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The Role of Dyadic Organization in Regulation of Sarcoplasmic Reticulum
Ca2D Handling during Rest in Rabbit Ventricular Myocytes
Elisa Bovo, Pieter P. de Tombe, and Aleksey V. Zima*
Department of Cell and Molecular Physiology, Loyola University Chicago, Stritch School of Medicine, Maywood, Illinois
ABSTRACT The dyadic organization of ventricular myocytes ensures synchronized activation of sarcoplasmic reticulum (SR)
Ca2þ release during systole. However, it remains obscure how the dyadic organization affects SR Ca2þ handling during diastole.
By measuring intraluminal SR Ca2þ ([Ca2þ]SR) decline during rest in rabbit ventricular myocytes, we found that ~76% of leaked
SR Ca2þ is extruded from the cytosol and only ~24% is pumped back into the SR. Thus, the majority of Ca2þ that leaks from the
SR is removed from the cytosol before it can be sequestered back into the SR by the SR Ca2þ-ATPase (SERCA). Detubulation
decreased [Ca2þ]SR decline during rest, thus making the leaked SR Ca2þ more accessible for SERCA. These results suggest
that Ca2þ extrusion systems are localized in T-tubules. Inhibition of Naþ-Ca2þ exchanger (NCX) slowed [Ca2þ]SR decline during
rest by threefold, however did not prevent it. Depolarization of mitochondrial membrane potential during NCX inhibition
completely prevented the rest-dependent [Ca2þ]SR decline. Despite a significant SR Ca2þ leak, Ca2þ sparks were very rare
events in control conditions. NCX inhibition or detubulation increased Ca2þ spark activity independent of SR Ca2þ load. Overall,
these results indicate that during rest NCX effectively competes with SERCA for cytosolic Ca2þ that leaks from the SR. This can
be explained if the majority of SR Ca2þ leak occurs through ryanodine receptors in the junctional SR that are located closely to
NCX in the dyadic cleft. Such control of the dyadic [Ca2þ] by NCX play a critical role in suppressing Ca2þ sparks during rest.
INTRODUCTION
During an action potential (AP), Ca2þ influx via L-type
Ca2þ channels (LTCCs) activate ryanodine receptor (RyR)
Ca2þ release channels on the sarcoplasmic reticulum
(SR). This process, known as Ca2þ-induced Ca2þ release
(CICR), generates a global increase in cytosolic Ca2þ

([Ca2þ]i) (1). In adult ventricular myocytes, CICR occurs
at specialized cellular microdomains called dyads. In these
domains, LTCCs in the membrane of the T-tubule come
into close contact with a cluster of RyRs in the junctional
SR (2). The narrow space between the junctional SR and
T-tubule membranes (known as the dyadic cleft) ensures
a high fidelity of RyR activation by L-type Ca2þ current.
The simultaneous opening of RyRs within a single release
cluster generates a local increase in [Ca2þ]i, or a Ca

2þ spark
(3). The spatiotemporal summation of thousands of Ca2þ

sparks during an AP produces the global Ca2þ transient
that activates contraction. It is well accepted that the dyadic
organization of ventricular myocytes provides the neces-
sary local control of SR Ca2þ release by L-type Ca2þ cur-
rent during systole (4). However, it remains less clear how
the dyadic organization affects SR Ca2þ handling during
diastole.

In resting ventricular myocytes, spontaneous openings of
RyRs generate SR Ca2þ leak (5–7). This leak causes deple-
tion of SR Ca2þ content and reduction of contractile force.
Logically, a longer period of rest (at slow heart rates) would
cause larger loss of the intra-SR [Ca2þ] ([Ca2þ]SR). How-
ever, the degree of the postrest decay of SR Ca2þ content
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depends also on the activity of Ca2þ transporters such as
the SR Ca2þ-ATPase (SERCA), the Naþ-Ca2þ exchanger
(NCX), and the plasmalemmal Ca2þ-ATPase (PMCA).
Depending on the animal species, the fraction of the leaked
Ca2þ that is resequestered into the SR by SERCA or
extruded from the cell by NCX and PMCA may vary signif-
icantly (8). Species in which Ca2þ removal mechanisms
predominantly rely on SERCA activity (e.g., rat, mouse)
have a minimal loss of SR Ca2þ content during rest, whereas
species with a significant contribution of NCX to [Ca2þ]i
regulation (e.g., rabbit, human) are more prone to the postr-
est decay of SR Ca2þ content. It has been estimated that
in rabbit ventricular myocytes the contribution of NCX
and SERCA to the cytosolic Ca2þ removal average 40%
and 60%, respectively; whereas the role of PMCA is very
limited (9).

