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which arise from the simultaneous recruitment of Ca2+ sparks
throughout a cell. However, in atrial myocytes, EC coupling is
initiated around the periphery of the cells, because this is the
only place where the VOCCs and junctional RyRs come
together. High-speed imaging of atrial myocyte responses has
shown that multiple Ca2+ sparks sites are simultaneously
recruited around the edge of a cell immediately after
depolarisation (Kockskamper et al., 2001; Mackenzie et al.,
2001). Within a few tens of milliseconds, these microscopic
Ca2+ transients appear to spread laterally and merge, thereby
causing a shell of elevated Ca2+ concentration beneath the
sarcolemma, with no immediate response deeper inside (Fig.
4A,B). From that point, the development of the Ca2+ signal
depends on the status of the myocytes, factors such as the Ca2+

content of the SR and the presence of ‘positive inotropes’
(agents that increase the force of heart contraction) determine
whether the peripheral Ca2+ signal will pass further into the
cells or not (Mackenzie et al., 2004a).

Under basal conditions, with cells electrically paced to their
steady-state Ca2+ load, the Ca2+ signal beneath the sarcolemma
does not propagate significantly into the centre of the cells (Fig.
4C) (Mackenzie et al., 2001; Mackenzie et al., 2004a). At the
peak of the Ca2+ response, approximately 20 milliseconds after
stimulation, the peripheral Ca2+ signal can reach ~1 !M.
However, owing to the lack of inward spreading, the Ca2+

concentration declines sharply with distance away from the
sarcolemma, and the centre of the cell barely shows an increase
over the normal prestimulated Ca2+ level of ~100 nM. This
spatially heterogeneous pattern is even maintained while the
Ca2+ transients recover back to their pre-depolarisation
(diastolic) condition (Fig. 4B). Similar results have been
obtained using atrial cells from different mammalian species,
including rat (Mackenzie et al., 2001; Tanaka et al., 2003; Woo
et al., 2002), guinea pig (Berlin, 1995; Lipp et al., 1990), cat

(Huser et al., 1996; Kockskamper et al., 2001; Sheehan and
Blatter, 2003) and human (Hatem et al., 1997). These studies
all agree that atrial Ca2+ responses originate at subsarcolemmal
sites and that the Ca2+ signals have the greatest amplitude and
rate of rise in the peripheral initiation zone. There is some
disagreement about how much the subsarcolemmal Ca2+ signal
is able to propagate into cells, but this probably reflects
experimental variation in parameters such as SR Ca2+ content
and the presence of cyclic AMP (cAMP), as discussed below.

Modulation of atrial Ca2+ responses
Under basal stimulation conditions, as described above, the
elevation in Ca2+ concentration evoked by depolarisation of an
atrial myocyte is largely restricted to the periphery of the cells.
However, the majority of protein filaments that must sense the
Ca2+ signal in order to cause contraction are located deeper
inside the cell. What limits the inward propagation of the Ca2+

transient, and can it be overcome so that Ca2+ can reach the
contractile machinery?

Given the regular distribution of RyRs inside atrial
myocytes, it is perhaps a little surprising that Ca2+ signals can
be restricted to the periphery at all. Clearly, the junctional RyRs
are closest to the VOCCs, and that is why they respond.
Although non-junctional RyRs are further away from the
sarcolemmal VOCCs, they are not that remote. One might
expect the non-junctional RyRs to sense the subsarcolemmal
Ca2+ sparks and relay the Ca2+ signal deeper into the myocyte
via successive rounds of CICR. Such a saltatoric conduction
of Ca2+ waves between clusters of channels has been
demonstrated to underlie the propagation of Ca2+ signals
within cells (Bootman et al., 1997; Coombes et al., 2004;
Keizer et al., 1998; Kockskamper et al., 2001). However, this
centripetal movement of Ca2+ clearly does not occur under
basal conditions.

