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Local calcium release activation by DHPR calcium channel
openings in rat cardiac myocytes
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The principal role of calcium current in the triggering of calcium release in cardiac myocytes is
well recognized. The mechanism of how calcium current (I¢,) controls the intensity of calcium
release is not clear because of the stochastic nature of voltage-dependent gating of calcium
channels (DHPRs) and of calcium-dependent gating of ryanodine receptors (RyRs). To disclose
the relation between DHPR openings and the probability of calcium release, local calcium
release activation by Ic, was investigated in rat ventricular myocytes using patch-clamp and
confocal microscopy. Calcium spikes were activated by temporally synchronized DHPR calcium
current triggers, generated by instantaneous ‘tail’ I, and modulated by prepulse duration,
by tail potential, and by the DHPR agonist BayK 8644. The DHPR-RyR coupling fidelity was
determined from the temporal distribution of calcium spike latencies using a model based on
exponentially distributed DHPR open times. The analysis provided a DHPR mean open time of
~0.5 ms, RyR activation time constant of ~0.6 ms, and RyR activation kinetics of the 4th order.
The coupling fidelity was low due to the inherent prevalence of very short DHPR openings
but was increased when DHPR openings were prolonged by BayK 8644. The probability of
calcium release activation was high, despite low coupling fidelity, due to the activation of many
DHPRs at individual release sites. We conclude that the control of calcium release intensity
by physiological stimuli can be achieved by modulating the number and duration of DHPR
openings at low coupling fidelity, thus avoiding the danger of inadvertently triggering calcium

release events.
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Calcium release in cardiac myocytes is a summation
of elementary release events (Cheng et al. 1993;
Cannell et al. 1994) that occur at junctions of the
sarcolemmal and the sarcoplasmic reticulum (SR)
membranes (Franzini-Armstrong et al. 1999). Elementary
release events arise from openings of multiple ryanodine
receptors (RyRs) (Bridge et al. 1999; Lukyanenko
et al. 2000), triggered by calcium current through the
dihydropyridine receptor type voltage-dependent calcium
channels (DHPRs) (Cannell et al. 1995; Lopez-Lopez
et al. 1995; Santana et al. 1996). The relationship
between the triggering calcium current and the resulting
intensity of calcium release is not clear because of
the stochastic nature of DHPR and RyR activity and
their limited number at particular release sites. Despite
having been accounted for in some excitation—contraction
(E-C) coupling models (Stern et al. 1999; Greenstein &
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Winslow, 2002), the consequences of stochastic channel
activity for E-C coupling have not been fully appreciated.
Yet it might account for an apparent paradox in
excitation—contraction coupling: increasing the amplitude
of the single-channel calcium current or the duration
and probability of DHPR openings over the basal level
increases the probability of calcium release much less than
proportionally (Adachi-Akahane et al. 1999; Song et al.
2001; Altamirano & Bers, 2007), suggesting that the DHPR
calcium influx that triggers calcium release is already
sufficient under basal conditions. However, in some
experiments, in which calcium cycling between the SR and
the cytosol was enhanced by S-adrenergic stimulation, the
probability of calcium release was dramatically elevated
(Zhou et al. 1999; Viatchenko-Karpinski & Gyorke,
2001), and the extent of calcium release activation was
shown to depend critically on the reopenings of calcium
channels (Zahradnikova et al. 2004), suggesting that the
triggering DHPR calcium influx was insufficient under
basal conditions. In other words, the fidelity of E-C
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coupling, defined by Zhou et al. (1999) as the probability
that one DHPR opening will trigger calcium release,
appears to be high (Adachi-Akahane ef al. 1999; Song et al.
2001; Altamirano & Bers, 2007) or low (Zhou et al. 1999;
Viatchenko-Karpinski & Gyorke, 2001; Zahradnikova
et al. 2004) according to the type of experiment, under
otherwise similar conditions. Hence, the question of
how stochastic processes can have control over graded
contraction, i.e. what the principle of the trigger signal to
which the Ca* release responds is, remains unresolved.
To elucidate the stochastic traits of E-C coupling
we applied a temporally well-defined triggering calcium
current, in which the mean duration of DHPR openings
was manipulated by the DHPR agonist BayK 8644. The
impact of short DHPR openings, inherently present in
a gated channel, on the fidelity of E-C coupling was
evaluated by kinetic analysis of elementary calcium release
events based on the exponential distribution of DHPR
open times and on the finite activation rate of RyRs.

Methods
Cell isolation

Cardiac myocytes were enzymatically isolated from the
left ventricle of male Wistar rats (200-250 g) (Zahradnik
& Palade, 1993). The rats were anaesthetized with sodium
pentobarbital (100 mg kg™ 1.p.) 30 min after heparin was
applied (5000 Ukg™! 1.r.). All anaesthetic and surgical
procedures were approved by the State veterinary and
food administration of the Slovak Republic. The hearts,
after successful anaesthetization, were rapidly dissected
and retrogradely perfused in Langendorff apparatus at
37°C. The oxygenated Tyrode solution (in mm: 135 NaCl,
5.4 KCl, 5.0 MgCl,, 1 CaCl,, 0.33 NaH,PO,, 10 Hepes,
pH 7.2), the Ca*"-free Tyrode solution, and the enzyme
solution (in mMm: 135 NaCl, 5.4 KCl, 5.0 MgCl,, 0.02
CaCl,, 0.33 NaH,PO,, 10 Hepes, 0.19 Uml™" Liberase,
pH 7.3) were subsequently used to perfuse the heart, each
for 5min. After this procedure the septum and the left
ventricle were dissected and incubated in the enzyme
solution for another few minutes as necessary. Then the
tissue was triturated in 4 ml of the stopping medium (in
mM: 106 CH;SO;H, 106 KOH, 3.9 KCl, 2.4 MgSO,, 8
K,HPO,, 1 EGTA, 22 taurine, 22 glucose, pH 7.3) and the
suspension was filtered through a nylon mesh. The cells
sedimented within 5 min at 25 ¢ were washed with 4 ml
of the stopping medium. This procedure was applied two
times. Isolated cells were stored in culture dishes at room
temperature for further use within 1-6 h.