Because activity of Ca2þ transporters highly depends
on local [Ca2þ]i, SR Ca2þ leak would preferentially activate
nearby Ca2þ pumps and exchangers. Thus, the localization
of Ca2þ pumps and leak channels within the myocyte should
also have a significant impact of SR Ca2þ balance during
rest. Previous work has shown that in adult ventricular
myocytes several important components of Ca2þ transport
systems are located at the dyads. RyRs are mainly concen-
trated as large clusters in the junctional SR, facing the
dyadic cleft (2,10,11). Studies of detubulated ventricular
myocytes revealed that the major sarcolemmal Ca2þ extru-
sion systems, such as NCX and PMCA, are located in the
T-tubule membrane (12,13). As a result, a significant frac-
tion of the junctional RyRs is located in close proximity
to NCX (14). Such colocalization can explain the mecha-
nism by which Ca2þ influx via the reverse mode of NCX
http://dx.doi.org/10.1016/j.bpj.2014.03.032
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enhances CICR during systole (15–17). During diastole,
however, Ca2þ that leaks via junctional RyRs would be
extruded from the dyadic cleft by NCX, working in the
direct mode. Moreover, mitochondria that occupy space
around junctional SR and the T-tubule would restrict diffu-
sion of the leaked Ca2þ into the cytosol (11). Thus, if the
majority of SR Ca2þ leak occurs via junctional RyRs, the
leaked Ca2þ would then be preferentially extruded from
the cell. This would also imply that RyR-mediated SR
Ca2þ leak would have a rather limited effect on cytosolic
[Ca2þ] then previously suggested.

However, themechanisms of SRCa2þ handling during rest
have not been critically evaluated because it is notoriously
difficult to dissect SR Ca2þ leak in an intact cellular environ-
ment. In this work, we used a novel, to our knowledge,
approach to directly measure changes of [Ca2þ]SR during
rest after inhibition of different Ca2þ transporters or disrup-
tion of the T-tubule system (TTS). We found that in rabbit
ventricular myocytes a main portion of SR Ca2þ leak is
extruded from the cell by NCX before it can be sequestered
back into the SR by SERCA. This implies that the majority
of SR Ca2þ leak occurs via junctional RyRs that are colocal-
izedwithNCXs at dyads. Thismechanismplays an important
role in decreasing contractile force at low heart rate. Further-
more, an effective Ca2þ extrusion from the dyadic cleft by
NCX would limit local CICR within a RyR cluster, thus
preventing Ca2þ spark activation. Thus, in addition to local
positive control of SR Ca2þ release by LTCC (4), we pro-
posed what we believe to be a novel negative control of local
CICR by NCX. These two mechanisms of local control of
CICR are not mutually exclusive as they work at different
periods of the cardiac cycle. The first mechanism works dur-
ing systole to recruit Ca2þ sparks; the second mechanism
works during diastole to prevent Ca2þ sparks.
MATERIALS AND METHODS

Myocyte isolation

All animal experiments were performed according to protocols approved

by the Institutional Animal Care and Use Committee of Loyola University,

and comply with United States regulations on animal experimentation. Ven-

tricular myocytes were isolated from hearts of New Zealand White rabbits

(2–2.5 kg) according to the procedure described previously (18). Rabbits

were anesthetized with sodium pentobarbital (50 mg/kg I.V.). Next, thora-

cotomy hearts were quickly excised, mounted on a Langendorff apparatus,

and retrogradely perfused with Liberase (Roche Applied Science, Indianap-

olis, IN) Blendzyme-containing solution at 37�C. Digested tissue was then

minced, filtered, and washed in a minimum essential medium solution con-

taining Ca2þ (50 mM) and bovine serum albumin (10 mg/ml). Chemicals

and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise stated. All experiments were performed at room temperature

(20–24�C).
Intra-SR [Ca2D] measurements

[Ca2þ]SR was recorded with the low affinity Ca2þ indicator Fluo-5N

(Molecular Probes/Invitrogen, Carlsbad, CA). To load the SR with Ca2þ
indicator, myocytes were incubated with 5 mM Fluo-5N/AM for 2.5 h at

37�C in Tyrode solution (in mM: NaCl 140; KCl 4; CaCl2 2; MgCl2 1;

glucose 10; HEPES 10; pH 7.4) as described before (18,19). [Ca2þ]SR
was measured using scanning confocal microscopy (Radiance 2000 MP,

Bio-Rad, UK and LSM 410, Zeiss, Germany) according to the protocol

described previously (7,20). Fluo-5N was excited with the 488 nm line of

an argon laser and fluorescence was collected at >515 nm. To improve

the signal/noise ratio of the low intensity Fluo-5N signal, the fluorescence

was recorded with an open pinhole and averaged over the entire cellular

width of the two-dimensional image (pixel size 0.2 mm). Action potentials

were induced by electrical field stimulation using a pair of platinum

electrodes, which were connected to a Grass stimulator (Astro-Med.).

