sink Area Affects the Outcome  

To study the effect of sink size on the occurrence of reentry, in another set of experiments 

(21 monolayers), a larger area (D = 1.2 cm) of the monolayer was perfused with FCCP 

and thus a larger metabolic sink was induced. Reentry occurred during FCCP perfusion in 

response to an S2 stimulus (S1-S2 = 200 ms), applied on the border of the sink, in 

monolayers with the large sink size (3 out of 3 monolayers). An extrastimulus at the 

border of the sink area did not cause reentry in any monolayer with the small sink. In the 

absence of S2 stimulus, spontaneous activity occasionally initiated close to the edge of 

the sink and led to reentry when the monolayer was paced at 1 Hz (2 out of 18 

monolayers).  
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2.3.4 KATP Current: A Major Player in the Metabolic Sink Hypothesis  

In the presence of glibenclamide, a blocker of KATP channels, the APA decrease was 

blunted and APD shortening was mostly prevented (Figure 14). Consequently, in contrast 

to FCCP perfusion alone, glibenclamide prevented complete inexcitability of the sink 

area. Transient reentry occurred for 1-2 minutes only in 2 out of 6 monolayers (1 

monolayer during FCCP perfusion and 1 during washout). Glibenclamide also increased 

APD during washout of FCCP. The effect of glibenclamide was even more evident at 

room temperature, where it almost completely eliminated APD shortening (Figure 15).  

 

 

Figure 14 Glibenclamide modifies the effects of FCCP. 

Glibenclamide (10 µM) prevented rapid APD shortening and blunted APA decrease. Perfusion with 

FCCP starts at time 0. Bipolar point stimulation was applied at 1 Hz. 
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Figure 15 Effect of glibenclamide on FCCP-induced inexcitability (room temperature). 

Effect of local perfusion with FCCP (1 µM) on optically measured APA and APD50 in the sink area 

with/without glibenclamide (10 µM) at room temperature are much more discernible. 

 

2.3.5 Antioxidant Depletion 

In another set of experiments, we locally perfused the center part of the monolayer with 

diamide to deplete the GSH pool and induce oxidative stress10, which, in turn, led to 

mitochondrial depolarization (Figure 16). As a result of perfusion with diamide at 1mM, 

APA decreased (Figure 17). Reentry occurred in 2 out of 3 monolayers upon washout of 

diamide; however, unlike FCCP, the inexcitable area did not recover (even when washout 

with normal Tyrode’s solution continued for more than a day, while reentry was 

sustained). Preincubation with and continued presence of N-acetyl-L-cysteine (NAC; 1-4 
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mM), an antioxidant, did not prevent the effects of diamide on APA (Figure 17) or the 

occurrence of reentry (2 out of 3 monolayers) as seen in Figure 18.  

 

Figure 16 Effect of diamide on ΔΨm.  

Upper: TMRM signal increases in the sink area as mitochondria become depolarized (dequench 

mode); Lower: An image of the TMRM loaded (2 µM) monolayer after local perfusion with diamide 

(1 mM). 
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Figure 17 Effect of diamide on APA. 

Action potential amplitude decreased due to local perfusion with diamide (1mM). 
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Figure 18 Reentry, 6 minutes after washout of diamide. 

 

2.4 Conclusion 

Previous experiments with intact hearts suggested that IR-induced mitochondrial 

depolarization is a major cause of IR-related arrhythmias28. For better observation of 

mitochondrial function and mapping of electrical activity, we needed a model less 

complex than the intact heart; thus, monolayers of cardiac myocytes were chosen as our 

experimental model.  

Here, we demonstrated that the formation of a metabolic sink, resulting from regional 

mitochondrial depolarization, profoundly affects electrical activity in the tissue through 

mechanisms involving KATP channels. Induction of the metabolic sink was reversible and 

reentry occurred both during perfusion and washout of FCCP. The overall influence of 
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energetic collapse is to decrease APA and APD, decreasing wavelength and conduction 

velocity and introducing regions of very short refractory period that facilitate reentry. 

Electrophysiological heterogeneity or premature beats triggered at locations surrounding 

the metabolic sink resulted in spiral wave reentry in a sink size-dependent manner. Such 

premature beats might be triggered on the border zone of the ischemic area in intact 

hearts.  

Induction of a metabolic sink by local perfusion with diamide led to inexcitability and 

occurrence of reentry, similar to the effects of diamide on intact perfused hearts35. While 

in whole heart experiments, when 4ʹ-Cl-DZP was present, it prevented loss of ΔΨm and 

arrhythmias35, lack of recovery of excitability in our experiments suggests that PTP might 

be involved at this concentration of diamide, resulting in maintained inexcitability. This 

conforms with previous results from the experiments with isolated guinea pig cardiac 

myocytes in which when GSH/GSSG ratio was lowered to a threshold (50:1), PTP would 

be activated and ΔΨm depolarization would not be reversible10. 

In a set of experiments, auranofin (10-100 nM) was used to depress the Thioredoxin 

reductase-dependent antioxidant system. Long-term perfusion with auranofin (>50 nM) 

lowered conduction velocity and excitability slightly; however, reentry was not seen. 

Excitability did not recover by washing auranofin out with normal media. Direct 

oxidative stress was also induced by locally perfusing the center of the monolayer with 

H2O2. Similar to the results of antioxidant depletion, recovery did not occur upon 

reperfusion.  
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Local perfusion of the center part of the monolayer with oligomycin at the concentration 

of 20 µM, to block the ATP synthase, caused inexcitability which was not recovered by 

washout. Spiral wave reentry occurred both during perfusion and washout of oligomycin.  

