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Introduction Introduction 

Okeletall  muscle ensures the proper functioning of several physiological and 

processess of the body. Due to both its large volume in comparison to the organism it 

storess 75 % of total body potassium (Sejersted & Sjogaard 2000). Most importantly 

skeletall  muscle enables movement. Movement is brought about by muscle contraction, 

wherebyy the coupling of the electrical activities of the surface membrane and the 

contractilee apparatus is needed. The t-tubules and the sarcoplasmic reticulum are 

twoo intracellular structures, which are essential in the coupling process and are 

characteristicc for skeletal muscles. The t-tubules are responsible for conducting an 

electricall  stimulus, by means of an action potential, to the fiber interior. At the 

junctionss of the t-tubules with the sarcoplasmatic reticulum membranes the voltage 

iss sensed by dihydropyridine receptors in the t-tubular membranes (Block et al. 1988). 

Thesee dihydropyridine receptors are actually Ca2+ channels, which are coupled to 

so-calledd ryanodine receptors in the sarcoplamic reticular membranes (Lamb 1991). 

Oncee the voltage is sensed, the sarcoplasmic reticulum releases Ca2+ via the 

ryanodinee receptor (Lai et aJ. 1988). The released Ca2+, subsequently, binds to 

troponin,, which alters the interaction of tropomyosin with actin to allow myosin to 

bindd to actin and generate contractile force. Relaxation, on the other hand, occurs via 

Ca2++ uptake through the Ca2+-ATPase in the sarcoplasmic reticulum membrane 

(Fittss 1994). 

Thee generation of action potentials is essential in the process of muscle 

contraction.. Opening of Na+ channels cause the upstroke of the action potential. 

Actionn potential repolarization results from inactivation of previously opened Na+ 

channelss and from delayed activation of closed K+ channels (e.g. delayed-rectifier 

channels).. Other channels (e.g. K+ and CI) further support repolarization. With mul-

tiplee regulatory mechanisms contributing to action potential repolarization, an 

alterationn in one mechanism could be compensated by a change in another to 

maintainn near-normality of the action potential. K+ and CI" channels, not directly 

involvedd in action potential generation, are important in the generation of the steady 

statee resting membrane potential (Vm). In certain conditions the membrane can adopt 

twoo stable values. This phenomenon is called electrical bistabiJity of the membrane 

(abbreviatedd as bistability), and is the focus of this thesis. 
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ChapterChapter one 

Restingg State Ion Transporters 
Thee resting state ion currents originate from the skeletal muscle fiber membrane, 
wheree many proteins reside with different functions. Some of these proteins are 
responsiblee for transporting ions across the membrane. Basically these ion 
transportingg proteins can be divided into three classes: channels, cotransporters and 
pumps.. Channels conduct ions down their electrochemical gradients; i.e. passive 
transport.. Cotransporters transport multiple ions and are secondary active 
transporters,, because ion transport is derived from the energy stored in the ion 
concentrationn gradient of one of the transported ions. In mammalian tissues, pumps 
transportt ions against their electrochemical gradient by use of a metabolical energy 
source:: i.e. active transport. A comprehensive list of the main molecular, physio-
logicall  and pharmacological characteristics of the transporting proteins relevant to 
thiss thesis will be described below. 

Channels,Channels, Cotransporters and Pumps 

InwardInward Rectifier Potassium Channels 

Thee inward rectifier K+ (IRK) permeability (or conductance) was formerly known as 
anomalouss rectifier. The principle observation for its name was that in solutions with 
aa high extracellular K+ concentration, [K+]0, skeletal muscle responded to a 
hyperpolarisingg stimulus with a high permeability for K+ (P^). Conversely, a 
depolarisingg stimulus induced a reduced P̂  (Katz 1949). This indicates a potential 
rolee of IRK channels in K+ homeostasis, where a beneficial consequence of the 
rectificationn is that it protects the cell against fast depletion of K+ during activity 
(Hill ee 1992). Electrically, the main characteristic of this inward rectifier is that it 
conductss more current negative to the Nernst potential for K+, EK, than current 
positivee to EK (Katz 1949). Since Katz (1949) the rectification process of the inward 
rectifierr was studied extensively (for a detailed historical perspective on the progress 
off  this field of research see Guo et aJ. 2003). 

Thee rectifying properties of the inward rectifier are caused by the depolarisation 
inducedd blocking action on IRK channels of intracellular Mg2+ and polyamines (e.g. 
sperminee and spermidine; Nichols & Lopatin 1997), which are ornithine derivatives. 
Thee current is blocked by Ba2+ (uM) and Cs+ (mM) from the outside (Hille 2001). The 
IRKK permeability (or conductance) is related to the square root of [K+J0 (Hille 1992). 

Manyy reports over the last half century provide extensive evidence for the 
functional,, electrophysiological (Katz 1949; Hodgkin & Horowicz 1959; Adrian 1972; 
Standenn & Stanfield 1978; Hestrin 1981; Ohmori et al. 1981; Gonoi & Hasegawa 1991; 
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Bertrann & Kostias 1996; Barrett-Jolley et aJ. 1999; Ruff 1999; Kurtz et al. 1999; Sejersted 
&&  Sjogaard 2000) and molecular (Kubo et al. 1993; Shin et al. 1997) presence of IRK 
channelss in skeletal muscle. Standard procedures for the identification of IRK 
channelss are [K+]0 variation and extracellular application of uM Ba2+ and mM Cs+ 

(Kuboo et al. 1993). These procedures were used to positively test for the presence of 
ann inward rectifier in murine skeletal muscle membrane (Siegenbeek van Heukelom 
1991;; 1994; van Mil et al. 1995). Additionally, computer calculations l supported the 
presencee of an inward rectifier in the skeletal muscle fiber membrane. 

[K+J00 variations (Dulhunty 1980; Molgaard et al. 1980; Kuba & Nohmi 1987; Chua 

&&  Dulhunty 1988), Ba2+ applications (Gallant 1983; Betz et al. 1986; Kawata & Hatae 
1990;; Losavio et al. 1992; Clausen & Overgaard 2000; Lindinger et al. 2001) and 
computerr modelling (Wallinga et al. 1999) also corroborated the presence of IRK 
channelss in other skeletal muscles. 