Chemicals and solutions

The external solution contained (in mMm): 135 NaCl, 5.4
CsCl, 10 Hepes, 5 MgCl,, 0.33 NaH,PO,, 1 CaCl,, and
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0.02 TTX, at pH7.3. The internal — patch pipette —
solution contained (in mm: 135 CsCH3SO;, 10 CsCl,
10 Hepes, 2 EGTA, 2 CaEGTA, 3 MgSO,, 3 ATPNa,,
and 1mm OG-5N, pH 7.3). Free calcium was adjusted
to 100 nM using a calcium ion-selective electrode (Orion,
USA) and 100 mM EGTA or 100 mM CaEGTA solutions.
Under these conditions Kt currents were not present.
Na't currents were inhibited by TTX and by a holding
potential of —50 mV. Calcium channels were kept in a
phosphorylated state by 50 uM cAMP in internal solution
and 10 uM IBMX in external solution. Where indicated,
100 nM S(—)BayK 8644 (RBI, USA) was used as a calcium
channel activator. The final concentration of the drug
was prepared by dissolving an aliquot of a 10 mm ethanol
stock solution of BayK 8644 in the external solution (final
ethanol concentration < 0.001%). All experiments were
performed at room temperature.

Liberase (Liberase Blendzyme 2) was from Roche
Diagnostics (Basel, Switzerland), TTX was from Alomone
Laboratories (Jerusalem, Israel), Oregon Green 488
BAPTA-5N and 100 mMm standard solutions of EGTA
and CaEGTA were from Molecular Probes (Eugene,
OR, USA); all other chemicals were of analytical
grade from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany). The osmolarity of all solutions was adjusted to
300 mosmol kg™

Electrophysiological and confocal measurements

Calcium currents were measured in the whole-cell
patch clamp configuration (Zahradnikova et al. 2004;
Zahradnikova et al. 2007a) and calcium spikes, the
elementary release events, were recorded in parallel
by confocal microscopy using the calcium indicator
Oregon Green BAPTA-5N (OG-5N) (Zahradnikova et al.
2007a). Pipettes with a resistance of 1.3-2.0 M2 were
from borosilicate glass capillaries (no. BF150-110-10,
Sutter Instruments) pulled by a P-97 Flaming—Brown
micropipette puller (Sutter Instruments Co., USA).
The patch-clamp amplifier (Axopatch 200B, Axon
Instruments, USA) with A/D converter (Digidata 1320A,
Axon Instruments, USA) and pCLAMP software (v.
9, Axon Instruments, USA) were used. The leak was
electronically subtracted and cell capacitance and series
resistance were both passively and actively compensated to
50-70%. Currents were sampled at 20 kHz after filtering
at 10kHz. The voltage dependence of calcium current
activation by Bay K8644 was assessed from current—voltage
curves measured using 70 ms long pulses to —40 to
+40mV from a holding potential of —50mV. The
stimulation period was atleast 15 s. The amount of calcium
injected into the myocyte by the calcium current (mic,)
was determined by the integration of tail currents as
previously described (Zahradnikova et al. 2004). Calcium
spikes were measured by means of a Leica TCS SP2 AOBS
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confocal microscope (Leica Microsystems, Germany). A
custom-made synchronizer was used for triggering the
patch clamp protocol at the desired time of the confocal
scanning progress. The fluorescent calcium indicator
(OG-5N) dialysed into the cell was excited at 488 nm. The
fluorescent emission was recorded at the wavelength range
of 493-600 nm through a PlanApochromat 63x/1.32 NA
oil immersion objective and a pinhole set to 2.5 Airy
units, providing a ~980 nm thick optical section. For the
recording of confocal images, the Leica confocal software
(Leica Microsystems, Germany) was used. A line segment
parallel to the longitudinal axis of the cell was scanned
in bidirectional x—t scanning mode with a frequency of
2000 Hz. The scanning speed required the use of a 4x
zoom factor; the resulting images therefore had a spatial
resolution of 116 nm per pixel.

Estimation of spike latency and probability

Temporal profiles of fluorescence intensity from seven
pixels (0.8 um width) centred at the release sites were
obtained using Scion Image software (Scion Corporation,
USA) and analysed as previously described (Zahradnikova
et al. 2007a). In brief, each fluorescence profile was fitted
by the function Fs that provided the kinetic parameters
of the time course of calcium release flux at the release site:

AF (1)
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release flux, the contribution of which is determined by «
(Song et al. 1998). The time course of the calcium release
flux can be then obtained from eqn (1) by setting the
parameter « to o« = 0 (Zahradnikova et al. 2007a). In this
study, only the latencies of calcium spikes were analysed.
All analyses of calcium currents and calcium signals were
performed in Origin v. 7.5 (OriginLab Corp., USA).

The calcium spike probability during the tail, Pgpxe, was
estimated as the fraction of all release sites (all sites that
exhibited calcium release at least once during observations
at the given scan line) that exhibited spikes between the
onsets of tail and test potentials.

Data analysis and curve fitting

Calculations were performed using Mathematica (v. 6.0.1,
Wolfram Research, USA) (Zahradnikova et al. 2007a).
Fitting was performed with Origin Pro v. 7 (OriginLab
Corp.) (Zahradnik et al. 2005, 20074a). Statistical analysis
was performed in Statistica (v. 7.1, StatSoft Inc., USA).
Multiple comparisons were performed with one-way
ANOVA with Bonferroni’s correction for post hoc tests.

Distribution of calcium spike latencies

In this study we measured the stochastic parameters of
elementary release events, specifically their probabilities
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where ¢, is the latency of the calcium spike, 74 is the
time constant of calcium release flux activation, 7 is
the time constant of calcium release termination, Fy; is
the fluorescence in the absence of calcium release flux
termination, and « characterizes the buffering properties
of the intracellular environment. The time course of
fluorescence intensity is the sum of the time course of
the calcium release flux and of the integral of the calcium
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and latencies, and correlated them with the triggering
stimulus. Both stochastic parameters subsume the gating
characteristics of DHPRs and RyRs. Here we present
the theoretical interpretation of the measured quantities
derived on the grounds of the stochastics of channel gating.