Blocking sarcolemmal KATP channels slowed the loss of APA and APD and lowered the 

chance of reentry in monolayers of cardiomyocytes. The effect of glibenclamide was 

even more evident at room temperature due to the much slower effect of FCCP. Our 

findings substantiate the involvement of KATP channels in electrical instability consequent 

to mitochondrial depolarization.  

An increase in extracellular [K+] during ischemia is known to depolarize the resting 

membrane potential and contribute to inexcitability and heterogeneity. We tested this idea 

by locally perfusing the center part of the monolayer with high-[K+] Tyrode’s solution 

([K+] = 35 mM). Excitability and CV decreased, but the high-[K+]-perfused area did not 

become inexcitable. Reentry occurred upon washout when the monolayer was stimulated 

at 4 Hz.  

 

For further examination of metabolic sink hypothesis, next we look at the effects of IR on 

mitochondrial function of the cardiac myocytes in a monolayer culture of NRVMs.  
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3 Metabolic Sinks Form during Ischemia/Reperfusion 

3.1 Introduction 

In the previous chapter, we demonstrated the arrhythmogenic effects of metabolic sinks, 

formed by chemically-induced mitochondrial uncoupling, in monolayers of 

cardiomyocytes. We showed that perfusion of an area of the monolayer with 

mitochondrial uncoupler, FCCP, would cause slowing of CV, decrease in APA, 

shortening of APD and wavelength, and finally inexcitability of the region. Using 

glibenclamide to prevent KATP channels, we provided evidence that opening of KATP 

channels is a major factor in producing the aforementioned effects. It produces a large 

current of K+, IKATP, which pulls the resting sarcolemmal membrane potential towards 

Nernst potential for K+. Therefore, this area acts as a sink of current; i.e., stimulation 

current propagates through the monolayer and reaches the cells in this area but is nullified 

by outward current through IKATP, failing to trigger an AP. Excitability and wave 

propagation would recover by washing FCCP out and reperfusing the sink with normal 

physiological solution. In many instances, these changes led to formation of reentrant 

waves.  

In this chapter, we study the effect of IR on mitochondria of the cells in monolayers of 

cardiac myocytes to determine whether metabolic sinks form by inducing IR in our 

experimental model. Previously, de Diego et al.36 used a coverslip-induced ischemia 

model37 to study the electrophysiological consequences of IR in monolayers of cardiac 

myocytes. Placing a coverslip on a monolayer culture of cardiomyocytes leaves the cells 

with a thin film of media which well mimics the ischemic condition37. Active myocytes 
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consume the available oxygen and nutrients rapidly and produce metabolites which stay 

in the thin film at high concentrations. In the experiments done by, de Diego et al., in 

response to induction of ischemia, AP amplitude (APA) and APD decreased, conduction 

velocity (CV) slowed, and wavelength (WL) shortened; moreover, arrhythmias formed in 

response to ischemia and reperfusion36.  

To verify that these effects are due to ischemia and not the mechanical effects of 

placement of the coverslip, they showed that if the monolayers were cultured on a 

material permeable to oxygen and substrates, placement of a coverslip on the monolayer 

did not lead to the mentioned electrophysiological effects36. Also previously, using the 

same method, Pitts and Toombs, who first introduced this model, showed that changes in 

viability and contractility of the covered myocytes are not mechanical effects of 

coverslipping, but they are a result of the diffusion barrier formed by placement of the 

coverslip37.  

Here, we use this experimental model to investigate the connection between the 

metabolic state and arrhythmogenicity in monolayers of NRVM’s. Our findings show 

formation of regions with depolarized mitochondria with similar effects on AP as FCCP-

induced metabolic sinks. We also find a strong correlation between failed or unstable 

recovery of mitochondrial function and occurrence of post-ischemic reentrant 

arrhythmias in monolayers of cardiac myocytes, supporting the metabolic sink 

hypothesis.  
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3.2 Methods 

3.2.1 NRVM Monolayers 

Neonatal rat ventricular myocytes (NRVM’s) were isolated as described in the previous 

chapter. 106 cells were plated on each of circular cover glasses (D = 22mm) coated with 

fibronectin (25ug/ml) and supplemented with medium 199 (Invitrogen) containing 10% 

heat-inactivated bovine serum (Invitrogen). The media was changed daily. Experiments 

were performed on the 3rd to 5th day of culture.  

 

3.2.2 Inducing Ischemia and Reperfusion 

All experiments started with superfusing the monolayer with Tyrode’s solution consisting 

of (in mmol/l) 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 5 HEPES, and 5 

glucose. The monolayer was paced by application of voltage pulses at 1 Hz using bipolar 

point or line electrodes. A 15 mm circular glass coverslip was placed on the center of the 

monolayer to reduce availability of Tyrode’s solution and hence induce ischemic 

condition. Reperfusion was performed by lifting the coverslip after 1 hour of ischemia.  
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3.2.3 Recording Vm  

To record the sarcolemmal membrane voltage and propagation of the excitation wave 

through the monolayer, we used an optical mapping technique, as described in the 

previous chapter. The dynamics of changes during ischemia were much slower than those 

during reperfusion; therefore in most of experiments, recordings were made every 1-5 

minutes during ischemia versus every 10 seconds during reperfusion.  

