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Abstract
Background: Propagation of simulated action potentials (APs) was previously studied in short
single chains and in two-dimensional sheets of myocardial cells [1-3]. The present study was
undertaken to examine propagation in a long single chain of cells of various lengths, and with varying
numbers of gap-junction (g-j) channels, and to compare propagation velocity with the cable
properties such as the length constant (λ).

Methods and Results: Simulations were carried out using the PSpice program as previously
described. When the electric field (EF) mechanism was dominant (0, 1, and 10 gj-channels), the
longer the chain length, the faster the overall velocity (θov). There seems to be no simple
explanation for this phenomenon. In contrast, when the local-circuit current mechanism was
dominant (100 gj-channels or more), θov was slightly slowed with lengthening of the chain.
Increasing the number of gj-channels produced an increase in θov and caused the firing order to
become more uniform. The end-effect was more pronounced at longer chain lengths and at greater
number of gj-channels.

When there were no or only few gj-channels (namely, 0, 10, or 30), the voltage change (∆Vm) in
the two contiguous cells (#50 & #52) to the cell injected with current (#51) was nearly zero, i.e.,
there was a sharp discontinuity in voltage between the adjacent cells. When there were many gj-
channels (e.g., 300, 1000, 3000), there was an exponential decay of voltage on either side of the
injected cell, with the length constant (λ) increasing at higher numbers of gj-channels. The effect of
increasing the number of gj-channels on increasing λ was relatively small compared to the larger
effect on θov. θov became very non-physiological at 300 gj-channels or higher.

Conclusion: Thus, when there were only 0, 1, or 10 gj-channels, θov increased with increase in
chain length, whereas at 100 gj-channels or higher, θov did not increase with chain length. When
there were only 0, 10, or 30 gj-channels, there was a very sharp decrease in ∆Vm in the two
contiguous cells on either side of the injected cell, whereas at 300, 1000, or 3000 gj-channels, the
voltage decay was exponential along the length of the chain. The effect of increasing the number of
gj-channels on spread of current was relatively small compared to the large effect on θov.
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Background
Successful transmission of excitation from one myocar-
dial cell to the next contiguous cell can occur without the
necessity of gj-channels between the cells. This has been
demonstrated to be possible in theoretical and modeling
studies by Sperelakis and colleagues [1-5], and has been
confirmed by other laboratories [6-8]. As was stated in the
1977 paper of Sperelakis and Mann [4], for the EF mech-
anism to work successfully, the junctional membrane
must be more excitable than the contiguous surface sarco-
lemma. The fact that the junctional membranes (i.e., the
intercalated disks) have a higher concentration (density)
of fast Na+ channels than the surface sarcolemma should
cause them to be more excitable than the surface mem-
brane. In a simulation study of cardiac muscle, Kucera et
al. [9] determined how conduction velocity varied with
the fraction of fast INa channels located in the junctional
membranes. For a 10 nm (100 Å) cleft width and 50 % of
the INa channels located in the junctional membranes,
they found that conduction still occurred at a velocity of
about 20 cm/sec when cell coupling was reduced to 10 %
of normal and at about 10 cm/sec when coupling was
only 1 % of normal. In biological studies on connexon43
knockout mice, absent in gj-channels in their hearts, prop-
agation velocity was only slowed and not blocked [10-
12]. Although the presence of gj-channels is not essential
for propagation of excitation in the heart, when hearts do
contain gj-channels, propagation velocity is speeded up.
The PSpice simulation studies suggest that too many gj-
channels (e.g., more than 100 channels per junction)
causes the propagation velocity to exceed the physiologi-
cal range.