Changes in [Ca2þ]SR were calculated by the equation (21): [Ca2þ]SR ¼
Kd � R/(Kd/[Ca

2þ]SR diast - R þ 1), where R was the normalized Fluo-5N

fluorescence (R ¼ [F-Fmin]/[F0-Fmin]); F0 and Fmin were the fluorescence

level at rest and after depletion of the SR with caffeine, respectively; Kd

(Fluo-5N Ca2þ dissociation constant) was 390 mM based on in situ calibra-

tions (7), and diastolic [Ca2þ]SR at 1 Hz was 1000 mM (18,22). To confirm

that in our conditions diastolic [Ca]SR is also 1000 mM, Fluo-5N was

calibrated by previously described protocol (22). Fmin was measured after

depletion of the SR with caffeine (10 mM) and Fmax was measured during

a Fluo-5N saturation induced by adrenergic stimulation in low [Naþ]
Tyrode solution. To prevent irreversible cell contraction, myocytes were

pretreated with blebbistatin (10 mM). The Fluo-5N signal was converted

to [Ca] using the formula: [Ca]SR ¼ Kd � (F-Fmin)/(Fmax-F). From analysis

of 10 cells, we estimated that [Ca]SR at 1 Hz was 9885 51 mM. The rate of

[Ca2þ]SR decline during rest was measured as the changes of total [Ca2þ]SR
([Ca2þ]SRT) over time (d[Ca2þ]SRT/dt). [Ca2þ]SRT was calculated as

[Ca2þ]SRT ¼ Bmax/(1þKd/[Ca
2þ]SR) þ [Ca2þ]SR; where Bmax and Kd

were 2700 and 630 mM, respectively (23). The rate of [Ca2þ]SR decline

was plotted as a function of [Ca2þ]SR for each time point (15 s).
Cytosolic [Ca2D] measurements

To record [Ca2þ]i we used the high affinity Ca2þ indicator Fluo-4 (Molec-

ular Probes/Invitrogen). To load the cytosol with Ca2þ indicator, cells were

incubated at room temperature with 10 mMFluo-4/AM for 15 min in Tyrode

solution, followed by a 20 min wash. Fluo-4 was excited with the 488 nm

line of an argon laser and fluorescence was measured at >515 nm. Fluo-4

images were acquired in line scan mode (3 ms per scan; pixel size 0.12 mm).

Action potentials were induced by electrical field. Ca2þ sparks were

detected and analyzed during a period of rest using SparkMaster (24). SR

Ca2þ load was measured from the peak amplitude of the [Ca2þ]i transient
induced by the rapid application of 10 mM caffeine. This concentration

of caffeine fully activates RyRs (25) and leads to the synchronized release

of the total Ca2þ stored in the SR.
[Mg2D]i measurements

Ventricular myocytes were loaded with Mag-Fluo-4/AM (20 mM; Molecu-

lar Probes) for 20 min in Tyrode solution (26). Mag-Fluo-4 was excited at

488 nm and emitted fluorescence was collected at wavelengths >515 nm.

Two-dimensional images were acquired at 15 s intervals. Changes of

[Mg2þ]i are presented as background-subtracted normalized fluorescence

(F/F0). In our previous study, we found that changes in diastolic [Ca2þ]i
did not affect the measured Mag-Fluo-4 signal, because Ca2þ waves with

a small amplitude (~3 DF/F0) or Ca
2þ sparks could not be detected with

this indicator (26).
Myocyte detubulation

Detubulation was induced by osmotic shock according to the previously

described protocol (27). This protocol has been used extensively to study

the role of the TTS in regulation of [Ca2þ]i (12,13,28,29). Myocytes
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were incubated in a solution containing (in mM): NaCl 113; KCl 5;

