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Pacemaker activity of the rabbit sinoatrial node
A comparison of mathematical models
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ABSTRACT  In the past decade, three mathematical models describing the pacemaker activity of the rabbit sinoatrial node have
been developed: the Bristow-Clark model, the Irisawa-Noma model, and the Noble—Noble model. In a comparative study it is
demonstrated that these models, as well as subsequent modifications, all have several drawbacks. A more accurate model,
describing the pacemaker activity of a single pacemaker cell isolated from the rabbit sinoatrial node, was constructed. Model!
equations, including equations for the T-type calcium current, are based on experimental data from voltage clamp experiments on
single cells that were published during the last few years. In contrast to the other models, only a small amount of background
current contributes to the overall electrical charge flow. The action potential parameters of the model cell, its responses to voltage
clamp steps and its current-voltage relationships have been computed. The model is used to discuss the relative contribution of

membrane current components to the slow diastolic depolarization phase of the action potential.

INTRODUCTION

The primary pacemaker of the mammalian heart con-
sists of several hundreds or thousands of resistively
coupled cells located in the sinoatrial (SA) node (Bleeker
et al., 1980; op 't Hof et al., 1985). A large body of
information on the ion current systems underlying pace-
maker activity has been obtained from voltage clamp
experiments on small rabbit SA node preparations
containing ~100 cells. This information resulted in
three mathematical models of rabbit SA node pace-
maker activity: the Bristow-Clark model (Bristow and
Clark, 1982), the Irisawa-Noma model (Irisawa and
Noma, 1982) and the Noble-Noble model (Noble and
Noble, 1984). Recently, Noble et al. (1989) published a
modification of the Noble-Noble model, which we shall
refer to as the Noble-DiFrancesco-Denyer model. They
incorporated new equations for some of the membrane
ionic currents based on recent single cell experimental
data (DiFrancesco and Noble, 1989).

The denervated SA node shows spontaneous electri-
cal activity with a very regular discharge pattern (Bonke,
1969). Like the intact SA node, individual pacemaker
cells isolated from it show spontaneous electrical activ-
ity. Their discharge pattern, however, is irregular (op ’t
Hof et al., 1987). Our hypothesis is that both the
irregularity of individual pacemaker cells and the
regularity of the intact SA node can be explained in
terms of the stochastic open-close kinetics of the mem-
brane ionic channels. To test the validity of this hypothe-
sis we wanted to incorporate the stochastic open-close

kinetics of the membrane ionic channels into a mathemat-
ical model of electrical activity of a single pacemaker
cell.

A satisfactory single cell model, however, was not
available. The conversion of the Bristow-Clark model
and the Irisawa-Noma model, both muiticellular mod-
els, into a single cell model is a straightforward opera-
tion because all relevant quantities are expressed rela-
tive to the membrane area. Each of these models,
however, has serious disadvantages which we will discuss
below. The multicellular Noble-Noble model can be
converted into a single cell model by simply scaling down
all, absolute, quantities by a factor of 100, the approxi-
mate number of cells comprised in the mulitcellular
preparation (Noble et al., 1989). This, however, yields a
model which, as we will also discuss below, does not
resemble the nowadays available single cell experimen-
tal data in several ways. The single cell model resulting
from the modification of the Noble-Noble model by
Noble, DiFrancesco and Denyer has a number of
drawbacks which will also be discussed below. Therefore
we developed a single cell model ourselves.

In this paper, at first we give a review of the three
above mentioned mathematical models and the single
cell modification of the Noble-Noble model. Next we
present our model of electrical activity of a single
pacemaker cell. The incorporation of the stochastic
open-close kinetics into this model will be dealt with in a
subsequent paper (in preparation).
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METHODS

Action potential parameters

Experimentally recorded action potentials usually are characterized by
their cycle length (CL), maximum diastolic potential (MDP), action
potential amplitude (APA), action potential duration at 50 and 100%
repolarization (APD;, and APD,), maximum upstoke velocity (V... ),
and diastolic depolarization rate (DDR). Therefore, we will use these
seven parameters to characterize the model action potentials too.

Model equations

All models, including the one presented in this paper, are Hodgkin-
Huxiey type models in that the cell membrane is modeled as a
capacitance connected in parallel to a number of conductances
representing the ionic channels, their kinetics being described by
gating variables representing first-order reaction schemes (Hodgkin
and Huxley, 1952). Thus, if not listed explicitly, the equations for the
rate constants a, and B, of some gating variable x can be inferred from
the equations for the time constant 1, and the steady-state value x,,
according to

o, =x,/1,

and

B.=(-x)/r

We will use the symbols and units listed in the glossary. The number
of ionic channels is assumed to be linearly related to the cell
membrane area. Consequently, the maximum current is linearly
related to this area too. So one should use current per unit membrane
area instead of absolute current to allow for easy comparison. The
membrane area, however, can not be measured accurately. Therefore,
we have chosen to use the cell membrane capacitance C as a reference:
C can be measured accurately and is approximately proportional to the
membrane area (Nakayama et al., 1984). Thus, if necessary for
comparison, current is expressed in picoamperes/picofarad.

All equations of our model, as well as stable-start values, are given in
the appendix. Note that in some of the rate constant equations

I’Hospitals rule has to be used. No bounds are put on concentrations.
The constants are listed in the glossary.

The equations of the Bristow-Clark model and the Irisawa-Noma
model were taken from the papers cited before. Some equations of the
Noble-Noble model and the Noble-DiFrancesco-Denyer model could
only be obtained by a thorough examination of version 2.1 and version
2.2 of the Oxsoft Heart software package (Oxsoft Ltd., Oxford,
England). This package was also used to check the correctness of the
remaining equations of these models.

Numerical integration

To calculate the variation of the membrane potential ¥ one has to
solve a number of simultaneous first-order differential equations: one
for the membrane potential, five for ion concentrations, if not fixed,
and, depending on the number of gating variables, six or more
equations of the form

dx/dr = o, (1 — x) — B

We have applied the accurate and efficient integration method of
Victorri et al. (1985). The number of differential equations is consider-
ably reduced by taking

x (¢ + A =x.(0) + () — x.(0)] - exp [-At/7,(0)]

as an approximate solution to the gating variable equation. At any time
t the integration time step At is set equal to one of the values 2" - 0.032
ms, 0 < n < 5, depending on the computed change in the membrane
potential AV. If |AV| is greater than 0.4 mV the integration step is
repeated with Ar halved until |AV| becomes <0.4 mV. If |AV]is <0.2
mV the next integration step is carried out with Az doubled. The initial
value of At is 0.032 ms.

