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Abstract The sino-atrial node (SAN) is the natural pace-

maker of the heart. Mechanisms of the leading pacemaker

site generation and dynamic pacemaker shifts in the SAN

have been so far studied with an electrophysiological tech-

nique, but the detailed spatial distribution of action potential

characteristics in the SAN has not been analyzed due to the

limited number of simultaneously recorded sites in micro-

electrode recording. To elucidate the mechanism of leading

pacemaker site generation in the SAN, we applied a voltage

imaging technique and analyzed the spatial distribution of

action potential characteristics in the rabbit SAN. Action

potential parameters, i.e., action potential duration at 50%

repolarization level, the slope of upstroke, and the slope of

the linearly depolarizing early phase of pacemaker activity

(phase-4), were calculated from optical signals. Action

potential parameter values derived from intracellular

recording with a microelectrode and those from optical

recording were significantly correlated. The leading pace-

maker site occurred in the region of either globally or locally

maximum phase-4 slope in 7 of 12 preparations, however, it

did not coincide with the region of the early maximum

phase-4 slope in the other 5 preparations. Carbenoxolone, a

gap junction blocker, changed action potential properties

and caused pacemaker shifts. Model simulation, assuming

an inhomogeneous distribution of intrinsic properties of

SAN cells, reproduced the experimental results. We

conclude that the functional structure of the SAN is more

inhomogeneous than that dictated by previous models.

Besides intrinsic cellular properties, cell-to-cell interaction

through gap junctions influences action potential charac-

teristics and leading pacemaker site generation.

Keywords Optical imaging � Voltage-sensitive dye �
Gap junction � Pacemaker shift � Simulation

Introduction

The pacemaking mechanism in the sino-atrial node (SAN)

has been extensively studied morphologically and electro-

physiologically [1–3]. Electrophysiological properties of

SAN cells studied by microelectrode recording have indi-

cated a gradual transition from the center to the periphery,

and two models have been proposed to account for this

gradual transition [4]. The mosaic model hypothesizes a

gradual increase in the ratio of atrial cells to SAN cells from

the center to the periphery [5]. The gradient model assumes

a gradual change in intrinsic properties of SAN cells from

the center to the periphery [1, 6], in which the leading

pacemaker site occurs in the region of maximum action

potential duration and maximum phase-4 slope. These two

models have a common feature in the sense that they a priori

endow the central region with intrinsic properties of the

leading pacemaker. However, morphological studies [7, 8]

have emphasized that nerves, ganglia, and small myocytes

constitute a complex anatomical structure of the SAN.

Therefore, we hypothesized that the pacemaker organiza-

tion is functionally and anatomically more complex than the

previously assumed gradient or mosaic configuration. Jalife

[9] has postulated that the leading pacemaker site emerges

as a consequence of mutual entrainment of SAN cells. This
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concept, presented in 1984, can still be assumed as the

underlying mechanism of pacemaker synchronization in the

compact region of the SAN in either the gradient or mosaic

model. According to this concept, we further hypothesized

that, provided that the SAN structure is more complex,

changes in gap junction conductance should greatly influ-

ence the action potential characteristics and could induce

abrupt pacemaker shifts. In the present study, we visualized

excitation propagation within the rabbit SAN in vitro by

optical recording using a voltage-sensitive dye and tested

these hypotheses.

An advantage of an optical imaging technique is the

ability to simultaneously analyze multipoint activities in

the region of interest including the whole SAN region. Its

spatial resolution is sufficiently high to characterize the

dynamically changing leading pacemaker site [10]. In

contrast, the number of simultaneously recorded sites in

extracellular mapping systems is often insufficient to detect

dynamic pacemaker shifts [11]. One limitation of optical

mapping of the heart is motion artifacts introduced by

muscle contraction [12]. Muscle contraction can be sup-

pressed by using electromechanical uncoupling agents.

However, these agents themselves distort action potential

shapes and thus we avoided the usage of electromechanical

uncoupling agents as others described previously [13].

Since the artifact caused by muscle contraction primarily

can distort optical signals during the repolarization phase

[12], characterization of action potentials during the

depolarization phase is not influenced by motion artifacts

and thus is feasible for evaluation. Therefore, in the present

study, we attempted to estimate action potential charac-

teristics mainly during the depolarization phase and

evaluated their changes after the reduction of gap junction

conductance. Further, we made a model simulation to test

whether the behavior of the hypothesized SAN structure

agrees with the experimental results.

Methods

Animal preparation

All experiments were conducted in accordance with the

Guiding Principles for the Care and Use of Animals in the

Field of Physiological Sciences [14]. Also, the experi-

mental protocols were approved by the Animal Research

Committee at Hyogo College of Medicine.

Japanese white rabbits (n = 14; 2.4–2.8 kg) of both

sexes purchased from Japan SLC (Hamamatsu, Japan)

were anesthetized by intravenous injection of sodium

pentobarbital (30 mg/kg), and the heart was quickly iso-

lated. The SAN preparation was made as we described

previously [15–17]. Briefly, the right atrial tissue

containing the anterior wall, superior vena cava (SVC),

inferior vena cava (IVC), and the auricle were isolated en

bloc. Then, the SVC was opened by cutting the free wall

side of the SVC so that the right atrium side of the SVC

tissue was not damaged. The SAN region extends from the

crista terminalis (CT) towards the opening of the SVC [18].