 

3.2.4 Measuring ΔΨm  

To study the effect of IR on mitochondrial function, TMRM was used to record ΔΨm. For 

the dequench mode, cells were loaded with TMRM as described in the previous chapter 

(Page 14). For the linear mode, wherein TMRM fluorescence follows a distribution 

according to its Nernst potential34, monolayers were loaded with 50 or 100 nmol/l 

TMRM for 1 hour in the 37 ˚C incubator. In this mode, TMRM fluorescence is 

approximately linearly related to ΔΨm. Monolayers were then washed and put in normal 

Tyrode’s solution in the heated (37 ˚C) chamber of an inverted microscope (Eclipse 

TE2000-E, Nikon). Excitation light of 545 ± 12 nm was used and the fluorescence 

emission (605 ± 35 nm) was recorded with an EMCCD camera (Cascade II, 

Photometrics, AZ) using Micro-Manager (Vale Lab, UCSF, CA) or custom software 

developed in LabVIEW. Mitochondrial depolarization leads to loss of TMRM from the 

matrix and into the cytoplasm, which causes a decrease in the spatial dispersion of 
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TMRM fluorescence. Dispersion was calculated as the ratio of standard deviation to its 

mean. The data was analyzed using ImageJ and MATLAB.  

 

3.3 Results  

3.3.1 Depolarization and Repolarization of Mitochondrial Inner-Membrane 

during IR  

Initially, cells under normoxic conditions were paced at 1 Hz with voltage pulse 

stimulation applied at the edge of the monolayer. Mitochondria were stably polarized and 

ΔΨm was stable. After the coverglass was lowered on the central part of the monolayer, 

ΔΨm declined over time in the ischemic region. Figure 19 depicts the depolarization of 

mitochondrial membrane potential in the ischemic region, after 5 minutes (left) and 1 

hour (right) of ischemia. Images were recorded using a 2x objective lens by fluorescence 

microscopy from TMRM-loaded cells in the dequench mode. A border zone of about 2 

mm was observed between the edge of the coverslip and the ischemic zone, due to 

continued availability of oxygen diffusion into this region. Using the linear mode of 

TMRM at higher magnification (10x objective), individual myocyte mitochondrial 

networks can begin to be resolved (Figure 20A). Loss of ΔΨm in the central ischemic 

zone, but not the border zone, was evident after 1 hour of ischemia (Figure 20B). 

Reperfusion by coverslip removal initiated a general repolarization of ΔΨm in the 

formerly ischemic region (Figure 20C). Next, we examined the dynamics of ΔΨm loss 

and recovery at a higher spatial and temporal resolution.  
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Figure 19 ΔΨm at 5 minutes and 1 hour of ischemia.  

ΔΨm in the ischemic zone decreases during ischemia. Mitochondria in a border zone of 

approximately 2 mm staye polarized (TMRM 2 µM, dequench mode). 

 

Figure 20 Effect of 1 hour ischemia on the ΔΨm. 

A: Start of ischemia; red line shows the edge of the coverslip; the small area on top of the red line is 

not covered. B: Start of reperfusion. C: After 2 hours of reperfusion. 

A B C 
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3.3.1.1 ΔΨm during Ischemia 

In the ischemic region, ΔΨm was lost in two phases: an initial slow and partial phase and 

a rapid global decline. During the initial phase, individual clusters of mitochondria 

became depolarized (Figure 21). Cells in the ischemic region stopped contracting 

approximately 6 minutes after coverslip placement.  

  

Figure 21 First phase of mitochondrial depolarization due to ischemia. 

During the first phase of ΔΨm depolarization, individual clusters of mitochondria become 

depolarized. These images are from the myocytes at the central region of the monolayer at 10 (left) 

and 20 minutes (right) of ischemia. Arrows show examples of clusters of mitochondria that became 

depolarized during the first phase of ΔΨm loss. Bipolar stimulation at 2 Hz. 40x objective lens; 

fluorescence intensity scaled by color from black through white using a lookup table.  

Δ
Ψ

m
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During the second phase, which started after 32.9 ± 8.6 minutes of ischemia (N = 9), the 

mitochondrial network of the myocytes rapidly became depolarized and cells underwent 

contracture (Figure 22). The dynamics of changes in ΔΨm can be studied by plotting the 

dispersion of TMRM signal. Figure 24 shows the decrease in dispersion (i.e., ΔΨm 

depolarization) during these two phases over 60 minutes of ischemia for one monolayer. 

This can be explained by the hypothesis of criticality which was described in the first 

chapter. When enough number of mitochondria became depolarized and the stress 

applied on the cardiomyocytes in the ischemic region reached a critical value, this causes 

instability of the whole mitochondrial network of the cells which can propagate to the 

neighboring cardiomyocytes. 

Based on our recordings from a larger area of the monolayer, loss of ΔΨm started from 

the center and extended outwards (Figure 23).  
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Figure 22 Effect of long-term ischemia on ΔΨm.  

Cells in the center of the monolayer underwent 1 hour of ischemia (5-minute interval, TMRM 

100nM, 40X, 150 µm × 150 µm). ΔΨm is lost in two phases: a slow and partial phase (images 1-8) and 

then a rapid global phase (images 9-12). 
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Figure 23 Wave of depolarization of ΔΨm during ischemia. 

Mitochondria lose ΔΨm during ischemia in a wave propagating through the monolayer from the 

center towards the edge of the coverslip.  

 

During the coverslip-induced ischemia protocol, mitochondria in the uncovered area and 

the border zone were stable, apart from occasional flickering of a few individual 

mitochondria on the border zone. Observing the monolayer during a long period of 

ischemia showed that the mitochondria in the border zone stayed polarized even after 17 

hours of ischemia followed by subsequent reperfusion.  
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Figure 24 Change of ΔΨm during ischemia and reperfusion. 

Changes in distribution of TMRM during IR can be measured as changes in spatial fluorescence 

dispersion. During Ischemia, TMRM exits the mitochondria and enters the cytoplasm leading to a 

decrease in dispersion. Upon reperfusion, mitochondria gradually rebuild ΔΨm as indicated by an 

increase in TMRM dispersion as the dye redistributes back into the mitochondrial matrix. ΔΨm 

instability limits the overall recovery rate of mitochondrial membrane potential.  
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Figure 25 Oscillation of ΔΨm upon reperfusion.  

