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ABSTRACT Sarcoplasmic reticulum (SR) Ca release in intact ventricular myocytes is the
major source of Ca which activates cardiac contraction (although Ca influx makes a non-
negligible contribution in most species). The fundamental events of SR Ca release are
known as Ca sparks. The twitch Ca transient is composed of ~10,000 Ca sparks occurring
in a given cell, and they are synchronized by the action potential and Ca current. Many
factors influence SR Ca release amplitude and kinetics, and the focus here is on
understanding how these factors work in the intact cellular environment. The intracellular
[Ca] ([Cali) and intra-SR [Ca] ([Ca]lsr) are two of the most important dynamic modulators
of SR Ca release. Indeed, while [Ca]i (and Ca current which initiates systolic SR Ca
release) is widely acknowledged to be important, it is increasingly clear that [Calsr changes
dynamically under physiological conditions and that this has very important regulatory
effects on the SR Ca release process. While elevation of [Ca]sr obviously increases the
driving force and amount of SR Ca available for release, it also increases the fractional

release and can be responsible for spontaneous diastolic SR Ca release. These issues are
discussed in both normal physiological and pathophysiological contexts.

INTRODUCTION

During cardiac excitation-contraction (E-C)
coupling Ca enters the cell via L-type Ca channels as
Ca current (Ica), while a smaller amount of Ca enters
the cell via Na/Ca exchange (NCX) working in the
outward NCX current (Insca) mode (Fig 1 ; ref 1,2).
Ca influx via Ic; triggers Ca release from the
sarcoplasmic reticulum (SR) via the ryanodine
receptor (RyR). While Ca entry via NCX can modulate
or in extreme cases contribute to direct triggering of
SR Ca release, this and other potential trigger
mechanisms will be discussed below. The
combination of Ca influx and SR Ca release raises free
cytosolic [Ca] ([Cal]i) which drives Ca binding to
troponin C that switches on the contractile machinery.
The rise in [Ca]i during a twitch is typically from ~100
nM to 1 uM. However, because [Ca]; is buffered (e.g.
by 70 pM troponin C and 50 pM SR Ca-ATPase) the
total amount of Ca added to the cytosol to achieve
this [Ca]i is about 50-100 pmol/I cytosol.

For relaxation to occur, [Ca]; must decline
and this requires Ca transport out of the cytosol.
Four transport systems can contribute to this [Cal;
decline: 1) the SR Ca-ATPase, 2) NCX in the Ca
extrusion mode, 3) sarcolemmal Ca-ATPase and 4)
mitochondrial Ca uniporter. The SR Ca-ATPase and
NCX are the dominant mechanisms by far, but their
relative contributions vary. In most mammalian
ventricular myocytes (including rabbit, guinea-pig,
ferret, dog, cat and human), the SR Ca-ATPase is
responsible for about 60-75% of Ca extrusion with
25-40% attributable to NCX. In rat and mouse
ventricular myocytes the SR Ca-ATPase is more
dominant, taking up more than 90% of the Ca
involved in E-C coupling. This balance can differ in
different conditions. For example, at higher
frequency and/or with sympathetic stimulation the SR

Figure 1. Ca movements in cardiac myocytes. Ca enters
via Ca current (Ic;) and a smaller amount via Na/Ca
exchange (NaCaX), triggering SR Ca release via RyR at the
cleft. Ca is transported out of the cytosol (allowing Ca
dissociation from the myofilaments) via the SR Ca-ATPase
(regulated by phospholamban, PLB), NaCaX, sarcolemmal Ca-
ATPase and mitochondrial (mito) Ca uniport (ATP indicates
the two ATPases).

becomes more dominant, while during heart failure
the transsarcolemmal Ca fluxes are even more
important (see section 6). In general this means
that, unlike in skeletal muscle, Ca influx and extrusion
plays an important quantitative role in E-C coupling in
heart.

Much work has been done at the subcellular
and molecular level as to how the key molecular



players (Ica, RyR, SERCA2, phospholamban, NCX)
function and are regulated. Indeed, this has provided
a very rich array of important fundamental
mechanistic information. However, it is crucial that
the characteristics of these transporters be
understood in the real cellular environment. While
this inevitably entails sacrificing some degree of
control over intracellular conditions, the advantages
of understanding how the system works in the natural
cellular environment make this a scientific imperative.
Thus, the focus of this article will be to extend basic
properties of Ca transport systems to the integrated
cellular environment. In line with the focus of this
volume, I will deal primarily with the SR Ca release in
intact ventricular myocytes.

Ca SPARKS AND TWITCH Ca TRANSIENTS

The fundamental unit of SR Ca release in
cardiac muscle is the Ca spark (3). Ca sparks are
local SR Ca release events that likely represent the
concerted opening of 6-20 individual RyR channels in
a fairly stereotypical process (4-8). Once one RyR in
a junctional cluster opens, it raises local [Ca]; causing
an entire cluster to fire. Several RyRs may also be
mechanically coupled (9), thereby assuring the local
regenerative nature of Ca-induced Ca-release (CICR)
within a junction (a cylinder ~100 nm in diameter and
15 nm high). However, in the space between
individual junctions (300-2,000 nm) local [Cal;
declines, thus limiting propagation of SR Ca release
from one junction to another under normal conditions.
When cellular Ca loads are very high, the RyR
sensitivity is increased and CICR can propagate as a
Ca wave along the entire length of a cell at ~100
pm/s.

Ca sparks occur with a low stochastically
probability in the resting myocyte (P, ~ 10™), but are
spatially and temporally synchronized during E-C
coupling, when almost every junctional coupling
region contributes to SR Ca release (10-13). When
Ca influx via Ic, raises local [Ca];i in the junctional cleft
to 5-10 pM (within 2-5 ms of depolarization), this
abruptly and dramatically increases RyR open
probability, at all junctions in the cell. Because of
spatial and temporal overlap during E-C coupling, Ca
sparks cannot normally be well visualized, unless
most Ic, is blocked to diminish overlap (11,13) or high
Ca buffer concentrations are used to trap released Ca
more locally (14). Thus, the normal myocyte Ca
transient is the summation of some 10,000
synchronized Ca sparks (1 per junction) and each Ca
spark releases 2-3 x 107'° mol Ca, or 12-18,000 Ca
ions.

Because Ca sparks and twitch Ca transients
have a similar basis, we can expect that things that
alter diastolic Ca sparks may have qualitatively similar
effects on RyR during E-C coupling. Other chapter
herein will address some of the details summarized
above in more detail. Here the focus is extrapolation
and integration up to the cellular level, while keeping
characterizations at more fundamental levels in mind.

FACTORS AFFECTING SR Ca RELEASE

Numerous factors alter the frequency and
amplitude of diastolic Ca sparks and the sensitivity of
the RyR to activation by local intracellular Ca, which is
generally considered to be the primary physiological
activator of SR Ca release. How [Ca]; and several
modulators of RyR gating may affect SR Ca release in
intact myocytes is described below.

Intracellular Free [Ca]

Since Fabiato described CICR in
permeabilized cardiac myocytes (15) it has become
increasingly clear that the amount of Ca entry can
regulate SR Ca release. This is also completely
consistent with the cytosolic [Ca]-dependence of RyR
open probability measured in lipid bilayers studies
(16). Indeed, when cellular SR Ca load in intact cells
is held constant, altering Ica amplitude by changing
extracellular [Ca] ([Ca],) or test membrane potential
(Em) produces gradation of SR Ca release (17,18).
However, since individual junctions fire largely in a
stereotypical all-or-none fashion, the gradation may
come mostly from the fraction of junctions which
contribute to a Ca spark. On the other hand, there is
also some evidence that the amplitude of the local SR
Ca release can also be modulated by Ic, trigger size
(19). Intact cell voltage clamp experiments have also
suggested that opening of a single L-type Ca channel
is sufficient to activate a Ca spark and that ~2 Ca ions
have to bind to an RyR. Single channel bilayers
experiments suggest that up to 4 Ca ions may be
required and that the apparent K4 for Ca is in the
range of several uM (20). This is consistent with
models of diffusion around the inner mouth of a Ca
channel, where [Ca]; within a radius of ~15 nm is
expected to rise to 10-20 yM within 1 ms of L-type Ca
channel opening (21,22). The above bilayer studies
suggested that there is also very little temporal delay
(<1 ms) between the rise in local [Ca] and RyR
opening. This agrees with our measurements in
intact cells where the peak of SR Ca release measured
locally (as the effect on Ic inactivation) occurred
within 2-5 ms of the rise of the action potential, which
is similar to the time to peak Ic,.

While it is important to understand these
local events which are critical determinants of E-C
coupling, it is also important to keep in mind that it is
the global cellular Ca and binding of Ca to troponin C
which produces the end effect of E-C coupling. The
peak of the global Ca transient and Ca release flux
sensed by global Ca indicators is slower and smaller
than that in the junctional cleft. Indeed, global [Ca];
only reaches ~1 pM during a twitch. This has
important implications with respect to the local control
of CICR indicated above. That is, activation of SR Ca
release may normally require a rapid rise in local [Ca];
to >10 yM. As Ca diffuses away from the junction
[Cali decreases due to dilution into the cytosolic
volume, strong buffering and Ca removal fluxes. This
means that at the neighboring junctions (>0.3 pm in
the transverse and ~2 pm in the longitudinal
direction) [Cali will be well below the threshold to
trigger that neighboring SR Ca release unit. This
normally prevents propagated SR Ca release in



ventricular myocytes, which could cause asynchrony
in the ventricle and contribute to arrhythmogenesis.
As we will see, increasing SR Ca content (and other
factors) may shift this apparent threshold for local
[Ca]; to trigger neighboring junctions.
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Figure 2. Fractional SR Ca release and gain of E-C coupling.
Data from Shannon et al. (25) as regraphed, showing the SR
Ca load-dependence of E-C coupling gain (A) or fractional
release (B). Gain is defined as the total Ca transient
amplitude (A[Ca]; translated to total Ca [Calwt) minus
integrated Ic,, divided by the integrated Ic,. Fractional SR Ca
release is the same A[Ca]wt minus integrated Ic,, but divided
by the SR Ca load at the time of the twitch. Since some Ca
can be taken up and released again, the right axis may
reflect the total fractional release.
Intra-SR Free [Ca]

Clearly, one expects the amount of SR Ca
release to depend on the amount of SR Ca available
for release. Indeed, the release rate should be
related to the free intra-SR [Ca] ([Calsk) in a
relatively direct way. If this were the only effect, we
would expect the "“gain” of E-C coupling (Ca
release/Ic,) to rise roughly linearly as a function of
[Calsk and the fraction of SR Ca released to be
relatively constant as a function of [Ca]sk. Cellular
data clearly indicate that this simple expectation is
incorrect. That is, at SR Ca content below about 40%
of normal (~40 pmol/l cytosol) a normal Ic, trigger
causes almost no SR Ca release, but as SR Ca rises
there is an increasingly steep relationship between
either gain or fractional SR Ca release and SR Ca

content or [Calsr (18,23-26). Figure 2 shows the
dependence of gain and fractional release on SR Ca
content. It is also clear that increasing intra-SR Ca
content greatly increases the frequency (as well as
amplitude) of resting Ca sparks, even when diastolic
[Ca]i is unchanged (3,27-29).

This effect is completely consistent with
isolated RyR measurements in bilayers, where higher
luminal [Ca] greatly increases RyR2 open probability
(30-35). Indeed, higher [Calsr greatly shifts the
[Cali-dependence of RyR gating. The same [Ca];i that
caused half-maximal activation of RyR P, at [Calsk =
5mM produced no RyR opening when [Ca]sg was low
(20 uM). Some investigators claim that the luminal
Ca effect is due to more Ca passing through the
channel and acting at the cytoplasmic activating site
(33,34). However, Gyodrke & Gyodrke (35) showed
that this activating effect of [Ca]sr on RyR gating was
due to Ca binding on the luminal side, because the
[Calsr effect was independent of driving voltage
direction. In any event, at the cellular level [Ca]sr
has a profound role in regulating the RyR. At low
[Calsk the SR can fail to release Ca, while at high
[Calsr the luminal [Ca] may be the important trigger
for what is normally called spontaneous SR Ca release
associated  with cellular Ca overload and
arrhythmogenic delayed afterdepolarizations (DADs).
Since SR Ca content affects both the amount of Ca
available for release and the gating of the RyR, it is
an extremely powerful modulator of SR Ca release.
Thus, I will address determinants of SR Ca load
separately below (section 5).

Turn -off of SR Ca release

Since CICR is inherently a positive feedback
mechanism, it is important to consider what turns off
release. Moreover, there is good evidence indicating
that only about half of the SR Ca content is actually
released during a twitch. In addition, SR Ca release
must turn off to allow diastolic refilling of the heart.
Three possibilities contributors are: 1) local [Calsr
depletion, 2) RyR inactivation (or adaptation) and 3)
stochastic attrition (36-38). Stochastic attrition
means that as channels gate stochastically, there is a
finite probability that all of the L-type Ca channels
and RyRs in a junction close simultaneously, in which
case local [Ca]; would fall very rapidly and interrupt
regenerative release. This could work for a small
number of Ca channels, but with more realistic
numbers of channels, it is far too unlikely that all
would close at once. However, if RyRs gate as a
synchronized or coupled group (9) stochastic attrition
could contribute to the shut off of SR Ca release.
However, it is not yet clear whether most RyRs in a
spark site really worked that way.

