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- Abstract - 

ABSTRACT 

Cardiomyocyte contraction is controlled by the intracellular Ca2+ concentration ([Ca2+]i), 

which is regulated by L-type Ca2+ channels and by a Na+/Ca2+-exchanger. The Na+/Ca2+-

exchanger translocates three Na+ and one Ca2+ in opposite directions over the sarkolemma. 

The activity of the Na+/Ca2+-exchanger is determined by the sarcolemmal Na+ gradient. This 

gradient is maintained by the Na+/K+-ATPase, which pumps three Na+ out of and two K+ into 

the cell. Since [Ca2+]i depends on [Na+]i, a crosstalk between the Na+/Ca2+-exchanger and the 

Na+/K+-ATPase via intracellular Na+ could be important for cardiomyocyte contractility. 

Recently, the existence of subsarcolemmal diffusions gradients for Na+ has been suggested. 

Such diffusion gradients would cause heterogeneous [Na+]i, and thus influence regulation of 

[Ca2+]i. 

 The purpose of the present study was to examine whether subsarcolemmal diffusion 

gradients for Na+ permit functional interaction, or crosstalk, between the Na+/K+-ATPase and 

the Na+/Ca2+-exchanger. Whole-cell voltage clamp experiments were performed using low 

resistance patch pipettes that permit cell dialysis. The Na+/K+-ATPase and the Na+/Ca2+-

exchanger were activated by the addition of 5.4 mM K+ and 2 mM Ca2+ to the external 

solution, respectively. 

 At a holding potential of �50 mV, addition of 5.4 mM K+ activated a Na+/K+-ATPase 

current (INa/K) which peaked within ~2 s (2.44 ± 0.28 pA/pF). This current gradually 

decreased to a steady state-level within 2-3 min (1.50 ± 0.64 pA/pF). The Na+/Ca2+-exchanger 

current (INa/Ca) measured ~5 s after INa/K activation was reduced to 77 % of control. When INa/K 

reached a steady-state, INa/Ca was reduced to 40 % of control. The reduction in INa/Ca was 

proportional to the reduction in INa/K, suggesting crosstalk between the two proteins via 

subsarcolemmal Na+. 

 In conclusion, subsarcolemmal concentration gradients for Na+ influence the crosstalk 

between the Na+/K+-ATPase and the Na+/Ca2+-exchanger. Adequate regulation of this 

crosstalk could be important for regulation of cardiac contractility. 

 

 

 



 

- Contents - 

CONTENTS 

 
PREFACE 
ABSTRACT 
CONTENTS 
 
 
1 INTRODUCTION 1 
 
1.1 Electric properties of the membrane 2 
1.2 Ion transport mechanisms 4 
1.2.1 The Na+/Ca2+-exchanger 4 
1.2.1.1 Structure 4 
1.2.1.2 Modes of operation 6 
1.2.1.3 Modulation 9 
1.2.1.3.1 Voltage dependence 9 
1.2.1.3.2 Na+ and Ca2+ dependence 9 
1.2.1.3.3 Catalytic modulation 10 
1.2.1.3.4 Inhibitors 10 
1.2.1.4 Physiological function 11 
1.2.2 The Na+/K+- ATPase 11 
1.2.2.1 Structure 11 
1.2.2.2 Electrogenicity 13 
1.2.2.3 Modulation 13 
1.2.2.3.1 Na+ and K+ dependence 14 
1.2.2.3.2 Catalytic modulation 14 
1.2.2.3.3 β-adrenergic stimulation of cardiac Na+/K+-ATPase pump current 14 
1.2.2.4 Physiological function 16 
1.2.3 Other proteins that translocate Na+ 16 
1.2.3.1 Na+-channels 16 
1.2.3.2 Na+/H+-exchanger 18 
1.3 Problem 19 
 
 
2 MATERIALS AND METHODS 20 
 
2.1 Rat cardiomyocytes 20 
2.1.1 Characteristics 20 
2.1.2 Isolation 21 
2.1.2.1 Isolation procedure 21 
2.1.2.2 Enzymatic isolation protocols 22 
2.1.2.3 The Langendorff cell isolation 23 



 

- Contents - 

2.1.2.4 Solutions 23 
2.1.2.5 Plating 24 
2.2 Patch-clamp techniques 24 
2.2.1 Patch electrodes 26 
2.2.2 Solutions 26 
2.2.3 Perfusion of solutions 28 
2.3 Protocols and Recordings 29 
2.4 Presentation of results 31 
 
 
3 RESULTS 32 
 
3.1 Estimation of rat cardiomyocyte size 32 
3.2 Activation of Na+/K+-ATPase reduces [Na+]s 33 
3.3 Current-voltage relationship for INa/Ca 36 
3.4 Current-voltage relationship for INa/K 41 
3.5 INa/Ca may be directly dependent on INa/K via [Na+]s 45 
 
 
4 DISCUSSION 47 
 
4.1 Isolation of INa/K and INa/Ca 47 
4.2 Na+/K+-ATPase activation reduces [Na+]s 48 
4.3 Estimation of [Na+]s 50 
4.4 Importance of the fuzzy space for cardiac contractility 53 
4.5 Conclusion 54 
 
 
5 REFERENCES 55 
 



 

- Introduction -                                                                         1 

1 INTRODUCTION 

It is widely accepted that the Na+/Ca2+-exchanger, moving three Na+ and two Ca2+ in opposite 

directions over the sarcolemma, is a primary Ca2+ extrusion mechanism in the heart (Crespo et 

al., 1990; Grantham & Cannell, 1996). Reports also suggest that it plays a role in Ca2+ entry 

(see section 1.2.2.4). Either way, Na+/Ca2+-exchange influences the cytosolic calcium 

concentration [Ca2+]i. It is well known that Ca2+ is a trigger signal for muscular contraction, 

and thus the Na+/Ca2+-exchanger affect cardiac contractile force. Na+/Ca2+-exchange activity 

is partially under the influence of the cytosolic sodium concentration [Na+]i. During the action 

potential, Na+ enters the cell through voltage gated Na+-channels, generating a rise in 

subsarcolemmal sodium concentration [Na+]s. A Na+/K+-ATPase uses metabolic energy 

(ATP) to pump Na+ out of the cell, to reach a new steady state and permit relaxation. Thus, 

the Na+/K+-ATPase is involved in control of [Na+]s. As local subsarcolemmal concentration 

gradients for Na+ may exist, how do the Na+/K+-ATPase and the Na+/Ca2+-exchanger 

cooperate? Do they sense the same [Na+]i? In this cand.scient.-thesis I have studied these 

questions, using isolated rat left ventricular cardiomyocytes. In the remaining part of the 

introduction, I will present a brief historical background for the project, and describe the 

properties and functions of the relevant membrane proteins in some detail. 

 

In 1865, Claude Bernard recognized that �la constance du milieu intériueur est la condition de 

la vie libre,� or �the constancy of the internal environment is the condition for an independent 

life� (Bernard, 1949). Such constancy allows cellular homeostasis, which means that certain 

parameters, including the cellular volume, the intracellular pH, the membrane potential, and 

the intracellular concentration of salts are maintained relatively constant in resting cells. Cell 

activity, like contraction in cardiomyocytes, is possible when these parameters are allowed to 

change transiently. Transient changes in homeostatic parameters are permitted by numerous 

proteins in the cell membrane. These proteins are implicated in transport of ions across the 

membrane.  

The concentrations of ions are not the same in intra-, and extracellular solutions. The 

extracellular concentration of Na+ is about 145 mM, while the intracellular concentration is 5-

15 mM. This difference gives a sodium concentration gradient across the cell membrane. 

Furthermore, the cell has a negative transmembrane potential that enhances inward driving 
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force for Na+. The chemical and the electrical driving forces, which is the ion concentration 

gradient and the membrane potential, generates an electrochemical gradient. This 

electrochemical gradient is crucial to the activity of transmembrane transport mechanisms that 

involve Na+. However, transmembrane proteins do not �see� the average cytosolic ion 

concentrations, but senses ions in immediate contact with the intracellular face of the 

sarcolemma. Thus, it is the subsarcolemmal concentration of Na+ that is important for 

homeostasis. 

Lederer et al. introduced the term fuzzy space (Lederer et al., 1990), which is defined 

as a subsarcolemmal junctional space where ion diffusion is slower than in the rest of the 

cytosol. Such local spatial concentration gradients should influence the activity of the 

transport proteins in the sarcolemma, and probably their interactions. With such diffusion 

constraints, the localization of transport proteins implicated in Na+ transport is important for 

Na+ homeostasis. 

 

The 1991 Nobel Prize in Physiology and Medicine was awarded to Erwin Neher and Bert 

Sakmann for their discovery concerning the function of single ion channels in cells (Hamill et 

al., 1981; Neher & Sakmann, 1976). The laureates developed a method to study and quantify 

the flow of ions through single ion channels in the membrane. This �patch-clamp� technique 

greatly improved the knowledge and understanding of ion channels. Today, the method is 

vastly ameliorated and permits current recordings of not only ion channels, but also of 

currents generated by proteins implicated in active transport like the Na+/K+-ATPase and the 

Na+/Ca2+-exchanger. Expansion in knowledge about the biophysical properties of ion 

transport mechanisms, and development of pharmacological substances to specifically bloc or 

enhance transport proteins, permits recordings of specific currents.  

 

 

1.1 Electric properties of the membrane 

The electrical properties of the living cell reside in the electrical properties of its membrane. 

The cell membrane, in turn, acquires its properties from its components: lipids and proteins. 

The membrane lipids form an electrical insulator separating the inside of the cell from the 

outside. These two milieus have different composition with regard to electrical charges. The 

interior of the cell has an excess of negative charges compared to the exterior, and therefore 

an electrical potential difference exists between the inside and the outside of the cell. The 
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potential of the external solution of the cell is set to zero according to a commonly accepted 

convention. The potential difference amounts to typically -30 to -90 mV in most animal cells, 

the inside being negative. In rat ventricular cardiomyocytes the difference is about -80 mV. 

The lipid bilayer behaves electrically as a capacitor. Several of the membrane proteins are 

transmembrane units forming ion channels or transporters. When a charged object, like an 

ion, moves in an electrical field it generates a current, which is the flow of electrical charge 

per unit of time. Thus, the transmembrane proteins behave electrically as conductors or 

resistors. The two terms actually complement one another � the former emphasizes the 

pathways for current flow, while the latter emphasizes the barriers to flow. As the cell 

membrane is composed of lipids and conducting proteins it behaves electrically as a 

capacitance in parallel with a resistance (fig. 1). 
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Figure 1. Equivalent circuit (upper panel) of a lipid bilayer with inserted ion channels (lower panel). 
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1.2 Ion transport mechanisms 

The passage of different substances across the membrane is passive or active. Passive 

transport is the movement of solutes toward a state of equilibrium. It takes place without 

direct use of metabolic energy (ATP), but is dependent on electrochemical gradients. Passive 

transport occurs directly by diffusion through the lipid bilayer, by diffusion through ion 

channels and by transport carried out by membrane proteins not dependent on ATP 

(facilitated diffusion). Active transport utilizes energy to reach a steady state different from 

the equilibrium. It occurs in two ways: primary active transport, in which ATP is the direct 

energy source, and secondary active transport. Secondary active transport is coupled to the 

transport of an ion in a direction that reduces its potential energy, and the transport protein 

utilizes the resulting difference in free energy. The Na+/K+-ATPase and the Na+/Ca2+-

exchanger are examples of primary and secondary active transport, respectively. 

1.2.1 The Na+/Ca2+-exchanger 

Reuter and Seitz (1968) were the first to document the presence of a Na+/Ca2+-exchange 

countertransport system in the heart. Since then Na+/Ca2+-exchange has been extensively 

studied, and is now well understood. 

1.2.1.1 Structure 

The Na+/Ca2+-exchanger protein is the product of three mammalian genes: NCX1 (Nicoll et 

al., 1990), NCX2 (Li et al., 1994), and NCX3 (Nicoll et al., 1996). Application of modern 

molecular biology techniques has provided information about structure-function relationships 

and the presence of the diverse isoforms of the Na+/Ca2+-exchanger. NCX1 is usually called 

the cardiac type as it is expressed at a high level in cardiac tissue, although it can also be 

detected in several other tissues (Kofuji et al., 1992; Kofuji et al., 1994). NCX2 and NCX3 

seems to be expressed mainly in brain and skeletal muscle (Li et al., 1994; Nicoll et al., 

1996). As the experiments in this report were run on cardiac cells, characteristics of the 

Na+/Ca2+-exchanger protein given in this report relates to the cardiac type, unless otherwise 

noted. 
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Figure 2. Topological model of the Na+/Ca2+-exchanger protein 

The Na+/Ca2+-exchanger protein has 9 transmembrane segments. The N-terminus is glycosylated and 

extracellular, whereas the C-terminus is cytoplasmic. The large intracellular f-loop is likely to be involved in 

numerous regulatory processes. It contains an autoinhibitory XIP segment, a binding site for regulatory Ca2+ 

and a portion of this f-loop is subject to alternative splicing. 