A: A part of a cell in the monolayer, cropped from the 40× images. Interval 1 minute; minutes 50-55 

of reperfusion. Dimensions 25µm × 25µm. B: ΔΨm instability illustrated by plotting the intensity of 

TMRM signals at points A, B, C (from the same cell; shown on first slide of part (A)), and D (from a 

separate myocyte 25 µm away). 
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3.3.1.2 ΔΨm during Reperfusion 

Reperfusion during the first phase of mitochondrial depolarization (up to 30 minutes of 

ischemia) resulted in stable recovery of ΔΨm; however, extending the ischemic period to 

1 hour of ischemia resulted in an unstable recovery of ΔΨm following reperfusion (Figure 

24). Oscillations (freq <20 mHz) of ΔΨm, evident as random flickering of separate 

clusters of mitochondria (Figure 25) were observed over the field of view in the post-

ischemic zone (150 µm × 150 µm). Early after reperfusion, the adjacent clusters showed 

highly synchronized oscillations within individual myocytes, consistent with RIRR as a 

coupling factor; later in the reperfusion period the correlation between ΔΨm oscillations 

in adjacent mitochondrial clusters declined (Figure 26). 

 

Figure 26 Oscillations of adjacent clusters are syncronized during early reperfusion.  

Left: ΔΨm shown by intensity of TMRM signal at two adjacent clusters (A and B from the previous 

figure) during the first 20 minutes of reperfusion. Right: Correlation coefficient of ΔΨm changes in 

the adjacent clusters decreases through time.  
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ΔΨm oscillations after reperfusion were gradually sustained for the whole period of 

recording (up to 120 minutes). However, in some cases, the mitochondrial network of an 

individual myocyte or a few myocytes depolarized abruptly. This depolarization affected 

the neighboring myocytes and a wave of depolarization propagated through the 

monolayer. This type of depolarization, which was irreversible, occurred with variable 

onset after reperfusion. Such an event could start 2 hours after the onset of reperfusion, or 

as shown in the dispersion plot in Figure 31 – black line, it could start much earlier 

during reperfusion. 

Notably, in some experiments, the reperfusion-induced mitochondrial instability was 

observed to spread beyond the post-ischemic zone; the border zone and normoxic regions 

of the monolayer underwent sporadic and dispersed loss of ΔΨm, even though they had 

not been affected during ischemia. This suggests that toxic metabolites can diffuse out of 

the ischemic zone to destabilize mitochondria in otherwise healthy cells. 

 

3.3.2 IR-Induced Arrhythmias 

With an understanding of the mitochondrial responses to ischemia and reperfusion in the 

monolayer, we next investigated the effects of ischemia/reperfusion on electrical 

excitability and arrhythmias. Under normoxic control conditions, the excitation wave, 

recorded by optical mapping, propagated through the monolayer uniformly with CV = 

15.5 ± 6.1 cm/s (N = 10), evoking APs with APD = 138 ± 54 ms (N=15). After placing 

the coverslip over the center part of the monolayer, the APA and APD decreased (5 
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minutes after the onset of ischemia: APA = 77 ± 25 %, APD50 = 57.9 ± 30.8 % of initial 

values, the conduction velocity (CV) slowed (to 8.3 ± 4.4 cm/s). Therefore, the 

wavelength, WL, shortened in the ischemic area over time. After 15.4 ± 5.4 minutes (N = 

13), the area under the coverslip became completely inexcitable (Figure 27). At this time, 

the activation wave passed around the ischemic area, exciting only the cells in the outer 

region and the border zone. Reentry was not a typical event during ischemia; although in 

3 out of 18 monolayers, when the monolayer was paced at 3 Hz, a heterogeneous 

decrease in excitability beneath the coverglass caused a unidirectional block and led to 

reentry.  

 

 

Figure 27 Coverslip-induced ischemia affects the propagation of the excitation wave. 

 

Excitability recovered shortly after reperfusion, however not homogeneously (Figure 28). 

The recovery started 1.1 ± 0.6 minutes (N = 12) after the onset of reperfusion, with 

formation of several slow-propagating stray wavelets in the ischemic zone. Due to low 

CV and short WL in this region, this phase was soon (ranging from a few seconds up to 3 

Coverslip 
Placement 

10 min 11 min 12 min 13 min 14 min 

A B C D E F 



44 

 

minutes) replaced by micro-reentries and fibrillatory activity. This evolved into sustained 

reentry anchored on the boundary between the border zone and ischemic zone, in 5 out of 

8 monolayers. The anchor of reentry either remained at the same point or migrated to 

other points on the boundary. Reentry also occurred in 5 out of 7 monolayers, if the 

monolayer was reperfused after a short ischemia of only 19.7 ± 5.3 minutes (ranging 11-

30 minutes), while being stimulated at 3 Hz.  

 

 

Figure 28 Electrical propagation during reperfusion. 

A: The excitation wave passes around the reperfused area; B: After a short time, wavelets form in 

the reperfused area; C: Formation of two reentrant waves with rotors located on the boundary of 

border zone and reperfused zone; D: Three reentrant waves underlying fibrillatory activity; E: Small 

reentrant waves coalesce and form a single reentrant spiral wave; F: After a few minutes the 

reentrant wave dies out and nearly normal propagation is seen. CV in the reperfused area, however 

remained slow through the end of this experiment (38 minutes of reperfusion). 
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3.3.3 Effect of 4ʹ-Cl-DZP on mitochondrial instability 

As explained in the introduction, the peripheral benzodiazepine receptor ligands 4ʹ-Cl-

DZP or PK-11195 were shown to stabilize stressed mitochondria and prevent 

depolarization and oscillation of ΔΨm in isolated adult cardiomyocytes. Aditionally, 4ʹ-

Cl-DZP was shown to be effective in preventing IR-induced or oxidative stress-induced 

cardiac dysfunction in whole heart experiments, while preserving mitochondrial 

membrane potential28. These effects were interpreted to suggest that IMAC was the main 

target involved in mitochondrial RIRR. Here, we examine the effects of blocking IMAC 

using 4ʹ-Cl-DZP on IR-induced mitochondrial oscillations and arrhythmogenicity in 

NRVM monolayers. 

