
Abstract During prolonged activity the action potentials
of skeletal muscle fibres change their shape. A model study
was made as to whether potassium accumulation and re-
moval in the tubular space is important with respect to those
variations. Classical Hodgkin-Huxley type sodium and
(potassium) delayed rectifier currents were used to deter-
mine the sarcolemmal and tubular action potentials. The
resting membrane potential was described with a chloride
conductance, a potassium conductance (inward rather than
outward rectifier) and a sodium conductance (minor influ-
ence) in both sarcolemmal and tubular membranes. The
two potassium conductances, the Na-K pump and the po-
tassium diffusion between tubular compartments and to the
external medium contributed to the settlement of the po-
tassium concentration in the tubular space. This space was
divided into 20 coupled concentric compartments. In the
longitudinal direction the fibre was a cable series of 56
short segments. All the results are concerned with one of
the middle segments. During action potentials, potassium
accumulates in the tubular space by outward current
through both the delayed and inward rectifier potassium
conductances. In between the action potentials the potas-
sium concentration decreases in all compartments owing
to potassium removal processes. In the outer tubular com-
partment the diffusion-driven potassium export to the bath-
ing solution is the main process. In the inner tubular com-
partment, potassium removal is mainly effected by re-up-
take into the sarcoplasm by means of the inward rectifier
and the Na-K pump. This inward transport of potassium
strongly reduces the positive shift of the tubular resting
membrane potential and the consequent decrease of the ac-
tion potential amplitude caused by inactivation of the so-

dium channels. Therefore, both potassium removal pro-
cesses maintain excitability of the tubular membrane in the
centre of the fibre, promote excitation-contraction coupling
and contribute to the prevention of fatigue.

Key words Action potential model · Inward rectifier ·
Sodium-potassium pump · Tubular potassium concentra-
tion · Muscle fatigue

Introduction

It is quite common to simulate action potentials of skele-
tal muscle fibre membranes with the most prominent mem-
brane properties. Sometimes the processes controlling the
resting membrane potential are summarised as a leak cur-
rent (Cannon et al. 1993; Henneberg and Roberge 1997).
Because we wanted to model all currents per ion type we
inserted the sodium, potassium and chloride conductances
as experimentally determined and described in the litera-
ture. Since the chloride conductance represents 80% of the
resting membrane conductance (Bretag 1987) it may serve
to buffer membrane potential changes arising from changes
in other conductive pathways. A particular phenomenon in
skeletal muscle fibre activity is the accumulation of potas-
sium in the tubular system. During each action potential
the potassium concentration rises by 0.4 mM (Barchi 1994;
Kirsch et al. 1977). If no removal of the potassium is achieved
before succeeding action potentials, this will depolarise the
membrane of especially the T-tubules. We have explored
the ionic mechanisms of tubular potassium accumulation
and removal processes by using a computer model to cal-
culate the changes in the potassium concentration in the
tubular system. The propagated action potentials and cur-
rents along the tubular and surface membranes were simul-
taneously simulated. We also investigated whether an in-
creased tubular potassium concentration could cause an in-
ward potassium current through the channels of the inward
rectifier and by the Na-K pump in the tubular membranes.
This inward current might counteract the accumulation of
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potassium and prevent loss of excitability of the muscle fi-
bre membranes during repeated firing.

If the potassium concentration in the tubular system is
one of the desired outputs of the model, the description of
the resting membrane potential has to include the essential
potassium currents. Besides the classical Hodgkin-Huxley
type sodium and potassium (delayed rectifier) currents, the
present model includes a chloride, an inward rectifier, a
Na-K pump and diffusion currents. When possible, the pro-
cess descriptions and parameter values in the model are de-
rived from measured mammalian muscle fibre properties.
The incorporated chloride conductance represents the 
ClC-1 channels of mammalian muscle fibres (Pusch et al.
1994). The inward rectifier representation had to be based
on data obtained from frogs (Standen and Stanfield 1978).
In the Na-K pump description, voltage and intracellular so-
dium concentration dependency is combined with an ex-
tracellular sodium concentration-dependent factor (Nakao
and Gadsby 1989; Luo and Rudy 1994; Siegenbeek van
Heukelom 1994).

In skeletal muscle fibres the extensive tubular network
and the properties of the tubular membrane do influence
the propagated action potential, as already shown in 1973
by Adrian and Peachey. The model of the present study in-
corporates the currents indicated above in a cable model
of the T-system with 20 compartments (as in Henneberg
and Roberge 1997) and in the 56 segments of the sarco-
lemmal cable along the longitudinal axis of the fibre.

The aim of this study is to analyse tubular potassium
accumulation and its effects on action potentials, during a
1-s period of firing at a physiological frequency. The in-
ward rectifier appeared to be very important for the estab-
lishment of a new steady-state potassium concentration in
the compartments of the tubular system during a train of
40 action potentials during 1 s. The inward rectifier chan-
nels essentially contributed to the maintenance of excit-
ability. When the inward current through them was elimi-
nated in the model, potassium accumulation was consid-
erably enhanced. In this manipulated condition the action
potentials were strongly reduced in amplitude and pro-
longed in time.

