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Summary of contents 

The membrane Na+-K+ pump transports 3 Na+ ions out and 2 K+ ions into cells 

against their electrochemical gradient, using energy derived from hydrolysis of 

ATP. The Na+ and K+ ion gradients generated by the pump serve in secondary 

co- and counter transport processes critical for cell function. This thesis 

examined the hypothesis that synthesis of radical oxygen species/radical 

nitrogen species (ROS/RNS), coupled to hormone receptors and their 

intracellular messenger pathways, can regulate Na+-K+ pump activity in cardiac 

myocytes.  

A whole cell patch clamp technique was used measure the membrane current 

generated by the Na+-K+ pump (Ip) of isolated rabbit cardiac myocytes. 

Supplementing the patch pipette solution with L-arginine (L-Arg), a known 

substrate of nitric oxide synthase(NOS) stimulated Na+-K+ pump activity in a 

manner sensitive to the soluble guanylase cyclise inhibitor 1H-

[1,2,4]Oxadiazole[4,3-a]quinoxalin-1-one (ODQ). In contrast, uncoupling NOS 

by exposing myocytes to the chemical paraquat, caused significant Na+-K+ 

pump inhibition which was abolished by ROS/RNS scavengers, ebselen, and 

superoxide dismutase(SOD).  

Since Angiotensin II (AngII) activates nicotinamide adenine dinucleotide 

phosphate hydrogen (NAD(P)H) oxidase, we tested the hypothesis that 

NAD(P)H oxidase mediates Ang II-induced pump inhibition. Ang II significantly 

inhibited the Na+-K+ pump. This was abolished by the addition of apocynin and 

gp91ds potent NAD(P)H oxidase inhibitors. The effect was also abolished by 

the addition of ε protein kinase C (εPKC) inhibitor. Forskolin, an activator of 

adenyl cyclase was used to mimic β1/β2 adrenergic receptor activation.  It 
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decreased electrogenic Na+-K+ pump current (Ip). Interestingly, in addition to the 

expected role of protein kinase A (PKA) in this inhibition, inclusion of specific 

inhibitors implicated PKC and NADPH oxidase, i.e. cross talk between PKA and 

the same oxidative signalling pathway we had observed for Ang II.  

In summary, we have shown that PKC and PKA activate NADPH oxidase 

dependent inhibition of the Na+-K+ pump.  The data provides a link between 

ROS/RNS and signalling mediated by neurohormonal activation in the control of 

cardiac myocyte Na+, and by inference, Ca2+ and may have important 

therapeutic implications in heart failure. This work has led to the very recent 

identification by our laboratory of the specific molecular mechanism by which 

oxidant signalling inhibits the Na+-K+ pump.  
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Chapter 1 

General Introduction and Aims. 

 

1.1 The cell and the membrane Na+-K+ pump.   

All eukaryotic cells are characterised by steep trans-membrane electrochemical 

gradients for sodium (Na+) and potassium (K+) with a high concentration of Na+ 

on the outside and a low concentration on the inside.  The converse applies for 

outside and inside K+ concentrations.  These trans-membrane gradients are 

maintained by the energy-dependent “uphill” transport of Na+ out of and K+ into 

cells, against their respective electrochemical gradients.  The transport is 

mediated by Na+-K+ pump molecules embedded in the cell membrane.  This 

pump transports three Na+ ions out of the cell in exchange for two K+ ions 

transported in.  The energy for this process is derived from the hydrolysis of one 

ATP molecule in each pump cycle (Taub et al., 2004, Therien and Blostein, 

2000).  Because of this dependence on energy derived from ATP, the process 

is regarded as “active transport”.  In most cell types, the pump consumes more 

energy than any other single process.  It is responsible for at least 15-20% of 

the resting energy expenditure in an organism (Clausen et al., 1991).   

 

The Na+ and K+ gradients play a particularly important role in the excitation of 

“excitable cells”, i.e.  cells capable of generating an action potential.  The trans-

membrane electrochemical gradients for Na+ and K+ are key determinants of 

the cells’ membrane potentials, predominantly determined by the ion with the 
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highest membrane permeability.  In the resting state of cells, K+ typically has the 

highest permeability.  The membrane potential of the cell is shifted towards the 

potential at which the chemical driving force arising from the concentration 

gradient across the membrane is exactly counterbalanced by the electrical 

driving force acting on the K+ ions.  This potential is known as the equilibrium 

potential for K+ (EK).  When an action potential is triggered, the membrane 

permeability for Na+ rapidly increases and the Na+ gradient becomes the 

predominant determinant of the membrane potential which transiently shifts 

towards the equilibrium potential for Na+ (ENa).  The Na+ permeability 

subsequently inactivates, and the membrane potential returns towards EK.  

Figure 1.1 illustrates some of the key features that determine the cardiac action 

potential.  
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Adapted from Lippincott Williams &Wilkins 2004 

Figure 1.1 Cardiac action potential  

Phase 0 (depolarisation) is primarily due to a rapid increase in Na+ conductance 

accompanied by a fall in K+ conductance. Phase 1: repolarisation represents a rapid 

shift in K+ movement. K+ channels are briefly opened causing a transitory, 

hyperpolarizing outward K+ current.  Simultaneously, there is an increase in the amount 

of slow inward Ca2+ current (long-lasting  L-type calcium channels) and given the brief 

nature of outward K+ current, repolarisation is delayed, This then give the plateau 

phase in the action potential known as Phase 2 (characteristic of cardiac action 

potentials).  Phase 3: repolarisation occurs when outward K+ ion movement increases, 

along with the inactivation of Ca2+ channels. Therefore, the action potential in non-

pacemaker myocytes is principally determined by relative changes in fast Na+, slow 

Ca2+ and K+ gradients and transmembrane flux (see text for further discussion).  The 

arrows indicate the time and direction of movement of ions that influence the 

membrane potential. 
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In addition to emphasising the role of ion channel currents carried by Na+ and 

K+, Figure 1.1 also illustrates the contribution Ca2+ makes to the action 

potential.  However, this contribution ultimately depends on the activity of the 

Na+-K+ pump because the trans-membrane gradients maintained by the pump 

serve in co- and counter-transport processes that determine the intracellular 

concentration of other ions or mediate cellular uptake of organic compounds.  It 

is of particular relevance to the cardiac myocyte that trans-membrane transport 

of Ca2+ ions is coupled to exchange for Na+ moving in the opposite direction in a 

process known as Na+-Ca2+ exchange.  This exchange is voltage-dependent 

and under most conditions, at negative membrane potentials, it mediates the 

outward transport of Ca2+ in exchange for the inward transport of Na+.  

However, the process can reverse direction at positive potentials and mediate 

cellular Ca2+ uptake.  Transport of Ca2+ mediated by Na+-Ca2+ exchange is 

regarded as “secondary active transport” because it derives its energy from the 

trans-membrane Na+ gradient maintained by the ATP-dependent Na+-K+ pump.  

In most mammals, including man, the main mechanisms of controlling 

intracellular Ca2+ are, calcium induced calcium release (CICR) and SERCA 2a 

(sarcoendoplasmic reticulum (SR) calcium transport ATPase) mediated Ca2+ 

uptake into the SR. The Na+-Ca2+ exchanger is also however an important 

determinant of cytosolic Ca2+ in cardiac myocytes and it plays a pivotal role in 

the coupling of the action potential to myocyte contraction, a process usually 

referred to as “excitation-contraction coupling” (Bers et al., 2003, Bers, 2001).   

Cellular concentrations of monovalent ions are also dependent on secondary 

active transport via co- and counter-transporters that derive their energy from 

the trans-membrane gradient for Na+.  Examples include the Na+-K+-2Cl- co-
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transporter (NKCC).  This co-transporter mediates the coupled transport of a 

Na+ and K+ ion with 2Cl- ions in the same direction.  Under physiological 

circumstances, transport is inward.  This process is independent of membrane 

voltage since the two negative charges from inward movement of 2 Cl- are 

countered by two positive charges from Na+ and K+. This transporter has been 

shown to be dependent on the trans-membrane gradient of its respective ions.  

There have been reports showing that increased levels of intracellular Na+ and 

Ca2+ have inhibited this transporter  (Ikehara et al., 1993, Russell, 2000).  It is 

well known that cardiac myocyte intracellular levels of Na+ are raised in heart 

failure; this may have an impact on the correct functioning of the NKCC.  The 

co-transporter is being widely studied at present.   

The Na+-H+ exchanger is an important counter-transporter that depends on the 

trans-membrane Na+ gradient to transport H+ ions (produced as by-products of 

cell metabolism) out of the cell in exchange for Na+ transported in along its 

electrochemical gradient.  It is an electro-neutral process since the outward 

movement of one charge by H+ is counterbalanced directly by the inward 

movement of a positively charged Na+ ion.  While the Na+ gradient is a 

prerequisite for the exchange, Na+-H+ exchange is also regulated by other 

factors.  Activity is stimulated by intracellular acidosis and inhibited by 

intracellular alkalosis or extracellular acidosis (Vaughan-Jones et al., 1985).  

The Na+-H+ exchanger also has a vital role to play in the control of intracellular 

pH.  The tight control of pH is extremely important in cell growth, as changes in 

pH levels often trigger stimulation of mitosis and hypertrophy.  The Na+-H+ 

exchanger operates over a very narrow pH range to maintain intracellular pH at 

7.2. It’s most important role is the prevention of excessive intracellular acidosis 
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(Fliegel and Frohlich, 1993, Fliegel, 2008).  This is extremely important in the 

cardiac cell as increasing intracellular acidosis leads to a reduction in 

contraction and increase in cardiac arrhythmias due to an influx of Na+ and 

subsequently Ca2+.  Hormonal control is also an important factor in the 

activation of the Na+-H+ exchanger e.g. by insulin and vasopressin which both 

stimulate the exchanger.  The exchanger is also influenced by platelet derived 

growth factor and epidermal growth factor (Fliegel and Frohlich, 1993, Fliegel, 

2008).   

While it is widely appreciated that the trans-membrane electrochemical 

gradients generated by the Na+-K+ pump are key determinants of cellular ion 

homeostasis, it is less widely known that the Na+ gradient also serves in the 

secondary active transport of organic compounds into cells.  Compounds 

integral to energy metabolism are of particular importance for our understanding 

of cardiac physiology and pathophysiology.  A Na+-dependent glucose 

transporter (GLUT) mediates cellular glucose uptake in several tissues, 

including the myocardium. There are many isoforms of this enzyme that have 

been characterized and these isoforms differ in tissue expression, substrate 

specificity and in their pharmacokinetics (e.g. GLUT-1 is almost universal and 

uses glucose as its substrate and is Na+ dependant, while GLUT-11 uses 

fructose as a substrate and is found specifically in heart and skeletal muscle). 

The most abundant forms in the myocardium are GLUT 1 and 11 (Abel, 2004, 

Mann et al., 2003, Doege et al., 2001).  GLUT-1 mediated glucose uptake into 

myocytes may be particularly important in heart failure when there is a shift from 

lipid-dependent energy generation towards a glucose-dependent metabolism 

(Abel, 2004). 
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While glucose is important in cellular ATP synthesis, creatine is important for 

ATP transport and utilisation within the cells.  As creatine is not produced within 

the cardiac cell, availability of creatine is dependent on the Na+-dependent 

creatine transporter.  Creatine produced in the liver and kidney is transported in 

the bloodstream to the heart where it is transported across a steep 

concentration gradient up to ~ 50 fold (Guimbal and Kilimann, 1993, Neubauer, 

2007).  The creatine transported within the cell is used by mitochondrial creatine 

kinase to form phosphocreatine and ADP from ATP.  The diffusion of 

phosphocreatine to the myofibrils allows the rapid transfer of ATP, as 

phosphocreatine is catalysed by creatine kinase to reform ATP.  Thus any 

factor that affect the Na+ gradient across the cell membrane will effect the 

energy kinetics of the cell (Neubauer, 2007, Guimbal and Kilimann, 1993, Ten 

Hove et al., 2005).  It follows that while the Na+-K+ pump is a major ATP-

consuming process; it is also ultimately a key determinant of cellular ATP 

supply and cellular energy metabolism. Since the Na+-K+ pump determines the 

intracellular concentration of the ions that ultimately determine cell volume 

through their osmotic effects, the Na+-K+ pump also has an important role in the 

regulation of cell volume especially after osmotic shrinkage (Therien AG, 2000).  

It may be of particular clinical relevance that intercellular levels of Na+ have a 

direct effect on growth and hypertrophy in both cardiac (Xie Z et al., 1999) and 

non-cardiac cells (Berk et al., 1990, Rao et al., 1990, Stanton and Kaissling, 

1989).  In view of the central role the Na+-K+ pump plays in multiple cellular 

processes, understanding its regulation is pivotal to our understanding of 

normal and abnormal cell function.   
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1.2. Key features of the Na+-K+ pump  

The linkage of ion transport to ATPase activity was first described 50 years ago 

by the Danish scientist Jens Christian Skou in a seminal 1957 paper (Skou, 

1957).  Skou was awarded the Nobel Prize for chemistry 40 years later in 1997 

for his discovery (Skou, 1998).  A vast amount of work has been done to define 

the structure, reaction cycle and regulation of the Na+-K+ pump since Skou’s 

1957 discovery.   

 

 

1.2.1. Structure of Na+-K+ pump  

Na+-K+ ATPase is a hetrodimeric protein that is embedded in- and spans the 

membrane of all eukaryotic cells.  It consist of α and β subunits in stoichiometric 

amounts.  The α subunit contains the binding sites for ATP, Na+, K+, cardiac 

glycosides, specific inhibitors of the enzyme and the phosphorylyation site 

(Glitsch, 2001).  This subunit is responsible for the catalytic, pharmacological, 

and transport characteristics of the ATPase.  There have been four tissue 

specific isoforms of the α subunit identified, α1, α2, α3 and α4 (Shamraj and 

Lingrel, 1994, Herrera et al., 1987).  The α1 subunit is universal to all tissue 

types while α2 is found in nervous and adipose tissue.  α3 is found is  in nervous 

system tissue but also in macrophages and the cornea (Huang et al., 2003, 

Vignery et al., 1991).  The α4 isoform has only been found in male reproductive 

tissues (Blanco et al., 2000).  The Na+-K+ pump is classified as a member of the 

P-type ATPases because the α subunit can exist as a phosphorylated 
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intermediate during its catalytic reactions (Lutsenko and Kaplan, 1995) 

(discussed further in Chapter 7). 

 

The β subunit is often referred to as a chaperone that helps guide the insertion 

of the α subunit into the cell membrane.  This function may represent the rate-

limiting step of the formation of the mature enzyme in the plasma membrane 

(Mercer et al., 1993).  In addition to its function as a chaperone, the β subunit 

also modulates the transport properties of the ATPase (Geering, 2001).  The β 

subunit is a glycoslyated protein that exists in three isoforms, β1 originally 

isolated from the kidney (Martin-Vasallo et al., 1989), β2 and β3 which are found 

in a variety of tissues (Malik et al., 1996).  The combination of various β and α 

isoforms can cause a subtle alteration in the tightly controlled pump kinetics 

with regard to activation by Na+, K+, ATP, and inhibition by cardiac glycosides. 

This may confer slightly different tissue specific characteristics on the Na+-K+ 

pump.  

 

A third subunit,  γ, has been described in some tissues, particularly the kidney 

(Mercer et al., 1993, Sweadner et al., 2003).  Subsequent studies showed that 

the γ subunit is a member of a larger family of proteins referred to as FXYD 

proteins, named after their consistent amino acid sequence containing the 

FXYD motif and a conserved glycine and serine residue.  These proteins are 

short single span membrane proteins (<100 amino acids) that have been shown 

to modulate ion transport (Sweadner and Rael, 2000).  The FXYD proteins are 

expressed in a tissue-specific manner.  The γ subunit, expressed in the kidney, 

known as FXYD2, was the first FXYD protein found to be associated with Na+-
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K+ ATPase (Forbush et al., 1978).  It has been shown to have multiple effects 

on the Na+-K+ pump.  The FXYD protein expressed in muscle, FXYD1, also 

known as phospholemman, is unique, in contrast to other FXYD proteins, as it 

possesses a cytoplasmic terminal with phosphorylation sites accessible to 

intracellular kinases.  As a consequence, it may respond to signaling pathways 

that activate kinases and thus have a regulatory role in Na+-K+ pump function.  

The other FXYD proteins can change function when they co-localise with the 

Na+-K+ pump (Cornelius and Mahmmoud, 2003a, Cornelius et al., 2001) but the 

absence of phosphorylation sites on their cytoplasmic terminal suggest they are 

unlikely to be responsive to activation of messenger pathways, i.e., they have a 

modulatory rather than a regulatory role. 

 

 

The tertiary structure of the Na+-K+ pump molecule in pig renal tissue has 

recently been definitively established by Morth et al (Morth et al., 2007).  The 

characterisation of the pump structure verified the long held theory that the 

larger α subunit was similar to the sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) ion pump, a member of the P-type ATPase family.  The differences in 

structure are related only to subtle differences in amino acids and the binding of 

K+ ions by the Na+-K+ ATPase rather than protons.  The revelation of the 

structure may help to clarify the interactions between the subunits of the pump.  

Defining the structure revealed direct contact between the α and β subunits at 

the αM7 and αM10 positions.  These interactions may be important 

determinants of modulation and regulation of the Na+-K+ pump (Morth et al., 

2007, Gadsby, 2007) (for further discussion see Chapter 7). 



25 

 

 

 

1.2.2. The Na+-K+ pump cycle  

The Albers-Post scheme is an established model of the operation of the Na+-K+ 

pump cycle (Karlish et al., 1978) (See Figure 1.3).  According to this scheme, 

the Na+-K+ pump can exist in two conformations, E1 and E2, with binding sites 

for transported cations that change orientation according to the conformational 

state of the enzyme.  Phosphorylation/dephosphorylation steps drive the cyclic 

transitions between the Na+ binding (E1) and the K+ binding (E2) conformations. 

 

Extracellular 

β subunit 

α subunit 

γ subunit 

Cytoplasm 

Figure1.2 The crystalline 
structure of the Na+-K+ 

ATPase 

Experimental electron density map 

of the αβγ complex demonstrating 

its intracellular cytoplasmic and 

extracellular portions. 

Adapted from Crystal structure of 

the sodium–potassium pump.  

Morth et al, Nature 

450(7172)1043-9. 
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According to the Albers–Post model, three intracellular Na+ (Nai) bind to the E1 

form of the enzyme, which is then phosphorylated by ATP resulting in the 

formation of E1P and Na+ occlusion within the enzyme.  A conformational 

change then occurs to E2P and the Na+ binding sites are exposed to the 

extracellular surface.  The three Na+ ions are then released followed by binding 

of two extracellular K+ ions to the E2 form of the enzyme.  The E2 form is then 

dephosphorylated in a step facilitated by allosteric binding of ATP and 

conformational change back to E1 occurs.  This allows two K+ to be released 

into the cytoplasm (See Figure 1.3). 
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Figure 1.3 The Na+-K+ pump cycle as described by the Albers-Post 
reaction scheme 

The E1 conformation has intracellularly facing cation-binding sites and has a high 

affinity for Na+ and ATP.  Binding of Na+ catalyses the phosphorylation by previously 

bound ATP creating the E1P form.  Three bound Na+ ions are then occluded in the 

molecule and transported to the extracellular surface.  Another conformational change 

to the E2 form occurs and the three Na+ ions are released in a sequential manner.  The 

E2P binds two K+ ions.  This induces dephosphorylation of the pump molecule and 

subsequent occlusion of K+ ions to form E2(2K).  The release of K+ at the intracellular 

surface is catalysed by the binding of ATP.  After release of K+ the enzyme returns 

from the E2 to the E1 form, ready for a new cycle.  (Adapted from Glynn, 1993). 
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1.3.  Regulation of the Na+-K+pump. 

1.3.1.  Regulation of the Na+-K+pump by its ligands, Na+, K+ and 

ATP. 

The rates of enzymatic reactions are limited by their ligands if they are not 

present in saturating concentrations.  This also applies to the Na+-K+ pump and 

its ligands, Na+, K+ and ATP.  Under physiological conditions, intracellular 

concentrations of ATP are not believed to be rate limiting.  In contrast, the 

intracellular Na+ concentration is well below the level where Na+ binding 

saturates, making it a determinant of the overall forward pump rate (rate-limiter).  

The sensitivity of the Na+-K+ pump to intracellular Na+ concentration varies 

widely and does not directly reflect binding of Na+ to the pump’s Na+-sensitive 

E1 conformational state.  Binding to the E1 conformation occurs in competition 

with cytosolic K+.  This K+/Na+ antagonism is particularly pronounced in cardiac 

tissue (Therien and Blostein, 1999).  In addition, binding of intracellular Na+ to 

the pump is dependent on membrane voltage (Hansen et al., 2002, Rakowski et 

al., 1997b, Gadsby et al., 1985).  It follows that the Na+ sensitivity is highly 

dependent on specific experimental conditions.  The intracellular K+ 

concentration and/or membrane voltage have been either unknown or not 

controlled in most studies looking at the Na+ sensitivity of the pump.  When 

these uncertainties are taken into account it is estimated that the Na+ 

concentration for half-maximal pump activation (K0.5 mean affinity constant 

value) in cardiac myocytes is ~20 mM (Glitsch, 2001).  Since this is reasonably 

close to physiological intracellular levels, changes in intracellular Na+ can alter 

pump activity. 
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While K+ inhibits the overall forward rate of the pump by competing with Na+ for 

binding to the pump’s E1 conformation at intracellular sites, it also activates the 

pump by binding to the E2 conformation at extracellular sites.  As is the case for 

binding of Na+ intracellularly, extracellular binding of K+ depends on membrane 

voltage (Peluffo et al., 2004, Peluffo et al., 2000).  The K0.5 for K+ reported over 

the last ~20 years varies widely.  With improvements in experimental 

techniques the range has narrowed and more recent estimates are in the ~1-2 

mM range for cardiac myocytes (Glitsch, 2001).  At a physiological extracellular 

K+ concentration of ~5mM, extracellular K+ binding is nearly saturated and 

minor changes in K+ concentration have little effect on pump rate.  However, in 

states of hypokalaemia, the K+ concentration can have a significant rate-limiting 

effect.  This accounts in part for the propensity for digitalis toxicity in 

hypokalaemia. 

 

 

1.3.2.  Voltage dependence of the Na+-K+ pump 

The pump rate is dependent on the voltage of the membrane (Vm) (Rakowski et 

al., 1997a).  The major voltage dependent steps can be interpreted in terms of 

the “access channel” model.  According to this, the translocation of charge 

through the membrane is a direct result of the location of the Na+ and K+ binding 

sites within the electrical field (Lauger, 1991).  This model is depicted in Figure 

1.4.  If the channel consists of a wide opening, which is not very selective and 

allows many kinds of ions to enter, the channel has a high conductance and 

there is only a small voltage drop across the channel.  However if the channel is 



30 

 

highly selective and has a narrow opening, conductance is low and the voltage 

drop across the channel is high, resulting in the apparent dissociation constant 

of the ion becoming voltage dependent.  The major steps in the creation of 

voltage dependence involve the release of  Na+ ions and the binding of the 

extracellular K+ ions at external pump site (Sagar and Rakowski, 1994, Gadsby 

et al., 1989, Apell and Karlish, 2001, Shainskaya et al., 2000).  However, as 

described in the previous section, binding of intracellular Na+ and extracellular 

K+ is also voltage-dependent. 

