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Abstract

Ca®*-induced Ca?* release (CICR) is fundamental to cardiac function. Ca®* sparks reflect
microscopic CICR originating in clusters of Ca?* release units (CRU) located at junctions
of the SR and surface membrane (JSR). Approximately 10* Ca** sparks evoked by an
action potential (AP) give rise to the cell-wide increased in Ca®* that activates contraction.
However, the ability of surface membrane Ca®* channels (LTCCs), which are activated
during the AP, to trigger Ca®* sparks remains an area of uncertainty. A second area of
uncertainty resides in our understanding of the mechanism that terminates regenerative
CICR.

This study examined the activation and termination of Ca®* sparks and hence, gating
properties of the CRU. Using voltage-clamp to control the activation of LTCCs and high
resolution Ca®* spark recording, the voltage-dependence of Ca?* spark latency was
investigated to probe the underlying relationship between LTCC gating and CICR. The
results show that latency had a complex voltage-dependence due to the interaction of LTCC
gating and LTCC unitary current leading to CRU activation. Using computer modelling, the
data could be explained by 1 - 2 LTCC openings at 0 mV being required to trigger a Ca**

spark, with approximately equal contributions from LTCC and CRU activation delays.

Tetracaine was used to investigate the relationship between release flux and the number of
channels available in the CRU. The results show that CICR termination is consistent with a
component arising from JSR Ca?* depletion. To investigate why previous studies have not
detected a profound JSR Ca*" depletion, a computer model of local Ca®* release was
constructed. Dye signals were simulated by incorporating measured microscope blurring
and the parameters in the model to fit experimental data. The model calculations show that
previous experimental studies have severely under-estimated local JSR depletion due to
problems arising from microscope blurring and dye properties - even when the signal origin
is perfectly in-focus. This analysis showed that in order to reproduce observed Ca®* spark
morphology, JSR Ca* depletion (and subsequent reduction in release flux) had to precede
CRU closure.
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Introduction

1. Introduction

1.1. Calcium in cardiac excitation-contraction (EC) coupling

The calcium cation (Ca®") is an important biological messenger that participates in
numerous functions within an organism. It acts as an intracellular signal for a range of
cellular processes, including muscle contraction, neurotransmitter or hormone secretion and
cell death (for reviews, see Berridge, et al., 1998; Brown and Macleod, 2001; Saris and
Carafoli, 2005). To achieve specificity, Ca’* is spatially and temporally compartmentalised.
By actively maintaining a low free cytosolic Ca** concentration ([Ca*];), steep Ca®*
gradients are established and release of Ca®* can be targeted to organise the vast array of

Ca**-regulated cellular events.

A.V. Hill recognised early on (1949) that a mechanism must exist to relay electrical
excitation at the muscle cell surface to force development in the myoplasm. This
‘excitation-contraction (EC) coupling’ (Sandow, 1952) now refers to a specific sequence of
events that transforms an action potential (AP, see Schuetze, 1983, for a brief review on
their discovery) stimulus to a contractile response. Though it is now well-established that
Ca®* is crucial in this process, it took Ringer’s discovery (published in 1883) and
subsequently, over a century of experiments, to understand the necessity of extracellular
Ca®* ([Ca®]o) in the early steps of cardiac EC coupling, as well as bring about a consensus

that Ca®" is the activator of muscle contraction.

As an activator of muscle contraction

Though S. Ringer (1883) had shown that [Ca*]o was required for cardiac muscle
contraction, the details of its involvement in EC coupling were unclear. In 1913, G.R.
Mines showed that APs could be activated without [Ca®*]o, which suggested that [Ca**]o
was not important in the initiation of electrical excitation. For many years, adenosine 3’,5’-
triphosphate (ATP, which had been discovered by K. Lohmann in 1931) was thought to
activate contraction because it was a substrate for actomyosin (e.g. Engelhardt and
Ljubimowa, 1939; Szent-Gyorgi, 1942a). However, application of ATP caused isolated
actomyosin to both contract and relax (‘swell’, Szent-Gyorgi, 1942b). It was later clarified
that ATP dissociates actomyosin (Erdos, 1943), as well as stimulate a non-dialyzable factor
that relaxed intact muscle (Marsh, 1951). Closer examination of this ‘relaxing factor’
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identified it as previously-described myocyte fraction whose lipid content well-correlated
with ATPase activity (Kielley and Meyerhof, 1948). Around this period, Heilbrunn and
Wiercinski (1947) were able to inject Ca** directly into the myoplasm to cause contraction,
while Bozler (1954) showed that metal chelator, EDTA (ethylene-diamine-tetra-acetic acid)
caused muscle relaxation. However, the idea that Ca®* was the physiological activator of
muscle contraction was not established until Weber (1959) showed acto-myosin activity
was Ca**-dependent and S. Ebashi and colleagues recognised the strong correlation
between the ability of an agent to chelate Ca** and its ability to relax muscle and also
showed that in the presence of ATP, the relaxing factor increased Ca?* binding (see Ebashi,
1980). Shortly after, it was shown that Ca?* cycling was closely associated with contraction

and relaxation in cardiac muscle (Fanburg, et al., 1964).

As an activator of calcium release in cardiac muscle

Though it had been accepted by the early 1960’s that Ca** could activate muscle
contraction, the mechanism that increased [Ca”"]; following electrical activation had not
been described. It was known that in cardiac muscle, electrical stimulation was associated
with a Ca?* influx (e.g. Langer and Brady, 1963), whose role remained unclear until
voltage-clamp techniques were developed. Using a sucrose-gap voltage-clamp, Beeler and
Reuter (1970b; 1970a; 1970c) were able to show that the magnitude of this inward current
was proportional to developed tension in the range of voltages they studied. A subsequent
series of experiments by Fabiato and Fabiato (e.g. 1973; 1977; 1983; 1985b) showed that
the Ca?* influx activated a much larger Ca®" release from sarco-endoplasmic reticulum
(SR), the primary intracellular Ca®* store (Hasselbach, 1966; Maclennan, 1970; MacLennan
and Wong, 1971; Ebashi, 1980). Though this ‘Ca**-induced Ca®* release’ (CICR) was first
proposed for skeletal muscle (Endo, et al., 1970; Ford and Podolsky, 1970), it is of primary
importance in cardiac muscle. It is now known that the inward Ca?* current (lc,) is carried
predominantly by the voltage-gated L-type Ca®* channel (LTCC, Reuter, et al., 1982;
Cavalie, et al., 1983), named for its large and long-lasting conductance in chick dorsal root
ganglia (Nowycky, et al., 1985). The LTCC has also been identified as a dihydropyridine
(DHP) receptor (Curtis and Catterall, 1984). Similarly, the molecular target of CICR is the
cardiac SR Ca** release channel, whose open probability (Po) increases with [Ca®']; and is
also a ryanodine receptor (RyR, subtype 2, Inui, et al., 1987; Rousseau, et al., 1987; Lai, et
al., 1988).
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The current scheme of cardiac EC coupling proceeds as follows: (1) An AP rapidly
depolarises the cell membrane from a resting potential of — 80 mV to a peak of ~ + 50 mV.
This excitation (2) activates LTCCs that generate lc,, Which is then able to (3) trigger SR
Ca®* release by CICR. (4) Together, Ic, and Ca* released from the SR produce the whole-
cell Ca®* transient, which increases [Ca®*]; from ~ 100 nM to 1 uM (Allen and Kurihara,
1982; Cannell, et al., 1987a). (5) This Ca®" enables cross-bridge cycling and sliding of the
thick and thin filaments to cause cell shortening and force production (Huxley, 1971).
(6) During relaxation, resting [Ca®']; is restored to the SR and extracellular space by the
sarco-endoplasmic reticulum ATPase (SERCA, the relaxing factor described above) and

surface membrane Na*-Ca”" exchange (NCX, Reuter and Seitz, 1968), respectively.

Calcium-induced calcium release and local control

Several lines of evidence support CICR as the primary mechanism for triggering SR Ca**
release in cardiac muscle. These include the requirement for Ca?* as the LTCC charge
carrier to evoke SR Ca** release (Nabauer, et al., 1989) and the ability to evoke SR Ca**
release with “tail’ Ca®* currents that occur during repolarising steps (Cannell, et al., 1987a;
Beuckelmann and Wier, 1988) and in the absence of an electrical stimulus (Niggli and
Lederer, 1990). However, a major criticism was that CICR is an inherently regenerative,
high-gain, positive-feedback system. These qualities are inconsistent with the observation
that Ca* transients could be graded with Ic, (Cannell, et al., 1987b; Sipido and Wier, 1991;
Wier, et al., 1994). It was proposed that this problem could be solved through ‘local
control” of RyR channel gating, wherein the RyR channel(s) are activated by nearby
LTCC(s), but not by Ca?* flux from relatively distant activated RyR channels (Lederer, et
al., 1990; Niggli and Lederer, 1990; Stern, 1992b; Wier, et al., 1994). Unlike previous
‘common-pool’ models of CICR, local control spatio-temporally confines regenerative
behaviour to sub-cellular micro-domains. This functional coupling between LTCCs and

RyRs have led to them being collectively called a ‘couplon’ (Stern, et al., 1997).

Strong evidence in support of local control came from the discovery (Cheng, et al., 1993)
and subsequent functional characterisation (Cannell, et al., 1994; Ldpez-Lopez, et al., 1994;
Cannell, et al., 1995) of ‘Ca®* sparks’ in cardiac muscle. These local SR Ca”* release events
had small amplitudes and were spatio-temporally restricted, involving a mere doubling in
the fluorescence of a Ca**-sensitive fluorochrome (Fluo-3) in ~10 ms over ~ 2 um and
which dissipated in ~20ms (Cheng, et al., 1993; Cannell, et al., 1994). During EC
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coupling, Ica controls SR Ca?* release by coordinating a rapid activation of ~10* Ca*
sparks. The cell-wide Ca®" transient results from this near-synchronous recruitment of
discrete elementary events (Cannell, et al., 1994; Cannell, et al., 1995), an idea that is

distinct from grading the amplitudes of individual Ca** sparks (L6pez-Lopez, et al., 1994).

Spontaneous calcium release

Ca’* sparks are able to occur without lc,, for example, in the absence of [Ca?*], (Cheng, et
al., 1993), at resting membrane potential (Cannell, et al.,, 1994) and in saponin-
permeabilised myocytes (Lukyanenko and Gyorke, 1999). These ‘spontaneous’ events
show similar characteristics to that of evoked Ca?* sparks and are therefore thought to be of
the same origin and fundamental mechanism (Cannell, et al., 1994). Occurrence of
spontaneous Ca?* sparks is increased with [Ca**]sr (Bassani and Bers, 1995; Lukyanenko,
et al., 1996; Diaz, et al., 1997; Satoh, et al., 1997).

Occasionally, individual spontaneous Ca®* sparks are able to activate a neighbouring event
to form a “‘macro-spark’ (Cheng, et al., 1996; Parker, et al., 1996). This larger Ca** gradient
can then activate other sites and cause propagating SR Ca** release, or a ‘Ca*" wave’ (Wier,
et al., 1987; Berlin, et al., 1989; Takamatsu and Wier, 1990; Lipp and Niggli, 1993; Cheng,
et al., 1996; Satoh, et al., 1997). Ca?* waves demonstrate that under certain circumstances
(e.g. increased [Ca®*]sg, when Ca®* spark frequency, Pssar, is increased, Diaz, et al., 1997,
see also Song, et al., 1997 over a smaller [Ca”*]sr range), CICR can be regenerative at a
cell-wide level. This aberrant SR Ca®" release can be arrhythmogenic due to activation of
NCX, which is electrogenic (Lederer and Tsien, 1976; Kass, et al., 1978; Cannell and
Lederer, 1986a; Berlin, et al., 1989).

Other activators of calcium release

Though Ic, is considered the primary trigger for CICR during EC coupling (Fabiato, 1983;
Nébauer, et al., 1989; Cleemann and Morad, 1991; Sipido and Wier, 1991), other
mechanisms have been proposed and may serve to augment the trigger current or be
dominant in other conditions. These other sources of trigger Ca®* include: (1) the T-type
Ca?* channel (Nilius, et al., 1985; Balke, et al., 1992), although its contribution during
normal EC coupling in adult animals may be low (Sipido, 1998; Sipido, et al., 1998);
(2) troponin C of the myofilaments (Ter Keurs, et al., 2005), though this may only be a
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small effect during Ca** waves; (3) Ca®* flux through Na* channels (Santana, et al., 1998,
although see Piacentino, et al., 2002); (4) direct depolarisation of the SR membrane,
although there is not thought to be a potential difference across the SR (Somlyo, et al.,
1981; Meissner and McKinley, 1982); (5) NCX in reverse mode, and (6) direct coupling
between the LTCC and RyR channel.

Ca®* entry through NCX has been shown to evoke SR Ca®" release under some
circumstances (Leblanc and Hume, 1990; Levi, et al., 1994; Lipp and Niggli, 1994; Hancox
and Levi, 1995; Sham, et al., 1995b). The idea is that during the AP upstroke, the large Na*
influx via Na* channels and subsequent large local increase in [Na'] is able to reverse NCX.
However, it has been argued that this is implausible because Ca?* influx via NCX is slow
and only significant at very positive potentials, is less effective than LTCCs in triggering
SR Ca®" release and that any effect of NCX on CICR may be due to an indirect effect
through [Ca®']sr and/or loss of voltage control during large Na* currents, leading to Ica
activation (Crespo, et al., 1990; Sham, et al., 1992; Sham, et al., 1995a; Sipido, et al., 1995;
Evans and Cannell, 1997). Nevertheless, recent studies have suggested that reverse-mode
NCX may augment local lc, and thereby enhance the ability of Ic, to trigger release
(Goldhaber, et al., 1999; Sobie, et al., 2008; Larbig, et al., 2010; Neco, et al., 2010; Torres,
et al., 2010) during CICR.

Physical coupling between LTCCs and RyR channels is the primary mechanism by which
SR Ca’* release is triggered in skeletal muscle and has also been proposed as an additional
mechanism for the myocardium (Hobai, et al., 1997; Ferrier and Howlett, 2001). However,
the low LTCC:RyR channel ratio (e.g. Bers and Stiffel, 1993) means this mechanism is not
feasible for most RyR channels. The observed voltage-dependence of SR Ca?* release may
be explained by incomplete removal of CICR (e.g. Balke and Goldman, 2003; Griffiths and
MacLeod, 2003; Trafford and Eisner, 2003). Thus, CICR remains the predominant

activation mechanism for SR Ca?" release.

1.2. Structures in local excitation-contraction coupling

A typical ventricular cardiac myocyte can be likened to a flattended cylinder with a high
surface area to volume ratio (~ 150 pF/cell at ~30-40 pL, Bers, 2001). The cell is
abundant with mitochondria for energy homeostasis and myofilament bundles that are

structured into repeating contractile units called sarcomeres. As in all striated muscle, these
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sarcomeres are demarcated by z-lines, which in cardiac ventricular myocytes are typically
~1.8 um apart under zero load and ~ 20 % shorter during contraction. A tubular SR
network wraps around the myofilament bundles. During EC coupling, information is
transduced across both the sarcolemma (SL) and SR. These lipid membranes allow the
establishment and maintenance of important electrochemical gradients, as well as
localisation of the key channels and transporters required for this fundamental process.
Local control theory requires small distances between RyRs and LTCCs for activation of
SR Ca®* release, but relatively large distances between the RyR clusters themselves (see
below) to prevent propagation of CICR (Ca** waves). Thus, high-resolution structural
information has been important in determining the physical constraints of CICR and helped

refine the physiological scheme.

Surface sarcolemma and transverse-tubular network

The SL defines the myocyte and is comprised of a lipophilic bilayer surrounded by an
external glycocalyx matrix. The SL can be divided into two regions, the surface
sarcolemma and transverse-tubular (TT) network (though up to 60 % are not necessarily
transverse and may be oblique or axial, Sommer and Waugh, 1976; Soeller and Cannell,
1999). TTs are invaginations of the SL that extend from the surface into the cell and assist
in rapid delivery of electrical excitation. In mammals, TTs occur at the z-lines, are
~ 60 - 300 nm in diameter and may be 21 - 64 % of the SL (in rat, Page and Surdyk-Droske,
1979; Kawali, et al., 1999; Soeller and Cannell, 1999). For reviews of TT function, see
Brette and Orchard, 2003; Ibrahim, et al., 2011.

LTCCs are located in the SL, although their density and precise location are unclear. An
early binding study suggested that LTCC density was ~ 15 DHP sites /um® (Lew, et al.,
1991), which is much higher (assuming one DHP binding site per LTCC) than that
predicted by electrophysiology data (e.g. ~ 3 LTCCs /um?, Josephson, et al., 2010b). An
early study of radio-DHP binding of light and heavy membrane fractions suggested that
LTCCs are ~ 3-fold more densely populated in TTs compared to the surface SL (Wibo, et
al., 1991). This observation is supported by a later functional study that used formamide to
measure whole-cell Ic, in the presence and absence of TTs (Kawai, et al., 1999).
Detubulation by osmotic shock was associated with a 26 % decrease in cell capacitance and
a 76 % decrease in lc,, Which equates to ~ 9-fold larger LTCC density in the TTs (Kawali, et
al., 1999), assuming this method had no other effects on Ic, and cell integrity. High-
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resolution scanning patch-clamping could not detect LTCC current at the surface and only
~2LTCCs/um® at TT openings (Gu, et al., 2002). Interestingly, a recent study has
suggested that TT LTCCs may be more active than those at the surface SL (Chase, et al.,
2010).

The surface and TT membranes also contain NCX. Its location appears to be anti-correlated
with that of LTCCs (i.e. NCX occur where LTCCs do not, Scriven, et al., 2000, although
see Jayasinghe, et al., 2009), which may be important when considering the role(s) of NCX

during EC coupling.

Sarcoplasmic reticulum

The SR is another tubular membrane system that is distinct from the SL and continuous
with the nucleo-plasmic envelope (Porter and Palade, 1957; Sommer and Waugh, 1976;
Ogata and Yamasaki, 1990; Wu and Bers, 2006). It occupies ~ 3.5 % of total cell volume
(Page, et al., 1971) and is the principal internal Ca®" store. The tubules of the SR network
(~ 25 - 40 nm in diameter, Sommer and Waugh, 1976) form a hexagonal-like lattice around
the contractile machinery (Porter and Palade, 1957; Sommer and Waugh, 1976) and contain
SERCA (Maclennan, 1970; MacLennan and Wong, 1971) and its inhibitory regulator,

phospholamban, tethered to the cytosolic leaflet (see Simmerman and Jones, 1998).

‘Corbular’ SR are distinct disc-like protrusions (100 - 400 nm in diameter, Porter and
Palade, 1957) of the SR that contain electron-dense structures (Sommer and Waugh, 1976)
identified as RyR channels (Meissner and Henderson, 1987; Rousseau, et al., 1987;
Rardon, et al., 1989). It has been estimated that only 4 - 10 % of total SR is corbular (Page,
et al.,, 1971; Page and Surdyk-Droske, 1979), but most of them (e.g. ~85% in rat,
Jayasinghe, et al., 2009) are associated with SL membranes at ‘junctions’ (or ‘dyads’ to
distinguish them from “triads’ in skeletal muscle). It has been suggested that LTCCs on the
SL are also aggregated near junctions (Carl, et al., 1995; Sun, et al., 1995; Scriven, et al.,
2000; Sedarat, et al., 2000, although see Crossman, et al., 2011). Corbular SR that are not
junctional SR (JSR) have also been called ‘extended’ JSR (Jorgensen, et al., 1993; Junker,
et al., 1994; Franzini-Armstrong, et al., 1999) that contain ‘rogue’ RyR channels that are
not part of a couplon (Sobie, et al., 2006). Corbular SR are continuous with the remaining
SR network via one or two thin tubules (Peachey, 1965) and is the primary location of a

low affinity, high capacity Ca®" buffer, calsequestrin (CSQ, MacLennan and Wong, 1971;
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Campbell, et al., 1983b; Jorgensen and Campbell, 1984; Jorgensen, et al., 1985; Jorgensen,
et al., 1993). JSR that are proximal to surface SL are termed ‘peripheral’ junctions, while
those proximal to TTs are ‘internal’ junctions (Jewett, et al., 1973; Sommer and Waugh,
1976) and are not thought to be different from one another (Franzini-Armstrong, et al.,

1999), although this is largely unclear.

Measurement of interjunctional distance using RyR channels as a marker have yielded a
separation of ~0.4 -1 um in rat using electron microscopy (Franzini-Armstrong, et al.,
1999), immuno-fluorescence (Chen-lzu, et al., 2006; Soeller, et al., 2007) and Ca®* spark
measurements (Parker, et al., 1996; Cleemann, et al., 1998). This equates to ~ 30,000 SR
Ca’* release sites per cell, which agrees with the estimated number of Ca?* sparks required
for a Ca®" transient (~ 10%, Cannell, et al., 1994). For internal junctions, ~ 6 JSR surround a
myofilament bundle at each z-line and are therefore more closely associated across the z-
disc than along the cell (Chen-lzu, et al., 2006; Soeller, et al., 2007). Peripheral junctions
occur at the invagination of the TT from the SL and so appear as doublets that flank z-line
staining (Chen-lzu, et al., 2006; Soeller, et al., 2007). Each JSR is thought to contain a
cluster of RyR channels to form a ‘Ca”" release unit’ (CRU, e.g. Franzini-Armstrong, et al.,
2005).

Calcium release unit

Immuno-fluorescence and electron microscopy studies suggest a CRU consists of ~ 200
RyRs in rat (Franzini-Armstrong, et al., 1999; Chen-lzu, et al., 2006; Soeller, et al., 2007).
However, a recent study of peripheral couplings using single-molecule detection suggests
that the number of RyRs per CRU may be as low as ~ 14 (Baddeley, et al., 2009). Though
the reason for this discrepancy is unknown, there may be true differences between
peripheral and internal CRU. Another possibility is that confocal microscopy has relatively
poor spatial resolution (that cannot be fully corrected for by de-convolution), which would
over-estimate CRU size. Similarly, the thin sections used for electron microscopy would
also create a selection bias for large CRUs. At the same time, single-molecule detection
may under-estimate CRU size due to incomplete (probabilistic binding and/or exclusion
from a restricted space leading to missed labels) and/or non-specific (leading to false
positives and reduction in signal-to-noise) antibody labelling. Binding studies appear to
agree with larger CRU sizes (Bers and Stiffel, 1993), however, Ca®* spark analyses suggest

that only 6 - 20 RyR channels are required to generate the underlying release flux (Soeller
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and Cannell, 2004). Thus, further data are required to determine the size of a CRU and

whether peripheral and internal couplings are fundamentally different.

RyR channels within a CRU are organised in an array, whose arrangement has been shown
to form spontaneously in vitro (Yin and Lai, 2000). This lattice-like grid at an en face view
displays quatrefoil RyR channels arranged ~ 31 nm (centre-to-centre) apart, at a ~61°
angle so that the channels are staggered and each channel is in physical contact with 4
others (Franzini-Armstrong, et al., 1999; Yin and Lai, 2000).

The single RyR channel is a large (~ 2.3 MDa) homo-tetramer (Inui, et al., 1987; Lai, et al.,
1988) that is associated with four small (12 kDa) FK-506 binding proteins (e.g. FKBP12.6,
see Fill and Copello, 2002 for a review). The RyR protein contains a large central pore,
with a large cytoplasmic NH, domain (29 x 29 nm, Radermacher, et al., 1994; Yin, et al.,
2005) that protrudes 12 nm into the junctional space (Franzini-Armstrong, et al., 1999).
Though RyR2 has yet to be crystallised and many of these structural studies have been
performed on skeletal RyR1, the genetic variants (including RyR3) are thought to share
similar topology (Wagenknecht and Samso, 2002).

Junctional space and cytoplasm

The junctional space between JSR and SL membranes is narrow (~ 15 nm, Fawcett and
McNutt, 1969; Forbes and Sperelakis, 1973; Franzini-Armstrong, et al., 1999) and contains
many interesting properties that are likely important for local control, but not well
understood (e.g. Tan, et al., 2007). The characterisation of these properties is important

when analysing fluxes responsible for Ca?* sparks.

Ca?* diffusion within the junction is not well characterised, but is likely to be limited by the
large RyRs acting as barriers, buffering and electrostatic effects (Soeller and Cannell,
1997). Computer modelling studies suggest that fast and slow Ca®* buffers including ATP,
calmodulin and the cytosolic leaflets of the SL and JSR membranes effectively prolong the
duration of Ca?* in the junction, but do not control [Ca®*] near the channel pore (Stern,
1992a; Langer and Peskoff, 1996; Soeller and Cannell, 1997; Soeller and Cannell, 2004).
Further, the negatively-charged phospholipid heads of the bilayer give rise to electrostatic
effects on cation movement, which increases [Ca®"] in a region several nanometers near the
lipid bilayer (Soeller and Cannell, 2004). Details of the Ca**, Mg®* and ATP gradients are
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likely to be important in the regulation of RyR gating during a Ca®* spark (Valent, et al.,
2007).

The junctional space is continuous with the cytoplasm, where other Ca®* buffers and the
majority of Ca**-sensitive fluorescent dyes are located (Stern, 1992a; Soeller and Cannell,
2004). Examples of immobile buffers include troponin-C (Holroyde, et al., 1980; Fabiato,
1983) and mitochondria (see Saris and Carafoli, 2005 for a review). The buffering power of
the cytosol is thought to be high, such that during a Ca®" transient (where free [Ca®*];
increases to ~ 1 pM, Cannell, et al., 1987a), 50 — 100 uM [Ca’*] needs to be released from
the SR (Berlin, et al., 1994; Delbridge, et al., 1996; Shannon, 1997). Further, diffusion of
Ca®* (and ATP, Vendelin and Birkedal, 2008) in the cytosol is thought to be asymmetric,
where Ca?* sparks are more narrow along the short axis of the myocyte (Parker, et al.,
1996, although see Banyasz, et al., 2007; Shkryl, et al., 2012). The reason for this is
unknown, but is thought to involve the spatial distribution of SERCA activity (Gomez, et
al., 1996) and mitochondria. The anisotropy in diffusion is thought to explain the circularity
of Ca** wave-fronts despite an anisotropic distribution of CRUs (Ishide, et al., 1990;
Takamatsu and Wier, 1990; Engel, et al., 1994; Subramanian, et al., 2001).

1.3. lc,, the primary trigger for CICR

Understanding LTCC properties is important in identifying how it activates and/or controls
SR Ca®* release. Its gating behaviour has complex dependencies on voltage and local
[Ca?*);i (for a review, see McDonald, et al., 1994). LTCCs are activated and inactivated by
depolarisation, which give rise to a bell-shaped current-voltage relationship. Ic, activates,
peaks and reverses at ~ - 40, 0 and + 55 mV, respectively. At very positive potentials, a net
outward current is carried by monovalent cations, although Ca** influx is still appreciable
(Zhou and Bers, 2000). During a step pulse, whole-cell Ic, reaches its maximum in ~2 ms
and declines with a fast and slow component (Reuter and Scholz, 1977; Lee and Tsien,
1984; McDonald, et al., 1986). As might be expected of a Hodgkin-Huxley gating scheme

(1952), the rate of activation increases with depolarisation (Isenberg and Han, 1994).

Modal gating

At the single-channel level, an activated LTCC can exhibit a range of gating behaviours

from periods of quiescence to long-lasting openings. These behaviours tend to cluster and
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have been described as modal (McDonald, et al., 1994). Modes 0, 1 and 2 describe periods
of non-conductance (i.e. a blank sweep), typical openings and rare long openings (> 5 ms,
Hess, et al., 1984, Cavalié, et al., 1986; Yue, et al., 1990; Imredy and Yue, 1994),
respectively. However, it is unclear whether discrete modes or a continuum of behaviour
exists (Lacerda and Brown, 1989). Different conditions appear to favour certain types of
behaviour, for example, DHP agonists (e.g. s(-)-Bay-K-8644, Hess, et al., 1984), B-
adrenergic stimulation (Yue, et al., 1990) and pulsing to positive potentials favour long
openings, while DHP antagonists (e.g. nifedipine) favour non-conductance (i.e. decrease
channel availability, rather than change open or closed times during conducting sweeps,
McDonald, et al., 1994).

During ‘typical’ gating, LTCCs exhibit a mean closed time (tcitcc) of ~3.3-4.7ms
(Rose, et al., 1992; Takeda, et al., 1995; Josephson, et al., 2010b) and a mean open time
(to,Ltcc) of ~0.27 — 1.1 ms (Rose, et al., 1992; Josephson, et al., 2010b). The variability in
these parameters have led to estimates of open probability (Po tcc) that differ by an order
of magnitude (0.02 - 0.25 at 0 mV, Rose, et al., 1992; Josephson, et al., 2002b; Inoue and
Bridge, 2003; Josephson, et al., 2010b). Eqgn. 1.1 shows the general formula for calculating

channel open probability (Po) from the mean closed (t¢c) and open (to) times:

1o Eqgn. 1.1
PO =
To +'L'C

Facilitation

When held at a physiological resting membrane potential, Ic, exhibits a positive staircase
upon repeated electrical stimulation to >0 mV. Interestingly, this ‘facilitation’ or restitution
of lIc, is reversed at a more positive holding potential (e.g. — 50 mV, Pietrobon and Hess,
1990). Facilitation appears to occur at a single-channel level, where conductance, frequency

and duration of openings are increased (Josephson, et al., 2002b; Josephson, et al., 2002a).

Inactivation

The transition of LTCCs into a non-conducting state (‘inactivate’) is Ca**-, voltage- and
time-dependent (for a review, see Eckert and Chad, 1984). In both whole-cell and single-
channel studies, voltage-dependent inactivation is observed even when LTCCs are
depolarised only to a sub-threshold potential, which suggests that activation is not required
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for inactivation (McDonald, et al., 1994). Voltage-dependent inactivation of LTCCs is
thought to be slow compared to Ca?*-dependent inactivation, which occurs due to its own
Ca®* current, as well as SR Ca*" release (e.g. Tseng, 1988). When the latter is removed, lc,
declines at approximately half the rate (Hadley and Hume, 1987; Sham, et al., 1995a;
Puglisi, et al., 1999). Following voltage-dependent inactivation, LTCCs can be made
available again by repolarisation to negative potentials. Recovery from inactivation occurs
at a rate that increases with decreasing membrane potential. A putative mechanism for
Ca**-inactivation involves calmodulin (Altamirano and Bers, 2007a), though this is
disputed (Imredy and Yue, 1994), while a ‘ball and chain’ mechanism similar to that of Na*
channels has been proposed for LTCC voltage-dependent inactivation (McDonald, et al.,
1994).

Unitary and whole-cell flux

Typical whole-cell peak Ic, has been measured to be ~0.7 -2 nAin guinea-pig or rat
ventricular myocytes (Rose, et al., 1992; Cannell, et al., 1995), while single-channel current
(ica) at 0 mV has been measured to be 0.12 and 0.17 pA (Rose, et al., 1992; Guia, et al.,
2001 in 2 and 10 mM [Ca*'o, respectively, where conductance saturates at ~ 20 mM, see
also Hess and Tsien, 1984; Shorofsky and January, 1992).

Eqgn. 1.2 can be used to estimate the number of available channels in a cell (n) given the
ensemble current (e.g. whole-cell, 1), unitary current (i) and the maximum Pg are known.
The actual number of channels present (N) can be obtained if the fraction available (fa,
measured in single-channel recordings as the proportion of sweeps that show no openings)
is known (McDonald, et al., 1994).

[=i-n-P, Eqn. 1.2

where,
n= N . fA

Assuming a maximum steady-state lc, of 1nA, ic, of 0.06 pA and Poitcc of 0.25
(Josephson, et al., 2010b), LTCC density would be ~67,000 LTCCs/cell or
~ 4 LTCCs /um?, assuming a cell capacitance of 150 pF and 1 pF/cm? (Bers, 2001). As
stated previously, this LTCC density is only ~30 % of the DHP binding site density
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(250,000 /cell, Lew, et al., 1991). This discrepancy could be reconciled if Po | rcc is 10-fold
smaller (Rose, et al., 1992), as in Bers (2001), or if fo was ~ 0.3 (i.e. a large fraction of
LTCCs are unable to be activated). However, single-channel studies have shown that fa at
0 mV can be as high as 90 % (using Ca*" as the charge carrier, Rose, et al., 1992) or as low
as 10 % (using Ba®* as the charge carrier, Tsien, et al., 1986; Inoue and Bridge, 2003,
although Yue, et al., 1990 obtained variable fa of 20 — 90 %, with a mean of 50 %). There
is also the possibility that LTCC function under physiological conditions may be more
complex than that discernable by single-channel recordings (e.g. coupled-gating, Navedo,
et al., 2010; different phosphorylation status depending on LTCC location, Chase, et al.,
2010).

Trigger calcium in the junction

Ca” influx through the LTCCs during each heart beat contributes to CICR, as well as the
cell’s Ca?* load (Fabiato, 1983; Eisner and Trafford, 2009). For CICR, the amount (and
rate) of Ca®* entering the junction and sensed by the CRU is crucial, but has not been
measured at this time. The factors that need to be taken into consideration include Ca®*

diffusion, Ca®* buffering and junction geometry.

The spatio-temporal profile of [Ca®] in the junction ([Ca* junction) due to Ca®* influx has
been simulated in computer models that incorporated known properties of the small
cytosolic space (e.g. Langer and Peskoff, 1996; Cannell and Soeller, 1997; Soeller and
Cannell, 1997; Valent, et al., 2007). With SL Ca?* binding sites and electrostatic effects
taken into consideration, Soeller and Cannell (1997) estimated that [Ca® Jjunction (4 NM from
SL, 2.5 nm radially from LTCC) reached 65 - 70 uM within ~0.3 ms of a 0.2 pA LTCC
opening. This large gradient dissipated to 50 % in < 0.1 ms upon LTCC closure. However,
interaction with Ca** buffers meant that the remaining phase of [Ca* Jjuncion decline was
slow, so that ~1ms after LTCC closure, [Ca2+]juncti0n was still 2uM and at 5ms,
[Ca2+]junction was 200 nM. This long tail may have important consequences for RyR channel
(and LTCC) gating. The spatial [Ca2+]juncti0n gradient was also steep and developed a shape
more radially-confined than a hemisphere (‘omega’ shape, Soeller and Cannell, 1997),

which suggested that an LTCC can only serve one or a few RyR channels.
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1.4. Efficiency of calcium-induced calcium release

Quantification of the functional coupling between LTCCs and RyRs during EC coupling
remains a controversial issue. Many measures of how well LTCC current triggers a CRU
have been introduced, creating some confusion over their definitions and relevance. One
common theme appears to be that EC coupling is impaired in disease and may be restored
by B-adrenergic signalling (Gomez, et al., 1997, although see Zhou, et al., 1999). However,
these ideas appear uncertain as EC coupling ‘efficiency’ under physiological conditions

remains unclear.