The local depletion of SR Ca cannot
completely explain the turn-off of release, because
very long lasting Ca sparks can be seen (e.g. with
ryanodine or caffeine) that do not decline with time
(>200 ms; ref 3,27). Diffusion from other regions of
the SR might limit local SR Ca depletion, but during
the global Ca transient, the entire [Ca]sr declines.
Since [Calsk strongly modulates RyR gating, the
decline in local [Ca]sr may contribute dynamically to



the turn-off of global SR Ca release during a twitch.
As stated above though, this cannot explain fully why
either Ca sparks or global SR Ca release turn off.
Cardiac RyRs can also undergo inactivation
or adaptation (both of which may depend on [Cal).
Classically, inactivation is absorbing (as in Na
channels) such that the RyR would be unavailable for
re-activation until it recovers (37,39-41). Adaptation
refers to a reduction in RyR open probability from a
peak upon rapid activation, but from which point the
RyR can still be reactivated by a higher [Ca]i (39,42).
Whether the decline in RyR open probability observed
is solely inactivation, adaptation or some combination
is controversial, and few cellular studies have
addressed this in any unequivocal manner.
Nevertheless, there is clearly some refractoriness in
cellular and local SR Ca release events (27,37,43,44).
In summary, RyR inactivation and partial
luminal SR Ca depletion (by reducing RyR opening)
probably both contribute to the turn-off of release
during a twitch Ca transient. Coupled gating of RyRs
(so many RyRs gate as one) may also mean that a
variant of stochastic attrition might contribute as well.

Restitution

After a twitch or spontaneous Ca spark RyR
availability recovers with two time constants, a fast
one (100-300 ms; ref 44) and a very slow one
(several seconds; ref 27,45). RyR inactivation may
be important in minimizing inappropriate SR Ca
release events between heartbeats. It may also play
a central role in the force-frequency relationship that
is recorded in myocytes, muscles and the intact heart.
In particular, if the SR Ca content does not increase,
then increased pacing frequency results in decreased
contractile force which cannot be attributed to altered
SR Ca availability, Ics, action potential or myofilament
properties. Thus, there is a refractoriness in the E-C
coupling mechanism that has physiological impact.
Based on Fabiato’s early work on CICR, this sort of
refractoriness is expected and ought to be sensitive to
the level of [Ca];, in @ manner analogous to the En-
dependence of Ca or Na channel recovery from
inactivation. That is, lower [Ca]; ought to favor more
rapid restitution of RyR function. This has not been
well tested, but elevations in diastolic [Ca]i in
pathophysiological conditions could also compromise
RyR availability. On the other hand, when [Ca]sr and
[Ca]; are both elevated, Ca sparks occur immediately
after a twitch (27). The high [Calss may hasten
recovery of RyR even when [Ca]; is relatively high.

Mg, ATP and pH

Many factors can modulate the RyR open
probability, but for practical reasons most bilayer
experiments have been done with relatively non-
physiological solutions. Intracellular free [Mg] is
normally 0.5-1 mM in cardiac myocytes, and mM Mg
inhibits RyR gating. When the cardiac RyR is
activated by Ca (without ATP), Mg inhibits P, half-
maximally at 2.3 mM (46). However, at physiological
[ATP] (5 mM) the inhibitory effect of free [Mg] is
modest at 2 mM, and half-inhibition occurs at 5 mM
free [Mg]. The precise [Ca]; vs. P, relationship in vivo

is not known, but ATP shifts activation to lower [Ca],
while Mg shifts it to the higher [Ca]. Mejia-Alvarez et
al. (47) also made great efforts to study cardiac RyR
single channel current under solution conditions which
approach physiological. A unitary current of ~0.30 pA
can be inferred at 2 mM [Ca]sk and 0.15 pA at 1 mM
[Calsk (150 mM [K], and 1 mM [Mg]).

Since [ATP] and [Mg] do not change rapidly
during E-C coupling these levels may set the
physiological Ca-sensitivity of the RyR. For example,
Valdivia et al. (42) found that mM Mg inhibits steady
state cardiac RyR open probability (P,) at a given free
[Ca], but also accelerates the decline in P, induced by
a rapid increase in local [Ca]. During ischemia free
intracellular [Mg] increases several-fold as [ATP] falls,
presumably because ATP is a major Mg buffer (48).
These changes would reduce RyR sensitivity to Ca.
Ischemia is also accompanied by acidosis and cardiac
RyR P, is reduced by >50% upon reduction of pH
from 7.3 to 6.5 (46,49,50). Thus, ischemia may
greatly depress the responsiveness of the RyR to a
given local activating Ca.

Na/Ca exchange

Ca entry via NCX has been implicated as a
potential trigger of SR Ca release in two different
ways. First, the rapid Na current associated with the
action potential upstroke may raise local
submembrane [Na] ([Nalsm), causing Ca entry via
outward Ins/ca to trigger SR Ca release (51-53). This
interpretation has, however, been challenged (54-56).
Data also suggests that Na channels are excluded
from the junctional cleft and from regions where NCX
is localized (57), making this mechanism less likely.
Second, outward Ingca is activated directly by
depolarization, and can trigger SR Ca release and
contraction, especially at very positive En and when
Ica,L is blocked (58,59). However, a given Ca influx
via Ina/ca is much less effective and slower than Ic,, in
triggering SR Ca release (60). Thus, when both I,
and Inaca triggers coexist, CICR is controlled almost
entirely by Ica. Na/Ca exchanger molecules may also
be excluded from the junctional cleft, making this less
physically feasible (57). Thus, outward Insca can
trigger SR Ca release, but its physiological role may
be modest. It might gradually trigger SR Ca release if
there is no nearby Ca channel activated, or it may
raise local submembrane [Ca]; to allow a given Ic,
trigger to be more efficacious in causing SR Ca
release.

Dihydropyridine receptor, Bay K 8644 and FK-
506

In skeletal muscle there is fairly clear
evidence that the skeletal L-type Ca channel (DHPR)
physically interacts with the skeletal RyR, especially in
the region of the loop between the second and third
domain of the DHPR (II-III loop; reviewed in ref. 1).
In heart, the situation is less clear, despite highly
homologous RyR and DHPR proteins. The emerging
cardiac picture is of a much less robust DHPR-RyR
interaction than in skeletal muscle. This is consistent
with the lack of voltage-dependent Ca release (VDCR,
see below), a less ordered physical array of DHPR



over RyR in junctions (61) and the 4-10-fold excess of
RyR over DHPR (62). This excess of RyR implies that
at most 10-25% of RyR could possibly interact with a
DHPR. Nevertheless, cardiac DHPRs are concentrated
at sarcolemmal-SR junctions, albeit not as tetrads
(61). The carboxy half of a cardiac DHPR II-III loop
peptide (Ac-10C, KERKKLARTA) was found to activate
skeletal RyR1 and enhance SR Ca release in skinned
skeletal muscle (63,64). We found that Ac-10C can
inhibit cardiac Ca spark frequency by 63% in voltage
clamped ventricular myocytes, for the same SR Ca
load and diastolic [Cal]i (65). A peptide from the
carboxy region common to both cardiac and skeletal
DHPR also inhibits ryanodine binding to cardiac RyR
(66). Thus, the analogous cardiac DHPR and RyR
domains may interact, but clarifying work is needed.

The dihydropyridine L-type Ca-channel
agonist, Bay K 8644 has also provided data
suggestive of molecular communication between

cardiac DHPR and RyR. Bay K 8644 (100 nM)
accelerates resting loss of SR Ca in ventricular
myocytes in @ manner that is completely independent
of Ca influx, and which is competitively inhibited by
DHP antagonists (67-71). Bay K 8644, even at 100
times higher concentration, had no direct effect on
cardiac RyR channel gating in bilayer experiments.
Another Ca channel agonist (FPL-64176) which does
not compete at the same DHPR site did not alter Ca
sparks, but enhanced Ic, in @ manner similar to Bay K
8644. Bay K 8644 also increased ryanodine binding
in intact cells, but not after mechanical disruption.
We proposed that Bay K 8644 binds to the DHPR and
transmits a Ca-independent signal to the RyR, altering
its resting open probability. This effect of Bay K 8644
via the DHPR differs from effects on Ic, that occur
more slowly and in a depolarization-dependent
manner (71). We concluded that after binding to the
DHPR the pathways diverge for the Ic, gating effect
and the intramolecular effect on the RyR, manifest as
increased resting Ca sparks.

Ca sparks occur in the complete absence of
extracellular Ca, even without Bay K 8644. This
emphasizes that Ca sparks do not require Ca entry.
Moreover, even at this microscopic level action
potentials produce no SR Ca release or change in
resting Ca sparks in the absence of [Ca], (with or
without Bay K 8644). Thus, while these Bay K 8644
effects may imply a weak intramolecular link between
cardiac DHPR and RyR, they do not support En-
dependent SR Ca release in heart. With respect to E-
C coupling, it is notable that Bay K 8644 depresses E-
C coupling (lower Ca release for a given Ic, and SR Ca
load; 72,73). This effect can be explained by the long
open times induced by Bay K 8644 modified Ca
channels, without invoking the modulation above.
That is, a given whole cell Ic, in the presence of Bay K
8644 requires fewer channels (because openings are
longer). Since only the first couple of ms of Ic, are
needed to trigger SR Ca release, much of the Ca
influx will be wasted with respect to triggering SR Ca
release (i.e. lower Ca release for a given Ic)). In
conclusion, there may only be a weak DHPR-RyR link
in heart.

CaMKI1I, Protein Kinase A

Phosphorylation of the cardiac RyR by
cAMP-dependent protein kinase (PKA) alters RyR
gating in bilayers. Valdivia et al. (42) found that PKA
decreased basal P, at 100 nM [Ca], but greatly
increased peak P, (to nearly 1.0) during a rapid
photolytic increase of [Ca]. PKA also accelerated the
subsequent decline in P, attributed to adaptation. In
contrast, Marx et al. (74) found that PKA-dependent
phosphorylation at Ser-2809 enhanced steady state
open probability of single RyRs in bilayers, and
attributed this to displacement of FKBP-12.6 from the
RyR. However, in more intact cellular systems, we
could not detect any effect of PKA-dependent RyR
phosphorylation on resting Ca sparks in the absence
of phospholamban (with unchanged SR Ca load; 29).
RyR phosphorylation might also alter the intrinsic
responsiveness of SR Ca release to an Ic, trigger
signal, but results are mixed, showing increase,
decrease and lack of change (19,75,76). Thus,
whether PKA-dependent phosphorylation alters RyR
behavior during rest or E-C coupling remains
controversial. This is particularly challenging to
measure in intact cells, because increases in Ic. and
SR Ca uptake make isolation of intrinsic RyR effects
difficult.

Ca-Calmodulin dependent protein kinase
(CaMKII) also phosphorylates the cardiac RyR at Ser-
2809 (77). In bilayer recordings with cardiac RyR,
CaMKII was reported to either increase or decrease
channel P, (77-79). This discrepancy may be partly
explained by dynamic changes of RyR gating, as
discussed above for PKA (but similar data are not
available for CaMKII). In voltage clamped myocytes,
we found that inhibition of CaMKII prevented a [Cali-
dependent increase in the fraction of SR Ca released
for the same Ic, and SR Ca content (80). Introduction
of phosphatases (PP1 & PP2A) into myocytes also
depresses E-C coupling gain (81). Thus, in the intact
cardiac cell repeated Ca transients may activate
CaMKII, phosphorylate RyR2 and enhance the efficacy
of E-C coupling.

Calmodulin (CaM) has independent effects
on the RyR, which complicates CaMKII effects. Fruen
et al. (82) reported that 4 CaM molecules bind per
skeletal muscle RyR (RyR1) tetramer at both low and
high [Ca]. They found the same thing for the cardiac
RyR2 at 200 pM [Ca], but when [Ca] was 100 nM
RyR2 bound only 1 CaM per RyR tetramer (with lower
CaM affinity at low [Ca]). Balshaw et al. (83) showed
4 CaM molecules bind per RyR1 tetramer at both low
and high [Ca], and the same was true for the RyR2 in
the absence of Ca. However, CaM binding increased
to 7.5 CaM molecules per RyR2 tetramer at 100 uM
[Cali. Thus, there is agreement that high [Ca]
increases the CaM:RyR2 stoichiometry. CaM also
regulates RyR gating.

CaM inhibits Ca release from both cardiac
and skeletal SR at [Cal]i>100 nM (82-88). For
skeletal RyR1 at low [Ca] (< 100 nM) CaM activates
RyR1 opening, but at higher [Ca] (> 1 puM) CaM
inhibits RyR1 channel opening. Using a mutant CaM
which is unable to bind Ca, Rodney et al. (89) showed



enhanced RyR1 Ca affinity and single-channel activity
at high [Ca], consistent with Ca bound CaM inhibiting
RyR1. For cardiac RyR2 CaM inhibits RyR2 opening at
both low and high [Ca], and shifts the Ca-dependence
of RyR2 activation to higher [Ca] (83). In contrast,
Fruen et al. (82) found no effect of CaM on RyR2 flux
or ryanodine binding at 100 nM [Ca] (in the presence
or absence of Mg). In conclusion, under physiological
conditions we might expect CaM bound to RyR2 to
exhibit either no effect or an inhibitory effect on the
Ca-dependent activation of the RyR.

