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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, 
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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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