A. Fabiato suggested that only the initial phase of Ic, is important for CICR, while the
remainder serves to potentiate [Ca*"]sr (See Fig. 1 in Fabiato, 1985a). By interrupting Ic, at
various delays following activation, subsequent studies have been able to show that the rate
of rise of Ca®* transients did not increase further beyond a delay of ~ 6 ms (Wier, et al.,
1994; Cannell, et al., 1995). Though this macroscopic level of control has been attributed to
the recruitment of CRUSs, the role of I, within a junction is less well-defined. It is unclear
how many LTCC openings are required to trigger a CRU and how this relates to the actual
number of LTCCs available within a junction (n_tcc). These details are important because
as the number of LTCCs required increases, the more likely that LTCC properties will
dominate the latency and uniformity of SR Ca®" release. To activate a large number of
LTCCs with short delay (i.e. during EC coupling), the number of available LTCCs would
have to increase, which might render more Ic, redundant with respect to CICR and reduce

the effective amplification.

Definitions of efficiency

no. successful openings Eqn. 1.3

Prpy =
€PL ™ total no. LTCC openings

= P(success|opening)

_ P(success N opening)

P(opening)

EC coupling “fidelity’ (Pcp) measures the probability that a single LTCC opening will
trigger a Ca®* spark (Wang, et al., 2001; Cheng and Lederer, 2008). Eqn. 1.3 shows how
Pce. Can be calculated, where success is defined by an observed Ca®* spark.

Experimentally, Pcp_ is difficult to determine and has been commonly estimated by
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measuring Pspark for a given local or whole-cell trigger. Eqn. 1.4 describes how Pspar is the
product of the probability that at least one LTCC opens in a junction (using the Binomial
theorem) and Pcp., where Pcpi is some (unknown) function of ic, and to Ltcc (Santana, et
al., 1996; Gomez, et al., 1997; Inoue and Bridge, 2003). Since Pgpa is too high during
normal EC coupling to be counted, various techniques have been used to decrease Pspark and
improve signal contrast, for example: (1) selective activation a single CRU by loose-seal
patch clamp (Wang, et al., 2001), (2) reduction of Ic, through n-Po by pharmacological
blockade (e.g. nifedipine, Santana, et al., 1996; Collier, et al., 1999; verapamil, Lopez-
Lopez, et al., 1995; or D600/methoxyverapamil, Cheng, et al., 1995) or through ic, by
reducing [Ca*']o (e.g. Bridge, et al., 1999).

Pspark = Pepr - (1 -(1- PO,LTCC)nLTCC) Eqn. 1.4

where,

Pepr = 9(ica) - h(to,L1ce)

While coupling fidelity measures CICR efficiency in terms of the success or failure of a
given trigger to activate SR Ca”" release, coupling gain (GcpL) quantifies the amount of SR
Ca®* released for a given trigger, also known as the amplification factor of CICR. Eqn. 1.5
describes one type of calculation, where Gepy is ratio of release to trigger current magnitude
(Cannell, et al., 1994; Wier, et al., 1994). For macroscopic gain, the event is usually the
Ca’* transient, while for microscopic gain, the event is a Ca?* spark. Flux integrals have
also been used introduced by Gomez, et al. (1997) because Gcp_ iS dependent on the

relative size (analogue) and duration (digital) of the currents (Cannell, et al., 1995).

Tevent Eqn. 1.5

Gepr = I
Ca

Measuring Gepy is difficult due to the inability to directly measure SR Ca®* release flux.
Ca” dyes and imaging only measure (relatively) bulk [Ca?*];, which should be slower than
the true time-course of release. Different techniques have been used to correct for these
effects, for example: (1) using the rate of decline of a Ca®* transient to take into account
Ca®* removal by SERCA and diffusion, although this assumes this effect is constant
throughout release (Sipido and Wier, 1991; Wier, et al., 1994) and (2) using ‘Ca*" spikes’,
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which aim to measure the approximate global release flux by combining a fast, low-affinity
Ca®* dye with a slow Ca*" buffer (Sham, et al., 1998; Altamirano and Bers, 2007h).
However, this method likely underestimates the true time course of SR Ca*" release
(Soeller and Cannell, 1999), so the estimated microscopic coupling gains may represent a
lower limit. Alternatively, since Pgpan is proportional to levent (EQN. 1.2), Pspar/lca can be
used as a measure of Gep, (€.9. Santana, et al., 1996; Gémez, et al., 1997). Whole-cell G¢ep.
has been measured to be 3 -16 at 0 mV (Beuckelmann and Wier, 1988; Sipido and Wier,
1991; Cannell, et al., 1994; Cheng, et al., 1994; Wier, et al., 1994; Lopez-Lopez, et al.,
1995).

As expected, Gepy is sensitive to [Ca?*]sr, which affects leven: and Pcpy (e.9. Janczewski, et
al., 1995; Diaz, et al., 1997). Further, as implied in Eqn. 1.4, Pcp. and Gep are sensitive to
membrane potential and time, primarily due to ic, and LTCC gating kinetics. In order to
encapsulate these time-dependent changes, EC coupling efficiency is also measured by the

delay between LTCC and Ca®* spark activation, also known as the latency of EC coupling.

LTCCs may be redundant at negative potentials

Under a condition of reduced Pgpark, studies have shown that both Pspa and Ica have a bell-
shaped voltage-dependence (LOpez-LApez, et al., 1995; Santana, et al., 1996; Gomez, et al.,
1997). A slight leftward shift in the voltage-dependence of Pspark gives rise to a Pspark/Ica
ratio (or Gep) that declines monotonically with increasing step voltage (Santana, et al.,
1996). Comparison of this relationship with the voltage-dependence of ic, suggests that
Pspark INCreases with the square of ic, (Santana, et al., 1996), so that at negative potentials
(e.g. - 30 mV), one LTCC opening is sufficient to trigger a Ca** spark (i.e. Pcp is near 1,
Lopez-Lopez, et al., 1995; Santana, et al., 1996). Evidence in support of this idea can be
found in earlier studies that showed a wide, bell-shaped voltage-dependence of Ca®*
transient amplitude or maximum rate of rise (Barcenas-Ruiz and Wier, 1987; Cannell, et
al., 1987a; Callewaert, 1992), which suggests that the ability of a single LTCC opening to
trigger SR Ca®* release was not fundamentally changed when ~90 % of LTCCs were
blocked, as in the study by Santana, et al. (1996). Altamirano and Bers (2007b) also
showed high coupling fidelity from Ca®* spike measurements. They suggested that at 0 mV,
only one LTCC opening was required to trigger CICR and that below this potential, ica

increases so that extra LTCC openings become redundant. At + 50 mV, in the absence of an
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LTCC blocker, Collier, et al. (1999) was able to show that lc, could trigger Ca?* sparks at

low Pspark, although coupling fidelity was not quantified.

Although only one LTCC opening may be required to trigger CICR at 0 mV, the waiting
time to this opening may be too long (and variable) due to stochastic gating. It has been
suggested that 2—3 LTCCs in a junction can ensure a Ca’* spark is activated at 0 mV
(Inoue and Bridge, 2003). However, not all studies have agreed with these interpretations of
high coupling fidelity and gain. Depolarisations to ~ 70 mV above resting potential (the
actual voltage was unknown due to the loose-seal patch clamp method, but can be assumed
to be near ~ 0 mV) yielded Pcp. ~ 0.7 in the presence of high [Ca?*]o and a LTCC agonist,
FPL-64176 (Wang, et al., 2001). When extrapolated to more physiological conditions,
these authors concluded that only one in 60 LTCC openings trigger a Ca®* spark (Cheng
and Lederer, 2008). Measurement of CICR at very negative potentials have also led
Polakova, et al. (2008) to conclude that Pcp is low. The rationale behind their approach
was that during repolarisation to negative potentials (- 40 to - 120 mV), LTCC re-openings
would not occur and measured CICR delays would be the result of Ic, influx from first
openings and CRU activation. Extrapolation to 0 mV yielded a Pcp < 0.05, although the
authors assumed that 1o tcc was not voltage-dependent (in contrast to Josephson, et al.,
2010b) and it is unclear how well whole-cell tail currents can be used to measure to cc at

very negative potentials due to problems associated with voltage-clamp speed.

EC coupling latency

The latency of Ca** transients in voltage-clamped and field-stimulated myocyes have been
measured at 2 - 5 ms from the stimulus pulse (Cannell, et al., 1987b; Wier, et al., 1987;
Beuckelmann and Wier, 1988; Cheng, et al., 1994; Isenberg and Han, 1994; Wier, et al.,
1994; Cannell, et al., 1995). When SR Ca’* release was inhibited, the delay to the
appearance of the trigger fluorescence was the same, suggesting that SR Ca’* release
followed the Ca®" trigger closely (Cannell, et al., 1994). Ca*" spike latencies during AP-
clamp were between 2 — 6 ms (Inoue and Bridge, 2003), which supports the idea that the
majority of SR Ca?* release occurs during the early repolarising phase of the AP (Sah, et
al., 2001; Sah, et al., 2002; Inoue and Bridge, 2003; Cooper, et al., 2010).

When Ca®* transients were evoked at increasing step potentials, latency decreased (Isenberg

and Han, 1994), which shows that the delay in CICR qualitatively follows the increase in
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rate of LTCC activation (and open probability), rather than ic,, which decreases with
membrane potential. When Ca®* spikes were evoked with step pulses to 0 mV, latency
increased with holding potential (Altamirano and Bers, 2007b), which suggests that CICR
is sensitive to the number of LTCCs available. In contrast, Ca®* spike latency was relatively
insensitive to reduced [Ca**]o (0.25 mM) during depolarisations to 0 mV, which implies that
Ica is normally more than sufficient to trigger SR Ca?* release (Altamirano and Bers,
2007b). However, the latencies reported by Altamirano, et al. were much longer than those
reported elsewhere (~ 15 — 40 ms), although the analysis method was not described. When
Ca®* spikes were evoked using tail currents (— 120 to — 40 mV), Ca* spikes occurred with a
delay of ~ 1 ms from the repolarising step (Polakova, et al., 2008). This value is close to the
maximum activation rate constant of RyR channels measured in lipid bilayers (Laver and
Honen, 2008), although it is possible that problems associated with voltage-clamp settling
time and image resolution (0.5 ms/line) may make this an upper estimate. By recording
Ca®* sparklets using loose-seal patch-clamp, Wang, et al. (2004) measured a mean Ca*
sparklet to Ca®* spark latency of 6.7 ms, which is slow compared to the other studies since
ica had been augmented by FPL-64176 and 20 mM [Ca®*]o. In fact, the loose-seal patch
clamp technique may have some significant disadvantages for such analyses (see below in

section 1.5).

1.5. Ryanodine receptor, the SR calcium release channel

The RyR channel is the primary protein target for CICR in cardiac muscle (Meissner and
Henderson, 1987; Lai, et al., 1988). Unfortunately, direct measurement of RyR channel
characteristics in situ is difficult because the channels are located in the SR and not easily
subjected to conventional on-cell patch-clamping. While purification and reconstitution into
lipid bilayers or use of lipid vesicles have been useful in obtaining single RyR channel
properties, these techniques do not examine the function of a CRU array, nor can they
examine any RyR regulation that results from junction geometry. On the other hand, while
live-cell imaging of Ca®* sparks can record the activity of an intact CRU, this technique
does not record current directly. Therefore, gating properties obtained from a range of
techniques must be evaluated together to gain insight into the function and regulation of

RyR channel clusters in the living myocyte (for a review, see Fill and Copello, 2002).
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Activation by cytosolic calcium

The most notable characteristic of an RyR channel is its ability to open in response to
[Ca?*];. Studies in cardiac vesicles and reconstituted bilayers have revealed that RyR open
probability (Poryr) increases with [Ca?*]; to @ maximum of ~ 0.5 - 0.9 (Kp ~ 0.6 — 1.6 pM),
depending on [Mg**] and [ATP] (Schiefer, et al., 1995; Xu, et al., 1996; Copello, et al.,
1997; Zahradnikova, et al., 1999; Laver and Honen, 2008). Though the RyR homo-tetramer
contains four Ca®* binding sites, it is unclear how many of these need to be occupied for the
channel to activate. Some studies have suggested that the Ca”’-dependence of RyR
activation Kkinetics is variable (e.g. Schiefer, et al., 1995; Copello, et al., 1997), while others
have suggested that three or more sites need to be occupied (Zahradnikova, et al., 1999;
Laver and Honen, 2008). At the whole-cell level, the amplitude of Ca?* transients evoked
by LTCC tail currents displayed a linear relationship with current amplitude, which
suggested that only one Ca?* was sufficient to open an RyR (Fan and Palade, 1999).
Another study measuring Ca”* sparks revealed a square relationship between ic, and Ca®*
spark activation, suggesting 2 Ca" ions are required (Santana, et al., 1996). This non-
linearity may have been revealed by the reduced Ic, density. In skinned Purkinje fibres,
Fabiato (1985b) showed that Ca** transient amplitude increased by the 1.5 — 2.1"™ power of
[Ca®*];, although it was clear to him that the rate of solution change was important and this

may have limited the apparent [Ca®*]i-dependence of CICR.

Inactivation and adaptation

[Ca?*]; may also have an inhibitory effect on RyR gating, as suggested by a reduction in the
amplitude of Ca** transients in skinned fibres at high [Ca*']; (> 3 uM, Fabiato, 1985b) and
in Poryr in single-channel studies at [Ca?*]; above 200 uM (Meissner and Henderson, 1987;
Laver, et al., 1995; Schiefer, et al., 1995; Copello, et al., 1997; Gyorke and Gyorke, 1998;
Laver and Honen, 2008, although see Chu, et al., 1993). Single-channel recordings suggest
that [Ca®']i-dependent inactivation (sometimes referred to as ‘desensitisation’ in earlier
literature to differentiate this mechanism from voltage-dependent inactivation) is due to a
disproportionately large decrease in open time (toryr) at high [Ca®*]i (Laver and Honen,
2008). It has been suggested that one inhibitory site is located in the cytosolic domain of the
RyR and that it had slow kinetics, with a high affinity for Ca** (Fabiato, 1985b), although a
more recent study suggests there may be another inhibitory site that is predominantly

occupied by Mg?* (Laver and Honen, 2008).
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Like [Ca’*]i-dependent inactivation, ‘adaptation’ was originally described as a reduction in
Poryr during elevated [Ca®]i (Gyorke and Fill, 1993). However, unlike inactivation,
adaptation followed a much slower time-course (seconds) and these RyRs could be re-
activated by a larger Ca** stimulus (Gyorke and Fill, 1993). The idea was that this slow
mechanism could be involved in regulating Ca®* homeostasis when [Ca®*]; is increased for
sustained period. A subsequent study appeared to show that the rate of adaptation was
sensitive to Mg®* and the phosphorylation state of the RyR channels (Valdivia, et al.,
1995). However in both of these studies, adaptation was observed using photolysis of caged
Ca®* (DM-nitrophen) to activate single RyR channels in bilayers. This technique has since
been heavily scrutinised (see Lamb, 1997; Gyorke, 1999; Zahradnikova, et al., 1999; Lamb,
et al., 2000; Sitsapesan and Williams, 2000). Originally, Gyorke and colleagues had
thought that the photolysis of DM-nitrophen produced a step increase in [Ca®']; (to
200 nM), which caused the average RyR to open rapidly (~ 1.1 ms), then close slowly
(~ 1.3 s) despite a maintained agonist concentration. While Poryr Was declining, a larger
[Ca?*] stimulus could be un-caged to re-activate the RyR. However, the initial opening rate
was suspiciously high (~5x 10°/M/s), which caused a re-evaluation of the un-caging
behaviour. It was shown that flash photolysis of DM-nitrophen produced a large over-shoot
of [Ca*]; (as high as ~ 60 uM in conditions similar to the original experiments, Zucker,
1993; Ellis-Davies, et al., 1996; Lamb, 1997), which could cause [Ca”‘]i-inactivation,
rather than a new phenomenon. On the other hand, it was argued that although the high
[Ca®*]i might explain the fast opening rate and long opening (e.g. Zahradnikova and
Zahradnik, 1995), the brevity (< ms) of the pulse could not have caused [Ca®‘]i-dependent
inactivation. In any case, inactivation would not have allowed the channel re-activate.
Further investigation revealed that Poryr Was well correlated with the duration of the flash
pulse, rather than steady-state [Ca*'];, suggesting that the ‘adaptation’ behaviour was a
phenomenon related to extremely high [Ca®*]i (Lamb, et al., 2000). Finally, experiments
using a different method to produce step changes in [Ca*]; (fast solution changers) showed
a lower RyR activation rate, a more moderate open time and could not be activated by a
large stimulus (Schiefer, et al., 1995; Sitsapesan, et al., 1995), consistent with [Ca®*]i-
dependent inactivation. Presently, there appears to be agreement that adaptation and [Ca**]-

inactivation are the same mechanism (Gyorke, 1999).

Around the same time that adaptation was being postulated in isolated RyRs, Yasui, et al.

(1994) showed in isolated myocytes that further Ca?* release could be elicited by a larger
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stimulus ~ 50 ms following a previously evoked Ca** transient. Though the original authors
attributed this observation phenomenon to adaptation, it has since been shown that
following maximal SR Ca?* release (i.e. at ~0 mV), a substantial fraction of [Ca?*]sr is still
available (accessed by application of caffeine, Sham, et al., 1998). When Ca?* spikes were
evoked at short delay, it was discovered that the pattern of release was complementary.
That is, CRUs were only activated by the second stimulus if they had failed in the first
stimulus (Sham, et al., 1998; DelPrincipe, et al., 1999). This is consistent with previous
results, which had shown that secondary release amplitudes that were negatively-correlated
with that of the primary event (Fabiato, 1985b; Cheng, et al., 1996).

Regulation by SR calcium

RyR channels also appear to be sensitive to [Ca®*]sg, although it is unclear whether the
effect is direct. An early lipid bilayer study showed that when activated by (sub-maximal)
10 uM [Ca®'T;, Poryr Was insensitive to [Ca?*]sr even when it was increased to 4 mM
(Sitsapesan and Williams, 1994). This observation led the authors to reject the possibility
that Ca®* flux through the RyR channel could access its own cytosolic activation sites: a
‘feed-through’ activation mechanism that was first suggested for skeletal (Tripathy and
Meissner, 1996) then also cardiac (Xu and Meissner, 1998) RyRs. However, when
sulmazole was added (which increases [Ca*"]i-sensitivity of RyR by interacting with the
caffeine binding site), Poryr became sensitive to [Ca®*]sr (Sitsapesan and Williams, 1994;
Sitsapesan and Williams, 1997). Subsequent studies found similar effects using ATP
(Lukyanenko, et al., 1996; Gyorke and Gyorke, 1998) and use of trypsin in the luminal bath
appeared to abolish this [Ca®*]sr-sensitivity (Ching, et al., 2000), suggesting that CSQ may
play an important role as the luminal ‘Ca®* sensor’ (Gyorke, et al., 2004; Qin, et al., 2008),
although it is unclear how trypsin affected channel integrity. In the intact myocyte,
increased [Ca’*]sg was associated with steep increases in evoked (e.g. Han, et al., 1994;
Bassani, et al., 1995) and spontaneous SR Ca®* release (Cheng, et al., 1996; Lukyanenko, et
al., 1996; Difaz, et al., 1997; Satoh, et al., 1997). The prevalence of increased [Ca**]sr and
an associated increase in SR Ca’* release in some disease states has led to the coinage of
term “store overload-induced Ca?* release’ (SOICR, e.g. Jiang, et al., 2004), though it does

not appear to be a distinct mechanism from the [Ca?*]sr-sensitivity described above.

Recent single-channel studies and complementary computer modelling have re-kindled

support for the ‘luminal triggered feed-through’ mechanism for RyR channel activation
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(Laver, 2007; Laver and Honen, 2008). By examining only the closed durations, it was
shown that the RyR channel had limited sensitivity to [Ca®*]sr (only when < 300 nM) even
in the presence of ATP. The concept behind this analysis is that in the closed state, any
effect of feed-through and associated CICR would be absent (unlike previous studies,
which examined Po ryr), thus allowing the true [Ca®*)i-sensitivity to be examined at various
[Ca’*]sk. Computer modelling of this work suggested that the luminal Ca®* activation sites
are predominantly occupied by Mg?* (Laver, 2007; Laver and Honen, 2008). However, a
recent paper has suggested that the cytosolic activation sites of an RyR are shielded from its
own release flux (Liu, et al., 2010). This was based on the observation that Poryr Only
increased moderately even when release flux was larger than that expected under
physiological conditions (Liu, et al., 2010). To explain this, a simple calculation of
diffusion from a pore was used to show that this flux would be too low to produce enough
Ca®* to reach the activation sites (Liu, et al., 2010). However, the (non-trivial) calculation
from flux to [Ca?*] near the Ca®* sensor in this study is unclear (e.g. the equation supplied
does not include time-dependence of Ca®* accumulation near the pore). Such flux “shielding’
seems even more problematic when the same study also showed that when two RyRs were
incorporated into the bilayer, the Ca®* flux from one channel could increase the ensemble
Po, even though the separation distance between the channels would be larger than the
distance between a channel’s pore and its own activation sites. The authors explain that this
discrepancy could be due to ‘Ca** occupancy’, wherein an active RyR channel would have
its activation sites already occupied and therefore, insensitive to the local Ca?* and/or
‘fateful inactivation’, wherein channel inactivation fatefully follows activation, rendering
the RyR channel insensitive to further Ca?* stimulation, although this has not been shown
for RyRs (Fill and Copello, 2002).

Closure of the calcium release unit

Robust Ca* spark termination (e.g. ~ 20 ms, Cheng, et al., 1993) despite a sustained trigger
(Sham, et al., 1998) suggests that reliable mechanism(s) must exist to inhibit the positive-
feedback of local CICR. Several mechanisms have been proposed to explain CICR
termination (see Fill and Copello, 2002 for a review). These include intrinsic RyR gating
mechanisms (described above), as well as phenomena that result from the RyR channel
cluster arrangement and/or location in a spatially-restricted junction. They are: (1) [Ca*]i-

dependent inactivation (see above), (2) stochastic attrition and (3) SR Ca?* depletion.
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Stochastic attrition arises from a finite probability that all of the independently-gating RyRs
within a CRU can be closed simultaneously (Stern, 1992b). The average time for stochastic
attrition to occur increases steeply with the number of RyR channels in a CRU (Stern,
1992b; Stern and Cheng, 2004, see Eqgn. 3.1), such that it becomes highly unlikely for
reported CRUs containing ~ 200 (Franzini-Armstrong, et al., 1999; Chen-lzu, et al., 2006;
Soeller, et al., 2007) or 14 RyRs (Baddeley, et al., 2009; Cannell and Kong, 2012). The rate
of stochastic attrition can be increased if RyR channels within a CRU are allosterically
coupled, so that the gating properties of one RyR are dependent on that of its neighbour due
to conformational change, likely transduced via FKBP-12.5. ‘Coupled gating’ was first
suggested for skeletal RyR, when isolated RyR channel clusters exhibited multiples of the
recorded unitary current without intermediary steps (i.e. no multiples of the single-channel
current, Marx, et al., 1998). The application of this mechanism to cardiac RyR was
supported by computer modelling at the time (Stern, et al., 1999) and seemed to be
observed in single-channel studies (Marx, et al., 2001). Application of rapamycin, which
was known to remove FKBP-12.6 from the RyR channels (Kaftan, et al., 1996) revealed
the expected intermediate steps, suggesting that FKBP-12.6 played a role in coupling the
RyRs (Marx, et al., 2001). However, rapamycin is also known to decrease RyR channel
conductance, which potentially confounds the interpretation of the results in the context of
likely functional coupling mediated by Ca?*. FKBP-12.6 over-expression studies showed
that Poryr Was reduced, but that the synchronicity of SR Ca®* release was improved
(Gomez, et al., 2004; Loughrey, et al., 2004). Some computer models have suggested that
coupled gating is insufficient to terminate release (e.g. Jafri, et al., 1998) and may require

an additional mechanism (e.g. [Ca**]sr-sensitivity, Sobie, et al., 2002).

The extent of [Ca?*]sr depletion and its effect on CRU gating remains controversial. It was
initially thought that Ca** transients only released a fraction of the SR content as assessed
by caffeine (Bassani, et al., 1995; Sham, et al., 1998; Shannon, et al., 2000; Shannon, et al.,
2003a). This might imply that additional [Ca**]sr remains available to be released again.
However, closer examination revealed that regions that had initially released Ca®* could not
be activated again within ~ 50 ms, even with a larger stimulus (Yasui, et al., 1994; Sham, et
al., 1998). Similarly, measurement of Ca®* spark interval at highly active release sites
revealed that Psyarc Was dramatically reduced below an interval of ~50 ms (Sobie, et al.,
2005, see also Tanaka, et al., 1998; Wang, et al., 2001). Although it is unclear what causes
this apparent ‘refractory period’ (see Cheng, et al., 1996; DelPrincipe, et al., 1999),
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measurement of Ca’" spark amplitude restitution suggests ~ 100 - 200 ms is required to
refill junctional SR Ca?* ([Ca®"];sr) (Brochet, et al., 2005; Sobie, et al., 2005; Ramay, et
al., 2011). This slow time-course is consistent with more recent measurements of local
[Ca*"]sr with a fluorescent indicator (‘Ca?* blink’, Brochet, et al., 2005), which show a
time constant of recovery of ~ 180 ms (Zima, et al., 2008b; Picht, et al., 2011), as well as
‘Ca’* scrap’ recovery (cell-wide [Ca?*]sr fluorescence signals that recovered in ~ 150 ms,
Shannon, et al., 2003a). However, Ca** blink amplitude (relative to the caffeine-insensitive
‘background’ fluorescence) is small, dropping consistently by ~ 40 % (Zima, et al., 2008b),
similar to that measured from Ca®* scraps (~ 60 %, Shannon, et al., 2003a). From this
result, the authors concluded that local [Ca**]sr depletion could not be solely responsible
for the termination of Ca?* sparks. Instead, another factor (e.g. CSQ) must exist to steepen
and shift the relationship between Pogryr and [Ca?*]sr. However, the measurement of
[Ca?*]ssr depletion may be severely hindered by the optical resolution and contamination of

the depletion signal by neighbouring structures.

RyR channel (Ca** quark) and couplon (Ca?* spark) fluxes

Early measurements of single RyR channel current in bilayers held at 0 mV yielded
Iryr ~ 4 PA using either 53 mM Ca®" (Marx, et al., 1998) or Ba?* (Kaftan, et al., 1996) as
the charge carrier. This large unitary flux led researchers to suggest various mechanisms
that would provide such a large conductance, including multiple pores and/or dielectric
focussing of Ca®* near the pore by a charged domain/fixed surface charges (for reviews, see
Williams, et al.,, 2001; Fill and Copello, 2002). However, later studies in more
physiological conditions supported more modest unitary currents and therefore, more
simple conductance schemes. For example, Mejia-Alvarez, et al. (1999) obtained iryr ~ 0.6
pA in 2 mM [Ca*]sr.

Initial measurements of Ca®* spark amplitude (~ 270 nM) gave rise to an estimated CRU
flux of ~ 4 pA for 10 ms, which made it unclear (at the time) whether one or more RyR
channels were responsible for a Ca*" spark (Cheng, et al., 1993, see also Eqn. 1.2).
However, the result of Mejia-Alvarez, et al. (1999) and subsequent measurements of Ca**
sparks fluxes suggest more than one RyR channel is almost certainly involved. Although
Ca®* spark amplitudes vary across studies (e.g. as large as ~ 20 pA, lzu, et al., 2001), they
appear to have a monotonically decaying distribution due to sampling by confocal

microscope (e.g. Pratusevich and Balke, 1996; Song, et al., 1997; Izu, et al., 1998; Cheng,

24



Introduction

et al., 1999). However, imaging of Ca*" sparks at a single release site have led to varied
conclusions. Some studies suggest that the amplitude distribution is modal (Bridge, et al.,
1999; Inoue and Bridge, 2003) and is associated with an average of 6 — 20 active RyRs
(Soeller and Cannell, 2004), while others suggest that CRUs exhibit quantal release fluxes
(Wang, et al., 2004). The amplitude of one quantum was calibrated to be 1.2 pA, which is
larger than the measured iryr, but smaller than a typical Ca’* spark. One possibility is that
each CRU is comprised of sub-clusters, as observed in peripheral couplings (Baddeley, et
al., 2009; Jayasinghe, et al., 2012), which are able to be activated independently of each
other, with a reduced probability of cross-activation (Xie, et al., 2010). However, the
concept of quantal release in cardiac CRUs is controversial (e.g. see Zahradnikova, et al.,
2010) because it has only been observed using the loose-seal patch clamp technique (Wang,
et al., 2001; Shen, et al., 2004; Wang, et al., 2004). This method was employed based on
the assumption that it did not distort the local membrane system, while allowing activation
of the LTCCs beneath the pipette (Wang, et al., 2001). However, it is likely that membrane
is distorted during loose-seal formation, which would alter the geometry of the local
junction and the physical distances between LTCCs and RyRs and perhaps between RyRs
(to allow quantal release, see below). On the other hand, if the seal was sufficiently ‘loose’,
then voltage-control would be compromised (see discussion of loose-seal patch clamp by
Roberts and Almers, 1992), which may have important effects on CICR efficiency due to
the voltage-dependent LTCC gating kinetics and unitary current. Thus, gating behaviour of

the CRU remains to be clarified.

The initial description of Ca** sparks as an ‘elementary’ event of EC coupling (Cheng, et
al., 1993) prompted a search for a smaller quantum. ‘Ca®* quarks’ were proposed by Lipp
and Niggli (1996) from the observation that Ca?* transients evoked by photo-activation of
DM-nitrophen did not show the wave-front spatial non-uniformities that should reflect Ca**
sparks (Cannell, et al., 1994). Furthermore, apparently ‘sub-threshold’ 2-photon activation
of DM-nitrophen evoked SR Ca’* release events that appeared smaller than Ca®* sparks
(Lipp and Niggli, 1998). However, the Ca** spark used in this study for comparison was
~ 6-fold more long-lasting than previously-reported events, which suggests that the
comparison may have been made between a ‘macro-spark’ (Cheng, et al., 1993) and small,
out-of-focus Ca®" sparks. It is difficult to interpret these studies due to: (1) the relatively
large size and shape of the 2-photon photolysis spot (~ 60 fL, Lipp and Niggli, 1998; Denk,

1994) compared to a single RyR channel or even CRU (~ 5 aL junction, Brochet, et al.,
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2005); (2) DM-nitrophen’s substantial binding affinity for Mg* (Kp,ca = 5nM,
Kowmg = 2.5 pM, Ellis-Davies and Barsotti, 2006; Faas, et al., 2005), meaning 0 Mg was
used, which directly affects RyR channel gating (e.g. Xu, et al., 1996); and (3) uncertainties
over effects on EC coupling due to the introduction of 1 mM high-affinity buffer, though
authors used ‘loaded” DM-nitrophen (i.e. Ca**-DM-nitrophen), which should likely
equilibrate in situ with Mg?* and increase [Ca?*]i. Similar to quantal release, Ca?* quarks
can only occur if the RyR channels within a CRU are not well-coupled to their own or
adjacent release flux (e.g. very insensitive to Ca®* or increased separation distances,
Baddeley, et al., 2009; Xie, et al., 2010, and/or reduced iRyR/[Ca2+]i-sensitivity, see Zima, et
al., 2010; Porta, et al., 2011; Sato and Bers, 2011). Nevertheless, the opening of single or
few rogue RyR channels (Junker, et al., 1994; Franzini-Armstrong, et al., 1999), perhaps in

the form of Ca®* quarks, may occur and be responsible for diastolic SR Ca** ¢

leak” during
diastole. However, the extent of this phenomenon is highly controversial (Bassani and Bers,

1995; Shannon, et al., 2002; Santiago, et al., 2010; Zima, et al., 2010).

1.6. Aims of Study

This study seeks to clarify the importance of various biological and experimental factors
that initiate and shape the Ca?* spark. This involved examination of the activation and
termination kinetics of Ca®* sparks, as well as the effect of intracellular buffers and
microscope blurring on the fluorescent signal. The focus of this work and its relevance to
EC coupling is portrayed in Fig. 1.1 (modified from Cannell and Kong, 2011).

As described in section 1.4, data from recent studies have questioned the reliability of
LTCC-RyR coupling during CICR. In particular, ‘dyssynchronous’ Ca”* release in a
disease model has highlighted the lack of clarity on the determinants of Ca*" spark latency.
This problem is addressed in Chapter 2 of this thesis, where the ability of an LTCC opening
to trigger a CRU (Pcp,) was examined by measuring the latency of Ca?* transients and Ca*
sparks (Fig. 1.1, marked by red). The relative contributions of LTCC and CRU Kkinetics to
the latency of Ca®** spark production was estimated by using different voltage step
protocols, tested using a simple computer model that incorporated channel parameters
obtained from the literature and compared to latencies recorded during a recorded rat action

potential.
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Figure 1.1 Schematic of CICR and local control (focus of study). (A) shows a linear
representation of the processes that occur during cardiac EC coupling, starting from top to bottom.
(B) shows a schematic of a dyad, through a cross-section of a transverse tubule (TT). The
junctional sarcoplasmic reticulum (JSR) wraps around the tubule, where their membranes are
separated by a small gap (not to scale). The relevant proteins are shown, including the ryanodine
receptor (RyR), sarco-endoplasmic reticulum ATPase (SERCA), L-type Ca®* channel (LTCC),
Na'-Ca®* exchanger (NCX), calsequestrin (CSQ) and junctophillin (JPH). The focus of each the
following results chapters (numbered 2 — 4, marked by red, blue and green, respectively) are
indicated in both panels. See text for details. This figure has been modified and used with

permission from Cannell and Kong, 2012,

Measurement of Ca”" spark properties have suggested that a robust mechanism(s)
terminates regenerative CICR, although the details of this is unclear (see section 1.5,
Closure of the calcium release unit’). In Chapter 3, Ca** spark termination is investigated
by examining the relationship between the amplitude and duration of release flux during
spontaneous Ca*" sparks, as well as long-lasting local events that occur when RyR open
probability is reduced by tetracaine (Fig. 1.1, marked by blue). Characteristics that
distinguish between the various termination mechanisms (e.g. Ca**-sensitivity, the presence

of a refractory period) are used to determine the most likely candidate.
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Finally, the effects of various buffers (including diffusible fluorescent Ca** dyes such as,
Fluo-4 in the cytosol, or Fluo-5N in the SR) and microscope blurring on the recorded Ca®*
spark and Ca** blink were investigated (Fig. 1.1, marked by green). In Chapter 4, a new
computer model containing a single junctional SR and adjacent junctional space is
described. This model incorporated microscope blurring functions that were measured in
experimental conditions, as well as a deformable CRU gating function that was altered to

reproduce experimental Ca** sparks.
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2. Activation of Local SR Ca”* Release during Action Potentials

2.1. Background

Cardiac EC coupling (Sandow, 1952) begins with an AP that propagates across and into the
cell via TTs. The AP activates lc, (Beeler and Reuter, 1970b), which then recruits Ca”*
sparks (Cheng, et al., 1993) by CICR (Fabiato, 1983) to give rise to the whole-cell Ca®*
transient (Cannell, et al., 1994; Lopez-Ldpez, et al., 1994; Lopez-Lopez, et al., 1995).
CICR occurs due to RyR channels (Inui, et al., 1987; Rousseau, et al., 1987; Lai, et al.,
1988), which are predominantly arranged in clusters or CRUs (Franzini-Armstrong, et al.,
1998; Franzini-Armstrong, et al., 1999). It is thought that the activation of each CRU is
triggered by local Ic. (Stern, 1992b) to produce a Ca?* spark. During EC coupling, it is
likely that most (Sham, et al., 1998), if not all, CRUs within the cell are activated by Ic, to
produce the Ca?* transient (Cannell, et al., 1994; Cannell, et al., 1995). Since the Ca®*
transient results from spatio-temporal summation of Ca®* sparks, its amplitude and time-
course are determined by the variability in delay, extent and duration of Ca*" spark

activation.