FK-506-binding proteins (FKBPs) bind to
and co-purify with the RyR (90-93), but the intrinsic
peptidyl-prolyl isomerase activity is not essential for
RyR effects (94). FKBP-12 (MW 12,000) binds tightly
to skeletal RyR, while heart expresses both FKBP-12
and -12.6, and the latter associates with the cardiac
RyR2, due to a 600-fold higher affinity (93). FK-506
and rapamycin cause dissociation of FKBP from the
RyR and modify RyR gating in bilayer studies (95-99).
FKBP removal from skeletal RyR causes the
appearance of subconductance states. Kaftan et al.
(98) found analogous results with the cardiac RyR,
which increased overall P, (despite the lower
conductance states). Indeed, when exogenous
recombinant FKBP was added to recombinant RyR in
bilayers the normal channel gating properties with
FKBP were restored. On the other hand, Barg et al.
(99) found no functional effect of FKBP on cardiac
RyR. FK-506 also inhibits cardiac RyR adaptation
(100) and increases Ca-sensitivity of RyR gating.
Complementary measurements in intact cells show
that FK-506 increases resting Ca spark frequency and
causes resting SR Ca content to decline (100,101).
Twitch Ca transients are also higher in ventricular
myocyte where FKBP is either removed by FK-506 or
genetically ablated (100-102). This confirms that the
overall enhanced P, of RyR in bilayers after FKBP
removal extends functionally to resting Ca leak in
intact ventricular myocytes and to E-C coupling
effects as well.

A current working model is that FKBP
physically stabilizes the coordinated gating of the 4
RyRs in one homotetramer so that openings go from
the fully closed to the fully open state, but with
reduced overall P, for a given [Ca] (e.g. shifting the
P, vs. [Ca] relationship to higher [Ca]). Marx et al.
(103) showed that FKBP may also be involved in
physical coupling between RyR tetramers, allowing
more than one tetramer to gate simultaneously.

Sorcin, a ubiquitous 22 kDa Ca binding
protein (Kmca)=1 pM) associates with both cardiac
RyR and DHPR (104,105). Sorcin could reduce RyR
open probability and ryanodine binding (ICso =480-
700 nM), but this inhibitory effect was relieved by
PKA-dependent phosphorylation of sorcin (106).
Thus, sorcin and FKBP might serve as endogenous
inhibitors of SR Ca release, that can be relieved by
PKA-dependent phosphorylation (107).

Eisner et al.(108) suggested that altered
systolic RyR gating properties alone in intact cells
exert only transitory effectcs on Ca transient
amplitude, invoking a sort of autoregulation. That is,
abrupt increases in RyR opening or fractional SR Ca

release cause greater Ca extrusion via Na/Ca
exchange at the first beat, thereby decreasing SR Ca
available for the next beat. In the steady state this
lower SR Ca content offsets the increased fractional
SR Ca release such that Ca transients are almost
unchanged. This may limit the overall impact of RyR
modulation in the intact cellular environment. On the
other hand, there must also be some limit for this
autoregulation, such that if the RyR is too leaky
(especially through diastole), the SR Ca content could
be reduced to the point that SR Ca release fails (as
discussed above with respect to the effect of [Calsr
on fractional release). Thus, the process of SR Ca
release must be interpreted in the complex cellular
environment of the myocyte. SR Ca load serves as an
important subcellular preload that could be
considered analogous with end diastolic volume. As
such factors regulating SR Ca load deserve a bit more
detailed discussion.

SR Ca CONTENT

Thermodynamics and Leak vs. Pump-mediated
Backflux

In principle, the maximal SR Ca content in
the intact cell would occur in the absence of leak,
when the SR Ca-ATPase reaches its thermodynamic
limit. That is, for a stoichiometry of 2Ca ions
transported per ATP consumed the free energy
required from ATP is AGgsr-.cap = 2RTeln([Ca]sr/[Cali).
We measured a maximal SR [Ca] gradient of 7,000,
consistent with AGsr-cap = 44 kJ/mol (109), which is
74% of the energy available from ATP (for AGarr=59
kJ/mol, ref 110). Thus, for [Ca]li = 150 nM, [Calsr
would be 1 mM, in agreement with estimates of
[Calsr in the beating heart (111), and energetic
efficiencies of other P-type ATPases.

The SR Ca-pump is reversible and Ca can
move out of the SR and even make ATP in doing so
(112,113). Of course net reverse Ca-pump flux is not
expected physiologically, because [Ca]sr/[Ca]i would
have to exceed the AG which built the gradient in the
first place. However, it is important to appreciate that
at thermodynamic equilibrium (with leak of Ca via
other pathways at zero) both forward and reverse flux
through the SR Ca-pump occur, but are equal and

opposite. This can be appreciated by the following
equation (114) :
Y o ([Ca] ierE:r:'I = VW apa( [Ca] SE.'erEn;'I
Ty (1)

L+ {[CaliFama’ + ([Ca] /K apad”

where Vmror @and Vmrey are the forward and
reverse maximum rates, and Kmror and Kmrev are the
forward and reverse dissociation constants. It can be
seen that if [CalJss = 0, the last term in both
numerator and denominator drop out and this reduces
to the standard Hill equation (Vmax/(1+{Km/[Cali}™).
Thus, at equilibrium (with zero leak) the net SR Ca-
ATPase flux (Jpump) is 0. At this point the numerator
in Eq 1 is zero so the two terms are equal. For the
reasonable assumption (based on data) that Vmror
=Vmrev this relationship implies that the limiting [Ca]



gradient above [Ca]sr/[Cali = Kmrev/ Kmror Which is the
well known Haldane relationship. It also means that
the affinity of the Ca-pump for cytosolic Ca is 7000
times higher than that for intra-SR Ca (e.g. Kmror =
300 nM, Kmnrev = 2 mM). That is why Ca dissociates
from the pump readily after it is transported into the
SR. Thus, without any leak the SR Ca-pump should
approach asymptotically a [Calsr/[Cali gradient of
7000. However, leak of Ca from the SR (e.g. as Ca
sparks) is not normally zero, so the net SR Ca flux
(Jsr) is the sum of Jpump (a@s in Eq 1) plus Jieak. In this
more realistic steady state scenario the forward pump
rate (Jeumpr) Must equal the sum of the pump backflux
(JPumpR) p|US JLeak-
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Figure 3. Dependence of SR Ca content on SR Ca leak rate.
Curves are based on Eq 1 in the steady state (Jpumpr = Jpumpr
= Jieak), Where [Calsr is a function of Je and [Cal:
[Ca]SR:7OOO{([Ca]|2 (Vmax/JLeak - 1) - (KmFor)z)/ (Vmax/JLeak +
1)}¥2 and SR Ca content, ([Calsrwt = [Calsk +
(Bmaxsr/(1+{Kasp/[Calsr}), where Bmaysr (3 mmol/l cytosol) is
the intra-SR binding capacity and Kgsz (0.6 mM) is the
dissociation constant. Thus [Ca]sg and [Ca]srtt are functions
of [Cali (150 NM), Vmax (210 pmol/l cytosol/s), Kmeor (300 NM)
and Jieak-

Figure 3 shows how the SR Ca content is
affected by Jieak at [Cali of 150 nM (including
consideration of intra-SR Ca buffering). When Jieak is
zero [Calsg is ~1 mM and the SR Ca content is 160
pmol/l cytosol. As Jieak increases the SR Ca content
declines. In intact ventricular myocytes from rat and
rabbit we measured Jieak to be ~0.3 pmol/l cytosol/s
and found this to be consistent with resting Ca spark
frequency (115). This would suggest that leak is not
very important in limiting the SR Ca load. That was
consistent with our follow up study in voltage clamped
rabbit ventricular myocytes, where stimulation or
inhibition of the SR Ca-ATPase failed to significantly
change the SR Ca load achieved at steady state
(116). Of course achieving that [Ca]sr/[Ca]i gradient
took longer when the pump was partially inhibited.
However, if leak were predominant the final load
should have been significantly lower as well (Fig 3).
At odds with these observations, blocking RyR-
mediated leak with tetracaine can dramatically
increase SR Ca content (117-119). This effect would
not be expected if leak were very small and might
imply @ Jieak Closer to ~5-10 pmol/l cytosol/s (119).
We have recently re-evaluated this issue with a novel
experimental approach that allows us to measure SR

Ca leak at different SR Ca loads (120). We find the
same sort of steep SR Ca load-dependence of leak as
we reported for either E-C coupling gain or fractional
release (in Fig 2) and for Ca spark frequency (27).
The result was that Jeak varies over a broad range
and might be closer to 5 pmol/I cytosol/s at relatively
physiological SR Ca load and [Ca]i. Considering that
Jieak increases steeply with [Ca]sr and that increasing
Jieak limits SR Ca load (Fig 3), it is easy to appreciate
that this creates an intrinsic limit to SR Ca load. That
is, if SR Ca is high, it increases leak, thereby limiting
SR Ca content.

It is also worthwhile to consider the
energetic consequences of Jieak. If Jieak Were zero
then the SR Ca content during diastole could be
maintained with no net ATP consumption (since Jpumpr
would equal Jpumpr). Of course, any intrinsic slippage
or inefficiency in the pump mechanism would make
some net energetic ATP cost to maintain [Calsr.
However, if Jeak is 6 pmol/l cytosol/s this must be
compensated by an equivalent net Jpumpr, requiring 3
MM ATP consumption per second. This constitutes an
additional energetic demand for the heart. Figure 3
also shows that as Jieak approaches 10-15% of the
forward Vmax of the pump the SR Ca load drops
precipitously as a function of leak (because Jpumpr is
~15% of Vmax at diastolic [Ca]). Thus if the
physiological leak rate is very close to this steep
region of the curve, small changes in SR Ca leak (as
might occur in heart failure) could have a
disproportionately large effect on SR Ca content.

During a normal cellular Ca transient [Calsr
declines during SR Ca release and consequently
reverse Ca-pump flux is decreased, while forward Ca-
pump flux is stimulated by high [Ca]i. Thus there is
an increase in net SR Ca uptake by the pump. As
[Cali declines and [Ca]sr rises the forward Ca-pump
rate falls and reverse Ca-pump rate increases, until
the net pump flux comes into balance with the SR Ca
leak flux. At that point the SR Ca content has
returned to the steady state level for the next beat.
During the cardiac cycle the amount of Ca which
entered via Ic, will also have to have been extruded
by Na/Ca exchange. Of note in the non-steady state,
either increased Ca extrusion by Na/Ca exchange or
reduction of SR Ca-pump activity would result in less
net Ca uptake by the SR and a lower steady state SR
Ca content (and more extrusion of Ca from the cell).
These perturbations may contribute to reduced SR Ca
load and contractile dysfunction in heart failure (see
Section 6).

An important functional consequence of this
thermodynamic consideration is that SR Ca uptake
(especially during late relaxation and diastole) will be
sensitive to energetic limitations that may occur
under pathophysiological conditions. For example, if
[ATP] declines or [ADP] or [PO4] rise, the AGar
available to the Ca-pump will be reduced. While this
may not alter Vmax or initial rates of [Ca]i decline, it
will reduce the [Ca] gradient that the SR Ca-pump
can generate. This will have preferential effects on
the latter phase of [Ca]; decline and on diastolic [Ca];
as the pump approaches a different thermodynamic
equilibrium (at lower [Ca]sr and higher [Cal)). The



lower SR Ca content would also disproportionately
depress Ca transients by reducing both the amount of
SR Ca available and also the fraction released.

Measurement of SR Ca content

SR Ca content has been measured in a
variety of ways, including radiotracer **Ca fluxes,
electron x-ray microprobe analysis, extracellular [Ca]
depletions and rapid cooling contractures (see ref 1
for details and references). However, a convenient
and widely used approach these days is the caffeine-
induced Ca transient, as illustrated in Figure 4. This
method has the advantage that it can be applied
acutely to an isolated myocytes at any time (e.g.
under different experimental conditions). Rapid
application of 10-20 mM caffeine releases all SR Ca
and prevents net reuptake because of open SR Ca
release channels. Then quantitative measures of SR
Ca load can be obtained from either the amplitude of
the resultant contraction or Ca transient, or by
integrating Ina/ca (Since most of the SR Ca is removed
from the cell this way; see Fig 4A). Caffeine must be
very rapidly applied in order to achieve a rapid and
relatively uniform rise in [Ca]; throughout the cell.
This is especially important when using either the
contraction or Ca transient amplitude as an index of
SR Ca content (less so when Ina/ca is integrated).

If one measures caffeine-induced A[Cal;
there are two important interpretational caveats.
First, if there is significant Ca extrusion between the
time that caffeine is applied and the peak [Ca]i is
observed (e.g. due to NCX) the peak [Ca]i may be
underestimated. Thus, caffeine-induced Ca transient
are sometimes measured in conditions which inhibit
NCX (e.g. ONa, 0Ca solution; 116,121). Of course
this can limit the ability to simultaneously integrate
Ina/ca (but see also ref 116). This issue makes it
impractical to use caffeine-induced contractures or Ca
transients in multicellular preparations, because [Ca];
may already decline in surface cells prior to SR Ca
release in cells at the center of the preparation.
Caffeine-induced contractures and A[Ca]; can be
useful from a comparative standpoint, but the second
caveat is that to convert A[Ca]; to SR Ca content one
must account for the buffering of Ca in the cytosol.
This can be done using measured values of cytosolic
Ca buffering (e.g. measured during Inas/ca as in Fig 4;
refs 1,122,123).

