Supplemental Methods:

Fitting normalized current densities in the peripheral cell model

Based on studies
 ADDIN EN.CITE 
1-3
 in central and peripheral cells, we matched ICa,L, INa, IKr, IKs in peripheral cells of the "Non-Uniform Model" to normalized densities from experimental data. For the central cell model the normalized densities of ICa,L, INa, IKr, IKs at Cm=32 pF are taken from the original Kurata et al.4 model.  The density of INa was set to -78 pA/pF (Figure S1 D, upper right star) in the peripheral cell model following the measured peak inward current at -5 mV in response to depolarizing voltage clamp pulses to various potentials (ranging from -55 mV to 30 mV in 5 mV increments1. The density of ICa,L in the peripheral cell model was set to -15.8 pA/pF (Figure S1 C, upper right star) following the measured peak inward current at 0 mV in response to depolarizing voltage clamp pulses to various potentials (ranging from -50 mV to 40 mV in 10 mV increments)3. The density of IKr in the peripheral cell model was set to 5.8 pA/pF (Figure S1 A, upper right star) following the measured peak sensitive tail current after 1 sec pulse to -10 mV from a holding potential of -50 mV2. Density of IKs in the peripheral cell model was set to 5.4 pA/pF (Figure S1 B, upper right star) following the measured peak sensitive tail current after 1 sec pulse to 40 mV from a holding potential of -50 mV2. 
Centrally located cells are smaller than cells in the periphery5, and have distinct capacitances (Cm) (central cell= 32 pF, peripheral cell= 65 pF) and lengths (central cell= 70 (m, peripheral cell= 86 (m), which are included in the model. We updated the internal Ca2+ clock by incorporating a recent model


6 ADDIN EN.CITE  that is more sensitive to SR Ca2+ release. In the central cell model we eliminated flux of Na+ and K+ to prevent membrane potential drift.  Using this updated Kurata central cell model as a base, we used experimental data to construct an updated peripheral cell model. Based on studies
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 in central and peripheral cells, we fit normalized densities of ICa,L, INa, IKr, IKs in our updated peripheral cell model to match experimental data (supplemental Figure 1). We replaced the Hodgkin-Huxley INa formulation with the Markov model for NaV1.5 that we previously published9. Finally, we increased the volume of the peripheral cell intracellular compartments for Ca2+ dynamics to be consistent with the increased capacitance. 

In Figure S2 A, experimentally recorded APs from rabbit isolated SAN cells10 are shown for central (Cm=22 pF) and peripheral (Cm=57.5 pF) cells. Figure S2,B-C shows the simulated APs using the Zhang et al.10 models and the extended Kurata models, respectively. The extended Kurata models reproduce experimental AP morphology, excitation frequency and APD (Table S1).
Equations for the extended version of the Kurata model.

We replaced the Hodgkin-Huxley INa formulation with the Markov model for NaV1.5 that we previously published9.

We updated the internal Ca2+ clock by incorporating a recent model


6 ADDIN EN.CITE  that is more sensitive to SR Ca2+ release, below are the formulations for the added SR Ca2+ clock:

Ca2+ release flux (jSRCarel) from SR via RyRs

jSRCarel = ks·O·(CajSR - Casub)

kCaSR = MaxSR- (MaxSR - MinSR)/ (1 + (EC50_SR/CajSR)HSR)

koSRCa = koCa/kCaSR

kiSRCa = kiCa·kCaSR

dR/dt = (kim·RI - kiSRCa ·Casub·R) - (koSRCa·Casub2·R - kom·O)

dO/dt =(koSRCa·Casub2 ·R - kom·O) - (kiSRCa·Casub·O - kim·I)

dI/dt = (kiSRCa· Casub·O - kim·I) - (kom·I - koSRCa·Casub2 ·RI)

dRI/dt = (kom·I - koSRCa·Casub2·RI) - (kim·RI - kiSRCa·Casub·R)

Intracellular Ca2+ fluxes
jCa_dif = (Casub - Cai)/τdifCa

jup = Pup/(1 + Kup/Cai)

jtr = (CanSR – CajSR)/τtr
Where jCa_dif  Ca2+ diffusion flux from submembrane space to myoplasm, jup Ca2+ uptake (pumping) by the SR and jtr is Ca2+ flux between (network and junctional) SR compartments.

