
3092 Biophysical Journal Volume 96 April 2009 3092–3101
Extracellular Space Attenuates the Effect of Gap Junctional Remodeling on
Wave Propagation: A Computational Study
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ABSTRACT Ionic channels and gap junctions are remodeled in cells from the 5-day epicardial border zone (EBZ) of the healing
canine infarct. The main objective of the study was to determine the effect of gap junctional conductance (Gj) remodeling and
Cx43 redistribution to the lateral membrane on conduction velocity (q) and anisotropic ratio, and how gap junctional remodeling
is modulated by the extracellular space. We first implemented subcellular monodomain and two-domain computer models of
normal epicardium (NZ) to understand how extracellular space modulates the relationship between Gj and q in NZ. We found
that the extracellular space flattens the Gj-q relationship, thus q becomes less sensitive to changes in Gj. We then investigated
the functional consequences of Gj remodeling and Cx43 distribution in subcellular computer models of cells of the outer pathway
(IZo) and central pathway (IZc) of reentrant circuits. In IZo cells, side-to-side (transverse) Gj is 10% the value in NZ cells. Such Gj
remodeling causes a 45% decrease in transverse q (qT). Inclusion of an extracellular space reduces the decrease in qT to 31%. In
IZc cells, Cx43 redistribution along the lateral membrane results in a 29% increase in qT. That increase in qT is a consequence of
the decrease in access resistance to the Cx43 plaques that occur with the Cx43 redistribution. Extracellular space reduces the
increase in qT to 10%. In conclusion: 1), The extracellular space included in normal epicardial simulations flattens the Gj-q rela-
tionship with q becoming less sensitive to changes in Gj. 2), The extracellular space attenuates the effects of gap junction epicar-
dial border zone remodeling (i.e., Gj reduction and Cx43 lateralization) on qT.
INTRODUCTION

Gap junctional proteins connect the cytoplasm of adjacent

cells and provide an intracellular pathway for the flow of

local circuit currents that result in the propagation of the

action potential in cardiac tissue (1). Cell-to-cell conduc-

tance (Gj) in combination with the resistance of the cyto-

plasm and the extracellular space are important (but not the

only) factors in determining conduction velocity (q) and

anisotropy (ANR) in cardiac tissue (1).

Five days after ligation of the left anterior descending

coronary artery (LAD), sustained ventricular tachycardias

can be initiated by electrical stimulation in the epicardial

border zone (EBZ) of canine infarcted hearts. The reentrant

tachycardias have a figure-of-eight pattern of activation, with

a central (IZc) and an outer pathway (IZo). There are major

functional changes (remodeling) in sarcolemmal ion currents

(e.g., INa, ICa,L) (2), Gj and Cx43 distribution (3,4) in the

EBZ. In the IZo, side-to-side (transverse) Gj between cell

pairs is reduced by 90% but transverse conduction velocity

(qT) is reduced only by 39% with respect to normal cells

(4). This amount is about half the reduction expected from

theoretical considerations in continuous myocardium. The

anisotropic ratio� (ANR) in IZo is 2.1, which is only a

modest increase over the value in normal epicardium, 1.6

(4). The mechanisms by which major Gj remodeling in
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IZo cells results in relatively modest functional changes in

qT and ANR are not completely understood. Previous

computer simulations of normal myocardium (5–7) suggest

that the Gj-q relationship is not very steep at least for certain

ranges of Gj. However, those studies did not investigate how

other structural factors important for propagation in the

in situ heart, like the resistance of the extracellular space,

may modulate the relationship between Gj and q. In IZc

cells, side-to-side Gj between cell pairs is about the same

as between normal (NZ) cell pairs, but Cx43 protein redis-

tributes to the lateral membrane (Cx43 lateralization) (4).

The functional consequences of Cx43 lateralization in cells

surviving in the infarcted myocardium and their modulation

of function by the extracellular space have not been

completely characterized.