EXISTING MODELS

The existing mathematical models differ in the number
and kind of membrane current components. Each of the
models will now be reviewed in turn. Table 1 gives the
model values of the action potential parameters, to-
gether with experimentally observed values. Table 2
gives both the absolute and the relative contribution of
the membrane current components to the charge flow
during spontaneous electrical activity. The dynamics of
these current components during spontaneous electrical
activity are shown in Fig. 1.

Bristow-Clark model

The Bristow-Clark model (Bristow and Clark, 1982) is a
modification of the McAllister-Noble-Tsien model
(McAllister et al., 1975). The membrane current compo-
nents of this cardiac Purkinje fiber model were modified
to produce a model that exhibited behavior in agree-
ment with the experimental data published at that time,
especially to a “reference transmembrane potential
waveform.”

Two membrane current components of the Bristow-
Clark model are the voltage-dependent, time-indepen-
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TABLE 1 Action potential parameters of a single rabbit SA node cell. Experimentaily observed values and model values
MDP APA CL APD,, APD,, Vo DDR
Experimentally observed values mV mV ms ms ms Vis mV/s

Nakayama et al., 1984

(mean + SD, n = 18) —533+82 88.6 + 103 — 100.1 =394 — 85+58 —
Hagiwara et al., 1988

(mean = SD,n =5) — — 2964 + 475 —_ — — —
Ociet al., 1989

(mean * SD,n = 13) -56+8 — 322+ 49 91+ 15 172+30 271+35 79+21
Denyer and Brown, 1990a

(mean = SD,n = 12) —-662*+45 975+55 3582 +136.8 85.8 + 18.0 — 79+27 —
van Ginneken and Giles, 1991

(mean = SD, n = 20) -579+80 898 +94 3354 +67.1 72.7+148 — 128 =74 77+20

Model values

Bristow-Clark model, 1982 -61 73 361 93 181 22 87
Irisawa-Noma model, 1982 —66 84 329 3 146 52 71
Noble-Noble “central” model,

1984 —-61 84 263 70 147 4.7 191
Noble-Noble “peripheral”

model, 1984 =73 102 254 55 122 8.1 251
Noble-DiFrancesco-

Denyer model, 1989 -74 106 169 45 80 138 412
Model presented here —~66 97 388 91 165 73 80

dent “potassium background current” iy, and the “pace-
maker current” iy,, an outward current deactivated upon
hyperpolarization. This pacemaker current, however,
has turned out to be an inward current activated upon
hyperpolarization. The deactivation of iy, can be reinter-
preted as an activation of i; (DiFrancesco, 1981), yield-
ing a modified background potassium current i, ., com-
prising iy, and the fully-activated iy, After this
reinterpretation the Bristow-Clark model has the five
membrane current components i, iy, iy,, and i,. The total
background current i, consists of i,y and two other
background currents: i,,, and i, ;. The behavior of each
of the current components during 400 ms of spontane-
ous electrical electrical activity is shown in Fig. 1 4.

The Bristow-Clark model is not useful because it does
not accommodate most of the published data obtained

from voltage clamp experiments. iy, for instance plays a
prominent role in the Bristow-Clark model whereas it
experimentally appears to be nearly absent from SA
node cells (Irisawa et al., 1987). The same holds true for
the modification of the Bristow-Clark model by Reiner
and Antzelevitch (1985). They replaced iy, by an i,
current consistent with the data obtained in the first
voltage clamp experiments on small SA node prepara-
tions. Further, “to generate a biologically accurate
action potential,” iy, was increased by 30%, i,, was
decreased by 12% and i; was increased by 15%.

Irisawa-Noma model

The Irisawa-Noma model (Irisawa and Noma, 1982) is
the final form of the SA node model developed by

TABLE2 Electrical charge flow normalized to membrane capacitance during one cycle of spontaneous electrical activity

le Qsi QK Q! QN: Qb
mC/F mC/F mC/F mC/F mC/F mC/F

Bristow-Clark model (1982) 297 103 (35%) 139 (47%) 8.6 (2.9%) 3.6 (1.2%) 44 (15%)
Irisawa-Noma model (1982) 838 360 (43%) 216 (26%) 22 (2.6%) 18 (2.2%) 222 (27%)
Noble-Noble “central”

model (1984) 733 166 (23%) 366 (50%) 5.7 (0.8%) 0.9 (0.1%) 194 (27%)
Noble-Noble “peripheral”

model (1984) 843 191 (23%) 420 (50%) 17 (2.1%) 1.7 (0.2%) 214 (25%)
Noble-DiFrancesco-Denyer

model (1989) 1131 308 (27%) 551 (49%) 9.7 (0.9%) 3.8 (0.3%) 259 (23%)
Model presented here 908 405 (45%) 402 (44%) 35 (3.9%) 2.2 (0.2%) 64 (7.0%)

Absolute values (millicoulombs/farad) and relative values (percent of total flow).
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FIGURE 1

Behavior of each of the current components during 400 ms of spontaneous electrical activity. Outward currents are positive, inward

currents negative. (4 ) Bristow-Clark model. (B) Irisawa-Noma model. (C') Noble-Noble “central’” model. (D) Noble-Noble “peripheral” model.

(E) Noble-DiFrancesco-Denyer model. (F) Model presented here.

Yanagihara et al. (1980). It has the same five membrane
current components as the Bristow-Clark model after
reinterpretation: i, iy, i, iy,, and i,. The behavior of each
of the current components during 400 ms of spontane-
ous electrical activity is shown in Fig. 1 B. The equations
for i, iy, and i, are based on voltage clamp data. The iy,
equations were adopted from the McAllister-Noble-
Tsien model (McAllister et al., 1975). The background
current was estimated from the difference between the
computed total amplitude of the four gated currents and
the experimental steady-state current-voltage (I-V) curve.

