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Abstract—We have studied the dependence of conduction
locity ~u! on extracellular potassium concentration (@K1#o) in a
model of one-dimensional conduction using an idealized str
of human atrial cells. Elevated@K1#o in the 5–20 mM range
shifts the resting potential (Vrest) in the depolarizing direction
and reduces input resistance (Rin) by increasing an inwardly
rectifying K1 conductance,I Kl . Our results show that in this
model: ~1! u depends on@K1#o in a ‘‘biphasic’’ fashion. Mod-
erate elevations of@K1#o ~to less than 8 mM! result in a small
increase inu, whereas at higher@K1#o ~8–16 mM! u is re-
duced. ~2! This biphasic relationship can be attributed to t
competing effects of~i! the smaller depolarization needed
reach the excitation threshold (Vthresh–Vrest) and ~ii ! reduced
availability ~increased inactivation! of sodium current,I Na, as
the cell depolarizes progressively.~3! DecreasingRin reducesu
due to the increased electrical load on surrounding cells.~4!
The effect onu of @K1#o-induced changes inRin in the atrium
~as well as other high-Rin tissue, such as that of the Purkin
system or nodes! is likely to be small. This effect could be
substantial, however, under conditions in whichRin is compa-
rable in size to gap junction resistance and membrane re
tance~inverse slope of the whole-cell current–voltage relatio
ship! when sodium channels are open, which is likely to be
case in ventricular tissue. ©2000 Biomedical Engineering
Society.@S0090-6964~00!00308-8#

Keywords—Action potential conduction, Computer modelin
Inward rectification, Cable equations, Hyperkalemia, Ischem

INTRODUCTION

Elevation of extracellular potassium concentratio
@K1#o, begins to occur almost immediately upon cor
nary occlusion, and may rise as high as 15–20 m
within 10–20 min.6 Although the effects of ischemia
include other conditions such as acidosis and ano
elevated @K1#o is believed to be the major cause
conduction slowing in early ischemia.12 Moreover, vig-
orous exercise can rapidly raise plasma K1 levels to 8–9
mM,10 subjecting the heart to nearly double the norm
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@K1#o. The effects on cellular electrophysiology of in
creased@K1#o include a depolarizing shift in the restin
potential (Vrest) as well as a decrease in the input res
tance (Rin) of cardiac cells due to an increased condu
tance of the inward rectifier K1 current, I Kl .

16 Resting
potential and input resistance, along with the intercellu
coupling resistance, have been shown to be impor
factors in determining the electrotonic interactions b
tween electrically connected cell pairs.14 Experiments
carried out by Wagneret al.15 in which a model SA node
cell was electrically coupled to a real isolated ventricu
cell demonstrated that the range of coupling cond
tances for which the SA node cell was able to drive t
ventricular cell is modulated by@K1#o. These authors
concluded that a combination of reducedRin and el-
evated excitation threshold (Vthresh) ~both due to the ef-
fects of@K1#o on the inwardly rectifying K1 current,I Kl!
could explain why a larger coupling conductance is n
essary when the ventricular cell is subject to high@K1#o.

In multicellular preparations, it has been observed t
gradually increased@K1#o results in a ‘‘biphasic’’ re-
sponse in conduction velocity~u!. Moderate increases in
@K1#o result in increasedu ~‘‘supernormal conduction’’!
whereas larger increases lead to conduction slowing.1,4,12

Depolarization ofVrest and reducedRin in the presence of
elevated@K1#o would both be expected to reduceu due
to reduced availability ofI Na at rest and increased elec
trical load on surrounding cells~the amount of current
that one cell must supply to depolarize another is
creased!, respectively. However, it has been sugges
that under some circumstances depolarization ofVrest

might increase excitability sinceVrest is brought closer to
the threshold of excitation,Vthresh.

