
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Electrical bistability of skeletal muscle membrane

Geukes Foppen, R.J.

Publication date
2005
Document Version
Final published version

Link to publication

Citation for published version (APA):
Geukes Foppen, R. J. (2005). Electrical bistability of skeletal muscle membrane. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/electrical-bistability-of-skeletal-muscle-membrane(e7b24cd4-5562-4b6a-b0d9-b98f96e9e134).html


Electricall  Bistability of 

Skeletall  Muscle Membrane 

Remcoo Jan Geukes Foppen 



ELECTRICA LL  BIST ABILIT Y OF SKELETA L MUSCLE 
MEMBRAN E E 



Remcoo Jan Geukes Foppen 

ELECTRICALL BISTABILIT Y OF SKELETAL MUSCLE MEMBRANE 

Proefschriftt Universiteit van Amsterdam 
Amsterdamm 2005 

. . 



ELECTRICALL BISTABILIT Y OF SKELETAL MUSCLE MEMBRANE 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor aan de Universiteit van Amsterdam 
opp gezag van de Rector Magnificus prof. mr. P.F. van der Heijden 

tenn overstaan van een door het college voor promoties ingestelde commissie, 
inn het openbaar te verdedigen in de Aula der Universiteit 

opp donderdag 12 mei 2005, te 10:00 uur 

door r 

Remcoo Jan Geukes Foppen 

geborenn te Rome, Italië' 



Promotiecommissie: : 

Promotor:: prof. dr. W.J. Wadman 

Overigee leden: prof. dr. F.H. Lopes da Silva 
prof.. dr. C.M.A. Pennartz 
prof.. dr. D.L. Ypey 

Faculteitt der Natuurwetenschappen, Wiskunde en Informatica 

Thee research described in this thesis was carried out at the Swammerdam Institute for Life 

Sciences,, University of Amsterdam, Amsterdam, the Netherlands 



Chapter r 
One e 

Two o 

Three e 

Four r 

Five e 

Six x 

Summary y 

Samenvatting g 

Tablee of Contents 

Introduction n 

Thee influence of bumetanide on the 
membranee potential of mouse skeletal 
musclee cells in isotonic and hypertonic 
media a 
BritishBritish Journal of Pharmacology 1997,120(1), 39-44 

Osmolalityy influences bistability of 
membranee potential under hypokalemic 
conditionss in mouse skeletal muscle: an 
experimentall  and theoretical study 
BiochemistryBiochemistry and Physiology part A 2001, 130(3), 533-538 

Effectss of chloride transport on bistable 
behaviourr of the membrane potential in 
mousee skeletal muscle 
JournalJournal of Physiology 2002, 542.1, 181-191 

Isoprenalinee stimulated differential 
adrenergicc response of K+ channels in 
skeletall  muscle in hypokalemic conditions 
PfiiigersPfiiigers Archiv-European Journal of Physiology 2003, 446(2), 
239-247 239-247 

Discussion n 

Acknowledgements s 

Publications s 

Page e 
9 9 

27 7 

35 5 

43 3 

55 5 

65 5 

87 7 

91 1 

95 5 

97 7 





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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Introduction Introduction 

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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Introduction n 

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 

13 3 

http://www3.ncbi.nlm.nih.gov/htbin-post/Omim/dispmim7600840


ChapterChapter one 

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. 

14 4 



Introduction Introduction 

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 
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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 UA 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. 
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ElectroneutralElectroneutral Na+/K+/2Q- cotransporter in skeletal muscle 

Thee influence of bumetanide on the membrane potential of mouse 
skeletall  muscle cells in isotonic and hypertonic media 

'H.G.J,, van Mil , R.J. Geukes Foppen and J. Siegenbeek van Heukelom 

Graduatee School for Neurosciences Amsterdam, Institute of Neurobiology; Group Cell Biophysics, University of Amsterdam, 
Kruislaann 320, 1098 SM Amsterdam, The Netherlands 

11 Increasing the medium osmolality, with a non-ionic osmoticant, from control (289 mOsm) to 319 
mOsmm or 344 mOsm in the lumbrical muscle cell of the mouse, resulted in a depolarization of the 
membranee potential (Vm) of 5.9 mV and 10.9 mV, respectively. 
11 In control medium, the blockers of chloride related cotransport bumetanide and furosemide, induced 
aa hyperpolarization of - 3 .6 and -3 .0 mV and prevented the depolarization due to hypertonicity. When 
bumetanidee was added in hypertonic media V„  fully repolarized to control values 
33 In a medium of 266 mOsm, the hyperpolarization by bumetanide was absent. 
44 At 344 mOsm the half-maximal effective concentration (IC») «as 0 5 vM for bumetanide and 21 M « 
forr furosemide. 
55 In solutions containing 1 25 mM sodium the depolarization by hypertonicity was reduced to 2 3 mV. 
66 Reducing chloride permeability, by anthracene 9 carboxylic acid (9-AC) in 289 mOsm, induced a 
smalll  but significant hyperpolarization of -2 .6 raV Increasing medium osmolality to 344 mOsm 
enlargedd this hyperpolarization significantly to —7.6 mV. 
77 In a solution of 344 mOsm containing 100 MM ouabain, the bumetanide-induced hyperpolarization of 
Vmm was absent. 
88 The results indicate that a Na-K-2C1 cotransporter is present in mouse lumbrical muscle fibre and 
thatt its contribution to Vm is dependen' o n medium osmolality. 

Keywords:: Bumetanide; furosemide; osmoregulation; Na-K-2C1 cotransporter; membrane potential; ouabain, Na/K-pump, 
skeletall  muscle 

Introductio n n 

Thee membrane potential (Vra), of mouse isolated lumbrical 
musclee fibre, is sensitive to the osmotic value of the superfusion 
medium.. Hypertonicity induced a depolarization that was not 
transientt but maintained (Siegenbeek van Heukelom et al., 
1994).. It was shown that in the physiological range the Vm of 
thesee fibres is more responsive to the medium osmolality than 
too medium potassium concentration K.; 

Blinkss (1965) and Chinet & Giovannini (1989) showed that 
skeletall  muscle fibres shrink to a new steady state volume 
duringg hypertonicity. If one assumes tha. the chloride dis-
tributionn is in equilibrium, cell shrinkage will lead to a hy-
perpolarization,, due to the increase of the intracellular cation 
concentrationn and the higher permeability for potassium 
comparedd to sodium Indeed, in frog toe muscle fibre Gordon 
&&  Godt (1970) found a hyperpolarization when medium os-
molalityy was increased from 235 mOsm to 460 mOsm. 

Aickinn et at., (1989) demonstrated, under normal physio-
logicall  conditions, in rat lumbrical muscle cells a furosemide-
sensitivee Na-K-2CI cotransporter which maintains a chloride 
concentrationn above equilibrium. Blocking the chloride per-
meabilityy (Pcl) with anthracene-9-carboxylic acid (9-AC) re-
sultedd in a small hyperpolarization that was accompanied by 
ann increase in intracellular chloride activity. In mammalian 
skeletall  muscle fibres Pc is 3 to 20 times larger than the po-
tassiumm permeability (PK), which implies that Vm follows the 
chloridee equilibrium potential (Ecl) closer than the potassium 
equilibriumm potential. Any disequilibrium of the intracellular 
chloridee concentration will become manifested in Vm (Aickin, 
1990).. Dulhunty (1978), executing chloride substitution ex-
periments,, observed a considerably higher contribution of the 
chloridee distribution to Vm than Aickin ei al. (1989). The 

11 Author fur correspondence 

controll  solutions used by Dulhunty (1978) were hypertonic 
(3400 mOsm) compared to the solutions used by Aickin et al 
(1989,, approx. 295 mOsm). This supports the idea that in 
musclee cells chloride is accumulated above equilibrium under 
restingg physiological conditions and that this accumulation is 
enhancedd by hypertonicity. In rat soleus muscle fibres the in-
hibitionn of chloride related cotransport with bumetanide de-
creasedd the energy dissipation and sodium influx in control 
conditionss (Chinet, 1993). Increased sodium import and en-
ergyy dissipation occurred when the hypertonicity of the media 
wass increased. These increments were blocked by bumetanide 
andd amilonde indicating a contribution of a Na-CI co-
transporterr and a Na-H exchanger (Chinet, 1993). This sug-
gestss that the accumulation is an energy requiring process. 

Too investigate the role of a chloride related cotransporter in 
thee response of skeletal muscle cells to hypertonicity, we stu-
diedd the influence on Vm of bumetanide as an inhibitor or CI 
relatedd cotransport (Weiner & Mudge, 1990), 9-AC as a 
blockerr of Pa, and ouabain as an inhibitor of the Na/K-pump 
Somee of these data have been presented in a preliminary form 
(vann Mil et al.. 1995a). 

Methods s 

PreparationPreparation and experimental procedures 

Whitee Swiss mice (age 8 to 18 weeks, weighing 20-40 g, or 
eitherr sex) were killed by cervical dislocation. The lumbrical 
musclee fibres were removed from a hind foot One bundle was 
cutt free and cleaned from connective tissue as described pre-
viouslyy (van Mil et al., 1995b) Superficial cells were impaled 
withh fine-tipped microelectrodes (3 M KCI: 25-80 MCI). Im-
palementss were considered successful and measurements were 
continuedd if Vm was steady and more negative than - 70 mV 
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inn control medium Most data are derived from paired mea-
surementss (see statistics). When an active substance was wa-
shedd out ('washout') the new steady stale Vm value should 
differr  by less than 3 raV from the value before the application 
off  the substance. Similar  criteri a apply when substances are 
usedd in succession. Measurements were considered successful if 
V„„  also returned to the original value 4 mV) after  the so-
lutionn was switched back to control medium. Mor e details 
havee been described previously (Siegenbeek van Heukelom, 
1991). . 

MeasuringMeasuring chamber, definition of Vm and chemicals 

Thee measuring chamber, made of Sylgard 184 (Dow Corning, 
Mich .. 48640, U.S.A.), had a volume of approximately 0.1 ml 
andd was continuously perfused (3 ml min"' ) at 35  l°C. The 
Krebs-Henseleitt  solution (referred to as control) contained (in 
mM)::  NaCI  117.5, KC1 5.7, NaHCO, 25.0, NaH2P04 1.2, 
CaCUU 2.5, MgSO, 1.2 and glucose 5.6, saturated with humi-
difiedd gas; 95% 02 + 5% COj , pH = 7.35-7.45. A 1.25 mM 
Naa * medium was made by replacing NaHC03 with Choline-
bicarbonatee (CholHCOj ) and all NaCI  with N-methyl-D-glu-
camine-chloridee salt (NMDG-C1) made by titratin g NMD O 
too pH 7.2 with HC1. The ionic strength of the solutions was 
approximatelyy constant. 

Al ll  hypertonic solutions were made by adding poly-
ethyleneglycol-4000 (PEG with MWa:400). The osmotic value 
off  all media used was measured with the Wescor  Vapour-
pressuree osmometer  Model 510OC. This instrument determines 
thee osmolality (mol kg' ' ) of the solutions and all osmotic 
valuess are expressed accordingly. The osmolality of the control 
solutionss was 289  1 mOsm; the osmolality of all hypertonic 
solutionss containing 9.7 gl" '  PEG was 319  1 mOsm and with 
18.66 gl" '  PEG it was 1 mOsm. In a number  of mea-
surementss the osmolality was reduced to 266 mOsm by low-
eringg the NaCI  concentration to 105 mM. The hypertonicities 
usedd were within the (patho) physiological range: 225 to 
3500 mOsm (Hoffman &  Simonsen, 1989). 

Al ll  chemicals were analytically pure; salts were from 
Janssenn Chimica, ouabain (g-Strophanüdin krist , reinst) and 
polyethyleneglycoll  were from Merck and all other  chemicals 
fromm Sigma. Bumetanide, furosemide and 9-AC were dis-
solvedd in methanol. These stock solutions were diluted 1000 
timess to obtain the concentration that was needed for  the 
experiment. . 

Statistics Statistics 

Resultss are presented in the text as mean  s.e.mean with the 
numberr  of measurements from different cells presented be-
tweenn parentheses. We give the results of the averaged Vra 

valuee to one decimal place; the s.e.mean reflects the error  due 
too stochastic influences. Influences of electrode junction po-
tentialss were minimized by defining V„  as the potential dif-
ferencee between the microelectrode in the cell and an identical 
microelectrodee outside the cell. Nevertheless, we are aware of 
thee systematic error  due to the differences in the liquid junction 
potentialss of the electrodes in the medium and in the cytosol, 
thatt  Barry &  Lynch (1991, see also Barry & Diamond, 1970) 
estimatedd to be of the order  of 2 mV. We did not introduce 
correctionss for  this because it is not clear  how these errors 
changee due to hypertonicity. Changes in Vm (AVm) are always 
expressedd as the difference in the same cell between the steady 
statee values before and after  the change in solution. Groups of 
measurementss were compared to one another  by either  two 
tailedd Student's / test (when numbers of measurements were 
largee and normally distributed) or  Mann-Whitney (when 
numberss were smaller  than 6 or  not normally distributed). 
Whenn a curve was fitted to the data, the quality of the fit was 
expressedd by the correlation coefficient, r. 

Differencess in mean values were considered statistical not 
significantt  (NS) when P&G.0S and significant when i°<0.05. 
Whenn numbers of measurements were less than 5 no com-

parisonn was made (-). As nearly all data and conclusions are 
relatedd to changes observed in the cell, it is unlikely that the 
differencess in liqui d junction potentials severely change the 
significancee assigned by us to the observed differences. 

Results s 

DepolarizationDepolarization of V„  by increasing hypertonicity 

Whenn the osmolality was increased from 289  1 mOsm 
(control)) to 319 1 (n = 46) or  344  1 mOsm (n = 50), a de-
polarizationn was observed of 4 mV (/i = 46) (see Figure 
1)) or V (n=50) respectively. The Vm in 
3199 mOsm was significantly more negative than in 344 mOsm 
(f<0.001).. This depolarization was reversible; return to iso-
osmoticc solutions hyperpolarized Vm with respectively 
-5 .11 8 mV (n = 20) or 1 mV (n= 17) (JP<0.05. 
pairedd data). The sensitivity of Vra for  medium osmolality 
(AV„/AOs mm a; 0.2 V/Osm) was the same as measured pre-
viouslyy with mannitol (MW 182) (Siegenbeek van Heukelom 
etet al., 1994). 

Wee also performed a few experiments at higher  concentra-
tionss (up to 465 mOsm). The results were qualitatively the 
same,, though they appeared to show saturation. The Vm in 
4655 mOsm medium (-52.1 5 mV (n = 5)) was comparable 
too the maximally depolarized Vm in 344 mOsm medium. 

TheThe influence of bumetanide on V„  in control and 
hypertonichypertonic media 

Whenn a supramaximal concentration (75 /iM) of bumetanide 
wass applied to the muscle cells in control (289 mOsm) solution 
aa reversible hyperpolarization, AVra = —3.6 mV, was observed 
(seee Table 1). The same observation was made when using 
furosemidee (100 ftM):  A V m = - 3 . 0 m V. Pretreatment with 
bumetanidee prevented the depolarization by 344 mOsm (see 
Tablee 1; J°>0.05). The V„  in 344 mOsm with bumetanide was 
stablee for  up to 90 min. We never  observed an ongoing change 
inn V„  under  these conditions. 

Thee hyperpolarization induced by bumetanide increased 
withh increasing osmolality. Compared to 289 mOsm bumeta-
nidee (75 iM)  induced a significantly greater  hyperpolarization 
inn solutions of 319 mOsm or  344 mOsm of -7 .1 mV 
(P<0.05)(P<0.05) and - 12.9 mV (ƒ><0.001), respectively (see Figures 
II  and 2). The Vm values attained in hypertonic media with 
bumetanidee were more negative than in 289mOsm without 

EE -7n -

Tim ee (min ) 

Figuree t Typical recording demonstrating the Vm response to 
hyperosmoticc stress (3l9mOsm) and bumetanide. (A) 25mOsm 
PEGG was added which lead to a depolarization followed by a partial 
repolarization.. (B) Bumetanide was added and restored Vm 

completelyy with a small overcompensation (C) Hypertonicit y and 
bumetanidee were washed out simultaneously resulting in a small 
depolarization. . 
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Tablee 1 Response of Vm to bumetanide or furosemide under different conditions 

InitialInitial  conditions 

2899 mOsm 
289mOsm m 
289mOsmm + 
319mOsm m 
319mOsm m 
344mOsm m 
3444 mOsm 
3444 mOsm + 

Burnet t 

Burnet t 

VVmm (mV) 

-7488 + 0.9 
-77.55 + 2.3 
-77.4+1.2 2 
-699 5 + 1.8 
-688 1+3.9 
-62.55 + 1.5 
-666 4 + 3 6 
-76.33 + 0.8 

ExperimentalExperimental challenge 

Bumet t 
Furo o 

3444 mOsm + Bumet 
Bumet t 
Furo o 
Bumet t 
Furo o 

289mOsrnn + Bumet 

AA V„  (mV) 

-3.66 + 0.8 
- 33 0  1.0 

1.11 6 
-7.11 4 
-5.77 2 

—12.99  1-3 
-9.6  1.2 

6 6 NS S 

Bumetanidee (Bumet. 75/iM) and furosemide (Furo, 200 HM) were added in control solution of 289mOsm (rows 1 and 2); in medium 
withh approximately 3l9mOsm (rows4 and 5) or 344mOsm (rows6 and 7). Increasing osmolality to 344mOsm in the presence of 
bumetanidee (row 31 did not change AV„ Row 8 shows complete suppression of hypertonic depolarizations by bumetanide including 
thee overshoot. Data shown as means n Significance (P) is given for AV,„  compared to zero: **/ ><0.01; ,P<0,05; NS not 
significantt P>0 05 

bumetanide:: we observed an overshoot of 0 5mV 
(nn = 7) in 319 mOsm and - 2 . 1 +0 9 mV (n = 16) in 344 mOsm. 
Figuree 1 shows a typical example of such an overshoot of V„ , 
Thiss overshoot effect was not observed with furosemide 
(1000 )1M). 

Thee same influence of bumetanide was found in 465 mOsm: 
itt also reversed the depolarization 

Chtnett (1993) found a contribution of the Na-H exchanger 
inn the osmoregulation in rat soleus muscle fibres. Amiloride, in 
concentrationss of 1 mM, inhibits the Na-H exchanger. We 
foundd no significant effect of 1 mM amiloride on Vm in control 
orr hypertonic solutions. 

BumetanideBumetanide effect in medium of 266 mOsm 

AA plot of the response of bumetanide as function of the os-
molalityy suggested that its effect might be zero when the os-
molalityy was reduced to 266 mOsm (see Figure 2). When 
osmolalityy was reduced to 266 mOsm by decreasing NaCl to 
1055 mM, Vm did not significantly change. In this medium we 
addedd bumetanide and the response did not differ significantly 
fromm zero: AV m = - 0 .3 2 mV (n = 6). To ascertain that the 
reductionss of Na„  and Go were not the origin of this ob-
servationn we added 20 mM PEG to this medium restoring the 
mediumm osmolality to 289 mOsm. In this medium bumetanide 
inducedd a —3.4 + 0.7 mV (n = 5) hyperpolarization that did 
nott differ significantly from those obtained in the control 
mediumm (see Table !). 

Dose-responseDose-response data uf bumetanide and furosemide 

Bumetanidee and furosemide are known to block a variety of 
chloridee related cotransporters (Haas, 1994). Dose-response 
curvess for bumetanide and furosemide were determined in 
mediaa with 344 mOsm (Figure 3) We normalized all data by-
expressingg the maximal value in one cell as 100% and the other 
V,„„  values in the same cell as a fraction of this maximal value. 

Thee cells showed a significantly greater sensitivity 
(/><0.O01)) Tor bumetanide (IC50 = 0.5 +0.02 ^M) than for 
furosemidee (IC<0 = 21 +9 /JM). In a few experiments we verified 
thatt bumetanide in addition to furosemide did not influence 
V'm:: nor did furosemide in addition to bumetanide Furosemide 
unlikee bumetanide appeared to have a deteriorating effect on 
thee muscle cells When the muscle cells were exposed to fur-
osemidee in concentrations higher than 100 /iM and for longer 
thann 10 min, the impaled cell was lost and it became increas-
inglyy difficult to impale (Vm< - 70 mV in control solution) a 
neww cell successfully in the same preparation. For this reason 
wee used bumetanide in these experiments. 

HyperosmoticHyperosmotic stress in 1,25 mM Sal solutions 

Bumetanidee and furosemide are known to block a number of 
ch'ondc-cotrunsportmgg systems To find out whether sodium 

3000 320 

Osmolalityy (mOsm) 

Figuree 2 Hyperpolarizations induced by bumetanide at different 
mediumm osmolalities. When the data (open symbols) were fitted with 
aa straight line, AVm = 44.5-0.l65 xOsm (r-0.99) and A V m - 0 at 
269mOsm.. The two points at 289mOsm represent the hyperpolanza-
lionn in control solution (open symbol) and the value when NaCl was 
loweredd but the osmolality was restored by addition of PEG (solid 
symbol). . 

iss an obligatory cotransported ion we conducted experiments 
inn solutions containing I 25 mM Na„ 

Probablyy due to the method of composing this 1,25 mM 
solution,, it had a higher osmolality than the control solution: 
3277 4 mOsm (n = 6). However, no significant change of Vm 

wass noticed (AVm = 0.6+1.4 mV (n = 6). P>0.05) when Na£ 
wass changed to 1 25 M, before as well as after such a change in 
solutionn After exposure to 1 25 mM Na„  the cell was still 
capablee of responding normally to further experiments, as a 
subsequentt increase to 368 mOsm with 50 mM PEG led lo a 
smalll  depolarization of 2.3+0.3 mV (n = 6) that was sig-
nificantlyy different from zero (P<0.01). However this depo-
larizationn was significantly smaller than AV ra due to the 
applicationn of the same osmotic shock in control solution 
(P<0.001). . 

InfluenceInfluence of chloride permeability on V„  in control and 
hypertonichypertonic media 

Too investigate the possible participation of chloride con-
ductancee in the response of Vm to hypertonic shock we used the 
chloridee channel blocker anthracene 9-carboxylic acid (9-AC). 
Inn 289 mOsm, 10 /iM 9-AC gave rise to a small but significant 
hyperpolarizationn of -2 .6 + 0.7 mV (n = 4) When medium 
osmolalityy was increased to 344 mOsm the response of Vm to 
100 jtM 9-AC increased significantly to 5 mV (n= 10, 
(ƒ><()) 01) (Figure 4). When more 9-AC was added to this 
100 [M concentration (30 or 70 pM) no additional effect was 
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measured.. The hyperpolarization found with 9-AC was sig-
nificantlyy smaller (P<0.01) than the hyperpolarization of bu-
metanide.. Figure 4 shows that on increasing depolarization by 
3444 mOsm a significant decrease in 9-AC response was ob-
servedd and that 9-AC did not restore Vm to control value with 
overshoott as was observed for bumetanide. 

Whenn 9-AC was added after bumetanide in 344 mOsm no 
significantt change ( - 0 ,3 3 mV (n = 5)) in Vm was observed. 
Thiss indicates that chloride in 344 mOsm is in equilibrium 
whenn bumetanide is present. 

Experimentss in media with decreased Cl~ failed, because Vm 

becamee very unstable in such media 

1200 - i 

0.011 0.1 1 10 100 1000 

Bumetanide/Furosemidee (HM) 

Figuree 3 The data used to determine the ICJ0 values for bumetanide 
andd furosemide The inhibition of the hypertonic (344mOsm) 
depolarizationn by varying concentrations of bumetanide (B) and 
furosemidee (F). The curves were fitted from: l f - 1/(1 ^ICM / 
concentration).. Two data points (filled triangles right-below the 
fittedfitted bumetanide curve at concentrations 0.5 and 1.0/iM) demon-
stratingg low sensitivity for bumetanide, were both from the same cell. 
Thiss is the reason why this fit  to all data at once produced an 
ICsoo = 0.49^M. Another procedure which involved first fitting the 
dataa of individual cells and then averaging the data of the cells 
producedd an IC*, - 0.34^M. For furosemide: I C M - 21JIM. The 
correlationn coefficients, r, of both fits were 0.83. The ICJO value of 
bumetanidee of 0.5 /JM does not comply with the criterion for CCC-2 
(<0.2^M)) and is just in the margin of CCC-1 (>0.5 tiu) according to 
thee classification of Haas (1994). On close inspection of this figure it 
mightt be possible that in our preparation cells with different 
cotransporterss (either CCC-1 or CCC-2) were measured. 
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Figuree 4 Response of Vm to anthracene-9-carboxylic acid (9-AC) in 
344mOsm.. V„, after the addition 9-AC was plotted against V„, before 
additionn of 9-AC. A linear fit  gave a good correlation coefficient 
(r-0.9959)) and a slope of just greater than unity (Vm(Mm)=  1.2* 
Vm(in»r)) + 3-6). The slopr of I 2 0 04 is significantly different from 1 
(/><00 01), indicating that effect of 9-AC was slightly voltage-
dependent. . 