Mg2SO4 1; CaCl2 1; Na2HPO4 1; sodium acetate 20; glucose 10; HEPES

10 and insulin 5 U/l; pH was adjusted to 7.4 by NaOH. Osmotic shock

was induced by adding formamide (1.5 M) to this solution. After exposure

for 15 min to the formamide-containing solution, the cells were resus-

pended in normal Tyrode solution. The level of detubulation was evaluated

after staining the surface membrane with the voltage-sensitive fluorescent

dye Di-8-ANEPPS. Control and detubulated myocytes were incubated

with Tyrode solution containing 5 mM of Di-8-ANEPPS for 15 min at

room temperature. The Di-8-ANEPPS fluorescence was excited at

488 nm and the emitted signal was recorded at >600 nm. The density of

TTS was measured by integrating the Di-8-ANEPPS signal (excluding

the sarcolemma).
Statistics

Data are presented as mean 5 SE of n measured cells. Statistical compar-

isons between two groups were performed by the Student’s t-test. Signifi-

cance between multiple groups was determined by two-way analysis of

variance followed by a Newman-Keuls post-hoc test. Differences were

considered statistically significant at P < 0.05.
RESULTS

Rest-dependent [Ca2D]SR decline during SERCA
inhibition

Changes in [Ca2þ]SR were measured with Fluo-5N in con-
trol conditions and after SERCA inhibition with thapsigar-
gin (TG). In control cells, cessation of electrical pacing
(1 Hz) caused a gradual decline of [Ca2þ]SR to full depletion
(Fig. 1 A). After depletion, the SR could be replenished with
Ca2þ to the prerest level by a brief period of electrical stim-
ulation (5–7 s). These results indicate that SERCA is highly
active during electrical stimulation. When the experiments
were performed in the presence of TG (10 mM), [Ca2þ]SR
decline during rest only moderately increased (Fig. 1 B).
In control conditions the full [Ca2þ]SR depletion occurred
after 6.9 5 0.8 min (n ¼ 12), whereas in TG-treated cells
after 5.15 0.8 min (n¼ 12). After SR Ca2þ depletion, elec-
trical stimulation failed to increase [Ca2þ]SR indicating
FIGURE 1 Effect of SERCA inhibition on rest-dependent [Ca2þ]SR decline. Th
inhibition with TG (10 mM; B). Before rest, myocytes were electrically stimulated

experiment caused complete depletion of [Ca2þ]SR. During the period of rest, the
gray lines). (C) The rate of [Ca2þ]SR decline during rest as a function of diastoli

(,). *P < 0.05 vs. control.
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complete SERCA inhibition by TG (Fig. 1 B). To accu-
rately estimate SERCA contribution to SR Ca2þ balance
during rest, changes of total [Ca2þ]SR ([Ca2þ]SRT) over time
(d[Ca2þ]SRT/dt) were analyzed as a function of the corre-
sponding [Ca2þ]SR (Fig. 1 C). SERCA inhibition increased
the rate of [Ca2þ]SR decline by 24 5 3% (measured at
760 mM [Ca2þ]SR).

We obtained similar results by measuring SR Ca2þ load
from the amplitude of cytosolic Ca2þ transient during
caffeine (10 mM) application. Because TG irreversibly in-
hibits SERCA, changes in SR Ca2þ load can be measured
only at one time point in the presence of TG. Fig. 2, A
and B, show changes in SR Ca2þ load after 3 min of rest
in control conditions and after SERCA inhibition, corre-
spondingly. At this time point, SR Ca2þ load decreased to
43 5 3% (n ¼ 12) of the prerest level in control conditions
and to 32 5 3% (n ¼ 9; P < 0.05) in the presence of TG
(Fig. 2 C). The application of caffeine after 8 min did not
cause any increase in [Ca2þ]i, indicating that SR Ca2þ

load was fully depleted (data not shown). These results sug-
gest that SERCA inhibition accelerates the decline of SR
Ca2þ load during rest by 24%. SERCA inhibition caused
an increase of [Ca2þ]i during rest by 16 5 5% (n ¼ 9).
Changes in [Ca2þ]i were compared before the first and sec-
ond caffeine transients. A relatively small contribution of
SERCA to [Ca2þ]SR balance during rest can be explained
if the majority of Ca2þ that leaks from the SR is extruded
from the cytosol before it can be sequestered back into the
SR by SERCA. This can occur if SR Ca2þ predominantly
leaks into a relatively restricted space of the dyadic cleft
where Ca2þ extrusion systems are located in the T-tubule
membrane.
Rest-dependent [Ca2D]SR decline in detubulated
myocytes

It has been shown that in adult ventricular myocytes Ca2þ

extrusion mechanisms such as NCX or PMCA are located
e decline of [Ca2þ]SR during rest in control conditions (A) and after SERCA
at the constant rate of 1 Hz. Application of 10 mM caffeine at the end of the

