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ABSTRACT Fast two-dimensional confocal microscopy and the Ca2� indicator fluo-4 were used to study excitation-
contraction (E-C) coupling in cat atrial myocytes which lack transverse tubules and contain both subsarcolemmal junctional
(j-SR) and central nonjunctional (nj-SR) sarcoplasmic reticulum. Action potentials elicited by field stimulation induced transient
increases of intracellular Ca2� concentration ([Ca2�]i) that were highly inhomogeneous. Increases started at distinct subsar-
colemmal release sites spaced �2 �m apart. The amplitude and the latency of Ca2� release from these sites varied from beat
to beat. Subsarcolemmal release fused to build a peripheral ring of elevated [Ca2�]i, which actively propagated to the center
of the cells via Ca2�-induced Ca2� release. Resting myocytes exhibited spontaneous Ca2� release events, including Ca2�

sparks and local (microscopic) or global (macroscopic) [Ca2�]i waves. The microscopic [Ca2�]i waves propagated in a
saltatory fashion along the sarcolemma (“coupled” Ca2� sparks) revealing the sequential activation of Ca2� release sites of
the j-SR. Moreover, during global [Ca2�]i waves, Ca2� release was evident from individual nj-SR sites. Ca2� release sites were
arranged in a regular three-dimensional grid as deduced from the functional data and shown by immunostaining of ryanodine
receptor Ca2� release channels. The longitudinal and transverse distances between individual Ca2� release sites were both
�2 �m. Furthermore, electron microscopy revealed a continuous sarcotubular network and one peripheral coupling of j-SR
with the sarcolemma per sarcomere. The results demonstrate directly that, in cat atrial myocytes, the action potential-induced
whole-cell [Ca2�]i transient is the spatio-temporal summation of Ca2� release from subsarcolemmal and central sites. First,
j-SR sites are activated in a stochastic fashion by the opening of voltage-dependent sarcolemmal Ca2� channels. Subse-
quently, nj-SR sites are activated by Ca2�-induced Ca2� release propagating from the periphery.

INTRODUCTION

In mammalian cardiac myocytes, the action potential
induces contraction of the cell by a process known as
excitation-contraction (E-C) coupling. The transient in-
crease of [Ca2�]i underlying contraction is caused by
Ca2�-induced Ca2� release (CICR) from the sarcoplas-
mic reticulum (SR), the major intracellular Ca2� store.
During CICR a small amount of Ca2� influx through
voltage-dependent L-type Ca2� channels in the sarco-
lemma triggers the release of a much larger amount of
Ca2� from the SR via activation of Ca2�-sensitive SR
release channels, the ryanodine receptors (RyRs). In ven-
tricular myocytes, the whole-cell [Ca2�]i transient is
thought to result from the spatio-temporal summation of
individual localized Ca2� release events or Ca2� sparks
(Cheng et al., 1993, 1996; Niggli, 1999; Wier and Balke,
1999). Ca2� sparks are caused by the opening of a group
of RyRs (Blatter et al., 1997). They originate from the
junctional SR (j-SR) in the diadic cleft close to the
T-tubules (Shacklock et al., 1995), where dihydropyri-
dine receptor (DHPR) L-type Ca2� channels and RyRs
are colocalized (Lewis Carl et al., 1995; Scriven et al.,

2000). Because an extensive T-tubular network conducts
the action potential deep into the cell (Soeller and Can-
nell, 1999), Ca2� release takes place virtually simulta-
neously throughout the ventricular myocyte. Thus, the
[Ca2�]i increase seems uniform rather than composed of
discrete events (Cheng et al., 1994). Reduction of the
T-tubular network in ventricular myocytes leads to spa-
tial inhomogeneities of the [Ca2�]i transient (Lipp et al.,
1996), underlining the importance of this membrane sys-
tem for ventricular E-C coupling. Ca2� release from
individual sites, however, can be visualized (1) when
Ca2� influx through L-type channels is manipulated
(Cannell et al., 1994; Lopez-Lopez et al., 1994; Santana
et al., 1996); (2) when the diffusion distance of free
[Ca2�]i is reduced (Cleemann et al., 1998; Song et al.,
1998); or (3) when ultrafast linescan imaging is used
(Tanaka et al., 1998).

Because Ca2� sparks also are observed in atrial myo-
cytes (Blatter et al., 1997; Hüser et al., 1996), it seems
straightforward to assume that the atrial [Ca2�]i transient
is likewise the result of the spatial and temporal summa-
tion of such elementary SR Ca2� release events. How-
ever, no direct evidence for this hypothesis has been
obtained so far. Moreover, the ultrastructure of atrial
myocytes, especially with respect to the key membranes
and proteins involved in the E-C coupling process, differs
substantially from ventricular myocytes. In particular, the
absence of a T-tubular system in atrial (and Purkinje)
myocytes (Cordeiro et al., 2001; Hüser et al., 1996;
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McNutt and Fawcett, 1969) divides the SR into j-SR and
nj-SR compartments and has been shown to result in
spatially and temporally inhomogeneous [Ca2�]i tran-
sients (Berlin, 1995; Cordeiro et al., 2001; Hatem et al.,
1997; Hüser et al., 1996, 2000; Lipp et al., 1990; Mack-
enzie et al., 2001; Pott et al., 1991). Thus, to understand
atrial E-C coupling it is important to determine the sub-
cellular distribution and the participation of individual
Ca2� release sites as well as the specific roles which j-SR
and nj-SR play in this process.

To address these issues, we used one- and two-dimen-
sional (2-D) confocal microscopy in combination with a
fluorescent Ca2� indicator to visualize Ca2� release from
subsarcolemmal j-SR and central nj-SR in isolated cat
atrial myocytes during action potential-induced [Ca2�]i

transients. In addition, spontaneously occurring Ca2�

sparks and waves were used as a tool to identify the
location and activation of individual SR Ca2� release
sites. Using immunocytochemistry and electron micros-
copy we also determined the subcellular distribution of
RyRs and SR, respectively. Taken together, the results
demonstrate that in cat atrial myocytes, the whole-cell
[Ca2�]i transient results from the spatio-temporal sum-
mation of Ca2� released from individual sites in the
subsarcolemmal j-SR and the central nj-SR. The variable
latency and magnitude of Ca2� release from the subsar-
colemmal sites suggest that it is triggered by stochastic
openings of L-type Ca2� channels. Central release sites,
in contrast, are activated by CICR propagating from the
j-SR.