Another current effectively removing potassium from
the tubular space is the current through the Na-K pumps.
However, in the present paper the description of this and
its parameters have not been varied. The reliability of the
model components and results are discussed. Possible im-
plications for the mechanism of muscle fatigue are briefly
indicated.

Theory

The model

General

A multi-compartmentalised T-system model (abbreviated
MCTS) has been used for the simulations. The muscle cell

is represented as an intracellular space, suspended in a good
conducting medium and in between them is the sarco-
lemma, according to Adrian and Peachey (1973). The
model is composed of several longitudinal segments with
transverse compartments representing the tubular system.
The segments and compartments are described first and
then the membrane conductances will be considered. The
model choices (structural and parametrical) are, preferably,
for mouse fast skeletal muscle fibres at room temperature.
When other data had to be used this is indicated. The no-
menclature is given in the glossary in Appendix 1. All equa-
tions are listed in Appendix 2 and Table A2-1. The para-
metrical information is listed in the three tables of Appen-
dix 3 (Tables A3-1–A3-3). The change in the tubular po-
tassium concentration is the most prominent ionic concen-
tration change in and around muscle fibres (see discus-
sion). It is the only concentration that is calculated in the
model (last equation in Appendix 2).

The longitudinal segment and its transverse 
compartmentalisation

The tubular system is considered as a radial cable repre-
senting the volume average of the tubular system within a
longitudinal segment of an axisymmetrical fibre (e.g.
Adrian and Peachey 1973). The tubular system is divided
into a number of concentric compartments, which form the
elements of the radial cable (Fig. 1). Each tubular compart-
ment has one uniform potential. All intracellular compart-
ments within a longitudinal segment have the same poten-
tial, which differs from the tubular compartmental poten-
tials.

The tubular and intracellular compartments are con-
nected to each other as illustrated in Fig. 2. The extracel-
lular space and the tubular system are coupled by a resis-
tive interface layer (with resistance Ra , see Fig. 2) at the
mouth of the tubules (at the external rim of the outer com-
partment). The tubular current IT flows through Ra . The

318

Fig. 1 Cross-section of a fibre segment divided into concentric
compartments. In the left part the cross-section displays the intra-
cellular compartments, which are all similar except for their volume.
The tubular compartments are depicted in the right part. Here a com-
partment represents a volume, each with its own homogeneous
amount of T-system (0.3 vol%) and its own potassium concentration.
In the model a tubular compartment interacts with the correspond-
ing intracellular compartment. These two compartments are separ-
ated by the tubular membrane



electrical circuit representation of a longitudinal segment
of the muscle fibre is given in Fig. 2. Here the circuit of
Henneberg and Roberge (1997) is extended with the Na-K
pump and the voltage-dependent conductances include
more species (see section Description of membrane con-
ductances).

Concatenation of the longitudinal segments

Our model consists of a concatenation of longitudinal fi-
bre segments of length ∆x, according to Adrian and Mar-
shall (1976). Figure 3 presents a scheme of the MCTS
model.

Descriptions of the membrane conductances

The total surface membrane current includes a capacitive
current, a tubular current and a summation of several ionic
currents. The total ionic current is composed of the sodium
current (activation, fast inactivation and slow inactiva-
tion), the delayed rectifier potassium current (activation,
slow inactivation), the inward rectifier potassium current,
the chloride current and the Na-K pump current. New ele-
ments with respect to Cannon et al. (1993) are the slow so-
dium and potassium inactivation processes, the replace-
ment of the leak current by a combination of the inward rec-
tifier and the chloride and the addition of Na-K pump cur-
rents. The new parts of our MCTS model are now described.

Slow inactivation of sodium conductance. Slow inactiva-
tion cannot be neglected at the resting membrane potential
(Ruff et al. 1988; rat muscle). Therefore, these experimen-
tal data are used to describe slow sodium inactivation.
Their description is adapted for the ionic composition of
the spaces in the MCTS model.

Slow inactivation of delayed rectifier conductance. When
the membrane potential remains at values less negative
than the normal resting membrane potential for more than
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Fig. 2 Longitudinal segment of a fibre, including the voltage-de-
pendent Na-K pump (denoted by a voltage-dependent current source),
the voltage-dependent non-linear conductivity of the passive ion cur-
rents (represented as voltage-dependent impedances) and the mem-
brane capacity. The T-system is represented as a radial cable from
the fibre surface to the fibre axis. Each cable element represents a
volume averaged part of the T-system, with a tubular membrane po-
tential V i

t and a tubular cable conductivity, ḠL . The tubular current
IT flows through the access resistance Ra out of the tubules into the
extracellular space. Re and Ri are the extracellular and intracellular
resistivities, respectively. The intracellular potential is Vm , which is
the potential across the sarcolemma. The tubular potential, V i

t , is the
potential across the tubular membrane in compartment i

Fig. 3 Longitudinal segmented
representation of the muscle fi-
bre in the complete MCTS-
model. Is

m is the total surface
membrane current (sarcolem-
mal plus tubular current) in
segment s. Vs

m is the potential
of the intracellular space at seg-
ment s, which is the potential
difference across the sarcolem-
ma. S and T denote the non-lin-
ear properties of the sarcolem-
ma and of the radial cable rep-
resenting the T-system, respec-
tively. The fibre radius is de-
noted by r and R is the resis-
tance between two adjacent seg-
ments, given by ∆x Ri /π r2 [Ω]



100 ms, there is an apparent effect on the current-voltage
relation of the delayed rectifier. Therefore, slow inactiva-
tion of this potassium conductance is inserted into the 
MCTS model with a Boltzmann distribution function and
a time constant (τhK

) according to Adrian et al. 1970 (data
obtained from frogs).