In our experiments, DHPRs were pre-activated by a
short prepulse to 460 mV, at which calcium influx was
almost absent. At time ¢ = 0, the membrane potential was
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switched to a negative tail potential, at which calcium
current peaked instantaneously and rapidly deactivated.
At t =0, the fraction of open DHPR channels was equal
to their open probability at the end of the prepulse, Po.
If the number of DHPR channels in the average dyadic
junction was #npypg, then the probability Pp, thatat r =0
there were just k open DHPR channels can be calculated
from the binomial formula:

Pp, (kInpupr) = (nDEPR> Pl (1 = Po)™mk(2)

An opening of a single DHPR channel leads to the
formation of a steep calcium gradient within the dyadic
junction (Soeller & Cannell, 1997; Valent et al. 2003). Due
to the steepness of the gradient, the probability that the
RyR nearest to the open DHPR will be activated greatly
exceeds the probability that more distant RyRs will be
activated (Cannell & Soeller, 1997). Therefore, we will
further consider only the activation of a single RyR by a
single triggering DHPR opening.

The calcium concentration gradient within the dyad
reaches steady-state level within tens of microseconds
(Soeller & Cannell, 1997; Valent et al. 2003). Therefore,
calcium concentration increase due to a DHPR opening
can be considered a step function at the nearest RyR.
Then, the RyR activation time constant, 7,., should be
inversely proportional to the amplitude of the triggering
single-channel DHPR current, which in turn is a linear
function of the membrane potential (Rose et al. 1992;
Guia et al. 2001; Wang et al. 2001). Upon the closure of the
DHPR channel, the triggering stimulus will rapidly decline
(Soeller & Cannell, 1997; Valent et al. 2003). Therefore we
will consider that the nearest RyR can be activated only
for the duration of the DHPR opening.

The probability that the nearest RyR will open increases
steeply with the duration and single-channel current
amplitude of the triggering DHPR opening, because it
is an exponential association function of both, time and
calcium concentration, of a higher order (Zahradnikova
etal. 1999b). Once the nearest RyR opens, it causes intense
calcium influx into the dyad leading to rapid Ca’* increase
throughout the dyadic space (Valent e al. 2007) and to the
regenerative activation of available RyRs in the couplon
(Stern, 1992; Stern et al. 1999). Therefore the activation
of a single RyR was considered to be a sufficient condition
for the generation of a calcium spike, and the latency of a
calcium spike was considered equal to the latency of this
RyR activation. Below we provide mathematical treatment
of this concept of DHPR-to-RyR activatory signal trans-
duction in order to characterize the efficiency of cardiac
E-C coupling.

Let us consider an experiment with a single couplon
and with the tail potential sufficiently negative, so that
open DHPR channels deactivate without the possibility
to reopen. If there was one DHPR channel, then the
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probability of release activation would be Pgpie = Po Pcypis
where Pc, is the probability of activation of RyR by the
triggering DHPR opening, known as the coupling fidelity
(Zhou et al. 1999). Considering that individual DHPR
channels contribute independently to the activation of
calcium release and that activation of the first RyR leads
to the generation of the calcium spike, the probability of
release activation for a couplon containing npypr DHPR
channels is equal to the probability that any of the open
DHPR channels activate release:

NDHPR

n _

Pspire = E ( D:PR)(POPCpl)k(l — PoPcy)"
k=1

=1— (1= PoPcp)"™"™, (3)

analogous to the formula given by Inoue & Bridge (2003,
2005). At less negative tail potentials, at which DHPRs
reopen, the theoretical probability of spike activation
for no openings per DHPR channel contributing
independently to calcium release activation should be:

ng‘if};r =1— (1 = PoPcpy)" "™, (4)

The derivation of the coupling fidelity that accounted
for the exponential distribution of DHPR open times
(Rose et al. 1992) and the higher-order kinetics of RyR
activation by Ca’* (Zahradnikova et al. 1999a,b, 2003,
2007a) is given in the Supplemental material. Below we
give only the result of the derivations for RyR kinetics of
the 4th order (Zahradnikova et al. 1999b; Zahradnik et al.
2005), which produced the best fit (see the Supplemental
matrial). In this case, the DHPR-RyR coupling fidelity,
Py, is jointly defined by the DHPR open time (7o) and
the RyR activation time constant (7,.), and has the form
as follows:

PCpl =

4 1 3 n 3 1

T — — .

© TO+Tact 2‘L’O + Tact 3 To + Tact 47:0 + Tact
(5)

The RyR activation time constant 7, can be determined
directly (see below) if the commencement of the triggering
DHPR opening is unequivocally defined, as was the
case in our experiments at very negative tail membrane
potentials, at which the open DHPRs do not reopen after
the first closure (Zahradnikova et al. 2004). At other tail
potentials, the RyR activation time constant was calculated
from 7, estimated at Vi = —120mV, assuming that
T, 18 inversely proportional to calcium concentration
(Schiefer et al. 1995; Zahradnikova & Zahradnik, 1996;
Zahradnikova et al. 1999b, 2003; Zahradnik et al
2005), and thus to DHPR single-channel current, ic,.
Assuming linear ic,—voltage dependence we derived the
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relationship:

(‘/ref - ‘/r)

(‘/tail - ‘/r) ’
(6)

where V¢ represents the reference tail potential
(=120 mV), V is the tail potential, and V. is the reversal
potential of the calcium current.

The number of DHPR openings, 1o, at a given tail
potential was calculated from the integrals of calcium
tail currents (mc,) assuming a linear current—voltage
relationship:

i a(‘/ref)
tact(vtcail) = tact(\/ref).c—

= Tac (eref )
lCa( Vtail) '

mCa(Vvtail) (eref - ‘/r)
1, (Vail) =n (‘/ref)
o © mCa(Vref) (Vtail - ‘/r)
_ mCa(‘/tail) (‘/ref - ‘/r) (7)
Mca(Vieg) (Viait — Vi)

where V. = —120 mV, since at this tail potential, no = 1
(Zahradnikova et al. 2004).

The distribution of calcium spike latencies can be
derived analytically only if all DHPR openings occur
synchronously, i.e. at very negative tail potentials. For that
case and for RyR kinetics of the 4th order, the probability
that a calcium spike will be activated in the interval At
centred at time ¢ was derived in the Supplemental material
as:

Pspie(t, At) =
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influx. Then the voltage was stepped for 10 ms to a negative
potential (tail potential) to inject calcium current through
those DHPR channels that were in the open state at the
end of the brief prepulse. The fraction of DHPRs through
which calcium was injected was set by the duration of the
prepulse (1.5 and 5 ms). The amplitude and the duration
of triggering calcium influx, i.e. the DHPR single channel
current amplitude and the number of reopenings, were
modulated by the tail potential level (—120, —80 or
—40 mV). After 20 ms stabilization at —50 mV, a test pulse
to 0 mV was applied for 70 ms to reveal the release sites
that were not activated by the tail pulse.