Thee IRK channel in skeletal muscle is thought to be expressed by the Kir2.1 gene 
(Doupnikk etaJ. 1995). The gene name is KCNJ2 or HIRK1 2. The channel is a homo-
tetramericc structure formed by four 2-TM (2-transmembrane-segment) subunits with 
bothh termini on the inside. It has a K+ selectivity filter sequence GYG in the so-called 
H55 or P-region. In both mouse soleus and EDL (extensor digitorum longus) muscle, 
Kir2.11 (also known as IRKl) mRNA decreases after denervation (Shin et aJ. 1997). 
Additionally,, during differentiation, expression of Kir2.1 channels precedes fusion 
andd is required for fusion to occur (Bernheim & Bader 2002). This implicates a role 
forr Kir2.1 in muscle development. 

CaJcium-Activatedd Potassium Channel 

Thee large conductance calcium-activated K+ channel [also known as the big K+ (BK), 
maxi-K++ or slo (slowpoke) channel] is activated by intracellular Ca2+ and by 
depolarisationn of the cell. An interesting negative feedback mechanism is formed, 
whenn BK channels are co-localized with Ca2+ channels (Hille 1992). Depolarisation 
promotess Ca2+ influx through Ca2+ channels, which in turn opens BK channels, 
actingg to repolarisee the cell again. 

Recently,, both the Ca2+ and the voltage dependence of BK channels in cultured 
skeletall  muscle cells have been incorporated in an allosteric 50-state kinetic scheme 
(Rothbergg & Magleby 2000). BK channels exist as a complex of four pore-forming a-
subunitss and a regulatory P-subunit (Toro et aJ. 1998). The ct-subunit has seven 

11 Siegenbeek van Heukelom 1994; van Mil 1997; 1998, the model consists basically of three passive 
fluxess for Na+, K+ and CI", including an empirical equation for the IRK, and a kinetic equation for 
activee transport through the Na+/K+ pump 
22 http://www.expasy.ch/cgi-bin/niceprot.pl7P48049 
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ChapterChapter one 

transmembranee segments with the amino terminus extracellular and a cytosolic car-

boxyl-terminuss (Toro et al. 1998). The pore region also contains the signature GYG 

sequencee for K+selectivity. The a-subunit has an S4 intrinsic voltage sensor similar to 

otherr voltage activated K+ channels (e.g. Shaker channels). The B-subunit has two 

transmembranee segments with both termini cytosolic and, when coexpressed with 

thee a-subunit, causes a negative shift of voltage activation due to an increased Ca2+ 

sensitivity.. The gene name is KCNMB1 3. Known blockers of BK channels are 

scorpionn toxins like charybdotoxin and iberiotoxin (Toro et al. 1998). 

ChlorideChloride Channel 

Thee CI" conductance, Gci, in skeletal muscle is high (Palade & Barchi 1977) and one 

CI""  channel type is specific to skeletal muscle (Jentsch et a/. 2002). The resting G Q, 

whichh in EDL is ~ 1.8-fold higher than in soleus muscle, is reported to be muscle 

dependentt (De Luca et al. 2000). In rodents, Gci increases during postnatal 

developmentt until adulthood is reached (~ 20 weeks) and it decreases in aged rats 

(Dee Luca et al. 2000). 

Thee gene name of this skeletal muscle specific CI" channel is CLCN1 or C1C1 4. 

Thiss voltage-gated channel has an almost linear current voltage (IV) relationship 

withh a very small single channel conductance (1-2 pS) and a slow activation time 

constantt (30-200 ms). Kinetic studies predict a double-barreled structure, which 

seemss to be confirmed by two-dimensional crystal studies. The two pores are formed 

byy homodimers of probably 10 to 12 transmembrane segments each, with some 

segmentss tilted as opposed to perpendicular in the membrane (Jentsch et al. 2002). 

Pharmacologicall  inhibition can be achieved by uM anthracene-9-carboxylic acid 

(9-AC)) and clofibric acid, and activation by mM of the sulfonic amino acid taurine 

(Dee Luca et al. 2000). Application of 9-AC and point mutations of C1C1 have been as-

sociatedd with myotonia. Myotonia is diagnosed by delayed relaxation following a 

voluntaryy contraction (i.e. hyperexcitability). Following the linkage of Thomsen 

(dominant)) and Becker (recessive) myotonia to CLCN1, many disease-causing 

mutationss were identified and their properties investigated in heterologous ex-

pressionn systems, providing important insights into channel structure and function 

(Jentschh etai. 2002). 

33 http://www.expasy.ch/cgi bin/niceprot.pl?Q16558 
44 http://www.expasy.ch/cgi-bin/niceprot.pl7P35523 
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Sodium-Potassium-2ChlorideCotransporter Sodium-Potassium-2ChlorideCotransporter 
Thee Na+/K+/2C1- cotransporter (or symporter) is an electroneutraJ secondary active 
transporter,, which mainly uses the Na+ electrochemical driving force to 
simultaneouslyy transport Na+, K+ and 2 CI" ions in the same direction (Russell 2000). 
Thiss driving force favors inward transport in resting skeletal muscle. The expression 
off  this cotransporter in rat soleus is greater than in rat plantaris and gastrocnemius 
muscle.. Transport activity appears to correspond to expression levels. Differential 
expressionn and activity are not only seen among muscles from the same species, but 
alsoo between rat and mice, where mice have a higher basal level of cotransporter 
activity.. This activity is increased by electrical stimulation in rat soleus and plantaris 
(Wongg et aJ. 1999; 2001). A functional role of the cotransporter may be the buffering 
off  [K+]0, but mechanisms for regulating activity are complicated and largely 

unexploredd (Gosmanov et aJ. 2003). 
NKCC11 (also known as BSC2), which is encoded by the Slcl2a2 gene in mouse 5, 

iss expressed in mammalian skeletal muscle (Wong etaJ. 1999). Known inhibitors are 
thee loop diuretics bumetanide and furosemide (Russell 2000). The cotransporter has 
122 predicted transmembrane segments, of which segments 2, 4 and 7 are involved in 
ionn transport (Isenring & Forbush 2001). 

Sodium-PotassiumSodium-Potassium Pump 
Thee Na+/K + pump transports 3 Na+ ions out of the cell and 2 K+ ions into the cell at 
thee expense of the hydrolysis of one ATP molecule per transport cycle (Lauger 1991). 
Thee net effect of this uphill transport is that it maintains a high intracellular K+ 
concentration,, [K+]j , and a low intracellular Na+concentration, [Na+]i . The NaVK+ 

pumpp is energized by the ATP/(ADP*Pj) ratio, which in skeletal muscle translates to 
aa phosphate potential (AGATP) of approximately 60 kj mol1 (Lauger 1991). 
Assumingg reasonable values for the intra- and extracellular [Na+] and [K+], this 
correspondss to an equilibrium potential of approximately - 300 mV. The large differ-
encee between the equilibrium potential of the pump and Vm means that the pump 
operatess in a condition, where efficiency of energy conversion is low. Despite the fact 
thatt th*1 Na+/K + pump transports one positive charge out of the cell per transport 
cyclee and that it has a sizeable driving force, the rheogenic pump current is small. 
Thee direct hyperpolarising effect on Vm is assumed to be of the magnitude of several 
millivolt ss (Lauger 1991). The largest effect on Vm will result indirectly, by generating 
Na++ and K+ gradient dependent driving forces for passive channels, which can 

55 http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/dispmim7600840 
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conductt current electrogenically (Lauger 1991). The coupling of transport to ATP 
hydrolysiss defines the pump to belong to the P-type family. 