To quantify the effects of Gj remodeling, Cx43 redistribu-

tion to the lateral membrane, and the extracellular space on q

and ANR in the infarcted canine heart, we implemented

a subcellular computer model of the canine EBZ, inspired

by the subcellular computer models pioneered by Spach

et al. for normal tissue (8), and that have been used more

recently to understand normal and abnormal microscopic

conduction (9,10). In the model we incorporated the detailed

descriptions of sarcolemmal currents for normal (NZ) and

border zone epicardial cells (IZc, IZo) that we previously

developed (2). We hypothesized that the extracellular space

flattens the Gj-q relationship and reduces the impact of Gj

remodeling and Cx43 distribution on propagation and

anisotropy.
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METHODS

Cell architecture

To study the effect of gap junction remodeling (i.e., changes in cell-to-cell

Gj and Cx43 spatial distribution (3,4)) on propagation and anisotropy, we

used the cell architecture shown in Fig. 1. In this model all cells have the

same length (130 mm) and width (26 mm), to prevent the effects of hetero-

geneity of cell size and shape on propagation (11). Each cell is connected

to six neighboring cells, cells overlap in the longitudinal and the transverse

directions, and gap junctions are located within 10–20% of the cell ends at

the intercalated disks (IDs), all characteristic of ventricular myocardium

architecture (12,13). Table 1 compares different cell parameters in experi-

ments and the computer model. Except at the sites where gap junctions

are present (Fig. 1), there is no resistive connection between the cytoplasm

of adjacent cells.

Cell-to-cell Gj

Ventricular myocytes are electrically connected by IDs, which range in size

from 40 to 100 mm2 (12). IDs contain many gap junction plaques (1.5–

6.6 mm2) located in the plicate and interplicate regions of the disk. Most

experimental evidence demonstrating Gj remodeling occurring in the

infarcted heart is based on end-to-end and side-to-side cell-to-cell conduc-

tance measurements in cell pairs isolated from the EBZ (3,4). Since cell-

to-cell Gj is a global measurement of the conductance of many (plicate

and interplicate) gap junction plaques (12), we represented electrical connec-

tions between cells at the level of IDs (Fig. 1), assuming that modeling indi-

vidual gap junction plaques is not necessary for the purpose of our study.

Our experimental measurements of Gj ~ 0.1 mS in normal canine ventricular

epicardium are within the range of reported macroscopic measurements of

Gj, which vary widely from 0.026 to 3.078 mS (3). Jongsma and Wilders

(6) estimate Gj to be between 3 and 12 mS based on morphometric data

and computer simulations. Here, for each model, we simulate propagation

for a range of Gj values from 0.1 to 7 mS that covers the range of reported

and estimated values of Gj. Gj between cell pairs isolated from the outer

pathway (IZo) of figure-of-eight EBZ reentrant circuits is normal for end-

to-end coupled pairs, but it is reduced to ~10% the normal value for side-

to-side coupled cell pairs (3). Gj between cell pairs of the central pathway

of EBZ figure-of-eight reentrant circuits (IZc) is normal for end-to-end

and side-to-side pairs, but Cx43 redistributes to lateral cell membranes

(4). That redistribution of Cx43 is modeled by redistributing of gap junctions

to sites along the lateral membrane, while keeping the same total side-to-side

Gj. The ratio of side-to-side and end-to-end conductances measured exper-

imentally is ~25% (3). If all gap junction sites (small segments in Fig. 1)

have the same conductance (gj) regardless of their longitudinal or transverse

orientation, then the ratio of the average side-to-side conductance (2 gj) and

the average end-to-end conductance (1.5 gj) is about the same as that

measured experimentally in normal tissue (3). The average Gj between cells,

including end-to-end and side-to-side connections, is 1.67 gj.

Ionic models

The ionic cell action potential models of normal (NZ), common central

pathway (IZc), and outer pathway (IZo) cells used in different simulations

in this article have been described (2,16,17). All major depolarizing and

FIGURE 1 Myocardial architecture.
repolarizing currents are affected by the remodeling that occurs after myocar-

dial infarction (2). In general, ionic channel remodeling causes a reduction in

channel function. Consequently, conduction velocity in cells of the EBZ

(IZo, IZc) is decreased and the refractory period is increased when compared

to normal epicardial cells (NZ) (2). Remodeling of the EBZ is heterogeneous:

sodium and L-type calcium currents in central pathway cells (IZc) show

a reduction in function with respect to outer pathway cells (IZo).

