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Methods
A glossary of terms is given in Table S1.

Models of AN, N and NH action potentials

Models were developed for the rabbit, because of the relative plethora of experimental data
for this species. Hodgkin-Huxley type models were developed, because there are insufficient
experimental data for the development of Markov-type models. The models are a nonlinear
dynamic system of 26 simultaneous ordinary differential equations.

Cell capacitance

Munk et al.(1) showed that the cell capacitance (C,,) of rod-shaped atrioventricular node
(AVN) cells with an AN-like action potential configuration is larger (~41 pF) than that of ovoid
AVN cells with N- or NH-like action potential configurations (~29 pF). Ren et al. (2) reported that
the C, of AN, N and NH cells to be ~49, ~26 and ~35 pF, respectively. We assumed C,, to be 40 pF
for AN and NH cells and 29 pF for an N cell.

lonic currents

As shown in Table S2, membrane potential was calculated from the sum of ten ionic
currents: Na* current (ly,), L-type Ca>" current (Icap), transient outward K' current (ly,), rapid
delayed rectifier K" current (I ), hyperpolarization-activated current (lf), sustained inward current
(Is), inward rectifier K™ current (Ix 1), Na'™-Ca®" exchange current (Inaca), Na'-K " pump current (1,)
and background current (l).

Ina- The formulation for Iy, was taken from the model of the rabbit atrial action potential of
Lindblad et al. (3). Ina is a large fast inward current responsible for the rapid upstroke of the action
potential in atrial and ventricular muscle - the maximum upstroke velocity (dV/dty,y) of rabbit atrial
muscle is ~150 V/s (4). In contrast to atrial muscle, dV/dt;.x of the AVN is low: ~45 V/s in the AN
region, ~13 V/s in the N region and ~30 V/s in the NH region in the rabbit (Fig. 2). Consistent with
this, Munk et al. (1) and Ren et al. (2) showed that, in the rabbit, Iy, is absent in putative N cells,
but present in putative AN and NH cells. In addition, in the rabbit, whereas Na" channel mRNA and
protein are present in the atrial muscle, they are absent or expressed at a greatly reduced level in the
inferior nodal extension (mRNA) (5) and the midnodal cells of the proximal penetrating bundle
(protein) (6), both regions where N cells are assumed to be located. In this study, it was assumed
that Iy, is present in the AN and NH regions, but not in the N region — in the AN and NH regions,
the conductance was chosen to give an appropriate dV/dt;.x. Equations for Iy, are given in Table S3.

lcaL. A new formulation was developed for Ic,1. based on voltage clamp data from rabbit
AVN cells. For lcar, Fig. S1 shows activation and inactivation curves, time constants of inactivation,
current-voltage relationships, recovery from inactivation, and the current profile during a voltage
clamp pulse. Recovery from inactivation includes both fast and slow components (Table S4,
equations 6-10). In Fig. S1, symbols show experimental data and smooth lines show model data. The
model data are a reasonable fit to the experimental data. In the rabbit, mRNA for Ca,1 channel
subunits (responsible for I, 1) is present throughout the rabbit AVN as well as the atrial muscle (5).
The N region shows pacemaking and, in order for the take-off potential of the model action
potential to match that recorded in experiments, the activation curve had to be shifted to more
negative potentials. Perhaps consistent with this, whereas Ca,1.2 mRNA is present in the working
myocardium, Ca,1.3 mRNA is present in the AVN (as it is in the SAN); Ca,1.3 has a more negative
activation threshold than Ca,1.2 (5). The conductance was chosen to give a current density (—12.3,
—12.9 and —13.9 pA/pF in AN, N and NH cells, respectively; measured during pulse to 0 mV from
holding potential of =40 mV) close to that measured experimentally (—3.3 to —16.4 pA/pF (7-13);
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measured during pulse to 0 or +5 mV from holding potential of —40 mV). The conductance was also
chosen to give the best shape and duration of the computed action potential (as compared to
experimentally recorded action potentials) in terms of upstroke velocity, action potential amplitude,
height and duration of the plateau phase, and overall action potential duration. Equations for I,
are given in Table S4.

lo. A new formulation was developed for l;, based on voltage clamp data from rabbit AVN
cells. For Iy, Fig. S2 shows activation and inactivation curves, time constants of inactivation, the
current profile during voltage clamp pulses, the current-voltage relationship, and recovery from
inactivation - symbols show experimental data and smooth lines show model data. The model data are
a reasonable fit to the experimental data. Munk et al. (1) reported that there is Iy, in 93 % of putative
AN cells and only 42 % of putative N and NH cells. Perhaps consistent with this, in the rabbit,
whereas mRNAs for K,1.4 and KChIP2 (two ion channel subunits responsible for ly,) are abundant
in the working myocardium, they are absent from the inferior nodal extension (assumed to be made
up of N cells) (5). In this study, it was assumed that Iy, is present in the AN and NH regions - the
conductance was chosen to give a current density (49.6 and 34.7 pA/pF in AN and NH cells,
respectively; measured during pulse to +40 mV from holding potential of —80 mV) close to that
measured experimentally (42.9 pA/pF (14); measured during pulse to +40 mV from holding
potential of —80 mV). It was assumed that Iy, is absent in the N region. Equations for Iy, are given in
Table S5.