Thee pump is formed by two subunits, a and p, which are believed to coassemble 
ass heterodimers. The a subunit is the catalytic subunit and has ten predicted 
transmembranee segments. The p subunit is the glycosylated subunit and facilitates 
thee correct folding of the a subunit in the membrane. Northern blots of m-RNA 
expressionn indicate that the cq, a2, Pi and P2 subunits are found in skeletal muscle. 
Thee expression appears to be different among muscles and this differential 
expressionn is related to different physiological roles, cq Knock-out mice have 
hypocontractilee muscles and 012 knock-out mice have hypercontractile muscles (He et 
aLL 2001). The Na,K-ATPase subunits showed developmental age-dependent and 
muscle-specificc expression (Cougnon et a\. 2002). The magic bullet for the Na+/K+ 

pumpp is ouabain, which inhibits transport if given extracellularly (nM). In rodents, 
thee cq-isoform is relatively resistant to the binding and pharmacological effects of 
ouabain,, whereas ouabain binds with high affinity to most other mammalian cq-
isoformss (Müller-Ehmsen etaJ. 2001). 

Thee Interaction of Channels, Co transporters and Pumps 

Thee above listed ion transporting proteins can contribute to Vm. Some theories can 
accountt for their contribution. Two famous theories are the Goldman-Hodgkin-Katz 
equationn (Hodgkin & Horowicz 1959; based on selective ion permeabilities of the 
membrane)) and the equivalent circuit theory (Hodgkin & Horowicz 1959; based on 
selectivee ion conductances). Extended versions of the Goldman-Hodgkin-Katz 
equationn are also available. These can take into account the contributions of the 
Na+/K ++ pump (Lauger 1991) and of secondary active transporters (Gordon & 
MacKnightt 1991). Resting Vm in mouse lumbrical muscle has an upper-limit value of 

—— 40 mV and a lower-limit value of — 120 mV (van Mil 1997). So, it is likely that 
thee resting state ion currents can vary considerably within a population of 
transportingg proteins and among different populations of transporting proteins, by a 
sett of factors. These factors are the voltage dependent characteristics of the 
transportingg proteins, the dependence on (metabolic) ligands and inhibitors, and 
genee expression. The first three factors can have an effect on the driving force over 
thee protein and/or the conductive properties of the protein, whereas gene expression 
determiness the number of proteins or the number of ligands and inhibitors. 
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TheThe Role of Chloride Transport in Skeletal Muscle 

Inn skeletal muscle a special case of the interaction of CI" transporters determines 

intracellularr CI". To date the role of CI transport in skeletal muscle cellular 

physiologyy is not very well understood. The reason for this becomes clear if one 

considerss the history of this field of research. It took until the late 1950's to 

acknowledgee the fact that the CI permeability, Prji, is actually very high in skeletal 

musclee (Hutter & Padsha 1959). Before that, it was thought that PQI was low, because 

reductionss of [Ck]0 never caused substantial steady-state changes in the Vm. Hutter 

&&  Padsha in 1959 provided the first evidence that PQ\ was high, when they did ex-

perimentss in which they replaced [Ck]0 with nitrate and saw a two-fold increase in 

membranee resistance. Others (Hodgkin & Horowicz 1959; Hutter & Noble 1960) 

confirmedd this later. For comparison, skeletal muscle has an estimated PQ\ of 106 cm 

s1 ,, axon and heart have 108 cm s1 and smooth muscle has 109 cm s1 (Chipperfield 

&&  Harper 2000). 

Thee subsequent hypothesis was, that if Pel were indeed that high, then CI" must 

bee at equilibrium (Vm = Eci). This means that Ck cannot influence steady state Vm. 

Laterr on, Palade and Barchi (1977) tested 25 carboxylic acids, and found that 9-AC 

wass the most potent inhibitor of Pci in skeletal muscle. This pharmacological agent 

reducedd the membrane conductance almost 3-fold. With the application of 9-AC and 

thee use of intracellular CI -sensitive microelectrodes Aickin et aJ. (1989) found, that 

[Ck],, activity was actually slightly above that for equilibrium conditions (Vm < EcD. 

Inn skeletal muscle fibers this small Ck accumulation is ensured by the 

Na+ /KV2C l -- cotransporter, as in many other cells (Delpire et al. 1994). The driving 

forcee of the cotransporter, because of its electroneutral stoichiometry, does not 

dependd on the V m, but only on the sum of the chemical potential gradients, Au. Since 

twoo CI" ions are transported per turnover, Apci has t o De calculated twice. Therefore, 

thee role of [Ck]j is very important, because the driving force is related to ([Ck]j)2, 

whereass the effects of [Na+] j and [K+]j are linear. At the steady state, [Cl] j is the 

balancedd outcome of efflux through Ck channels, which is passive, and the CI influx 

throughh the cotransporter. The CI' channels have an almost linear I /V relationship 

aroundd Eci- However, since Ck is not the only ion transported by the cotransporter, 

thee CI fluxes depend on the (voltage-dependent)-fluxes of other ions as well. 

Conversely,, it can be hypothesized that fluxes of other ions depend on Ck fluxes. 

Forr example, the NaVKV2Cl-cotransporter creates an extra leakage of Na+ ions 

intoo the cell and contributes to K+ accumulation into the cell. 
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Thee Bistable Membrane 
Bistabilityy of the resting membrane potential occurs, when a steady-state I/V curve 
crossess the zero current axis 3 times (Fig. 1.1). Two stable potentials are found, when 
thee 0-current axis is crossed with a positive slope conductance {31/dV > 0). The two 
positivee slope conductances are connected by a negative slope conductance region 6 

too establish the N-shape. The 0-current crossing of the negative slope conductance 
regionn produces an unstable (resting) potential (UP). Bistability has been studied best 
inn cardiac tissue by leading scientists (Weidmann 1956; Noble 1963; Gadsby & 
Cranefieldd 1977; Carmeliet et aJ. 1987). These studies have proven invaluable in 
definingg the basics and the experiments for bistability. Functional significance of 
bistabilityy is generally attributed to cellular K+ homeostasis in heart and skeletal 
musclee tissue (Adrian 1972; Noble 1975; Carmeliet 1982; Sejersted & Sjogaard 2000). 