Many studies of RyR distribution in atrial cells have
shown that the junctional RyRs are separated from the
non-junctional RyRs by a ~2 !m gap (Carl et al., 1995;
Chen-Izu et al., 2006; Kockskamper et al., 2001;
Mackenzie et al., 2001; Mackenzie et al., 2004a) (Fig.
2Bii and Fig. 3Bii). Although cytosolic Ca2+ can diffuse
further than 2 !m, the distance is sufficiently large for
the Ca2+ concentration to fall below that required for
the activation of a Ca2+ spark (Izu et al., 2006).
Therefore, one possibility why the subsarcolemmal
Ca2+ signal does not always trigger centripetal Ca2+

Fig. 3. Colocalisation of VOCCs and RyRs in ventricular,
atrial and neonatal rat cardiac myocytes. Panels A, B and C
depict immunostained adult ventricular, adult atrial and
neonatal ventricular myocytes, respectively. The left-hand
panels (Ai, Bi and Ci) show cells immunostained with a
polyclonal antibody raised against the "1c subunit of L-type
VOCCs (CNC1; a kind gift from Prof. W. Catterall, Dept. of
Pharmacology, University of Washington, Seattle). The
middle panels (Aii, Bii and Cii) display cells immunostained
with a monoclonal antibody raised against type 2 RyRs
(Calbiochem; C3-33). The right-hand panels (Aiii, Biii and
Ciii) depict a merge of the VOCC and RyR images. The
neonatal myocyte nuclei were visualised using DAPI
staining (blue). Specific immunostaining was visualised
using secondary antibodies conjugated to Alexa Fluor 488 or
568. Bars, 10 !m.
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Fig. 3. Cardiac Ca2+ microdomains function in excitation–contraction
(E–C) coupling in cardiac cells. In ventricular cells, there are approximately
10,000 junctional zones lined up on the T-tubules. When the membrane is
depolarized (illustrated in this diagram by the T-tubule membrane going from
black to red) each of these junctional zones generates a spark that combine
with each other to create the global Ca2+ signal that triggers a contraction.
The functional organization of one of these zones is shown at the bottom.
The T-tubule membrane that faces each portion of junctional sarcoplasmic
reticulum (jSR) has approximately 10 L type voltage-operated channels. The
underlying jSR has approximately 100 type 2 ryanodine receptors (RYR2s).
A Ca2+ sparklet resulting from the opening of one of the L-type channels
ignites approximately 10–15 of the RYR2s to produce a spark that diffuses
out of the junctional zone. The sudden and rapid release of Ca2+ results
in a blink, which is the local depletion of Ca2+ within the jSR. Signalling
in atrial cells is somewhat different. There are no T-tubules and the sparks
are formed at junctional zones located on the sarcolemma. A mitochondrial
firewall located near the surface (yellow band) helps to confine the sparks to
the cell surface region. During stimulation with agonists such as adrenergic
agents or endothelin-1, the sparks near the surface can breach this firewall
and can activate RYR2s on the non-junctional SR to form waves that spread
the signal into the cell. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)

In the case of ventricular cells, the mechanism of spark for-
mation is similar to that in atrial cells, but the mechanism of
recruitment is very different. In these ventricular cells, there
are T-tubules that make contact with approximately 10,000
junctional zones lined up alongside the Z-lines and thus posi-
tioned close to the myofibrils. It is these junctional zones
that produce the sparks described earlier (Fig. 1). At these
junctional zones, portions of the jSR containing the RYR2s

lie close to the T-tubule as illustrated in the lower portion
of Fig. 3. Approximately 10 Cav1.2 L-type channels in the
T-tubule membrane face approximately 100 RYR2s packed
tightly together in the jSR (Fig. 3). When the cardiac action
potential travels down the T-tubule, a small number of the
Cav1.2 L-type channels (perhaps only one) open to create a
Ca2+ sparklet, which then triggers the opening of 10–15 of
the RYR2s to create a Ca2+ spark [4]. Each of these sparks
is an autonomous event in that it can occur spontaneously
without activating neighbouring junctional zones. What the
action potential does is to recruit all of these junctional zones
simultaneously and the combined action of all the resulting
sparks contributes to the global Ca2+ signal responsible for
activating contraction.