lkr. Ik has been recorded in rabbit AVN cells (15, 16). Although Ik (slow delayed
rectifier K' current), as well as lg,, has been identified in the rabbit SAN (17), Ik, has been reported
to be absent from the rabbit AVN and only Ik, is present (15, 18). In the rabbit, ERG mRNA
(responsible for Ik ;) is perhaps 20% more abundant than K,LQT1 and minK mRNAs (responsible
for Ik ) in the AVN (5). In this study, it was assumed that only Ik, is present in the AVN. A new
formulation was developed for Ik, based on voltage clamp data from rabbit AVN cells. For Ik, Fig.
S3 shows the activation curve, time constants of activation, current-voltage relationships, and the
current profile during voltage clamp pulses - symbols show experimental data and smooth lines show
model data. The model data are a reasonable fit to the experimental data. The conductance for Ik,
was chosen to give a current density (0.5, 1.7 and 0.7 pA/pF in AN, N and NH cells, respectively;
measured at end of 500 ms pulse to +20 mV from holding potential of —40 mV) close to that
measured experimentally (0.7 and 1.1 pA/pF (16); measured at end of 500 ms pulse to +10 or +30
mV, respectively) and an appropriate action potential duration. Equations for lx, are given in Table
Se.

It. A new formulation was developed for Is based on voltage clamp data from rabbit AVN
cells. For Ig, Fig. S4 shows the activation curve, time constants of activation, the current-voltage
relationship, and the current profile during voltage clamp pulses - symbols show experimental data
and smooth lines show model data. The model data are a reasonable fit to the experimental data.
Munk et al. (1) showed that the magnitude of I¢ at -100 mV in putative N and NH cells is 25 times
that in putative AN cells. Furthermore, Munk et al. (1) reported that the activation range for I in
putative N and NH cells is more positive than that for putative AN cells. HCN4 is the principal ion
channel subunit responsible for Ir and, consistent with the electrophysiology, HCN4 mRNA and
protein are abundant throughout the inferior nodal extension (assumed to be made up of N cells) in
the rabbit (5, 19); HCN4 mRNA, at least, is absent from the transitional region (assumed to be made
up of AN cells) and only weakly abundant in the penetrating bundle (assumed to be made up of NH
cells). In this study, it was assumed that I¢ is only present in the N region - the conductance was
chosen to give a current density (—1.8 pA/pF; measured during 2 s pulse to —100 mV from holding
potential of -40 mV) close to that measured experimentally (—1.7 to —2.0 pA/pF (1, 20, 21);
measured during 1 or 2 s pulse to ~—100 mV from holding potential of =40 or —50 mV). Equations
for I¢ are given in Table S7.

Ist. In the rabbit AVN, Guo and Noma (10) reported a novel current, lg. I was included in
the model and the description of the current is based on the voltage clamp data of Guo and Noma
(10). The formulation for Iy was taken from Guo and Noma (10) and the model of the rabbit SAN
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action potential of Kurata et al. (22). The activation curve, recordings of |y during depolarizing
voltage-clamp pulses and the current-voltage relationship are shown in Fig. S5. The activation
curve was calculated from published experimental data. I was assumed to be significant in N cells,
but not in AN cells, to give appropriate action potential shapes. Equations for I are given in Table
S8.

Ik 1. The formulation lx ; was taken from the model of the rabbit atrial action potential of
Lindblad et al. (3). Ik, is responsible for the resting potential in the working myocardium. An
Ik.i-like current occurs at negative potentials in guinea-pig AVN cells. However, lx; has been
reported to be small or absent in rabbit AVN cells (1, 23, 24). K;;2 channels are responsible for Ik ;.
In the mouse, there is evidence that K;2.1 is absent in the penetrating bundle (which possibly
contains some N cells at least), but is present in surrounding cells (some of which may be AN cells)
(25). In this study, it was assumed that Ix; is absent from N cells. However, it was assumed that
some Iy ; is present in AN and NH cells - it was required to reproduce the more negative maximum
diastolic potential (MDP) and the greater dV/dt,, of both AN and NH cells (as compared to those
of the N cell). Equations for I ; are given in Table S9.

INaca, 1p and lp. Both Inaca and |, have been demonstrated in rabbit AVN cells (26, 27) and
mRNAs for NCX1 (responsible for Na™-Ca®" exchanger) and the al isoform of the Na™-K" pump
are present in the rabbit AVN (1, 5). The formulation for In,ca Was taken from the model of the
rabbit SAN action potential of Kurata et al. (22), and the formulation for I, was taken from the
model of the rabbit SAN action potential of Zhang et al. (28). The density of Inaca, is similar to that
in experiments on rabbit AVN cells (22, 28) as shown in Fig. S6. Equations for Iy.c. and |, are given
in Tables S10 and S11. The model includes a background current, l,. The conductance and
equilibrium potential of |, was adjusted to obtain a reasonable resting potential. The equation for I,
is given in Table S11.

Intracellular ionic concentrations

For simplicity, intracellular Na" and K' concentrations in AN, N and NH cells were
assumed to be constant (8§ mM and 140 mM, respectively). Intracellular Ca*" affects nodal tissues
(29). The intracellular Ca®" concentration was either assumed to be constant (107 M; as in our
model of rabbit SAN cells (28)) or, alternatively, intracellular Ca*"-handling was modelled using a
system of equations based on the model developed by Kurata et al. (22) for rabbit SAN cells (Table
S12). Calculated Ca®" transients are shown in Fig. S6. The results obtained with the two strategies
(with and without intracellular Ca*"-handling) were qualitatively similar; only data obtained using
the models incorporating intracellular Ca®"-handling are shown here.