OuabainOuabain and bumelanide 

Ouabainn (100 /JM) depolarized V„, to -50.3 3 mV(n = 6)in 
3444 mOsm. Application of bumetanide or furosemide, about 
100 min after the ouabain addition, did not induce a hyperpo-
larization.. We therefore conclude that a proper functioning of 
thee Na+ /K *-ATPase is essential for the bumetanide responses 
wee obtained in this study. 

Discussion n 

HypertonicHypertonic stress leads to a sustained depolarization in 
thethe skeletal muscle fibre 

Skeletall  muscle fibres may encounter hypertonicity during 
exercisee (Sjegaard el al., 1985, Hoffman & Simonsen, 1989) 
Heree we describe the effects of medium osmolality and bu-
metanidee sensitive transport on Vm in mouse lumbncal muscle 
fibres.fibres. We found this depolarization to rise with increasing 
hypertonicityy in the range of 289 to 344 mOsm, but it exhibited 
saturationn beyond 344 mOsm The depolarization was main-
tainedd as long as the solution was hypertonic. In all cases 
washingg out the PEG restored the Vm completely even after 
prolongedd exposure. 

TheThe Na-K-2Cl colransporter and the depolarization of 
VVmm in hypertonic media 

Bumetanidee is known to inhibit chloride cotransport such as 
thee K-Cl, Na-CI and Na-K-2C1 cotransporter (Hoffmann & 
Simonsen,, 1989; Haas, 1994; Lang et al., 1995). In our pre-
parationn bumetanide prevented the depolarization by hy-
pertonicity,, and repolarized Vra to control values in 
hypertonicc media. Bumetanide and furosemide appear to act 
similarlyy but the fact that the IC30 for bumetanide was much 
lowerr than for furosemide suggests that we are not studying 
thee K-Cl cotransporter (Perry & O'Neill, 1993; Haas, 1994) 
Thee sensitivity of V„  to bumetanide need not be a direct 
measuree for the affinity of the cotransporter for bumetanide 
Thesee cellular and molecular responses might well differ from 
onee another. 

Lik ee bumetanide decreased Na„  prevented the depolar-
izationn by hypertonicity. The concentration of 1.25 mM 
Na**  used is substantially lower than the Km of NaJ, found 
forr the Na-K-2C1 cotransporter (Greger, 1985). Data on the 
interactionn between hyperosmolality and medium potassium 
havee been presented previously (Siegenbeek van Heukelom 
etet al., 1994). They show that in 0.76 mM K*„  a decreased 
sensitivityy of V„, for hypertonic stress exists. Due to the 
presencee of the (K„  sensitive) inwardly rectifying potassium 
conductancee (IKR) a straightforward interpretation is com-
plex.. This and the difference in sensitivity of Vm for bume-
tanidee versus furosemide indicate that we are studying here 
aa Cl~ related cotransporter where Nat and KJ, are in 
volved. . 

HypertonicHypertonic medium increases chloride accumulation 

Ourr findings are in line with observations by Aickin et al 
(1989)) that elevated ClTdepolarizes EQ in rat lumbrical muscle 
cells.. Because Pa is 3 to 20 times PK (Aickin, 1990), chloride 
accumulationn must have an influence on Vra. Indeed, by 
blockingg Pcl we found a hyperpolarization of —2.6 mV in 
controll  and —7.6 mV in hypertonic medium, indicating an 
increasedd chloride accumulation due to hypertonicity in the 
lumbricall  muscle cells. This apparent dependence on medium 
osmolalityy implies that in order to compare 9-AC-induced 
hyperpolarizationss one should take into account the osmol-
alityy (Aickin, 1990). 

AA combined action of the couple Na */H*  and CI~/HCO~, 
orr the couple Na ' ,'H ' and Na-CI transport, as was suggested 
forr soleus muscle fibres by Chinet & Giovannini (1989), ap-
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pearedd not to effect Vm in our preparation because amiloride 
hadd no effect We conclude that the import through the Na-K-
2C11 cotransporter increased with increasing hypertonicity re-
sultingg in a depolarization. 

PPcc,, is not zero in the presence of 9-AC 

Likee Aickin et al (1989), using furosemide in normo-osmotic 
medium,, we found that addition of 9-AC did not affect Vm in 
3444 mOsm medium with bumetanide. We conclude that 
chloridee is in equilibrium across the membrane when the Na-
K-2C11 cotransporter is inoperative 

However,, the hyperpolarizations induced by 9-AC in 
3444 mOsm medium were smaller than those induced by bu-
metanidee and did not restore Vm completely Comparison of 
100 nM and 80 j(M 9-AC indicates that we used a saturating 
concentration.. The most likely explanation is that Pa is not 
fullyy blocked as has been suggested by Aickin (1990) and that 
thee remaining Pc( is still large enough to contribute to Vm, 
becausee at the same time chloride is accumulated (Aickin et a!., 
1989).. This increase of intracellular chloride will lead to a 
furtherr depolarization of E a So the product of the decreased 
Pc,, and Ec, can still have a measurable influence on Vm. 

PotassiumPotassium permeability is reduced by hypertonicity 

Ann additional mechanism involved in the depolarization can 
bee seen from the experiments involving pretreatment with 
bumetanide.. On the basis of whole tissue data, Chinet and 
Giovanninii  (1989) concluded that rat soleus fibres do not 
regulatee their volume Cardiac cells showed only partial VRI 
(Drewnowskaa & Baumgarten, 1991), like non-mammalian 
musclee fibres (Blinks, 1965, Mobley & Page, 1971). When the 
cotransporterr is blocked by bumetanide, chloride is passively 
distributedd Therefore, one would expect a hyperpolarization 
duee to the shrinkage of the cell and hypertonicity (K |and NaT 
weree increased leading to a hyperpolarization because 
PKK > > PN,) The simplest way to explain that such hyperpo-
larizationn was absent (see Table 1) is to conclude that PK 

drops.. If such a decrease in potassium permeability (or con-
ductance)) (van Mil ei ai, 1995a) also occurs in the absence of 
bumetanide.. it will contribute to the observed depolarization 
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inducedd by hypertonicity Such a connection has been sug-
gestedd also by Wang and Wondergem (1991) for the behaviour 
off  mouse hepatocytes. They suggested that the reduction of PK 

wouldd also reduce the efflux of K ' -ions as osmolytes. 

HypertonicityHypertonicity affects Na-K-2Cl cotransporter kinetics 

Inhibitingg the Na/K-pump with ouabain abolished the de-
pendencee of Vm on medium osmolality, supporting the view 
thatt this initially active transport energises the secondary 
transportt studied. This is in line with the decreased dissipation 
inn the presence of bumetanide in soleus muscle fibres observed 
byy Chinet (1993). Drewnowska & Baumgarten (1991) de-
monstratedd that cardiac cells shrink in hypertonic media and 
thatt this shrinkage increased in the presence of ouabain Ad-
ditionn of ouabain induces a depolarization, but this cannot be 
thee reason for the disappearance of the bumetanide induced 
hyperpolarizdlioii.. The depolarizations by 465 mOsm to 
—— 52 mV, and sometimes by 344 mOsm. can be reversed by 
bumetanide,, although they are the same magnitude as the 
ouabain-inducedd depolarizations. 

Thee efflux of water in response to hypertonicity leads to an 
increasee in K + , Na*  and C!~ concentrations in the cell, this 
reducess the driving force for the import of these ions through 
thee cotransporter So, the magnitude of the response must be 
relatedd to a change in transport kinetics and not to the change 
inn ion gradients (Lang ei al., 1995). How this is brought about 
iss unclear (Haussinger et at., 1993; 1994; Lang el al, 1995) but 
thee cells may have some 'sensor' for hyperosmotic stress 
(Galcheva-Gargovaa el al., 1994), that in our preparation pos-
sessess a "set point' at 269 mOsm 

Wee conclude that in the lumbrical muscle cells increased 
hypertonicityy leads to an increase in the activity of the Na-K-
2CII  cotransporter which results in the observed depolarization 
off  Vm due to the increased accumulation of CI 7 together with a 
decreasee in PK 
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Abstract t 

Thee membrane potential in mouse skeletal muscle depends on both extracellular osmolality and potassium concentra-
tion.. These dependencies have been related to two membrane transporters, Na+ /K + /2Cl~ co-transporter and the 
inwardd potassium rectifier channel. To investigate the relation of the Na+ /K + /2CI" co-transporter and the inward 
potassiumm rectifier channel in a qualitative way, a combined electrophysiological and modelling approach was used. The 
experimentall  results show that the bistability of the membrane potential, which is related to the conductive state of the 
inwardd potassium rectifier channel, is shifted to higher extracellular potassium values when medium osmolality is 
increased.. These results are confirmed by the computer simulation calculations for increased co-transporter flux. The 
combinedd results indicate that the co-transporter is capable of modulating the conductive state of the inward potassium 
rectifierr channel. © 2001 Elsevier Science Inc. All rights reserved. 

Keywords:Keywords: Membrane potential; Na + /K*/2C1" co-transport; Computer simulation; Inward potassium rectifier; Bistability; Hy-
pokalemicc periodic paralysis 

1.. Introductio n 

Thee membrane potential (Vm) in mouse skele-
tall  muscle depends on extracellular osmolality 
(Vann Mil et al., 1997). The dependence is 

Thiss paper was originally presented at a symposium dedi-
catedd to the memory of Marcel Florkin, held within the 
ESCPBB 2T' International Congress, Liège, Belgium, July 
24-28,, 2000. 

**  Corresponding author. Tel: + 20-5257642; fax: + 20-
5257709. . 

E-mailE-mail address: foppen@science.uva.nl (R.J. Geukes Fop-
pen). . 

abolishedd when the bundle is pre-incubated with 
bumetanide,, a Na+/K +/2C1" co-transporter 
(NXCC)) inhibitor. This suggests the involvement 
off  the electroneutral secondary active NKCC. The 
activationn of NKCC by increasing osmolality has 
beenn described extensively in many tissues (see 
revieww by Russell, 2000). 

Inn addition, Vm of mouse skeletal muscle also 
dependss on the conductive state of the inward 
potassiumm rectifier channel (IRK) (Siegenbeek van 
Heukelom,, 1991). Vm is sensitive to extracellular 
potassiumm (K0) when IRK is open. However, a 
closedd IRK causes Vm to be K0 insensitive. To 
studyy the effects of IRK on Vm in relation to 
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otherr membrane transporters, a model was con-
structedd which effectively reproduces experimen-
tall  data (Siegenbeek van Heukelom, 1994). 

Gordonn and Macknight (1991) already showed, 
byy extending the Goldman-Hodgkin-Katz equa-
tionn with contributions for electroneutral co-
transportt and exchange, that Vm can be influ-
encedd by these transporters. In addition to that 
wee set out to show the strong interdependence of 
thee activity of NKCC and the conductive state of 
IRKK in a qualitative way, because in the original 
modell  (Siegenbeek van Heukelom, 1994) no 
NKCCC was incorporated. So here, we expand this 
byy simply incorporating the stoichiometry of the 
NKCCC therein. The results shown may be related 
too hypokalemic periodic paralysis, where Vm de-
polarisationss in conjunction with serum potassium 
reductionss are observed when paralysis occurs. 

2.. Materials and methods 

Experimentall  procedures were described in de-
taill  elsewhere (Van Mil et a!., 1997). Therefore, 
onlyy give a brief extract is given. Muscle bundles 
fromm female mouse lumbricalis, extensor digi-
torumm longus, soleus or strips of diaphragm were 
pinnedd down in a rapid mixing chamber, and 
subsequentlyy impaled with a sharp microelec-
trode.. The microelectrode, back-filled with 3 M 
KC1,, had a resistance between 20 and 80 Mfl . 
Thee muscle was superfused with control 
Krebs-Henseleitt solution containing (mM): NaCl 
(117.5);; KCI (5.7); NaHCO, (25.0); NaH2P04 

(1.2);; CaCl2 (2.5); MgCl2 (1.2); and glucose (5.6). 
Thesee were saturated with humidified gas: 95% 
022 + 5% C02; and pH 7.35-7.45 at 35°C. Solu-
tionss with different K0 concentrations were made 
byy equimolar replacement of NaCl by KCI or vice 
versa,, thereby maintaining Cl0 constant through-
outt ( - 130.6 mM). Hypertonic solutions were 
madee by adding 9.7 g/1 Polyethylene glycol with 
molecularr weight 400 (PEG 400). The osmotic 
valuess of all media used were measured with the 
Wescorr vapour-pressure osmometer Model 
5100C:: isotonic 290 mOsm; and hypertonic 320 
mOsm.. Steady state Vms were recorded after 
switchingg the perfusion from control to a differ-
entt K0 concentration at constant osmolality. 

2.1.2.1. Symbolic and numerical computations 

Forr the model analysis, both general purpose 
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(Mathematica,, Wolfram Research Inc.) and spe-
ciall  purpose software (CONTENT) were used, CON-
TENTT is an interactive environment for analysing 
dynamicall  systems that is freely available at 
(www.cwi.nl/ftp/content)) for all major computer 
platforms,, CONTENT can find equilibrium points 
andd follows the change in equilibrium properties 
whenn the parameter of interest is allowed to vary. 
CONTENTT identifies singular points when encoun-
teredd (Kuznetsov, 1995). 

2.2.2.2. The model 

Forr more in-depth information about the 
model,, the authors referred to Siegenbeek van 
Heukelomm (1994) and Van Mil (1998). In short, 
thee model describes two compartments: the intra-
cellularr solution and the extracellular solution, 
whichh are separated by a semi-permeable mem-
brane.. Both compartments contain sodium (Na+), 
potassiumm (K+), and chloride (CI") ions. The 
intracellularr ion concentrations are the dynamic 
variabless that in turn, determine Vm [see Eq. (6)]. 
Transportt of Na+, K+ and CI" between the two 
compartmentss is established by: (1) Na+, K+ and 
Crr permeabilities; (2) Na+/K + ATPase; and (3) 
thee electroneutral Na+ /K + / 2Cr co-transporter. 
Additionally,, a parameter, C0, is introduced, which 
consistss of constant intracellular excess charge 
concentrationn of other ion species (such as Mg2+, 
Ca2+,, H+ and proteins). 

Thee authors viewed the extracellular ion con-
centrationss as time-independent parameters. 
Firstly,, because only steady states are of immedi-
atee concern and secondly, because the extracellu-
larr volume is larger than the intracellular volume. 
Independentt fluxes of Na+, K+ and Cl~ through 
thee selective membrane are described using the 
Goldmann flux equation; 

W ) , " aw-m. ) ,, (1) 
ee — l 

Thee variable U is defined as U^zJFVm/RT^ 
Km/0.0266 at 35°C. The permeabilities (Px) of 
Na++ and Cl~ are considered time and voltage 
independent,, and constant throughout the simu-
lations.. The permeability ratios for Na\ K+ and 
Cl~Cl~ are 1:100:300, respectively. However, PK con-
tainss the IRK kinetics and is described by, 

http://www.cwi.nl/ftp/content
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PAVJPAVJ = P0 + 
VTK % % 

vvmm-v-vk k 

1 +e e ^ ) ) (2) ) 

whichh is an adapted version of the empirical 
equationn derived for the IRK by Hagiwara and 
Takahashii  (1974). The description of PK contains 
threee parts: ( D a residual potassium permeability, 
PP00.. P0 is incorporated to allow K+ leakage, fu-
elledd by N a+ / K + ATPase and NKCC, when P I M 

approachess zero; (2) the permeability of the IRK 
thatt is [K + Independent and modelled by 
PI R K /> / [K^] 0;; and (3) a Vm dependence as mod-
elledd by an open/closed partition function (Boltz-
mannn distribution = {1 + expt(Km - KJ /K, ] ) " ' ) . 
VVhh is the value where the open/closed distribu-
tionn is fifty-fifty  [modelled here as the potassium 
Nernstt potential RT/F ln( K0/Kt)]. Vs defines 
thee sensitivity of the distribution to (Km - Vh), 
whichh is modelled at 9 mV. 

Thee electrogenic N a+ / K *  ATPase depends on 
[ K l jj  a n d [Na + ],, and the fluxes are described by 
secondd and third order Michaelis-Menten kinet-
ics,, respectively, 

J , ( [ N a ^1 ) - « \ r , ( m „ ) ( ll  + T ^ ) 

XX 1 + 
[Na+ ] , , 

(3) ) 

wheree JP{mM) is the maximal attainable flux, KmNa 

(77 mM) is the affinity for [Na+] , and KmYi (1 mM) 
iss the affinity for [K + ] 0. The parameter a is the 
stoichiometryy value of the pump for the ions Na + 

(aa = 3) and K+ (a = 2). 
Ass only a qualitative statement is desired 

concerningg the influence of the flux through 
NKCCC (-/NKcc)' ^NKCC 'S modelled as a parameter 
forr simplicity. For both Na+ and K + , the change 
off  the intracellular concentration is determined 
byy the contribution of Jx, Jp and /N K C c : 

df f 

VVmm is obtained by counting the excess intracel-
lularr ionic charge as, 

F vv Vol 
KBB = 7 r ^ T( [ N a + 1 ,' + [ K + 1 ' " l c I " 1 ' + c« ) 

(6) ) 

wheree F is Faraday's constant, Cm is specific 
membranee capacitance, S is the cell surface and 
Voll  stands for cellular volume, which is kept 
constant. . 

3.. Results 

3.1.3.1. Comparison of different muscles exhibiting 
bistability bistability 

VVmm in m. lumbricalis, m. EDL (white muscle), 
m.. soleus (red muscle) and m. diaphragmaticus 
(respiratoryy muscle) in isotonic control (290 
mOsm;; K„  = 5.7 mM) is stable between — 70 and 
- 800 mV (Fig. 1). When K0 is reduced to 0.76 
mM,, Vm displays a peculiar behaviour. Vm of 
somee fibres settles at a hyperpolarised level as 
comparedd to control, whereas Vm of other fibres 
settless at a depolarised level. It takes several 
minutess for Vm to settle at a new steady state. 
Thiss peculiar behaviour occurs in all muscles used. 

3.2.3.2. Experimental Vm — K0 relation at different 
osmolalities osmolalities 

Thee peculiar behaviour recorded as a response 

Lumbb EDL Sol 

== -Jy+JP+JK (4) ) 
100 min 

Thee signs are determined by the convention 
thatt a positive flux of ions is one that enters the 
cell.. The CI" flux is given by: 

d[cr r 
df f 

== / -t- ~> I (5) ) 

Fig.. 1. Eight examples of Vm changes after reducing K0 in m. 
Lumbricaliss (Lumb), m. extensor digitorum longus (EDL), m. 
soleuss (Sol) and m. diaphramaticus (Dia). At the dashed lines, 
K00 is reduced from 5.7 to 0.76 mM in 290 mOsm medium. 
TwoTwo recordings from each muscle are shown, where one 
depolarisess and the other hyperpolarises. The bar indicates 
thee timescale. 
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00 2 4 6 8 10 

[yC]JmM) [yC]JmM) 

Fig.. 2. Experimentally measured steady state membrane po-
tentiall  plotted as a function of extracellular  potassium at two 
differentt  osmolalities (290-mOsm circles and 320-mOsm trian-
gles)) in m. lumbricalis. Each marker  consists of n > 5. Error 
barss represent S.E.M. and are often smaller  than the ('„-valu e 
sign. . 

too a hypokalemic step (Fig. 1), is also recorded at 
otherr K0 in isotonic and hypertonic media in m. 
lumbricaliss (Fig. 2). At K0 values above ~ 1.5 
mM,, Vm reacts readily to K0 (isotonic medium), 
butt below ~ 1.5 mM, Vm becomes insensitive to 
K00 and equilibrates at approximately 55 mV. The 
discontinuouss behaviour has been related to the 
conductivee state of IRK (Siegenbeek van 
Heukelom,, 1991, 1994), and is the basis for 
bistability.. Instability is defined as cells having 
twoo different Vm&  in the same extracellular envi-
ronment.. In hypertonic solutions (320 mOsm), 
thiss behaviour remains, but is markedly shifted to 
higherr K„  values (~ 3 mM). 

3.3.3.3. Computer analysis of the Vm - K0 relation at 
differentdifferent JNKCC 

Fromm the computer analysis (Fig. 3), the con-
tributionn of /HKCC to the discontinuous behaviour 
off  Vm as a function of K0 can be observed. 
Considerr for now the Vm/K0 relation with no 
AIKCCC (circles in Fig. 3). As in Fig. 2, two stable 
VVmmss are present, one K0 insensitive (approx. -50 
mV)) and one K0 sensitive. These two stable Vms 
overlapp along a certain K0 range (1.4-2.7 mM). 
Thiss is where the two stable 1̂ ,5 are connected by 
ann unstable Vm (the connecting dashed line). Only 
withinn this range bistability occurs, where the 
unstablee Vm acts as a kind of threshold between 
onee stable Vm and the other. 

Areccc 's modelled as a steady flux. The analysis 

showss that increasing / ^ ^ (from circles to 
squares)) shifts the bistable range to higher K0. 
Ultimately,, / ^ cc ( = ° '02 downward triangles) is 
largee enough to eliminate bistability. Note that 
thee analysis is only a qualitative one and does not 
fitfit  data exactly. 

3.4.3.4. Driving force of NKCC 

Itt could be conceived that NKCC is the princi-
plee factor in establishing bistability, by alterna-
tivelyy loading the cell with Cl~ at the K0 sensitive 
VVmm and by extruding CI" at the K0 insensitive Vm. 
Thiss alternating change in NKCC co-transport 
directionn has been observed in the aqueous hu-
morr secretion of rabbit ciliary epithelium (Mc-
laughlinn et al., 1998). To evaluate whether NKCC 
influencess bistability directly, its driving force 
mustt be approximated. The driving force of NKCC 
equalss the sum of the electrochemical gradients 
forr the transported ions over the membrane. 
However,, due to the fact that the valences add up 
too zero, Vm contributions are eliminated from the 
drivingg force equation. Therefore, only the chemi-
call  gradients (Au,) of the transported ions need to 
bee summed: A i i ^ ^ = Au.Na + Ap.K + 2Aji cl 

(Fig.. 4). In mammalian skeletal muscle the CI" 
permeabilityy is by far, the highest ion permeabil-
ity,, so Clj can be approximated to be very close to 
equilibriumm (Vm=Ea). Using the extracellular 
valuess for Na+, K+ and CI" as described in 

e e 
6 6 

> > 

Ĥ) ) 

-50 0 

-60 0 

-70 0 

-SO O 

-90 0 

-100 0 

-110 0 

[K^tmM ) ) 

Fig.. 3. Membrane potential vs. extracellular  potassium rela-
tionn al increasing / ^ cx as computed by the model. The 
increasingg J^cc simulations are marked by circles ( /N K t c = 
0),, squares ( ^ ^ - 0.01), and triangles ÜN K C C = 0.02), re-
spectively.. The simulations are run using the same extracellu-
larr ion concentrations as in the experiments with only one 
exception,, Na„  in control solution equals 140 mM. 
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Fig.. 4. Calculated driving force of the NKCC as a function of 
intracellularr chloride at different extracellular potassium con-
centrationss at constant osmolality. The drawn relations con-
tainingg the downward triangles, squares and circles represent 
Koo of 0.76, 2.85 and 5.7 mM, respectively. The dashed line 
representss the concentration at which Cl̂  would be at equilib-
riumm at Vm- -55 mV (15.8 mM). As a comparison, Vms of 
K00 equal to 0.76, 2.85 and 5.7 mM in m. Lumbricalis and 
isotonicc medium are - 98.3, - 87.5 and - 74.5 mV, which have 
aa corresponding CI, at equilibrium of 3.0, 4.6 and 7.5 mM, 
respectively.. The sum of Na0 and K0 was kept constant (149.4 
mM)) as is described in the Section 2. Compensation for Na, 
orr K, variations or both due to the influx of 2 CT through 
NKCC,, does not affect the figure. 