The Irisawa-Noma model simulates the spontaneous
electrical activity quite well (Table 1), but it has two
apparent difficulties. First, the reconstruction of the
experimental I-V curve and the action potential was
satisfactory only if an artificial i, ‘“window current” was
introduced by shifting the steady-state activation and
inactivation curves in opposite directions. Secondly, the
model has a large artificial background current (Fig. 1,
Table 2).

The SA node model of Yanagihara et al., (1980) has
been modified by Nilius (1986), incorporating the T-type
calcium current. The i, ; equations are based on single
channel and whole cell currents recorded from guinea
pig ventricular and atrial cells, respectively. Unlike the
model by Yanagihara et al., (1980) no artificial window
current was needed to evoke pacemaker activity. Com-

paring the d;.- and f; .-curves of Nilius (1986) to those of
Hagiwara et al. (1988), who carried out experiments on
single rabbit SA node cells, shows that, unfortunately,
the artificial i; window current was replaced by a large
artificial i, ; window current: in contrast to the d;.- and
fr.-curves of Nilius (1986) the curves of Hagiwara et al.
(1988) hardly overlap (Fig. 3, left panel).

Noble-Noble model

The Noble-Noble model (Noble and Noble, 1984) is a
modification of the DiFrancesco-Noble model (Di-
Francesco and Noble, 1985). The membrane current
components of this cardiac Purkinje fibre model were
modified for the SA node. The same equations were
used with parameters appropriate to the SA node except
where specific information on the SA node existed that
required the equations to be changed.

The model incorporates iy, and iy, and accounts for
the variations in ion concentrations. i is separated into
fast gated component ic,; and iy, The i, equations
incorporate calcium-dependent inactivation. The equa-
tions for i; and i, are based on voltage clamp experiments
on multicellular SA node preparations. The i, equa-
tions are based on data obtained on Purkinje fibers. The
equations for iy,c, and for intracellular calcium storage
and release are only partly based on experimental
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observations. The conductance g, ., of the calcium back-
ground current i, , was chosen to give a diastolic free
calcium level in the presumed physiological range of
50-100 nM. The maximum value for the conductance g,
of the potassium background current i, was reduced to
a small arbitrary value. The conductance g,y, of the
sodium background current i,,, was chosen as that
which allowed a MDP between ~ —70 and —55 mV to
be achieved. The equation for iy, was chosen to allow
the intracellular sodium and potassium concentra-
tions to be maintained during spontaneous electrical
activity.

The “central” version of the model differs from the
standard “peripheral” version in that the i, and i are
reduced by 37.5 and 33%, respectively. The behavior of
each of the current components of both the central and
the peripheral version during 400 ms of spontaneous
electrical activity is shown in Fig. 1, C and D. The total
background current i, consists of i, ¢,, ix;, iyne AN iyk.
Both versions simulate the spontaneous electrical activ-
ity to a quite reasonable degree (Table 1).

The major difficulties for our purposes lie in the fact
that not all model quantities, if simply scaled down by a
factor of 100 as explained before, resemble the single
cell experimental data. First, the thus obtained value of
the membrane capacitance (60 pF) is very large com-
pared with the experimentally observed values (Table
3). Secondly, the thus obtained value of the cell volume
(14,469 um*), related to the action potential through the
intracellular ion concentrations, is very large compared
with the values that can be inferred from the experimen-
tally observed cell dimensions (see below). Thirdly,
under voltage clamp conditions the kinetics of i, i,, and
ix do not agree with the data obtained from experiments
on single SA node cells (not shown).

TABLE 3 Capacitance of isolated rabbit SA node cells

C
pF
DiFrancesco, 1986 (mean + SD,
n =20) 29395
Irisawa et al., 1987 (mean = SD,
n=18) 292+ 11
Irisawa and Hagiwara, 1988
(range) 30 to 40
Hagiwara et al., 1988
(mean % SD, n = 26) 354 +48
Belardinelli et al., 1988
(mean = SD,n = 18) 35477
Denyer and Brown, 1990a
(mean * SD, n = 26) 283 + 133

Noble-DiFrancesco-Denyer single
cell model

The Noble-DiFrancesco-Denyer single cell model (No-
ble et al., 1989) is a modification of the Noble-Noble
peripheral model (Noble and Noble, 1984). Comparing
current magnitudes in the multicellular model with
experimentally observed single cell current magnitudes
suggested that the multicellular preparation had in-
cluded ~ 100 cells. Therefore, all membrane ionic cur-
rents were scaled down by a factor of 100. The single cell
was assumed to be a cylinder of 100 pm in length and 8
pm in diameter having a capacitance of 27 pF (Denyer,
1989). The equations for i, and iy were replaced by
equations based on more recent single cell experimental
data (DiFrancesco and Noble, 1989). The equation for
Iy, however, had to be scaled up by a factor of 2.7 to
evoke pacemaker activity. The behavior of each of the
current components of the thus obtained single cell
model during 400 ms of spontaneous electrical activity is
shown in Fig. 1 E.

The Noble-DiFrancesco-Denyer model has the follow-
ing drawbacks:
(a) Many of the computed values of the action potential
parameters differ largely from the experimentally ob-
served values (Table 1). (b) As mentioned before the
value of 7y does not correspond to the experimental
findings. (c) Due to the overestimation of i the sodium-
potassium pump current iy,x and the background sodium
current iy, are probably overestimated too because the
magnitude of iy, is linked to the efflux of potassium
through the i, channels and the magnitude of i, , in turn
is linked to the efflux of sodium ions through the
sodium-potassium pump. (d) Due to the large values of
other currents and the short CL the contribution of i, is
probably underestimated (Table 2). (¢) A common
finding in voltage clamp records is that at holding
potentials from —40 to —30 mV the amplitude of the
background current is <10 pA (Irisawa et al., 1991). In
the model however it is 40 pA. (f) The model does not
incorporate the T-type calcium current.

A NEW SINGLE CELL MODEL

In this section we present and discuss the parameters
and equations of our single cell model. Single cell
experimental data on the cell dimensions, the mem-
brane capacitance, and the currents ic,, ic, 1, i ik, and
inx Were used to construct the model. If sufficient data
were not available, which was the case with the intracel-
lular calcium uptake and release processes, and the
currents i, c,, iy, and iy,c,, the model equations were
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adopted from the Noble-Noble model (Noble and No-
ble, 1984).