Thus the tissues including the SAN region, approximately

5 9 5 mm in size, were cut out perpendicularly to the CT.

Preparations were incubated with a voltage-sensitive dye,

di-4-ANEPPS (20 lM; Invitrogen, Carlsbad, CA, USA) for

20 min in an oxygenated (95% O2 and 5% CO2) physio-

logical solution with the following composition (in mM):

NaCl 118.4, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 1.2,

NaHCO3 24.9, and glucose 11.1 (pH 7.4) [15, 16]. After

staining, preparations were pinned down horizontally with

the endocardial side up on a silicon floor in a recording

chamber (volume 2.5 ml) filled with the physiological

solution and were perfused at a rate of 1.5–2.0 ml/min. The

temperature of the organ bath was maintained at 34.0�C. In

some cases (n = 6), a selective gap junction blocker car-

benoxolone (100 lM) was applied at least 20 min, and its

effect was evaluated.

ECG recording

Electrical field potential of the SAN was recorded with a

pair of fine metal electrodes placed on both edges of the

preparation. Signals were amplified with a bioelectric

amplifier (AB-611J, Nihon Kohden, Tokyo, Japan) and fed

into a time-amplitude window discriminator (EN611J,

Nihon Kohden, Tokyo, Japan). The window discriminator

generated a TTL-level pulse signal when the field potential

exceeded the minimum preset threshold level, and the TTL

pulse was used to trigger the optical recording system at the

onset of pacemaker activity [19, 20].

Voltage imaging

The recording chamber was mounted on a fluorescence

macro zoom microscope (MVX-10, Olympus Optical,

Tokyo, Japan), and the preparation was illuminated with a

tungsten-halogen lamp (150 W) through a band-pass exci-

tation filter (k = 480–550 nm). To reduce dye-induced

photodynamic damage to cardiomyocytes, we minimized

the exposure time of excitation light using a computer-

controlled electric shutter. Also, we adjusted the intensity of

excitation light using a neutral density filter based on our

preliminary study so that the electrocardiogram did not

substantially change with exposure to excitation light.

Fluorescence through a long-pass emission filter ([590 nm)

was detected by a CMOS sensor array (MiCAM Ultima

L-camera, Brainvision, Tokyo, Japan) with a 100 9 100 lm

pixel size (100 9 100 pixels array) at time resolutions of 0.5,
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1.0, or 2.0 ms/frame as we described previously [19–21]. A

total of 256, 512, or 1,024 frames were recorded starting at

192, 384, or 768 frames before the onset of pacemaker

activity (75% post-trigger mode) and averaged 5–13 times.

Magnification of the microscope was adjusted to 1.25–3.39

depending on the region of interest. One pixel corresponded

to 80 9 80–30 9 30 lm, and the image sensor covered a

total of 8 9 8–3 9 3 mm2.

Analysis of imaging data

The change in fluorescence intensity (DF) relative to the

initial intensity of the fluorescence (F0) in each pixel was

calculated. To normalize the difference in the amount of

membrane-bound dye and illumination within the prepa-

ration, background fluorescence intensity at each pixel was

divided by the maximum background fluorescence, and

then the ratio of DF to the normalized background fluo-

rescence intensity (F), i.e., the fractional change in

fluorescence intensity (DF/F), was calculated at each pixel

in each frame. If F was less than 0.25, then DF/F was set to

be zero [19, 20]. A negative DF/F corresponds to mem-

brane depolarization [21].

We characterized optically recorded action potentials by

three parameters: action potential duration at 50% repo-

larization level (APD50), the slope of upstroke (phase-0

slope), and the slope of the pacemaker depolarization

(phase-4 slope). For the estimation of action potential

characteristics, we applied spatial filtering, i.e., optical

signals of each pixel were replaced with averages of signals

of neighbor 5 9 5 pixels. The method to estimate these

parameters was as follows: APD50 was calculated as the

interval between the 50% depolarization point on the

upstroke and the 50% repolarization point on the down-

stroke of the action potential. Then, the slope of upstroke

(phase-0 slope) was estimated by a least-squares fit of a

straight line (line 1 in Fig. 1) to a neighborhood region of

the 50% depolarization point on the upstroke. By extending

the straight line leftward and finding the intercept with the

x-axis (time-axis) set at the maximum diastolic potential

(MDP) level, a tentative onset of phase-0 was determined.

A least-squares fit of the second straight line (line 2 in

Fig. 1) to the region from the tentative onset of phase-0 to

the point 100 frames before was calculated as the phase-4

slope. As depicted in Fig. 1, the phase-4 diastolic depo-

larization of SAN cells consists of an almost linearly rising

slow subphase (early phase-4) followed by an exponen-

tially rising rapid subphase (late phase-4) [1, 22]. The

parameter we evaluated as the phase-4 slope is the slope of

the early phase-4. The onset of phase-0 slope was defined

as the intersection between line 1 and line 2. These action

potential characteristics were calculated for each pixel. To

further eliminate artifacts associated with cell contraction,

we set appropriate thresholds for these parameter values.

