
Hyperpolarizing and depolarizing square steps were imposed on the 
membrane potential of excised human intercostal muscle fibers by 
means of a 3-microelectrode voltage clamp. The steady-state am- 
plitudes of the membrane currents inducing such steps were inves- 
tigated as a function of the membrane potential, while the muscle was 
bathed in solutions varying in potassium content (K, = 1,3.5,7,20, and 
60 mM). At all potassium concentrations, the membrane acted as a 
rectifier, both in the inward- and outward-going directions. Inward cur- 
rents were much reduced when K, was lowered from 3.5 to l mM, and 
were increased when K, was raised beyond 3.5 mM. The delayed out- 
ward current was reduced when K, was increased from 3.5 mM to 7 mM 
and higher potassium concentration. The results were qualitatively 
similar to those reported for rat skeletal muscle. 

MUSCLE & NERVE 7:465-469 1984 

MEMBRANE CURRENTS IN HUMAN 
INTERCOSTAL MUSCLE AT VARIED 
EXTRACELLULAR POTASSIUM 
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T h e  ionic conductivity of the skeletal muscle fiber 
membrane can best be studied by the voltage 
clamp technique. T h e  currents needed to displace 
the membrane potential from its resting value to a 
new steady level show a peculiar nonlinear depen- 
dence on the imposed membrane potential: the 
menibrane acts as a rectifier both in the inward- 
and outward-going directions. Such nonlinear 
menibrane characteristics have been found in frog 
muscle,' and also in rat muscle."'*' 1i91.22 They also 
exist in human intercostal m u s ~ l e . ' ~ - ' ~ * ~ ~  
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The rectifier properties have been ascribed to 
the channels conducting potassium ions through 
the membrane? It is therefore of general interest 
to study the dependence of the membrane cur- 
rents on the extracellular potassium concentration. 
Moreover, the extracellular potassium concentra- 
tion rises physiologically to 8-9 mM in the vicinity 
of skeletal muscles stimulated at a rate of50 Hz for 
20 changing the ionic conductances. In 
human skeletal muscle, such studies are of special 
interest because in familial and symptomatic hy- 
per- and hypokaleinic periodic paralysis the 
paralytic attacks are associated with variations of 
the plasma potassium content. The reaction of dis- 
eased muscle to changes of the plasma potassium 
can only be understood on the basis of detailed 
knowledge of the properties of healthy niuscle 
fibers under the corresponding conditions. 

MATERIALS AND METHODS 

The experiments were performed in conjunction 
with the earlier reported study of the resting mem- 
brane parameters of human intercostal muscle," 
using the same biopsy material. A preparation was 
placcd in a 6-tnl Lucite experimental chamber 
which was continuously perfused with gassed bath- 
ing fluid at a rate of 3 InVminute. When the prepa- 
ration had been equilibrated in one of the various 
solutions for at least 5 minutes. the membrane cur- 
rents were recorded under voltage clamp condi- 
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tions. The 3-microelectrode voltage clamping pro- 
cedure, based on the method of Adrian and 
Marshall,' was identical to that described previ- 
ously,'9 except for the fact that in the present study 
the steps were prolonged to 60 msec and some- 
times covered a wider potential range. A desk com- 
puter was programmed with the algorithm of Ad- 
rian and Marshall7 to calculate the membrane 
current density at the end of the voltage clamp step 
as a function of the step size. The current density- 
voltage relationships from several fibers (n) of dif- 
ferent donors were pooled. The mean values so 
obtained are presented in Figs. 1-4. 

Bretag synthetic interstitial fluidg was used as 
standard solution. It contained (in mM): NaCl 
107.7, KC1 3.48, CaC12 1.53, MgS04 0.69, 
NaHC03 26.2, NaH2P04 1.67, Na gluconate 9.64, 
glucose 5.5, and sucrose 7.6. The pH was kept at 
7.4 by gassing the solution with a mixture of 95% 
O2 and 5% COP. The temperature was set at 37°C. 
Solutions having 1 and 7 mM of potassium were 
made up by altering the KCl content without cor- 
rection of the resulting osmotic changes. Solutions 
having 20 and 60 mM of potassium were made by 
keeping the sum of the extracellular sodium and 
potassium concentrations constant at 148.69 mM. 
A Na+-free solution was made by replacing 
sodium with Tris (tris(hydroxymethy1amino) 
methane). T o  obtain a Cl--free solution, NaCl 
and KC1 were replaced by the respective methane 
sulphonate salts, and CaC12 was replaced by Ca 
gluconate. Tetrodotoxin (TTX, Roth, Karlsruhe, 
West Germany), 0.3-0.9 mg/liter, and dantrolene 
sodium (Norwich Pharmacal Company, Norwich, 
NY), 4 mg/liter, were added to the bathing solu- 
tions in experiments involving clamp steps to 
membrane potentials positive to - 60 mV to avoid 
contraction. 