Experimentall  Protocols to Record Bistability 
Gadsbyy and Cranefield (1977) defined many electrophysiological stimulus protocols 
too record bistability. Examples of an N-shaped I/V curve and of a stimulus protocol 
iss given (Fig. 1.1). The stimulus needs to be of appropriate magnitude and 
polarity/directionn to bring Vm from state (A) (Fig. 1.1) into the negative slope region. 
Thiss causes Vm to move towards state (B). Removal of the stimulus does not induce a 
returnn to steady state (A), but a persistent sojourn in steady state (B). Likewise, upon 
imposingg a reversed stimulus protocol Vm can shift back from (B) to (A). The 

stimuluss can be generated either electrically by injecting an electrical current, 
extracellularlyextracellularly by application of [K +]0 or a pharmacological agent, or ceUuiariy by a 

changee in spontaneous activity of electrogenic transporters, which could toggle Vm 

betweenn steady states given the right circumstances. Because it is important to return 
too the starting value (A in this example) in recording bistability, it is preferable to 
adoptt up-and-down staircase stimulation protocols over block stimulus (step-and-
backstep)) protocols, because the latter protocols always return to the original holding 
value,, which may cause landing of Vm distant from A upon the backsteps. An 
alternativee approach would be to adopt ramp stimulation protocols. These protocols 
aree linearly changing stimuli. This would implicate time-dependent behaviour of the 
transportingg components, and is therefore not a steady-state approach. For the same 
reasonn the time courses in Fig. 1.1 do bear complex information. For reasons of 
comparisonn and consistency the most negative and least negative stable Vm values 

66 Cole was probably the first in 1949 to implicate a negative slope region in the continuous I/V 
relationn in explaining the explosive all-or-none response of the action potential mechanism 
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aree operationally denoted A and B, respectively, as defined in chapter 4 subsection 

"Membranee Status" (e.g. Fig. 4.3A). 

Time e 

—II Stimulus L 
Figuree 1.1. 
Left:: A schematic illustration of the N-shaped steady-state current (ordinate) voltage 
(abscissa)) relation. The (—) sections of the curve represent the positive slope conductance 
regionss and the (- - -) section represents the negative slope conductance region. O represent 
twoo stable resting Vmvalues and A represents the UP (unstable potential). 
Right:: A steady-state stimulus protocol of the electrical response of a bistable membrane. The 
timecoursee is hypothetical 

Tissuee Distribution of BistabiJity 

Manyy tissues of different species display bistable behavior (Table 1.1). The tissues are 

listedd roughly by organ. Skeletal muscle fibers are highlighted and listed by muscle 

type.. The experimental methods to record bistability are of electrophysiological 

nature,, where the most common experimental approach is an electrical current 

stimulus.. When applicable, this can offer the possibility to record an I/V curve, 

whichh is N-shaped, and to determine the inward rectifier contribution to this shape. 

Inn all of these tissues bistability was related to an N-shaped I/V curve as a reflection 

off  the inward rectifier activity. 

Thee stimuli to switch between states comprise of electrical stimulation (e.g. 

currentt steps), pharmacological substance application (e.g. acetylcholine) or 

physiologicall  input (e.g. nerve stimulation). It is apparent that state shifts can occur 

byy applying only slight stimuli (e.g. 10 pA rat osteoclast Sims & Dixon 1989). 

Occasionallyy state shifts are reported in absence of experimentally applied stimuli, 

whenn spontaneous activity is seen (Gallin & Livengood 1981; Cohen et a/. 1982; Jiang 

ett aJ. 2001; Heyward et al. 2001). Despite the fact that bistability was observed 

repeatedlyy in cardiac, smooth muscle and skeletal muscle tissue, bistability occurred 

bothh in excitable and non-excitable tissues. This sparks the idea that bistability may 

bee a phenomenon of general importance. 

17 7 



ChapterChapter one 

Tablee 1.1 Tissue Distribution of Bistability 

Tissue e Species s reference e 

Weidmannn 1956 myocardiacc and vascular cells calf 
 Conventional microeiectrode at different [K+]0 

cardiacc purkinje fiber dog Gadsby & Cranefield 1977 
 Conventional 3 M KCl microeiectrode at different [K+}0 

Two-electrodeTwo-electrode current clamp 
ATTBB B44A 
(K+](K+]00 steps [K+]0 steps 
1515 nA current injection 15-30 nA current injection 

[Na+][Na+]00 omission 
1010 mM lidocaine 
-- 10 mM acetylcholine 
22 ug/ml tetrodotoxin 

Gadsbyy etaL 1978 sinoatriall  nodal and atrial cells dog 
 Conventional 3 M KCl microeiectrode 

myocardiacc and vascular cells 
 Two-electrode voltage clamp 

cardiacc purkinje strand 
 Two-electrode voltage clamp 

coronaryy sinus 

BUA A 
J—JOO uM acetylcholine 

sheepp Carmeliet 1982 

dogg Cohen et al. 1982 

BUA A 
Spontaneouss ceJJuJar shift 

dogg Boyden et al. 1983b 
 Two-electrode voltage clamp double ramp protocols 

ventricularr myocardial cells human McCullough et al. 1989 
 3M KCl microeiectrode at different [K+}0 from 82 cells 

bovine e MehrkeetaJ.. 1991 monolayerss of cultured 
aorticc endothelial cells 

 Whole-cell current clamp records of the bimodal distribution from 67 cells 
BUA A 
ExtracellularExtracellular 2 uM ATP 

heartt terminal arterioles guinea-pig Klieber & Daut 1994 
 Whole-ceJJ current clamp records of the bimodal distribution from 29 arterioles 

culturedd lung artery endothelium bovine Voets et al. 1996 
 Whole-cell patch clamp records of the bimodal distribution from 104 cells 

spirall  modiolar artery guinea-pig Jiang et al. 2001 
 2M KCl microeiectrode average response from 771 cells 

Atl BB B l i A 
ExtracelJularr 80 uM barium Spontaneous shift 
ExtracellularExtracellular 100 uM ouabain 10 uM acetylcholine 