 

 

Figure 1.4 Access channel model 

Ion access channels in the cell membrane can control the rate of ion entry and exit 

thereby controlling the voltage and membrane potential.  A narrow access channel is 

highly selective and allows only a small number of ions to cross the membrane.  This is 

low conductance and generates a high voltage across the membrane.  However if the 

channel is wide and non-selective, it has a high conductance and therefore a low 

voltage across the membrane.   
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1.4. Na+-K+ pump regulation: Phosphorylation or Reactive 

Oxygen Species? 

1.4.1.  Role of phosphorylation in Na+-K+ pump regulation.   

It is well established that the Na+-K+ pump is regulated by a variety of hormones 

and that intracellular messenger molecules play a pivotal role in linking 

hormone cell surface receptors to the pump molecule. Kinases, in particular 

protein kinase C (PKC) and protein kinase A (PKA), have been strongly 

implicated in Na+-K+ pump regulation.  However, there have been significant 

difficulties with the paradigms that have been proposed. Pump regulation has 

often been attributed to direct phosphorylation of the Na+-K+ pump molecule by 

PKA and/or PKC.  However, putative phosphorylation sites in the native pump 

molecule are very poorly accessible to the kinases (Sweadner and Feschenko, 

2001).  Indeed, kinase-induced phosphorylation can usually only be 

demonstrated when the pump molecule is markedly denatured (Cornelius and 

Mahmmoud, 2003a).  In addition, kinase activation is not necessarily associated 

with phosphorylation of the pump molecule and the phosphorylation that does 

occur may be to a very low stoichiometry. The physiological role of 

phosphorylation of the Na+-K+ pump molecule in its regulation is therefore 

uncertain (Cornelius et al, 2001).  In view of these difficulties it is not surprising 

that reported functional responses to kinase activation are highly variable: Na+-

K+ pump stimulation or inhibition attributed to PKA- as well as PKC-mediated 

phosphorylation are reported with almost identical frequency in numerous 

published studies (Therien and Blostein, 2000).  An alternative paradigm 
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accounting for hormone- and kinase-mediated pump regulation is much 

needed. 

 

1.4.2.  Potential role of reactive oxygen and nitrogen species. 

In view of the difficulties with attributing Na+-K+ pump regulation to 

phosphorylation of the pump molecule, alternative mechanisms for regulation 

should be considered.  Oxidation may have a role because protein function can 

be altered by oxidation and nitrosylation of susceptible amino acid residues 

(Hess et al., 2005, Stadtman and Levine, 2003).  Both the Na+-K+ pump 

subunits and the lipid membrane in which they are embedded contain residues 

that can be oxidized.  In support of a role for oxidation, exposure of Na+-K+ 

ATPase to oxidants alters its activity (Szabo, 2003, Muriel et al., 2003, Varela et 

al., 2004) and chemically induced changes in the redox state can alter Na+-K+ 

pump function in intact cells (Petrushanko et al., 2006).  Reactive oxygen 

species (ROS) are implicated in various cellular signalling cascades (Cohen 

and Adachi, 2006). 

 

 

A candidate signaling mechanism should have easy access to regulatory sites 

of the Na+-K+ pump and, to achieve specificity, signaling needs to be spatially 

confined.  These characteristics may be offered by the oxidizing effect of 

reactive oxygen species (ROS) and/or reactive nitrogen species (RNS) on the 

sulfhydryl groups of amino acids on the Na+-K+ pump molecule.  Thiol groups 

on cystiene residues are particularly susceptible to oxidation by peroxynitrate 
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(ONOO-).  The thiol groups can undergo essentially irreversible sulphinic or 

sulphonic oxidation, or in the presence of abundant cellular antioxidant 

tripeptide glutathione, reversible S-glutathionylation.  S-glutathionylation confers 

a negative charge from glutamine that may change protein function and thus 

have a role in cellular signaling (Cohen and Adachi, 2006).  The α subunit of the 

Na+-K+ pump has 23 free sulphydryls and other oxidisable groups that are facing 

the cytoplasmic environment and are very vulnerable to oxidation and/or 

nitrosylation by ROS/RNS moieties (Ellis et al., 2003). The β1 subunit also 

contains a number of cysteines that are potential candidates for oxidative 

modification. However, it is not known if ROS participates in physiological 

signalling regulating the Na+-K+ pump in the intact cell. 

ROS are a family of molecules including molecular oxygen (O2) and its 

derivatives produced in aerobic cells (Harrison, 1997).  The generation of ROS 

by endothelial cells is well documented (Harrison, 1997, Somers et al., 2000, 

Tsutsui, 2004).  The ROS family includes superoxide anion (O2
.- ), hydroxyl 

radical (OH-), lipid radicals and hypochlorous acid (HOCL).  The superoxide ion 

can be dismutated to form hydrogen peroxide (H2O2) or it can combine with 

nitric oxide (NO.) to form the RNS peroxynitrite (ONOO-).  ROS and RNS 

contribute importantly to oxidant stress (Cai and Harrison, 2000, Li and Shah, 

2004) and will often be referred to collectively as ROS/RNS in this thesis.  

Within the mammalian cell, there are many sources of ROS including NADPH 

oxidase, xanthine oxidase (XO), cytochrome p450 enzyme, arachidonic acid 

pathway enzymes, lipoxygenase, cyclooxygenase and NO synthase under 

certain conditions. 
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Potential stimuli for the generation of O2
.-  include pathological factors such as 

ischemia-reperfusion, high glucose levels and shear stress, at least in 

endothelial cells.  However, the fact that growth factors and the vascular 

hormones endothelin 1 and angiotensin II (Ang II) also stimulate synthesis of 

ROS is consistent with a wider role of ROS in signaling in the cell.  The role of 

ROS in the pathogenesis of cardiovascular disease has become appreciated as 

our knowledge about how ROS mediates cellular responses to pathological 

stimuli increases.  ROS/RNS have been implicated in the pathogenesis of 

hypertension, atherosclerosis, remodelling after ischemic events and cardiac 

failure (Romero-Alvira and Roche, 1996, Ohara et al., 1993, Zaugg et al., 2003).  

See Figure 1.5. 
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Figure 1.5 Sources of ROS in vascular cells 

Activated NADPH oxidase and XO generate superoxide (O2
.-).  NOS switches from a 

coupled state to an uncoupled state and generates O2
.- with decreased availability of 

5,6,7,8-tetrahydrobiopterin (BH4) or L-arginine (L-arg).  Dysfunctional mitochondrial 

respiratory chain enzymes are another source of O2
.- generation.  SOD isoforms (Mn 

SOD and CuZn SOD) dismutate O2
.- to produce hydrogen peroxide (H2O2).  

Myeloperoxidase generates H2O from H2O2.  H2O2 reacts with transition metals to 

produce hydroxyl radicals (OH·). 
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1.4.3.  NADPH oxidase. 

While NADPH oxidase is not the only source of O2
.-  within the cardiac 

myocytes it is the main source (Griendling et al., 2000).  In the context of 

regulation of the sarcolemmal Na+-K+ pump, NADPH oxidase is of particular 

interest because it is membrane-associated.  At first sight, NADPH oxidase may 

seem an unlikely candidate as part of a messenger pathway in the cardiac 

myocyte since its first identified role, described in phagocytes, involved the 

production and extracellular secretion of O2
.- to mediate destruction of invading 

bacteria.  However, it is now widely appreciated that functional NADPH oxidase 

is expressed in a variety of tissues, including the tissues of the cardiovascular 

system (Cai et al., 2003, Griendling et al., 2000, Szabo, 2003) and that O2
.- can 

be secreted intracellularly (Griendling et al., 2000).  The latter is of particular 

importance for a role of O2
.- in cellular signaling.   

 

The functional properties of NADPH oxidase are closely linked to its structure.  

The enzyme is a multi-subunit complex that consists of a membrane-bound 

flavocytochrome made up of the subunits p22phox which is a 22-kDa α subunit 

and one of several catalytic non phagocytic NADPH oxidase (Nox) isoforms.  Of 

the five distinct Nox isoforms identified to date, the major isoforms expressed in 

cardiomyocytes are gp91phox (Nox2) and Nox4 (Murdoch et al., 2006, Griendling 

et al., 2000).  Nox2 is regulated by 4 cytosolic subunits p47phox, p67phox, p40phox, 

and Rac (low molecular weight GTP binding protein), which translocate to the 

membrane on enzyme activation and associate with the subunits that are 

already membrane-bound.  Translocation of the cytosolic subunits, and hence 

formation of a functional activated NADPH oxidase complex, is dependent upon 
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phosphorylation of the p47phox cytosolic subunit.  Interestingly there is evidence 

that Nox4 is continuously active and does not require a cytoplasmic subunit to 

increase its activity.  See Figure 1.6.   

 

 

 

 

 

 

 

 



38 

 

p22phoxgp91phox

p22phoxgp91phox

p40phoxp67phox

racGDP

p40phoxp67phox

racGDP

NADPHNADPH+

Inactive 

O2 O2
.-

Active Cell membrane

 

Figure 1.6.  Structure and activation of NADPH oxidase  

Activation of NADPH oxidase involves translocation of the cytosolic subunits p47phox, 

p67phox, p40phox and Rac to the membrane where they bind to cytochrome b558.  The 

cytochrome b558 is composed of p22phox and gp91phox (Nox2) subunits.  The production 

of NADPH+ and O2
.- cannot proceed until this translocation is complete.   
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1.4.4.  Nitric oxide synthase. 

The RNS, nitric  oxide (NO), is also of considerable interest as a regulator of 

Na+-K+ pump activity.  It has been reported that exogenous NO supplied by the 

pharmacological donor compound sodium nitroprusside stimulates the Na+-K+ 

pump in cardiac myocytes (William et al., 2005a).  However, NO can also be 

generated endogenously by nitric oxide synthase (NOS).  There are three 

isoforms, NOS1, NOS2 and NOS3.  They are also known as “neuronal” 

(nNOS), “inducible” (iNOS) and “endothelial” (eNOS) nitric oxide synthase 

(Alderton WK et al., 2001).  nNOS is mainly found in central and peripheral 

nerve cells but it is also found within the cardiac myocyte.  iNOS was first found 

in murine macrophages but has since been identified in many cell types.  eNOS 

is expressed in endothelial, endocardial and, at a much lower concentration, in 

the cardiac myocyte (Shah and MacCarthy, 2000, Balligand et al., 1994).  Of 

these, eNOS is the only NOS that is associated with the sarcolemmal 

membrane. 

 

 

NOS utilises L-arginine and molecular oxygen as substrates.  Co-factors 

required for the production of NO include; reduced nicotinamide-adenine-

dinucleotide phosphate (NADPH), flavin-adenine dinucleotide (FAD), flavin 

mononucleotide (FMN) and (6R)-5,6,7,8- tetrahydrobiopterin (BH4) (Stuehr et 

al., 1991, Mayer et al., 1991, Hevel and Marletta, 1992).  NADPH acts as a 

proton donor while BH4 donates an electron to a haem-dioxy intermediate 

during the NOS oxygen cascade (Li and Shah, 2004).  All of the isoforms of 

NOS are flavoenzymes; complex homodimeric oxidoreductases that shuttle 
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electrons from the reductase domain of one monomer (containing the co-factors 

FAD, FMN, NADPH) to the oxidase domain of the other subunit containing the 

active heme site (Matsuda and Iyanagi, 1999).  Figure1.7 shows key functional 

properties of NOS.   
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Figure 1.7 Structure and interactions of Nitric Oxide Synthase 

Nitric oxide synthase is a dimer that is closely associated with calmodulin.  NOS is 

tightly bound to its co-factors tetrahydrobiopterion (BH4), FAD, FMN and a heam 

moiety.  Electrons are donated by NADPH to the reductase domain of the enzyme and 

proceed via FAD and FMN redox carriers to the oxygenase domain.  There they 

interact with the haem iron and BH4 at the active site to catalyse the reaction of oxygen 

with L-arg, generating citrulline and NO as products.  The majority of citrulline leaves 

the cell, however it can be converted back to l-arg by the enzyme arginosuccinate. 
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A potential role of endogenous NO generated by NOS in Na+-K+ pump 

regulation is highlighted by the fact that eNOS co-localises with the pump in 

membrane caveolae in cardiac myocytes (Liu et al., 2003) and by the previous 

demonstration of pump stimulation induced by exogenous NO (William et al., 

2005a).  However, effects of NO can be highly compartmentalized in molecular 

microdomains (Hess et al., 2005) and results obtained using a pharmacological 

NO donor may be critically different from effects of endogenously synthesised 

NO (Massion PB, 2003 , Dudzinski et al., 2006).  It cannot be assumed that the 

effect of endogenously synthesised NO is similar to the effect of NO sourced 

from a pharmacological donor.   

 

 

While it is reasonable to think that endogenous NO synthesized by NOS may 

stimulate the Na+-K+ pump, effects of NO production in an intact myocyte are 

likely to be complex because NO readily interacts with O2
.- to form the RNS 

peroxynitrite (ONOO-).  This product is a particularly good candidate as a 

regulator of the Na+-K+ pump because its acid form is highly lipid soluble and 

hence membrane permeable, while the charged O2
.-  species is expected to be 

strictly confined to the microdomain where it is formed. It may therefore not 

have easy access to important regulatory sites of the highly lipophilic Na+-K+ 

pump molecule.   

 

 

The schematic diagrams shown in Figures 1.5 and 1.7 imply that synthesis of 

O2
.-  and NO are mediated by enzymes working independently of each other, 
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however, in reality there can be a complex interaction. The highly reactive 

ONOO- can oxidise the NOS cofactor BH4 to BH2. As a consequence, the 

electron transfer sequence in the NO syntheses is interrupted and the electron 

is diverted to molecular oxygen and hence formation of O2
.-. This functional 

change in NOS is referred to as “uncoupling”.  Uncoupling of NOS can also 

occur  when there is a deficiency in its substrate, L-arginine (Griendling et al., 

2000, Li and Shah, 2004).  The functional interaction between NOS and 

NADPH oxidase is illustrated in Figure 1.8. 
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Figure 1.8 Schematic representation of Nitric Oxide Synthase (NOS) 
uncoupling 

As illustrated, nitric oxide (NO) is generated by NOS using L-arginine (L-arg) as 

a substrate, with citrulline as a by-product.  Co-factors required for this process 

include BH4, acsorbate and molecular O2  .NO produced by NOS rapidly reacts 

with superoxide (O2
.-) produced by NADPH oxidase to form peroxynitrate 

(ONOO- ).  ONOO- is a highly reactive molecule which can cause uncoupling of 

NOS and the generation of O2
.- via the oxidation of BH4 to BH2 thus rendering it 

inactive and interrupting the flow of electrons within the enzyme.   
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1.4.5.  Metabolic Pathways for O2
. 

The properties and metabolism of the different ROS/RNS species is expected to 

be important for their utility in signaling.  The charged O2
.-  molecule is expected 

to be spatially restricted to the microdomain where it is secreted in a cell.  

However, the ONOO- that is formed when O2
.-  combines with NO, readily 

merges with H+ to form peroxynitrous acid.  Peroxynitrous acid can cross 

membranes to reach other cellular compartments.  Superoxide can also be 

metabolized to another membrane-permeable species, hydrogen peroxide in 

the “dismutation reaction”, catalysed by superoxide dismutase (SOD).  In 

addition, hydroperoxyl radical and hydroxyl radicals can be formed in the 

metabolism of O2
.-  The various pathways for O2

.-  metabolism are summarised 

in Figure 1.9. 
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Figure 1.9 Role of superoxide dismutase (SOD) in the reactive oxygen 

species (ROS) scavenging pathway 

SOD catalyzes the reduction of superoxide anions to hydrogen peroxide (H2O2).  H2O2 

is then converted H2O and O2 by a series of enzymatic reactions.  Under normal 

conditions, ROS are cleared from the cell by the action of SOD, catalase, or glutathione 

peroxidase. 
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1.4.6.  Superoxide Dismutase. 

As indicated in Figure 1.9, superoxide dismutase (SOD) has an important role in 

the regulation of O2
.-  and its derivative metabolites.  The  concentration of SOD 

is 106 times higher than O2
.- (Johnson and Giulivi, 2005).  It converts O2

.- to 

hydrogen peroxide (H2O2).  To deal with excess of O2
.- produced by uncoupled 

NOS and/or NADPH oxidase, SOD  converts it to H2O2.  H2O2 in turn is 

subsequently converted to H2O and O2 by catalase and peroxidases.  SOD 

exists in different isoforms.  The “cytosolic” (SOD1) and “extracellular” (SOD3) 

isoforms have zinc and copper at their active sites (Cu-ZnSOD), while the 

“mitochondrial” (SOD2) isoform contains manganese (MnSOD).  The copper 

acts by undergoing alternate oxidation and reduction to dismutate the O2
.-, 

whereas zinc acts to stabilize the enzyme (Mathers et al., 2004, Johnson and 

Giulivi, 2005).  The rate of reaction of SOD with O2
.-  is ~ 2 x 109 mol-1.s-1 

However the rate of reaction of NO to O2 
.- is even faster at ~ 7 x 109 mol -1.s-1.  

As a consequence of these reaction rates, NO may out-compete SOD for O2
.- 

and generate ONOO- when NO levels are high.  This leads to a reduction in the 

activity of NO and thereby controlling the level of physiologically available NO.  

Cu-ZnSOD will be used as an experimental tool in the work presented in this 

thesis. 

 

 

 

 



48 

 

1.5.  The Renin-Angiotensin system, adrenergic signaling and 

the Na+-K+ pump: A role for ROS/RNS in signalling? 

 

The renin-angiotensin system (RAS) was originally mainly of interest in the 

context of blood pressure regulation.  However, more recently it has also been 

recognized that it plays a major role in the regulation of cardiac function.  This 

has had the practical therapeutic application of angiotensin converting enzyme 

(ACE) inhibitors and angiotensin receptor blocking (ARB) drugs becoming 

established in the treatment of heart failure (Klein et al., 2003).  The beneficial 

effect of ACE-inhibitors and ARBs may well be related to their effect on cardiac 

myocyte Na+ levels. 

 

Raised cardiac myocyte levels of Na+ are believed to be important in the 

electro-mechanical phenotype of impaired contractility and cardiac arrhythmias 

in heart failure (Pieske B et al., 2002, Pieske and Houser, 2003, Pieske et al., 

2003, Bers et al., 2003, Despa et al., 2002, Pogwizd SM et al., 2003).  Since 

treatment of heart failure with ACE-inhibitors and ARBs enhance cellular export 

of Na+ by up-regulating Na+-K+ pump function (Hool LC et al., 1996, Hool et al., 

1995a), it is reasonable to think that the clinical efficacy of the drugs are related 

to their effect on cell Na+ levels.  Previous studies have shown that the effect of 

angiotensin II (Ang II) on the cardiac myocyte Na+-K+ pump is mediated by 

activation of PKC (Buhagiar et al., 2001a, Buhagiar et al., 1999, Hool et al., 

1995a).  However, as described above, it is poorly understood how protein 

kinases, including PKC, affect the Na+-K+ pump.  Since ROS/RNS are 
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implicated in the pathogenesis of heart failure (Maack et al., 2003) it is of 

particular interest that Ang II, via the AT1 receptor (Plumb et al., 2005), is known 

to stimulate NADPH oxidase, the main source of superoxide in the cardiac 

myocyte.  The possible role of NADPH oxidase in mediating effects of Ang II on 

the cardiac myocyte Na+-K+ pump will be explored in the work presented in this 

thesis. 

 

Regulation of the Na+-K+ pump by Ang II is of particular interest because of the 

well-established role of ACE-inhibitors and ARBs in the treatment of heart 

failure.  However, an understanding of the effect of adrenergic signaling on the 

pump is equally important because of the proven efficacy of β-adrenergic 

receptor blockade.  β1 and β2  adrenergic receptors are coupled to adenyl 

cyclase (AC), that on stimulation of the receptors, catalyses the intracellular 

synthesis of  cyclic adenosine 3´,5´-monophosphate (cAMP) (Wenzel-Seifert et 

al., 2002).  Cyclic AMP in turn activates cAMP-activated protein kinase (PKA).  

The effect of PKA on the Na+-K+ pump has been extensively investigated.  As 

referred to above, no consistent pattern of stimulation vs. inhibition has 

emerged when many different tissue types are compared (Therien and Blostein, 

2000).  However, in cardiac myocytes, two recent studies have both reported 

that activation of adrenergic signaling stimulates the Na+-K+ pump (Despa et al., 

2005, Silverman et al., 2005).  One might therefore expect that blockade of 

β1/β2 receptors would have the opposite effect, i.e. reduce Na+-K+ pump activity 

and hence cause an increase in intracellular Na+ levels.  If raised cytosolic Na+ 

levels play pivotal adverse roles in the pathogenesis of heart failure (Bers et al., 

2003, Pieske et al., 2003, Pogwizd SM et al., 2003) it is difficult to reconcile the 
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beneficial effect of β blockers in its treatment if they promote a further increase 

in intracellular Na+ levels.  The work presented in this thesis will re-examine the 

effect of adrenergic signaling on the Na+-K+ pump in cardiac myocytes.  

Because it is very unlikely that PKA has a direct regulatory effect on the pump 

(Sweadner and Feschenko, 2001), a potential role of ROS/RNS will be 

explored.   

 

 

1.5.1.  Angiotensin II.     

Angiotensin II (Ang II) is a peptide hormone produced by the renin angiotensin 

system.  It originates as Angiotensin I (Ang I), which is produced from 

angiotensinogen by renin.  (See Figure 1.10.) The juxtaglomerular apparatus in 

the nephron makes renin.  Ang I is converted to Ang II by angiotensin 

converting enzyme (ACE) of which large amounts are found in the lungs.  Not 

only does Ang II act as a hormone, it also has a paracrine and autocrine role to 

play.  It can be produced by the endothelium in all organs and even cardiac 

myocytes posses the complete set of metabolic machinery that allows synthesis 

of the peptide (Leung, 2004) 

 

 

Ang II binds to two cell receptors, AT1 and AT2.  The majority of the hormone’s 

biological effects occur after its activation of the AT1 receptor.  Through this 

receptor, Ang II induces the expression of a number of growth factors and 

metalloproteinases, which are all involved in vascular remodelling.  Ang II 
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activates the epsilon isoform of protein kinase C (εPKC) through the AT1 

receptor, which in turn activates NADPH oxidase (Plumb et al., 2005) and 

hence produce superoxide.  It is of particular interest for the work in this thesis 

that εPKC has been reported to mediate an inhibitory effect on the Na+-K+ pump 

in ventricular cardiac myocytes (Buhagiar et al., 2001a) and that PKC activates 

NADPH oxidase by phosphorylating its p67phox subunit (Zhao et al., 2005).  