experimental points were fitted with a single exponential function (dashed

c [Ca2þ]SR measured in control conditions (C) and after SERCA inhibition



FIGURE 2 Effect of SERCA inhibition on the

loss of SR Ca2þ load during rest. Decreases

in SR Ca2þ load after 3 min of rest in control con-

ditions (A) and after SERCA inhibition with TG

(10 mM; B). SR Ca2þ load was measured from

the amplitude of the caffeine-induced Ca2þ tran-

sient. Before rest, myocytes were electrically stim-

ulated at the constant rate of 1 Hz. C, Summary

results of decreases in SR Ca2þ load after 3 min

of rest in control conditions and after SERCA inhi-

bition with TG. *P < 0.05 vs. control.
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in the TTS (12,13). Thus, we tested whether detubulation of
myocytes would decrease [Ca2þ]SR decline during rest. Ven-
tricular myocytes were detubulated by an osmotic shock
(27). This approach has been successfully used to study
the role of the TTS in regulation of SR Ca2þ release in ven-
tricular myocytes (12,13,27–29). Because the majority of
LTCCs are also located in the TTS (30), complete removal
of T-tubules would prevent loading of the SR with Ca2þ.
Thus, we studied SR Ca2þ handling only in partially detu-
bulated cells. Changes in the density of the TTS were
measured with Di-8-ANEPPS (Fig. 3 A). After applying
the detubulation protocol for 15 min, the cell size (length
and width) did not significantly change but the Di-8-
ANEPPS signal (excluding the sarcolemmal signal)
decreased by 53 5 7% (n ¼ 27; P < 0.05). Measurements
of caffeine-induced Ca2þ release revealed that SR Ca2þ load
is 10% (n ¼ 7; P < 0.05) lower in detubulated than in con-
trol myocytes. This 10% value was subsequently used to
adjust Fluo-5N fluorescence in detubulated myocytes.
Similar to control myocytes, detubulated cells were able
to maintain steady-state SR Ca2þ load during electrical
stimulation (Fig. 3 B). When electrical stimulation was in-
terrupted, [Ca2þ]SR in detubulated myocytes declined at a
much slower rate (black symbols) compared to control my-
ocytes (gray dashed line). On average, the rate of [Ca2þ]SR
decline during rest decreased by 615 8% (n¼ 10) after de-
tubulation. However, a decrease in the TTS did not affect SR
Ca2þ leak (e.g. [Ca2þ]SR decline during SERCA inhibition).
The Ca2þ leak rate measured at [Ca2þ]SR ¼ 760 mM
was 10.7 5 1.1 mM/s (n ¼ 12) in control and 11.9 5
1.4 mM/s (n ¼ 6) after myocyte detubulation. Thus, disrup-
tion of the TTS increases the SERCA contribution in
[Ca2þ]SR balance, presumably by decreasing the competi-
tion of Ca2þ extrusion mechanisms for cytosolic Ca2þ.
Rest-dependent [Ca2D]SR decline during NCX
inhibition

In the following experiments we studied whether inhibition
of NCX can prevent [Ca2þ]SR decline during rest. NCX was
inhibited by applying Tyrode solution where Ca2þ was
omitted and Naþ was replaced by Liþ (0[Naþ]/0[Ca2þ] so-
lution). The myocytes were electrically stimulated at 1 Hz
until NCX was inhibited by 0[Naþ]/0[Ca2þ] solution. Inhi-
bition of NCX significantly slowed [Ca2þ]SR decline during
rest, but did not prevent the overall [Ca2þ]SR loss (Fig. 4 A).
Relationships between the rate of [Ca2þ]SR decline and SR
Ca2þ load in control conditions and during NCX inhibition
are illustrated in Fig. 4 B. The inhibition of NCX decreased
the rest-dependent [Ca]SR decline by 69 5 6% (n ¼ 15).
Similar results were obtained after inhibition of NCX
with Ni2þ (10 mM; data not shown). NCX inhibition also
increased [Ca2þ]i during rest by 465 5% (n¼ 12). Interest-
ingly, the rate of rest-dependent [Ca]SR decline during NCX
inhibition was similar to [Ca2þ]SR decline recorded in detu-
bulated myocytes (Fig. 3 B). These results suggest that NCX
located in T-tubules effectively competes with SERCA for
Ca2þ that leaks from the SR during rest. These findings
FIGURE 3 Effect of myocyte detubulation on

rest-dependent [Ca2þ]SR decline. (A) Images of

control and detubulated myocytes stained with

Di-8-ANEPPS. Calibration bar corresponds to

10 mm. (B) The decline of [Ca2þ]SR during rest

in detubulated myocytes. Before rest, myocytes

were electrically stimulated at the constant rate

of 1 Hz. Application of 10 mM caffeine at the

end of the experiment caused complete depletion

of the SR. For comparison, the dashed line shows

the rate of [Ca2þ]SR decline in control myocytes.
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FIGURE 4 Effect of NCX inhibition on rest-

dependent [Ca2þ]SR decline. (A) The decline of

[Ca2þ]SR during rest after inhibition of NCX with

0[Naþ]/0[Ca2þ] solution (Na/Ca free). Before

rest, myocytes were electrically stimulated at the

constant rate of 1 Hz. Application of 10 mM

caffeine at the end of the experiment caused com-

plete depletion of [Ca2þ]SR. The dashed line shows
the rate of [Ca2þ]SR decline in control myocytes.

(B) The rate of [Ca2þ]SR decline during rest as

a function of diastolic [Ca2þ]SR measured in con-

trol conditions (C) and after NCX inhibition

(6).*P < 0.05 vs. control.
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also indicate that other mechanisms besides NCX partici-
pate in [Ca2þ]i removal.

