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

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

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

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

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

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

Introductio n n 

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

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

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

11 Author fur correspondence 

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

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

Methods s 

PreparationPreparation and experimental procedures 

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

MeasuringMeasuring chamber, definition of Vm and chemicals 

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

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

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

Statistics Statistics 

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

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

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

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

Results s 

DepolarizationDepolarization of V„  by increasing hypertonicity 

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

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

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

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

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

EE -7n -

Timee (min) 

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

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

InitialInitial  conditions 

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

Burnet t 

Burnet t 

VVmm (mV) 

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

ExperimentalExperimental challenge 

Bumet t 
Furo o 

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

289mOsrnn + Bumet 

AA V„  (mV) 

-3.66 + 0.8 
- 33 0  1.0 

1.11 6 
-7.11 4 
-5.77 2 

—12.99  1-3 
-9.6  1.2 

6 6 NS S 

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

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

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

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

BumetanideBumetanide effect in medium of 266 mOsm 

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

Dose-responseDose-response data uf bumetanide and furosemide 

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

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

HyperosmoticHyperosmotic stress in 1,25 mM Sal solutions 

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

3000 320 

Osmolalityy (mOsm) 

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

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

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

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

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

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

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

Experimentss in media with decreased Cl~ failed, because Vm 

becamee very unstable in such media 

1200 - i 

0.011 0.1 1 10 100 1000 

Bumetanide/Furosemidee (HM) 

Figuree 3 The data used to determine the ICJ0 values for bumetanide 
andd furosemide The inhibition of the hypertonic (344mOsm) 
depolarizationn by varying concentrations of bumetanide (B) and 
furosemidee (F). The curves were fitted from: l f - 1/(1 ^ICM / 
concentration).. Two data points (filled triangles right-below the 
fittedfitted bumetanide curve at concentrations 0.5 and 1.0/iM) demon-
stratingg low sensitivity for bumetanide, were both from the same cell. 
Thiss is the reason why this fit  to all data at once produced an 
ICsoo = 0.49^M. Another procedure which involved first fitting the 
dataa of individual cells and then averaging the data of the cells 
producedd an IC*, - 0.34^M. For furosemide: I C M - 21JIM. The 
correlationn coefficients, r, of both fits were 0.83. The ICJO value of 
bumetanidee of 0.5 /JM does not comply with the criterion for CCC-2 
(<0.2^M)) and is just in the margin of CCC-1 (>0.5 tiu) according to 
thee classification of Haas (1994). On close inspection of this figure it 
mightt be possible that in our preparation cells with different 
cotransporterss (either CCC-1 or CCC-2) were measured. 

> > b b 
o o 
< < 
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T) ) 
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Vmm before addition 9-AC (mV) 

Figuree 4 Response of Vm to anthracene-9-carboxylic acid (9-AC) in 
344mOsm.. V„, after the addition 9-AC was plotted against V„, before 
additionn of 9-AC. A linear fit  gave a good correlation coefficient 
(r-0.9959)) and a slope of just greater than unity (Vm(Mm)=  1.2* 
Vm(in»r)) + 3-6). The slopr of I 2 0 04 is significantly different from 1 
(/><00 01), indicating that effect of 9-AC was slightly voltage-
dependent. . 

OuabainOuabain and bumelanide 

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

Discussion n 

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

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

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

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

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

HypertonicHypertonic medium increases chloride accumulation 

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

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

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

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

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

PotassiumPotassium permeability is reduced by hypertonicity 

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

drops.. If such a decrease in potassium permeability (or con-
ductance)) (van Mil ei ai, 1995a) also occurs in the absence of 
bumetanide.. it will contribute to the observed depolarization 
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off  mouse hepatocytes. They suggested that the reduction of PK 

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

HypertonicityHypertonicity affects Na-K-2Cl cotransporter kinetics 

Inhibitingg the Na/K-pump with ouabain abolished the de-
pendencee of Vm on medium osmolality, supporting the view 
thatt this initially active transport energises the secondary 
transportt studied. This is in line with the decreased dissipation 
inn the presence of bumetanide in soleus muscle fibres observed 
byy Chinet (1993). Drewnowska & Baumgarten (1991) de-
monstratedd that cardiac cells shrink in hypertonic media and 
thatt this shrinkage increased in the presence of ouabain Ad-
ditionn of ouabain induces a depolarization, but this cannot be 
thee reason for the disappearance of the bumetanide induced 
hyperpolarizdlioii.. The depolarizations by 465 mOsm to 
—— 52 mV, and sometimes by 344 mOsm. can be reversed by 
bumetanide,, although they are the same magnitude as the 
ouabain-inducedd depolarizations. 
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inn ion gradients (Lang ei al., 1995). How this is brought about 
iss unclear (Haussinger et at., 1993; 1994; Lang el al, 1995) but 
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Wee conclude that in the lumbrical muscle cells increased 
hypertonicityy leads to an increase in the activity of the Na-K-
2CII  cotransporter which results in the observed depolarization 
off  Vm due to the increased accumulation of CI 7 together with a 
decreasee in PK 
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