Numerical methods

We performed simulations first with a monodomain model and then with

a two-domain model that incorporates a restricted extracellular space. For

the monodomain simulations, the governing equation can be expressed as:

V � (D VVm) ¼ (Iion/Cm) þ vtVm, where D is the diffusion coefficient,

Vm is the transmembrane potential, Iion is the ionic current (mA/cm2), and

Cm is the specific capacitance (1 mF/cm2). Neumann (nonflow) boundary

conditions were used. The diffusion coefficient, D, can be expressed as

1/(SvRiCm). Ri, the resistivity of the intracellular space (i.e., cytoplasm),

was 250 Ucm (11); the surface/volume ratio, Sv, was 2000 cm�1. Cells

were discretized with a space step of 13 mm in both longitudinal and

transverse directions. The governing equation was integrated using the semi-

implicit Crank-Nicholson method with a time step of 0.5 ms (18). In the

monodomain simulations, the extracellular space was considered unbounded

and therefore the extracellular resistance zero.

In a second set of simulations a continuous extracellular (interstitial) space

was added to the model, while keeping the same discontinuous intracellular

space described above. We will refer to this model as a two-domain model

(19). The two-domain model is related but not identical to the classical bi-

domain model, which is continuous both in the intra- and extracellular

spaces, and for which, a single point in space has associated an intracellular

and extracellular potential (20). The space and time discretization steps were

the same as for the monodomain model above. For the extracellular resistiv-

ities, we used 0.854 KUcm, and 1.250 KUcm for the longitudinal and trans-

verse direction, respectively, values obtained in in vivo normal canine left

ventricle by Roberts and Scher (21).

Conduction velocity and anisotropy

We ran all simulations in preparations that had a size of 6.5 mm in the longi-

tudinal direction (50 cells, 500 nodes) and 3.25 mm (125 cells, 250 nodes) in

the direction transverse to the fiber orientation. To initiate a propagating

wave, flat wavefronts were initiated at the boundary of the preparation by

electrical stimulation (2� diastolic threshold). To avoid contamination by

the electrical stimulus and the preparation boundaries, conduction velocity

was calculated in the center of the preparation in an area of 390 mm (three

cells long) by 130 mm (five cells wide). Velocity was calculated as the recip-

rocal of the regression coefficient of the activation times over space in the

direction of propagation. The ANR was calculated as the ratio of the longi-

tudinal (qL) and the transverse (qT) conduction velocity.

Transverse space constant and effective
intracellular resistivity

Transverse space constants were calculated from the spatial decay of Vm, in

the direction transverse to the fiber orientation, five membrane time

constants (40 ms) after one end of the preparation aligned with the fiber

orientation was clamped at �65 mV. The effective transverse intracellular

resistivity (RiT, which combines the cytoplasmic and gap junctional resis-

tance) for a given structure of the intracellular space (i.e., Gj conductance

and gap junction distribution) was calculated from the transverse space

constants of the monodomain model (lmonoT) and the corresponding two-

domain model (ltwoT). From lmonoT ¼ (K/RiT)0.5 and ltwoT ¼ (K/(RiT þ
ReT))0.5, where K is a constant that depends on the membrane resistance

and Sv, and ReT is the extracellular resistivity in the transverse direction

which is known (1.250 KUcm in normal canine ventricle, see above) we

can derive RiT ¼ ReT/((lmonoT/ltwoT)2 � 1).
Biophysical Journal 96(8) 3092–3101
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TABLE 1 Cell parameters

Computer model Experiments (NZ cells) Experiments (EBZ cells) References

Cell length 130 mm 129 mm 135 mm (14)

Cell width 26 mm 26 mm 28 mm (14)

Cell surface area 6760 mm2 5549 mm2 7700 mm2 5142 mm2 9200 mm2 (3,14)

Cell volume 33,800 mm3 39,570 mm3 36,887 mm3 (3)

Surface/volume ratio 0.2 mm�1 0.3 mm�10.14 mm�1 0.14 mm�1 (3,15)

Neighboring cells 6 9 NA (12) (in 3D myocardium)

Differences between the experimental NZ and EBZ cell parameters are not statistically significant.
Calculation of junctional resistance in cell pairs