Integration of Inaca during caffeine
application can also provide a rather direct measure
of the SR Ca content. This works because almost all
of the Ca released by caffeine is extruded via Ina/ca-
This same Insca data (where [Cali is also measured)
can be used to measure cytosolic Ca buffering as
illustrated in Fig 4B. This is like a simple reverse
titration where integrated Ingca counts the total
number of Ca ions removed for a measured change in
[Cali. There are also three main caveats in using the
Ina/ca integral to measure SR Ca content. First, not all
of the [Cal]i decline during a caffeine-induced Ca
transient is due to Ingca, but can also include
contributions from the sarcolemmal Ca-ATPase and
mitochondrial Ca uniporter (1,121). While these are
relatively minor, one can account for this by dividing

the integrated Inaca by the fraction of [Cali decline
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Figure 4. Measurement of SR Ca content and cytosolic Ca

buffering during a caffeine-induced Ca transient in a rabbit
ventricular myocyte under voltage clamp. A. Caffeine (10
mM) was applied rapidly and [Ca]; is converted to total
cytosolic [Ca] ([Calwt in pmol/l cytosol) using previously
measured Ca buffering (272/{1+(673 nM/[Ca])} as in ref 1).
This yields SR Ca content of 118 pmol/l cytosol. SR Ca
content is also obtained by integrating Insca (multiplying by
6.44 pF/pL cytosol, and dividing by 96,490 C/mol and 0.93 to
account for non-In,ca Mediated Ca transport). B. To measure
Ca buffering Inaca is integrated from the end backward as
[Cali« and fit as a function of [Cali ([Calit
={Bmax/(1+Kn/[Cali)}+Bnmin, ref 120). Data recorded by K.S.
Ginsburg and modified from ref. 1).
due to NCX (~0.75-0.93 depending on species). A
second conversion required is to transform the
surface Ca flux (usually in A/F) into “volume flux” (in
pmol/l cytosol). We have measured the surface to
volume ratio for ventricular myocytes in several
species allowing this conversion (6.4-13 pF/pL
cytosol; ref 124). A third potential issue is the
possibility that NCX stoichiometry might not be
3Na:1Ca under all experimental conditions (125,126).
It is less clear how to deal with this potential caveat
and most investigators still assume that the NCX
stoichiometry is fixed at 3Na:1Ca. Given the different
assumptions and limitations between A[Ca]; and
integrated Ina/ca methods, it is  especially
advantageous if one can measure SR Ca load in both
complementary ways simultaneously, especially when
the results are in good agreement, as in Fig 4. This



also helps to reinforce the reasonable nature of the
assumptions required. Maximal SR Ca content under
relatively physiological conditions is about 90-130
pmol/L cytosol, or about twice the amount of Ca
required to activate a twitch (116,127,128).

PATHOPHYSIOLOGICAL ALTERATIONS IN HEART
FAILURE

Under pathophysiological conditions there
may be a reduction in the amount of Ca released from
the SR and this can be a significant contributing factor
in contractile dysfunction (1). An important
pathophysiological case in point (and major health
problem) is heart failure, where contractile
dysfunction has been shown to be caused in large
part by altered myocyte Ca regulation (129-136).
Most, but not all results have indicated that Ca
current and myofilament Ca sensitivity are not
significantly changed in heart failure (1). While
alterations in these systems cannot be unequivocally
excluded for participating in the heart failure
phenotype, the focus here is on SR Ca release (and
there is much experimental support for reduced SR Ca
release in heart failure). There are three main
mechanisms which have been implicated in the
reduced SR Ca release in heart failure. Two of these
are associated with reduced SR Ca content, which has
been documented in human, canine and rabbit heart
failure (74,134,136-138). The third is associated
with unaltered SR Ca content, but reduced E-C
coupling gain or fractional SR Ca release in rat or
mouse heart failure (139-141).

Reduced SERCA2 and Enhanced Na/Ca Exchange

Many heart failure studies have demonstrated
that the expression of SR Ca-ATPase is reduced, NCX
is increased or both (130-135). Considering the fate
of Ca during relaxation and [Ca]; decline, it is easy to
understand how either reduced SR Ca-ATPase, or
enhanced NCX (or both) will tend to reduce SR Ca
content by shifting more Ca back out of the cell vs.
the SR. On the other hand, if both of these changes
occur, they can be offsetting with respect to the rate
of [Cal]; decline during a twitch. That is, a large
increase in NCX can compensate for a small reduction
in SR Ca-ATPase function in terms of the rate of [Ca];
decline, but both changes would cause reduction in
SR Ca load. The most compelling data for this
mechanism is in heart failure in humans (ischemic
and non-ischemic), rapid pacing-induced failure in the
dog and non-ischemic pressure/volume overload in
rabbit. In these cases, measurements of SR Ca-pump
and NCX expression and function have been well
documented and the reduction in SR Ca content has
been measured via caffeine-induced Ca transients
(134,136,137). It is of interest to note that either
SERCA reduction alone or NCX increase alone can
largely cause the reduced SR Ca content by shifting
the competition between these systems away from
the SR and toward extrusion via NCX during
relaxation and [Ca]; decline (as demonstrated by
experiments where SR Ca-ATPase is inhibited or NCX
is overexpressed in normal cells, 142,143).
Obviously, when both changes occur the results can

be additive. The reduction in SR Ca content in heart
failure reduces the amount of SR Ca available for
release for a given Ic, trigger, but this depressant
effect is likely compounded by the inhibitory effect of
low luminal [Ca]sr on the gating of the RyR during E-
C coupling (as in Fig 2). Thus, reduced SR Ca content
may be a crucial proximal cause of contractile
dysfunction in heart failure.

Enhanced SR Ca Leak

Another mechanism that could reduce SR Ca
content in heart failure is an enhanced diastolic leak
of Ca from the SR (74,138). This would allow NCX
another opportunity to compete with the SR Ca-pump
for the Ca which had already been taken up by the SR
during twitch [Ca]; decline. The strongest evidence
for this possibility comes from studies by Marx et al.
(74). They found that in heart failure RyRs are
hyperphosphorylated by PKA (nearly 1 phosphate
group per RyR monomer), and suggested that this
was caused by a reduction in the amount of
phosphatase associated specifically with the RyR.
They showed also that this degree of RyR
phosphorylation caused FKBP-12.6 to dissociate from
the RyR and that this caused an increase in Ca-
sensitivity of RyR channel opening in lipid bilayer
recordings. This might increase the diastolic leak of
Ca from the SR, which according to the curve in Fig 3
would reduce SR Ca content. This agrees with
observations that Ca spark frequency is enhanced by
FK-506 which displaces FKBP-12.6 from the cardiac
RyR (100,101). Although we could not detect any
effect on Ca spark frequency when we directly
phosphorylated the RyR by PKA in a cellular
environment (29), this possibility remains intriguing
and merits further study. Enhanced diastolic Ca leak
could work synergistically with the changes in
functional expression of the SR Ca-ATPase and NCX in
reducing SR Ca load, and contribute to reduced SR Ca
release during E-C coupling along the same lines just
described.

Altered E-C coupling

In certain rat and mouse heart failure models
E-C coupling is depressed without a reduction of Ic,,
SR Ca content or isolated RyR function. This includes
spontaneous hypertensive heart failure (SHHF) rats,
post-myocardial infarct rats and MLP knockout mice
(139-141). In these cases a given I, results in
reduced SR Ca release (in some cases where SR Ca
load was determined to be unchanged). It did not
seem to be due to alteration in either the number or
Ca-sensitivity of individual RyRs. This led these
investigators to propose that there might be either a
spatial change in the juxtaposition of Ca channels at
the junction, or some other reduction in RyR Ca
sensitivity that depends on the intact cellular
environment. It is interesting that this mechanism
has been most frequently reported in rats. While this
might reflect a species-dependent difference in heart
failure phenotype, this will require further study. This
sort of intrinsic reduction in E-C coupling could also
coexist with reduced SR Ca content as discussed
above. Indeed, reduced SR Ca-ATPase expression



and function has also been reported by several groups
in rat models of hypertrophy and heart failure,
especially at the transition from compensated to overt
heart failure (130,144). Thus, while there are likely
to be multiple contributing factors to heart failure,
reduced SR Ca release probably plays a major role in
the contractile dysfunction.

CONCLUSIONS

Release of Ca from the SR in the intact
cardiac myocytes is influenced by numerous factors.
We have learned much from studies in isolated
systems (RyRs in bilayers and vesicles), but these
results must be translated to the intact cellular
environment. In some cases this can be approached
with relatively direct cellular experiments, but this is
not always the case. We do know that two of the
most important physiological regulators of SR Ca
release during diastole as well as systole are local
[Cali and [Calsr. Other factors may modulate this
relationship (e.g. ATP, Mg, pH, calmodulin, FKBP-
12.6, phosphorylation, redox state, nitric oxide), but
Ca is probably the main dynamic regulator. Ic, is the
primary trigger for SR Ca release during E-C coupling.
While Ca influx via other pathways (e.g. NCX) can
make some contribution under certain circumstances,
these effects are likely to be primarily modulatory.
Intra-SR Ca is crucial in regulating SR Ca release in
two ways. First, it determines the amount of SR Ca
available for release. However, the effect of luminal
[Calsr in regulating the gating of the RyR in the intact
cell is also extremely important. This may increase
the sensitivity of the RyR to cytosolic [Ca]i. When SR
Ca load is elevated, it may be the rise in [Calsg which
triggers the so-called spontaneous SR Ca release
during Ca overload that can be directly
arrhythmogenic. Low SR Ca content may be a central
cause of contractile dysfunction in heart failure, where
it can be caused by reduced SR Ca-ATPase functional
expression, increased NCX expression, increased
diastolic SR Ca leak or even energetic limitations
which affect AGare. As a result, it is important to
understand the functional cellular environment (and
microenvironment) where the RyR exists in order to
appreciate fully how it is functioning under any
particular situation.
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ABSTRACT Cardiac excitation-Ca®* release coupling is, in essence, a tale of two molecules,
sarcolemmal voltage-gated L-type Ca®' channels (LCCs) and intracellular ryanodine
receptors (RyRs), communicating via the Ca*'-induced Ca®* release mechanism. Recent
advances have provided a microscopic view of the intermolecular Ca®* signaling between
LCCs and RyRs. In a dyadic junction or a “couplon”, LCCs open and close stochastically
upon depolarization, delivering a train of high local Ca** pulses (“Ca®' sparklets”) to the
RyRs in the abutting SR terminal cisternae. Stochastic activation of RyRs discharges “Ca®*
sparks” from different couplons, which summate into global Ca®* transients. Hence,
ignition of Ca®* sparks by Ca®" sparklets constitute elementary events of EC coupling.
While the sparklet-spark coupling is of low fidelity (at 0 mV, about one out of 50 sparklets
triggers a spark under physiological conditions), the high-gain amplification of CICR (~15 at
0 mV) is achieved because of the greater single-channel flux and open time of RyRs and
multi-RyR origin of Ca®* spark. The global stability of CICR is safeguarded by many factors
acting in synergy, including physical separation of RyR clusters, sheer Ca®* gradients
around the channel pores, low intrinsic Ca?* sensitivity of RyRs in vivo, and high
cooperativity for the Ca?*-dependence spark activation. The /ocal stability of CICR is insured
because of strong, use-dependent inactivation of RyRs, that terminates Ca®* sparks and

confers persistent local SR refractoriness.

Introduction

In heart muscle cells, excitation-contraction
(EC) coupling is a cascade of Ca*'-mediated
intracellular signal transduction that links membrane
depolarization to activation of cell contraction. Its
pivotal first step involves crosstalk between two types
of Ca** channels, the voltage-operated L-type Ca®*
channels (LCCs) (1) in the sarcolemma and the Ca**
release channels/type 2 ryanodine receptors (RyRs)
(2,3) in the sarcoplasmic reticulum (SR). The LCC-
to-RyR communication relies on the incoming Ca®* as
the second messenger to activate the RyRs via the
Ca’*-induced Ca’* release (CICR) mechanism (4,5).
Simultaneously simple and enigmatic, CICR has
attracted much attention over the last decade, calling
for elucidation of its reliability, controllability, and
stability. Many advances, including the conception of
local control of CICR (6,7), the discovery of tale-
telling microscopic Ca®* events, namely “Ca®* sparks”
(8), “Ca’* sparklets” (9) and “Ca®* spikes” (10), as
well as the ongoing quest for the mechanism that
terminates CICR (11-14), have greatly deepened our
understanding of this core Ca®* signaling mechanism
at the molecular level. This brief review focuses on
mechanistic aspects of intermolecular signaling
between LCCs and RyRs, to provide a microscopic
view of EC coupling. Comprehensive overview of
related topics can be found elsewhere (15-18) and in
companion articles in this issue of Frontiers in
Bioscience.

Local Control of CICR

The phenomenon of CICR was initially
demonstrated in skinned skeletal muscle fibers
(19,20) and cardiac Purkinje cells (4,5) by abruptly
increasing the bathing Ca®* concentration, where the
trigger Ca®* comes from the bulk solution surrounding
the exposed SR. In his classic and elegant
experiments, Fabiato demonstrated that cardiac CICR
is graded both by the magnitude and the rate of
change (d[Ca]/dt) of the trigger Ca®*, and that supra-
optimal trigger Ca®' negatively regulates CICR,
resulting in attenuated SR Ca* release (5). These
observations have been interpreted by a model in
which fast, low affinity Ca’"-dependent activation
occurs concurrently with a slow, high-affinity Ca*-
dependent inactivation (5).