The presence of 4ʹ-Cl-DZP did not affect the loss of ΔΨm during ischemia in our 

experiments (phase 2 starting at 37.5 ± 10.6 minutes; see Figure 29). However, when 4ʹ-

Cl-DZP was present in the media at the concentration of 16 µM, ΔΨm stably recovered 

upon reperfusion. Only a few clusters showed oscillations and these oscillations were 

very sparse (Figure 30). Higher concentrations of 4ʹ-Cl-DZP (64 µM) did not stabilize 

mitochondrial energetics after reperfusion.  
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Figure 29 Effect of different chemicals on ischemia-induced mitochondrial depolarization. 
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Figure 30 4ʹ-Cl-DZP stabilizes the mitochondria. 

Sparse oscillations were seen in very few mitochondrial clusters (time course shown for two such 

clusters in the panels) in an image field of 150 µm × 150 µm in the reperfused zone of the monolayer 

after 1-hour ischemia when 4ʹ-Cl-DZP was present in the media at 16 µM. 

 

We also tested for the involvement of PTP in IR-induced mitochondrial oscillations in 

separate experiments. The inhibitor of PTP, CsA, was used at a 1µM concentration. The 

presence of CsA over the entire ischemia/reperfusion protocol did not prevent ischemia-

induced loss of ΔΨm, nor did it suppress oscillations of ΔΨm after reperfusion, refuting a 

causal role for PTP in reperfusion-induced mitochondrial oscillations. On the other hand, 

the loss of ΔΨm at late reperfusion was prevented by CsA (as shown in Figure 31), 

suggesting a role for PTP in mitochondrial loss during late reperfusion. These findings 

are consistent with previous work demonstrating that there is sequential activation of the 

IMAC (4ʹ-Cl-DZP-sensitive) and PTP (CsA-sensitive) upon oxidative stress10. Also 
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consistent with the present findings, PTP is shown to open by 15 minutes after the onset 

of reperfusion in experiments on isolated rat hearts38.  

 

Figure 31 PTP involvement in large-scale reperfusion-induced mitochondrial ΔΨm loss. 

While not able to prevent oscillations, CsA can protect mitochondria from total depolarization. Both 

monolayers are from the same cell preparation; CsA was applied at 1 µM. Horizontal axis shows the 

time in minutes from the onset of ischemia. Reperfusion starts at 60 minutes. 
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3.3.4 Effect of 4ʹ-Cl-DZP on reentry induced by reperfusion 

While 4ʹ-Cl-DZP was shown to blunt APD shortening in intact perfused hearts during 

ischemia28, in our experiments, 4ʹ-Cl-DZP accelerated the inexcitability induced by 

coverslip-induced ischemia in the NRVM monolayers. Recovery of excitability upon 

reperfusion was also somewhat delayed. For several minutes after the initial recovery of 

AP generation, the monolayer did not respond to the stimulation pulses in a 1:1 fashion. 

However, by 10-20 minutes after the reperfusion started, the monolayer became normally 

excitable.  

As shown in Figure 32, while 4ʹ-Cl-DZP treatment slowed recovery after ischemia, it 

prevented early reperfusion-induced reentry and facilitated a near complete recovery of 

APD to the preischemic values within 2-4 minutes. Spontaneous activity elicited on the 

border zone was also suppressed, occurring only in 1 out of 5 monolayers, with this 

singular event leading to reentry 20 minutes after the onset of reperfusion (late 

reperfusion arrhythmia). 

 

3.3.5 Effect of Blocking KATP channels during IR 

Blocking K-ATP channels did not affect the dynamics of mitochondrial depolarization 

during ischemia (Figure 29). Unexpectedly, when glibenclamide or glimepiride (another 

blocker of KATP channels) were used in our experiments, mitochondrial instability 

increased: the frequency of mitochondrial oscillations increased (compare Figure 33 with 
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the first 25 minutes of ΔΨm diagrams in Figure 25B). This might be due to the known 

nonspecific mitochondrial uncoupling effect of glibenclamide39, but a detrimental effect 

was not observed in the FCCP experiments described earlier. Also, arrhythmogenicity 

was not affected when glibenclamide was present in the media at 10 µM and reentry 

occurred in 7 out of 8 monolayers. This negative effect of KATP channel inhibition during 

ischemia/reperfusion thus differed from the anti-arrhythmic effect of glibenclamide 

observed during chemical uncoupling of mitochondria. This is likely due to the fact that 

ischemia/reperfusion induces a much more complex set of cellular changes that cannot be 

reversed by inhibition of a single ion channel target. Unlike the agents that prevented 

mitochondrial depolarization (e.g., 4ʹ-Cl-DZP), KATP channel inhibition would not be 

expected to prevent the global defects in energy supply and ROS imbalance that 

accompanies ischemia. Moreover, as these KATP channel inhibitors are not specific to 

sarcolemmal KATP channels, the detrimental actions of these compounds could be the 

results of blocking mitochondrial KATP channels. Mitochondrial KATP channels were 

shown previously to be critical in ischemic preconditioning40-42; hence blocking them 

might prevent their protective effects.  
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Figure 32 4ʹ-Cl-DZP stabilizes electrical activity. 