Though the triggering of Ca®* sparks is relatively synchronous under physiological
conditions, (Cannell, et al., 1994), their co-ordination may be compromised in heart failure,
wherein cells isolated from animal models have exhibited ‘dyssynchronous’ evoked SR
Ca®* release (e.g. Litwin, et al., 2000). Although this observation may be (partly) due to
other changes associated with heart failure (e.g. T-tubule (re)-organisation and/or AP
prolongation, Louch, et al., 2004; Cannell, et al., 2006; Cooper, et al., 2010), it highlights
the need to clarify the physiological time-course of SR Ca?* release activation during an AP
and the principle factor(s) that is responsible for this delay. Any latency in CICR from the
time of electrical stimulation likely arises from the kinetics of: (1) LTCC activation; (2)
Ca”" diffusion from lc, to RyR channels; (3) RyR activation; (4) diffusion of Ca?* from the
release site; and (5) dye-binding, though their relative contributions are unknown and will

be the subject of this study.

Previous studies using fluorescent indicators to measure [Ca®]; have shown that during an
AP, Ca®* transients in rat myocytes occur 2 — 4 ms after application of the field stimulus
and at no detectable delay from the Ca®* trigger (Cannell, et al., 1994). This suggests that

processes (2) to (5) occur rapidly (within the time resolution of the records, which was
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~2 ms) and that LTCC activation required an upper limit of 2 — 4 ms due to the unknown
delay caused by using field electrodes to excite the cell to the threshold potential (Cannell,
et al., 1994). Similarly, Ca®* spikes in rabbit myocytes were shown to occur 2 - 6 ms after
the peak of the AP (+ 50 mV, Inoue and Bridge, 2003).

However, Ic, during an AP is complex due to the changes in LTCC gating kinetics and the
driving force for Ca** entry. The whole-cell current is given by Eqn. 2.1 (modified from
Egns 1.1 and 1.2), where n_tcc is number of available LTCCs, which is the product of the
total number of LTCCs and the fraction available as experimentally determined in single-
channel studies by the proportion of sweeps where no openings are observed (McDonald, et
al., 1994), Po Ltcc is determined by the mean open (1o Ltcc) and closed times (tc Ltcc) and

ica IS LTCC unitary current.

Ica = nprec * Pourec * ica Eqn. 2.1

where,

To,LTCC

PoLrcc =
' To,LTcc T TeLTCC

LTCC unitary current is important as the trigger for CICR and dependent on the
electrochemical gradient of Ca?* across the sarcolemma and described by the Goldman-
Hodgkin-Katz flux equation (Egn. 2.2, Hille, 2001), where P is permeability, z is valence
(2), Vi is membrane potential in V, R is the Universal Gas constant (8.314 J/mol/K), F is
Faraday’s constant (96485 C/mol) and T is temperature in K.

_ZFVm Eqn. 2.2
o, VP [Ca¥] = [Ca’*], e RT !
1C3=PZ : RT ’ zFViy
1—e RT

The single-channel Ca®* current diminishes upon depolarisation to the peak of the AP
(typically > + 40 mV), which is far more positive than the voltage range over which CICR
is maximal during voltage-clamp steps (~ 0 mV, Cannell, et al., 1987b; Wier, et al., 1987;
Beuckelmann and Wier, 1988; Isenberg and Han, 1994). On the other hand, LTCC gating
kinetics are voltage-, [Ca®"]i- and time-dependent (McDonald, et al., 1994). Faster
activation occurs at more positive potentials (McDonald, et al., 1994; Josephson, et al.,
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2010b) and is associated with shorter SR Ca®* release latencies (Isenberg and Han, 1994;
Inoue and Bridge, 2005). It has been shown that the rate of repolarisation during the AP
has a strong influence on the Ca* transient (Sah, et al., 2002) which suggests there may be
a complex interplay of variables that determine CICR latency. A possible explanation for
this phenomenon is that it takes time for LTCCs to open so that during early repolarisation,
the driving force for Ca** entry is increased while the majority of LTCCs are open. It has
been suggested that this reduced impact of the stochastic delay in LTCC opening by
synchronous increase in driving force for Ca®* entry is an important factor for producing a
more synchronised recruitment of Ca®* sparks and a uniform Ca®* transient (Inoue and
Bridge, 2003; Cooper, et al., 2010).

At a given potential, the stochastic delay of LTCC activation (7, 1rcc) is determined by
tcLtee and nirec (Egn. 2.3). Assuming independent gating, the apparent rate constant for
leaving the closed state is the sum of all rate constants for leaving that state (Colquhoun and
Hawkes, 1983), which would place a lower limit for the mean latency for a Ca?* spark to be
evoked if a single LTCC can trigger a spark (e.g. Santana, et al., 1996; Altamirano and
Bers, 2007b).

_ Tcurce Eqgn. 2.3
Tact,LTCC -
Nprcc

Santana, et al. (1996) showed that at negative potentials (- 40 to - 30 mV), a single LTCC
was sufficient to activate a Ca** spark. However, at more positive potentials where ic, is
reduced, Pspanc and the probability of a single LTCC opening triggering a Ca®* spark
(‘coupling fidelity’, Wang, et al., 2001) may be reduced. This effect could be potentially
offset by the increase in 1o tcc at positive potentials (Josephson, et al., 2010Db), although
this has not been shown. Certainly, it has been suggested that CICR requires few (one at
0 mV, Altamirano and Bers, 2007b and three at + 50 mV, Inoue and Bridge, 2003) to ~ 60
LTCCs (at 0 mV, Wang, et al., 2001; Cheng and Lederer, 2008; Polakova, et al., 2008) to
ensure a sufficient number of LTCC openings occur rapidly to trigger a Ca*" spark.
However these latter studies did not measure SR Ca”* release latencies and probabilities
under physiological conditions and CICR fidelities were extrapolated to the physiological
case (Wang, et al., 2001; Cheng and Lederer, 2008; Polakov4, et al., 2008). On the other
hand, Inoue and Bridge (2003) compared Ca** spike latencies during APs in intact cells to
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LTCC kinetics measured from single channels incorporated into lipid bilayers. Similarly,
Altamirano and Bers (2007b) altered Ic, in intact myocytes, however they only examined

its effect on SR Ca®* release at 0 mV, which may not reflect the situation during the AP.

To clarify the distribution of Ca** spark latency during EC coupling, Ca®* transients and
sparks evoked by AP-clamp were examined at high temporal resolution and signal-to-noise.
The relative contributions of LTCC (process 1, see above) and RyR channel (process 3)
activation kinetics were determined by comparing Ca®" transient and Ca®* spark latencies
when SR Ca** release was evoked by depolarising and repolarising steps. The strategy used
to reduce Pspark involved reducing LTCC availability by nifedipine, which also allowed
investigation of how a reduced lc, current density affects its ability to trigger SR Ca®*

release, as well as an estimate of n_rcc during an AP.

2.2. Methods

Preparation of isolated myocytes

Single cardiac ventricular myocytes were obtained by enzymatic dissociation (Powell and
Twist, 1976; Hohl, et al., 1982; Bkalily, et al., 1984; Mitra and Morad, 1985). Male Wistar
rats (200 — 300 g, 6 — 9 weeks old) were anaesthetised with pentobarbital (140 mg/kg, i.p.)
as approved by the University of Auckland Animal Ethics Committee (R330/1, R649/1).
When surgical anaesthesia was achieved (~ 2 min), the chest cavity was opened by one cut
through the rib-cage on the right side of the sternum, a second cut across the thorax just
anterior of the diaphragm and a third cut through the left rib-cage, parallel to the sternum.
The heart was lifted gently and removed by cutting the aorta several mm from the base of
the heart and quickly washed in modified Ca®*-free Tyrode’s solution (in mM: 140 NaCl, 4
KCI, 1 MgCl,, 10 HEPES, 10 D-glucose, pH = 7.4 at room temperature, ~ 22 °C). The aorta
was cannulated on a Langendorff perfusion system (37 °C) and perfused with 50 mL
oxygenated Ca’*-free Tyrode’s solution for 5 min. The time from when surgical anaesthesia
was achieved to the start of perfusion was maintained to within 30 — 60 s. The heart was
then perfused with Ca®*-Tyrode’s solution that also contained 200 pM CaCl,, collagenase I
(1 mg/mL, Worthington Biochemical Corp., New Jersey, U.S.A.)) and protease |
(0.1 mg/mL, Sigma-Aldrich, Missouri, U.S.A.) for 10 — 20 min until the heart developed a
glassy appearance and rapid drip rate. The ventricles were then excised and placed into low
Ca®*-Tyrode’s solution (100 or 150 pM, 37 °C) and minced finely with dissecting scissors.
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The resulting cell suspension was separated from the tissue pieces by decanting into a tube,
which was then allowed to sediment and the supernatant removed. The sedimented pellet of
cells was re-suspended in 0.50r 1 mM Ca*-Tyrode’s solution with 0.5mM sodium
pyruvate in petri dishes for storage at room temperature. The minced tissue pieces were
repeatedly re-suspended in fresh low Ca**-Tyrode’s solution, triturated with a wide-bore
Pasteur pipette if necessary, sedimented and re-suspended in storage solution to yield

several dishes of myocytes. All cells were used within ~ 6 hrs.

Myocytes were incubated for 25 min (room temperature, in a darkened environment) with
5uM Fluo-4/AM or Fluo-5F/AM (acetoxymethyl ester, Gee, et al., 2000, Invitrogen,
California, U.S.A.) by adding 2.5 pL of a 2 mM stock (2.5 % Pluronic® F-127 in dimethyl
sulfoxide, Invitrogen and Sigma-Aldrich, respectively) to 1 mL of cell suspension. Dye-
loaded cells were allowed to sediment for 5 min, then the incubation solution was removed

and the cells suspended in ~ 2 mL of storage solution.

Electrophysiology of cardiac myocytes

Two main perfusion systems were used in these studies, which were used interchangeably
on the imaging systems described, depending on the functionality required. Both systems
used rectangular Perspex chambers with number 1.5 glass cover-slip bottoms (glued on
with silicone rubber), which were served by gravity-fed reservoirs selected by an electronic
valve system (VC-6, Warner Instruments, Connecticut, U.S.A.). Solution flow was along

the long-axis of the rectangular chamber.

The first chamber was designed for field stimulation, with lengths of platinum wire placed
along each longitudinal side of the rectangular chamber to act as electrodes. These were
connected to a signal generator (e.g. SD9 stimulator, Grass Technologies, Rhode Island,
U.S.A.). The solution was removed by suction pump system. This was comprised of a
modified plastic pipette tip (bent slightly after heating and bevelled) dipped into one end of
the chamber and was connected through plastic tubing to a closed glass jar. A suction pump
was used to create negative pressure in the glass jar, which could then remove solution
from the chamber. The plastic pipette tip was attached to an extra piece of Perspex whose
height could be adjusted with a screw, which allowed the height of the solution in the

chamber to be adjusted by changing the height of the pipette tip.
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The second chamber was designed for electrical recordings and contained a chloride-coated
silver wire along one longitudinal side to act as ground. The solution level was controlled
by a servo-motor system as described by Cannell and Lederer (1986b). The solution was
removed from one end of the bath by a gear pump (through plastic tubing with its opening
fixed near the bottom of the bath). The solution level nearby was detected by a brass float
that was coated with adhesive (Photomount™, 3M Technologies, Minnesota, U.S.A.) to
make it hydrophobic. This was attached via a bent stainless steel tube (25G) to a force
transducer (SensorOne Technologies Corp., California, U.S.A.), which was then connected
to an electrical circuit (see Cannell and Lederer, 1986b) that altered the voltage across the
pump (and therefore, pump rate) depending on the voltage across the force transducer.
Thus, an increase from a set solution level (where pump rate equalled inflow rate) caused
an increase in the pump rate and vice versa. The time-constant of solution application in
this chamber was measured by detecting the appearance of fluorescein at different locations
within the bath. The time constant for solution change was ~ 30 s for central regions of the
chamber (data not shown). The edges were not used due to inaccessibility by the patch-
pipette. During experiments, ~2-5min was allowed for equilibration during drug

application and ~ 15 min for drug wash-out.

For whole-cell voltage-clamp (Lee, et al., 1980; Hamill, et al., 1981) experiments, pipettes
were pulled from boroscillicate glass capillaries (1.5 mm O.D., 0.86 mm 1.D., Harvard
Instruments, Massachusetts, U.S.A.) on a Flaming Brown Pipette Puller (P-87, Sutter
Instrument Co., California, U.S.A.) and filled with (in mM): 100 CsAsp, 30 CsCl,
5 MgATP, 10 HEPES, 100 uM Fluo-4 (or 5F) pentapotassium salt (pH =7.2 at room
temperature with CsOH) to result in pipette resistances of ~ 2 - 3 MQ. The pipette solution
was made fresh daily and stored on ice. The pipette solution usually contained no Na* to
reduce the possibility of the NCX in contributing to trigger Ca?* during EC coupling,
although preliminary data in 5 and 10 mM [Na'] suggest that the general conclusions of this
study are unchanged (not shown). During recording, cells were superfused with Tyrode’s
solution (see above) that contained 1 mM CaCl, and 10 mM tetraethylammonium chloride.
Unless otherwise stated, a VE-2 amplifier and headstage (Alembic Instruments Inc.,
Montreal, Canada) was used with series resistance compensation enabled. In these
experiments, AP-clamp was employed to reduce cell to cell variability in AP time-course.
The AP used as the command profile for AP-clamp experiments was measured using an
Axopatch 200B amplifier and CV201A headstage (Molecular Devices, California, U.S.A.)
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in current-clamp mode. The pipette solution was 140 mM KCI, pH=7.2 at room
temperature with KOH. For nifedipine dose-response curves, the pipette solution also
contained 10 mM NacCl.

Cells were stimulated at 0.2 Hz. For depolarising steps, membrane potential (V) was
ramped from a holding potential of - 80 to -40 mV in 550 ms to inactivate the fast Na"
current and then stepped to a test potential (-30 to +50 mV) for 200 ms. For repolarising
steps, Vin was stepped from -80 to + 100 mV for 5ms and stepped to a test potential
(- 120 to + 20 mV) for 21 ms. A pre-conditioning train of 4 step pulses to 0 mV for 200 ms
were used. The pre-pulse to + 100 mV meant that LTCCs were activated, but could not
conduct Ca** until the membrane was repolarised to a potential that increased the driving
force for Ca** entry. Longer pre-pulses of 10, 20, 30 ms were tested and showed no
difference in the latency of Ca?* transients (data not shown). Both of these protocols were
performed immediately following the AP-clamp protocol. Junction potential was estimated
to be 14 mV (Barry, 1994) and corrected for during analysis. The amplitude of Ic, was taken
as the difference between the measured peak current and the value at the end of the test

pulse (Shorofsky and January, 1992).

Ca’* transient and Ca®* spark imaging

For nifedipine dose-response measurements, fluorescence was recorded using an inverted
Nikon Diaphot 200 microscope with a 1.3 numerical aperture (N.A.), 40 x oil immersion
objective. Excitation light was provided by a Xenon arc lamp (L.T.l. A1020) and the
photomultiplier tube signal was converted at 10 nA/V and low-pass filtered at 3.15 kHz
(Ithaco 4392 dual 24 dB/octave filter) prior to digitisation by Digidata 1200 for viewing in
PClamp v9.2 (Molecular Devices). A shutter system (SD-10 shutter drive/timer, Uniblitz,
New York, U.S.A.) triggered by PClamp was used to limit illumination of the cell to the

period of the test pulse.

For all other experiments, an inverted LSM 710 (Zeiss, Oberkochen, Germany) confocal
microscope was used with a 1.1 N.A., 40 x water-immersion objective. The microscope
pinhole and scan motors were checked and calibrated using the Zeiss software every-day
~ 2 hrs prior to the start of experiments. Line-scan images were triggered by PClamp using
a custom-written macro for Zen 2008 software (Zeiss). PClamp controlled the voltage-

clamp and at the start of the test pulse, also activated an LED that was detected by a
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transmitted-light PMT and stored in the second channel of the image. Images were recorded
at 16-bit, ~0.35 ms/line and 0.083 um/px, for ~50 ms per stimulus, with the line-scan
placed parallel to the long-axis of the cell. Recording of spontaneous Ca?* sparks used

similar systems.

Drugs

15 uM nifedipine (Sigma-Aldrich) was used to reduce LTCC availability (McDonald, et al.,
1994) and therefore reduce Pspark S0 individual Ca’* sparks could be measured. 10 uM FPL-
64176 (FPL, Tocris Bioscience, Bristol, U.K.) was used to prolong to tcc, Without altering
tcLtec (Rampe and Lacerda, 1991). Nifedipine was made as a 10 mM stock solution in
methanol, while the FPL stock was made to 10 mM in Milli-Q water (Millipore Corp.,
Massachusetts, U.S.A.). Both were stored at 4 °C. All reagents were purchased from Sigma-

Aldrich or Scharlau (Barcelona, Spain).

Image analysis and programming

Image processing and Ca®* spark analysis were performed using custom programs written
in Interactive Data Language (IDL v6.3, ITT Visual Information Solutions, Colorado,
U.S.A.). Ca®" transient and spark images were normalised to F/F by dividing by an
averaged spatial fluorescence profile over the pre-stimulus period, where defined. For
detection of spontaneous events, images were divided by a preceding region that did not

contain Ca”* sparks (judged by eye) for spontaneous events.

Line-scan images were analysed in 1000-line segments to automatically detect Ca®* sparks.
They were normalised to F/Fq, then passed to the ‘Matched Filter Detection Algorithm’
(Kong, et al., 2008) to detect and locate Ca®* sparks. The user-defined ‘sigp’ parameter was
set to 1 x 10 so that very few false positives would be detected. The matched filter was set
to a typical Ca** spark of AF/F1.0, full width at half maximum (FWHM) 1.5 pm, time to
peak of 10 - 15 ms and time to half decay of 25 ms. Results that included overlapping

events or were in areas of increased Ca* (e.g. spontaneous Ca®* waves) were discarded

Unless otherwise stated, curve-fitting was performed with a Levenberg-Marquardt least
squares algorithm (Moré, 1978) implemented in IDL (Markwardt, 2009) in IDL. Error bars
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indicate one S.E.M., although one standard deviation (S.D.) may be shown (when stated) to

display data variation that is smaller than the symbol size.

Measurement of SR Ca”* release latency

Ca”" transient time profiles were obtained by averaging across the spatial dimension of the
image, while that of Ca®" sparks were obtained by locating the centroid manually,
averaging over 0.7 um. For Ca”* sparks, the amplitude time profile of a neighbouring non-
sparking region was subtracted to minimise contribution from out-of-focus fluorescence.
Latency of SR Ca?* release was measured by fitting a sigmoid curve (Eqn. 2.4, where A is
amplitude, to is shift in time, 7 is time constant of rise and C = 1) to the rising phase of the

release event.

F A Egn. 2.4

Foo g4 =

The start of SR Ca?* release was defined as where the fitted curve exceeded a threshold.
This threshold was calculated as a proportion of the maximum rate of rise (Eqn. 2.5)
calculated from Eqn. 2.4. This method of determining threshold (green lines, Fig. 2.1) was
chosen over a basic amplitude threshold (red lines, Fig. 2.1) because the latter does not
correctly measure the start of events that have different rates of rise (black lines, Fig. 2.1).
Similarly, calculation of the threshold as a proportion of event amplitude leads to different
start times for events of different rates of rise (blue lines, Fig. 2.1). Although a threshold
approach always produces an error from the ‘true’ start (arrow, Fig. 2.1), the rate of rise
method ensures this error is the same between events with different rates of rise (e.g. Ca®*
transients and Ca* sparks). Using the time of the maximum rates of rise would also provide

this advantage; however, the offset from true start would be relatively large.
Threshold = 0.1 - maximum rate of rise + C Eqn. 2.5

The time of a reference point to the start of release was used as SR Ca*" release latency. For
AP-clamp experiments, this reference point was the time at which the AP reached
- 40 mV during the AP upstroke. This value was chosen because it was never contaminated
by the stimulus artefact during current-clamp recordings and it is also at the foot of the

activation curve for Ic, (McDonald, et al., 1994). For depolarising steps, the reference point
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was at the start of the depolarising pulse and for repolarising steps, the reference point was

the start of the repolarising pulse.

The latency during depolarisation steps includes the waiting time for LTCCs to open, while
latency measured during repolarising steps does not because the LTCCs are already
activated during the pre-pulse. In this approximation, the difference in latency between
depolarising and repolarising steps at each potential (4L) should reflect the waiting time for
the first LTCC in a junction to open. Should this first LTCC opening be insufficient to

trigger CICR, then the latency measured during repolarising steps should also depend on

5 -
s / A
4 b 7 m absolute
- m amplitude
- 3F m rate of rise
1
0 m | L [ 1 L [

Time

Figure 2.1 Using the maximum rate of rise to determine the start of an event.
This illustration shows two signals, A and B that increase at different rates and for
durations (e.g. Ca?* transients and Ca®* sparks). The black arrow indicates the
‘true’ start of fluorescence increase, which is the same for both functions and
unknown in an experiment. The different colours indicate the results of three
different methods for estimating this start. For example, an absolute threshold of 2
(red lines) yields different start times for each event, at an error that depends on
the rate of rise. If the threshold is weighted by the signal peak amplitude (e.g.
0.1:AF/Fg + 1, which would be 1.4 and 1.2 for A and B, respectively), the
resulting start times would also be different for the two events (blue lines). If the
threshold is weighted by the maximum rate of rise (2.5-AF/Fo/dt + 1, which would
be 4.3 and 2.25 for A and B, respectively), then the resulting start estimates would
be the same (green lines). In other words, the rate of rise threshold method allows
the comparison of the latencies of events with different rates of rise and

amplitudes because they should have the same error from ‘true’ start.
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the voltage-dependence of LTCC activation kinetics, rather than CRU activation kinetics

alone.

The observation time for Ca®* sparks was finite, which potentially missed late events (i.e.
low frequency information is limited by the length of the recording) and would reduce the
observed mean latency. To estimate the extent of this bias, the underlying latency
distribution was assumed to be a declining mono-exponential function, where the true mean
(i.e. an infinite observation period) is T and the observed mean due a finite observation
period (Tops) IS Tobs (EQN. 2.6). Note that as tons approaches ~ Tops/2, T approaches infinity
and cannot be back-calculated.

_Tobs Eqn. 2.6
(t+Tops) € T —T
Tobs = Tobs
e t© —1

Estimating latency of SR Ca?* release during AP-clamp

The contribution of LTCC waiting time to the latency of Ca®* spark production during an
AP was estimated from AL(V). The AP-clamp profile, V(t) was used to obtain AL(t). The
probability of SR Ca?* release event occurrence, P(t) was estimated using the whole-cell
nifedipine-sensitive current during an AP-clamp, using Eqgn. 2.2 to estimate ic, and Eqn.
2.1. Once a CRU had activated, it was assumed not to activate again over the observation
period. The effect of this was calculated by multiplying the latency histogram by the
probability that the CRU did not fire (i.e. 1 — the cumulative latency histogram).

Monte Carlo simulations of SR Ca®* release latency

To examine how CICR latency could be produced by LTCC and RyR gating in a junction, a
simple computer model incorporating reported LTCC, [Ca2+],-uncﬁon response to Ic, and RyR
channel parameters was constructed (for a summary of parameters, see Table 2.1). The
simulated latencies were compared to those recorded during depolarising and repolarising
steps to various potentials. Stochastic LTCC openings were simulated using exponentially-
distributed open and closed times, with means 1o tcc and tctcc, respectively. These
kinetic parameters are described by Eqgn. 2.7 (Rose, et al., 1992; Takeda, et al., 1995;

Josephson, et al., 2010b), where no re-openings were allowed at — 120 mV (Polakova, et al.,
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2008). For tortce, tmax = 1.3, slope= 18 and Vo=-17. For 1tcitcc, Tmax = 10,
slope = -10 and V( =-5. The fraction of LTCCs available was taken from Rose, et al.
(1992). The number of LTCCs available in the couplon (n_tcc/couplon) was also varied.
The LTCCs were initially closed or open to reflect their state at the beginning of the

depolarising or repolarising pulse, respectively.

— Tmax Eqn. 2.7
TXLTCC = 7 v, —Vo.
1+ e( slope )

[Ca2+],-uncﬁon was computed following the results of Soeller and Cannell (1997), who
numerically-determined the effects of various Ca** buffers and a two-dimensional junction

Parameter | Value Notes and References

Number of trials | 500
Time step, dt (us) | 1

Record duration, Tq,s (Ms) | 21, 45 For repolarising and depolarising steps,
respectively

LTCC mean open times, | Eqgn. 2.7 Rose, et al., 1992; Takeda, et al., 1995;
ToLTcc (MS) Josephson, et al., 2010b

LTCC mean closed times, | Eqgn. 2.7 Ibid
Te,Lec (MS)

ica | Eqn. 2.2 Using P = 0.00018, [Ca?*]; = 100 nM,
(proportion of ic, at 0 mV) [Ca®*], =1 mM, and T = 22 °C to obtain 0.1 pA at
0 mV (Guia, et al., 2001)

[Ca2+]juncﬂOn Eqgn. 2.8 Function of ic, and time, approximated to Soeller
and Cannell, 1997

RyR mean closed time, | Fig. 2.2B Data from single-channel lipid bilayer studies
TcRryr (MS) (Laver, D., personal communication; Laver and
Honen, 2008)

RyR mean open time, | 2 0.9+0.1ms (n=25, pCa=3.3t05 1 mM Mg*;
(ms) Laver, D., personal communication) and ~ 3 ms
ToRR in 0.22 mM Mg** (Laver and Honen, 2008).

Table 2.1 Simulation parameters for estimating the latency to SR Ca’* release

in simple Monte Carlo model. See text for details.
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geometry on the amplitude and time-course of [Ca**Jjunction @s @ result of Ca®* influx. They
showed that for one LTCC opening of 0.2 pA, [Caz+]junction increased to ~70 UM in
(essentially) the steady-state and following LTCC closure, [Caz+]junction decayed with a rapid

initial phase (~ 0.1 ms) and more slowly at later times (~ 2.5 ms).

This was emulated in the model by a piece-wise approximation, as defined by Eqn. 2.8 and
shown in Fig. 2.2A (solid line). The rate constants of [Ca2+]junction production and
dissipation were more rapid immediately following LTCC state transitions. The default

values were tc junction = 1.08 WS, o junction = 70 ps and [Ca®*]rest = 100 NM.

2+ _ S- kt—1 ([Caz+]junction,t—1 - [Caz+]rest) Eqn.2.8
A[Ca ]junction,t - -
T¢,junction T0,junction
where,
[Ca® Tjunction -1 = Stica IM; toLTcc = dt
TC junction = 5.56 ps, TO,junction = 0; ToLTcc < 4 US
TO,junction = 285.71 ps; 0.1<tcLtcc<1.2ms
TO,junction = 2 ms; 1.2< TcLTee < 3ms
TO,junction = 5ms; TcLTcc >3 MS

S was set to 0.6 at 0 mV to give a steady-state [Ca2+]junction ~ 35 UM, which corresponds to
an icy of ~0.12 pA since Soeller and Cannell (1997) modelled a 0.2 pA unitary flux, while
ica Under physiological conditions is likely to be much smaller (e.g. Guia, et al., 2001). This
scaling factor is reasonable since steady-state [Ca2+],-unction should be linearly proportional to
ica (Soeller and Cannell, 1997). Since the model presented here is non-spatial, it follows

that steady-state [Ca’*Jjunction iS also proportional to the number of LTCCs that are open.

The RyR channel response to [Ca2+]junction was estimated from RyRs reconstituted into lipid
bilayers in the presence of 0 (Copello, et al., 1997; Laver and Honen, 2008), 0.22 (Laver
and Honen, 2008) and 1 mM Mg** (D. Laver, personal communication). The RyR channel
opening rates from these data-sets were fitted by eye to Hill equations of the form shown by
Eqgn. 2.9, where Kp is the dissociation constant for [Ca2+]junction and H is the Hill coefficient.
The RyR opening rate in more physiological [Mg®*] (~ 0.5 mM, Gupta, et al., 1984; Blatter
and McGuigan, 1986; Quamme, 1990) was estimated (dashed line, Fig. 2.2B).
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H
1 (maxrate . [Caz+]junction ) Egn. 2.9

= H
[Caz+]junction + KD i

Tc,RyR

The number of RyR channels within a CRU that were able to detect [Ca2+],-unctiOn (Nryr) Was

also varied.
n
Pocru(D) =1 —[1 = Pogyr(®] F Egn. 2.10

The open probability of the CRU (Po cru) Was calculated as a function of time and was the

probability that at least one RyR channel opened (from the Binomial Distribution, Eqn.

i 100 = 1
= PPan £ o
s 30¢ = t T
“-:—j;' 10 X x‘x < 0.1
o ' (0]
o \ £ 001 [Mg*']
3 3 ©0.22
= >$§< 8' e 1 MM
0.1 - 0.001
T T T
0.001 0.01 0.1 1 10 1 10 100 1000
Time (ms) [Ca%*]; (M)

Figure 2.2 Ca? in the junction and RyR channel opening rate used in Monte Carlo
simulations. (A) shows the piece-wise function (orange line, Eqn. 2.8) used to calculate the
appearance of [Ca®*Jjuncion IN response to an LTCC opening of 0.3 ms and 0.2 pA, as shown by
Soeller and Cannell (1997) for [Ca®*] at 4 nm below and 2.5 nm radial distance from the mouth
of the LTCC. At LTCC open durations that were longer than ~ 0.3 ms, [Caz+]jun0tion reached a
steady-state level that is proportional to ic,. Once the LTCC closed [Caz+]junction decayed rapidly
to half of its maximal value in 0.1 ms, then decreased more slowly at later times. (B) shows the
opening rates of single RyR channels as observed in lipid bilayers in the presence of (in mM):
2 ATP, 0.22 [Mg*]i and 0.1 [Ca*']sr (grey circles, Laver and Honen, 2008) or 2 ATP, 1 [Mg*'];
and 1 [Ca®']sr (black circles, D. Laver, personal communication). These were fitted by Hill
equations (Eqn. 2.9) with parameters, H = 2.8 and maximum opening rate = 0.5 /ms. In 0.22 mM
Mg?, Kp =15 uM (grey line) and in 1 mM Mg®*, Kp = 100 uM (black line). On the basis that
physiological [Mg*] is ~ 0.5 mM (Gupta, et al., 1984; Blatter and McGuigan, 1986; Quamme,

1990), the opening rate was estimated as an intermediate (orange line), where Kp = 40 uM.
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2.10), where the probability of each RyR opening (Pogryr) is independent. The mean SR
Ca®* release latency was measured from the start of the simulation to the time when Po cry

reached 0.5 (arithmetic mean).

Estimating whole-cell release flux by deconvolution

Even though the measurement error is theoretically consistent between events (see Fig.
2.1), the mean Ca®" transient latency at a fixed threshold reflects the time of activation of
early Ca** sparks, while the mean Ca?* spark latency corresponds to the time of most
probable Ca*" spark activation. Even the time of the maximum rate of rise during a Ca**
transient likely under-estimates average Ca?* spark latency due to missed late events (loss
of signal contrast as the Ca* transient proceeds). To estimate the time-course of Ca®* spark
production in the nifedipine-free case, a Ca** spark was used to de-convolve a Ca*'
transient by a Richardson-Lucy algorithm. The signal-to-noise ratio of the Ca** spark image
was improved by spatial averaging assuming spatial symmetry. Both the Ca* transient and
spark images were baseline-subtracted and convolved with a 3 pixel wide Savitzy-Golay
filter first in the spatial, then time dimensions. The total energy of the Ca?* spark image was
set to unity. The Ca®* transient image was padded with zeros, so that the image width and

length were doubled.