A contemporary version of the Fabiato
experiment has been performed in intact cardiac
myocytes, where flash photorelease of caged Ca®*
produces a homogenous step increase of cytosolic
Ca’*. The photolytic Ca®* suffices to activate the SR
Ca’* release, in a similarly graded fashion (7,21).
During normal EC coupling, however, LCC current
(Ics,) serves as the physiological trigger of CICR.
Several salient features of the Ic,-elicited SR Ca**
release have been identified by independent
laboratories. These include a bell-shaped voltage
dependence that reminisces that for Ic,;,. (22-27), a
high-gain amplification (~10-20 at 0 mV) (26,27), a
voltage-dependent reduction of the “gain” function
(26,27) (Fig. 1), and a variable endurance of the
release that is controlled by the duration of I, (22).

To explain properties of the I, -elicited
CICR, a parsimonious model implies that Ca®' entry
as Ic,. raises uniformly the cytosolic Ca®* and
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Figure 1. Ca®* spikes and the gain function of EC coupling.
Whole-cell patch-clamp was established with the cell
dialyzed with 1 mM Oregon Green BAPTA 5N and 4 mM
EGTA. A. Ca?* spikes elicited by a 300-ms depolarization to
-30 mV. Vertical dash lines mark the beginning and end of
the voltage pulse, and data are shown as surface plot. B.
Bell-shaped voltage-dependence for SR Ca®' release flux
(Jsr, measured by spatially averaged Ca®* spikes) (open
symbols) and Ic,,. (solid symbols). Note that the Jsg curve
is shifted leftward by about 10 mV. C. Voltage-
dependence of the gain function Jsg /Ica,L. (A: unpublished
data: B&C: data from reference 27).

thereby affects all RyRs equally.
proved mathematically that such a “common poo
model in the high-gain zone is inherently unstable,
resulting in nearly all-or-nothing behavior (6).
Indeed, Niggli and Lederer found that it is rather

However, Stern

III

inefficient for photoreleased Ca®* (i.e. common pool
Ca®") to trigger SR Ca®' release as compared to the
Icsy (7). These experimental and theoretical
reasoning have led to the proposal that RyRs are
instead under tight local control by LCCs (6,7).
Specifically, co-localization of RyRs and LCCs (28)
allows the high local Ca®* in the close proximity of
open LCCs preferential access to RyRs, which are
presumably insensitive to low levels of Ca®*. Stern
further envisaged that a single LCC controls either a
single RyR (“kiss” model) or a group of RyRs (“cluster
bomb” model) (6), and individual units operate
independently, by virtue of spatial separation and of
sheer Ca®* gradients from a point source (29). As a
result, a high-gain amplification (reliability) can be
achieved without jeopardizing the stability and
controllability of CICR. This model also explains why
an early interruption of Ic,, abbreviates the SR Ca**
release (22).

To evaluate the competing CICR models, Wier
et al (26) examined the efficiency of I, to activate
SR Ca®' release at different voltages. In the “local
control” model, properties of unitary LCC currents
(ica) is an important determinant, so the SR Ca®*
release is not necessarily a unique function of the
whole-cell Ic,:. To the contrary, the common pool
model predicts that SR release depends solely on the
Ica. The experimental results revealed that the
efficiency of Ic;,, as the trigger is progressively
decreased with increasing voltage, as is the ic,:
comparable Ic,, triggers greater Ca’" release at more
negative voltages, when jc; and hence local Ca®*
pulses are bigger. This provides strong indirect
evidence in favor of the local control theory.

An independent line of evidence for the
local control theory came from investigation of the
efficacy of Ca®" influx via routes other than the LCCs.
The prediction is that CICR would be less effective if
these alternative routes are not as well aligned to
RyRs. To this end, Ca®" entry via the reverse mode
Na*/Ca®* exchange (Ics, wcx) is 20-160 times less
effective (30), while T-type Ca®* channel current (Ics,7)
is also very inefficient in triggering CICR (31). Early
evidence for localized CICR also includes the
observation that local activation of Ca®* transient
from one end of a rat cardiac myocyte does not
propagate into the remote end of the cell (32).

Ca’* sSparks: Elementary Events of SR Ca?*
Release

“Ca®* sparks” are local, brief and small
increases of intracellular Ca* visualized by confocal
microscopy in conjunction with the new generation of
fast and high-contrast Ca®* indicators (8,33) (Fig. 2).
Originated from RyRs in the SR, they occur
spontaneously in resting myocytes, while identical
Ca?* sparks can also be evoked by Ics,. (34-38).
These spontaneous Ca®' sparks are independent of
LCC Ca®* entry (8,33,39,40), are sensitized by low
doses of caffeine and ryanodine, and are inhibited by
high doses of caffeine or ryanodine as well as Mg®*
and tetracaine (8,39). During EC coupling, spatial
and temporal summation of up to 10* Ca®' sparks
gives rise to the cell-wide global Ca®* transients (34-
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Figure 2. Ca?* sparks in cardiac myocytes. A. Six
consecutive confocal raster-scan images (1 s apart) of a
quiescent ventricular myocyte loaded with the Ca?*
indicator, fluo-3. Ca?' sparks are discernible as bright
spots occurring randomly inside the cell. B. Linescan
confocal image of a typical Ca®* spark (top) and its surface
plot (bottom), showing the temporal (horizontal) and
spatial (vertical) characteristics of the spark.
(Unpublished data)

38). Hence, Ca®* sparks constitute elementary events
of cardiac EC coupling. When CICR is somehow
tipped to the verge of instability, however, solitary
Ca’" sparks no longer remain confined (41-43);
recruitment of discrete Ca®* sparks often evolves into
saltatory propagating waves of Ca®' excitation (41),
indicating that Ca®* sparks are also elemental to
initiation and propagation of Ca®* waves.

The existence of Ca®* sparks immediately told
us something that we had not appreciated before.
First, SR Ca®" release occurs in a stochastic and
discrete manner. Mapping the origin of Ca®* sparks
revealed that spark-generating sites, coincident with
T-tubules, are separated by ~1.8 in the longitudinal
direction and 0.5-1.5 um in the transverse direction
(6,41,42,44). Genesis of Ca®* spark at T-SR junctions
during small depolarization has been shown to be
governed by Poisson statistics (35). The finding that
CICR is discrete and random is not trivial, because not
all properties of a stochastic and discrete system can

be described by a deterministic and continual model.
From an engineering’s standpoint, the discreteness
provides a straightforward, yet ingenious, solution to
the stability and controllability of CICR: gradedness of
CICR can be achieved simply by varying the number
of sparks recruited. Izu et al (45) has recently noted
another intriguing difference between the two classes
of models with respect to Ca®' wave initiation and
propagation.

Second, the rate of occurrence of
spontaneous sparks suggests that RyRs in situ are
surprisingly insensitive to Ca®*, validating an
important premise of the local control theory. Out of
~10° RyRs exposed to ~100 nM resting Ca®*' in a
typical myocyte, approximately 100 Ca®* sparks ignite
every second (8). This translates into an open
frequency of 0.0001 s or a mean close time of
10,000 s for RyRs in cells, differing by orders of
magnitude from those in the planar lipid bilayer
(46,47). The low excitability of RyRs in milieu of intact
cells should help to confine CICR both in space and
time.

Once activated, Ca®** sparks evolve
autonomously and reach the peak in ~10 ms,
regardless of the mechanism that turns-off trigger
Ca’* (35). The brevity of Ca®" sparks is unexpected,
and indicates that regenerative CICR within a spark-
generating unit must be somehow terminated
promptly (see below). Together, the spontaneous
termination, the spatial confinement of Ca’" sparks,
and the low Ca?* sensitivity of RyRs provide important
bases for the local control theory.

Because of their intracellular location, RyRs in
intact cells have thus far defied direct
electrophysiological measurement. Confocal imaging
of Ca®' sparks has provided a novel and powerful
means by which RyR activity in situ can be observed
non-invasively, on the smallest physiological scale.
To date, Ca®" sparks are shown to be present in all
types of muscles (8,48-50). Ca®* sparks of both RyR
and IP; receptor (IPsR) origin are present in non-
excitable cells such as glial cells (51) and endothelial
cells (52). Analogous IPsR Ca®* sparks, named “Ca**
puffs”, have also been extensively characterized in
xenopus occytes (53). Ca®* sparks as the universal
building blocks of Ca?" signaling fulfill distinctly
different physiological roles in these cells.

While Ca** sparks appear to constitute the
totality of SR Ca®' release in Ic,-elicited Ca®*
transients, Niggli and Lipp have demonstrated non-
spark, spatially uniform Ca®* release when the SR is
activated by photolytic Ca?* (54,55) or reverse mode
Na*/Ca®* exchange (56). They proposed that this type
of release is mediated by sub-spark events, termed
“Ca®* quarks” (54), that are perhaps from single RyRs
and are not readily discernible (17,54-56). However,
if quarks and sparks differ only in the number of RyRs
involved, it is difficult to reconcile why Ca?* entry
other than Ig,; activates only the subtler events,
whereas resting Ca®" activates SR release in the form
of spontaneous Ca®* sparks. The condition, extent and
physiological relevance of non-spark SR Ca®' release
merits further investigation.
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Figure 3. Ca®* sparklets due to single LCC openings. GQ-

seal patch clamp was established on an intact cardiac

myocyte whose SR was paralyzed by 10 mM caffeine and

10 uM thapsigargin. The patch pipette (3-5 MQ) contained

10 uM FPL64176 and 20 mM Ca?*. Confocal linescan was

focused right beneath the patch membrane. A. Ca®*

sparklets during 400-ms depolarization at -20 and 0 mV

(top), their line plots (middle), and the simultaneously

recorded unitary Ca®* current, ic, (bottom). B. Linear

correlation between sparklet signal mass (IIAF/Fodxdt) (in

arbitrary unit) and the integral of the corresponding ica, dca

(number of Ca?" ions). (Data from reference 9)
Trigger Ca?* Entry: Visualization of Ca**
Sparklets from Single LCCs

In a microscopic perspective, Ca’* entry

gated by single LCC openings ought to be
discontinuous and stochastic as well. A typical ic, at
0 mV amounts to ~0.12 pA (2 mM Ca®* as the charge
carrier) (57) and lasts ~0.3 ms (58), carrying a
packet of Ca’?" of ~110 ions. This tiny amount of
Ca® is still beyond the detection limit of current
generation of confocal fluorescent microscopy.
Nevertheless, when ic, is prolonged and enlarged by
the LCC agonist FPL64176 and 10-20 mM external
Ca®*, we were able to visualize Ca®* entry from single
LCCs, dubbed “Ca®" sparklets”, in cells whose SR
Ca’* release was paralyzed (9) (Fig. 3). The onset
and offset of a Ca®* sparklet follow closely the open
and closure of the channel; the fluorescent “signal
mass” of Ca®* sparklets linearly correlates with the
integral of the corresponding ic, (8,000 to 100,000
Ca’* ions) (Fig. 3). Thus, in addition to Ca** sparks,
Ca’* sparklets afford another tool for investigation of
microscopic properties of LCC-to-RyR coupling. In
circumstances when it is impossible to record Jc
electrophysiologically, Ca?* sparklets as an optical
readout of ic, can be exploited to monitor gating of
single LCCs (9). Moreover, Ca*" sparklets produced
by a known size of ic; may serve as an optical
standard to calibrate Ca®* release flux underlying a
spark (9). This calibration is basically model- and
parameter-independent, because sparklets and sparks

share the common microenvironments with respect to
Ca’* buffering and diffusion.

Triggering Ca?* Sparks by Single LCC Excitation

The ultimate test for the local control
theory would be the demonstration that single LCC
excitation triggers discrete SR Ca®' release events, or
Ca’* sparks. Two independent groups provided the
first supporting evidence. Cannell et al (35) noticed
that the voltage-dependence of Ca®* spark activation
(Ps) is proportional to LCC activation (P,.) at near-
threshold voltages (from -60 to -40mV), displaying an
e-fold increment per ~7 mV depolarization. Under
conditions when most LCCs are inhibited (for
resolution of solitary sparks), Lépez-Lopez et al (36)
demonstrated kinetic similarities between the residual
Ics,. and the latency distribution of spark activation
over a wide range of voltages. Both lines of evidence
indicate that spark activation does not require
cooperative interaction among LCCs, because,
otherwise, Ps would be expected to be a power
function of P,, or Ps % P,/~, with x > 1.
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Figure 4. Triggering Ca?* spark by single LCC excitation.
The experimental conditions were the same as in Figure 2,
except that the cell was bathed in normal physiological
saline. A Ca?* spark is evoked by tail ica upon
hyperpolarization. RP: resting potential, ~-70 mV in rat
ventricular myocytes. (From reference 9)

To directly demonstrate that a single opening
of an LCC triggers a Ca®* spark, it is crucial to record
ica and its triggered spark simultaneously. Ever since
the first recording of evoked Ca®' sparks, this has
been a formidable task attempted by many
laboratories (9,59). With the development of a novel
method to combine GQ-seal single-channel patch
clamp and confocal spark detection in our laboratory,
we visualized Ca®* sparks activated beneath the patch
membrane by single LCC openings (9) (Fig. 4).
Further, to avoid the “Q"-shaped membrane
deformation associated with GQ-seal patch clamping,
which disrupts the delicate LCC-to-RyR coupling on
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Figure 5. Sparklet-spark coupling under loose-seal patch
clamp conditions. The patch pipette (3-5 MQ) was gently
pressed against the cell membrane to form low-resistance
seal (30~50 MQ)) without suction. Other experimental
conditions were the same as in Fig. 4. A. Representative
example showing that a Ca®* sparklet of LCC origin directly
triggers a Ca?* spark. Note that two additional Ca®*
sparklets in the wake of the spark fail to trigger further SR
Ca’* release, suggestive of local refractoriness. B.
Histogram distribution of the sparklet-spark coupling
latency (L, insert). Monoexpoenential fitting yields a time
constant 1 = 6.7 ms. (Data from reference 9).

most occasions (9), we adopted the so-called loose-
seal patch-clamp technique (9) (Fig. 5). In the
presence of FPL64176, both high- and low-amplitude
local Ca®* events are evoked in loose patches
responding to depolarization to ~ 0 mV. The low-
amplitude events are ryanodine-resistant,
representing Ca’?* sparklets, whereas the high-
amplitude events represent Ca®* sparks. Fig 5 shows
a Ca’" spark rising from the shoulder of an ongoing
Ca®* sparklet. These results not only validate a
prescient prediction by Stern (6), but also provide the
first real-time recording of Ca®* signal transduction at
the single-molecule resolution.