Sectionn 2, and constant values for Na, and K, (17 
andd 140 mM, respectively, (Siegenbeek van 
Heukelom,, 1994), one can calculated A^NKCC at 
differentt K0 values (0.76, 2,85 and 5.7 mM) in 
andd around the bistable range. At a K0 insensi-
tivee Vm (approx. -55 mV), CI, would be 15.8 
mM.. Fig. 4 shows that Au.NKCC does not change 
signn at CI, values near or above 15.8 mM and 
therefore,, remains inwardly directed. 

4.. Discussion 

Thee combined electrophysiological and mod-
ellingg approach provides a means to study the 
adaptationadaptation of a cell to changes in their environ-
ment,, without isolating any components. The fol-
lowingg results are discussed: The Vm/K0 relation 
iss shifted to higher K0, when extracellular os-
molalityy is increased. This right shift can be simu-
latedd by increasing J,^^. NKCC cannot be held 
responsiblee for the bistability observed, because it 
doess not change sign in the bistability range (Fig. 
4),, and because bistability still occurs when /NKCC 

equalss zero (Fig. 3). However, NKCC can de-

terminee the K0 value at which this bistability 
takess place. The related K„  reduction and Vm 

depolarisation,, which is similar to what occurs in 
hypokalemicc periodic paralysis, may give new in-
sightt in the role of NKCC to this impaired con-
traction. . 

Thee long timecourse of Vm changes in response 
too hypokalemic steps (Fig. 1), indicates that these 
VVmm changes result from a complicated process not 
onlyy consisting of conductance changes, but also 
off  intracellular ion composition changes. For in-
stancee in chicken osteoclasts, where bistability 
alsoo occurs, using the whole cell current clamp 
technique,, where the intracellular ion composi-
tionn is constant, the timecourse from one stable 
VVmm to the other, following a current injection, 
takess approximately 10 ms (Ravesloot et al., 1989). 

Thee underlying mechanism can be summarised 
qualitativelyy as follows. An increased activity of 
NKCCC induced by hypertonicity leads to a de-
polarisationn of K0 sensitive Vm (Fig. 2; Russell, 
2000;; Van Mil et al., 1997) through a depolarisa-
tionn of Ea. Consequently, this depolarisation 
lowerss PK [Eq. (2)]. The sustained depolarisation 
resultss in a shift of the bistable region to higher 
K00 concentration (Figs. 2 and 3). Henceforth, this 
cann lead to the disappearance of the hyper-
polarisedd stable state steady state leading to the 
depolarisedd K0 insensitive Vm. 

Thee adopted modelling approach is especially 
suitedd to investigate cellular responses to osmotic 
stress,, like is found in volume regulation. In addi-
tionn to the electrical properties, it may be expedi-
entt to divide the intracellular species into 
permeantt and non-permeant (both charged and 
uncharged)) by expanding C0 [Eq. (6)] into its 
chemicall  components (charged and uncharged). 
Fromm this the osmotic pressure can be calculated. 

Thee further development of the model to a 
moree sophisticated level can benefit significantly 
fromm advances in colloidal chemistry and physics 
(Evanss and Wennerstrom, 1999). Better quantita-
tivee models can be constructed with lesser or 
non-adaptablee parameters. More insight into the 
compositionn of the intracellular space is needed 
too come to real predictive and explanatory model 
calculations.. Especially the composition of the 
impermeablee intracellular species (charged and 
uncharged).. However, the present model can 
makee a prediction of the excess charge and un-
chargedd impermeant species by using the known 
extracellularr composition and osmotic pressure. 
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4.1.4.1. NKCC electroneutral? 

Att first sight it seems ambiguous that NKCC 
cann have an effect on Vm. NKCC is electroneu-
tral,, because the valences of the transported ions 
addd up to zero. This electroneutrality only states 
thatt the driving force is ^-independent. How-
ever,, this does not prevent the activity of NKCC 
too cause a redistribution of ions as is stated by 
Gordonn and Macknight (1991); 'Even though a 
transporterr may itself be neutral, its contribution 
too the steady state distribution of ions between 
mediumm and cell can influence Vm.' Additionally, 
NKCC,, as do other active CI" transporters, pro-
videss a C I" driving force for CI" channels to 
conductt current. A similar reasoning is expressed 
byy Delpire (2000), where he states; 'Despite their 
electroneutrality,, cation-chloride co-transporters 
playy a major role in modulating neuronal commu-
nicationn and controlling CNS excitability.' In ad-
dition,, NKCC can influence Vm by shifting the 
vvmm ~ Ko relation to a higher K0. So electroneu-
tralityy of transport is not a condition in which Vm 

cannott be affected. 
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BistabJee behaviour of muscle membrane potential 

Effect ss of chlorid e transpor t on bistabl e behaviou r of the 
membran ee potentia l in mous e skeleta l muscl e 
R.. J. Geukes Foppen, H. G. J. van Mil * and J. Siegenbeek van Heukelom 
SwammerdamSwammerdam Institute for Life Sciences, University of Amsterdam, Krutstaan 320,1098 SM Amsterdam, The Netherlands and' Section of Theory 
ofof Complex Fluids, Kluyver Laboratory of Biotechnology, Faculty of Applied Sciences, Delft University of Technology, Julianalaan 67,262S BCDelft. 
TheThe Netherlands 

Thee lumbrical skeletal muscle fibres of mice exhibited electrically bistable behaviour  due to the 
nonlinearr  properties of the inwardl y rectifying potassium conductance. When the membrane 
potentiall  (Vm) was measured continuously using intracellular  microelectrodes, either  a depolarization 
orr  a hyperpolarization was observed following reduction of the extracellular  potassium concentration 
(K* )) from 5.7 mM to values in the range 0.76-3.8 mM, and Vm showed hysteresis when KJ was slowly 
decreasedd and then increased withi n this range. Hypertonicit y caused membrane depolarization by 
enhancingg chloride impor t through the Na*-K +-2C1~ «transporter  and altered the bistable 
behaviourr  of the muscle fibres. Additio n of bumctanide, a potent inhibito r  of the Na*-K*-2C r 
cotransporter,, and of anthracene-9-carboxylic acid, a blocker  of chloride channels, caused 
membranee hyperpolarization particularl y under  hypertonic conditions, and also altered the 
bistablee behaviour  of the cells. Hysteresis loops shifted with hypertonicity to higher  KJ values and 
withh bumctanide to lower  values. The addition of 80 /*M BaCl2 or  temperature reduction from 35 to 
277 °C induced a depolarization of cells that were originall y hyperpolarized. In the KJ range of 
5.7-22.88 mM, cells in isotonic media (289 mmol kg" 1) responded nearly Nernstianly to K* 
reduction,, i.e. 50 mV per  decade; in hypertonic media this dependence was reduced to 36 mV per 
decadee (319 mmol kg" 1) or  to 31 mV per  decade (340 mmol kg" 1). Our  data can explain apparent 
discrepanciess in &V„  found in the literature . We conclude that chloride import through the 
Na*-K*-2C rr  cotransporter  and export through CT channels influenced the V„  and the bistable 
behaviourr  of mammalian skeletal muscle cells. The possible implication of this bistable behaviour 
inn hypokalemic periodic paralysis is discussed. 

(Receivedd 19 September  2001; accepted after  revision 9 Apri l 2002) 
Correspondin gg autho r J Siegenbeek van Heukelom: Swammerdam Institute for Life Sciences, University of Amsterdam, 
postboxx 94084, 1098 GB Amsterdam. The Netherlands. Email: siegenbeekOxience uva nl 

Cellss can have two stable steady-state membrane potentials 
(Vm)) under  identical conditions in media with lowered 
potassiumm concentration (Gadsby &  Cranefield, 1977; 
M0lgaardd et al. 1980; Siegenbeek van Heukelom, 1991, 
1994).. Thi s was found in a variety of myocardiac and 
vascularr  cells, e.g. calf (Weidmann, 1956) and dog right 
ventriclee trabecular  cells (Gadsby cV Cranefield, 1977), sheep 
Purkinj ee fibres (Carmeliet etal, 1987), human ventricular 
myocardiall  cells (McCullough et al. 1989), bovine aortic 
(Mehrk ee et al. 1991) and pulmonary artery endothelial 
cellss (Voets et al. 1996). It was also observed in skeletal 
musclee fibres of frogs (Hodgkin &  Horowicz, 1959; Nanasi 
&&  Dankó, 1989), rats (Melgaard et al. 1980) and mice 
(Siegenbeekk van Heukelom, 1991, 1994). Furthermore, it 
wass found in a number  of other  cells, such as mouse 
macrophagess (Gallin St Livengood, 1981) and rat (Sims & 
Dixon,, 1989) and chicken osteoclasts (Ravesloot et al. 
1989).. This bistable behaviour, also called dichotomy or 
bimodality ,, is related to the negative slope conductance of 

thee inward potassium rectifier  (Kr»; Gadsby &  Cranefield, 
1977).. Some of the above cells were reported to switch from 
thee hyperpolarized to the depolarized state (and vice versa) 
uponn electrical stimulation in media with reduced potassium 
(Gadsbyy 8c Cranefield, 1977; Carmeliet etal. 1987). 

Wee demonstrate here that this behaviour  can also be 
evokedd by reduction of potassium alone. If a cell becomes 
hyperpolarizedd when the potassium concentration (K* ) in 
thee medium is lowered below 5.7 mM, then the cell 
membranee is regarded to be in a 'switched-on' state. 
However,, if a cell becomes depolarized when IQ is lowered 
beloww 5.7 mM, then the cell membrane is regarded as being 
inn a 'switched-off state and the K; at which such 
depolarizationn occurs is defined as the 'switch-off value' 
(Siegenbeekk van Heukelom, 1994). When K^ is reduced 
slowly,, one finds that the switch-off value is smaller  than 
thee 'switch-on' value in one and the same cell; this 
phenomenonn we call 'hysteresis'. 
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Fur thermore,, this study shows that other processes 
influencingg CI" movements across the plasmalemma, such 
ass exposure to hypertonic media, inhibit ion of the 
Na*-K*-2C1~~ « t ranspor ter and blocking the conductive 
CI""  channels, affect the electrical bistable behaviour of the 
musclee cells, as does Ba2*  block of KIR and a change in 
temperaturee from 27 to 35 °C. Some of these results have 
beenn presented in abstract form (Geukes Foppen et al 
1999). . 

METHODS S 
Preparation n 
Malee and female white Swiss mice were housed and used in 
accordancee with Dutch regulations concerning animal welfare. 
Thee mice were killed by cervical dislocation and die lumbrical 
musclee was removed from a hind foot as described earlier (Van 
Mi ]]  et al. 1997). The muscle bundle was stretched to a length 
slightlyy greater than the relaxed length and pinned down at the 
tendonss in the measuring chamber. Experiments were started 
300 min after the muscle was pinned down. Only superficial fibres 
weree impaled. The lumbrical muscle was used throughout this 
study,, unless otherwise stated. Whole bundles of extensor 
digitorumm longus (EDL) and soleus and strips of diaphragm 
musclee were dissected and handled similarly. 

Perfusionn media and chemicals 
Thee modified Krebs-Henseleit solution contained (BIM) : 117.5 
NaCl,, 5.7 KC1, 25.0 NaHCO,, 1.2 NaH^O,, 2.5 CaCl„  1.2 MgCl: 

200 30 40 
Timee (min ) 

Figur ee 1. Effect s of stepwis e change s in K* on th e 
membran ee potentia l ( l / J 

Thee numbers at the top arc the extracellular potassium 
concentrationss (mM). First, K*  was reduced in steps until the cell 
depolarizedd massively (A Vm = 30mVatr = 24 mm), after which 
K*K*  was increased in a stepwise manner. The switch from a K; of 
2.322 to 2.05 mM gives a clear illustration of the definition of 
'switch-offf  value; below KJ 2.32 mM the cell ceased to remain in 
thee A-state. So the switch-off value of K*  is in the range between 
2.033 and 2.32 mM. The bistable behaviour exhibited by the cell is 
manifestedd at a KJ of 2.32 mM because there are two stable Vm 

values:: -87.9 mV(at t » 20 min) and-58.9 mV (at t = 40 min). 
Re-additionn of the medium with K*  5.7 mM caused the cell to 
returnn to its original Vm value. 

andd 5.6 glucose, saturated with humidified gas (95% Or-5% 
CO;);; pH 7.35-7.45. K*  concentrations were varied by equimolar 
replacementt of NaCl by KC1 or vice versa, diereby maintaining 
externall  CI" concentration constant throughout (130.6 mM). 
Isotonicc solutions had an osmolality of 289 mmol kg ' (S.D. 
66 mmol kg"'). All hypertonic solutions were made by addition of 
polyethyleneglycoll  (PEG) with a molecular weight of 400 Da 
(PEGG 400), large enough to be impermeant. The most common 
hypertonicc solutions contained either 9.7 g PEG per litre 
(3199 mmol kg"1) or 18.6 g PEG per litre (340 mmol kg"1). A more 
hypertonicc medium contained 38 g PEG per litre (398 mmol kg"1), 
andd a slighdy less hypertonic medium (372 mmol kg ') was made 
byy diluting the most hypertonic medium with isotonic solution. 
Thee osmotic values of all media used were expressed as osmolality, 
whichh was measured with a vapour-pressure osmometer (Wescor 
Modell  5100C). Bumetanide and anthracene-9-carboxylic acid 
(9-AC)) were added to the perfusion media in supramaximal 
concentrationss (75 ftM). 9-AC does not completely block the 
chloridee conductance (Ga;Palade &Barchi, 1977) and its potency 
dependss on the extracellular chloride concentration (AstiD el al. 
1996).. However, 75 /IM 9-AC generated the maximal effect in our 
experimentall  conditions. All chemicals were of analytical grade. 
Saltss were supplied by Janssen Chimica (Geel, Belgium), PEG 400 
byy Merck and all other chemicals by Sigma. 

Measuringg chamber 
Thee measuring chamber, made of Sylgard 184 (Dow Corning, 
Midland,, MI , USA), had a volume of approximately 0.1 ml and 
wass continuously perfused (flow velocity 3 ml min"'). It was 
mountedd on the object stage of an Olympus SZH microscope. 
Prewarmedd solutions were transported to the chamber by means 
off  a peristaltic pump (ISMATEC ISM 726, Ismatec SA, Zurich, 
Switzerland).. Just before entering the chamber, the solution 
temperaturee was adjusted to 35.0  0.5 °C by passing it along a 
resistorr heated by electrical current Temperature was continuously 
measuredd with a K-type miniature thermometer (Keithley 871 A, 
Cleveland,, OH, USA) in the chamber. Turning the current off 
inducedd a drop in temperature to 27  1 "C. For fast temperature 
changes,, a flush-through stainless-steel capillary was used to 
rapidlyy decrease (within 3 s) the temperature to 25  0.5 °C. The 
dropp in temperature caused the bicarbonate-buffered solutions to 
acidifyy by less Üian 0.1 pH unit. The temperature dependence of 
AA Vm caused by solution changes was calculated using the equation 
Q.oo =(4V'mj/AV n„)-,wherea = (10/7V T,), Tis the temperature 
(°C)) and Tj > T„  and where &Vml and AVml are the membrane 
potentiall  changes resulting from solution changes at temperatures 
Tjj  and T, in the same cell. 

Measurementt procedure and the definition of Vm 

Fine-tippedd glass rmcroelectrodes (containing 3 M KCI; tip 
resistancee 25-80 MtJ) were used to measure Vm. They were all 
pulledd on a Brown and Flaming puller (Sutter P 87, Sutter, Novato, 
CA,, USA). Criteria for recordings to be considered representative 
andd definition of Vm have been described previously (Van Mil et al. 
1997).. The output of the microelectrode amplifier (WP1, M4-A) 
andd the potential of the reference bath microelectrode were sampled 
(11 kHz) using LABView 3.1 (National Instruments, Austin, TX, 
USA).. The data over 1 s were averaged and stored. We frequently 
usedd staircase protocols, where we did not switch back to control 
solutionn but continued to change the solution composition (for 
examplee see Fig. 1). In the hysteresis measurements we also used 
staircasee protocols, making very small steps by mixing different 
proportionss of 2.85 and 0 76 mM K^-containing solutions in steps 
off  10%. 
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Membranee state 
Thee status of the cell membrane in the K*  range between 0.76 and 
3.88 mM was determined based on the value of V„  in relation to a 
thresholdd calculated by averaging an equal number of the most 
positivee and the most negative Vm values for a specific K„  at given 
osmolality.. If the V„  was more negative than the threshold value, 
thenn the cell membrane was considered to be in the A-state and 
iff  V„  was more positive than the threshold value, then the 
membranee was considered to be in the B-state. This method for 
ascertainingg the A- or B-state of the membrane is similar to the 
half-amplitudee threshold technique routinely used to separate the 
openn and the closed states of single channels (Colquhoun, 1994). 

Statistic s s 
Steady-statee data, obtained at a particular KJ and osmolality, are 
presentedd as means + S.E.M. with the number of observations (n) 
inn parentheses. The number of animals (JV) is given when it differs 
fromm n. When mean values are compared, the significance was 
assessedd using either Student's t test (n > 6) or the Mann-
Whitneyy U test (n < 6). Unless indicated otherwise, P < 0.05 was 

assumedd to indicate a significant difference. P was not calculated 
whenn n was less than 4. The correlation coefficient (r) is given 
whenn a curve was fitted to data. 

RESULTS S 
Bistablee behaviour  i s a cellular  propert y 
Thee staircase protocol for changing K„  in Fig. 1 reveals that 
bistablee behaviour is a property of an individual cell. First, 
K^K  ̂ was decreased stepwise from 5.7 mM to a value that 
madee the cell depolarize to about - 60 mV (when IQ was 
madee 2.05 mM the cell switched off). Then we increased 1Q 
too 2.32 mM again. The cell remained depolarized, whereas 
withh the same concentration before the switch off it was 
hyperpolarized.. Therefore, at the same concentration (here 
2.322 mM) we found two different membrane potentials, 
onee hyperpolarized (A-state) and one depolarized (B-state) 
withh respect to the value in normal medium. The results in 
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Figur ee 2. Hysteresi s 
bumetanid e e 

inn isotoni c and hypertoni c solution s and in medi a containin g 

A,, hysteresis in isotonic and hypertonic media in the same cell. V„  of the cell exhibited two stable values when 
K**  was decreased and then increased in small steps. The hysteresis loop in isotonic media is shown in the left 
panell  and the hysteresis loop at 340 mmol kg"' in the right panel. In both panels, the data with decreasing K£ 
aree connected by continuous lines and the data with increasing K^ by dashed lines. The bar at the bottom of 
eachh panel indicates the range of KJ where hysteresis occurred. B, B, hysteresis of Vm in isotonic media without 
andd with bumetanide. In the left panel, for isotonic mediawithout bumetanide, and in the right panel, for 
isotonicc media containing bumetanide, K*  was decreased and then increased in small steps. The data with 
decreasingg K* are connected by continuous lines and the data with increasing KJ by dashed lines. The last 
threee data points of the increasing part of the staircase protocol in the isotonic media differ from the values 
expectedd on the basis of the results of decreasing part. However, when K; was 5.7 mM, Vm was -71.2 mV. This 
valuee is still sufficiently negative according to the criterion for a correct impalement (Van Mil et al. 1997). 
Thee bar at the bottom of each panel indicates the range of K*  where hysteresis occurred. 
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Fig.. 1 were reproduced in seven other fibres (N = 7) with 
similarr results. 

Hysteres iss exhib i ted by Vm i n response to small K* 
changess in isotonic, hyper ton i c andbumetan ide-
con ta in ingg media 

Wee also applied staircase protocols with smaller steps of 
approximatelyy 0.2 mM K„  (see Methods), and waited 
44 min at each 1Q or 45 min when the switch value was 
crossed.. After a 'contro l' staircase protocol in isotonic 
mediaa was completed, a second staircase protocol was 
attemptedd in either hypertonic media {Fig. 1A) or isotonic 

B B 

00 1 2 3 4 
|K*l o(mM) ) 

Figur ee 3. The influenc e of K* and osmolalit y on the 
membran ee stat e 
A,, Vm as function of K^ at 3 different osmolalities. The osmolalities 
usedd were 289 (isotonic, O), 319 ) and 340 mmol kg ' (A). In 
thee range of bistable behaviour, data were separated into two 
groupss (A and B; see Methods). Group A: Vm is K^ dependent 
('conductive-Kin'' state); group B: V„  is 1C independent ('non-
conductivee K[B' state). The slopes ofthe Vro-K^ relation in the 
rangee between K̂  5.7 and 22.8 mM (below the horizontal bar) 
decreasedd upon increasing osmolality. A semilogarithmic function 
wass used to fit these data. The following slopes were found: 50 m V 
perr decade (K^) (continuous line at 289 mmol kg ', r = 0 99), 
366 mV per decade (dotted line at 3199 mmol kg"', r = 0.97) and 
311 mV per decade (dashed line at 340 mmol kg"1, r = 0.97). All 
slopess of B-state fibres were similar and small. Error bars represent 
S.EE M. and are in most cases smaller than the markers. For all 
determinationss n and JV> 5 (except for K*  1.14 mM; 
2899 mmol kg"': A-state 3,3 and B-state 4,4 (n, N)). B. fraction of 
hyperpolarizingg fibres as a function of K*  at different osmolalities. 
Thee osmolalities were the same as in A. For every fraction larger 
thann 0, n > 10 (with the exception of isotonic K; 1.14 mM, where 
nn = 7). 

mediaa containing bumetanide (Fig. 2B). The completion 
off  two successive full staircase protocols in one cell took 
aboutt 3 h. In Fig. 1A the result of such a double staircase 
protocoll  is displayed. First, K*  was reduced with an end-
pointt of 0.76 m\t and the switch-off value was 1.6 mM. 
Thenn K* was increased, returning to 5.7 mM; the switch-
onn value was 2.64 mM. In every full experiment (n = 10) 
thee switch-on value was higher than the switch-off value. 
Afterr the control experiment, as shown in Fig. 2A, we 
conductedd the experiment in a hypertonic solution 
(3400 mmol kg"1). Now we found a switch-off value of 
2.855 mM and a switch-on value of 3.14 mM. The hysteresis 
loopp was narrower than in isotonic media and shifted to a 
higherr K* . 

Bumetanidee shifted the hysteresis loop to lower K„  values 
{Fig.. IB). The switch-off values decreased from a control 
valuee of 2.43 to 1.81 mM in bumetanide-containing media 
andd the switch-on value decreased from 3.14 to 2.22 mM. 

Similarr recordings were obtained from three more cells in 
hypertonicc media and two more cells in the presence of 
bumetanide.. Also several other recordings [n = 4) where 
thee cell membrane was damaged before completing the 
hysteresiss loop further support this conclusion. Thus it 
appearss that the Na*-K'-2C1 cotransporter can facilitate 
thee closure of Km at higher K*. 

Th ee dependence of Vm on KJ and med ium 
osmola l i ty y 
Thee steady-state relationship between Vm and K* was 
determinedd at three osmolalities (289, 319 and 340 mmol 
kg"1;; Fig. 3A). Because the previous results demonstrated 
bistablee behaviour in media with lowered K^, we separated 
ourr data into two groups: hyperpolarized cells in the 
A-statee and depolarized cells in the B-state. All mean Vm 

valuess of the A- and B-state with the same 1Q and 
osmolalityy differed significantly from one another (P < 0.01; 
seee Fig. 3A). In hypertonic solutions, cells switched off at 
higherr K;. For cells in the B-state all slopes of the Vm-K ; 
relationn were similar and small. In the range between 5.7 
andd 22.8 mM (indicated by the horizontal bar in Fig. 3/1) 
thee slopes decreased with increasing osmolality from 
500 mV per decade (Kl) at 289 mmol kg"' to 36 mV per 
decadee at 319 mmol kg"1 and 31 mV per decade at 
3400 mmol kg"1. 

Sincee Fig. 3A does not show how many cells hyper-
polarizedd at lower K; values, we also plotted the fraction of 
hyperpolarizedd cells as a function of K; (Fig. 3B). This 
fractionfraction diminished when the tonicity increased Frequently, 
wee found that in one muscle bundle some fibres hyper-
polarizedd while others depolarized with the same K*. On 
visuall  inspection no correlation could be found between 
fibrefibre appearance and the status ofthe membrane. 