We calculated the junctional resistance between cell pairs in an unbounded

extracellular space for different distributions of Cx43 plaques using a mono-

domain model. The two cells (each cell had a length of 100 mm and a width

of 20 mm) were discretized with a space step of 1 mm (total number of nodes

was 100 � 40). The governing equation for the monodomain model (see

above Numerical methods) was integrated with a time step of 1 ps. Intracel-

lular currents were applied at one or two nodes in cell1 and at one or two

nodes in cell2 to maintain the clamped nodes in cell1 at 10 mV and the

clamped nodes in cell2 at 0 mV. The junctional resistance, Rjunct, can then

be calculated as the quotient of the voltage at which the node(s) on cell1
Biophysical Journal 96(8) 3092–3101
are clamped (10 mV) over the current necessary to keep the clamped node(s)

in cell2 at 0 mV (3). Isopotential lines were drawn every 0.5 mV.

RESULTS

Effect of the extracellular space on subcellular
propagation in normal epicardial cells

Fig. 2 shows the values of qL (Fig. 2 A), qT (Fig. 2 B), and

ANR (Fig. 2 C), as a function of cell-to-cell Gj in a model

of normal canine left ventricular epicardium (NZ model)
A

C

B

FIGURE 2 Relationship between cell-to-cell conductance (Gj) and longitudinal conduction velocity (A), transverse conduction velocity (B), and ANR (C),

for a two-dimensional monodomain and two-domain model of normal (NZ) epicardial cells.
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for a monodomain and two-domain model. qL and qT

decrease with decreasing cell-to-cell coupling (Fig. 2, A
and B) whereas ANR increases (Fig. 2 C), indicating that

qT is more sensitive than qL to changes in cell coupling (6).

The mechanism (of the greater sensitivity of qT to changes

in cell coupling) can be explained by the relative contribution

of junctional and cytoplasmic delay to total cell delay and the

dependence of those delays on Gj (Supporting Material,

Fig. S1). Including the extracellular space decreases both

qL and qT for all values of Gj because there is additional resis-

tance to the flow of local circuit currents (Fig. 2, A and B, two-

domain) as demonstrated experimentally by Fleischhauer

et al. (22). The presence of an extracellular space in the

two-domain model flattens the Gj-q relationship compared

to the monodomain model (Fig. 2, A and B) and therefore

makes qL and qT less sensitive to changes in Gj. The extracel-

lular space also reduces ANR (compared to the monodomain

model) for all values of Gj (Fig. 2 C), because qL is more

affected than qT by a restricted extracellular space. Activation

maps and junctional and cytoplasmic delays during propaga-

tion in the two-domain model of normal epicardium (NZ) are

shown in Fig. S2.
Effect of reduced side-to-side conductance on
propagation in the outer pathway of figure-of-eight
reentrant circuits

Gj between cell pairs isolated from the outer pathway of

figure-of-eight EBZ reentrant circuits (IZo) is normal for

end-to-end coupled pairs, but it is reduced to ~10% the

normal value for side-to-side coupled cell pairs (3). To quan-

tify the effect of Gj remodeling on conduction in the outer

pathway, we compared qL, qT, and ANR in a model without

Gj remodeling (i.e., 100% Gj) and in a model incorporating

the Gj remodeling measured experimentally (i.e., side-to-

side Gj reduced to 10%). End-to-end cell pair coupling

was the same in both models, which also had the same

membrane dynamics (IZo). Fig. 3 A shows the effects of

Gj remodeling on propagation in the monodomain model.

Note that qL was not affected by Gj remodeling (solid and

dashed lines in Fig. 3 A, left) but remodeling of Gj caused

a reduction of qT (45% for Gj ¼ 6.7 mS) that resulted in an

increase in ANR (181% for Gj ¼ 6.7 mS) (Fig. 3 A, center
and right). Fig. 3 B shows the effects of Gj remodeling on

propagation in the two-domain model. As in the monodo-

main model, qL was not affected by Gj remodeling
FIGURE 3 Effect of reduced side-to-side conductance (Gj remodeling) on propagation in the outer pathway of figure-of-eight reentrant circuits (IZo cells).

Comparison of longitudinal velocity (left), transverse velocity (center), and ANR (right) between a nonremodeled IZo substrate (dashed line) and a remodeled

IZo substrate (solid line) in a monodomain (A) and a two-domain model (B). (See text for explanation.)