Conversely, blockade of the AT1 receptor reduces the superoxide production 

(Warnholtz et al., 1999, Lemay et al., 2000).   

 

The AT2 receptor is usually expressed in low density in adults; however, its 

expression is upregulated following vascular injury, cardiac failure, cardiac 

hypertrophy or salt depletion.  The AT2 receptor opposes the effects of the AT1 

receptor.  Stimulation of the AT2 receptor activates the bradykinin/NOS system 

and increases the production of NO (Siragy and Carey, 1997).  There appears 

to be “cross talk” between the AT1 and AT2 receptors at the biochemical level 

with the two receptors promoting synthesis of O2
.- and NO respectively (de 

Gasparo and Siragy, 1999).  At cell and tissue levels, stimulation of AT1 causes 

hypertrophy, angiogenesis, vasoconstriction, interstitial fibrosis and cardiac 

remodelling while stimulation of AT2 causes antiproliferation, antiangiogenesis, 

vasodilatation, a reduction in neointimal formation and inhibition of cardiac 

remodelling (de Gasparo and Siragy, 1999, Morgan T, 2003, Siragy and Carey, 

1997).  See Figure 1.10. 

 

Intracellular effects of Ang II are often attributed to an increase in cytosolic Ca2+ 

levels induced by the peptide.  However, is also widely recognised that Ang II 



52 

 

increases oxidative stress by activating NADPH oxidase.  This is usually viewed 

as an adverse effect and independent of effects on cellular ion homeostasis.  

However, since the Na+-K+ pump, (via the Na+-Ca2+ exchanger), is a key 

determinant of intracellular Ca2+, it is reasonable to think that effects of Ang II 

on ROS and ion homeostasis are closely interrelated.   
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Figure 1.10 Angiotensin II and its receptor activation 

The pro-hormone angiotensinogen is cleaved by renin to produce angiotensin I(Ang I).  

Ang I is converted to angiotensin II (Ang II) by angiotensin converting enzyme(ACE).  

Ang II is the active hormone. Ang II binds to the AT1 and AT2 receptor to cause its 

downstream effects.  Activation of the AT1 receptor causes both hemodynamic effects 

such as a reduction in renal blood flow (RBF), an increase in glomerular pressure and 

vasoconstriction and non-haemodynamic effects like increasing Na+ and water 

reabsorption and increasing aldosterone production.  Activation of AT2 has the potential 

to cause an increase in the production of Nitric oxide, hence vasodilation and increased 

cell proliferation. 
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1.5.2.  β-Adrenergic signalling. 

The β-adrenergic system has been implicated in Na+-K+ pump regulation in the 

heart (Charpentier et al., 1996).  Activation of β1 and β2 receptors causes an 

increase in the levels of NO and cAMP which activates PKA.  PKA can 

phosphorylate the p47phox cytosolic subunit of NADPH oxidase in vitro, albeit 

less effectively than PKC (Cheng et al., 1997).  However, the phosphorylation 

does not appear to activate synthesis of O2
.-in a non-cellular system (Babior, 

2000) .  In contrast to the β1 and β2 adrenergic receptors, β3 receptors are 

coupled to activation of NOS (Balligand, 2000) in cardiac myocytes.  A 

preliminary report from our laboratory indicates that activation of the β3 

receptors induces Na+-K+ pump stimulation via a mechanism dependent on 

activation of NOS and NO activated guanylyl cyclase (Bundgaard H, 2006).  

These findings appear to be at odds with previous reports that suggest β-

adrenergic Na+-K+ pump stimulation is mediated by a β1/β2 adrenergic 

receptor/cAMP/PKA dependent pathway (Silverman et al., 2005, Fuller et al., 

2004, Despa et al., 2005).   

In view of the discrepancy, the effect of β1/β2 adrenergic receptor activation on 

the sarcolemmal Na+-K+ pump will be re-examined.  Since no ligands for β 

adrenergic receptors exhibit perfect selectivity for β1/β2 vs.  β3 receptors, a 

compound that selectively activates the adenyl cyclase coupled to β1/β2 

receptors rather than a catecholamine will be used in the studies.  Since direct 

phosphorylation of the Na+-K+ pump molecule is unlikely to account for pump 

regulation, the possibility that ROS/RNS are involved in cAMP/PKA dependent 

pump regulation in an intact cellular system will also be examined. 
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1.6.  Scope of thesis. 

Sections 1.1 to 1.5 have briefly outlined structure and function of the Na+-K+ 

pump.  It has been described how its regulation by hormones and the 

intracellular messenger pathways coupled to their membrane receptors is 

poorly understood.  Specifically it has described how the hypothesis that direct 

phosphorylation of the Na+-K+ pump molecule is able to regulate its activity is 

untenable.   

 

It is already established that ROS/RNS can effect the activity of the isolated 

enzymatic equivalent of the pump, Na+-K+ ATPase and that ROS/RNS can alter 

pump activity under pathological conditions.  In this thesis the idea that 

synthesis of ROS/RNS, coupled to hormone receptors and their intracellular 

messenger pathways, can regulate Na+-K+ pump activity in cardiac myocytes 

will be examined.   

 

Specifically the thesis will examine if: 

 

(1) Endogenous NOS-mediated synthesis of NO can stimulate the Na+-K+ pump 

in a manner similar to that reported for exogenous NO supplied by 

pharmacological donor compounds. 

 

(2) A pharmacological intervention known to uncouple NOS to produce O2
.- 

causes Na+-K+ pump inhibition. 
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(3) A hormone ligand known to activate NADPH oxidase (Ang II) causes Na+-K+ 

pump inhibition attributable to O2
.-. 

(4) Re-examine the role of β1/β2 adrenergic receptor activation in the regulation 

of the sarcolemmal Na+-K+ pump and determine if ROS/RNS is involved  in the 

regulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

Chapter 2 

Methods 

 

2.1.  Animals and housing.  

White male New Zealand rabbits (Oryctolagus cuniclulus) weighing 2.5–3.0 kg 

were used for all experiments.  The rabbits were housed at the Gore Hill 

Research Laboratories at Royal North Shore Hospital (RNSH).  All were kept in 

individual cages and the rooms were maintained at a constant temperature of 

22 ± 2 C and 50  5 % humidity with 12 hour light and dark cycles.  They were 

given standard commercial rabbit chow and water ad libitum.  All animal 

treatment protocols were approved by the RNSH/University of Technology, 

Sydney Animal Care and Ethics Committee.  The rabbits did not receive any 

drug treatment or have any manipulation of their feed.   

 

 

2.2.  Isolation of Cardiac Myocytes. 

The method used for isolation was adapted from Haddad et al (1988).  The 

rabbits were anaesthetised with 50mg/kg ketamine (Parnell Laboratories (Aust) 

PTY. Ltd.) and 20mg/kg xylazine (Troy Laboratories, PTY, Ltd, NSW, AU) 

intramuscularly.  Heparin (1000U) was given intravenously via a marginal vein 

in the ear using a 23 G butterfly needle.  Once deep anaesthesia was achieved, 

tested by the rabbits lack of response to painful stimulus( squeezing the paw ), 
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a left lateral intercostal incision at the level of the fifth intercostal space was 

made.  This incision was extended using scissors across the midline and 

superiorly along the right ribs.  The heart was exposed, freed from its 

attachments and the aorta transected rapidly. 

The excised heart was rinsed three times in ice-cold (2-4 °C) Krebs solution 

containing (in mM): 130 NaCl, 2.8 KCl, 25.0 NaHCO3, 1.2 KH2PO4, 1.2 MgSO4, 

10 glucose, 19.9 taurine. The pH was adjusted to 7.4.  The solution was 

oxygenated using carbogen (95% O2 - 5% CO2) for one hour.  Once free from 

any remaining blood and debris, the heart was attached to a Langendorff 

perfusion apparatus (Laboratory Supply Sydney, Australia) by securing the 

aorta to a glass cannula with a silk suture.  The cannula tip was positioned 3-4 

mm above the aortic valve  to ensure adequate perfusion of the coronary 

arteries.  The heart was perfused with cold Krebs solution for 6 minutes.  The 

perfusion solution was then switched to a warm Krebs solution (35°C).  The 

solution was warmed using a thermostatically controlled water bath (Julabo, 

Seelbach,Germany ) and kept at a constant temperature using the recirculation 

circuit of heated distilled water surrounding the perfusion column.  Perfusion of 

the warm Krebs solution was achieved using a rate adjustable peristaltic 

infusion pump (Cole-Palmer Instrument Co, Chicago, USA).  A glass water 

jacket, also heated by the recirculation circuit, was placed around the heart.   

The suspended heart was perfused with warm Krebs solution for 6 minutes, and 

subsequently with a warmed Krebs solution containing ≈ 217 U/ml of type II 

collagenase (Worthington Biochemical Corp, Freehold, NJ, USA) and ≈ 874 

U/ml of hyaluronidase (Worthington Biochemical Corp, Freehold, NJ, USA).  

(The ratio of collagenase to hyaluronidase was dependant on the time of year 
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as rabbit hearts contain more collagen in the winter (Helin and Lorenzen, 

1976).The heart was perfused with the enzyme containing solution from 8-14 

minutes.  The enzymatic digestion of the heart was judged complete when it 

became enlarged and appeared glassy and translucent.  It was cut down from 

the apparatus using an incision separating the atria from the ventricles; only the 

ventricles were used in the subsequent experiments. 

 

The ventricles were placed in a beaker containing a small amount (20 mL) of 

enzyme containing Krebs and coarsely minced using scissors.  The cell 

suspension was then strained through nylon mesh (500μM pores) to eliminate 

large debris.  The filtrate was transferred to test tubes and centrifuged for 1 

minute 45 seconds at 1500 rpm in Krebs solution.  The supernatant was then 

aspirated and the pellet was re-suspended.  This solution was then centrifuged 

again and the resulting supernatant was then aspirated and the pellet re-

suspended in a solution containing equal volumes of Ca2+ containing Krebs and 

Ca2+  free Krebs.  This solution was centrifuged again for 1 minute and 45 

seconds at 1500 rpm.  The resultant pellet was then stored in a solution of Ca2+ 

containing Krebs solution at room temperature until experimentation.  Myocytes 

isolated were used for experimentation on the day of isolation only. 
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2.3.  The Whole Cell Patch Clamping Technique. 

The patch clamp technique allows the study of the electrophysiological 

properties of a cell or membrane.  It allows control of both the intracellular and 

extracellular environment as well as control of the membrane voltage (Vm) and 

measurement of membrane currents.  A wide tipped glass pipette is placed on 

the surface of the cell membrane to form a seal with it.  Gentle suction is then 

applied to rupture the membrane and allow perfusion of the intracellular 

compartment of the cell with the contents of the pipette.  The pipette contains 

an Ag/AgCl electrode which acts as an interface between the pipette solution 

and the electronic circuitry.  See Figure 2.1. 
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Figure 2.1 The whole-cell patch-clamp technique 

A wide-tipped (~5 m) pipette is gently placed onto the surface membrane of a single 

ventricular myocyte.  Gentle suction is then applied to the back of the pipette until the 

cell membrane is ruptured.  This allows the patch pipette solution to perfuse the 

intracellular compartment of the cell and thus control ionic concentrations and 

membrane voltage.  The technique also allows the measurement of membrane 

currents.  The electrogenic Na+-K+ pump, the activity of which was measured 

throughout this study, is represented in the cell membrane. 
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2.3.1 Tissue bath and experimental set up 

A 350 μL tissue bath  was secured to the stage of an inverted phase contrast 

microscope (Nikon TE200, Nikon Corp, Tokyo, Japan), allowing observation of the 

isolated cardiac myocytes.  A peltier controlled heat exchanger warmed the 

superfusate solutions before they entered the tissue bath.  The temperature was 

maintained at 35 °C ± 0.5 °C via a negative feedback loop (Department of Biomedical 

Engineering, RNSH).  Temperatures were monitored using a telethermometer (Yellow 

Springs Instruments Co Inc, Yellow Springs, 0hio, USA). 

 

The tissue bath was gravity fed; all superfusates were administered using 

intravenous infusion sets.  Solutions were drained from the tissue bath, under 

continuous suction.  The depth of the tissue bath was maintained at a constant 

level by the use of a Perspex cap bridge, which separated the tissue bath from 

a second reservoir.  Flow rates of the superfusates were regulated to maintain a 

constant temperature and a six-way Teflon rotary valve (Redone Inc., Cotati, 

CA, USA), placed just before the entrance to the bath allowed rapid exchange 

of the superfusates.  All of the equipment was placed on a vibration isolation 

Glass pipette 

on cardiac 

myocyte 
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table (Technical Manufacturing Corp, MA, USA) located inside a Faraday cage.  

The bath solution was grounded via an Ag/AgCl electrode placed downstream 

in the tissue bath.  Prior to experimentation, the ground electrode and tip of the 

filled patch pipette were lowered in to the tissue bath and the potential offset 

was set to zero.  All metallic equipment was grounded to a point within the 

Faraday cage to reduce electrical interference and noise. 

  

2.3.2.  Patch clamp equipment. 

Wide tipped glass pipettes were prepared from unfilamented thin walled 

borosilicate glass tubing (Harvard apparatus, Kent, UK).  Pipettes were pulled to 

a tip diameter of 4-5 μM using a Sutter P-87 puller (Sutter Instruments Co, 

Foster City, CA, USA) and fire polished using a Narishige microforge (Narishige 

Scientific Instrument Lab, Tokyo, Japan) to ensure a smooth tip.  Patch pipettes 

were used within 8 hours of construction to ensure dust particles did not adhere 

to the glass and prevent seal formation between the pipette and the cell 

membrane.  The pipettes were stored in a sealed electrode container (World 

Precision Instruments, Florida, USA) to prevent access of dust particles. 

 

Patch pipettes were back filled using suction before being placed in an 

electrode holder connected to a manipulator-mounted headstage (Axon 

Instruments, Foster City, CA, USA).  The headstage was connected to an 

Axoclamp 2B amplifier (Axon Instruments).  The tip of the patch pipette was 

placed on the surface of a cardiac myocyte using a Narishige hydraulic 

micromanipulator (Narishige Co. Ltd, Tokyo, Japan).  An offset of 2-4 mV was 
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typically observed due to the development of a liquid potential.  This offset was 

not corrected, as it was not large enough to interfere with subsequent 

measurements. 

 

Gentle suction was applied to the membrane directly under the membrane tip 

using the sidearm of the pipette holder.  The cell was then lifted from the bottom 

of the tissue bath.  A 20 mV, 40 ms depolarising square wave pulse was passed 

from the voltage clamp amplifier through the pipette at an interval of 1500 ms.  

The process of seal formation was monitored by observing the current elicited 

during the plateau of the sealing pulse.  Once a seal had formed, a small 

amount of suction was occasionally applied to rupture the membrane.  Rupture 

of the membrane allowed low resistance access to the interior of the cell 

through the pipette tip and perfusion of the intracellular compartment with the 

contents of the patch pipette.  This state is termed the “whole cell configuration”.  

A video microscopy camera (CCD-72S series, Dage-MTI Inc, Michigan City, IN, 

USA) and video monitor (Matsushita Electric Industrial Co Ltd, Osaka, Japan) 

connected to the microscope allowed continuous visual monitoring of the cell 

during the experiments. 

 

 

2.3.3.  Experimental Solutions. 

The myocytes suspended in the tissue bath were initially superfused with 

modified Tyrodes solution containing (in mM/L) 140 NaCl, 5.6 KCl, 2.16 CaCl2, 

0.44 NaH2PO4, 10 glucose, 1.0 MgCl2, and 10 N-2-hydroxyethylpiperazine-N-2-
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ethanesulphonic acid (HEPES).  The solution also contained gentamicin 0.4 

ml,(16mg/L)  and was titrated to a pH of 7.4 at 35 °C with NaOH.  After the 

whole cell configuration was established and membrane capacitance measured, 

the superfusates was switched to a modified Tyrodes solution similar to the one 

used above except that it was nominally Ca2+ free and contained 0.2 mM CdCl2.  

Cd2+ was included to block Ca2+ channel conductance and inhibit Na+-Ca2+ 

exchange current (Nakao and Gadsby, 1989).  The solution also contained 2 

mM BaCl2  to inhibit conductance through K+ channels (Tourneur et al., 1987).  

The composition of the pipette solution and the extracellular solutions were 

essentially designed to block any ‘non pump’ currents, leaving the Na+-K+ pump 

current as the dominant remaining current.  This facilitates its measurement. 

In some experiments the superfusate used was Na+ free (See section 3.2 and 

5.2).  The Na+-free modified Tyrodes superfusate contained (in mM/L) 140 NMG 

(D(-)-methlyglucamine), 0.44 NaH2PO4, 10 glucose, 10 HEPES, 1 MgCl2, 0.2 

CdCl2, 2 BaCl2, and 5.6 KCl.  The solution also contained gentamicin 0.4 ml..  

This solution is highly alkaline with a pH of ~10.4.  It was titrated to a pH of 7.4 

at 35 °C with concentrated HCl. 

 

 

2.3.4.  Pipette filling solutions. 

The pipettes were back-filled using suction with a solution containing (in mM) 10 

Na glutamate, 1 KH2PO4, 5 HEPES, 2 Mg-ATP, 5 ethyleneglycolol-bis-(β-

aminoethlyether)N,N,N’,N-tetraacetic acid (EGTA), 70 K+-glutamate and 80 

TMA-Cl.  The solution was titrated to pH of 7.2 at 22°C with KOH.  This was the 
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standard pipette solution unless otherwise stated.  In experiments designed to 

examine effects of interventions on near-maximal pump turnover, the Na+ 

concentration in pipette solutions was increased to 80 mM.  The composition 

was similar to the solution described above except it contained 80 rather than 

10 mM Na-glutamate; the concentration of TMA-Cl was reduced 10 mM to 

maintain the same osmolality of pipette solutions and superfusates.  Pipette 

solutions were filtered through a 0.1 μM syringe filter (Pall Corporation, Ann 

Arbor, MI, USA).  When filled with solutions, patch pipettes had resistances of 

0.8-1.1 MΩ.  Peptide and non-peptide blocking agents of messenger molecules 

were included in patch pipette solutions when indicated.  This allowed easy 

access of the blocking agents to the intracellular compartment and hence 

blockade of relevant messenger cascades.  Details are described in the 

sections related to the experiments in which the blocking agents were used.   

 

 

2.3.5.  Measurement of membrane capacitance and access 

resistance. 

Membrane capacitance (Cm) of the cell was estimated after whole cell 

configuration was established using the membrane test mode of Clampex 7 

software.  All currents measured were normalised using cell membrane 

capacitance and hence cell size as the Cm is indicative of the surface area.  The 

membrane test mode also allowed estimation of the access resistance (Ra) 

which reflects the quality of access between the patch pipette and the 
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intracellular compartment.  The experiment was abandoned if Ra was greater 

than ~4 MΩ. 

 

 

2.3.6.  Measurement of Ip 

Once the Ra was found to be acceptable, myocytes were voltage clamped at a 

test potential known to inactivate voltage sensitive Na+ channels (Follmer et al., 

1987).  The test potential was -40 mV unless indicated otherwise.  A trace of the 

holding current (Ih– the current required to hold the membrane potential at the 

test potential) was recorded using Axotape version 2 software.  Once Ih was 

stable the superfusates were switched to Ca2+ free , Cd2+ and Ba2+ containing 

Tyrodes solution to inhibit Na+-Ca2+ exchange and K+ channel conductance 

(Tourneur et al., 1987).  This causes an inward current shift of membrane 

current to a new steady state level.  The cell was left in this solution for 

approximately 10 minutes, ensuring a stable plateau in current was reached for 

the final 30 seconds. The superfusate was then switched to a Ca2+-free, Ba2+ 

containing solution containing 100 μM ouabain (Sigma Chemical Co., St Louis, 

MO, USA) to block the electrogenic Na+-K+ pump current.  This concentration of 

ouabain results in complete inhibition of the Na+-K+ pump (Hool et al., 1995a).  

The pump current (Ip) generated by the Na+-K+ pump is identified by an inward 

shift in membrane current induced by ouabain. Ip was identified at a holding 

potential of -40 mV as the difference between stable plateaux of holding current 

before and after Na+-K+ pump blockade with 100 mol/L ouabain.  It is crucial 

for validity of data that Ih is “stable” before ouabain is superfused.  “Stable” 
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holding currents were defined according to criteria published previously (William 

et al., 2005a).  A stable current was identified when no drift could be identified 

on the digital display of the voltage clamp amplifier for at least 50 s.  The 

plateaus were defined by the means of 5 samples of the holding current 

obtained with an electronic cursor taken at ~5 sec intervals before and after 

exposure to ouabain.  Sampling rate for all recordings was 1 per sec. 

An example of holding currents recorded during an experiment is shown in 

Figure 2.2.  This shift was measured using an electronic cursor according to a 

protocol described previously (William et al., 2005a)  

 

 

 

 

Figure 2.2 Trace of ouabain induced shift in holding current 

Electrical trace of one cardiac myocyte using the patch clamping technique. The arrow 

indicates the addition of ouabain to the perfusing solution and subsequent change in 

current measured.  Ip was identified as the ouabain induced shift in the holding current 

normalised for membrane capacitance (Cm). Na+ 
pip = the concentration of Na+ in mM in 

the patch pipette 

 

 

Ouabain 
pA C m =120 

} I p 
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2.4.  Data acquisition, analysis and storage. 

Recording of membrane current, holding potential, passing of current and 

voltage steps were performed using continuous single electrode voltage- clamp 

mode of an Axoclamp 2B amplifier via DigiData 1200 series interface (Axon 

Instruments, Foster City, CA, USA).  Voltage clamp pulses and stimulus 

protocols were applied using the Clampex 7 software run on an IBM PC300 GL 

computer.  Continuous recording of Vm and Ih were made using a multichannel 

computerised data acquisition system with 12 bit resolution (Axotape Version 2, 

Axon Instruments).  Signals were displayed on an IBM 6546-01S monitor. 

 

 

 

2.5 Chemicals and Reagents 

The following chemicals were sourced from Sigma Chemical Co. (St Louis, 

Missouri, USA); potassium hydroxide (KOH), sodium hydroxide (NaOH), 

potassium chloride (KCl), ouabain, cadmium chloride (CdCl2), adenosine 5- 

triphosphate magnesium salt (Mg.ATP), ethyleneglycolol-bis-(β-

aminoethlyether)N,N,N’,N-tetraacetic acid (EGTA) (C14H24N2O10), sodium 

chloride (NaCl), calcium chloride dehydrate (CaCl2.2H2O), magnesium chloride 

hexahydrate (MgCl2.6H2O), N-2-Hydroxyethylpiprazine-N-2-ethenesulphonic 

acid (HEPES) (C8H18N2O4S), magnesium sulphate (MgSO4), taurine 

(C2H7NO3S), potassium L-glutamate (C5H8KNO4·H2O), monosodium glutamate 

(C5H8NNaO4.xH2O). 
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Tetramethylammonium chloride (TMA,Cl) was sourced from Fluka Chemicals 

(Switzerland).  