VVmm can also be related to osmolality. At a K*  of 5.7 mM a 
slopee of 230  l O m V m o l ' kg (n = 156, N = 96) was found 
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withh the three standard osmolalities. This dependence was 
alsoo calculated at K*  values of 0.76 and IS mM, and in a 
solutionn contain ing 5.7 mM K„  and 80 /iM Ba!* . These 
threee solutions caused cells to depolarize to approximately 
- 555 mV (B-state). In 0.76 mM K* the dependence was 
488  6 mV mol"1 kg (n = 1 4, N= 10), in 15 mM K; it 
wass 3.8  12 mV m o r' kg (n = 14, N = 8) and in Ba2* -
contain ingg media it was 50  10 mV mol '1 kg (n = 7, 
N=N= 5). Al l these values differ significantly (P < 0.001) 
fromm the sensitivity with a KJ of 5.7 mM. These results 
corroboratee our previously published data with mannitol 
ass the osmotic agent (Siegenbeek van Heukelom et al. 
1994). . 

Wee also measured cell responses at 5.7 mM K*0 in a wider 
rangee of hypertonicity than we reported earlier (Van Mi l et 
alal 1997), but the preparation often deteriorated after 
exposuree to osmolalit ies above 370 mmol kg"1. This 
deter iorat ionn was observed in two ways. First, the 
depolarizationn was not always reversible and second, on 
microscopicc inspection, the preparation frequently 
changedd from transparent to nontransparent. Therefore, 
wee have only a limited number of successful experiments 
'abovee the (pathophysiological range' (approximately 
35UU mmol k g ' ; Hoffmann 8r Simonsen, 1989). Vra as a 
functionn of osmolality saturated at approximately-58 mV 
(Fig.. 4). 

Bistablee behaviour at a K*  of 0.76 mM differs in 
variouss muscles 
Wee set out to examine the variation in bistable behaviour 
amongg muscies. Therefore, we compared the fraction of 
hyperpolarizingg cells when K* was decreased from 5.7 to 
0.766 mM in lumbrical is, EDL, soleus and diaphragm 
muscle.. At this concentration we found that in the lumbrical 
musclee 2 . 7% of the cells hyperpolarized (15 hyper-
polarizations,, n = 553, N= 250). In the EDL this was 7 0% 
(39hyperpolarizations,, n = 56, N = 30), in the soleus 3 2% 
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Figur ee 4. Increase d osmolalit y causes cell depolarizatio n 
inn the presenc e of 5.7 mM K* 
Thee error bars represent S.E.M.; at 289 mmol kg ' the error was 
smallerr than the marker. 

(99 hyperpolarizations, rt = 28, N= 21) and in diaphragm 
musclee 3 0% (3 hyperpolarizat ions, n = 10, N = 6). 
Comparedd to the lumbrical muscle, cells of all other 
muscless responded differently (P < 0.05 using the x2 test). 
Evenn though the switch-off value measured using staircase 
protocolss in lumbricalis was between 1.3 and 2.5 mM (see 
Figss 2 and 3A), it can evidently be as low as a K*  of 0.76 mM, 
inn rare cases. 

Bumetan ide,, 9-AC and hyper ton ic i t y modula te the 
bistablee behav iour 
Too demonstrate better that chloride transport influences 
thee relation between Vm and KJ, we conducted experiments 
inn which we applied bumetanide or 9-AC at various values 
off  KJ and osmolality (see Table 1). At an osmolality of 
3400 mmol kg"' and 5.7 mM K^, bumetanide had a larger 
effectt than 9-AC (P < 0.05). Both agents had smaller 
effectss when K^ was 15 mM or when cells were depolarized 
inn low-Kj media. After addit ion of bumetanide, the 
applicationn of 9-AC still induced a small hyperpolarization 
(AV m== -1 .5 2 mV, n = 9, JV=8. P < 0 . 0 5) that was 
alsoo evident in the hypertonic medium (340 mmol kg"'; 
AV m== -0 .6  0.2 mV, n = 6, N = 5, P < 0 . 0 5 ). This 
suggestss an additional uphill CI" import (see Discussion). 

Additionn of bumetanide or 9-AC in the presence of Ba2^ 
(eitherr in isotonic or hypertonic media) resulted in 
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Figur ee 5. Influenc e of the Na*-K*-2Ci~ cotransporte r on 
bistabl ee behaviou r 
AA reduction of K; from 5.7 to 2.85 mM induced a depolarization to 
thee B-state {t * 10 min). Application of bumetanide caused the cell 
too hyperpolarize slightly, without switching the cell membrane to 
theA-state(r== 20 min). However, the cell remained in theA-state 
whenn bumetanide was added (at l = 49 min) before the same [Q 
reductionn (f = 57 min). The experimental protocol is depicted 
abovee the recording, where K5.7 and K2.85 represent the K; values 
off  5.7 and 2.85 mM, respectively, and Bum represents the 
applicationn of bumetanide. Note that the two Vm values at t * 26 
andd t * 67 min are very different, though the composition of the 
extracellularr solution is the same. In 4 cells, the average Vm values 
obtainedd thus in the A- or B-state with 2.85 mM K; in the presence 
off  bumetanide differed significantly: -87.4  1.9 and 
-55.33  1.3 mV, respectively. 
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K:(mM) ) 

0.766 B 

1.S2B B 

2.855 A 

2.855 B 

5.7 7 

5.E.M.at5.7 7 

15 5 

Tablet.. y„chang< 

Bumetanidee in 
289mmo!kg"' ' 

0.0{5;4) ) 

-0.3(4) ) 

-2.88 (4; 3 )' 

-2.5(6)* * 

-3.77 (52; 47)* 

0.4 4 

0.33 (7; 5) 

;$$ {AVm) induced by application of bumetanide c 

AV m(mV)(n,N) ) 

Bumetanidee in 
319mmoll  kg ' 

-1.0(4)* * 

— — 
--
--

-7.11 (7;6)* 

1.3 3 

-0.9(5) ) 

Bumetanidee in 
340mmolkgg ' 

-1.0(S;3)* * 

— — 
— — 
— — 

-12.99 (31;25) * 

0.8 8 

-2.5(5) ) 

9-ACin n 
289mmolkg-' ' 

-1.11 (9; 8) * 

— — 
— — 

-1.5(6,4)* * 

-3.0(32;21)* * 

0.4 4 

-0.1(4) ) 

>r9-AC C 

99 AC in 
340mmoii  kg ' 

-1.4(2) ) 

_ _ 
— — 

-5.2(28:22)* * 

0.5 5 

-0.3(5) ) 

Thee changes were measured in media with 3 different osmolalities and several concentrations of K;. The 

(P<< 0.01). Other S.E.M. values are not presented, because the numbers were either small or the i V . was 
smallerr than 1 mV. V„at aK*of 15 mM was approximately-53 mV. 

veryy small or nonsignificant hyperpolarizations; cells 
deterioratedd quickly with the combined exposure to Ba3+, 
hypertonicityy and bumetanide. Addition of bumetanide in 
normall  medium caused a hyperpolarization not only in 
lumbricall  muscle cells ( -3.7 mV, Table 1), but also in cells 
fromfrom the diaphragm muscle (-2.9  0.8 mV, n = 7, JV= 6), 
soleuss ( -2.9  1 mV, n = 4} and EDL (-2.8  0.7 mV, 
„„  = 6 , ^= 5). 
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Figur ee 6. Chlorid e conductanc e influence d bistabl e 
behaviou r r 

Notee the two stable Vm values found with a K*  of 2.85 mM (K2.85 in 
thee experimental protocol depicted above the recording) in the 
presencee of 9-AC, at t *>  23 min (V„  - -53 mV) and ' = 60 min 
(Vmm  -87 mV). In this figure, oscillations occurred during the 
responsee of Vm to the switch of K*  from 2.85 to 5.7 mM 
(r== 23 min) in the presence of 9-AC. At r *  60 mm spikes were 
manifestingg and 9-AC was washed out at t = 63 min. This protocol 
wass carried out three times (N = 3). 

Thee effects of bumetanide and 9-AC on the bistable 
behaviourr can also be demonstrated using the staircase 
protocol.. Figure 5 demonstrates that cells which depolarized 
onn decreasing Kl from 5.7 to 2.85 mM (at t= 10 min) 
couldd hyperpolarize in the presence of bumetanide (at 
tt ~ 55 min), in response to the same K^ reduction. While 
thee application of bumetanide during the depolarized state 
wass ineffective (see Fig. 5 at t = 20 min) to switch on the 
cellss depolarized from the A-state to the B-state 
( -55.99 mV, n = 2) due to the wash-out of bumetanide. 
Thee choice of 2.85 mM was made because even at this 
concentrationn cells could depolarize (see Fig. 35) and this 
concentrationn is slightly above the estimated half-maximal 
K ;; for the Na*-K+-2C1 « t ranspor ter (approximately 
22 mM; Isenring ot Forbush, 1997). When the medium was 
changedd to a IQ of 0.76 mM, cells switched off even in the 
presencee of bumetanide (n = 8,AT= 7, see also Fig. IB). 

Withh the staircase protocol we found that addition of 
9-AC,, given before the JC reduction, caused a cell to 
hyperpolarizee (in Fig. 6 at t = 45 min), in contrast to the 
depolarizationn observed in the absence of 9-AC when K* 
wass reduced (at t = 5 min). Al l cells we studied showed the 
samee pattern; when 9-AC was given before the tC reduction 
too 2.85 mM, they hyperpolarized (Vm = -86.8  2.4 mV, 
nn = 3 ) ,bu tno twhen9-ACwas given after the lQ reduction 
(Vmm = -54.4  3.3 mV, rr = 3). Bistable behaviour was 
neverr observed when K; was reduced to 0.76 mM (n = 7). 
Reducingg K; in the presence of 9-AC sometimes induced 
oscillationss of Vm, most probably because of the removal 
off  the damping effect exerted by Ga. In Fig. 6 such 
oscillationss are shown, when K* was switched from 2.85 to 
5.77 mM (t = 23-28 min). We also sometimes found spikes 
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Tablee 2. Response s (A V») to hypertonicity , bumetanid e and 9-AC at 35 and 27 C 

4Vm(mV)(n;N) ) 

Hypertonicityy Bumetanide in 9-AC in 

3400 mmol kg ' 340mmolkg"' 340 mmol kg ' 

At35°CC 17.8 ) -13.8 ) -4.9  1.1 (6;4) 

At27°CC 7.9 ) -8.7 ) -9.2 + 1.3(6;4) 

Apparentt Q,„  3.0 6 (6) 2.1 ) 0.6 + 0.2(6,4) 
Alll  responses were measured at a K*  of 5.7 DIM: at 27 °C they differed significantly from the paired values at 
355 °C (P < 0.05). At 27 °C the responses induced by bumetanide and 9-AC did not differ significantly. The 
temperaturee sensitivity is given as 'apparent Q,n', i.e. the average of the Q,a values determined in individual 
cells;; it therefore deviates from the value determined from the averages as given in this table. 

thatt wc identified as myotonic discharges because we 
frequentlyy lost the cell at that moment. In Fig. 6 at 
tt ~ 60 min spikes started to manifest themselves in the 
presencee of 9-AC and the GQ blocker was removed before 
thee cell was damaged. 

Effectss of Ba2+ on electrical bistable behav iour 
Sincee Ba2' blocks the current through K,R we also studied 
thee effect of washing out Ba2*  from the preparation. 
Figuree 7 shows that in normal medium the cell repolarized 
fromm the B-state to the A-state when Ba'*  (80 / /M ) was 
washedd out. This was not the case when FC was 2.85 mM 
(nn = 4). The repolarization after washing Ba2*  out in 
normall  medium with 5.7 mM K* was not influenced by 
9-ACC (n = 5) or hypertonicity (n = 5, N = 4). 

Th ee effects of temperature 
Dataa on the effects of hypertonicity and the introduction 
off  bumetanide or 9-AC at 35 and 27 °C in hypertonic 
mediaa with a K„  of 5.7 mM are compared in Table 2. The 
experimentss were carried out at 340 mmol kg"' to increase 
thee responses to bumetanide and 9-AC (see Table 1). The 
depolarizationss induced by hypertonicity and the hyper-
polarizationss induced by bumetanide were significantly 
smallerr at 27 °C compared to those at 35 °C. Remarkably, 
thee hyperpolarizations due to 9-AC in hypertonic media 
weree increased at lower temperature (Table 2). The cell 
responsess to 80 fiM Ba2*  at 35 and 27 °C did not differ 
significantlyy ( P> 0.05, n = 6, N= 5). 

Thee effects of temperature changes are illustrated in Fig. 8, 
whichh shows one of seven similar recordings. Temperature 
wass rapidly changed (approximately 3 s) from 35 to 27 °C 
andd vice versa. When cells were cooled in a med ium with 
aa K; of 2 85 mM, they switched off (A Vm = 37  3 raV, 
nn = 6). However, an one occasion a cell did not switch off; 
wee found Vr

m = -88.1 mV (35 °C), decreasing to -86.6 mV 
(277 °C) and then increasing to -89.9 mV {35 °C), When a 
steadyy state was reached at 27°C (Vm = - 48  3 mV, 
nn = 6), the temperature was increased again to 35 °C. Two 
cellss hyperpolanzed completely to approximately -82 mV 
andd four did not (AV„  = - 4  4 mV). Together with the 

resultss of other recordings, less complete than the one 
inn Fig. 8, in ten depolarized cells at 27 °C we found 
aa switch to the A-state on increasing temperature 
(AA Vm = -34  1 mV) on six occasions but not on four 
otherss (AVm = - 5  3 mV). This bistable behaviour was 
neverr found when K* was 5.7 mM (n = 10). 

Figuree 8 (from approximately 70 min onwards) also 
illustrates,, like Fig. 5, that the addition of bumetanide can 
aidd a cell to maintain the A-state on reduction of K„ . This 
wass found in all cells we tested with this protocol 
(AV mm = 1 + 1.7mV,n = 3). 

DISCUSSION N 

Bistablee behaviour expressed as two stable membrane 
potentialss has been observed for different types of cells in 
mediaa with reduced potassium concentration with respect 
too control media and it is generally agreed that this 
behaviourr is caused by the propert ies of the KIR (see 

—— — — BaCi j 

-50 0 

-55 5 

-60 0 

j -- -65 

irir  -70 

>> -75 

-80 0 

-B5 5 

-90 0 

r r 
--
. . 
--

\i \i 
Figur ee 7. Influenc e of bariu m on th e bistabl e behaviou r 
off  a cell 

Inn media with 2.85 mMK* (left part of the figure) as well as with 
5.77 mM K; (right part of the figure), 80 fiM BaJ" induced the cell to 
switchh off. Upon washing out Ba2*, the cell did not return to the 
A-statee with a K*. of 2.85 mM (n = 4), but it always returned to the 
AA state in 5.7 mM K*  (n = 32, N = 23). The experimental protocol 
iss depicted above the recording. 
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Introduction),, uadsby & Cranefield (1977) could switch 
heartt cells by electrical stimulation through an intracellular 
electrodee from a non-conductive K,R state to a conductive 
statee and vice versa. Because skeletal muscle cells are too 
largee to demonstrate the switch by such stimulation, we 
demonstratedd here similar bistable behaviour by perfusion 
changess or temperature jumps. This behaviour occurred 
overr only a small range of potassium concentrations and it 
wass influenced by chloride transport across the cell 
membrane.. Chloride accumulation will occur as the 
outcomee of CI" entry through the secondary active 
Na*-K+-2CTT cotransporter and electrodiffusional passive 
effluxx through Ga. If CI" is accumulated above its 
equilibriumm potential, then passive efflux of CI" will occur, 
whichh contributes to depolarization of the cell, and this 
wil ll  increase the switch-off KJ to a value that can be 
physiologicallyy relevant. When K„  is blocked by barium, 
thee more negative Vm values are apparently not attainable. 
Thiss suggested that a conductive K,„  is essential for 
maintainingg the A-state. In skeletal muscle, the best 
candidatee for the inward potassium rectifier is the strongly 
rectifyingg Kir2.1 {Barrett-Jolley et al 1999), for the chloride 
channell  underlying Ga it is C1C-1 (Pusch & Jentsch, 1994) 
andd for the Na*-K+-2Cr cotransporter it is the bumetanide-
sensitivee cotransporter 2 (BSC2; Delpire et al 1994) or the 
sodium-potassium-chloridee cotransporter 1 (NKCC1; 
Paynee et al 1995). 

^^^-^^—^^^-^^— Bum 
—— — — — ^ — i 35 C 

- ^ — ^ ^^  — 27 'C 
——— K5.7 

Ï Ï 
E E 

2» » 

0 0 

-50 0 

-60 0 

-70 0 

-80 0 

-90 0 

-100 0 

Figur ee 8. Temperatur e reductio n can induc e th e switc h 
of f f 

Cell**  normally switched off on temperature reduction from 35 to 
277 *C with t KJ of 2.85 DIM (at t» 12 min in this figure; see 
protocoll  indications above the recording) and could not repolarue 
onn wanning up again (at t« 45 min). Thus, at 35 °C and with a 1Q 
off  2.85 IBM, owing to its bistable behaviour the cell had two stable 
valuess of Vm, at t» 10 min (Vm - 84 mV) and at r» 45 min 
(V„„  «» 55 raV). The change in temperature was achieved in 
approximatelyy 31. M shown in Fig. 5, the switch off could be 
preventedd by inhibition of the Na*-K*-2C1" cotransporter. Six 
similarr recording! (N = 6) of the first part (until approximately 
600 min) and three (N = 3) of the last part were obtained. 

Howw does CI"  transport influence the bistable 
behaviourr  of muscle cells? 
Ass mentioned earlier, electrical bistable behaviour of the 
celll  is caused by the properties of KrB, which is the 
dominantt element of the potassium permeability (PK), as 
describedd by the following equation (Siegenbeek van 
Heukelom,, 1994): 

PKPK = PO + PK„.^{\VK]U  +exp((V„,-£K )/VJ]] \ 

wheree P„  is a residual, K,R-independent potassium 
permeability,, which makes Vm become about -50 mV 
whenn KtR is closed. This is the reversal potential for the 
equimolarr exchange of potassium and sodium. PK „ „ 
specifiess the maximal steady-state permeability of K[H. It is 
dividedd by the square root of K+ and the Boltzmann 
partitionn function that describes the kinetic behaviour of 
Kmm (Hille, 1992). V, gives the steepness of the voltage 
dependence.. This expression fits the experimental data of 
Standenn & Stanfield (1978). Owing to the Boltzmann 
distribution,, KIB already opens at Vm values slightly less 
negativee than the potassium equilibrium potential, EK. 
Withoutt chloride transport, the equations (Siegenbeek 
vann Heukelom, 1994) describing the balance of cations 
andd the activity of the Na*-K*-pump suffice to explain 
thee bistable behaviour and hysteresis. Experiments with 
bumetanidee exemplify this situation. 

Thee Naf-K*-2C1" cotransporter and large chloride 
conductancee present a depolarizing influence on the 
membranee potential. Uphill import of chloride through 
thee Na*-K*-2C1" cotransporter will lead to accumulation 
off  chloride in the cell and the equilibrium potential of 
chloridee ) will be positive with respect to Vm. Because of 
thee large chloride conductance, the difference (V*m - £a) is 
small.. Nevertheless, the depolarizing influence of Ea on Vra 

leadss to an increase of Vm- £K in the denominator of the 
Boltzmannn equation (Van Mil , 1998). As the exponential 
inn the denominator increases, PK decreases, because the K,„ 
slidess down its permeability-voltage relation. This process 
cann force K,„  to close regeneratively, and Vm attains a 
neww steady-state value of approximately -50 mV, where 

Thee above-mentioned mechanism is enhanced in hyper-
tonicc solutions because of two collaborating effects. First, 
celll  shrinkage will occur, though it must be so small that we 
couldd not detect it visually. This shrinkage by itself 
concentratess potassium and chloride in the cell and leads 
too an increase in Vm - £K, because £K becomes more 
negativee and Ea more positive with respect to Vm. Second, 
stimulationn of the Na*-K*-2Cr cotransporter by hyper-
tonicityy enhances the chloride accumulation in the cell. Ea 

andd Vm will become less negative. The coupled K*  import 
willl  simultaneously make £K more negative. Therefore, 
hypertonicityy will promote the regenerative closure of KTa, 
ass mentioned above. 
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AA full description can only be given by solving all equations 
involvedd simultaneously (Geukes Foppen et al. 2001). 
Thesee equations do not explain why the Vm of cells with 
closedd K[R do not demonstrate strong dependence on 
osmolalityy in all cases. However, small variations were 
observedd sometimes (see Fig. 5 at r = 20 min, when 
additionn of bumetanide evoked a small negative AVm). 
Twoo possible processes might be the reason. First, due to 
thee reduction of V*m the driving force for uphill transport, 
thee sodium gradient, is been substantially reduced. 
Second,, the closure of K1K impedes the efflux of potassium 
andd influences the intracellular concentrations of sodium 
andd potassium unfavourably for uphill transport of chloride 
(seee also the next paragraph). Only the measurement of 
intracellularr cation concentrations can provide data that 
documentt whether the electrical or chemical component 
off  the sodium gradient is most important. 

Effectss of 9-AC and bumetanide compared 
Bumetanidee and 9-AC both reduced the chloride efflux as 
aa positive current into the cell, bumetanide by reducing the 
drivingg force and 9-AC by reducing Ga. With both agents 
thee cell remained more easily in the A-state. When K„  was 
5.77 rriM their effect appeared to be optimal. When cells 
exhibitedd bistable behaviour, application of bumetanide 
orr 9-AC did not induce cells in the B-state to switch to the 
A-state.. In the B-state Vm - EK is so large that, most 
probably,, the Na*-K*-pump is not powerful enough to 
repolarizee the cell and reopen the K,B. When K*  was 15 mM 
thee influences of hypertonicity, bumetanide or 9-AC were 
smalll  because the potassium gradient across the membrane 
hadd been reduced considerably and V„, approached EQ. 

Thee effect of 9-AC on the membrane potential consists of 
twoo elements, the inhibition of Ga (with a hyper-
polarizingg effect) and the subsequent augmented chloride 
accumulationn (with a depolarizing effect). In isotonic 
medium,, the hyperpolarizations due to 9-AC and 
bumetanidee compare well (-3.0 vs. 3.7 mV). However, in 
hypertonicc media (340 mmol kg"1) the mean A Vm due to 
9-ACC is -5.2 mV, and due to bumetanide -12.9 mV, most 
probablyy because 9-AC is not a complete blocker of Ga 

(Palade8tBarchi,1977). . 

Thee fact that 9-AC induced a AVra = - l m V in both 
iso-- and hypertonic media containing bumetanide, might 
indicateindicate an additional bumetanide-insensitive CI" entry 
(Davis,, 1996;Chipperfield£ia£ 1997).Asecond explanation 
mayy be that this residual potential change is caused by a 
smalll  HCOj permeability (PHCO,) of the C1C-1 channels. 
Rychkovefd.. (1998) mentioned that PHcoJPa of C1C-1 is 
0.027.. The equilibrium potential of protons is between 
-- 10 and - 30 mV (Aickin 8t Thomas, 1977), which is equal 
too the equilibrium potential of HCCV (£Hco,) in bicarbonate 
bufferss with constant PCOj- These values for PHcolPa 
andd £Hco, are sufficient to account for a shift in reversal 

potentiall  for C1C-1 of approximately 1 mV. The alternative 
explanation,, that bumetanide does not inhibit all the active 
Na*-K*-2C1~~ «transporters, seems unlikely because the 
concentrationn we used appears to be supramaximal (Van 
Mill  «a/. 1997). 

Temperaturee dependence of CI '  transport 
Att 27 °C, A Vm induced by hypertonicity and by bumetanide 
weree both about half the values observed at 35 °C. This 
suggestss that the activity of the Na*-K+-2C1" «transporter 
iss highly temperature dependent, in accordance with the 
findingg of Lytle et al. (1998). Therefore, at 35 "C cells might 
accumulatee more chloride than the 1.4 mM at room 
temperaturee reported by Aickin et al. (1989). If Ga is 
temperaturee insensitive, as reported by Palade & Barchi 
(1977)) in rat diaphragm muscle (25-40X), it is 
understandablee why the hyperpolarization induced by 
9-ACC depended inversely on temperature. At 27 °C and 
3400 mmol kg"' the effects of bumetanide and 9-AC were 
equall  (see Table 2), because the two elements of the effect 
off  9-AC, hyperpolarization due to the reduction of Ga and 
depolarizationn due to accumulation of chloride, made 
themm comparable. At 35 °C, however, the Na*-K'-2Cr 
«transporterr was more vigorous and achieved more 
chloridee accumulation with blocked Ga. 