When calculated values were out of the range defined by

these thresholds, the data were eliminated. Activation maps

were drawn by an imaging data analysis software (BV

Analyzer, BrainVision, Tokyo, Japan) based on the area

where -DF/F exceeds a user-defined threshold. We com-

pared locations of the leading pacemaker site judged from

BV Analyzer-produced activation maps and those judged

from pseudocolor maps of phase-0 onset, and confirmed

that they were equivalent in all cases.

Microelectrode recording

The transmembrane action potential of SAN myocytes was

recorded intracellularly with a glass microelectrode

(20–50 MX) filled with 3 M KCl [15–17]. The output of

the microelectrode amplifier (MEZ-7200, Nihon Kohden,

Tokyo, Japan) was fed into the optical recording system.

Model simulation

We developed a two-dimensional sheet model, which

consisted of 25 9 25 Kyoto-model SAN cells [23]. Each

cell was randomly assigned the L-type Ca2? current

amplitude within a range of 0.5 to 1.5 times the control to

simulate inhomogeneous structure of the SAN. This

resulted in a random distribution of intrinsic cycle lengths

of SAN pacemaker cells ranging from 247 to 361 ms. The

L-type Ca2? current amplitude was reduced for cells on

the edges as a boundary condition in order to avoid a corner

of the sheet being the leading pacemaker. Other model

parameter values (e.g., cell size and ion channel

Fig. 1 Action potential in each pixel is characterized by three

parameters: phase-0 slope, early phase-4 slope and APD50. Lines 1
and 2 are least-squares fits of a straight line, representing phase-0 and

phase-4 slopes, respectively. The horizontal dotted line indicates the

x-axis (time-axis). Frame rate was 2.0 ms in most cases, so that 100

frames corresponded to 200 ms
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conductance) were the same as described in the original

article [23]. Each cell was electrically coupled with

neighboring cells via gap junctions. The intercellular cou-

pling conductance was assigned a constant value or

randomly assigned within a given maximum gap junction

conductance. The numerical integration algorithm descri-

bed by Michaels et al. [24] was used for calculating the

current through gap junctions, where the current from one

cell to its neighbor was derived from Ohm’s law as the

difference in their membrane potential multiplied by the

gap junction conductance, and the total gap junction cur-

rent Icouple was formulated as the sum of currents through

gap junctions with neighboring cells (J):

Icouple ¼
X

j2J

g j
coupleðV � VjÞ

where gcouple
j is the gap junction conductance with a

neighboring cell j and Vj is the membrane potential of cell

j. Icouple was assumed to be carried by K? ions, and was

incorporated into the total K? current for the calculation of

d½Kþ�i
dt

:

Simulations were repeated using an alternative single

cell model described by Zhang et al. [25] (Zhang-model

cell) and a larger (100 9 100 cells) model scale.

Statistical analysis

All values are presented as mean ± SEM. Statistical sig-

nificance was determined by repeated-measures analysis of

variance (ANOVA). A P-value less than 0.05 was con-

sidered significant.

Results

Excitation propagation mapped by voltage imaging

Although it has been reported that di-4-ANNEPPS

increases cycle length and its variability at 37�C, the cycle

length variability could be reduced when the preparation

was kept at 34.0�C [10]. The mean heart rate of isolated

SAN tissues at this temperature was 125.3 ± 6.5 beats/

min, which fell within a reasonable range as compared to

the previously reported values [10, 26].

In all preparations, we successfully recorded optical

signals associated with the propagation of pacemaker

activity on the endocardial surface of the SAN. Excitation

initiated at the same site and propagated through the same

conduction pathway in each consecutive optical measure-

ment. The conduction velocity from the leading pacemaker

Fig. 2 The locations of the

leading pacemaker and the

patterns of excitation

propagation were diverse

among preparations but

consistent in each SAN

preparation. a Schematic

diagram of leading pacemaker

sites in the SAN. Leading

pacemaker sites in 12 different

experiments are indicated by

dots. b–d Activation maps of

pacemaker activity. Excitation

propagation initiated near the

SVC (b), center (c), and IVC (d)

of the SAN. Isochrones were

calculated at 2-ms intervals

from the leading pacemaker

site. IVC Inferior vena cava,

SVC superior vena cava,

SEP internal septum, RA right

atrium, CT crista terminalis,

RSARB right sinoatrial ring

bundle, LSARB left sinoatrial

ring bundle
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site differed depending on the direction of excitation

propagation, and thus we measured the fastest conduction

velocity as the representative value. The average conduc-

tion velocity in all preparations was 5.64 ± 0.79 cm/s. The

leading pacemaker site was located at anatomically dif-

ferent points in each SAN preparation (n = 12, Fig. 2a). In

5 out of 12 cases, the leading pacemaker site was located at

the center region of the SAN. However, in the other 7

preparations, the leading pacemaker site was close to the

SVC or the IVC.

The excitation propagation spread along a specific

conduction pathway from the leading pacemaker site.