2.3. Results

Latency of SR Ca?* release during AP-clamp

The latencies of Ca®" transients evoked by AP-clamp were measured. The AP profile used
(Fig. 2.3Ai) was recorded from a rat ventricular myocyte and was chosen for its stable
resting Vm, at — 80 mV and which rapidly reached a peak potential of ~ + 50 mV (see Kim, et
al., 2010). This AP evoked a nifedipine-sensitive current (lc., Fig. 2.3Aii) and Ca*
transient (Fig. 2.3Aiii). Spatially-averaged fluorescence began to increase ~ 4 ms after the
AP depolarised to - 40 mV and reached a peak in ~ 12 ms (Fig. 2.3Aiii), which can be seen
more clearly in the time derivative (Fig. 2.3Aiv). Although the time to peak of this Ca®*
transient is typical and suggests a relatively synchronous cell-wide activation of Ca®*
sparks, non-uniformities are apparent in the line-scan image (Fig. 2.3Av). These non-
uniformities can be better appreciated at high time-resolution (Fig. 2.3Bv), where Ca**

appears with stochastic delay at a spatial periodicity of ~ 1.8 um and then diffuses and/or
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Figure 2.3 Latency of Ca®* transients during AP-clamp. (Ai) shows the AP-clamp profile, that
elicited a (ii) nifedipine-sensitive current and (iii) Ca®* transient (spatial average). The
fluorescence begins to increase at ~ 4 ms, as shown in the time derivative (iv). Examination of the
(v) fluorescence image reveals that during a normal Ca?* transient, non-uniformities at the wave-
front are present. At high time-resolution (Bv), it is clear that they occur every ~ 1.8 um (e.g.
white arrows). Fluorescence at these local regions (averaged across 0.25 um) increased more
rapidly (red lines, Biii and iv) than the spatial average (black lines, from Aiii and iv). Compared
to the time-course of Ic, (ii), the maximum rate of the rise of the Ca®" transient occurs near the
peak of Ic.. (C) shows a normalised histogram of Ca®* transient latencies, as measured to the start

of the Ca?* transient at ~ 1.8 pm intervals (n = 721 intervals, 7 cells).
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superimposes with other/late release events. When fluorescence profiles from only these
early gradients were averaged, the resulting time-course (red line, Fig. 2.3Biv) is faster than
the initial estimate from the spatial average (black line, Fig. 2.3Biv) with an earlier (~ 2 ms)
maximum rate of rise, but with little difference in the start time. A summary of latencies
measured from these regions are shown in Fig. 2.3C. The shortest and mean latencies were
~ 2 and 5.4 ms, respectively (Fig. 2.3C), which corresponds to + 15 and ~-10 mV during
the repolarising phase of the AP. Note that this range of potenails is within the LTCC

window current (McDonald, et al., 1994).
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Figure 2.4 Effect of nifedipine on peak lc, and maximum rate of rise of Ca®
transients. (A) shows the current-voltage relationship for peak Ic, (bottom panel,
normalised to maximum peak Ic, for each cell) and maximum rate of rise of Ca’®" transients
(top panel, normalised to the maximum for each cell) in response to different concentrations
of nifedipine. (n = 2 cells, with 3 or 4 sweeps for each data-point). The potentials here have
not been corrected. If maximum rate of rise of the Ca* transient is proportional to Pgyar, this
data suggests that in 10 pM nifedipine, Py has reduced by ~ 76 %. (B) shows the effect of

nifedipine on Ic, at - 20, 0 and + 20 mV in one cell.
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The problem with measuring SR Ca?* release latency from Ca®* transients is that it
measures only the latency of early Ca?* sparks, while later events are not resolved due to
loss of signal contrast at high Pspak. The time of peak during a Ca®* transient is not a good
indicator of global SR Ca®* release termination, but shows the time to which Ca** release
and uptake fluxes are equal (assuming the Ca®* dye is at steady-state). To measure Ca*
spark latency directly, nifedipine was used to decrease Pgyac and enhance signal contrast.
Nifedipine reduced Pgpark because it reduced lc, density (bottom panel, Fig. 2.4A), with no
apparent shift in voltage-dependence. At 10 uM nifedipine, peak Ic, (~ 0 mV) was reduced
by 76 %. At this level of Ic, inhibition, a similar reduction in the maximum rate of rise of
the associated Ca®" transients was also observed (top panel, Fig. 2.4A). The actual current

density from one cell is shown in Fig. 2.4B.

Line-scan images of AP-clamp evoked SR Ca’* release in the presence of 15 puM nifedipine
revealed discrete Ca®* sparks (Fig. 2.5A). Ca®* sparks occurred with variable probability
and delay during a given stimulus, as shown by the changing pattern of release between
subsequent stimuli (Fig. 2.5A). Time-profiles of Ca** sparks (marked by white dashes, Fig.
2.5A) are shown. A summary of the time-course of Ca®* spark production during the AP-
clamp is shown in Fig. 2.5B. The mode and mean latencies were 7.5 and 9.6 ms,
respectively, which correspond to potentials between -15 and —25mV during the

repolarisation phase of the AP.
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Figure 2.5 Ca®" spark latency when evoked under AP-clamp. (A) shows examples of
Ca”* sparks evoked during an AP-clamp in the presence of 15 pM nifedipine. Time profiles
of the Ca®* sparks marked by white dashes on the line-scan images are also shown. (B)
shows a summary histogram of Ca®* sparks (n = 170 events, 6 cells) evoked under AP-
clamp and the corresponding time-course of command potential. The mode and mean

latencies were 7.5 and 9.6 + 4.2 ms (S.D.), respectively.
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Latency of SR Ca?* release during depolarising and repolarising steps

Since Ca’* sparks occur at some delay following the initiation of the AP, it was of interest
to determine whether the rate of LTCC activation is a primary contributor. To do this, SR
Ca®* release was evoked by depolarising and repolarising steps to various potentials and the
measured latencies were compared. During depolarising steps, Pspark and Ca”* spark latency
changed depending on the test potential. The dependence of Pgyak On step potential was
already shown in Fig. 2.5A, but are now visualised in the line-scan images and spatial time-
profiles of Fig. 2.6A. As test potential increased, Ca®* transient and Ca®* spark latency
decreased (Fig. 2.6B). At potentials below - 30 mV, Pspa Was extremely low and the few
latencies measured were highly variable. The correction for limited observation duration
(Tobs =45 ms, Eqn. 2.6) was applied to these measured latencies and an estimate of the
mean detection error was subtracted (the shortest mean latency observed during
repolarising steps, which was 1.45 ms at — 100 mV, Fig. 2.7B). The corrected latencies are
shown in Fig. 2.6C. Note that the negative relationship between of SR Ca*" latency and test
potential is not as steep as the reported voltage-depence of tc tcc (Josephson, et al.,
2010b). However, ic, decreases with increasing test potential (Eqgn. 2.2), which would slow

RyR activation kinetics and prolong CICR latency.

To estimate the effect of test potential on the activation of RyR channel clusters, the
repolarising step protocol was used to first activate, but prevent Ca?* influx through LTCCs,
then increase the driving force for Ca?* entry with repolarisation to activate SR Ca?* release
(e.g. Fig. 2.7A). The latency of SR Ca”" release from repolarising steps (Fig. 2.7B) was
shorter than that measured during depolarising steps (Fig. 2.6B), as expected if the delay
due to LTCC activation was removed. Further, unlike the voltage-dependence of latency
during depolarising steps, latency increased with Vgepor (Fig. 2.7B), as would be expected
due to a decrease in ic, (Eqn. 2.2). Following the correction for observation bias
(Tobs=21ms, Eqgn. 2.6) and detection error using the same method as applied to
depolarising step latencies, repolarising step latencies showed a relatively shallow
dependence on estimated ic, (~ inversely proportional, see Fig. 2.7C), compared to reported
[Ca®*]-dependence of isolated RyR channels (e.g. Meissner and Henderson, 1987; Copello,
et al., 1997; Laver and Honen, 2008). This could be explained if CICR is operating in the
near-saturation range of RyR activation kinetics (see Fig. 2.2B) and/or the voltage-

dependence of latency includes waiting time for subsequent LTCC openings.
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Figure 2.6 Ca’* transients and Ca?* sparks elicited by depolarising steps. (A) Time profiles
(spatial average of whole image) and line-scan images of Ca®* sparks evoked at increasing step
potentials in 15 pM nifedipine (same cell). (B) Latencies of Ca?* transients (blue squares, n = 74)

and Ca®* sparks (black circles, n = 62). The trend lines were fitted by eye:

VbEPOL
latency =A-e" + +C, where 7=40 mV. For Ca®" transients, A=1.5ms, C=4.2ms and

for Ca?* sparks, A =3.75ms and C = 10.5 ms. (C) shows latencies corrected for Tops bias (Eqn.
2.6) and detection error (see text). Trend lines were the same as above, except for Ca?* transients,
C = 2.75 ms and for Ca** sparks, A=15ms, =60 mV and C = 3 ms.
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Figure 2.7 Ca®" transients and Ca*" sparks evoked by repolarising steps.
(A) Time profiles (spatial average of whole image) and line-scan images of
Ca*" sparks evoked by repolarising steps in 15 pM nifedipine (same cell).
(B) shows Ca** transient (blue squares; n = 88) and Ca** spark (black circles,

n = 122) latencies as a function of repolarising step potential. Data obtained

. . _VREPOL
from 5 cells. The trend lines were fitted by eye: latency = A-e =

For Ca*" sparks, A=55ms, t=40mV and C=3.2ms and for Ca®

transients, A=2ms, t=40mV and C = 1.6 ms. (C) shows corrected mean

latencies against ic, at each VgepoL (estimated by Eqn. 2.2). Mean latencies

were corrected for observation bias (Eqn. 2.6) and detection error (see text).

The fitted trend lines for Ca** transients and Ca”* spark corrected latencies
ica ica

were: 2.3 - (m)‘ojand 185 - (m)‘l-o, respectively.
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Another important measure of CICR function is Pspak, Which appeared to be voltage-
dependent during repolarising steps. Though SR Ca®" release occurred with very short
delay at very negative Vrepor, Pspark Was very much reduced. Ca®* transients evoked at very
negative VreporL showed smaller amplitudes and maximum rates of rise (Fig. 2.8A,B). The
first derivatives of these Ca®* transients suggests that the initial rate of Ca®*" spark
production was similar across different potentials, but that the duration of SR Ca*" release
at very negative potentials was relatively short (Fig. 2.8B). Overall, as VgepoL decreased
(and ic, increased, Eqn. 2.2), the maximum rate of rise of Ca* transients increased initially,
but then decreased again as ic, increased further (blue squares, Fig. 2.8C). This
phenomenon can be explained by the voltage-dependence of totcc, which decreases at
decreasing potentials to limit the activation of Ca** sparks. To test this idea, FPL was used
to prolong 1o tcc. Preliminary data appears to show that maximum rate of rise did not
decrease at negative potentials (white squares, Fig. 2.8C). Thus, it would seem that under
normal circumstances, CICR may be limited by decreasing totcc at potentials below
approximately - 35 mV, with maximal release occurring at more positive potentials, to

approximately - 10 mV.

Comparison of Ca”* spark latencies during depolarising and repolarising steps within this
range should provide some insight into LTCC waiting times in the intact myocyte.
Calculation of AL at - 15 mV suggests that the time spent waiting for a sufficient number of
LTCCs to open were ~ 2 and 9 ms for Ca* transients and sparks, respectively (Fig. 2.9A).
At a more positive potential (5 mV), AL was reduced ~ 1 and 4.5 ms for Ca®* transients and
sparks, respectively. Thus, waiting time for LTCC openings would comprise ~ 62 % of the
observed latency during depolarisation to — 15 mV, but only ~ 36 % when depolarising to

5mV, as ic, Is reduced and RyR activation is slowed.
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Figure 2.8 Maximum rate of rise of Ca®* transients elicited by repolarising steps.
Ca®* transient amplitude (A) and rate of rise (B) from one cell at different Vgepor
(indicated). Traces were aligned by their start time. Release duration appeared longer at
more positive potentials. (C) shows the dependence of max. rate of rise (hormalised to
the maximum for each cell) on ic, (estimated using Eqgn. 2.2). Under normal conditions
(blue squares, n = 164 sweeps, 3 cells, error bars show one S.D.), the maximum rate of

rise shows a biphasic relationship. Curves are Hill equations of the form:

. . H
norm. max. rate of rise = :{Ca_/lcaf‘wmv =, Where Kp = 0.095 and H = 2 (dashed line)
Kp ™ +ica/icaatomv

and 3 (dash-dotted line). Preliminary data shows FPL-64167 (white squares, 1 cell)

appeared to counteract the reduction in maximum rate of rise at negative potentials.
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Latencies during AP-clamp

When AL was used as the basis for ¢, tcc(V) in the nifedipine (Ca** sparks, black line, Fig.
2.9A) and nifedipine-free (Ca”* transients, blue line, Fig. 2.9A), the time-course of SR Ca®*
release for Ca®* sparks could be reproduced reasonably well (compare Fig. 2.9B to Fig.s 2.5
and 2.3).

A =
15 @ Ca? sparks
B Ca?f transients
- 10F
E | ¢
—
<] 5
0 - L [ []
-35 -15 5 Vn(mV)
B

Probability

0O 5 10 15 20 25 30 35
Latency (ms)

Figure 2.9 Prediction of AP-clamp evoked Ca** spark latency from
AL. (A) Estimate of waiting time for LTCCs from the difference in
latencies between depolarising and repolarising steps (4L). The curves
that were used to estimate corresponding waiting times during an AP

v A"
were for Ca®" transients,AL = 2.5-e 20 — 1.8 - e20 + 2.1 and for Ca**

v v
sparks, AL=4-e 20 —2-e20 + 5.8, where V was the membrane

voltage during the AP-clamp in mV. (B) The predicted latencies of Ca®*
sparks (black) during the AP-clamp protocol, with a mode at 7.5 ms and
the mean at 10.5 ms. For Ca?* transients (blue), the modes occurred at

3.5 and 11.5 ms, while the mean occurred at 12 ms.
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Monte Carlo simulations of SR Ca?" release activation

Though the voltage-dependence of repolarising step latencies is consistent with a [Ca*']-
dependence of RyR activation that is near-linear (see Fig. 2.2 and Fig. 2.7C) and the
voltage-dependence of AL (Fig. 2.9A) is consistent with the general voltage-dependence of
LTCC activation (McDonald, et al., 1994; Josephson, et al., 2010b), numerical analysis
was performed usingknown kinetic parameters of LTCCs, junction [Ca*]; response to Ca®*
influx and RyR channels. Fig. 2.10 illustrates the principles of the computer simulations.
Fig. 2.10A panels show the stochastic opening and closing of LTCCs that resulted from
exponentially-distributed open and closed times. Note that when n_tcc/couplon was four,
the occurrence of four concurrent openings was rare, with an expected mean duration of all
four being open being 1o tcc/4 (Colquhoun and Hawkes, 1983). The number of LTCCs

open was assumed to be proportional to Ic, flowing into the junction, which was in turn

Niec/couplon =1 Nucc/couplon =4
A - 3r
U oa -
U a *
o) i
0 L
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83 |
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2
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o
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Figure 2.10 Monte Carlo simulation of CRU activation. LTCC parameters, 1o, tcc = 1 ms,
TcLtce =4 ms, ica = 0.2 pA, with one (left panels) or four (right panels) n .rcc/couplon. RyR
channel parameters as stated in Methods. (A) shows the stochastic behaviour of LTCC gating
and (B) shows the resulting [Caz+]junction response. Note that very short openings (asterisks) do
not raise [Caz+]jUnCtion to the steady-state level. (C) shows the response of a CRU with ngyg of one
(red line) and three (green line) that are able to sense the influx of Ca?*. The times of CRU

activation (Pocru = 0.5) are indicated by crosses.
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proportional to [Ca® Jjunction at Steady-state, as shown by Soeller and Cannell (1997). Notice
that for short openings (asterisks in left panel, Fig. 2.10A), [Ca2+]junction substantially under-
estimated Ca”" influx. This is because when an LTCC opens, [Ca2+],-unctiOn takes ~ 0.1 ms to
reach 63 % of its steady-state level (see Eqn. 2.8, Fig. 2.2A). Thus, for LTCC openings that
last <~ 0.3 ms, [Ca™Jjunction dOES NOt reach steady-state, which implies that short LTCC
openings should not be as effective in triggering SR Ca®* release. In connection to this
point, the decay of [Ca”],-unctiOn has a rapid initial component, followed by a slow late
component (Soeller and Cannell, 1997). This persistent low level of [C3.2+]jun0tion following
LTCC closure may mean that subsequent openings in this period may be more effective in

triggering SR Ca”* release, if they were required. This complexity precludes an analytical
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Figure 2.11 Computer simulations of the latency of SR Ca’®* release at — 15 mV.
Simulations of repolarising (A, initial Po tcc = 0.29, Josephson, et al., 2010b) and
depolarising (B) step activation of a CRU comprised of ngyr by n.cc. The top panels
(i) show the calculated latencies and the bottom panels (ii) show the probability of
successfully activating a CRU during a sweep (Psuccess, Calculated from 500 sweeps,
45 ms per sweep). The observed latencies for Ca?* sparks (grey) and Ca?* transients

(light blue) are shown with the shaded area representing the range.
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analysis of waiting times. The CRU response to [Caz+]junction is shown for one (red lines,
Fig. 2.10C) and three (green lines) RyR channels within a CRU that are able to sense

[Caz+]junction-

Since LTCC activation kinetics and ic, are voltage-sensitive, computer simulations were
performed at several step potentials to examine how they affect CICR latency within a
single couplon. Fig. 2.11i and ii show the latencies and probabilities of CRU activation
(Psuccess) calculated at (Fig. 2.11A) Vrepor and (Fig. 2.11B) Vpepor =- 15 mV at various
Nryr and Nircc. As expected, as Nitcc and Ngryr increased, Pgyecess increased. For those
sweeps that were successful, the calculated latencies matched those from experiments
(dashed lines, Fig. 2.11i) at nryr = 3 - 4 and n_ycc/couplon =1 and 4 for Ca®* sparks and

Ca”" transients, respectively. This was achieved at three different potentials (Fig. 2.12A).

To determine the extent with which LTCC activation contributes to CICR latency, the mean
duration LTCC(s) spent in the open state prior to CRU activation (‘trigger integral’, as
defined as the product of the number of LTCCs open and the time that they are open) was
recorded. At VpepoL = - 15 mV, the probability that an average LTCC opening activated a
CRU or the fraction of LTCC openings that do trigger a Ca®* spark (PcpL .0, Wang, et al.,
2001) was 1.0 and meant that the latency of CRU activation is due to waiting for ~1 LTCC
opening. At — 35 and 5mV, Pcp .0 =0.64, 0.38, respectively. When n_tcc =4, the trend
was similar, with Pcp .0 = 0.6, 1.0, 0.7 at — 35, - 15 and 5 mV, respectively. This behaviour
is also observed when using tact tcc (Eqn. 2.3) and measured AL (for when nitcc is 1) to
infer the average number of trigger openings (as defined in Cheng and Lederer, 2008), e.g.

at— 15 and 5 mV, 1¢c | tcc was 0.83 and 0.59 of 4L, respectively.

This high coupling fidelity implies a large Ca®* spark to LTCC flux ratio (or coupling
‘gain’, see e.g. Cannell, et al., 1995). If the average Ca?* spark flux is ~ 3 pA for 10 ms (see
Cheng, et al., 1993; Cheng and Lederer, 2008), the ratio of flux integrals between the
evoked Ca?* spark and the trigger integral (y.) can be estimated. At — 15 and 5 mV, y_ were
~ 220 and ~ 120, respectively, when n_tcc =1 and ~ 220 and ~ 200, respectively, when
nLtec = 4. However, at the macroscopic level, Ic, cannot be separated from that preceding
and that during/following local SR Ca’* release (see Fig. 2.12B). To estimate how this
reduces apparent gain, the flux integral ratio was calculated including LTCC flux 10 ms (to

approximate Ca?* spark flux duration) after the time of CRU activation. In this scenario,
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apparent gain (y_+s) at — 15 mV becomes ~ 75 when n rcc =1 and ~ 30 when nprcc = 4.
Thus, it is clear that gain is greatly reduced when LTCC openings after CRU activation are
included. However, at 0 mV, these data are consistent with a requirement of 1-2 LTCC
openings to trigger a Ca** spark, which means that a simple comparison of macroscopic and
microscopic gain will not yield a correct estimate of the number of LTCC openings that are
redundant to CICR.

Fig. 2.12B shows the computer simulated Ic, during a depolarising step pulse when nprcc
was 1 or 4. The portion of the Ic, current that occurred prior to CRU activation are
highlighted (bold coloured lines, Fig. 2.12B) and illustrate that a significant proportion of
Ica is not involved with CICR. Although inactivation of LTCCs was not modelled here,

comparison of the trigger current with recorded Ic, over the 20 ms duration shown (e.g.

Figure 2.12  Summary of results from

A A Depol., Ca** sparks
Depol., Ca** transients computer  simulations. (A)  Computer
® Repol, Ca** sparks simulated latency of SR Ca?" release at various

® Repol., Ca** transients . . .
step potentials for depolarising and repolarising

20

steps. The measured latencies are shown as
- data points, while the computer simulated
latencies are shown by lines, where the dark-
coloured line is the mean and the light-

. ><’ coloured lines indicate one S.E.M. The

Gl e— parameters that enabled these latencies were

L 1 1 1 1 ]

-40 10
Step Potential (mV) Niree = 4 for Ca* transients. Ngyr = 3 was used

Latency (ms)

Nryr =4 and Nyrec = 1 for Ca? sparks and

B for repolarising step Ca*" spark latencies. (B)

Computer simulated Potcc at — 15 mV (1000

sweeps) when one (red lines) or four (green
lines) LTCCs are available. The light-coloured

lines are averaged total Po,tcc, While the

PO. LTCC

bright-coloured lines are averaged trigger

Po.Lcc (i-e. prior to CRU activation).

10 ms
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McDonald, et al., 1994; Josephson, et al., 2010a) is still consistent with this idea.

2.4. Discussion

[Ca®*]-dependence of CRU activation

The delay from sarcolemmal depolarisation to SR Ca?* release during EC coupling involves
the progression of several processes, namely: (1) LTCC activation; (2) influx through
LTCCs and diffusion of Ca®* to the CRU; (3) CRU activation and (4) SR Ca’* release and

diffusion of Ca?* out of the junction.

The basis of the data analyses presented here begins with the simple rationale that
(1) during a depolarising step, LTCCs are initially closed and begin to open when the
depolarising step is made and (2) during a repolarising step, LTCCs are already opened (to
maximum Po, tcc) by the pre-pulse to ~ 100 mV, but are unable to conduct Ca?* until the
driving force for Ca** entry is increased by repolarisation. The simplest interpretation is
that for a given repolarising step, the SR Ca®* release latency is a measure of the average
time it takes for that ic, at that potential to activate a CRU, while the difference (4L) is a
measure of the latency to the first LTCC opening, tattcc (Eqn. 2.3). Depending on the
number of LTCC openings required to activate CICR, the voltage-dependence of
repolarising step latency could follow the estimated voltage([Ca®])-dependence of the rate
of RyR activation closely, or be made more shallow due to some remaining dependence on
LTCC activation.

In these studies, both Ca®* transient and Ca®* spark latencies during repolarising steps
revealed a near linear dependence on ic, (Fig. 2.7C), which is slightly steeper than that of
Ca®* spikes at VrepoL of — 120 to - 40 mV (Polékové, et al., 2008, but see Altamirano and
Bers, 2007b and Inoue and Bridge, 2005 who observed much longer latencies). However,
several studies suggest a steeper [Ca’‘]-dependence of RyR channel activation
(Zahradnikova, et al., 1999; Zahradnikovd, et al., 2004; Laver and Honen, 2008). One
possible explanation is that, at the very negative potentials shown here (e.g. —120 mV,
associated with very large ic,), steady-state [Ca*Jjunction iS Within the linear range of the
[Ca?*]-dependence (i.e. near and above the Kp ~40uM for RyR activation, see for
example, Fig. 2.2B). At more positive potentials and in the presence of nifedipine, where

[Ca2+]junction during an LTCC opening is small, the repolarising step latencies measured here
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may be steeper (see filled circles at ics/ica at OmV <1, Fig. 2.7C), though further
measurements at potentials above 0 mV for a longer observation duration would be

necessary.

Previous work modelling Ca** influx into a junction suggested that steady-state [Ca2+],-unction
might be ~ 65 uM in the centre of a junction with a 0.2 pA influx, with steady-state
[Ca”],-unctiOn being proportional to ic, (Soeller and Cannell, 1997). At 0 mV, ic, is estimated
to be 0.06-0.12 pA (Guia, et al., 2001), which gives an estimated [Ca2+],-umﬂOn
~ 20 — 40 UM, which is near the Kp for the [Ca®*] activation of RyR channels. At the Ko,
dPo,RyR/d[Ca”] is ~ 25 % of the Hill coefficient (Cannell and Thomas, 1994), which means
the slope of the on rate would be near linear despite a higher Hill coefficient for the
underlying process. When nifedipine is absent, Ca®* entering the junction is much larger,
which would lead to operation in the highly sub-linear range of RyR channel activation (see

blue squares, Fig. 2.7C).

Apart from ica, ToLTcc also affects the ability of an LTCC opening to trigger SR Ca*
release, for example, a 0.03 ms opening raises [Ca®*Jjunction t0 only half that of a 0.3 ms
opening at the same potential (see asterisks in Fig. 2.10 and Fig. 2.2A). This becomes
increasingly important with decreasing Vi, as totcc decreases (Josephson, et al., 2010b)
and LTCC openings are no longer faithfully reflected by [Ca**]junction. While CRUs that do
not fire initially may be activated by subsequent LTCC openings at Vregpor Within the
window current (and thereby increase mean latency), LTCC re-openings are highly unlikely
at very negative VreporL (McDonald, et al., 1994; Polakova, et al., 2008). Thus, only CRUs
that are activated during the initial repolarisation contributed to latency (which was short at
very negative potentials, Fig. 2.7), while the remaining failed sites contribute to a reduced
Pspark, OF Ca®* transient maximum rate of rise. As ic. increased (with decreasing VreroL),
the maximum rate of rise of Ca’" transients increased with an approximately square
dependence from + 20 mV ([Ca* Jjunction ~ 15 UM) until - 40 mV, where the maximum rate
of rise began to decrease again (Fig. 2.8C). A similar result was obtained in an early study
that measured Ca** transient amplitude as a function of Vrepo (Fan and Palade, 1999). The
initial increase in SR Ca”" release can be explained by the effect of [Ca2+]juncti0n on Poryr
(Laver and Honen, 2008). The fitted relationship between maximum rate of rise of Ca®*
transients and ic, (see Fig. 2.8C) is in agreement with two (e.g. Fabiato, 1985b; Cannell, et

al., 1994; Santana, et al., 1996) or 3 (e.g. Laver, 2009) occupied binding sites (but not one,
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e.g. Lopez-Ldpez, et al., 1995; Fan and Palade, 1999 or four, e.g. Zahradnikova, et al.,
2004; Zahradnikova, et al., 2007).

However, the decrease in maximum rate of rise at very negative Vrepor (and high ica) is
problematic. For example, at — 135 mV, [Ca2+]juncnon is expected to reach ~200 uM at
steady-state. Though this is now within the range where RyR [Ca®‘]-inactivation is thought
to occur (Gyorke and Fill, 1993; Schiefer, et al., 1995; Sitsapesan, et al., 1995; Valdivia, et
al., 1995; Gyorke, 1999, but see Chu, et al., 1993), another possible explanation is that
CICR is now limited by 1o tcc, since it decreases with decreasing step voltage (McDonald,
et al., 1994). A recent study of rat LTCCs using on-cell single-channel recording has shown
that to tcc decreases to ~0.44 ms (dead-time subtracted, Josephson, et al., 2010a;
Josephson, et al., 2010b) at — 30 mV from ~ 1 ms at 0 mV. These data suggest that at much
more negative potentials, tortcc is likely much shorter than the time required for
[Ca2+]junction to reach steady-state (Soeller and Cannell, 1997), which would reduce the
ability of an LTCC opening to trigger SR Ca?* release. At —135mV, 1o, Tcc can be
estimated to be ~ 2 us (see Methods). In this time, [Ca* Jjunction Might only reach ~ 20 % of
that attained in 0.3 ms (Fig. 2.2A). Although LTCC gating kinetics at such negative
potentials have not been reported, the idea that o rcc limits coupling fidelity is supported
by some preliminary experiments with FPL (white squares, Fig. 2.8C), which prolongs
ToLtce. FPL appeared to remove the decrease in Ca** transient maximum rate of rise at
very negative potentials. This observation also rules out RyR [Ca**]-dependent inactivation
since [Ca2+],-unctiOn should be even higher in this scenario. Polakova, et al. (2008) also
reported an increase in Ca** spike probability at — 120 mV upon the addition of BayK-8644,
another LTCC agonist known to prolong to.tcc. However, BayK-8644 also prolongs
TcLtec and in combination with its inability to be washed out (to check for run-down
effects, Bechem, 1993, McDonald, 1994), mean that the increase in Ca®* spike latencies in
BayK-8644 is problematic. It should be noted that although these data do not exclude the
possibility of RyR [Ca*']-inactivation, RyR inactivation is thought to be much slower than
the time-course of CICR (Schiefer, et al., 1995).

Repolarising step latencies at more positive potentials could be reproduced when n rcc was
1 and nryr Was 3 when nifedipine was present (black lines, Fig. 2.12A). When nifedipine
was absent, recorded latencies during repolarising steps could be reproduced when ngyr Was

4 and n_tcc was 4 (green lines, Fig. 2.12A). This four-fold increase in the number of
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LTCCs available is consistent with the decrease in Ic, amplitude due to nifedipine (Fig.
2.4A) and lends support to the idea that the model stoichiometry may be approximately
correct. At more negative potentials, the predicted latency was very short. For example, at
— 135 mV, the expected latency from the computer model was ~ 0.60 £ 0.01 ms, which is
similar to that measured here (Fig. 2.7C) and by Polakova, et al. (2008) using Ca* spikes
(~ 0.7 ms). That is, despite relatively similar data, the interpretations are different because
Polakova, et al. (2008) could not correctly measure the expected short 1o tcc at very
negative potentials and did not take into account the voltage-dependence of 1o tcc when

extrapolating coupling fidelity to O mV.

Latency of SR Ca?* release due to LTCC activation

The measured latencies of Ca** transients during depolarising steps (Fig. 2.6C) are similar
to those reported in previous studies, which also showed that latency decreased as step
potential increased (Cleemann and Morad, 1991; Isenberg and Han, 1994; Sham, et al.,
1998, but see Altamirano and Bers, 2007b). Similarly, the Ca®* spark latencies were similar
to those reported elsewhere (LOpez-Lopez, et al., 1995; Collier, et al., 1999; Inoue and
Bridge, 2005), although at + 50 mV, Collier, et al. (1999) observed a wide distribution of

Ca’* spark latencies in the absence of an LTCC antagonist.

As test potential increased, latency decreased approximately e-fold every 40 mV. The
steepness of this relationship is consistent with the voltage-dependence of tc | tcc estimated
from the work of Josephson, et al. (2010b) and Rose, et al. (1992), combined with slower
CRU activation at more positive potentials. When latencies during repolarising steps to the
same potentials were subtracted, AL (Fig. 2.9A) revealed a steeper dependence on voltage

that was closer to the voltage-dependence of tc | tcc.

At nryr = 4, the computer model presented here produced CRU activation latencies that are
in general agreement with both Ca** transient (using n.rcc = 4) and Ca* spark (N tcc = 1)
latencies observed during depolarising steps (Fig. 2.11B). These values are approximations
that have not included the likely important spatial gradients within a junction that would
mean four RyR channels are unlikely to sense the same [Ca?*] produced from the opening
of one or few LTCCs, nor does it consider any spatial gradients that may develop as a result
of channel gating within the CRU (e.g. the possibility of a single RyR channel openings

that fail to initiate a Ca®* spark, but nevertheless contribute to [Caz+]junction, Sato and Bers,
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2011). To address the former issue, Cannell and Soeller (1997) showed that in various RyR
channel arrangements (~4 — 9 RyR channels with respect to one open LTCC), CRU
activation was most affected by whether an RyR was directly opposed to the open LTCC,
rather than the number of extra RyR channels surrounding the one closest to the LTCC.
That is, although the modelling here suggests that 4 RyR channels can explain the observed
CICR latencies, this is only a lower limit for the number of RyRs that are present within a
CRU. Another point to consider is that as n_tcc increases, the number of RyR channels that
sense the trigger Ca®* should increase, which should make the voltage/[Ca®*]-dependence
of RyR activation appear more shallow. Nevertheless, the agreement between the simulated
and measured latencies support the idea that a small number (e.g. ~1-2) of LTCC
openings functionally trigger SR Ca®* release during EC coupling and that activation of the

first RyR channel is then sufficient to activate the entire CRU to produce a Ca** spark.

The computer model also allowed estimation of the number of LTCC openings that
occurred prior to CRU activation, which allowed the calculation of Pcp 0. When nitcc=1
and VpepoL =—15mV, Pcp .0 Was 1.0. At more negative potentials, Pcp .0 decreased due
to the reduction in 1o, tcc (as discussed earlier) and also at more positive potentials due to a
reduction in ic,. These coupling fidelities are substantially higher than those estimated by
Polakova, et al. (2008), who recorded Ca”* spike latencies at VrepoL = - 120 mV to estimate
PcpL at 0 mV. Even in the presence of CAMP, Pcp was only ~ 0.15. When extrapolated to
0 mV, PcpL reduced to ~ 0.04, which implies a large LTCC density to produce the short
latencies observed (e.g. 20-60 nprcc/couplon). As noted above, in the computer
simulations presented here, Pcp:0 at very negative potentials was very small due to the
inability of the short open times to raise [Ca*ljunction Sufficiently. This means that
extrapolating Pcp by an exponential function from — 120 to O mV is inappropriate, since
PcpL should increase, then decrease with voltage as a function of both increasing 1o tcc
and decreasing ic, (see Goémez, et al., 1997). At very negative potentials, Polakova, et al.
(2008) may have over-estimated [Ca®*]junction due to the assumption of steady-state and
over-estimation of 1o tcc due to the inability of the whole-cell voltage-clamp to step
instantaneously from +50 to — 120 mV. Single-channel studies will be useful to confirm
ToLTcc at such negative potentials, particularly following a pre-pulse to a very positive
potential. Another concern for previous analysis was that 1o tcc was assumed to be
voltage-independent, while ic, was assumed to decrease linearly with voltage. This is in

contrast to a clear increase in the time-constant of recovery for measured tail currents from
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—120 to — 40 mV (Polékova, et al., 2008, consistent with a previous study, Fan and Palade,
1999) and increased Ic, integral from — 120 to — 40 mV, which is consistent with a 1o tcc
that increases with voltage, even if ic, decreases near-linearly. Though it is unclear what
current-voltage relationship was used, they reported a ~ 0.1 fmol of carried charge for one
LTCC opening of 0.52 ms at — 120 mV, which is equivalent to an ic, of ~4 pA. This is
much larger than the current calculated in this computer model (1.13 pA, based on Rose, et
al., 1992; Guia, et al., 2001 and Eqn. 2.2) and linear extrapolation using previously reported
slopes (Rose, et al., 1992; Guia, et al., 2001) would lead to a very large ica at 0 mV (i.e.
~ 0.9 pA), which would lead to an under-estimation of Pcp,.