Fidelity, Kinetics and Stoichiometry of LCC-to-
RyR Coupling

With the advances in ultrastructural and
functional studies, a microscopic view of cardiac EC
coupling emerges. Dozens of LCCs, up to a few
hundreds of RyRs, along with their accessory and
regulatory proteins, co-localize to dyadic junctions

where the surface membrane and transverse tubules
come within 15 nm of the SR membrane (28,60). The
two membrane systems, the junctional cleft, and the
molecules wherein form a structural, functional and
regulatory unit, or a “couplon” (61). LCCs open and
close stochastically upon depolarization, delivering a
train of trigger Ca®* pulses or Ca®* sparklets, to the
RyRs in the abutting SR terminal cisternae.
Stochastic activation of RyRs discharges Ca®" sparks
from different couplons, which summate into global
Ca?* transients. Hence, from a reductionism’s
perspective, to understand the EC coupling and its
physiological regulation is, in essence, to unravel the
secrets concealed within the nanoscale couplon.

The ability to observe Ca®" sparklets
directly igniting Ca®* sparks (Fig. 5) permitted us to
determine the kinetics of LCC-to-RyR communication.
By measuring the temporal length from the onset of a
sparklet to the onset of its triggered spark, we
obtained the latency of LCC-to-RyR coupling in intact
cells at ~0 mV in the presence of FPL64176 and high
external Ca®'. Its histogram distribution is well
described by a single-exponential function, with a
time constant of 6.7 ms (9) (Fig. 5). Because of
stochastic variations of both LCC open time and spark
activation, not every LCC opening is expected to
trigger a Ca®* spark. The LCC-to-RyR coupling fidelity
(5), i.e., the fraction of LCC openings that successfully
trigger sparks, was determined to be § . 0.7 under
our experimental conditions (9).

For EC coupling under normal conditions, a
6 value of 0.02 has been estimated based on
macroscopic gain function and microscopic properties
of ica (62). In other words, on average, one out of
~50 LCC openings at 0 mV triggers a Ca®' spark

under normal conditions. This is in general
agreement with the results of single RyRs
reconstituted in planar lipid Dbilayers, where

photoreleased Ca?* of 9 uM and 0.1-0.4 ms activates
the channel with §.0.06 (63). Despite the low
coupling fidelity, a high-gain amplification is realized
because of the large single-channel flux and long open
time of RyRs, and likely, multi-RyR activation in a
spark (see below).
Nonlinear Ca?*'-Dependence of Ca?' Spark
Activation

The efficacy of I, as the trigger of SR ca’*
release or the “gain” function is a tale-telling quantity
of EC coupling, and has been measured in different
experimental settings. Under whole-cell voltage-
clamp conditions, the “gain” is usually defined as the
ratio between peak SR Ca?" release flux (Jsg) and
peak Ic,., where the Jsz is derived from global Ca**
transients with the aid of mathematical modeling
(26,64), or directly measured using a combination of
a fast, low-affinity Ca?" indicator (such as Oregon
green BAPTA 5N) and a slow, high-affinity
nonfluorescent Ca®* chelator (such as EGTA) (10,27).
When solitary, evoked Ca®* sparks can be counted
(e.g., in the presence of LCC antagonist), the gain
function can also be defined as the ratio between P;s
and Ic,. (65). All measurements indicate that the
gain function decays with increasing voltage.



Importantly, Santana et al (65) noticed that the
voltage-dependence of gain function essentially
overlaps the voltage-dependence of ic, predicted from
the Nernst-Planck relationship. This result has been
interpreted to reflect that spark activation depends on
the square of intra-couplon Ca®* concentration (which
should be proportional to ic; (66)), or Ps % ica® %
[Ca®*] %(65). Highly cooperative Ca**-dependent
activation has also been observed in vitro for RyRs in
response to Ca®* steps (46,47) or Ca®*" pulses (63),
indicating that it is an intrinsic property of the RyR.
The high cooperativity for Ca®*-dependent
activation appears to be one of the most important
features of cardiac EC coupling. Owing to the steep
power relationship, RyRs, which are essentially
insensitive to resting Ca®" (0.1 uM), can robustly
respond to ic,-produced local Ca®* pulses (several
tens uM) (66). It also confers the ability for RyRs to
discriminate local trigger Ca?" against spatially
averaged Ca®* (uM) during an ongoing Ca®* transient.

How Many RyRs Activated in a Spark?

The exact nature of Ca®" sparks remains
elusive. Initial evidence was ambivalent as to single-
or multi-channel origin of Ca®" sparks (8). Evidence
in favor of single-channel origin of sparks has been
twofold. First, low concentration of ryanodine (8) or
FK506 (13,14) favor the appearance of long-lasting
sparks with halved amplitude, akin to subconductance
states of RyR in planar lipid bilayer in the presence of
the channel ligand. This interpretation is now known
to be flawed because plateau amplitude at 50%
height implies a Ca®* flux several times smaller than
that generating the peak (67). Second, the estimated
Ca®* flux underlying a spark (ispark, 2~4 pA) (8,68)
was close to unitary Ca®* current of the RyR
measured with 10 mM Ca®* at 0 mV (69,70).
However, more recent in vitro measurement under
quasi-physiological ionic conditions (inclusion of 1 mM
Mg?*) has revised it downward to ~0.35-0.6 pA
(71). Based on the new estimate of unitary RyR
current and sparklet-calibrated isparc (2.1 pA) (9), we
suggested that a Ca®' spark consists of ~4-6 RyRs in
(9), similar to what was proposed for Ca®* sparks in
skeletal fibers (67, see also 72)

While virtually all numerical models using 1-3
PA ispark can reproduce amplitude and temporal
characteristics of sparks, the predicted width (1-pm)
is only about half of the value observed
experimentally (2-um) (73-75). On one extreme, Izu
et al (76) proposed that 10-20-pA ispark is required to
resolve the “spark-width paradox” (74). This large
ispark would place the number of RyRs in a spark in the
neighborhood of 20-40. Unfortunately, this prediction
is somewhat compromised by the fact that detailed
properties of Ca®* buffering and diffusion in the
cytosol are not well known.

Much work has focused on spark amplitude as
an index of RyR open time and of total Ca®*
discharged in a spark. Theory (77,78) and numerical
analysis (73,74) predicted that apparent Ca®' spark
amplitudes recorded by confocal microscopy should
always display a monotonic decaying distribution,
regardless of their true amplitude distribution.

Experimental measurements with the aid of an
automated detection algorithm (77) have confirmed it.
However, Ca®* sparks evoked at fixed positions (79)
or occurring spontaneously at hyperactive sites (80)
demonstrated rather stereotyped amplitude. Most
recently, we have shown that Ca?" sparks evoked
beneath the patch membrane, free of out-of-focus
blurring, exhibit a broad modal amplitude distribution
(9). The modality of the spark amplitude distribution
was initially interpreted to reflect a multi-RyR origin
of sparks, for single channels are expected to have
exponentially-distributed open time, and so are the
amplitudes of sparks of single-RyR origin (79).
Alternatively, the modality could be a manifestation of
irreversible gating of a single RyR (78,81) (see below).

Taken together, increasing evidence
strongly suggests that sparks originate from multiple,
instead of single, RyRs; but no study is conclusive as
to the exact number of RyRs involved. Interestingly,
even for the wildest estimate, RyRs in a spark
encompass only a minor fraction of total RyRs in a
couplon (100-200 in rat and mouse) (28). So, ans
outstanding question is why the opening of a few
RyRs in a couplon does not fire all RyRs therein? This
observation perhaps calls for new, nanoscopic “local
control” models to address the molecule-to-molecule
crosstalk in a couplon.

Thermodynamically Irreversible Gating of RyRs
in vivo

For a single or a group of Markov channels
gating reversibly, distributions of open and closed
times should be the sum of positively weighted
decaying exponentials. Violation of this microscopic
reversibility has been demonstrated previously on a
number of occasions at the single channel level (82-
84), and has been attributed to possible channel
coupling to external sources of free energy. Like the
vast majority of ionic channels, single RyRs in vitro
have been described by Markovian models (68,70,85-
87) in  which  transition between discrete
conformational states is determined solely by the
present state of the channel, independent of history
(only beyond 10-20 transitions (85)). When such a
channel is unperturbed, i.e., uncoupled from an
external source of energy, thermodynamic laws
require microscopic reversibility of the channel
reaction. This means that, at equilibrium, a cyclic
reaction must take place at the same rate in forward
and backward directions; the stochastic properties of
the channel must show time reversibility; and
distributions of statistical quantities, such as open
time, closed time, and burst time, must each equal a
sum of positively weighted, decaying exponential
terms (88). The same conclusions hold true for a
cluster of inter-linked channels that are uncoupled to
an external energy source, because such cluster as a
whole can be treated as a Markovian entity.

The dual role of Ca®* as both a permeating
ion and a regulator of RyR channel (89,90) creates
the intriguing possibility that RyR gating might be
coupled to the free energy in Ca®' electrochemical
gradients across the SR. If this were the case, RyRs



in intact cells (or in bilayers under asymmetric Ca**
electrochemical potentials) might be expected to gate
irreversibly. By measuring release duration of Ca®*
sparks (as duration of spontaneous Ca?* spikes), we
found that distribution of the release duration exhibits
a prominent mode at around 8 ms (80). Analysis of
the cycle time for repetitive sparks at hyperactive
sites revealed a lack of intervals briefer than ~35 ms
and a mode at around 90 ms (80). These results
provide the first clue that Ca®' sparks are generated
by thermodynamically irreversible stochastic
processes. In a sense, a single RyR or, more exactly,
a couplon can be considered as the tiniest molecular
“clock” that displays somewhat ordered temporal
behavior in spite of thermodynamic fluctuations.

Because data from cardiac and skeletal RyRs
in planar lipid bilayers with asymmetric cis and trans
Ca’* were consistent with reversible gating at the
single channel level (80,89,90), the irreversibility for
Ca®* spark genesis may reside at a supra-molecular
level. For instance, CICR and Ca*'-induced
inactivation among adjacent RyRs may couple the free
energy in the SR transmembrane Ca®' gradients to
RyR gating in situ, shaping up the unique temporal
characteristics of Ca®* sparks. The stereotyped Ca®*
spark duration also illustrates how collective RyR
gating in vivo differs qualitatively from single RyR
gating in vitro.

Termination of Local Ca’* Release

As discussed above, the global stability of
CICR is safeguarded by many factors acting in
synergy, including physical separation of RyR clusters,
rapid decay of Ca®* gradients from a point source in
the heavily buffered cytoplasm, low intrinsic Ca®*
sensitivity of RyRs in vivo, and non-linear Ca®*-
dependence of spark activation. However,
gradedness of CICR requires also local stability of
CICR, i.e., the turn off of release in a single couplon.

If the inherent positive feedback were not
counteracted, CICR within the release units should
result in everlasting Ca®* sparks. Several

mechanisms have been proposed for the termination
of SR Ca®" release. (i) Ca’*-dependent inactivation
(5). Binding of released Ca®* to a high affinity site of
RyRs inactivates the channels and shuts off Ca*
release. (ii) Adaptation of RyRs (46,47,86). The open
probability of RyR channels in lipid-bilayers declines
spontaneously after activation by a step increase in
[Ca%']. The “adapted” state differs from the
inactivated state as it retains the responsiveness to
subsequent higher [Ca®'] steps. (iii) Stochastic
attrition (6). Simultaneous stochastic closing of RyRs
in an active couplon results in rapid dissipation of
local [Ca®*] and thereby interruption of the positive
feedback. In addition, local SR Ca** depletion may
also extinguish Ca®*' release due to the lack of
releasable Ca?" or reduction in the gain of CICR
(39,91,92, see also 93).