1 For small depolar-
izations ofVrest this effect may be greater than the effe
of reducedI Na availability, which may explain the region
of supernormal conduction for modest increases
@K1#o.1

As outlined above, conduction velocity~as well as the
success or failure of conduction! depends critically on
subthreshold properties of cardiac cells. A complex
terplay between factors such asI Na availability, excita-
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tion threshold, and input resistance determines the c
pling between adjacent cells in cardiac tissue. Atrial a
ventricular cells are known to have very different su
threshold properties.3,16 This is particularly true for the
input resistance,Rin , which is primarily determined by
the slope ofI Kl under resting and diastolic condition
Since I Kl is much smaller in atrial than in ventricula
cells,2,3,16 the Rin of ventricular cells is much smalle
than that of atrial cells. Whalleyet al.16 compared the
reduction of the maximum rate of rise of the actio
potential, (dV/dt)max, due to elevated@K1#o in guinea
pig atrial and ventricular isolated myocytes. In atr
cells, they found that (dV/dt)max was a function ofI Na

availability at rest, i.e., a function of the resting mem
brane potential,Vrest. In ventricular cells, however, the
reported a ‘‘voltage-independent’’ effect on (dV/dt)max

that could not be explained in terms ofI Na availability
andVrest. The observation that Ba21 abolished this effect
led these authors to the conclusion that it was related
the largerI Kl in ventricular cells.

In this study, we have investigated the influence
I Na availability, excitation threshold, andRin on the
@K1#o-dependence of conduction velocity in a compu
tional model of an idealized strand of human atr
cells.8,9 Using this approach, the effects of elevat
@K1#o on Rin can be separated from the effects related
I Na and excitation threshold, allowing the influence
each to be studied separately. Furthermore, it is of in
est to extrapolate these results to lower values ofRin ,
corresponding to ventricular cells, to compare the re
tive importance ofRin in ventricular cells to that in atria
cells.

METHODS

Simulations were carried out for an idealized card
strand model consisting of 30 human atrial cells. Figu
1~A! shows the electrical equivalent circuit for a patch
the cell membrane. The descriptions of ion channel c
rents in our previously published model of a single h
man atrial cell8 were used, except that the maximu
permeability parameter ofI Na had to be increased by
factor 3.19 to reach a desired nominal conduction vel
ity of 60 cm/s. Figure 1~B! shows the geometry of th
-

model, consisting of two concentric cylinders. The inne
most cylinder represents the human atrial cells, wh
are assumed to be right cylinders of length 130mm and
diameter 11mm. The cells are arranged end to end a
coupled by gap junctions. Our model treats the strand
cells as a continuum, in which the gap junctions app
as regions of lower axial conductivity at the interfa
between cells. The outermost cylinder in the model re
resents the barrier formed by connective tissue and
rounding cells and forms a ‘‘cleft space’’ surroundin
each cell as in the single-cell model. Since all ion co
centrations are fixed in the simulations presented in
article, the effect of the cleft space is simply to introdu
an extracellular resistance in the model.

The numerical method used to simulate propagat
in this model is our general approach describ
elsewhere,9 reduced to the case of fixed ion concentr
tions. Briefly, the equations governing propagation ar

FIGURE 1. Schematic of the human atrial strand model used
in this article. „A… Equivalent circuit for the electrical proper-
ties of the atrial cell membrane „sarcolemma …. „B… Geometry
of the idealized human atrial strand. The cells are assumed
to be 130 mm long and 11 mm in diameter. Each cell is
divided into ten segments.
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953Slowing of Cardiac Conduction by Extracellular@K1#
where Ci denotes the specific capacitance andr i the
radius of cylinderi, F i the potential in volumei @see
Fig. 1~B!#, Ji the radial current density through mem
brane i ~given by the membrane model!, and s i is the
conductivity of the medium in volumei. No-flux bound-
ary conditions were employed. This continuous equat
is discretized using a finite difference method where e
cell is subdivided into equally sized segments. As d
scribed previously,9 we employ the backward Eule
method for the partial differential equations governi
the potentials~above!. The resulting set of simultaneou
equations is solved at each time step using LU factor
tion followed by backsubstitution.11 The ordinary differ-
ential equations for the membrane gating variables
solved using the explicit~forward! Euler method. We
studied the dependence of the error inu on the number
of segments used7 and found that ten segments per c
was sufficient to ensure an accurateu under most con-
ditions. The error inu incurred by using a single seg
ment per cell12 was less than 1% at nominal intercellul
coupling resistance, and increased to 5%–6% at
times nominal resistance. For many purposes it w
therefore be sufficient to use a single segment per c
Nevertheless, in order to rule out any involvement
numerical errors, all simulations presented here used
segments per cell. It was furthermore verified that
length of the model~30 cells! is sufficient to ensure tha
conduction at the center of the model is unaffected
‘‘end effects,’’ i.e., that the conduction velocity does n
change if more cells are added to the model. The val
for u reported in this article are measured as an aver
across six cells located at the center of the model.