RESULTS 

The current density-voltage relationships (mem- 
brane characteristics) determined in TTX-contain- 
ing solutions with potassium contents of K, = 

1 mM (filled circles, mean of n = 38 experiments), 
K, = 3.5 mM (filled squares, n = 112), and K, = 7 
mM (open squares, n = 46) are illustrated in Fig. 1. 
A rather high concentration of TTX (0.9 mg/liter) 
was found necessary for a quantitative block of the 
sodium current. Thus, human muscle is about as 
insensitive to TTX as rat skeletal m ~ s c l e . ~  The 
steady-state current amplitudes were found to be 
independent of the presence of TTX. In large hy- 
perpolarizing and depolarizing steps, the clamp 
currents reached a maximum and then slowly de- 

with 
TTX 

. I - 40 

7mMK 

FIGURE 1. Mean steady-state current density-membrane po- 
tential relationships (membrane characteristics) of human in- 
tercostal muscle fibers bathed in TTX-containing solutions 
containing 1 rnM potassium (filled circles, n = 38), 3.5 rnM 
potassium (filled squares, n = 112), and 7 mM potassium 
(open squares, n = 46). The inset shows original traces of 
currents recorded in a TTX- and dantrolene-containing soh- 
tion during depolarizing pulses going from the holding po- 
tential of -80 mV to the potential values indicated at each 
trace (in the presence of 3.5 mM potassium). 

clined without attaining a constant amplitude' (see 
inset to Fig. 1). Preliminary tests showed that the 
currents at the end of 60-msec clamp pulses dif- 
fered by less than 5% from those at the end of 180- 
msec pulses. T o  keep the impaled fibers in good 
condition, we limited the pulse duration to 60 
msec. The dependence of the resting membrane 
potential and of the resting conductance on K, as 
seen in Fig. 1 has been discussed e1~ewhere.l~ 

Inward-Going Rectification. The membrane charac- 
teristics showed the typical curvature towards the 
negative current axis called inward-going rectifica- 
tion (see Fig. 1). This rectification is in the opposite 
direction to that predicted by the constant field 
theory. l 4  It is therefore often called anomalous. It 
is considered to be a property of the potassium 
channels in the membrane of the transverse tubu- 
lar system.' In agreement with this assumption, the 
inward-going rectification was more pronounced 
when the bathing solution had twice the normal 
potassium content, and was nearly absent when the 
potassium content was reduced to 1 mM. 
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FIGURE 2. Investigation of the inward-going rectification of human intercostal muscle fiber membrane. (a) The means of 
characteristic curves recorded in a normal extracellular medium (Bretag solution containing 3.5 mM potassium, filled squares, n 
= 26), in a solution with chloride replaced by methane sulphonate (filled circles, n = 21), and in a solution with sodium replaced 
by Tris (open squares, n = 5) .  (b) The means of membrane characteristics recorded in CI--free solutions containing 20 m M  
potassium (circles, n = 10) and 60 mM potassium (squares, n = 12). Note the different scales in the ordinates. 

In the standard solution, inward-going rectifi- 
cation was observed between - 75 and - 130 mV. 
Between - 140 and - 180 mV, the increase in 
rnenibrane current with hyperpolarization was less 
than proportional (filled squares in Fig. 2a, n = 
26). The inward-going rectifier property of the 
membrane became more pronounced in the ab- 
sence of extracellular chloride. (Also, the slow de- 
cline of the clamp currents mentioned before was 
more marked in the absence than in the presence 
of extracellular chloride.) A plot of the amplitudes 
of the potassium current (filled circles in Fig. 2a, ri 
= 2 1) confirmed that inward-going rectification 
was present only up to - 140 mV. On further hy- 
perpolarization, the potassium current decreased 
so that the slope of the current-voltage relation- 
ship became negative. In frog muscle fibers, Stan- 
den and StanfieldY5 have shown that a potential- 
dependent block of the potassium channels by 
sodium ions accounts for the decrease of the mem- 

brane conductance. To test whether such a block is 
operative in human muscle fibers, we recorded hy- 
perpolarizing clamp currents in five fibers that 
were bathed in a Na+-free (Cl--containing) solu- 
tion. In the potential range from - 140 to - 180 
mV, the membrane currents were significantly 
larger in the absence of' extracellular sodium than 
in its presence, supporting the idea of a potential- 
dependent block caused by sodium ions. The  re- 
sults are illustrated in Fig. 2 (open squares). 

