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Abstract

The interplay of potassium ion channels in modulating

the action potential (AP) of the human left ventricle has

not been well elucidated due to the precise nature of some

underlying ionic components that are not fully character-

ized. In the current study, we have developed an allosteric

conformation model for rapid delayed rectifier (IKr) and

incorporated this into the ten Tusscher’s model for hu-

man ventricular myocytes. The transmural densities of IKr,

the slow delayed rectifier (IKs) and the transient outward

channel (Ito) were refined based on the variable expres-

sion of the underlying protein subunits. Our results demon-

strated that the modified model was able to reproduce an

AP duration (APD) of 313 ms in Epi, 349 ms in M and

300 ms in Endo at 1 Hz pacing. A frequency change from

1 Hz to 0.5 Hz resulted in an APD difference of 20 ms for

Epi, 32 ms for M and 20 ms for Endo. Ito effected the early

phase of AP, however, had no significant influence on APD.

An increase of IKr progressively suppressed IKs in Epi and

Endo, however, caused a paradoxical change of IKs in M

cells. In summary, our results have suggested a coincident

decrease of IKs with excessive decrease of IKr in M cells

would be a substrate of their high susceptibility to APD

prolongation.

1. Introduction

Over the last decade, the kinetics of ionic components

and intracellular calcium signaling have been character-

ized in great detail for a range of species, including mouse,

rabbit, guinea-pig and canine [1, 2, 3]. A considerable

effort has also been devoted to characterize human ven-

tricular action potential (AP). Ten Tusscher’s AP model

(TNNP) [4] for human ventricular cardiomyocytes consists

of a high level of electrophysiological detail, and be able

to reproduce the experimentally observed data on action

potential duration (APD) restitution. This model has been

extended to study three-dimensional heterogeneity [5], and

to simulate the effects of Brugada syndrome on cellular AP

and body surface potentials [6]. In contrast to the ventric-

ular models of other species, however, the TNNP model

has a number of drawbacks in the replication of some ex-

perimentally observed data, This is a result of limited ex-

perimental data being available for human ventricular my-

ocytes, and partly due to the precise nature of ionic com-

ponents which are not yet fully characterized. To be more

specific, the densities of the rapid and slow delayed potas-

sium rectifiers from the TNNP model are much larger than

measured data; the differences of APD are much smaller,

and the rate adaptations in all cells are much less than the

values recorded.

In our current work, we have developed a kinetic model

for the rapid delayed potassium rectifier (IKr) [7], which

characterizes the allosteric activation process and the coop-

erative transition of its protein subunits in detail. We have

subsequently incorporated this newly developed allosteric

conformation model into the TNNP model to assess the

interdependence of major outward potassium channels in

modulating the AP of the human left ventricle. The trans-

mural densities of IKr, the slow delayed rectifier (IKs) and

the transient outward channel (Ito) were refined based on

recent experimental data [8, 9]. Our results based on the

modified TNNP model (MTM) showed that Ito exerted an

effect on the early phase of AP, however, had no signifi-

cant influence on AP duration. An increase of IKr induced

a decrease of IKs in Epi and Endo, and a counter-intuitive

change of IKs in M cells.

2. Methods

2.1. Kinetic pathway model of IKr

The kinetic pathway of a protein channel describes the

transition paths of its conformations in the gating actions,

and each state in the paths is kinetically connected. A

kinetic pathway with 18 conformation states for IKr has

been established which characterizes the allosteric activa-

tion through 15-state transitions to a fully activated confor-

mation, followed by two subsequent cooperative open con-

formation transitions. An inactivation conformation state
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Figure 1. Comparison of transient outward potassium current, the rapid and slow delayed rectifier currents produced by

TNNP model (a, b and c) with those reproduced by the modified TNNP model (d, e and f).

is coupled to the open conformation transition. Full details

of this model scheme can be found by Wang et al. [7]. In

the present study, the transition rates of inactivation were

refined by characterizing the recovery from inactivation to

the first open conformation as a weakly voltage-dependent

process.