Typical calcium currents and calcium spikes are given
in Fig. 1A and B. In control experiments, the sites that
exhibited calcium spikes during the tail potential displayed
another spike at the test pulse rarely (P < 0.04), while the
release sites that were not activated by the tail exhibited
calcium spikes during the test pulse with high probability
(P=0.2-0.8).

Spike probability at tail potentials following 1.5 ms
prepulses was significantly higher at higher (more
positive) tail potentials (Fig. 24, filled squares). The mean
spike latency increased in parallel with increasing spike
probability (Fig. 2B, filled squares). Although reduced in
peak amplitude, tail calcium currents at more positive
tail potentials injected a significantly larger overall
amount of Ca’" ions (mc,; estimated from the integral

2t=At 2

32=At 1—At NDHPR
_QrAotng) [ € 2 3e 3e 2 1
1— 4PO7:O A—e 2t0 Tact — + _
To + Tact 2‘I:O + Tact 3TO + Tact 47:0 + Tact
3 2+AL 20+AL 2t+At NDHPR
_ QrHAN(ETO0+Tact) e 2tact 36 Tact 36 275¢t 1
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To + Tact 2-L—O + Tact 3 To + Tact 4TO + Tact
where . . .

, of the tail current according to Zahradnikova et al.
A— 67, (2004)) to the cell because of their slower decay (Fig. 3A
(to + Tact) 270 + Tact) (370 + Tact) (4T + Tact) and B). The number of openings per activated DHPR,

(8b)

Note that the two major terms that are subtracted differ
just in the sign before the parameter At.

This equation was used for fitting the distribution of
calcium spike latencies at V3 = —120 mV.

Results
Activation of calcium spikes by synchronized triggers

Elementary calcium release events, calcium spikes, were
activated by a synchronized surge of calcium current
through preactivated DHPR channels (tail current) using
the compound pulse protocol given in Fig. 1A. The cell
held at —50 mV was briefly depolarized to +60 mV to
activate a fraction of DHPRs at virtually no net Ca®"
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calculated using eqn (7), increased with the tail potential
substantially (Fig. 3C). The longer mean latency and the
larger probability of calcium spikes at less negative tail
potentials suggest that a significant fraction of spikes was
activated at later times, at which the triggering of calcium
release could occur only due to DHPR reopenings that
manifested as a slower deactivation of the tail current.
This means that the cumulative probability of local
calcium release activation follows the local integral of
calcium current through DHPRs, that is, calcium release
is activated by the same mechanism as was inferred from
experiments with release dependent inactivation of the
whole cell calcium currents (Zahradnikova et al. 2004).
Prolonging prepulses to 5 ms, which activated virtually
all available DHPR channels, increased the spike
probability at the tail potential to ~90%, decreased
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Control BayK 8644

Figure 1. Typical calcium currents and corresponding OG-5N signals evoked by the prepulse protocol in
the absence (left) and presence of BayK 8644 (right)

A, voltage stimulus (top) and corresponding calcium currents (bottom). The grey trace denotes the current
measured in the absence of prepulse. The black, red and green lines correspond to tail potentials of —120, —80
and —40 mV, respectively. B, line-scan fluorescence images acquired at 0.5 ms per line (top) and the corresponding
line average of cell fluorescence at —120, —80 and —40 mV (black, red and green lines, respectively). The spatial
(vertical) coordinate in B was parallel to the long axis of the myocyte. The time coordinate is identical to that
of panel A. C fluorescence profiles at —120, —80 and —40 mV (black, red and green lines, respectively) for
positions indicated in B by arrows. The arrows correspond to the position of the centre of selected spikes. The
time coordinate is identical to that of panel A.
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the spike probability at the test pulse to ~5%, and
suppressed the dependence of the spike probability on the
tail potential (Fig. 24, filled circles). In ~5% of release
sites, a calcium spike was activated neither at the tail
potential, nor at the test pulse. The mean latency of calcium
spikes at the tail potential was significantly decreased by a
prolongation of the prepulse. Additionally, the decrease of
mean latency relative to that after 1.5 ms prepulses became
more prominent at more positive tail potentials (Fig. 2B,
filled circles), at which a large fraction of the calcium
ions injected during the stimulus was provided by DHPR
reopenings.

These experiments provided evidence that both
spike probability and spike latency are dependent on
prepulse duration, that is, on the number of DHPRs
within the calcium release unit open at the onset of
tail repolarization. The effect of tail potential variation
indicates that the amplitude and the cumulative duration
of DHPR openings affect spike probability and latency. To
understand them in separation we repeated these pulse
protocols in the presence of BayK 8644, the DHPR agonist
known to selectively prolong openings of DHPR calcium
channels.

Activation of calcium spikes by a prolonged
synchronized trigger

The DHPR agonist BayK 8644 (100 nM) increased the
peak calcium current at 0 mV by 60% (Fig.2D), which
has been reported previously as the maximal activation
(Zahradnikova et al. 2007b). In the presence of BayK
8644, calcium tail currents were considerably increased
and prolonged relative to controls, and calcium spikes
were activated only during the tail potential (Fig. 1Aand B,
right panels). This suggests that the BayK 8644-stimulated
calcium influx during the tail might have already been

A
1.00 ~ g o
0.75
. _
% 0.50
n
o .
0.25 1
0.00 ~— T T r T
-120 -80 -40
VTail (mV)
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more than sufficient after the 1.5 ms prepulse to activate all
available calcium release sites. However, by summarizing
the activity of individual release sites in all recordings
performed at one scan line it was found that the spike
probability in individual recordings was about 0.95
(Fig. 24, open symbols). This means that either there
were release sites at which no DHPR channel opened
during both the tail and the test stimulus, or the coupling
fidelity Pc, was less than 1 despite prolonged DHPR
openings.

As in control solutions, in the presence of BayK 8644
the amplitude of tail currents decreased, while the time
constant of the tail current deactivation and the amount
of injected Ca®" ions increased with the tail potential
(Fig.3A and B). In contrast to control records, neither
the probability of calcium spike activation nor the mean
spike latencies were dependent on the tail potential in the
presence of BayK 8644 (Fig.2A and B, open symbols).
Importantly, BayK 8644 significantly prolonged the mean
latencies of calcium spikes at the tail potential of —120 mV
but had no effect at —40 mV.