Discrepanciess in A Vm in skeletal muscle reported in 
thee literatur e 
Ourr data can explain apparent discrepancies in A Vn, found 
inn the literature. The inverse temperature dependence of 
hyperpolarizationn induced by 9-AC can explain why 
Aickinn era/. (1989) reported a value of 10-15 mV at room 
temperature,, whereas we found 3 mV. Donaldson & 
Leaderr (1984) reported that in media of 290 mmol kg'' 
theree was no chloride accumulation in the EDL of the 
mouse,, whereas Dulhunty (1978), using 335 mmol kg"1, 
concludedd that chloride is accumulated actively in the 
samee preparation. Additionally, different A Vm/AKJ values 
weree reported for rat soleus muscle and for mouse EDL. 
Forr soleus Malgaard et al. (1980) reported a AVJAIC of 
52.55 mV per decade at 288 mmol kg "', while Chua & 
Dulhuntyy (1988) found a sensitivity of 36 mV per decade 
att 335 mmol kg"1. As for the EDL of mice, Siegenbeek van 
Heukelomm (199!) measured at 289 mmol kg ' 55 mV per 
decade,, whereas Dulhunty (1980) found 36 mV per decade 
att 335 mmol kg '. In the present study, in mouse lumbrical 
musclee fibre, we found a decline of A VJ AK£ from 50 m V 
perr decade in 289 mmol kg"1 to 31 mV per decade in 
3400 mmol kg"'. From our results we conclude that, taking 
intoo account chloride transport and its dependence on 
tonicityy and temperature, it is possible to explain the 
discrepanciess in these data in the literature. 

Physiologicall  role 
Thoughh intracellular Mg2*  or polyamines appear to be the 
rectifyingg agents of Kra (Nichols 8t Lopatin, 1997), we only 
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studiedd the influence of monovalent ion transport systems 
onn V„  as a parameter of total cell behaviour. 

Gallantt (1983) concluded that treatment of mammalian 
skeletall  muscle cells with Ba!*  induced a number of effects 
similarr to those observed during hypokalaemic periodic 
paralysis.. Ba2*  application can prevent excessive loss of 
potassiumm but jeopardizes contractile force development, 
ass is the case after exercise or during an episode of 
hypokalaemicc periodic paralysis (Clausen & Overgaard, 
2000).. The reduced potassium permeability mentioned by 
Gallantt (1983) can be interpreted as the closure of the K,R. 
Alongg with our earlier observations (Siegenbeek van 
Heukelom,, 1991, 1994; Van Mil et al. 1995), we conclude 
thatt our present observations might provide additional 
insightt into hypokalaemic periodic paralysis (Barchi, 1994). 
Att lower temperatures, as is the case in the body 
extremities,, the closure of KTR will be most marked. 
Individuall  cells with closed KtR will accumulate potassium, 
thuss reducing the extracellular potassium concentration in 
restrictedd spaces. In turn, this reduction in extracellular 
potassiumm can cause the closure of K,R in the neighbouring 
cellss and consequently these cells may also depolarize, thus 
increasingg the number of depolarized cells. Although this 
bistablee behaviour of the cells is mainly caused by 
thee highly nonlinear character of KIR, it is nevertheless 
susceptiblee to influences of other transport mechanisms, 
ass shown in this study. 
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Abstractt  The mechanism underlying the hyperpolariza-
tionn induced by isoprenaline in mouse lumbncal muscle 
fibress was studied using cell-attached patch and intracel-
lularr membrane potential (Vm) recordings. Sarcolemmal 
inwardlyy rectifying K*  channels (K|R: 45 pS) and Ca2+-
activatedd K+ channels (BK: 181 pS) were identified. 
Exposuree to isoprenaline closed KIR channels and 
increasedd BK channel activity. This increase was ob-
servedd as a shift from 50 to -40 mV in the voltage 
dependencee of channel activation. Isoprenaline prevented 
hysteresiss of Vm when the extracellular [K+] fell below 
3.88 mM. This hysteresis was due to the properties of the 
K[R.. The effects of chloride transport and isoprenaline on 
Vmm did not interact purely competitively, but isoprenaline 
couldd prevent the depolarization induced by hyperosmotic 
mediaa equally as well as bumetanide, which inhibits the 
Na*VK*/2Crr cotransporter. In lumbricaJ muscle this leads 
too hyperpolarization, but this might vary among muscles. 
Thee switch from K|R to BK as the component of total K+ 

conductancee was due to isoprenaline. 

Keywordss Isoprenaline  Membrane potential
/^-Adrenoceptorr Skeletal muscle Inwardly rectifying 
potassiumm channels  Ca2>-activated potassium channels
Hypokalaemicc periodic paralysis  Na+/K"72Cr 
cotransporter r 

Introductio n n 

Inn skeletal muscle catecholamines are important for 
cellularr K+ homeostasis, for the membrane potential 
(Vm)) [32, 33, 37] and for potentiating force development 
[3].. In studies of the electrical effects of /^-adrenergic 
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Universityy of Amsterdam. 
Bonn 94084. 1098 GB Amsterdam, The Netherlands 
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stimulationn of skeletal muscle cells, invariably membrane 
hyperpolarizationn has been observed. In mouse lumbncal 
[37]]  and diaphragm muscle fibres [41] this effect is 
relatedd mainly to an increase in K+ permeability (PR), and 
inn the rat diaphragm muscle the permeability ratio P^.PK 
fallss [20]. The first indication that in skeletal muscle the 
isoprenahne-activatedd PK behaves differently from the 
commonlyy present inwardly rectifying K+ channel (Km) is 
thatt inhibition of this activated PK requires a higher 
[Ba2+]00 than that needed to block KIR [37]. This differ-
entia!!  sensitivity suggests the involvement of different 
typess of K+ conductances. Ba2+ blocks many K* channels 
att different concentrations: K|R channels [35], large-
conductance,, Ca2+-activated channels (BK) [39] and 
delayedd rectifier channels [1]. In parallel, Ba2t treatment 
iss thought to elicit responses comparable to episodes of 
hypokalaemicc periodic paralysis by affecting K+ channel 
functionn in mammalian skeletal muscle [11]. Resting 
membranemembrane potentials of many tissues are bistable (i.e. 
exhibitt two different values of Vm under identical 
experimentall  conditions; for references see [13]). This 
bistabihtyy is often related to the non-linear properties of 
KIR. . 

Thee range of extracellular [K+] ([K*] 0) over which 
bistabilityy occurs is also dependent on cellular chloride 
transportt [13]. This transport can be modulated by 
hypertonicityy of the medium and can be inhibited by the 
Na+/K72CI""  cotransporter inhibitor bumetanide and by 
thee chloride conductance inhibitor anthracene-9-carbox-
ylicc acid (9-AC). Both inhibitors cause membrane hyper-
polarizationn [38]. An influence of protein phosphorylation 
onn the Na+/K*/2Cr cotransporter has also been demon-
stratedd in ferret erythrocytes [9] and on the chloride 
conductancee in rabbit ventricular myocytes [15]. Hence, 
thee role of CI" transport was also addressed in the present 
study,, because it could be involved in the hyperpolarizing 
responsee induced by isoprenaline (Iso). 
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Material ss  and method s 

Animalss and choice of preparation 

Femalee white Swiss mice were housed and used in accordance with 
Dutchh regulations concerning animal welfare. Directly preceding 
thee experiments, the mice, weighing 20-40 g, were killed by 
cervicall  dislocation. Two types of preparations from the lumbrical 
musclee were used. For  patch clamping we used isolated cells and 
forr  intracellular  microelectrodes we isolated a muscle bundle as 
describedd earlier  JI3| Some intracellular  microelectrode experi-
mentss were carried out in soleus muscle fibres that were dissected 
andd handled similarly It is evident thai the differences in 
preparation,, age, weight or  experiment duration can lead to data 
scatter. . 

Cell-attachedd patch-clamp experiments 

Bundless from the lumbrical muscle were dissected from the hind 
limbb in cold and freshly gassed (95%  Ch/5% C02) modified Krebs-
Henseleitt  solution (KH) containing (in mM): NaCl 117 5 KC1 5 7 
NaHCOjj  25.0, NaH2PO< 1.2, CaCl2 2.5, MgCl2 1.2 and glucose 5A 
pHH 7.35-7.45 (288 mOsm). Subsequently, the bundles were 
transferredd to a KH solution containing 3 mg/ml collagenase (type 
1).. The enzymatic dissociation proceeded for  90 min in a 95% Cy 
5%%  COj  environment at 36 °C. Thereafter, the KH solution was 
replacedd by the experimental bath solution in which the bundles 
weree very gently triturate d to yield single fibres. The experimental 
bathh solution was pre-gassed with O2 and contained (in mM): NaCl 
145,, KCI  5, CaCI2 0.5, MgCl2 1, glucose 5 and MOPS 10. About 
55 ml/1 1 M NaOH was used to adjust the pH to 7.2, making the final 
sodiumm concentration 150 mM and osmolality approximately 
3000 mOsm. Directly after  trituration , the fibres were stored in an 
022 environment or  placed in the measuring chamber  (Leiden 
chamber;;  [17J) with Oj  superfusion at room temperature. Only 
fibress that displayed clearly visible cross-striations were used for 
thee experiments. Preliminarily , we found that these fibres were 
capablee of contracting. Visible K*-elicited contractions could be 
obtainedd when positive pressure was applied to electrodes with 
widee tips containing a high [K*l . 

Borostlicatee electrodes with filament (Hilgenberg, Malsfeld, 
Germany)) were pulled on a microelectrode puller  (P-97, Sutter 
Instruments,, Novato, Calif., USA) and backfilled (3-7 Mil ) with 
thee following solution (mM): KCI  150, CaCl2 2, MOPS 10 and 9-
ACC 0.075. 9-AC was added to the patch solution to prevent 
interferencee by the homogeneous Q"  conductance in the skeletal 
musclee [28], About 5 ml/1 1 M KOH was used to adjust the pH to 
7.2,, making the final [K* ] 155 mM. The pipette solution was 
degassedd for  noise reduction and had an osmolality of approxi-
matelyy 305 mOsm. 

Afterr  establishing a seal (2-5 GO), recordings were performed 
inn the cell-attached patch configuration [ 14] at room temperature 
(-222 °C). Single-channel currents were recorded using an Axopatch 
200AA amplifier  (Axon Instruments, Union City, Calif., USA). The 
recordingg filter  bandwidth was 2 kHz for  amplitudes lower  than 
44 pA and 10 kHz for  larger  amplitudes. Recordings were controlled 
byy pClamp7 software and digitized (20 kHz) through a Digidata 
12000 scries interface (Axon Instruments). After  seal formation, a 
commandd potential (VJ, which is expressed inside the cell relative 
too outside, was applied. 

Inn a typical protocol, the channel in the patch was characterized 
byy its current response to a series of randomly chosen voltages 
(-1200 mV<Vc<100 mV; in steps of 10 mV). After  this character-
izationn and identification the bath solution was changed by gentle 
injectionn of 3 ml bath solution containing 1 pM Iso into the 
measuringg chamber. After  about 2 min, the same volume was 
withdrawnn from the chamber  using gentle suction. Solution changes 
weree carried out carefully and slowly (~5 min), in order  10 maintain 
backgroundd noise levels comparably low and because test exper-
imentss (without Iso) showed that perfusion should be slow to 
preventt  fibr e contractions. The estimated final [Iso] was 0.5 nM. 

Aboutt  7 min after  die first series, a new Vc series was applied, now 
inn the presence of Iso. The total protocol took approximately 20 min 
too execute. The choice of Iso concentration and wash-in times was 
basedd on previous experiments [37], In those experiments the [Iso] 
elicitingg a half-maximal response was 20 nM, the time taken for  Iso 
too achieve its maximal effect was 5 min (for  wash-in time course 
seee also Fig. 5) and the time, after  complete Iso removal, for  the 
celll  to return to baseline was 45 min [37]. In addition, only one 
supramaximall  Iso concentration was used, because these long 
wash-outt  times prevented construction of reliable concentration/ 
responsee curves in one cell. Moreover  there is no straightforwar d 
methodd for  extrapolating single-channel data at different concen-
trationss to cellular  behaviour. Stable seals could rarely be 
maintainedd for  longer  than 30 min. Therefore, Iso wash-out patch 
experimentss were not possible. Sometimes circumstances required 
deviationss from the typical protocol: either  Iso could not be applied 
beforee seal breakdown or  Iso was already applied before control. 

Forr  data analysis of the patch-clamp records, the QuB program 
suitee (Department of Physiology and Biophysics, State University 
off  New York at Buffalo) was used (www.qub buffalo.edu). Data 
weree pre-processed with QuB, where baseline was corrected and 
samplingg was adjusted to twice the bandwidth. Slope conductances 
off  the i/V relationship (y) and the reversal potential (Vrcv) at the 
voltagee intersection were determined by fittin g unitary amplitudes 
inn a J/Vdiagram with a linear  function {e.g. Fig, IB). Only inwards 
slopee conductances were used, because inwards currents behaved 
linearly,, whereas outward currents often did not. 

Thee dependence of the steady-state probabilit y of the channel 
beingg open (P^) on Vz was fitted to the Boltzmann equation: 

p p 

l+exp(—j^j j 

wheree PopauM! represents die maximum J»^ , Vm the voltage at 
whichh PopcnfVJ is half-maximal and k the term for  the voltage 
dependencee of activation. 

Twoo operational criteri a were used to identify and characterize 
K**  channels. The first was whether  strong inwards rectification was 
apparentt  near  V^,, and the second was whether  y exceeded 100 pS 
Inn the case where the first  criterion was met, the channel was 
identifiedd as an Knt channel (see Fig. IB). Once an K w channel was 
found,, V,,, was identified as the Nernst (equilibrium ) potential for 
K**  (Ex), since it is well known that the potential at which the Km 
channell  stops conducting is EK [16, IS. 19, 22, 23, 26, 31] On the 
otherr  hand, when y exceeded 100 pS and no clear  rectification was 
foundd at Vre„  the channel was identified as a BK channel (see 
Fig.. 2B). The two operational criteri a were never met simulta-
neouslyy in one patch. 

Intracellula rr  microelectrodes 

Alll  materials and methods for  these measurements were as 
describedd previously [13]. Briefly , KH solution was used and the 
[K*] 00 was varied by equimolar  replacement of KCI by NaCl or  vice 
versa.. Polyethyieneglycol 400 was added to increase osmolality 
fromm 290 to 344 mOsm. Iso (0.2-1 MM), bumetanide (75 uM) and 
9-ACC (75 pM) were added in supra-maximal concentrations. In the 
chamberr  the solution temperature was adjusted to 35 °C. Fine-
tippedd glass microelectrodes (filled with 3 M KCI ; tip resistance 
25-800 Mil ) were used to measure Vm. The output of the 
microelectrodee amplifier  (M4-A, WPI, Sarasota, Fla., USA) and 
thee output of die reference microelectrode in the bath were sampled 
att  I kHz. The data over  I s were averaged and stored using 
LabVieww 3.1 (National Instruments, Austin Tex., USA). The 
differencee between the outputs was the cell membrane potential 
(negativee inside). 

Staircasee protocols were used to record hysteresis of Vm (as 
illustratedd in Fig. 4, open and closed squares), [K+]„  was reduced in 
smalll  (10%) steps by replacing it with Na*. Following one of the 
reductionn steps in [K*] „  a massive depolarization was observed: this 
concentrationn was called the "switch-off  concentration (Fig. 4, 
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closedd squares at [K*] u=1.6 mM) Thereafter. [K*l „  was increased 
stepwisee and after an increasing step a large hyperpolannon 
occurred:: this concentration was called the "switch-on" concentra-
tionn (Fig 4, open squares at [K*]„=2.0 2 mM). Hysteresis was 
presentt when the switch-off concentration was smaller than the 
switch-onn (see squares in Fig. 4) The terms switch-off and switch-
onn refer to the behaviour of the Kre, which closed (i.e. switched off) 
orr opened (i.e. switched on) at these [K*!, , [13]. The cell was 
allowedd to equilibrate for 4 min at each concentration and for 
455 min when a switch had occurred. After a control protocol in 
isotonicc media had been completed, a second staircase protocol in 
thee presence of Iso was attempted (Fig. 4). The completion of two 
successivee full staircase protocols in one cell took about 3 h; during 
whichh neither the impalement should have been compromised nor 
thee cell have deteriorated. 

Statistics s 

Steady-statee data are presented as M with the number of 
observationss (M) in parenmeses The significance of differences 
betweenn means was assessed with Student's Mest (n>5). The 
correlationn coefficient (r) is given when a curve was fitted to data. 

Chemicals s 

Alll  chemicals were analytical grade; salts were obtained from 
Janssenn Chimica (Geel, Belgium), and all other chemicals from 
Sigma. . 

Result s s 

Celll  attached patches 

K*K*  channel identification and characterization 

AA total of I 19 seals were formed, of which 38 displayed 
single-channell  activity and about 20 contained multiple 
channels.. The latter were excluded from further analysis. 
Inn 24 patches the channels could be identified using the 
operationall  criteria for identification and characterization. 
AA total of 14 patches did not meet either criterion and 
weree not studied further. 

CharacterizationCharacterization of strongly inwardly rectifying channels 

Somee 13 channels were identified as Km by virtue of the 
strongg inwards rectification properties. The channels 
ceasedd to conduct detectably at potentials positive to Vrev 

(meann 21 mV; Table 1). The inwards conductance was 
33 pS (Table 1 and Fig. IB , see also [18]). The current 

recordss (Fig. 1A) displayed long-lasting stable open 
intervalss typical for K1R channels [19, 23, 26]. Sometimes 
sublevell  currents at approximately 80% of maximum 
valuee were found [26]. P^n of the K w channel increased 
withh depolarization (Fig. 1C). The corresponding V1/2 was 
- 277 mV (Table I) . These i/V characteristics, open-closed 
behaviourr and the voltage dependence of ^open arc 
hallmarkss for the Km channel [5, 19, 21, 22, 23, 24, 26, 
31]. . 

Inn seven patches in which Km channels were identified 
inn the absence of Iso, no Km channel activity could be 
distinguishedd from background noise after application of 
Isoo at Vc between - 1 00 and 100 mV (Table I and Fig. ID) . 
However,, the noise in the closed state increased signif-
icantlyy from 0.61 to 1.4 pA (/><0.01). 

CharacterizationCharacterization of channels with a conductance larger 
tliantlian 100 pS (BK) 

AA second type of channel was recorded in eight cells. It 
displayedd fast transitions (Fig. 2A), had a high inwards 
slopee conductance (181 pS; Table I) and a Vrev at 22.6 mV 
(Tablee 1). This Vrcv did not differ significantly from that 
off  the Km (P>0.05), as might be expected for a K+ 

channel.. The i/V relation of this channel showed some 
inwardss rectification (Fig. 2B and D), but much less than 
Km.. md rectification occurred at potentials positive to 
^rcvv ^upen w a s also voltage dependent, but was small for 
mostt Vc (Fig. 2E open symbols). V\n was 50 mV 
(Tablee 1), which was considerably more positive than 
V rcv.. Even though this channel opened sporadically at 
veryy negative potentials, these openings were sufficient to 
detectt its presence. In summary, this channel exhibited 
thee following properties: (1) a unitary channel conduc-
tancee (155 mM K* in the patch pipette) of 181 pS, (2) 

Tablee 1 Influence of isoprenaline on the characteristics of single, 
inwardlyy rectifying (Km) and Ca:*-activaied, large-conductance 
(UK)(UK) K*  channels in skeletal muscle plasma membrane n is the 
numberr of patches. np is the number of patches for which paired 
controll  and isoprenaline results were obtained and values in 

parenthesesparentheses indicate the number of determinations when they differ 
fromm n. This was the case when the points were not spaced well or 
tooo few points were recorded to fit data to the Bolizmann equation 
(seee text for symbols). Root-mean-square noise was determined in 
closedd state at 2 kHz bandwidth 

Channell  type 

Control l 

KIR R 
BK K 

Isoprenaline e 
KIR R 
BK K 

n n 

13 3 
8 8 

7 7 
6 6 

" p p 

7 7 
3 3 

y(pS) ) 

45*3 3 
§ § 

160*8 8 

/Vivmi» » 

0.93*0.011 (8) 
0.84*0.011 (5) 

00 90*0 04 (5) 

VVmm (mV) 

-27*144 (8) 
50*3.0**  (5) 

-40*3.7**  (5) 

V„ vv (mV) 

21,0*4.8 8 
22.6*5.5 5 

25.2*2.4 4 

t(mV) ) 

-15*266 (8) 
-11*0.33 (5) 

-14*1.55 (5) 

Closedd noise (pA) 

061*0.08 8 
00 83*0.15 

1.4*0.4' ' 
0.70*0.10 0 

'P<0.011 vs. K1B in control 
*P<0*P<0  01 for Iso vs. control for the same channel 
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Fig.. 1A-C A typical example of the characteristics of a single 
inwardlyy rectifying K*  (KtR) channel. A Unitary Km channel 
currentss in cell-attached patches at different command potentials 
(V(Vzz).). Downwards current deflections are openings (O). The top 
threethree traces are stretches of 1250 ms, for which the 100-ms scale 
barbar applies. The bottom trace (-100 mV), for which the 0.5-s scale 
barbar applies, is resampled to fit a stretch of 15 s to demonstrate the 
longg closed times. Filtering is set at 2 kHz. B Current/voltage (i/V) 
relationn of the Km channel. The inwards slope conductance was 
40.44 pS. C Open probability (P^J as function of Vc. Fitting the 
dataa to the Boltzm&nn equation (see text for abbreviations) yielded 
P°rca.m*=0-95,P°rca.m*=0-95, V , ^ -18 mV and *=-26 mV, r=0.97 

zeroo current at VC=£K according to the interpretation 
givenn for Km and (3) a decrease of Popen as Vc became 
moree negative. These properties identified this channel as 
belongingg to the skeletal muscle BK-channei family [2 
25,, 29, 36]. 

Inn three patches the activity of a BK channel after 
applicationn of Iso was compared with the activity directly 
beforee Iso. Three other fibres were patched during 
exposuree to Iso. Results of the measurements in these 
fibresfibres corroborated the results of paired measurements 
whenn Iso was present. This applied to the measured V^, y 
orr closed channel noise (/»>0.05, Table 1). The main 
influencee of Iso was an approximately 90 mV negative 
shiftt in Vm (Fig. 2E open vs. filled symbols) from 50 mV 
beforee application of Iso to -40 mV </M).01) after 

"iTTrni— * * 
III "H 

c c 

tatamtmimk mtmimk 
» » 
100 pA 

pp 1 

VV  (mV) 

Fig.. 2A-E A typical example of the charactenslics of a single 
large-conductance,, Ca2*-acuvatcd K*  (BK) channel in the presence 
andd absence of isoprcnaline (Iso). A Unitary BK channel currents in 
thee cell-attached configuration at various Vc. The upwards current 
deflectionsdeflections at Vc=50 and 80 mV and Ihe downwards current 
deflectionsdeflections at Vc=-40 and -80 mV are openings. The stretches are 
2500 ms long and filtering is set at 2 kHz for display. Note the very 
longg closure times in the bottom three traces, B UV relation of BK 
Linearr extrapolation (see Materials and Methods) of the inward 
currentss gives: 1=0.219^-3.3 (i in pA. Vc in mV); r=0.99 The 
inwardss slope conductance was 219 pS, the reversal potential (Vre„) 
15.11 mV. C Unitary currents from the same BK channel as in A ai 
variouss Vc after application of Iso. Downwards deflections are 
openings.. Interval length and filtering as in A. Occasional sublevel 
deflectionss were recorded (approximately 60% of maximum 
amplitude),, as apparent at V£=-40 mV. D i/V relationship of the 
BKK channel after application of Iso. Linear extrapolation of the 
inwardd currents gives: ;=O.I58VC-4.0; r=0.99. Inwards slope 
conductancee was 158 pS and Vm 25.3 mV. E P^JV, relationship 
lorr BK channels («=7>. Open symbols. P^„  in the absence of Iso 
filledfilled symbols: P  ̂ in the presence of Iso. Similar symbols 
(squares,(squares, circles and upright triangles) are from three patches in 
whichh Iso and non-Iso records are paired. The connected squares 
openopen and filled, are from the same patch as A-D. The mean values 
obtainedd from the Boltzmann equation are given in Table 1 

(Tablee 1). Vm was 65 mV negative with respect to Vrcv 

andd Fig. 2E (filled symbols) confirmed that BK channels 
weree very active at physiological potentials in the 
presencee of Iso. Noise did not increase (Table 1). 
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AVV (mV) 

O O 

-2 2 

-4 4 

-6 6 

-900 -80 -70 -60 -50 
Membranee potential before application of iso (mV) 

Fig.. 3 Vollage dependence of (he hyperpolarizaüon elicited by Iso 
inn isotonic lopen squares) and hypertonic (open circles) media with 
[K*j 0=5.77 mM. The [so-induced hyperpolarizaüon is displayed as a 
functionn of the membrane potential (V„J pnor to its addition. The 
linearr regression was AV,„=-33 3-0 387Vra4„ , rt=O.80 

Intracellularr rnicroelectrode results 

Isoprenaltne-inducedIsoprenaltne-induced hyperpolarization as function ofVm 

Inn isotonic (n=42) and hypertonic (n=12) media with 
[K +] u=5.77 mM the maximal hyperpolarizaüon (AV ^ 
inducedd by Iso was 12 mV (Fig. 3). The mean responses 
too Iso in isotonic and hypertonic media were -4.9+0.3 and 
-8.6+0.77 mV respectively (/><0.01). A correlation existed 
betweenn Vm prior to Iso (Vmpre) and the AVm (linear 
regression:: AV m=-33.3-0.387Vm p r E) . 