2.2. Electrical properties of ventricular

myocytes

As demonstrated in the study of Viswanathan et al. [10],

APD differences are reduced when cells are electrotoni-

cally coupled in a multicellular fiber through resistive gap

junction. Thus, for each type of cells, we used 2D-sheet of

tissues consisting a group of cells instead of a single cell

to study the properties of AP and the underlying cellular

ionic processes. Mathematically, the electrical activity in

tissue is described by the bidomain equations,

Cm

∂Vm

∂t
= −

N∑

k=1

Ionk −
1

β
∇ · σe∇Ve (1)

∇ · (σi∇Ve) + ∇ · (σi∇Vm) = −∇ · (σe∇Ve) (2)

where, σi and σo are intracellular and extracellular con-

ductivities, and Vm and Ve are membrane and extracellular

potentials, and Cm is the capacitance per unit area, and β

the ratio of membrane surface area to tissue volume. The

term
∑

N

k=1
Ionk in Equation (1) is the sum of all currents

participating in the modulation of action potential activity.

Equations (1)-(2) are approximated with finite differences.

2.3. Transmural distribution of potassium

channels

The cell-specific expression of ion channel proteins has

been reported for ventricular myocytes in many species

[8, 9]. In the present study, the variable transmural expres-

sion of Ito was specified based on the experimental data of

Zicha et al. [8]. In particular, a heterogeneity of IKr ex-

pression (0.55:0.83:1 for Epi:M:Endo) in human ventricu-

lar myocytes [9] was introduced into the modified model.

A range of ratios from 1/4 to 1/6 for IKr density in left ven-

tricular myocytes (human vs. guinea-pig) was examined.

The conductances of IKs in all the three types of cardiomy-

ocytes were scaled by a factor 0.7 compared to those spec-

ified in TNNP model, i.e., 0.98:0.36:1 for Epi:M:Endo.

3. Results

3.1. Electrical property of outward potas-

sium channels

The electrical properties of major outward potassium

channels were computed by use of both the TNNP model

and the MTM. Figure 1 presents representative results ob-

tained at a basic cycle length (BCL) of 1000 ms (1 Hz

pacing). For Ito and IKs, their densities from the MTM

Table 1. Current densities (pA/pF) of Ito, IKr and IKs.

MTM TNNP

Cell Ito IKr IKs Ito IKr IKs

Epi 4.938 0.192 0.305 6.329 0.515 0.362

M 4.881 0.229 0.096 6.253 0.519 0.123

Endo 1.597 0.235 0.310 2.190 0.519 0.386

were relatively low in comparison to those reproduced by

the TNNP model. Regional difference of IKr density was

not apparent in the TNNP model, however, much better

reproduced by the MTM. The peak densities of Ito, IKr

and IKs at 1 Hz pacing are summarized in Table 1. The

average IKr density from the TNNP model was 0.0458

pA/pF (Epi), 0.0475 pA/pF (Endo) and 0.0542 pA/pF (M)
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Figure 2. Effect of varying conductivities of the individual channels under 1-Hz pacing. Changes of AP (a), IKr (b) and Ito

(c) in Epi with varying Ito conductance (gto); Changes of AP (d), IKr (e) and IKs (f) in M with varying IKr conductance

(gkr); Changes of AP (g), IKr (h) and IKs (i) in Endo with varying IKs conductance (gks).

and those from the MTM were only slightly reduced, i.e.,

0.0321 pA/pF for Epi, 0.0386 pA/pF for Endo and 0.0442

pA/pF for M cells.

3.2. Ionic remodeling in cardiomyocytes

Using the MTM model, we investigated interdepen-

dence of Ito, IKr and IKs in the determination of AP by

varying the conductance of each channel. The ionic re-

modeling of these channels contribute to AP changes in

different ways. An increase in Ito density by 2-fold and

4-fold (Figure 2c) reduced the AP upstroke (Figure 2a),

however, exerted neither significant influence on the AP

duration of all the three types of cells, nor on the densi-

ties of IKr (Figure 2b ) and IKs (not shown). An increase

in either IKs or IKr shortened APD (Figures 2d and 2g).

In Epi and Endo cells, the increase of either IKr or IKs

tended to suppress one another progressively, as shown in

Figure 2h and Figure 2i. In M cells, an increase of IKs

suppressed IKr (not shown), however, an increase of IKr

caused IKs changes in different ways: a coincident aug-

mentation of IKs density and a left-shift of peak IKs with

a 2-fold increase in IKr, and a reduction of IKs density and

a right-shift of peak density with a 4-fold increase in IKr,

as shown in Figure 2f.