Inward rectifier conductance. The inward rectifier conduc-
tance is important for the behaviour of the MCTS model,
which primarily applies to mouse muscle. However, be-
cause of lack of mammalian data the inward rectifier de-
scription had to be based upon data obtained from frogs
(Standen and Stanfield 1978). There is a strong effect of
potassium concentration on the inward rectifier current.
The varying potassium concentration in the tubular com-
partments results in different inward rectifier currents in
the 20 compartments of the tubules. The MCTS model does
not include inactivation for the inward rectifier. There is
hardly any inactivation around the resting membrane po-
tential (Matsuda and Stanfield 1989). The densities of the
inward rectifier channels in the sarcolemmal and tubular
membranes in frog muscles are equal (Ashcroft et al. 1985).
This is assumed in our model as well. Hence, the ratio of
the densities of these channels in the tubular and surface
membranes is 1 (ηIR is 1).

Chloride conductance. The instantaneous relation between
current and voltage of ClC-1 channels (Pusch et al. 1994)
is used to define chloride conductance. Their instantane-
ous and steady state I-V relationships nearly coincide in
the relevant potential range. Therefore the simpler instan-
taneous relation was used in our model. In the MCTS mod-
el the curve is shifted to match the resting membrane 
potential of the model and the fit is realised with a Boltz-
mann distribution function “a” (see equation of chloride
conductance in Appendix 2 and for its parameter “a” in Ta-
ble A2-1). The current-voltage relation in our model is sim-
ilar to the experimental instantaneous one described by
Fahlke and Rüdel (1995). The chloride channels constitute
80% of the total sarcolemmal membrane conductance at
rest (Bretag 1987), which is set at about 2.4 mS/cm2 in our
model (as in Cannon et al. 1993). Consequently the chlo-
ride conductance is 1.9 mS/cm2 at rest, which resulted in
a maximum chloride conductance of 6.55 mS/cm2. Despite
the fact that Gurnett et al. (1995) only showed ClC-1 chan-
nels in the sarcolemma, the density of the chloride chan-
nels in the tubular membrane was chosen 0.1 times the sar-
colemmal density. In fact we account in this simplified way
for the presence of other chloride channels in the tubular
membrane (Dulhunty 1979).

Na-K pump. The Na-K pump description comprises a volt-
age-independent part according to Siegenbeek van Heuke-
lom (1994) and a voltage-dependent part according to Na-
kao and Gadsby (1989) in the same way as used by Luo
and Rudy (1994). The kinetic constants of the Na-K pump
have been chosen such that the influence on the resting
membrane potential is small, preventing the chloride cur-
rent from being persistently large at rest. Elimination of

the Na-K pump shifted the membrane potential by 0.6 mV.
This is low in the range of literature values (less than 1 mV
in Seabrooke et al. 1988; a few mV in Hicks and McCo-
mas 1988; 10 mV in Läuger 1991). The density of Na-K
pumps is lower in the tubular membranes than at the fibre
surface (Fambrough et al. 1987). In the model the differ-
ence is a factor 0.1.

Model parameters

The background of some important parameter choices is
presented here.

Our tortuosity factor, σ T , is a little higher than the value
of Mathias et al. (1977) in relation to the longer sarcomere
length of mouse EDL fibres than that of frog fibres.

The conductivity of the lumen, GL , in the tubular system
has an important effect on the average tubular conduction
velocity, θT , defined as the fibre radius divided by the time
delay between the peaks of the action potentials at the sar-
colemma and at the fibre axis. We have assumed an aver-
age tubular conduction velocity of about 2.5 cm/s for the
muscle fibres with a diameter of 40 µm (diameter as in Luff
and Atwood 1972). In the MCTS model this criterion is
met by taking the lumen conductivity as 3.7 mS/cm.

The average tubular potassium accumulation per ac-
tion potential is about 0.4 mM (Barchi 1994; Kirsch et al.
1977). This accumulation is fitted by the choice of the ra-
tios η (see Appendix 1 and Table A3-2) of the delayed and
inward rectifier channel densities between the tubular and
surface membranes. As indicated previously, the value used
for η IR is 1, making the density of inward rectifying chan-
nels in the tubular membrane the same as that in the sar-
colemma (according to Ashcroft et al. 1985). In the MCTS
model the average tubular potassium accumulation is 
0.4 mM when ηDR =0.45. This value is used for the ratio
of the delayed rectifier channel density. It is close to the
value of 0.4 used by Cannon et al. (1993).