One of the puzzling aspects of this process of E–C cou-
pling in ventricular cells concerns the processes of inacti-
vation. During the formation of a ventricular Ca2+ spark,
the RYR2s open for a brief period and then they inactivate
and the recovery process begins. The nature of this inactiva-
tion mechanism is also relevant to the question of why only
about 10% of the RYR2s seem to be employed to produce
the individual Ca2+ sparks at each junctional zone. It is not
clear why the majority of the RYR2s remain quiescent. A
solution to this inactivation question based on the properties
of microdomains such as the sparks and blinks seems to be
emerging. The rapid inactivation of the RYR2s may depend
on the fact that these channels are sensitive to the luminal level
of Ca2+, which declines dramatically during the course of a
spark. The idea is that the Ca2+ spark causes a rapid depletion
of Ca2+ within the lumen of the jSR to form a blink (Fig. 3)
and this sudden decline then inactivates the RYR2s. When
the Ca2+ sparklet activates the RYR2s to produce a spark, the
amount of Ca2+ leaving the lumen of SR is so large that it
causes a temporary depletion and this microdomain has been
called a blink [10]. This blink may function to inactivate both
the RYR2s that have opened to produce the spark and also the
remaining channels that were not activated by the sparklet.

The simultaneous recruitment of all 10,000 junctional
zones creates the global signal responsible for activating con-
traction. This is a global signal in that it not only spreads to
the contractile myofilaments but it can also invade the nucleus
(Fig. 4). During each Ca2+ transient, therefore, there is an
ebb and flow of Ca2+ through both the cytoplasm and the
nucleoplasm. This global Ca2+ transient may be responsible
for activating the transcriptional events that occur during the
onset of cardiac hypertrophy and heart disease [23,24].

5. Cardiac hypertrophy and heart disease

A number of signalling pathways have been implicated in
the activation of cardiac hypertrophy. One of the characteris-
tics of this hypertrophy is that it proceeds through a process
of de-differentiation in that hypertrophic stimuli activate a
programme of foetal cardiac gene transcription. Many of the
extrinsic factors that drive this hypertrophic response (e.g.
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extensive T-tubule system (Fig. 2Biii; the Na+/Ca2+ exchanger
immunostaining is around the outside of the cell only),
although some atrial cells possess a more rudimentary
transverse-axial tubular network (Ayettey and Navaratnam,
1978; Brette and Orchard, 2003; Gotoh, 1983; Tidball et al.,
1991). In place of the T-tubules, atrial cells have prominent SR
elements, which have been described as ‘Z-tubules’ (Fig. 1)
(Yamasaki et al., 1997). Just like T-tubules,
these structures are perpendicular to the long
axis of the cells. Atrial cells therefore contain
a form of transversely oriented tubule, but it is
formed from internal SR membrane and not
the sarcolemma.

The SR in cardiac muscle has a highly
convoluted organisation that can be classified
into four major structural elements: junctional,
corbular (corbula means ‘little basket’ in
Latin), cisternal and network (Fig. 1). Both
ventricular and atrial cells possess all these SR
forms, but their relative abundance is different
(Yamasaki et al., 1997). For example,
ventricular myocytes have a more extensive
network SR running alongside the myofibrils
and interweaving with the mitochondria. By
contrast, atrial myocytes have a less complex
network SR, but substantially more corbular
compartments (Franzini-Armstrong et al.,
2005; Sommer and Jennings, 1992). The
corbular SR possesses both RyRs and the Ca2+

storage protein calsequestrin (Jorgensen et al.,
1993) and is therefore a potential source for
amplification of Ca2+ responses by CICR.
Owing to its abundance in atrial myocytes, the
corbular SR may contribute significantly to the
generation of Ca2+ signals.