There were three propagation patterns. When the leading

pacemaker site was located close to the SVC, the excitation

Fig. 3 The estimation of action

potential characteristics from

optical signals is feasible.

a Comparison of signal

trajectories between optical

recordings and microelectrode

recordings. The left panel shows

a representative activation map

of the SAN, on which

simultaneous optical and

microelectrode recordings were

performed. Action potentials

recorded intracellularly and

optically at positions a–e are

shown in the right panel.
Isochrones were calculated at

2-ms intervals from the leading

pacemaker site. The crista

terminalis is delineated by the

dashed line. IVC Inferior vena

cava, SVC superior vena cava,

SEP internal septum, RA right

atrium, CT crista terminalis.

b Correlation between

parameter values of electrically

and optically recorded action

potentials. The dotted line in the

APD50 panels is the line of

identity
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propagated toward the IVC along the CT or the internal

septum (Fig. 2b). When the leading pacemaker site was at

the center region, the excitation spread bidirectionally

toward the SVC and the IVC, and then to the posterior

direction toward the atrioventricular node (Fig. 2c). When

the leading pacemaker site was close to the IVC, the

excitation propagated toward the atrioventricular node and

further spread to the SVC (Fig. 2d). Excitation did not

propagate to the septum in any preparation.

Validity of estimating action potential characteristics

by optical signals

Contraction of SAN cells can produce motion artifacts and

distort fluorescent depolarization signals in optical

recording experiments, although the artifacts mainly

influence the repolarization phase of action potentials [12].

To test the validity of estimating action potential charac-

teristics from optical signals, we compared optically

recorded action potential shapes with those electrically

recorded with microelectrodes at the same recording sites.

Electrically recorded action potential shapes matched well

with those of optically recorded action potentials at each

corresponding location (Fig. 3a). It is noteworthy that the

phase-4 slope did not change in a gradient manner from the

leading pacemaker site to the periphery in either optical or

intracellular recordings. This was consistent with our pre-

liminary intracellular recording studies (n = 15), in which

we observed different degrees of diastolic depolarization

even within the compact region of the SAN. Moreover, in

the preliminary studies, approximately 20% of SAN cells,

recorded randomly from the whole area of isolated SAN

preparations, showed spontaneous activity without phase-4

depolarization (driven action potential), although we did

not systematically map the recording sites depending on

whether the recording site is central or peripheral. We then

evaluated correlations between action potential parameter

values estimated from optical signals and those calculated

from intracellularly recorded electrical potentials at the

same recording sites. Correlation coefficients in a repre-

sentative preparation were as follows (Fig. 3b): amplitude

(r = 0.73, P \ 0.0001), APD50 (r = 0.84, P \ 0.0001),

phase-0 slope (r = 0.74, P \ 0.0001), and phase-4 slope

(r = 0.68, P \ 0.0005). Similar degrees of correlation

(correlation coefficients ranged between 0.73 and 0.9) were

obtained in the other two preparations.

Correlation between leading pacemaker site generation

and distribution of action potential characteristics

To explore whether the leading pacemaker site has any

correlation with the distribution of action potential char-

acteristics, we made pseudocolor maps for the values of

action potential parameters, APD50, the phase-0 slope, and

the phase-4 slope. In addition, we showed optical mem-

brane potential trajectories of the region of the leading

pacemaker site (open circles) and the region of maximum

phase-4 slope (open triangles) (Fig. 4). In 3 of 12 prepa-

rations, there existed only a single region where phase-4

slope became maximum, and the leading pacemaker site

occurred in the region of maximum phase-4 slope

(Fig. 4a). In four other preparations, there were multiple

regions where the phase-4 slope became locally maximum,

and the leading pacemaker site emerged in one of the

regions with locally maximum phase-4 slope (Fig. 4b). In

five other preparations, there existed only a single region

where phase-4 slope became maximum, but it did not

coincide with the leading pacemaker site (Fig. 4c). We

analyzed in more detail the representative case in Fig. 4c

where the leading pacemaker site did not coincide with the

region of maximum phase-4 slope (Table 1). As compared

to the leading pacemaker site (open circle in Fig. 4c), the

region identified as having maximum phase-4 slope in the

pseudocolor map (open triangle in Fig. 4c) had consistently

and significantly greater phase-4 slope (P \ 0.01) in

repeated optical measurements (n = 9). We made repe-

ated-measures ANOVA in the other two cases where the

leading pacemaker site did not coincide with the region

with maximum phase-4 slope in the pseudocolor map and

confirmed that there existed statistically significant

differences.

Role of gap junction in emergence of leading

pacemaker site

Carbenoxolone (100 lM) significantly reduced the con-

duction velocity of excitation from 5.75 ± 0.18 cm/s to

2.48 ± 0.45 cm/s (n = 6, P \ 0.05) without changing the

Fig. 4 The leading pacemaker site did not necessarily occur in the

region of maximum action potential duration and maximum phase-4

slope. The pseudocolor images represent the activation map and the

spatial distributions of the onset of activation, the phase-0 slope, the

phase-4 slope, and APD50, respectively. The leading pacemaker site

(open circles), and the region of maximum phase-4 slope (open
triangles) if it does not coincide with the leading pacemaker site, are

indicated. Isochrones were calculated at 2-ms intervals from the

leading pacemaker site. a A case in which there exists a single region

of globally maximum phase-4 slope and the leading pacemaker site

coincided with it. b A case in which there exist multiple regions of

locally maximum phase-4 slope and the leading pacemaker site

occurred in one of these regions. c The leading pacemaker did not

emerge at the site of maximum phase-4 slope. Note that optical

imaging was performed at a relatively high magnification in this case,

and thus DF/F was higher than that of other cases. d Optical

membrane potential trajectories of the region of leading pacemaker

site (open circles) and the region of maximum phase-4 slope (open
triangles) in a–c. IVC Inferior vena cava, SVC superior vena cava,

SEP internal septum, RA right atrium

c
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spontaneous beating rate (92.3 ± 4.0% of the control).