Biophysical Journal 96(8) 3092–3101
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(Fig. 3 B, left). The effect of Gj remodeling on qT (31%

reduction for Gj ¼ 6.7 mS) and ANR (140% increase for

Gj ¼ 6.7 mS) was reduced in the two-domain model

(Fig. 3 B, center, right) when compared to the monodomain

model (Fig. 3 A, center, right) indicating that the presence of

an extracellular space attenuates the functional effects of Gj

remodeling in IZo cells. Note that the attenuating effect of

the extracellular space is more pronounced at values of

Gj > 1 mS, consistent with the modest effect of the extracel-

lular space on transverse propagation for Gj < 1 mS (Fig. 2).

Effect of redistribution of Cx43 to the lateral
membrane on propagation in the central common
pathway of figure-of-eight reentrant circuits

In cells from the central pathway of EBZ figure-of-eight

reentrant circuits (IZc), Cx43 redistributes to lateral cell

membranes (4). In this section we determined the effect

that redistribution of Cx43 (mimicked by redistribution of

gap junctions) to sites along the lateral membrane (with the

same total side-to-side Gj) would have on q and ANR. We

compared qL, qT, and ANR in two models of the central

pathway, one with normal Cx43 distribution located at the
IDs and another with Cx43 redistributed to the lateral

membrane (Fig. 4, upper right inset). Both models had the

same membrane dynamics (IZc) and the same total end-to-

end and the same total side-to-side (lateral) Gj. We also

assumed that Cx43 at the lateral membrane formed gap junc-

tions between neighboring cells. Fig. 4 A shows the effects of

Cx43 lateralization on propagation in the monodomain

model. First, there were no major changes in qL (Fig. 4 A,

left). Second, Cx43 redistribution resulted in an increase in

qT and a decrease in ANR (Fig. 4 A, center, right). Fig. 4 B
shows the effects of Cx43 lateralization on propagation in the

two-domain model. The increase in qT (Fig. 4 B, center) and

the decrease in ANR (Fig. 4 B, right) were smaller in the

two-domain model indicating that the presence of an extra-

cellular space attenuates the effects of Cx43 lateralization

on propagation in a substrate of IZc cells.

Mechanism of attenuation of the effects of Gj
remodeling and Cx43 lateralization on qT by the
extracellular space

Gap junction remodeling in a substrate of IZo or IZc cells (Figs.

3 and 4) changes the passive tissue structure (i.e., it changes the
A

B

FIGURE 4 Effect of redistribution of Cx43 to the lateral membrane (Cx43 lateralization) on propagation in the central pathway of figure-of-eight reentrant

circuits (IZc cells). Comparison of longitudinal velocity (left), transverse velocity (center), and ANR (right) between a nonremodeled IZc substrate (dashed

line) and a remodeled IZc substrate (solid line) in a monodomain (A) and a two-domain model (B). (See text for explanation.)

Biophysical Journal 96(8) 3092–3101
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effective transverse intracellular resistivity). Therefore, the

mechanisms involved in the attenuation of the effects of Gj re-

modeling and Cx43 lateralization by the extracellular space on

qT can be interpreted in terms of transverse space constants (l).

For example, Fig. 5 A (top) shows the spatial decay in Vm, in the

transverse direction, in an IZo substrate, when cell-to-cell

Gj ¼ 6.7 mS, for the four models in Fig. 3: 1), Gj remodeling

(10% Gj), monodomain; 2), no Gj remodeling (100% Gj)

monodomain; 3), Gj remodeling (10%) two-domain; and 4),

no Gj remodeling (100% Gj) two-domain. As expected, the

two-domain models have smaller l-values (which were esti-

mated from the spatial decay of Vm) than the corresponding

monodomain models because the extracellular space adds

additional resistance to current flow. Fig. 5 A (bottom) shows

transverse l-values versus transverse resistivity (R) for the

four models (see Methods). The data points in Fig. 5 A (bottom)

were fitted by l ¼ (K/R)0.5 (with K ¼ 4 U cm3), which is the

classical expression for l derived from the cable equations.
The difference between the l-values for the 100% Gj and

10% Gj monodomain models (large double arrow in

Fig. 5 A, bottom) is larger than the difference of l-values for

the 100% Gj and 10% Gj two-domain models (small double

arrow in Fig. 5 A, bottom). The additional resistance to current

flow that results from the presence of the extracellular space in

the two-domain models shifts the values of the 100% Gj and

10% Gj monodomain models along the curve to a region of

larger R, where the l versus R curve is flatter (Fig. 5 A, bottom).