A: Changes in optical action potential amplitude and duration during IR. B: 4ʹ-Cl-DZP prevents 

APD shortening, but does not affect APA change. C: Ischemia renders the monolayer inexcitable 

with/without 4ʹ-Cl-DZP. D: Early after reperfusion, reentry was never seen in the presence of 4ʹ-Cl-

DZP at 16 µM, while in control monolayers, sustained reentry was seen frequently. 
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Figure 33 Effect of KATP inhibition on mitochondrial instability. 

Glimepiride at the concentration of 10 µM was present in the media. Mitochondrial flickering is 

increased compare to control.  

 

3.4 Conclusion 

Available evidence suggests a correlation between mitochondrial dysfunction and 
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reperfusion after 30 minutes of global ischemia evokes reentrant arrhythmias, and 

treatment with a compound that prevents or reverses RIRR-mediated mitochondrial 

depolarization (4′-Cl-DZP) eliminates post-ischemic VF and improves AP recovery28. 

More recently, direct evidence was reported that significant spatiotemporal heterogeneity 

of ΔΨm is present during ischemia/reperfusion in isolated hearts6,7. In isolated cardiac 

myocytes, metabolic or oxidative stress, induced by substrate deprivation, glutathione 

depletion, or localized laser flash, leads to instability and oscillations of ΔΨm
10,12,43. 

These observations led to the proposal that mitochondrial instability is a major factor 

contributing to arrhythmic events associated with IR. Metabolic sinks of current due to 

opening of sarcolemmal KATP channels were proposed to underlie the heterogeneity in 

APD, refractory period, and excitability, setting the stage for reentry.  

Here, we demonstrate that mitochondrial instability is prevalent in an in vitro model of 

ischemia/reperfusion in monolayers of NRVMs and that reperfusion arrhythmias are 

correlated with mitochondrial dysfunction. Stabilization of ΔΨm prevents reentry on 

reperfusion and stabilizes the cardiac action potential. The development of this platform 

for studying IR at the cellular level allowed us, for the first time, to examine the time 

course of ΔΨm loss and recovery in detail while studying the concurrent 

electrophysiological changes in parallel. Importantly, reperfusion markedly destabilizes 

and desynchronizes the mitochondrial network of the cells in the NRVM monolayer; this 

instability can also spread to border zone and outer regions. Mitochondrial oscillation 

between the energized and de-energized states reveals that spatiotemporal heterogeneity 

of energetics, as well as electrical excitability, spans from the subcellular to the syncytial 

level. Our results showed that 4ʹ-Cl-DZP, but not CsA, could prevent mitochondrial 
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destabilization and facilitate AP recovery upon reperfusion, preventing post-ischemic 

arrhythmias. The results support the idea that mitochondrial instability is a major factor in 

occurrence of IR-related arrhythmias.  
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4 Discussion and Conclusions 

Heterogeneous instability of APs and corresponding changes in the dispersion of 

repolarization can cause arrhythmias44 in intact myocardium. In isolated cardiac 

myocytes subjected to metabolic or oxidative stress, IKATP was observed to oscillate, 

inducing action potential (AP) alterations8,45. Inhibition of IMAC with 4ʹ-Cl-DZP, an 

antagonist of mitochondrial benzodiazepine receptor (mBzR), inhibited oscillations of 

both ΔΨm and APD in individual cardiomyocytes28 and prevented arrhythmias in whole 

hearts at the onset of reperfusion28,46-48, adding to the evidence for a link between 

mitochondrial function and arrhythmias during IR. Previously, the concept of metabolic 

sinks was introduced as clusters of cells with depolarized or unstable mitochondria, 

formed due to IR-induced metabolic stress, which could alter the propagation of electrical 

excitation and potentially lead to reentry28.  

Mitochondrial ΔΨm depolarization potentiates KATP channel opening because the 

resulting uncoupling of oxidative phosphorylation leads to the reversal of the 

mitochondrial ATP synthase, accelerating the depletion of intracellular ATP15. 

Sarcolemmal KATP channels are activated by a decrease in cytosolic ATP/ADP ratio and 

mediate a weakly inwardly rectifying background K+ current30,31. Increased background 

K+ conductance through KATP channels pulls the resting membrane potential close to the 

equilibrium potential for K+ (EK). After 10 minutes of ischemia, resting membrane 

potential is, in fact, equal to EK
49. KATP current activation accounts for most of the AP 

shortening during the early phase of ischemia, as evidenced by the ability of KATP 

channel inhibitors such as glibenclamide to prevent shortening of the APD over the first 
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10 minutes of ischemia28. Concomitant with AP shortening, there is a monotonic decrease 

in APA and upstroke velocity during the first 10 minutes of ischemia, which can be 

partially prevented by glibenclamide treatment28, suggesting that KATP channels may 

contribute to both the AP shortening and early conduction slowing in the ischemic heart. 

Interestingly, KATP antagonists can also prevent ventricular arrhythmias elicited by 

reperfusion50. In fact, KATP channel inhibition has been shown to prevent VF after acute 

myocardial infarction in non-insulin-dependent diabetic patients51. Furthermore, KATP 

channel inhibition effectively prevented arrhythmias induced by the combination of acute 

myocardial ischemia and exercise in dogs with healed myocardial infarctions50,52,53. 

Moreover, enhanced arrhythmogenicity related to KATP activation was confirmed in a 

recent study in explanted failing and non-failing human hearts54. Our experiments in 

monolayers of cardiomyocytes subjected to induction of metabolic sinks, by local 

perfusion with FCCP, supported this idea by showing that blocking sarcolemmal KATP 

channels blunted loss of APA and APD, and also, lowered the chance of reentry. 

The findings of our experiments with FCCP-induced mitochondrial depolarization in the 

presence of KATP channel blockers supported the idea that KATP plays a major role in 

connecting mitochondrial dysfunction with electrical dysfunction of the cardiac tissue. 