TheThe disappearance of the hysteresis loop 
duedue to isoprenahne 

Thee cell-attached experiments showed that besides KJR, 
otherr K+ channels with different i/V behaviour and 
responsivenesss to Iso are present in the resting muscle. 
Thiss prompted us to determine the hysteresis of Vm in the 
presencee and absence of Iso (Fig. 4). In control media, a 
hysteresiss loop with two large discontinuous potential 
changess (IAVJ>25 mV) was observed (Fig. 4, squares). 
Thee switch-off [K*} a (see Materials and methods) was 
1.66 mM and the switch-on 2.02 mM. In contrast, in the 
presencee of Iso (Fig. 4, circles) the cell responded 
differentlyy to the staircase protocol. The hysteresis 
disappearedd and the depolarization occurred at lower 
[K~] uu (<1 mM) as a continuous process (between —100 
andd -65 mV). Therefore, switch-on and switch-off 
concentrationss could not be defined in the presence of 
Iso.. These results were confirmed in the two other fibres 
inn which the double staircase protocols were performed. 

Vmm (mV) .50 

-60 0 

-70 0 

-80 0 

-90 0 

-100 0 

-110 0 
( ( 

r r 

''  " ^ % 

\i<^^^ \i<^^^ 
55 1 2 3 4 5 6 

POO (mM) 

Fig.. 4 Isoprenahne abolished the hysteresis of V^ due to the 
changee in [K+]0. [K*] 0 was first reduced from 5 7 to 0 76 mM (the 
solidsolid line through the open squares). The "switch-off' [K*] 0 (see 
text)) was 1.6 mM. Then [K+]„  was increased, returning to 5,7 mM, 
forr which the "switch-on" [K*] Q was 2.02 mM (the dashed line 
throughh the filled squares). After addition of Iso, the staircase was 
repeated,, whereby (K+]„  was reduced from 5.7 to 0 mM (the solid 
lineline through the open circles) and back again (the dashed line 
throughh the filled circles). Note that the large change in Vm occurs 
beloww 1 mM, that several steady V„  values are recorded during this 
AVmm and that no hysteresis was found during (his staircase. When 
[K*](,> 11 mM the Vra values in this return trajectory do not coincide 
fullyy with the corresponding values in the descending trajectory. 
Wee attributed this to the fact that the cell was exposed for -15 nun 
too nominally [K*| o=0 mM 

InfluencesInfluences that vary the magnitude 
ofof the Iso hyperpolarization 

Too obtain more insight into how the Iso response 
dependedd on other parameters, experiments were carried 
outt under a variety of different conditions. 

LowLow extracellular K+. On inspection of the hysteresis 
loopp in control media (Fig. 4), it seemed obvious that two 
stablee membrane potentials could be found in some media 
withh lowered [K +] 0. However, when fibres were preincu-
batedd with Iso this bistable behaviour disappeared. In 
comparisonn to Fig. 4, the Iso response at [K*] o=0.76 mM 
wass always more negative than - 10 mV irrespective of 
whetherr cells were depolarized or hyperpolarized 
(P<0.01;; Table 2). Typical examples of Iso responses at 
[K +] u=0.766 mM in depolarized (Fig. 5A) and hyperpolar-
izedd (Fig. 5B) fibres were compared with the Iso-induced 
hyperpolarizationn at [K +] 0=5.7 mM in one and the same 
cell. . 

ChlorideChloride transport. The magnitude of the Iso-induced 
hyperpolarizationn was dependent on the Vmprt both in iso-
andd hypertonic conditions (Fig. 3). Previously, it has been 
reportedd that hypertonic solutions induce a depolarization 
off  the cell (upper trace in Fig. 6) and that this 
depolarizationn is prevented when bumetanide is given 
priorr to the hypertonic shock (second trace in Fig. 6) (38]. 
Inn addition, preincubation with Iso inhibited the depolar-
izationn caused by hypertonic solutions (third trace of 
Fig.. 6; AV m=2.5+l mV, n=9). This was not different from 
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AA Depaartted Utres I f i f ^ * 0.76 mM 

OO 7S . 57 mV 

Hyperpolarizedd fibres In |K+)Q = a 76 mM 

Fig.. 5A-D Four examples in which Iso was applied at [K*]„= 5 7 
andd 0.76 mM to one and same fibre. The dotted lines indicate the 
pointt of Iso application, the bars in the bottom right-hand comer 
aree the time and voltage scales. [K+]0 and the starting voltages are 
givenn beside the trace. A Iso applied Co a lumbrical fibre at 

r l r t i ^ ' - KK  6 m M ' T h i s fibre d eP°l a r i z«i in the presence of 
[KK ]D=076 mM. This protocol was repeated in seven other fibres 
wheree the Iso response in [K*] 0=0.76 mM was significantly lareer 

^ " ^ J f 5 - 77 " ^ <*«"»>  B Is° applied w a lumbrical fibre 
inn [K ]„=5.7 and 0.76 mM. This fibre hyperpolarized in the 

presencee of [K+]0=u.76 mM. Six experiments of this protocol were 
earnedd out in the extensor digitorum longus muscle, the results 
weree similar to that in the lumbrical muscle. C Iso applied to a 
soleuss fibre in [K+]0=5.7 and 0.76 mM. This fibre depolarized in the 
fv*ffv*f nCnC<-,°<-,° ff [ K + ] o = ° 7 6 " ^ D I so aPP'i ed t o a s o l e us fibre in 
! r \ ™™ L *  m M ' T h i s f l b r e "yperpolarized in the presence 

ott [K lo=076 mM. Interestingly, all recordings display a sigmoid 
behaviour.. This implicates, that multiple processes underlie the Iso-
inducedd hyperpolarization 

XfJ»'*?? Negative potential shifts induced by isoprenaline at 
[KK ]o=0.76 mM in cells that were either depolarized or hyperpo-
larizedd with respect to control media. Isoprenaline was applied to 
cellss with stable membrane potentials (Vm) in [K+

Jo=0.76 mM that 
aree either depolarized or hyperpolarized compared with 

Muscle e 

Lumbricalis s 

Soleus s 

depolarized d 
hyperpolarized d 
depolarized d 
hyperpolarized d 

*P<0.011 for soleus vs. lumbricalis 

:<mV) ) 

'KK  J°-.5 7 'rM- v n , r is Vm directly before application of Iso 
AV„.AV„.  the change in Vm induced by Iso. The P values refer to the 
comparisonn between Iso application in different conditions and Iso 
applicationn in the depolarized state in the same muscle INS not 
significant) ) 

6 6 
8 8 
9 9 
5 5 

AVraa (mV) 

5 5 
-15.8*1.9 9 

* * 
* * 

<0.05 5 

thee preincubation with bumetanide (AV ra 5 mV, 
i=15,, and with 3-isobutyl-l-methylxanthine (IBMX) 
(2000 (iM; bottom trace in Fig. 6; AVm 8 mV 
i=4).. However, this effect was not purely competitive, 
becausee bumetanidc caused significant membrane hyper-
polarizationn in the presence of Iso 8 mV n=7; 
P<0.05P<0.05 in paired experiments). 

MuscleMuscle type. For comparison with lumbrical muscle, data 
obtainedd under identical conditions in soleus muscle are 
shownn in the bottom two rows of Table 2. The fibres of 
thê ^ soleus also exhibited bistable behaviour at 
[K +]o=0.766 mM: some cells depolarized, whereas others 

hyperpolarizedd [12, 13, 27], Both (he depolarized and die 
hyperpolarizedd soleus fibres became more negative when 
Isoo was added, but the change was significantly smaller 
thann in lumbrical fibres (Table 2). Additionally, in the 
soleus,, the negative potential change due to Iso applica-
tionn in media with [rC]o=0.76 mM did not differ 
significantlyy in paired experiments in control media 
(«=5)) (Fig. 5C and D). 

60 0 



IsoprenalineIsoprenaline modulation ofR* channels 

.. 5nV 

Fig.. 6 Isoprenaline and bumetanide prevent the depolarization 
inducedd by hypertoniaty similarly. The dashed line indicates the 
limee at which the medium osmolality was increased from 289 to 
3444 mOsra. The top three traces originate from the same cell, the 
bottombottom trace from a separate cell. The control response to the 
switchh in osmolality {upper trace) was a depolarization of about 
100 mV. This depolarization was prevented by preincubation with 
755 uM bumetanide {second trace from the lop). 1 uM Iso {third 
trace)trace) or 200 LUM 3-isobutyl-l -methylxamhine (IBMX, lowest 
trace).trace). Vm beforee the solution switch is given at the left of the trace, 
ass is the preincubated substance. The transient immediately 
followingg the hypertonic shock was not a switching artefact. The 
timee courses of the transient responses to hypertonicity after 
bumetanide,, Iso and IBMX preincubations were similar. The bars 
inn the lower right-hand comer are the lime and Vm scales 

Discussio n n 

Thee combined approach of cell-attached and intracellular 
microelectrodee measurements provides information about 
thee beha\iour of K+ channels and their consequences for 
thee cell's membrane potential (Fig. 7). Firstly, the cell-
attachedd experiments infer the functional presence of KIR 
andd BK channels in the sarcolemma of skeletal muscle, 
wheree Km dominates PK under control conditions. 
Channell  characterization is consistent with reports in 
literaturee for KIK [5, 19, 21, 22, 23, 24, 26, 31] and BK [2, 
25,, 29, 36] channels. Additionally, due to the circum-
stancee that the activity of Km decreases and that of BK 
increasess following application of Iso under identical 
experimentall  conditions, it is concluded that the effect of 
thee increased BK contribution induced by Iso exceeds the 
concomitantt effect of the decrease of the KÏR. Secondly, 
thee intracellular microelectrode experiments show a loss 
ofof hysteresis of Vm, indicating a loss of K!R activity after 
applicationn of Iso. The results suggest that the activation 
off  BK channels is mediated by Ca2+,, but also that other 
experimentall  conditions influence the responses (e.g. 
^m.pre-- [K+]0, chloride transport and muscle type). Finally, 
thee combination of experimental techniques uncovered 
thee differential cellular conductive response in hy-
pokalemicc conditions in control and /^-adrenergically 
stimulatedd fibres. 

Thee influence of isoprenaline on K+ channels 

/^-Adrenergicc modulation of K+ channel activity has, to 
ourr knowledge, not yet been studied in skeletal muscle. 
Thee application of Iso causes the KIR and BK channel to 
respondd differently. Firstly, the single channel activity of 
thee KIR is suppressed at Vc values in the range of normal 

NOO ISO ISO 

800 \M Ba> 600 \iM Ba?* 

dVmm = 0 AVm < 0 
I I 

I I 
Hysteresiss No Hysteresis 

Fig.. 7 A schematic representation of the K*  conductive pathways 
underlyingg the Iso-induced hyperpolarization. This scheme sum-
marizess the present data and earlier [37] data. The arrows display 
thee direction of K*  current through the channels, whereby the width 
off  die arrows indicates approximately the relative amount of 
currentt flowing through the individual channel. Left: a control (no 
Iso)) skeletal muscle membrane is shown widi two K* channels, K[R 
andd BK. KIR conducts considerably more current in these condi-
tionss man BK. Under these conditions the cell can exhibit 
hysleresiss of Vm. Both channels can be inhibited by extracellular 
Ba2+:: K1R at 80 and BK at 600 JJM. Right: an I so-stimulated skeletal 
musclee membrane is illustrated. Kirt is now (nearly) closed and BK 
dominates.. Hyperpol an zati on results when the sum of K+ currents 
increasess in comparison to control cells. Under these conditions, 
duee to the properties of BK channels, the cell does not exhibit 
hysteresiss of Vm 

restingg membrane potential. Similarly, Iso application 
suppressess cell-attached Kn* activity after a direct phos-
phorylationn event in guinea-pig ventricle [19]. In addition 
too the decreased KIR activity, current noise increases two-
fold,, which is not observed in patches with BK channels. 
Thiss increased noise might be an indication of a very 
short-livedd low (sub)-conductance state of the Kre chan-
nel.. Low conductance levels for the K[R channel have 
beenn demonstrated [7], 

Secondly,, the activity of BK channels increased, which 
iss expressed as a 90-mV negative shift of Vm (Fig. 2E), 
withoutt a change in single-channel conductance. This 
shiftt of Vi/2 is 10 times more than the change of the 
restingg membrane potential itself, which is maximally 
-122 mV (Fig. 3). Because VKV for BK with or without Iso 
aree not significantly different (Table 1), a large change in 
EKEK is unlikely. The temperature difference between the 
cell-attachedd and intracellular microelectrode experi-
mentss does not seem to have contributed considerably 
too the 90 mV negative shift in Vw2, because in mouse 
diaphragmm at room temperature a hyperpolarization of the 
celll  is recorded after application of Iso [41]. Therefore, 
thee increased activity is probably a change in the 
propertiess of the BK channel itself. 
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Cellularr responses to isoprenaline 

[soo causes a loss of hysteresis and discontinuity of Vm as a 
functionn of [K*] 0 (Fig. 4). Hysteresis is found when the 
contributionn of the KjR dominates in PK [12, 13] of 
undampedd cells, because its open-close kinetics depends 
onn the K+ gradient across the membrane [33, 34]. These 
kineticc properties explain equally well the hysteresis loop 
wee measured as well as the N-shaped UV curve observed 
byy others [4, 10, 40] during voltage-clamp experiments of 
cellss with K[R in their membranes [34]. This dependence 
introducess a threshold that makes the channels open and 
closee in a regenerative way. This is not the case with the 
BKK channels, which do not possess such kinetics [8]. 
Thus,, when the permeability of the BK channels domi-
natess PK . hysteresis wil l not be expected (Fig. 4). This is 
inn accordance with our findings. The negative correlation 
foundd between VV ^ and the hyperpolarization induced 
byy Iso (Fig. 3) can be related to the voltage-dependent 
activationn of the BK channels. The route of regulation of 
thesee channels by Iso is mediated by the ^-adrenoceptor 
andd subsequently via a cAMP-activated pathway [37], 
Alsoo [Ca2+], seems to be implicated as in mouse 
diaphragmm muscle a suppression of the hyperpolarizing 
responsee to /J-rnimetica is found after calcium is left out 
off  the medium for 30 min [41]. 

Bumetanidee can prevent the depolarization induced by 
hypertonicc stress [38] and Iso or EBMX have the same 
effect.. Perhaps the same cellular processes for instance 
thee cAMP pathway, that induced the closure of the K[R 

alsoo prevent the cotransporter from having the same 
effectss on Vm as in isotonic conditions. 

Thee hyperpolarization induced by Iso can be explained 
whenn the loss of one K+ conductance (Km) is over-
compensatedd by another K+ conductance (BK). Sufficient 
BKK channels are required in the membrane. This is in line 
withh the statistics of Table 1. In the soleus muscle f}2-
adrenergicc stimulation reportedly increases Na/K-pump 
activityy [6], However, in lumbrical muscle Iso still makes 
Vmm more negative when the Na/K-pump is inhibited with 
ouabainn [37]. In a direct comparison of both muscles, we 
foundd that in soleus the hyperpolarization induced by Iso 
iss smaller and apparently not [K+]„  dependent (Table 2). 
Suchh differences can easily be explained when the ratio of 
BKK conductance to Km conductance is variable. These 
findingss might be an experimental indication that func-
tionall  differences in muscle fibre types are also related to 
thee differential expression of ion channels in their 
membranes.. This may be of importance for the differen-
tiall  response of the muscles to adrenaline in the whole 
body.. The catecholamine concentrations in the body will 
normallyy be less than the supramaximal concentration 
usedd here. However, variations of catecholamine concen-
trationss will modulate the ratio of BK conductance over 
KIRR conductance in the same direction as presented here. 

Hypokalaemicc periodic paralysis 

Hypokalemicc periodic paralysis is accompanied by a 
decreasee in serum [K+] and a simultaneous depolarization 
off  the fibre. A loss of function of K[R in relation to 
hypokalaemicc periodic paralysis has been reported several 
times.. The cellular KIR conductance is decreased in fibres 
fromm patients suffering from hypokalaemic periodic 
paralysiss [30]. Treatment with Ba2+ [12], a known KIR 

blockerr [35], and hysteresis of Vm [12, 13] produce 
responsess electrically similar to hypokalaemic periodic 
paralysis.. Our results reveal differential responses of the 
importantt K*  channels including the Ca2+ sensitive BK 
channel.. /^-Adrenergic stimulation of these channels 
mightt provide a means for recovering the decreased K* 
conductance. . 
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29.. Rothberg B, Maglebŷ  KL (1999) Gating kinetics of single 
large-conductancee Ca-*-activated K*  channels in high Ca2* 
suggestt a two-tiered allosteric gating mechanism J Gen Physiol 
114:93-124 4 

30.. Ruff RL (1999) Insulin acts in hypokalemic periodic paralysis 
byy reducing inward rectifier K*  current. Neurology 53:1556-
1563 3 

31.. Sakmann B, Trube G (1984) Voltage-dependent inactivaiion of 
inward-rectifyingg single-channel currents in the guinea-pig 
heartt cell membrane. J Physiol (Lond) 347:659-683 

32.. Scjersled OM, Sj0gaard G (2000) Dynamics and consequences 
off  potassium shifts in skeletal muscle and heart during exercise. 
Physioll  Rev 80:1411-1481 

33.. Siegenbeek van Heukelom J (1991) Role of the anomalous 
rectifierr in determining membrane potentials of mouse muscle 
fibresfibres at low extracellular K*. J Physio] (Lond) 434:549-560 

34.. Siegenbeek van Heukelom J (1994) The role of the potassium 
inwardd rectifier in defining cell membrane potentials in low 
potassiumm media, analyzed by computer simulation. Biophys 
Chemm 50:345-360 

35.. Standen NB, Stanfield PR (1978) Inward rectification in 
skeletall  muscle: a blocking particle, Pflugers Arch 378:173-
176 6 

36.. Tricarico D, Petruzzi R, Conte Camerino D (1997) Changes of 
diee biophysical properties of calcium-activated potassium 
channelss of rat skeletal muscle fibres during aging. Pflugers 
Archh 434:822-829 

37.. Van Mil HGJ, Kerkhof CJM, Siegenbeek van Heukelom J 
(1995)) Modulation of die isoprcnaline-induccd membrane 
hyperpolarizationn of mouse skeletal muscle cells Br J 
Pharmacoll  116:2881-2888 

38.. Van Mil HGJ, Geukes Foppen RJ, Siegenbeek van Heukelom J 
(1997)) The Influence of bumetanide on die membrane potential 
off  mouse skeletal muscle cells in isotonic and hypertonic 
media.. Br J Pharmacol 120:39-44 

39.. Vergara C, Latorre R (1983) Kinetics of Ca?*-activated K* 
channelss from rabbit muscle incorporated into planar bilayers. J 
Genn Physiol 82:543-568 

40.. Voets T, Droogmans G, Nilius B (1996) Membrane currents 
andd the resting membrane potential in cultured bovine pulmo-
naryy artery endothelial cells. J Physiol (Lond) 49:95-107 

41.. Zemkova H, Svoboda P. Teisinger J, Vyskocyl F (1985) On the 
mechanismm of catecholamine-induced hyperpolarization of 
skeletall  muscle cells. Naunyn Schmiedeberg's Arch Pharmacol 
329:18-23 3 

63 3 



ChapterChapter six 

64 4 



Discussion Discussion 

Thee skeletal muscle fiber can adopt two experimentally distinguishable resting 

membranee potentials. The aim of this study is to analyze the processes, which 

determinee and influence bistability. The concept underlying this bistability is 

assumedd to be the N-shaped I/V curve, resulting from the presence of inward 

rectifierr potassium (IRK) channels besides other channels (e.g. CI") relevant for the 

restingg state of the membrane. 

Ann important finding of this thesis is that the influence of the Na+ /K + /2C1" 
cotransporterr on V m can be determined by using bumetanide as an inhibitor (van Mi l 

etet al. 1997, chapter 2). A model simulation predicted the effects of the Na+ /K + /2C1" 

cotransporterr on bistability (Geukes Foppen et al. 2001, chapter 3). This prediction 

wass checked and verified experimentally (Geukes Foppen et al. 2002, chapter 4). 

Isoprenalinee caused a decreased activity of IRK channels and an increased activity of 

BKK channels, as measured at the single channel level. At the cellular level bistability 

wass not observed in the presence of isoprenaline (Geukes Foppen & Siegenbeek van 

Heukelomm 2003, chapter 5). 

TheThe Ion Transporters Involved in Bistability 

Basedd on electrical and/or pharmacological criteria several components, which 

participatee in bistability, were identified and characterized. The most direct evidence 

forr the existence of IRK channels in the membrane of our skeletal muscle (mouse 

lumbrical)) preparation was obtained from cell-attached patch experiments (Fig. 5.1A 

&&  B) and from Ba2+-sensitive depolarisations recorded by intracellular 

microelectrodess (Fig. 4.7). The bumetanide-sensitive hyperpolarisation (Fig. 2.1) is 

relatedd to the electroneutral Na+ /K + /2C1- cotransporter. Evidence was found that the 

9-ACC sensitive hyperpolarisation (Table 4.1 & 4.2) is caused by inhibition of die 

skeletall  muscle specific C1C-1 CI" channel (Jentsch et al. 2002). In the cell-attached 

patchh mode currents with a high single channel conductance (-200 pS) were 

recordedd (Fig. 5.2A & B). Notwithstanding the in-accessibility of the intracellular 

environmentt for this technique, the currents seem to be generated by the calcium-

activatedd K+ channel (BK channel), which was studied in cultured rat skeletal muscle 

cellss many times (see Rothberg & Magleby 2000). Depolarisations were elicited by 

ouabain,, which is an inhibitor of the Na+ /K + pump (van Mi l eta I. 1997). Pre-

treatmentt with ouabain prevented the bumetanide-induced hyperpolarisation (van 

Mi ll  et al. 1997). This is in accordance with the notion that die Na+ /K + pump 

energizess the Na+ /K + /2C1" cotransporter. 
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ModulationModulation of Bistability 

Severall  stimuli affect the ion transporters involved in bistability to produce 

modulationmodulation of bistability J. These stimuli comprise of extracellular osmolality (Fig. 

4.2.A),, temperature (Fig. 4.8), application of a /^-adrenergic agent (isoprenaline; Fig. 

5.4)) and application of CI" transport inhibitors (bumetanide Fig. 4.5 & 9-AC Fig. 4.6). 

Bistabilityy can be elicited in different skeletal muscle types (lumbricalis, soleus, 

diaphragmm and EDL; Fig. 3.1 & Geukes Foppen et al. 2002 subsection Bistable 

Behaviourr at [K +] 0 mM Differs in Various Muscles). The origin of the response to 

thesee stimuli is compounded by the identified components, of which CI" transport 
(Geukess Foppen et al. 2002) and /^-adrenergic stimulation (Geukes Foppen & 

Siegenbeekk van Heukelom 2003) were studied in detail. 