MATERIALS AND METHODS

Preparation of cells

The procedure used for the isolation of atrial myocytes from the cat heart
was in accordance with local and national guidelines for animal care. It has
been described in detail previously (Wu et al., 1991). Briefly, cats of either
sex were anesthetized with thiopental sodium (35 mg kg�1 intraperitone-
ally). After thoracotomy hearts were quickly excised, mounted on a Lan-
gendorff apparatus, and retrogradely perfused with collagenase-containing
solution at 37°C.

Freshly isolated myocytes were plated on glass coverslips and loaded
with the Ca2�-sensitive fluorescent dye fluo-4 (Molecular Probes, Eugene,
OR) by 20–40 min exposure to Tyrode solution (in mM: 140 NaCl, 5 KCl,
2 CaCl2, 1 MgCl2, 10 glucose, and 10 HEPES; pH 7.35 with NaOH)
containing 20–45 �M of the acetoxymethyl ester of the dye (dissolved in
20% (w/v) Pluronic F-127/dimethyl sulfoxide; Molecular Probes). At least
15 min were allowed for de-esterification of the indicator.

Electrical stimulation

[Ca2�]i transients were evoked by 2–4 ms suprathreshold rectangular
voltage pulses through a pair of extracellular platinum electrodes. Cells
were paced at 0.5–0.7 Hz. All experiments were performed at room
temperature (22–24°C).

Drugs

Ryanodine (Calbiochem, La Jolla, CA) and thapsigargin (Alexis, San
Diego, CA) were used to disable the sarcoplasmic reticulum. Stock solu-
tions were prepared in either ethanol (5 mM ryanodine) or dimethyl
sulfoxide (10 mM thapsigargin) and diluted in the Tyrode solution to give
final concentrations of 10 �M ryanodine and 2 �M thapsigargin.

2-D confocal Ca2� imaging

A glass coverslip with dye-loaded myocytes was transferred to the stage of
an inverted microscope (Nikon Diaphot 300, Fryer Company Inc., Huntley,
IL). For 2-D confocal Ca2� imaging a Nipkow dual-disc type laser scan-
ning unit (CSU10, Yokogawa Electric Co., Tokyo, Japan; Genka et al.,
1999) was used. The scanning unit consisted of two spatially separated but
mechanically connected discs, a microlens disc and a pinhole disc. Light
(488 nm) from an attached argon ion laser (532-A-A04, Omnichrome,
Chino, CA) was focused through the microlenses to the corresponding
pinholes (diameter, 50 �m) and through the objective lens (Nikon CF Plan
Apochromat, water, �60, n.a. � 1.2) on a plane in the specimen. The
emitted fluorescence (�515 nm) was collected by an intensified charge-
coupled device camera (Stanford Photonics, Palo Alto, CA). Images (512
pixels � 480 pixels, 8-bit resolution, interlaced) were acquired at video
rate (30 Hz) and stored on a real-time disc for later analysis. After
background subtraction normalized fluorescence (F/F0) images were cal-
culated. The F0 image was created by averaging the five images immedi-
ately preceding the event(s) of interest. F/F0 images were de-interlaced
resulting in a temporal resolution of 60 Hz. The spatial (x-y) resolution of
these ratio images was 0.33 �m � 0.54 �m. Areas of interest of 0.71 �m2

were chosen for the analysis of subcellular [Ca2�]i signals. Changes of
[Ca2�]i are expressed as changes of F/F0.

Linescan imaging

Fast, 1-D (linescan) imaging was performed using a confocal laser scan-
ning unit (LSM 410, Carl Zeiss, Jena,Germany) attached to an inverted
microscope (Axiovert 100, Zeiss) with a �40 oil-immersion objective lens
(Plan-Neofluar, n.a. � 1.3, Zeiss). Fluo-4 was excited with the 488 nm line
of the argon ion laser and the emitted fluorescence was collected at �515
nm. For linescan imaging (8-bit), the specimen was scanned repetitively at
1.4 ms or 2.1 ms intervals. Linescan images (8-bit) are presented as
background-subtracted F/F0 images.

Immunocytochemistry

Acutely isolated atrial myocytes were seeded onto poly-D-lysine coated
glass coverslips. After attachment the cells were washed in buffer A (450
mM NaCl, 20 mM phosphate buffer, pH 7.2) and then fixed for 30 min
with 4% (w/v) paraformaldehyde in 200 mM phosphate buffer (pH 7.4),
followed by washing with buffer A. The cells were permeabilized with
buffer B (0.3% Triton X-100, 450 mM NaCl, 20 mM phosphate buffer, pH
7.2) containing 1% goat serum. Cells were subjected to immunocytochem-
ical analysis using antibodies directed against �-actinin and RyRs. Both
primary antibodies used were mouse-derived monoclonals. Anti-�-actinin
antibody (IgG1; clone EA-53; Sigma, St. Louis, MO) was used at a dilution
of 1:250 and the anti-RyR antibody (IgG1; clone 34-C; Affinity Biore-
agents Inc., Golden, CO) at 1:50. The myocytes were incubated for at least
45 min in buffer B containing 10% goat serum and primary antibody
directed against either �-actinin or RyR. After washing in buffer A, the
cells were then incubated for 30 min with secondary antibody (dilution
1:400), Alexa Fluor 594-conjugated goat anti-mouse IgG (Molecular
Probes). RyR and �-actinin immunoreactivity was visualized by confocal
microscopy. The fluorophore was excited with the 514-nm line of the argon
ion laser (LSM 410, Zeiss) or with the 543-nm line of the green HeNe laser
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(Radiance 2000 MP, Bio-Rad, Hercules, CA). Fluorescence was recorded
at �600 nm. In some experiments, transmitted light images were acquired
simultaneously with a photodiode detector.

Transmission electron microscopy

Isolated atrial myocytes were placed on Pioloform-coated Aclar em-
bedding film (Ted Pella Inc., Redding, CA) and allowed to settle for
2 h, assuring adequate adherence for subsequent processing. Fixation
with 4% glutaraldehyde (Electron Microscopy Sciences, Ft. Washing-
ton, PA) was followed by a 0.1 M cacodylate buffer wash and post
staining with 1% osmium tetroxide (Electron Microscopy Sciences).
Myocytes were serially dehydrated in ethanol and infiltrated with EM
bed-812 epoxy resin (Electron Microscopy Sciences). Final embedding
entailed inverting a previously polymerized resin block over preselected
areas at 56°C for 24 h. The Aclar film was peeled away from the blocks
leaving the cells exposed for immediate en face thin sectioning on a
diamond knife at 80 nm. Sections were picked up on copper grids and

counterstained with 5% uranyl acetate and Reynolds’ lead citrate
(Reynolds, 1963). Grids were examined and photographed on a Hitachi
H-600 transmission electron microscope (Tokyo, Japan) at 75 kV.