Methods

Model environment

The equations form one set of differential equations which
is implemented in programming language C. Solving this
set over a simulation time of 250 ms, using a fourth- and
fifth-order Runge-Kutta-Fehlberg method with variable
step size on a HP series 700/RX, takes about 12 h for 56
longitudinal segments each with 20 tubular compartments.
The choice of the numbers 56 and 20 is explained in the
first section of the results. The end condition at 250 ms rep-
resents the starting condition for the next 250 ms, up to 1
s in total. No parameter of the MCTS model in the refer-
ence set has a critical value, but small changes in the val-
ues of some parameters may still change the behaviour of
the model. Owing to long simulation times, parameter vari-
ation is tested mainly in simulations with the model com-
prising one segment.
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Model responses

In the preceding sections the information concerned the
reference model, including the reference set of parameters
(standard model properties). The responses of the refer-
ence model suggested an important role of the inward rec-
tifier in the removal of potassium from the tubules. In or-
der to demonstrate the effects of increased potassium lev-
els in the tubules adapted, it was chosen to set I i

IR, t in the
last equation of Appendix 2 to zero, when its value was
negative. Consequently, only the removal of potassium by
the inward rectifier is not possible. In this so-called ma-
nipulated model everything is normal except the potassium
transient in the tubular space. Results will be presented for
the reference and manipulated conditions.

Summarising, the reference simulation results had to
meet the following six requirements:

1. A stable and normal resting membrane potential (Luff
and Atwood 1972).

2. 80% of the resting membrane conductance is carried by
the chloride conductance.

3. The potassium accumulation equals about 0.4 mM per
action potential.

4. The values of the conduction velocity along the sarco-
lemma (own unpublished results on mouse EDL muscle
at room temperature) and the tubular membrane (Nakaj-
ima and Gilai 1980) are physiologically correct.

5. The shape of the propagated action potential is natural
(own unpublished results on mouse EDL muscle at room
temperature).

6. The shape of the total membrane current is similar to re-
corded ones (Wolters et al. 1994).

The reference process descriptions and parameter values
are consistent with these prerequisites (see first section of
results).

Results

MCTS model check

First, condition and parameter choices of the reference
model are illustrated with simulation results. Stimulation
with current pulses was identical in all simulations and was
applied in the first segment (the farthest away from the
middle segment) by clamping the membrane to a current
density of 80 µA/cm2 for 0.85 ms. This stimulus pulse
evoked action potentials that became stable rather quickly
during propagation away from the stimulus site. The stimu-
lation interval was within the natural range of intervals
(20–200 ms) (De Luca and Erim 1994). The chosen 25 ms
interval was rather short for enhancing the effects of mul-
tiple stimulation. All results were simulated with the length
of all longitudinal segments set at 100 µm. Smaller lengths
hardly changed (change <0.5%) the waveform and the con-
duction velocity of the propagated action potentials. The
electrical behaviour of the fibre membrane near the sealed

ends showed ending effects, i.e. the action potentials ap-
proaching the fibre ends had an increased longitudinal con-
duction velocity and peak sarcolemmal potential compared
to action potentials in the middle segments (according to
the results of Adrian and Marshall 1976). Test simulations
showed that, with 56 longitudinal segments, the segments
around the 30th had a constant action potential and con-
duction velocity. Therefore, this 30th segment was used
for the results presented in this paper.

In comparison with all other compartments, the beha-
viour of the outer tubular compartment depends, above all,
on the presence of the access resistance. In our model the
number of 20 tubular compartments was equal to that in
Henneberg and Roberge (1997). Here, the sarcolemmal ac-
tion potential and the average tubular conduction velocity
are insensitive to the number of compartments.
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Fig. 4 The first action potential in a train of 40 action potentials at
the sarcolemma (bold), the tubular membranes of the inner compart-
ment of the T-system (normal) and the tubular membranes of the out-
er compartment of the T-system (dashed)

Fig. 5 Surface membrane current densities during the first action
potential of a train: total (bold), sodium (normal), capacitive (dashed),
chloride (dotted), delayed rectifier potassium (normal dashed-dotted),
tubular current, IT (bold dashed). The inward rectifier is not plotted
here because it is relatively small



In Fig. 4 the sarcolemmal and tubular action potentials
following the first stimulation pulse of a train are plotted.
The results meet the requirements listed above. The rest-
ing membrane potential equalled –80 mV. The mean po-
tassium concentration in the tubular space increased by 
0.4 mM at the first action potential. The conduction veloc-
ity along the sarcolemma was 1.6 m/s, while the average
tubular conduction velocity was 2.5 cm/s. The tubular con-
duction velocity was lower than 6.4 cm/s, which is the
value for frog measurements by Nakajima and Gilai
(1980). The smaller diameter of mammalian T-tubules
should cause a lower velocity. The shape asymmetry of the
propagated action potential (a shorter rising than declin-
ing phase) was similar to recorded action potentials. The
shape of the membrane current (Fig. 5) was good, but the
relative amplitude of the third phase was rather small in
the simulation.