It is known from experiments with frog skeletal 
muscle that the current flowing during hyper- 
polarization is larger as the extracellular potassium 
concentration becomes higher."I2.Ix This was also 
the case in human intercostal muscle: Fig. 2b shows 
the current-voltage relationships obtained in solu- 
tions containing 20 rrulil of potassium (filled circles, 
rL = 10) and 60 mM of potassium (filled squares, n 
= 12). In both solutions, chloride had been re- 
placed by methane sulphonate. In comparing the 
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FIGURE 3. Means of characteristic curves recorded in  human 
intercostal muscle fibers bathed in (TTX-containing) solu- 
tions with (open squares, n = 8) and without (open circles, n 
= 8) chloride. The filled circles indicate the difference be- 
tween currents measured in the presence and absence of 
extracellular chloride, i.e., the characteristic curve of the 
chloride current. 

current amplitudes in Figs. 2a arid I), note the 
change of the ordinate scale to truly assess the 
large iiicrease of the inward current wit.11 inci-eas- 
ing Kr, Inwarcl-going rectification occurred in  tlie 
range 2 20 niV around the resting potential. At 
large 1iypei.polarization the membrane characteris- 
tics were linear. 

Chloride Component of the Membrane Current. The 
difference between currents measured in the pres- 
ence and absence of extracellular chloride can he 
interpreted a5 the ariiount of current carried b y  
chloride. This difference is illustrated in Fig. 3 for 
the condition of normal extracellular potassium 
concentration ( H  = 8). The filled circles indicate 
the dependence of the s o  delined chloride current 
on the membrane potenti;il. This relationship fol- 
lows the predictions 01 the coilstant field theory.' ' 
I n  the range from the resting potential to the 
t hreshold of the activation of' the ctel;iyed outward  
current, chloricle current is a major coniporirrit of' 
the total nieml)rane current. 
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FIGURE 4. Mean steady-state amplitudes of the delayed out- 
ward current of human intercostal muscle fibers bathed in 
solutions containing 3.5 mM potassium (filled circles, n = 

22). 7 mM potassium (filled squares, n = 12), and 20 mM 
potassium (filled triangles, n = 8). The currents recorded in a 
CI-free solution containing 3.5 m M  potassium are illustrated 
by open squares (n  = 5). 

Delayed Outward Current. During voltage clamp 
steps positive t o  - 50 niV an outward current com- 
ponent was activated with a delay (see original cur -  
rent traces in Fig. l) .  The steady-state amplitude of 
the outward current increased more than  propor- 
tionally with increasing tieI)ol;iri/.;ttic,ri ( o u t w a d  
going rectification). At positive menibrme poten- 
tials the outward currents st:emerl 10 ; ipproxl i  
saturation. 'l'he steady-state amplitudes of tile tle- 
layed outward currents decreased wi th  iricreasirig 
K, (Fig. 4). 

'I'he ionic components of 11ie delayed outward 
current were investigatecl in five experinierits t)\, 
recording the current-voltage ~-eIatioiisliips i r i  

C1 --free solution. N o  significant tlif'fki-criw w a j  
found between outward CUrrCntS flowing i n  the. 
presence and absence of chloride (open squares in 
Fig. 4), suggesting that the delayed outwar(1 mi- 

rent is carried by potassium ions. Replacenicnt of' 
sodium b y  'l'ris did not alter the delayed O L I ~ W ; I I X ~  

currents (five experiments, not illusti-atetl). 

DISCUSSION 

The results of this study represent the first coni- 
prehensive description of the steady-state nierii- 
brane currents of human skeletal muscle. pI'he l iu- 
man muscle fiber membrane possesses rectifier 
properties similar t o  those reported for amphil)- 

anti other niamrrialian skeletal nius- ian 1.5 

c.es. 10.1 1.2 I .22  A ]  so ,  tlie dependence o f  these recti- 
fier properties on the extracellular potassium con- 
centration resembles the one found in the other 
animal species.".' o u r  results allow the smie con- 
clusion a s  the one that has been rrac:lietl I)efi)r.e, 
riarnely that these rectifier properties are  mecliatetl 
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by channels conducting potassium ions.' Although 
inward-going rectification received much attention 
in the past, its iiiechanism and its physiological role 
are not clearly understood." The decrease of de- 
layed outward currents with increasing K, proba- 
bly represents an increasing slow inactivation 
caused by the associated depolarization. 

I n  the region around the resting potential, the 
chloride conductance 1s the largest coniponent 
contributing to the total membrane conductance, ' 
and the importance of the chloride Conductance 

for the stability of' the resting potential has been 
well established by the study of rriyotonic ~ n u s c k .  
During depolarization, this contribution becomes 
relatively less important hxause of the activation 
of the delayed potassium current. During hyper- 
polarization, the chloride current is of the same 
order of magnitude as the potassium current flow 
ing through the inward-going rectifier chanriel, 
and its voltage dependence is not far from linear, 
in agreement with similar findings obtained in rat 
diaphragmy3 and in frog sartorius musclc. "' 

' 5  
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