Data

Where appropriate, data are presented as mean � S.E. For the measure-
ments of distances between SR Ca2� release sites n refers to the number of
distances averaged between the indicated number of release sites analyzed.

RESULTS

2-D imaging of the atrial [Ca2�]i transient

The characteristic 2-D features of atrial action potential-
induced [Ca2�]i transients (n �50) are illustrated in Fig. 1.
A single cat atrial myocyte was stimulated at 0.5 Hz. Fig. 1

FIGURE 1 Characteristics of the atrial action potential-induced [Ca2�]i transient as visualized by 2-D confocal microscopy. (A) Series of color-coded
F/F0 images. [Ca2�]i starts to rise in the subsarcolemmal space. A ring of elevated [Ca2�]i develops and propagates to the center of the cell. Boxed area
(33 ms) is shown in detail in Fig. 2 Aa. The F/F0 scale from 1 to 5 refers to the first image (0 ms) only. (B) The surface plot view of the image recorded
at 17 ms (panel A) reveals distinct [Ca2�]i peaks in the subsarcolemmal space at the beginning of the [Ca2�]i transient.
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A shows a series of color-coded, 2-D images of the resulting
[Ca2�]i transient at a central axial depth of the cell. The
images show the myocyte immediately after depolarization
(t � 0 ms), during the subsequent initial rising phase of the
[Ca2�]i transient (17–67 ms), and during maximal contrac-
tion (283 ms). Electrical stimulation of the cell resulted in
an increase in [Ca2�]i that started at discrete spots along the
periphery (17 ms) as shown in detail in the surface plot in
Fig. 1 B. These sites subsequently fused to form a subsar-
colemmal “ring” of elevated [Ca2�]i (33 ms) that propa-
gated to the cell center. Marked non-uniformities of the
[Ca2�]i signal were observed during this process both in the
periphery and in the center of the cell. Fig. 2 reveals details
about the inhomogeneities found in the subsarcolemmal
region. Fig. 2 Aa shows an enlarged view of the boxed area
of the cell depicted in Fig. 1 A (33 ms). At least four sites
of elevated [Ca2�]i (marked by the white arrowheads) are
clearly visible. They were located directly underneath the
plasma membrane and spaced �2 �m apart as confirmed by
the profile plot along the dashed line (Fig. 2 Ac). The
[Ca2�]i signals originating from two of these sites (red and

green circles in Fig. 2 Ab) and from a region in between
(blue circle) were analyzed for three consecutive transients.
Their amplitude and the first derivative of their amplitude,
which gives a good approximation of the underlying SR
Ca2� release flux (Sipido and Wier, 1991; Song et al.,
1998), are shown in Fig. 2, B and C, respectively. Although
both parameters varied slightly from beat to beat, [Ca2�]i

transient amplitude and peak release flux were always
higher at the red and green sites than at the blue site. Thus,
a persistent local [Ca2�]i gradient was observed between
both the red and green sites and the blue site, an observation
that would have escaped conventional transverse linescan
imaging. This gradient in conjunction with the higher un-
derlying Ca2� release flux suggests that the red and green
sites represent subsarcolemmal Ca2� release sites from the
j-SR, whereas the blue site is a nonrelease site. Similar
results were obtained in five atrial myocytes. The subsar-
colemmal sites chosen for analysis were located in central
parts of the myocyte in which cell movement during action
potential-induced contractions is negligible. Nonetheless,
despite cell motion very similar patterns of putative Ca2�

FIGURE 2 Identification of individual Ca2� release sites of the subsarcolemmal j-SR. (A) Enlarged view (a) of the boxed area in Fig. 1 A (33 ms) shows
four neighboring sites of higher [Ca2�]i (arrowheads) in the cell periphery as schematically depicted in (b). (c) Fluorescence profile along the dashed line
in (a). Release sites (black, green, and red circles and arrows) have higher amplitude [Ca2�]i transients (B) and higher approximated Ca2� release fluxes
(C) than a nonrelease site (blue circle and arrow) located between the red and green release sites. Stimulation frequency, 0.5 Hz.
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release sites were also observed at the cell ends. However,
such sites were not included in the analysis. Furthermore, no
motion was detected during the initial 50 ms of the [Ca2�]i

transient, i.e., at a time when individual release sites became
detectable.

For a more detailed kinetic analysis of the [Ca2�]i signals
originating from the j-SR release sites, additional experi-
ments were performed in the linescan mode of a conven-
tional laser scanning confocal microscope (Zeiss LSM 410)
with an increased temporal resolution (1.4 ms per line). The
scanned line was positioned parallel to the longitudinal axis
of the cell directly underneath the sarcolemma as depicted
in Fig. 3 A. The myocyte was stimulated at 0.7 Hz and three
consecutive subsarcolemmal [Ca2�]i transients were com-
pared (Fig. 3 B). Release sites were identified as regions of
high fluorescence as compared with neighboring sites of
low fluorescence. Release occurred at eight specific loca-
tions that were constant during repetitive stimulations as
indicated by the dashed lines in Fig. 3 B. The distance
between individual release sites was �2 �m (e.g., sites 4
and 5) or a multiple thereof (e.g., sites 1 and 3) confirming
the results obtained by 2-D imaging (Fig. 2). At higher time
resolution, however, a beat-to-beat variability in the activa-
tion order of individual release sites and in the amplitude of
the local [Ca2�]i transients was evident. For example, site 1
activated early in the first transient, but much later and with
a higher amplitude during the second transient, and barely
detectable in the third one, thus revealing beat-to-beat al-

terations of latency of activation. Sites 3, 5, and 7 displayed
a high amplitude signal during the first [Ca2�]i transient and
then showed less release in the later transients. By contrast,
sites 2, 4, and 6 revealed low [Ca2�]i levels during the first
transient but were clearly activated during the second and/or
third transient. Finally, for site 8, both the latency and the
amplitude of Ca2� release were fairly constant during the
three beats. Similar observations were made in six cells. In
three of these cells, 34 subsarcolemmal release sites were
identified with a mean distance of 1.90 � 0.04 �m (n � 31).

Taken together, the results demonstrate that Ca2� release
from j-SR occurs at specific locations spaced �2 �m apart.
The location of the release sites was stable during consec-
utive stimulations. However, their activation order and the
amount of Ca2� released from an individual site varied
significantly from beat to beat.