However, when we investigated the effect of blocking KATP using glibenclamide (1, 10 or 

20 µM) or glimepiride (1 µM) on coverslip-induced IR, we did not see any significant 

preventive effect on occurrence of mitochondrial oscillations. Also, in the presence of 

glibenclamide, 7 out of 8 monolayers showed post-ischemic reentry. This can be because 

the KATP blockers that we used might have also blocked mitochondrial KATP channels, 

causing loss of their protective effects against IR injury40,55. Also, KATP channels might 
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be acting as safety valves, which open, when the energy is low, to shut down cellular 

activities, and blocking them will cause extra stress on the cell. Furthermore, potency of 

KATP channel inhibition on IR injury and arrhythmogenesis is variable and very species-

dependent. For example, in mice treated with the KATP channel blocker HMR1098, 

ischemia causes a much more rapid contracture of the isolated perfused heart (within 5 

minutes of the onset of ischemia) compared to untreated hearts56. In this species, APs are 

already very short and the heart rate is extremely high (~600 bpm), which could 

potentially explain why KATP channel activation during ischemia is essential to prevent a 

tetanus-like depolarization of the membrane potential under metabolic stress. In contrast, 

in larger animals with slower heart rates and longer AP plateau potentials (e.g. guinea 

pig, dogs, and humans), glibenclamide treatment does not accelerate ischemic 

contracture, although it does prevent the protective effects of ischemic or chemical 

preconditioning42. These differences are largely due to differences in the 

electrophysiology of the cardiomyocytes of these species; e.g., Ito is important in APD 

regulation in NRVM57 but not in guinea pig heart cells. It should not be ignored that the 

electrophysiology of the cells in monolayer cultures of NRVMs is different from that of 

cardiomyocytes in intact heart, even in neonatal rats, let alone myocytes from other 

species. Moreover, differences in metabolism in adult versus neonatal hearts are well 

known, so while the NRVM monolayer is a practical and useful model to study electrical 

activity and mitochondrial function during IR, one should be careful not to generalize the 

results without caution and further experimentation. Nevertheless, the present work in 

NRVM monolayers strongly supports the hypothesis that mitochondrial ΔΨm instability 
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plays a major role in reperfusion arrhythmias, and that the mechanistic details underlying 

mitochondrial ΔΨm loss may be similar. 

4.1 Considerations 

Mitochondrial depolarization and KATP activation are, undoubtedly, important 

contributors to cardiac cell dysfunction during IR injury; however, they represent only 

part of the spectrum of changes that happen in the myocardium during IR. Conditions of 

ischemia/reperfusion evoke a dramatic increase in IKATP, but many other factors also 

come into play, including changes in transmembrane K+, Na+ , and Ca2+ gradients, pH, 

ATP, Mg2+, as well as tissue conductivity. In fact, as the present experiments with the 

mitochondrial uncoupler show, mitochondrial ΔΨm collapse impacts the AP and the 

propagating wavefront in a manner that is more complex than expected simply from KATP 

channel activation and other effects of mitochondrial depolarization, such as CV slowing 

due to lower excitability, should be taken into account. Other factors such as increased 

dephosphorylation of Cx43 early during ischemia36 might also contribute to CV slowing 

involved in arrhythmogenicity.  

In the local perfusion studies, while we studied the effect of size of metabolic sink on the 

outcome, we did not have the freedom to move the sink to areas other than the center of 

the monolayer, or produce sinks with boundaries other than circular, due to limitations of 

the current design of our local perfusion system. Also, for optical mapping, using 

cameras with higher resolution and sensitivity could be very helpful for observing the 

dynamics of the activity in the sink (or ischemic) area.  
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In our experiments with coverslip-induced ischemia, the ischemic region regained 

excitability even after 70 minutes of ischemia, while a previous study by de Diego et al. 

reported that excitability did not recover after 25 minutes of ischemia36. This could be 

due to differences in materials used for cell culture or the coverslips; for example, 

whether the latter was glass or plastic, or the thickness and weight, which would affect 

the amount of media available to the ischemic region. Cell density or age of the 

monolayer could also contribute to the different outcomes.  

In a monolayer, there is no fiber orientation-related anisotropy, and there are no 

connective tissues or blood vessels.  There is no complex 3-dimensional structure that is 

seen in the whole heart either.  These features make a monolayer a good model to study 

the electrophysiology of heart tissue at the syncytium level but it ignores higher order 

structural interactions. Differences related to the developmental stage of the cells may 

also come into play, as the ion channel and metabolic profile of neonates differs from the 

adult. Nevertheless, there is a rich literature supporting the use of such monolayers to 

study mechanisms of arrhythmias in the heart.   

An additional concern is that the small size of the monolayer and the imposed boundary 

conditions of the coverslip are limitations that could affect the results. For example, in the 

case of reentrant waves, it is much easier for reentry to happen in a large tissue.  The size 

of the excitable tissue with respect to the wavelength of propagation can affect the type of 

reentry or its sustainability.  Therefore, in our experiments, we might be unable to see the 

exact type of reentrant behavior that happens in the whole heart; however, the results will 

be helpful to understand how insults at the level of mitochondria can change the activity 
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in a much bigger scale.  To make a statement about the whole heart, we can use our 

results to design experiments in higher level models of the heart (wedges of heart tissue 

or whole perfused hearts).     

 

4.2 Future Direction: Effect of Inhibition of Mitochondrial Na+/Ca2+ 

Exchanger on IR-Induced Reentry  

4.2.1 Objective and Methods 

Mitochondria are thought to play a major role in cytosolic Ca2+ overload and 

arrhythmogenesis during ischemia/reperfusion (IR) injury. The mitochondrial Na+/Ca2+ 

exchanger (mNCE) plays a major role in control of [Ca2+]m and in tolerance to 

ischemia/reperfusion injury58. Ca2+ also plays a prominent role in NADH production by 

TCA cycle, which drives the electron transport chain and, consequently, ATP synthesis. 