 

The mature 938 amino acids long Na+/Ca2+-exchanger is proposed to be a glycosylated 

multipass membrane protein that contains a cleavable leader peptide followed by 5 

transmembrane regions at the N-terminus and 4 transmembrane regions at the C-terminus 

with a large intracellular f-loop in between (550 amino acids or 59 % of the whole protein). 

The f-loop contains sites for regulation. Studies including deletion of the f-loop (Matsuoka et 

al., 1993) have shown that the loop is not essential for transport of Na+ and Ca2+, but it does 

play a role in allosteric regulation by [Ca2+]i and [Na+]i. At the amino end of the f-loop there 

is a charged XIP segment of 20 residues that may be autoinibitory. It is also thought to be 

involved in Na+
i-dependent inactivation (see section 1.2.1.3.2). Exogenous XIP (exchange 

inhibitory protein) can inhibit Na+/Ca2+-exchange from the cytosolic side by binding to the 

XIP region. Between the transmembrane segments TM7 and TM8 there is a P-loop-like 

domain (as in ion channels, see later). There are also two 23 amino acid regions of 

intramolecular homology (α-repeats α1 and α2), which face opposite sides of the membrane. 

The second transmembrane domain and the α-repeats are thought to be involved in the ion 

translocation pathway (Nicoll et al., 1996), but further studies are necessary to conclude.  A 

region thought to be involved in Ca2+ transport (Clarke et al., 1989; Nicoll et al., 1996) has 

homologies with the Na+/K+-ATPase and a SR Ca2+-ATPase. The SR Ca2+-ATPase is located 

to the membrane of the sarcolasmatic reticulum (SR), and is an important pump protein that is 

involved in Ca2+-reuptake during the relaxation. This SR Ca2+-ATPase will not be further 

discussed in this thesis. 
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1.2.1.2 Modes of operation 

It is generally accepted that the Na+/Ca2+-exchanger moves one Ca2+ across the membrane 

towards 3 Na+ in the opposite direction (Philipson & Nicoll, 2000). Some recent reports 

suggest a 4:1 stoichiometry (Fujioka et al., 2000) or a loss of electrogenicity at very acidic 

external pH (Egger & Niggli, 2000), but the 3:1 stoichiometry will be retained in this report. 

Ca2+ can be moved in either direction, depending on the Na+ and Ca2+ concentration gradients, 

and the membrane potential. This allows the cell to loose or gain Ca2+ through Na+/Ca2+-

exchange, depending on its physiological (and electrical) state. The mode of exchange 

depends on the relation between the membrane potential (Em) and the equilibrium potential of 

the exchanger (ENa/Ca): 

 

ENa/Ca = 3ENa � 2ECa 
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ENa and ECa are the equilibrium potentials for Na+ and Ca2+, R is the molar gas constant, T is 

the absolute temperature, F is Faraday�s constant, and [X]i and [X]o the intra- and 

extracellular concentrations of each ion. When Em equals ENa/Ca, there is no net transport of 

charge across the membrane. At physiological rest conditions in rat heart cells, with [Na+]i 

=16 mM, [Na+]o = 145 mM, [Ca2+]i = 150 nM and [Ca2+]o = 1.8 mM, ENa/Ca =  -74 mV. If Em 

is more negative than ENa/Ca, like in a resting cell, the exchanger will extrude Ca2+ through a 

forward mode (Ca2+ exit mode). Inversely, when Em rises above ENa/Ca, for example during the 

action potential, the exchanger will work in a reverse mode (Ca2+ entry mode). With the 

solutions used in this study, calculated ENa/Ca = -150 mV. Thus, in this study, the Na+/Ca2+-

exchanger mode will theoretically function in a reverse mode at all holding potentials. 

The forward mode is identified as an external Na+-dependent Ca2+ efflux and an 

internal Ca2+ dependent, ouabain- and tetrodotoxin (TTX)-insensitive Na+ influx. This means 

that the presence of external Na+ is required to permit exit of Ca2+, and internal Ca2+ is 

necessary to allow entry of Na+. The external Na+-dependent Ca2+ efflux is markedly inhibited 

by high concentrations of internal Na+ in a Na+
i-dependent inactivation (see later). The 

forward mode of Na+/Ca2+-exchange takes place between each action potential, e.g. during the 

diastole. The role of the Na+/Ca2+-exchange in the forward mode is to extrude Ca2+ from the 
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cytoplasm during the relaxation, and to maintain a low [Ca2+]i. Thus, the cardiomyocyte is 

ready to shorten de novo when a new Ca2+ signal occurs. 

The reverse mode is defined as an internal Na+ dependent Ca2+ influx and an external 

Ca2+ dependent, ouabain-insensitive Na+ efflux. Thus, the presence of internal Na+ is required 

to permit entry of Ca2+, and external Ca2+ is necessary to allow exit of Na+. The [Ca2+]i 

required for half-maximal activation (K0,5) in cardiac myocytes giant patches (Hilgemann, 

1990; Hilgemann et al., 1992) is in the order of 1 µM under physiological conditions. 

Therefore, only a small fraction of the �reversed� exchange proteins are active at the normal 

resting [Ca2+]i (~150 nM). A regulatory concentration of internal Ca2+ is required (Km~300 

nM) for INa/Ca activity. The entry of Ca2+ through reverse mode Na+/Ca2+-exchange has been 

proposed to upload SR Ca2+ level (Barry et al., 1985; Bers, 1987; Nuss & Houser, 1992), 

directly trigger calcium-induced calcium-release (CICR) (Levi et al., 1993; Nuss & Houser, 

1992), or to supplement L-type Ca2+ current (ICa,L) in CICR activation (Leblanc & Hume, 

1990; Yao et al., 1998). Reverse mode Na+/Ca2+-exchange occurs during the action potential, 

or during the systole, in heart cells. Although, in most species, during the cardiac cycle as a 

whole, forward mode Na+/Ca2+-exchange will dominate preventing accumulation of 

intracellular Ca2+. In the rat however, the situation is a bit different. High intracellular [Na+]i 

causes the reversal potential of the exchanger to be more negative, and the exchanger mode is 

less forward, or might even be reverse during the diastole (fig 3). Figure 3 (Bers, 2001) 

estimates how the Na+/Ca2+-exchanger driving force varies during the cardiac cycle in rabbit 

and rat ventricles. 

The cardiac Na+/Ca2+-exchanger can also catalyse Ca2+/Ca2+ and Na+/Na+ exchanges, 

but this aspect will not be further developed in this thesis. 
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Figure 3. Schematic diagram of the estimated changes in ENa/Ca 

Schematic diagram of the estimated changes in the reversal potential of the Na+/Ca2+-exchange (ENa/Ca) that 

accompany the action potential and Ca2+
i transient in rabbit and rat ventricle (top). The estimated changes in the 

net electrochemical driving force for Na+/Ca2+-exchange (ENa/Ca � Em) are shown in the bottom panels. A 

stoichiometry of 3Na+:1Ca2+ was assumed, intracellular Na+ activity (aNai) values was actually measured in 

these preparations (Shattock & Bers, 1989) and, for simplicity, the Ca2+ transient accompanying the contraction 

was assumed to be the same for both species. Resting [Ca2+]i was assumed to be 150 nM, rising to a peak of 1 

µM, 40 ms after the AP upstroke. The shape of the Ca2+ transient was calculated as described by Bers (Bers, 

1987). From Bers, 2001. 

 

 

It follows from the description above that the duration of the diastole compared to the 

duration of the action potential is of importance for Na+/Ca2+-exchange. In most species, a 

short diastole, or short period where the Na+/Ca2+-exchanger functions in a Ca2+ extrusion 

mode, promotes intracellular accumulation of Ca2+. This could be a partial explanation of the 

�staircase� or force-frequency relationship in human cardiac cells, where contractility rises 

with heart frequency. It also explains why the force of the first contraction after a prolonged 

silent period is reduced. In the latter case, when the diastole is longer, the myocytes will 

easier be emptied for their Ca2+, and thus have a reduced contractility. Although, certain 

species, like the rat, have very short action potentials and high [Na+]i. Therefore, in the rat, the 

contractility is reduced when heart frequency is higher (the �staircase� is inverse), and the 

first contraction after a period without heartbeats is stronger. 
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1.2.1.3 Modulation 

The Na+/Ca2+-exchanger has been extensively studied, and numerous modulating factors have 

been identified. What follows is not a total overview of the known modulators. Only the 

factors that are important for the comprehension of this thesis are included. 

1.2.1.3.1 Voltage dependence 

One factor that regulates the activity and influences the mode of operation of the Na+/Ca2+-

exchanger is the membrane potential. As previously mentioned, the relation between Em and 

ENa/Ca influences the direction of the exchanger. Any parameter that changes the resting 

potential, or modifies the course of the action potential will have consequences for the 

Na+/Ca2+-exchange process. 

1.2.1.3.2 Na+ and Ca2+ dependence 

Regulatory Ca2+ interacts with a high-affinity binding site located on the large intracellular f-

loop (fig. 2) and is required for exchange activity. This Ca2+ is not transported and the binding 

site on the f-loop is distinct from the one that bind transported Ca2+ (Bers, 2001). Using the 

giant excised patch technique, Philipson & Nicoll (Philipson & Nicoll, 2000), showed that 

with Ca2+ in the pipette at the extracellular surface, the addition of Na+ to the intracellular 

surface does not elicit an exchange current in the absence of a submicromolar level of 

intracellular Ca2+. In excised patches Km ~0.3 µM, whereas indirect measurements using 

intact cells suggest a higher affinity of 20-50 nM (Bers, 2001). Physiologically, if such high 

affinity occurs, Ca2+ allosteric regulation would have little relevance, because the regulatory 

sites would always be saturated. Contrary, low affinity of this site would cause Na+/Ca2+-

exchange to be strongly dependent on intracellular Ca2+. 

Another regulatory domain on the intracellular f-loop is the XIP region. It is thought to 

be involved somehow in the Na+
i-dependent inactivation of the exchanger (Matsuoka et al., 

1997). The binding of Na+ to the transport sites at the intracellular surface of the exchanger 

seems to initiate two possible responses: Translocation of the Na+ across the membrane or 

transition of the exchanger to an inactive state. This Na+
i-dependent inactivation is only seen 

at high [Na+]i (>30 mM). However, this Na+
i-dependent inactivation is abolished in the 

presence of high regulatory Ca2+ (Philipson & Nicoll, 2000). 
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The physiological functions of this modulation by regulatory Ca2+ and transported Na+ 

remain unclear. However, high [Ca2+]i could stimulate Ca2+-extrusion through normal mode 

Na+/Ca2+-exchange, and low [Ca2+]i could turn the exchanger off as [Ca2+]i falls to diastolic 

levels (limiting how low [Ca2+]i goes). The Ca2+
i-dependent activation could also stimulate 

greater reversed INa/Ca when conditions favour this exchange direction. The Na+
i-dependent 

inactivation could prevent Ca2+ overload in the cells as high [Na+]i might favour Ca2+ entry. 

1.2.1.3.3 Catalytic modulation 

ATP is a modulator of the Na+/Ca2+-exchanger. Studies in heart cells (Philipson & Nicoll, 

1993; Reeves et al., 1994) suggested stimulatory effects of ATP on Na+/Ca2+-exchange by 

increasing the affinity for its substrates. Other studies (Hilgemann & Ball, 1996) show that 

ATP activates a lipid kinase that cause phosphorylation of phosphatidylinositol (PI) to form 

PIP2. PIP2 stimulates Na+/Ca2+-exchange by preventing Na+
i-dependent inactivation and 

might interact with the XIP region (Philipson & Nicoll, 2000). However, under physiological 

conditions, with ATP > 5 mM, the PIP2 signalling pathway is expected to be fully active. This 

is another argument that Na+
i-dependent inactivation does not occur under physiological 

conditions. However it might become active under patophysiological conditions, like 

ischemia. 

1.2.1.3.4 Inhibitors 

The lack of specific inhibitors that fully block the Na+/Ca2+-exchanger has been a limitation to 

the characterization of the Na+/Ca2+-exchanger. However, numerous drugs inhibit the 

exchanger, though they are neither very selective nor very potent. It is sufficient to mention 

here drugs like dichlorobenzamil, verapamil, tetracaine, etc. A newly discovered inhibitor of 

reverse mode Na+/Ca2+-exchange, KB-R7943, has been reported to be a relatively selective 

blocker. In this study, no such inhibitor was used. The Na+/Ca2+-exchanger was turned on and 

off using extracellular Ca2+. 