Model behaviour when starting an action potential train

The shape of the tubular action potentials (Fig. 4) depended
on the radial location as in Adrian and Peachey (1973). The
various ionic currents of the sarcolemma behaved during
the action potential as shown in Fig. 5. The inward sodium
current was the largest. The outward capacitive current
from the sarcolemmal membrane and the tubular current
already started before the sodium current. These three cur-
rents were the main components up to the negative peak
of the total current. The outward chloride current followed
the action potential instantaneously, while the outward de-
layed rectifier current showed a significant delay. The tu-
bular current through the access resistance was caused by
a potential difference between the tubular lumen and the
extracellular medium. The tubular current was dominated
by the capacitive component of the tubular membrane, so
consequently the shapes of the capacitive sarcolemmal cur-
rent and the tubular current were rather similar. During the
third phase of the current pattern, the outward chloride and
delayed rectifier potassium currents were comparable in
size with the inward sarcolemmal capacitive and tubular
currents. As a result the third phase is small.

The increase in the tubular potassium concentration dur-
ing an action potential occurred by means of the outward
potassium current through both the delayed rectifier and
inward rectifier conductances. In the first action potential
their contributions were about equal (Fig. 6). In the plot-
ted time span there was no transport back to the sarcoplasm,
since the potassium currents were outward during the ac-
tion potential. Between 10 and 25 ms (when the next stim-
ulus was on its way) the inward rectifier conducted a very
slight amount of potassium into the sarcoplasm from the
tubular compartments. The accumulated tubular potassium
(rise by 0.4 mM to a maximum of 6.8 mM) brought the po-
tassium equilibrium potential just above the membrane po-
tential. This inwardly directed potassium component was
always absent for the sarcolemma, because the potassium
concentration in the surrounding space was fixed at one
value (5.9 mM).

Model behaviour during an action potential train

After the reference parameter values of the model were
chosen in single-pulse stimulation, simulations were run
for stimulus trains. Owing to tubular potassium accumu-
lation the resting membrane potential shifted less than 2 mV
towards zero and the tops of the sarcolemmal action po-
tentials dropped by 9 mV, as shown in Fig. 7. At the same
time the action potentials became broader (details are pre-
sented in the text related to Fig. 10). After 15 stimuli there
was no further change in the responses.

The changes in the action potentials of the membranes
in the centre compartment were a little larger than those of
the sarcolemma. Centrally there was a continuous change
in resting membrane potential from –79 to –77 mV and the
peak value of the action potential shifted from +5 mV at
the first action potential to –5 mV in the 40th. In the case
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Fig. 7 Tops of action potentials (solid) and resting membrane po-
tentials (dashed) in a train of sarcolemmal action potentials with 
25 ms interval times in two situations. The reference is plotted nor-
mally and the situation when cancelling the inward current of potas-
sium through the inward rectifiers (manipulated) boldly. Resting
membrane potentials are measured just before each stimulation

Fig. 6 Current density of delayed (line) and inward rectifier (dashed)
in the tubular membrane of the inner compartment during the first
action potential of a train



of the central tubular membranes the potassium equilib-
rium potential shifted during the train of action potentials
from –80 to –74 mV, while its value for the sarcolemma
stayed at –82 mV. Owing to the influence of the chloride
conductance the tubular membrane potential reached a
value more negative than the new potassium equilibrium
potential value. Consequently, this tubular membrane po-
tential enabled the inward rectifier channels to conduct a
noticeable inward current and to remove potassium from
the tubular space (see results presented below). Note that
although the tubular resting membrane potential is less
strongly set by chloride ions than the sarcolemmal one (be-
cause the chloride channel density is 0.1 times the sarco-
lemmal density), this membrane potential was still nega-
tive enough to drive inward current through the inward rec-
tifier conductance (results presented in Fig. 8).

For the manipulated case (with cancelled potassium re-
uptake from the tubular space by means of the inward rec-
tifier channels as described in the section on Theory) the
changes in the resting membrane potential and action po-
tentials during the stimulation series (bold curves in Fig. 7)
were enhanced with respect to the reference case (normal
curves). The differences between the lines clearly show
that the artificially increased potassium concentration in
the tubular compartments shifted the resting membrane po-
tential gradually during the whole stimulation period to 
6 mV lower negative values and, consequently, reduced the
amplitudes of the sarcolemmal action potentials by increased
sodium inactivation from 100 to 49 mV (cf. Figs. 4 and
10).

Not shown in a figure are the changes in the central com-
partment of the T-tubules. The resting membrane potential
shifted from –79 to –68 mV and the action potential am-
plitude from 83 to 30 mV. Here the shift of the potassium
equilibrium potential from –79 to –62 mV strongly en-
hanced the inward potassium flow through the inward rec-
tifier.