Via the Na'-Ca®" exchanger, intracellular Ca*" is expected to affect electrical activity.
When either Na™-Ca®" exchange was blocked or intracellular Ca** was kept constant (fixed to 10”
M), there was a shortening of the action potential (in AN and NH cells at least) and a slowing of
pacemaking (in the N cell) (data not shown). We have observed a similar shortening of the action
potential in ventricle on buffering intracellular Ca®* (30) and a slowing of pacemaking in the AV
node when the intracellular Ca®" transient is abolished by the application of ryanodine (31).

One-dimensional (1D) multicellular model

A simplified 1D multicellular model (string of cells) for the SAN, right atrium and AVN of
the rabbit was developed. The string of cells representing the SAN included both small central and
large peripheral cells. Action potentials in rabbit central and peripheral SAN cells were calculated
using the model of Zhang et al. (28). In the Zhang et al. (28) model, central cells have a C,, of 20
pF and peripheral cells have a C,, of 65 pF and ionic current densities are a function of C,,. Within
the string of SAN cells, C,, (and thus cell type) was increased from the centre to the periphery as
described in Table S13 (equation 1). The action potential in rabbit atrial cells was calculated using a
modified version of the model of Lindblad et al. (3). Action potentials in rabbit AN, N and NH cells
were calculated using the models described above. Neighbouring cells were coupled by a coupling
conductance, g;. The coupling conductance was varied to give appropriate conduction times and
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velocities.

At the border of atrial muscle and nodal cells, the coupling conductance, g;, was changed in
a gradient fashion as described by equations 8 and 9 in Table S13, and equations 6 and 7 in Table
S14. In addition, at the border of the atrial muscle with NH cells, the Na' conductance, Qna
(governing ly,), was changed in a gradient fashion as described by equations 13 and 15 in Table S13,
and equations 10 and 12 in Table S14. The gradients in coupling conductance and Na' channel
conductance were not necessary for normal conduction through the AVN. However, reentry was
sensitive to the gradients. For example, in the model shown in Fig. 5A, when the gradients were
removed, reentry did not occur.

We used non-flux boundary conditions for both ends of the string of cells

Computational methods

All constants and starting values are listed in Tables S15-S18. Table S17 also shows the
differences between the original and modified (as used in simulations) versions of the Lindblad et al.
(3) model of the rabbit atrial action potential. The intracellular K" concentration was also different:
whereas in the original model it is 100 mM, in the modified version it is ~140 mM (Table S18). The
simultaneous nonlinear ordinary differential equations were solved numerically. The models were
coded in the C++ language and run on a personal computer with the UNIX operating system and a
workstation with the Linux operating system. A Runge-Kutta-Fehlberg numerical integration
method (RKF45) was used to solve the ordinary differential equations. A time step of 5 us was
used; this gives a stable solution of the equations and maintains the accuracy of the computation of
membrane current and potential (32). The codes for the atrial, AN, N and NH cell models are
available as part of the Data Supplement.
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Figure legends

Figure S1. Comparison of the model of the L-type Ca®* current (Icar) with experimental data.
In A-E and G, symbols show experimental data and lines were generated by the model. A, activation
curves for lc,r. The activation curve was assumed to be shifted in N cells to more negative
potentials — see text. B, inactivation curve for lc,r. C and D, time constants of fast and slow
inactivation of lc,1. E, normalised current-voltage relationships for lc,p. The current-voltage
relationship for N cells is shifted as a result of the shift of the activation curve. F, recovery of lc,
from inactivation. Superimposed records of lc,r from the N cell model are shown. lc,p was
activated during 1 s control and 300 ms test pulses to +20 mV from a holding potential of -40 mV.
The interval between the control and test pulses was varied in different runs. G, time course of
recovery of lc,p from inactivation. Data from experiments like that in F; the amplitude of lc,p
during the test pulse (as a percentage of that in the control pulse) is plotted against the interval
between the control and test pulses. Recovery from inactivation at holding potentials of -40 mV
(solid line and all experimental data) and -60 mV (dashed line) is shown. H, lc, at +10 mV from a
holding potential of -40 mV from simulation (AN cell model used; top) and experiment (33)
(bottom). Filled circle (34); filled square (8); filled triangle (9); inverted filled triangle (33); filled
diamond (11); pentagon (12); + (13); x (20); asterisk (35).

Figure S2. Comparison of the model of the transient outward current (ly,) with experimental
data. In A-D, F and H, symbols show experimental data and lines were generated by model. A and
B, activation and inactivation curves for li fast/liosiow. C and D, time constants of inactivation of
lio.fast (C) and ly 510w (D). E, superimposed records of liy (lo fast T ltosiow) during 500 ms pulses to -10
to +40 mV from a holding potential of —80 mV from simulation (AN cell model used; left) and
experiment (14) (right). F, normalised current-voltage relationships for ly, (liofast + ltosiow). Data
from experiments like that in E. G, recovery of I, (lio fast T ltoslow) from inactivation. Superimposed
records of computed Iy, (lio fast + losiow) from the AN cell model are shown. li, (lio fast T ltosiow) Was
activated during 500 ms control and test pulses to +40 mV from a holding potential of =80 mV. The
interval between the control and test pulses was varied in different runs. H, time course of recovery
of lio (liofast + liosiow) from inactivation. Data from experiments like that in G; the amplitude of |,
(lo fast T lioslow) during the test pulse (as a percentage of that in the control pulse) is plotted against
the interval between the control and test pulses. Filled circle (7); filled square (14).