Prolonging the prepulses to 5ms in the presence of
BayK 8644 had no effect on Pgp. at any tail potential
(Fig. 2A, open circles). The mean spike latencies, although
significantly shorter than after 1.5 ms prepulses, were still
independent of the tail potential (Fig. 2B, open circles).

Distribution of calcium spike latencies

The probability density of calcium spike latencies is shown
in Fig. 4A. In control experiments (panels a and ¢) it is
apparent that at more positive tail potentials (grey and
black columns) the number of very short latencies is lower
(see the first bins) but the number of long latencies is
large (see bins above 1ms). The modus of the latency
histogram at —40 mV was shifted to the right by 0.5 ms

B
1.5+
2
~ 1.0
>
(6]
[
2
© 0.5
-l
00 T T T T T
-120 -80 -40
VTail (mV)

Figure 2. Probability and latency of calcium spikes in the absence and presence of BayK 8644

A, fraction of dyads that exhibited calcium release at the given tail potential; B, latency of calcium release activation
at the given tail potential. Calcium spikes in response to 1.5 ms and 5 ms prepulses are shown as squares and
circles, respectively. Calcium spikes in the absence and presence of BayK 8644 are shown as filled and open

symbols, respectively.
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with respect to that at —120 mV (from 0.75 to 1.25 ms)
at both prepulse durations. In other words, the increase
in the number of sequential DHPR openings (see Fig. 3C)
was paralleled by an increased number of longer latencies.
The prolongation of prepulse duration led to an increased
occurrence of short latencies and to a decreased occurrence
of long latencies.

In the presence of BayK 8644 (panels b and d of Fig. 4A),
the latency histograms were similar at all potentials. At
—120 mV tail potential (white columns), the number of

A
6
—_~ 4 T
2]
E
(=3
2
0 T T T
-120 -80 -40
VTail (mV)
C
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34
o
[
2
1- T T
-120 -80 -40
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Figure 3. Properties of calcium currents

E. Poldkovéa and others

J Physiol 586.16

short latencies was markedly reduced and the number
of long latencies was markedly increased with respect
to the control. The differences in latency distribution
under control conditions and in the presence of BayK
8644 were less pronounced at —80 and —40mV tail
potentials. These findings indicate that a prolongation of
DHPR openings (by BayK 8644) or an increase in their
number (by increasing the tail potential) increases spike
probability as well as the mean latency. In other words, the
increase of Pgi is due to release events activated at later

B
0.2
3 0.1 Q/Q/Q
£
= 2
8
e 1 ././5
0.02 - ././i
0.00 1— . .
-120 -80 -40
VTaiI (mV)
D
0_
-1 ]
g 4
= 2.
-3 I I I

V (mV)

A, time constants of tail calcium currents in response to voltage steps from +60 mV to different tail potentials
after 1.5 ms (squares) or 5 ms prepulses (circles). Filled symbols, currents in the absence of BayK 8644. Open
symbols, currents in the presence of 100 nm BayK 8644. B, calcium influx during tail calcium currents under the
same conditions. Same symbols as in A. C, the average number of channel openings before deactivation under the
same conditions. Same symbols as in A. D, current-voltage relationship in the absence (filled circles) and presence
of BayK 8644 (open circles). The lines show the best fits by the equation:

Gm

lca =

(V=)

\/1/2—V
<1 +e )

The parameters of the -V curves are: Gn =32.04+09 and 37.8+0.8pAmV~T,

V; =53.34+0.6 and

53.7+ 0.6 mV, V% =-21.0£04and —30.7£0.4mV, Vs =7.9+ 0.4 and 7.3 £ 0.4 mV for control and BayK

8644, respectively.
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Figure 4. Experimental and theoretical latency
distributions and related spike probabilities

A, experimental probability density distributions of calcium
spike latency in the absence (a and c) and presence of BayK
8644 (b and d) at different tail potentials. a and b, 1.5 ms
prepulse; ¢ and d, 5 ms prepulse. The responses to tail
potentials of —120, —80 and —40 mV are shown as white, grey
and black columns, respectively. B, comparison of experimental
probability density distribution of calcium spike latency at
—120 mV tail potential in the absence (a and ¢) and presence
of BayK 8644 (b and d) with the theoretical distribution. a and
b, 1.5 ms prepulse; c and d, 5 ms prepulse. White and black
columns denote, respectively, the experimentally measured
probability density and the best fit by eqgn (8) with parameters
shown in Table 1. C, calculated spike probability at —120 mV
(filled symbols) compared with the experimentally determined
Popike (hatched columns).
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times either during the prolonged first DHPR openings
or during reopenings, i.e. short openings under control
conditions display lower coupling fidelity due to the
premature discontinuation of calcium influx.

As in the control experiments, the longer prepulse
increased the occurrence of short latencies and decreased
the occurrence of long latencies but without a change in
the modus of the histogram. The similarity of the effect of
prepulse prolongation in the absence and in the presence
of BayK 8644, and at all tail potentials, suggests that the
decrease of the mean latencies may be due to the increased
number of open DHPR channels at the calcium release
units upon full activation of the DHPR channels.

Coupling fidelity of calcium channel openings

To disentangle the effect of the changes in DHPR open
probability, DHPR open time and DHPR reopening, we
took advantage of the fact that at the most negative
tail potential, Vi, = —120 mV, the histograms of spike
latency can be quantitatively described by eqn (8) (derived
in the Supplemental material) because the triggering
DHPR openings start synchronously, and because there
are virtually no reopenings due to the very fast DHPR
deactivation (Zahradnikova et al. 2004). In addition to the
kinetic parameters of DHPR openings (open time 7o) and
of RyR activation by the calcium elevation evoked by Ca®*
influx through the DHPR (activation time constant T,
and kinetic order of RyR activation n), the distribution of
spike latencies depends on the DHPR open probability P
and on the number of DHPRs in the release unit, #ipgpg.
Although whole-cell data do not allow the determination
of absolute Pg levels, relative P levels under individual
conditions could be estimated. The degree of activation of
DHPRs at the end of the 1.5 ms prepulse was measured
by comparing the integral of calcium tail currents relative
to 5ms prepulses (maximal activation), since the time
constant of tail current deactivation does not depend
on pulse duration (see Fig.3A and B). The probability
of DHPR activation at the end of the 1.5ms prepulse
was 60%2% in controls and 72 +4% in BayK 8644
experiments. The increase of Po induced by BayK 8644
was determined using I-V curves in Fig. 3D. The effect of
BayK could be quantitatively described by a 10 mV shift
of the activation curve to the left and an 18 4= 4% increase
in the overall open probability of DHPRs. These values
were used as input parameters for the description of spike
latency distribution (see below).