In Fig. 8 the potassium concentration is followed in time
during the 1 s stimulation period, again for the reference
(normal curves) and manipulated (bold curves) model, in
both the centre and in the outer compartment of the tubules.
The reference contributions of the various currents in-
volved in the potassium concentration changes of the cen-
tre compartment are displayed in Fig. 8a. The curves rep-
resent the contributions of four potassium currents to the
tubular concentration in the centre compartment during the
train of 40 action potentials. These contributions sum up
to the curve labelled “total”. The diffusion component is
the potassium current carried by diffusion to and from the
neighbouring compartments. While the diffusion compo-
nent was about zero in the centre compartment, its size was
the largest one in the outer compartment owing to the ap-
parent concentration difference between the outer com-
partment and the external medium at its fixed concentra-
tion of 5.9 mM (results not shown). Figure 8a clearly
shows that the delayed rectifier continued to be respon-
sible for potassium accumulation in the centre compart-
ment (see curve DR), while the inward rectifier (IR) was
consistently an important conductor in both directions be-
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Fig. 8a The contributions of the discerned potassium currents to
the potassium change in the centre tubular compartment are plotted
for the normal situation. The contribution of the inward rectifier is
labelled IR, that of the delayed rectifier DR, that of the Na-K pump
Na-K and the diffusion label is given to the summed component of
the diffusion current to and from neighbouring compartments. The
curve “total” represents the sum of all contributing currents. b Po-
tassium concentrations in the centre tubular compartment during the
train of action potentials. Labelling is according to a. Total and IR
curves are given for the reference (normal) and manipulated (bold)
situation. c Identical to b for the outer tubular compartment



tween the sarcoplasm and the tubular space. Up to the fifth
action potential, accumulation surpassed clearance per ac-
tion potential. After the sixth action potential, IR clearance
caused a decrease of the tubular potassium concentration.

Note also how strongly the Na-K pump removed potas-
sium during the train. This occurred with a density of Na-
K pumps introducing only 0.6 mV effect in the resting
membrane potential. Moreover, the ratio of the tubular to
sarcolemmal pump densities was small (0.1).

Figure 8b (centre compartment) and c (outer one) fo-
cus on the manipulated model, resulting in a comparison
with those of the reference model for the inward rectifier
and total curves. In the starting condition the potassium
concentration in both compartments was about 0.5 mM
above the concentration around the fibre. In the normal
case the potassium concentration increased up to about 
300 ms. After this the ripple became constant. The mean
final level of the two compartments differed, being 0.3 mM
higher at the centre. In the manipulated case the increase

in potassium concentration caused by all contributing po-
tassium currents together took more time to level off and
was about 3 mM higher at the centre than at the outer com-
partment during the end of the action potential train. The
Fig. 8b and c plots confirm the conclusion that the inward
potassium flow through the inward rectifier was apparent
in all compartments. In the centre compartment in the nor-
mal model it significantly contributed to the prevention of
potassium accumulation.

The access resistance at the rim of the outer tubular com-
partment and the strong potassium gradient at that location
influenced the processes going on locally. Since the phys-
ical correctness of these two aspects is open for question,
the results of the outer compartment are not presented in
as much detail as those of the inner one.

In Fig. 9 the lines in the plot show that the tubular cir-
cuit current (IT) due to the developing difference in the sar-
colemmal and outer compartmental tubular membrane po-
tential was strongly enlarged in the manipulated simula-
tion. The accompanying tubular circuit current went in-
wardly into the tubules. The positive resulting shift in the
resting membrane potential of the sarcolemma during the
action potential train has already been shown in Fig. 7.

In the next two figures the sarcolemmal behaviour is
given for the final evoked action potential at the end of the
stimulation during 1 s. The amplitude of the reference sar-
colemmal action potential was reduced by 10 mV and the
shape became 15% broader (at one third of the action 
potential amplitude) for the final compared to the first ac-
tion potential. In the case of the manipulated final action
potential the broadening was by 50%. Then the action 
potential amplitude decreased by 51 mV (Fig. 10 versus
Fig. 4).

In Fig. 7 it was already shown how dramatic the decrease
of the action potentials in the centre compartment of the
T-tubules was during the stimulation, especially in the case
of the manipulated model. The dramatic reduction of the
action potential amplitude (final amplitude only 30 mV)
would seriously affect excitation-contraction coupling.
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Fig. 9 Current densities from T-tubules (IT) through access resi-
stance Ra just before each stimulation pulse begins versus the sti-
mulation pulse number, in reference (normal) and manipulated (bold)
situation. A negative current density represents an inward tubular
current density

Fig. 10 Final sarcolemmal action potentials of the train in the refe-
rence (normal) and manipulated (bold) situation

Fig. 11 Total (solid) and sodium (dashed) current densities of the
sarcolemma during the final action potential of the train in the refe-
rence (normal) and manipulated (bold) situation



The changes in the total current and sodium component
for the two conditions are shown in Fig. 11. Comparison
of the membrane currents in Fig. 5 and 11 shows that under
the reference condition the amplitude of the sarcolemmal
membrane current density transients decreased by 15%
during the series of 40 action potentials and the membrane
currents became a little slower. The high level of potas-
sium in the tubular space in the manipulated condition ex-
aggerated strongly both phenomena.

Discussion

General

The present model provides a further integration of known
electrophysiological properties for the quantitative study
of excitation of the intact muscle fibre. Since the model in-
cludes many (56) successive fibre segments it offers the
opportunity to study stationary propagated action poten-
tials far removed from the stimulation site, taking into ac-
count the extensive tubular membrane system, during a
prolonged period of time.