Figure S3. Comparison of the model of the rapid delayed rectifier K current (lx,) with
experimental data. In A-D, symbols show experimental data and lines were generated by model. A,
activation curve for lg,. B, time constants of activation of lx,. C and D, normalised current-voltage
relationships for Ik, at the end of the pulse (C) and tail current (D). For C, computed lx, was
measured at the end of 500 ms pulses to -10 to +30 mV from a holding potential of =40 mV and, for
D, the peak amplitude of Ig, tail current was measured after the pulse. Experimentally, Ik, was
measured using the same protocols. E, Ix, during 500 ms pulses to -10 to +30 mV from a holding
potential of =40 mV from simulation (N cell model used; left) and experiment (16) (right). Open
circle (15); open square (36); open triangle (16); inverted open triangle (13).

Figure S4. Comparison of the model of the hyperpolarization-activated current (lf) with
experimental data. In A-C, symbols show experimental data and lines were generated by the
model. A, activation curve of l. B, time constants of activation of l;. C, current-voltage relationship
for l¢. Data from experiments like that in D. D, superimposed records of | during 4 s pulses to -60
to -120 mV from a holding potential of -50 mV from simulation (N cell model used; left) and
experiment (rabbit ovoid cell (1); right). Open circle (21); open square (1); open triangle (37).
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Figure S5. Sustained inward current. A, activation curve for lg. B, Iy in the N cell model. Iy was
recorded during 500 ms pulses to potentials between -80 and +60 mV (in 10 mV increments) from a
holding potential of -80 mV. C, current-voltage relationship for Iy (from experiments like that in B).

Figure S6. Na*-Ca*" exchanger current (Inaca). A, Inaca (top) recorded during voltage clamp ramp
(bottom). Inaca from simulations (solid lines) and experiment (dashed line) shown. B,
current-voltage relationships for In,ca from simulations (solid lines) and experiment (squares).
Experimental data from Convery and Hancox. (26).

Figure S7. Action potentials (top) and intracellular Ca®* transients (bottom) predicted by the
atrial and AVN models. The Ca®" transient shown by the dashed line was recorded from a
spontaneous AVN cell isolated from the rabbit (38). The experimental recording was in arbitrary
units and has been superimposed on the simulated Ca®" transient.

Data file legends
Data file 1. const.h. Values of constants.
Data file 2. cell_base.h. Common file for models.
Data file 3. atrium.h. Header file for atrial cell model.
Data file 4. atrium.cpp. Atrial cell model.
Data file 5. av_node_2.h. Header file for AVN cell model.
Data file 6. av_node_2.cpp. AVN model.
Data file 7. solution.cpp. Function for solving differential equations.



Table S1. Glossary.

General

\

Cn

t

g, J)
ltotal
INa
lcar
lio

I Kr

INaCa

I

IK,l

[Na'], [Ca®'T;, [K'];
[Na'l,, [Ca* o, [K'],
[Ca® el

[Ca® sub

[Ca* T

[Mg*'l;

Transmembrane potential

Membrane capacitance

Time

Coupling conductance between i and j™ cell
Total ionic current

Na" current

L-type Ca** current

Transient outward K current

Rapid delayed rectifier K" current
Hyperpolarization-activated current
Sustained inward current

Na"™-K" pump current

Na“-Ca”" exchanger current

Background current

Inward rectifier K" current

Intracellular Na®, Ca*" and K" concentrations
Extracellular Na”, Ca*" and K* concentrations
Ca®" concentration in junctional sarcoplasmic reticulum
Subspace Ca”" concentration

Ca®" concentration in network sarcoplasmic reticulum
Intracellular Mg®" concentration

Faraday’s constant (96500 C/mol)

Universal gas constant (8.31 J/(mol-K))
Absolute temperature (310 K)

Myoplasmic volume

Volume of junctional sarcoplasmic reticulum
Subspace volume

Volume of network sarcoplasmic reticulum




Table S1. Glossary (continued).

Ina m Activation variable for Iy,
Om Voltage-dependent opening rate constant of m
LS Voltage-dependent closing rate constant of m
Niotar, N1, 2 Inactivation variables for I,
O Voltage-dependent opening rate constant of h; and h;
o Voltage-dependent closing rate constant of h; and h;
Thi, Tha Voltage-dependent time constants of hy and h,
1o, N20o Voltage-dependent steady-state values of h; and h,
Pxa Na© permeability for I,
ONa Na' conductance for Iy,
lcaL dp Activation variable for I,
oL Voltage-dependent opening rate constant of di.
SaL Voltage-dependent closing rate constant of dp.
oL Voltage-dependent time constant of di.
dro Voltage-dependent steady-state value of di.

fL,fasta fL,slow
TfL fasts TfL,slow

fL, fastoo, fL,SlOWoo

Inactivation variables for lc, L

Voltage-dependent time constants of i s and fL giow

Voltage-dependent steady-state values of fi_ s and fL siow

JcaL Conductance for lc,
Ecar Reversal potential for Ic,
lo r Activation variable for Iy,
(g Voltage-dependent steady-state value of r
T Voltage-dependent time constant of r
q Inactivation variable for |,
Qo Voltage-dependent steady-state value of
Tyfasts Tgslow Voltage-dependent time constants of q
Oto Conductance for |,

10



Table S1. Glossary (continued).