Test of Ca®*-dependent inactivation in intact
cardiac myocytes was first attempted by Nabauer and
Morad (21). They showed that a mild to moderate
photolytic elevation of cytoplasmic Ca®* does not
prevent the SR from subsequent activation by I,

though the magnitude of release is apparently
attenuated. This has been interpreted as evidence
against Ca®*-dependent inactivation of RyRs in situ
(21). Yasui et al (94) demonstrated that
depolarization to +30 mV in the presence of
FPL64176 elicits a transient Ca®" release that
terminates despite continued Ic;.. Yet, additional Ca’*
release can be triggered by tail Ie, upon
repolarization. This has been interpreted as evidence
for RyR adaptation (94). By direct measurement of
local SR Ca®' release fluxes (“Ca®* spikes”) at
individual T-SR junctions, we found that that the tail
I, -elicited Ca®* spikes are most likely originated
from RyRs unfired during depolarization, rather than
from those in the adapted state (11). Furthermore,
increasing the open duration and promoting the
reopening of LCCs with FPL64176 does not prolong or
trigger secondary Ca®* spikes. At 50 ms after a
maximal release, a multi-fold increase in ic; (by
hyperpolarization to -120 mV) fails to evoke any
additional release, indicating absolute refractoriness
of RyRs (11). These results supports the notion that
Ca’* release is terminated primarily by a strong, local,
and use-dependent inactivation of RyRs, and argues
against the stochastic closing and adaptation of RyRs
as major termination mechanisms of SR Ca?" release
in intact cardiac myocytes.

Local Refractoriness of SR Ca®* Release

Recently, DelPrincipe et al (12) reported that,
unlike global SR Ca?* release in response to
homogenous flash, focal photolytic Ca** pulses at
300-ms intervals activate local SR Ca* releases that
do not undergo refractoriness whatsoever. They
argued that global refractoriness might be due to SR
Ca?* depletion, whereas the lack of local SR
refractoriness is due to rapid replenishment during
local excitation. However, the apparent lack of RyR
inactivation in these experiments can be explained by
several other possibilities, e.g., recruitment of
different RyRs in consecutive pulses, recovery of
inactivated RyRs (absolute refractoriness in the Ca?*
spike experiment was detected within 50 ms (11)),

and overload of local SR with the exogenous
photolytic Ca®*.
Using the loose-seal patch clamping and

confocal imaging technique, we have revisited the
issue of local SR refractoriness by activating single
couplons with single LCC excitation (9). We found that
repetitive Ca®* sparklets can trigger more than one
Ca®* spark during a single voltage step. However, the
sparklet-spark coupling fidelity, 5, decreases from 0.7
to 0.3 once a spark has being fired. This observation
provides direct evidence that RyRs display use-
dependent inactivation at the single couplon level.
The robust termination of Ca®* sparks and persistent
refractoriness add to the repertoire of safekeeping
mechanisms  that insure the stability and
controllability of CICR.

Perspective

From the conception of local control of CICR,
to the first recording of Ca®" sparks, to the
demonstration of ignition of Ca®* sparks by single



LCCs, and to the search for possible termination
mechanisms, our understanding of the physiological
processes of EC coupling has been greatly advanced
since the discovery of CICR. The emergence of a
microscopic picture of LCC-to-RyR communication,
along with the advent of novel methods and
investigative tools, allows one to define normal,

altered and dysfunctional EC coupling with
unprecedented accuracy. As the frontier expands,
many challenging questions remain open. The

following presents our perspective of the six most
enigmatic issues in this field.

Role of SR lumenal Ca?* in regulation of CICR.

It is generally accepted that increasing the SR
Ca’* content beyond a critical level greatly enhances
RyR sensitivity to induce unstable CICR (95). The
converse effect, i.e. whether decreasing SR Ca®**
negatively regulates RyR gating and thereby
terminates the SR Ca?" release, remains controversial.
On one hand, we observed that up to 60% depletion
of SR Ca®* has no significant effect on the rate of
occurrence of spontaneous Ca?" sparks, when the
low-amplitude missing events are accounted for (93).
On the other hand, in chemically skinned cardiac
myocytes whose SR Ca* is primed to a supra-normal
level, altering the SR Ca?" load does change Ca?*
spark frequency after correction (39). At the cellular
level, while it has been reported that reduction of SR
Ca’" content reduces proportionally the Ie,;-elicited
Ca’" release (96), Shannon et al (91) showed that
~50% depletion of SR Ca®* completely abolishes the
RyR response to the trigger Ica.. In vitro
experiments also yielded contradicting results. Gyorke
and Gyorke (92) have shown that a 250-fold
reduction of lumenal Ca®* (from 5 mM to 20 pM) shifts
the Ca®"-dependent activation of RyR rightward (0.57
logarithmic unit) and downward (by 60%); however,
Meissner and colleagues have shown that permeating
Ca’" acting at cytosolic RyR sites may pose as
lumenal Ca®*-mediated regulation (89,90). Future
experiments are warranted to determine the condition,
extent and physiological relevance of allosteric
modulation of the RyR by SR lumenal Ca?*.

Nature of SR Refractoriness.

While use-dependent inactivation of RyRs has
been established at the cellular (11, 12,41), T-SR
junctional (11), and single-couplon (9) levels, it is
unclear whether it is a manifestation of Ca®*-
dependent negative feedback control mechanism, or a
fateful consequence of channel activation per se.
Moreover, lumenal Ca®* might play a role if a partial
depletion affects RyR sensitivity to cytosolic Ca®*.

Intermolecular communication in a couplon.

This utterly important yet utterly difficult
issue is yet to be determined. How many RyRs
crosstalk to a given LCC, and how many LCCs to a
given RyR? Do a single LCC communicate privately to
its nearest neighbors, or promiscuously to all RyRs in
a couplon? Do RyRs communicate via CICR, or are
coupled mechanically by FK506 binding proteins
(FKBP) (97), or both? If a mechanical coupling is

involved, is it rigid or dynamic in nature? At any rate,
it is imperative to explain what prevents the entire
couplon encompassing ~150 RyRs from firing all at
once in a spark.

Gating scheme for RyRs in vivo.

For various gating schemes derived from in
vitro experiments, none could reproduce essential
features of cardiac EC coupling when implanted into a
stochastic couplon model of EC coupling (61). Future
research should aim also at elucidating the
physiologically relevant gating scheme of the channel.
At present, we have only a glimpse of some key
features involved: a rapid, highly cooperative Ca®*-
dependent activation; a fast, profound, and enduring
inactivation; and a mechanism that produces
preferred active time of the couplon. It should also
be emphasized that the collective behavior of a group
of RyRs may differ quantitatively and qualitatively
from a RyR acting solo (61,80).

Regulatory role of molecules
complexed with RyRs.

Gating of RyRs in intact cells could be even
more complex than we thought, for the native
channel protein is associated with numerous other
proteins, such as calmodulin (98), protein kinases
(protein kinase A, calmodulin kinase 1II) and
phosphatases (PP1 and PP2a) (99) to form a
macromolecular signaling complex. In addition,
accessory proteins including FKBP and sorcin may also
play functional roles (13,14,100, 101). Critical
examination of the involvement of these possible
regulatory mechanisms in activation, termination and
refractoriness of Ca®* sparks calls for future studies.

signaling

Molecular definition of altered or dysfunctional
EC coupling.

Recent advances have provided an array of
novel concepts and microscopic readouts of EC
coupling. For apparently similar phenotypes at the
cellular level (Ic,., Jsr, global Ca®* transients, SR Ca**
load, and “gain” function), the underlying microscopic
mechanisms may vary (ic. and sparklets; amplitude,
duration and width of Ca®* sparks; temporal
synchrony of Ca®' spikes; fidelity and latency of
sparklet-to-spark  coupling). The mechanistic
understanding of normal EC empowers one to better
define altered or dysfunctional states of EC coupling,
as in diseased hearts, in the physiological process of
cardiac senescence, or in genetically engineered
hearts. Insights gained from these studies will
certainly enhance our understanding how the heart
works in health and in disease.
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ABSTRACT The control of calcium signaling between plasma membrane dihydropyridine
receptors (DHPRs or L-type calcium channels) and ryanodine receptors (RyRs or calcium
release channels) located in the endoplasmic/sarcoplasmic reticulum (ER/SR) underlies a
broad array of functions including skeletal muscle contraction, cardiac performance,
arteriole tone, neurosecretion, synaptic plasticity, and gene regulation. It has long been
appreciated that DHPR activation of RyRs and subsequent calcium release from
intracellular stores represents a key event in the control of these processes. In excitable
cells, DHPRs trigger the release of intracellular calcium by promoting the opening of
nearby RyRs (termed orthograde coupling). Interestingly, the signaling interaction
between DHPRs and RyRs is often bi-directional such that the calcium-conducting activity
of DHPR channels is also regulated by its interaction with the RyR (termed retrograde
coupling). Recent data indicate that skeletal, cardiac, and neuronal cells utilize
fundamentally distinct DHPR/RyR bi-directional coupling mechanisms (chemical and
mechanical) in order to control the efficiency, fidelity, and activity of each of these two
essential calcium channels. This review will focus on evaluating the nature and molecular
determinants of these coupling mechanisms, as well as the extent to which excitable cell

function is influenced by bi-directional DHPR/RyR calcium signaling.

INTRODUCTION

In muscle cells, the process whereby
depolarization of the muscle plasma membrane (i.e.
an action potential) leads to an increase in
intracellular Ca®*, ultimately resulting in muscle
contraction is referred to as excitation-contraction
(EC) coupling. In both cardiac and skeletal muscle,
dihydropyridine receptors (DHPRs) (also known as L-
type calcium channels or L-channels) link
sarcolemmal depolarization to the rapid release of
calcium ions through calcium release channels (also
termed ryanodine receptors or RyRs) located in the
terminal cisternae of the sarcoplasmic reticulum
(SR). Over the past quarter century, considerable
effort has focused on the nature of the signal
transmission by which cardiac and skeletal muscle
DHPRs trigger the opening of SR calcium release
channels (DHPR-to-RyR signaling or orthograde
coupling). In cardiac muscle, the prolonged
ventricular action potential duration results in
significant calcium influx through cardiac L-type
calcium channels (1-3). This calcium influx
subsequently activates nearby SR calcium release
channels via a calcium-induced-calcium-release
(CICR) mechanism (1,2,4). Thus, the mechanism of
signal transmission in cardiac muscle is believed to
predominantly involve a chemical signal (i.e.
calcium). On the other hand, calcium influx through
L-type calcium channels is not required for skeletal
muscle contraction (5) and muscle contraction
persists even in the complete absence of
extracellular calcium (6). Rather, skeletal muscle
DHPRs function as voltage sensors for EC coupling
by providing a physical, possibly direct, link between
sarcolemmal depolarization and the release of
calcium from the sarcoplasmic reticulum (7). Thus,
the triggering mechanism of skeletal muscle EC
coupling is thought to be primarily mechanical in
nature (8,9).

In the process of investigating the molecular
mechanisms of orthograde coupling, recent results

have revealed that signaling between DHPR and RyR
proteins is bi-directional in cardiac muscle, skeletal
muscle, and neurons. Accordingly, the calcium
conducting activity attributable to the DHPR is
strongly influenced by a functional association with
its respective RyR. The ability of the
presence/activity of the RyR to alter DHPR channel
behavior (RyR-to-DHPR signaling) is referred to as
retrograde coupling (10). The balance of this review
will focus on recent advances made in understanding
the molecular and mechanistic nature of bi-
directional coupling between DHPRs and RyRs in
cardiac muscle, skeletal muscle, and neurons.
Wherever possible, the following sections will discuss
the current state of knowledge with regard to three
central questions: 1) What is the nature of the bi-
directional signal (chemical and/or mechanical)? 2)
What regions of the DHPR and RyR proteins are
required for bi-directional coupling? 3) What role
does retrograde coupling play in regulating excitable
cell function?
CHEMICAL CROSS-TALK
Bi-directional in cardiac
muscle
Orthograde coupling in cardiac muscle

It has now been more than 15 years since
the classic work by Fabiato (1,4,11) demonstrated
that a rapid rise in intracellular free calcium is able
to trigger a concentration-dependent release of
calcium from the SR and that this release could be
blocked by ryanodine. As a result of these
experiments, Fabiato surmised that rapid and local
calcium influx through voltage-gated L-type calcium
channels triggers a larger release of calcium from
the SR via a calcium-induced-calcium release (CICR)
mechanism. Since the pioneering work of Fabiato,
numerous other groups have confirmed that CICR
represents the primary mechanism of orthograde
coupling in cardiac muscle. Measurements of

calcium signaling



spontaneous and localized calcium release events
(calcium sparks), first recorded by Cheng and

colleagues (1993), demonstrated that CICR in
cardiac myocytes occurs within discrete calcium
microdomains (12). More recently, elegant
experiments conducted by Wang et al. (2001)

demonstrated that calcium influx through a single L-
channel opening is sufficient to trigger the opening
of ~4-6 ryanodine receptors, and thereby, lead to
the generation of a localized calcium spark (13).
Thus, orthograde coupling in cardiac muscle is
widely believed (but see section 6 below) to involve
a chemical signal (i.e. calcium ions) transmitted from
sarcolemmal DHPRs to cardiac isoform of the RyR
(RyR2) that occurs within a limited structural and
functional calcium microdomain (Fig. 1, Figl.avi).
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Figure 1: Bi-directional DHPR/RyR2 signaling in cardiac
muscle. (Left) In unstimulated cardiac ventricular myocytes,
L-type calcium channels (DHPR, red) and SR calcium release
channels (RyR2, green) are in a closed state. For clarity,
calcium ions originating from extracellular (black) and
intracellular release sites (magenta) in Figs. 1-3 are depicted
using different colors. (Middle) Sarcolemmal depolarization
during the ventricular action potential causes conformational
changes in the DHPR that result in L-channel opening and
the rapid influx of extracellular calcium. Influx of
extracellular calcium triggers the opening of nearby SR
calcium release via calcium-induced-calcium-release
(orthograde coupling). Calcium released from the SR
promotes both activation of the myofilaments, calcium-
induced L-channel inactivation, and a subsequent reduction
in further calcium influx and CICR (negative retrograde
coupling).