In previous studies on simulated myocardial cells, propa-
gation of action potentials (APs) was examined in short
chains of cells (e.g., 10 cells long) and in 2-dimensional
sheets (e.g., 10 × 10 and 20 × 10), with the number of gj-
channels varied from zero to 10,000 [1,4,13,14]. Propaga-
tion of excitation occurred at near-physiological speeds
even when there were no gj-channels connecting between
the longitudinally-oriented cells [1]. The mechanism pro-
posed was the relatively large electric field (EF) that devel-
ops in the narrow junctional clefts when the prejunctional
membrane fires an AP [1,4,13-15]. This EF action is accen-
tuated when the junctional membranes contain fast Na+

channels at a higher density than that in the surface sarco-
lemma [9,15,16]. Transverse propagation also occurred
by the same EF mechanism between adjacent parallel
chains that were closely packed [2,3].

The present study was undertaken to examine propaga-
tion in long single chains, in which the cells were con-
nected by varying numbers of gj-channels, and to
compare the propagation velocity with the measured
cable properties, such as the length constant (λ). It was

found that the effect of increasing the number of gj-chan-
nels on λ was relatively small compared to the large effect
on propagation velocity. In addition, the present studies
were undertaken to provide confirmation of the parame-
ter values used in the model, as for example, the values of
the input resistance and the length constant.

Methods
Compared to other models, such as the mathematical
model, a simulation study of cardiac muscle using PSpice
provides the ability to change the electrical equivalence of
physiological parameters. A simulation study by PSpice
can be made as accurate as using the mathematical model.
Additionally, PSpice provides the ability to vary the
parameters at a discrete point in a chain of cardiac cells,
whereas in the mathematical model this requires an
extensive reconstruction of the circuit. Another important
advantage of PSpice is its portability. That is, the model
can be easily transferred from person to person for confir-
mation and for further studies. For example, we have sub-
mitted our model for publication in a website [17] for
easy use by other investigators. In addition, we have pro-
vided similar information to numerous individuals who
have contacted us. Furthermore, several other types of
electrophysiological studies have been done recently
using PSpice.

The methods used for the PSpice simulations were thor-
oughly described in previous publications [1-3,18,19].
The essential difference is that the present study used long
single chains of 10, 20, 50, and 100 cells. The 100-cell
chain is depicted in Figure 1. All parameters used were
those used previously, and they are summarized in Table
1. One variable was the number of gj-channels that was
inserted between the contiguous cells (0, 1, 10, 30, 50, 70,
100, 300, 1000, or 3000). Each gj-channel was assumed to
have a conductance of 100 pS. For the study on propaga-
tion velocity, Cell #1 was stimulated with intracellular rec-
tangular depolarizing current pulses (0.1 nA, 0.25 ms).

For study of cable properties, the basic units were ren-
dered inexcitable by removal of their GTABLEs. The GTA-
BLE is PSpice nomenclature for specifying how the
conductance (or current) varies with membrane potential
during excitation [1]. Intracellular current pulses (Io) were
applied to the middle of the 100-cell chain (namely cell
#51), and the fall-off of voltage was measured on both
sides of the injected cell. The resulting potentials were
plotted on linear and logarithmic ordinates (i.e., semilog
plot) to measure the λ values. The λ values can also be cal-
culated from the following equation:

∆ ∆V V ex

x

=
−

0
λ
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Schematic diagram for the single chain of 100 myocardial cellsFigure 1
Schematic diagram for the single chain of 100 myocardial cells. Rows 2 (B), 3 (C), 4 (D), 8(H), and 9 (I) have been omitted in 
order to contain the size of the figure. For the propagation velocity experiment, cell #1 was stimulated intracellularly with rec-
tangular depolarizing current pulses of 0.1 nA amplitude and 0.25 ms duration. The resultant action potentials (APs) were 
recorded only from cells 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 in order to limit the number of traces. For the length con-
stant experiments, intracellular depolarizing rectangular current pulses (10 nA, 5 ms) were applied to cell #51 (middle of 
chain), and the resulting voltage changes in cell #51 and its immediate neighbors were measured. For this type of experiment, 
the cells were made inexcitable by removing their GTABLEs.
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where ∆Vx is the voltage change at any distance x, ∆V0 is
the voltage change at the point of current injection (x = 0),
and λ is the length constant (in cm). Equation #1 may be
solved for λ by the following expression:

where 2.303 is the factor for converting natural logs to
logs to the base of 10.