3.3. Rate dependence of APD

The rate dependence of Epi, Endo and M cells were

examined at the pacing frequencies of 1.3 Hz (BCL 750

ms), 1 Hz (BCL 1000 ms), 0.5 Hz (BCL 2000 ms).

APD from the TNNP model at a BCL of 750 ms was

270 ms for Epi, 273 ms for Endo and 317 ms for M.

In contrast, with a conductance ratio (Epi:Endo:M) of

0.0065:0.0078:0.0071 for IKr, 0.1715:0.1715:0.0434 for

IKs and 0.2099:0.0521:0.2099 for Ito, the MTM repro-

duced an APD of 295 ms for Epi, 292 ms for Endo and

332 ms for M cells. The results at the pacing frequencies

of 0.5 Hz and 1 Hz are summarized in Table 2. With a

change of frequency from 1 Hz to 0.5 Hz, APD in M cells

increased by 9.3% from the MTM, and only 4.4% by the

TNNP model. The response of AP to single channel block-

ade in different types of cells was also verified based on the

TNNP model and the MTM. The APD prolongation in re-

Table 2. APD at 0.5 Hz and 1 Hz pacing frequencies.

MTM TNNP

Cell 1 Hz 0.5 Hz 1 Hz 0.5 Hz

Epi 303 ms 323 ms 272 ms 280 ms

M 344 ms 376 ms 321 ms 335 ms

Endo 299 ms 319 ms 275 ms 283 ms

sponse to IKr and IKs block at 1 Hz and 0.5 Hz are listed

in Table 3. By the MTM model at 1 Hz, a 100% block of

IKr led to a prolongation of APD90 (AP duration at 90%

repolarization) by 11% in Epi, 23% in M and 15% in Endo

cells, whereas a 100% block of IKs caused a prolongation

of APD90 by 27% in Epi, 9.5% in M and 24% in Endo
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cells, respectively.

4. Discussion

Zwermann has reported there exists a transmural differ-

ence of IKr current density in human ventricular myocytes

[9]. The transmural difference has also been evidenced

in other experimental studies based on the expression of

IKr channel protein in canine and human myocytes [8].

With a maximum IKr conductance of 0.0043 nS/pF for

Epi, 0.0078 nS/pF for Endo and 0.0065 nS/pF for M, the

MTM was able to reproduce an APD of 313 ms in Epi,

300 ms Endo and 349 ms in M cells at 1 Hz pacing. Com-

pared to the TNNP, the MTM reproduced APDs closer

to experimental data recorded from human left ventricu-

lar preparations paced at a BCL of 1 s (324 ms for Epi,

Table 3. Response to simulated IKr and IKs block.

IKr Block IKs Block

Cell TNNP MTM TNNP MTM

Epi 42.47 ms 34.81 ms 82.63 ms 85.35 ms

M 77.68 ms 79.90 ms 33.59 ms 26.44 ms

Endo 42.71 ms 45.34 ms 90.62 ms 72.63 ms

316 ms for Endo and 432 ms for M) [11].

It has been suggested that IKs plays a role in limit-

ing excessive APD lengthening when ion channels such as

IKr are compromised by disease or drugs [3], whereby an

available reserve of IKs accounts for the molecular mech-

anism. Our study demonstrated that the ionic remodeling

of IKr and IKs could balance somewhat the increase or

decrease of one another in Epi and Endo, thus helping pre-

vent AP prolongation. Nevertheless, there was a counter-

intuitive behavior of IKs in response to IKr change in M

cells. An excessive decrease of IKr in M led to a decrease

of IKs, thus contributing to AP prolongation.

The TNNP model has major drawbacks in reproduc-

ing the APD difference and APD rate dependence. The

current densities for IKs and IKr are substantially larger

than experimentally measured densities [4]. By replacing

the native IKr formulation with our newly developed al-

losteric kinetic model, the MTM model could reproduce

larger APD differences, while the current densities of IKr

and IKs and Ito are close to the physiological ranges.

5. Conclusions

In summary, the modified TNNP model reproduced

APD, the differences in APD and the rate dependence be-

tween Epi, Endo and M cells much closer to the exper-

imental observations. Ito exerted an effect on the early

phase of AP, however, had no significant influence on

APD. Our results suggested that a coincident decrease of

IKs with excessive decrease of IKr in M would be a sub-

strate of the high susceptibility of M cells to APD prolon-

gation.
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