We tested to what extent PMCA contributes to [Ca2þ]i
extrusion in rabbit ventricular myocytes. The PMCA inhibi-
tor eosin cannot be used because this compound has strong
fluorescence at the Fluo-5N excitation settings. Thus, we
used several different approaches to inhibit PMCA. We
measured changes of [Ca2þ]SR during rest after combined
inhibition of NXC by 0[Naþ]/0[Ca2þ] solution and PMCA
by La3þ. We did not observe any additional inhibitory effect
on rest-mediated [Ca2þ]SR decline when La

3þ (500 mM) was
added to 0[Naþ]/0[Ca2þ] solution (data not shown). More-
over, a PMCA inhibitory peptide caloxin 2A1 (500 mM)
did not affect [Ca2þ]SR decline during rest (data not shown).
These data suggest that PMCA plays a very minor role in
Ca2þ handling in rabbit ventricular myocytes.
Rest-dependent [Ca2D]SR decline during
mitochondrial depolarization

In the following experiments we determined the role of
mitochondria in SR Ca2þ handling during rest. To eliminate
mitochondrial Ca2þ buffering, membrane potential on the
inner membrane (DJ) was depolarized by the protono-
phore carbonyl cyanide p-trifluoromethoxyphenylhydra-
FIGURE 5 Effects of mitochondria depolarization and NCX inhibition on [Mg

the presence of oligomycin (1 mg/ml). Myocyte was electrically stimulated at

decline of [Ca2þ]SR during rest after depolarization of the mitochondrial mem

by 0[Naþ]/0[Ca2þ] solution (Na/Ca free). Before the FCCP application, myocy

for 6 min. Application of 10 mM caffeine at the end of the experiment caused

rest as a function of diastolic [Ca2þ]SR measured in control conditions (C), afte

depolarization (7).*P < 0.05 vs. control. #P < 0.05 vs. NCX inhibition.
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zone (FCCP) (2 mM). Collapse of DJ can cause
accumulation of cytosolic Mg2þ as a result of ATP hydro-
lysis by the F0F1-ATPase working in reverse mode (26).
Because Mg2þ can directly inhibit RyR-mediated Ca2þ

leak and prevent [Ca2þ]SR decline during rest, FCCP was
applied after pre-treatment of myocytes with the F0F1-
ATPase inhibitor oligomycin (1 mg/ml) for 6 min. Using
a similar approach to measure intracellular [Mg2þ] (26),
we found that oligomycin effectively prevents cytosolic
Mg2þ accumulation during FCCP application (Fig. 5 A).
We found that oligomycin did not change diastolic
[Ca2þ]SR during electrical stimulation (Fig. 5 B). This
can be explained by the fact that ventricular myocytes
contain a sufficient cytosolic energy reserve to maintain
SERCA activity for the duration of the experiment. The
subsequent application of FCCP increased [Ca2þ]SR by
19 5 4% (n ¼ 8), suggesting that Ca2þ released from de-
polarized mitochondria is pumped into the SR by SERCA.
The consecutive inhibition of NXC prevented [Ca2þ]SR
decline during rest (Fig. 5 B). [Ca2þ]SR decline as a func-
tion of SR Ca2þ load at different experimental conditions
are shown in Fig. 5 C. The simultaneous inhibition of
NCX and the mitochondrial function increased [Ca2þ]i dur-
ing rest by 105 5 8% (n ¼ 7). These results indicate that
the combined inhibition of mitochondrial Ca2þ buffering
2þ]i and rest-dependent [Ca
2þ]SR decline. (A) Effect of FCCP on [Mg2þ]i in

the constant rate of 1 Hz. [Mg2þ]i was measured during diastole. (B) The

brane potential by the protonophore FCCP (2 mM) and inhibition of NCX

tes were pretreated with the F0F1-ATPase inhibitor oligomycin (1 mg/ml)

complete depletion of [Ca2þ]SR. (C) The rate of [Ca2þ]SR decline during

r NCX inhibition (6), and simultaneous NCX inhibition and mitochondria
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and Ca2þ extrusion by NCX prevents the rest-dependent
[Ca2þ]SR decline.
Ca2D sparks during NCX inhibition and in
detubulated myocytes

We found that during rest Ca2þ sparks are very rare events in
control conditions (Fig. 6, A and B). At the same time, the
SR exhibits a substantial Ca2þ leak rate (Fig. 1 C). These
results suggest that in control conditions the majority of
SR Ca2þ leak in intact myocytes occurs as nonspark-medi-
ated Ca2þ leak. Low Ca2þ spark frequency can be explained
by an effective Ca2þ extrusion from the dyadic cleft by
NCX. This mechanism keeps dyadic [Ca2þ] at low level,
suppressing local CICR within a RyR cluster. To prove
this idea, we measured Ca2þ spark activity during NCX in-
hibition. We found that inhibition of NCX by 0[Naþ]/0
[Ca2þ] solution promotes spontaneous SR Ca2þ release
events in forms of sparks and waves (Fig. 6 A). The occur-
rence of spontaneous SR Ca release events were not due to
an increase in SR Ca2þ load, because the switching from
normal Tyrode to 0[Naþ]/0[Ca2þ] solution did not increase
[Ca2þ]SR during rest (Fig. 4 A). Detubulation also promoted
Ca2þ sparks and waves in normal Tyrode solution during
rest (Fig. 6, B and C).
DISCUSSION