 

The following chemicals were sourced from Merck (Darmstedt, Germany); 

sodium hydrogen carbonate (NaHCO3), NMG (D(-)-methlyglucamin(C7H17NO5), 

hydrochloric acid (HCl).  

Gentamicin was sourced from Pfizer (Brooklyn, New York, USA). 

The following reagents were sourced from BDH (Australia); potassium 

dihydrogen orthophosphate (KH2PO4), glucose anhydrous (C6H12O6), sodium 

dihydrogen orthophosphate monohydrate (NaH2PO4.H2O), barium chloride 

(BaCl2). 

 

 

2.6 Statistical analysis  

 Results are expressed as mean ± standard error of the mean (SEM). When 

comparing two groups we used a Students t-test and a Welch corrected if the 

data was found to have significantly different standard deviations.  A one way 

ANOVA was used to compare multiple groups with a Dunnett’s post hoc test.  

Graphpad Instat Ver. 3.0. was used for calculations. A P value of <0.05 is 

regarded as significant in all comparisons. 
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Chapter 3 

Regulation of the cardiac Na+-K+
 pump by NOS- derived nitric 

oxide 

3.1.  Introduction.   

Exogenous NO supplied by a pharmacological donor compound stimulates the 

Na+-K+ pump in isolated cardiac myocytes (William et al., 2005a).  In the intact 

cell, NO is synthesised by NOS, whose major substrate is L-arginine (L-arg) as 

shown in Figure 1.6.  Since NOS is expressed in cardiac myocytes, 

endogenously synthesised NO may be an important determinant of 

sarcolemmal Na+-K+ pump activity.  However, this cannot be assumed: effects 

of NO can be highly compartmentalized in molecular microdomains (Hess et al., 

2005) and results obtained using a pharmacological NO donor may be critically 

different from effects of endogenously synthesised NO.  In this Chapter, the 

theory that NO is produced endogenously from L-arg by NOS is examined.  For 

the hypothesis to be examined is it important that NO is metabolised to 

biologically active compounds with properties distinctly different from the 

properties of NO, in particular the peroxynitrite derivative of NO, ONOO- (Figure 

1.8). 

 

The Km (the Michealis constant- sustrate concentration at which reaction is half 

Vmax) of L-arg for the different isoforms for NOS are reported to range from 2.9 

μM to 30 μM (Sydow and Munzel, 2003, Closs et al., 2000).  The concentration 

of L-arg found within the cell is usually in the range of 1-2 mM, a concentration 
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far above the low Km of NOS.  However, in vitro studies have shown that the  

addition of L-arg to the intracellular compartment stimulates an increase in NO 

production (Wang et al., 2004).  This is known as the L-arg paradox (Kurz and 

Harrison, 1997).  It is important to examine the effect of NO produced 

endogenously in cardiac myocytes on the Na+-K+ pump.  Experiments were 

performed to examine if inclusion of L-arg in the patch pipette solution, used to 

perfuse the intracellular compartment, could alter the pump current of the 

cardiac Na+-K+ pump.  Experiments were later performed to examine if this 

increased activity was due to a response to increased NO production, 

stimulated by the increase in the substrate L-arg.  The downstream messenger 

of NO, soluble guanlyl cyclase (sGC),was inhibited to examine this. We also 

examined if the Increase in Ip could be altered by some other effect such as an 

alteration in the NOS co-factors. BH4 is a co-factor of NOS. It is required in the 

redox reaction and donates an electron to a haem-dioxy intermediate during the 

NOS oxygen cascade. A reduction in the concentration of BH4 can lead to 

uncoupling of NOS and the production of reactive oxygen species such as 

peroxynitrate and superoxide (Vasquez-Vivar et al., 2002)(see Figure 1.5). We 

examined the effect of the addition of BH4 to the patch pipette solution on Ip. 

 

 

3.2.  Methods. 

Cardiac myocytes were patch clamped using pipettes that included 10 mM Na+.  

The solutions were free of L-arg or they contained 1 μM, 10 μM, 100 μM or 

1mM L-arg.  A standard Na+-containing superfusate was used in the initial 
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series of experiments.  Details of cardiac myocyte isolation and whole cell patch 

clamp technique are discussed in sections 2.2 and 2.3.  Details of the 

composition of pipette and superfusate solutions are given in sections 2.3.4 and 

2.3.3.   

In principle, perfusion of the intracellular compartment with pipette solution 

might deplete the NOS co-factor tetrahydrobiopterin (BH4) and have an effect 

on baseline pump currents.  To examine if supplementation of BH4 had an effect 

on Ip we included it in solutions in a concentration of 10 µM. 

 

Whenever an experimental intervention induces an increase in Ip, one must 

consider if this increase might be due to a transmembrane influx of Na+ into the 

myocyte from the extracellular compartment.  If such an influx is large, the 

intracellular Na+ concentration cannot necessarily be expected to be controlled 

by the perfusion of patch pipette solution through the intracellular compartment.  

The possibility of transmembrane Na+ influx can be eliminated when a Na+-free 

superfusate is used.  Additional experiments were performed using such a Na+-

free superfusate.  Osmotic balance was maintained by the addition of D(-)-N-

Methlyglucamine (NMG) to the superfusate.  Details of its composition are given 

in Section 2.3.3.  Patch pipette solutions included 10 μM L-arg. Later 

experiments to examine Na+-K+ pump activity and turnover used a pipette 

solution Na+ concentration of 80 mM.  This is indicated in the text where used. 

 

L-NAME (N(G)-nitro-L-arginine methyl ester) (SIGMA) was used to inhibit NOS.  

L-NAME is an analogue competitive inhibitor of L-arg. A concentration of 10 µM 

was used.  L-NAME was dissolved in H2O. 
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A specific inhibitor of NO-activated soluble guanylyl cyclase (sGC), 1H-

[1,2,4]Oxadiazole[4,3-a]quinoxalin-1-one (ODQ),(Calbiochem LaJolla, Ca) was 

used to examine the downstream messengers of NO.  Pipette solutions 

included 10 μM ODQ and 10 μM L-arg.  ODQ was dissolved in dimethyl 

sulfoxide (DMSO).  The final concentration of DMSO in solution was 0.037%.  

DMSO in this concentration has no effect on Ip.   

 

3.3.  Results.   

The ouabain-induced shift in holding current, normalised for membrane 

capacitance was larger for the myocyte perfused intracellularly with the pipette 

solution containing L-arg than for the control myocytes (Figure 3.1).  Figure 3.2 

shows the mean Ips measured using the different L-arg concentrations.  At 10 

µM L-arg, maximal stimulation of Ip is reached.  Thus, this concentration of L-

arg was used in the pipette solution for all further experiments unless stated.   
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Figure 3.1 Effect of  L-arginine on Na+-K+ pump current in myocytes 

A trace of a holding current of a ventricular myocyte isolated form a rabbit and voltage 

clamped at – 40 mV.  [Na+]pip was 10 mM and [K+]pip was 70 mM.  The timing of 

exposure to Ba2+ and ouabain is indicated.  While the time of onset and exposure in 

vitro varied between sets of experiments, Ip was determined after a fixed time interval 

within each experiment.  Ip was defined as the ouabain-sensitive shift in the holding 

current, measured with an electronic cursor.  Panel A is a representative trace of a 

control series, while panel B represents the holding current measured when L-arg is 

added to the pipette solution.   
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The increase in Ip induced by L-Arg could be due to an intrinsic increase in Na+-

K+ pump activity or it could be, indirectly, due to enhanced influx of Na+ into the 

myocytes and secondary pump stimulation.  To distinguish between direct and 

indirect pump stimulation we used Na+ free superfusate solutions.  The 

possibility of transmembrane Na+ influx is eliminated when a Na+-free 

superfusate is used.  Details of its composition are given in Section 2.3.3.  

Osmotic balance was maintained by the addition of NMG to the superfusate. 

Mean Ip of myocytes perfused or not perfused with L-arg and studied in Na+-free 

superfusates are presented in Figure 3.3.  In agreement with a previous study, 

(William et al., 2005a) mean Ip measured with patch pipettes that did not contain 

L-arg was lower in Na+-free than Na+-containing superfusates (compare Figures 

3.2 and 3.3).  However, the L-arg induced stimulation of Ip persisted when Na+ 

influx was eliminated by the use of Na+-free extracellular solutions. 
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Figure 3.2 Effect of L-arginine on Ip with 0 External Na+ 

Myocytes were patched clamped with Na+-free extracellular superfusate and L-arg –

free and L-arg (10 μM) containing pipette solutions.  L-arg induced a highly significant 

(*p< 0.0001) stimulation of Ip.  As there was no Na+ externally this effect can not be 

attributed to a transmembrane influx of Na+. The numbers in parentheses indicate the 

number of experiments in each group. 
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To examine if L-Arg enhances maximal Na+-K+ pump turnover we used patch 

pipette solutions that included 80 mM Na+ (osmotic balance was maintained by 

adjusting the concentration of TMA.Cl).  The solutions also included L-arg or 

they were L-arg-free.  A Na+ containing superfusate was used.  These results 

are shown in Figure 3.4.  L-arg did not induce an Ip higher than the control, 

indicating that L-arg does not have an effect on pump turnover. 

 

 

Figure 3.1 shows examples of membrane holding currents during 

measurements of Ip of a myocyte perfused with pipette solution that was free of 

L-arg and a myocyte perfused with pipette solutions containing 10 μM L-arg.   

It is important to ascertain that the L-arg induced Na+-K+ pump stimulation is 

due to enhanced synthesis of NO.  In principle, this might be achieved by 

examining the effect of inhibiting NOS with N(G)-nitro-L-arginine methyl ester 

(L-NAME).  However, since L-NAME is a relatively weak competitive inhibitor of 

L-arg, it is not expected to be effective at a high concentration of L-arg.  As an 

alternative option, the downstream effects of NO were inhibited by including a 

specific inhibitor of NO-activated guanylyl cyclase, 1H-[1,2,4]Oxadiazole[4,3-

a]quinoxalin-1-one (ODQ), in patch pipette solutions, thus linking NO to 

stimulation of the Na+-K+ pump.  Pipette solutions included 10 μM ODQ and 10 

μM L-arg.  Control experiments were also performed using solutions containing 

ODQ but no L-arg.  The superfusate contained Na+.  Results are shown in 

Figure 3.5.  ODQ abolished the L-arg induced Na+-K+ pump stimulation. 
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Figure 3.4.  The effect of 80 mM Na+ on Ip. 

Myocytes were patch clamped with 80 mM Na+ in the patch pipette solutions.  The 

pipette solutions contained L-arg or were L-arg free.  The addition of L-arg to the 

pipette solution did not increase Ip.  This demonstrates that L-arg did not affect maximal 

pump turnover.  The numbers in parentheses indicate the number of experiments in 

each group. 

 

 

 

0 

1 

2 

3 

80 mM Na+                                                                           
L-arg 

80 mM Na+ 

Ip
(p

A
/p

F)
 

(6) (8) 



80 

 

 

 

Figure 3.5  The effect of ODQ on L-arg induced Na+-K+ pump stimulation   

Myocytes were patch clamped with pipette filling solution containing ODQ (sGC 

inhibitor), L-arg or a combination of both.  There was a no difference in Ip between 

controls and ODQ alone in the pipette solution.  There is a highly significant increase in 

Ip with the addition of L-arg to the pipette solution (*p<0.001).  This stimulation of Ip is 

abolished with the addition of ODQ to the pipette solution (*p< 0.001).  The numbers in 

parentheses indicate the number of experiments in each group.  The pipette solution 

contained 10 μM Na+. 
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In theory, perfusion of the intracellular compartment with pipette solution might 

deplete the NOS co-factor, tetrahydrobiopterin (BH4), and have an effect on 

baseline pump currents.  To examine if supplementation of BH4 had an effect on 

Ip we included it in the pipette solution at a concentration of 10 µM.  The 

solutions did not contain L-arg.  Mean Ip (0.32 ± 0.03 pA/pF, N = 5) was not 

significantly different to mean Ip of control myocytes (0.35 ± 0.01 pA/pF, N = 44).  

BH4 was also included in the pipette solution with L-arg. There was no 

significant difference observed (See Figure 3.6). 
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Figure 3.6 Effect of BH4 on control myocytes and effect of BH4 on L-arg 
induced Na+-K+ pump stimulation 

Myocytes were patch clamped with pipette filling solution containing BH4.  There was 

no significant difference in Ip between control myocytes and those containing BH4 or 

those containing both BH4 and L-arg. 

The numbers in parentheses indicate the number of experiments in each group.  The 

pipette solution contained 10 mM Na+. 
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3.4.  Discussion. 

The results shown in Figure 3.2 indicate that supplementing the patch pipette 

solution with L-arg induces an increase in mean Ip.  There was no increase in Ip 

when the L-arg concentration was 1 μM, a value well below Km for the various 

isoforms of NOS (Closs et al., 2000, Vukosavljevic et al., 2006).  However, the 

L-arg-induced Na+-K+ pump stimulation seemed to saturate at concentrations of 

10 μM.  The cytosolic L-arg concentration, at least in endothelial cells, is 

reported to range from 0.1-2.0 mM, i.e.  concentrations expected to fully 

saturate NOS (Vukosavljevic et al., 2006, Closs et al., 2000).  The simplest 

interpretation of the data shown in Figure 3.2 is that perfusion of the intracellular 

compartment with patch pipette solutions not containing L-arg depletes the cell 

of L-arg to a level where its concentration becomes rate limiting for NOS-

mediated NO synthesis.  This suggests that the pump current measured in vitro 

using “control” pipette solutions free of L-arg may not fully reflect the in vivo 

pump activity where there is an abundance of endogenously produced NO and 

its downstream messengers.   

 

There is some evidence to suggest that separate cellular pools of L-arg exist 

that are not freely exchangeable, at least in endothelial cells (Closs et al., 2000, 

Vukosavljevic et al., 2006).  From a functional perspective, L-arg contained in 

caveolae appears separate from L-arg in the bulk phase of the cytosol, and co-

localisation of L-arg transporters and eNOS may be part of a functional unit 

(Mann et al., 2003, Vukosavljevic et al., 2006).  This may explain the apparent 

“L-arg paradox”: the finding that extracellular supplementation of L-arg in 
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modest concentrations increases cellular NO synthesis despite the intracellular 

concentration being at a level expected to saturate all NOS isoforms.   

If a separate L-arg pool in membrane caveolae exists in cardiac myocytes, it 

should not be assumed that the concentration of L-arg in pipette solutions 

reflects the concentration at the site of NO synthesis and its downstream effects 

on the Na+-K+ pump in this study.  The L-arg induced Na+-K+ pump stimulation 

could be due to a direct effect of NO on the pump molecule or the lipid 

membrane they are embedded in.  NO is highly soluble in lipids and increases 

membrane fluidity, (Goligorsky et al., 2001, Goligorsky and Gross, 2001), a 

known determinant of Na+-K+ pump activity (Cornelius et al., 2001).  NO can 

also alter protein function by S-nitrosylation of reactive cysteine residues (Hess 

et al., 2005).  However, the effect of ODQ to abolish the increase in Ip induced 

by L-arg (Figure 3.5) strongly implicates downstream activation of sGC, 

rendering a direct effect of NO unlikely. It has been previously found that 

activation of sGC using a pharmacological NO donor or YC-1 stimulates the 

Na+-K+ pump in cardiac myocytes (William et al., 2005a) via downstream 

messengers that include cGMP-activated protein kinase (PKG). While kinase-

mediated phosphorylation has been implicated in Na+-K+ pump stimulation, 

phosphorylation sites on the pump molecule are poorly accessible (Sweadner 

and Feschenko, 2001) and the role of phosphorylation in pump regulation is 

uncertain (Cornelius et al., 2001). Phosphorylation of phospholemman, a 

membrane protein closely associated with the Na+-K+
 pump has been suggested 

to regulate the pump (Sweadner, 2005). However, phosphorylation of 

phospholemman is unlikely to mediate NO-dependent pump stimulation 

because the protein is not phosphorylated by PKG (Sarcevic et al., 1989) 
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Regardless of uncertainties regarding intracellular compartments for L-arg the 

experiments presented in this section show that endogenously synthesised NO 

can stimulate the sarcolemmal Na+-K+ pump.  This has not been shown 

previously. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

 

Chapter 4 

 Uncoupling of Nitric Oxide Synthase 

 

4.1 Paraquat induced uncoupling of NOS 

Results presented in Chapter 3 (Section 3.2) showed that endogenously 

synthesised NO stimulates Na+-K+ pump function in isolated cardiac myocytes.  

This is in  agreement with the previously demonstrated effect of exogenous NO 

supplied by pharmacological donors (William et al., 2005a).  However, 

metabolic pathways of NO synthesis are closely linked to pathways generating 

O2
.- and ONOO- and these ROS/RNS may have inhibitory effects on the pump 

as referred to in Section 1.5.  Differential regulation of NO vs. ROS/NOS 

synthesis might offer an effective mechanism for increasing or decreasing Na+-

K+ pump activity.  Experiments were designed to examine if endogenous 

production of ROS/NOS regulates the Na+-K+ pump.  The bipyridyl herbicide 

paraquat was used for this purpose. 

 

When paraquat is added to myocytes, NOS can become “uncoupled” and 

preferentially synthesize O2
.-, which often has opposing effects to NO (Margolis 

et al., 2000). The mechanism for paraquat-induced uncoupling is illustrated in 

Figure 4.1.   
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Figure 4.1 Electron flow in the reductase domain of NOS I in the 
presence of paraquat 

Electrons from NADPH are transferred to FAD, resulting in formation of FADH2 which, 

upon disproportionation with the flavin mononucleotide (FMN), leads to synthesis of the 

flavin free radicals FADH· and FMNH·.  When NOS operates in the coupled mode, 

FMNH· transfers an electron to Fe3+ molecule of the oxidase domain.  With the addition 

of paraquat, electrons are shunted away from the heme to form paraquat free radical 

(PQ·).  An electron is transferred from PQ· to molecular O2, and O2
.− is generated.  

(FMH- flavin mononucleotide, FAD- flavin adenine dinucleotide, NADP- nicotinamide 

adenine dinucleotine phosphate). Adapted from Margolis et al 2000, Biochim Biophys 

Acta 1524, 253-257. 

 

 



88 

 

4.2.  Methods   

Patch pipette solutions contained 10 mM Na+ and a standard Na+-containing 

superfusate was used in all experiments (see sections 2.3.3 and 2.3.4 for 

details of composition).  The pipette solutions contained 10 μM L-arg or they 

were free of L-arg.  Paraquat (Sigma-Aldrich St Louis, Missouri, USA) in a 

concentration of 100 µM was dissolved directly in the pipette solution without 

the use of an additional solvent.  Patch pipette solutions containing superoxide 

dismutase (SOD) (bovine erythrocyte) (Sigma-Aldrich St Louis ,Missouri, USA )  

in a concentration of 200 IU/mL (Zhang et al., 2002) were also used.  SOD was 

dissolved directly in the pipette solution.     

The ONOO–  scavenger ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) 

(Sigma-Aldrich pharmaceuticals, NSW, Au) was used at a concentration of 10 

µM to examine the effect of eliminating the ROS/RNS produced by paraquat 

(Daiber et al., 2000).  The final concentration of DMSO in the pipette solution 

was 0.1 %.  DMSO in this concentration has no effect on Ip (data not shown). 

The control superfusate was used as described in section 2.3.3. 

 

4.3.  Results.   

In an initial series of experiments the effect of paraquat in the absence of L-arg 

in pipette solutions was examined.  Mean Ip of control myocytes and the Ip of 

myocytes patch clamped using paraquat-containing pipette solutions were 

compared.  Results are included in Figure 4.2.  There was not a significant 

difference between Ip with paraquat alone in the pipette solution.  In a second 
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series of experiments, the effect of paraquat was examined with 

supplementation of the NOS substrate L-arg.  L-arg was included in patch 

pipette solutions at a concentration of 10 μM.  Pipette solutions also contained 

paraquat or they were paraquat-free.  Results are included in Figure 4.2.   

Paraquat induced a large, statistically significant decrease in Ip when L-arg was 

supplemented.  The effects of paraquat shown in Figure 4.2 are consistent with 

Na+-K+ pump inhibition induced by O2
.-.  To obtain additional support for this 

hypothesis, experiments were designed to examine the effect of paraquat when 

O2
.- was eliminated by the inclusion of SOD in patch pipette solutions.  Ip of 

myocytes patch clamped using pipette solutions containing L-arg and paraquat 

only was compared with Ip of myocytes patch clamped using pipette solutions 

containing L-arg, paraquat and SOD.  SOD eliminated the paraquat-induced 

decrease in Ip.  Results are included in Figure 4.3.  
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Figure 4.2 Effect of paraquat on L-arginine induced Na+-K+ pump 
stimulation 

Myocytes were patch clamped with pipette solutions containing 100 µM paraquat 

alone, 100 µM paraquat and 10 μM L-arg or 100 µM paraquat, 10 μM L-arg and 

200U/ml SOD.  The addition of paraquat to the L-arg pipette solution caused significant 

inhibition of the Na+-K+ pump (*p<0.0001). Statistically significant difference is indicated 

by *.  The numbers in parentheses indicate the number of experiments in each group. 
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Figure 4.3 Effect of Superoxide Dismutase on paraquat induced Na+-K+ 

pump inhibition 

Myocytes were patch clamped with pipette filling solution containing 10 µM L-arg 

and/or 200 IU/ml of SOD.  The addition of L-arg to the pipette solution caused 

significant stimulation of Ip (data not shown). The addition of SOD to the pipette solution 

prevented the inhibition of the Na+-K+ pump, caused by oxygen radicals generated from 

the uncoupling of NOS by paraquat (*p<0.0001) (as shown in Figure 4.2).  Statistically 

significant differences are indicated by *.  The numbers in parentheses indicate the 

number of experiments in each group. 

 

 

 



92 

 

We also examined the effect of the reactive oxidant scavenger ebselen.  