Dimensions and capacitance of the
model cell

There is a wide variety in the cellular morphology of
cells isolated from the SA node region (Denyer and
Brown, 1990a; van Ginneken and Giles, 1991). The SA
node cells used in voltage clamp experiments, however,
mostly are elongated, spindle-shaped cells. Irisawa et al.
(1987) used spindie-shaped cells with a length of 112 +
40 pm and a width of 9 = 5 pm (mean + SD, n = 93).
Denyer and Brown (1990a) also used spindle-shaped
cells. They report a length of 95 + 34 pm (mean + SD,
n =39) and a width of 7.1 * 0.6 pm (mean * SD,
n = 9). As an average we assumed our model cell to be a
100 pm long by 8 pm diameter cylinder, the same
dimensions as in the Noble-DiFrancesco-Denyer model.
So our model cell has a membrane area of 2,613.8 pm?
and a volume of 5,026.5 um’. The calculated action
potential does not depend strongly on the cell volume.

As an average of the reported capacitance values
(Table 3) we set the cell capacitance to 32 pF. This gives
a value of 1.22 pF/cm’® for the membrane capacitance
normalized to the calculated membrane area, agreeing
well with the experimental value of 1.30 + 0.24 wF/cm’
(mean = SD, n = 18) obtained by Nakayama et al.
(1984).

lon concentrations

We assumed the extracellular concentrations of calcium,
potassium, and sodium ions to be 2.0, 5.4, and 140 mM,
respectively. These are the usual values for the bathing
solutions in single cell experiments. We required the
intracellular concentrations of potassium and sodium
ions to maintain their assumed values of 140 and 7.5
mM, respectively (Noble and Noble, 1984) during a long
period of spontaneous electrical activity. The variations
of these values during one cycle of pacemaker activity,
calculated from Eqgs. 21 and 22, are very small. The
variation of the intracellular concentration of free cal-
cium ions is calculated from Eq. 20. This concentration
varies from 66 nM to 10 pM during one cycle of
pacemaker activity. This variation is within the range
expected from experimental measurements and model
studies on the intracellular free calcium concentration
{Chapman and Noble, 1989).

Calcium storage and release

The intracellular calcium uptake and release processes
are described by the equations given by Noble and Noble

(1984) which represent the electrophysiologically essen-
tial features of these complex processes.

Time-dependent (gated) currents

L-type calcium current (i,,)

After Hagiwara et al. (1988), who studied the kinetic
properties of i,; and i, 1 in single rabbit SA node cells,
the kinetics of i.,; are described with an activation
gating variable d; and an inactivation gating variable f;.
We used their Eqgs. 1 and 2 to describe the steady-state
activation and inactivation.

No quantitative single cell experimental data are
available on the very fast activation of i.,;. Assuming
voltage dependence only, one would expect the time
constant of inactivation, i.e., the decrease in f;, to be the
same as that of recovery from inactivation, i.e., the
increase in f;. This time constant, however, seems to
depend on the degree of inactivation: experimental
findings suggest that it varies from ~4 ms atf; = 1 to 225
ms at f; = 0. The value of 4 ms can be calculated from
Fig. 6 B of Nakayama et al. (1984) which shows the
inactivation time course at 10 mV. The value of 225 ms is
the time constant of recovery from inactivation mea-
sured at —40 mV by Hagiwara et al. (1988): they report a
value of 225 + 12.5 ms (mean = SD, n = 3). We have
chosen Egs. 3 and 4 to describe the i,, time constants.
These equations fit the above mentioned experimental
data and yield voltage clamp results which agree well
with the experimental findings of DiFrancesco et al.
(1986) and DiFrancesco and Noble (1989) (Fig. 2 C).

We adopted the Noble-Noble equation for i, ,, which
accounts for the dependence on the membrane potential

A B C
-~ ..

30mv

88

-40 mv L —_

80 mV 25ms

FIGURE2 Computed voltage clamp records. The upper panels of 4
and B show superimposed records of the total membrane current in
response to 1 s voltage clamp pulses from a holding potential of —40
mV. Voltage clamp pulses superimposed on the spontaneous electrical
activity of the model cell are shown in the lower panels. (4 ) Activation
of i;; and iy upon depolarizing steps to test potentials ranging from —30
to 30 mV. (B) Activation of i, upon hyperpolarizing steps to test
potentials ranging from —50 to =90 mV. (C) Current traces of 4 on an
expanded time scale, showing the activation of i;. Test potentials
indicated near corresponding traces.
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and the intracellular free calcium concentration, to
describe i.,; . The maximum amplitude of i, measured in
voltage clamp experiments as the difference between the
peak of i; and the current level 200 ms after the onset of
the voltage clamp step, is attained near 0 mV and ranges
from 9 to 37 pA/cm’ with an average of 16.9 + 6.8
pA/cm? (mean + SD, n = 8) (Nakayama et al., 1984).
Thus, for our model cell with a membrane area of
2,613.8 um’® one should have a maximum i, amplitude of
442 pA. In the model, it is 444 pA attained at 2 mV. This
has been achieved by setting P, to 90 pA/mM.

T-type caicium current (ic, )

No experimental data are available on the dependence
of i, on the intracellular free calcium concentration
[Ca**]. Experimental results indicate that i.,; shows
about the same dependence on the extracellular calcium
concentration and the membrane potential as i, .,
(Hagiwara et al., 1988). Therefore, we have chosen Eq. 9
for i, r to be of the same form as the equation for i, ..

According to the experimental results of Hagiwara et
al. (1988) the kinetics of i, are described with an
activation gating variable d; and an inactivation gating
variable f;. The steady-state activation and inactivation
are described by their Egs. 5 and 6 (Fig. 3, left panel).
Eq. 8 for the time constant of inactivation has been
determined by fitting the experimental data Fig. 9 C of
Hagiwara et al. (1988) (Fig. 3, middle panel). No
quantitative data are available on the very small time
constant of activation. Using P, ; = 85 pA/mM and Eq.
7, we obtained model voltage clamp results similar to
Figs. 1 C and 8 A of Hagiwara et al. (1988) (Fig. 3, right
panel).