The inward spread of the [Ca2�]i transient

Fig. 4 illustrates the spatio-temporal inhomogeneities in
[Ca2�]i observed during the inward spread of the action
potential-induced [Ca2�]i transient in an atrial myocyte. The
images in Fig. 4 A were obtained 33 ms (Aa), 67 ms (Ab),
and 100 ms (Ac) after the beginning of the [Ca2�]i transient.
After the development of the ring of elevated [Ca2�]i (Aa),
three punctate rows of higher [Ca2�]i (Ab–Ac; marked by
arrows) became visible inside the cell. These rows were

FIGURE 3 Ca2� release from subsarcolemmal release sites has variable amplitudes and latencies. (A) Position of the scanned line. (B) Linescan images
of three consecutive [Ca2�]i transients. Eight release sites are identified along the dashed lines. Their location is constant, but their amplitudes and activation
order vary from beat to beat. Stimulation frequency, 0.7 Hz.
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approximately parallel to the longitudinal axis of the myo-
cyte and separated by �2–4 �m as confirmed by the profile
plot (Fig. 4 Ad) along the dashed line in Fig. 4 Ac.

In Fig. 4 B (left panel), local [Ca2�]i transients originat-
ing from the sites of elevated [Ca2�]i (green, blue, and red

arrows in Fig. 4 Ad) were compared with those sites exhib-
iting low [Ca2�]i (black arrows in Fig. 4 Ad). The colored
sites displayed large amplitude [Ca2�]i transients with high
rates of rise, indicating Ca2� release sites from the subsar-
colemmal j-SR (green) and the central nj-SR (blue and red).

FIGURE 4 The atrial [Ca2�]i transient spreads inwardly via propagating CICR. (A) 2-D images (a–c) of an atrial myocyte during an action
potential-induced [Ca2�]i transient. Punctate rows of higher [Ca2�]i develop during the transient. They are marked by the arrows. (d) Fluorescence profile
along the dashed line in (c). Sites of higher (colored arrows) and lower (black arrows) [Ca2�]i can be distinguished. (B) [Ca2�]i transients of the sites
marked by the arrows in (Ad). The beginning of the transients is shown on an expanded time scale on the right. Labels a, b, and c refer to the images in
(A). (C) Normalized approximated Ca2� release fluxes of the three colored release sites shown in (Ad). Release flux peaks consecutively from the periphery
(green trace) to the center (red trace) of the cell, indicating that CICR propagates from the subsarcolemmal j-SR to the central nj-SR.

Ca2� Release Sites in Atrium 2595

Biophysical Journal 81(5) 2590–2605



By contrast, the sites represented by the black traces had
much smaller amplitude [Ca2�]i transients with low rates of
rise, defining them as nonrelease sites. Fig. 4 B also dem-
onstrates that the maximum [Ca2�]i transient amplitude was
higher at the subsarcolemmal site than at the central sites.
This was a consistent finding. In a total of 10 atrial myo-
cytes, the [Ca2�]i transient amplitude of the central release
sites reached only 76.4 � 4.1% (n � 10) of that recorded
from neighboring subsarcolemmal sites. The right panel in
Fig. 4 B shows the beginning of the local [Ca2�]i transients
on an expanded time scale (a, b, and c refer to the images in
Fig. 4 A). Marked differences in the onset of the transients
are obvious. [Ca2�]i started to rise first at the subsarcolem-

mal release site (green trace). With a delay of 17 ms and
33 ms, the [Ca2�]i increase became evident at the more
central release sites (blue and red traces, respectively).
Accordingly, the approximated release fluxes of the cen-
tral sites reached their maximum 33 ms and 50 ms after
the subsarcolemmal site (Fig. 4 C; colors as before).
Thus, Ca2� release sites were recruited consecutively
from the periphery to the center of the cell by propagating
CICR. If this conclusion is correct, inhibition of SR
function should slow down the centripetal spread of
Ca2�. To test this hypothesis additional experiments
were performed in the absence and presence of ryanodine
and thapsigargin to abolish SR function.

FIGURE 5 Disabling SR function slows down the centripetal spread of Ca2�. (A) Atrial myocyte and subcellular regions (�1 �m2) studied. (B) Local
[Ca2�]i transients of the regions shown in A before and after inhibition of SR function by 10 �M ryanodine and 2 �M thapsigargin. Blockade of the SR
increases diastolic [Ca2�]i, decreases the amplitude, and slows down the kinetics of the [Ca2�]i transients. (C) Normalized [Ca2�]i transients from B.
Arrows indicate the maximum amplitudes. Under control conditions (smooth traces) the subsarcolemmal [Ca2�]i transient (red) slightly precedes the central
[Ca2�]i transient (blue); however, both have similar time courses. After inhibition of the SR (noisy traces), the kinetics of both [Ca2�]i transients are slowed
down. Importantly, the central [Ca2�]i transient is delayed significantly, indicating that the spread of Ca2� from the periphery to the center is slower under
these conditions. (D) Rise times (times to peak) of subsarcolemmal (red) and central (blue) [Ca2�]i transients before (control) and after (Ry � Tg) inhibition
of SR function. (E) Delay between the half-maximum [Ca2�]i transient amplitudes (delay t50) of subsarcolemmal and central sites before (ctrl) and after
(Ry/Tg) blockade of the SR. Mean data from six myocytes. N.S., not statistically significant. Stimulation frequency, 0.6 Hz.
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FIGURE 6 Microscopic [Ca2�]i waves (“coupled” Ca2� sparks) reveal the location of individual Ca2� release sites from the subsarcolemmal j-SR. (A)
Atrial myocyte (a) and subcellular region (b) where the microscopic wave shown in B occurred. Black and red circles indicate the subsarcolemmal Ca2�

release sites. The green circle indicates a central site and the blue circle marks a nonrelease site. [Ca2�]i signals of the colored sites are plotted in D and
E. Asterisk and arrows indicate wave origin and wave spread, respectively. (B) Sequential images of a microscopic [Ca2�]i wave. Individual Ca2� release
sites are visible as discrete spots of higher [Ca2�]i. Their first appearance is marked by the arrowheads. The wave starts at two sites (17 ms) and propagates
along the sarcolemma in both directions. (C) Snapshots taken at three different times: (a) during the wave shown in B, (b) during a second wave, and (c)
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Fig. 5 B shows [Ca2�]i transients originating from a
subsarcolemmal (red) and a neighboring central region
(blue) of an atrial myocyte (Fig. 5 A). Inhibition of SR
function by ryanodine and thapsigargin increased diastolic
[Ca2�]i levels and markedly decreased the [Ca2�]i transient
amplitudes both in the periphery and the center of the cell.
Furthermore, it slowed down the kinetics of the [Ca2�]i