When Ca®" sparklets and Ca®* sparks were evoked in cells under loose-seal patch clamp,
the estimated Pcp was ~ 0.7 for a step pulse to ~0 mV for one LTCC and the mean delay
between Ca®* sparklet and Ca?* spark activation was ~ 6.7 ms (Wang, et al., 2001). Though
these values are similar to those measured here, Ca?* sparklet measurements were made in
the presence of 10 pM FPL and 20 mM [Ca?*]o, which should have increased o, rcc and
ica (Wang, et al., 2001; Cheng and Lederer, 2008). Extrapolation to more physiological
conditions (e.g. 1 mM [Ca®*']o in the absence of FPL) yielded a Pcp. of ~ 0.006 at 0 mV, or
1in ~ 170 LTCC openings. By another method, comparison of the estimated microscopic
(y ~ 600, by the ratio of estimated Ca®* spark flux integral, 3 pA for 10 ms, to one open
LTCC flux integral, 0.1 pA for 0.5 ms) and measured macroscopic (G ~ 10) gains, Cheng
and Lederer (2008) calculated that only 1 in ~60 LTCC openings activated a Ca®" spark.
Thus, their conclusion was that Pcpi. was extremely low, even at 0 mV. This conclusion may
be erroneous due to the lack of consideration for LTCC re-openings (i.e. tctcc), Which
may be significant at 0 mV (McDonald, et al., 1994; Josephson, et al., 2010a). Macroscopic
gain does not distinguish between LTCC openings before and after CRU activation and as
such, the majority of the 60 openings could occur after CRU activation in the whole-cell.
That is, LTCC openings that are involved in CRU activation are only a small fraction of the
total current (Fig. 2.12B, see also Fabiato, 1985b; Fabiato, 1985a; Eisner and Trafford,
2009). Furthermore, incorporation of LTCC re-openings into the analysis would predict that
FPL should reduce the latency of SR Ca*" release if Pcpy is < 1, rather than increase it, as
calculated by Cheng and Lederer (2008). In connection with this point, the relatively long
measured Ca®* spark-sparklet latency of ~7ms in FPL may have resulted from Ca®*
sparklets arising in a different region of the cell from the couplon that generated the spark.

This might result from geometric distortion of the junction by the patch pipette or reflect
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non-junctional LTCC in the surface membrane as it is unknown whether LTCCs exist only

in couplons (Kawali, et al., 1999; Scriven, et al., 2000).

To test whether Ca®* sparklets can be observed without the presence of a patch pipette, Ca®*
sparks evoked in the presence of 10 uM FPL were compared to those evoked without
trigger augmentation (Fig. 2.13). In the presence of FPL, an increase in fluorescence at the
foot of the Ca?* spark was not observed in 63 events, even when aligned by their maximum
rates of rise and averaged to improve signal-to-noise ratio. When these Ca®* sparks were
compared to spontaneous release events, no difference could be observed at the foot of
fluorescence increase (Fig. 2.13B), which suggests that Ca®* sparklets do not normally

occur.

A minimal computer model presented by Sobie, et al. (2009) appeared to agree with a low
coupling gain and fidelity, in contrast to the data and interpretation shown here. The model
of Sobie, et al. (2009) assumed (1) [Ca2+]juncti0n was proportional to to tcc during an LTCC
opening (in contrast to the results of Soeller and Cannell, 1997), (2) that LTCCs only
opened once during a test pulse (which unlikely to be true within the window current,
McDonald, et al., 1994), (3) LTCCs that opened did so at the same time (i.e. not a
stochastic process, as modelled here), (4) o Ltcc Was voltage-independent (in contrast to
the results of Josephson, et al., 2010b) and (5) ic, was linear with voltage (Hille, 2001). As

Figure 2.13 Ca®" sparks aligned by maximum rate
of rise. (A) Spontaneous (black, n=75) and AP-
evoked (current-clamp, where pipette solution was
similar to that for voltage-clamp, but with K* instead
of Cs") events without (orange, n=30) and with
(green, n=63) FPL show comparable time-courses
(B) and rates of rise, with no evidence of a “foot’ or
Ca”*" sparklet. Ca®* sparks in FPL appear wider due
events being less-well separated. When ryanodine and
thapsigargin were added, ‘local’ increases in

fluorescence were not observed along scan-lines that

had previously shown Ca** sparks.
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explained above, these considerations are important when extrapolating measurements from
a different potential (e.g. Poldkova, et al., 2008) and/or from conditions where LTCC

gating has been altered (e.g. Wang, et al., 2001).

Number of LTCCs in a junction

These data and the accompanying computer simulations are consistent with
nirec/couplon =1 and 4 in the presence and absence of nifedipine, respectively. Although
this 4-fold difference in LTCC availability is consistent with the measured reduction in lIc,
(Fig. 2.4A), it is important to compare this value to other reports. If 4 LTCCs are available
in a couplon under physiological conditions, assuming ~ 30,000 CRUs per cell (Soeller, et
al., 2007), ica =0.06 — 0.12 pA (Guia, et al., 2001) and Po tcc =0.1-0.2 (Rose, et al.,
1992; Josephson, et al., 2010b) at 0 mV then whole-cell I, is ~ 1.8 nA/cell or 8.7 pA/pF for
a 207 pF cell (3 month old rat, Bers, 2001), which is similar to that measured in intact
myocytes (e.g. Yuan, et al., 1996). This is in contrast to previous binding studies and
measurement of surface charge movement, which suggested much larger LTCC density
(e.g. 300,000 per cell, Bers and Stiffel, 1993), but consistent with previous
electrophysiological estimates (e.g. McDonald, et al., 1986). The discrepancy may be due
to the presence of LTCCs that are not available to contribute to the trigger for CICR (e.g.

those in inactive or low availability states).

Latency during an action potential

The Ca** transient latencies in response to the AP measured in this study (Fig. 2.3B) are
similar to those measured previously in rabbit myocytes (2 to 6 ms after peak of AP, Inoue
and Bridge, 2003), with minor differences possibly due to the species-differences in AP
shape. The Ca®* spark latencies reported here (Fig. 2.5B) are also similar to latencies
measured in isolated myocytes that were electrically field-stimulated (Kong and Cannell,
2010). An earlier study in field-stimulated myocytes that compared the fluorescence signals
due to the Ca®" transient in the absence and presence of ryanodine and thapsigargin (to
reveal the trigger) showed no detectable latency between them (Cannell, et al., 1994). This
suggested that the latency between trigger influx and SR Ca?* release was within ~ 2 - 4 ms
(two lines in the line-scan image) during an AP (although the shape of the AP at later times

is likely to have changed by the loss of SR Ca®" release, Cannell, et al., 1994). This is

66



Activation of Local SR Ca?* Release

similar to the latencies reported here and supports the idea that most of the waiting time
during CICR is due to LTCC activation.

To test whether the LTCC waiting times could explain the latencies in Ca®* sparks during
the changes in ic, and LTCC gating parameters during an AP, AL was used to compute an
expected latency by converting it from a function of voltage (Fig. 2.9A) to a function of
time (since the AP profile is the transform between voltage and time). Fig. 2.9B shows the
resulting estimates of LTCC waiting time during an AP for Ca®* transients and Ca®* sparks,
which are similar to the measured values in Fig. 2.3B and Fig. 2.5B, respectively. The
agreement is poor at high Ic, (during Ca®* transients) at later times possibly due to the lack
of LTCC Ca”**- and time-dependent inactivation in these calculations (Josephson, et al.,
2010a). Nevertheless, the general trend seems to support the conclusions from the analysis
of the depolarising and repolarising step latencies: that during an AP, waiting for a ~ single
LTCC opening from a pool of ~ 4 available LTCCs in a couplon can explain the observed
latency in SR Ca?* release. When nifedipine is used to reduce LTCC availability so that on
average less than 1 is available per couplon, Ca*" spark latency increases ~ 4-fold due to
Eqgn. 2.3. This is in reasonable agreement with the requirement of three available LTCCs
concluded by Inoue and Bridge (2003) and with the conclusions of Altamirano and Bers
(2007b), who also suggested that one LTCC opening is sufficient to activate SR Ca”*

release at 0 mV.

Estimating the time-course of Ca®* spark production from a Ca?* transient

Even though the results of Ca?* transients and Ca®* sparks are in general agreement, the
application of nifedipine may have unknown effects on CICR. The purpose of using
nifedipine was to increase signal contrast by reducing Pspark. If Pspark OF SR Ca”" release flux
(e.g. Sipido and Wier, 1991) can be measured or calculated directly from Ca®* transients,
then use of nifedipine (or any other perturbation to physiological CICR) can be avoided.
Deconvolution was used in an attempt to restore Py from Ca* transients measured at
high time resolution (Fig. 2.3, see also Tanaka, et al., 1998). Fig. 2.14B shows an example
of deconvolving a Ca®* transient (Fig. 2.3) with a Ca®" spark (Fig. 2.14A). Discrete sites of
release can be seen, which are likely the in- and out-of-focus active release sites within the
confocal scan volume, but restricted to sarcomeric periodicity. When the signal profiles at
each local region was aligned and averaged (blue line, Fig. 2.14D), the duration of release

is shorter than suggested by the first derivative of the Ca?* transient (red line, Fig. 2.14D,
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Figure 2.14 Using de-convolution to

estimate Ca”" spark production during a

Ca’* transient. (A) A high signal-to-noise
B spontaneous Ca”* spark used as the point-
spread function. It was scaled so that its

total signal mass was unity. (B) shows the

Norm.

0 time-course of a Ca?* spark (blue line) and
Ca* transient (red line, 1.8 um periodic
regions and black line, whole image
average, from Fig. 2.3). (C) Result of
deconvolving a Ca?* transient (shown in
Fig. 2.3) with the Ca*" spark shown above
by a Richardson-Lucy method (150
iterations). (D) The time profiles of the
periodic, discrete regions were aligned in

time and averaged to give the average

D number of Ca*" sparks occurring through

k=

¥, ]

1
o

time (blue line). This is shown with the first
derivative of the Ca®* transient (red line,
from Fig. 2.3). The calibration assumes an
average Ca** spark amplitude of
AF/Fy = 0.5.
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from Fig. 2.3B) or Ca*" spark measurements. This may be a manifestation of Ca**- and
time-dependent LTCC activation (McDonald, et al., 1994; Josephson, et al., 2010a) and a
refractory period of the CRU (Brochet, et al., 2005; Sobie, et al., 2005; Ramay, et al.,
2011), which would be more pronounced during normal Ic, compared to in the presence of

nifedipine.

Limitations

The underlying assumption in the computer model and interpretations presented here is that
the number of available LTCCs during depolarising and repolarising step protocols are the
same. Though both protocols used a holding potential - 80 mV, the depolarising step
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protocol included a slow (550 ms) ramp to - 40 mV immediately before the test pulse to
inactivate the Na" channels. This may have reduced LTCC availability, athough McDonald,
et al. (1994) suggests that this effect would be < 0.2 n_tcc). Another uncertainty is that of
LTCC gating parameters. For example, 1o tcc at 0 mV has been reported to be as low as
~ 0.2 ms (Rose, et al., 1992) and up to 1 ms (Josephson, et al., 2010b). Further clarification
would be important in determining coupling fidelity and gain. However, if Po|tcc was
much lower, then the kinetics of the other processes (e.g. RyR channel gating) would have
to be much faster to be consistent with the latencies presented here, though it is possible
that LTCCs could be coupled (e.g. Navedo, et al., 2010, though this has yet to be verified

by another method.

2.5. Summary

These results suggest that only a few (~4) LTCCs are needed in a junction to allow even
fewer openings to trigger a Ca** spark (~ 1 at - 15 mV and ~ 2 at 0 mV). The majority of the
EC coupling latency during depolarising steps appears to be due to the kinetics of LTCC
activation. During repolarisation, SR Ca*" release is consistent with the [Ca®']i-dependence
of RyR activation kinetics measured in bilayers when the LTCC:RyR stoichiometry is 1:4.
At negative step potentials, the reduction in totcc, IS not compensable by the increase in
ica, SO that [Cz;lz*],-umtion during an LTCC opening decreases which can explain the observed
reduction in SR Ca?* release during repolarising steps and the previously-reported low
coupling fidelity (Polakov4, et al., 2008). During the rat AP, latencies are longer than those
measured during repolarising steps, but shorter than those measured during depolarising
steps. This supports the idea that during an AP, most of the latency in SR Ca?* release is
due to waiting for LTCCs to open, but that this rate of activation is maximised during the
rapid upstroke to very positive potentials. The initial repolarisation phase increases the
driving force for Ca?* entry, but at a much slower rate than that achieved by a repolarising
step. These data are consistent with the idea (e.g. Inoue and Bridge, 2003) that the majority
of LTCCs serve to reduce waiting time for LTCC openings and that a significant fraction of
Ica does not participate in CICR, but may serve a different purpose (e.g. regulate [Ca®*]sr,
Fabiato, 1985a). This highlights a potential problem in the concept of EC coupling ‘gain’.
The relationship between the time-dependence of I, and SR Ca®* release is complex and
non-unique so that it is possible to under-estimate the true amplification factor between the
LTCC opening(s) responsible for triggering CICR and the Ca”* spark that results. That is, at
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any given potential, the proportion of LTCC openings that directly contribute to CICR
depends on ic,, open and closed times.
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3. Local SR Ca*" Release and Termination

3.1. Background

Once a CRU is activated, a Ca®* spark is thought to progress independently of the trigger
due to regenerative CICR within a junction (Cannell, et al., 1995). Despite this positive-
feedback, Ca®* sparks exhibit a distinct time-course, which indicates that local SR Ca*
release terminates robustly (e.g. Cheng, et al., 1993). To date, the mechanism(s) responsible
for the control of termination remain unclear, although several ideas have been proposed,
including regulatory mechanisms that are intrinsic to the single RyR channel (e.g.
inactivation, Schiefer, et al., 1995), as well as mechanisms that are the product of either the
arrangement of RyR channels within a CRU (e.g. coupled gating, Marx, et al., 2001) and/or
their location at a terminal SR cistern. The proposed ideas include: (1) [Ca*']i-dependent
inactivation and/or adaptation of the RyR channel, although the time-course of this
mechanism is several-fold slower than the calculated release flux duration (Gyorke and Fill,
1993; Schiefer, et al., 1995; Sitsapesan, et al., 1995; Valdivia, et al., 1995; Gyorke, 1999,
but see Chu, et al., 1993), so may not be relevant during a Ca®* spark. (2) Stochastic
attrition and (3) local SR Ca®* depletion.

Stochastic attrition describes the probabilistic occurrence that all (n) RyR channels within a
CRU are closed at the same time (Stern, 1992b). However, this phenomenon becomes
increasingly unlikely as ngyr increases, which means the time constant to reach that state

(tar)) becomes exceedingly long (Eqgn. 3.1, Stern and Cheng, 2004).

. _ To (1 — (1 — Po)n) Eqgn. 3.1
M Py (1—Py)nt

For example, if n is 200 (Franzini-Armstrong, et al., 1999; Soeller, et al., 2007) and each
RyR channel exhibited a mean open probability (Po) and open time (o) of 0.5 and 2 ms,
respectively (Copello, et al., 1997; Laver and Honen, 2008, see also Chapter 2.2), then a4
would be ~ 10> seconds, which is clearly not possible. Even if n was much smaller (e.g.
14, as observed for peripheral CRU, Baddeley, et al., 2009), t, would be over 2 s, which is
still much longer than the observed Ca?* spark duration. The likelihood of stochastic
attrition may be improved if the RyR channels within a CRU exhibit coupled gating,

wherein the gating of one RyR in a cluster is affected by the gating of a neighbour (Stern,
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1992b; Sobie, et al., 2002; Stern and Cheng, 2004). Though this would cause a CRU to
behave as if there were fewer RyRs in the cluster, the role of coupled gating (Marx, et al.,
2001) in release termination remains controversial (see Fill and Copello, 2002; Cheng and
Lederer, 2008).

Local SR Ca*" depletion is a possible candidate because a reduction in release flux may be
able to reduce [Ca®*Jjunction t0 de-activate the CRU. However, the extent of depletion may
not be sufficient to terminate CICR (e.g. Zima, et al., 2008b; Ramay, et al., 2011) and may
require a [Ca®*];sr-dependent mechanism to increase the sensitivity of RyR channel gating
to SR luminal [Ca?*] (e.g. Sobie, et al., 2002; Terentyev, et al., 2002). It has been proposed
that CSQ may be the luminal Ca”*-sensor and regulator of RyR function (Ikemoto, et al.,
1989; Lukyanenko, et al., 1996; Terentyev, et al., 2003; Gyorke, et al., 2004).

To determine which mechanism(s) terminate local SR Ca®" release, it has been useful to
investigate which factors effect release duration. In the presence of tetracaine, which
reduces RyR Po (Laver and van Helden, 2011 and similar to the effects of procaine, see
Gyorke, et al., 1997 and references therein), a proportion of CRUs exhibited long-lasting
SR Ca?* release events (LLEs, Zima, et al., 2008a). Like Ca”* sparks, LLEs were spatially-
localised, but unlike Ca®* sparks, LLEs were associated with an increase in fluorescence
that was sustained for up to several seconds before returning to baseline (Zima, et al.,
2008a). The plateau in fluorescence suggested that [Ca®*] in the Ca®* spark volume (and by
inference, [Caz+]junction) must have reached a pseudo steady-state. For this to be possible,
Zima, et al. (2008a) proposed that Ca*" efflux from the JSR had been reduced to match
Ca®* diffusion from the network SR, perhaps at sites where the network and JSR were
already well-connected (Zima, et al., 2008a). However, the details of this scheme are
unclear, since the rates of diffusion of Ca** within the SR and into a particular JSR are not
known (e.g. Swietach, et al., 2008; Picht, et al., 2011). In any case, the conclusions of their
study combined with observations of an apparent [Ca®*]sr termination “threshold’ implied
that under normal circumstances, [Ca?*];sr depletion is important in the termination of Ca?*
sparks (Zima, et al., 2008a; Zima, et al., 2008b). On the other hand, the eventual
termination of LLEs showed that another slower (unknown) mechanism was able to stop
local SR Ca** release (Zima, et al., 2008a; Zima, et al., 2008b).
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Ca”* sparks that were repeatedly activated from (apparently) the same CRU has shown that
Ca®* spark amplitude decreased with decreasing interval between activations (4t). At short
At (~ 50 ms), Sobie, et al. (2005) showed that Ca®* spark amplitude was as small as ~ 10 %
of the Ca®* spark amplitude at infinite At, which strongly supported the idea that [Ca**];sr
depletion was significant. The time constant for Ca®* spark amplitude restitution was
~ 100 ms (Sobie, et al., 2005; Ramay, et al., 2011), although this value appears variable
between groups (see Brochet, et al., 2005). When At was shorter than 50 ms, no Ca®* sparks
were observed. This observation and the idea that CRU activation should exhibit an
exponentially-distributed closed time (A4t) led Sobie, et al. (2005) to suggest that an
additional mechanism (e.g. that includes an inactivated state) may be required to explain the
apparent refractory period. However, since [Ca’*]sg was severely depleted at At below
50 ms (i.e. not clamped), it is difficult to determine the cause of the apparent refractory
period. Although the authors attempted to correct for missed events in detection of very
small amplitude events, the effects of [Ca”];sr and release flux on the propagation of CICR
within a CRU is unknown. Therefore, whether CRUs require any inactivation mechanism

to terminate release remains unclear.

To clarify the mechanism(s) responsible for the termination of CICR, spontaneous local
Ca®* release events were recorded in the absence and presence of tetracaine to reduce n-Po.
The idea behind these experiments was that if termination is purely time-dependent, a
reduction in RyR Po should have no effect on the time-course of Ca** sparks. If termination
is primarily due to stochastic attrition, then local Ca?* release duration should decrease with
n-Po (Eqgn. 3.1) and/or release flux should decrease if iryr is constant (which would be the
case if [Ca®"];sr is the same in events). On the other hand, if CICR termination is primarily
Ca**-dependent ([Ca’*]-inactivation or [Ca’*]sz depletion/desensitisation), then the
duration of SR Ca?* release should increase with decreased release flux. Detailed analyses
of LLEs and active release sites should, therefore, help clarify the underlying flux

regulation and number of RyR channels involved in local SR Ca** release.

3.2. Methods

Preparation of ventricular myocytes and Ca®* imaging

Rat cardiac ventricular myocytes were enzymatically isolated and prepared for fluorescence

imaging as previously described (see Methods, Chapter 2.2). When required, 1 mM Ca*-
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Tyrode’s solution containing 100 uM tetracaine (Sigma-Aldrich) made from a 0.5 mM

stock in MilliQ water was used.

During imaging, cells were perfused with 1 mM Ca*-Tyrode’s solution at room
temperature with either of the systems previously described (Methods, Chapter 2.2). Line-
scan images of spontaneous Ca®* sparks were obtained using a Zeiss (Germany) laser-
scanning confocal microscope LSM710 with an LD C-Apochromat 40 x 1.1 N.A. water-
immersion objective. Line-scan images of spontaneous Ca®* sparks were oriented along the
longitudinal axis of the cell (defined here as x). The pixel (px) size of recorded images were
between 53 — 200 nm/px and the time resolution was 0.35- 1 ms/line for 512 px and
10,000 - 20,000 lines were recorded.

Curve-fitting and measurement of Ca®* sparks

Image analysis was performed using custom routines written in IDL. Line-scan images
were normalized to F/F, as previously described (Methods, Chapter 2.2) and spontaneous
Ca®* sparks were detected and located using the Matched Filter Detection Algorithm (Kong,
et al., 2008). Time profiles of Ca®" sparks were calculated by averaging over 0.3 um on
either side of the centroid and fitted to a continuous, biphasic function (Eqn. 3.2), where the
rising phase is asymmetric (rising more slowly at the beginning and reaching the peak more
rapidly). The rate of rise is determined by tise and the rate of decay by tqecay. S IS the scaling
factor and u determines the shift in time. For some rapidly-reactiviting release sites
observed in the presence of tetracaine, the number of fluctuations (nf) was determined by

eye prior to fitting.

The fitted result was used to numerically measure Ca** spark parameters, such as peak
fluorescence (F/Fo), amplitude (AF/Fo) and time to peak. The start of each fluctuation was
defined as the time where the fitted fluorescence exceeded 0.1-maximum rate of rise + Fo,
similar to the method described in Chapter 2.2 (Egn. 2.5). The maximum rate of rise was
corrected by subtracting the rate of decay to produce a better estimate of release flux (using
rate of decay as an approximation of the rate of Ca?* removal from the junctional space, e.g.
Sipido and Wier, 1991). This produced corrected maximum rates of rise measurements that

were typically 35 % greater than the measured maximum rates of rise.
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F nf Eqn. 3.2
—(t) = Z S-e i bi 4 Fy
Fo =

i=

where,
_(t=uy)
aj=e Trise,i
(t—u)
bi = .
Tdecay,i

The spatial width of a release event was measured at its peak by fitting to a one-
dimensional Gaussian function (Eqgn. 3.3), where Xo is the spatial translation (of the centre
of the peak) and o is the width of the curve (related to FWHM as defined).

AF (x=x0)? Eqgn. 3.3
—(x)=A-e 202
Fo

where,

FWHM = 2-6-/2-1n (2)

LLEs exhibited behaviour that was not easily fitted to such simple functions. To obtain
measurements from LLEs, time profiles were obtained by spatial averaging across to
0.2 um either side of the centroid and smoothed in time by a Savitzy-Golay filter that was
6 ms long. This data was used to obtain maximum rates of rise, peak and time to peak. The
start of an event was usually obtained by the fitting the early phase with a Sigmoid function
and defining start as where the fitted fluorescence exceeded 0.1-maximum rate of rise + Fg
(see above). Start times of intermediate fluctuations were all determined by eye. The
maximum rate of rise and rate of decay for initial and intermediate fluctuations were
determined by fitting of a straight line to manually-selected regions of the rising and
decaying phases and checking against raw and smoothed data by eye. The maximum rate of
rise was corrected as described above. The peak fluorescence was measured by the time
profiles and the amplitudes calculated by subtracting the fluorescence at the time of start of
the fluctuation from peak fluorescence. Since LLEs exhibited a complex time-course, the
event duration was defined by the time for the event to decay by 25, 50 and 80 % of the
peak amplitude (tzs, tso and tgo, respectively). Because these durations were relatively long,

time profiles that were further processed by a median (15 ms), box car filter (6 ms) to

75



Local SR Ca?* Release and Termination

prevent erroneous measurement due to excess noise/fluctuations. This extra filtering step
was not used to measure the properties of the shorter rising phase or the peak amplitude.
The time interval (4t) between consecutive events/fluctuations was measured from the time
of peak of the first event to the start time of the second and is defined as the delay to the

second event.

Noise analysis of long-lasting SR Ca** release

Power spectra of the plateau region LLEs were calculated using the discrete fast Fourier
transform (FFT). First, a time profile of the event was taken from one line of pixels through
the centre of the event. The mean was subtracted, data-set zero-padded to 2 s (if required),
then multiplied by a Hanning window that was the same length as the time profile (see
Press, et al., 1992). The power spectrum was calculated as the square of the absolute FFT

magnitude. The mean duration of these regions was 1.6 £ 0.2 s.

To determine the power spectra of a fluorescence profile in the absence of SR Ca®* release,
regions nearby the LLEs that contained no apparent release events were analysed. These
lines were typically from a period immediately preceding the LLE, but if this region was
not long enough to match the length of the corresponding LLE plateau, then an adjacent
line would be used. The data processing and FFT calculation was then the same as that for

LLE plateaus, as stated above.

For transitions between two states (i.e. open and closed), the power spectrum should follow
a single Lorentzian function (Egn. 3.4, e.g. Larsson, et al., 1996), where k. and k. are the
rate constants for the forward and back reactions, respectively, P is the power at 0"

frequency and fc is the corner-frequency (i.e. frequency at which P is halved).

P Egn. 3.4
Power(f) = 2zero > q
L+ ( T r)
fc
where,
(o k, +k_
€7 2n
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Monte Carlo simulations of long-lasting local SR Ca** release events

To examine whether a decreased RyR Po (due to tetracaine) and/or increased rate of
[Ca?*]isr refilling are able to affect release duration, a simple computer model was
constructed (Fig. 3.1). Free Ca®* was able to move between the network SR, JSR, junctional
space, a Ca®* spark volume and the bulk cytosol (Fig. 3.1). Free [Ca®*] in the network SR
and cytosol were fixed to 1 mM (Shannon, 1997) and 100 nM (Cannell, et al., 1987b),
respectively. The rate of Ca?* diffusion between the network and JSR was determined by
the concentration gradient and ki, which was set to give a half time of [Ca®*];sr recovery of
~ 250 ms (Brochet, et al., 2005; Zima, et al., 2008b; Picht, et al., 2011; Ramay, et al., 2011)

following a local SR Ca*" release.

Ca®* movement from the JSR to junctional space was determined by RyR channel n-Po and
iryr. EQn. 3.5 describes the linear dependence of iryr 0N the JSR-junction [Ca®*] gradient

(Mejia-Alvarez, et al., 1999), where z is the valence of Ca?* and F is Faraday’s Constant.

i _ 0.4 pA- ([Caz+]]SR - [Caz+]junction) Eqn. 3.5
RyR — 1mM -z -F

RyR n-Po was determined by Monte Carlo simulation of a two-state process (open and

JSR

wnetwork SR

bulk cytosol

Figure 3.1 Schematic of model used to test the effect of [Ca*"]ssr refilling
and reduced RyR Pg on release duration. The compartments of free [Ca?']
were: network SR, JSR, junctional space, Ca** spark volume and bulk cytosol.
Ca’* diffusion between these compartments was determined by the concentration

gradient and rate constant (denoted by k). See text for details.
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Parameter | Value Notes and References

Time step, dt (us) | 10
Number of RyR channels | 28 See Discussion (section 3.4)
JSR volume, Visr (al) | 5.03 Cylindrical volume of radius: 200 nm

and height: 40 nm, Brochet, et al., 2005;
Knollmann, et al., 2006

Junction volume, V; (aL) | 1.88 Cylindrical volume of radius: 200 nm
and height: 15 nm, Franzini-Armstrong,
etal., 1999
Spark volume, Vs (fL) | 4.19 Spherical volume of radius: 1 pum,

Cheng, et al., 1993
ki (/ms) | 1x10™  See text
RyR mean closed time (ms) | Eqn. 2.9  See Chapter 2.2
RyR mean open time (ms) | 2 See Chapter 2.2

ks (/ms) | 3.2x 10" See text

ks (/ms) | 7.4x10™ See text

Table 3.1 Parameters for simulating long-lasting local SR Ca*" release

events in tetracaine. For details, see text.

closed), where the closing and opening rate constants were the inverse of RyR open time
and closed time, respectively (see Fig. 2.2B in Chapter 2.2). The rate of Ca*" diffusion
between the junction and Ca®* spark volume (to estimate observed free [Ca®"]) and between
the Ca?* spark volume and bulk cytosol was determined by their corresponding
concentration gradients and ks and ks, respectively. ks and ks were set so that [Ca®*] in the
Ca®* spark volume matched a typical Ca** spark time-course. Ca*" buffers within each
compartment were instantaneous and had capacities of 60 (primarily from CSQ, Murphy, et
al., 2011), 25 and 100 (estimated from Shannon, 1997) for the JSR, junction and bulk
cytosol, respectively. The parameters used are given in Table 3.1. Flux equations are given
below (Eqn. 3.6, Eqn. 3.7 and Eqn. 3.8), where the calculated flux was a quantity per time.
This flux was multiplied by the time step (dt) and divided by the respective volume to yield
the change in concentration. All calculations were performed in units of umol and ms. The
frequency of oscillations was also calculated as described above and compared to noise

analysis of experimentally recorded LLEs.
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dCa%; Eqn. 3.6
JSR )
dt = ([kl : ([Caz+]network - [Ca2+]]SR) —n-Py- ICaD
dCait . Eqn. 3.7
];rtlc on _ (n . PO . iCa — k3 . ([Caz+]junction — [Caz+]spark))
dCaZ;ark - . b Eqn. 3.8
dt = k3 - ([Ca ]junction - [Ca ]spark) + Kk, - ([Ca ]spark
— [Ca**]))
Statistics

Statistical significance was determined using non-parametric tests. The Chi-square test for
two-samples was used to test the null hypothesis (Hop) that two sample distributions are the
same. The Chi-squared test statistic (x?) was compared to the Chi-square distribution and
the probability of obtaining that value or greater if the Ho was true (P) is given. The method
and code for calculating %, the degrees of freedom (df, the number of non-zero bins in one
group) and associated P-value was modified from Fortran 77 routines published by Press, et
al. (1992). Where the count within any one bin of the histogram was below five, adjacent
bins were accumulated (for both samples). If Hy was rejected (P < 0.05), the Wilcoxon
Rank-Sum test was used to test a second hypothesis of whether the two means of
distributions were the same. The Rank-Sum test statistic (Z) is approximately normally-
distributed for sample sizes larger than ten and the two-tailed P-values reported

accordingly, where P < 0.05 was defined as statistically significant.

3.3. Results

Spontaneous Ca?* sparks in the presence of tetracaine

To examine the effect of tetracaine on local SR Ca®" release, spontaneous Ca?* sparks were
recorded in the absence and presence of tetracaine (Fig. 3.2 and Fig. 3.3). These examples
were selected to highlight the polymorphisms that are present in Ca®* release events under
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Figure 3.2 Examples of spontaneous Ca’* sparks in the absence of
tetracaine. (A) Line-scan images of six Ca”* sparks are shown to illustrate
the range of morphology exhibited across different cells and SR Ca®* release
sites. More frequent and typical Ca®* sparks are marked by black, red, orange
or yellow bars, while rare, unusual events are marked by green or purple
bars. The colour table was scaled to each image to highlight their shapes.
(B) show the corresponding time profiles of the Ca®* sparks shown in (A),
coloured in accordance with the aforementioned coloured bars. The profiles
are offset for clarity, but all had an initial F/F, of one. The vertical scale bar

shows one F/F,. (C) shows the corresponding spatial profiles at time of peak.
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Figure 3.3 Examples of spontaneous Ca®* sparks in the presence of
100 pM tetracaine. (A) Line-scan images of six Ca** sparks in tetracaine to
illustrate the range of morphology exhibited across different cells and SR
Ca’* release sites. A higher proportion of events are slightly longer (e.g.
yellow), while some events were long-lasting (green or purple). The colour
table was scaled for each event to highlight the different morphologies.
(B) The corresponding time profiles of Ca®* sparks coloured as shown in
(A). The profiles are offset for clarity, but all had an initial F/F, of one. The
vertical scale bar shows one F/F,. (C) shows the corresponding spatial

profiles of Ca®* sparks at time of peak.
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control conditions (see also Shen, et al., 2004). The line-scan images of control Ca®* sparks
(Fig. 3.2A) show a high amplitude event (marked in black) alongside a range of typical
Ca®* sparks (red, orange, yellow) and unusual events that were longer (green, purple)
and/or more narrow (purple). Unusual events (tso>50ms) comprised <0.4% of all
measured control events. Fig. 3.2B shows the time profiles of these events, where it is clear

that the amplitudes are higher for the more typical events.

Following the application of 100 puM tetracaine, Ca®* sparks had smaller amplitudes (Fig.
3.3B), while some events had markedly longer durations than any event observed in control
(Fig. 3.3A, marked in green or purple). Approximately 16 % of events observed in
tetracaine had a tso that exceeded 50 ms (or ~ 40 % of fluctuations were observed at release
sites that also exhibited LLEs). Note that there was not a strong correlation between event

amplitude and duration (see Fig. 3.6).

The properties of spontaneous Ca?* sparks recorded in cells with and without application of
tetracaine are summarised in Fig. 3.4 and Table 3.2. Events that exhibited a plateau before
returning to baseline were excluded from these measurements and are presented later. In the
presence of tetracaine (blue bars, Fig. 3.4A), the distribution and mean of Ca?* spark peak
fluorescence were significantly different to that of control (black bars, Fig. 3.4A), however
the magnitude of this difference was small (see Table 3.2). The FWHM of events did not
change (Fig. 3.4B), which might be expected as this property is mainly driven by diffusion
and microscope blurring. Tetracaine was associated with a ~20 % reduction in the
maximum rate of rise (Fig. 3.4C), while the time to peak of events was increased by ~ 40 %
(Fig. 3.4D).