Hyperpolarizing-activated current (i)

The i; channels are permeable to both sodium and
potassium ions. The experimentally observed i, current-
voltage relation is approximately linear and the reversal
potential lies somewhere between the potassium equilib-

rium potential and the sodium equilibrium potential
(DiFrancesco et al., 1986; van Ginneken and Giles,
1991). Therefore, we have chosen Eq. 13 to describe 7.
van Ginneken and Giles report an i, reversal potential of
~24 = 4 mV (mean * SD, n = 6) and a maximum i,
conductance of 12 * 3.6 nS (mean * SD, n = 17).
Model values of —24 mV and 12 nS are achieved by
setting g.x = 7.4 nS and g;,,, = 4.6 nS.

The experimental data on the i; kinetics can be fitted
well by assuming the presence of two identical gates
(Denyer, 1989; van Ginneken and Giles, 1991). There-
fore, we have chosen Eq. 13 to describe i, We have
adopted Eqgs. 11 and 12 of van Ginneken and Giles
(1991) for the rate constants.

Model voltage clamp results (Fig. 2 B) agree well with
the experimental results of DiFrancesco et al. (1986),
Denyer and Brown (1990b), and van Ginneken and
Giles (1991).

Delayed rectifying potassium current (i)

Carrying out experiments on cells isolated from rabbit
SA and atrioventricular (AV) nodes, which, in the case
of iy, were not distinguished, Nakayama et al. (1984)
found a nonlinear iy — V relationship with a reversal
potential obtained between —75 and —65 mV and a
peak amplitude of ~4 pA/cm’ attained between —10
and 20 mV in five examples. For our model cell with a
membrane area of 2,613.8 um’ this peak amplitude
should be 105 pA. We fit these experimental data by Eq.
16 with the scaling factor k, set to 11. This yieldsai, — V
relationship with a reversal potential of —70 mV and a
peak amplitude of 111 pA attained at 6.5 mV (Fig. 4).
Shibasaki (1987) studied the iy kinetics of single rabbit
SA and AV node cells, which, too, were not distin-
guished. It was shown that a fast inactivation gate can be
responsible for the observed nonlinearity of iy, known as
“inward-going rectification.” We did not incorporate
this gate into our model because the data only refer to
potentials negative to —50 mV. So the time-dependence

4 40 0
<
3 30 a
@ @ & 100
13 £ @
= 24 b2o <= £
= 3
o 1 * -200
11 oT 10 K
T 2
1] T T T T 0 T ¥ [+] -300 T T T
100 80 -60 -40 20 0 100 -50 [ 50 60 40 -20 O 20 40 60

membrane potential (mV)

membrane potential (mV)

membrane potential (mV)

FIGURE3 Computed characteristics of the T-type calcium current. (Left) Steady-state activation (dr.) and steady-state inactivation (f;.).
(Middle) Time constant of activation (r,) and time constant of inactivation (t,7); note different ordinate scales. (Right) Peak current in response to
voltage clamp steps from —80 mV to various test potentials from —50 to +45 mV. Curves drawn according to Eqgs. 5-9.
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-80 -40 1] 40
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FIGURE4 Fully-activated delayed rectifying potassium current as a
function of the membrane potential (7). Sodium-potassium pump
current as a function of the membrane potential at an intracellular
sodium concentration of 7.5 mM (iy,). Curves drawn according to
Egs. 16 and 17.

is described by one gating variable only: the activation
gating variable x. We used Shibasaki’s (1987) Egs. 14
and 15 for the steady-state activation and the time
constant of activation. Model voltage clamp results
(Fig. 2A4) agree well with the experimental results of
Nakayama et al. (1984), DiFrancesco et al. (1986), and
Shibasaki (1987).

Fast sodium current (i,,)

Experimental results on the presence of iy, in SA node
cells, indicated by their sensitivity to tetrodotoxin (TTX),
are largely different: in some studies i,, was nearly
always present (Oei et al.,, 1989; Denyer and Brown,
1990a), whereas in others it appeared to be completely
absent (van Ginneken and Giles, 1991). For complete-
ness, we have incorporated a small iy, into our model.
Because no quantitative data are available on this
current in SA node cells we have adopted the Noble-
Noble iy, equations, scaled down properly, which are
based on single cell experiments on Purkinje fibres.
According to these equations the iy, channel is to some
extent permeable to potassium ions. The amount of iy,
carried by potassium is so small that we have neglected it
in the equations for iy ., and iy, ,...

Pump and exchange currents

Sodium-calcium exchange current (i,.c.)

We have adopted the Noble-Noble iy, equation with
the scaling factor &y, reduced by a factor of 200 to 0.01.
Using an intracellular perfusion method Hagiwara and
Irisawa (1988) observed an iy, current density of 1
pA/pF at a membrane potential of —40 mV and an
intracellular free calcium concentration of 500 nM. Our
model equation yields a value of 0.64 pA/pF.

Sodium-potassium pump current (iy.)

No experimental data are available on the voltage
dependence or the amplitude of iy, in SA node cells. In
isolated guinea pig ventricular cells, however, Gadsby et
al. (1985) found a marked voltage dependence and an
amplitude of 3 + 1 pA/cm’ (mean + SD, n = 9) at an
intracellular sodium concentration [Na*], of 34 mM.
Assuming that iy, in SA node cells shows the same
voltage dependence we obtained in Eq. 17. The factor
describing the dependence on [Na*], with a K, , value
of 40 mM, was adopted from the Noble-Noble model.
We set iy, maw the “maximum” Na-K pump current, to
182 pA. This value was found by varying iy ..., and the
background sodium conductance until the intracellular
sodium and potassium concentrations were maintained
during long runs, i.e., several hundreds of action poten-
tials, of pacemaker activity. With this value the com-
puted amplitude of iy, at [Na*], = 34 mM is 3.2 pA/cm’.

The voltage dependence of iy, is depicted in Fig. 4.
The average value of iy, during one cycle of pacemaker
activity is 24.1 pA or 0.75 pA/pF, the peak value 28.7 pA
or 0.90 pA/pF.

Time-independent (background)
currents

Background calcium current (i, c,)

The inward background calcium current is described by
the Noble-Noble Eq. 18. This current is needed to keep
the diastolic level of the intracellular free calcium
concentration in the generally accepted range of 60-100
nM (Chapman and Noble, 1989). A g, ., value of 0.04 nS
is sufficient to achieve this. The average value of i,
during one cycle of pacemaker activity is 6.3 pA or 0.20
pPA/pF, the peak value 8.1 pA or 0.25 pA/pF.