Ca2+ buffering
dfTC/dt = kfTC·Cai·(1 -fTC) - kbTC · fTC

dfTMC/dt = kfTMC ·Cai ·(1- fTMC - fTMM) - kbTMC · fTMC

dfTMM/dt = kfTMM ·Mgi ·(1-fTMC - fTMM)- KbTMM · fTMM

dfCMi/dt = kfCM ·Cai ·(1- fCMi) - kbCM · fCMi

dfCMs/dt = kfCM ·Casub·(1 - fCMs) - kbCM · fCMs

dfCQ/dt = kfCQ ·CajSR·(1- fCQ) - kbCQ · fCQ

Dynamics of Ca2+ concentrations in cell compartments
dCai/dt =(jCa_dif ·Vsub - jup·Vup) /Vi - (CMtot·dfCMi/dt + TCtot·dfTC/dt + TMCtot·dfTMC/dt)

dCasub/dt = jSRCarel ·VjSR/Vsub -(ICaL+ICaT+IbCa-2·INCX)/(2·F·Vsub)-(jCa_dif + CMtot ·dfCMs/dt)

dCajSR/dt = jtr - jSRCarel - CQtot · dfCQ/dt

dCanSR/dt = jup - jtr ·VjSR/VnSR
The 1D "non-uniform model" consists of 15 central model cells connected to 15 peripheral model cells as described above. The "uniform model" consists of 30 central model cells. Both are connected to 30 atrial cells from Lindblad et al.11. The lowest intercellular coupling value used in the model is 7.5 nS, which is the measured mean value in cell pairs12.


Following the experimental data, we assumed that cells in the center are smallest and gradually increase in size through the periphery until the border of the atria
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.  Cell capacitance is from 32 pF for cell #1 in the center to 65 pF for cell #30 in the periphery. The current densities in the SAN are functions of Cm :
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Where 
[image: image3.wmf] indexes the cell position, N denotes the number of SAN cells, 
[image: image4.wmf] is an ion channel in the model; c stands for center and p for periphery. The subspace volume changes linearly as a function of cell length:
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Where 
[image: image6.wmf] is the first central cell length (70 (m), 
[image: image7.wmf]is the last peripheral cell length (86 (m) and N is the number of SAN cells.

Current is described by:
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Where V is the membrane potential, t is time, 
[image: image9.wmf] is the sum of the transmembrane ionic currents and 
[image: image10.wmf] is the gap-junction coupling. The 1D strand is self-pacing; in the present study, the figures are plotted from 4000 ms on (after steady-state is achieved).
2D simulations in a 1D equivalent representation
Experiments have shown that the sinoatrial node (SAN) is a structure with a region of small “central” cells surrounding by a region of larger “peripheral” cells


5,7,13 ADDIN EN.CITE  and that there is a gradient in gap junction density from the center to the periphery of the SAN


14,15 ADDIN EN.CITE . Pacemaking is initiated in the central region (in normal physiology) and spreads via the peripheral region to the atrium7.  To reflect this geometry, we modeled the SAN as a two dimensional radially symmetric disk comprised of 30 concentric equipotential regions as shown in Figure 1A (left).  Because discrete regions are assumed equipotential, the disk representation can be collapsed to a one-dimensional equivalent, where each ring is represented as a single model cell with a gradient in coupling (as a function of Cm, see supplemental methods).  The steepness of the coupling gradient in one dimension corresponds to the size of concentric rings in two–dimensions.  The gradual increase in intercellular coupling is illustrated by the grayscale gradient in Figure 1, where the white center indicates low coupling and the increasingly shaded periphery indicates higher coupling. 
Leading pacemaker site 

The pacemaker is defined as the cell that first reaches excitation threshold.  Threshold = time of the maximum upstroke velocity of the action potential = maximum rate of change of voltage (Vmax). Cells that reached Vmax earliest were identified, in addition, we also followed the first peak of the 2nd derivative of ICa,L (d2ICaL/dt2). The cells that reached Vmax earliest and the cells that reached d2ICaL/dt2 were always located at the same site.

Sensitivity of pacemaker site to changes in ionic conductances

We tested the sensitivity of the pacemaker location to perturbations of ionic conductance values by increasing or decreasing the conductance of every ionic current by 10% to reflect variability in experimentally recorded currents. The second derivative of ICa,L for the 15th excitation was recorded for both uniform and non-uniform models.   Results shown in the table indicate that pacemaker location was robust to such perturbations – central pacemaking always occurred in the uniform model and peripheral pacemaking was always present in the non-uniform model. 