The decay time-course was also prolonged, where ty5s was ~ 3 ms longer in tetracaine (Fig.
3.4E) and tso (Fig. 3.4F) and tg (not shown) was also prolonged. This difference was due to
a prolongation of the time to peak and tys (i.e. associated with release flux) as there was no
change in decay times, tso — tos (Fig. 3.4F inset) and tg — tso (Fig. 3.4G). The integral of
event fluorescence greater than half maximum amplitude was smaller in tetracaine (median
F/Fo'ms ~ 9.0 compared to ~10.3 in control, Fig. 3.4H). Overall, the most pronounced
changes in the spark-like Ca®* sparks in tetracaine were decreased maximum rate of rise

and prolonged time-course in the early phases (time to peak and t;s).
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Figure 3.4 Properties of spontaneous Ca* sparks recorded in the absence (black, n = 234,
14 cells) and presence of tetracaine (blue, n=325, 6 cells). In tetracaine, (A) peak
fluorescence and (B) FWHM were not changed, (C) the maximum rate of rise was reduced and
(D) the time to peak was prolonged. The time taken for fluorescence to decay was also
prolonged in tetracaine (E, F), though this occurred predominantly during the early phase of
decline. That is, tso— tys (inset, F) and tg —tso (G) showed no difference. (H) The integral of

release above half maximum amplitude showed a different distribution in tetracaine.
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Long-lasting SR Ca** release events

Despite the relatively small changes in the time course in the majority of Ca®* sparks in
tetracaine, a subset of release sites exhibited LLEs that continued for up to several seconds.
Release sites that produced LLEs exhibited a continuum of behaviour, as illustrated in Fig.
3.5. Panel A shows an example where a relatively large and rapid increase in fluorescence
was followed by a rapid decline, then a sustained plateau (~ 70 % of the initial peak
fluorescence) with few obvious fluctuations (though see asterisks, Fig. 3.5A). A second
example is shown in Fig. 3.5B, where a relatively modest and slow increase in fluorescence
was followed by clear fluctuations. Occasionally, fluorescence would decline to baseline
only to increase again within tens of ms, suggestive of rapid re-activation of the CRU. A
third example is shown in Fig. 3.5C, where the release site produced a large number of Ca®*
sparks, where the second event occurred before the previous event had declined back to
baseline (asterisks, Fig. 3.5C). LLEs also occurred at this site and are suggestive of Ca**
release events that were superimposed due to a short At (triangles, Fig. 3.5C). Note that
over 7 s, the peak fluorescence of the release events remained remarkably constant, which

suggests that release is being activated from the same CRU.

To clarify whether LLE sites were different to those sites that did not show LLEs, the
relationships between different Ca®* spark properties that are related to release flux were
examined. Fig. 3.6 shows the measured properties of recorded events in control (black dots)
and tetracaine (spark-like: blue dots; all fluctuations of at LLE sites: orange dots; initial
fluctuation of an LLE event: red dots). For clarity, the inset shows the means and one
S.E.M. for the three populations. There was a positive relationship between the maximum
rate of rise and peak amplitude for all fluctuations, with a slope of 0.35 on the logio-10010
scale (Fig. 3.6A), which suggests amplitude increased with the 3™ power of the maximum
rate of rise. Fluctuations at LLE sites appeared to belong to the same population, albeit with
generally much lower values for both amplitude and maximum rate of rise, whereas the
initial fluctuations at LLE sites appeared to be scattered in this relationship. The mean
maximum rate of rise (4F/Fo/ms) for all and initial fluctuations at LLE sites were
0.05+0.01 and 0.11+0.02 (Z=3.3, P=5x10™), respectively. These values are much
smaller (25 and 50 %) than that measured of spark-like events in tetracaine (see Fig. 1.4C
and Table 2). The mean amplitudes (AF/Fo) for all and initial fluctuations at LLE sites were
0.44+0.03 and 0.89+0.07 (Z=5.4, P=6x10%), respectively. Note that the mean
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Figure 3.5 LLEs in the presence of tetracaine. Three examples from different cells
are shown, each chosen to show the variation observed. The left panels show time
profiles through the centroid of the events, which was obtained by averaging across
0.4 um about the centroid (black dots), then smoothed in time with a 6 ms wide
Savitzy-Golay filter (red lines). The resting F/F, value was one and the peak or plateau
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fluorescence for each separate release site is marked in each segment (grey, dashed
lines). The right panels show the corresponding line-scan images in 1s segments,
where the images for each release site has been scaled to the range of the colour table.
The images have been scaled differently for each of the three apparent release sites.
(A) shows release that began with a relatively high amplitude, which then decayed to
an intermediate level that was sustained for seconds. Note that small fluctuations are
present (asterisks), though some may be due to contribution from a nearby release site
(triangle). (B) shows a low amplitude, slow release that is sustained, but fluctuates
dramatically about this plateau level over a long period of time. (C) shows an apparent
release site with a high probability of Ca®* spark activation. This site exhibited events
that had regular and long durations (triangles). Often, a second release event would
occur before a previous event had returned to baseline (asterisks, first triangle). Note
that throughout the ~ 7 s of recording, the Ca®* spark amplitude remained remarkably

constant.
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Figure 3.6 Properties of local SR Ca’* release events at LLE sites in comparison to Ca®*
sparks. The properties of Ca** sparks in the absence (black dots, n = 234) and presence (blue
dots,n = 325) of tetracaine from Fig. 3.4 compared to similar measurements of SR Ca’* release
events that occurred at LLE sites (tetracaine). The effects of tetracaine on Fluo-4 fluorescence
and [Ca®']sr have been taken into account, although it should be noted that this causes very little
change in the results (see text). Orange dots show measurements made from all fluctuations at

the site (n =208), while red dots are a subset (initial fluctuations, n = 46). The insets show
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amplitude of the initial fluctuations was similar to that of spark-like events in tetracaine
(Fig. 3.4A, Table 3.2), but only ~half for all fluctuations. This is due to increased
fluorescence at the beginning of the fluctuation, since the absolute peak fluorescence of
events at LLE sites was similar to other events (mean F/F, of 1.73 + 0.03, not shown). In
contrast, the time to peak of fluctuations was inversely related to the maximum rate of rise
(Fig. 3.6B) for all events, where time to peak was approximately inversely proportional to
the 0.4™ power of maximum rate of rise. The time to peak was longer at LLE sites
(30 £ 1 and 24 + 3 ms for all and initial fluctuations, respectively, Fig. 3.6B, vertical axis),
consistent with their reduced maximum rate of rise. Since amplitude and time to peak
appeared to show opposite relationships to the maximum rate of rise, the relationship
between amplitude and time to peak was examined. Interestingly, fluctuation amplitude and

time to peak showed only a weak inverse relationship (Fig. 3.6C).

Event duration (tgo) were also examined and are shown in Fig. 3.6 (right panels). The mean
tgo was 315 + 65 ms. Note that four events were omitted from analysis due to their duration
exceeding the length of the image. Fig. 3.6D shows that as the maximum rate of rise
increased, tgy decreased. Comparison of spark-like and LLEs suggests that for a given
maximum rate of rise, tgy at LLE sites were disproportionately longer than would be
expected by extrapolating from the spark-like population. A similar difference was found
for amplitude (Fig. 3.6E). In contrast, the time to peak was positively related to tgo, where
all fluctuations appeared to follow the same trend. Together, these data suggest that all sites
in the absence and presence of tetracaine have similar underlying properties, but that some

(unknown) factor allows LLE sites to produce a plateau in fluorescence.

the calculated means of each population and the error bars show one S.E.M. (A) shows a positive
relationship between the maximum rate of rise and amplitude. Fluctuations at LLE sites showed
generally smaller amplitudes and rates of rise. (B) shows a negative relationship between
maximum rate of rise and time to peak, where the slope is — 0.38. (C) shows the relationship
between peak fluorescence and time to peak, where the time to peak at LLE sites was higher than
that expected from regular-duratio n sites. Trends were similar when AF/F, was used (very small
negative slope of ~-0.05 for spark-like events and similar trend of longer time to peak for a
given AF/Fo, not shown). (D)-(F) show relationships between maximum rate of rise, peak

fluorescence or time to peak with tg.
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Effect of interval on repeated events

For highly active release sites that exhibited LLEs, the fluctuations could be analysed on
the time delay (interval, At) between consecutive CRU activations to examine the
restitution of various parameters. Fig. 3.7A and B show two examples of release sites where
repeated events occurred. The first event (from Fig. 3.5C) showed little decrease in peak
fluorescence (orange circles, left panel), amplitude (blue crosses) or maximum rate of rise
(green triangles) over ~ 8s, except during fluctuations that occurred at short At (e.g. just
before 3s, or the first triangle LLE shown in Fig. 3.5C). When these measures were
evaluated against 4t, all measures declined as 4t declined (Fig. 3.7A, right panel). At the
shortest A4t (~ 10 ms), F/F, was reduced by ~ 30 %, while AF/Fy was reduced to less than
10 % of the initial amplitude and recovered to 63 % when At ~ 160 ms. The maximum rate
of rise recovered even more slowly and was not restored even when amplitudes (and peak
fluorescence) had recovered. Fig. 3.7B shows another release site that showed a slight
decrease in peak fluorescence over 6 s (~ 15 %, left panel). AF/Fy at this release site were
more variable, but was suggestive of a ~ 180 ms time constant of recovery. For this event,
rate of rise followed a similar trend to amplitude. Summaries of all fluctuations occurring at
LLE sites (n=27) are shown in Fig. 3.7C. Again, peak fluorescence shows little change

with 4t, however, the time constant of recovery for AF/Fy was ~ 250 ms.

The 4t distribution is shown in Fig. 3.7D, which shows that Ca** release events occurred
when At <50 ms. The minimum At measured was ~ 10 ms, so in these conditions there did
not appear to be a ~ 50 ms absolute refractory period in activation of local SR Ca?* release,
as described by Sobie, et al. (2005).

Figure 3.7 The dependence of Ca®* spark properties on interval. Peak fluorescence
(orange circles), peak amplitude (blue crosses) and maximum rate of rise (green triangles) of
release events at LLE sites are shown. (A) shows an example of an active release site (from
Fig. 3.5C), where local SR Ca”" release events occurred repeatedly over ~ 8 s of recording.
The left panel shows that the absolute peak fluorescence of the events did not vary a lot over
this time (normalised to the first fluctuation, which had a peak F/F; = 1.82 and maximum rate
of rise AF/Fo/ms =0.17), except for some clusters of fluctuations. When these measurements
were sorted by delay (At), it became apparent that as At decreased, amplitude decreased. For

this release site, the time constant for AF/F, recovery was ~ 157 ms. Absolute peak F/F
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did not show a dramatic decline with decreased At.As expected, the rate of rise also increased as
At increased, but at a slower rate than AF/F,. (B) shows an example of another release site that
showed more variable data. There was a small reduction in absolute peak fluorescence (initial
peak F/Fy=1.82 and maximum rate of rise AF/Fo/ms=0.06) and amplitude over time (left
panel). The AF/F, time constant of recovery may be slightly longer at ~176 ms. (C) is a
summary of all fluctuations at LLE sites (n = 27 sites). Overall, the average recovery time for
AF/Fy appears to be ~ 250 ms, although this is variable (~ 70 to 650 ms). Absolute amplitude
appears to be independent of At (at least, for At > 10 ms). (D) is the distribution of release event
delay (At) as a proportion of the total number of events (i.e. the 27 initial events with unknown
At are not shown). There did not appear to be an absolute refractory period in release activation,
at least in the presence of tetracaine. The red curve is an exponential function with a time

constant of 65 ms.
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Fluctuation noise analysis

Even though it is likely that LLE plateaus occur because release flux is equal to the rate of
[Ca?*]ysr recovery (Zima, et al., 2008a), this idea has not been fully explored. It seems
reasonable to assume that during several seconds of approximately steady fluorescence, the
underlying RyR channels would be stochastically gating (given ms open and closed times,
Copello, et al., 1997; Laver and Honen, 2008). To examine whether any excess noise could
be detected and whether this could help quantify the underlying fluxes, spectral analysis of

the plateau phases of LLES was performed.

10° Figure 3.8 Power spectra of LLE plateaus.

E * Control
C g e LLEs The power spectra (arbitrary units) of long-
10‘“; lasting SR Ca”* release events with durations
Eg] E longer than 1000 lines (n = 11, blue) and nearby
s i regions in the same image with no apparent SR
-5
10 E Ca®* release activity (n=11, black) were
E calculated, then averaged. fc for LLEsS was
106 L 4.1 Hz, with an offset of 1.0 x 10 a.u. The mean
LLLin L Ll
1 5 100 power of control regions was 6.9 x 10° a.u.
Frequency (Hz) Shaded areas represent S.E.M. of data.

The average power spectrum of the control regions corresponding to measured LLES
showed a uniform distribution of power across all frequencies measured (black circles, Fig.
3.8). In contrast, the average power spectrum of the plateau periods of long LLEs showed
more power at low frequencies and this decreased monotonically with increasing frequency
(blue circles, Fig. 3.8). A Lorentzian function (Eqn. 3.4) was fitted to these data, with
parameters, Pg = 1.9 x 10, fc = 4.1 Hz, offset = 1.0 x 10™.

3.4. Discussion

Reduced release flux in tetracaine

The presence of tetracaine was associated with Ca** sparks that had decreased amplitude,
maximum rate of rise and increased duration. These changes are qualitatively similar to the
changes observed by Zima, et al. (2008a), although Ca?* sparks in this study had higher
amplitudes (~ 124 %) and shorter time to peak durations (~ 52 %) than they reported. Ca?*
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spark probability decreased by 35% in tetracaine (5.3 +1.2/s/100 um, n=6 cells,
compared to control: 8.1 +1.6 /s/100 um, n = 14 cells), which is similar to observations
made by Gyorke, et al. (1997) and Zima, et al. (2008a) at 100 and 750 uM tetracaine,
respectively and consistent with the extent of inhibition observed in lipid bilayer studies
(ICs0 ~ 200 uM, Zahradnikova and Palade, 1993; Gyorke, et al., 1997; Zima, et al., 2008a;
Laver and van Helden, 2011). Single-channel data suggests that tetracaine reduces RyR
channel Po by increasing closed times, but not decreasing open times (Laver and van
Helden, 2011).

However, the effect of tetracaine on RyR function in situ is more complex, as a reduction in
Po,ryr May reduce diastolic SR Ca’* release (‘leak’, e.g. Shannon, et al., 2002; Santiago, et
al., 2010), which would increase [Ca*"]sr and increase RyR unitary current (iryr). Previous
studies have have shown a variable effect of tetracaine on [Ca**Jsr. In un-stimulated rat
myocytes, which shows rest potentiation, that [Ca’*]sr increased to 170 % (3 min after
application of 100 uM tetracaine, Overend, et al., 1997). However, other studies have
reported more modest increases in [Ca’*]s in the presence of high dose of (0.75 mM)
tetracaine, which should abolish SR Ca®* release (Gyorke, et al., 1997). For example, in
paced and permeabilised rabbit myocytes [Ca®‘]sr increased by ~ 20 % (Shannon, et al.,
2002; Zima, et al., 2008b). In rat myocytes, Gyorke, et al. (1997) found a similar increase
in [Ca*"Jsr (~ 15 % after 2 min and ~ 55 % after 5 min), while Lukyanenko, et al.(2001)
found a 30 % increase after 5 min in 100 uM tetracaine. In the presence of 1puM
isoprenaline and a high [tetracaine] for 6 min [Ca’"]sr in permeabilised cat myocytes
increased to 180 % (Zima, et al., 2008a).

In this study, changes in [Ca®"]sr Were estimated using the corrected maximum rates of rise
as a measure of initial Ca** spark release flux (Ispark)- Since lspark decreased by ~ 24 % in the
presence tetracaine (Fig. 3.4A) and n-Po was reduced by 35 % (from the reduction in Pspark
in the presence of tetracaine), iryr Should have increased to 112 % (see Eqn. 3.9, modified
from Eqn. 1.2):

Ispark = Iryr -1 * Po Eqgn. 3.9

Eqn. 3.9 states that Ispark IS the product of iryr, the number of RyR channels in a CRU, n and

the open probability of each channel, Po, assuming independence. In this range, unitary flux

93



Local SR Ca?* Release and Termination

is approximately proportional to [Ca*]sr (Mejia-Alvarez, et al., 1999). Though a 12 %
increase in [Ca*"]sr is within the range reported by others, it is likely that tetracaine causes
quenching of Fluo-4 fluorescence since tetracaine has been shown to cause a ~5 %
decrease in fluorescence of Fluo-3 (in vitro calibrations, Shannon, et al., 2003b). If this is
true for Fluo-4, then the measured F/F, in tetracaine needs to be corrected. For example, the
peak fluorescence in control (F/Fy of 2.09, Table 3.2) would correspond to 238 nM if using
a Kp of 0.9 uM (Baylor and Hollingworth, 1998; Baylor and Hollingworth, 2000; Wang, et
al., 2001; Woodruff, et al., 2002) and resting [Ca®*]i of 100 nM (Cannell, et al., 1987h)
using Eqgn. 3.10 (Cheng, et al., 1993).

Kp - F/F Egn. 3.10
Fmax - F/FO
where,
K
Frhax = 0 +1

[Caz+]i,rest

When a 5% quench in dye signal was taken into account (so that quenched Fpmax is
0.95'Fmax), an F/Fy of 2.07 in tetracaine (Table 3.2) would correspond to 251 nM (which
would correspond to F/F, of 2.18 if there was no dye quenching). However, resting [Ca®*];
has been shown to be decreased in the presence of tetracaine (~ 25 % in rabbit, Shannon, et
al., 2002), which would alter the pseudo-ratio calibration of Fluo-4, as well as have a minor
effect on iryr. Therefore, if [Ca2+]i,rest is 75 nM, then a measured F/Fy of 2.07 in tetracaine
would correspond to a [Ca?*] of 181 nM. The overall result of these two opposing effects
mean that in the presence of tetracaine, the maximum rate of rise (used to approximate
Ispark) Was reduced by ~ 28 %, which is similar to that calculated from the original measured

values and that [Ca®*]sg had increased to 144 %.

Release termination of Ca®* sparks

The majority of Ca®" sparks measured in the presence of tetracaine showed little change
from those measured in control conditions. In this population of ‘spark-like’ release events,
time to peak and tzs (but not tsg — tos Or tgo — tsp) Were prolonged in tetracaine (~ 140 and
130 % of control, respectively, see Table 3.2). Since only the early phase of Ca®* spark

time-course was prolonged, this result suggests that the SR release flux was sustained for a
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longer duration when n'Po and lspanc Were reduced. Certainly, in all recorded events, lspark
was inversely proportional to time to peak (Fig. 3.6B), which is inconsistent with stochastic
attrition being the primary termination mechanism. Stochastic attrition would predict that
release duration (Or ta) Would increase with lsparc, SINCe Ispark is proportional to n-Po (with
the assumption that [Ca**]sr is relatively constant, at least in cells in the same conditions,
Eqgn. 3.9). On the other hand, release duration would be expected to decrease with lspar for
release flux or Ca’*-dependent termination mechanisms, such as [Ca’‘]-inactivation,
[Ca®*]5sr depletion and/or sensitisation, because a larger ls,k would lead to faster [Ca®]-

inactivation and/or [Ca?*];sr depletion.

Examination of the relationship between time to peak (as an estimate of release duration)
and maximum rate of rise (as an estimate of release flux) revealed that release duration was
inversely proportional to the 0.4™ power of release flux (Fig. 3.6B; Shen, et al., 2004, see
also Lukyanenko, et al., 1998). This is also consistent with previous studies that showed
Ca®* sparks had smaller amplitudes and durations in thapsigargin (reduced [Ca*']sg, Song,
et al., 1997) and longer durations at increased SR Ca®* buffering (e.g. Zima, et al., 2008a,
although see Jones, et al., 1998; Wang, et al., 2000). If termination of local SR Ca*" release
was simply due to the local [Ca’*];sr emptying, then release flux would be inversely
proportional to the release duration. Instead, the observed dependence suggests that
[Ca*"];sr depletion does not directly determine release duration. A 3™ power dependence is
seen between RyR closed time and [Ca®']; (e.g. Laver and Honen, 2008), as well as
between the frequency of spontaneous SR Ca?* release and [Ca?*]sr (Diaz, et al., 1997,
although see Song, et al., 1997). However, the steepness of the relationship is critically
dependent on where the RyRs are operating in terms of their Ca®* response curve.
Therefore, a weak dependence may result when RyRs are near saturating in Ca’* in the
junctional space as may occur during Ca®" release (see section 2). Since release flux is
proportional to [Caz+]junction over the time scale of a Ca®* spark (Soeller and Cannell, 1997)
and release duration is CRU open time, the inverse relationship between release flux and
duration can be explained by [Ca®**]i-dependence of RyR channel activation alone. In other
words, termination of CICR within a CRU involves [Ca*];sr depletion, the subsequent
reduction in [Ca2+]junction and RyR channel de-activation. Note that when [Ca®'Isw-
dependent regulation of RyR P was incorporated into a model of Ca** spark termination
(i.e. Po set to be linearly-dependent on [Ca®*]isr), the relationship between release flux and

duration was steeper than that observed in these data (Sobie, et al., 2002). Furthermore,

95



Local SR Ca?* Release and Termination

Sobie’s model could not produce the increased event duration at increased [Ca*']sr as
observed by Zima, et al., 2008a, which suggests that the negative control invoked was too
strong (i.e. termination was more robust or dependence too steep) than observed data. The
presence of repeated SR Ca®* release during sustained levels of relatively high [Ca2+]junction
during LLEs also suggest that [Ca*']--inactivation cannot be occurring within the time-
course of these LLE events (although it is possible tetracaine may have had an effect on
[Ca?*]i-inactivation, this is unlikely since it has not been reported that tetracaine has any

effect on RyR channel availability, Laver and van Helden, 2011).

Nevertheless, it is possible that [Ca?*]i-dependent inactivation becomes more important
during CRU re-activation due to refractoriness. Thus, the ability of CRU to re-activate at
short At was investigated. The analysis of highly active sites in the presence of tetracaine
showed that ~ 25 % (Fig. 3.7D) of Ca®* sparks were evoked within At ~ 50 ms. This result
is different to that of Sobie, et al. (2005), who reported a distinctly biphasic A4t distribution,
with a mode at 240 ms. This discrepancy may due to differences in methods used to
increase Pgparic (tetracaine vs. low concentration of ryanodine). It is unclear whether
ryanodine may have altered resting [Ca?']; and [Ca®*]sr during the 10 min of recording
(given that it had increased Po and may have induced sub-conductance states, e.g. Cheng, et
al., 1993 to increase spontaneous SR Ca*" release and reduce [Ca®*]sr), which may reduce
event amplitude and their ability to be detected. Further, the induction of sub-conductance
states (e.g. Cheng, et al., 1993) may have reduced the ability of a spontaneous RyR opening
to trigger a Ca®* spark. The observation of high Pspark Sites is paradoxical since tetracaine
reduced RyR channel Po. It is possible that some sites exhibit relatively low n-Po (note the
Binomial nature of block and variation in CRU sizes) in combination with a highly
connected JSR that enables relatively fast [Ca**];sr refilling and therefore, release flux to be
matched (Zima, et al., 2008b).

Certainly, at sites that exhibited high Pspark, secondary release events occurred even before
the fluorescence due to a previous event had returned to baseline. It is possible that at these
junctions, the available [Caz+]junction was still high enough to cause regenerative CICR when
[Ca?*]ysr Was partially restored. On the other hand, at the majority of junctions where
spark-like events occurred in tetracaine, the network and JSR connectivity was insufficient
to allow the time-courses of JSR restoration and Ca?* spark decay to match. This meant that

release duration was just prolonged enough to deplete [Ca?*];sr, reduce release flux and de-
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activate the CRU. A continuum of behaviour would result from differences in the rate of
[Ca®*].sr replenishment. The effect is this variation is enhanced when n-Po is low and CRU
behaviour is largely influenced by the stochastic gating of the few RyR channels available.
This means that when tetracaine is absent, n‘Po and release flux is much higher during
CRU activation and is able to deplete the [Ca’*];sr over a range of Ca** buffering and
refilling capacities. Supporting evidence for this idea has come from the measurement of
Ca®* blinks. Where LLEs occur, some Ca?* blink data suggest that [Ca**];sr is maintained
at some steady-state during the long release (Zima, et al., 2008b), which suggests [Ca**];sr

had initially reduced, but not depleted entirely to prevent release.

Though these lines of evidence support a major role of [Ca**]isr in the termination of
CICR, the extent of its depletion has been reported to be ‘only’ ~ 30 - 40 % of the caffeine-
sensitive store (Brochet, et al., 2005; Zima, et al., 2008b), where caffeine reduced the SR
Fluo-5N signal by 50 % (Brochet, et al., 2005). Calibration of these pseudo-ratio
measurements yielded a minimum [Ca®]sg ~ 200 uM during caffeine-induced SR Ca**
release and ~ 500 uM during spontaneous Ca* blinks (Shannon, et al., 2003a). However, it
is not clear whether the minimum fluorescence of Ca* blinks correctly reflects [Ca?*]ssr.
The minimum [Ca*"];sr reached during a Ca?* spark could be much lower than previously
suggested because (1) neighbouring network and JSR are not reduced to the same extent
(Picht, et al., 2011), (2) the caffeine-insensitive fluorescence, which was assumed to be
irrelevant to SR Ca®* release (e.g. in fluorescence arisng from mitochondria, which
comprise a substantial ~ 30 % of the cell cytoplasm compared to 0.6 % by the JSR, Bers,
2001), would together (3) contribute to the Ca** blink signal in a non-linear manner due to
their (unknown) changes relative to [Ca’]isz and the limited optical resolution of a
confocal microscope (see Chapter 4). In this study, measurement of Ca®* sparks at short At
showed that amplitude could be as small as ~ 10 % of the initial event (Fig. 3.7C and Sobie,
et al., 2005). This suggests that the initial Ca®* spark had released at least 90 % of the
releasable content, under the reasonable assumption that maximum n-Po during CRU
activation at the same site had not changed. Further, the restitution of Ca** spark amplitude
required a long period of time (relative to the time-course of a Ca®* spark), which further
supports the likelihood of [Ca*"];sr depletion. Similar to a previous study, the recovery time
at different release sites showed considerable heterogeneity (Zima, et al., 2008b), although
it was not possible within this study to examine the variability of recovery within a given

release site. The average amplitude recovery time was ~ 250 ms, which is similar to that
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measured by Brochet, et al. (2005), but ~ double that measured in the presence of 50 nM
ryanodine alone or including tetracaine (Sobie, et al., 2005; Ramay, et al., 2011). The
reason for this discrepancy is unclear, but may be due to an overall higher [Ca*']sr in the
presence of tetracaine. That is, even though higher [Ca®];sr can auto-regulate Ca®* spark
duration by [Ca®*];sr depletion, replenishment of the highly-buffered JSR will be dependent
on [Ca?*] in the network SR as well as SERCA activity. The latter would be reduced at high
[Ca?*]sr. Nevertheless, the recovery time of Ca®* blinks have also been measured as being
longer ~ 150 — 180 ms (Zima, et al., 2008b; Picht, et al., 2011, although see Brochet, et al.,
2005).

It has also been suggested that tetracaine may change the ‘threshold’ of [Ca®']isr that
terminates release (Zima, et al., 2008b). This was based on observations of Ca** blinks that
had more variable minimum fluorescence levels compared to control events, which had
relatively constant minima. However, the interpretation of Fluo-5N data obtained in
tetracaine is complex because of the associated increase in [Ca®*]sr and ~ 15 % reduction in
fluorescence (Shannon, et al., 2003a). The increased [Ca®‘]sr could mean that the Ca®*
blink further under-estimates [Ca**];sr depletion due to increased contribution of out-of-
focus network or adjacent JSR [Ca®*] to fluorescence. This effect would not be controlled
by measuring fluorescence during a caffeine-induced release, because this manoeuvre
depletes global [Ca®*]sr, making a proportion of the out-of-focus contamination caffeine-
sensitive. Examination of the release amplitudes and integrals of spark-like events (after
taking into account quenching of Fluo-4, see Fig. 3.4A, G and text) and the relationship
between release flux and time to peak for all events (Fig. 3.6B) would suggest that a similar
amount of Ca** is being released between control and tetracaine groups. The duration of
release (time to peak) decreased with a similar steepness with release flux, consistent with
the dependence of RyR channel (de)-activation with [Ca?*]. When release flux is reduced
substantially (at some sites in tetracaine), the rate of [Ca**];sr depletion is such that it can
be restored within the time of Ca** spark decay and gives rise to LLEs. Nevertheless, LLEs

eventually terminate, so another mechanism must exist for this to occur.

Note that the 2D histograms presented here (and by Shen, et al., 2004) are dissimilar to
those presented by Shkryl, et al. (2012), who used 4D confocal imaging to select for ‘in-
focus’ Ca** sparks. This discrepancy may be explained by the technique itself, which

forfeits significant temporal resolution in order to improve spatial resolution. Their 5.6 ms
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per 3 slice z-stack compared to an expected ~ 10 ms time to peak of a Ca®" spark is
insufficient to correctly capture the peak and its associated parameters (e.g. time to peak,
peak amplitude, FWHM, maximum rate of rise). Furthermore, given that Ca®" spark
FWHM is 1.2 - 2 um (Cheng, et al., 1993; Shen, et al., 2004), it is unclear how useful z-
stacks taken 1 um apart would be in selecting for the focus of release given junctions are
~ 200 — 400 nm wide and 0.6 pm apart (Soeller and Cannell, 2004).

Sustained release and termination during long-lasting events

Since LLEs produced a prolonged period of elevated [Caz+]junction with no apparent [Ca*"] or
flux dependence, its termination must depend on other factors. One possibility is stochastic
attrition. Though this is thought to play only a minor role under physiological conditions
due to the large number of RyR channels within a cluster (e.g. Stern and Cheng, 2004;
Cannell and Kong, 2012, see Eqgn. 3.1), stochastic attrition may be unmasked in the
presence of tetracaine due to reduced n-Po and reduction of [Ca*];sr depletion during
LLEs. To investigate whether this could be possible, the number of available RyR channels
during LLE events was estimated from the events’ maximum rate of rise and then T, was
calculated. If maximum RyR Po under normal conditions is ~ 0.5 (see Fig. 2.2B), then Po
during spark-like events in tetracaine would be ~0.33 (35 % blockade, estimated by the
reduction in Pgpark, See above). Since the mean duration of LLES was ~ 320 ms (equivalent
t0 Tan), USING To = 2 ms (see Chapter 2.2) in Eqgn. 3.1 yields ~ 18 available RyR channels per
CRU at LLE sites. Since there is no a priori reason to believe that tetracaine blockade or
[Ca’ sk at Steady-state is different across CRUSs, the average number of RyR channels
available during spark-like events should also be 18, which would correspond to 28 being
available under control conditions. This value is compatible to peripheral CRU sizes
(Wang, et al., 2004; Baddeley, et al., 2009) when the different diffusion geometry is taken
into account (Kong & Cannell 2011). However, this estimate is smaller than earlier studies
examining internal CRUs using diffraction-limited confocal (Chen-lzu, et al., 2006;
Soeller, et al., 2007) and thin-section electron (Franzini-Armstrong, et al., 1999)
microscopy (~ 200 in rat). As discussed in Chapter 1.2, this discrepancy may be due to the
inability of de-convolution to accurately back-calculate CRU sizes in confocal images and

sampling bias towards larger CRUs during thin section selection in electron microscopy.

However, this does not explain why some CRUs in tetracaine exhibit LLESs. It has been

previously suggested that LLEs occur at CRUs where the rate of JSR efflux and refilling
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are matched (Zima, et al., 2008a). Since LLEs do not occur under normal conditions and
only comprise a small subset of the Ca®* release events that occur in tetracaine, it seems
reasonable to suggest that LLEs occur at CRUs where both release flux is decreased and
JSR to network SR connectivity is relatively large (Zima, et al., 2008a). At a maintained,
low level release flux, stochastic gating of RyR channels should be observed. The average
power spectrum of LLE plateaus resembled a Lorentzian curve (blue line, Fig. 3.8), with as
offset of energy across all energies (1.5 x 10” a.u.). The power in this offset was ~ 1.7-fold
greater than the uniform power in noise during control periods (8.9 x10° a.u., black line,
Fig. 3.8), which is consistent with photon noise, where variance is proportional to the mean
signal (mean peak fluorescence of all fluctuations during LLEs was F/Fy ~ 1.7, compared to
in control, by definition F/Fo=1). The fc of ~4 Hz corresponds to a time constant of
~40 ms (Eqn. 3.4). This time constant is due to a process that is much slower than the
stochastic gating of a single RyR channel, given 1o =2 ms and at Po = 0.5, tc would be
~2ms and fc would be ~ 160 Hz (Egn. 3.4). Similarly, though the Fluo-4 dye should
reduce the observed frequency of stochastic gating, this effect does not explain the
observations. For example, if the on rate constant of Fluo-4 is approximately diffusion-
limited (3.1 x 10® /M/s, Baylor, et al., 2002) and Kp is 900 pM (Baylor and Hollingworth,
1998; Baylor and Hollingworth, 2000; Wang, et al., 2001; Woodruff, et al., 2002), then the
off rate would be 140 /s and at [Ca®"] = 200 nM, the expected fc would be ~ 65 Hz (Eqn.
3.4). Even at a lower [Ca®*]; of 150 nM, which might be the case during LLEs, fc would
still be ~50 Hz. However, if repeated activation of a CRU is primarily dependent on
[Ca’|isr refilling, then a slow frequency may be explained. Given that during CRU
activation, release duration is ~ 30 ms (estimated from the time to peak of spark-like and
long-lasting events) and refilling takes ~ 150 ms, the calculated fc would be ~ 6 Hz. Thus,
the oscillations may be due to effect of [Ca®]ysr cycling (de- and repletion) on CRU

activation through [Ca*Jjunction-

To test the effect of [Ca?"];sr refilling on CRU activation and local SR Ca®" release during
reduced release flux (i.e. in tetracaine), a simple five compartment computer model was
constructed (Fig. 3.1). During simulations of control conditions (n =28, maximum
Po = 0.5), local SR Ca’* release resembled a Ca®* spark. That is, [Ca®*"] in the Ca®* spark
volume increased to a maximum of ~ 240 nM in ~ 10 ms and decayed to half of this value
in ~25ms. Termination of the Ca®* spark occurred due to depletion of the [Ca®*]ssr,

reaching a minimum of ~ 90 uM, which recovered with a half time of ~ 250 ms (Fig. 3.7C,
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see also Sobie, et al., 2002; Sobie, et al., 2005; Zima, et al., 2008b). [Ca®*];sr depletion
reduced release flux, which dramatically reduced RyR channel Po due to its steep
dependence on [Ca2+]junction (e.g. Laver and Honen, 2008). To simulate the effect of
tetracaine, maximum Po was reduced by decreasing the RyR on rate (35 % reduction in Po
was associated with a 73 % reduction in on rate, see Eqn. 1.1 and Laver and van Helden,
2011). In these conditions, Ca®* sparks had slightly longer time to peak and tso, similar to
spark-like events in tetracaine (Fig. 3.4), but were not long-lasting until the Ca*" diffusion
rate between the JSR and network SR was increased. This is consistent with a previous
study which showed that a decrease in release flux or increase in [Ca®*]sr alone were
insufficient to cause LLEs (Zima, et al., 2008). Fig. 3.9A shows stochastic RyR channel
gating that resulted from an initial spontaneous 2 ms RyR opening. Fig. 3.9B shows the
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corresponding increase in [Ca2+]junction (black line) and [Ca*"] in the Ca*" spark volume
(orange line) that persisted for a long duration. During this event, [Ca?*];sr declined to ~
260 M, which was not as low as that during a Ca®* spark due to faster recovery (~ 100 ms
half time by increasing k; 3.5-fold, Fig. 3.9C). This appeared to be enough to sustain a low
level of [Ca®*Jjuncion fOr ~ 500 ms. The eventual termination of the event occurred due to
low average RyR Po (Fig. 3.9A) and subsequent stochastic attrition (Egn. 3.4). The
duration of events increased as JSR recovery increased (Fig. 3.9D, see also Zima, et al.,
2008a). This simple model demonstrates that decreased RyR Po and increased [Ca*']ssr
refilling is able to dramatically prolong release duration. However, the oscillations in
[Ca®*)i did not occur at the frequency shown in Fig. 3.8. The frequency of oscillations are
not likely to be reproduced in this simplified scheme because the complex spatio-temporal
[Ca2+],-umﬂOn gradients were not considered. That is, buffering and electrostatic effects on
Ca*" would dampen the [Ca®*junction OsCilliations (e.g. Soeller and Cannell, 1997), while the
spatial distribution of RyR channels relative to release flux would increase the time delay
during CICR due to physical distances and closed times. Although this model does not
explicitly rule out a [Ca®*]isr-dependent desensitisation during [Ca®isr depletion, it
demonstrated that several characteristics of local SR Ca®* release (Ca** spark termination,
release prolongation and termination in the presence of tetracaine) could be reproduced
without invoking an additional termination mechanism. It would of interest in future studies
to examine whether n‘Pg and release duration during an LLE follow Eqn. 3.4. However, a
good estimate would require a measure of [Ca]ysr during the time-course of release (e.g.

concurrent recordings of Ca** blinks).