transients. This is shown in more detail in Fig. 5 C. [Ca2�]i

transients recorded before (smooth traces) and after inhibi-
tion of the SR (noisy traces) are plotted on an expanded
time scale. For better comparison their amplitudes have
been normalized. In the presence of a functional SR, the
central signal follows the subsarcolemmal [Ca2�]i transient
with a short delay. When the SR was disabled, however,
both transients were considerably slower and the delay
between the central and subsarcolemmal signal was greatly
increased. To quantify the time course of Ca2� movement
from the periphery to the center of the cells, we determined
the delay between the half-maximum amplitudes of the
subsarcolemmal and central [Ca2�]i transients (delay t50),
and we measured the rise times of the [Ca2�]i transients.
Mean data from six myocytes are presented in Fig. 5, D and
E. Under control conditions rise times for subsarcolemmal
and central [Ca2�]i transients were almost identical with
times to peak of �130 ms (Fig. 5 D; n � 6). The delay
between their half-maximum amplitudes was 28 � 7 ms
(Fig. 5 E; n � 6). After inhibition of the SR, rise times for
both the peripheral and central signals were significantly
prolonged to 220 � 30 ms and 349 � 39 ms, respectively
(Fig. 5 D; n � 6, p 	 0.01). In addition, the delay between
their half-maximum amplitudes was doubled to 60 � 17 ms
(Fig. 5 E; n � 6, P 	0.05 vs. control). Collectively, these
data confirm that the spread of Ca2� from the periphery to
the center of the cells is an active process involving prop-
agating CICR.

Activation of individual Ca2� release sites from
the j-SR during microscopic [Ca2�]i waves

In resting myocytes two kinds of spontaneous Ca2� release
events were observed, i.e., Ca2� sparks and [Ca2�]i waves.
Ca2� sparks occurred both in the subsarcolemmal and, less
frequently, in the central regions confirming previous re-

sults obtained in these cells (Hüser et al., 1996). Further-
more, two different types of [Ca2�]i waves were found: (1)
macroscopic (global) waves that traveled through the entire
cell and (2) microscopic (local) waves that propagated in a
saltatory fashion over several micrometers along the periph-
ery of the myocyte. Microscopic [Ca2�]i waves had the
appearance of “coupled” Ca2� sparks and did not cause any
measurable contraction. By contrast, macroscopic waves led
to substantial contractions comparable with those observed
during action potential-induced [Ca2�]i transients.

Fig. 6 B shows a sequence of images illustrating the
development and propagation of a microscopic [Ca2�]i

wave. The subcellular region shown corresponds to the box
in Fig. 6 A. Ten individual release sites were identified
during this wave as depicted in Fig. 6 Ab (red and black
circles). The wave started at two distinct sites marked by the
arrowheads in Fig. 6 B (17 ms) and the asterisk in Fig. 6 Ab.
It then propagated with an average velocity of �100 �m
s�1 over six more sites to the left, starting at 67 ms, and over
two more sites to the right, starting at 83 ms. The individual
SR release sites were identified as distinct [Ca2�]i peaks
clearly visible in most of the images. Their first appearance
is indicated by the arrowheads. The sites were located close
to the edge of the cell suggesting that the Ca2� release
originated from j-SR. They were arranged approximately
parallel to the longitudinal axis of the myocyte and occurred
at regular intervals of �1.9 �m. In this cell, the center-to-
center distance between individual sites ranged from
1.41 �m to 2.89 �m; its mean value was 1.89 � 0.15 �m
(n � 9).

A more detailed analysis of the two leftmost release sites
marked by the red circles (Fig. 6 Ab) is presented in Figs. 6
C–E. Fig. 6 D (red traces) shows [Ca2�]i transients origi-
nating from these sites at three different times: (1) during
the microscopic wave shown in Fig. 6 B; (2) during a second
microscopic wave occurring �4 s later at the same region;
and (3) during a global [Ca2�]i increase presumably trig-
gered by a spontaneous action potential. In Fig. 6 D, a, b,
and c correspond to the images illustrated in Fig. 6 C. The
two sites could be clearly identified in each of the three
images (arrowheads) as well as in the accompanying profile
plots along the dashed line (peaks marked by the red ar-
rows). For comparison, the [Ca2�]i signals from an area
between these release sites (blue circle and blue arrows in
Fig. 6, Ab and C, respectively) and from a nearby central
site (green circle in Fig. 6 Ab) are also plotted in Fig. 6 D.
The first derivative of each of these signals, i.e., the approx-
imated Ca2� release flux, is shown in Fig. 6 E. As expected
for true Ca2� release sites, the red sites exhibited the highest
amplitude [Ca2�]i transients and the highest Ca2� fluxes,
whereas the blue nonrelease site in between revealed lower
amplitudes and fluxes.

In contrast to the large signals obtained from the two
active release sites in the periphery, the nearby central
area (green) did not display a significant [Ca2�]i increase

FIGURE 6 during a spontaneously occurring action potential reveal that
the location of the two subsarcolemmal release sites marked by the arrow-
heads is constant. Right: Accompanying fluorescence profiles along the
dashed line. The red arrows mark the two release sites, whereas the blue
arrow identifies a nonrelease site in the middle (see Ab). F/F0 scale from
1 to 8 applies to (c) only. (D) [Ca2�]i transients from two subsarcolemmal
release sites (two red traces are largely overlapping), a nonrelease site in
between (blue), and a nearby central site (green) during two microscopic
[Ca2�]i waves and a spontaneously occurring action potential (colors as in Ab
and C). Labels a, b, and c refer to the images presented in (C). (E) Corre-
sponding approximated Ca2� release fluxes (normalized; colors as before).
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during the microscopic waves. The very small central
signal (green trace in Fig. 6 D) was most likely due to
simple diffusion of Ca2� from the region of the subsar-
colemmal [Ca2�]i waves, demonstrating that there was no
active Ca2� release from the central nj-SR under these
conditions, and that the [Ca2�]i waves were restricted to
the subsarcolemmal space. During the action potential-
induced [Ca2�]i transient, however, there was a large
[Ca2�]i increase at the central site (Fig. 6 Dc). Its rising
phase (Fig. 6 D) and peak flux (Fig. 6 E) were delayed
compared with the subsarcolemmal sites. Furthermore,
during the later part of the [Ca2�]i transient, the Ca2�

release flux in the center was clearly larger than the
already declining flux in the periphery (Fig. 6 E). Taken
together, these results strongly suggest that there was

active Ca2� release from the central stores during the
action potential, but not during the microscopic waves.

Microscopic [Ca2�]i waves were analyzed in seven atrial
cells obtained from five cat hearts. They were comprised of
2–16 individual release sites and tended to occur at the same
subsarcolemmal regions within a given myocyte. Overall,
the average distance between a total of 83 Ca2� release sites
was 1.80 � 0.05 �m (n � 70).