Pacemaker shifts occurred in all cases (n = 6). The new

leading pacemaker site emerged at a neighboring location in

three cases and at a distant location in three other cases. In

the case shown in Fig. 5, the spatial distribution of phase-0

slope was drastically altered by the reduction of electrical
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coupling, but changes in spatial distributions of phase-4

slope and APD50 were moderate. This is probably because

the pacemaker shift preferentially affected the phase-0. We

also observed different degrees of changes in spatial dis-

tributions of phase-0 slope, phase-4 slope, and APD50 in

the other two cases after the application of carbenoxolone.

Model simulation

Model simulation resulted in a stable pattern of 1:1

entrainment of all SAN cells with an appropriate value of

gap junction conductance. The activation pattern showed

action potential conduction spreading radially from the

leading pacemaker site. In the representative case 1

(Fig. 6a), the global cycle length was 290 ms at the gap

junction conductance of 20 nS/cell and 286 ms at 10 nS/

cell. The cell with the shortest intrinsic cycle length was

in the upper middle region (asterisk in Fig. 6a). With

20-nS gap junction conductance, the leading pacemaker

site appeared at the lower middle region, however, the

cell with the maximum early phase-4 slope was located at

the left lower corner. To analyze the cause of the disso-

ciation between the leading pacemaker site and the cell

with the maximum early phase-4, we compared the sim-

ulated action potential trajectories of the two locations. As

shown in Fig. 6a (inset), the leading pacemaker site had a

steeper exponentially rising late phase-4 slope as com-

pared to the cell with the maximum early phase-4 slope.

When the maximum gap junction conductance was low-

ered to 10 nS, the leading pacemaker site shifted to the

left lower corner. The reduction in gap junction conduc-

tance influenced the distribution of phase-4 slope values

of SAN cells, and the leading pacemaker site shifted to

the region of maximum phase-4 slope but did not coincide

with the region of maximum APD50. In the representative

case 2 (Fig. 6b), the leading pacemaker site and the region

of maximum phase-4 slope were at the left upper region

with 20-nS gap junction conductance, although they did

not completely match. The reduction in gap junction

conductance to 10 nS induced a shift of the leading

pacemaker site to the regions of locally maximum phase-4

slope. In both cases, MDP map matched phase-4 slope

map, indicating that cells with greater phase-4 slope have

more depolarized MDPs.

We repeated simulations (n = 10 in total) and obtained

similar results in all trials. Namely, the leading pacemaker

site did not necessarily coincide with the region of max-

imum early phase-4 slope with 20 nS gap junction

conductance, and the reduction in gap junction conduction

often shifted the leading pacemaker site to the regions of

locally maximum phase-4 slope. Additionally, we tested

the robustness of our model by increasing the number of

cells to 50 9 50 (n = 3). Also, we randomly changed

the gating property for the L-type Ca2? current–voltage

dependency where gating shifts ranged from -5 to

?5 mV (n = 10), which resulted in a random distribution

of intrinsic cycle length of SAN pacemaker cells ranging

from 268 to 371 ms. These variations yielded the same

results. A random assignment of the gap junction con-

ductance did not change the result of simulations

significantly. The relationship between the leading pace-

maker site and the site of maximum early phase-4 slope,

and the shift of the leading pacemaker site to a distant

locally maximum phase-4 slope region by reducing the

gap junction conductance in the model simulation well

agreed with our experimental observations. We further

conducted a simulation study assuming a model with a

gradient distribution of amplitudes of L-type Ca2? cur-

rents from the center to the periphery, but the model did

not reproduce the dissociation between the leading pace-

maker site and the region of maximum early phase-4

slope.

To test whether the results of simulations depend on the

choice of a single-cell model, we repeated simulations

using 100 9 100 Zhang-model cells (n = 6). Since chan-

ges in either L-type Ca2? current density or ‘‘funny’’

pacemaker current (If) density did not significantly alter the

inherent cycle length of a Zhang-model cell, we randomly

assigned T-type Ca2? current density within a range from 0

to 200% of the original value given for the central region.