1010 uM nitric oxide donor DPTA-NONOate 
100100 pM ATP-sensitive K+ channel activator 
pinacidil pinacidil 

placentall  cells 
 Whole-cell current clamp 
AttB B 
++ 40 pA current injection 

humann Yamamoto 1993 

BUA A 
-- 20 pA current injection 
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culturedd peritoneal macrophages 
 3M K-acetate microelectrode 
AttB B 
SpontaneousSpontaneous shift 
<< 0.2 nA current injection 

retinall  neuron 
 Whole-cell current clamp 

AttB B 
++ 40 pA current injection 

conee photoreceptors 
 Whole-cell current damp 

AttB B 
++ 40 pA current injection 

olfactoryy bulb mitral cells 
 Whole-cell current clamp 

AttB B 
Spontaneouss mitral activity 
currentcurrent injection 
olfactoryolfactory nerve stimulation 

spinyy neurons in neostriatum 
osteoclast t 

 Whole-cell current clamp 
AttB B 
++ JO pA current injection 

embryonicc osteoclast 

mousee Gallin & Livengood 1981 

BWA A 
>> -0.2 nA current injection 

whitee bass Sullivan & Lasater 1990 

BUA A 
-- 40 pA current injection 

salamanderr Barnes & Deschenes 1992 

rat t 

rat t 

rat t 

Heyy ward et al. 2001 

Gruberr et aJ. 2003 

Simss & Dixon 1989 

S U A A 
-- WpA current injection 

chickenn Ravesloot et al. 1989 
 Whole-cell patch clamp records of the bimodal distribution from 32 cells 

embryonicc osteoclast chicken Weidema 1995 
 Nynstatin whole-cell patch clamp records of the bimodal distribution from 68 cells 

rat t Kaii  et aJ. 1996 

skeletall  muscle fibers 
frogg Hodgkin & Horowicz 1959 

osteoclast t 
 WhoJe-ceiJ current damp 

semitendinosus s 
 3 M KC1 microelectrode 

AttB B 
[K+J00 steps 

sartoriuss frog Nanasi & Dankó 1989 
 2M K-citrate microe/ectrode at different [K+]0 from 40 muscles 

soleuss rat Melgaard et al. 1980 
 Conventional 3 M KCl microelectrode at different [K+]0 from 328 fibers 

EDLL mouse Siegenbeek van Heukelom 1991 
 Conventional 3 M KCl microelectrode at different (K+J0 

AttB B 
ExtracellularExtracellular cesium 

lumbricaliss mouse Siegenbeek van Heukelom 1994 
 Conventional 3 M KCl microelectrode at different [K+]0 

 Methods used to record bistability 
AttBB Stimuli which induce shifts in the positive direction from steady state A to B 
B l l AA Stimuli which induce shifts in the negative direction from steady state B to A 
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HormonalHormonal Modulation of the Bistable Membrane 
Itt is of physiological interest that hormonal changes influence K+ homeostasis in 
heartt and skeletal muscle tissue (Sejersted & Sjogaard 2000). The role of hormones in 
electricall  bistability of the cell membrane is not clearly understood. In heart, 
noradrenaline,, mediated by P-adrenoceptors, and acetylcholine, mediated by 
muscarinicc acetylcholine receptors, have effects on the bistable membrane by 
increasingg PK (Gadsby et al. 1978; Boyden, et al. 1983a; McCullough et al. 1989). 
Acetylcholinee (Table 1.1) induced even a maintained shift from one Vm to the other 
(Gadsbyy & Cranefield 1977; Gadsby et al. 1978; Jiang et al 2001). Adrenaline in mouse 
EDLL muscle (Siegenbeek van Heukelom 1991) and isoprenaline in lumbrical muscle 
havee been shown to produce similar results (van Mil et aJ. 1995). In these two muscles 
^-adrenergicc stimulation induces mainly an increase in PK, whereas substantial 
evidencee is found in soleus muscle for an increase in Na+/K + pump activity (Clausen 
1986). . 

Rationalee and Methods for Studying Bistability 
Thee aim of this thesis is to figure out the conditions, which are required for bistability 
too occur. The identification of these conditions is important, because bistability is a 
recurringg phenomenon in various tissues and because it can aid in understanding 
bistability.. The understanding of bistability requires a two-staged approach. First, 
thee components and their interactions need to be identified. Secondly, the 
mechanismss governing the bistable membrane need to be deciphered. 

Thee resting state physiology of the skeletal muscle membrane will be studied by 
aa three-tiered approach. Firstly, the intracellular micwelectrode technique in a fast 
mixingg chamber will be used to monitor Vm upon sudden changes in environmental 
conditions.. This technique is recommended for measuring Vm in large cells (the 

lumbricall  fiber length is 8 mm). Additional benefits of this technique are that littl e 
researchh (Table 1.1) has focused on the [K+]0 dependence of the bistable membrane 
soo that conditions, which favor bistability along the [K+]Q axis, can be optimized. The 
downsidee of this technique is that the electrical properties of the cell membrane 
cannott be measured directly. 

Severall  standard electrophysiological techniques (two-electrode voltage clamp 
andd cell-attached, excised and whole-cell patch clamp; Hill e 2000) are available for 
measuringg electrical membrane properties. In choosing the appropriate technique a 
numberr of issues has to be considered. The two-electrode voltage clamp and whole-
celll  patch clamp techniques are particularly difficult to carry out in intact 
mammaliann skeletal muscle fibers due to cellular geometry, cable properties and con-
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tractilee response to depolarisation. The lumbrical muscle length is several-fold the 
spacee constant reported for the rat white sternomastoid muscle (0.54 mm; Barry & 
Dulhuntyy 1984) and the mouse interosseus muscle (0.59 mm; Friedrich et aJ. 2002). 
Goodd space clamp conditions are compromised, because the voltage drop across the 
seriess resistance to distal portions of the fiber can be substantial. This resulting 
distortionn of the membrane current cannot be compensated. In addition, the effects of 
P2-adrenergicc stimulation require an intact adenyly cyclase cascade mechanism. This 
excludess excised patch-clamp techniques. Therefore, the only remaining standard 
techniquee is the cell-attached patch clamp. This technique offers the benefit of 
identifyingg channels directly in their native environment despite the technical 
hardshipss and the expected cellular variability. The cellular variability can be due to 
Vmm [Vm is in series with the applied patch voltage and can have two different values 

inn a bistable membrane]. Alternatively, it can be due to intracellular ligands and 
modulators,, and heterogeneity. Heterogeneity of channels within a patch can occur, 
becausee recording conditions may not remain constant throughout the recording or 
becausee the channel transits between different gating modes (e.g. Popescu & 
Auerbachh 2003). Heterogeneity among patches can also occur, where conditions may 
varyy from patch to patch possibly due to different channel isoforms (Moss & 
Maglebyy 2001; Hatton et aJ. 2003). 