Fig. 7 illustrates the appearance of a microscopic [Ca2�]i

wave as recorded in the linescan mode of the conventional
laser scanning confocal microscope. To measure subsar-
colemmal Ca2� spark activity, the scan line was positioned
directly under the surface membrane of a resting atrial
myocyte as indicated in Fig. 7 A. A multitude of Ca2�

sparks was observed (Fig. 7 B), many of them occurring

FIGURE 7 Coupled Ca2� sparks as visualized by confocal linescan imaging. (A) The scanned line was positioned directly underneath the sarcolemma
of an atrial myocyte. (B) Subsarcolemmal Ca2� sparks and microscopic [Ca2�]i waves. (C) Enlarged view of the microscopic wave shown in the boxed
area in (B). Four release sites are identified along the dashed lines (a–d). [Ca2�]i signals along the dashed lines are shown on the right. The site between
(c) and (d), apparently failing during the wave, is activated later (dashed line and arrows in B).
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repeatedly at the same locations. Some larger Ca2� release
events were also present including the microscopic [Ca2�]i

wave shown in more detail in Fig. 7 C. The wave propa-
gated with a velocity of 86 �m s�1 over a distance of 8 �m.
Four release sites (a–d) were identified along the wave-
front. The distance between a and b and b and c was �1.7
�m, whereas sites c and d were separated by 4.2 �m.
Apparently, a site in the middle failed during the micro-
scopic wave but it was clearly activated later during the
recording (dashed line and arrows in Fig. 7 B). Using
both Ca2� sparks and microscopic waves to determine
the location of single subsarcolemmal release sites, 63
sites with a mean distance of 1.87 � 0.07 �m (n � 60)
were mapped in confocal linescan images obtained from
three atrial myocytes. Thus, the numbers for both wave
velocity and distance between individual release sites
were in good agreement with the results obtained by 2-D
imaging.

Activation of Ca2� release sites from central
stores during macroscopic [Ca2�]i waves

Macroscopic (global) [Ca2�]i waves were observed less
frequently. They were often triggered by microscopic waves
and seemed to occur only in cells that were Ca2�-over-
loaded. Macroscopic waves, however, allowed the identifi-
cation of individual Ca2� release sites from central stores
(nj-SR) as illustrated in Fig. 8. In this atrial myocyte (Fig. 8
A), a subsarcolemmal [Ca2�]i wave started in the upper left
region of the boxed area. The wave spread inwardly (and
further along the periphery) eventually triggering an action
potential. Details of the inward propagation are shown in
four consecutive images (a–d) in Fig. 8 B. Distinct [Ca2�]i

peaks indicative of individual SR release sites were ob-
served. They occurred in rows parallel to the longitudinal
axis of the cell. Thus, during the inward propagation of the
[Ca2�]i wave, a grid of release sites became apparent (d).

FIGURE 8 Global [Ca2�]i wave revealing the arrangement of individual Ca2� release sites of subsarcolemmal j-SR and central nj-SR. (A) Ca2�

release sites (black, green, and red circles) of a subcellular region (boxed area) of an atrial myocyte. A nonrelease site (blue circle) is also shown.
Four consecutive images (a–d) obtained during a spontaneous [Ca2�]i wave are shown in (B). Three longitudinal (a–c) and one transverse (d)
fluorescence profiles along the dashed lines are displayed (B, right) revealing the activation of distinct Ca2� release sites (downward arrows) of j-SR
(a) and nj-SR (b and d). Asterisks in (A) and (Bd) indicate the innermost release site. (C) [Ca2�]i signals from three different sites: (1) the j-SR release
site marked by the red circle in (A) and the red arrows in (B); red trace, (2) the nj-SR release site marked by the green circle in (A) and the green
arrow in (B); green trace, and (3) a nonrelease site found in between the former two sites (blue circle in A and blue arrow in B); blue trace. Labels
a–d refer to the images in (B). (D) Approximated Ca2� release fluxes derived from the [Ca2�]i signals shown in (C) (normalized; colors as before).
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FIGURE 9 Distribution of ryanodine receptors and SR in cat atrial myocytes. (A) Epifluorescence images of an atrial myocyte immunostained for RyRs.
Bottom image is a magnification of the boxed area. Transverse bands of RyR immunofluorescence are observed at regular intervals of �1.9 �m. (B)
Confocal images of a different cell. Top image is an x–z section (0.4 �m axial steps) along the dashed line shown in the bottom (x–y) image. RyR bands
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The profile plots of the dashed lines in a, b, and d confirm
the presence of the individual release sites. They are shown
on the right in Fig. 8 B. The downward arrows indicate the
respective release site. For easier identification, the inner-
most site is marked by the asterisk. The location of the
release sites as derived from the images and the profile plots
(Fig. 8 B) is shown in Fig. 8 A. In this example, 15 sites
aligned in three rows could be mapped. Their distance was
�2 �m in each row. The [Ca2�] signals and approximated
release fluxes for two of them (red and green circles and
arrows in Fig. 8, A and B, respectively) before and during
the beginning of the wave are plotted in Fig. 8, C and D. In
addition, the signal of a nonrelease site in the middle (blue
circle and arrow in Fig. 8, A and B) is also shown. Labels
a–d refer to the respective images presented in Fig. 8 B.
Clearly, the subsarcolemmal release site (red) was activated
first. [Ca2�]i then increased at the nonrelease site (blue)
before the neighboring central site in the second row (green)
was activated. The slow increase and the low amplitude of
the [Ca2�]i signal at the blue site clearly identify it as a
nonrelease site, whereas the higher amplitudes and rates of
rise of the red and green sites demonstrate that they are
Ca2� release sites from the j-SR and nj-SR, respectively.

In three atrial myocytes, release sites were mapped and
analyzed from global [Ca2�]i waves. Fifty-two Ca2� release
sites from central nj-SR compartments were identified.
They occurred in two rows approximately parallel to the
longitudinal axis of the cells. The distance between the two
rows of nj-SR release sites varied from �1.5 �m to 2.4 �m.
Twenty-six nj-SR release sites were identified within each
of these rows with a mean center-to-center distance of
1.79 � 0.10 �m (n � 21) and 1.69 � 0.05 �m (n � 21) for
the first and second nj-SR row, respectively.