RESULTS

Effects of Elevated@K1#o on u

Figure 2 shows simulated conduction velocities
selected levels of@K1#o. There is a ‘‘biphasic’’ relation-
ship between conduction velocity and@K1#o. Small in-
creases in@K1#o increase u ~‘‘supernormal conduc-
tion’’ !, whereas larger increases strongly reduceu until
conduction fails around 17 mM. The inset in Fig.
illustrates the dependence of theI Kl current–voltage re-
lationship on @K1#o. Note that the resting potential i
depolarized, becoming closer to the threshold forI Na

activation, but at the expense of reduced availability
I Na current. The slope ofI Kl is increased, i.e., the inpu
resistance is reduced, which increases the electrical
that the cell presents to surrounding cells. Since it
unclear how these effects interact to result in a bipha
relation betweenu and @K1#o, we attempted to separat
the effects.
.

d

Influence of INa Availability and Excitation Threshold

As the resting potential is depolarized due to i
creased@K1#o, its location relative to the gating charac
teristics of I Na is changed. A similar effect can b
achieved without changing the input resistance of the
by instead shifting the voltage dependence of theI Na

gating variables. Figure 3~A! shows howu is affected by
shifting the steady-state voltage dependence of thh
gating variable, i.e., increasing or reducing the availab
ity of I Na current at rest. Clearly, this is an importa
parameter in determiningu. Similarly, Fig. 3~B! shows
the effect onu of shifting the steady-state voltage depe
dence of them gating variable. Positive shifts in thi
parameter reduceu by moving the threshold for excita
tion away from the resting potential. Large positive shi
in m ~or negative shifts inh! cannot be simulated inde
pendently since this opens up a substantialI Na ‘‘window
current’’ and destabilizes the resting potential. Howev
it is clear that negative shifts inh and positive shifts in
m both tend to decreaseu.

If m and h are both shifted by the same amount, it
possible to run simulations with a stable resting poten
over a relatively wide range of shifts@Fig. 3~C!#. These
results demonstrate that theu-reducing effects of positive

FIGURE 2. Dependence of conduction velocity on extracel-
lular †K¿

‡. Note that with reference to a nominal conduction
velocity „u… of 60 cm Õs at normal †K¿

‡oÄ5.4 mM, u is slightly
increased for moderate †K¿

‡o elevation. After peaking
around 8 mM, u then gradually decreases, reaching a mini-
mum value of approximately 33 cm Õs. Conduction fails at
†K¿

‡oÄ17 mM. Inset: The current–voltage relation for the in-
ward rectifier, IKl , is shifted in the depolarizing direction and
the conductance increases as †K¿

‡o is raised. The result is a
reduced distance to the excitation threshold „Vthresh – Vrest …,
reduced INa availability „h…, and reduced Rin .
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954 A. NYGREN and W. R. GILES
shifts in m dominate for positive shifts, and those
negative shifts inh dominate for large positive shifts. Fo
small negative shifts, however, the response is biph
in much the same way as the response to increa
@K1#o ~Fig. 2!. Notice that a negative shift movesVthresh

closer toVrest and in that sense approximates the effe
of a depolarization ofVrest. Small shifts result in an
increase inu, whereas larger shifts begin to reduceu as
the reduction in availableI Na becomes the dominant e
fect.

FIGURE 3. Effect on conduction velocity of shifting the
voltage–dependence of INa gating. „A… The voltage-
dependence of inactivation „h… controls the availability of INa
current at Vrest . Reducing INa availability „hyperpolarizing
shifts … reduces u. „B… The voltage dependence of activation
„m… controls the ‘‘distance’’ to threshold, Vthresh – Vrest . In-
creasing Vthresh – Vrest „depolarizing shifts … reduces u. „C… Re-
sults of simulations combining equal shifts in the gating
variables m and h. Moderate hyperpolarizing shifts produce
an increase in u, whereas larger hyperpolarizing „and all de-
polarizing … shifts decrease u. Note that a hyperpolarizing
shift in INa gating reduces both Vthresh – Vrest and INa availabil-
ity, and thus approximates the effects of a depolarization of
Vrest without changing Rin .
d