Quantal local SR Ca** release flux

Despite some agreement between these data and those presented by Shen, et al. (2004, by
loose-seal patch clamp), for example, the inverse relationship between rate for rise and time
to peak (Fig. 3.6B) and a weak relationship between event amplitude and time to peak (Fig.
3.6C), this study did not find the same wide variation in amplitude (see Table 3.2). The
previously observed variance in amplitude has led others to suggest that the number of RyR
channels that are active in a CRU during a Ca** spark is variable (Shen, et al., 2004) and
later, quantal (Wang, et al., 2004). Although this seems counter-intuitive under local
control, wherein the inherent regenerative property of CICR is contained within a CRU, it
may be possible in light of recent data showing ‘sub-clusters’ of RyR channels within a
putative CRU (Baddeley, et al., 2009; Xie, et al., 2010). However, quantal Ca** sparks have
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yet to be observed using another method that does not potentially alter the junctional
structure (as discussed in Chapters 1 and 2.4) and the clear reduction in the number of
quanta observed in the presence of tetracaine (Wang, et al., 2004) seems unlikely due to
tetracaine’s complex effects on [Ca**Jsr, [Ca®*]i and fluorescence (see above). Although
when spontaneous Ca®* sparks were measured in the presence of tetracaine, the maximum
rate of rise was reduced (see above and also Zima, et al., 2008a), which is consistent with
the RyR blocking effect of tetracaine, it does not provide further support for quantal release
fluxes without a large change in the spread of data. The distribution of maximum rates of
rise during LLEs did not show detectable quantized rates of rise (not shown). Further, it is
unclear how RyR channels within a CRU (or at least, a confocal volume) can release Ca**
without activating nearby RyRs (Wang, et al., 2004, see Niggli, 1999; Sato and Bers,
2011).

3.5. Summary

Once initiated, it is thought that SR Ca®* release locally regenerates and as such, continues
until it is terminated by some robust, yet undetermined mechanism. It has been proposed
that the mechanism(s) responsible for terminating CICR could be: (1) stochastic attrition;
(2) [Ca®*]i-dependent inactivation; or (3) [Ca®*];sr depletion and/or [Ca®*];sr-dependent de-

sesnsitisation of the RyR channels.

The observation of Ca®* sparks that occurred repeatedly at the same CRU at short At and in
sometimes elevated [Ca*']; argues strongly against a [Ca*']i-inactivated state, while the
measurement of a long (relative to the duration of Ca®* spark) Ca** amplitude restitution
time and small Ca®* spark amplitudes at short At support significant [Ca*"];sr depletion. At
the same time, measurement of spontaneous Ca”* spark properties in the presence and
absence of tetracaine revealed that release duration was inversely proportional to release
flux in a manner that can be explained by [Ca®*]isz depletion and subsequent [Ca®];-
dependent RyR (de)-activation. Computer modelling using a simplified scheme was able to
demonstrate this possibility. When release flux was reduced by tetracaine, release duration
was substantially increased to produce LLEs, which is consistent with the idea that
[Ca?*]ysr efflux is matched with influx. The remaining small number of available RyR
channels then gate stochastically to produce fluctuations during an LLE and their eventual
termination appear to be [Ca*']i-independent. This mechanism is likely to be stochastic

attrition. When n-Po was reduced (by increasing channel closed time) and [Ca®*]sr influx
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was increased in the computer model, LLESs occurred. Termination occurred within a time-
course estimated is stochastic attrition was primarily responsible, with no requirement for

additional mechanismes.
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4.  Numerical Analysis of Ca** Spark Formation

4.1. Background

Despite intensive research, the factors that control Ca®* spark morphology remain unclear.
The formation of a Ca®* spark involves the (1) activation of a CRU, (2) SR Ca*" release
and diffusion and (3) CRU closure. As discussed in Chapter 3 the mechanism(s) that
underlie the termination of CICR remains unclear. Although local SR [Ca?*] depletion
appears to be a strong candidate, attempts at measuring [Ca**];sr have shown that during
a Ca®* spark, SR Ca®* signals (Ca®* scraps or blinks) only decreased to ~ half of that
during a caffeine-induced release (Shannon, et al., 2003a; Brochet, et al., 2005; Zima, et
al., 2008b; Picht, et al., 2011). It has been suggested that this lack of decrease in [Ca®*]ssr
is due to fast intra-SR Ca?* diffusion (e.g. Picht, et al., 2011), however this quantity has
proven difficult to measure directly (see the large discrepancy between Swietach, et al.,
2008; Picht, et al., 2011) and is inconsistent with other data. For example, measurements
of Ca*" spark amplitude restitution have suggested that [Ca®‘];sr refilling is slow (half
time of recovery ~ 100 - 250 ms, Fig. 3.7, Brochet, et al., 2005; Picht, et al., 2011;
Ramay, et al., 2011, see also Cheng, et al., 1996), taking longer than the duration of a
Ca®* spark. This agrees with Ca*" blink measurements, which recover with a time
constant of ~ 180 ms, but vary between release sites (Zima, et al., 2008b, although see
Brochet, et al., 2005). Another possible reason to explain the lack of [Ca2+]JSR depletion
is that [Ca®"]ssr is well-buffered. However, the extent of this buffering remains unclear
(e.g. Shannon, 1997; Shannon, et al., 2000). In connection with this point, it has been
recently shown that [CSQ] may be much higher than previously thought (Murphy, et al.,
2011). Thus, it will be useful to understand whether the current interpretation of Ca®*
blink signals is correct. An under-estimation is possible because the fluorescent Ca** dye
used to measure Ca®* blinks is highly non-linear over the large range that [Ca®*];sr may
go through during release. Further, the JSR volume is small relative to that of the confocal
point-spread function (PSF), which would mean that any decrease in signal would be
diminished by the relatively bright signal from neighbouring network SR. Though some
calibration of the Fluo-5N binding kinetics have been made (see Shannon, et al., 2003a;
Brochet, et al., 2005), the effect of the microscope blurring on Ca** blinks has not been

considered and is expected to be different to that on Ca** sparks.
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Consideration of dye kinetics and optical blurring is also important when calculating local
SR Ca*" release flux from Ca?* spark recordings. It has been shown that sampling of Ca**
sparks with a confocal microscope leads to a monotonically decaying Ca®* spark
amplitude distribution due to out-of-focus events, regardless of the true underlying
distribution (Pratusevich and Balke, 1996; Cheng, et al., 1999). However, it is unclear
how an actual confocal PSF affects in-focus Ca?* spark and Ca?* blink amplitude, width
and time-course. The correct calculation of local release flux is important in estimating a
number of uncertainties in CICR, such as the number of RyRs that are required to be open
during a Ca** spark and as discussed above, whether this release flux is able to deplete

[Ca2+] ISR-

While the previous chapters have focussed primarily on single-cell experimental
approaches to clarify the generation of Ca*" sparks, this chapter will focus on the
construction of a more detailed computer model to simulate Ca®* release at a single
junction and Ca?* movement in the nearby micro-domain, including the JSR, connected
network SR and major Ca?* buffers, including ATP. During Ca®* spark recording, the true
release flux or change in [Ca®"] is altered by processes necessary to the experiment,
namely, Ca?* dye binding and optical blurring by a confocal microscope. The effect of
these processes on the recorded Ca”" spark and Ca®* blink was examined. Lastly, the
computer model was used to fit experimentally recorded Ca** sparks to calculate the
underlying release flux and examine its primary determinants during CRU activation and

termination.

4.2. Methods

Preparation of single ventricular myocytes and Ca®* spark imaging

Single ventricular myocytes were obtained from Wistar rat hearts by enzymatic
dissociation and prepared for fluorescence imaging as previously described (see Chapter

2.2). Spontaneous Ca?* sparks were imaged as described in Chapter 3.2.

The microscope PSF was measured by imaging z-stacks of 100 nm diameter yellow-green

Fluorospheres (Invitrogen, see Fig. 4.1). Beads resting on the glass cover-slip of the

measured. For those resting on cells, care was taken to avoid Ca®* waves and fast, but
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1 um - 2

Figure 4.1 Measurement of the confocal microscope PSF on the cover-slip and

on top of live myocytes. Representative x-z images of 100 nm yellow-green
Fluorospheres, as recorded by a water- (A) or oil-(B) immersion objective. Each
bead was measured at a different location (indicated by i, ii and iii, corresponding to
the top left schematic of looking down the longitudinal axis of a myocyte resting on
a coverslip located above an inverted objective). To highlight the changes in shape
of the PSF, image intensities have been scaled. Large aberrations are seen when the
bead is resting on the curved edge of the cell (iii) and is primarily due to
astigmatism. The intensity drop with increasing distance from the coverslip was
significant, but difficult to measure, as the same microscope settings could not
capture distant beads (10 —20 um above the coverslip, measured from z-stacks)
without saturating proximal beads. Note that the refractive indices for glass, water
and muscle cytoplasm are 1.52, 1.33 and ~ 1.38 (Huxley and Niedergerke, 1958;
Curl, et al., 2005), respectively.
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low-resolution z-stacks were used to obtain its height (z) above the cover-slip and its
location on the curve of the cell surface. In these experiments, perfusion was stopped
during scans to avoid washing away the beads. This process was performed for both the
water-immersion objective (stated above) and a Plan-Apochromat 63 x 1.4 N.A. oil-
immersion objective, typical of objective types used in most Ca** spark studies. As shown
in Fig. 4.1, significant changes to the PSF is observed when the bead is situated on top of
the myocyte, with the most prominent distortion of the PSF occurring when the bead is

resting on a curved edge. The measured dimensions of the PSFs are given in Table 4.1.

FWHM (um)
X y z n
Water immersion
Coverslip 0.38 £ 0.03 0.35+0.02 1.7+£0.2 6
Cell 0.34 + 003 0.36 + 0.03 15+0.1 5

Oil immersion
Coverslip 0.29 +0.01 0.22 +0.02 0.61 +0.04 4

Cell 0.32+0.01 0.32 £0.02 1.19+0.06 5

Table 4.1 Measurement of confocal point-spread functions (PSFs) using
yellow-green Fluorospheres. Two objectives were investigated, with PSFS
measured from the cell-top and coverslip positions. Beads recorded on a very
curved surface of the cell (see Fig. 4.1iii) were not measured due to their complex

shapes.

Image analysis

Image analysis was performed using custom routines written in IDL. Spontaneous Ca**
sparks were detected by a Matched Filter Detection Algorithm (Kong, et al., 2008). Since
the distortion of the true Ca®* spark amplitude distribution by confocal sampling has been
well-defined by others (Pratusevich and Balke, 1996; Izu, et al., 1998; Shirokova, et al.,
1999), a simple method to back-calculate the underlying amplitude distribution was
performed. First, the expected distribution from confocal sampling of a stereotypic event
was calculated by convolution with a measured PSF in three dimensions (3D, 10 nm/px
grid). A 3D Gaussian function with FWHM of 0.35 pm in the focal plane (x, y) and 1 pm
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along the optical axis (z) was also used to approximate the measured PSF (from the
average PSF measured by an oil immersion objective at the cell-top, Table 4.1). Next,
these expected distributions were used as the PSF in a Richardson-Lucy deconvolution
method to obtain the underlying Ca®* spark amplitude distribution. Those Ca®** sparks
with moderately high amplitudes (and therefore more likely to be in-focus) were chosen

for analysis.

Model parameters and diffusion equations

The Ca®* spark computer model equations were solved numerically by FACSIMILE
(Flow and Chemistry Simulator, U.K. Atomic Energy Authority, 1987). Unless otherwise
stated, FACSIMILE solutions were then read into IDL for further analysis. Where
appropriate, the start of a function (e.g. n-Po) was defined as where the function first

exceeded 110 % of the baseline.

The computer model consisted of cytosolic and SR compartments, each containing Ca**
buffers that had unique binding kinetics and mobility (Fig. 4.2). Diffusion within the
cytosol was approximated using equations that describe diffusion in a spherical volume
(Crank, 1979). The radius was set to 4 um and divided into 40 equally spaced elements.
The volume of each cytosolic element (Vi) was calculated using Eqn. 4.1, where r is the

distance between the centre of the i element to the centre of the 0™ element.

4 Eqgn. 4.1
Vi = 3 n(r® —1i-1°)

The range of i is therefore, 0 <i <39, where 0 is the first element closest to the centre of

the sphere.

The volumes of the SR elements were calculated as 3.2% of total cell volume (assuming
the cytosolic volume is 60% of total cell volume, Bers, 2001), with the exception of the
first element, which was set to 5 alL to represent the JSR. This volume was a compromise
between estimates obtained by two methods. (1) If 0.3 % of total cell volume is JSR and
cell volume is ~ 30 pL (rat, Bers, 2001), then the volume of one JSR is ~ 3 aL, assuming
that couplons occur at 1.01 /um®cell (rat, Soeller, et al., 2007). This compares to

(2) measurements from electron microscopy data, which yield ~ 8 aL (by approximating
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the junction as a cylinder of radius = 296 nm and height = 30 nm, Brochet, et al., 2005).
Since tissue prepared for electron micrographs suffer shrinkage artefacts and data
collection from thin sections preferentially selects for larger junctions, the EM data was
considered the upper limit. On the other hand, immuno-fluorescence localisation of RyR
channels may over-estimate the number of junctions or CRUs due to rogue receptors,
which would under-estimate the size of the average junction. Therefore, an intermediate

volume of 5 aL was chosen for the jSR.

The area of diffusion (Ai) between any two given elements along the radius of the sphere

was calculated using Eqn. 4.2, while the rate of diffusion was calculated using Eqn. 4.3

JSR Network SR

CSQ -« [luo5N

L L
| % |
A
-+ ATP* CaM, Fluo4»
TnC(I*1l), SRm

-
-H—r-
C —
-aH—r
cC -t

SLm 0

Cytosol

Figure 4.2 Schematic of Ca’* movements and binding sites in Ca®*
spark model. The radial axis of the spherical model begins at element, i = 0
on the left to i = 39 on the right. Each element is shown as a square box and
a dashed boundary marks an area (Eqn. 4.2) through which Ca®* and mobile
buffers (e.g. ATP or Fluo-5N) can diffuse. The bottom row represents the
cytosol, which contains ATP, troponin-C (both | and Il binding sites),
sarcolemmal (SL) and SR membrane (SRm) binding sites, calmodulin
(CaM) and Fluo-4. Both ATP and TnC(1) (asterisked) are able to bind Mg*".
Ca®* uptake (U) into the SR is able to occur across the entire radius and is
opposed by a leak (L) flux. The top row represents the SR: the 0™ element is
junctional (JSR), contains calsequestrin (CSQ) and is able to release SR
Ca’* into the 0™ cytosol element. The remaining network SR elements

contain Fluo-5F.
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(Crank, 1979), where D is the diffusion coefficient of a given species, A is given by Egn.

4.2 and 4x is the distance between the centres of the two adjacent elements (100 nm).

Eqn. 4.2
Ai = 4T[r12

A[Ca2+] Eqn. 4.3

=—_D-A-
Q Ax

As shown in Fig. 4.2, only the JSR element contained CSQ and was able to release Ca**
(‘R’) into the first cytosolic element. All SR elements were able to re-uptake (‘U’) and
leak (‘L”) Ca®* from and into the corresponding cytosolic element, respectively. The
kinetics of re-uptake were set so that when [Ca*']; was transiently increased to 10 mM,
return to rest occurred in a half-time of ~160ms (Vmax = 300 uM/s, Ky = 0.3 pM,
stoichiometry = 2, Bers, 2001), while the leak flux was set so that [Ca®"]; at steady-state
was 100 nM. Within the SR, the only other buffer included was Fluo-5N. In the cytosol,
buffers included ATP, CaM, Fluo-4, SL and SR membrane binding sites (SLy and SRy,
respectively) and troponin-C (both high and low affinity sites, TnC, ;). Simple one-to-one

binding reactions were used for all buffers.

A summary of the concentrations, diffusion coefficients and rate constants used for these
buffers are given in Table 4.2. The diffusion coefficient for ATP (Datp) was found to be
1.4 x 10°® dm%s at 16 °C (Baylor and Hollingworth, 2000). Since this work is at room
temperature, Datp at 24 °C was estimated by two methods: (1) if the diffusion of ATP has
a Qqo of 1.4, then Darp at 24 °C would be 1.9 x 10® dm?/s (see also Sidell and Hazel,
1987; Hubley, et al., 1996). (2) Given that the molecular mass of ATP is 507.18 g/mol
and assuming a globular structure, Datp Was estimated to be 1.4 x 10 dm?/s (Stoke-

Einstein equation), so an intermediate value was used.

Dcav Was estimated also from its Stoke’s radius (Sorensen and Shea, 1996) and was
4.5 x 10 dm?s. The on and off rates of Fluo-4 were also estimated from the data of
Baylor and Hollingworth (2000) obtained at 16 °C using a Q1o of 2. Kp,Fiu-4 in Vivo was
estimated to be 0.9 uM from various in vitro calibrations that yielded 0.8 uM (Woodruff,
et al., 2002; Yasuda, et al., 2004) and 1.1 uM (Fluo-3, Wang, et al., 2001). Likewise,
Kb riuo-sF Was taken from Woodruff, et al. (2002), but has also been reported at 1.6 uM at
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24.°C (Yasuda, et al., 2004). [Mg?*] was set to 1 mM in all compartments (Gupta, et al.,
1984, though see Blatter and McGuigan, 1986; Quamme, 1990).

Dca in the SR was estimated to be 50-fold less than that in the cytosol, a value that was
chosen to include the effect of tortuosity and Ca?* binding sites within the SR. If the SR
lattice is simplified as diffusion within a flat sheet, with staggered blocks as barriers, then
the effective diffusion coefficient can be calculated from the ratio between the size of and
distance between the blocks (see Fig. 12.8 in Crank, 1979). Since SR tubules are ~ 40 nm
in diameter and the ‘holes’ in the SR network between adjacent tubules are ~ 160 nm
wide (e.g. Ogata and Yamasaki, 1990), then the effective diffusion coefficient would be

~ 0.3 of that in free solution.

In addition, binding to buffers would also reduce the rate of diffusion proportional to the
number of binding sites present. It is thought that ~ 60 % of Ca®" buffers in the network
SR is SERCA (for a review, see Tada and Toyofuku, 2011). It has been estimated that
there is ~ 1.7 mmol/Lsg of SERCA in rat (Hove-Madsen and Bers, 1993). Assuming each
SERCA has two binding sites for Ca**, free [Ca®"]sr is 1 mM (e.g. Chen, et al., 1996;
Shannon, 1997) and the other buffers have 1:1 reactions with Ca*, then the concentration
of binding sites would be ~ 2.8 mmol/Lsg and diffusion would be reduced by ~ 65 %.
Thus, the overall effect of tortuosity and Ca®* binding is a ~ 90 % reduction in Dcasr.
Further, local Ca®* flux into a JSR is likely to be further reduced due to reduced
connectivity (by only one or two tubules, Brochet, et al., 2005). In this model, the area for
diffusion between the first (JSR) and second SR elements is larger than that of a single
tubule leading into the JSR. If there was only one tubule of 40 nm diameter connecting

the two, then the rate of diffusion between them would be reduced by ~ 95 % (Eqn. 4.2).

Note that this was able to reproduce the time-course of previously reported Ca®* blinks
(Zima, et al., 2008b; Picht, et al., 2011, see below) and consistent with slow Ca®*
diffusion in the SR (Swietach, et al., 2008). Diffusion of Fluo-5N within the SR was set
to one fifth that of Fluo-4 in the cytoplasm, a value within the range estimated by Picht, et

al., 2011) using fluorescence recovery after photobleaching.
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Table 4.2 Parameters of Ca?" and related buffers used to generate Ca?* sparks and Ca®*
blinks Parameters shown include: concentration expressed per litre of respective volume, [X];
diffusion coefficient, D; on (K,,) and off (Ky) binding rates and dissociation constant, Kp for
each species are given. Abbreviations: ATP, adenosine-3’,5’-triphosphate; CaM, calmodulin;
TnC, troponin-C, which has high (1) and low (1) affinity binding sites; SLy, sarcolemmal Ca**
binding sites; SRy, sarco-endoplasmic reticulum (SR) membrane Ca®* binding sites accessible by
cytosolic Ca’": CSQ, calsequestrin. Note that a major cytosolic Ca®" buffer, ATP, can also bind
Mg?*. This means that at rest, ~ 99 % of ATP is Mg®*-bound. 24 °C estimated.

Generation of a Ca®* release function

Ca®* release as a function of time , CR(t), was defined by a continuous function (Eqn. 4.4),
where ko, and ko Were rate constants (/ms) for the rising and decay phases, respectively,
while S was a scaling factor for magnitude (/ms) and t, (ms) was a shift in time. These four
parameters were varied during curve-fitting to recorded Ca®* sparks. Curve-fitting was
performed in two-dimensions using a non-linear least-squares method coded in IDL
(Markwardt, 2009). This involved executing FACSCIMILE code within an IDL function to
generate a Ca”" spark for minimisation. The accuracy of this fitting method was tested

using synthetic datasets with Poisson noise.
CR(t) = S - rise - decay Eqn. 4.4

where,
rise = TANH(Koy, - (t — t5)) + TANH (Ko, - to)

decay = e_koff‘(t—to)

The product of CR(t) and the concentration gradient between the JSR and first cytosolic
element produced Ca®* release flux in pM/ms, which was then used to estimate n-Po of the
CRU. During SR Ca*" release, the dependence of Iryr ON SR [Ca?*] was estimated from the
work of Mejia-Alvarez and colleagues (1999, see Eqn. 4.5). The maximum unitary RyR
channel current was (iryrmax) Set to 2 pA and half maximal conductance (Kngryr) at
[Ca™ 15k = 2 MM, which gives iryr ~ 0.6 pA when [Ca®*]ysr is 1 mM. iryr Was then divided

from the release flux (M/s) to give n-Po, as shown by Eqn. 4.5, where V¢ is the volume of
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the first cytosolic element (4.18 aL), z is the valence of Ca’* and F is Faraday’s constant.
Using a maximum Pogryr Of ~ 0.5 (see Chapter 2.2), a lower limit for the number of RyR

channels required in the cluster (n) was estimated.

release flux « Vg0 -z F Eqn. 45
n- PO = -
IRyR
where,
i _ iRyR,max
RyR —
y (1 + Km,RyR )
[Caz+]]SR

Simulation of optical blurring of Ca** sparks during confocal imaging

The Ca®**-bound Fluo-4 signal was blurred spatially at each time-point to simulate an
experimentally recorded Ca®* spark in a line-scan image. A 3D Gaussian function (see
above) was used as the PSF (weighting function), where the total energy was set to unity.
Due to the spherical geometry of this model, the asymmetric PSF had to be re-calculated,
where the PSF weights had to be mapped from its original position in 3D (relative to a
sphere) to a corresponding position along the radius of the sphere (see Fig. 4.3). To do this,
a sphere with 40 shells (corresponding to the elements in the computer model) and the 3D

Gaussian PSF were generated.

At each iteration, the contribution of signal from each shell to the blurred signal was
calculated. This was the volume of the shell that overlapped the PSF and could be
calculated by setting the values of the current shell to one, then multiplying with the PSF in
3D space (e.g. blue PSF, Fig. 4.3). This contribution was projected (by summation) to a
radial position. Before the contribution of the next shell is calculated, the current shell was
restored to zero. After the contribution sums from each of the 40 shells have been
calculated (see Fig. 4.3B) and stored, the next iteration could begin. For the next iteration,
the PSF was displaced radially by one shell/element relative to the sphere (green PSF, Fig.
4.3). This process was continued until all of the energy from the original Gaussian PSF had
been accounted for in the new weighting function, which was a 40 x 40 array with the

contribution of all 40 shells at 40 displacements.
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B 06 39

0 39
Element

Figure 4.3 Transformation of a 3D PSF into a radial weighting
function for blurring Ca?" sparks. (A) shows an x-z cross-section
of the asymmetric 3D Gaussian function (PSF) and the spherical
model space divided into 40 shells and how the PSF is displaced with
respect to the shells to calculate the radial weighting function. See
text for details. (B) shows the calculated weighting function across
the elements at various displacements (noted above in colour above
its corresponding function). The colours correspond (roughly) to the
colours shown in (A), where blue and red are zero and maximum

displacements, respectively.
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The weights at each displacement equalled unity, except for when displacement of the PSF
caused it to lose energy outside of the computational volume. In this case, the weight was
placed into the last element/shell because the computer model (r = 4.0 um) is sufficiently
large that the last element is representative of the space beyond. In addition, the weighting
of the first element was reduced by 91 % (and this weight placed into the last element to
conserve energy) to mimic the reduced volume in the junction compared to the spherical
computational element (i.e. if the junctional space is a cylinder of height 12 nm, with a
diameter equal to the width of the first element, its volume would be 9 % that of the
element). To avoid errors due to digitisation, calculations of the PSF were performed at

10 nm spacing, giving < 0.001% error.

The weighting function was multiplied with the Ca®*-bound Fluo-4 signal at each
displacement and accumulated, as occurs in convolution in the spatial domain. This entire
process was repeated at each time-point to generate the blurred signal. The weighting

function was read into FACSIMILE and employed using a loop to control displacement.

Simulation of optical blurring of Ca®* blinks during confocal imaging

The optical blurring that the Ca®*-bound Fluo-5N signal undergoes to form a Ca?* blink is
not the same as that for a Ca®* spark due to different geometry of the SR relative to the size
and shape of the PSF and likely significant contribution of out-of-focus signal from nearby
network SR and/or JSR (i.e. volume(s) of high [Ca?*] within the confocal volume that is not
depleted and will contribute to the Ca** blink). From the JSR, the network SR extends
transversely at the z-line and wraps around the myofilaments (Fig. 4.4A). In this stylisation,
the myofilaments are packed together, with the network SR curving around their perimeter.
This network SR feeds a JSR located at the centre of the cross-section (white solid line).
Depending on the orientation of this arrangement with respect to the PSF in grey (Fig. 4.4A
vs. B), contamination of the true JSR signal by the network SR can differ from the ‘worst’
(Fig. 4.4A, C) to the ‘best’ (Fig. 4.4B, D) case scenario. The difference in calculated Ca**
blink amplitude between these two cases was ~ 30 % (not shown).

117



Numerical Analysis
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Figure 4.4 Generation of a weighting function for blurring Ca*" blinks.
(A) shows a stylised drawing of a region of a myocyte transverse (y-z) cross-
section at the z-line. Myofilament bundles (dotted circles) have a diameter of
1pm (Ham, AW. & Cormack, D.H., 1979), are packed closely together and
surrounded by network SR (black curved x) with tubules of 40 nm diameter.
Where the network SR tubules cross is a proposed JSR (white circle). The
Gaussian PSF is shown in relative size. Note that the PSF has a volume of ~ 100-
fold larger than the JSR. (B) shows this same cross-section rotated at 90 ° with
respect to the PSF. (A) is the ‘worst’ case scenario, where network SR contribute
extensively to the blurred Ca®* blink, while (B) is the ‘best’ case scenario, where
network SR contribution is minimised. In the model, (A) and (B) were simplified
as an ‘X’ that extended into the longitudinal (x) axis of the spherical model (grey
shells). These are shown in (C) and (D) for the worst and best cases, respectively.

Note that in reality, the network SR in x is grid-like.
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Parameter sensitivity of the computer model

Analysis of release flux may be highly-sensitive to changes in parameters that were
predefined, which is problematic for parameters that exhibit large variability in the
literature. Therefore, parameters were independently-altered and the resultant Ca** spark
measured and compared to a ‘standard’. This was defined using Eqn. 4.4 (Ko, = 800,
Koft = 400, S = 15000, to = 0.02 s), which resulted in a Ca** spark that reached a maximum
F/Fo of 2.2 in 6.5 ms, exhibited a time to half decay of 31 ms and a FWHM of 1.1 um.

4.3. Results

Formation of a Ca?* spark

The computer model described was able to reproduce the general spatio-temporal profile of
a Ca”" spark, where the Ca*" release function (CR(t), Eqn. 4.4) was able to be adjusted to
match recorded Ca®* sparks. This is demonstrated using a recorded event that was chosen
for its high signal-to-noise ratio and amplitude (Fig. 4.5A). The corresponding simulated
Ca®* spark is shown in panel B. The quality of the fit can be appreciated by examining the
absolute difference between recorded and simulated events (shown in panel C), where the
mean was approximately zero (— 0.07) and the residual sum of squares was small (0.1). The
quality of the fit can also be appreciated by examining the time (Fig. 4.5D) and spatial (Fig.
4.5E) profiles of the recorded and computer-generated Ca”* sparks through the centroid and

at some distance (or time) away from the centroid.

The recorded Ca?* spark is usually formed by blurring of the Ca®*-bound Fluo-4 signal by a
confocal microscope PSF. This was achieved in the model by blurring the computed Ca®*-
bound Fluo-4 signal by the described in-focus confocal PSF weighting function. The effect
of this blurring procedure is shown in Fig. 4.6. The simulated event from Fig. 4.5A is
shown in Fig. 4.6A, above the Ca**-bound Fluo-4 signal prior to microscope blurring (Fig.
4.6B). Blurring by the confocal PSF reduced the amplitude of the Ca?* spark by more than
half and delayed the time of peak amplitude by ~ 1.5 ms (compare blue solid and red
dashed lines, Fig. 4.6D). In contrast, the FWHM was almost doubled (compare blue solid
and red dashed lines, Fig. 4.6D). That is, even for an in-focus Ca** spark, its amplitude and
spatial extent are dramatically altered by microscope blurring, with moderate effects on

time-course.
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Figure 4.5 Computer simulation of a Ca®* spark by fitting to recorded
event. (A) shows a measured spontaneous Ca®* spark. (B) shows the
corresponding simulated Ca?* spark, where CR(t) was varied to minimise the
residuals. Both of these events have been displayed scaled to the same colour
table (shown on right). (C) shows the absolute difference between (A) and
(B), which has been scaled to the whole colour table range. It had a mean
F/Fo of 0.09 and the residual sum of squares was 0.1. (D) shows time profiles
through the centroid of the recorded (black line) and simulated (red line)
Ca”" sparks. The time profiles at 1 um away from the centre are also shown
for the measured (blue line) and simulated (orange line) events. The
locations of these are also marked in panels (A) and (B). (E) shows spatial
profiles through the centre of the recorded (grey line) and simulated
(magenta line) Ca”* sparks. The spatial profiles are also shown 10 ms after
the peak for recorded (green line) and simulated (purple line) events. The
time of these are also marked in panels (A) and (B).
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Figure 4.6 The effect of optical blurring on the observed Ca®* spark.
(A) shows the simulated Ca** spark from Fig. 4.5B in a different colour
table for comparison here. (B) shows the same simulated event prior to
blurring by the microscope PSF (i.e. the direct Ca**-bound Fluo-4 signal).
The temporal (C) and spatial (D) profiles of the Ca?* spark signal before
(blue line) and after (red line) microscope blurring are also shown. The
peak fluorescence was ~ halved. When scaled to the sample peak
fluorescence as the non-blurred event, the blurred event (red dashed line)
showed a slightly prolonged time-course, where the peak fluorescence
occurred 1.1 ms after the peak of the Ca®*-Fluo-4 signal. Note that this is
~ 1.9 ms after the peak of [Ca“]juncﬁOn (see Fig. 4.8A). The width of the

event had ~ doubled (214 %) due to microscope blurring.
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Formation of a Ca®* blink

Changes [Ca®*] within the SR compartment during this Ca?* spark was also calculated. Fig.
4.7A, B and C show simulated line-scan images of [Ca?*]sr, Ca®*-bound Fluo-5N signal
before and after optical blurring, respectively. The latter corresponds to a recorded Ca**
blink without noise. [Ca**];sr decreased by ~ 93 % to 70 uM (Fig. 4.7D). However, due to
its Kp, the Ca**-Fluo-5N signal only decreased by ~80 % (blue solid line, Fig. 4.7D).
However, this effect was not as large as that due to optical blurring. The calculated Ca®*
blink severely under-estimated the extent of Ca®* depletion by showing a mere ~ 33 %
maximum decrease in signal (red solid line, Fig. 4.7D). In contrast, the under-estimation of
[Ca?*]ssr depletion and refilling was mostly due to Fluo-5N kinetics (Fig. 4.7D). The Ca®*
blink over-estimated the spatial extent of SR Ca?* depletion by ~ 57 % and this effect was

mainly due to microscope blurring (compare red dashed and black solid lines, Fig. 4.7E).