 

 

 

 



 

- Introduction -                                                                         11 

1.2.1.4 Physiological function 

The existence of a Na+/Ca2+-exchanger in mammalian heart has been known for over 30 years 

(Reuter & Seitz, 1968). Thus, the physiological function of the protein has been extensively 

studied in heart cells. It is widely accepted that the primary function of the Na+/Ca2+-

exchanger in heart cells is the Ca2+ extrusion mechanism. However, many other functions 

have been demonstrated, suggesting the Na+/Ca2+-exchanger to be involved a Ca2+ entry 

mechanism. 

Results show that contraction and Ca2+ transients can be triggered even when both 

sarcolemmal Ca2+ and SR Ca2+ release are inhibited (Bers, 2001). This indicates that Ca2+ 

entry via Na+/Ca2+-exchange can contribute to direct activation of the myofilaments in heart 

cells. With low [Na+]i, depolarizations must be very large or very long to trigger such 

exchange. However, if [Na+]i increases, for example by inhibition of the Na+/K+-ATPase, 

Ca2+ entry via Na+/Ca2+-exchange might occur. In rat cardiomyocytes, where resting [Na+]i is 

high, the importance of reverse Na+/Ca2+-exchange in exitation-contraction coupling might be 

more marked. Moreover, the role of the Na+/Ca2+-exchanger in excitation-contraction 

coupling might be emphasized by the existence of subsarcolemmal concentration gradients to 

Na+. Such gradients could cause the [Na+]s to fluctuate transiently during the cardiac cycle. 

In the experiments in the present report, high [Na+]i was used to show the existence of 

a fuzzy space. The protocols were designed to display functionnal coupling, or crosstalk, 

between the Na+/Ca2+-exchanger and the Na+/K+-ATPase. 

1.2.2 The Na+/K+- ATPase 

In 1997, the Danish researcher Jens C. Skou received the Nobel Prize for the first discovery of 

an ion-transporting enzyme, the Na+/K+-ATPase (Skou, 1957). In 1957, he suggested that the 

transport of Na+ and K+ over the cell membrane was coupled to a Na+- and K+-activated 

ATPase. The discovery of a transmembrane protein that handled ions, funded the basis for a 

new research area. Today we can attribute the electric properties of the cell to specific 

proteins. 

1.2.2.1 Structure 

The Na+/K+-ATPase is a P-type ATPase expressed in almost all cells. The mechanism of 

action of a P-type ATPase involves formation of a transient, covalently phosphorylated 
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intermediate during the reaction cycle. The Na+/K+-ATPase is a heterodimere composed by 

one 110 kDa α-subunit, or catalytic subunit, and one glycosylated 35-55 kDa β-subunit, or 

glycoprotein subunit (Bers, 2001). The α-subunit contains ~1000 amino acids, and probably 

spans 10 times the cell membrane. Both NH2 and COOH termini face the cytoplasm. It 

contains a four transmembrane domain at the N-terminus and a six transmembrane domain at 

the C-terminus separated by a large 433 amino acid intracellular domain (Sperelakis, 1997). 

The α-subunit contains sites for phosphorylation, binding sites for Na+, K+, ATP and cardiac 

glycosides. Three isoforms of the α-subunit have been found in heart tissue: α1, α2 and α3 

(Wang et al., 1996). The α1-isoform is expressed ubiquitously in all tissues, whereas the α2-

expression is predominant in cardiac and skeletal muscles, brain and adipocytes. The α3-

isoform has been found primarily in brain tissue, but also in neonatal rat heart and adult 

human heart (Sperelakis, 1997). It has recently been suggested that there might be a different 

expression pattern of these subunits in heart failure (Müller-Ehmsen et al., 2002; Semb et al., 

1998). As different α-subunits have different affinities for their substrates, this may have 

consequences for the maintenance of Na+-homeostasis.  

The β-subunit consists of ~300 amino acid residues and spans the membrane once. 

The N-terminus faces the cytoplasm, and the C-terminus is thought to interact with the α-

subunit on the extracellular span between the transmembrane domains 7 and 8 (fig. 4) (Fiedler 

& Scheiner-Bobis, 1996). The physiological function of the β-subunit remains unraveled, but 

the subunit is required for the proper insertion of the Na+/K+-ATPase in the membrane. It has 

also been postulated to affect cation affinity and is involved in the stability of the enzyme 

structure. Three β-isoforms (β1, β2 and β3) have been identified, but only β1 and β2 are found 

in heart tissue. In human heart β2-expression is very low. 

The density of Na+/K+-ATPases is much higher than for Na+-channels (1200 vs. 

3/µm2) (Bers, 2001), but the turnover rate is ~4 orders of magnitude slower (75-100/sec). 

However, the expression of the Na+/K+-ATPase is heterogeneous in the sarcolemma. A clear 

picture of this heterogeneous distribution has not yet been established, but might be important 

to fully understand the role of the Na+/K+-ATPase in cardiac excitation-contraction coupling. 
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Figure 4. Topological model of the Na+/K+-ATPase protein 

The pump molecule is composed of two major subunits, α and β. The α-subunit has 10 transmembrane 

segments, with a large intracellular loop between segments 4 and 5.  The β-subunit traverses the membrane 

once, and interacts with the α-subunit at the extracellular loop between segments 7 and 8. 

1.2.2.2 Electrogenicity 

The Na+/K+-ATPase pumps 3 Na+ out of the cell and 2 K+ into the cell using the metabolic 

energy of one ATP molecule. Thus one net charge is moved out of the cell per pump cycle 

generating a small, but measurable pump current, INa/K. The Na+/K+-ATPase pumps Na+ and 

K+ against their concentration gradients and is the key transport system that maintains these 

gradients (Bers, 2001). Like the Na+/Ca2+-exchanger, the Na+/K+-ATPase has a reversal 

potential, which depends on intracellular [Na+] and extracellular [K+] as well as the 

availability on ATP. However, at physiological conditions this reversal potential has been 

estimated to be about �180 mV (Glitsch & Tappe, 1995). Over the physiological range in 

animal cells, the Na+/K+-ATPase creates an outward current, linked to Na+ extrusion.  

1.2.2.3 Modulation 

The Na+/K+-ATPase is subject to modulation by numerous factors, including substrates but 

also cardiac glycosides and β-adrenergic agonists. I will in the following discuss some aspects 

of this modulation.  
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1.2.2.3.1 Na+ and K+ dependence 

The main regulators of Na+/K+-ATPase are the substrates: intracellular Na+ and extracellular 

K+, as well as ATP. The activating Km for [K+]o is ~1.5 mM (Bers, 2001). With a normal 

[K+]o at ~5 mM, the Na+/K+-ATPase should be almost 80% saturated at physiological 

conditions. This should preclude a significant effect of small variations in [K+]o on Na+/K+-

ATPase activity. However, studies (Garay & Garrahan, 1973) have demonstrated that 

cytoplasmic K+ acts as a competitive inhibitor of Na+ binding at cytoplasmic sites. 

The half-maximal activation (K0.5) of the enzyme by intracellular Na+ is ~10-40 mM. 

Sejersted et al. found a K0.5 of 14 mM (Sejersted et al., 1988). As this is right at the normal 

resting [Na+]i, small variations in [Na+]i can have dramatic effects on the Na+/K+-ATPase 

activity. Na+ has also been shown to have an indirect regulatory effect on the Na+/K+-ATPase. 

For example, increase in intracellular Na+ is thought to induce an aldosterone-mediated short-

term upregulation of Na+/K+-ATPases. 

1.2.2.3.2 Catalytic modulation 

Various half-maximal activation constants for ATP have been reported, and range from 80 to 

800 µM (Glitsch, 2001; Therien & Blostein, 2000) depending on species, isoforms and 

methods used. Physiological concentrations of ATP range between 5 and 10 mM, and should 

anyway be saturating for the activity of the Na+/K+-ATPase. However, [ATP] could fall to 

subsaturating levels in certain patophysiological conditions, like under ischemia, and thus 

reduce the pump activity. It is also worth mentioning that an increase in [ADP] and [Pi], 

following metabolism of ATP, could reduce Na+/K+-ATPase activity by reducing ∆GATP. 

1.2.2.3.3 ββββ-adrenergic stimulation of cardiac Na+/K+-ATPase pump current 

It seems likely that autonomic transmitters adjust the Na+/K+-ATPase activity according to the 

demands of the cell and the organism. It has been suggested that the Na+/K+-ATPase can be 

stimulated by β-agonists. Beta-agonists bind to β-adrenergic receptors (β-AR) in the 

sarcolemma. The β-AR are coupled to Gs proteins that stimulate the adenylate cyclase (AC). 

This stimulation facilitates the enzymatic synthesis of cyclic AMP (cAMP). Cyclic AMP 

stimulates protein kinase A (PKA), enhancing active Na+/K+-ATPase by phosphorylation of 

the ATPase molecule. These mechanisms are outlined in figure 5. 
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Figure 5. Mechanisms of ββββ-adrenergic stimulation of the Na+/K+-ATPase 

The stimulation of β-adrenergic receptors (β-AR) by β-agonists, leads to activation of an adenylate cyclase (AC) 

through protein Gs. The adenylate cyclase catalyses the transformation of ATP to cyclic AMP (cAMP). The 

cAMP is an activator of a protein kinase A (PKA), which phosphorylates the Na+/K+-ATPase, enhancing Na+/K+ 

pumping. Modified from Glitsch (Glitsch, 2001). 

 

Even though this β-adrenergic stimulation may exist in different cells, a stimulatory action of 

these substances on the cardiac Na+/K+-ATPase is a subject of controversy. During the last 45 

years, β-adrenergic stimulation of the Na+/K+-ATPase in multicellular cardiac preparations 

has been reported. As the mechanism of action remained unclear, more recent studies on 

isolated cardiomyocytes were done, but failed to elucidate the mechanism. Some of these 

studies have suggested that the mechanism of catecholamine action in cardiac cells might be 

species dependent. 

Experiments on guinea-pig ventricular myocytes (Gao et al., 1994) showed that a β-

agonist-induced increase in INa/K in the presence of high intracellular Ca2+ (1.4 µM) was 

mediated by a phosphorylation step via the cAMP-dependent PKA pathway. Furthermore, the 

same authors reported that with high [Ca2+]i, isoprenaline (β-agonist) increased INa/K at 

negative voltages but left INa/K unchanged at positive potentials (Gao et al., 1996). The same 

study also showed a voltage-independent inhibition of INa/K at low [Ca2+]i. The authors 

concluded that intracellular Ca2+ has two effects on β-adrenergic activation: (1) it counteracts 

the inhibition of INa/K induced by protein PKA phosphorylation, and (2) it shifts the pump I-V 

relationship in the negative direction for the phosphorylated Na+/K+-ATPase. The β-

adrenergic stimulation of INa/K at high [Ca2+]i may have physiological significance by 

compensating for β-adrenergic effects on the membrane conductance, which tend to prolong 

the cardiac action potential. More recent studies showed a forskolin-induced increase of INa/K 

at nanomolar and subnanomolar [Ca2+]i at a holding potential of �20 mV (Kockskamper et al., 

2000). Forskolin is a direct activator of the AC, thus shunting the pathway through β-ARs  
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Whereas Ishizuka & Berlin (1993) found no effect of β-adrenergic stimulation on 

INa/K, Dobretsov et al. (1998)demonstrated with similar experimental conditions that INa/K in 

rat ventricular myocytes is increased by noradrenaline and isoprenaline. 

1.2.2.4 Physiological function 

The primary function of the Na+/K+-ATPase is to set up the concentration gradients for Na+, 

K+ and Ca2+. These gradients are crucial to a variety of cell processes. For example, without 

this mechanism to extrude Na+, an overload of Na+ would rapidly develop after only a few 

cardiac cycles. 

The Na+/K+-ATPase also plays a role in setting the membrane potential. In some cells, 

the resting potential is predominantly generated by the Na+/K+-ATPase. These cells include T 

lymphocytes of mice, rat mast cells (Glitsch, 2001), and vomeronasal chemoreceptor neurons 

of the frog (Trotier & Døving, 1996). However, the contribution of the Na+/K+-ATPase to the 

cardiac resting potential amounts generally to only a few millivolts (Glitsch, 2001). Despite 

this small contribution, it is of physiological significance. This is because the availability of 

the Na+- and Ca2+-channels is steeply dependent on membrane potential near the resting 

potential. 

As mentionned above, the Na+/K+-ATPase is important for the correct function of 

many other mechanisms. Some of these mechanisms involve sarcolemmal Na+ transport, like 

the Na+/Ca2+-exchanger described earlier. However, other important proteins involved in Na+ 

transport also exist, and deserves to be mentionned. 

1.2.3 Other proteins that translocate Na+ 

Even though this thesis concerns mainly the Na+/Ca2+-exchanger and the Na+/K+-ATPase, 

other essential proteins involved in sarcolemmal Na+ transport must be mentionned. I will in 

the following briefly present Na+-channels and the Na+/H+-exchanger. 

1.2.3.1 Na+-channels 

The Na+-channel is a selective pore in the cell membrane, which is only permeable to Na+. 