Influence of Input Resistance

To separate the effects onu of reduced input resis-
tance,Rin , at rest from those related toI Na availability
and excitation threshold, it was necessary to modifyRin

without changing the resting potential. This was acco
plished by simultaneous scaling and shift of theI Kl for-
mulation so that theI Kl current at rest~and thus the
resting potential itself! remained constant although th
slope ofI Kl changed@see inset in Fig. 4~A!#. Figure 4~A!
shows conduction velocity as a function of the slope
I Kl at rest. The curve is relatively flat around the nomin
value of I Kl slope for the human atrial model. Given th
the slope of I Kl is approximately proportional to the
square root of@K1#o, the relevant simulations will defi-
nitely be within the relatively flat portion of the curve.
appears, therefore, that@K1#o-induced changes inI Kl

slope would be of minor importance in determiningu in
atrial tissue. For largerI Kl slopes~i.e., for lower input
resistance! the curve becomes steeper and for a cell w
higher baselineI Kl , slope changes in elevated@K1#o

could have a significant impact onu. For comparison,
the slope ofI Kl in the Luo–Rudy model~scaled to the
size of the human atrial model! is indicated on the plot in
Fig. 4~A!.

DISCUSSION

We have studied the dependence of conduction ve
ity ~u! on extracellular K1 concentration (@K1#o) using a
model of one-dimensional conduction in a strand of h
man atrial cells. Moderate elevation of@K1#o, corre-
sponding to what can occur during exercise,10 causes a
small increase inu ~Fig. 2!, which peaks at approxi-
mately 8 mM. Above this peak,u begins to decline and
finally conduction fails at a@K1#o of approximately 17
mM, i.e., within the range of@K1#o that can occur dur-
ing ischemia.6 This ‘‘biphasic’’ dependence ofu on
@K1#o provides a potentially important safety factor fo
conduction, in that the conduction velocity remains a
proximately constant for all@K1#o that can be expected
to occur under normal physiological conditions. It is on
at extreme values of@K1#o that substantial conduction
slowing occurs. Theu at the highest@K1#o for which
conduction is still maintained is approximately 33 cm
i.e., slightly more than half the nominalu of 60 cm/s.
The overall behavior of this model is consistent with t
simulations reported by Shaw and Rudy12 using the
Luo–Rudy~LR! guinea pig ventricular model, as well a
with the experimental results of Kagiyamaet al.4 Spe-
cifically, the range of@K1#o resulting in supernormalu
~peaking around 8 mM! and the region of decrease a
virtually identical to the results of Shaw and Rudy. How
ever, whereas conduction failure occurs at similar@K1#o

levels, the degree to whichu is suppressed prior to thi
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955Slowing of Cardiac Conduction by Extracellular@K1#
point is much greater in the LR model. The lowestu in
the LR model is approximately 15 cm/s compared to
cm/s in our results. The nominal ‘‘normal’’u is 60 cm/s
in both cases.

We hypothesized that the reason for this differen
could be related to the differences in subthreshold pr
erties between the two models~and between atrial and
ventricular cells in general, as discussed in the Introd

FIGURE 4. „A… Effect on conduction velocity of changing the
slope of IKl at the resting potential. Changes within the range
relevant to the human atrium „i.e., within Á a factor of 2 of
nominal, see text … have minimal effects on u. Changes in IKl
slope around the nominal value for the Luo–Rudy ventricular
model „scaled to the size of the human atrial model … result in
larger changes in u. „B… Simplified equivalent circuit for one
cell „cell 1 … coupled to a second „cell 2 …. Rj represents the
coupling resistance of the gap junctions connecting the two
cells. RNa represents the membrane resistance „inverse
slope of the whole-cell current–voltage relationship … when
Na¿ channels are open. As the switch is closed „INa acti-
vates …, ENa in cell 1 attempts to charge its own capacitance
„C1… as well as, through the gap junction resistance Rj , that
of cell 2 „C2…. This charging is opposed by the ‘‘shunt’’
consisting of Rin and EK „representing IKl… in cell 2. If Rin is
much larger than RNa and Rj , coupling is maximally efficient
and the exact value of Rin is of little importance.
tion!. Elevated@K1#o shifts the resting potential in the
depolarizing direction and increasesI Kl conductance,
which results in:~1! reduced ‘‘distance’’ from the resting
potential to the excitation threshold,Vthresh–Vrest; ~2!
reduced availability ofI Na at Vrest; and ~3! reducedRin

of the cell. Effect~1! tends to increaseu by increasing
excitability, whereas~2! and ~3! reduceu by reducing
excitability and increasing the electrical load on su
rounding cells, respectively.

