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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 

67 7 



ChapterChapter six 

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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