This study was directed at understanding mechanisms that
control Ca2þ handling during rest in rabbit ventricular
myocytes. These mechanisms play a key role in setting
SR Ca2þ load and thus the amplitude of Ca2þ transient
that initiate contraction. By measuring [Ca2þ]SR decline
during rest in control conditions and during SERCA inhibi-
tion, we found that ~76% of leaked SR Ca2þ is extruded
from the cytosol and only ~24% is pumped back into the
SR (Fig. 1). These results can be explained if the majority
of SR Ca2þ leak occurs via junctional RyRs that are located
closely to NCX at dyads. Thus, Ca2þ that leaks from the SR
would be preferentially extruded from the dyadic cleft
by NCX before it can diffuse into the cytosol (Fig. 7 A).
Supporting this idea, high-resolution optical imaging has
revealed that a significant portion of RyR clusters are colo-
calized with NCXs (14). We also found that physical disso-
ciation of T-tubules from the junctional SR increases the
contribution of SERCA to [Ca2þ]SR balance during rest
(Fig. 3 B), suggesting that after detubulation the leaked
Ca2þ becomes more accessible for SERCA.

If the majority of SR Ca2þ leak arises via junctional RyRs
that are responsible for Ca2þ spark generation, why are
sparks rare events during rest in rabbit ventricular myo-
cytes? The absence of Ca2þ sparks can be explained if SR
Ca2þ leak is mainly composed of unsynchronized openings
of individual RyRs in a release cluster (31). This component
of Ca2þ leak has been previously described as nonspark SR
Ca2þ leak (7,32). A recent mathematical model proposed
that the entire SR Ca2þ leak can be explained by RyR
activity organized in junctional release clusters (33). At
high diastolic [Ca2þ]SR (>500 mM), a single opening
of the RyR can increase [Ca2þ]i in the dyadic cleft to the
level that can trigger a spark. At low diastolic [Ca2þ]SR
(>500 mM), Ca2þ flux during RyR openings is insufficient
to activate neighboring channels. However, results of
this study revealed that other mechanisms than SR Ca2þ

load should play a role in suppressing Ca2þ sparks, because
in rabbit ventricular myocytes diastolic [Ca2þ]SR is
~1000 mM (18,22). Measurements of [Ca2þ]SR decline dur-
ing rest suggest that Ca2þ extrusion by NCX would effec-
tively limit [Ca2þ] accumulation in the dyadic cleft, thus
preventing local CICR and Ca2þ spark generation. To prove
this idea, we measured Ca2þ sparks during NCX inhibition.
We found that 0[Naþ]/0[Ca2þ] solution promotes sponta-
neous SR Ca2þ release events in forms of sparks and waves
(Fig. 6). The occurrence of spontaneous SR Ca2þ release
was not due to an increase in SR Ca2þ load, because inhibi-
tion of NCX did not increase diastolic [Ca2þ]SR during
rest (Fig. 4 A). Because a significant fraction of NCX is
localized in T-tubules (12,13), we tested whether Ca2þ spark
FIGURE 6 Effects of NCX inhibition and detu-

bulation on Ca2þ sparks and waves. (A) Example

line scan images and F/F0 profiles of Ca2þ tran-

sients, sparks, and waves recorded in control con-

ditions, after inhibition of NCX with 0[Naþ]/0
[Ca2þ] solution (Na/Ca free), and in detubulated

myocytes. Action potentials were induced at time

marked by arrowheads. The Ca2þ spark and wave

profiles were obtained by averaging fluorescence

from the 3 mm wide region marked by the black

boxes. Summary data of Ca2þ spark (B) and

Ca2þ wave frequency (C). *P < 0.05 vs. control.
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FIGURE 7 Mechanisms of SR Ca2þ leak and cytosolic Ca2þ removal in