Increases in a model scale to 100 9 100 resulted in more

complex dynamics of pacemaker synchronization. We

observed multiple regions where phase-4 slope became

locally maximum, and the leading pacemaker site emerged

in one of the regions with locally maximum phase-4

slope (Fig. 7a). We also observed cases (n = 2) where the

leading pacemaker site dissociated from the region of

(locally) maximum phase-4 slope (Fig. 7b). The dissocia-

tion was partly explained by the differences in MDP and

the slope of the exponentially rising late phase-4. Namely,

in such cases, the leading pacemaker site either had a more

depolarized MDP (as shown in Fig. 7b inset) or a steeper

late phase-4 slope as compared to the regions of locally

maximum phase-4 slope. These simulations suggest that,

Table 1 The comparison of action potential parameter values

between the open circle (the leading pacemaker site) and the open

triangle (the region of maximum phase-4 slope) in Fig. 4c (n = 9)

Slopes (-DF/F%/s) APD50 (ms)

Phase 0 Phase 4

Open circle 9641 ± 131 19.0 ± 1.9 44.7 ± 0.5

Open triangle 5381 ± 103* 85.5 ± 4.9* 75.6 ± 0.4*

Values are means ± SEM in 9 consecutive recordings

* P \ 0.01
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irrespective of the model scale and the choice of a single-

cell model, there exist multiple regions where phase-4

slope becomes locally maximum, and the leading pace-

maker site does not necessarily coincide with the region of

maximum early phase-4 slope.

Discussion

In the present study, we analyzed action potential charac-

teristics in the rabbit SAN by voltage imaging and

demonstrated that the leading pacemaker site does not

Fig. 5 Carbenoxolone changed the spatial distribution of optical

action potential parameter values and induced pacemaker shifts.

Representative pseudocolor images of the control (a) and those after

the application of carbenoxolone (b) are shown. The open circles and

open triangles indicate the leading pacemaker site and the site of

maximum phase-4 slope, respectively. c Optical membrane potential

trajectories of the region of leading pacemaker site (open circles) and

the region of maximum phase-4 slope (open triangles) in a and b.

SVC Superior vena cava, SEP internal septum, RA right atrium

J Physiol Sci (2009) 59:227–241 235

123



Fig. 6 Model simulation, assuming an inhomogeneous distribution of

intrinsic properties of SAN cells, reproduced dissociation between the

leading pacemaker site and the region of maximum phase-4 slope. A

two-dimensional sheet model consisting of 25 9 25 Kyoto-model SAN

cells was evaluated. Random distributions of L-type Ca2? current

amplitudes were assumed to simulate the inhomogeneous structure of

the SAN. Upper and lower panels represent the activation patterns with

gap junction conductances of 20 and 10 nS/cell, respectively. The

asterisk indicates the location of the cell that has the shortest cycle

length. a The dissociation between the leading pacemaker site and the

cell (site) with the maximum linearly rising early phase-4 with the gap

junction conductance of 20 nS/cell is explained by a steeper exponen-

tially rising late phase-4 slope at the leading pacemaker site shown in

the inset. The left panel indicates entire action potential waveforms and

the right panel shows expanded action potential waveforms. The red
trace illusrates the action potential trajectory of the leading pacemaker

site (open circle on activation map); the blue trace presents the action

potential trajectory of the cell with the maximum phase-4 slope (open
triangle on phase-4 slope map). The reduction in the gap junction

conductance changed the spatial distribution of action potential

characteristics and shifted the leading pacemaker site. The leading

pacemaker site shifted from the lower center to the bottom left corner

where the phase-4 slope was the maximum. b The reduction in the gap

junction conductance caused bifocal activation in the left region. These

new leading pacemaker sites coincided with regions of locally

maximum phase-4 slope
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necessarily emerge in the region of maximum action

potential duration and maximum early phase-4 slope. These

results suggest that the SAN structure is more inhomoge-

neous than dictated by the gradient model or the mosaic

model. It is postulated that the leading pacemaker site is

formed as a consequence of mutual interaction of a large

number of cells in the compact region of the SAN [24]. Given

that distribution of membrane potential properties is more

inhomogeneous than a gradient distribution, the reduction in

mutual interaction should have a more pronounced effect on

the action potential propagation. Our observation that the

gap junction blockade induced changes in action potential

characteristics and phase shifts agrees with the prediction.

Further, our simulation validated the idea that inhomoge-

neous distribution of membrane properties could induce

discrepancy between the leading pacemaker site and the

region of maximum early phase-4 slope.

Technical consideration

Optical signals we measured are changes in fluorescence

intensity of a single wave band (k[ 590 nm), which

inversely correlate with membrane potentials [21]. In the

present study, the fluorescent signal at each trial was

evaluated as the change relative to the reference fluores-

cence intensity; therefore, the absolute membrane potential

value, e.g., MDP, cannot be assessed. Although optical

techniques using voltage-sensitive dyes are useful to

simultaneously analyze electrical activity and propagation

mechanisms of the heart at a tissue level, there exist

Fig. 7 Two representative simulation results of 100 9 100 Zhang

model cells. In a, there were multiple regions where phase-4 slope

became locally maximum, and the leading pacemaker site emerged in

one of the regions with locally maximum phase-4 slope. In b, the

leading pacemaker site dissociated from the region of maximum

phase-4 slope. The dissociation is explained by a more depolarized

MDP at the leading pacemaker site shown in the inset. The left panel

indicates entire action potential waveforms and the right panel shows

expanded action potential waveforms. The red trace illustrates the

action potential trajectory of the leading pacemaker site (open circles
on activation map); the blue trace illustrates the action potential

trajectory of the cell with the maximum phase-4 slope (open triangle
on phase-4 slope map)
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technical problems such as motion artifact and limitation of

spatiotemporal resolution [12]. Nygren et al. showed that

the rise time of optical action potential (phase-0) was

slower than that recorded with a microelectrode technique

in the adult mouse heart [27]. This is because optically

recorded action potential represents spatially averaged

transmembrane potentials. In the present study, although

action potential characteristics estimated from optical

signals fairly well correlated with those obtained by

intracellular recording, they showed a slight discrepancy.