Ik.r Pa.fasts Pa.slow Activation variables for Iy,
Pa.fastoo Voltage-dependent steady-state value of Pa fast
Tpa,fast Voltage-dependent time constant of P, fast
Pa.slowso Voltage-dependent steady-state value of Pa siow
Tpa,slow Voltage-dependent time constant of P, fast
Pi Inactivation variable for Ig
Otpi Voltage-dependent opening rate constant of p;
Boi Voltage-dependent closing rate constant of p;
Tpi Voltage-dependent time constant of p;
Pico Voltage-dependent steady-state value of p;
Ok.r Conductance for Ik,

I y Activation variable for I;
Yoo Voltage-dependent steady-state value of'y
Ty Voltage-dependent time constant of y
Of Conductance for I¢

It Oa Activation variable for |y
Jaco Voltage-dependent steady-state value of q,
Tga Voltage-dependent time constant of g,
(o Inactivation variable for Iy
Qi Voltage-dependent steady-state value of q;
i Voltage-dependent time constant of ¢
Ost Conductance for |

11



Table S1. Glossary (continued).

INa,Ca

d;
do
Klni

K2ni

K3ni

Klno

K2n0

K3 no

Qci

QCO

Qn

Ki2
Kia
ka1
K23
K32
K34
Ka1
Ks3
X1
X2
X3
X4

kNaCa

Common denominator for the E1 state

Common denominator for the E2 state

Dissociation constant for intracellular Na” binding to first
site on Inaca transporter

Dissociation constant for intracellular Na" binding to
second site on Inac, transporter

Dissociation constant for intracellular Na™ binding to third
site on Inaca transporter

Dissociation constant for extracellular Na" binding to first
site on Inaca transporter

Dissociation constant for extracellular Na" binding to
second site on Inac, transporter

Dissociation constant for extracellular Na" binding to third
site on Inaca transporter

Fractional charge movement during intracellular Ca**
occlusion reaction of In,ca transporter

Fractional charge movement during extracellular Ca*"
occlusion reaction of In,ca transporter

Fractional charge movement during Na" occlusion
reactions of Iyaca transporter

Rate constant for the E1 to E2 transition

Rate constant for the E1 to E4 transition

Rate constant for the E2 to E1 transition

Rate constant for the E2 to E3 transition

Rate constant for the E3 to E2 transition

Rate constant for the E3 to E4 transition

Rate constant for the E4 to E1 transition

Rate constant for the E4 to E3 transition

Temporary variable for the E1 state

Temporary variable for the E2 state

Temporary variable for the E3 state

Temporary variable for the E4 state

Scaling factor for Inaca

12



Table S1. Glossary (continued).

I l, Maximum I,
K, Na» Kmx Dissociation constants for Na” and K activation of I
Iy Ob Conductance for I
E, Reversal potential for Iy,
Ca2+-handling Jca.dif Ca’" diffusion flux from subspace to myoplasm
Jrel Ca’" release flux from the junctional SR to subspace
Jup Ca" uptake flux from the myoplasm to network SR
Jir Ca’" transfer flux from the network to junctional SR
frc Fractional occupancy of the troponin-Ca”" site by Ca*"
frmc Fractional occupancy of the troponin-Mg*" site by Ca*"
frvm Fractional occupancy of the troponin-Mg”" site by Mg*"
fomi Fractional occupancy of calmodulin by Ca*" in
myoplasm
foms Fractional occupancy of calmodulin by Ca*" in subspace
fco Fractional occupancy of calsequestrin by Ca*"
fese Fractional occupancy of calmodulin by Ca*" in the
sarcolemma
Tdiff.Ca Time constant of Ca>" diffusion from the subspace to
myoplasm
Tir Time constant for Ca®" transfer from the network to
junctional SR
Pl Rate constant for Ca’’ release from the junctional SR
Pup Rate constant for Ca*" uptake by the Ca>* pump in the
network SR
Keel Half-maximal [Ca2+]sub for Ca’" release from the
junctional SR
Kup Half-maximal [Ca”"]; for Ca®" uptake by the Ca*" pump
in the network SR
[CM ot Total calmodulin concentration
[TCliot Total concentration of the troponin—Ca2+ site
[TMCliot Total concentration of the troponin—Mg2+ site
[CQJtot Total calsequestrin concentration
Krc Ca’" association constant for troponin

13



Table S1. Glossary (continued).

KoTc Ca’" dissociation constant for the ‘uroponin—Ca2+ site
Kermc Ca’" association constant for the troponin—Mg2+ site
Kbmc Ca’" dissociation constant for the troponin—Mg2+ site
Kernvim Mg2+ association constant for the troponin—Mg2+ site
Kptmm Mg2+ dissociation constant for the ‘uroponin—Mg2+ site
Kicm Ca’" association constant for calmodulin
Kbcm Ca’" dissociation constant for calmodulin
Kico Ca’" association constant for calsequestrin
Koco Ca’" dissociation constant for calsequestrin

1D model n Cell number
Cm.san(n) Cell capacitance of n" SAN cell
Cm.am(n) Cell capacitance of n'" AM cell
Cm.rr(N) Cell capacitance of n" cell in fast pathway
Cm.sp(N) Cell capacitance of n" cell in slow pathway
Cmnu(n) Cell capacitance of n' cell nodal His region
gsan(n, n +1) Coupling conductance of n™ SAN cell
gam(n, n +1) Coupling conductance of n"™ AM cell
grp(n, N +1) Coupling conductance of n™ cell in fast pathway
gse(n, N +1) Coupling conductance of n™ cell in slow pathway
gnu(n, n+1) Coupling conductance of n™ cell in nodal His region
PNa.am(N) Na© permeability of n™ AM cell
PNarp(N) Na* permeability of n" cell in fast pathway
PNa.sp(N) Na® permeability of n cell in slow pathway
PNaxu(n) Na© permeability of n™ cell in nodal His region

14



Table S2. General equations.