The input resistance (Rin) was measured from the slope of
the linear ∆Vm/Io curve in the injected cell (#51). The
polarization resistance (Rp) was measured from the linear
∆Vm/Io slopes in the contiguous cells. These V/I curves
were linear, on both the depolarizing and hyperpolarizing
sides, because rectification was not incorporated into the
basic units.

The myocardial cells were assumed to be cylindrical in
shape, 150 µm in length and 16 µm in diameter. The cleft
width of the cell junctions (intercalated disks) was
assumed to be 100 Å, and the radial shunt resistance of
the junction to be 25 MΩ (50 MΩ/2) (Table 1).

Results and Discussion
A. Propagation velocity in single chains
1. Variation in number of gj-channels (100-cell chain)
The overall velocity of propagation (θov) increased mark-
edly with an increase in number of gj-channels inserted at
the cell junctions. These results are depicted in Figure 2.
The number of gj-channels was varied over a very wide
range, from 0 (complete EF mechanism for transmission
of excitation from cell to cell) to 10,000 (0, 10, 30, 50, 70,
100, 200, 300, 1000, 3000, and 10,000). The records illus-
trated in Figure 2 are only for 0, 30, 1000, 3000 and
10,000 gj-channels. The propagation velocity became
non-physiologically fast when there were 100 or more gj-
channels (Fig. 3). "Non-physiologically fast" means that
propagation velocity was considerably above values meas-
ured in the heart. As can be seen in Figure 3, there was a
nearly linear relationship between θov and the number of
gj-channels up to 300.

The propagation velocity at zero gj-channels varied from
10.6 cm/sec for a 10-cell chain, to 18.5 cm/sec for a 20-cell
chain, to 46.0 cm/sec for a 50-cell chain, and to 95.5 cm/
sec for a 100-cell chain (Table 2).

2. Variation in length of single chain
The length of the single chain was also varied, and differ-
ent numbers of gj-channels were inserted. These results
are depicted in Figure 4. The length of the chain was varied
between 10 and 100 cells. As shown in Figure 4, when the
EF mechanism was dominant (0, 1, or 10 gj-channels),
propagation velocity increased almost linearly with
increase in chain length. We believe that this phenome-
non may be caused by an end-effect. When the local-cir-
cuit current mechanism was dominant (100 gj-channels
or higher), then propagation velocity did not increase
with chain length, and, in fact, there was a decrease (Fig.
4).

Our explanation for why θov decreases at longer chain
lengths, when there are many gj-channels, is as follows.
When there are 100 gj-channels, for example, and the
chain length is short (e.g., 10 cells long), then the spread
of the stimulation current extends over a greater fractional
length of the chain, so those cells are simultaneously
brought to threshold. Therefore, regular propagation need
occur over only a few cells, so θov is larger. As the chain
length is extended, this effect becomes smaller and
smaller, so θov decreases.

Table 2 summarizes the propagation velocity data given in
this section and section #1 above, and, in addition, sum-
marizes the uniformity of firing and the end-effect that
was observed. The end-effect is a phenomenon that is well
known in electrical engineering and occurs at the end (or
edge) of a long circuit containing repeat units and in

λ =
−
x

V Vo x2 303 2 303. log . log

Table 1: Parameter values used under standard conditions

Parameters Values

Cm 300 fF (30)
RK 71 MΩ (710)
RNa 710 MΩ (7100)
EK -94 mV
ENa +60 mV
Rd 5000 MΩ
Cd 30 pF
Ror 1.0 KΩ
Rol 1.0 KΩ
Ri 500 KΩ
Rjc 25 MΩ