As we mentioned in the ‘‘Results’’ section, in the pre-

liminary studies we observed different degrees of diastolic

depolarization within the compact region of the SAN.

Apart from the measurement noise, we consider that the

discrepancy is partly induced by spatial averaging of

multiple SAN cells with heterogeneous action potential

characteristics.

As shown in Figs. 3 and 4, the nonlinear time course of

phase-4 depolarization, which consists of a linearly depo-

larizing early phase and a rapidly depolarizing curvilinear

late phase, is not clear in optical tracings. Although the

response of the dye we used is fast enough to trace the

action potential, there is a possibility that -DF/F could not

faithfully follow the changes in membrane potential during

the late phase due to nonlinear properties of the voltage-

sensitive dye.

Further limitation of our optical imaging method is

that the voltage-sensitive dye, di-4-ANEPPS, could

induce photodynamic damage to cardiomyocytes [28].

The toxic effect of the dye may have caused an increase

in cycle length and heart rate variability. As described in

the ‘‘Methods’’ section, we minimized the exposure time

of excitation light, reduced intensity of excitation light,

and lowered the temperature of the preparation to avoid

photodynamic damage of the tissue. However, the tox-

icity of the dye might still have influenced the results

slightly.

Leading pacemaker site and excitation propagation

in SAN

We observed that propagation patterns of pacemaker

activity in the rabbit SAN differ, and the location of the

leading pacemaker site is also variable (Figs. 2 and 4). The

leading pacemaker site was not necessarily next to the CT.

These results agree with previous reports that showed

diverse locations of the leading pacemaker site as well as

various excitation propagation patterns [10]. Morphologi-

cal characteristics and these diversities may have

correlation. Nerves, ganglia, and myocytes constitute the

complex anatomical structure of the SAN [8]. Moreover,

immunohistochemical observation suggested that the a
actin-positive, neurofilament-positive, and connexin43-

negative region between the SVC and IVC might play a

role in generating the leading pacemaker site [8, 29]. These

complexities of the SAN structure may underlie the leading

pacemaker site formation and cause the diversity of its

location. Our results, in which the leading pacemaker site

appeared at various locations, are compatible with this

notion.

The excitation propagation showed various patterns in

the present study, however, there were several charac-

teristics common to all preparations. Excitation did not

propagate to the septum, and the block zone existed

between the SVC and the IVC in the SAN. This trans-

mission blockade could be due to a poor electrical

coupling between cells or poor excitability [30]. It has

been reported that the preferential conduction from the

leading pacemaker site is in the oblique cranial direction

or the caudal direction to the CT [1, 31]. Our results are

consistent with these reports. The SAN contains abundant

myofilaments and collagen fibers although its contents

differ among species and ages [7, 8, 32]. These fibers,

especially myofilament, may influence the conduction

pathway. The collagen content does not affect the con-

duction velocity [33], but an increase in myofibroblast

density decreases the diastolic potential and action

potential upstroke [34]. The existence of the conducting

pathway may serve to protect against irregular conduc-

tion such as reentry and invasion of action potential from

outside of the SAN.

Cell-to-cell interaction through gap junctions

and interpretation of pacemaker shift

Gap junctions have been believed to contribute to a low

resistance intercellular electrical pathway that facilitates

the propagation of electrical signals and the synchroniza-

tion of beating cells in the SAN [35]. Several types of gap

junction protein, connexins, are expressed in the rabbit

SAN [36]. In the center of the SAN, connexin40, conn-

exin45, and connexin46 are abundantly expressed, but

there is virtually no expression of connexin43, and those

connexins are thought to contribute to proper excitation

propagation in the SAN [29].

The overall effect of gap junction blockade on the SAN

function is a decrease in conduction velocity. It is possible

that the pacemaker shift is responsible for the change in

propagation pathway along different fiber orientations and

the subsequent change in conduction velocity. The role of

each connexin subtype in the SAN has not been clearly

understood, but they may contribute to varying the con-

duction velocity depending on the direction of excitation

propagation [10, 31].

The present study indicates that gap junctions do not

merely conduct excitation from the leading pacemaker,
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but importantly affect action potential characteristics and

determine the leading pacemaker site. We suggest that

regional differences in the density and composition of gap

junction subtype proteins should be interpreted in this

context. For instance, changes in the gap junction density

and/or composition associated with aging may shift

the leading pacemaker site and lead to an aberrant

conduction.

The mechanism of changes in action potential charac-

teristics by slowing conduction velocity could be a

‘‘democratic’’ process of mutually coupled cells [9].

Alternatively, a decrease in conduction velocity may affect

intrinsic SAN cell properties by a cellular mechanism. For

example, reduction in conduction velocity increases the

restitution time of intracellular Ca2? cycling [37]. This

could alter intrinsic cellular properties and shift the leading

pacemaker site.