INa+ICa,L+Im+IKJ+If+lst+IK,1+INaCa+Ip+lb (AN, N, NH) 0
ol INa + ICa,L + ICa,T + Ito + IK,r + IK,s + IK,l + Ib + INaK + INaCa + ICaP (AM)
dv (i) 1 e :
=— I L V(@) -V 2
o Cm(i)( +;g< piv @) (J)}j 2)
Table S3. Ina.
o (V)= —460.0(V +44.4) 0
exp((V +44.4)/-12.673)-1.0
B.(V)=18400.0exp((V +44.4)/-12.673) 2)
=, (1-m)-p,m 3
a, (V) =44.9exp((V +66.9)/-5.57) 4)
1491.0
V)= 5
Al) 1.0+323.3exp((V +94.6)/-12.9) ©)
0.03
V)= 0.00035 6
wW)=153 exp((V +40.0)/6.0) (©)
h,, =a, /(“h +:Bh) (7)
dn _h,—h 8
dt T, )
h200 = hloo (9)
0.12
V)= 0.00295 10
V) 1.0+ exp((V +60.0)/2.0) ’ (10)
dh, _h. - 11
at 7y, (1
how = 0.635h, +0.365h, (12)
Oy, = Pu[Na'],F*/(RT) (13)
| —gumh.V exp[(V — E,, )F/(RT)]-1.0 (14)

exp[VF /(RT)]-1.0

15



1.0

AN,NH
1.0 +exp((V +3.2)/- 6.61) (AN, NH)
dLoo(V): 1 0
' (N)
1.0 +exp((V +18.2)/-5.0)
~26.12(V +35.0 ~78.11V
@, V)= v +350)

10.52(V -5.0)
exp(0.4(V —5.0))-1.0

ﬂdL(V)z

7, =1.0/(a, +45, )

dd_L d Loo_dL

dt Ty,

1.0
V)= (V)=
L,fastoo( ) L,slowoo( ) 10+6Xp((v +290)/631)

7 (V)=0.010+0.1539exp(- (v +40.0)/185.67)

L,fast

7. (V)=0.060+ 1.08171exp(— (V +40.0) /138.04)

de,fast _ fL,fastoo - fL,fast

dat

fL,fasl

df

Lslow __ fL,slowoo - fL,s]ow

dt

fL,slow

ICa,L = gCa,LdL(O'675 fL,fast + 0325 fL,slow XV - ECa,L)

16

exp((V +35.0)/=2.5)-1.0 " exp(—0.208V )—1.0

(1

2

3)

“4)

)

(6)

(7

®)

)

(10)

(11



Table S5. Iy,.

1.0
V =
V) 1.0+exp((V —7.44)/-16.4)

7,(V)=(0.596x107)+

3.188x10°°

dar _r -r
dt T,
1.0
V =
.1) 1.0+ exp((V +33.8)/6.12)

4.72716
1.0 +exp((V +154.5)/23.96)

z,.. (V)=0.1266 +

ro. (V)=0.100+4.000exp(~ (v + 65.0)* /500.0)

dqfast _ qoo - qfast

dt To.
dqslow — qoo — qslow
dt T

Astow

Ito = gtor(0'45qfast + 0'55qslow )(V - EK)

1.037exp(0.09(V +30.61))+ 0.396 exp(— 0.12(V +23.84))
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Table S6. Ik
_ 1.0
1.0+exp((V +10.22)/-8.50)
1.0
V =
ToaaalY) 17.0exp(0.0398V )+ 0.211exp(-0.0510V )

pa,fastoo (V )

dpa,fast _ pa,fastoo - pa,fast

dt T

pa,t'asl

pa,slowoo = pa,fastoo

V)=0.33581+0.90673exp(~ (v +10.00) /988.05)

T Pa,slow (

dpa,slow — pa,slowoo - pa,slow
dt Tpm,slow
p. (V)= 10 (1.0 0.3exp(-V?/500.0))
‘°° 1.0+ exp((V +4.90)/15.14)

a, (V)=92.01exp(-0.0183V )
B, (V)=603.6exp(0.00942V )

7, =1.0/a, +5,)

%_ pioo_pi

dt Ty

I K,r = gK,r (090 pa,fast + 010 pa,slow )pl (V - EK)

18
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Table S7. ;.

1.0
)= 0 expllV —  85.19))713.56)

z,(V)=0.250 +2.000exp(— (V - (= 70.00)} /500.0)

ﬂ:yw—y
dt T

y

I, =9g,y(V —(~30.00))

Table S8. .