Values for junctional units given in parentheses
Cm = Total cell capacitance
RK = Potassium resistance
RNa = Sodium resistance
EK = Potassium equilibrium potential
ENa = Sodium equilibrium potential
Rd = Resistance in delay circuit for second black-box to bring about 
AP repolarization
Cd = Capacitance in delay circuit for second black-box
Ror = Radial resistance of external fluid
Rol = Longitudinal resistance of external fluid
Ri = Longitudinal resistance of intracellular fluid
Rjc = Radial resistance of junctional cleft
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cables that have a sharp termination point. We previously
showed that end-effects do occur in our PSpice model
[20]. As shown in Table 2, propagation velocity at 0, 1, or
10 gj-channels (EF mechanism dominant) was markedly
slowed at shorter chain lengths, with values of about 10.6,
18.5, and 46.0 cm/sec for 0 gj-channels. These slower val-
ues are more in line with the values of 30–50 cm/sec pre-
viously reported for short chains and small 2-dimensional
sheets when propagation was by the EF mechanism alone
[1-3]. As reported previously, θov (for 0 gj-channels) was
critically dependent on the value of Rjc, the radial shunt
resistance of the juntional clefts. In the present study, Rjc
was held fixed at 25 MΩ (50 MΩ/2).

As shown in Table 2, the firing order in a 100-cell chain
became uniform when the number of gj-channels was
increased to 30 or more. That is, when the EF mechanism
was dominant (0, 1, or 10 gj-channels), the firing order
was erratic. We believe that erratic firing was caused by a
prominent end-effect. However, at shorter chain lengths,
propagation became more uniform at no or few gj-chan-
nels. For example, at a chain length of 10 cells (Table 2,
D), propagation was quite uniform even at 0 or 1 gj-chan-
nel.

There was some parallelism between uniformity of firing
and the end-effect. The more disordered the firing, the

Propagation of simulated action potentials (APs) in a single linear chain of 100 myocardial cellsFigure 2
Propagation of simulated action potentials (APs) in a single linear chain of 100 myocardial cells. Cell #1 was stimulated intracel-
lularly, and the resultant APs were recorded from only cells #1, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 (to limit the number 
of traces). The number of gap-junction (g-j) channels at the cell junctions was varied over a wide range, but only five are illus-
trated, namely 0 gj-channels (A), 300 (B), 1,000 (C), 3,000 (D), and 10,000. The traces numbered in panel A are for APs 
recorded from cells #1, 10, 20, and 100; the remaining traces are bunched up between cells 20 and 100, some of them being 
nearly superimposed. Note that adding gj-channels markedly speeds up the velocity of propagation. In panel E, all 11 traces are 
superimposed.
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greater the end-effect. For example, in Table 2A for the
100-cell chain, when the firing order was rated as very
good ("A" rating), then the end-effect was confined to the
last 10% of the chain (cells 90–100). In contrast, when the
firing order was rated as poor ("C" rating), the end-effect
was evident over the last 80–90% of the chain. When the
chain length was shorter (B-D of Table 2), the end-effect,
in general, was less pronounced.

B. Voltage fall-off with distance in a 100-cell chain
1. Length constant (λ) measurements
The decay in voltage as a function of distance along a sin-
gle-chain of 100 cells was measured with various numbers
of gj-channels inserted at the cell junctions (Fig. 5). The
current (rectangular pulses) was injected intracellularly
near the mid-point of the chain, namely into cell #51, and
the transmembrane potential change (∆Vm) measured in
the adjoining cells on both sides (Tables 3, 4). The origi-
nal data traces are illustrated in Figure 5 for only four of
the gj-channel numbers: 0, 10, 100, and 1000. Note that
for 0 and 10 channels, there was a sharp discontinuity in
∆Vm between the injected cell and its immediate neigh-
bors. These results are plotted on a linear ordinate scale in
Figure 6, and the actual values are listed in Tables 3, 4.
When there were no or only a few gj-channels (0, 10, 30),
the ∆Vm in the contiguous cells on both sides was very
small, being almost zero at 0 gj-channels. That is, there
was a very sharp discontinuity in ∆Vm between the
injected cell and its immediate neighbors (Fig. 6). These
results are consistent with what has been reported physio-
logically [21,22]. In such a situation, the length constant
(λ) cannot be measured, being imaginary and less than
the length of one cell (<150 µm).