Transverse l-values are directly proportional to qT (C. Cabo

and P. A. Boyden, unpublished). Therefore, the reduction of

the impact of Gj remodeling (i.e., a change in effective trans-

verse intracellular resistivity) on qT in IZo cells by the extracel-

lular space is a consequence of the reciprocal square-root decay

of l with R that flattens as R grows.

A similar mechanism explains the attenuation of the

effects Cx43 lateralization on qT by the extracellular space

in IZc cells (Fig. 4). Fig. 5 B (top) shows the spatial decay
FIGURE 5 (A) Top: Plot of Vm decay in the four IZo models in Fig. 3 (Gj¼ 6.7 ms) to calculate the transverse space constant. Bottom: Plot of the transverse

space constants versus transverse resistivity for the four IZo models in Fig. 3 (Gj ¼ 6.7 ms). (B) Top: Plot of Vm decay in the four IZc models in Fig. 4 (Gj ¼
6.7 mS) to calculate the transverse space constant. Bottom: Plot of the transverse space constants versus transverse resistivity for the four IZc models in Fig. 4

(Gj ¼ 6.7 mS). See text for explanation.
Biophysical Journal 96(8) 3092–3101
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in Vm, in the transverse direction, in an IZc substrate, when

cell-to-cell Gj ¼ 6.7 mS for the four models in Fig. 4: 1),

normal Cx43, monodomain; 2), lateralized Cx43 monodo-

main; 3), normal Cx43 two-domain; and 4), lateralized

Cx43 two domain. Fig. 5 B (bottom) shows transverse l

versus R for the four models. The best fit for the four points

is the same as before indicating that the subthreshold response

of the IZo and IZc membranes is the same (both have

a membrane resistance of 8028 U cm2). As it was the case

for IZo cells, the difference between the l-values for the

‘‘lat Cx43’’ and ‘‘normal Cx43’’ monodomain models (large

double arrow in Fig. 5 B, bottom) is larger than the difference

of l-values for the ‘‘lat Cx43’’ and ‘‘normal Cx43’’ two-

domain models (small double arrow in Fig. 5 B, bottom).

Therefore, as above, the reduction of the impact of Cx43 later-

alization (i.e., a change in effective transverse intracellular

resistivity) on qT in IZc cells by the extracellular space is

a consequence of the reciprocal square-root decay of l with R.

Mechanism of the increase in qT with Cx43
lateralization: access resistance to gap junction
plaques

The simulations in Fig. 4 showed that when a given amount of

gap junction channel protein is distributed along the lateral

membrane, qT is larger than when that same number of chan-
nels is concentrated at the IDs. To investigate the mechanism

of that increase, we calculated the side-to-side junctional

resistance, Rjunct, between two IZc cells for three different

Cx43 distribution structures (Fig. 6 A). In Fig. 6 A-1, there

is only one gap junction plaque connecting cell1 and cell2

with resistance Rplaque. Rjunct is the sum of the resistance of

the gap junction plaque (Rplaque) and the access resistance to

the plaque (Racc1). The access resistance is the resistance

along the path of the current (i.e., orthogonal to the isopoten-

tial lines shown in cell1 and cell2) from site A to the gap junc-

tion plaque connecting cell1 and cell2, and from the plaque to

site B (23–25). Fig. 6 B (solid circles) shows Rjunct as a func-

tion of Rplaque for structure 1 in Fig. 6 A. The value of the

access resistance (Racc1 ¼ 1.05 MU) does not change with

Rplaque, but the relative contribution of the access resistance

to Rjunct decreases as the value of Rplaque increases. For

example for Rplaque ¼ 0.25 MU, Racc1 is 81% of Rjunct;

when Rplaque ¼ 4 MU, Racc1 is 20% of Rjunct. In Fig. 6 A-2
instead of having only one gap junction plaque connecting

cell1 and cell2, the plaque was divided in two plaques, sepa-

rated 40 mm, each having half of the conductance (or double

the resistance) of the plaque in Fig. 6 A-1 to mimic Cx43

lateralization. The access resistance is reduced by 14% from

1.05 MU to 0.89 MU (Fig. 6 B, open circles, Racc2). If in addi-

tion to cells being connected by two gap junction plaques,

intracellular currents are applied at two sites on each cell (A
FIGURE 6 Junctional and access resistance between cell

pairs coupled side-to-side. (A) Isopotential lines when node

A (A and A0 in structure 3) in cell1 is clamped to 10 mV

and node B (B and B0 in structure 3) in cell2 is clamped

to 0 mV in three structures with different Cx43 plaque

distributions. Isopotential lines are drawn every 0.5 mV.