Ebselen was included in pipette solutions in a concentration of 10 µM.  Results 

are shown in Figure 4.4.  Ebselen caused a decrease in Ip in the absence of 

paraquat in the pipette solution.  This is consistent with a previously reported 

decrease in Na+-K+
 ATPase activity in vitro (Borges et al., 2005)(Borges et al., 

2005)(Borges et al., 2005)(Borges et al., 2005)where higher concentrations of 

ebselen caused inhibition of Na+-K+
 ATPase by reacting with available cysteine 

residues.(Borges et al., 2005)  In theory, if NOS is uncoupled and ebselen is 

scavenging the unstable oxygen radicals which are being produced, the 

cysteine molecule on the Na+-K+
 pump may escape modification.  Inhibition of 

the Na+ -K+ pump is thus prevented, despite the uncoupling of NOS, as seen in 

the following series of experiments.  Ebselen caused an increase in Ip in the 

presence of paraquat, implying a role for ROS/RNS in the inhibition of the Na+-

K+ pump.   
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Figure 4.4 Effect of superoxide scavenger Ebselen on paraquat induced 
Na+-K+ pump inhibition 

Myocytes were patch clamped with pipette filling solutions containing 10 µM L-arg and 

either 10µM ebselen or 100 µM paraquat or both.  The addition of ebselen to the 

pipette solution containing paraquat abolished the inhibition induced by paraquat (see 

Figure 4.2).  Thus implicating the production of ROS/RNS as a significant inhibitor of Ip.   

The numbers in parentheses indicate the number of experiments in each group. 
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4.4.Discussion. 

The purpose of the experiments in this Chapter was to establish if the inhibitory 

effect of ROS/RNS on the Na+-K+ pump, can be reproduced when an 

endogenous source of O2
.- is activated in an intact cell.  The large decrease in Ip 

induced by paraquat when pipette solutions contained L-arg suggests that NOS 

activity is part of the mechanism for the inhibition.  This, in turn, is consistent 

with Na+-K+ pump inhibition induced by uncoupled NOS-mediated synthesis of 

O2
.-.   

 

Since L-arg can directly scavenge O2
.- (Lass et al., 2002) it may have eliminated 

or reduced levels of O2
.- and hence relieved inhibition of the Na+-K+ pump 

induced by O2
.-.  However, the IC50 of L-arg for scavenging of O2

.- is ~75 µM 

(Lass et al., 2002) while the effect of L-arg on Ip found in this study was 

saturated at a concentration of 10 µM, therefore the concentration of L-arg in 

the pipette solution is not high enough to have a direct scavenging effect .  In 

addition, there was no significant effect of SOD in pipette solutions unless NOS 

was uncoupled with paraquat (Figure 4.3) suggesting that elimination of 

constitutively synthesized O2
.- does not account for the increase in Ip when the 

intracellular compartment is supplemented with L-arg.   

SOD eliminates O2
.- in a highly specific reaction that reduces O2

.- to H2O2 (see 

schema in Figure 1.4 ).  In principle, any SOD-induced increase in Ip could be 

due to the elimination of Na+-K+ pump inhibition induced by O2
.- or it could be 

due to pump stimulation induced by H2O2.  Since paraquat induces pump 

inhibition in the absence of exogenous SOD, the SOD-induced increase in Ip is 

more likely due to the elimination of O2
.- than due to the synthesis of H2O2.  In 
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Chapter 3 it was concluded that endogenous synthesis of NO can mediate Na+-

K+ pump stimulation.  The results presented in this Chapter indicate that 

endogenous synthesis of O2
.- can mediate pump inhibition.  The abolition of 

inhibition induced by paraquat by ROS/RNS scavengers, ebselen and SOD 

indicate strongly that ROS/RNS have a significant effect on cellular physiology.  

While a specific compound is not identified, it is likely that a RNS/ROS 

derivative of O2 mediates the effect of paraquat on Ip by inducing an oxidative 

change on target molecules, perhaps even the Na+-K+ pump molecule itself.  

Thiol groups on cysteine residues on the Na+-K+ pump are particularly 

susceptible to oxidation.  Reactions undergone include irreversible sulphinic or 

sulphonic oxidation, or, in the presence of glutathione, reversible S-

glutathionylation, the most frequent form of oxidative thiol modification (Turko 

and Murad, 2002)(See discussion later in Chapter 7).  The Na+-K+ pump’s α and 

β subunits and the FXYD proteins all contain cysteine residues, and inhibition of 

isolated Na+-K+ ATPase exposed to oxidant stress in vitro has been attributed to 

oxidation of thiol groups (Sato et al., 1997).  While the present work has not 

demonstrated oxidation of Na+-K+ pump subunits, it has shown that activity of 

the in situ Na+-K+ pump can be altered by oxidant stress sourced in the 

myocyte.  Such an endogenous source of oxidant stress is required if ROS are 

to be considered as key mediators in physiological regulation of Na+-K+ pump 

function. This hypothesis will be examined further in Chapter 5. 
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Chapter 5 

 

Ang II inhibits the cardiac Na-K pump via PKC and NADPH 

oxidase 

5.1. NADPH oxidase as an endogenous source of O2
.- in 

Angiotensin II induced Na+-K+ pump inhibition 

The Na+-K+ pump is regulated by a variety of hormones, but the mechanisms 

that link their membrane surface receptors to pump function are poorly 

understood.  Many receptors are coupled to activation of protein kinases, hence 

direct phosphorylation of the pump molecule has been proposed as a 

mechanism of pump regulation.  However, phosphorylation sites are poorly 

accessible (Sweadner and Feschenko, 2001) and kinase activation is not 

necessarily associated with phosphorylation of the pump molecule (Cornelius et 

al., 2001). Phosphorylation that does occur may be to a very low stoichiometry 

(Cornelius and Mahmmoud, 2003b).  The physiological role of phosphorylation 

of the Na+-K+ pump molecule in its regulation is therefore uncertain.   

A group of small, single transmembrane proteins referred to as FXYD proteins 

have also recently been implicated in pump regulation (Garty and Karlish, 

2006).  However, with the exception of phospholemman (PLM or FXYD1), the 

FXYD proteins expressed in most mammalian tissues do not have functional 

phosphorylation sites.  While the presence or absence of associated FXYD 

proteins modulate Na+-K+ pump function, they cannot account for kinase-
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dependent pump regulation in most tissues and alternative mechanisms should 

be considered. 

 

Oxidative modification is a potential alternative mechanism of protein regulation 

(Adachi et al., 2004, Cohen and Adachi, 2006, Ghezzi, 2005).  The Na+-K+ 

pump may be susceptible to such regulation because its subunits and the lipid 

membrane in which they are embedded contain residues that can be oxidized.  

In agreement with this, exposure of Na+-K+ ATPase-enriched membrane 

fragments to chemical oxidants reduces the ATPase activity (Ellis et al., 2003). 

.Also, oxidants produced by intrinsic cellular sources inhibit the Na+-K+ pump as 

indicated by a reduction in Ip when isolated cardiac myocytes are exposed to 

paraquat as discussed in Chapter 4.  Paraquat “uncouples” NOS, compelling it 

to preferentially produce O2
.-.  This finding suggested that a ROS/RNS-derived, 

receptor-coupled, kinase-activated cellular source may mediate Na+-K+ pump 

regulation. 

 

Ang II-induced pump inhibition (Hool et al., 1996, Buhagiar et al., 2001b) may 

be mediated by ROS/RNS since Ang II activates NADPH oxidase (Toda et al., 

2007), the main source of O2
.- in cardiac myocytes (Hingtgen et al., 2006).  

NADPH oxidase is of particular interest as a cellular source of O2
.- because it is 

membrane-associated and its activation is coupled to Ang II type 1 receptors 

(AT1) (Toda et al., 2007) (Section 1.4.3).  It has previously been shown that 

Ang II inhibits the Na+-K+ pump (Buhagiar et al., 1999, Buhagiar et al., 2001a), 

therefore we can speculate that the inhibition may be mediated by Ang II-

induced activation of NADPH oxidase.  Since both Ang II-induced NADPH 



98 

 

oxidase activation (Lambeth et al., 2007) and sarcolemmal Na+-K+ pump 

inhibition (Buhagiar et al., 2001a) are PKC-dependent, the established role of 

PKC in pump regulation is readily accommodated by such a scheme. The role 

of PKCε is further examined in this Chapter.  

 

5.2.  Methods and experimental solutions. 

Patch pipette solutions contained 10 mM Na+.  The superfusate contained Na+ 

or it was Na+-free (see section 2.3.3 for details of composition).  The pipette 

solutions contained 10 μM L-arg in all experiments (see section 2.3.4 for 

composition), as our earlier work suggested that this NOS substrate may be 

limiting in patch-clamped myocytes. Angiotensin II (Sigma,St Louis, Missouri, 

USA) in a concentration of 100 nM was dissolved in the superfusate solution 

prepared as described in section 2.3.3.  Superoxide dismutase (SOD, bovine 

erythrocyte, (Sigma, St Louis, Missouri, USA) in a concentration of 200 IU/mL 

was dissolved directly in the pipette solution. 

 

A selective NADPH oxidase inhibitor, apocynin (acetovanillone) (Sigma,St 

Louis, Missouri, USA), was used to examine the role of NADPH oxidase.  

Apocynin inhibits the assembly of the p47phox subunit of NADPH oxidase with 

the membrane complex thereby rendering NADPH oxidase inactive and 

inhibiting the formation of O2
.- (Stolk et al., 1994).  Apocynin was first dissolved 

in DMSO and then diluted in patch pipette solution to a final concentration of 10 

μM.  The final concentration of DMSO in the solution was 0.03%.  DMSO in this 

concentration has no effect on Ip (Gadsby and Nakao, 1989).  Another selective 
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inhibitor of NADPH oxidase, gp91ds (gp91 docking sequence) peptide (Sigma-

Genosys pharmaceuticals, NSW, Australia) was used as it is a competitive 

antagonist that prevents the binding of p47phox and gp 91phox subunits of NADPH 

oxidase, thus inhibiting its activation.  Gp91ds was dissolved in water and 

included in pipette solution to a final concentration of 10 μM. 

A specific PKC inhibitor, εPKC inhibitory peptide (Calbiochem, Darmstadt, 

Germany), was used to examine the interaction of kinases and Ang II. The 

εPKC inhibitor peptide was dissolved in water and added to the pipette solution 

to a final concentration of 100 nM. 

Paraquat (Sigma,St Louis, Missouri, USA) was dissolved in the pipette solution 

to a final concentration of 100 nM as described in section 4.1 

 

 

5.3.  Results. 

To examine the effect of Ang II on Na+-K+ pump activity, patch-clamped 

myocytes were exposed to a control superfusate or a superfusate containing 

100 nM Ang II.  Myocytes were exposed to the Ang II containing superfusate 

after the whole-cell configuration had been established.  Panel A in Figure 5.1 

shows the timing of changes in the composition of superfusates.  Panel B 

shows holding currents of a control myocyte and a myocyte exposed to Ang II 

before and after exposure to ouabain.  The ouabain-induced shift in holding 

current, defining Ip, was smaller for the myocyte exposed to Ang II than for the 

control myocyte.  The mean Ip for control myocytes and myocytes exposed to 
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Ang II are shown in panel C of Figure 1.  Ang II induced a significant decrease 

in Ip. 

 

While wide-tipped patch pipettes provide good control of intracellular Na+ 

(William et al., 2005b), the electrochemical driving gradient for Na+ is inward 

and Ang II might, in principle, decrease Na+ influx and hence the intracellular 

Na+ concentration, resulting in a secondary reduction in Ip.  To examine if an 

Ang II-induced decrease in Na+ influx can account for the decrease in Ip, and to 

support the conclusion that Ang II induces a decrease in intrinsic Na+-K+ pump 

current with an independent set of data, Ip was measured in Na+-free 

superfusates, again using the protocol shown in Panel A of Figure 5.1.  Results 

are included in Panel C.  Ang II induced a decrease in mean Ip similar to the 

decrease measured in the Na+-containing superfusate.  The normalized holding 

currents recorded after exposure of myocytes to ouabain using Na+-free or Na+-

containing superfusates in all experiments summarized in Figure 5.1 were 

similar, indicating that, under the conditions used in these experiments, Ang II 

did not induce a detectable change in non-pump membrane current. 
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Figure 5.1 Effect of Ang II on Na+-K+ pump current Ip 

Panel A shows the timing of changes in the composition of superfusates.  The arrow 

on the left side of the panel indicates establishment of the whole-cell configuration and  

perfusion of the intracellular compartment with pipette solution.  The switch from a 

Ca2+-containing, Ang II-free solution in the tissue bath to a nominally Ca2+-free solution 

containing Ba2+, Cd2+ and Ang II and the switch to a solution also containing ouabain 

(arrow on the right side of the panel) are shown.  Panel B shows examples of holding 

current before and after exposure to ouabain.  Cm indicates membrane capacitance in 

pF.  Panel C shows mean Ip normalized for membrane capacitance measured in Na+-

containing or Na+-free superfusates.  Numbers of myocytes in each group are shown in 

parentheses.  * indicates a significant difference between means of Ip. 
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Since Ang II activates NADPH oxidase (Griendling et al., 1994, Williams and 

Griendling, 2007), we examined the potential role of ROS in Ang II-induced 

pump inhibition by including 200 IU/ml SOD in patch pipette solutions.  

Superfusates contained Na+.  Mean Ip for control myocytes and myocytes 

exposed to Ang II are summarized in Figure 5.2.  Perfusion of the intracellular 

compartment with pipette solution containing SOD abolished the Ang II induced 

decrease in Ip. 

 

The dependence of Ang II-induced pump inhibition on NADPH oxidase was 

examined next.  In one series of experiments, 10 µM of the pharmacological 

inhibitor of NADPH oxidase, apocynin, was included in patch pipette solutions.  

Mean Ips are included in Figure 5.2.  Apocynin abolished the Ang II-induced 

decrease in Ip.  In a second series of experiments 10 µM of the gp91ds peptide 

was included in patch pipette solutions to inhibit docking of p47phox and hence 

activation of NADPPH oxidase.  The gp91ds peptide is usually considered a 

low-efficacy inhibitor when combined with the tat peptide to facilitate 

transmembrane entry into intact cells (Bedard and Krause, 2007).  However, the 

whole cell patch clamp technique allowed direct perfusion of the intracellular 

compartment with a tat-free gp91ds peptide.  Mean Ip for control myocytes and 

myocytes exposed to Ang II are summarised in Figure 5.2.  The gp91ds peptide 

abolished the Ang II induced decrease in Ip.  
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Figure 5.2 Role of superoxide and NADPH oxidase in Ang II-induced 
Na+-K+ pump inhibition 

Myocytes were exposed to superfusates as shown in Panel A of Figure 5.1 and they 

were perfused with pipette solutions containing SOD, Apocynin (Apo) or the gp91ds 

peptide as indicated.  Numbers of myocytes in each group are indicated in 

parentheses.  * indicates a significant difference between means of Ip. 
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To examine the role of εPKC in the Ang II-induced decrease in Ip 100 nM of 

εPKC inhibitory peptide was included in patch pipette solutions.  Mean Ip for 

control myocytes and myocytes exposed to Ang II are presented in Figure 5.3.  

The εPKC inhibitory peptide abolished the Ang II induced decrease in Ip.   
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Figure 5.3 Role of PKC in Ang II-induced Na+-K+ pump inhibition   

Myocytes were exposed to superfusates as shown in Panel A of Figure 5.1 and were 

perfused with pipette solutions containing εPKC inhibitory peptide as indicated.  

Numbers of myocytes in each group are indicated in parentheses.  * indicates a 

significant difference between means of Ip.  Inhibition of εPKC abolished Ang II-induced 

Na+-K+ pump inhibition. 
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Since oxidative signalling might, in principle, activate PKC, the Ang II- induced 

decrease in Ip might be due to O2
.- -dependent activation of PKC and 

downstream phosphorylation of the Na+-K+ pump itself or associated molecules.  

To examine this, oxidative stress was induced by including 100 µM paraquat in 

pipette solutions.  Myocytes were not exposed to Ang II.  Mean Ip was 

significantly lower than mean Ip recorded in control experiments as shown in 

Figure 5.4.  Inclusion of εPKC inhibitory peptide in the patch pipette solution had 

no effect on the paraquat-induced decrease in Ip.  These findings suggest that 

Ang II-induced pump inhibition is not due to direct phosphorylation of the pump 

molecule by O2
.--activated εPKC and imply that εPKC’s position in the signalling 

cascade is proximal to the oxidant signal. 
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Figure 5.4 Oxidant stress and PKC-dependent Na+-K+ pump inhibition   

Myocytes were perfused with pipette solutions that included paraquat and/or εPKC 

inhibitory peptide as indicated.  The εPKC inhibitory peptide had no effect on the 

paraquat induced Na+-K+ pump inhibition.  * indicates a significant difference compared 

to control. Numbers of myocytes in each group are indicated in parentheses. 
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5.4.  Discussion.   

The data presented in this Chapter indicates that ROS mediates Ang II-induced 

Na+-K+ pump inhibition.  The abolition of the Ang II-induced pump inhibition by 

SOD implicates O2
.- in the pathway, thus linking Ang II receptors to the Na+-K+ 

pump.  Similarly, the abolition of the Ang II-induced pump inhibition by apocynin 

suggests that NADPH oxidase is the source of O2
.-.  However, apocynin and all 

other pharmacological blockers have limited specificity for NADPH oxidase 

(Bedard and Krause, 2007).  The gp91ds peptide, designed to specifically 

inhibit NADPH oxidase by mimicking its docking sequence with the p47phox 

subunit was used.  Perfusion of the intracellular compartment with pipette 

solution containing 10 µM of gp91ds peptide abolished the Ang II-induced 

decrease in Ip in good agreement with an IC50 in the low micromolar range for 

NADPH oxidase inhibition in cell-free systems (Rey et al., 2001).  This 

implicates the NOX family of oxidases in the pump inhibition.  

 

5.5.1.  Functional studies. 

The functional studies using specific elimination of O2
.- with SOD, or inhibition of 

NADPH oxidase with the gp91ds peptide strongly implicate NADPH oxidase in 

Na+-K+ pump inhibition.  Subsequent studies in our laboratory have been 

performed to facilitate the acceptance of the major paradigm shift .  These 

studies aimed to examine if a physical association between NADPH oxidase 

and the Na-K+ pump exists.  Such proximity between sources and targets of 

ROS is expected to facilitate ROS-dependent protein modification.  Co-
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immunoprecipitation experiments of the pump’s α1 subunits with NADPH 

oxidase subunits were performed.  Results are shown in Figure 5.5.  

Experiments were performed by Dr C-C Liu and Dr G Figtree (White et al., 

2009c) 
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Figure 5.5 Co-immunoprecipitation of the Na+-K+ pump with caveolin 
and NADPH oxidase subunits 

Co-immunoprecipitation of the Na+-K+ pump with caveolin and NADPH oxidase 

subunits (reproduced from White et al.).  A.  Cardiac myocytes were exposed to control 

solutions (C) or solutions containing Ang II.  Cell lysates were immunoprecipitated with 

either anti- 1 Na+-K+ pump subunit antibody (IP: 1) or with nonimmune IgG1 control 

antibody (IP: Control).  Immunoprecipitates were resolved by denaturing SDS-PAGE, 

blotted, and then probed with monoclonal antibodies to caveolin 3 (Cav 3); p22phox 

subunit, or p47phox subunit.  The immunoblots shown are representative of 3 

independent experiments.  B.  Effect of duration of Ang II exposure on co-

immunoprecipitation of 1 subunit of Na+-K+ pump and NADPH oxidase subunits.  
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Representative immunoblots of p22phox and p47phox immunoprecipitated with antibody to 

1 subunit after either 0, 5, or 10 min exposure to Ang II.  The mean intensity (mean 

gray level ± SEM) of immuno-labelling is shown: for p22phox on the left and p47phox on 

the right.  The association of 1 subunit and the membrane subunit p22phox is 

unaffected by exposure to Ang II.  The co-immunoprecipitation of p47phox and 1 

subunit of the pump is increased in a time-dependent manner.  * represents significant 

difference compared with unexposed myocytes; n=3. 

 

 

The α1 subunits co-immunoprecipitated with the membrane-associated p22phox 

and with the “cytosolic” p47phox subunit that translocates to the membrane with 

NADPH oxidase activation.  There was no effect of Ang II on α1/p22phox co-

immunoprecipitation but Ang II induced an increase in the α1/p47phox co-

immunoprecipitation.  The α1 subunits also co-immunoprecipitated with caveolin 

3 (Yang and Rizzo, 2007) suggesting a caveolar microdomain for the interaction 

between the pump and NADPH oxidase.  This is consistent with εPKC inhibitory 

peptide  abolishing the Ang II-induced changes in Ip since activated εPKC 

localizes in cardiac myocyte caveolae (Rybin et al., 1999).  Caveolar 

“signalosomes” that include membrane receptors, protein kinases and NADPH 

oxidase may mediate Na+-K+ pump inhibition.  Since NOS also localizes in 

cardiac myocyte caveolae (Barouch et al., 2002, Liu et al., 2008) and mediates 

receptor-activated Na+-K+ pump stimulation (William et al., 2008b), the concept 

of such “signalosomes” can perhaps be expanded to include opposing receptor-

coupled effects of NOS and NADPH oxidase to fine-tune Na+-K+ pump activity.  

However, it should be recognized that this simple scheme may be complicated 
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by an interaction with other sources of ROS because O2
.- generated by NADPH 

oxidase can act as “kindling” for further O2
.- synthesis by the uncoupling of nitric 

oxide synthase (Bedard and Krause, 2007) and by the activation of xanthine 

oxidase (Lerman and Lerman, 2007).  The practical significance for signalling of 

such effects may ultimately depend on the physical proximity of sources and 

scavengers of ROS in relevant microdomains.   

 

5.5.2.  Ang II induces a decrease in pump affinity for Na+. 

Although this study was performed on patch-clamped, internally perfused 

myocytes, previous studies indicate that Ang II also inhibits the pump in isolated 

intact myocytes and in vivo (Hool et al., 1995b, Hool et al., 1996, Hansen et al., 

2007).  In these studies, rabbits were treated with an angiotensin converting 

enzyme (ACE) inhibitor or an Ang II type I receptor (AT1) antagonist for 1 week, 

myocytes were isolated and Ip was measured.  Inhibition of Ang II signalling in 

vivo was associated with an increase in pump activity in isolated patch clamped 

myocytes and a decrease in the intracellular Na+ concentration measured in 

isolated papillary muscles (Hool et al., 1995b).  The increase in Ip was only 

detectable when patch pipette solutions contained Na+ in a rate-limiting 

intracellular concentration (Buhagiar et al., 1999, Hool et al., 1996) and it was 

dependent on the inclusion of K+ in pipette solutions.  Exposure of myocytes to 

Ang II in vitro before (Hool et al., 1996, Buhagiar et al., 1999) or after (Buhagiar 

et al., 2001b, Buhagiar et al., 1999) the whole-cell configuration was established 

induced a K+-dependent decrease in Ip.  Such K+-dependence is consistent with 

an increase in the rate constant for the Na+-K+ pump’s backward E1 + 2K+ → 
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E2(2K+) reaction, effectively reducing its selectivity for Na+ (Buhagiar et al., 

2004).  This effect is a good candidate for regulation since the E2 → E1 

conversion is a major rate-limiting step in the pump’s reaction cycle (Lupfert et 

al., 2001).  When taken together, the studies indicate that Ang II induces a 

physiologically relevant decrease in the pump’s selectivity for intracellular Na+. 