But when there were many gj-channels (300, 1000, or
3000), there was substantial ∆Vm in the adjoining cells
and beyond, as can be Figure 6. This voltage decay was
exponential, as demonstrated in Figure 7, in which the
∆Vm is plotted on a logarithmic scale. A straight line on
such a semilog plot indicates that the voltage fall-off is
exponential, with the slope of the straight line being
indicative of λ. λ is the distance at which the ∆Vm falls to
1/e or 36.8% of the initial value (at x = 0). As indicated in
Figure 7, the λ values were 150 µm, 270 µm, and 440 µm
with 300, 1000, and 3000 gj-channels, respectively (see
Table 5). Thus, the λ value increases nearly in proportion
to the square root of the number of gj-channels.

2. Input resistance (Rin) measurement
To measure the input resistance (Rin) of the chain of cells,
different intensities of current (rectangular pulses) were

Table 2: Summary of effect of the number of gj-channels on 
overall propagation velocity (θov) in single chains of cells

A. 100 cells

No. of gj-
channels

θov Firing order End-effect

(cm/s) (Rating) (cells 
affected)

0 *95.5 C 10 – 100
1 #92.0 C 20 – 100
10 102 B 50 – 100
30 117 A- 90 – 100
50 120 A 90 – 100
70 139 A 90 – 100
100 169 A 90 – 100
1000 833 A 90 – 100

B. 50 cells

0 46.0 B 30 – 50
1 46.3 A- Bunching
10 51.4 A Yes (slight)
100 188 A Yes

D. 20 cells

0 18.5 C No
1 23.1 A- Bunching
10 53.6 A Yes (slight)

E. 10 cells

0 10.6 A- 9 – 10
1 19.2 A 9 – 10 (sl)

* θov was 91.5 cm/s when Rjc was lowered to 5 MΩ (from std. of 50 
MΩ)
# θov was slightly slowed by inserting one gj-channel

Graphic summary that quantitates how the propagation velocity in simulated cardiac APs varies with the number of gj-channels in the single chain of 100 cellsFigure 3
Graphic summary that quantitates how the propagation 
velocity in simulated cardiac APs varies with the number of 
gj-channels in the single chain of 100 cells. Note that relation-
ship is nearly linear up to 300 gj-channels. Increasing the 
number of gj-channels 10-fold (from 100 to 1,000) increased 
velocity about 5-fold (5.2 fold).
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applied intracellularly into cell #51 of the 100-cell chain,
and the resulting ∆Vm was measured. All of these data are
given in Table 6. The data for 1000 gj-channels are plotted
in Figure 8. The curve is exactly linear, as expected because
rectifying properties were not incorporated into the basic
circuit units. In addition, hyperpolarizing and depolariz-
ing currents gave comparable results. The slope of the line
plotted gives the input resistance (Rin = ∆Vo/Io, where ∆Vo
is the voltage change at distance x = 0). The measured
value for this case (1000 gj-channels) is 8.4 MΩ. The Rin
value at zero gj-channels is 29.4 MΩ, a value close to that
measured physiologically [21,22]. Table 6 gives the Rin
values obtained for all numbers of gj-channels. These val-
ues can also be discerned from the ∆Vm values measured
in cell #51 presented in Figure 6.

The resistance value measured in the adjacent cells is
known as the polarization resistance (Rp), and is propor-
tional to the ∆Vm measured in those cells. For example,
the Rp values shown in Figure 7 (1000 gj-channels) are 4.7
MΩ for cell #52 (and 50), and 2.6 MΩ for cell #53 (and
49).