a ventricular myocyte. The diagram illustrates the local organization of

different components of Ca2þ regulation in the T-tubule and in the SR at

the dyad, with respect to the RyR, the NCX, the SERCA, and the

PMCA. LTCCs, which are predominantly localized in the TTare not shown

in this diagram. RyRs are concentrated as large clusters in the junctional SR

(j-SR), facing the dyadic cleft. Ca2þ extrusion systems, such as NCX and

PMCA, are located in the T-tubule membrane. SERCA and nonjunctional

RyRs are distributed throughout the network of free SR (f-SR). Mitochon-

dria (Mito) predominantly occupy the cytosolic space around the SR

network. (A) SR Ca2þ that leaks via junctional RyRs would be preferen-

tially extruded from the dyadic cleft by NCX. Such control of dyadic

[Ca2þ] would limit local CICR within a RyR cluster, thus preventing

Ca2þ sparks. (B) SR Ca2þ that leaks via nonjunctional RyRs would be pref-

erentially pumped back into the SR by SERCA.
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frequency is higher in detubulated myocytes. We found that
detubulation significantly increased Ca2þ spark activity.
Based on these results, we proposed a new, to our knowl-
edge, mechanism that controls local CICR. In addition to
a positive control of junctional RyRs by LTCC (4), we pro-
posed a novel, to our knowledge, mechanism of negative
control by NCX. These two mechanisms work at different
periods of the cardiac cycle. The positive control recruits
Ca2þ sparks during systole; the negative control prevents
Ca2þ sparks during diastole. In support of our results, a
recent mathematical model showed that NCX located in
the dyadic cleft can effectively suppress Ca2þ sparks even
at high diastolic [Ca2þ]SR (34).

We found that only 24% of SR Ca2þ that leaks during rest
is resequestered into the SR by SERCA. This can still be
explained if the entire SR Ca2þ leak occurs via junctional
RyRs, but NCX in the dyadic cleft is able to extrude only
76% of the leaked Ca2þ. The remaining Ca2þ diffuses into
the cytosol where it is pumped into the SR by SERCA. How-
ever, we found that augmentation of NCX activity by
increasing the Naþ gradient (after depletion of [Naþ]i) did
not increase the rate of [Ca2þ]SR decline during rest (data
not shown). This implies that even in control conditions
the rate of Ca2þ extrusion by NCX is significantly higher
than SR Ca2þ leak. Thus, during rest NCX can effectively
prevent a spillover of Ca2þ from the dyadic cleft into the
cytosol. It can be that a smaller fraction of SR Ca2þ leak
Biophysical Journal 106(9) 1902–1909
that is sensitive to SERCA inhibition arises from nonjunc-
tional RyRs (Fig. 7 B). It has been shown that in ventricular
myocytes a certain fraction of RyRs is distributed outside
of dyads as small clusters (14,35) or isolated channels
(36). Based on the results of this work and previous struc-
tural studies (11,14,35), we suggest that in adult ventricular
myocytes there are two distinct pathways of SR Ca2þ leak
that affect Ca2þ homeostasis in different ways. Ca2þ that
leaks via the junctional RyRs tunnels from the cell via the
dyadic cleft, without affecting [Ca2þ]i. It seems that this
SR Ca2þ leak component controls only [Ca2þ]SR and thus
serves as an important safety mechanism that can unload
SR without causing cytosolic Ca2þ overload. In contrast,
the nonjunctional Ca2þ leak affects both diastolic [Ca2þ]SR
and [Ca2þ]i. Thus, this Ca

2þ leak pathway may participate
in regulation of Ca2þ-dependent mechanisms in the cytosol,
including mitochondrial metabolism. Mitochondria occupy
the cytosolic space around the free SR network (11,37),
therefore they can compete for the leaked Ca2þ with
SERCA. Indeed, we found that simultaneous inhibition of
mitochondrial Ca2þ buffering and Ca2þ extrusion by NCX
prevents [Ca2þ]SR decline during rest (Fig. 5), thus Ca2þ

that leaks from the SR can be effectively pumped back by
SERCA.

The mechanisms of Ca2þ handling described in this study
are relevant to a diastolic phase when [Ca2þ]i and [Ca2þ]SR
return to presystolic levels. At low diastolic [Ca2þ]i, Ca

2þ

that leaks via RyRs would preferentially stimulate closely
located Ca2þ transporters. Because the majority of SR
Ca2þ leak occurs via junctional RyRs that are colocalized
with NCXs at dyads, the exchange would be more efficient
to remove cytosolic Ca2þ during rest than SERCA. As
a result of this dyadic organization, Ca2þ that leaks from
the SR would preferentially leave the cell (causing total
cellular Ca2þ loss). This mechanism plays an important
role in decreasing contractile force at low heart rate.
Furthermore, effective Ca2þ extrusion from the dyadic cleft
by NCX would limit local CICR within a RyR cluster,
thus preventing Ca2þ sparks and arrhythmogenic Ca2þ

waves. During systole, however, membrane depolarization
during the plateau phase of the AP would not only prevent
Ca2þ extrusion but stimulate Ca2þ entry into the dyadic
cleft via the reverse mode of NCX (16). This mechanism
would further facilitate CICR initiated by LTCC Ca2þ cur-
rent. Thus, depending on the membrane potential during
the cardiac cycle, the NCX can either promote or prevent
SR Ca2þ release.
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