(B) Side-to-side junctional resistance, Rjunct, between

cell1 and cell2 for the three structures (1, 2, and 3,) in panel

(A) as a function of the Cx43 plaque resistance (Rplaque)

between cell1 and cell2. See text for explanation.

Biophysical Journal 96(8) 3092–3101
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and A0 in cell1 and B and B0 in cell2), as it is shown in Fig. 6 A-

3, the access resistance is further reduced to 0.53 MU (Fig. 6

B, inverted open triangles, Racc3) (a 50% reduction with

respect to the value for the structure in Fig. 6 A-1). The reduc-

tion in access resistance and consequently in total junctional

resistance that occurs when a given amount of Cx43 is distrib-

uted over the lateral membrane (compare structures 1 and 3 in

Fig. 6 A) explains the increase in qT with Cx43 lateralization

(Fig. 4 A, center). The relative contribution of access resis-

tance to Rjunct (i.e., Racc/Rjunct) decreases as Rplaque increases

(or cell-to-cell Gj decreases) (Fig. 6 B). Thus, at large values

of Rplaque, different access resistances resulting from different

distributions of Cx43 plaques are not expected to create large

differences in Rjunct. Those results explain the small differ-

ences in qT between substrates with normal and lateralized

Cx43 distribution for Gj < 1 mS (Fig. 4 A, center).

DISCUSSION

In this study we have shown that the extracellular space flat-

tens the Gj-q relationship in a substrate of normal cells, which

results in q being less dependent on Gj. We have also demon-

strated that, in a EBZ substrate of cells remodeled by myocar-

dial infarction, the extracellular space reduces the impact of

Gj remodeling and Cx43 lateralization on q and ANR.

Effect of the extracellular space on subcellular
propagation in normal epicardial cells

The electrical resistivity of the extracellular space is an

important determinant of the velocity of propagation in

ventricular myocardium (22,26). The results of our computer

simulations are consistent with those experimental findings

(Fig. 2), and further demonstrate how the extracellular space

modulates the Gj-q relationship. The effect of the extracel-

lular space on conduction is larger at larger Gj (Fig. 2);

this differential effect of the extracellular space flattens the

Gj-q relationship.

The simulations in Fig. 2 are consistent with the effects of

an overall reduction of Gj on propagation (not just side-to-

side Gj reduction) seen in conditional Cx43 knockout mice

(27). In those transgenic mice, Gj is reduced by ~99% with

respect to the values of wild-type mice in both the end-to-

end and side-to-side directions (28). Still, despite that

dramatic reduction in Gj, propagation is still possible: qL

was reduced by 45% and qT was reduced 55%. Transverse

propagation is more affected than longitudinal propagation

by the decrease in Gj, and as a result ANR increased from

1.66 to 2.1 (27). Consistent with those experimental results,

Fig. 2 shows that an overall reduction in Gj affects qT to

a larger extent than qL resulting in an increase in ANR as

Gj decreases (Fig. 2 C) (the mechanism is discussed in the

Supporting Material). The experimental measurements of

conduction velocity by Gutstein et al. (27) were done in vivo

(i.e., myocardium with a restricted extracellular space). Thus

we suggest that by flattening the Gj-q relationship, the extra-
cellular space attenuates the functional effect of Gj reduction

on conduction velocity.

In this study we used the extracellular resistivities measured

experimentally by Roberts and Scher (21) for canine left

ventricular epicardium. However, it is possible that the

measurements by Roberts and Scher (21) do not accurately

represent the impedance of cardiac tissue. Plonsey and Barr

(29) showed that the interpretation of voltage and currents

measurements depend on the assumptions about the under-

lying tissue structure. Recent theoretical work (30,31) on

impedance measurements will likely lead to more accurate

measurements of cardiac tissue resistivities.

