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Abstractt  The mechanism underlying the hyperpolariza-
tionn induced by isoprenaline in mouse lumbncal muscle 
fibress was studied using cell-attached patch and intracel-
lularr membrane potential (Vm) recordings. Sarcolemmal 
inwardlyy rectifying K*  channels (K|R: 45 pS) and Ca2+-
activatedd K+ channels (BK: 181 pS) were identified. 
Exposuree to isoprenaline closed KIR channels and 
increasedd BK channel activity. This increase was ob-
servedd as a shift from 50 to -40 mV in the voltage 
dependencee of channel activation. Isoprenaline prevented 
hysteresiss of Vm when the extracellular [K+] fell below 
3.88 mM. This hysteresis was due to the properties of the 
K[R.. The effects of chloride transport and isoprenaline on 
Vmm did not interact purely competitively, but isoprenaline 
couldd prevent the depolarization induced by hyperosmotic 
mediaa equally as well as bumetanide, which inhibits the 
Na*VK*/2Crr cotransporter. In lumbricaJ muscle this leads 
too hyperpolarization, but this might vary among muscles. 
Thee switch from K|R to BK as the component of total K+ 

conductancee was due to isoprenaline. 

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

Introductio n n 

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

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

Animalss and choice of preparation 

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

Cell-attachedd patch-clamp experiments 

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

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

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

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

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

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

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

p p 

l+exp(—j^j j 

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

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

Intracellula rr  microelectrodes 

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

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

Statistics s 

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

Chemicals s 

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

Result s s 

Celll  attached patches 

K*K*  channel identification and characterization 

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

CharacterizationCharacterization of strongly inwardly rectifying channels 

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

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

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

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

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

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

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

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

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

Channell  type 

Control l 

KIR R 
BK K 

Isoprenaline e 
KIR R 
BK K 

n n 

13 3 
8 8 

7 7 
6 6 

" p p 

7 7 
3 3 

y(pS) ) 

45*3 3 
§ § 

160*8 8 

/Vivmi» » 

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

00 90*0 04 (5) 

VVmm (mV) 

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

-40*3.7**  (5) 

V„ vv (mV) 

21,0*4.8 8 
22.6*5.5 5 

25.2*2.4 4 

t(mV) ) 

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

-14*1.55 (5) 

Closedd noise (pA) 

061*0.08 8 
00 83*0.15 

1.4*0.4' ' 
0.70*0.10 0 

'P<0.011 vs. K1B in control 
*P<0*P<0  01 for Iso vs. control for the same channel 
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A A 
vv (mV) 100 ms 

*** MUTL.iUJl.l li.l,,J J 

T T I — i i — r ; ; 

0 0 

B B 

00 «0 

i|pA ) ) 
1 1 

600 -40 -20 

jSjS 3 

j r ^^ .4 

S S 

-6 6 

' ' 

ii  JO/^ O 600 » 100 
V.. [mV) 

120-100-800 -60-40-20 
V.. (mVl 

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

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

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

"iTTrni— * * 
III "H 

c c 

tatamtmimk mtmimk 
» » 
100 pA 

pp 1 

VV  (mV) 

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

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

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

O O 

-2 2 

-4 4 

-6 6 

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

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

Intracellularr rnicroelectrode results 

Isoprenaltne-inducedIsoprenaltne-induced hyperpolarization as function ofVm 

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

TheThe disappearance of the hysteresis loop 
duedue to isoprenahne 

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

Vmm (mV) .50 

-60 0 

-70 0 

-80 0 

-90 0 

-100 0 

-110 0 
( ( 

r r 

''  " ^ % 

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

POO (mM) 

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

InfluencesInfluences that vary the magnitude 
ofof the Iso hyperpolarization 

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

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

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

OO 7S . 57 mV 

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

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

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

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

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

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

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

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

Muscle e 

Lumbricalis s 

Soleus s 

depolarized d 
hyperpolarized d 
depolarized d 
hyperpolarized d 

*P<0.011 for soleus vs. lumbricalis 

:<mV) ) 

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

6 6 
8 8 
9 9 
5 5 

AVraa (mV) 

5 5 
-15.8*1.9 9 

* * 
* * 

<0.05 5 

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

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

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

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

Discussio n n 

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

Thee influence of isoprenaline on K+ channels 

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

NOO ISO ISO 

800 \M Ba> 600 \iM Ba?* 

dVmm = 0 AVm < 0 
I I 

I I 
Hysteresiss No Hysteresis 

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

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

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

61 1 



ChapterChapter five 

Cellularr responses to isoprenaline 

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

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

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

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

Hypokalaemicc periodic paralysis 

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

blockerr [35], and hysteresis of Vm [12, 13] produce 
responsess electrically similar to hypokalaemic periodic 
paralysis.. Our results reveal differential responses of the 
importantt K*  channels including the Ca2+ sensitive BK 
channel.. /^-Adrenergic stimulation of these channels 
mightt provide a means for recovering the decreased K* 
conductance. . 
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