The most obvious difference in the~subthreshold!
electrophysiological properties of atrial and ventricu
cells is the size ofI Kl . It has previously been shown i
multicellular preparations5 and in single cells16 that the
effects of increased@K1#o in atrial cells are fundamen
tally different from that in ventricular cells. In atria
cells, elevated@K1#o produces a reduction in maxima
rate of rise, (dV/dt)max, which can be fully explained in
terms of the reduced availability ofI Na resulting from
depolarization ofVrest. In ventricular cells, however
(dV/dt)max is reduced considerably more than can
explained by depolarization and subsequent reduction
I Na availability. The observation that this voltage
independent suppression of (dV/dt)max in ventricle is
abolished in the presence of Ba21,16 suggests that it is
due to the largerI Kl in these cells. It appears likely tha
the observed differences in the@K1#o dependence ofu in
our simulations are also related to the size ofI Kl .

Separation of the Effects of Elevated@K1#o

In an attempt to separate the effects of reduc
Vthresh–Vrest and I Na availability ~which can be expected
to be similar in atrial and ventricular cells! from those of
Rin(I Kl), we designed the following simulation para
digm: ~1! reducedVthresh–Vrest was simulated without
changes inRin or I Kl by shifting the voltage dependenc
of I Na activation~m! in the hyperpolarizing direction~as
opposed to shiftingVrest in the depolarizing direction
with increased@K1#o!; ~2! reduced availability ofI Na at
Vrest was simulated without changes inRin or I Kl by
shifting the voltage dependence ofI Na inactivation~h! in
the hyperpolarizing direction; and~3! reducedRin was
simulated without changingVrest or I Na availability by
scaling and shiftingI Kl so that its value remains consta
at Vrest although its slope changes@inset in Fig. 4~A!#.

Simulations based on shifts inI Na gating variables
confirm that individual shifts in the activation~m! and
inactivation ~h! voltage dependence ofI Na @Figs. 3~A!
and 3~B!# have the expected effects onu. Increasing the
depolarization needed to reach threshold by shiftingm in
the depolarizing direction suppressesu, as does reducing
the availability of I Na at Vrest by shifting h in the hyper-
polarizing direction. Whenm and h are simultaneously
shifted by the same amount, hyperpolarizing shifts
5–10 mV produce an increase inu ~supernormal conduc
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956 A. NYGREN and W. R. GILES
tion!, whereas larger shifts reduceu. Given that a 10 mV
shift in the K1 Nernst potential corresponds to an i
crease in@K1#o from the nominal 5.4 to 8 mM, this is in
close agreement with the peak of the@K1#o dependence
of u @Fig. 3~C!#. Moreover, it supports the conclusio
that the combined effects of reducedVthresh–Vrest ~in-
creasing excitability! and reducedI Na availability ~reduc-
ing excitability! underlies the biphasic@K1#o dependence
of u as suggested by Shaw and Rudy.12

Simulations with varyingRin show that varying the
slope ofI Kl around the nominal value in the human atr
model produces only minor changes inu ~decrease inu
for decrease inRin!. The conductance ofI Kl is approxi-
mately proportional to the square root of@K1#o, and
thus a range ofI Kl slopes from 0.5 to 2 times nomina
corresponds to a@K1#o range of about 1–20 mM. Ven
tricular cells, on the other hand, have much smallerRin

than atrial cells and therefore operate around a co
pletely different point on the curve in Fig. 4~A!. The
Luo–Rudy model, scaled to the size of the human at
model, has an input resistance that is approximately
tenth of that in the human atrial model. As indicated
Fig. 4~A!, a ventricular cell would therefore be expect
to operate in a range where the dependence ofu on Rin

is much steeper than it is for the atrial model. It
therefore likely that @K1#o-dependent changes inI Kl

slope can be an important factor in determiningu in
ventricular cells. Obviously, this human atrial mod
with reducedRin is not a valid model of ventricula
electrophysiology; however, it can provide an interest
approximation that is applicable during the action pote
tial upstroke. This is supported by the results of Sh
makeret al.,13 who found that a ‘‘reduced’’ model con
sisting of only I Kl and I Na can accurately reproduce th
foot and upstroke of the action potential in a simil
model of one-dimensional conduction.

The saturation of the effect ofRin on u at highRin can
be understood in terms of the simple equivalent circuit
Fig. 4~B!. As I Na is activated in the leading cell~switch
closes in cell 1!, the membrane voltage of the followin
cell ~cell 2! will exponentially approach an asymptot
value given by

n2,̀ 5
ENaRin

Rin1Rj1RNa
1

Ek~RNa1Rj !