Distribution of SR Ca2� release channels (RyRs)
and sarcoplasmic reticulum

The distribution of RyRs within the atrial myocytes was
visualized using immunocytochemistry. Initially, a group of
cells was probed for �-actinin both as a control and to
establish the location of the Z-lines (data not shown). Ho-
mogeneously labeled transverse bands of fluorescence were

observed at a sarcomeric spacing of 1.71 � 0.08 �m (n �
6 cells). The transmitted light images acquired simulta-
neously exhibited light and dark bands corresponding to the
I- and A-bands, respectively. The light I-bands aligned with
the �-actinin immunofluorescence, demonstrating that the
Z-lines are located within the I-bands. Next, myocytes were
probed for RyRs. Fig. 9 A shows a representative pattern of
RyR distribution in an atrial myocyte as visualized by
nonconfocal epifluorescence microscopy. Similar to �-acti-
nin, RyR immunofluorescence formed transverse bands
spaced �2 �m apart. As was the case for �-actinin, RyR
immunoreactivity coincided with the light I-bands of the
transmitted light images, suggesting that RyRs were located
predominantely near the Z-lines. Confocal microscopy was
used to analyze the 3-D distribution of the RyRs in more
detail. Fig. 9 B (bottom) shows a confocal image of an atrial
myocyte taken at a central axial depth. An x–z scan (0.4 �m
increments in axial direction) at the location of the dashed
white line demonstrated that the RyR pattern was conserved
through the entire depth of the cell (Fig. 9 B, top). To
quantify the distance between bands of RyRs, the fluores-
cence profile of a selected region of the cell was plotted.
The distance between individual peaks was then measured
as illustrated in Fig. 9 C. Fig. 9 Cb shows an enlarged view
of the boxed area of the atrial myocyte depicted in Fig. 9
Ca. Punctate bands of RyR immunoreactivity occurred at
regular intervals. The profile plot of the dashed white line
(c) revealed distinct fluorescence peaks spaced �2 �m
apart (Fig. 9 Cc, arrows). In a total of six myocytes, the
average distance between these peaks was 1.90 � 0.05 �m.
Furthermore, a transverse plot along the RyR band shown in
the small boxed area (d) indicated four sites of higher
immunofluorescence (Fig. 9 Cd, arrows), suggesting that
RyRs were clustered along the band. Limitations on sub-
strate (RyR) accessibility to antibody seem unlikely to ac-
count for this observation, as the punctate pattern of RyR
immunolocalization contrasts significantly with the com-
plete banding pattern exhibited by �-actinin. Additionally,
the localization of �-actinin (confocal reconstruction; not
shown) and RyRs (Fig. 9 B, top) was continuous across the
myocyte, suggesting a thorough permeabilization of the cell
and extensive accessibility of antibodies to the cell interior.

Electron microscopy was used to study the distribution of
j-SR and nj-SR. The electron micrograph in Fig. 9 Da
shows a longitudinally cut section of an atrial myocyte.
Sarcomeres and mitochondria were the most prominent
structures inside the cell. In addition, the center of the
myocyte revealed extensive nj-SR (�) visible as a network
of interconnected tubules with a diameter of �40 nm.
Furthermore, peripheral couplings (arrows) were present at
the surface membrane. The peripheral couplings are flat-
tened vesicles of j-SR. They were 200–400 nm wide and
came into close contact (�15 nm) with the plasma mem-
brane (Fig. 9 Db). Peripheral couplings were regularly dis-
tributed within the cells. With very few exceptions, each

FIGURE 9 traverse the entire depth of the myocyte. (C) Confocal im-
ages (a and b) and fluorescence profiles (c and d). Enlarged view (b) of the
boxed area in (a) demonstrates punctate bands of RyR immunofluores-
cence. Longitudinal (c) and transverse (d) fluorescence profiles along the
dashed line and from the boxed area reveal fluorescence peaks (arrows)
spaced �2 �m apart in both dimensions, suggesting that RyRs are clus-
tered along the bands. (D) Electron micrographs of a longitudinally cut
atrial myocyte. (a) SR is present as peripheral couplings of j-SR with the
plasma membrane (arrows) and as a network of nj-SR in the cell center (�);
M, M-line; Z, Z-line. (b) Magnified view of two sarcomeres containing one
peripheral coupling each. The left coupling is close to an M-line, whereas
the right one is near a Z-line. Calibration bars, 400 nm (a) and 200 nm (b).
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sarcomere contained one peripheral coupling. However, the
location of a coupling within a sarcomere was variable with
some occurring near an M-line whereas others were closer
to a Z-line. Peripheral couplings were connected to the
nj-SR (not shown), suggesting that a continuous sarcotubu-
lar network traverses the entire myocyte.

DISCUSSION

The most important finding of our study is the visualization
of the propagated activation of individual j-SR and nj-SR
Ca2� release sites during electrically evoked [Ca2�]i tran-
sients and spontaneously occurring [Ca2�]i waves. Direct
evidence is presented that, in atrial myocytes, both whole-
cell [Ca2�]i transients and [Ca2�]i waves are the result of
the spatial and temporal summation of individual Ca2�

release events from the subsarcolemmal (junctional) and
central (nonjunctional) SR. Experiments were conducted at
low stimulation rates and at room temperature to better
resolve these events. The Ca2� release sites were identified
by their higher amplitude [Ca2�]i transients and the higher
underlying Ca2� fluxes, which clearly distinguished them
from neighboring nonrelease sites. Importantly, the location
of the identified release sites (and nonrelease sites) was
constant during repetitive activity (Figs. 2, 3, and 6). The
mapping of functional release sites in combination with the
immunostaining of RyRs (Fig. 9 A–C) and visualization of
the SR by electron micoscopy (Fig. 9 D) indicated that
RyR-Ca2� release sites are organized in a regular 3-D grid.
The average longitudinal and transverse distances between
individual release sites in this grid was �2 �m in both
dimensions. Previous studies in human, rabbit, and rat
atrium have revealed a similar sarcomeric pattern of RyR
immunostaining (Hatem et al., 1997; Lewis Carl et al.,
1995; Mackenzie et al., 2001). Moreover, in rat RyR fluo-
rescence bands were also found to be punctate, suggesting
that, at least in rat and cat atrium, RyRs are transversely
clustered along the nj-SR.

Electrically evoked [Ca2�]i transients started at distinct
locations in the periphery. Release from these subsarcolem-
mal sites subsequently fused to form a peripheral ring of
elevated [Ca2�]i. The magnitude of Ca2� release from sin-
gle sites could vary from beat to beat. Also, the activation
order of individual sites varied significantly during consec-
utive stimulations (Fig. 3), suggesting that Ca2� release
from these sites was triggered during the action potential by
stochastic openings of sarcolemmal DHPRs known to co-
localize with RyRs in the j-SR membrane (Lewis Carl et al.,
1995). Interestingly, the opposite seems to be true for rat
atrial myocytes (Mackenzie et al., 2001) and skeletal muscle
(Blatter et al., 1996). In these preparations some “eager”
release sites responded in a reproducible fashion to repeti-
tive depolarizations. In rat atrial myocytes the eager sites
were the first to show a [Ca2�]i increase upon stimulation
and had the highest frequencies of spontaneous Ca2�

sparks. Based on these observations the authors speculated
that the strict activation sequence of the subsarcolemmal
“eager” release sites may be attributable to a higher intrinsic
Ca2� sensitivity of those sites and a close coupling to
adjacent DHPRs (Mackenzie et al., 2001).