Thee previous two techniques, intracellular microelectrode and cell-attached 
patchh clamp, do not generate direct information on the whole-cell IV curve. 
Therefore,, computer modeling wil l be adopted for reconstructing the IV curve based on 
dataa derived from these experimental techniques and from literature. In short, this 
three-tieredd approach is designed to overcome the limitations of the separate 
techniques. . 

Micro-electrodee experiments will be carried out to identify the functional compo-
nentss of CI" transport (chapter 2, 4) and to determine their quantitative role in Vm 

generationn and thus in bistability (chapter 3). K+ channels will be identified with the 
cell-attachedd patch technique (chapter 5). The methodology used, i.e. the combined 
applicationn of the intracellular microelectrode technique, the cell-attached patch 
techniquee and computer modelling will hopefully result in an integrated picture of 
howw CI" transport (chapter 4) and P2-adrenergic stimulation (chapter 5) influence 
bistability.. Basic results found in lumbrical muscle will be tested in other commonly 
usedd skeletal muscles to explore the generality of the results. 

21 1 



ChapterChapter one 

References s 
Adriann RH 1972. Rectification in muscle membrane. Prog. Biophys. Mol. Biol. 19, 341-369 
Aicki nn CC, Betz WJ & Harris GL 1989. Intracellular chloride and the mechanism for its ac-
cumulationn in rat lumbrical muscle. J. Physiol. 411, 437-455 
Barchii  J 1997. Ion channel mutations and diseases of skeletal muscle. Neurobiol. Disease 4 
254-264 4 
Barness S & Deschenes MC 1992. Contribution of Ca and Ca-activated C! channels to 
regenerativee depolarization and membrane bistability of cone photoreceptors. J. 
Neurophysiol.. 68, 745-755 
Barrett-Jolleyy R, Dart C & Standen NB 1999. Direct block of native and cloned (Kir2.1) inward 
rectifierr K+ channels by chloroethylclonidine. Br. J. Pharmacol. 128, 760-766 
Barryy PH & Dulhunty AF 1984. Slow potential changes in mammalian muscle fibers during 
prolongedd hyperpolarization: transport number effects and chloride depletion. J. Membrane 
Biol.. 78, 235-24 
Bernheimm L & Bader CR 2002. Human myoblast differentiation: Ca2*  channels are activated 
byy K+ channels. NIPS 17, 22-26 
Bertrann GC & Kotsias BA 1996. Blockade of the inward rectifier potassium currents by zinc 
andd nickel ions in voltage-clamped toad muscles. Life Sci. 60, 119-125 
Betzz WJ, Caldwell JH & Harris GL 1986. Effect of denervation on a steady electric current 
generatedd at the end-plate region of rat skeletal muscle J. Physiol. 373, 97-114 
Blockk BA, Imagawa T, Campbell KP & Franzini-Armstrong C 1988. Structural evidence for 
directt interaction between the molecular components of the transverse tubule/sarcoplasmic 
reticulumm junction in skeletal muscle. J. Cell. Biol. 107, 2587-2600 
Boydenn PA, Cranefield PF & Gadsby DC 1983a. Noradrenaline hyperpolarizes cells of the 
caninee coronary sinus by increasing their permeability to potassium ions. J. Physiol. 339, 
185-206 6 
Boydenn PA, Cranefield PF, Gadsby DC & Wit AL 1983b. The basis for the membrane po-
tentiall  of quiescent cells of the canine coronary sinus, j . Physiol. 339, 161-183 
Carmeliett E, Biermans G, Callewaert G & Vereecke J 1987. Potassium currents in cardiac 
cells.. Experientia 43, 1175-1184 
Carmeliett E. 1982. Induction, removal of inward-going rectification in sheep cardiac Purkinje 
fibres.. J. Physiol. 327, 285-308 
Chipperfieldd AR & Harper AA 2000. Chloride in smooth muscle. Prog. Biophys. Mol. Biol. 
74,175-221 1 
Chuaa M & Dulhunty AF 1988. Inactivation of excitation- contraction coupling in rat extensor 
digitorumm longus and soleus muscles. J. Gen. Physiol. 91, 737-757 
Clausenn T & Overgaard K 2000. The role of K+ channels in the force recovery elicited by 
Na+ -K ++ pump stimulation in Ba2_h-paralysed rat skeletal muscle. J. Physiol. 527, 325-332 
Clausenn T 1986. Regulation of the active Na+-K + transport in skeletal muscle. Physiol. Revs. 
66,542-580 0 
Cohenn IS, Falk RT & Kline RP 1982. Voltage-clamp studies on canine Purkinje strand. Proc. 
R.. Soc. LondB 217, 215-236 
Colee KS 1949. Arch. Sci. Physiol. 3, 253 -258. 
Cougnonn MH, Moseley AE, Radzyukevich TL, Lingrel JB & Heiny JA 2002. Na.K-ATPase a-
andd p-isoform expression in developing skeletal muscles: 0.1 correlates with t-tubule for-
mation.. Pflügers Arch. 445, 123-131 
Dee Luca A, Pierno S, Tricarico D, Desaphy J-F, Liantonio A, Barbieri M, Camerino C. 
Montanarii  L & Conte Camerino D 2000. Taurine and skeletal muscle ion channels. Taurine 4, 
Eds.. Delia Corte et al. pp. 45-56 
Delpiree E, Rauchmann MI, Beier DR, Hebert SC & Gullans SR 1994. Molecular cloning and 
chromosomee localization of a putative basolateral Na~-K~-2C1 cotransporter from mouse 
innerr medullary collecting duct (mIMCD-3) cells. J. Biol. Chem. 269. 25677-25683 
Doupnikk A, Davidson N & Lester HA 1995. The inward rectifier potassium channel. Curr. 
Opin.. Neurobiol. 5, 268-277 