The histograms of spike latencies at Vi = —120 mV
(Fig. 4) were fitted by eqn (8). The data measured
under all experimental conditions (1.5 and 5ms
prepulse duration, absence and presence of BayK 8644)
were fitted concurrently. Fitting was performed for
the DHPR P range of 0.025-0.6. As detailed in
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Table 1. Parameters related to the stochastic activity of DHPR
and RyR channels

Control BayK 8644
Prepulse (ms) 1.5 5 1.5 5
DHPR nPo 48+1.2 80+20 6.8+ 1.7 94+24
Control BayK 8644
DHPR 7 (ms) 0.52 £ 0.07 1.359
RYR Tact (M) 0.62 &+ 0.05 1.16 £ 0.12
Pcpl 0.15 £ 0.03 0.24 £+ 0.03

?In the presence of BayK 8644, o was fixed at the value
determined directly from the time constant of /¢, deactivation
at —120 mV (Fig. 3A).

the Supplemental material (text and Figure S1), only
RyR activation of the 4th order (n=4) provided an
acceptable fit to the data (Fig. 4B). Parameter values were
independent of P, except for npypr, which was inversely
proportional to Py (see Figure S2 in the Supplemental
material) so that their product, nP, stayed approximately
constant. The constancy of nPo demonstrates that the
uncertainty about npypr and Po does not invalidate the
estimates of coupling fidelity. The optimal parameter
values are summarized in Table 1. The overall spike
probabilities, calculated from the fitted parameters using
eqn (4) (filled squares in Fig. 4C) were in good accordance
with the experimentally measured Psyii (hatched columns
in Fig. 4C). The coupling fidelity, Pcp, calculated from
the values of 7o and 7, using eqn (5), was substantially
less that 1 under all conditions, i.e. even in the presence
of BayK 8644. As a result, many DHPR channels had to
be simultaneously open at the onset of the tail potential
for Pgpike to attain the observed values (nPo ~8 for fully
activated DHPR channels in the absence of BayK 8644,
see Table 1 and Fig. S2 in the Supplemental material). It
is worth mentioning that for Pg < 0.1, the value reported
previously for DHPRs (Rose et al. 1992; Josephson et al.
2002), the nPo estimates would correspond to > 100
DHPR channels. However, for the recent larger estimate of
Po =0.2-0.3 (Inoue & Bridge, 2003), npppr corresponds
to 20—40.

These results suggest that a high probability of calcium
spike activation can be ensured, despite low coupling
fidelity, by the large number of DHPR openings occurring
in parallel.

Voltage dependence of coupling fidelity

Coupling fidelity could not be estimated directly for
voltages more positive than —120mV, because the
triggering calcium current was not synchronized because
of the presence of DHPR reopenings. Nevertheless, since
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the mean DHPR open time is not voltage dependent
(Marks & Jones, 1992), coupling fidelity may be calculated
from eqn (5) using eqn (6) to calculate 7, as a function
of tail potential from t,, estimated at —120 mV. The
result is shown in Fig. 5 as a continuous line. The voltage
dependence of coupling fidelity in the presence of BayK
8644 (not shown in Fig. 5 for clarity) had a similar shape
but started at the respective Pcp, at —120 mV (open circle
in Fig. 5) and became indistinguishable from the control
dependence above +30 mV.

Discussion

In this work, the coupling fidelity between single DHPR
channel openings and calcium release activation was
estimated on the grounds of the probability and the latency
of calcium spikes. We provided evidence that the coupling
fidelity is low and that it concurs with the stochastic
nature of DHPR gating. This means that the most frequent
brief DHPR openings do not provide enough calcium
and therefore do not have the power to activate calcium
release. Therefore, a high number of DHPR openings is
necessary to trigger the release unit to release calcium.
The observed distribution of calcium spike latencies and
the high probability of release activation could then be
explained only if DHPRs form large clusters at calcium
release sites and if their open probability is sufficiently
high, so that the product nPg is high.

The size of the DHPR cluster can be estimated by
considering the number of RyRs in the release unit of
~250 estimated by Franzini-Armstrong et al. (1999) and
the DHPR/RyR ratio of ~1:7 (Bers & Stiffel, 1993),
which gives ~35 DHPR channels per release site. Whether
this size is sufficient for the effective functioning of the
calcium release unit depends on the open probability of
DHPRs. The maximal DHPR open probability can be
estimated from the maximal nPo, which was about 8
for 5ms prepulses to +60 mV (Table 1 and Fig. S2 in
the Supplemental material). The corresponding Po for
35 DHPRs is then 0.23. This estimate is compatible with
the recent data of Inoue & Bridge (2003). Exact estimates
from single-channel experiments at physiological calcium
concentrations and at maximal DHPR activation have
not yet been published. Previously reported DHPR open
probabilities measured at —10 mV were 0.02—0.06 (Rose
et al. 1992; Josephson et al. 2002) at 5-10 mM external
Ca®*, which may correspond to ~0.18 at maximal
activation if the DHPR voltage dependence from Fig. 3
is used and the 10-20 mV charge screening by elevated
calcium (McDonald et al. 1994) is taken into account.
Therefore, it can be concluded that the size of the DHPR
cluster and the DHPR open probability estimated by
previously published data are compatible with the nPq
required by the low coupling fidelity.
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Estimation of coupling fidelity

In this study, coupling fidelity was estimated directly,
using synchronized single openings of a variable number
of DHPR channels. We used only generally accepted
assumptions, namely that DHPR open times are
exponentially distributed (Rose et al. 1992; Sham et al.
1998) and that RyR activation is an exponential function of
time (Schiefer et al. 1995; Zahradnikova et al. 2003, 2005).
The data shown in Table 1 and Fig. 4 clearly demonstrate
that coupling fidelity at —120 mV is low despite the high
single-channel amplitude of the calcium current. Previous
quantitative estimates of coupling fidelity obtained by
different methods seem to differ widely. However, they
were reported for a variety of experimental conditions
that included different membrane potentials, extracellular
calcium concentrations, and the presence of DHPR
channel agonists (Zhou et al. 1999; Wang et al. 2001;
Zahradnikova et al. 2004). We compare them to our
estimates in Fig. 5. It is obvious that, considering the