	
	Pacemaker Location (cell #)

	Perturbation
	uniform model
	non-uniform model

	default
	5
	18

	g_caL_p = 1.1 * g_caL_p
	6
	17

	g_caL_p = 0.9 * g_caL_p
	3
	18

	g_kr_c = 1.1 * g_kr_c
	3
	17

	g_kr_c = 0.9 * g_kr_c
	6
	18

	g_kr_p = 1.1 * g_kr_p
	6
	17

	g_kr_p = 0.9 * g_kr_p
	3
	18

	g_st_c = 1.1 * g_st_c
	2
	17

	g_st_c = 0.9 * g_st_c
	7
	18

	g_st_p = 1.1 * g_st_p
	7
	18

	g_st_p = 0.9 * g_st_p
	1
	17

	g_caT_c = 1.1 * g_caT_c
	2
	17

	g_caT_c = 0.9 * g_caT_c
	7
	18

	g_caT_p = 1.1 * g_caT_p
	8
	18

	g_caT_p = 0.9 * g_caT_p
	1
	17

	g_ks_c = 1.1 * g_ks_c
	5
	18

	g_ks_c = 0.9 * g_ks_c
	5
	18

	g_ks_p = 1.1 * g_ks_p
	5
	18

	g_ks_p = 0.9 * g_ks_p
	5
	17

	g_to_c = 1.1 * g_to_c
	5
	18

	g_to_c = 0.9 * g_to_c
	4
	18

	g_to_p = 1.1 * g_to_p
	4
	18

	g_to_p = 0.9 * g_to_p
	5
	17

	g_sus_c = 1.1 * g_sus_c
	4
	17

	g_sus_c = 0.9 * g_sus_c
	6
	18

	g_sus_p = 1.1 * g_sus_p
	6
	18

	g_sus_p = 0.9 * g_sus_p
	4
	17

	g_h_c = 1.1 * g_h_c
	5
	18

	g_h_c = 0.9 * g_h_c
	5
	18

	g_h_p = 1.1 * g_h_p
	5
	18

	g_h_p = 0.9 * g_h_p
	5
	18

	g_na_c = 1.1 * g_na_c
	5
	18

	g_na_c = 0.9 * g_na_c
	5
	18

	g_na_p = 1.1 * g_na_p
	5
	18

	g_na_p = 0.9 * g_na_p
	5
	17

	g_bna_c = 1.1 * g_bna_c
	3
	17

	g_bna_c = 0.9 * g_bna_c
	6
	18

	g_bna_p = 1.1 * g_bna_p
	6
	19

	g_bna_p = 0.9 * g_bna_p
	3
	16

	g_kAch_c = 1.1 * g_kAch_c
	6
	18

	g_kAch_c = 0.9 * g_kAch_c
	4
	17

	g_kAch_p = 1.1 * g_kAch_p
	4
	17

	g_kAch_p = 0.9 * g_kAch_p
	6
	18

	i_naKmax_c = 1.1 * i_naKmax_c
	6
	18

	i_naKmax_c = 0.9 * i_naKmax_c
	2
	17

	i_naKmax_p = 1.1 * i_naKmax_p
	2
	17

	i_naKmax_p = 0.9 * i_naKmax_p
	7
	18

	k_naca_c = 1.1 * k_naca_c
	3
	18

	k_naca_c = 0.9 * k_naca_c
	6
	17

	k_naca_p = 1.1 * k_naca_p
	6
	17

	k_naca_p = 0.9 * k_naca_p
	3
	18


AP properties 

MDP (mV) is the most negative diastolic membrane potential. UV = dV/dtmax, V/s. CL (ms) is the interval between MDPs. AP duration (APD, ms) is time between dV/dtmax and 90% cellular repolarization (APD90). 

Take-off potential (TOP, mV) was defined at the time when (dV/dt) = 0.5mV/ms. The slope of diastolic depolarization (DD, mV/ms) is the slope of the voltage between MDP and TOP. The SAN-atrium conduction time (SACT) is the time between dV/dtmax of the leading pacemaker and the first atrial cell.
Simulation of vagal stimulation

As we have done previously 16, we increased background inward rectifier current 4x. This was sufficient to hyperpolarize the maximum diastolic potential (MDP) 10 mV, approximating what has been reported experimentally with high concentrations of acetylcholine (ACh) 17 7 18. In addition, we included a 10 mV negative shift of pacemaker current (If) activation and a 10% reduction of L-type Ca2+ current amplitude to mimic effects of strong vagal stimulation.
3D simulations in a 2D equivalent representation
An SAN in three dimensions is constructed by stacking thirty 2D disks (described above) flanked by rings comprised of atrial model cells as shown in Figure 4.   Since the mathematical equivalent of the 3D structure is 2D slice with discrete rows that are assumed equipotential, we ran simulations in the simpler slice model, where each ring is represented as a single row with a gradient in coupling (as a function of Cm).  The steepness of the coupling gradient in two dimensions corresponds to the size of concentric rings in three–dimensions.
The ionic current densities were functions of Cm:
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Where 
[image: image14.wmf] indexes x-coordinates and
[image: image15.wmf] indexes y-coordinates, N = number of SAN cells, 
[image: image16.wmf] = ion channel; c = center and p = periphery.