The equation for calculating Rin is:

Ω = Ω.

where ∆V0 is the voltage change at the site of current injec-
tion (x = 0) and I0 is the amount of current injected (at x
= 0). The equation relating Rin and λ in a cable is:

where ri is the internal longitudinal resistance in Ω/cm,
and rj is the junctional resistance in Ω/cm. The 1/2 factor
reflects the fact that the injected current spreads in both
directions from the point of injection. Since

R
V

Iin =
∆ 0

0

R r rin i j= +1
2

( )λ

Ω Ω Ω Ω= + =( )
cm cm

cm

Table 3: Summary of effect of number of gj-channels on the 
decay of voltage as a function of distance in a chain of 100 cells

No. of gj-
channels

Io
(nA)

∆Vo
(mV)

∆Vx (mV)
Cell number

50 &
52

49 &
53

48 &
54

47 &
55

A 0 10.0 293 0 0 0 0
5.0 148 0 0 0 0
1.0 29.5 0 0 0 0
0.5 14.8 0 0 0 0

B 1 10.0 295 0 0 0 0
5.0 147 0 0 0 0
1.0 29.5 0 0 0 0
0.5 14.6 0 0 0 0

C 10 10.0 280 8.0 0 0 0
5.0 140 4.0 0 0 0
1.0 28.0 0.5 0 0 0
0.5 14.0 0.2 0 0 0

D 100 10.0 200 40.0 3.0 0 0
5.0 100 20.0 3.0 0 0
1.0 20.0 4.0 0.5 0 0
0.5 10.0 2.0 0.3 0 0

E 300 10.0 139 50.1 18.1 6.5 2.4
5.0 69.3 25.0 9.0 3.3 1.2
1.0 13.9 5.0 1.8 0.7 0.2
0.5 6.9 2.5 0.9 0.3 0.1

F 1000 10.0 83.0 48.0 26.0 15.0 8.0
5.0 42.0 23.0 13.0 7.0 4.0
1.0 8.3 4.7 2.7 1.5 0.8
0.5 4.2 2.3 1.3 0.7 0.4

G 3000 10.0 51.5 36.2 25.4 17.9 12.6
5.0 25.7 18.1 12.7 9.0 6.3
1.0 5.1 3.6 2.5 1.8 1.3
0.5 2.6 1.8 1.3 0.9 0.6

H 10000 10.0 31.2 26.7 25.0 21.5 17.2
5.0 15.6 13.3 12.5 10.8 10.0
1.0 3.2 2.7 2.5 2.2 2.0
0.5 1.6 1.3 1.3 1.1 1.0

Current was injected into cell #51 (middle of chain)

Graphic summary that quantitates how the overall propaga-tion velocity varies with the length of the single chainFigure 4
Graphic summary that quantitates how the overall propaga-
tion velocity varies with the length of the single chain. For 
this experiment, the 100-cell chain was shortened to 50, 20, 
and 10 cells, so that the results could be reliably compared, 
and the number of gj-channels in each chain length was varied 
from 0 to 100. The results show that when there was no or 
only few gj-channels (namely, 0, 1 or 10), propagation veloc-
ity increased with length of the chain. In contrast, when there 
were many gj-channels (e.g., 30, 50, 70, or 100), the velocity 
was slowed when chain length was increased, the most 
prominent effect occurring between chain lengths of 10 and 
20 cells. As can be seen, the family of curves tended to con-
verge at the chain length of 100 cells.
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where rm is the membrane resistance in Ω-cm. Then
assuming r0, the external longitudinal resistance, to be
zero:

Since in the experiments on length constant, the mem-
brane resistance (rm) and the internal longitudinal resist-
ance (ri) were not altered, whereas rj was lowered by
insertion of gj-channels, then Rin should be reduced, as
shown in Figures 6, 7 and 8.