Figure 6 illustrates the protein structure of a Na+-channel. The protein consists of four 

transmembrane domains, each composed of six segments. A stretch of 20-25 amino acids 
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constitutes a loop between the fifth and sixth segment of each domain. These loops are called 

P-loops because they form the pore. The channel gains selectivity because the four P-loops of 

the four domains are coordinated in a way that forms a binding site. Electrostatic interactions 

between the binding site and the ion are favourable for Na+ to pass, but not for other ions. For 

Na+-channels, a ring of four negatively charged amino acids forms the Na+-selective pore 

(two glutamates, one lysine and one alanine from the P-loop of domains I, II, II, and IV, 

respectively (Bers, 2001)). Na+-channels are voltage gated. They are controlled by the 

membrane potential, which influences positively charged amino acids in the fourth segment 

of each domain. In this way, the channel can be either open or closed as a function of the 

membrane potential. When the cells are at rest, the membrane potential is negative (-70 - -80 

mV in cardiomyocytes). In these conditions, the Na+-channels are closed. When the cell 

depolarises, and the membrane potential becomes more positive, the Na+-channels open. The 

inward Na+-current enhances depolarisation and creates the action potential. It is important 

that the Na+-current is short (~1 ms), and that the Na+-channels inactivates spontaneously. 

Thus, the Na+-channel is only open in the initial phase of the action potential. The fast 

inactivation is due to a �hinged-lid� mechanism. The cytoplasmic loop between the third and 

fourth domain constitutes a �door� which closes the channel.  
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Figure 6. Topological model of the Na+-channel protein 

The Na+-channel consists of 4 domains (I-IV), and each domain contains 6 transmembrane segments (1-6). The 

four domains are coupled through intracellular loops. The fourth segment in each domain contains positively 

charged amino acids and provides voltage sensitivity. The P-loops between segments 5 and 6 in each domain 

constitutes the pore. The intracellular loop between domain III and IV is involved in fast inactivation of the 

channel. 
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1.2.3.2 Na+/H+-exchanger 

Figure 7 illustrates the protein structure of the Na+/H+-exchanger. The exchanger is believed 

to have 12 interconnected transmembrane segments. It has a large cytoplasmic domain at the 

C-terminal end, containing several potential phosphorylation sites that are important to 

regulation of exchange activity. The N-terminal is also cytoplasmic. The Na+/H+-exchanger 

contributes to regulation of intracellular Na+, but its main role is to avoid acidosis. It is 

electroneutral and exchanges 1 Na+ for 1 H+. Thus, only the chemical Na+ gradient is 

exploited, not the electrical. The Na+/H+-exchanger is activated by acidosis in the cell. In 

order to reduce pH, it transports H+ out of the cell, and Na+ into the cell. This works fine if the 

cells capacity to pump Na+ is conserved. However, this is not always the case. During 

ischemia, for instance, Na+/K+-ATPase activity is reduced, and Na+/H+-exchange activity 

cause intracellular Na+ accumulation. High intracellular Na+ in combination with a 

depolarised cell membrane reverses the Na+/Ca2+-exchanger. Intracellular Ca+ then increases, 

causing cell contraction and eventually necrosis. However, these are clinical and 

patophysiological considerations, and I will not consider the Na+/H+-exchanger in this work. 
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Figure 7. Topological model of the Na+/H+-exchanger protein 

The protein consists of 815 amino acid residues. In NHE1, which is the most important isoform in the heart, the 

first 500 amino acids form 12 transmembrane segments. The 315 amino acid C-terminus is a cytoplasmic 

domain containing regulatory sites. 
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1.3 Problem 

Both the Na+/Ca2+-exchanger and the Na+/K+-ATPase have been subjects to a large number of 

studies throughout the last 30 years, and both transport molecules are quite well characterized. 

A previously controversial idea that the reverse Na+/Ca2+-exchange is involved in Ca2+ entry 

during cardiac excitation and contributes to the Ca2+-induced Ca2+-release mechanism 

(CICR), is now far more accepted. Recent advances in the understanding of Na+/Ca2+-

exchange support this idea. An important determinant for Na+/Ca2+ driving force is the 

intracellular Na+ concentration. As the intracellular Na+ concentration is controlled by the 

Na+/K+-ATPase, this brings the focus on the functional interactions between the two transport 

systems.  

The main goal of this thesis was to investigate whether a functionnal interaction 

between the Na+/Ca2+-exchanger and the Na+/K+-ATPase is conditionned by a 

subsarcolemmal gradient for Na+ in rat cardiomyocytes. 

 

To solve this problem, I have tried to answer the following questions: 

 

- Can abrupt activation of the Na+/K+-ATPase, after a period of inactivation, reduce 

subsarcolemmal [Na+] even if bulk cytoplasmic [Na+] is high? 

 

- Can an eventual local reduction in subsarcolemmal [Na+], caused by Na+/K+-ATPase 

ativation, be sensed by the Na+/Ca2+-exchanger? 

 

 

To enlighten these problems I have used low resistance patch pipettes in the whole-cell patch 

clamp configuration, in order to measure currents generated by the Na+/K+-ATPase and the 

Na+/Ca2+-exchanger in left ventricular rat cardiomyocytes. 
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2 MATERIALS AND METHODS 

2.1 Rat cardiomyocytes 

The rat heart weighs about 3.1 g/kg. Like all mammalian hearts, the rat heart is divided into 

four pumping chambers: the left and right atria and the left and right ventricles. The atria have 

thin walls, whereas the ventricles, which develop high pressures, have thick walls. The wall is 

particularly thick in the left ventricle. The aorta, providing blood to the systemic circulation, 

extends from the left ventricle. In this study, left ventricular cardiomyocytes from rats were 

isolated, following the protocol presented below. 

The animals were cared for according to the Norwegian Animal Welfare Act, which 

conforms to the National Institute of Health guidelines (NIH publication No. 85-23, revised 

1996). Two animals were kept in each cage, and all animals were housed in a temperature-

regulated room at a 12:12-hour light-dark cycle. 

2.1.1 Characteristics 

Cardiac myocytes constitute about 80 % of the heart�s mass, but only about 20 % of its cell 

population. The intact cardiac tissue also includes neurons, smooth muscle, fibroblasts, and 

endo- and epithelial cells. Electrical and mechanical coupling of these cells make it difficult to 

identify which properties of the myocardium arise from individual myocytes, and which 

depend upon cell interactions. Furthermore, the electrophysiological investigations presented 

in this report require a controlled, rapid exchange of molecules between the extracellular 

space and a bathing medium. Capillary walls and narrow tortuous extracellular spaces of the 

intact tissue make this impossible, and it was therefore necessary to isolate the cells on which 

the experiments were performed.  

In 1952, Dulbecco and Moscona pioneered the use of enzymes to isolate embryonic 

cells for cell culture. However, it was not until 1976 that Powell et al. (1976) first described 

an isolation procedure of viable cardiomyocytes from the adult mammalian heart. Since then, 

numerous techniques for myocyte isolation have been developed. However, these methods are 

often difficult to establish due to a number of reasons, including (1) The intercalated discs and 

the extracellular matrix (ECM) between the cells are difficult to cleave without injuring the 
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cells. (2) The cardiomyocyte is a large, polygonal, rigid cell, which is more easily damaged 

by mechanical impact than many other cell types. (3) The adult cardiomyocyte does not 

divide, and the number of isolated cells cannot be increased. 

2.1.2 Isolation 

In our laboratory, we all use the same isolation method in order to be able to compare results 

from different studies. The method is commonly called the Langendorff method, since the 

aorta is retrogradely perfused to obtain a normal perfusion of the coronary circulation as 

originally described by Langendorff. 

2.1.2.1 Isolation procedure 

Adult Wistar rats (Møllegård Breeding and Research Center, Skensved, Denmark), weighing 

about 320 g, were intubated and ventilated with a Zoovent ventilator (Triumph Technical 

Services LTD, Milton Keynes, UK) with 68 % N2O, 29 % O2 and 2-3 % Isofluran (Abbot 

Laboratories, USA). The heart was excised after administration of an heparin solution, and 

transferred to cold (4 °C) physiological saline. The low temperature arrests the heart, reducing 

metabolic rate and delaying the onset of hypoxia. The heart was then prepared for the 

Langendorff perfusion by trimming away extraneous tissue. Shortly after the heart excision 

(1-3 min), the aorta of the intact heart was cannulated for retrograde perfusion of the heart. It 

is critical that the cannula does not interfere with the closure of the aortic valve, as this would 

prevent adequate perfusion. When the hearts (our installation can isolate cells from three 

hearts simultaneously) were suspended on the cannula using a nylon thread, they were 

perfused (≈10 ml/min) for about 5 min by solution A (for solution compositions, see table 1).  

The hearts were then perfused by solution B1, containing collagenase, for 25 minutes. Air in 

the perfusion system, which could cause coronary obstruction and inadequate perfusion of the 

heart, was prevented employing bubble traps. After the perfusion step, the atria and the right 

ventricle were removed, and the left ventricle was suspended in a DNAse solution (solution 

B2) after being chopped to small chunks using a razor blade. The DNAse eliminates a sticky 

coat acquired by the cells, apparently due to DNA released by damaged cells. The suspension 

was gently stirred for 15 minutes. Fractions of 15 ml were then centrifuged twice for 1 min at 

400 rpm, first in the B2 solution, then in the C solution containing 250 µM Ca2+. Final pellets 

were resuspended in 15 ml of solution C containing 500 µM Ca2+, before being filtered 
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through a 250 µm nylon mesh. The gradually increasing Ca2+ concentration allows adequate 

regain of calcium tolerance. If cells were resuspended directly in a physiological Ca2+ 

concentration, their internal Ca2+ would rise suddenly due to a reversed Na+/Ca2+-exchange. 

This would result in hypercontracted (i.e., Ca2+-intolerant) cells. As the solutions in the patch 

clamp experiments contain Ca2+, calcium tolerance must be regained. Finally, the cell 

suspensions was incubated for 10 min and the supernatant was replaced by 20 ml growth 

medium DM199 (Sigma M 7528). All solutions used in this protocol were continuously held 

at 37 °C, in 5% CO2 and 95 % O2. The final cell suspension was distributed on laminin-coated 

coverslips (see section 2.1.2.5). 

2.1.2.2 Enzymatic isolation protocols 

The isolation procedure described above is only one variant of a large panel of procedures. I 

will here present some general features of most isolation procedures. Almost all of the 

enzymatic isolation methods can be described in seven steps:  

1) Initial heart excision and tissue wash. 

2) Desmosomal and intermediate junctions are cleaved by exposure to calcium-

free buffer. 

3) Extracellular matrix is disrupted by perfusing tissues with enzyme(s) in a 

buffer with 0 - 200 µM Ca2+ and, optional, reduced sodium and/or increased 

potassium.  

4) Loosened cells are released by mechanical treatment required to separate cells 

still attached by residual ECM and gap junctions. 

5) Cells are harvested, and non-myocytes and small debris are eliminated using 

one or more sedimentations. Unitary or multistep increases of calcium is 

applied to establish Ca2+-tolerance. 

6) The cell preparation is purified, if necessary, by further enzyme treatments, 

sedimentations or selective attachment. 

7) Cardiomyocytes are resuspended in appropriate experimental medium. 
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2.1.2.3 The Langendorff cell isolation 

The Langendorff system consists of: 

1) Two solution reservoirs immersed in a bath at 37 °C and gassed by 5% CO2 and 

95% O2, in order to keep the pH of the solutions constant.  

2) Three glass-coil heat exchangers with a cannula fitted to their outlet. Hearts are to 

be fixed on these cannulas. 

3) Connection by plastic tubes between the reservoir and the heat exchanger. 

4) Roller pump to propel the solutions from the reservoirs through the system, and 

back to the reservoirs. 

5) Three double-walled, temperature-controlled glass funnels, which can be moved 

below the cannulas to collect the fluid, connected with a tube leading back to the 

reservoirs for recirculation. 

6) Temperature-controlled water circulator, for temperature control (37 °C) of the 

Langendorff system. 

 

The plastic tubes of the installation are connected in a way that makes it possible, 

through flow reducers, to simultaneously isolate cells from one, two or three hearts. 

2.1.2.4 Solutions 

Table 1 lists the composition of the solutions used during the isolation protocol. 