The role of PKC in Ang II induced Na+-K+ pump inhibition described in this 

Chapter is at odds with findings in mouse ventricular myocytes.  Han et al.,(Han 

et al., 2006) reported that PKC increases the Na+-K+ pump’s maximal activity, 

but has no effect on its Na+ affinity.  In the studies in this Chapter, PKC was 

implicated by the use of an isoform-specific inhibitory peptide, while in the 

mouse studies PKC was implicated by the non-specific activation of PKC with 

the phorbol ester PDBu (Han et al., 2006).  However, this is unlikely to account 

for the discrepancy because the effects of PKC activation with a phorbol ester 

or the εPKC activating peptide, ψεRACK are similar.  Both induced Na+-K+ 

pump inhibition (Hool et al., 1996, Buhagiar et al., 1999).  There are other 

variations between the studies by Han et al and those detailed  in this chapter 

that may account for the differences in findings and these are reviewd in detail 

below. 

 

The study by Han et al (2006) reported that activation of PKC with the phorbol 

ester PDBu stimulates the Na+-K+ pump in cardiac myocytes.  Stimulation was 

attributed to phosphorylation of PLM since PDBu did not stimulate the pump in 

myocytes from PLM knock-out mice.  The Na+-sensitive fluorescent dye SBFI 

was used to measure the rate of decline of intracellular Na+ after a period of 

Na+-loading in K+-free solutions.  SBFI has a long track record of technical 
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problems, including difficulties with calibration of the signal.  Han et al calibrated 

their signal up to 20 mM intracellular Na+ (Figure 1A in their paper) but 

extrapolated measurements up to 50 mM (Figure 1B).  The conclusion that 

PDBu increases Vmax by ~60% is critically dependent on extrapolation to the 

high end of the concentration range.  Indeed, one could argue that an even 

higher concentration than 50 mM would have been needed to allow the fit of the 

Hill equation to the data in Figure 1B (in their paper) with appropriate 

constraints. 

 

Han et al (2006) used simultaneous measurements of pump current and 

intracellular Na+ (SBFI) of patch clamped myocytes to independently support 

the data in their Figure 1.  Results seem strange.  Small patch pipettes were 

used and myocytes were Na+-loaded by exposing them to 0 mM K+ for a period.  

The pump was then re-activated by exposure to 4 mM K+.  This is a modification 

of protocols that have been used by many other groups in the past.  The well-

justified tradition has been to determine the rate constant for the decline of the 

outward pump current after K+ activation.  A logarithmic transformation of K+-

activated Ipump for WT before and after exposure to PDBu in Figure 3A suggests 

that there is minimal effect of PDBu on the rate constant for current decline in 

the particular example shown.  In contrast, PDBu induces a substantial increase 

in the same rate constant for the PLM-KO myocyte shown in Figure 3D.  This is 

difficult to understand since the paper concludes that PLM mediates the effect 

of PKC activation.   
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The SBFI measurements in Fig 3 differs from the one shown in Figure 1A, 

(PLM-KO) by the way SBFI was introduced into the myocytes (pre-loading in 

Figure 1 vs.  inclusion in pipette solution in Figure 3).  There was no effect of 

PDBu on the rate of decrease of the SBFI signal in Figure 1A while PDBu 

induced a marked increase in this rate for the PLM-KO myocyte shown in 

Figure 3E.  Regardless of the interpretation of the derived data in Figure 3C/F, 

Figure 3E makes it difficult to escape the conclusion that PDBu increases pump 

activity in PLM-KO myocytes if one accepts that the SBFI measurements 

accurately reflect pump activity.  This is the exact opposite of the overall 

conclusion of the paper. 

 

Han et al used “low-resistance” pipettes containing 100 mM Na+ to saturate 

intracellular pump sites and independently verify that PDBu increased Vmax in 

WT myocytes (page 1379).  “Low resistance” was defined by an initial 

resistance ≤2 MΩ, and a series resistance <5 MΩ.  PDBu induced an increase 

in Ipump but only by 10% (see page 1381), in stark contrast to the 60% 

determined using the SBFI data shown in Figures 1 and 2.  The authors 

appreciated that this was a serious problem, and they offered the explanation 

that PKC was dialysed out of the cell when large pipettes were used.  A priori, 

this seems an unlikely scenario since signalling molecules do not float around 

freely in the cytosol; they are anchored.   

 

Additional experiments were performed to support the “dialysis hypothesis”.  

PLM phosphorylation was measured when cells were permeabilized to allow 

PKC to escape via a route other than patch pipettes.  A reduction in the level of 
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PDBU-induced phosphorylation in the permeabilized myocytes was taken as 

support for the idea that PKC had been dialyzed out of cells in the patch clamp 

experiments (page 1379).  However, permeabilization was achieved by 

exposing myocytes to saponin.  This is likely to affect lipophilic enzymes, 

including PKC, and also skin the sarcolemmal membrane in which PLM is 

embedded.  It is therefore not surprising than the amount of phosphorylated 

PLM is reduced in saponin-permeabilized cells.  It is difficult to imagine a more 

inappropriate experiment to support the PKC dialysis hypothesis the authors 

propose. 

 

Han et al. claim a consistency in their data by the finding that an ~50% higher 

Vmax in PLM-KO myocytes (when expression level is taken into account) 

compares well to the PDBu-induced rise in Vmax in WT myocytes (page 1381).  

A simple scheme of phosphorylation-induced relief from PLM-inhibition of the 

pump in WT is taken to account for the match.  However, as pointed out in an 

accompanying editorial (page 1290-1292), a study on PLM-KO mouse heart by 

another group Jia et al,(Jia et al., 2005) reported an ~50% decrease in Vmax in 

PLM-KO compared with WT.  It is very difficult to reconcile these findings with 

the study by Han et al.  The consistency of data and the simple scheme Han et 

al propose is not applicable if one chooses to accept the findings in the study by 

Jia et al.  The editorial suggested the discrepancy reflected how scared mice 

were in the two different studies.  That is not a rigorous interpretation. 

 

In the Discussion, Han et al. claim there some consensus that PKC activation 

enhance the activity of the Na+-K+ pump and refers to previous studies (Gao et 



117 

 

al., 1999, Wang et al., 1998, Erlenkamp et al., 2002).  All the papers they refer 

to used patch pipettes that almost certainly were too small to control 

intracellular Na+ and series resistances were not reported.  None of them 

showed stimulation of Ipump in experiments where PKC-mediated Na+ influx and 

secondary pump stimulation was ruled out by use of Na+-free extracellular 

solutions.  Han et al. must have been aware of the need for such control 

experiments since they report that PKC activation induces a large increase in 

Na+ influx (see Figure 6C, page 1382 in their paper).  The consensus they claim 

may well just reflect a consensus on the fact that PKC activation induces Na+ 

influx that is detected as a secondary increase in the “Ipump” that is reported.  

This possibility should have been ruled out.   

 

Phosphorylation of the pump related FXYD protein PLM has been implicated as 

a mechanism for PKC dependent pump regulation (Cornelius et al., 2001, Garty 

and Karlish, 2006, Han et al., 2006, Bibert et al., 2008).  However, it is unlikely 

that phosphorylation of PLM mediates the Ang II induced pump inhibition in the 

experiments reported in this Chapter because inhibition was abolished by SOD 

and the gp91ds peptide, compounds not expected to inhibit PKC.  The finding 

that Ang II inhibits the pump via NADPH oxidase provides a novel explanation 

for PKC-dependent pump regulation, since PKC’s role in Ang II induced 

phosphorylation of p47phox and subsequent activation of NADPH oxidase is 

firmly established (Williams and Griendling, 2007).  It is a strength of this 

scheme that it accounts for pump regulation in tissues not expressing FXYD 

proteins with phosphorylation sites.  However, it is important for its credibility 

that there is a downstream molecular effect on the Na+-K+ pump that can alter 
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function and is stable, yet reversible.  Of the known oxidative modifications of 

proteins, glutathionylation fulfils these criteria.  Glutathionylation is the formation 

of a mixed disulfide bond between the intracellular tripeptide glutathione, and a 

candidate reactive cysteine residue on the target protein (Ghezzi review; Adachi 

et al 2004). Oxidative stimuli induce glutathionylation, a reversible oxidative 

modification, of Cys46 of the β1 subunit (Figtree et al., 2009a).  

Glutathionylation and an associated pump inhibition are abolished by mutation 

of Cys46 indicating a causal relationship between the oxidative modification and 

pump function. This is supported by the absence of an effect of oxidative stimuli 

when expressed pump heterodimers contain wild-type β2 or β3 subunits that do 

not have a Cys46 (Figtree et al., 2009a).  The physiological relevance of 

glutathionylation is suggested by its coupling to hormone receptors and kinase-

dependent signalling pathways. Exposure of cardiac myocytes to Ang II 

increases glutathionylation and inhibits pump activity via protein kinase C 

(PKC)-dependent activation of NADPH oxidase (White et al., 2009b, Figtree et 

al., 2009b). Conversely, exposure of myocytes to β3 adrenergic receptor 

agonists decreases glutathionylation from baseline and stimulates pump activity 

via activation of nitric oxide synthase (NOS) and nitric oxide-dependent 

downstream pathways (Garcia et al., 2008). Thus, pump stimulation and 

inhibition are mediated by decreasing or increasing the degree of Cys46 

glutathionylation from baseline. Recent studies in our laboratory have shown 

that chemically induced oxidant stress or Ang II-induced activation of NADPH 

oxidase induces glutathionylation of the pump’s β1 subunit and alters its 

interaction with the catalytic α1 subunit (Liu et al., 2008, Figtree et al., 2009a).  

These findings will be described in more detail in Chapters 6 and 7.  It is 
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proposed that glutathionylation of the pump’s β1 subunit accounts for the Ang II 

induced pump inhibition described in this Chapter. 

 

Ang II-induced Na+-K+ pump inhibition mediated by redox signalling may be 

important for our understanding of the role of NADPH oxidase-dependent redox 

signalling in the pathogenesis of cardiac hypertrophy and failure (Murdoch et 

al., 2006).  Raised cardiac myocyte levels of Na+ are believed to contribute to 

the electro-mechanical phenotype of contractile abnormalities and arrhythmias 

in these conditions (Pieske et al., 2002), and the beneficial effect of ACE 

inhibitors may be due to the specific targeting of detrimental redox signalling 

(Seddon et al., 2007).  The studies presented here suggest that the effects of 

such targeting on the Na+-K+ pump, and hence intracellular Na+ levels, plays a 

role in this scheme.  The effect of treatment with ACE inhibitors on the Na+-K+ 

pump has not been studied in heart failure.  However, the effect of AT1 

blockade has been examined in a model of diabetes, a condition predisposing 

to heart failure and often associated with Ang II-induced NADPH oxidase 

activation (Lastra and Manrique, 2007).  Treatment with losartan abolished 

sarcolemmal Na+-K+ pump inhibition associated with diabetes (Hansen et al., 

2007), a finding in good agreement with a role of the pump as an effector 

molecule in conditions with NADPH oxidase-dependent redox signalling.  The 

role of Ang II in the process of ROS/RNS generation via NADPH oxidase and its 

effect via these mediators on the Na+-K+ pump has been demonstrated in this 

Chapter.   

 



120 

 

Chapter 6  

NADPH oxidase and β-adrenergic regulation of the Na+-K+ 

pump. 

6.1  Introduction 

Data presented in Chapter 5 demonstrated that Ang II, a neurohormone 

dysregulated in heart failure and other forms of cardiovascular disease, inhibits 

the Na+-K+ pump via oxidative signalling and PKC.  This Chapter examines the 

regulation of the Na+-K+ pump by cyclic AMP-dependent messenger pathways 

which activated by β-adrenergic receptor agonists, are also classically 

dysregulated in heart failure.   

Cyclic AMP-dependent messenger pathways have been reported to regulate 

the Na+-K+ pump. Such regulation occurs in many different tissues (Therien and 

Blostein, 2000), including the heart (Kockskämper et al., 2001, Gao et al., 1992, 

Gao et al., 1998), and is reported to cause either pump stimulation or inhibition. 

Most previous studies have reported that activation of PKA-dependent 

pathways stimulates the Na+-K+ pump by increasing its maximal rate or its 

affinity for intracellular Na+ (Despa et al., 2005, Bibert et al., 2008). Widely 

varying experimental conditions may have caused different steps in the complex 

reaction cycle to be rate-limiting. Of the many identified partial reactions, the E2 

→ E1 conformational change and phosphorylation of the enzyme by ATP are 

important rate-determining steps under physiological conditions, whereby the 

rate of the phosphorylation reaction depends on the degree of saturation of the 

intracellular Na+ binding sites. Both of these reactions are inhibited by 
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intracellular K+ that competes with Na+ for binding and accelerates the 

backward E1 → E2 reaction and modest changes in the intracellular K+ 

concentration can have large effects on forward pump rate. These and other 

complexities (Kong and Clarke, 2004) make it difficult to define and measure a 

“Na affinity” that has a meaningful mechanistic interpretation in intact cells and 

they have not been taken into account in studies on the effect of PKA-

dependent pathways on the Na+-K+ pump. 

Glutathionylation of the β1 subunit decreases the rate of the E2 → E1 

conformational change as indicated by studies on isolated Na+-K+ ATPase 

(Figtree et al., 2009a). In principle, this can decrease maximal pump rate, or, 

because Na+ binds to the E1 configuration, it can appear to decrease the 

sensitivity of the pump to intracellular Na+ in intact cells. However, regardless of 

experimental conditions, it cannot account for PKA-dependent Na+-K+ pump 

stimulation reported by most previous studies. Experimental activation of cAMP-

dependent pathways in previous studies on the cardiac myocyte Na+-K+ pump 

has been achieved by exposing myocytes to a β adrenergic receptor agonist or 

by directly activating adenyl cyclase with exposure to forskolin. Receptor 

activation is the most physiologically relevant of the two approaches. However, 

available agonists have poor selectivity against the 3 different β adrenergic 

receptor subtypes (Hoffmann et al., 2004, Mihailidou et al., 2000), and the 

compounds used in some previous studies may have activated the β3 

adrenergic receptor that is coupled to activation of NOS.  We have found the β3 

adrenergic receptor mediates stimulation of the Na+-K+ pump in cardiac 

myocytes (Garcia et al., 2008). We therefore use forskolin to activate adenylyl 

cyclase, as have most other recent investigations in this area. (Kockskamper et 
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al., 2000, Kockskamper et al., 2001, Erlenkamp et al., 2002, Silverman et al., 

2005, Fuller et al., 2009). 

 

As discussed in Chapter 5, exposure of cardiac myocytes to Ang II inhibits Ip via 

εPKC dependant activation of NADPH oxidase. This signalling pathway is 

mediated by the glutathionylation of the β1 subunit of the Na+- K+ pump (White 

et al., 2009a, Figtree et al., 2009a). In this Chapter we show that the adenyl 

cyclase activator forskolin inhibits Na+-K+ pump activity via a pathway that 

involves NADPH oxidase and superoxide. We show that crosstalk between PKA 

and εPKC is critical to signalling. 

 

6.2.  Methods and experimental solutions. 

Because activation of β1/β2-adrenergic receptors is reported to induce an 

increase in Ip, most experiments were performed using Na+-free superfusates at 

the time the ouabain-induced shift in holding current was determined.  This 

eliminated the possibility that alteration in Ip could be secondary to activation of 

transmembrane Na+-influx and an increase in the intracellular Na+ concentration 

that in turn would stimulate the pump.  Patch pipette solutions contained 10 mM 

Na+ in most experiments.  When indicated they contained 80 mM Na+.  All 

superfusates used were Na+-free except when pipette solutions contained 80 

mM Na+ (see sections 2.3.3 and 2.3.4 for details of the composition of 

solutions). 

Since it could not be ascertained that any agonist would be perfectly specific for 

β1/β2-adrenergic receptors without any effect on the β3-adrenergic receptor, 
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forskolin was used in all experiments to activate adenyl cyclase (AC).  AC is the 

enzyme immediately downstream from β1/β2-adrenergic receptors and 

universally activated when agonists bind to the receptors.  Forskolin is a 

diterpene which is a ubiquitous activator of eukaryotic AC.  Activation of AC 

results in the formation of cAMP and the subsequent activation of PKA.  

Forskolin is highly specific for AC and is often used experimentally as a 

“surrogate” for receptor activation for in vitro studies of β1/2-adrenergic 

signalling.  When indicated, 100 nM forskolin was included in the Ba2+-

containing, Ca2+-free superfusate always used after the whole-cell configuration 

had been established.   

 

Apocynin was included in the superfusate in a concentration of 10 μM in some 

experiments to inhibit NADPH oxidase.  Apocynin was first dissolved in DMSO.  

The solution was then diluted in superfusate to achieve the final concentration.  

The final concentration of DMSO in the superfusate was 0.01%.  The PKA 

inhibitor H-89, dissolved in DMSO, was included in pipette solutions in a 

concentration of 10 μM when indicated.  The final concentration of DMSO in the 

pipette solution was 0.3%.  When indicated, the εPKC-inhibitory peptide was 

included in pipette solutions in a concentration of 100 nM as described in 

Chapter 5, and SOD was included in pipette solutions in a concentration of 200 

IU/mL as described in Chapter 4.  The gp91ds peptide was included in pipette 

solutions in a concentration of 10 μM to inhibit NADPH oxidase as described in 

Chapter 5.  Most experiments were performed using L-arg free pipette 

solutions.  However, in a subset of experiments, the solutions contained 10 μM 

L-arg, as indicated in text and Figures. 
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Exposure of myocytes for forskolin and hence activation of an adenyl 

cyclase/cAMP/PKA pathway is expected to activate a large Cl- current (Bahinski 

et al., 1989).  Since this might interfere with measurements of Ip, the test 

potential was set at the equilibrium potential for Cl- (ECl) calculated from the 

concentrations of Cl- in the pipette solution and the superfusate according to the 

Nernst equation: 

 

ECl = RT/nF ln[Cl]o/[Cl]i 

 

where R is the universal gas constant, T is the absolute temperature in oKelvin, 

n is the valence of the ion and [Cl]o and [Cl]i are the extracellular and 

intracellular concentrations of Cl- respectively.  A calculated ECl of -14 mV for 

the conditions of the experiments was used as the holding potential in all 

experiments. 

 

 

 

6.3.  Results. 

The effect of forskolin on pump current  was first examined by patch clamping 

myocytes using pipette solutions that included 10 mM Na+.  The superfusate 

was Na+-free and pump current was measured after a patch clamped myocytes 

had been exposed to 100 nM forskolin included in the superfusate for ~5 min.  

Since cAMP-activated Cl- currents are large, any Cl- current induced by 

forskolin should be easy to identify as a difference in net membrane current 
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between the control myocyte and the myocyte exposed to forskolin after 

exposure to ouabain in the superfusate.  The currents were very small and their 

means were similar for myocytes exposed or not exposed to forskolin.  Figure 

6.1 shows mean Ip measured in myocytes exposed to a forskolin-free control 

superfusate and forskolin-containing superfusate.  Forskolin induced a 

significant decrease in mean Ip.  Since the forskolin-induced decrease in Ip is 

not compatible with previously publications which concluded that PKA 

stimulated the Na+-K+ pump (Silverman et al., 2005, Despa et al., 2005), an 

independent set of experiments were performed to confirm results.  The 

compositions of pipette solutions and superfusates were identical to those used 

in the first set of experiments except that 10 µM L-arg was included in pipette 

solutions.  This was to ensure that L-arg, the key substrate for NOS, was not 

limiting, as well as to re-examine the effect of forskolin on Ip under separate 

experimental conditions. L-arginine is of particular interest since either a 

decrease or an increase in its concentration may promote oxidation: a reduction 

in L-arginine levels may uncouple NOS to preferentially synthesize superoxide 

rather than NO as discussed in Chapter 3. Conversely, NO synthesized from 

supplemental L-arginine may combine with superoxide to form the highly 

oxidant species peroxynitrite. To minimize risk of experimental artefact resulting 

from alterations in intracellular L-arginine concentrations, initial experiments 

were performed with and without L-arginine included in patch pipette solutions. 

In a first series of experiments we included 10 µmol/L L-arginine in pipette 

solutions, a concentration ~10-fold above the KD for relevant NOS isoforms 

(White et al., 2008). The myocytes were superfused with forskolin-free 

“standard” Na+- and Ca2+-containing Tyrode’s solution while the whole-cell 
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configuration was established. We then switched to a nominally Na+-free 

superfusate to rule out influx of Na+ that might cause secondary pump 

stimulation. This superfusate was also nominally Ca2+-free. It contained 

forskolin or was forskolin-free in control experiments. The means of Ip measured 

in myocytes exposed to a forskolin-free control superfusate and forskolin-

containing superfusate are included in Figure 6.1.  Figure 6.1A shows the timing 

of changes in the composition of superfusates. Figure 6.1B shows currents of a 

control myocyte and a myocyte exposed to forskolin. Ip was smaller for the 

myocyte exposed to forskolin than for the control myocyte. Figure 6.1C shows 

that forskolin induced a statistically significant decrease in mean Ip. An 

independent set of experiments was performed using an identical protocol with 

the exception that pipette solutions did not contain L-arginine. Forskolin induced 

a significant decrease in mean Ip similar to that seen without supplemental L-

arginine. Holding currents after Na+-K+ pump blockade with ouabain in both sets 

of experiments were very small and similar for control myocytes and myocytes 

exposed to forskolin, consistent with use of the calculated ECl as the test 

potential. Although qualitatively similar, the forskolin-induced decrease in Ip 

appeared larger when L-arginine was included in pipette solutions. To avoid a 

bias in favour of Na+-K+ pump inhibition that we expected from the β1 subunit 

glutathionylation and to facilitate comparisons with previous studies, we used 

patch pipette solutions without added L-arginine in all subsequent experiments. 
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Figure 6.1 Effect of forskolin on Na+-K+ pump current in myocytes 

Panel A shows the timing of changes in the composition of superfusates. The arrow on 

the left side of the panel indicates establishment of the whole-cell configuration and 

hence perfusion of the intracellular compartment with pipette solution. The switch from 

a Ca2+-containing, forskolin-free solution in the tissue bath to a nominally Ca2+-free 

solution containing Ba2+, Cd2+ and forskolin, and the switch to a solution also containing 

ouabain (arrow on the right side of the panel) are shown. Panel B shows examples of 

holding currents. Large changes in the currents that occur the first 1-2 min after the 

switch to Na+- and Ca2+-free, Ba2+- and Cd2+-containing superfusate, before currents 

stabilize, are not shown. Stable holding currents before exposure of myocytes to 

ouabain are important for the measurement of Ip. Stability of the currents as well as the 
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ouabain-induced shift in them was identified from the read-out of an electronic cursor. 

Cm indicates membrane capacitance in pF. Panel C shows mean Ip normalized for 

membrane capacitance. Pipette solution contained L-arginine where indicated.  

Numbers of myocytes in each group are indicated in parentheses. * indicates a 

significant difference between means of Ip. 