Simulations incorporating a model of atrial fibroblasts
The fibroblast model consists of a membrane capacitance and an ohmic resistance connected in parallel. Membrane capacitance is 18 pF based on experimental observations in atrial fibroblasts19. Intercellular coupling is set to either 0 nS (uncoupled) 1 nS, 3 nS and 6 nS (coupled). 

To study the influence of fibroblasts on impulse propagation, we used the tissue representation described above and shown in Figure 4. As has been observed experimentally in vivo in the rabbit SAN, fibroblasts are found either interspersed with pacemaker myocytes or as islands of connective tissue20. Using these data as a guide, we incorporated 5 different fibroblast island distributions within the SAN constrained by the assumption that no island borders another island. These distributions, represented by 30x30 matrices, differ in the number of fibroblasts per island (represented as 2 x 2, 4 x 4 and 6 x 6 model fibroblast cell arrays) and by their fibroblast density (10%, 25% and 50% tissue coverage). The fibroblasts and their neighboring myocytes or fibroblasts were electrically coupled with a GGap varying from 0-6 nS (0 nS for uncoupled fibroblasts and 1 nS, 3 nS and 6 nS for fibroblasts coupled to myocytes or fibroblasts). This range was chosen because it reflects the values ranging from 0.31 to 8 nS measured, estimated or inferred from cell culture experiments
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Supplemental Figures:

Figure S1: Correlation between the density of ionic currents and the size of rabbit SAN cells in experiments and in our updated Kurata central and peripheral models (red star). Densities of IKr (A), IKs (B) ICa,L (C) and INa (D) are plotted against Cm. Data from Lei et al.2 (IKr, IKs) Musa et al.3 (ICa,L) and Honjo et al.1 (INa).

Table 1:

Listing of experimental data25 parameters compared with the Zhang et al.10 and the updated Kurata (present model) cell models.
Figure 2:

Simulated central and peripheral SAN APs. A) Action potentials recorded from rabbit isolated SAN cells with Cm of 22 pF and 57.5 pF10.  B) Simulated central and peripheral APs using Zhang et al.10 and C) updated Kurata models. 


Figure 3:

The 5 distributions for 2 x 2, 4 x 4 and 6 x 6 sized fibroblast islands with fibroblast density as indicated.

Figure 4:

The updated uniform model simulates accurately observed properties of the intact SAN. Model simulations (left) compared to experiments.  Note the gradual change in AP morphology and UV beginning from center (bottom arrow) to periphery and to atria (top arrow).
Figure 5:

A simulation showing the effects of vagal stimulation in the central region (first 15 cells) of the mosaic model is shown in Supplemental Figure S5.   Consistent with our previous results, vagal stimulation in the mosaic model results in a peripheral shift of pacemaking and a slowing in the heart rate to 425 ms CL (~31%).
Figure 1:
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Table 1:

	
	MDP (mV)
	POP (mV)
	CL (ms)
	UV (V/s)

	Kodama et al. (center)25
	-53
	15
	350
	1.6

	Kodama et al. (periphery)25
	-70
	28
	170
	60

	Zhang et al (center)10
	-56.2
	19.5
	325
	2.4

	Zhang et al (periphery)10
	-77.8
	24.5
	160.4
	61.7

	Present model (center)
	-56.1
	16.6
	301
	6.0

	Present model (periphery)
	-75.0
	28.6
	212.7
	58.7


Figure 2:
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Figure 3: 
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Figure 4:
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Figure 5:
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	Model Values

SAN only             SAN mosaic
	Experimental Values

	CL, ms
	301                         322
	361 ( 38 (37)

	SACT, ms
	13.9                        34.6
	21 ( 11 (37)

	MDP (central SAN), mV
	-57.6                      -63.6
	-56 ( 11 (37)

	MDP (peripheral SAN), mV
	-68.6                      -73
	-61 ( 6 (37)

	APD90 (central SAN), ms
	142.9                     137.3
	120-150 (2)

	APD90 (peripheral SAN), ms
	107                        112.8
	80-120 (2)

	dv/dt max (central SAN), V/s
	6.1                          4.2
	<10 (2)

	dv/dt max (peripheral SAN), V/s
	13.8                        18
	10-50 (2)


Table 2: Summary of measured parameters in the intact SAN model and experimentally observed values.
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