Local Ca® release flux

The underlying release flux was able to be estimated from this model. The development of
[Ca?*] in the first cytosolic element ([Ca2+]junction) is shown in Fig. 4.8A (black line).
[Ca2+],-uncﬁOn increased from 150 nM to a maximum of ~ 31 uM in ~ 7.1 ms and declined to
half of that value in ~ 3.6 ms. Peak [Ca2+]juncti0n occurred ~ 2 ms earlier than the peak of the
Ca®* spark (from Fig. 4.6B, scaled to [Ca2+]juncti0n, red dashed line, Fig. 4.8A). From
[Ca2+]juncti0n, release flux was estimated using the volume of the first element (black line,
Fig. 4.8B). This reached ~ 13 pA, which was equivalent to ~ 33 open RyR channels (see
Methods) and are both lower estimates given the lack of resolution within the junction.
Note that release flux began to decline before n-Po declined. This is because release flux is
the product of n-Po and iryr, Which is ~ proportional to the [Ca?*] gradient. As shown in
Fig. 4.8C, [Ca®1isr (black solid line) declined as Ca®* release progressed beyond its
maximum, where the effect of decreasing [Ca”"];sr outweighed the increase in n'Po. The
[Ca”"] gradient across the junctional membrane ([Ca®*]ysr — [Ca” Tjunction, green dashed line,
Fig. 4.8C) is similar to [Ca®*]ysr because even though peak [Ca®*Jjunciion Was 31 M, this
occurred when [Ca®]isr Was still ~490 uM and when [Ca®];sr Was at its minimum
(85 M), [Ca®*Tjunction had already declined to ~ 3 pM.
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Figure 4.7 SR [Ca?] and Ca®* blink during a Ca®* spark. (A) shows a simulated
line-scan image of [Ca’*]sz during the Ca** spark shown in Fig. 4.5. The
corresponding Ca®*-bound Fluo-5N signal before (B) and after (Ca’* blink, C)
microscope blurring are also shown. (D) shows the time profiles of [Ca*];sr (black
line, in mM), the Ca®*-Fluo-5N (blue line, in F/F) and Ca®" blink signals (red line, in
F/Fo). [Ca®*]ssr reached a minimum of ~ 70 pM at 44 ms, with a half recovery time of
~ 167 ms. To compare alterations in time-course, the Ca**-Fluo-5N (blue dashed line)
and Ca®* blink (red dashed line) were scaled to the amplitude of [Ca®*];sr. These
scaled profiles show that both Fluo-5N signals under-estimate the rate of [Ca?'];sr
depletion, prolongs time to reach minimum (by ~ 1 ms) and time of recovery. Here,
the Ca”" blink recovered with a half time of ~ 121 ms. (E) shows the spatial profiles
of [Ca?*]sr (black line), Ca**-Fluo-5N (blue line) and Ca?* blink (red line) at the time
of minimum fluorescence of the Ca** blink. There was a steep [Ca®*] gradient across
the SR elements that was under-estimated in the Ca*" blink signal. Microscope
blurring also meant that the spatial extent of SR [Ca®*] depletion was over-estimated
by ~57 % (FWHM ~ 0.7 um),
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Figure 4.8 Release flux calculated by the
43 computer model. (A) shows the
development of [Ca*] in the first element
of the cytosol (junction; black line)
associated with the Ca®* spark shown in
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Selection of in-focus Ca?* sparks for analysis

A number of experimental Ca** sparks that were recorded in-focus and with high signal-to-
noise ratio were required to test the function of this computer model in curve-fitting and
analysis. A criteria for choosing in-focus Ca*" sparks for analysis was developed in an
attempt to overcome the problem that the majority of events recorded in a confocal system
are out-of-focus (Pratusevich and Balke, 1996; Cheng, et al., 1999). The effect of de-focus
along (z) and orthogonal (in-plane, y) to the optical axis on the recorded signal amplitude is
shown in Fig. 4.9A for both measured (blue contours) and Gaussian (orange contours)
PSFs. The in-plane Gaussian PSF profile was very similar to that of the measured PSF.

However, along the optical axis, the measured PSF showed a poorer quality, with ~ 10 % of
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energy spread to ~ 2.5 um from the focal point. If CRUs are ~ 0.7 um apart inside a cell
(Soeller, et al., 2007), then the furthest a focal point will be from a release site is only
0.35 pm. This is considerably less than the z-resolution of the microscope and suggests that
the highest amplitude sparks are essentially in-focus. From Fig. 4.9A, this would lead to a
~ 20 - 30 % reduction in the calculated average Ca®* spark amplitude compared to an in-
focus event (note that that even in-focus events suffer from the effects of blurring (see Fig.
4.6). These PSF functions were then used to generate expected Ca®* spark amplitude
histograms if the underlying event was stereotypic (AF/Fo ~ 2). The histogram constructed
from the measured (blue line, Fig. 4.9B) and Gaussian (orange line, Fig. 4.9B) PSFs are
shown on top of the measured Ca** spark amplitude histogram (black line, Fig. 4.9B). The

expected amplitude histograms were multiplied with the detection function of the Matched

Figure 4.9 Amplitude distribution of Ca®* sparks.

25 ¢

A (=) _“U' I The effect of de-focus on signal amplitude is shown
‘% \ in (A), as a proportion of the in-focus amplitude. y
E [ =03 corresponds to the in-plane direction that is
E 95 perpendicular to scan-line direction (that is, assuming
g & [3\\ that Ca?* sparks occurring along the scan-line will be
L) ) ! ] captured by the scan eventually and z is along the
0 1.5  optical axis. An in-focus laser-scanning confocal
Destocusiny(iam) microscope PSF is shown (blue lines), as well as its
B 015F m — Measured PSF Gaussian approximation, which was used in
. GazliSSiankPSF generating the weighting function for the computer
% i E — Ca** sparks model (yellow lines). This shows that a measured
_g [ PSF dissipates energy further out than compared to a
a i LL':_“ n Gaussian, which is expected. (B) shows the measured
gl lﬂﬂ“:ﬂ‘-l-h__ _ amplitude histogram of 512 Ca*" sparks, as detected
by the Matched Filter Detection Algorithm, where the
C 0O4r last bin includes events AF/Fq > 3. Histograms of (A)
5 I are also plotted scaled to a maximum AF/F, of 2.
% Comparison of these distributions (deconvolution, 40
.rng i iterations; C) show that the remaining distribution is
o = modal with a mean of AF/F, ~ 0.5, regardless of
5L I-L_n_‘/l__ which PSF is used, although the likelihood of
L I 1 ) observing higher amplitude, in-focus events is

0 AF/F, 3 reduced for a measured PSF.
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Filter Detection Algorithm (positive predictive value as a function of AF/F, as calculated
using synthetic data, see Kong, et al., 2008), then scaled to the third bin of the measured
amplitude histogram. To estimate the true underling Ca®* spark amplitude distribution, the
expected amplitude histograms were used to deconvolve the measured distribution. The
resulting histograms of estimated true Ca®* spark amplitude (Fig. 4.9C) for both PSFs have

a mean of AF/Fy ~ 0.5, as measured from their cumulative sum.

Ca”" release during Ca** sparks

Three examples of selected Ca?* sparks are shown (Fig. 4.10Ai) above their associated
simulated event (Fig. 4.10Aii, marked by green, blue and orange bars). A Ca?* spark with
average amplitude (AF/Fo ~ 1) is also shown to the same colour table for comparison (red
bar, Fig. 4.10A). It is apparent that Ca®* sparks exhibited varied time-courses and
amplitudes (Fig. 4.10B, Bi), but fairly consistent FWHM (Fig. 4.10B, Bii). The duration
(measured as when it first reached 10 % of peak flux to when it decayed to 50 % of peak
flux) and amplitude of the associated release fluxes are shown (Fig. 4.10C). For small
events, release flux was mainly controlled by n-Po (Fig. 4.10D), while for large events,
release flux was mainly controlled by [Ca®"];sr (solid lines, Fig. 4.10E). The [Ca®*]sr
signals are shown with their corresponding Ca** blinks (Fig. 4.10E), which consistently
under-estimate the magnitude of [Ca’*]sr depletion, while over-estimating its spatial

extent.

A summary of measurements made from fitted Ca®* sparks measured using Fluo-4 or -5F
are shown in Fig. 4.11. The fitted Ca®* spark amplitude showed a non-linear relationship
with the calculated change in [Ca®*]junction, Which could be explained by dye non-linearity
(Fig. 4.11A). The relationship between [Ca’"] and F/F, derived using the pseudo-ratio
method (Cheng, et al., 1993) is shown (solid lines, Fig. 4.11A), where the calculated [Ca®"]
was scaled to match [Ca2+],-unction. A similar non-linearity was found between Ca** blink
amplitude and change in [Ca**]ysr (Fig. 4.11B), although some of this curvature could not
be predicted by dye non-linearity (not shown), likely due to refilling of the JSR.
Importantly, even when [Ca**];sr had decreased by ~ 1 mM, Ca?* blink amplitude was only
AF/Fy ~0.4. Flux durations ranged from 13 £ 0.6 ms, with peak values of 6.3 + 0.6 pA,
which is equivalent to an estimated n-Pg of 15.7 + 2.6. The time to halve [Ca*'];sr (Where it
did halve) was positively associated with flux duration (Fig. 4.11C), where the longer the

release flux, the further [Ca®*];sr depleted and took longer to refill (note that the rate of
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Figure 4.10 Numeric analysis of in-focus Ca?* sparks. (Ai) shows three recorded Ca*
sparks of high (F/Fo> 2.8, marked by green, blue, orange lines) and one of ‘average’
amplitude (F/Fo~ 2, red lines), with their corresponding simulated events in (ii). The
goodness of fit can be visually examined in the temporal (Bi) and spatial (ii) profiles
through the peak. The events have been offset for clarity. Despite their variability in
amplitude, their FWHM were very similar. (C) shows the corresponding estimated Ca®*
release flux. (D) shows estimated n-Po. Temporal (Ei) and spatial (ii) profiles of [Ca*];sr
(solid lines) and Ca** blinks (dashed lines) are also shown.

127



Numerical Analysis

A B 1o o
= = o
2 = I f"‘,_
= G, "
) <] - P
< x
02 L 1 . . ’
0 Ca2+ Spark 4 0 Cazq_ b“nk 04
amplitude (AF/Fo) amplitude (AF/Fo)
C sy D 25
E - X é [
5 :3:' " 5 x: x )
© fé X © L % "y
= x - = .
-: i ': :x‘* i e - 2‘;‘(’; X" x
x
E '! :_3 xx P xX
- L
° -| . L ] 2 -l 1 1 |
i i 25 0 15
Time to
half [Ca?*],cz (M) Peak flux (pA)

Figure 4.11 Properties of Ca’* sparks measured using Fluo-4/AM (n = 14) and
Fluo-5/AM (n = 16). (A) shows the change in [Ca®*Jjmncion TOr @ given Ca®* spark
amplitude. As expected, this non-linear relationship was primarily due to dye non-
linearity. The curves show the expected relationship calculated from the dye Kp, resting
[Ca®*]; of 100 nM and Eqn. 3.10 (Cheng, et al., 1993), where a scaling factor for [Ca?']
was determined manually-to scale to the data-points. (B) shows the change in [Ca*']sr
for a given Ca®* blink amplitude. The curvature in this relationship did not exactly
follow that calculated from the dye Kp and is possibly due to the non-linear under-
estimation of A[Ca’*];sr due to microscope blurring and also time effects (e.g. SR
refilling) on A[Ca®*];sr. (C) shows that the time for [Ca®];sr to reach half its minimum
value is positively associated (R? = 0.47) with release flux duration (measured as when
it first reached 10 % of peak flux to when it decayed to 50 % of peak flux). (D) shows

that peak flux is negatively associated with flux duration (R* = 0.6).
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refilling was not altered between events during analysis, unlike simulations shown in Fig.
3.9 in Chapter 3.4). Peak flux was negatively associated with flux duration (Fig. 4.11D) in a
relationship consistent with that previously shown in (note the much smaller range on flux

durations versus time to peaks in Fig. 3.6).

4.4. Discussion

Computer simulations of local Ca®* signals

This relatively simple spherical model of a micro-domain was able to reproduce the basic
spatio-temporal characteristics of Ca®* sparks (Fig. 4.5 and Fig. 4.10) and Ca®* blinks (Fig.
4.7, Zima, et al., 2008b; Picht, et al., 2011, although see Brochet, et al., 2005). The spatial
extent of the simulated Ca?* sparks fitted well to the spatial profiles of recorded events (Fig.
45E and Fig. 4.10Bii). The experimentally recorded Ca’* sparks exhibited a slightly
smaller FWHM than the ~ 2 um reported by some studies (Cheng, et al., 1993; Izu, et al.,
2001), but closer to the 1.2 — 1.5 um range reported by others (Shen, et al., 2004; Shkryl, et
al., 2012). This is likely due to improved microscope resolution and selection of in-focus
events, rather than physical differences in cells, as suggested by their regular sarcomeric

spacing of 1.8 um (not shown, measured from stationary dye staining).

The effect of microscope blurring in the generation of Ca®* sparks

One of the main issues this model was built to address was the effect of in-focus confocal
microscope blurring on recorded Ca®* signals and by connection, to develop a method to
select for in-focus Ca®* sparks from images, so that they can be analysed using the
computer model. Since a line-scan is near-randomly placed with respect to the location of
CRUs in a cell (apart from scanning roughly perpendicular to the z-lines), most recorded
Ca®* sparks are likely to be out-of-focus events. Further, since these recorded events have
been shown to exhibit a monotonically-declining amplitude distribution (Pratusevich and
Balke, 1996; Izu, et al., 1998; Cheng, et al., 1999), the events with large F/F, are more
likely to be in-focus. To estimate the proportion of events that are out-of-focus, the
measured and Gaussian PSFs were used to generate the expected distributions of detected
events (Fig. 4.9B). When either of these were used to deconvolve the recorded Ca®* spark
amplitude distribution, the estimated true underlying Ca** spark amplitude was widely
distributed and had a mean of AF/Fy ~ 0.5 (Fig. 4.9A). This value is consistent with initial
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Ca®* spark observations (Cheng, et al., 1993) and recent studies using 4D confocal imaging
(Shkryl, et al., 2012, although see Shen, et al., 2004). The mean of the original distribution
was AF/Fo = 0.7 £ 0.5, which is consistent with previous reports that did not correct for out-
of-focus events (e.g. see Song, et al., 1997; Cheng, et al., 1999 who also show amplitude

histograms).

However, once in-focus, recorded events are still distorted by the confocal PSF due to
integration of fluorescence from relatively distant locations that are at resting [Ca'];. This
distortion should depend on the volume of the true Ca®*-bound Fluo-4 signal relative to that
of the PSF, which means that optical blurring is most important during the early phase of
the Ca’* spark, where the spatially-restricted rise in fluorescence seen in Fig. 4.6B was lost
in Fig. 4.6A. At the time of peak amplitude, microscope blurring halved Ca®** spark
amplitude itself and doubled its width (Smith, et al., 1998; Izu, et al., 2001). Surprisingly,
Ca’* spark time-course was only modestly affected by in-focus blurring (Fig. 4.6), which is
in contrast to a previous computer study by Smith, et al. (1998). The effect of a real PSF on
in-focus Ca** sparks is expected to be more dramatic, as PSFs measured under
experimental conditions suffered from additional optical aberrations (Fig. 4.1), due to light
passing through media of different refractive indices (glass cover-slip to bath solution and

through the intracellular milieu).

For a Ca?* blink, the effect of optical blurring was large. A near ~ 100 % depletion of
[Ca?*]ssr resulted in a mere 40 % decrease in Ca?* blink amplitude, supporting the idea that
Ca®* blink measurements are insufficient to reject the hypothesis of extensive [Ca*]isr
depletion. Further, the under-estimation of the time-course of depletion by Fluo-5N means
that JSR refilling may be even slower than currently estimated by Ca®* blinks (~ 180 ms,
Zima, et al., 2008b) and may agree with slower Ca’* spark amplitude restitution (i.e.
Brochet, et al., 2005, rather than Sobie, et al., 2005; Ramay, et al., 2011). Estimation of the
extent of [Ca®]ysr depletion and rate of [Ca*];sr repletion are important because small
changes in [Ca*];sr (and release flux) will have large effects on RyR Pg due to its steep

dependence on [Ca*'];.

Other factors that contribute to Ca®* spark shape

Although microscope blurring is likely to cause significant changes to the shape of a

recorded Ca** spark, diffusive and stationary Ca®" buffers should alter the observed change
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in [Ca®*]i. To examine how these buffers contribute to Ca®** spark morphology, their
properties (e.g. concentration or rate of diffusion) were altered and the resulting Ca** spark

compared to a ‘standard’ (see Methods).

The main factors that contributed to Ca** spark amplitude were: (1) the amplitude, S, of
CR(t) (as might be expected), (2) [ATP], (3) [Fluo-4], (4) [CSQ] and (5) Visr. As the
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Figure 4.12 Sensitivity of Ca*" spark computer model to parameter values. Ca®*
spark properties, (A) peak amplitude, (B) FWHM, (C) time to peak and (D) time to half
decay were measured to quantify how the simulated Ca?* spark changes with various
changes in default parameter values (Table 4.1). The parameters that were tested are
shown in the key on the top right. [ATP] = concentration of adenosine-3’,5’-triphosphate
in the cytosol; [CSQ] = concentration of calsequestrin in the JSR; Dc,sg = diffusion
coefficient of Ca?" in the SR; [Fluo-4] = concentration of Fluo-4 in the cytosol; Visg =
JSR volume; and parameters for the release function, CR(t) (Eqn. 4.4): Ko, = ‘rise’ rate
constant; Ky = ‘decay’ rate constant; S = amplitude scaling factor; t, = shift in time. See

text for details.
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concentration of ATP or Fluo-4 increased, the peak fluorescence decreased (Fig. 4.12A).
ATP acted as a mobile Ca?* buffer that carried Ca®* away from the site of release to
decrease peak fluorescence and increase FWHM, with little effect on the event time-course
(black crosses, Fig. 4.12). Conversely, increasing [Fluo-4] decreased fluorescence, but at
the same time decreased FWHM (due to its relatively low diffusion coefficient), which may
be important during the course of an experiment, as Fluo-4 is removed from the cell. The
effects of [CSQ] and Vs were very similar for all Ca®* spark parameters and suggests that
serve a similar purpose. This idea is in qualitative agreement with recent observations that
knockout of CSQ was associated with larger Vysg (Knollmann, et al., 2006). Increasing the
local SR [Ca®'] store (by increasing [CSQ] or Visr) increased peak fluorescence, FWHM
and time-course because more Ca®* was being released. Note that in this model, increasing

Dcasr increased Ca?* spark time to peak and half decay.

Ca’* release during a Ca®* spark

Analysis of Ca®" sparks (mean F/Fo=3.0+0.1, Fig. 4.11A) suggested that release flux
increased to a maximum of 6.3 £ 0.3 pA in 6.4 £ 0.3 ms (time to peak, measured from 10 %
of peak), with an overall duration of 13.1 £ 0.6 ms (measured from 10 % of peak to when
current had decayed to 50 % of peak). This is similar to previous analyses. Cheng, et al.
(1993) estimated that a release event of F/Fo = 2 would require a constant flux of ~ 4 pA for
10 ms, although a range of Ca®* spark amplitudes and estimated peak fluxes have been
reported, from low (F/Fo ~ 1.35 when simultaneously recorded with Ca®* blinks, Brochet, et
al., 2005) to moderate (1.2 - 8.7 pA; Wang, et al., 2001) to large (F/Fo ~ 6, corresponding to
peak ~ 20 pA; lzu, et al., 2001). This variation highlights a number of factors that influence

calculations of release flux (e.g. out-of-focus events, buffering scheme).

The maximum peak [Ca2+]junction calculated from all events analysed was 50 uM
(mean =20 £ 2 uM, Fig. 4.11). This value appears small compared to a previously
calculated [Ca*Jjunction OF ~ 70 UM for a 0.2 pA Ca** flux (see Fig. 2.2A and Soeller and
Cannell, 1997). Given that the average peak flux was ~ 6 pA over ~ 13 ms, this gives an
average flux of ~ 0.5 pA, which should have increased [Ca*Jjunction t0 at least 175 pM,
which is much larger than that calculated The reason for this under-estimation in the model
is due to the volume of the first element, which was 4.18 aL. Since fluxes were calculated
in umol/ms, concentrations were obtained by dividing by the element volumes, which over-

estimated the volume of the junctional space, due to the limit in the number of elements that
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could be described in the solver. If a junction is 0.8 aL (cylinder of 150 nm radius and
12 nm height, Franzini-Armstrong, et al., 1999), then [Cz;lz*],-unctiOn would be closer to
~ 260 pM. This value is above the [Ca®*] required to maximally activate RyR channels (see
Fig. 2.2B, Schiefer, et al., 1995; Copello, et al., 1997; Laver and Honen, 2008) and also
suggests that the driving force for Ca®" release becomes quite small toward the end of the
release event. The mean maximum n-Po was ~ 16 + 3. If the maximum Po of RyR channels
is ~ 0.5 (Chapter 2.2), then this equates to ~ 32 functional RyR channels within a CRU,
although this value depends on the precision to which the iryr is known (Mejia-Alvarez, et
al., 1999). For example, the number of RyRs in a CRU would be ~ 50 if iryr Was 0.4 pA at
1 mM [Ca*Jsr (see Chapter 3.2). Again, this CRU size is smaller than those reported by
immuno-fluorescence and EM studies (Franzini-Armstrong, et al., 1999; Soeller, et al.,
2007), but larger than the size reported by single-molecule detection studies on peripheral
couplings (see earlier discussion in Chapter 3.4). The calculated range of CRU sizes is

consistent with the idea that during EM studies, large CRUs may be selected.

Local depletion of Ca?* in the SR

The extent of JSR Ca* depletion depends on the balance between JSR Ca?* efflux (through
the CRU) and influx (primarily through diffusion of Ca?* from the network SR). In this
model, the reduction in [Ca®**];sr Was approximately linear with the corresponding increase
in [Ca®*]i in the first element of the cytosol because the rate of intra-SR diffusion was
relatively low (Fig. 4.10Eii). Even with this low intra-SR diffusion rate, Ca** sparks could
be reproduced with the amount of Ca’* available within the JSR. A large JSR Ca**
buffering capacity, combined with slow intra-SR Ca®" diffusion is consistent with the
relatively large and fast Ca®* release required to reproduce a Ca®* spark. A small JSR
buffering capacity cannot be compensated for by fast intra-SR diffusion, unless this rate is

similar to release flux, which seems unlikely.

The decrease in [Ca®*];sr during a Ca?* spark reduced release flux. For large release fluxes,
[Ca**]isr depletion was sufficient to terminate a Ca** spark, even when n-Po remained
persistently high (Fig. 4.10D). It is unclear whether another termination mechanism exists
for Ca?* sparks that have small amplitudes/release fluxes (e.g. red line, Fig. 4.10), but it is
possible that the distributions of CRU size (e.g. exponential, Baddeley, et al., 2009), Visr
and [CSQlisr (both unknown) may be able to explain Ca** sparks that differ between
(Shen, et al., 2004), but not within release sites (Bridge, et al., 1999; Zima, et al., 2008b).
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Note that the variability in these parameters does not need to be as large as the variability in
Ca** spark amplitude due to the steep dependence of RyR open probability on [Ca*']; and
therefore, release flux and the [Ca**] gradient (controlled primarily by CRU size, Visg and

[CSQlisr)-

The time-course of recovery of simulated Ca** blinks were highly variable (not shown),
with a mean of 83 + 4 ms, which is similar to those reported (Zima, et al., 2008; Picht, et
al., 2011, although see Brochet, et al., 2005) and is in reasonable agreement with Ca**
spark amplitude restitution studies (see Chapter 3.3, also Brochet, et al., 2005; Sobie, et al.,
2005; Picht, et al., 2011). This was dependent primarily on the rate of intra-SR diffusion,
which was low (e.g. Swietach, et al., 2008, although see Picht, et al., 2011). The mean time
to peak of simulated Ca®* blinks (for examples, see Fig. 4.10Ei) was 34 + 2 ms, which is
similar to one study (Brochet, et al., 2005), but not others (Zima, et al., 2008b; Picht, et al.,
2011). The discrepancy may be due to the size of the confocal pinhole, which may have

been increased to improve signal-to-noise.

Zima, et al. (2008b) also showed that Ca®* blinks always decreased to the same minimum
regardless of the amplitude of the corresponding Ca®* spark (Zima, et al., 2008b). The
simulated Ca®* blinks in this study showed relatively more variable amplitude (mean of
AF/Fo=0.21 £ 0.02), however, this could be due to a real variation in Vjsg that was
constant in the model. That is, if Visr and its Ca®* capacity varied, then the differences in
local SR [Ca*"] depletion would be minimised, which would also likely reduce the
contribution of model n-Po, but increase that of the [Ca?*] gradient on release termination.
It is expected that this would support the [Ca**];sr depletion hypothesis for the termination
of CICR, however, it would require further detail on the variability of Vsz and its Ca**
buffering capacity/ Ideally, the computer model should be modified to include [Ca®'];-
dependent RyR channel gating parameters to replace CR(t). The release function used here
(Eqgn. 4.4) was used because it was asymmetric and flexible and provided the relatively low
rate of rise at the beginning of release compared to the more rapid approach to the peak.
This shape is consistent with the steep [Ca’*]-dependence of RyR activation (Laver and
Honen, 2008). However, it is likely that local gradients within a junction (i.e. spatially
asymmetric model) would be important in determining the actual CRU response to Ca®*

release during a Ca* spark.
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4.5. Summary

The recorded Ca®* spark is shaped by many factors, including the underlying CRU Ca?*
release flux, which is a result of n‘Po and the [Ca’"] gradient across the JSR membrane.
This release flux changes [Ca* juncion, Which is buffered in a non-linear manner and
affected in a complex way by electrostatic effects. The free Ca®* that then diffuses out of
the junction, into the surrounding micro-domain is dependent on mobile Ca* buffers, the
most important being ATP, which was able to significantly increase Ca”* spark width. The
non-linear kinetics of the Ca®" indicator slowed the apparent change in [Ca®"] in the
junction and micro-domain. This Ca**-sensitive fluorescence signal is then usually detected
by a line-scan confocal microscope, which introduces optical blurring. In-focus microscope
blur is significant and reduces Ca?* spark amplitude and increases spatial width, while out-

of-focus increases the extent of these effects.

For Ca®* blinks, the signal is shaped by similar factors, where a reduction in [Ca®*]isr
drives the fluorescence depletion signal. The extent of [Ca?*];sr reduction depends on the
balance of Ca®* efflux (CRU release flux) and influx (diffusion of Ca** from the network
SR). However, the reduction in the Ca®* blink signal is largely contaminated by out-of-
focus signal from relatively high [Ca*'] in the network SR and likely, another JSR given
measured inter-CRU distances and the volume of a PSF. Even for a full depletion, the
corresponding Ca®* blink only reduced by 40 %. This suggests that recorded small Ca”*
blink amplitudes are insufficient to determine [Ca®*];sr. When real PSFs were measured
through live cardiac myocytes, optical aberrations and the reduction in resolution were
evident, likely due to change in refractive indices and the curvature of the cell surface. This
suggests that optical blurring by real PSFs would be even larger than that applied using the

Gaussian PSF shown here due to complex PSF shapes.

Analysis of Ca®* spark amplitudes suggested that most of the distribution could be
accounted for by out-of-focus events and that the underlying in-focus Ca** spark amplitude
distribution was modal at AF/Fo ~ 1. Analysis of in-focus Ca®* sparks suggested that local
SR Ca** release flux was ~ 3 - 15 pA. During a Ca®* spark, [Ca*"];sr decreased, which in
turn decreased release flux, which is consistent with the hypothesis that [Ca**];sr depletion

is able to terminate CICR.
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5. Conclusions

Though CICR was described in cardiac muscle some ~ 40 years ago (Fabiato and Fabiato,

1973; Fabiato, 1983), the details of its operation remain unclear.

The measurement of Ca* transient and spark latency during AP-clamp and voltage-clamp
steps in Chapter 2 suggested that the triggering of Ca®* sparks during a rat action potential
can be explained by the activation of 1 -2 LTCCs (at ~ 0 mV). In order to provide these
openings at a short latency, ~ 4 LTCCs must be available per CRU. However, the implied
discrepancy between the number of functional LTCCs and DHP binding sites (Lew, et al.,
1991) remains unresolved, although it is possible that not all LTCCs are located in
couplons (see Crossman, et al., 2011) and/or there may be excess DHP binding sites which
are not activated (e.g. a small fraction of LTCCs are available for activation). This
differential regulation remains unclear, although B-adrenergic pathways may be linked
(Chase, et al., 2010).

The high CICR fidelity measured here would support the idea that CICR *gain’ is large
(e.g. Inoue and Bridge, 2003; Altamirano and Bers, 2007b, in contrast to the conclusions of
Cheng and Lederer, 2008; Polakov4, et al., 2008). In the model presented in Chapter 2, the
LTCC current required to trigger a Ca®* spark is small compared to Ca** spark flux. For the
majority of Ca?* sparks that occur during an AP (between — 15 and 10 mV), latency appears
to be due to both LTCC and RyR activation making an equal contribution. This strategy
may stabilise LTCC-RyR coupling from small changes in the function of either protein.
Any LTCC current beyond that associated with the triggering event would reduce apparent
gain at the macroscopic level, as well as at the microscopic level due to a decrease in
‘digital’ or time-dependent gain (Cannell, et al., 1995). As suggested by Fabiato (1985b),
this excess LTCC current may serve to regulate SR Ca®* content. This is an interesting idea
because large SR Ca?* release can, in turn, regulate lc, through Ca”*-dependent
inactivation. Though these studies suggest that Ic, is an efficient trigger of CICR, further
experiments with Na* in the patch pipette should allow for the contribution of reverse-mode
NCX to be evaluated. It has been suggested that reverse-mode NCX facilitates CICR by
‘priming’ the junction with Ca®* (e.g. Torres, et al., 2010), which would aid short LTCC
openings in triggering Ca** release (Grantham and Cannell, 1996). Further, clarification of

LTCC gating properties in physiological conditions (particularly, its maximum Pg and the
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voltage-dependence of its closing rate, see Josephson, et al., 2010b and Rose, et al., 1992)

will be important in clarifying LTCC:RyR coupling fidelity.

Analysis of Ca®" sparks using the computer model described in Chapter 4 suggested that
once activated, the local SR Ca®" release flux takes ~6 ms to maximally-activate and
continues for another ~ 10 ms. Therefore, the duration of the release flux is longer than the
Ca®* spark time to peak and influences its early phase of decline (ts, Chapter 2). The
analysis of CRU [Ca’'] sensitivity in Chapter 2 suggested that the minimum number of
RyR channels required was ~ 4, but given ~4 LTCCs were required and a 1.7 LTCC:RyR
ratio (Bers and Stiffel, 1993), ~ 28 RyR channels would need to be in a CRU. This estimate
is in accord with analysis of long-lasting and spark-like events seen in the presence of
tetracaine (Chapter 3). Although this is somewhat smaller than the number (36 —50)
suggested by the computer modelling in Chapter 4, this is likely due to selection of Ca®*
sparks with larger amplitudes and signal-to-noise for curve-fitting. With so many RyRs
being involved in Ca?* spark production it is hard to explain the observation of quantized
release fluxes (Wang, et al., 2004). Future studies that use an imaging modality with higher
axial resolution (e.g. Navedo, et al., 2006) and without loose-seal patch-clamping should be
useful in clarifying whether quantal release fluxes are possible, as well as provide an
opportunity to observe ‘Ca®* sparklets’ (Wang, et al., 2001; Navedo, et al., 2006) and any
functional differences between peripheral and internal CRUs. Nevertheless, the number of
RyRs in a CRU may affect its sensitivity to activation by open LTCCs (depending on their
relative locations) and will affect how rapidly the local [Ca®];sr is depleted, which seems
to be crucial in the termination of local SR Ca”* release. However, it should be noted that
for both activation and regeneration of CICR, the physical arrangement of the RyRs will

also be important for sensing local [Ca®*] gradients within the junction.

The computer simulations suggested that during a Ca®* spark, [Ca®*]ssr is heavily depleted
(Chapter 4). Thus, the larger the initial release flux, the shorter the release duration, which
is consistent with a mechanism where faster [Ca?*];sr depletion leads to a reduction in
release flux and [Ca”Jjunction, then CRU de-activation (Chapters 3 and 4). This idea is
supported by the steep [Ca*']i-dependence of RyR channel gating and slow Ca*" spark
amplitude restitution, which are locally controlled by the restricted cytosolic junctional
space, as well as the restricted SR junction. This is consistent with the reduced amplitude
and duration of Ca”* sparks during moderate inhibition of SERCA (Song, et al., 1997) and

138



Conclusions

the inverse when SR [Ca?'] buffering was increased (Zima, et al., 2008a). By having
[Ca?*]ssr depletion as a primary factor in CICR termination, having large numbers of RyRs
in a CRU does not increase the amount released, providing resilience to biological variation
in CRU composition. A second benefit is that changes in [Ca®*]sr simply alter Ca®* spark
amplitude without large increases in Ca®* spark duration. On the other hand, having a large
[Ca®*].sr Store with few RyRs to cause depletion (as may occur in tetracaine or ryanodine)
will cause an LLE. This suggests that during CRU assembly/dis-assembly, some other
factors may be involved in keeping the ratio of RyR to JSR Ca®* capacity within some
limited range. This could be provided by accessory proteins, such as triadin and
junctophillin (e.g. Zhang, et al., 1997; Gyorke, et al., 2004).

Although previous experimental studies have not shown profound [Ca**];sr depletion, the
computer model suggests that optical blurring of a local depletion signal is a serious
confounding problem for such measurements. Furthermore, use of a caffeine-induced Ca**
transient (i.e. a global depletion signal) is unlikely to reveal the correct ‘background’ to use
for Ca** blink calibration. Given these uncertainties, even small Ca®* blink amplitudes
cannot be used to eliminate the possibility of profound [Ca®*];sr depletion. Future studies
that use another method to measure local SR Ca** will be important in demonstrating the
extent of [Ca®"];sr depletion and its time-course of recovery. One approach could be to
develop and use a mutated form of CSQ that fluoresces when bound to Ca*. This could be
made possible by expressing two different CSQ mutants with different fluorochromes of a
fluorescence resonance energy transfer (FRET) pair. Polymerisation of CSQ upon Ca®*
binding would allow fluorescence to report [Ca®*];sr. The primary benefit of this technique
would be its specificity to the JSR, which would reduce out-of-focus fluorescence. In
connection to this, the effect of [Ca®*];sr depletion on CRU gating could be tested by
incorporating a [Ca*"]i-dependent RyR gating scheme into the computer model presented in
Chapter 4. However, a stochastic model as simple as that described in Chapter 3 would

increase complexity drastically and was not feasible in FACSIMILE.

The work presented here made extensive use of computer models to help create and test
hypotheses for how CICR might be regulated. The utility of this approach can be seen
where | have concluded that CICR is relatively high fidelity and gain, which is in contrast
to the conclusions of Polakova, et al. (2008) despite reasonably close agreement between

our experimental data. Certainly, it seems that the complexity of local control and
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microscopic Ca®* signalling in heart muscle is beyond intuitive analysis and guidance by
experimental evidence is limited (e.g. by resolution) at this point. In this regard,
mathematical modelling has been invaluable in testing concrete hypotheses in known

physical and chemical conditions and will be crucial to future understanding.
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