C. Propagation velocity vs. length constant (100-cell chain)
The relationship between λ and number of gj-channels is
depicted in Figure 9A. This should be compared with Fig-
ure 3, which shows the relationship between propagation
velocity and number of gj-channels. This same relation-
ship is shown in Figure 9B, but only for those three cases
(300, 1000, and 3000 gj-channels) in which there was an

exponential fall-off in ∆Vm. As shown, propagation veloc-
ity varies nearly linear with the number of gj-channels.
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Experiment to measure the spread of current in the linear chain of 100 cellsFigure 5
Experiment to measure the spread of current in the linear 
chain of 100 cells. The myocardial cells were rendered inex-
citable by removing their GTABLEs. Depolarizing current 
pulses (10 nA, 5 ms) were applied intracellularly to cell #51 
near the mid-point of the chain, and the resulting membrane 
voltage changes were recorded from cell #51 and its immedi-
ate neighbors (e.g., cells 44–58). The number of gj-channels 
was varied over a wide range (namely 0, 10, 30, 100, 300, 
1000, and 3000), but the results from only 4 are illustrated in 
this figure: 0 gj-channels (A), 10 (B), 100 (C), and 1,000 (D). 
A: With no gj-channels, the voltage change in cell #51 was 
very large (ca 215 mV), whereas there was almost zero volt-
age change in the contiguous cells (49, 50, 52, 53). B: with 10 
gj-channels, the ∆Vm in cell 51 was ca 200 mV, whereas that 
in cells on either side (cells 50 & 52) was only about 8 mV. C: 
With 100 gj-channels, the ∆Vm in cell 51 was ca 120 mV, that 
in cells 50 and 52 was ca 40 mV, and that in cells 49 and 53 
was ca 8 mV. D: With 1000 gj-channels, the ∆Vm in cell 51 
was ca 84 mV and those in the contiguous cells were ca 44 
mV (cells 50 & 52), ca 26 mV (cells 49 & 53), ca 15 mV (cells 
48 & 54), and ca 8 mV (cells 47 & 55).

Table 4: Measurement of the spread of current in a 100-cell chain 
containing various numbers of gj-channels

∆Vm(mV)

Cell 
Number

Number of gj-channels

0 10 30 100 300 1000 3000

47 0 0 0 0 2.3 8.1 12.8
48 0 0 0 0 6.6 14.5 17.6
49 0 0 0 7.4 17.8 26.1 25.9
50 0 8 19.4 38.3 50.4 46.8 36.9
51 298 280 252 200 138

(50.9)
83.0

(30.5)
50.0

(18.4)
52 0 8 19.4 38.3 50.4 46.8 36.9
53 0 0 0 7.4 17.8 26.1 25.9
54 0 0 0 0 6.6 14.5 17.6
55 0 0 0 0 2.3 8.1 12.8

Io (10 nA) was injected in the middle of the chain, namely cell # 51.
Vx = Vo e-x/λ. When x = λ, Vx = Vo 1/e = 0.368 Vo.
Values given in parentheses (cell #51) are the 1/e values (0.368 x Vo).
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However, as stated previously, λ varies approximately
with the square root of the number of gj-channels (Table
5). Compare the ratios in the √N column with those in the
λ column in Table 5. Thus, increasing the number of gj-
channels has a great effect on propagation velocity,

whereas it has a smaller effect on length constant. Figure
9C gives a plot of the relationship between propagation
velocity and length constant.

Table 6: Input resistance (Rin) measurements in the injected cell 
(cell #51) of the 100-cell chain

No. of gj- Channels ∆Vm in cell #51 (mV) Rin (MΩ)

0 294 29.4
10 278 27.8
30 253 25.3
100 200 20
300 138 13.8
1000 84 8.4
3000 51 5.1

Io injected was 10.0 nA

R
V

Iin
o

o
=

∆

Table 5: Summary of data showing the effect of the number of gj-
channels on the length constant (λ) and on overall propagation 
velocity (θov) in the single linear chain of 100 myocardial cells

No. of gj-
channels

λ (µm) θov (cm/
sec)

A 300 17.3 150 358
B 1000 31.6 270 874
C 3000 54.8 440 1850

Ratios
C/A 10.0 3.17 2.93 5.17
C/B 3.00 1.73 1.63 2.12
B/A 3.33 1.82 1.80 2.44

N = Number of gj-channels.
The data are given for only those 3 cases in which there was an 
exponential decay of potential as a function of distance.
Note that the ratios for the effects were always substantially higher for 
θov than for λ. That is, adding gj-channels had a larger effect on θov than 
on λ.
Also note that λ varies approximately with the square root of the 
number of gj-channels.