P Cpl
g

-120 -80 -40 0 40
V (mV)

Figure 5. Coupling fidelity under different conditions

Coupling fidelity estimated at different membrane potentials under
control conditions, based on published estimates of amplitude and
duration of calcium fluxes and of calcium release gain (black triangles,
Zhou et al. 1999), based on the measurement of the extent of /¢,
inactivation by solitary DHPR openings and the published estimates of
npupr and DHPR Pg (grey inverted triangles, Zahradnikova et al.
2004), directly measured in the presence of the calcium channel
agonist FPL 64176 and at 10 mm extracellular Ca2* (open squares,
Wang et al. 2001), and obtained in this work by fitting the
distributions of calcium spike latencies in response to solitary DHPR
openings under control conditions (filled circle) and in the presence of
Bay K 8644 (open circle). Theoretical values calculated using data from
Table 1 and egns (5) and (6) are shown as a continuous line. Values
calculated using data from Tables 3 and 4 of Zahradnikova et al.
(2004) and their egns (12) and (14), and using two different estimates
of npnpr and DHPR Po (25 and 0.05, Zahradnikova et al. 2004; and 32
and 0.29, this work) are shown as a dashed and a dotted line,
respectively. Values calculated using data from Table 1 and (5) and
eqgns (6), assuming to = 5 ms in the presence of FPL 64176 and a
50% increase of ic, at 10 mm external Ca2* (cf. data in Sham et al.
1998; Wang et al. 2001) are shown as a dashed—dotted line.
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very different origin of the data, they concur reasonably
well.

Accepting the fact that the physiological coupling
fidelity is low, the high probability of calcium release
at 0mV (Cleemann et al. 1998; Sham et al. 1998; Song
et al. 1998; Inoue & Bridge, 2003; Altamirano & Bers,
2007; Zahradnikova et al. 2007a) may be explained only
by the many sequential openings of multiple DHPRs
at any individual calcium release site. This deduction
is in agreement with the finding, derived from the
voltage dependence of release-dependent inactivation of
whole-cell calcium currents, that the extent of calcium
release activation critically depends on the reopenings of
calcium channels (Zahradnikova et al. 2004). However,
Altamirano & Bers (2007) attributed the high calcium
release probability at 0 mV to high coupling fidelity, in
order to explain the paradoxical decrease of calcium
release gain with both increasing the open probability
and increasing the single-channel amplitude of DHPR
openings. To resolve this contradiction, we have simulated
the experiments of Altamirano & Bers (2007) using eqns
(5), (7) and (8), assuming for simplicity that at membrane
potentials in the range between 0 and +40 mV the DHPR
channels exhibit a constant number of openings before
they inactivate. Details of the simulation depicted in
Fig. 6 are given in the Supplemental material. When the
external calcium concentration was decreased (Fig. 6A),
the probability of spike occurrence decreased less steeply
than did the calcium current, and therefore the gain
increased with decreasing ic,. A similar effect was observed
when the decrease in ic, was simulated by increasing
the test potential (Fig. 6B). An even more pronounced
effect was observed when the number of active DHPR
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channels was decreased by progressively increasing the
holding potential (Fig. 6C). These simulations show that
the experimentally observed decrease of release gain with
decreasing nPo and ic, (Altamirano & Bers, 2007) is
compatible with our results, thus supporting low physio-
logical coupling fidelity.

Estimation of DHPR and RyR kinetics in situ

Analysis of the latency distribution of calcium spikes
evoked by synchronized single DHPR openings allowed
the estimation of DHPR open time and RyR activation
time constant in situ. The estimated DHPR open time of
~0.5 ms is only slightly longer than open times from single
channel measurements (0.3-0.43 ms, Rose et al. 1992;
Sham et al. 1998; Josephson et al. 2002). The estimated
time constant of RyR activation under control conditions
(Taet ~0.6ms at —120 mV tail potential) is somewhat
slower than when measured in planar lipid bilayers (0.3 ms
at 100 uM free calcium, Schiefer et al. 1995), probably due
to cytosolic Mg*™ that competes with calcium at the RyR
(Laver et al. 1997; Zahradnikova et al. 2003) and unbinds
from the RyR relatively slowly (Zahradnikova et al. 2003).
It should be noted that the time constant of RyR activation
is the limiting factor of coupling fidelity in the physio-
logical range of membrane potentials (see the dependence
of Pcp) on 7, in the Supplemental material).

Our data indicate that BayK 8644 prolongs the time
constant of RyR activation (Table 1). It is obvious that
this effect cannot result from any known effect of BayK on
the DHPR. Such prolongation may have contributed to
the previously observed depressing effect of BayK 8644 on
E-C coupling (McCall & Bers, 1996). Since the sensitivity
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Figure 6. The dependence of E-C coupling gain on parameters of the triggering DHPR current

A, dependence on the single-channel amplitude ic, at different extracellular calcium concentrations (given on the
labels next to data points). B, dependence on the single-channel amplitude ic, at different test potentials (given
on the labels next to data points). C, dependence on the fraction of non-inactivated channels, nPo, at different
holding potentials (given on the labels next to data points). Open symbols denote standard conditions (1 mm
external Ca?t, 0 mV test potential, —60 mV holding potential), to which both axes are normalized. Insets depict
the stimulation protocols. Details are given in the Supplemental material.
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of RyR to cytosolic calcium is reduced when the SR calcium
load is decreased (Gyorke et al. 2002), and since BayK 8644
does not affect RyR open probability and RyR open times
but increases the frequency of spontaneous Ca®* sparks at
rest (Copello et al. 2007), reduced SR calcium content is a
plausible explanation for the prolongation of 7, by BayK
8644 in our experiments.

Control of coupling fidelity and spike probability by
the number and duration of DHPR openings

The probability of spike activation was steeply dependent
on the tail potential in experiments with a 1.5ms
prepulse. Despite the decreased amplitude of calcium
currents at more positive tail potentials, the probability
of spike activation was strongly increased but spike
latency was increased in parallel, and therefore the
increased probability of calcium release activation could
be attributed to the increased number of DHPR openings
occurring during the slowly decaying tail current.