Background potassium current (i, )

In single channel experiments on rabbit SA node cells a
small amount of iy, channels was found (Irisawa et al.,
1987). These channels account for a small outward
background current i,,. We adopted the Noble-Noble
ix, equations, scaled down by a factor of 100, to describe
this current. The average value of i, during one cycle of
pacemaker activity is 2.8 pA or 0.09 pA/pF, the peak
value 4.9 pA or 0.15 pA/pF.

Background sodium current (i, \,)

The inward background sodium current is described by
the Noble-Noble Eq. 19. Our value of 0.15 nS for g, ,
was determined together with iy, in the way de-
scribed before. The average value of i,,, during one
cycle of pacemaker activity is 17.7 pA or 0.55 pA/pF, the
peak value 21.6 pA or 0.67 pA/pF.
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RESULTS AND DISCUSSION

A large part of the discussion has already been pre-
sented in previous sections. Hence, we will restrict
ourselves to a more general discussion in this section.

Heterogeneity of SA node cells

There is a large variation in the action potential parame-
ters of the rabbit SA node cells used in different studies
(Table 1). Voltage clamp results, too, lie within a wide
range. In the case of i, it is still in doubt whether this
current is consistently present: in some studies i; was
only found in a part of the cells (Nakayama et al., 1984;
DiFrancesco et al.,, 1986), whereas in others it was
always present (Denyer and Brown, 1990a; van Gin-
neken and Giles, 1991). As mentioned before, iy, is not
consistently found too. Some variations may arise from
differences in isolation methods or recording tech-
niques. However, large variations are also reported
within series of similar experiments. For example, the
amplitude of i; ranges from 9 to 37 pA/cm’ in the
experiments of Nakayama et al. (1984). Similarly, the
size and kinetics of i; are variable to *30% in the
experiments of van Ginneken and Giles (1991). Thus, it
is likely that isolated SA node cells exhibit a high degree
of heterogeneity in their electrophysiological properties.
One may hypothesize that this reflects the regional
differences in action potential parameters in the intact
SA node (Bleeker et al., 1980; op 't Hof et al., 1987). It is
not at all clear whether the heterogeneity is mainly
based on a large variability in ion channel densities or
that intracellular factors are largely involved. Anyway,
the creator of the model is faced with a fundamental
problem: each cell requires its own model and two cells
may require essentially different models. Only if a
complete set of voltage clamp data recorded from one
cell were available to the creator of the model, it might
be possible to construct an accurate model of this one
cell. At present, the best thing the creator of a model can
do is to use the average values obtained in voltage clamp
experiments, hoping that cells with these average values
exist and are not infrequent.

Voltage clamp experiments

The results of the application of all “standard” voltage
clamp protocols to our model cell are depicted in Fig. 2.
As already discussed before the experimental data are
reproduced well. The activation of the slow inward
current (Fig. 2 C) could not be reproduced well by any
of the other models (not shown).

Plotting the total membrane current as a function of

T 200 pA

after 1s
-100 -50
/

instantaneous

50 mvV

instantaneous

after1s |
L -400

FIGURES Current-voltage relationship for the total membrane cur-
rent of the model cell at the end of 5 ms or 1 s voltage clamp pulses
from a holding potential of —40 mV.

the applied test potential we obtain the 1-V relationship
of our model cell (Fig. 5). Hyperpolarizing pulses near
—50 mV clearly elicit a positive shift in current after 5
ms, corresponding to the experimental results of Denyer
(1989) and van Ginneken and Giles (1991). Other
aspects of this relationship also fit the experimentally
found I-V relationships (Nakayama et al., 1984; Irisawa
and Hagiwara, 1988; Denyer and Brown, 1990a; van
Ginneken and Giles, 1991).

As mentioned before the amplitude of the back-
ground current at holding potentials from —40 to —30
mV is commonly found to be <10 pA (Irisawa et al.,
1991). In our model cell it is <3 pA.

Spontaneous electrical activity

The behavior of the membrane potential and all 10
membrane current components during pacemaker activ-
ity is depicted in Fig. 6, clearly showing the relative
contribution of each component in generating the action
potential. The currents i, , ic,1, and iy,c, as well as the
Currents iy ., i, x, ke and iy,x, added up to give i; and i,
respectively, in Fig. 1 F, are shown separately now. Our
model i, is very similar to the i,, obtained by Doerr et
al. (1989) during “action potential clamp” of a single
rabbit SA node cell. Their i, ; during diastolic depolar-
ization, however, is considerably larger than our model
ic,r- The latter fact, as well as the contribution of i, and i,
to the slow diastolic depolarization phase, will be dis-
cussed in detail below.

The action potential parameters of our model cell are
listed in Table 1. It should be stressed that we did not
use the experimentally observed values of action poten-
tial parameters, except the APA values as we will discuss
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FIGURE6 Behavior of all membrane current components of the
model cell during spontaneous electrical activity. Note differences in
current scales.

below, in selecting model equations or model parame-
ters.

Determination of model parameters

Unfortunately, in constructing our model we had to
combine the experimental data obtained in different
studies. Nevertheless, it was possible to construct a
satisfactory model without setting the scaling parame-
ters determining the magnitude of the membrane cur-
rent components to unreasonable values. In fact the
scaling parameters for i, , ic, 1, i, and iy were selected to
yield the average values of experimentally found current
magnitudes. The scaling parameters of iy, and i, had to
be set to arbitrary values because no quantitative experi-
mental data were available on the iy, and i, magnitudes
in SA node cells. The values of the scaling parameters
for i, c,, i, n and iy« Were determined by examining the
variation of the intracellular ion concentrations. The
main effect of an increase (decrease) in the scaling
parameter ky,c, for iy, is an increase (decrease) in the
overshoot of the action potential and hence in the action
potential amplitude APA. Setting k., to 0.01 resulted
in a satisfactory APA.