22 2 



Introduction Introduction 

Dulhuntyy AF 1980. Potassium contractures and mechanical activation in mammalian skeletal 
muscles.. J. Membrane Biol. 57, 223-233 
Fittss RH 1994. Cellular mechanism of muscle fatigue. Physiol. Revs. 74, 49-94 
Friedrichh O, Kress KR, Ludwig H & Fink RHA 2002. Membrane in conductances of mam-
maliann skeletal muscle in the post-decompression state after high-pressure treatment. J. 
Membranee Biol. 188, 11-22 
Gadsbyy DC & Cranefield PF 1977. Two levels of resting potential in cardiac purkinje fibers. J. 
Gen.. Physiol. 70, 725-746 
Gadsbyy DC, Wit AL & Cranefield PF 1978. The effects of acetylcholine on the electrical 
activityy of canine cardiac Purkinje fibers. Circ. Res. 43, 29-35 
Gallinn EK & Livengood DR 1981. Inward rectification in mouse macrophages: evidence for a 
negativee resistance region. Am. J. Physiol. 241, C9-C17 
Gonoii  T & Hasegawa S 1991. Postnatal induction and neural regulation of inward rectifiers 
inn mouse skeletal muscle. Pflügers Arch. 418, 601-607 
Gordonn LGM & MacKnight ADC 1991. Contribution of secondary active transport processes 
onn membrane potentials. J. Membrane Biol. 120, 141-154 
Gosmanovv AR, Lindinger MI & Thomason DB 2003. Riding the Tides: K+ concentration and 
volumee regulation by muscle Na+-K+-2CL cotransport activity. NIPS, 18, 196-200 
Gruberr AJ, Solla SA, Surmeier DJ & Houk JC 2003. Modulation of striatal single units by 
expectedd reward: A spiny neuron model displaying dopamine-induced bistability. J. 
Neurophysiol.. 90, 1095-1114 
Guoo D & Lu Z 2003. Interaction mechanisms between polyamines and IRK1 inward rectifier 
K++ channels. J. Gen. Physiol. 122, 485-500 
Hattonn CJ, Shelley C, Brydson M, Beeson D & Colquhoun D 2003. Properties of the human 
musclee nicotinic receptor, and of the slow-channel myasthenic syndrome mutant eL221F. 
inferredd from maximum likelihood fits. J. Physiol. 547, 729-760 
Hee S, Shelly DA, Moseley AE, James PF, James JH, Paul RJ & Lingrel JB 2001. The cq- and a2-
isoformss of Na-K-ATPase play different roles in skeletal muscle contractility. Am. J. Physiol. 
281,R917-R925 5 
Hestrinn S 1981. The interaction of potassium with the activation of anomalous rectification in 
frogg muscle membrane. J. Physiol. 317, 497- 508 
Heywardd P, Ennis M, Keller A & Shipley MT 2001. Membrane bistability in olfactory bulb 
mitrall  cells. J. Neurosci. 21, 5311-5320 
Hill ee B 1992. Ionic channels of excitable membranes, second edition. Sinauer Associates, 
Sunderland,, MA, USA 
Hill ee B 2001. Ionic channels of excitable membranes, third edition. Sinauer Associates, 
Sunderland,, MA, USA 
Hodgkinn AL & Horowicz P 1959. The influence of potassium and chloride ions on the 
membranee potential of single muscle fibres. J. Physiol. 148, 127-160 
Hutterr OF & Noble D 1960. The chloride conductance of frog skeletal muscle. J. Physiol. 151, 
89-102 2 
Hutterr OF & Padsha SM 1959. Effect of nitrate and other anions on the membrane resistance 
off  frog skeletal muscle. J. Physiol. 146, 117-132 
Isenringg P & Forbush B 2001. Ion transport and ligand binding by the Na-K-Cl cotransporter, 
structure-functionn studies. Comp. Biochem. Physiol. Part A 130, 487-497 
Jentschh TJ, Stein V, Weinreich F & Zdebik AA 2002. Molecular structure and physiological 
functionn of chloride channels. Physiol. Revs. 82, 503-568 
Jiangg Z-G, Si J-Q, Lasarev MR, & Nuttall AL 2001. Two resting potential levels regulated by 
thee inward-rectifier potassium channel in the guinea-pig spiral modiolar artery. J. Physiol. 
537,829-842 2 
Kaii  Y, Ikemoto Y, Abe K & Oka M 1996. Two types of K+ currents underlying inward 
rectificationn of rat osteoclast membrane: a single-channel analysis. Jpn. J. Physiol. 46, 231-241 
Katzz B 1949. Les constantes électriques de la membrane du muscle. Arch. Sci. Physiol. 3, 
285-299 9 

23 3 



ChapterChapter one 

Kawataa H & Hatae J 1990. Changes in contractile force by barium in the frog skeletal muscle. 
Jap.. J. Physiol. 40, 853-864 
Klieberr HG & Daut J 1994. A glibenclamide sensitive potassium conductance in terminal 
arterioless isolated from guinea pig heart. Cardiovascular Res. 28, 823-830 
Kubaa K & Nohmi M 1987. Role of ion conductance changes and of the sodium-pump in 
adrenaline-inducedd hyperpolarization of rat diaphragm muscle fibres. Br. J. Pharmacol. 91 
671-681 1 
Kuboo Y, Baldwin TJ, Jan YN & Jan LY 1993. Primary structure and functional expression of a 
mousee inward rectifier potassium channel. Nature 362, 127-133 
Kurtzz R, Schirm T & Jockusch H 1999. Maturation and myotonia influence the abundance of 
cationn channels KDR, KIR and CIR differently: a patch-clamp study on mouse interosseus 
musclee fibres. Pflügers Arch. 438, 516-524 
Laii  FA, Erickson HP, Rousseau E, Liu Q & Meissner G 1988. Purification and reconstitution 
off  the calcium release channel from skeletal muscle. Nature 331, 315-319 
Lambb GD 1991. Ca2+ channels or voltage sensors? Nature 352, 113 
Laugerr P 1991. Electrogenic pumps. Sinauer, Sunderland 
Lindingerr MI, Hawke TJ, Vickery L, Bradford L & Lipskie SL 2001. An integrative, in situ 
approachh to examining K+ flux in resting skeletal muscle. Can. J. Physiol. Pharmacol. 79, 
996-1006 6 
Lopatinn AN & Nichols CG 2001. Inward rectifiers in the heart: An update on IKI - J- Mol. Cell. 
Cardiol.. 33, 625-638 
Losavioo AS, Delbono O, Muchnik S & Kotsias BA 1992. Blockers of potassium current and 
restingg potential in rat muscle fibers. Life Sci. 51, 235-245 
Matsudaa H & Stanfield PR 1989. Single inwardly rectifying potassium channels in cultured 
musclee cells from rat and mouse. J. Physiol. 414, 111-124 
McCulloughh JR, Chua WT, Rasmussen HH, Ten Eick RE & Singer DH 1989. Two stable levels 
off  diastolic potential at physiological K+ concentrations in human ventricular myocardial 
cells.. Circ. Res. 66, 191-201 
Mehrkee G, Pohl U & Daut J 1991. Effects of vasoactive agonists on the membrane potential of 
culturedd bovine aortic and guinea-pig coronary endothelium. J. Physiol. 439, 277-299 
Molgaardd H, Sturup-Johansen M & Flatman JA 1980. A dichotomy of the membrane 
potentiall  response of rat soleus muscle fibres to low extracellular potassium concentrations. 
Pflügerss Arch. 383, 181-184 
Mosss BL & Magleby KL 2001. Gating and conductance properties of BK channels are 
modulatedd by the S9-S10 tail domain of the subunit. A study of mslol and mslo3 wild-type 
andd chimeric channels, J. Gen. Physiol. 118, 711-734 
Müller-Ehmsenn J, Juvvadi P, Thompson CB, Tumyan L, Croyle M, Lingrel JB, Schwinger 
RHG,, McDonough AA & Farley RA 2001. Ouabain and substrate affinities of human Na+-
K+-ATPasee aipi, azpj, and 0.361 when expressed separately in yeast cells. Am. J. Physiol. 281, 
C1355-C1364 4 
Nanasii  PP & Dankó M 1989. Paradox response of frog muscle membrane to changes in 
externall  potassium. Pflügers Arch. 414, 157-161 
Nicholss CG & Lopatin AN 1997. Inward rectifier potassium channels. Ann. Revs. Physiol. 59, 
171-191 1 
Noblee D 1963. Electrical properties of cardiac muscle attributable to inward going 
(anomalous)) rectification. J. Cell. Compar. Physiol. 66, 127-133 
Noblee D 1975. The initiation of the heart beat. Clarendon Press Oxford 
Ohmorii  H, Yoshida S & Hagiwara S 1981. Single K+ channel currents of anomalous rectifica-
tionn in cultured rat myotubes. Proc. Natl. Sci. USA 78, 4960-4964 
Paladee PT & Barchi RL 1977. Characteristics of the chloride conductance in muscle fibers of 
thee rat diaphragm. J. Gen. Physiol. 69, 325-342 
Popescuu G & Auerbach A 2003. Modal gating of NMDA receptors and the shape of their 
synapticc response. Nature Neurosci. 6, 476-483 