Our results demonstrate that the subsarcolemmal Ca2�

release sites are functionally coupled. In terms of E-C
coupling, this property, in combination with Ca2� influx
through voltage-dependent L-type channels, translates into
a reliable subsarcolemmal build-up of elevated [Ca2�]i at
the beginning of the action potential-induced [Ca2�]i tran-
sient, visualized as a ring of elevated [Ca2�]i in 2-D con-
focal images. The subsarcolemmal elevation of [Ca2�]i, in
turn, is crucial for the inward propagation of the [Ca2�]i

transient by CICR and contraction of the myocyte. Ca2�

release from the central nj-SR was somewhat smaller than
from the subsarcolemmal j-SR. In the center of the cell,
[Ca2�]i transient amplitude reached, on average, only
�75% of the amplitude recorded in the subsarcolemmal
space (although in some cells, central release slightly ex-
ceeded peripheral release). Nevertheless, significant Ca2�

release from the nj-SR, triggered by propagating CICR from
the j-SR, was clearly present (Figs. 4 and 5). The robust
Ca2� release from central SR compartments observed in cat
and guinea-pig atrial myocytes (Berlin, 1995; Hüser et al.,
1996, 2000) is at variance with two recent studies indicating
that, at least under basal conditions, rat atrial myocytes and
rabbit cardiac Purkinje cells (which share a similar ultra-
structure with atrial myocytes, including the presence of
central RyRs and the absence of T-tubules) do not exhibit
significant Ca2� release from the central nj-SR (Cordeiro et
al., 2001; Mackenzie et al., 2001). The reason for this
discrepancy remains unclear. It seems plausible, however,
that the lack of CICR from central SR compartments ob-
served in the Purkinje myocytes may be because of the
comparatively low subsarcolemmal [Ca2�]i which typically
does not exceed 500 nM in these cells (Cordeiro et al.,
2001). Activation of RyRs, however, is thought to require
local [Ca2�]i in the micromolar range. Thus, local [Ca2�]i in
the Purkinje myocytes may not be sufficiently high to
activate nonjunctional RyRs in the center of the cells,
whereas in the cat atrial myocytes, because of the large
subsarcolemmal [Ca2�]i increase, these requirements may
be fulfilled.

The observation of subsarcolemmal microscopic [Ca2�]i

waves and coupled Ca2� sparks has important ramifications
for the understanding of atrial E-C coupling. Microscopic
[Ca2�]i waves were regularly seen in unstimulated myo-
cytes. They occurred in the subsarcolemmal space but not in
central regions of the cell, suggesting that there is a prefer-
ential coupling of neighboring subsarcolemmal Ca2� re-
lease sites. Considering that the distance between a partic-
ular subsarcolemmal release site and its nearest
subsarcolemmal or central neighbor is similar (�2 �m), one
would assume, to a first approximation, that the diffusional
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distance for Ca2� is similar in both directions and that Ca2�

release would propagate via CICR in both directions with
similar likelihood. The observation of preferential subsar-
colemmal propagation of sparks and waves is inconsistent
with this prediction. Several possibilities could account for
this observation. J-SR and surface membranes in atrial
myocytes form peripheral couplings (Fig. 9 D) which are
reminiscent and functionally homologous to dyads and tri-
ads in T-tubule-containing cells (McNutt and Fawcett,
1969; Sommer and Jennings, 1992). This structural arrange-
ment of the j-SR raises the possibility that the local [Ca2�]i

in this cleft might be higher than in the vicinity of nj-SR
Ca2� release sites and, therefore, the local diffusional gra-
dient for Ca2� might be higher. Furthermore, the specific
arrangements of j-SR and surface membranes may actually
favor restricted lateral diffusion of Ca2� and thereby facil-
itate subsarcolemmal propagation of Ca2� sparks. Alterna-
tive or additional explanations, which are not mutually
exclusive, are the possibilities that subsarcolemmal release
sites exhibit a higher [Ca2�]i sensitivity than their central
counterparts, that the number or the density of RyRs is
higher in the j-SR, and/or that there are differences in Ca2�

load between j-SR and nj-SR. A higher Ca2� load of the
j-SR could enhance subsarcolemmal SR Ca2� release via
the known sensitivity of the RyR to intraluminal free [Ca2�]
which sensitizes RyRs to cytoplasmic [Ca2�] and CICR
(Györke and Györke, 1998). All these possibilities are con-
sistent with the observations (1) that subsarcolemmal
[Ca2�]i transients are typically larger than [Ca2�]i transients
from central regions of the cell (Fig. 4); (2) that spontaneous
Ca2� sparks occur at a higher frequency in the subsarcolem-
mal space as compared with more central regions (Hüser et
al., 1996); and (3) that Ca2� sparks recorded from the
subsarcolemmal space tend to have larger amplitudes (Shee-
han and Blatter, 2001). For cardiac cells which lack a
T-tubular system (atrial myocytes, pacemaker cells, and
Purkinje cells), a preferential activation of subsarcolemmal
Ca2� release at the very beginning of the action potential-
induced [Ca2�]i transient represents a safety mechanism for
subsequent activation of nj-SR release sites. By activating a
large number of subsarcolemmal Ca2� release sites simul-
taneously and rapidly, a robust centripetal [Ca2�]i gradient
is generated which guarantees propagation of Ca2� release
by CICR. Without the initial high subsarcolemmal [Ca2�]i

gradient, [Ca2�]i near central nj-SR release sites may never
reach high enough levels capable of inducing CICR. As a
consequence, propagation of Ca2� release may die off and
remain incomplete in central regions of the myocyte as
observed during the small amplitude [Ca2�]i transient in
cardiac electromechanical alternans (Hüser et al., 2000).

In summary, our results provide direct evidence that the
spatial and temporal summation of Ca2� release from indi-
vidual j-SR and nj-SR release sites, organized in a 3-D grid
of clustered RyRs, underlies atrial E-C coupling. The se-
quential activation of j-SR release sites, followed by cen-

tripetally propagating CICR from nj-SR release sites results
in the characteristic inhomogeneous pattern of the action
potential-induced atrial [Ca2�]i transient.
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