 
Reagent Producer Solution 

A 
Solution 

B1 
Solution 

B2 
Solution 

C 
Growth 
Medium 

Joklik MEM (unit/l) Gibco 1     
NaHCO3 (mM) Sigma 23.8 23.8 23.8 23.8  
MgSO4 (mM) Sigma 1 1 1 1  
DL Carnitine (mM) Sigma 1 1 1 1 2 
Collagenase (U/ml) Warthington  200 200   
BSA (%) Sigma  0.1 0.1 1 2 
DNAse (U/l) Warthington   43   
Creatine (mM) Sigma     5 
Taurine (mM) Sigma     5 
Insulin (µM) Sigma     9.1 
T3 (nM) Sigma     0.1 
Streptomycin (g/ml) Gibco     100 
Penicillin (U/ml) Gibco     100 
Medium 199 (ml) Sigma     500 

 

Table 1. Composition of solutions 



 

- Materials and methods -                                                                 24 

2.1.2.5 Plating 

Glass coverslips (24 mm Ø) constituted the floor of the perfusion chamber on the stage of the 

microscope. In order to permit a rapid change of the bathing medium, a high flow rate through 

the perfusion system is necessary. Thus, attachment of the cells to the coverslip is required, so 

that the cells will not detach during the experiment. The plating of the cells is obtained using 

laminin. Laminin is a matrix protein naturally secreted by numerous cells. Laminin (Gibco) 

was diluted in DM199 to a final concentration of 10 µg·ml-1. The solution was placed on clean 

glass coverslips at room temperature for at least 20 minutes. The laminin molecules adhered 

to the glass coverslip, forming a laminin layer. The suspension containing the isolated 

cardiomyocytes was placed on the laminin coated coverslips and stored for 1 ½ hour in an 

incubator (5 % CO2, 37 ºC). During this period of time, cells adhered to the laminin coat. The 

suspension was then replaced by fresh DM199 and placed in the incubator for storage. The 

plated cells were used within a day. 

 

 

2.2 Patch-clamp techniques 

Both the Na+/Ca2+-exchanger and the Na+/K+-ATPase generate relatively small currents. 

Thus, a large membrane area is required to obtain enough proteins to generate a measurable 

current. Consequently, mainly two techniques for measuring Na+/Ca2+-exchanger and Na+/K+-

ATPase currents are available. 

The first technique is the giant excised patch technique, developed by Hilgemann 

(1990). This technique employes a large patch pipette (~10 µm diameter tip) to isolate a 

fraction of the cell membrane. The pipette solution is exposed to the extracellular face of the 

membrane, and the bathing medium is exposed to the intracellular face. This configuration 

permits high quality control of intra- and extracellular solutions, and is adequate to elucidate 

regulatory and kinetic characteristics of current generating proteins in the cell membrane. 

However, a great limitation of this technique is that the cell is not intact. Thus, it is not 

adequate to characterise, as in this study, phenomena related to local variations in ion 

concentrations in the cytosol. 

The second technique is the whole-cell configuration of the patch clamp technique. 

This technique is more adequate when it comes to studying intact cells. The whole-cell patch 

clamp configuration is established by gently placing a glass pipette, filled with electrolyte 
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solution (see composition section 2.2.2), on the cell membrane. The glass pipette chemically 

interacts with the cell membrane, and forms what is called a �gigaseal�. A gigaseal is a tight 

contact between the pipette and the membrane, resulting in a high electric resistance (> 10 

GΩ). The configuration thus isolates the fraction of the membrane that is situated under the 

pipette. By applying a light suction in the pipette, one can rupture the isolated membrane 

patch, so that the solution of the pipette is in direct contact with the cytosol (see fig. 8). As the 

configuration establishes a closed electric circuit, any current across the cell membrane equals 

the current through the pipette, which can be measured.  
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Figure 8. Simple scheme of a whole-cell patch clamp configuration. The solution in the pipette is in direct 

contact with the cytosol. The current (I) over the cell membrane, is equal to the current in the closed circuit, and 

can be measured. In a voltage clamp experiment, a holding potential is applied to the cell, and the measured 

current corresponds to the current injected in order to maintain this holding potential. 

 

 

In this study of the interaction between the Na+/Ca2+-exchanger and the Na+/K+-ATPase, 

control of the intracellular composition is required. Such control requires the cytosolic 

composition to be the same as the pipette solution. This can be obtained by dialysis, which in 

this context is diffusion of solutes between the solution in the pipette and the cytosol. Due to 

the larger volume of the pipette solution, the intracellular composition becomes virtually 

equal to the pipette solution. Good dialysis is obtained by using low resistance pipettes, which 

are pipettes with a large diameter tip.  
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2.2.1 Patch electrodes 

The patch electrodes used in these experiments were made from a Thin-Wall Standard 

Borosilicate Glass TW150F-4 capillary (World Precision Instruments, Inc., Sarasota, FL, 

USA) with outer/inner diameter of 1.5/1.12 mm. These capillaries contain a solid filament 

fused to the inner wall, which speeds filling of the pipettes. Pipettes were pulled on a 

horizontal two phase DMZ-Universal Puller (Zeit Instrumente, Augsburg, Germany).  Pulling 

pipettes consists in heating the glass capillary locally, making the glass soft, and then pull the 

capillary in two phases. This will rupture the glass, resulting in two micropipettes. The 

electrode was finished by filling the micropipette with pipette solution. Filled electrodes had a 

resistance of 0.6-1.3 MΩ, and a tip diameter of 2-3 µm. The patch electrode was connected to 

the headstage of the amplifier using a microelectrode holder (World Precision Instruments), 

mounted on a micromanipulator (Narishige International, Tokyo, Japan). Electrical contact 

between the solution in the pipette and the metal in the measuring circuit was obtained using a 

silver wire coated with chloride. The silver chloride electrodes exchange electrons in the wire 

for Cl- in the solution.  

A polyethylene tube filled with a gel containing 3 % agar and 3 M KCl constituted the 

salt bridge of the reference electrode. The reference electrode provided electrical contact by 

exchanging chloride in the salt bridge for electrons in the silver of the bridge holder. The 

bridge holder was connected to the headstage of the amplifier. 

2.2.2 Solutions 

The design of solutions used in patch clamp studies generally results from a combination of 

experience and knowledge of molecule properties. Each compound has a specific role, for 

instance as blocker of a specific current. The composition of the solutions used in the present 

experiments was similar to those used by Fujioka et al. (1998). I will here present the 

compositions of the employed internal and external solutions, and comment upon the 

respective role of each compound. 

The composition of the pipette solution was (mM): NaOH, 40; sodium 

phosphocreatine, 5; Hepes, 10; TEA-Cl, 20; L-aspartic acid, 42; EGTA, 42; CaCl2, 29.7; 

MgATP, 10; the pH was adjusted to 7.2 with CsOH. The final [Na+]i was 50 mM in this 

solution. The free [Ca2+] was calculated to be 300 nM, using WinMAX C 2.01 software 
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(Chris Patton, Stanford University, CA, USA). All reagents were purchased from Sigma, 

except NaOH (Merck) and CaCl2 (Boeringer). 

Phosphocreatine is a high-energy phosphate reservoir that provides phosphate for 

ADP-ATP conversion. The commercially available phosphocreatine used in this study was a 

disodium salt. Hepes is a biological buffer used to buffer the pH of the solution. Hepes is 

active in the pH range 6 � 8.5. Tetraethyl ammonium (TEA) is a synthesized cation that 

specifically blocks K+-channels by binding to them. L-aspartic acid is a non-essential amino 

acid, well tolerated by the cell, and with high mobility. It is commonly used in pipette 

solutions in order to provide anions to the solution. Ideally, one should use anions that are 

naturally present in the cytosol, but these are largely proteins. Such proteins diffuse more 

slowly than Na+, and would cause large diffusion potentials in the pipette tip, consequently 

disturbing the measurements. The Ethylene Glycol-bis(β-aminoethyl Ether) N,N,N�,N�-

Tetraacetic Acid, or EGTA, is a chelator of Ca2+. The use of 42 mM EGTA in combination 

with 29.7 mM CaCl2 permitted a high buffering capacity of Ca2+. Thus, [Ca2+]i should stay at 

300 nM, even if the reverse mode Na+/Ca2+-exchanger cause a Ca2+-influx. Adenosine 

Triphosphate (ATP) constitutes the energetic reserve for the maintenance of Na+/K+-ATPase 

activity. Magnesium constitutes an important cofactor for some phosphatases such as the 

Na+/K+-ATPase, and therefore the ATP used in these experiment was an ATP magnesium 

salt. Because the constancy of the pipette Na+ concentration is particularly important in this 

study, CsOH was used to adjust pH. 

The standard extracellular solution contained (mM): NaCl, 145; BaCl2, 2; MgCl2, 2; 

CsCl, 2; EGTA, 0.1; glucose, 5.5; Hepes, 5; and nicardipine, 0.001; the pH was adjusted to 

7.4 with CsOH. An activator (5.4 mM KCl) of the Na+/K+-ATPase, or an activator (2.1 mM 

CaCl2, giving a final [Ca2+]o of 2 mM) of Na+/Ca2+-exchange was added to the standard 

external solution when required. All reagents were purchased from Sigma, except NaOH 

(Merck) and CaCl2 (Boeringer). 

Ba2+ were used in the external solution to specifically block K+-channels that were not 

blocked by the TEA in the pipette solution. MgCl2 provided divalent ions, necessary to 

maintain the stability of the cell membrane. The addition of Mg2+ to extracellular solutions is 

particularly important in solutions without Ca2+, as is the case here. CsCl was added to block 

K+-channels (by Cs+) from the extracellular side. EGTA was used in the extracellular solution 

to buffer possible Ca2+ contamination from the other compounds. Hepes had the same role as 

in the pipette solution, as biological buffer. Nicardipine was added to specifically block L-

type Ca2+-currents. 
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The use of CsOH to adjust the pH in these solutions had a double role. It avoids the 

use of NaOH which would give much higher [Na+], and Cs+ is a blocker of K+-channels. 

2.2.3 Perfusion of solutions 

The coverslip containing the isolated cardiomyocytes constituted the floor of a perfusion 

chamber of ~ 200 µl. The perfusion chamber was installed on the stage of a Nikon Diaphot 

300 inverted microscope. The entry of the solution into the perfusion chamber was at the level 

of the coverslip, whereas the exit was situated ~1 mm above the coverslip to prevent dry out. 

The standard external solution was perfused at a rate of ~1.2 ml.min-1.  

To allow a rapid switch of solutions around the cell, a custom made rapid switcher, 

mounted on a micromanipulator, was used. The tip of the rapid switcher was placed ~150 µm 

from the cell, and the perfusion rate of the rapid switcher was ~1.2 ml.min-1. The switch of 

solutions was performed using magnetic valves controlled by the computer. The magnetic 

valves could be open or closed. The closure of the magnetic valve clamped the tube providing 

the solution to the rapid switcher. The system was configured so that one valve was open 

while the others were closed. However, the change of the solution surrounding the cell did not 

occur at the same time as the magnetic valves were activated. The time from the switch 

command was given, to the solution was changed at the tip of the rapid switcher has been 

estimated to about 200-250 ms (Sjaastad, personal communication). Figure 9 displays the 

tracing of a representative current measured during the switch from a K+-free solution to a 

solution containing 5.4 mM K+. The switch command was given at time 0, but the induced 

deflection of the measured current did not occur before ~250 ms after the command. 

Moreover, the deflection of the current was biphasic. The first phase (1) was assumed to be 

due to the change of solution at the surface membrane of the cardiomyocyte, whereas the 

second phase (2) was assumed to correspond to the change of solution in the t-tubular system. 

The change of the solution surrounding the cell, resulting in a stable current, was complete 

0.8-1 seconds after the switch command was given. 
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Figure 9. Kinetics of the perfusion system 

Representative current tracing measured during the switch from a K+-free solution to a solution containing 5.4 

mM K+.  The magnetic valves switching between the two solutions were activated at time 0. The deflection of 

the current induced by K+ started at about 250 ms. The deflection was biphasic. Phase 1 could correspond to the 

change of solution on the surface membrane, whereas phase 2 could correspond to the change of solution in the 

t-tubular system of the cardiomyocyte. The K+-sensitive current reached a new stable level after about 0.8 � 1 s. 

 

 

2.3 Protocols and Recordings 

The whole-cell voltage clamp was performed with an Axopatch 200B amplifier (Axon 

Instruments, Union City, CA). The amplifier was connected to a computer through a Digidata 

1200 digitizer. The membrane voltage and current were recorded by the computer using 

pClamp 8.0 software. 

The establishment of the whole-cell patch clamp configuration occured through 

several steps. The first step was to eliminate the ohmic voltage drop across the pipette. This 

was done with a technique commonly known as the �bridge balance� technique. The 

technique owes its name to the former use of a resistive circuit called the �Wheatstone 

Bridge� to perform this elimination. When the pipette tip was immersed in the bath, the 

pipette offset was adjusted, and repetitive pulses of current (-1 nA) were applied to the 

pipette. The generated voltage signal was proportionnal to the product of the micropipette 
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current and the micropipette resistance (U = RI). The amplifier permitted to substract the 

generated signal from the amplifier output, by balancing the bridge resistance with a 

potentiometer. When the bridge was correctly balanced, the micropipette resistance could be 

read directly from the position of the balance potentiometer on the amplifier. As earlier 

mentionned, the pipette resistance was 0.6 � 1.3 MΩ.  