Significance of model simulation

Our model assumes that intrinsic cellular properties of

SAN cells are randomly distributed, and subsequently,

inherent cycle lengths of SAN cells are randomly distrib-

uted. However, we by no means claim that the actual

structure of the SAN is completely random; instead, we

intended to simulate the situation in which the pacemaker

organization is more inhomogeneous than a simple gradi-

ent configuration due to various anatomical constraint. Of

course, such anatomical constraint is much more precisely

reconstructed by a sophisticated three-dimensional model

[38], however, a two-dimensional sheet model is simpler

and sufficient to understand the mechanism underlying the

dissociation between the leading pacemaker site and the

region of maximum early phase-4 slope.

The current version of our model is simplistic in the

sense that it does not include atrial tissue at the boundaries,

and thus electrotonic modulations of atrial cells were not

taken into account, although the boundary condition

(decrease in L-type Ca2? current amplitude) suppresses the

excitation of cells on edges. Further, the maximum number

of cells we tested was 100 9 100 = 10,000, which corre-

sponded to only a small fraction of the compact region of

the SAN. However, an increase in the model scale should

add further complexity to the dynamic behaviors of the

model SAN, irrespective of the boundary condition.

Therefore, we infer that similar results, i.e., the existence of

multiple regions of locally maximum phase-4 slope, and

the dissociation between the leading pacemaker site and the

region of maximum early phase-4 slope, would be

observed in models with larger sizes. Distant cells are less

influenced by each other and should tend to behave inde-

pendently. We predict that if there exists a region with

more depolarized MDP or steeper late phase-4 distant from

the region of maximum early phase-4, the region could be

the leading pacemaker site.

We first focused on the inhomogeneous distribution of

L-type Ca2? current properties because the effects of

changes in L-type Ca2? current kinetics and amplitudes

on the action potential duration and the inherent cycle

length of Kyoto-model SAN cell were well documented

[23]. A random distribution of gap junction conductance

added further complexity to the regional differences in

action potential characteristics, but the simulation results

were essentially the same. Heterogeneity of other currents

such as Na? current, delayed-rectifier K? current, and

hyperpolarization-activated cation current has also been

reported previously [6]. We tested the effects of random

distribution of T-type Ca2? current amplitudes, which

significantly influence the cellular inherent cycle length,

on the behavior of the Zhang-model SAN. Again, we

observed cases where the leading pacemaker site and the

region of maximum early phase-4 slope did not match,

although in a majority of cases, the leading pacemaker

site occurred in the region of locally maximum phase-4.

In the present study, we randomized a single parameter

while keeping other parameters constant to dissect the

effect of each factor separately. Although we did not

thoroughly examine effects of randomization of all ion

channels, we predict that randomization of any combina-

tion of parameters that influence the inherent cycle length

of a model cell will cause similar results. The model

reproduced the dissociation between the leading pace-

maker site and the region of maximum early phase-4

slope and showed a jump of the leading pacemaker site by

the reduction in gap junction conductance as observed in

the present imaging experiments. With an increase in

model scale, multiple regions of locally maximum phase-

4 slope emerged and the leading pacemaker site coincided

with one of these locally maximum phase-4 slope regions

in a majority of cases. These features of simulation results

are parallel with those observed experimentally and may

be caused by common underlying mechanisms.

In simulations, the dissociation was caused by multiple

factors. One factor was the slope of the late phase-4, an

exponentially rising subphase of phase-4, which partly

depends on L-type Ca2? current amplitude. When the

region of maximum early phase-4 slope had a relatively

small L-type Ca2? current amplitude and subsequently a

relatively gentle late phase-4 slope, a region with higher

L-type Ca2? current amplitude and subsequently a rela-

tively steep late phase-4 slope became the leading

pacemaker site (as in the case of Fig. 6a). Another factor is

the differences in MDP. There were cases in which the

region with a more depolarized MDP reached the threshold

to initiate an action potential earlier than the region of

maximum early phase-4 slope and became the leading
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pacemaker (as in the case of Fig. 7b). We therefore suggest

that regional differences in cellular properties are more

complex than a simple gradient structure. This by no means

denies the existence of a gradient structure. Gradient dis-

tributions of averaged electrical properties and mean

parameter values should be present, even though electrical

properties of individual cells are diverse.

In summary, estimation of action potential characteris-

tics from optical signals was feasible. There were cases

where multiple regions of locally maximum phase-4 slope

existed, and the leading pacemaker site occurred in one of

these regions. Further, there were cases where the leading

pacemaker site did not coincide with the region of maxi-

mum early phase-4 slope. We conclude that the functional

structure of the SAN is more inhomogeneous than dictated

by previous models. In addition, we suggest that gap

junctions not only transmit excitation, but also significantly

contribute to the determination of the leading pacemaker

site and the action potential characteristics in the SAN.
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H, Shigenobu K, Ozaki Y (2001) Electrophysiological analysis of

the negative chronotropic effect of endothelin-1 in rabbit sinoa-

trial node cells. J Physiol 537:467–488

18. Kodama I, Boyett MR (1985) Regional differences in the elec-

trical activity of the rabbit sinus node. Pflügers Arch 404:214–
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