Modulationn of bistability can be explained in terms of the electrical circuitry of 

thee cell membrane. Firstly, bistability can be affected directly by the number and 

propertiess of the IRK channels. Secondly, large parallel (to IRK currents) currents can 

makee inward rectification a less obvious feature of the I/V curve, and possibly 

suppresss bistability. In skeletal muscle such is the case with Ch current (Geukes 

Foppenn et al. 2001; 2002) or with /%-adrenergically stimulated BK current (Geukes 

Foppenn & Siegenbeek van Heukelom 2003). In other tissues other parallel currents, 

suchh as acetylcholine sensitive currents in heart (Gadsby & Cranefield 1977; Gadsby 

etet al. 1978) and smooth muscle (Jiang el al. 2001) and TTX sensitive currents in heart 

cellss (Gadsby & Cranefield 1977) and macrophages (Gallin & Livengood 1981), may 

bee more prominent. 

Cl~Cl~ Transport 

AA line of reasoning is followed throughout the thesis that the Na+ /K + /2C1" 

cotransporterr and CI" channels comprise of Ch transport, and that CI" influx can be 

attributedd to the former and, at steady state, CI" efflux can be attributed to the latter. 

Thee level of electrical influence of the cotransporter is determined by PCI, which in 

skeletall  muscle is high (Palade & Barchi 1977). The long time courses of Vm changes 

(Geukess Foppen et al. 2001 subsection Discussion) in response to Ba2+ applications 

(Fig.. 4.7) or hypokalemic steps (Fig. 3.1, 4.1, 4.5 & 4.6) do not undermine the role of 

IRKK channels in bistability (subsection Experimental Evidence for the Mechanism of 

Bistability).. To the contrary, they support the pharmacological identification and 

characterizationn of the Na+ /K + /2C1" cotransporter with intracellular micro-

11 Modulating bistability is an abbreviated definition, which in general means that the potential for 
bistabilityy is unaltered but the condition at which it is observed is shifted. In practice it reflects the 
modulationn of cellular components, which (in)directly affect electrical processes and ultimately affect 
bistability y 
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electrodes,, which can affect Vm, despite its stoichiometric electroneutrality (van Mi l 

etet al. 1997). The interplay of a steady Na+ /K + /2C1" cotransporter flux (without 

kinetics)) and of inward rectifier activity is tested by computer simulations (Geukes 

Foppenn et al. 2001). The offset of the switch-off value along the [K +]Q axis caused by the 

effectt of CI- transport on bistability is verified experimentally (Geukes Foppen et al. 

2002).. The estimated Cl" flux through the Na+ /K + /2C1- cotransporter of 13.4 pmol 

cm"22 sA (Geukes Foppen 2004) is accompanied by a shift of switch-off value (Fig. 4.2B) 

fromm 1,81 to 2.43 mM [K +] 0. An additional role for CI" transport in skeletal muscle 

bistabilityy may be to prevent the cellular stochastic fluctuations from continuously 

flippingg between states, and thus to lock the cell in one particular state (Fig. 4.6). 

Pl~AdrenergicPl~Adrenergic Stimulation 

Inn lumbrical muscle fibers, /^-adrenergic stimulation causes the hyperpolarisation of 

thee fiber, and the loss of the bistable properties of the membrane. Both effects are 

accompaniedd by: 

SS A loss of activity of IRK channels (Table 5.1) 

SS An increase in activity of BK channels, which is quantified by an impressive ~ 90 

mVV negative shift in voltage dependence of channel activation (Fig. 5.2E) 

SS A small and complicated change of Ch transport (Geukes Foppen & Siegenbeek 

vann Heukelom 2003 subsection CI" transport) 

SS No appreciable effect by the Na+ /K + pump (van Mi l et al. 1995) 

Thus,, the effect of /?2-adrenergic stimulation is an example of an effect on bistability 

duee to a change of the relative contribution of two K+ channel types (IRK and BK) to 

thee resting membrane potential. 

ExperimentalExperimental Evidence for the Mechanism of Bistability 

Thee general characteristic of the bistable membrane is that a hyperpolarising 

stimuluss from the B-status beyond UP (the unstable potential, see Fig. 1.1) results in 

ann A-status, while a sufficiently strong depolarising stimulus results in a B-status, 

whenn starting from the opposite status 2. Sometimes only modest stimuli are required 

too shift states, e.g. 10 pA (in rat osteoclasts; Table 1.1) or 0.27 mM [K +] 0 (Fig. 4.1). This 

[K +] 00 step correlates with a calculated 6 % reduction in slope conductance, if one 

considerss the square root of IRK on [K +] 0 (Hill e 1992). These stimuli can be achieved 

byy the simultaneous opening or closing of only a small amount of channels 3. Some 

tissuess even display spontaneous shifts (e.g. guinea-pig artery). 

22 definition of A- and B-status can be found in Geukes Foppen et al. 2002 subsection Membrane Status 
33 this can potentially be modeled by varying PQ in eq 3.2 
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Thee preferable experimental test is to record testability in one and the same fiber 
(e.g.. Fig. 4.1), so that the membrane status can be determined by simple steady state 
analysis.. This is opposed to determinations from many recordings (n = 1498 in 289 
mOsmm Fig. 4.3A; n = 328 Molgaard et al. 1980; n = 771 Jiang et al. 2001), where 
averagingg or population separation techniques can potentially influence the Vm 

statuss determination. This particular experimental scrutiny for bistability wil l be 
elaboratedd in the subsection Bistability from an Experimentalist's Point of View. 

AA pivotal issue in the N-shaped I/V curve hypothesis is the presence of IRK 
channelss in the membrane. The importance of this issue requires a direct method. 
Thee cell-attached patch technique, with which IRK channels can be identified in the 
musclemuscle membrane (Fig. 5.2A-B), is such a method. However, a present but inactive IRK 
conductancee would still invalidate the pivotal issue. The po p e n, as a measure of IRK 
channell  activity, is approximately 0.8 close to EK (Fig. 5.1). This ensures active IRK 
channelschannels in a relevant voltage range. The presence and high activity of IRK in skeletal 
musclee membrane is corroborated by direct (Kurtz et al. 1999) and indirect (Katz 
1949;; Standen & Stanfield 1978; Gonoi & Hasegawa 1991) methods. At this point, 
bistabilityy and presence/activity of IRK in the membrane could be separate 
processes.. Therefore, effort was done to show a direct relation between IRK and 
bistabilitybistability (Fig. 4.7). Application of 80 uM Ba2+ could induce a state shift from an A-
too B-status in the bistable range ([K+]0 = 2.85 mM), and obviously not above ([K+]0 = 
5.75.7 mM or 15 mM) or below ([K+]0 = 0.76 mM) this range. Extracellular Ba2+ is also 
knownn to interfere with other currents, the BK (Vergara & Latorre 1983), the delayed 
rectifierr (Armstrong & Taylor 1980) and Ca2+ currents (Hill e 1992), albeit at higher 
concentrations.. Even so, selectivity of ion channel block is not an issue here, because 
itt is already established that IRK is present in this bistable membrane. Additionally, 
thee negative test would clearly invalidate the relation between IRK and bistability. 

BOX1 1 

SS Bistability in one and the same fiber (e.g. Fig. 4.1) 

SS IRK is identified in the muscle fiber membrane (Fig. 5.1A-B) 

SS Active IRK channels in a relevant voltage range (Fig. 5.3A) 

SS Direct relation between IRK channels and bistability (Fig. 4.7) 

Thee chosen experimental approach does not allow for recording the N-shaped 
I/VV curve (see chapter one subsection Rationale and Methods for Testing the 
Hypothesis).. The computer-assisted simulations (Geukes Foppen et al. 2001; van Mil 
etet al. 2003) show that bistability on the I/V curve and on the Vm/[K +] 0 relation 
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originatee from IRK features. Refinement of the contribution of IRK in the computer 

modell  wil l be used to reconstruct the N-shaped I/V curve (subsection How Does 

IRKK Affect Bistability?). The positive experimental evidence, which supports the N-

shapedd I/V curve hypothesis as the mechanism underlying bistability, is 

summarizedd (Box 1). 

Disregarding,, for the sake of argument, the above described Box 1, the evidence 

forr the presence of IRK in the skeletal muscle membrane (see Introduction subsection 

Inwardd Rectifier Potassium Channel) and the overwhelming data that relates the N-

shapedd I/V curve to bistability (Table 1.1), the number of components, which 

determinee bistability, is restricted. The rheogenic Na+ /K + pump current of several 

millivolt ss (Lauger 1991) seems insufficient to contribute directly to bistability, where 

thee difference between the A - and B-status is in the range of 30-40 mV (Fig. 4.3y\). 
BKK channels have an increasing /70pen/Vm relation (Fig. 5.2E). C1C-1 currents 

havee an almost linear I/V relation with a positive slope (Jentsch et al. 2002), and 

bistabilityy still occurs in the presence of 9-AC (Fig. 4.6). Therefore, both of these 

channelss do not seem to produce the negative slope in the N-shaped I/V curve. The 

electroneutrall  nature of the inwardly directed Na+ /K + /2CI" cotransporter makes it 

difficul tt to draw up a mechanism, which affects the I/V characteristics, but it would 

att least require a reversal of transport direction. Reversal of the Na+/K +/2C1~ 

cotransporterr has been reported in ciliary epithelium (Mclaughlin et al. 1998). In a 

highh PC1 tissue, such as skeletal muscle, which effectively results in low [Ch],, the 

doublee dependence of the outwardly directed chemical potential gradient for CI", 

Auci,, does not outweigh the single dependence of the inwardly directed chemical 

potentiall  gradient for Na+ on the driving force of the Na+ /K + /2C1" cotransporter 

(Fig.. 3.4). Additionally, bistability still is elicited in the presence of bumetanide (Fig. 

4.5).. In conclusion, it is unlikely that these components establish bistability on their 

own,, but they surely can contribute to modulating bistability. 

Bistabilit yy from an Experimentalist's Point of View 
Ann essential requirement for the bistable membrane in skeletal muscle is the re-

shapedd non-linearity 4 of the I /V curve. The proof of bistability is an 

experimentalist'ss challenge, because several conditions may interfere with the 

identificationn of the two Vm populations associated with bistability: 

44 as is often comfortably stated, bistabilitv requires some sort of non-linearity. However, non-
Iineantyy is not alwavs perceived as a self-explanatory definition. An illustrative example of non-
Iinearitv,, which should be comprehensible to most disciplines of life sciences, is pH titration. Adding 
aa drop of acid to a solution will not do much unless pK is reached, where suddenly a drop of acid will 
changee the pH of the solution dramatically 
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 Too many samples may be required, to justify the experiment. For example, when 

onee studies the effects of a substance on a monostable system, only two 

populationss are considered: the control- and the treated population. One 

permutationn is considered based on two Vm populations: i.e. in this type of study 

thee route is usually taken for granted, because there is only one way to connect 

thee control- and the treated population. Four permutations based on six 

populationss are present in a study of the effects of a substance on a bistable 

system.. Permutation 1) state A, which leads to state A plus substance. Permutation 

2)) state B, which leads to state B plus substance. Permutation 3) state A, which 

afterr application of the substance (the stimulus) leads to state B (Fig. 1.1 right). 

PermutationPermutation 4) state B, which after application of the substance leads to state A 

pluss substance. So in an idealized bistable system six times as much data is 

requiredd as compared to a monostable system, because in a bistable system routes 

doo matter (compare permutation 1 and 4 which have the same end product). 

Additionally,, the number of samples is expected to increment even more when 

thee noise of each population is taken into consideration. 

 The data returned by the recording set-up may be consistent either with a 

sensitivee response that is monostable and continuous, or one that is 

discontinuouss and bistable. As is seen in Fig. 5.4 where isoprenaline converts the 

systemm from a bistable one to one producing a graded response. This shows that 

thee step size required to measure bistability was sufficient in this case. 

 Cell selection criteria may interfere with recording bistability. In this thesis 
impalementss were considered successful when V m < - 70 mV in control media 

(vann Mi l et al. 1997 subsection Preparation and Experimental Procedures), and it 

iss stated (Jiang et al. 1999) that "cells that displayed initial low RP (B-status) .. 

weree excluded from statistics". 5 

 Several factors (i.e. experimental methods and arbitrary threshold detection 

techniques)) may disturb the determination of the distribution of V m populations. 

Inn osteoclasts, nystatin whole-cell V m recordings displayed 86 % of the cells in an 

A-statuss (Weidema 1995), whereas conventional whole-cell recordings, where 

thee intracellular environment is dialysed, bistability was still recorded but only 18 

%% of the cells were in an A-status (Ravesloot et al. 1989). Additionally, the 

distributionn depends on the input resistance of the chosen whole-cell 

configurationn (Weidema 1995). The detection threshold in osteoclasts was set at -

500 mV. Similar threshold techniques were used for Fig. 4.3A 

55 methods of the threshold technique can be found in Geukes Foppen et al. 2002 subsection Membrane 
Status s 
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 State switching (A- to B-status or vice versa) induced by an applied substance 

cann be perceived as irreversible behavior. Ba2+ application in [K +] 0 = 2.85 solution 

inducess a change in Vm, which is interpreted as a state switch from A- to B-

status,, but in [K +] 0 = 5.7 mM it causes a reversible depolarisation in the same 

fiberr (Fig. 4.7). This is also exemplified by the possibility of acetylcholine to 

inducee a switch from B- to A-status (Gadsby & Cranefield 1977 Fig. 7B; Jiang e t 

al.al. 2001 Fig. 5C). One could be excused in interpreting this as acetylcholine being 

ann irreversible agonist. However, it would have considerable physiological 

consequences s 

 Other processes (e.g. parallel currents to IRK) can mask bistability 

Besidess the experiments presented in this thesis and the papers cited in Table 1.1, 

severall  other papers display indications of the existence of bistability, but make no 

mentionn of it (e.g. Akiyama & Grundfest 1971; Kuba & Nohmi 1987; Brismar & 

Collinss 1993; Anderson et al. 1995; Ruff 1999). Possibly more cases of bistability have 

remainedd unpublished, because its functional meaning was unclear for that 

particularr tissue 6. 

Thee experimental analysis of bistability is also complex for other reasons. As is 
shownn in the computer simulations (Geukes Foppen et al. 2001), the V m changes are 

nott specifically related to any one channel or transporter, but to the way the cell 

respondss to a perturbation (Geukes Foppen et al. 2001; van Mi l et al. 2003). It is, in 

manyy cases, incorrect to assign merit to one membrane transporter in changes in Vm. 

AA systems approach seems more appropriate7. Therefore, the role of the IRK channel 

inn bistability should always be considered in the light of the properties of the other 

participantss (ion transporters) of the cellular response. As an example, the application 

off  a pharmacological blocker and/or ion substitution wil l give information on which 

transporterss are involved, but an integrated model can only resolve to which extent 

theyy are important. In general, the consequences of specific environmental 

perturbationss in a complex non-linear system are difficul t to predict. 

Thresholdd Behaviour  during State Switching 
Thee previously presented stimulus protocols (Fig. 4.1, 4.7, 4.6 & 4.8; total n = 17) 

producee state shifts, and thus produce evidence for bistability based on the existence 

66 bistability may be a more common biological process as it is not only related to the membrane, but 
alsoo to cell signaling systems such as p42 mitogen-activated protein kinase and c-Jun amino-terminal 
kinasee pathways (Ferrell 2002), to ecological mechanisms (Claessen & de Roos 2003) and to cell cycle 
regulationn (Pomerening et al. 2003) 
77 possibly in terms of metabolic control analysis (Westerhoff & van Dam 1987), as was tentatively 
donee for the cotiansporter (Geukes Foppen 2004) 
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off  two steady states. However, during these stimulus protocols the time-evolution of 
V m,, when displayed at a different timescale (Fig. 6.1), does not display a hyperbola 

(cf.. Fig. 1.1 right). These time-evolutions have two features. Firstly, between the two 

steadyy states the slope momentarily decreases or approaches zero (as indicated by 

thee horizontal arrows in Fig. 6.1). For sake of argument, the voltage, where the slope 

iss estimated to be zero, wil l be called threshold. Secondly (Fig. 6.1A & £), when the 

stimuluss is of insufficient magnitude to cause a state shift the time-evolution of Vm 

wil ll  first transiently approach the threshold, and then return to the Vm-value before 

thee stimulus application. This all-or-nothing behaviour of the cell is a common 

featuree in stimulus protocols of the electrical response of a bistable membrane (see 

referencess in Table 1.1, e.g. Fig. 3B in Gadsby & Cranefield 1977), and can be 

explainedd in terms of the N-shaped I/V curve, which contains a negative slope 

regionn (see Fig 1.1 left). 

Figuree 6.1. Evidence suggesting the existence of a threshold potential using different 

experimentall  protocols. In all of the panels, the vertical ( ) lines represent the time at 

whichh the stimulus was applied, the timescale is shown by means of a horizontal bar and the 

horizontall  arrows indicate the estimated thresholds. A An enlargement (Fig. 4.1) of the initial 

responsee of Vm to progressive [K+]0 reductions (threshold =*  - 85 mV). The [K +]0 reductions 

fromm 2.85 to 2.32 mM, which causes a transient sub-threshold depolarisation, and from 2.32 

too 2.05 mM, which leads to a sustained supra-threshold depolarisation (~ - 60 mV), were 

superimposed,, where the last reduction is negatively shifted by 1 mV. B The initial time-

evolutionn of Vm to the application of 80 uM Ba2+ in [K+]0 = 2.85 mM media (threshold ~ - 81 

mV;; Fig. 4.7). The depolarisation induced by Ba2+ in [K+]0 = 5.7 mM is monotonie and 

reversiblee (Fig. 4.7), C The initial time-evolution of Vm to a [K+]u switch from 2.85 mM to 5.7 

mMM in the presence of 75 uM 9-AC (Fig. 4.6). 17 Oscillations are observed for approximately 

88 minutes until a lower stable Vm value is established. The double-arrowed horizontal bar 

indicatess the enlargement in D. D The last four minutes of the Vm oscillations from C are 

enlarged.. £ The initial time-evolution of Vm caused by the sudden reduction in temperature 

fromm 35 to 27 °C in the presence (transient sub-threshold depolarisation) and absence of 75 
uMM bumetanide (supra-threshold depolarisation to approximately - 55 mV) in [K+]0 = 2.85 

mMM media (threshold « - 81 mV; Fig. 4.8). The trace in the presence of bumetanide is shifted 

byy 6 mV in the positive direction. For details see chapter four. 
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Al ll  of the stimulus protocols, which reveal Instability, produce such a threshold 

behaviour.. An additional point of interest is that both the sub-threshold and supra-

thresholdd stimuli given in the same cell follow the same initial time course. This 

indicatess that the change in V m is a function of the cell (possibly of its conductance) 

ratherr than of the extracellular stimulus or of random processes as diffusion in the 

bathh solution. This line of thought is in accordance with a regenerative property. An 
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analogyy to the Hodgkin-Huxley cycle can be made, where membrane depolarisation 

causess an increase in Na+ conductance, which in turn causes a further depolarisation 

etc... Here, depolarisation above the threshold seems to cause closure of IRK-

channels,, which in turn causes further depolarisation etc.. 

Thee recorded non-hyperbolic time-evolution of V m during state switching in 

skeletall  muscle fibers resembles that in other cells, such as heart cells and osteoclasts 

(seee Table 1.1), although it is much slower (minutes versus milliseconds). This 

suggests,, that other slower processes are involved, such as diffusion of changed 

solutionn components into or out of the t-tubules. Other time dependent processes 

suchh as CI- transport changes (Geukes Foppen 2004) or channel (in)activation (Hill e 

1992)) could participate as well in this time-evolution. 

Kineti cc Scheme for  IRK 
Too predict and anticipate the occurrence of bistability, it is important to study the 

experimentall  conditions, which influence bistability, and also determine the rate 

constantss of the individual steps in the bistable system. As the pivotal issue in the N-

shapedd I/V curve hypothesis is the presence of IRK channels in the membrane, and 

ass the shift in states requires time (Fig. 6.1), the first step in determining the rate 

constantss for that process would be to introduce a kinetic scheme for IRK channel 

behaviour.. This approach is in line with the direct relation between IRK channel 

gatingg and bistability, Carmeliet (1983) proposed two decades ago. This relation is 

possiblyy caused by the influence the binding of a molecule has on the orientation of 

thee gating moiety. In present terms this could be defined as die voltage dependent 

openopen channel block, which occurs by binding of intracellular polyamines and Mg2+ to 

thee open IRK channel (Lopatin & Nichols 2001; Guo et al. 2003; Matsuda et al. 2003). 

Thee IRK conductance is a strong rectifier (Fig. 5.1B), which resembles that of 

Kir2.11 channels, which is in line with Kir2.1 tissue distribution (Kubo et al. 1993). This 

rectifyingg property is modeled in the PK relation (eq 3.2 & Geukes Foppen et al. 2001) 

ass a steeply decaying empirical Boltzmann function in order to obtain an N-shaped 

IVV curve (van Mi l et al. 2003). However, this Boltzmann function does not take into 

accountt typical IRK characteristics as the classical inactivation of IRK (Sakmann & 

Trubee 1984; Kurachi 1985; Biermans et al. 1987) and the polyamines and Mg2+ block 

(Lopatinn & Nichols 2001; Guo et al 2003; Matsuda et al 2003). In terms of p , the 

voltagee dependence of r>open negative to £K is a rising function (Fig. 5.1 Q, but the 

voltagee dependence of popen positive to £;< is a decaying function. This results in a 

bell-shapedd popen-Vm relation. Indeed, Kurachi (1985) found a bell-shaped p 
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voltagee relation for IRK channels 8. If a kinetic model produces a bell-shaped p,wn-

V mm relation and also Instability, it wil l give further support for the role of IRK in the 

N-shapedd I/V curve hypothesis. Additionally, it wil l be in line with the regenerative 
naturee of bistability, where popen of an IRK channel declines with depolarisation 

causingg further depolarisation and closure of channels. 

ModelModel Construction 

Thee open-close behavior, the single channel i /V characteristics and the steady state 
voltagee dependence of popen of IRK are presented in Fig. 5.1. Considering 

experimentall  differences, some single IRK channel kinetic data, which are obtained 

inn a voltage range where square-like current pulses can be detected confidently (i.e. 

negativee to £K), are remarkably consistent. IRK channels have a single voltage 

dependentt open time distribution and two or more closed time distributions, which 

aree not or only slightly voltage dependent (Sakmann & Trube 1984; Kurachi 1985; 

Kuboo et al. 1993; Takahashi et al. 1994; Koumi et al. 1995; Chauhan-Patel & Spruce 

1997;; Choe et al. 1999; Kurtz et al. 1999; Choe et al. 2001; So et al. 2001; Matsuda et al. 

2003).. IRK single channel traces (Fig. 5.1A) display long closed intervals and stable 

periodss of open activity, which are interrupted by short closures. The periods of 

openn activity increase, which results in an increasing popen, when the negative voltage 

becomess less negative and approaches £K (Fig- 5.1 C; Sakmann & Trube 1984; Kurachi 

1985;; Kubo et al. 1993; Koumi et al. 1995; Choe et al. 1999; Kurtz et al. 1999; Choe et al. 

2001;; Lu et al. 2001; So et al. 2001). With this information at hand, a reductionistic 

approachh can be undertaken to assign two closed states (long and short closed 

intervals)) and one open state, which results in a voltage dependent /V>en. This 

informationn can aid in the construction of a C o O oC scheme, with voltage 

dependentt rates leaving the open state, and rates, which are /«dependent of voltage, 

enteringg the open state. In a landmark study of single IRK channels (Sakmann & 

Trubee 1984, see Fig. 9B), this C o O oC scheme is positively tested to single IRK 

channell  behavior negative to £ -̂

88 the voltage dependence of po p en of IRK on both sides of Ej< in ventricular cells of the guinea-pig 
wass measured using ensemble averaged currents, cell-attached single channel patch analysis, noise 
analysiss and kinetic modeling 
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Figuree 6.2. Scheme IIR and its calculated voltage dependence of the p0. A Voltage dependent 

ratess are: K[j  = kjj exp(bij * V); where K1} is the rate at voltage V, kjj is the base rate at V = 0 and 

bijj  represents the voltage dependence corresponding to rate Kjj. A preliminary K+ 

dependencee is introduced by an offset to V by £K . The open probability of IIR is given by: 

Po(v)//RR = K12 K32 /(K12 K32 + K ] 2 K 23 + K 21 K32 + K12 K32 K o n/ K0ff ) eq 6.1 

BB The continuous curve represents the rising Boltzmann function (Fig. 5.1 C; V^ = - 18 mV), 

wheree V^ is offset by V r ev and EK in order to obtain a physiological condition. D represents 

thee decaying Boltzmann function (from eq 3.2) and O Scheme IIR (eq 6.1). 
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Thee vertical (- - -) line in the inset figure (extended part of the larger figure) represents EK. 

