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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%. 

44 4 



BistableBistable behaviour of muscle membrane potential 

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 

AA  -50 

-60 0 

>> -70 

2988 mmol kg"' 3400 mmol kg"' 

0 1 2 3 4 5 66 0 1 2 3 4 5 6 
[K+]00 (mM) [K*]0 (mM) 

B B 

9 9 

E E 

-50 0 

-60 0 

-70 0 

-80 0 

Noo Bumatanld a 
. . 
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22 3 4 
[K+]00 (mM) 

22 3 4 5 
[K + l 00 (mM) 

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% 

-555 p 

-600 - ^^^^. * 

>> "65 - y ^ 

iEE
 TO . y 

-800 I 1 1 1 ' 1 1 
2800 300 320 340 360 380 400 

Osmolalityy (mmol kg"1) 

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 

— —— — — — ^ Bum 

—— — ^ ^ ^ ^ — K5.7 

-600 - ƒ 1 

-800 - ^ " ^ 

.goo I 1 1 1 1 I 
00 10 20 30 40 50 60 70 

Timee (min) 

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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BistabJee behaviour of muscle membrane potential 

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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Chapterr four 

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 
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-80 0 
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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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Bistablee behaviour of muscle membrane potential 

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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