24 4 



Introduction Introduction 

Ravesloott JH, Ypey DL, Vrijheid-Lammers T & Nijweide PJ 1989. Voltage-activated K+ 

conductancess in freshly isolated embryonic chicken osteoclasts. Proc. Natl. Sci. USA 86, 
6821-6825 5 
Rothbergg BS & Magleby KL 2000. Voltage and Ca2+ activation of single large-conductance 
Ca2+-activatedd K+ channels described by a two-tiered allosteric gating mechanism. J. Gen. 
Physiol.. 116,75-99 
Rufff  RL 1999. Insulin acts in hypokalemic periodic paralysis by reducing inward rectifier K+ 

current.. Neurology 53, 1556-1563 
Russelll  JM 2000. Sodium-potassium-chloride cotransport. Physiol. Revs. 80, 211-276 
Sejerstedd OM & Sjogaard G 2000. Dynamics and consequences of potassium shifts in skeletal 
musclee and heart during exercise. Physiol. Revs. 80, 1411-1481 
Shinn KS, Park JY. Kwon H, Chung CH & Kang MS 1997. Opposite effect of intracellular Ca2+ 

andd protein kinase C on the expression of inwardly rectifying K+ channel 1 in mouse skeletal 
muscle.. J. Biol. Chem. 272, 21227-21232 
Siegenbeekk van Heukelom J 1991. Role of the anomalous rectifier in determining membrane 
potentialss of mouse muscle fibres at low extracellular K+. J. Physiol. 434, 549-560 
Siegenbeekk van Heukelom J 1994. The role of the potassium inward rectifier in defining cell 
membranee potentials in low potassium media, analyzed by computer simulation. Biophys. 
Chem.. 50, 345-360 
Simss SH & Dixon SJ 1989. Inwardly rectifying K+ current in osteoclasts. Am. J. Physiol. 256, 
C1277-C1282 2 
Standenn NB & Stanfield PR 1978. Inward rectification in skeletal muscle: A blocking particle 
model.. Pflügers Arch. 378, 173-176 
Sullivann JM & Lasater EM 1990. An unusually small potassium current that is well-suited to 
aa retinal neuron which is chronically depolarized. Brain Res. 528, 130-132 
Toroo L, Wallner M, Meera P & Tanaka Y 1998. Maxi-Kca. a unique member of the voltage-
gatedd K channel superfamily. NIPS 13, 112-117 
vann Mil HGJ 1997. The inward potassium rectifier and bistability in the resting membrane 
potentiall  of skeletal muscle cells. Modulation by potassium and osmolality. Thesis 
Universityy of Amsterdam 
vann Mil HGJ 1998. Analysis of a model describing the dynamics of intracellular ion 
compositionn in biological cells. Int. J. Bifurcation Chaos 8. 1043-1047 
vann Mil HGJ, Kerkhof CJM & Siegenbeek van Heukelom J 1995. Modulation of the 
isoprenaline-inducedd membrane hyperpolarization of mouse skeletal muscle cells. Br. J. 
Pharmacol.. 116, 2881-2888 
Voetss T, Droogmans G & Nilius B 1996. Membrane currents and the resting membrane 
potentiall  in cultured bovine pulmonary artery endothelial cells. J. Physiol. 497, 95-107 
Wallingaa W, Meijer SL, Alberink MJ, Vliek M, Wienk ED & Ypey DL 1999. Modelling action 
potentialss and membrane currents of mammalian skeletal muscle fibres in coherence with 
potassiumm concentration changes in the T-tubular system. Eur. Biophys. J. 28, 317-329 
Weidemaa AF 1995. Ion channels and ion transport in chicken osteoclasts. Chapter 6: 
Evidencee for electrogenic contributions of ion pumps to the membrane potential of intact 
chickenn osteoclasts in vitro. A pilot study. Thesis University of Leiden. 
Weidmannn S 1956. Elektrophysiologie der herzmuskelfaser. Huber, Bern, Switzerland 
Wongg JA, Fu L, Schneider EG & Thomason DB 1999. Molecular and functional evidence for 
Na"-K*-2C11 cotransporter expression in skeletal muscle. Am. J. Physiol. 277, R154-R161 
Wongg JA, Gosmanov AR, Schneider EG & Thomason DB 2001. Insulin-independent, MAPK-
dependentt stimulation of NKCC activity in skeletal muscle. Am. J. Physiol. 281, R561-R571 
Yamamotoo T 1993. The inward rectifier and two levels of the membrane potential in human 
termm placental cells. Bioch. Biophys. Res. Comm. 197, 1234-1238 

25 5 