Blocking INCE and therefore preventing Ca2+ extrusion from matrix can be protective 

against arrhythmias caused by heart failure59. Previously, it was shown that inhibition of 

mNCE using CGP-37157 increases mitochondrial Ca2+ ([Ca2+]m) retention and prevents 

delayed afterdepolarizations and triggered arrhythmias during Na+ overload induced by 

the Na+/K+ ATPase inhibitor ouabain in vitro and in vivo59. In isolated intact hearts, and 

in isolated cardiomyocytes as well, ouabain was used to increase [Na]i and therefore to 

blunt Ca2+ accumulation inside mitochondria.  Normally, it led to DAD and arrhythmias; 

however, adding CGP-37157 to block INCE, prevented these arrhythmias.  Here, we 

investigated these findings in monolayers of cardiac myocytes. We studied the dynamics 
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of [Ca2+]m during coverslip-induced IR and investigated the role of mNCE in formation 

of IR-related reentry in NRVM monolayers. We looked at the effect of modifying INCE 

with CGP-37157, and applied novel gene transfer vectors to manipulate the levels of the 

putative mNCE protein NCLX60 to determine if mNCE affects ischemia-related 

arrhythmias. Sarcolemmal electrical activity was recorded with a 464-photodiode array 

using the voltage-sensitive dye di-4-ANEPPS and changes in [Ca2+]m and cytosolic Ca2+ 

([Ca2+]c) were observed using the ratiometric genetically-encoded mitochondrial Ca2+ 

indicator GEM-GECO.  

 

4.2.2 Results and Conclusion 

Amplitude and conduction velocity of action potentials decreased over time until the 

ischemic region became inexcitable. During 1 hour of ischemia, [Ca2+]m increased in a 

sigmoidal fashion. Reperfusion of the monolayers with oxygenated Tyrode’s solution 

lowered [Ca2+]m back to its initial value or even lower in less than 10 minutes (Figure 

34). [Ca2+]c also increased during ischemia and, upon reperfusion, sharply decreased 

before increasing again later in the reperfusion phase (Figure 35).  
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Figure 34 [Ca2+]m during IR in control and NCLX-overexpressed monolayers. 
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Figure 35 [Ca2+]c during coverslip-induced IR.  

Ischemia starts at time 0. Reperfusion starts at 60 minutes.  

 

To be sure that the changes in GECO signal are not a result of pH change due to IR, we 

looked at the pH change using SNARF, a ratiometric dye sensitive to pH. As seen in 

Figure 36, the dynamics of changes in pH are much faster than that of GECO. Also, 

GEM-CEGO is not very sensitive to pH in the range corresponding to IR conditions. 

0 20 40 60 80 100 120
0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Time (min)

C
y
to

s
o
lic

 C
a
lc

iu
m

 (
C

y
to

G
E

C
O

; 
A

.U
.)

 

 



64 

 

 

Figure 36 Changes in the pH of the cardiac cells during IR.  

Coverslip-induced IR: ischemia starts at 0 and reperfusion starts at 63 minutes. 

 

Wavelets and subsequently reentries formed upon reperfusion in 6 out of 7 monolayers. 

Presence of CGP-37157, at the concentration of 1µM, in the media prevented or 

shortened the duration of wavelets and reduced the occurrence of reentries to 2 out of 5 

monolayers (Figure 37). Viral overexpression of NCLX, the molecular candidate for 

mNCE, did not alter the incidence of reentry as compared to controls.  
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Figure 37 Electrical activity of the monolayer in presence of CGP.  

CGP (1 µM) prevents long-term reentry. Numbers beneath each figure, show the time in minutes.  

 

The results reveal the kinetics of [Ca2+]m during ischemia and reperfusion using a novel 

mitochondrial probe and demonstrate the cardioprotective effects of inhibition of mNCE. 

CGP-37157 decreased dispersion of repolarization and suppressed ischemia/reperfusion-

related reentry.  

  

4.3 Future Direction: Monolayers of Adult Cardiomyocytes 

We have also been using monolayer cultures of adult guinea pig myocytes as a potential 

experimental model for further investigation of present findings. 
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4.4 Future Direction: Genetic Manipulation of Sarc-/Mito-KATP Channels 

Earlier, we described the importance of sarcolemmal KATP channels in control of 

electrical activity of the cardiac myocytes. We observed some effects of chemically 

inhibiting these channels during FCCP perfusion and IR. For a better characterization of 

effects of sarc-KATP channels, we have acquired shRNA viral vectors for knocking down 

this channel in our NRVM monolayers. Further experiments are designed and the model 

is under development.  

The mitochondrial ATP-sensitive K+ channel (mitoKATP) has shown to be an important 

factor in cardio-protection against ischemia/reperfusion injury40,42.  Mitochondrial 

ROMK channel is a molecular component of mitoKATP
61 and several gene transfer tools 

have been developed to overexpress or knock down the levels of this protein. We have 

started experiments to test mitochondrial ROMK’s function by transducing monolayers 

of NRVMs with ROMK shRNA to determine if the presence of this channel plays an 

antiarrhythmic role in the context of coverslip-induced IR. We will compare this genetic 

manipulation approach to pharmacological inhibition of the channel (with 5-

hydroxydecanoate). Similarly, we have been examining the effects of ROMK 

overexpression on susceptibility to ischemic electrical dysfunction and will compare the 

effects to those of pharmacological precondition via mitoKATP channel activation with 

diazoxide. 
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