Functional effect of Gj remodeling on propagation
in the outer pathway of EBZ figure-of-eight
reentrant circuits

Gj between cell pairs isolated from the outer pathway of

figure-of-eight reentrant circuits is normal for end-to-end

coupled pairs, but it is reduced to ~10% the normal value

for side-to-side coupled cell pairs (3). From theoretical

considerations in continuous myocardium, it would be ex-

pected that such a reduction in Gj would cause a reduction

in qT to ~30% the value for normal tissue and an increase

in ANR to ~6 (i.e., ~3–4 times the value of normal canine

epicardium). A further reduction in qT would be expected

as a result of Na channel remodeling of the outer pathway

cells (2). However, qT measured in the outer pathway is

~61% of the value of normal tissue and the ANR is increased

from 1.6 to 2.1 (4). We propose three possible (and perhaps

complementary) explanations for the less than expected

change in qT and ANR after major changes in side-to-side

Gj. When there is lateral overlap between cells (as it is in

cardiac tissue), transverse propagation can still occur for

very small side-to-side Gj as the wavefront zigzags through

the end-to-end (longitudinal) connections that have normal

Gj (C. Cabo and P. A. Boyden, unpublished). Zigzag prop-

agation patterns have been demonstrated experimentally in

infarcted tissue (32), and in computer models with structural

discontinuities (10). A second possibility is that normal Gj

lies in a region of the Gj-q relationship that is not very steep.

For example for Gj ¼ 6.7 mS, if side-to-side (transverse) Gj

is reduced by 90%, qT is reduced to ~55% that of normal

myocardium in the monodomain model (Fig. 3). Finally,

during propagation in the intact heart, the presence of the

extracellular space could further attenuate the effect of Gj re-

modeling on qT: qT is reduced to ~69% the value in normal

myocardium (two-domain model simulations in Fig. 3).

Functional effect of Cx43 lateralization on
propagation in the central pathway of EBZ
figure-of-eight reentrant circuits

Cx43 protein redistributes to the lateral membranes in cells

from the central pathway of figure-of-eight reentrant circuits

(4). Here we show that Cx43 lateralization increases qT (if
Biophysical Journal 96(8) 3092–3101
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Cx43 forms functional channels in the lateral membrane) even

without an increase in the total number of gap junctional chan-

nels. This is a consequence of the decrease in access resistance

to the gap junction plaques when Cx43 redistributes to the

lateral membrane (Fig. 6). However, as we show here, the

magnitude of that increase depends on Gj and on the presence

of an extracellular space. In the absence of a restricted extra-

cellular space (for example in cell monolayers), Cx43 lateral-

ization could increase qT up to 29% when Gj¼ 6.7 mS (Fig. 4

A, center). In a monodomain model with variable cell size,

Spach et al. (11) also found that Cx43 lateralization (neonatal

gap junction distribution) decreased cell-to-cell delay during

transverse propagation (and therefore increased qT) by ~10%.

However, when the extracellular space is considered, the

effect of lateralization on qT is attenuated (a 6–10% increase)

for Gj ranging from 0.4–7 mS. Therefore, we can conclude

that, in intact tissue, redistribution of Cx43 protein to the

lateral membrane has a small functional effect, if any, on prop-

agation between central pathway cells. In the simulations

above, we assumed that the junctions at the lateral membrane

are functional. If lateralized Cx43 protein does not form junc-

tions, or the junctions formed are nonfunctional, the func-

tional effect of the lateralized Cx43 on propagation would

be nil.

Limitations

The microscopic structure of the plicate and interplicate

regions of the gap junctions is not incorporated in the model.

In future studies, we plan to incorporate these two elements

in our computer models. We have used values of extracel-

lular resistivity measured in normal canine epicardium in

our simulations of propagation in central and outer pathway.

However, the resistance of the extracellular space may be

affected by swelling and edema in 5-day-old canine infarcted

hearts (33) and it may increase after ischemic episodes (34).

Furthermore, it is possible that the impedance measurements

by Roberts and Scher (21) do not accurately represent the

resistivities of cardiac tissue (29).

SUPPORTING MATERIAL

Two figures are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(09)00476-7.
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