1.0
%V)=157 exp((V —(~49.10))/-8.98)

1.0
«lV)= 0.15exp(-V /11.0)+0.2exp(V /700.0)

1.0
V =
falV) 16.0exp(V /8.0)+15.0exp(V /50.0)

7, =1.0/ay, + B,)

dg, _ 9., -0,
dt To
V)= 0.1504
o 3100.0exp(V /13.0)+ 700.0exp(V /70.0)
0.1504 0.000229
ﬂqi (V ) =

+
95.0exp(=V /10.0)+50.0exp(~V /700.0) 1.0+ exp(-V /5.0)
Qi = Ay /(aqi + ﬂqi)
7, =10/, + ;)

ﬂ — qico — qi
dt Ty

Ist = gstqaqi(v - Est)

Table S9. IK,l-

g;(,l = gK,l(O'S +

1.0+exp((v 300 ))/— 50}

_g [K'], V —(-81.9)
IR K], +0.590 ) 1.0+exp{l.393(V —(~81.9)+3.6)F /(RT )}
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g =141 Do {1 N exp(_ Q.VF j L [Na'] } L [Na'} {1 L [Na'], (1 L [Na'], J}
K. RT K . K, . K, K,

ci cni Ini 2ni 3ni

¢ -1, 1C270, {l+e p(QCOVFj}JNa*]O {H[Na*]o (H[Na*]oj}
K. RT Ko K K

2no 3no

k43 = [Na+]i ( 3ni +[Na I )

, =([Ca* 1, /K, Jexp(— Q.VF /(RT))/d,

k :i[NaJr]i [Na"]; 1+[Na+]1 eXp(—QnVFJ
Yod K, K K 2RT

Ini 3ni

k,, =exp(-Q,VF /(2RT))

Ky, :[Na+]o ( 3no +[Na* 1o )

Ky = ([Ca*1, /K., Jexp(Q.VF /(RT))/d,

_ 1 [Na’],[Na'}, (| [Na'], exp(_ QnVFj
d, K K K 2RT

1no 2no 3no

k,, = exp(Q,VF /(2RT))
k k (k23 + k21)+ k21k32(k43 + k4l)
k k (k14+k12)+ k4lk12(k34 + k32)
3 = k k (k23 + k21)+ k12k23(k43 + k41)
k k (k14 + k12)+ k21k14(k34 + k32)
NaCa (kZIX klle)/(xl + X2 + X3 + X4)

T

Table S11. I, and Ip.

L o] [N ok, Y 1.6
PP Ky H[Na'] ) | Ko +IK7T, ) 15+ exp(=(V +60.0)/40.0)

Ib = gb(v _Eb)
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Table S12. Intracellular Ca?*-handling.

jCa,dif = ([Ca2+]sub - [Ca2+]i )/ Tgit,Ca

ju =P ([Ca*], ~[Ca®" ], )/(1 + (K /[Ca* ], )2)

i, = P, 1+ K, /[Ca* 1)
i, =(Ca*1], ~[Ca* 1)/,

df .
dt

df e
dt

df dfog

d[Ca2+ ] _ jCa,distub B juqup —[CM],,, dfCMi
dt V, dt

1

+[TC],, +[TMC],,

dica®l, 1 (~(ew—2lue) | -
b _ 2 ) 1§ V= —[CM],, S 5|
dt V 2 F Jrel rel J Ca,dif [ ]tot dt tot dt

sub
diCa’ ]y _ . - dfeq
- Jred — — — C
dt Jtr Jrcl [ Q]tot dt

d[Ca™],

=
dt up trV

up

df N
thC = kaC [Ca® ]i(l —f TC)_ kac frc

df +
(;I':IC - kaMC [Caz ]1(1 - fTMC - fTMM)_ kaMc fTMC

df
dt

d.I:CMi

= kaMM [Mg2+]i(1 — fome — fTMM)_ kaMM frnvm

= kaM [Ca2+]i(l - fCMi)_ kbCM fon

dfCMs
dt

df .
dCtQ = kaQ [Caz T (1 - fCQ)_ kbCQ fCQ

dfCSL

= kaM [Ca2+ ]sub (1 - fCMs)_ kbCM fCMs

=115.0-1000.0[Ca*" ], (1.0— .y, )—1000.0 f,

21
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Table S13. 1D multicellular model (SAN-AVN model as used for Figs. 3, 4 and 7).

Cosan(N)=20+45(n-1)/24)"  (n=12,,25) (1)
Coan(n)=350 (n=26,27,---,100) ()
50  (n=101,102,---,150)
C.w(N)=4140  (n=151,152,-,225) 3)
29 (n=1226,227,---,250)
C ()= 50  (n=101,102,---,175) @
YT 29 0 (n=176,177,-++,300)
C ()= 29 (n=251,252,---,275) )
mMEYT40 0 (n=1276,277,-++,350)
Joan (NN +1)=25+975((n—1)/24)" (n=1,2,---,25) 6)
9. (N,N+1)=1000 (n=26,27,---,100) (7)
500
1000 — =101,102,-+-,150
1.0 +exp((n —125.5)/-5.0) (n )
9pp(n,n+1)=14500 (n=151,152,---,225) ®)
300 (n =226,227,---,250)
700
1000 — =101,102,---,175
g (NN +1)= 1.0 +exp((n—138)/-5.0) (n ) )
500 (n=176,177,---,300)
(nn+1)= 300 (n=251,251,--,275) (10)
DAl 1500 (n=276,277,---,349)
Orasan ()= (6.07x102JC, g (1)-20.0)/45.0 (N =1,2,---,25) (11)
Inean(N)=7.09x10% (n=26,27,--,100) (12)
7.09x10? (n=101,102,---,150)
Inarr (N)=12.53x102 (n=151,152,---,225) (13)
2
2:53x10 (n=226,227,--,250)
1+exp((n—238)/2.5)
7.09%x10*>  (n=101,102,---,175)
= 14
Irusr (1) {o.oo (n=176,177,---,300) (19

22



2.53x10°
=251,252,-++,275
Onann (N) =11+ exp((n—263)/-2.5) (n /252,1+,215) (15)

2.53x10° (n=276,277,--,350)

23



Table S14. 1D multicellular model (AVN model as used for Figs. 2, 5, 6, 8 and 9).