The introduction of chloride and inward rectifier cur-
rents and a Na-K pump encourages new applications. Here,
principal attention is paid to the changes in membrane cur-
rents and action potentials in relation to potassium accu-
mulation in the T-system. A model of extracellular potas-
sium accumulation and removal for ventricular heart cells
takes into account the delayed rectifier and an ATP-depen-
dent current (Yasui et al. 1993). So far, the important role
of the inward rectifier in the removal of potassium from
the tubules in skeletal muscle fibres has received little at-
tention (cf. van Mil 1997). Its function in the limitation of
the slowing down in conduction of action potentials along
nonmyelinated mammalian axons has recently been de-
scribed by Grafe et al. (1997).

Complexity of the model: a compromise

Skeletal muscle performance depends heavily on the con-
centrations of sodium, potassium and chloride ions, on the
extracellular fluid volume and pH (McKenna 1992) and on
the calcium concentration (Fitts 1994). Here we focus on
the tubular potassium concentration, which is by far the
most important conditional parameter in the context of this
paper. The change in the intracellular sodium concentra-
tion is small in comparison with the change in potassium
concentration in the tubular system. The latter is a conse-
quence of the potassium current into the small volume of
the T-system through the large surface of its membrane (up
to three times that of the sarcolemma; Luff and Atwood
1972). The inward rectifier only conducts inward current
for tubular potassium clearing, if the resting membrane po-
tential after firing is more negative than the potassium equi-
librium potential. This condition is warranted by the effect
of increased tubular potassium concentration on the potas-

sium equilibrium potential and the high resting conduc-
tance to chloride ions that holds the membrane potential
close to the chloride equilibrium potential.

In the model presented, the potassium current was car-
ried by the delayed rectifier, the inward rectifier, the Na-
K pump and the diffusion. We neglected the outflow of po-
tassium by the ATP-sensitive potassium channels and the
calcium activated potassium channels (McKenna 1992).
These two types of potassium channels could also contrib-
ute to potassium accumulation in the tubular space during
action potential firing, if they were to occur in the tubular
membrane. In mammalian muscle fibres the ATP-depen-
dent potassium channels are present in a high density in
the sarcolemma, but they are not able to open, unless the
pH is lowered (Davies 1992) or the ATP level is strongly
reduced (McKillen et al. 1994). How the channels would
affect the tubular potassium concentration after action po-
tential firing remains as yet unclear. The Na-K pump prop-
erties in the model are certainly too simple. In vivo, its
function is very sensitive to hormonal levels, contractile
activity, growth and nutrition (Clausen 1996). Short- and
long-term processes are mixed together and are not yet
available for quantitative representation in a model. The
Na-K pump parameters used in the model had a small den-
sity in the sarcolemma and a ten times smaller density in
the tubular membrane. However, the Na-K pumps still re-
moved slightly more potassium than the inward rectifier in
the centre compartment of the tubules. The calculated tu-
bular potassium concentration rise of 1.5 mM in the refer-
ence condition at the end of the stimulation is within the
expected physiological range. Juel (1986) mentions a rise
in extracellular potassium concentration up to 5 mM,
Sjøgaard and McComas (1995) up to 15 mM, but still
higher rises may occur in the tubular space.

The importance of the different potassium currents for
the excitability of the membranes (sarcolemma and tubu-
lar membrane) is to be studied in more detail. Owing to the
inaccessible localisation of the tubular membrane, experi-
mental data will be very difficult to obtain, but for the time
being modelling offers a tool to promote awareness of the
possible roles of the various potassium currents.

Overall implications

The lack of interest in physiological functions of the in-
ward rectifier is apparent in the literature, even when the
role of interstitial potassium is considered (Sjøgaard and
McComas 1995). The present paper emphasises that the
inward rectifier could be important for the prevention of
positive shifts of the resting membrane potential, espe-
cially in the tubular system of the skeletal muscle fibres.
This role may also be important for the limitation of po-
tassium accumulation in the small extracellular space
around the muscle fibres (especially when blood circula-
tion would be insufficient to refresh the extracellular me-
dium). The inward rectifier is a suitable candidate for the
prevention of fatigue in the scheme of Sjøgaard and McCo-
mas (1995).
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Inward rectifier channels are potentially prominent con-
trollers of the resting membrane potential, as shown in this
paper. The behaviour of the inward rectifier depends on
several intracellular signals (Wieland and Gong 1995). In
our model, after activity the action potentials in the cen-
tral tubular system reach an amplitude of only 30 mV, if
the inward transport of potassium by the inward rectifier
is hampered. This would seriously reduce the effectiveness
of the excitation-contraction coupling processes. There-
fore, the role of the inward rectifier in maintaining excit-
ability and excitation-contraction coupling during repeated
action potential firing remains an interesting subject for
future research. In the centres of the tubules its role is al-
most as effective as the Na-K pump.