The next step was to gently position the pipette on the cell, maintaining the repetitive 

current pulses. When the pipette tip contacted the membrane, the series resistance of the 

circuit was augmented so that the induced potential increased. The induced potential was at 

this point very unstable, because of the incomplete seal between the pipette and the 

membrane. A light suction was applied in the pipette, and the stabilizing of the induced 

voltage recognized the establishment of the whole-cell configuration. The gigaseal was now 

established. The amplifier could then be set to the voltage clamp mode, measuring the current 

necessary to hold a command potential. 

In the third step, the series resistance (Rs) of the circuit was compensated. Generally, 

in the continuous single-electrode voltage clamp, as in this case, the Rs is mainly due to the 

pipette resistance. The Rs compensation was performed using a positive feedback loop, or 

correction circuit, and an open supercharging loop, or prediction circuit in the amplifier. 

Basically, in the correction circuit, a signal proportional to the measured current was injected 

to increase the command potential, compensating for the voltage drop acoss the pipette. In the 

prediction circuit, a brief charging pulse was added at the start and the end of the voltage 

pulse so that the membrane charged towards a larger final value than expected. The 

compensation level (α) was set to ~90 %, increasing the command potential, Vcmd transiently 

by a factor of ten (Vcmd/(1-α)). The lag of the Rs compensation was set to about 10 µs, thus 

avoiding oscillation in the circuit.  

Finally, the Axoclamp 200B amplifier has two controls for adjusting pipette 

capacitance compensation, reducing the fast and slow component of the pipette capacitance. 

These controls were set to reduce the transient of the capacitive current induced by a voltage 

protocol, where the potential was held at �50 mV, before switching repetively to �65 mV for 

7.8 ms, then to �95 mV for 13.65 ms, and then returning to �50 mV.  

When the mentioned steps were correctly accomplished, the experimental protocol 

was run. Voltage-clamped myocytes were held at �50 mV and all experiments were carried 

out at 37 °C. Voltage ramps from +70 mV to �120 mV (dV/dt = 380 mV.s-1) were applied 

before and after addition of Ca2+ and/or K+ in the extracellular solution to permit recording of 
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current-voltage relationships. The membrane potential was held at +70 mV for 50 ms before 

the ramp to exclude any capacitive component from the current. 

 The currents were recorded with two different sampling rates. A sampling rate of 500 

Hz was used during periods with constant perfusion, whereas a sampling rate of 2 kHz was 

used when switching from one solution to another, and during voltage ramps. Current 

recordings sampled at 500 Hz were digitally filtered with a Gaussian lowpass filter with a �3 

dB cutoff at 5 Hz. Current recordings sampled at 2 kHz were filtered using the same filter, but 

with a �3dB cutoff at 20 Hz. Concerning the currents used for illustrations, single values 

different by more than 50 pA from the two surrounding values were considered as electric 

noise, and eliminated. Currents measured during voltage ramps were not filtered prior to 

analysis. 

 

 

2.4 Presentation of results 

Conventionally, in patch clamp experiments, any positive current is a positive current out of 

the patch pipette. Positive current out of the pipette corresponds to a positive outward current 

from the cell, that is extrusion of net positive charges. An example is reversed Na+/Ca2+-

exchanger current, where the net charge is in the direction of Na+. Outward current is 

represented on the recording as upward deflections. 

Results were analysed using Clampfit (Axon) software, and figures were generated in 

SigmaPlot (SPSS Science Inc.). All statistical data are presented as means ± SEM, unless 

otherwise noted, and statistical significance was assessed using Student�s t test (paired 

samples, two-sided) at the significance level (P) indicated. 
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3 RESULTS 

3.1 Estimation of rat cardiomyocyte size 

The cell capacitance is dependent on membrane area, and is thus a relative measure of cell 

size. Subsequent to the establishment of the whole-cell voltage clamp configuration, the cell 

capacitance was measured using a voltage step from a holding potential (HP) of � 50 mV to �

60 mV. The capacitive charge (pA·s) thus generated was measured as the area defined by the 

capacitive current trace, and cell capacitance (pF = pA·s·V-1) was calculated. The mean 

capacitance for cells included in this study was 206 ± 53 pF (SD, n=22). In order to compare 

currents measured from many cells, currents were normalized to cell capacitance.  

 

 

 

 
Figure 10. Estimation of membrane capacitance  

A current was induced by a voltage step of �10 mV. The integral of the measured current (pA·s) was calculated, 

and membrane capacitance (pA·s·V-1) was estimated. Membrane capacitance is a relative measure of cell size, 

and was 206 ± 53 pF (mean ± SD) in 22 cells. 
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3.2 Activation of Na+/K+-ATPase reduces [Na+]s 

A typical measurement of Na+/Ca2+-exchanger and Na+/K+-ATPase currents is shown in 

figure 11. Cells were voltage clamped at HP= -50 mV in the whole cell configuration, and 

voltage ramps (+70 to �120 mV) were run at the times indicated by the vertical deflections 

indexed by the letters a-g. The currents evoked by voltage ramps will be discussed later. I will 

now focus on the currents recorded with a HP of �50 mV. Control holding currents were 

measured in Ca2+ and K+ free solutions. Following establishment of the whole cell 

configuration, the holding current generally decreased until reaching a steady-state (decrease 

not shown). This decrease was supposedly due to internal dialysis. When the current had been 

stable for about one minute, INa/Ca was evoked every two minutes by a 10 s application of 2 

mM Ca2+ to the bathing medium. Details of a typical current induced by the addition of 2 mM 

Ca2+ is shown in figure 12. INa/Ca was isolated as the difference between peak and baseline 

current levels. Figure 12 displays baseline and peak levels of INa/Ca (red bars). The INa/K 

current was evoked by addition of 5.4 mM K+ to the bathing medium ~5 s before the second 

Ca2+-application, and was maintained through the second to fourth Ca2+ application. The 

application periods are indicated by grey bars in figure 11.  

 

 
Figure 11. Measurements of INa/Ca and INa/K in a representative cardiomyocyte 

The currents were measured in the whole-cell configuration, at a holding potential of � 50 mV. INa/Ca and INa/K 

were activated by addition of 2 mM Ca2+ and 5.4 mM K+ in the bathing medium, respectively. Voltage ramps 

were run during the control periods (a1 � g1) and near the peak of the responses to the Ca2+-additions (a2- g2). 

[Na+]o = 145 mM, [Na+]pipette = 50 mM, [Ca2+]0 = 0 or 2 mM, [Ca2+]pipette = 300 nM, [K+]o = 0 or 5.4 mM, 

[K+]pipette = 0 mM. 
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Figure 12. Details of a typical INa/Ca 

The Na+/Ca2+-exchanger current was induced by application of 2 mM Ca2+ to the bath. Baseline and peak current 

levels are indicated by red horizontal bars. The figure also shows currents induced by voltage ramps, which were 

truncated here at -0.8 and 0.4 nA. Details of these currents are shown in figure 15. 

 

 

The same protocol was used to measure currents from a total of 12 cells from four animals. 

The INa/K was identified as the difference between the baseline level and the peak level of the 

K+-induced current, and reached a peak level within about 2 s (2.44 ± 0.28 pA/pF, mean ± 

SD), and then decreased to a steady-state level (1.50 ± 0.64 pA/pF, mean ± SD). The decrease 

was supposedly caused by a reduction in [Na+]i as a result of INa/K activation, but it might also 

be due to a reduction of available ATP or increase in the ADP + Pi levels, thus modulating the 

Na+/K+-ATPase activity. Supporting the hypothesis that INa/K was reduced because of a 

reduction of [Na+]i, INa/Ca also decreased during INa/K activation. This decrease might be due to 

a reduction of the driving force for the Na+/Ca2+-exchanger, subsequent to a reduction in 

[Na+]s. 

Na+/Ca2+-currents induced by application of 2 mM Ca2+, as shown in figure 11, were 

measured in a total of 12 cells. The currents were calculated by subtracting the baseline 

current from the peak current (fig. 12). For each cell, every INa/Ca measured during the 

experiment were normalized to the INa/Ca measured prior to activation of INa/K, called control 

current. Control current was 0.84 ± 0.28 pA/pF (mean ± SD) Means and standard errors of the 

normalized currents were plotted in the bar chart shown in figure 13. Currents induced by 

subsequent Ca2+-applications are indexed by the letters A-G. The normalized control current 
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is shown in A. About five seconds after activation of the Na+/K+-ATPase, INa/Ca was reduced 

to 77 % of the control current (B). INa/Ca continued to decrease (C) and when steady-state INa/K 

was achieved, INa/Ca was decreased to ~40 % of the control value (D). The reduction of INa/Ca 

was reversible, and INa/Ca partially recovered when K+ was removed from the bathing medium 

(E-G). Due to technical problems, the last Ca2+-application (G) was run in only eight cells 

isolated from two animals. 

 
 

Figure 13. Effect of INa/K activation on INa/Ca 

Currents induced by Ca2+-applications as shown in figure 11 were measured in a total of 12 cells. For each cell, 

the peak values of INa/Ca were normalized to the INa/Ca measured prior to INa/K activation. The bars represent the 

mean ratio of the currents induced by subsequent Ca2+-applications, indexed by the letters A-G. A-F, n=12; G, 

n=8. Error bars indicate SEM. Values marked with ** and  * are significantly different from the control, 

P<0,001 and P<0,01, respectively. 

 

 

Figure 13 shows that INa/Ca did not return completely to the control level after inactivation of 

the Na+/K+-ATPase. This may be because recovery was slow, and that the duration of the 

current recording was too short to permit complete recovery. However, it could also be due to 

a change in cardiomyocyte properties during the experiment. To test whether the latter 

hypothesis, which suspects a rundown phenomenon, was correct, similar experiments were 
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run on three cells from two animals, but without addition of K+ in the bath. The Na+/Ca2+-

exchanger current was evoked every two minutes by application of 2 mM Ca2+ to the bath. 

Measured INa/Ca were normalized to the current induced by the first Ca2+-application, and 

normalized currents from three cells were plotted in the bar chart shown in figure 14. The 

Na+/Ca2+-exchanger current was not reduced over a period of ten minutes after the first Ca2+-

application. 
 

 
 

Figure 14. Repetitive Ca2+-applications showed no rundown in INa/Ca 

Currents induced by subsequent Ca2+-applications were measured in a total of three cells from two animals, 

without addition of K+ to the bath. For each cell, the peak values of INa/Ca were measured every two minutes, 

and normalized to the initial INa/Ca. Error bars indicate SEM. 

 

 

3.3 Current-voltage relationship for INa/Ca 

Cardiac myocytes are excitable cells, and their activity is governed in part by action 

potentials. During the action potentials, the membrane potential vary from about �80 mV to 

about +60 mV. Several ion channels and transporters are voltage dependent. Not only gating 

and availability are voltage dependent, but also conductance can for instance show various 
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degrees of rectification in addition to simple ohmic resistance. For electrogenic transporters 

like the Na+/Ca2+-exchanger and the Na+/K+-ATPase voltage can be an important determinant 

of transport rate. It is therefore interesting to establish how the Na+/Ca2+-exchanger operates 

at different membrane potentials. In order to study the voltage dependence of the Na+/Ca2+-

exchanger, voltage ramps previously described were run immediately prior to activation of 

INa/Ca and at peak levels of the induced currents. Figure 15 shows the currents evoked by the 

voltage ramps that were applied in the experiment displayed in figure 11. The vertical 

deflections (a-g) in figure 11 show the times when the voltage ramps were run. The INa/Ca is 

expressed as the difference between the currents measured prior to and during Ca2+-

applications. The INa/Ca before (difference between a2 and a1) and immediately after 

(difference between b2 and b1) activation of INa/K, was pronounced, especially at positive 

potentials. During the INa/K activation (c-d), and immediately after activation (e), the INa/Ca was 

less significant. However, the INa/Ca gradually increased after inactivation of the Na+/K+-

ATPase. The currents also showed outward capacitive currents induced by the voltage steps 

from �50 to +70 mV, and from �120 to �50 mV. The capacitive currents were truncated in the 

figure at 2.5 nA and 0.5 nA, respectively. A fast inward current was observed during 

depolarisation from �120 to �50 mV. When the recordings were displayed at a different time 

scale, it appeared that these currents inactivated after ~1 ms (data not shown). This is 

characteristic to Na+-currents, but at the employed sampling rate (2 kHz), details of this 

current could not be displayed. In some of the experiments (not shown), the capacitive current 

and the Na+ current were mutually exclusive. 
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Figure 15. Voltage dependency of INa/Ca 

Currents were evoked by ramp pulses during which the membrane potential was first changed abruptly from a 

holding potential of -50 mV to +70 mV. To avoid disturbance of INa/Ca by capacitive currents, the membrane 

potential was held at +70 mV for 50 ms, then changed by ramp to �120 mV (dV/dt = 380 mV·s-1), before 

returning abruptly to the holding potential. The voltage ramps were evoked at times indicated in figure 11. 