Thee inset shows the overlapping decay in the p0(V) /7R and the Boltzmann function between -

900 and - 40 mV 

Thee rectification process, however, occurs around EK in the positive direction, 

andd reflects the strong voltage dependence of channel block by long polyamines 9 

{Lopatinn & Nichols 2001), which have an apparent valence of approximately 5 (Guo 

etet al. 2003). This can be achieved in the kinetic scheme by connecting a voltage and 

concentrationn dependent blocked state to the open state (scheme IIR Fig. 6.2A). The 

ratee leaving 0 2 (Kon) is dependent on [R], and on voltage. Whereas the rate entering 

0 22 (Koff) need not be. This voltage dependent open channel block occurs by binding 

thee rectifier agent R, to the open state. At [R]; equals zero scheme IIR reduces to 

C o O o C. . 

Thee parameters on the rising side of scheme IIR are obtained by fitting it to the 

risingg Boltzmann function (Vs = - 26 mV, Fig. 5.1Q with [Rld = 0 and using the values 

fromm (Sakmann & Trube 1984; Choe et al. 1999; Choe et al. 2001; So et al. 2001) as 

referencee points. Then kon is taken from Guo & Lu (2003; wil d type IRK) and koff, 

[R]jj  and bo n are obtained from fits resembling the decaying Boltzmann function (Vs = 

++ 9 mV; Geukes Foppen et al. 2001 subsection The Model). [Mg2+] j and intracellular 

polyaminess are considered to be constant at 1 mM and sub-mM respectively 

(Isomotoo et al. 1997). bo n is defined relative to the apparent valence (28 V'1 per 

valence),, which corresponds to the steepness of rectification (Guo et al. 2003; Guo & 

Luu 2003). Of course, this depends on the depths of the binding in the electrical field 

off  the charges of the polyamines. In IRK channels polyamine binds first on 

glutamatess 224/299 in the cytoplasmic carboxyl-terminus, and then on aspartate 172 

inn the second transmembrane domain (Guo & Lu 2003). 

Forr comparison, the rising Boltzmann function (Geukes Foppen & Siegenbeek 

vann Heukelom 2003), the bell-shaped voltage dependence of the p0 of scheme IIR (eq 

6.1)) and the decaying Boltzmann function (eq 3.2) are displayed graphically (Fig. 

6.2B).. The bell-shape of the p0 / V m relation of scheme IIR superimposes well on the 

risingg / W n / V m relation and the empirical decaying Boltzmann function. Scheme IIR 

(Fig.. 6.2A) is supported by recent single channel observations (Matsuda et al. 2003). 

Inn an inside-out configuration two non-conductive states were found in wild-type 

Kir2.11 channels expressed in COS-1 cells at 20 to 40 mV positive to £K in the absence 

off  spermine in the bath. However, in the presence of spermine three non-conductive 

statess were found. 

99 spermine, which is the largest charged polyamine, is tetravalent 
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Howw Does IRK Affect Bistability? 
Thee last tier in the approach adopted to investigate the bistable membrane was the 

reconstructionn of the N-shaped I/V curve based on present knowlegde. The 

sensitivityy of the pa(V)UR relation to [R]j shows a negative shift in the decaying 

Po/VmPo/Vm phase with increasing [R], (Fig. 6.3A), which corroborates recent results 

(Matsudaa et al. 2003). It also became clear that replacing the Boltzmann function (in 

eqq 3.2) with eq 6.1 can induce bistability (Fig. 6.3D) and an N-shaped I/V curve (Fig. 

6.3B-QQ in the model of chapter 3. The incorporation of the typical IRK characteristics 

inn the model is an important factor in recognising the validity of the tested 

hypothesis. . 

Byy binding to the O-OR connection of scheme HR, [R]t does not appreciably, 

influencee the steady-state values of the bistable membrane, unless it is totally absent. 

However,, it largely influences UP (Fig. 6B & D). This is expected to have an effect on 

thee threshold in the stimulus protocols (Fig. 6.1), and ultimately it wil l determine the 

distributionn of the two V m populations. [R]; can represent [Mg2+] j or intracellular 

polyamines,, when involved in stationary rectification (Lopatin & Nichols 2001). 

Otherwise,, a less common type of rectification could occur, dynamic rectification, 

whenn [Ca2+] j decreases IRK popen in the early phase of the action potential (Mazzanti 

&:: DiFrancesco 1989; Mazzanti & DeFelice 1990). Elevation of [Ca2+] j also increases 

BKK activity in cultured rat skeletal muscle fibers (Rothberg & Magleby 2000) and (> 

2000 nM) inhibits IRK in mouse myoblast cell line C2C12 (Wieland & Gong 1995). It is 

temptingg to propose the elevation of [Ca2+] j as a common mechanism for the IRK 

channell  activity decrease and BK channel activity increase following /^-adrenergic 

stimulation, , 

Inn conclusion, changing [R]j appears to be an efficient means of varying 

bistabilityy (Fig. 6.3). In fact, studies have shown that modulation of polyamines levels 

affectt rectification (Lopatin & Nichols 2001). The possible modulation of polyamines 

wouldd be interesting in the light of the consequences for scheme IIR, which predict 

thatt a (sudden) depletion of [R]j would cause a time dependent inactivation effect. 

Thiss effect can also be elicited by hyperpolarisation. These effects resemble the classic 

inactivationn of IRK in heart cells (Sakmann & Trube 1984; Kurachi 1985; Biermans et 

al.al. 1987). Therefore, the effect of [R]j on the bell-shaped pJVm relation can cause 

contrastingg effects of increasing and decreasing side, whereby on the increasing side 

thee time-depend ent inactivation characteristics are more prominent and on the 

decreasingg side the rectification is more prominent. The more prominent the time-
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dependentt inactivation becomes, the more effect it wil l exert on the time-evolution of 
V mm following stimuli (see Fig. 6.1). 
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Figuree 6.3. The predicted sensitivity to [R], of cellular behavior (B & D) and channel kinetics 
{A).{A). A The voltage dependence of the P0{V)UR at three concentrations of the rectifier agent. B 
AA computer model of the muscle fiber membrane (Maple 7 software, Waterloo Maple Inc., 
seee chapter 3) based on the contributions of Jp, JNa, J Q, and Ĵ  simulates I(Vm) and Vm 

([K+Io)) at different [R]{  at constant intracellular ion concentrations and at [K +]0 = 1.5 mM, 
wheree (for parameters and detailed information on the equations see Geukes Foppen et al. 
20011 subsection The Model, or chapter 3): 

PKPK = PO + (^IRK,max/^[K+]0) *  Po(Vm)lIR 
I/VV relation of the model is shown where the voltage ranges of inactivation and bistability 
aree highlighted by horizontal double-arrow bars. Current (I) is represented as arbitrary units 
(AU).. C A magnification of the voltage range of the I/V relation in which bistability occurs. 
Thee three 0-current crossings are high-lighted for the N-shaped curve of [R]j = 80 uM. D 
Simulationn of the Vm ([K+]0) at different [R], 

Perspectives s 
Inn the field of membrane bistability three formidable papers stand out. Adrian (1960), 

whoo had no access to the present knowledge of the participating ion transporters, 

predictedd the role of other ions than K+ in Vm state shifting, and suggested that PK , 
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whichh was driving force and time dependent, was involved in this shifting. Gadsby 

andd Cranefield (1977) exhibited an exquisite sense in designing a set of steady-state 

experiments,, which underline Adrian's prediction that other ions can interfere with 

V mm state shifting and that bistability is related to the N-shaped I/V curve. However, 

theirr knowledge of the participating ion transporters limited them to stating that "... 

thee negative slope conductance may be a property of the inwardly rectifying 

potassiumm channel.". Even so, the word 'channel' was possibly precocious, because 

thee first single channel recordings were just being published by that time {cf. Hamill 

etet al. 1981). Carmeliet (1982) offered an additional explanation, which was related to 

thee properties of time-dependent IRK currents. In this thesis experimental conditions 

weree varied to explore the limits to which bistability is confined. The participating 

componentss were identified and characterized, and based on the progress in IRK 

molecularr biology and electricophysiology, a model was refined based on scheme 

IIR,IIR, which reconciles, or possibly reconciles with further studies, die three 

formidablee papers. 

Severall  physiological stimuli, experimental conditions and intracellular factors 
(i.e.. [Mg2+] i or polyamines) were discussed, which could determine and modulate 

bistability.. This directly raises the question about the physiological relevance of 

bistability.. If the conditions controlling bistability are not known for certain, then it 

mayy be premature to discuss physiological relevance. However, some issues can be 

presented.. An obvious function of bistability is the influence on the electrical driving 

forcess of ions across the membrane, and the fact that changes in membrane potential 

affectt channel activation and inactivation. For example, inactivation of Na+ channels 

inn state B could be protective against unwanted muscle contraction. However, it 

seemss justified to expect that due to both the ease in modulating bistability and the 

widee tissue distribution (Table 1.1), the physiological relevance transcends the tissue 

specificc functions and has to do with a more general function such as K+ 

homeostasis.. This line of thought is also prompted by Adrian (1972), Noble (1975), 

Carmeliett (1982) and Sejersted & Sj0gaard (2000). The fact that isoprenaline can 

modulatee bistability (Geukes Foppen & Siegenbeek van Heukelom 2003) and that 

hormoness are related to K+ homeostasis (Sejersted & Sjogaard 2000), support the 

notionn that bistability is related to K+ homeostasis. Undoubtedly, a variation in K+ 

homeostasiss may have direct or indirect effects on tissue specific function and 

characteristics.. For example, in skeletal muscle, fatigue ensues when the 

concentrationn of K+ in the interstitium is elevated upon exercise (Sejersted & 

Sjegaardd 2000). K+ is then drawn from the interstitium by uptake into the fiber 

throughh the N a+ / K + pump and the Na+ /K + /2C1" cotransporter, and/or by transfer 
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too the circulation, after which recovery follows (Sejersted & Sj0gaard 2000). Likewise, 

similarr tissue-specific functions related to K+ homeostasis are found in glia (Brismar 

1995;; Amedee et al. 1997; Bringmann et al. 2000) and in endothelium-intact arteries 

(Edwardss et al 1998), where IRK channels cause an intrinsically dominant K+ 

conductancee in the membrane. A similar line of thought is proposed, where 

interactionn of neighboring fibers through inters tihum can potentially cause a 

spreadingg of bistability (Geukes Foppen et al. 2002). 

Thee Noble prize in chemistry awarded to Roderick MacKinnon for the crystal 

structuree of K+ channels (MacKinnon 2003) and the recent advances at the molecular 

levell  of IRK channel function by mutagenesis studies (So et al 2001; Xie et al 2002; 

Guoo et al. 2003; Matsuda et al 2003) encourage the cross-referencing of structural, 

molecular,, kinetic and cellular data of the IRK channel. The voltage- and [R ] r 

dependencee of Kon and the magnitude and number of interactions between IRK 

channelss and other transporting proteins in determining bistability, suggest that it 

wouldd require a combination of information returned by different disciplines (e.g. X-

rayy crystallography, mutagenesis, macro- and microscopic electrophysiology, and 

biochemicall  binding studies) to further the knowledge in this field of ion channel 

research. . 
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V^.ellss have at their disposal many complex mechanisms to exercise their functions. 

Skeletall  muscles carry out important functions for the whole body. A well-described 

functionn is muscle contraction, which ensures movement. A different function is po-

tassiumm storage. This is achieved, because muscles have a large volume in compari-

sonn to the whole body and because they have direct access to the circulation. An im-

portantt factor for both functions is the membrane potential. The membrane potential 

cann adopt two stable values, which is called bistability. The interesting back-ground 

off  bistability is the subject of this thesis. 

Inwardl yy Rectifying Potassium Channel 
Thee inwardly rectifying potassium channel (IRK) has an important role in this type 

off  bistability in heart tissue. This was the starting assumption, which was backed-up 

byy data of indirect nature and by literature, for this study in skeletal muscle. 

IRKK is a potassium selective channel. It differs from other channels, because it 

transportss K+ more readily into the cell than out of the cell. Briefly, this phenomenon 

iss known as rectification. Research over the past fifty years has shown that rectifica-

tionn is determined by the molecular interaction between IRK, as a membrane protein, 

andd the combination intracellular magnesium and polyamine concentrations. 

Researchh Set-up 
Inn order to execute a study into the properties, which are responsible for bistability, 

ann approach should be undertaken, that maximalises these properties to full extent. 

Threee factors should be considered. Firstly, the factors, which are directly responsible 

forr bistability. Secondly, factors, which can have an indirect effect on bistability. Fi-

nally,, conditions, which are experimentally achievable for maximising the properties 

influencingg bistability. Therefore, a combined approach was undertaken of intracel-

lularr microelectrodes, as voltmeters, of the cell-attached patch clamp technique to 

recordd currents through single IRK channels and of computer simulations. In this 

dayy and age it is difficul t to conceive avoiding computer simulations to analyze the 

greatt amount of data, which results from the interaction and interdependence of 

membranee proteins, molecules and possibly genes. 

Resultss from a General Perspective 
AA considerable influence by the Na+/K+/2Cl cotransporter on the membrane potential 

iss described in chapter two. This cotransporter transports two positive charges (Na+ 

andd K+) and two negative (2 CI") charges in the same direction. How does a mem-
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branee protein, which by itself does not transport net charges still influence the mem-

branee potential? Secondly, it seems obvious that the transport of ions does not occur 

independently.. These two observations are studied in chapter three by means of 

computerr simulations. This resulted in the design of specific experimental protocols, 

whichh made it possible to study the relation between cotransport and bistability in 

moree detail in chapter four. An adrenaline-like substance (isoprenaline) appeared able 

too obscure bistability. This was explained by the fact that due to this adrenergic sig-

nall  the cell replaces IRK by a different K+ channel, which does not show rectifying 

properties,, that can result in bistability. Considering that the cell-attached patch 

clampp technique does not have access to the inside of the cell, it can be determined 

thatt this K+ channel resembles properties displayed by the calcium activated K+ 

channel.. In the last chapter the model for bistability is refined with the use of a ki-

neticc scheme, which can mimic single IRK channel behaviour over a large voltage 

range. . 

Checkingg Assumptions 
Afterr it has been determined that bistability occurs in many tissues (Table 1.1), but 

beforee a function or mechanism can be discussed, it is important to check the starting 

assumptions.. Several steps confirm the starting assumptions: 

11 bistability is shown in one cell (Fig. 4.1) 

22 IRK is identified on the skeletal muscle membrane by a direct technique (Fig. 5.1A-

B) B) 
33 IRK activity is appropriately high in a relevant voltage range (Fig. 5.3A) 

44 a direct relation between IRK and bistability is crucial (Fig. 4.7) 

Shortt  Synthesis 
Bistabilityy is shown in skeletal muscle with excursions of 20 to 50 mV (Fig. 4.3A). 

Additionally,, bistability is variable by experimental conditions, which are within 

physiologicall  limits. It is variable indirectly by alterations in chloride transport (Fig. 

4.55 & 4.6) or by calcium activated K+ channel activity (chapter 5), and directly by the 

applicationn of barium (Fig. 4.7) or hormone activity (chapter 5). Components are 

identifiedd and characterized, and subsequently integrated in the refined model. 

Physiologicall  Function 
AA clear function for bistability is not entirely at hand. Evident functions are the influ-

encee on driving forces of ions over the membrane, and the fact a change in mem-

branee potential is by far the simplest way of (de)-activating any channel. However, 
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bothh the variability and the broad tissue distribution of bistability indicate that a 

generall  physiological function is observed rather than a tissue specific function. In 

analogyy to studies executed by famous physiologists, bistability seems related to K+ 

homeostasis.. In this regard the K+ storage facility can be very useful. 
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V-ellenn zijn voorzien van tal van complexe mechanismen om hun functie uit te 

kunnenn oefenen. De skelet spier voert voor het hele lichaam belangrijke functies uit. 

Eenn bekende functie is spiersamentrekkingen, die voortbeweging mogelijk maken. 

Eenn andere functie is kalium opslag, omdat spieren een groot volume hebben ten 

opzichtee van de rest van het lichaam en een directe toegang tot de circulatie hebben. 

Eenn belangrijk gegeven van beide functies is de membraan potentiaal. Het is 

opmerkelijkk dat de membraan potentiaal in specieke omstandigheden hvee 

verschillendee waarden kan hebben. De interessante achtergronden van deze twee-

waardigheid,, die bistabiliteit genoemd wordt, zijn het onderwerp van dit proefschrift. 

Inwar dd Rectifier  Kaliu m Kanaal 
Hett inward rectifier kaÜum kanaal (IRK) speelt in het hart een cruciale rol in dit type 

vann bistabiliteit. In de skelet spier geldt dit als een aanvangsaanname, die wordt 

ondersteundd door gegevens van indirecte aard of gebaseerd op literatuur. 

IRKK is een kalium selectief kanaal. Het onderscheidt zich van andere kanalen, 

doordatt het gemakkelijker K+ ionen de cel in- dan uitlaat. Dit is ruwweg de basis 

vann een proces dat rectificatie heet. Uit intensief onderzoek, dat een periode van ruim 

500 jaar bestrijkt, is gebleken dat rectificatie opgewekt wordt door de moleculaire 

interactiee tussen IRK, als membraaneiwit, enerzijds en de combinatie van 

intracellulairr magnesium en polyamine concentraties anderzijds. 

Onderzoeksopzet t 
Omm onderzoek uit te voeren naar de eigenschappen die verantwoordelijk zijn voor 

bistabiliteit,, moet een aanpak opgezet worden, waarbij deze eigenschappen zoveel 

mogelijkk naar voren gebracht worden. Hierbij moet rekening gehouden worden met 

driee zaken. Ten eerste, eigenschappen die direct (dus voortkomend uit het 

rectificerendee karakter van IRK zelf) verantwoordelijk zijn voor bistabiliteit. Ten 

tweede,, eigenschappen die indirecte (in electrische zin, paralelle) invloed uitoefenen 

opp bistabiliteit. En niet per sé in deze volgorde maar ten derde, de experimenteel 

haalbarehaalbare omstandigheden, die deze naar voren gebrachte eigenschappen 

maximaliseren.. Vandaar dat gekozen is voor een gecombineerde benadering van 

intracelullairee microelectrodes als voltmeter om de membraan potentiaal te 

monitoren,, van de cell-attached patch clamp techniek om stromen door enkele IRK 

kanalenn te meten en van computer simulaties. Het is haast onvermijdelijk om 

computerr simulaties te benutten. Met behulp van computer simulaties kan de grote 
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hoeveelheidd aan gegevens, die vrijkomen bij de interacties en afhankelijkheid tussen 
(membraan)eiwitten,, moleculen en misschien zelfs genen, geanalyseerd worden. 

Resultatenn in Hoofdlijnen 
Inn hoofdstuk twee wordt de aanzienlijke invloed van de Na+/K+/2Q- cotransporter 
onderzochtt op de membraan potentiaal. Het is bekend, dat de cotransporter twee 
positievee (Na+ en K+) en twee negatieve (2 Cl") ladingen tegelijk in dezelfde richting 
transporteert.. Hier rijst een vraag: Hoe kan een membraaneiwit, dat zelf netto geen 
ladingg (electroneutraal) transporteert toch de membraan potentiaal beïnvloeden? Ten 
tweedee blijkt, als voorbeeld, hieruit dat het transport van ionen niet onafhankelijk 
vann elkaar plaats vindt. Deze twee vragen worden in hoofdstuk drie met behulp van 
computerr simulaties uitgewerkt. Deze simulaties hebben ertoe geleid dat heel 
specifiekee experimentele protocollen opgesteld konden worden om de relatie tussen 
mett name cotransport en bistabiliteit experimenteel te meten in hoofdstuk vier. 
Verrassendd is in hoofdstuk vijf gebleken dat bistabiliteit verdween als een 
adrenaline-achtigg product (namelijk isoprenaline) aan de skelet spier toegediend 
werd.. Dit is verklaard, doordat als gevolg van dit adrenerge signaal de cel IRK 
vervangtt door een ander K+ kanaal, dat niet de rectificerende eigenschappen bezit 
diee tot bistabiliteit kunnen leiden. Rekening houdend met het feit dat de cell-
attachedd patch clamp techniek geen toegang heeft tot het interne van de cel, kan 
vastgesteldd worden dat dit laatste K+ kanaal eigenschappen vertoont die het meeste 
lijkenn op het hoog geleidbare intracellulair calcium activeerbare K+ kanaal. In het 
laatstee hoofdstuk is het model over bistabiliteit verfijnd met behulp van een kinetisch 
reactiee schema, dat het single channel gedrag van IRK over een dynamische voltage 
gebiedd na kan bootsen. 

Controlerenn van de Aannamen 
Nadatt gebleken is dat bistabiliteit een fenomeen is dat in vele weefsels optreedt 
(Tabell  1.1), maar voordat een functie of mechanisme besproken kan worden, is het 
vann belang om zich af te vragen of de aanvangsaanname verifieerbaar is. Cruciale 
stappenn bij het bevestigen van de aanvangsaanname zijn: 

11 bistabiliteit hoort in één cel aangetoond te worden (Fig. 4.1) 
22 IRK hoort geïdentificeerd te worden op de skelet spier membraan door een directe 
techniekk (cell-attached patch; Fig. 5.1A-B) 

33 de actviteit van IRK zou hoog moeten zijn in een relevant voltage gebied (Fig. 5.3A) 
44 een directe relatie tussen IRK en bistabiliteit is noodzakelijk (Fig. 4.7) 
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Dee positieve uitkomst van deze vier stappen zorgt voor een onderbouwing van de 

aanvangsaanname. . 

Kort ee Synthese 
Bistabiliteitt is aangetoond in de skelet spier met uitslagen van 20 tot 50 mV (Fig. 

4.3A).4.3A). Deze bistabiliteit is moduleerbaar, dat wil zeggen onderhevig aan specifieke 

omstandigheden,, en experimenteel haalbaar binnen redelijke fysiologische grenzen. 

Hett kan indirect gemoduleerd worden door aanpassingen in chloride transport (Fig. 

4.55 & 4.6) of in intracellulair calcium activeerbare K+ kanaal activiteit (hoofdstuk 5), 

enn direct gemoduleerd worden door barium toediening (Fig. 4.7) of hormoon 

activiteitt (hoofdstuk 5). Ook zijn componenten geïdentificeerd en gekarateriseerd, en 

vervolgenss zijn deze gegevens geïntegreerd in een verfijnd model. Het zou een 

kenmerkk kunnen zijn voor complexe en nonlineare systemen, dat kleine 

veranderingenn in de omgeving grote effecten teweeg kunnen brengen op cellulair 

niveau.. Deze eigenschap onderschrijft het belang om resultaten verkregen uit 

gereduceerdee systemen (zoals single channel recordings) in modellen op te nemen, 

diee deze systeem geïntegreerde complexiteiten in acht neemt. Één benadering om dit 

voorr elkaar te krijgen, is met behulp van computer modellen, die telkens verfijnd 

wordenn met het verkrijgen van nieuwe experimentele gegevens. 

Fysiologischee Functie 
Eenn fysiologische functie is niet duidelijk aan te wijzen. Voor de hand liggende, en 

misschienn oppervlakkige, functies van bistabiliteit zijn de invloed op de electrische 

drijvendee krachten van ionen over het membraan, en het feit dat een verandering 

vann membraan potentiaal verreweg de gemakkelijkste manier is om een kanaal te 

(de-)activeren.. Echter, zowel de gemakkelijke moduleerbaarheid als de brede 

distributiee in vele weefsels van bistabiliteit doet vermoeden, dat de fysiologische 

relevantiee ervan weefsel-specifieke functies overstijgt en te maken heeft met een 

meerr algemene functie. In analogie van stellingen geponeerd door vooraanstaande 

fysiologenn lijk t bistabiliteit gerelateerd aan K+ homeostase. Misschien is niet alleen 

cellulairee K+ homeostase aan de orde, maar ook K+ homeostase van het hele 

organisme.organisme. Dit laatste wordt ingegeven, doordat de skelet spier een voorname rol 

speeltt in de K+ opslag van het hele lichaam. K+ homeostase van het hele organisme 

impliceertt ook K+ absorptie door de nieren en colon, en dus ook aldosteron activiteit, 

welkee de rol van bistabiliteit compliceert, maar tegelijk ook boeiend maakt. 
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