Appendix 1: Glossary

a Boltzmann distribution function in formula
of gCl

Ax variables determining steepness of 
x ∈{hK∞ , S∞ } (mV)

As surface of sarcolemma of one longitudinal
fibre segment (cm2)

Ai
t amount of tubular membrane surface in com-

partment i (cm2)
Cm specific capacitance per unit area of surface

and tubular membrane (µF/cm2)
ClC-1 chloride channels
DR delayed rectifying channels
Eion equilibrium potential of ion ∈{Cl–, K+, Na+}

(mV)
f (V ) voltage-dependent part of Na-K pump cur-

rent density
F Faraday’s constant (C/mol)
gchan surface conductance of 

chan ∈{ClC-1, DR, IR, Na} (mS/cm2)
ĝchan surface maximum conductance of 

chan ∈{ClC-1, DR, IR, Na} (mS/cm2)
ĝchan, t tubular maximum conductance of 

chan ∈{ClC-1, DR, IR, Na} (mS/cm2)
gi

L, t radial conductivity of one ∆x fibre segment
in compartment i (mS)

GK maximum conductance when all sites are
filled with K+ (mS/cm2)

GL luminal conductivity of the T-tubulus
(mS/cm)

G–L tubular cable conductivity (mS/cm)
h variable of fast inactivation behaviour of so-

dium conductance
hK variable of inactivation behaviour of delayed

rectifier conductance
hK∞ non-inactivated part of delayed rectifier

channels in steady-state
[ion]i , [ion]o intra- and extracellular concentration of 

ion ∈{Cl–, K+, Na+} (mM)
I s
C, IC surface capacitive component of Im in segment s

(µA/cm2)

I i
C,t tubular capacitive component of I i

m, t in com-
partment i (µA/cm2)

Ichan surface current density through 
chan ∈{ClC-1, DR, IR, Na-K} (µA/cm2)

I i
chan, t tubular current density in compartment i through

chan ∈{ClC-1, DR, IR, Na-K} (µA/cm2)
I s
ionic , Iionic surface ionic component of Im in segment s

(µA/cm2)
I i
ionic, t ionic component of I i

m, t in compartment i
(µA/cm2)

I s
m, Im total surface membrane current density pass-

ing between sarcoplasm and extracellular fluid
per unit area of surface membrane in segment s
(µA/cm2)

I i
m, t total tubular membrane current density pass-

ing between the sarcoplasm and the tubular lu-
men per unit area of tubular membrane in com-
partment i (µA/cm2)

Î NaK voltage-independent part of Na-K pump cur-
rent density (µA/cm2)

I s
T, IT total current density leaving tubular system per

unit area of surface membrane in segment s
(µA/cm2)

IR inwardly rectifying potassium channels
Ĵ NaK maximum pump activity (µmol/cm2 s)
KmK, KmNa affinity constants for [K]o and [Na]i (mM)
KK, KS dissociation constants for K+ ion and blocking

cation S+ (mM2)
[K]R concentration of potassium at binding site (mM)
[K+]i

t potassium concentration in compartment i of
tubular system (mM)

lf length of simulated fibre (cm)
m variable of activation behaviour of sodium

conductance
MCTS Multi-Compartmentalised T-System
n variable of activation behaviour of delayed

rectifier conductance
Na-K sodium potassium pumps
r fibre radius (cm)
ri radius of compartment i: (compartment num-

ber) × r/20 (cm)
R gas constant [J/(K mol)]
Ra access resistance at entrance of the T-tubulus

(kΩ cm2)
Ri , Re intra- and extracellular resistivity (kΩ cm2)
S variable of slow inactivation behaviour of so-

dium conductance
[S]i intracellular blocking cation concentration

(mM)
S∞ variable of slow inactivation behaviour of gNa

in steady-state
t time (ms)
T temperature (K)
V s, V potential across the surface membrane in seg-

ment s, V general (mV)
Vx voltage at which x ∈{a, hK∞ , S∞ } is at half

its maximum value (mV)
V i

t potential difference across the tubular mem-
brane in compartment i (mV)
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Voli volume of compartment i (cm3)
∆x length of one longitudinal fibre segment (cm)
y fraction of inward rectifier channels that are

open
αx , βx rate constants in x ∈{h, m, n} (ms–1)
α̂x maximum rate constant in 

x ∈{m, n} (ms–1 mV–1)
α̂h , β̂ x maximum rate constants in h and 

x ∈{h, m, n} (ms–1)
δ fraction of electrical distance through mem-

brane from outside, where binding site is
placed

ηchan ratio of channel density between tubular
and surface membranes, 
chan ∈{ClC-1, DR, IR, Na, Na-K}

ρ fraction of muscle volume occupied by T-tu-
bulus

σ variable in voltage-sensitive part of INa-K, de-
pendent on [Na]o

σT tortuosity factor: fraction of radial directed tu-
bular branches

τhK
, τS time constants in slow inactivation of DR and

Na channels (s)
τK time constant in passive first-order rate pro-

cess of diffusion of potassium ions between ad-
jacent tubular compartments (ms)

ζ volume-to-surface-area ratio for T-tubules (cm)

Appendix 2: Model equations

(s is omitted in following equations)
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Table A2-1 Descriptions of the gating processes and parameters
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