 

 

6.3.1 Does Forskolin affect Na+-K+ pump turnover?  

To examine if forskolin induces a decrease in maximal Na+-K+ pump turnover 

rate, myocytes were voltage clamped using pipette solutions that included 80 

mM Na+, a concentration expected to nearly saturate intracellular pump binding 

sites.  Since it is technically difficult to maintain the whole-cell configuration in a 

Na+-free superfusate when the intracellular Na+ concentration is high, Na+-

containing (140 mM) superfusates were used.  Because of the high Na+ 

concentration in pipette solutions there was no net inward electrochemical 

gradient for Na+ despite the presence of Na+ in the superfusate.  Pipette 

solutions did not contain L-arg.  Ip was measured with and without 100 nM 

forskolin included in the superfusate.  Forskolin had no effect on the holding 

current recorded after myocytes had been exposed to ouabain indicating that 

forskolin did not induce a change in non-pump membrane currents under the 

conditions of the experiments.  Mean Ip measured in myocytes exposed to a 

forskolin-free control superfusate and forskolin-containing superfusate is shown 

in Figure 6.2.  Forskolin had no significant effect on mean Ip when pipette 

solutions included 80 mM Na+. 
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Figure 6.2. Effect of forskolin on near-maximal Ip 

The pipette Na+ concentration was near saturating for intracellular pump sites (80 mM).  

The superfusate contained Na+.  The test potential was -14 mV.  Numbers in 

parentheses indicate number of experiments. 
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6.3.2 Role of superoxide in forskolin-induced Na+-K+ pump 

inhibition 

 

As described in Chapter 5, exposure of cardiac myocytes to Ang II-induced a 

decrease in Ip .This decrease was mediated by O2
.- produced by NADPH 

oxidase (Figure 5.2). Experiments were performed to examine if O2
.- mediates 

the forskolin-induced decrease in Ip.  The effect of SOD on the forskolin induced 

decrease in Ip was examined in an initial series of experiments.  Patch pipette 

solutions included 10 mM Na+ and 200 IU/mL of SOD to eliminate O2
.-.  The 

superfusate was Na+-free and it contained 100 nM forskolin or it was forskolin-

free.  Results are shown in Figure 6.3.  SOD had no effect on Ip recorded in the 

forskolin-free control superfusate.  However, the addition of SOD to the pipette 

solution abolished the forskolin-induced decrease in mean Ip, that had been 

recorded in the absence of SOD, implicating O2
.- in the mechanism mediating 

the decrease. 

 

Experiments were performed to examine if NADPH oxidase is the source of the 

O2
.- implicated in the forskolin-induced pump inhibition.  A Na+-free superfusate 

was used.  It included the pharmacological NADPPH oxidase inhibitor apocynin 

at a concentration of 10 µM or it was apocynin free.  Experiments were 

performed with and without 100 nM forskolin included in the superfusate.  The 

Na+ concentration in the pipette solution was 10 mM.  Results are shown in 

Figure 6.3.  Apocynin had no effect on Ip recorded in the forskolin-free control 

superfusate.  However, it abolished the forskolin-induced decrease in mean Ip 
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that had been recorded in the absence of apocynin, implicating NADPH oxidase 

in the mechanism mediating the decrease. 

 

As described in Chapter 5, apocynin is not perfectly selective for NADPH 

oxidase.  Additional experiments were therefore performed using the specific 

NADPH oxidase inhibitory peptide gp91ds described in Chapter 5.  Patch 

pipette solutions included 10 µM gp91ds inhibitory peptide.  The superfusates 

contained 100 nM forskolin or they were forskolin-free.  Results are included in 

Figure 6.3.  The gp91ds peptide had no effect on Ip recorded in the forskolin-

free control superfusate.  However, it abolished the forskolin-induced decrease 

in mean Ip.  This confirms the role of NADPH oxidase in the decrease of Ip and 

implicates ROS/RNS. 
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Figure 6.3 Role of superoxide and NADPH oxidase in forskolin-induced 
Na+-K+ pump inhibition 

SOD (200 IU/mL) and the gp91ds peptide (10 µM) were included in the patch pipette 

solutions as indicated while the readily membrane-permeable apocynin (Apo; 10 µM) 

was included in the superfusate.  Scavenging of O2
.- or blockade of NADPH oxidase 

abolished the forskolin-induced Na+-K+ pump inhibition.  The pipette Na+ concentration 

was 10 mM and the superfusate was Na+-free.  The test potential was -14 mV. The 

numbers in parentheses indicate number of experiments. * indicates statistically 

significant differences (p < 0.05). 
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6.3.3 The role of PKA in forskolin-induced Na+-K+ pump 

inhibition  

The effect of PKA inhibition on the forskolin-induced decrease in Ip was 

examined next.  Na+-free superfusates and pipette solutions that included 10 

mM Na+ were used.  Pipette solutions also included the PKA-inhibitor H-89 in a 

concentration of 500 nM.  The superfusate contained 100 nM forskolin as 

described above or it was forskolin-free.  Results are included in Figure 6.4.  H-

89 abolished the forskolin-induced decrease in mean Ip. 

 

Phosphorylation of the p47phox subunit of NADPH oxidase is required for 

activation of oxidase.  While PKA can induce limited phosphorylation of p47phox, 

such phosphorylation does not activate NADPH oxidase.  In contrast, PKC 

induces more extensive phosphorylation of p47phox and activates NADPH 

oxidase (Park et al., 1997).  PKC-dependent activation of NADPH oxidase was 

shown to mediate Ang II dependent Na-K pump inhibition.  We therefore 

examined whether PKA-dependent activation of NADPH oxidase may occur via 

εPKC. Control patch pipette solutions or solutions that included 100 nM PKCε-

inhibitory peptide were used.  The superfusate contained 100 nM forskolin or it 

was forskolin-free.  Results are included in Figure 6.4.  The εPKC-inhibitory 

peptide abolished the forskolin-induced decrease in mean Ip. 
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Figure 6.4 Role of PKA and PKC in forskolin-induced Na+-K+ pump 
inhibition 

Patch pipette solutions included 500 nM H-89 or the εPKC-inhibitory peptide (100 nM) 

as indicated.  Inhibition of PKA or εPKC abolished the forskolin-induced pump 

inhibition. The pipette Na+ concentration was 10 mM and the superfusate was Na+-free.  

The test potential was -14 mV.  The numbers in parentheses indicate number of 

experiments. * indicates statistically significant differences (p < 0.05). 
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6.4.  Discussion. 

Data presented in this Chapter shows that activation of adenylyl cyclase by 

forskolin inhibits the Na+-K+ pump in cardiac myocytes via an PKC- and 

NADPH oxidase- dependent oxidative signalling cascade. The adrenergic 

control of the Na+-K+ pump has been difficult to attribute directly to PKA-

mediated phosphorylation of the Na+-K+ pump molecule because its putative 

phosphorylation sites are poorly accessible to the kinase (Sweadner and 

Feschenko, 2001).  However, PLM has been reported to mediate sarcolemmal 

Na+-K+ pump regulation in a study on mouse cardiac myocytes by Despa et al 

(Despa et al., 2005).  The study is difficult to reconcile with results presented in 

this thesis in terms of the direction of the effect (inhibition vs. stimulation) as 

well as the molecular mechanism involved.  Since the study was published in a 

high-impact journal and editorialised the discrepancy will be discussed in some 

detail here.  The direction of the response will be discussed first. 

 

6.4.1 Discussion of results in context of previously published 

data. 

The study by Despa et al (2005) demonstrating PKA-dependent stimulation of 

the Na+-K+ pump used experimental techniques to study Na+-K+ pump function 

identical to those of Han et al (Han et al., 2001) which are critically discussed in 

Chapter 5.  There are some additional technical issues that apply to the study 

by Despa et al. which are important in the context of the current Chapter.  

Isolated myocytes were exposed to 1 µM isoproterenol and effects on reported 

measurements of Na+-K+ pump activity were attributed to PKA activation.  There 
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was no attempt to substantiate a role of PKA such as using blockers of the β 

adrenergic receptors coupled to its activation or using compounds that inhibit or 

activate PKA.  This alone makes interpretation difficult.  It has, for example, 

been reported that isoproterenol in the concentration used induces a transient 

release of nitric oxide in cardiac myocytes (Kanai et al., 1997).  Since nitric 

oxide can induce Na+-K+ pump stimulation in cardiac myocytes (William et al., 

2008a, William et al., 2005a), pump stimulation reported by Despa et al cannot 

be attributed to PKA activation without support from appropriate control 

experiments.   

 

Experimental recordings assumed to reflect Na+-K+ pump activity also raised 

serious questions about the validity of the study.  Figure 3A in their manuscript 

shows recordings of membrane currents of a myocytes voltage clamped using 

patch pipettes with small tips and high resistance that did not allow control of 

the intracellular Na+ concentration by the patch pipette solution.  Patch clamped 

myocytes were loaded with Na+ by exposing them to a K+-free superfusate (to 

inhibit the Na+-K+ pump).  They were then re-exposed to K+ (to activate the 

pump) and membrane current was measured.  A transient outward current was 

attributed to the Na+-K+ pump and the amplitude of the current was used as an 

index of activity.  The protocol used is a variation of protocols used 20-30 years 

ago on voltage-clamped multicellular preparations.  It was a universal 

convention to use the rate of decline of current as an index of pump activity, 

since the amplitude is very susceptible to systematic artefacts arising from 

changes in ion channel currents with the change in ionic composition of the 

superfusate used to activate the pump.  It is notable that the rate of decay of 
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current shown in Figure 3A (Despa et al., 2005) is faster under control 

conditions than after exposure to isoproterenol, i.e. indicative of isoproterenol-

induced pump inhibition.  A complicated (but technically flawed –see discussion 

in Chapter 5) approach using SBFI-fluorescence was used to simultaneously 

measure intracellular Na+ concentration.  The rate of decline of intracellular Na+ 

was increased by isoproterenol exposure despite the slower rate of decline of 

pump current.  The opposite effects of isoproterenol on the rate of decline of 

current attributed to the Na+-K+ pump and the substrate that fuels the transient 

increase in pump current, intracellular Na+, is difficult to reconcile and casts 

serious doubt on the validity of the study. 

 

At the molecular level, Despa et al attributed the effect of isoproterenol on Na+-

K+ pump function to phosphorylation of the pump-associated FXYD1 protein 

expressed in heart.  However, there was no consideration for how such 

phosphorylation might alter pump function.  If the physical relationship between 

FXYD1 and the pump’s catalytic α subunit is similar to the relationship between 

FXYD2 and the α subunit in the kidney, it is very difficult to see how 

phosphorylation of FXYD1 can cause the increase in the pump’s Na+ affinity 

that Despa et al. claim.  The phosphorylated residues do not seem to be in 

interaction distance with the domains in the pump molecule where Na+ binding 

occurs (Morth et al., 2007).  In addition, any hypothesis implicating 

phosphorylation of FXYD proteins has the fundamental problem that only 

FXYD1 has functional phosphorylation sites.  FXYD proteins therefore do not 

provide a generally applicable mechanism for pump regulation, and an 

alternative mechanism was explored.  



138 

 

Since oxidative signalling mediates Ang II induced pump inhibition (see Chapter 

5) and since an increase in adrenergic tone is emerging as a stimulus for 

oxidant signals, the hypothesis that an adrenergic stimulus regulates pump 

function was examined in the experiments described in this Chapter (Kou and 

Michel, 2007, Raju et al., 2005).   The cAMP/PKA pathway is known to be 

coupled to 1/ 2 adrenergic receptors. Forskolin induced activation of 

cAMP/PKA pathway resulted in Na+-K+ pump inhibition which was abolished by 

oxygen radical scavengers or NADPH oxidase inhibitors. The dependence of 

cAMP-induced pump inhibition on NADPH oxidase is similar to Ang II signalling 

described in Chapter 5.  We therefore examined whether crosstalk existed 

between these two pathways. 

 

It is well established that Ang II activates NADPH oxidase via PKC.   Data 

presented in Chapter 5 demonstrated that Ang II inhibits the Na+-K+ pump via 

PKC, NADPH oxidase and superoxide.  Although it was expected that the 

forskolin-induced Na+-K+ pump inhibition described in this Chapter was 

dependent on activation of PKA, the finding that activation of εPKC was also 

pivotal in the forskolin-induced pump activation (Figure 6.4) implicated PKA-

εPKC crosstalk.  While such crosstalk is not widely described, there are three 

recent reports of similar crosstalk.  Cambier et al reported PKA-dependent PKC 

activation in B-lymphocytes.  The specific PKC isoform was not identified 

(Cambier et al., 1987).  Huang et al reported adenosine receptor-mediated, 

PKA-dependent activation of the atypical ζPKC isoform in PC12 cells (rat 

pheochromocytoma cell line)(Huang et al., 2001).  However, it is of particular 

relevance to the data presented here that PKA-dependent activation of the 
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εPKC isoform has recently been reported (Yao et al., 2008).  Dopamine or 

exposure to ethanol induced activation of εPKC in NG108-15 cells (neurally 

derived clonal cell line that expresses components of the renin-angiotensin 

system).  Activation was proposed to be due to activation of phospholipase C-β 

(PLC-β) resulting in an increase in diacylglycerol levels that, in turn, activated 

εPKC.  As was the case in this study, activation was blocked by the specific 

εPKC inhibitory peptide.  The role of PLC in PKA stimulation of PKC, and 

subsequent activation of NADPH oxidase was supported by inhibitory studies 

recently performed in our laboratory by my colleagues, and included in a 

recently published manuscript (White et al., 2010).  These results are shown in 

Figure 6.5.  Inhibition of PLC, by U-73122 abolished forskolin-induced pump-

inhibition.  
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Figure 6.5 Effects of inhibitors of PKA, εPKC and PLC on forskolin-
induced Na+-K+ pump inhibition 

Myocytes were perfused with pipette solutions containing H89, εPKC inhibitory peptide 

or U-73122 (PLC inhibitor) as indicated. The data from myocytes not exposed to 

inhibitors, previously presented in Figure 6.4 is included for reference. Numbers of 

myocytes in each group are indicated in parentheses. * indicates a significant 

difference compared with control.  
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6.5. Implications  

The effect of cAMP-dependent signalling on Na+-K+ pump function has 

important implications for our understanding of excitation-contraction coupling in 

the heart under physiological and pathophysiological conditions. In the normal 

heart, pump inhibition in combination with an increase in adrenergic drive is 

expected to increase intracellular Na+ and hence Ca2+ levels and act in synergy 

with the well recognized positive inotropic effect of cAMP on Ca2+ entry and 

intracellular Ca2+ handling. However, while a modest increase in intracellular 

Na+ levels enhances contractility, the high levels typically seen in heart failure 

can have the opposite effect and are believed to contribute adversely to its 

phenotype (Pieske and Houser, 2003, Pieske et al., 2003). It is of particular 

importance for the present study that adverse effects of NADPH oxidase-

dependent redox signalling may also contribute to the development of cardiac 

failure (Murdoch et al., 2006). Efficacies of treatments that target dysregulation 

of adrenergic signalling in heart failure trials are consistent with an in vivo 

relevance of our results.  Blockade of adenyl cyclase-coupled receptors by “β-

blockers” may exert some of its benefit (Klein et al., 2003) by reducing oxidative 

stress, reversing Na+-K+ pump inhibition and hence reducing cellular Na+ 

overload.  This contrasts with the long term detrimental effect of activation of 

cAMP-dependent signalling by a β1 adrenergic receptor agonist xameterol 

(1990) or a phosphodiesterase III inhibitor (Packer et al., 1991) documented in 

clinical trials. The common role of PKC-dependent NADPH oxidase activation in 

both Ang II- and cAMP-induced Na+-K+ pump inhibition may contribute to the 

well established therapeutic synergy between angiotensin converting enzyme 

(ACE) inhibitors and β-blockers in heart failure (Klein et al., 2003). Their 
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combined use is expected to inhibit the shared oxidative signalling pathway 

more effectively than either group of drugs used alone. 

 

 

 

6.6. Summary and Conclusion.  

The functional studies described in the results section of this Chapter strongly 

implicated oxidant signalling in the Na+-K+ pump inhibition induced by 

adrenergic activation with cross-over to the same pathway that mediates Ang II-

induced oxidant signalling. This represents an entirely new paradigm for 

adrenergic signalling and regulation of the Na+-K+ pump in the heart.  

Subsequent work in the laboratory using both superoxide-sensitive fluorescence 

and molecular studies of 1 subunit glutathionylation was performed to 

independently to complement the functional studies and verify the paradigm 

shift implicated from the data.  The work has established that a downstream 

oxidative modification of the pump molecule occurs that is identical to that 

induced by Ang II-dependent oxidant signalling pathways i.e. PKC-dependent 

activation of NADPH oxidase and subsequent glutathionylation of the 1 

subunit.  This data is summarized in Figure 6.6. The implications of this will be 

discussed in more detail in Chapter 7. 
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Figure 6.6 Effect of forskolin on glutathionylation of the Na+-K+ pump’s 
β1 subunit  

A. Immunoblot showing biotinylated GSS-β1 subunit after exposure of 

myocytes loaded with biotin-GSH to forskolin for 5, 15 or 30 minutes or vehicle 

control. B. Effect of forskolin on glutathionylation of β1 subunit as shown by 

immunoblotting (IB) β1 subunit immunoprecipitate (IP) with GSH antibody. The 
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histograms show mean densitometry of blots from 3-4 experiments, each 

normalized against control (%). IP indicates the antibody used for 

immunoprecipitation. IB indicates the antibody used for immunoblot. * indicates 

significant difference versus control. 

 

 

  

 

 

Figure 6.7 Summary of molecular- fluorescence- and patch clamp 
studies on effects of forskolin 

Steps in the signalling pathway that are implicated are shown at the top with stimulation 

and inhibition indicated by +/–. Blocks of responses to forskolin are indicated below by 

. Glutathionylation of the β1 subunit is indicated by GSS-β1 and Na+-K+ pump current 

by Ip.(White et al.)(White et al.)(White et al., White et al., 2010)  
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Chapter 7   

Discussion 

7.0.  Implications and Perspective. 

The data presented in Chapter 3 indicate that NO derived from cardiac myocyte 

NOS stimulates the sarcolemmal Na+-K+ pump while uncoupling of NOS to 

produce O2
.- induces inhibition as shown in Chapter 4.  Such opposing effects 

would, in principle, allow for hormonal regulation of Na+-K+ pump activity with 

appropriate coupling of receptors to sources of NO and ROS/RNS and proximity 

of Na+-K+ pump molecules to these sources.  In Chapter 5 the well established 

coupling of Ang II receptors to NAD(P)H oxidase was utilised to test the 

hypothesis that Ang II induced Na+-K+ pump inhibition is mediated by O2
.- 

derived from activated NAD(P)H oxidase.  This hypothesis was confirmed in a 

series of functional Na+-K+ pump studies using highly specific scavengers and 

peptide inhibitors.  Data presented in Chapter 6 demonstrates that activation of 

the intracellular signalling cascade known to be coupled to β1/β2 adrenergic 

receptors also inhibits the Na+-K+ pump by sharing a common downstream 

pathway with Ang II-induced Na+-K+ pump inhibition.  The results are important 

for our understanding of the basic mechanism of Na+-K+ pump regulation 

implying a shift from a traditional emphasis on phosphorylation of the pump 

molecule or associated FXYD proteins towards a new paradigm with emphasis 

on oxidative modification.  Because heart disease, in particular heart failure, is 

characterised by dysregulation of NO synthesis, increased oxidative stress in 

the myocardium and raised myocyte Na+ levels (Seddon et al., 2007, Bers et 
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al., 2003, Despa et al., 2002, Pieske and Houser, 2003, Pieske et al., 2003), as 

well as elevated neurohormones including Ang II and catecholamine’s, the 

results also have implications for our understanding of pathophysiological 

processes and therapeutic designs. 

 

7.2.  Nitric oxide and the Na+-K+ pump. 

NO is almost the perfect cellular messenger.  It is small, readily diffusible, 

rapidly generated and can also be disposed of quickly.  The effects of NO are 

multiple and complex.  It influences many physiological processes, such as 

neurovascular tone, platelet aggregation, neurotransmission, antimicrobial 

defence and immunomodulation.  Of particular relevance to the work presented 

here it affects the activity of the isolated Na+-K+ ATPase in many tissue types 

including porcine cerebral cortex (Sato et al., 1997), bovine brain, dog kidney 

(Boldyrev et al., 1997) and hepatic membranes (Muriel P, 2000).  Since cellular 

messenger cascades are not intact in such preparations one has to assume 

that NO somehow directly interferes with the activity of the ATPase.  The 

addition of a pharmacological donor of NO has been shown to stimulate the 

Na+-K+ pump in intact cardiac myocytes previously (William et al., 2005a).  In 

order to examine the physiological significance of this we designed experiments 

to increase NOS activity within the cell.  

The effect of endogenously synthesised NO was examined in the studies 

presented in Chapter 3 by adding L-arg to the patch pipette solution that 

perfused the intracellular compartment of isolated voltage clamped myocytes.  

L-arg induced a highly significant stimulation of Ip.  The functional studies 
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presented in this Thesis were supported with separate work in our laboratory 

performed by Dr G Figtree.  Myocytes were loaded with diacetlyated 

diaminoflouroscein 2 (DAF-2DA).  This membrane permeable dye is hydrolysed 

intracellularly by cytosolic esterases releasing DAF-2 which is converted in the 

presence of NO to DAF-2 triazole (Kojima et al., 1998).  The cells were loaded 

with dye and then examined with laser scanning confocal microscopy.  

Exposure of cells to L-arg resulted in augmentation of DAF fluorescence, 

supporting  L-arg induced increase in NO synthesis in intact cells as was seen 

in patched myocytes in Chapter 3.  In principle, the L-arg induced Na+-K+ pump 

stimulation could be due to a direct effect of NO on the pump molecule or the 

lipid membrane it is embedded in.  However, the stimulation was abolished by 

ODQ, an inhibitor of “soluble” guanlyl cyclase (sGC) that is specifically activated 

by NO under physiological circumstances.  Since sGC mediates synthesis of 

cGMP a specific downstream cGMP-mediated messenger pathway rather than 

direct effects of NO or NO derivatives is implicated (Friebe and Koesling, 2003). 

 

The upstream synthesis of NO from L-arg is mediated by NOS.  There are 3 

known NOS isoforms.  NOS1 and NOS3 (the latter also known as “endothelial 

nitric oxide synthase –eNOS) are constitutively expressed while NOS2 or 

“iNOS) is induced, usually by pathological stimuli.  Subsequent work performed 

by Dr C Liu in the Laboratory prompted by the results presented in this Thesis 

has shown that Na+-K+ pump subunits colocalise with eNOS in a caveolin-

associated microdomain.  The physical proximity is expected to facilitate NO-

dependent Na+-K+ pump regulation.  This is expected to be important for NOS-

coupled hormone receptors since sarcolemmal hormone receptors typically are 
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located in membrane caveolae.  In agreement with this, natriuretic peptide type 

C receptors, coupled to NOS, induce stimulation of the Na+-K+ pump in cardiac 

myocytes (William et al., 2008a). 