N

Graphic summary of the data collected from the experiments on the spread of current with various numbers of gj-channels (0, 10, 30, 100, 300, 1,000, and 3,000)Figure 6
Graphic summary of the data collected from the experiments 
on the spread of current with various numbers of gj-channels 
(0, 10, 30, 100, 300, 1,000, and 3,000). Rectangular current 
pulses (10 nA, 5 ms) were injected intracellularly into cell 
#51 (near the middle of the linear chain of 100 cells), and the 
resulting membrane potential changes (∆Vm) were measured 
in the injected cell and its immediate neighbors. The myocar-
dial cells were made inexcitable by removal of their GTA-
BLEs. As can be seen, when there were no gj-channels, the 
∆Vm in the two contiguous cells (50 & 52) was nearly zero. 
When there were 10 or 30 channels, there was a small ∆Vm 
in cells 50 and 52. When there were 300, 1000, or 3000 
channels, the fall-off of ∆Vm was exponential, i.e., the cells 
behaved like a long cable.

The length constant data obtained for 300, 1000, and 3000 gj-channels are plotted on a semi-logarithmic plot to illus-trate that the data points form a straight lineFigure 7
The length constant data obtained for 300, 1000, and 3000 
gj-channels are plotted on a semi-logarithmic plot to illus-
trate that the data points form a straight line. The ordinate 
gives the ∆Vm on a log scale, and the abscissa gives the dis-
tance along the cable (one direction only) from the point 
of current injection (middle of cell 51) and assuming the 
length of each myocardial cell to be 150 µm. Thus, the 
second labels on the abscissa give the cell number. The 
value of the length constant (λ) is the distance at which 
the voltage falls to 1/e (1/2.717) or 36.8 %. Thus, the fol-
lowing λ values were obtained: 150 µm (for 300 gj-chan-
nels), 270 µm (for 1000 gj-channels), and 440 µm (for 
3000 gj-channels). Hence, increasing the number of gj-
channels 10-fold (300 to 3000) increased λ about 3-fold 
(150 µm to 440 µm).
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Voltage/current curves obtained for myocardial cell # 51 near the middle of the single linear 100-cell chainFigure 8
Voltage/current curves obtained for myocardial cell # 51 
near the middle of the single linear 100-cell chain. Depolar-
izing and hyperpolarizing rectangular current pulses (dura-
tion of 5 ms and intensities of 2, 6, and 10 nA) were 
injected intracellularly into cell #51 and the resultant volt-
age changes in that cell were recorded and plotted. The 
∆V0/I0 curves were linear, in both the depolarizing and 
hyperpolarizing sectors, because rectification was not 
incorporated into the basic membrane units that composed 
each cell. The number of gj-channels connecting the contig-
uous cells was varied from zero to 3000, but only two of 
the curves are illustrated, namely for zero and 1,000 gj-
channels. As predicted, the curve for 0 gj-channels had a 
steeper slope and higher input resistance (Rin) than the 
curve for 1000 gj-channels, namely 29.4 MΩ versus 8.4 MΩ.

Graphic plots for the case where there were many gj-chan-nels (namely 300, 1000, and 3000), giving an exponential fall-off in voltageFigure 9
Graphic plots for the case where there were many gj-chan-
nels (namely 300, 1000, and 3000), giving an exponential fall-
off in voltage. A: Length constant (λ) as a function of the 
number of gj-channels. λ varies approximately with the 
square root of the number of gj-channels. B: Overall propa-
gation velocity (θov) as a function of the number of channels. 
C: Velocity (θov) plotted against λ, showing that approximate 
doubling or tripling of λ produces a greater effect of propaga-
tion velocity.
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