Although during pacemaker activity i, c,, i, x»» in. and
in.x have average values (peak values) ranging from 2.8

pA or 0.09 pA/pF (4.9 pA or 0.15 pA/pF) to 24.1 pA or
0.75 pA/pF (28.7 pA or 0.90 pA/pF) the net current
resulting from these four currents does not exceed 20 pA
or 0.63 pA/pF. In fact the average value (peak value) of
this net current is only 5.4 pA or 0.17 pA/pF (20.0 pA or
0.62 pA/pF, attained during the overshoot of the action
potential). In this respect our model differs radically
from the Noble-DiFrancesco-Denyer model, in which
the average value (peak value) of this net current is 41.3
pA or 1.53 pA/pF (66.0 pA or 2.44 pA/pF).

Inactivation of i,

An essential feature of our model is the dependence of
the i, time constant of inactivation, 7., , on the inactiva-
tion gating variable f;. It is likely that this dependence
reflects some inactivation process triggered by the influx
of calcium ions preceding the decrease in f;. Rather than
making assumptions on this process, or combination of
processes, we directly incorporated this marked depen-
dence into our model.

The dependence of 7;; on f; causes ic,, to be largely
inactivated during the repolarization phase of the action
potential. In the DiFrancesco-Noble model as well as in
the Noble-Noble model, and the Noble-DiFrancesco-
Denyer model, in which 1, has a nearly constant value
of 20 ms, this could only be achieved by incorporating a
second inactivation gating variable representing an inac-
tivation process depending on the free intracellular
calcium concentration. This gating variable f,, however,
is not enough to prevent i.,, from being partly activated
during the repolarization phase of the action potential.
The large ix in the Noble-DiFrancesco-Denyer model
causes this activation to be masked in two ways. The
inward current generated by i, during repolarization is
more than compensated by the large i;. Furthermore the
action potential duration APD,, is so short (Table 1)
that the recovery from the f,-inactivation is far from
complete at 50% repolarization. If i, is scaled down
according to the experimental data pacemaker activity
ceases due to the activation of i.,, during repolarization.

Effect of EGTA buffering

In most experimental studies EGTA was added to the
recording pipette solution resulting in buffering the free
intracellular calcium concentration [Ca®*].. If necessary,
e.g., in our model voltage clamp experiments, we simu-
lated EGTA buffering by fixing [Ca®*], to 80 nM. One
should be aware of this because activation of the
sodium-calcium exchanger significantly alters the volt-
age clamp records and hence the current voltage relation-
ship: without EGTA buffering the magnitude of the
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inward peak current in the instantaneous current-
voltage relationship increases by 18%.

Role of i; and i,

The inward current generated by i; contributes signifi-
cantly to the net current during slow diastolic depolariza-
tion. The effect of selectively and completely blocking i;
on the model action potential is depicted in Fig. 7. The
model effect resembles the experimentally observed
effect (Denyer and Brown, 1990b; van Ginneken and
Giles, 1991). Blocking i; in the model cell yields a 16%
decrease in beating rate, greater than in other models
with about the same i; equations (Table 4). A value of
19% (n = 3) was found in patched SA node cells where i;
was selectively and completely blocked by 2 mM Cs*
(Denyer and Brown, 1990b). In unpatched cells, where
no inward seal leak current can contribute to the
diastolic depolarization, they found a slowing of 30%
(n = 13). This suggests that in our model i, generating a
net inward current during diastolic depolarization, is
still overestimated, although it has been greatly reduced
compared with other models (Fig. 1, Table 2). This can
be due to an overestimation of g, ,. The intracellular
sodium concentration is maintained using a g, , value of
0.15 nS. A lower value could be sufficient if other
mechanisms raising the intracellular sodium concentra-
tion, e.g., the Na-H exchanger, are taken into account.
At the moment, however, no useful quantitative data are
available on the Na-H exchanger in cardiac cells.

To investigate the effects of reducing i, we performed
some calculations with g, reduced by 20% to 0.12 nS.
This reduction hardly affected the shape of the action
potential (not shown) and the main effect was seen
during the diastolic depolarization. Due to the reduction
of g, , the membrane potential reaches a MDP, which is
more negative by 2 mV. As this MDP is closer to the iy
reversal potential the outward current carried by iy
decreases. This decrease in outward current is nearly
balanced by a net decrease in inward current as can be
inferred from the net membrane current i,, being almost

50 mv

4

i; blocked

100 ms

FIGURE 7 Effect of blocking i, on the spontaneous electrical activity
of the model cell.

TABLE4 Slowing of spontaneous activity due to block of i

Cycle length Slowing of
Normal i Blocked beating rate
ms ms
Bristow-Clark model
(1982) 361 438 17%
Irisawa-Noma model
(1982) 329 364 10%
Noble-Noble “central”
model (1984) 263 270 3%
Noble-Noble “peripheral”
model (1984) 254 268 5%
Noble-DiFrancesco-
Denyer model (1989) 169 173 2%
Model presented here 388 461 16%

unchanged. This net decrease in inward current results
from an increase in i;, which is more activated at more
negative membrane potentials, and a net decrease in the
remaining currents of which only i, , is changed signifi-
cantly. In summary: the contribution of i; to i, increases
upon a 20% reduction of g, ,. Consequently, blocking i;
yields a greater slowing in beating rate: 25%, closer to
the experimentally observed value of 30%.

One may argue that the block of i, turns i, from an
inward current into an outward current because i, is
greater in magnitude than i, during the slow diastolic
depolarization phase of the action potential (not shown).
Our model cell, however, preserves its slow diastolic
depolarization upon blocking i;: the iy decay, which
normally stops within 20 ms after reaching the MDP,
continues for more than 200 ms after reaching the MDP,
thereby keeping i,,, from turning into an outward cur-
rent.

The question to which extent an inward background
current, probably carried by sodium ions (Irisawa et al.,
1991), contributes to the slow diastolic depolarization,
normally or after blocking i,, has been addressed by both
theoretical and experimental workers. The attempts to
answer this question by simple, partial modeling of the
diastolic depolarization (DiFrancesco and Noble, 1989;
Noble et al., 1989) have left the issue open. From
experimental work it was concluded that an inward
background current must exist since pacemaker activity
continues after blocking i; effectively and selectivity
(Brown and Denyer, 1990; Denyer and Brown, 1990b).
Moreover, pacemaker activity was also found in cells
lacking i, activation within the pacemaker potential
range (Nathan, 1987).