Currents traced in black were measured before Ca2+-application, whereas currents traced in grey were measured 

at the peak of the response. The difference between these pairs of current traces is INa/Ca. Ramps a and e-g were 

recorded without K+ in the bathing medium, ramps b-d were recorded during activation of INa/K by addition of 5.4 

mM K+. 
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Similar recordings were performed on eight additionnal cells. The induced currents before 

and after Ca2+-applications were measured at fixed potentials (+65, +40, +20, 0, -20, -40, -60, 

-80, -100 and �115 mV), and the currents measured before the Ca2+-application were 

subtracted from those measured during the Ca2+-application. As noted, these differential 

currents are presumably the currents generated by the Na+/Ca2+-exchanger. In figure 16, the 

mean values of the INa/Ca estimated from the nine cells included in this series of experiments 

are plotted as function of the holding potential. 

 
 

 
 

Figure 16. I-V relationships of INa/Ca 

Currents evoked by voltage ramps before (a), during (b-d) and after (e-g) activation of the Na+/K+-ATPase, as 

shown in figure 11, were measured from nine cells. Ca2+-sensitive currents were obtained by calculating the 

difference between the pairs of current recordings indicated in the figure, and normalized to cell capacitance. 

The data points represent mean values. Error bars are excluded for clarity, but are included for two of the curves 

that are compared in Figure 17. The figure shows two clusters; supposedly, the lower includes INa/Ca recorded 

with reduced [Na+]s, the upper includes INa/Ca recorded with control [Na+]s. 
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Figure 16 shows the voltage dependence of INa/Ca recorded before, during and after activation 

of the Na+/K+-ATPase. The curves form two clusters of INa/Ca-V relationships. One cluster is 

supposedly composed of INa/Ca recorded with control [Na+]i, the other with reduced [Na+]i. 

The control current recorded before Na+/K+-ATPase activation (a2-a1) was relatively linearly 

dependent on the membrane potential. Immediately after Na+/K+-ATPase activation (b2-b1), 

INa/Ca was not significantly altered, but was reduced when INa/K attained a stable, reduced level 

(c2-c1 and d2-d1). The current recorded immediately after Na+/K+-ATPase inactivation (e2-e1) 

was similar to those during the steady-state level of INa/K. Currents recorded ~2 and ~4 

minutes after Na+/K+-ATPase inactivation (f2-f1 and g2-g1) were grouped in the same cluster 

as a2-a1. Thus, the reduction in INa/Ca seems to be reversible. The reduced INa/Ca during the 

Na+/K+-ATPase activation were also relatively linearly dependent on the membrane potential. 

Current b2-b1 was similar to the control current, and current e2-e1 was similar to those during 

the steady-state level of INa/K. Thus, an alteration of INa/Ca did not appear immediately after 

activation or inactivation of INa/K, occurred gradually. This reinforces the hypothesis that the 

activation of the Na+/K+-ATPase reduces [Na+]s, and that the re-establishment of control 

[Na+]s was not instantaneous. Figure 17 recapitulates the I-V relationships of the control INa/Ca 

(a2-a1) and the INa/Ca during steady state of the activated INa/K (d2-d1). 
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Figure 17. I-V relationships of control INa/Ca and INa/Ca during steady state INa/K 

The activation of the Na+/K+-ATPase induced a reduction in INa/Ca (open symbols) vs. control current (filled 

symbols), especially at positive potentials. The data points represent mean values from the nine cells tested, and 

the error bars show SEM. Curves were fitted with polynomial cubic equations (yo = 1.355 ± 5.356e-2, a = 1.269e-

2 ± 1.196e-3, b = -4.829e-5 ± 1.995e-5, c = -5.759e-7 ± 2.231e-7, y’o = 5.849e-1 ± 7.189e-2, a’ = 6.369e-3 ± 1.606e-3, 

b’ = -3.563e-5 ± 2.678e-5, c’ = -4.424e-7 ± 2.995e-7). The slopes of the curves represent the conductance of the 

Na+/Ca2+-exchanger. 

 

 

3.4 Current-voltage relationship for INa/K 

To characterise INa/K, experiments similar to those described in section 3.2 were performed. 

Whole cell voltage clamped myocytes were held at �50 mV, and perfused with a K+-free 

solution. The recorded holding current from a typical cell is presented in figure 18. When a 

stable current was achieved, a voltage ramp (a) was applied. Subsequent to the activation of 

INa/K  by the addition of 5.4 mM K+ in the bath, a second voltage ramp (b) was run at the peak 

of the response, and then every ~2 minutes (c-d) until the K+ was removed from the bath. A 

last voltage ramp (e) was run ~2.5 s after the switch to a K+-free solution. Currents measured 

during the voltage ramps are presented in Figure 19. The external solutions had no added 

Ca2+, and the Ca2+ contamination was buffered with 0.1 mM EGTA. The addition of 5.4 mM 
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K+ to the external solution activated an outward current supposed to be INa/K. After 

immediately reaching a peak level, the current stabilised at a lower level within 2-3 minutes. 

When K+ was removed from the bath, the current rapidly attained the control level.  

 

 

 
 

Figure 18. INa/K activated by addition of 5.4 mM K+ 

A typical recording of Na+/K+-ATPase current measured in the whole-cell configuration, during a holding 

potential of � 50 mV. Potassium (5.4 mM) was added to the bath during the period indicated by the grey bar. 

Voltage ramps were run during the control period (a), during the initial peak response (b), during steady-state 

response (c-d), and after cessation of INa/K -activation (e). The induced current peaked immediately after the 

addition of K+ to the bath, then stabilised. Following removal of K+ from the bath, the current returned to control 

level. 

 

The same protocol was used to measure currents from seven cells. Results from the seven 

cells showed that the current had an initial peak of 2.70 ± 0.11 pA/pF, then stabilized at 1.78 

± 0.18 pA/pF.  

Figure 19 shows the currents obtained during the voltage ramps indicated by the vertical 

deflections in figure 18. Currents b to e are traced in grey and compared to the control current 

(a) traced in black. The difference between the tracings represents the current generated by the 

Na+/K+-ATPase. The INa/K was maksimum immediately after addition of K+ to the bath, and 

was significantly reduced after ~2 and  ~4 minutes. After K+ was removed, the recorded 

current (e) was almost identical to the control current. 
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Figure 19. Voltage dependency of INa/K 

Currents were evoked by ramp pulses during which the membrane potential was first changed abruptly from a 

holding potential of -50 mV to +70 mV. To avoid disturbance by capacitive currents, the membrane potential 

was held at +70 mV for 50 ms, then changed to �120 mV (dV/dt = 380 mV·s-1), before returning abruptly to the 

holding potential. The voltage ramps were referred to by letters (a-e), and evoked at times indicated in figure 18. 

The current (a) traced in black was the control current, currents b-d were recorded during activation of the 

Na+/K+-ATPase by addition of 5.4 mM K+ to the bath, and current e was recorded ~2.5 s after removal of the 

external K+. The difference between these pairs of current traces shows the INa/K (fig. 20). 
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In order to visualize the voltage dependency of INa/K, currents evoked by voltage ramps 

recorded from 16 cells were measured at fixed potentials (+65, +40, +20, 0, -20, -40, -60, -80, 

-100 and �115 mV) and plotted as a function of membrane potentials. Included in these 16 

cells are nine cells from the first series of experiments (figure 11) and seven from the second 

series of experiment (figure 18). The results are shown in figure 20. 

 

 
 

Figure 20. I-V relationships of INa/K 

Currents evoked by voltage ramps before (a and a1), during (b-d and b1-d1), and after (e and e1) activation of the 

Na+/K+-ATPase, as shown in figures 10 and 17, were measured from 16 cells. K+-sensitive currents were 

obtained by calculating the difference between the pairs of current recordings as indicated in the figure, and 

normalized to cell capacitance. Error bars represent SEM. The upper tracing illustrates the voltage dependency 

of INa/K immediately after activation, and the two middle tracings illustrate the voltage dependency of INa/K when 

the current attained a stable level (see figs 10 and 17). The lower tracing is a control showing the difference 

between voltage ramp-induced currents before and after activation of the Na+/K+-ATPase. 
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The I-V relationship in figure 20 shows a reduced INa/K at steady state (c-a and c1-a1 and d-a 

and d1-a1), compared to the current recorded immediately after activation of INa/K (b-a and b1-

a1). This may be due to the reduction in [Na+]s caused by the activity of the Na+/K+-ATPase. 

The lower tracing (e-a and e1-a1) is obtained by calculating the difference between the current 

measured prior to Na+/K+-ATPase activation and the current measured after Na+/K+-ATPase 

inactivation. The tracing is almost linear at 0 current over the whole voltage range. This 

suggests that the Na+/K+-ATPase is no longer active immediately after removal of external 

K+. An negative deflection in the current seems to appear around 0 mV in currents measured 

at steady state INa/K and immediately after inactivation of the Na+/K+-ATPase. This deflection 

can be some kind of artefact, or be due to the activation of a current other than INa/K. Many 

hypotheses can be suggested as to the nature of this current. However, the protocols applied in 

this study are not adequate to conclude on this matter. Moreover, this artefact or current do 

not seem to appear around �50 mV, the membrane potential at which most of the conclusions 

in this study are based. 

 
 

3.5 INa/Ca may be directly dependent on INa/K via [Na+]s 

During the experiments shown in figure 11, a reduction in INa/Ca was observed after activation 

of the Na+/K+-ATPase. To approach the hypothesis that the reduction of INa/Ca was a result of 

reduced [Na+]s due to Na+/K+-ATPase activity, both INa/K and INa/Ca were normalized to cell 

size, and plotted in the same diagram (fig. 21). Control for INa/Ca was the first Ca2+-activated 

current during K+ perfusion, and control for INa/K was the peak response induced by K+-

application. Both INa/K and INa/Ca were measured ~2 and ~4 minutes after K+-application, and 

normalized to their respective control current. The reduction of INa/Ca was proportional to the 

reduction of INa/K. This is compatible with the notion that INa/Ca is directly dependent on INa/K 

via [Na+]i. 
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Figure 21. Normalized Na+/Ca2+-exchanger and Na+/K+-ATPase current densities 

Currents induced by addition of K+ and Ca2+ to the bath, as shown in figure 11, were recorded from a total of 12 

cells. The amplitude of the peak response to K+-application was set as control INa/K. The K+-induced current was 

measured 2 and 4 minutes after addition of K+ to the bath, and normalized to control INa/K (black bars). The 

amplitude of the peak response of the first Ca2+-application after addition of K+ was set as control INa/Ca. The 

amplitudes if the currents induced by Ca2+ about 2 and 4 minutes after the addition of K+ were normalized to 

control INa/Ca (grey bars). The reduction in INa/K was proportional to the reduction in INa/Ca. 
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4 DISCUSSION 

4.1 Isolation of INa/K and INa/Ca 

The main goal of this study was to determine whether the Na+/Ca2+-exchanger could be 

influenced by the Na+/K+-ATPase. Before concluding on this matter, it is important to discuss 

whether the protocol used in these experiments permit isolation of the currents generated by 

the two proteins. 

 The Na+/K+-ATPase was activated in these experiments by switching from a K+-free 

external solution to a solution containing 5.4 mM K+ (figs. 10 and 17). Prior to this switch, 

Na+/K+-pumping should be impossible due to the lack of substrate on the extracellular face of 

the enzyme. Thus, no current should be generated by the Na+/K+-ATPase before the solution 

switch. When K+ is added in the external solution, potentially all proteins transporting K+ 

could be activated. However, in the solutions used in the experiments, the presence of Cs+, 

Ba2+ and the selective K+-channel blocker TEA, should block all K+-channels. Thus, the 

current induced by the addition of K+ to the bath is most likely a pure Na+/K+-ATPase current. 

One may of course argue that not all K+-channels were efficiently blocked, or that channels 

other K+-channels can transport K+. Such currents, however, should be relatively small, and 

should be negligible compared to the current produced by the Na+/K+-ATPase. Of course, a 

confirmation can only be obtained by running similar experiments, but blocking the Na+/K+-

ATPase by using for instance ouabain. However, such control experiments were not 

performed in this study.  

 The Na+/Ca2+-exchanger was activated by addition of 2 mM Ca2+ to the bath. Prior to 

activation, the cell was superfused with a Ca2+-free solution, and no reverse mode Na+/Ca2+-

exchange was possible. When Ca2+ was added in the bath, reverse mode Na+/Ca2+-exchange is 

possible due to the presence of both internal Na+ and external Ca2+.  Moreover, with [Na+]o = 

145 mM, [Na+]pipette = 50 mM, [Ca2+]o = 0 or 2 mM and [Ca2+]pipette = 300 nM, calculated 

ENa/Ca = -150 mV. At a holding potential of �50 mV, and in the whole range of the voltage 

ramp, the driving force (Vm � ENa/Ca) for Na+/Ca2+-exchange is positive, and the Na+/Ca2+-

exchanger is only allowed to function in the reverse mode (Ca2+ entry). However, near a HP 

of �120 mV, the driving force is near 0, and only very small currents can be generated. The 
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HP of �50 mV also prevent activation of Na+ channels during the voltage step from �50 to 

+70 mV. With this protocol, only outward INa/Ca can be generated. 