 

7.3.  ROS/RNS and the Na+-K+ pump. 

Data presented in Chapters 4, 5 and 6 showed that that uncoupling of NOS by 

paraquat or activation of NAD(P)H oxidase by Ang II leads to Na+-K+ pump 

inhibition that is dependent on O2
.-.  The functional studies presented strongly 

implicated an oxidative modification of the pump molecule.  Oxidative 

modification of susceptible sulphydryl groups on proteins may be an important 

alternative to phosphorylation in regulating their function (Adachi et al., 2004, 

Clavreul et al., 2006, Cohen and Adachi, 2006).  Susceptible sulphydryl groups 

may undergo reactions that are essentially irreversible, such as sulphinic or 

sulphonic oxidation, or, in the presence of the abundant cytosolic tripeptide 

glutathione, S-glutathionylation may occur.  As introduced in Chapter 5 and 6, 

S-glutathionylation is the formation of a mixed-disulfide bond between a reactive 

cysteine residue on the protein under regulation, and the tripeptide glutathione. 

See Figure 7.1.  
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Protein S-glutathiolation

• S-glutathiolation-

– adduct with –ve charge

– is stable but reversible

1 subunit HS 1 subunitGS S

GSH

ONOO -
1 subunit HS PROTEIN HS 1 subunitGS SGS S

(GSH)

ONOO -

PROTEIN 

Glu-Cys-Gly

 

Figure 7.1. Stable reversible protein glutathiolation.  

S-glutathionation confers a negative charge to a protein molecule that can affect its 

tertiary structure and cause and alteration in function. This mechanism is reversible. 

This mechanism is a candidate for indirect coupling of receptor protein kinases and 

Na+-K+ pump regulation, as PKC is a well-known activator of NADPH oxidase. 

 

 

S-glutathionylation is a particularly good candidate for oxidative regulation of 

function as opposed to more permanent modification because it is reversible 

and it confers a negative charge which may affect tertiary structure and function 

in a manner similar to phosphorylation (Cohen and Adachi, 2006).  Since the 

O2
.- is derived from PKC-dependent activation of NAD(P)H oxidase (See 

Chapter 5), S-glutathionylation would also provide a link between receptor-

coupled kinase activation and pump regulation.  Subsequent studies performed 

in the laboratory examined if Na+-K+ pump subunits have “reactive” residues, 
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i.e. residues that are susceptible to S-glutathionylation.  The studies showed 

that the pump’s regulatory β1- but not catalytic α1 subunit was glutathionylated.  

Results of experiments performed by Dr C Liu are shown in Figure 7.2.  There 

was glutathionylation of the β1-subunit in isolated cardiac myocytes at baseline.  

Glutathionylation was increased with exposure to Ang II (Figtree et al., 2009a). 

Similar studies to those summarised in Figure 7.2 (also performed by Dr C Liu) 

demonstrated that exposure of myocytes to paraquat (Figtree et al., 2009a) or 

forskolin (White et al.) also increased the glutathionylation of the β1 subunit. 
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Figure 7.1.  Effect of Ang II on glutathionylation of the β1 subunit (Figtree 

et al., 2009a).  

A. Immunoblots showing biotinylated GSS-β1 subunit at baseline (control), or after 

exposure of myocytes to 100 nmol/L (nM) Ang II for 10 minutes.  The histogram 

summarises densitometry of the blots and is standardized to the value of control 

samples (n=3).  B.  Ang II induced glutathionylation of β1 subunit as shown by 

immunoblotting β1 subunit immunoprecipitate with GSH antibody.  The 

histogram summarises densitometry of the blots from 3 experiments, and 

shows a concentration-dependent increase in glutathionylation.  *represents 

significant difference to control.   
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Glutatathionylation of proteins occurs at susceptible cysteine residues, but, 

intracellularly, the high GSH concentration and reducing environment does not 

thermodynamically favour glutathionylation of cysteines with typical redox 

potentials (Gallogly and Mieyal, 2007).  Glutathionylation is therefore dependent 

on subcellular compartmentalization that brings together sources of ROS and 

target proteins (Martinez-Ruiz and Lamas, 2007).  As described previously, the 

Na+-K+ pump in cardiac myocytes co-immunoprecipitates with NAD(P)H 

oxidase, caveolin and with eNOS implying proximity between the Na+-K+ pump 

and sources of NO and O2
.- in a caveolar microdomain. 

 

NO and O2
.- combine to form ONOO- which in turn can oxidize sulphydryl 

groups to intermediate forms that promote protein glutathionylation.  Glutathione 

disulphide (GSSG) is an oxidation product of GSH that can mediate 

glutathionylation of protein cysteine groups by direct disulphide exchange 

(Gallogly and Mieyal, 2007).  However, the local GSH: GSSG ratio would have 

to shift by several orders of magnitude from the global cell ratio for disulphide 

exchange to be thermodynamically favoured.  GSH can also be oxidized to form 

S-nitrosyl and sulfenic acid derivatives that are believed to be more likely than 

GSSG to promote glutathionylation of cysteine residues on proteins in living 

cells (Gallogly and Mieyal, 2007). 

 

The β1 subunit has 7 cysteine residues, but 6 are linked in 3 S-S bridges 

(Shimon et al., 1998), leaving only one candidate for oxidative modification.  

Studies performed in June 2008 in collaboration with Professor Kaethi Geering 

from the University of Lausanne, Switzerland have indicated that injection of 
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ONOO- into oocytes expressing wild-type β1 subunits with the one remaining 

free cysteine residue intact induces inhibition of Na+-K+ pump current.  Any 

effect of ONOO- was eliminated in oocytes expressing a mutant lacking the 

residue- Cys 45 (Figtree et al., 2009a).  These experiments conclusively confirm 

the identity of the glutathionylated cysteine residue that mediates oxidant 

induced Na+-K+ pump inhibition. See Figure 7.3. 
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Candidate cysteine residue 

S-S

S-S

S-S

 

 

Figure 7.3 Crystal structure of Na+-K+ pump  with Cys45 highlighted.  

 Mutational studies demonstrated that Cys45 of the b1 subunit is the sole cysteine 

residue that is glutathionylated, and that its glutathionylation is causally related to 

oxidative inhibition of the Na+-K+ pump (modified from (Morth et al., 2007)). 
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Although accessible in the 3-D structure at the outer face of the helix, the free 

cysteine residue lies in the transmembrane domain (Morth et al., 2007, Hasler 

et al., 2001).  Within this lipid milieu, the residue would be expected to be poorly 

accessible to cytosolic, hydrophilic derivatives of GSH.  However, its 

susceptibility to oxidation induced by water soluble Cu-phenanthroline suggests 

that it nevertheless can be reached by hydrophilic substances, an uncommon 

feature of membrane-buried cysteine residues in P-type ATPases (Ivanov et al., 

2000).  In general, oxidation of cysteine residues in transmembrane segments 

of membrane transporters by water-soluble oxidants implicates proximity of the 

residues to water-filled cavities (Munson et al., 2000, Tamura et al., 2001).  

Alternatively, because the acid form of ONOO- is membrane-permeable, the 

transmembrane cysteine residue of the β1 subunit may be oxidized to 

intermediate forms that promote glutathionylation.  Analogous to GSH, protein 

cysteine residues can be oxidized to highly reactive S-nitrosyl or sulphenic acid 

derivatives (Gallogly and Mieyal, 2007).  If such oxidation also induces a 

change in 3-D structure of the β1 subunit that allows access of the water soluble 

GSH, glutathionylation may occur. 

Susceptibility to glutathionylation depends on the tertiary structure of a protein 

and the chemical milieu in the vicinity of cysteines (Ghezzi, 2005).   

Glutathionylation as a universal mechanism of Na+-K+ pump regulation across 

different species may therefore depend on a high level of homology of the β1 

subunit.  A 99% cross-species homology of its transmembrane domain, 

contrasting to a 57-61% homology to the β2 3 subunits (Barwe et al., 2007) 

suggests the transmembrane domain of the β1 subunit is critical for Na+-K+ 

pump regulation and that glutathionylation of the β1 
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role in Na+-K+ pump regulation across species and organs.  In contrast, 

regulation attributed to phosphorylation of FXYD proteins associated with the 

pump cannot have such broad applicability since only FXYD1 has known 

functional phosphorylation sites. 

 

The limited homology in the transmembrane domains of the β1 2 

and β3 subunits of the Na+-K+ pump (Barwe et al., 2007) includes the key 

difference that β2 and β3 subunits have no free cysteine residues.  The 

implication is that heterodimer pumps with these subunits cannot be acutely 

regulated and serve in a constant “housekeeping” role, or, alternatively, that 

they are regulated by a mechanism other than glutathionylation of the β subunit.  

Differences in expression of β subunits may give rise to differential regulation of 

the Na+-K+ pump, even in subcellular localizations within the same cell.  In 

cardiac myocytes, for example, oxidative signalling may regulate Na+-K+ pump 

molecules expressing β1 subunits in transverse tubules and surface 

sarcolemmal (Liu and Askari, 2006, Harada et al., 2006), but not pump 

molecules expressing β2 subunits at intercalated discs (Harada et al., 2006).   

A functional effect of glutathionylation is expected to reflect interaction of the β1 

subunit with the catalytic α1 subunit.  Phe 42 and Tyr 43 of the β1subunit are 

within interaction distance of Gly 848 in transmembrane helix 7 of the α1 subunit 

(αM7).  Gly 848 marks a kink in αM7 that allows access of the C-terminal of 

αM10 to a pocket between αM7, αM8 and αM5. 

Na+ binds in this pocket, and the importance of access of the αM10 C-terminal 

to it is indicated by a 26-fold reduction in the Na+ affinity when the last five 

amino acids of αM10 are truncated (Morth et al., 2007).  Perhaps the access of 
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the positively charged αM10 C-terminal to the pocket is impaired when the 

negatively charged glutathione tripeptide binds to Cys 45 in the β1 subunit near 

the access route to the pocket.  This may impair the effect of the αM10 C-

terminal on Na+ affinity and would be consistent with a reduction in the 

sensitivity of Ip to intracellular Na+ induced by oxidant signals (Chapters 3,4,5).  

 

 

As introduced in Chapter 6, work from this thesis resulted in the investigation of 

oxidative modification on the kinetics of the Na+-K+ pump. My colleagues have 

recently demonstrated that glutathionylation decreases the rate of the E2  E1 

conformational change (Figtree et al., 2009b, Winterbourn and Hampton, 2008).  

The critical role of the β subunit for Na+-K+ ATPase function and ion-binding was 

recently demonstrated in a high-resolution structure of the shark Na+-K+ 

ATPase.(Shinoda et al., 2009) It may be of particular importance that Cys45 is 

only separated from one of the hydrogen bonds linking αM7 with the β1 subunit 

by 1 amino acid. The 2 units of the α1/β1 heterodimer move relative to each 

other during the transition from the E2 to E1 conformational state described by 

the Post–Albers scheme, and a charged residue (such as glutathione) on the β1 

subunit may affect this movement and hence functional properties of the 

enzyme. Exposure of the preparation to ONOO– inhibited enzymatic activity, 

and RH421 fluorescence studies indicated that ONOO– decreased the rate 

constant for the E2 E1 conformational change (Figtree et al., 2009a). The shift 

in the conformational poise toward E1 may explain the ONOO– induced increase 

in apparent affinity to ATP. The E2 E1 reaction is a good candidate for 

physiologically significant regulation because, together with regulation by 
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changes in the intracellular K+ and Na+ concentrations, it is the main rate-limiter 

of the cycle.  

7.4.  Na+-K+ pump and Heart Failure. 

Oxidative modification of the sarcolemmal Na+-K+ pump is likely to be important 

for the pathophysiology and treatment of heart failure since an increase in 

cardiac myocyte oxidant stress (Mudd and Kass, 2008) and raised levels of 

intracellular Na+ (Pieske and Houser, 2003) are believed to contribute to its 

clinical manifestations.  Oxidative modification of the key export route for Na+, 

the Na+-K+ pump, suggests that oxidant stress and raised myocyte Na+ are 

interrelated.  However, the pathophysiology of heart failure is complex and there 

are numerous interrelated factors at play.   

The pathophysiology and molecular biology of heart failure are often viewed in 

terms of abnormalities in neurohormonal regulation, intracellular ion 

homeostasis, regulation of NO synthesis and oxidant stress or abnormalities in 

energy metabolism.  Usually, these apparently diverse concepts are considered 

in isolation.  It is an important implication of the work presented in this thesis 

that they are likely to be inter-dependent and interact in a manner that may 

introduce novel targets for therapeutic interventions. Each of these four 

abnormalities will briefly be discussed in light of work presented in this thesis.   

7.4.1  Neurohormonal Regulation  

Any decrease in cardiac output, from whatever cause, results in activation of the 

neurohormonal control axis.  Neurohormonal abnormalities include activation of 

the adrenergic system, the renin-angiotensin-aldosterone system and the 

hypothalamic-neurohypophyseal system.  Activation of the adrenergic system 
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for a prolonged period, results in an increase in ventricular afterload.  This, in 

turn, puts an increased strain on the compromised left ventricle.  Sustained 

long-term activation of the adrenergic system can result in hypertrophy, 

myocardial damage, arrhythmias, and possibly myocardial calcium overload 

and apoptosis (Anversa et al., 1998).  Activation of the renin-angiotensin-

aldosterone system results in increased production of Ang II.  Sustained 

elevations of Ang II can cause an increase in ventricular afterload and 

myocardial hypertrophy.  In the longer-term the increased hormone level can 

lead to apoptosis, interstitial fibrosis and increased secretion of aldosterone  

(Swedberg et al., 1990).  These changes within the myocardium increase 

passive stiffness of the ventricles and vascular bed, interfere with ventricular 

filling, and reduce arterial compliance.  This often leads to ventricular 

remodelling which is a maladaptive response and in the long term is not of 

benefit to the patient.  The neurohormonal hypothesis has been very successful 

in developing and/or explaining beneficial therapeutic interventions with 

angiotensin converting enzyme inhibitors (ACE-I), angiotensin receptor blockers 

(ARBS), aldosterone antagonists and adrenergic β receptor blockers. As 

explored in this work, both Ang II, and forskolin (mimicking activation of 1/ 2 

adrenergic receptors) leads to inhibition of the cardiac Na+-K+ pump.  

 

7.4.2 Ionic hypothesis  

In congestive cardiac failure, the hypothesis that the “electro-mechanical 

phenotype” of abnormalities in cardiac contractility and frequent cardiac 

arrhythmias in heart failure are as a result of abnormalities in myocytes ion 
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homeostasis has mostly been focussed on the cellular handling of Ca2+ (Houser 

and Lakatta, 1999).  Much work has been done on storage of Ca2+ in the 

sarcoplasmic reticulum and the uptake of Ca2+ into it, mediated by a Ca2+ 

ATPase.  Other studies have been focussed on the cellular export of Ca2+ 

across the sarcolemmal, mostly mediated by the Na+-Ca2+ exchanger.  The 

main consistent pattern that has emerged is that an increase in total cell Ca2+ is 

a key feature in electro-mechanical dissociation .  Since the intracellular Na+ 

concentration [Na+
i] in the cardiac myocyte is the key determinant of intracellular 

Ca2+ due to the operation of the Na+-Ca2+ exchanger attention has been drawn 

to [Na+
i] in the failing heart.  It has become firmly established that [Na+

i] is 

elevated in heart failure and that this plays a key role in its pathophysiology in 

both humans and in animal models of heart failure (Pieske et al., 2002, Pieske 

and Houser, 2003, Pieske et al., 2003, Despa et al., 2002) (See Chapter 1).  

This increased [Na+
i] reduces cellular export of  Ca2+ via Na+-Ca2+ exchange 

and hence results in an increase in total cell Ca2+.  

 

7.4.3  Role of ROS /RNS in Heart Failure 

The dysregulation of the NOS pathway and the production of peroxynitrite may 

have an important role in the development of heart failure. The amount of 

available NO is variable and depends on the availability of both substrate and 

co-factors as discussed in Chapters 3 and 4. The lack of either if these two 

important elements leads to the generation of oxygen radicals such as 

peroxynitrite(ONOO-).  As discussed ONOO- can significantly alter 

glutathionation, nitration and oxidative reactions. The amount of available NO is 
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important as it has both paracrine and autocrine functions on the cardiac 

myocyte. At low does NO influences electro-mechanical coupling and has a 

positive inotropic effect (Mohan et al., 1996). At higher doses  it augments  

diastolic function and myocyte relaxation (Mohan et al., 1996, Shah and 

MacCarthy, 2000, Vila-Petroff et al., 1999). In heart failure the increase in 

oxygen radicals may have many sources including xanthine oxidase(Ekelund et 

al., 1999), mitochondria(Ide et al., 1999) and NAD(P)H oxidase as discussed in 

Chapter 5.  The increase in the oxygen radical species and reduction in NO 

leads to a reduction in the Ip of the Na+-K+ pump as demonstrated in Chapters 4 

and 5. The reduction of Ip of the Na+-K+ pump and therefore by implication an 

increase in the intracellular Na+,leads to an alteration in Ca2+ handling and 

electrolyte imbalances. This links the neurohormonal theory and the electrolyte 

imbalance theory. The regulatory hormones such as Ang II cause an increase in 

the ROS/RNS which, as demonstrated, reduce the Ip. These electrolyte 

imbalances cause a reduction in myocyte function and lead to the clinical 

manifestations of congestive cardiac failure.  

Takosubo cardiomyopathy is a transient cardiac condition due to apical 

ballooning of the left ventricle. It often mimics an acute coronary syndrome. This 

leads to a marked reduction in left ventricular function. It was first described in 

Japan in 1990 by Sato. (Sato et al., 1997). The syndrome appears to be 

triggered by significant emotional or physical exertion. The etiology is not known 

however a common mechanism is the release of catecholamines and stunning 

of the myocardium. This hypothesis would fit with the findings of this thesisas 

discussed in the previous chapters. The excessive release of catecholamine’s 
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causes the generation of ROS/RNS which leads reduced myocardial 

contraction. 

 

 

7.4.4 Energy Starvation  

Heart failure has also often been viewed as a problem primarily related to 

cardiac energy metabolism.  The heart is an avaricious consumer of free fatty 

acids (FFA) and glucose.  FFA metabolism is the main source of energy of the 

myocardium in the non- stressed heart.  The myocardium uses about 6 kg of 

ATP daily (Neubauer, 2007).  The myocardium must provide a steady stream of 

ATP to prevent failure of contraction of the myofibrils.  Heart failure has also 

often been viewed as a problem primarily related to cardiac energy metabolism.  

In a stressed state, such as advanced heart failure, the myocardium switches to 

carbohydrate metabolism as a source of energy.  While initially adaptive it 

quickly becomes harmful as there is an increase in insulin resistance and loss 

of metabolic plasticity. 

Much early work was focussed on cellular levels of high-energy phosphates, 

including ATP and creatine phosphate.  The cellular level of ATP is maintained 

until the end stages of advanced HF.  The transport of substrates in to the 

abundant mitochondria is vital to sustain adequate amounts of ATP from 

phosphocreatine and ADP.  There are a number of transporters that are Na+ 

dependent, including the GLUT transporters (which were previously discussed 

in Chapter 1) and the Na+ dependant creatine co-transporters.  Creatine is 

produced by both the liver and the kidneys.  It is transported across the cardiac 
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membrane against a 50 fold gradient by the Na+ dependant creatine co-

transporter (Neubauer, 2007).  Thus any change in the Na+ level will impact on 

the transporters which play a vital role in the chain of energy delivery and 

utilisation within the myocyte.  This interruption of the substrate delivery may 

have a downstream effect on the electro mechanical coupling of the 

myocardium which is ATP dependant. 

 

7.5 Unifying Scheme and implications for future work 

The work presented in this thesis has identified a link between ROS/RNS and 

signalling mediated by neurohormonal activation in the control of cardiac 

myocyte Na+, and, by inference Ca2+.  This indicates that abnormalities in 

ROS/RNS, intracellular ions and neurohormones should not be seen isolation 

when considering the pathophysiology of heart failure.  Because of the 

dependence of cardiac myocyte energy metabolism on the transmembrane 

gradient for Na+ it is also reasonable to think that myocardial energy starvation 

in heart failure is readily integrated in an overall inter-dependence with 

neurohormonal abnormalities and dysregulation of intracellular ions and 

myocardial ROS/RNS in the pathogenesis of heart failure.  Clinical trials of 

antioxidants in cardiac failure have been disappointing.  There are many 

reasons for this.  The antioxidants used in the trials such as vitamin C, vitamin E 

and co-enzyme Q10 complex are non-specific inhibitors.  They also have a low 

reaction rate with ROS/RNS or are non-catalytic antioxidants.  The dose used 

was also inadequate.  Tackling an increase in ROS/RNS either needs a specific 

target downstream to inhibit or to be an antioxidant with a high reaction rate.  
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Allopurinol, a XOR inhibitor reduces the level of ROS/RNS in endothelium and 

has been shown to  increase NO stimulated blood flow in both smokers and 

diabetics experimentally (Guthikonda et al., 2003, Butler et al., 2000).  There 

may be a possible role for its use in heart failure as Cappola et al showed the 

infusion of allopurinol into the coronary vasculature reduced myocardial O2 

consumption (Cappola et al., 2001).  There may be a role for use of antioxidants 

in the treatment of heart failure however, at this time they are too non-specific in 

their functions and require further experimental work and drug development. 

The success of receptor-based therapies vs. the lack of efficacy of non-specific 

antioxidant approaches (Mudd and Kass, 2008) may be an indication of the 

pivotal importance of cellular microdomains in the regulation of normal and 

abnormal cell function.  One cardiomyopathy that may be signifiacnat in the 

context of this thesis finding is Takotsubo cariomyopathy. Taksoubo 

cardiomyopathy is a transient cardiac condition first described by Sato in 1990 

(Sato et al.).It is a condition that causes marked apical hypokinesis of the left 

ventricle and a reduction in ventricular function. It appears to be triggered by 

significant emotional stress. The etiology is not known but it is thought to be 

linked to a large sudden burst of catecholaimine release. 95% of cases recover 

within 6-8 weeks. The release of noradrenaline is could be hypotesised causes 

a significant increase in the amount of ROS/RNS generated which leads to 

myocardial dysfunction as outlined in the previous chapters of this thesis. 

The findings presented in this thesis that neurohormonally induced oxidative 

signalling inhibits the Na+-K+ pump via PKC dependent activation of NAD(P)H 

oxidase have led to the identification of  a specific oxidative modification of the 

β1 subunit of the Na+-K+ pump that mediates this.  These combined findings 
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provide novel therapeutic targets that, if successfully interrupted may improve 

cellular Na+- and Ca2+ handling under conditions of dysregulated 

neurohomones and elevated cellular oxidative stress.   This is the ongoing 

focus of the Laboratory.  
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