Our model cell still shows pacemaker activity upon a
complete removal of i, ,,. However, it turns quiescent if
subsequently i, is blocked. This model result supports
the conclusion drawn by Nathan as well as Denyer and
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Brown that an inward background current contributes
substantially to the slow diastolic depolarization of the
action potential. The overall conclusion from our model
results is that during normal pacemaker activity the slow
diastolic depolarization is generated mainly by i; and this
inward background current.

Roleof i, ;

Electrophysiologists do not agree on the extent to which
ic,r contributes to the generation of the action potential.
Our i, equations, which resemble the experimental
data obtained in voltage clamp experiments, yield an i,
amplitude during pacemaker activity which is <1.5 pA
or 0.05 pA/pF (Fig. 6). Thus, i.,; does not play an
important role in the normal pacemaker activity of our
model cell. Blocking it causes a slowing in beating rate of
only 2.0%, in agreement with the experimental findings
in our laboratory that blocking i, with 50 pM Ni**
hardly affects the cycle length of rabbit SA node cells
(Verheijck, E.E., and L.N. Bouman, unpublished obser-
vations). As mentioned before, the cells of Doerr et al.
(1989) show a considerably larger i,;, which explains
the larger effect of 40 pM Ni** on beating rate found in
their experiments.

APPENDIX
Currents and concentrations

Membrane potential
dv/dt = —i,/C

ilol = ib,Ca + ib‘K + ih,Na + iCa,L + iCz.T + if + iK + iNa + iNaCz + iNaK

L-type calcium current (ic,, )

icar = dLfi(lcarcs + teark + lcains)

dy . =1/{1 + exp [-(V + 6.6)/6.6]] 1)
fie=1/{1 + exp [(V + 25)/6]} )
TaL = 2 3)
T =4+ 221[(1 = )/ (0.1 + f)J 4

learcs = 2 Pea ([(V — 50)

/(RT/2F))/{1 - exp [—(V — 50)/(RT/2F)]}) - [Ca**];

- exp [SO/(RT/2F)] — [Ca™*]. exp [~ (V — 50)/(RT/2F)]}
teark = PearxPe (((V — 50)

/(RT/F)}/[1 = exp [-(V — S0)/(RT/F)]))

-{[K*).exp [SO0/(RT/F)] ~[K*}. exp [ (V — 50)/(RT/F)]}
tcans = PeapaPear (V= 50)

/(RTIF)]/[1 = exp [—(V — 50)/(RT/F)]})|[Na*},

- exp [50/(RT/F)] — [Na*], exp [~(V — 50)/(RT/F)]}

T-type calcium current (¢, )
icor = dr fricat
dr. = 1/{1 + exp [-(V + 23)/6.1])
fre = 1/{1 + exp [(V + 75)/6.6])
Tar = 0.6 + 5.4/{1 + exp [0.03(V + 100)]]
Tr =1+ 40/{1 + exp [0.08(V + 65)]}
ler = 2P ([(V - 50)
{(RTI2F)/|1 - exp [—(V — 50)/(RT/2F)]H{[Ca**);
- exp [S0/(RT/2F)] — [Ca®]. exp [—(V — 50)/(RT/2F)))

Hyperpolarizing-activated current (i,
ii=y*y

«, = exp [—0.0220741(V + 386.9)]

B, = exp [0.052(V — 73.08)]

=g (V= V) + g (V = V)

Vi = (RT/F) log ([K*]./[K*])

Vaa = (RT/F) log ([Na*]./[Na*})

Delayed rectifying potassium current (i)

i = xiy

x.=1/(1 + exp [(V + 25.1)/7.4])

7, = 1/[0.017 exp (0.0398 V) + 0.000211 exp (—0.051 V)]
1 = kx(V + 70)/[1 + 6 exp (0.015 V)]

Fast sodium current (i,)
ing = mhgn,(V = Viax)
a, = 0.02 exp [-0.125(V + 75)]
B, = 2/{1 + 320 exp [-0.1(V + 75)])
o, = 0.2(V + 41)/[1 — exp [-0.1(V + 41)]}
B. = 8 exp [—0.056(V + 66)]
Vaax = (RT/F)
“log [([Na*]. + Py.x[K*].)/([Na'}; + Py, [K'])]

Sodium-calcium exchange current (iy.c.)
innca = knacal[Ca™).[Na*}; €xp [YnocsV/(RT/F)]

= [Ca™}[Na* ]l exp [(¥nuca — DV/(RT/F)]}

/{1 + dyoc.([Ca™][Na"]} + [Ca™][Na"]2)]

Sodium-potassium pump current (iy,)
ina = [[Na*}/([Na*]; + Ko {1 = [(V = 40)/211 Plina mes
Background currents
fhea = goca(V — Vo)
Ve = [RT/(2F)] log ([Ca**]./[Ca®*],)
fox = Gk [K*1/ (K™ + Kpnex)]
(V= V! (1 + exp [2(V - Vi + 10)/(RT/F))}
boxa = ona(V = Vi)

®)
©®
™
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®
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(12)
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lon concentrations

d[Ca®™)/dt = —icyul/ (2ViF) (20)
d[Ca®*)a/dt = (i = i)/ (2ViaF)

d[Ca**},, /dt = (iy, — i)/ (2V,oF)

Icaner = foca Ficarca Ficar = Zineca — b H g

ig = a[Ca’ ]/ [1 + (Knci!/ [Ca™"])]

iy = p a,([Ca™),, — [Ca™].)

ip = 8y [Ca* [([Ca™ Lupma — [C2™"]p)

a, = 0.000625(V + 64)/(exp [0.25(V + 64)] — 1]

B, = 0.005/{1 + exp [-0.25(V + 64)]]

d[K*};/dt = ikl (ViF) 21
koo = fcark + dix + ik + ok + i = 2

d[Na*J;/dt = =iygpul/ (ViF) (22)

inanet = foma T dcarne T line +ina t+ 3inaes + Binak

Stable-start values of variables

[Ca™], = 0.0000804mM  f = 09973118  [Na']=7.5mM
[Ca**),, = 0.6093 mM £,=01175934  p = 0.2844889
[Ca?],, = 3.7916 mM h=0.1608417  x=0.3294906
d, = 0.0002914 [K*],=140mM y=0.1135163
d, = 0.0021997 m=0.1025395 V= -60.03mV
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