Prolongation of the prepulse to 5 ms brought about full
activation of the DHPRs, which was accompanied by an
increase in the probability of spike activation ( Pspire ~0.9)
and a decrease in the latency of release. The decrease of
latencyat —120 mV (by ~0.12 ms) could be fully explained
by the increased number of DHPR openings occurring
in parallel at individual release sites (see Table 1), as
illustrated in Fig. 4 by the satisfactory fit of the latency
distribution. We suppose that the decrease of latency at
—80 and —40mV (by 0.26 and 0.36 ms, respectively)
is due to the increase in DHPR open probability as
well.

The probability of calcium release activation was
strongly augmented if the DHPRs were exposed to BayK
8644, and spike probability reached maximal values
(Pspike ~0.9) at all tail potentials and prepulse durations
employed. However, at —120 mV tail potential, calcium
spikes were activated on average ~0.5 ms later than in the
absence of BayK 8644. Fitting the probability distribution
of calcium spike latencies revealed that the high probability
of calcium spikes occurred despite the slowing of RyR
activation but was only partially due to longer DHPR
open times that elevate coupling fidelity; it was also a
consequence of the high number of simultaneously open
DHPRs (nPoy; see Table 1) that delivered the calcium
stimulus.

Limitations

In the analysis presented, the number of DHPR channels in
the cluster, npypg, is identical for all release sites in the cell.
However, it was shown that individual release sites may
differ in the number of DHPR channels, in the probability
of calcium spike activation and in spike latency (Inoue &
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Bridge, 2005). In this work, detailed analyses of individual
release sites were not feasible as experimental conditions
required at least 15 s intervals between stimulations, which
limited the number of repetitions of the whole protocol.
Therefore, our results reflect the average number of
DHPRs in a group of variable-size couplons.

Another limitation of this work is the assumption of
an identical activation rate for all RyRs in all couplons.
Since the geometrical arrangement of DHPRs and RyRs
in cardiac couplons is not regular (Sun et al. 1995), the
distance between a DHPR and its closest RyR may vary. In
effect, our results reflect an average 7,; corresponding to
the average DHPR—RYR distance.

Physiological implications

We show here that at the microscopic level, the stochastic
features related to the molecular nature of DHPR and
RyR channels, the major players of excitation—contraction
coupling, are well tuned to ensure reliable cardiac function
and still provide room for reaction to changing conditions.
At thelevel of an individual release site, or couplon, several
factors revealed their specific role.

The number and open probability of DHPR channels and
the number and frequency of sequential DHPR openings.
Since the product of Py and Pcp is substantially less
than 1 (~0.035 under control conditions at —120 mV
tail potential), all variables in eqn (4) — 1o, #ipupr, Po
— affect the resulting spike probability in a way similar to
coupling fidelity, as can be verified empirically. Therefore,
an increase in any of them will strongly increase spike
probability. Since parallel DHPR openings decrease spike
latency, while sequential openings increase it (see Figs2
and 4), the number and opening frequency of DHPRs
are also important in control of the synchrony of calcium
release: the prolonged latency of calcium release activation
brought about by serial DHPR openings may result in the
decreased synchrony of calcium release (Song et al. 1998;
Sah et al. 2002; Altamirano & Bers, 2007) under conditions
of low probability and low single-channel amplitude of
DHPR openings.

DHPR open time. For membrane potentials that evoke
maximal whole cell calcium current (about +10mV),
the coupling fidelity is almost directly proportional to
the DHPR open time, as illustrated in the Supplemental
material (Fig. S3A). Therefore, the prolongation of DHPR
openings will increase the coupling fidelity, while the
shortening of DHPR openings will reduce the coupling
fidelity.

RyR activation time constant. The coupling fidelity
is inversely proportional to the time constant of
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RyR activation, as illustrated in Supplemental material
(Figure S3B). As 1 is inversely proportional to the
single channel amplitude of DHPR openings, the coupling
fidelity is directly proportional to the single-channel
amplitude of the DHPR calcium current. Additionally,
the coupling fidelity can be regulated by changes in the
apparent calcium sensitivity of RyRs that will affect 7,
such as changes in the cytosolic Mg*" concentration (Laver
et al. 1997; Zahradnikova et al. 2003) or changes in the SR
calcium load (Gyorke & Gyorke, 1998).

We propose that the physiological control of calcium
release is achieved by means of a modulation of factors
controlling the coupling fidelity, and that these factors
may contribute to the changes in excitation—contraction
coupling observed in pathological situations.

Changes in the SR calcium load. Luminal calcium, among
other effects, changes the calcium sensitivity of RyRs
(Gyorke & Gyorke, 1998). Therefore, an increase in the
free luminal Ca?* concentration would decrease t,, while
a luminal Ca’?* decrease would increase t,... This effect
may underlie, at least in part, the observed steepness
of the dependence of the fractional calcium release on
the SR calcium load (Shannon et al. 2000). Moreover, it
may affect excitation—contraction coupling upon physio-
logical changes in the heart rate (Pieske ef al. 1999) or in
many types of heart disease when the SR calcium load is
chronically decreased (see Bers, 2001 for review).

B-Adrenergic  stimulation. S-Adrenergic stimulation
leads to an increase in the DHPR open probability (Brum
et al. 1984; Yue et al. 1990b), which increases nPo; and
to an increase in the DHPR open time 7o (Brum et al.
1984; Yue et al. 1990b). Additionally, it increases the SR
calcium load (Lindemann et al. 1983), thus decreasing
Tyt These effects may underlie the increase in the extent
and the synchrony of calcium release upon p-adrenergic
stimulation (Song et al. 2001; Sah et al. 2002) by jointly
increasing spike probability and decreasing spike latency
(eqns (4), (5) and (8)) and consequently increasing the
force of contraction.

Other conditions that modulate the parameters
defining the coupling fidelity include calcium-dependent
DHPR inactivation (Yue et al. 1990a) and metabolic
inhibition (Chantawansri et al. 2008) that decrease
the DHPR open time and thus decrease the coupling
fidelity; ischaemic conditions that lead to increased
cytosolic Mg*™ concentration (Murphy ef al. 1989) and
therefore decrease the calcium sensitivity of the RyR
and decrease the coupling fidelity; and prepulse-induced
facilitation that leads to increased DHPR open time
(Josephson ef al. 2002) and thus to increased coupling
fidelity.
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