The pattern of RyR localisation in atrial
myocytes has some similarity to that observed
in ventricular cells, in that most RyRs lie
within regularly spaced transverse striations
corresponding to the positions of the Z-tubules
(Figs 2Bii and 3Bii). However, there is one
crucial difference between atrial and
ventricular myocytes: that is the expression of
additional RyR clusters around the periphery
of the atrial cells (Carl et al., 1995; Hatem et
al., 1997; Mackenzie et al., 2001) (Fig. 2Bii).
Atrial myocytes therefore possess two
populations of RyRs. One minor group
(junctional RyRs), sit just beneath the
sarcolemma. The other channels (non-
junctional RyRs) are deeper inside the cell and
constitute the bulk of the RyR population.
Although the junctional RyRs represent a
small fraction of the total number of channels,
they are crucially important in atrial EC
coupling (see below).

The localisation of VOCCs is entirely
different in ventricular and atrial myocytes.
Because of the general lack of T-tubules, the
sarcolemma does not regularly protrude into
atrial cells, and VOCCs only function around

the outside of the myocytes (Mackenzie et al., 2004a). As a
consequence, the close apposition of RyRs and VOCCs that is
necessary for triggering EC coupling occurs only at the cell
periphery (Fig. 3Bi-iii).

These differences in ultrastructure have a significant effect
on the spatial properties of the Ca2+ signals. As described
above, ventricular myocytes display homogenous responses,
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Fig. 2. Structure of ventricular, atrial and neonatal rat cardiac myocytes. Panels A, B
and C depict immunostained adult ventricular, adult atrial and neonatal ventricular
myocytes respectively. The left-hand panels (Ai, Bi and Ci) show cells immunostained
with a monoclonal antibody raised against !-actinin (Sigma). The middle panels (Aii,
Bii and Cii) display cells immunostained with a polyclonal antibody raised against type
2 RyRs (a kind gift from Prof. V. Sorrentino, San Raffaele Scientific Institute, Siena,
Italy). The right-hand panels (Aiii, Biii and Ciii) depict cells immunostained with a
monoclonal antibody raised against the type 1 sodium/calcium exchanger (R3F1; a
kind gift from Prof. K. Philipson, UCLA, California). To visualise the NCX staining in
the neonatal myocytes, a field of confluent cells is depicted (Ciii) because this provides
the best contrast in these flat cells. The neonatal myocyte nuclei were visualised by
DAPI staining (pseudocoloured in blue). Specific immunostaining was visualised using
secondary antibodies conjugated to Alexa Fluor 405 (blue), 488 (green) or 568 (red).
The !-actinin staining shows the precise striated structure of the fully differentiated
adult ventricular and atrial cells (Ai and Bi). The neonatal cells show !-actinin striation
(Ci), but they do not have the same degree of organisation as their adult counterparts.
RyRs have a regular transverse striated pattern in adult cells (Aii and Bii). Note the two
distinct populations of RyRs in adult atrial cells. In addition to the transverse ‘non-
junctional’ RyRs, atrial cells express a ring of ‘junctional’ RyRs (Bii). The latter are
responsible for the initiation of EC coupling around the circumference of the cell. In
the neonatal myocytes (Ci), the degree of RyR expression is lower and these are less
organised than in adult cells. In both atrial (Biii) and neonatal cells (Ciii), the NCX
staining is prominent only around the circumference of the cells. In ventricular
myocytes that have T-tubules, the NCX protein is evident on the sarcolemma and at the
Z-lines deep inside the cells (Aiii). Bars, 20 "m.
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A threshold model for release
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Conclusion

• Calcium waves in atrial myocytes are a geometrically determined process 

• Realisation of a computationally efficient model in the fire-diffuse-fire  
framework
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