Coan(n)=350 (n=1,2,---,50) (1)
50  (n=51,52,---,100)
Cme(n): 40  (n=101,102,---,150) ()
(n=151,152,---,175)
(n=50,51,---,125)
mSP (3)
( =126,127,---,200)
29 n=176,177,---,200) @
Consn 40 =201,202,---,250)
gAMnn+1): oo ( =1,2,---,50) 5)
500
1000 — 51,52,-++,100
gp(nn+1)= 1.0+ exp((n - 75.5)/-5.0) (=5 ) (6)
500 (n=101,102,---,175)
500
1000 — =51,52,---,125
g (N,n+1)= 1.0+ exp((n —88)/-5.0) n ) (7)
500 (n=126,127,---,199)
Oy (N,n+1)=500 (n=176,177,---,249) ®)
Inean(N)=7.09x10% (n=1,2,---,50) )
7.09x10° (n=51,52,---,100)
Oarr(N)=12.53x102 (n=101,102,+-,150) (10)
2.53%10?
=151,152,---,175
1+exp((n—163)/2.5) (n 152,:+-,175)
7.09x10*>  (n=51,52,---,125)
- 11
Irusr (1) {o.oo (n=126,127,---,200) (1)
2.53x10°
=176,177,-+-,200
Onern (M) =1 1+exp((n—188)/-2.5) (n 177,:+:,200) (12)
2.53x10° (n=201,202,---,250)
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Table S15. Constants for the AN, N and NH cell models.

C,. (pF)

Oxa (0S)
Jcar (0S)
ECa,L (mV)
9, (nS)

k. (nS)

g; (nS)

g, (nS)

gk, (nS)

g, (nS)

E, (mV)
Kyaca (DA)

| max (PA)
[Na*], (mM)
[Ca™], (mM)
[K*], (mM)
[Na"], (mM)
[K"]; (mM)

AN
40.0
2.53x10?
18.5

62.1

20.0

1.50

0.00
0.00

12.5

1.80
-52.5
5.92
24.6
1.40%10?
2.00
5.40
8.00
1.40x10?

N
29.0
0.00

9.0

62.1
0.00
3.50
1.00
0.100
0.00
1.20
-22.5
2.14
1.43x10?
1.40x10?
2.00
5.40
8.00
1.40x10?

NH
40.0
2.53x10?
21.0

62.1

14.0

2.00
0.00
0.00

15.0

2.00
—40.0
5.92
1.97x10?
1.40x10?
2.00
5.40
8.00
1.40x10?
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Table S16. Starting values for the AN, N and NH cell models.

V (mV)

= = 3

-~ O
=

L fast
fL,slow

pa,fast

pa,slow

AN
-70.03
0.01227
0.7170
0.6162
4.069x107
0.9985
0.9875
0.07107
0.04840
0.9866
8.857x107°
0.8734
0.1503

0.1206
0.06397
0.4273
1.068

0.02359
0.3667
0.5594
0.04845
0.02626
0.3379

3.936x107°

N
—62.13

1.533x10™*
0.6861
0.4441
0.6067
0.1287
0.9775

0.03825
0.1933
0.4886
0.3623
0.2294
0.08227
1.146
0.6838
0.6192
0.3363
0.1336
0.08894
0.08736

4.764x107°

NH
—68.63
0.01529
0.6438
0.5552
5.025%x107
0.9981
0.9831
0.09949
0.07024
0.9853
9.581x107°
0.8640
0.1297

0.1386
0.07314
0.4438
1.187

0.02703
0.4020
0.5282
0.05530
0.02992
0.3463

4.843x107
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Table S17. Constants for the atrial cell model.

Original Modified

C..(pF) 50.0 50.0
P, (pl/s) 1.40x10° 1.40

Oy, (nS) 708.5x10°  708.5
car (S) 4.00 4.00
e, r (0S) 6.00 6.00

g, (nS) 50.0 35.0

9k, (nS) 3.50 7.00

Ok, (nS) 2.50 5.00

Ok, (nS) 5.09 10.0
[Na*], (mM) 1.40x10? 1.40x10?
[Ca*], (mM) 2.50 2.50
[K"], (mM) 5.00 5.00
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Table S18. Starting values for the atrial cell model.

V (mV)

= 3

=
S

ol

—

mw 0 N =S 4 0 -4 O
g — u

[0%)

P,

pi

n

[Na*]. (mM)
[K"]; (mM)
[Ca*"]; (mM)
[Ca*"],, (mM)
[Ca* ], (mM)
o)

C

rel

TnCa
TnMgMg

Calse

aaomnm Mmoo OO0

-80.96
3.012x10°°
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Fig. S1
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Fig. S2
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Fig. S5
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Fig. S6
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Fig. S7
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