Rin1Rj 1RNa
.

In essence, the circuit consists of two superimposed v
age dividers: A fraction ofENa determined by the ratio
of Rin to the sum of the three resistances is used
depolarize cell 2. This is opposed by a fraction ofEK

determined by the ratio of the sum ofRNa andRj to the
sum of all three resistances. Note that ifRin is very large
compared toRNa and Rj , the first term in the equation
above will be approximately equal toENa, whereas the
second term will be close to zero. Thus, ifRin@RNa

1Rj , the coupling between the cells will be maximal
efficient and the exact value ofRin of little importance.
When Rin is comparable toRNa and Rj , it becomes an
important factor in determining the efficacy of couplin
between the cells.

SUMMARY

The simulations presented in this article demonstr
that the@K1#o dependence ofu in our model of conduc-
tion in a strand of human atrial cells has a bipha
shape. Slight increases inu for moderate elevations o
@K1#o are due to a reduction in the distance fromVrest to
the excitation threshold,Vthresh–Vrest. For larger eleva-
tions of @K1#o, however, the combined effects of re
ducedI Na availability at Vrest and reducedRin dominate
and u is gradually reduced until conduction fails aroun
@K1#o517 mM. Our results also demonstrate that t
effects onu of varying Rin around its nominal value for
the human atrial model are relatively minor. However,
nominalRin is reduced so that it becomes comparable
the sum of the gap junctional resistance and the me
brane resistance whenI Na channels are open~as is the
case in the ventricle!, the sensitivity ofu to Rin is dra-
matically increased. Thus, our results suggest that c
duction in the ventricle may be considerably more se
sitive to @K1#o than in the atrium or in other myocyte
characterized by high input resistance, e.g., those fr
the sinoatrial or atrioventricular nodes or from Purkin
fibers.
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6Kléber, A. G.. Resting membrane potential, extracellu
potassium activity, and intracellular sodium activity durin
acute global ischemia in isolated perfused guinea pig hea
Circ. Res.52:442–450, 1983.

7Nygren, A. Mechanisms of repolarization and conduction i
mathematical model of electrophysiological responses in
human atrium. PhD dissertation, Rice University, 1998.

8Nygren, A., L. Firek, C. Fiset, J. W. Clark, D. S. Lindblad
R. B. Clark, and W. R. Giles. Mathematical model of a
adult human atrial cell: the role of K1 currents in repolariza-
tion. Circ. Res.82:63–81, 1998.

9Nygren, A., and J. A. Halter. A general approach to model
conduction and concentration dynamics in excitable cells
concentric cylindrical geometry.J. Theor. Biol.199:329–358,
1999.

10Paterson, D. J.. Antiarrhythmic mechanisms during exerc
J. Appl. Physiol.80:1853–1862, 1996.

11Press, W. H., S. A. Teukolsky, W. T. Vetterling, and B.
Flannery. Numerical recipes inFORTRAN: The Art of Scien-
tific Computing. Cambridge, UK: Cambridge Universi
Press, 1992.
.

12Shaw, R. M., and Y. Rudy. Electrophysiologic effects
acute myocardial ischemia: a mechanistic investigation
action potential conduction and conduction failure.Circ. Res.
80:124–138, 1997.

13Shumaker, J. M., J. W. Clark, and W. R. Giles. Simulatio
of passive properties and action potential conduction in
idealized bullfrog atrial trabeculum.Math. Biosci.116:127–
167, 1993.

14Spitzer, K. W., N. Sato, H. Tanaka, L. Firek, M. Zanibon
and W. R. Giles. Electronic modulation of electrical activi
in rabbit atrioventricular node myocytes.Am. J. Physiol.
273:H767–H776, 1997.

15Wagner, M. B., D. A. Golod, R. W. Wilders, E. E. Verheijck
and R. W. Joyner. Modulation of propagation from a
ectopic focus by electrical load and by extracellular pot
sium. Am. J. Physiol.272:H1759–H1796, 1997.

16Whalley, D. W., D. J. Wendt, C. F. Starmer, Y. Rud
and A. O. Grant. Voltage-independent effects of ext
cellular K1 on the Na1 current and phase 0 of the actio
potential in isolated cardiac myocytes.Circ. Res.75:491–
502, 1994.