However, the addition of Ca2+ in the external solution may also induce other currents. 

The use of 1 µM nicardipine in the external solution should block all L-type Ca2+-channels. 

Other channels, transporting ions like Cl- and K+, are often dependent on Ca2+. In most of the 

cases however, these channels are dependent on internal Ca2+, not external. In this study, 

internal Ca2+ is highly buffered by EGTA, and should not vary during the experiment. The 

current induced by the addition of Ca2+ to the bath is therefore most likely a pure INa/Ca. 

 

 

4.2 Na+/K+-ATPase activation reduces [Na+]s 

 The induced INa/K (figs. 10 and 17) did not simply shift to a different steady-state, but 

showed a transient. A peak current was observed right after the switch from a K+-free solution 

to a solution containing 5.4 mM K+. The current then gradually decreased to a stable level. 

The initial peak can be explained by the intracellular availability of Na+. After the initial 

dialysis of the cell, the cytosolic [Na+]i should be the same as in the pipette, that is 50 mM. 

Intracellular Na+ should therefore saturate the intracellular sites of the Na+/K+-ATPase. Thus, 

upon abrupt activation of the Na+/K+-ATPase, pumping of Na+ out of the cell should be 

favoured. As to the progressive decrease, it could be due to a reduction of the pumping rate. 

The reduction of the pump rate can, in this study, be a consequence of two scenarios: 1) a lack 

in available ATP or 2) a reduction in [Na+]i. When the Na+/K+-ATPase is active, it uses ATP 

and produces ADP + Pi. If the supply of ATP from the pipette is limited, the local 

subsarcolemmal [ATP] may fall, and thus limit Na+/K+-pumping. An accumulation of ADP 

and Pi may also occur at these local sites, further limiting the pump rate. However, as 

displayed in figure 21, the reduction in INa/K is accompanied by a proportional decrease in 

INa/Ca. A linear dependence of the INa/Ca to INa/K was also shown by Bielen et al. (1991). If the 

availability on ATP is the limiting factor, the reduction of INa/K should be steeper than the 

reduction in INa/Ca due to the fact that the Na+/K+-ATPase is directly dependent on ATP, 

whereas the Na+/Ca2+-exchanger is regulated by ATP, but with a different affinity. Moreover, 

Priebe et al. (1996) showed that the submembrane [ATP] is readily controlled by cytosolic 

[ATP]. In this study, [ATP]pipette was relatively high (10 mM). Thus, the reduction in INa/Ca is 

most likely due to a reduction in intracellular [Na+]. 
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Two possible explanations can be offered for this fall in current: 1) the dialysis of the 

cell is limited and the bulk [Na+]i falls when the Na+/K+-ATPase is active, and 2) the dialysis 

of the cell is sufficient to keep bulk [Na+]i at pipette concentrations (50 mM). In the latter 

case, the reduction in current reveals the existence of a local Na+-gradient close to the 

membrane. Both experimental studies (Pusch & Neher, 1988) and theoretical studies (Oliva et 

al., 1988) have found that the pipette tip is a significant barrier to diffusion in the whole cell 

patch clamp configuration. The use of large tipped patch pipettes in this study should permit 

adequate dialysis of the cell. Supporting this idea, the current observed initially before adding 

of Ca2+ or K+ generally decreased from an initial value to a steady-state (data not shown). An 

explanation for the decreasing current relies in the cell dialysis. Initially, when the whole-cell 

configuration is established, the content of ions in the pipette differs from that in the cell. 

Thus, when the pipette solution contacts the cytosol, ions and other components will flow 

from the pipette into the cell, creating a current in the measuring circuit. Initially, this current 

is relatively large, because of the diffusion gradient from the pipette to the cell. As dialysis 

advances to reach equilibrium between pipette solution and cytosol, the diffusion gradient 

decreases. Consequently, the measured current develops into a stable current. At this point, 

the flow of ions from the pipette to the cell should equal the flow from the cell to the pipette. 

As the Na+/Ca2+-exchanger and the Na+/K+-ATPase are inhibited, as well as K+- and Ca2+-

channels by blockers, and Na+-channels by the holding potential, only a background leak of 

Na+ over the sarcolemma should be possible. During the experiments, the background current 

should be negligible vs. the induced currents.  

However, a confirmation of good dialysis could be obtained by a control experiment 

measuring the bulk [Na+]i in the cell during the experiment. Such protocols involve the use of 

a fluorescent sodium indicator, like for instance SBFI (sodium-binding benzofurzan 

isophthalate), combined with confocal microscopy.   

The arguments discussed above indicate that the reduction in INa/K from a peak level to 

a lower stable level revealed the existence of a local subsarcolemmal concentration gradient 

for Na+. The activation of the Na+/K+-ATPase decreased [Na+]s, but not bulk [Na+]i, thus 

reducing the availability of its own substrate. Furthermore, the discussion above is based on 

observations made with a holding potential at �50 mV, which is not the resting potential in 

cardiomyocytes. However, the current-voltage relationships of the Na+/K-ATPase displayed 

in figure 20 show that reduced [Na+]s reduces Na+/K+-ATPase activity at all potentials. Thus, 

the existence of a fuzzy space is most likely important during the whole cardiac cycle. In 
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other words, the existence of a fuzzy space is indispensable to the normal contraction-

relaxation cycle.  

The Na+/Ca2+-exchanger has previously been shown to be a sensitive indicator of 

changes in [Na+] in the subsarcolemmal space. If the Na+/Ca2+-exchangers in the membrane 

are located close to the Na+/K+-ATPases, the measure of INa/Ca during the Na+/K+-ATPase 

activation should permit an estimate of the resulting [Na+]s. 

 

 

4.3 Estimation of [Na+]s 

As shown in figure 13, the INa/Ca measured during activation of the Na+/K+-ATPase (0.84 ± 

0.09 pA/pF), decreased to 40 % of the control INa/Ca measured before activation (0.36 ± 0.09 

pA/pF). Other studies in mice found a similar decrease, where INa/Ca measured during the 

Na+/K+-ATPase activity decreased to 20 % of that measured with the Na+/K+-ATPase 

inhibited (Su et al., 1998). The decrease can be explained by a reduction of [Na+]i at the 

intracellular sites of the Na+/Ca2+-exchanger. Thus the reduction of INa/Ca supports the idea 

that [Na+]s near the Na+/Ca2+-exchangers in the membrane was reduced as a consequence of 

Na+/K+-ATPase activation. What is the new [Na+]s? 

If the reduction of INa/Ca is due exclusively to a reduction in [Na+]s, an estimation of 

reduced [Na+]s ([Na+]'s) should be possible using Ohm�s law: I = g(V � E), where I is the 

current, g is the conductance, Vm the membrane potential and E the equilibrium potential. 

Thus, 

Control Na+/Ca2+-exchange current (A) is: 

 

I g V ENa Ca Na Ca m Na Ca/ / /( )= −       (1) 

 

Reduced Na+/Ca2+-exchange current (D) is:  

 

I g V ENa Ca Na Ca m Na Ca' ' ( ' ' )/ / /= −      (2) 

 

When the dialysis of the cell is complete, [Na+]s should be very close to 50 mM. Thus, ENa/Ca 

can be calculated.  

In order to calculate [Na+]'s, the conductance of the Na+/Ca2+-exchanger have to be 

quantified, as it is dependent on [Na+]s. Furthermore, the conductance is also dependent on the 
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membrane potential, since the I-V relationships in Figure 17 are not linear. However, within 

the relevant membrane potential range the I-V relationships are approximately linear, 

implying that the gNa/Ca and g�Na/Ca are nearly constant. The ratio between gNa/Ca and g�Na/Ca 

will then be similar to the ratio between the corresponding slope conductances, which can be 

obtained from the data presented in Figure 17. It is then possible to estimate E�Na/Ca, and 

hence [Na+]’s.  

As displayed in Figure 17, the I-V relationships for INa/Ca before and during Na+/K+-

ATPase activation can be fitted with polynomial cubic equations (y = yo + ax + bx2 + cx3). 

The slope of the I-V relationship measured during Na+/K+-ATPase activity is smaller than that 

of the control. Thus, the slope conductance of the exchanger is diminished when [Na+]s is 

reduced. The slope gNa/Ca at �50 mV is given by the slope of the fitted curve defined by the 

equation y = yo + ax + bx2 + cx3 at �50 mV. This slope gNa/Ca was calculated as the difference 

between y at �49 mV and y at �51 mV, divided by the difference between these potentials 

(∆I/∆V), and was 2.64e-2 nS/pF. The slope g'Na/Ca at �50 mV is given by the slope of the fitted 

curve defined by the equation y' = y'o + a'x + b'x2 + c'x3 at � 50 mV. This slope ∆I’/∆V’ was: 

1.32e-2 nS/pF. The values of the parameters in the equations are: yo = 1.355, a = 1.269e-2, b = 

-4.829e-5, c = -5.759e-7, y'o = 5.849e-1, a' = 6.369e-3, b' = -3.563e-5, c' = -4.424e-7. Standard 

errors were not considered here. The ratio between the conductances can now be calculated, 
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As earlier mentioned: 
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By using equation (4) to solve equation (5), and by inserting the following known parameters 

and constants, 
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the [Na+]’s can be estimated :  [ ]' .Na mMs
+ = 12 2  

 

The resting [Na+]i in rat cardiomyocytes has been reported to be between 12 and 16 mM 

(Despa et al., 2002b; Shattock & Bers, 1989). This is very close to the concentration 

estimated in this study. This can suggest that the Na+/K+-ATPase regulates its activity in order 

to obtain a [Na+]s close to 12-16 mM. However, before concluding on this matter, similar 

experiments, but with different [Na+]pipette, should be performed. If the above conclusion is 

true, such experiments should result in the same calculated [Na+]’s. 
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4.4 Importance of the fuzzy space for cardiac contractility 

In a cardiomyocyte, where diffusion of Na+ is slow under the sarcolemma, the rapid influx of 

Na+ through a Na+-channel, during an action potential, will transiently augment only local 

subarcolemmal [Na+]. Thus, only within a limited volume, immediately surrounding the Na+-

channel, the [Na+] will increase. Proteins located near to this Na+-channel will rapidly sense 

the increase in [Na+], whereas proteins located farther will sense the increase later, or not at 

all. Thus, the activity of Na+/K+-ATPases located close to the Na+-channel will be emphazised 

due to the rise in [Na+]. The Na+/K+-ATPases will extrude most of the Na+ that entered, 

before it is allowed to diffuse into the cell. However, Na+/K+-ATPases located farther from 

the Na+-channel will not participate in the strict control of Na+ homeostasis. An alteration of 

Na+/K+-ATPase localisation, or capacity, should therefore have important consequences for 

Na+ homeostasis in the cell. As shown in this thesis, and in several other reports, altered Na+ 

homeostasis have consequences for the Na+/Ca2+-exchanger, and might for this reason be a 

clue to impaired cardiac contractility. 

It appears that the localization of proteins transporting Na+ is important for controlled 

cardiac contractility (see also (Swift et al., 2002)). Impaired cardiac contractility occurs in 

heart failure. Studies in several heart failure models show that heart failure is accompanied 

with for example elevated intracellular Na+ concentration (Despa et al., 2002a), upregulation 

of the Na+/Ca2+-exchanger (Pogwizd et al., 1999; Wasserstrom et al., 2000), and reduction in 

Na+/K+-ATPase capacity (Semb et al., 1998). Reduced efficiency of the functional interaction 

between these proteins could explain contractile dysfunction in heart failure. This hypothesis 

was recently reinforced as studies showed that the contractile defect in congestive heart 

failure can not be explained by reduced L-type Ca2+-currents (Sjaastad et al., 2002). 

However, studies characterising the colocalization, or crosstalk, between these 

proteins are yet to be performed. In light of the present thesis, showing the importance of the 

diffusion gradient for Na+ under the sarcolemma, such studies may contribute to 

understanding the causes of the impaired contractility in failing cardiomyocytes. 
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4.5 Conclusion 

The results in this study support the existence of local subsarcolemmal concentration 

gradients for Na+, commonly known as the fuzzy space. Apparently, the very nature of the 

fuzzy space influences the interaction, or crosstalk, between the Na+/K+-ATPase and the 

Na+/Ca2+-exchanger. Since the correct functioning of the Na+/Ca2+-exchanger is thought to be 

indispensable to correct excitation-contraction coupling in cardiomyocytes, the disturbance of 

Na+ homeostasis in the fuzzy space could impair cardiac contractility. 

 The mapping of transport protein functions controlling Na+ homeostasis could reveal 

important clues to excitation-contraction coupling. It seems likely that the study of these 

functions might offer clues to new therapeutic strategies in the treatment of heart failure. 
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