Although calcium activation of RyR2 s
thought to result from the binding of calcium to a
specific site(s) within the RyR homotetramere (14),
the precise molecular determinants of the high
affinity calcium activation site(s) has yet to be
determined. Recent site-directed mutagenesis
studies indicate that a highly conserved glutamate
residue within the putative transmembrane segment
M2 (according to the topological model of 15) of the
neuronal (RyR3) (16) and cardiac (RyR2) RyR
isoforms (17) contributes to a well-conserved high
affinity calcium sensor. Accordingly, substitution of
an alanine residue for the conserved glutamate
residue at this location in rabbit RyR3 (E3885A)
reduces the sensitivity for calcium activation of the
release channel by ~10,000-fold (16). Alanine
substitution for the conserved glutamate residue in
mouse RyR2 (E3987A) caused >1,000-fold reduction
in release channel sensitivity to activation by calcium
(17). Although alanine substitution of the
corresponding glutamate residue in the skeletal
muscle isoform of the RyR (RyR1) also reduces
release channel sensitivity to activation by calcium
(18), this effect may arise from alterations in the
proper folding of the RyR transmembrane assembly

in @ manner that results in a global insensitivity of
the release channel to activation by various agonists,
including calcium (19,20). Clearly, further work will
be required to more completely characterize the
structural determinants for calcium activation of the
RyR and to what degree the mechanism for calcium
activation is conserved across the three different RyR
isoforms.

Retrograde coupling in cardiac muscle

Since the early work of Brehm and Eckert
(1977) (21), it has become widely appreciated that
L-type calcium channels, particularly those in cardiac
muscle  (22-24), exhibit prominent calcium
dependent inactivation. Since a localized calcium
microdomain between DHPR and RyR proteins
mediates orthograde coupling (DHPR-to-RyR
coupling) in cardiac muscle (12), it follows that this
same calcium microdomain may in turn regulate
calcium dependent inactivation of the cardiac L-
channel during EC coupling. According to this idea,
calcium released from the sarcoplasmic reticulum
would act as a negative feedback mechanism for
cardiac EC coupling by promoting L-channel
inactivation, and thereby, reducing subsequent
calcium influx and release (25) (Fig. 1, Figl.avi).
Support for such a “negative retrograde feedback
mechanism” in cardiac EC coupling was first provided
by experiments conducted by Morad and colleagues

(26-28). These experiments revealed that calcium
released from the SR promotes L-channel
inactivation even when global calcium transients

were  eliminated by introduction of  high
concentrations of high affinity calcium buffers.
Under these conditions, the majority of calcium ions
would be bound before having diffused ~50 nm away
from the site of release (27). Consequently, L-
channel inactivation that occurs as a result of SR
calcium release must arise from local, rather than
global, calcium signaling.

Recent results clearly indicate that
calmodulin acts as a Ca®* sensor for calcium-
dependent inactivation and facilitation of cardiac L-
channels (29-31). The molecular determinants for
Ca’"-dependent inactivation and facilitation of
cardiac L-channels involve the proximal region of the
cytoplasmic C-terminus of aic, which contains a
putative Ca®' binding EF hand motif, an IQ-like
domain, and a CaM-binding (CB) domain (29-32). In
addition to effects on inactivation and facilitation, the
C-terminal region of aic also regulates cardiac L-
channel targeting (33-36), conductance, and open
probability (35). Although calcium flux through one
L-channel can facilitate the inactivation of an
adjacent L-channel (37), ~70% of L-channel
inactivation that occurs during EC coupling in rat
ventricular myocytes arises from calcium released
from the SR (27). The somewhat surprising
preference of L-channel inactivation for calcium
released from the SR rather than calcium flux
through the L-channel itself presumably arises from
the higher abundance and larger single channel
conductance of RyRs compared to DHPRs (27). As a
consequence, calcium ions entering the cell through
cardiac L-channels activate ryanodine receptors to
release an even greater amount of calcium from the
SR such that the released calcium serves a more
important role in inactivating sarcolemmal L-



channels than calcium flux through the L-channels
themselves. Alternatively, it is conceivable that the
calmodulin-binding region of the ojc C-terminus
resides closer to RyR2 pore than the pore of the L-
channel. In either case, retrograde calcium signaling
in cardiac muscle serves to fine-tune the gain of EC
coupling. Consequently, the close physical
association between DHPRs and RyRs in cardiac
muscle creates a bi-directional calcium signaling
microdomain such that calcium flux through either
channel modifies the functional behavior of the other
channel (Fig. 1, Figl.avi).

The functional components of the calcium
signaling microdomain in cardiac muscle may extend
beyond the reciprocal interaction between
sarcolemmal DHPRs and RyRs of the SR. Electron
microscopic studies of rat ventricular muscle indicate
that junctions between t-tubules and individual SR
calcium release channels are located in close
proximity (from 37 to 270 nm) to mitochondria (38).
These morphological observations suggest that
temporal dynamics of the DHPR-RyR calcium
microdomain may be influenced by nearby
mitochondrial  calcium  transport mechanisms.
Support for this hypothesis comes from the
observation that blockade of mitochondrial calcium
uptake mechanisms significantly delays the recovery
from frequency-dependent tinactivation of cardiac L-
type calcium channels that occurs during EC coupling
(39), particularly at high stimulation frequencies.
These observations suggest that mitochondrial
clearance of calcium from the DHPR-RyR
microdomain limits the accumulation of L-channel
inactivation during EC coupling (39), and therefore
influences the degree of retrograde negative
feedback (RyR-to-DHPR signaling) in cardiac muscle.
It will be important for future work to determine
whether bi-directional coupling between cardiac
DHPRs and RyRs are altered in response to
regulatory factors (e.g. PKA) and under various
pathophysiological conditions (e.g. hypertrophy and
heart failure).

Bi-directional calcium
skeletal muscle

It has long been appreciated that influx of
extracellular calcium through voltage-gated L-type
calcium channels is not required for SR calcium release
in skeletal muscle (5,6,40). Rather, depolarization of the
skeletal muscle sarcolemma induces voltage-driven
conformational changes in the DHPR that are recorded as
intramembrane charge movement that precede L-channel
opening (41,42). These voltage-driven charge movements
presumably gate the opening of skeletal muscle RyRs
(RyR1s) in the SR via a mechanical, possibly direct, link
between the two proteins (7). Thus, under normal
circumstances, bi-directional chemical signaling between
DHPRs and RyRs does not occur in mammalian skeletal
muscle. However, components of bi-directional
chemical signaling in skeletal muscle may occur under
some conditions. For example, calcium influx through
DHP-sensitive L-channels may contribute to the force of
contraction during tetanic stimulation (43), the regulation
of gene expression (44,45), or metabolic stabilization of
skeletal muscle acetylcholine receptors (46). In frog
skeletal muscle, intramembrane charge movements

signaling in

attributable to the activation of sarcolemmal DHPRs
exhibit two distinct kinetic components: 1) an early
component (Qp) that decays exponentially and 2) a late
component (Q)) that appears as a “hump” at the base of
Qg (see ref. 8,47 for reviews). Rios and colleagues have
suggested that Qg reflects gating current of the voltage
sensor induced by depolarization of the sarcolemma and
Qarises at least in part from an increase in sarcolemmal
surface potential introduced by local changes in
intracellular calcium that occur during SR calcium
release (8). In this way, calcium release could promote
further activation of the voltage sensor (positive
feedback) and result in additional SR calcium release
(48). However, while calcium released during EC
coupling clearly influences voltage sensor activity (via a
retrograde chemical signal) in amphibian muscle, similar
effects are not observed in mammalian skeletal muscle.

MECHANICAL CROSS-TALK

Mechanism of bi-directional
skeletal muscle

Over the years, several different
mechanisms have been proposed to account for how
changes in t-tubule membrane potential trigger
calcium release from the SR in skeletal muscle (see
8,47 for excellent reviews). These mechanisms have
included (among others) calcium influx dependent
activation of RyR1, activation of calcium release by
inositol trisphosphate, and mechanical coupling
between the DHPR and RyR1. It is beyond the scope
of this review to present a comprehensive evaluation
of each of these hypotheses. However, the
demonstration of a clear fixed stoichiometry and
ordered alignment of sarcolemmal DHPR and RyR
proteins of the SR in elegant morphological studies
(49) and strong correlations between the presence
and properties of charge movements and SR calcium
release in skeletal muscle in physiological
experiments (41,42) provides compelling support for
the mechanical coupling hypothesis (Fig. 2a,
Fig2.avi).

coupling in

The recent observation that the calcium
conducting activity of skeletal muscle DHPRs is
strongly dependent upon the presence of RyR1
provides additional support for a direct interaction
between these two proteins (10,50). This finding
was originally based on the observation that skeletal
myotubes derived from mice homozygous for a
disrupted RyR1 gene (RyR1 knockout or dyspedic
mice) lack both voltage-gated SR calcium release
(DHPR-to-RyR1 or orthograde coupling) and robust
voltage-gated L-type calcium currents (RyR1-to-
DHPR or retrograde coupling) (10) (Fig. 2b,
Fig2.avi). The low level of L-current in dyspedic
myotubes does not arise from an absence of DHPR
expression since dyspedic myotubes exhibit both
significant DHP binding (51,52) and voltage-driven
intramembrane charge movements (53). Moreover,
freeze fracture studies reveal that surface
membranes of dyspedic myotubes exhibit clusters of
unordered  (i.e. non-tetradic) DHPRs  within
sarcolemmal/SR junctions (54). Finally, expression
of RyR1 proteins in dyspedic myotubes is sufficient
to restore both voltage-gated SR calcium release and
high density L-type calcium current (55) in the
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Figure 2: Bi-directional DHPR/RyR1 signaling in skeletal muscle. (A) (Left) At resting membrane potentials, skeletal L-type calcium
channels (DHPR, red) are in a closed state. A putative physical interaction between the II-III loop of the skeletal muscle DHPR is
shown to inhibit release channel opening via a the “plunger model” proposed by Chandler et al. (1976) (7). (Middle) Sarcolemmal
depolarization causes conformational changes in the DHPR that result in rapid DHPR gating charge movements and a mechanical
activation of RyR1 that in independent of the influx of extracellular calcium (orthograde coupling) (5,6). (Right) The activation or
opening of the skeletal L-channel and influx of extracellular calcium occurs very slowly (shown here to be mediated by a sluggish,
spring-loaded activation gate), only after SR calcium release has already been maximally activated. (B) RyR1 promotes the calcium-
conducting activity of the skeletal muscle DHPR (positive retrograde coupling). In dyspedic myotubes, which lack RyR1 proteins, the
absence of an interaction between the DHPR II-III loop and RyR1 causes global conformational changes in the L-channel complex
(shown as a tilting in the transmembrane segments) (57) (left). L-channels in dyspedic myotubes continue to undergo voltage-
driven conformational changes that produce charge movements following depolarization, but are unable to activate SR calcium
release and exhibit significant alterations in the functional properties of L-channel (conductance, kinetics, divalent permeation, and
modulation by DHPs) (50,55).

absence of a change in the magnitude of agents that inhibit SR calcium release and

intramembrane charge movement (but see ref. 53).
As a result, RyR1 expression increases the ratio
between maximal L-channel conductance and charge
movement (Gmax/Qmax), indicating that uncoupled
DHPRs function poorly as calcium-permeable L-
channels. Thus, RyR1 functions not only as an
effector that is activated by the DHPR, but also as a
transducer that delivers a retrograde signal that
enhances L-channel activity (Fig. 2, Fig2.avi).

The precise mechanism (chemical or
mechanical) for the retrograde signal from RyR1 to
the DHPR in skeletal muscle is still unclear.
Feldmeyer et al. (1993) found that calcium release
from the SR augments L-type calcium channel
activity in frog skeletal muscle (56). However, the
lack of SR calcium release in dyspedic myotubes is
unlikely to account for the observed reduction in L-
current magnitude since: 1) robust L-currents persist
even under recording conditions (40 mM BAPTA and
no ATP) in which voltage-gated calcium transients
are abolished (57), 2) L-currents are augmented by

attenuated by agents that activate calcium release
(58) in murine skeletal myotubes, and 3) retrograde
coupling is restored following expression of RyR1
mutants that lack depolarization-induced SR calcium
release (e.g. I14897T [59] or C4958S [K. G. Beam,
personal communication]). Thus, in contrast to
cardiac muscle, retrograde coupling in skeletal
muscle involves a positive feedback signal that is not
conveyed by calcium released from the SR. Rather,
the mechanism of retrograde coupling in skeletal
muscle is likely to involve an allosteric modulation of
L-channel activity that results from the DHPR/RyR1
mechanical interaction that underlies orthograde
coupling (50,55,57) (Fig. 2b, Fig2.avi).

There is considerable precedence for bi-
directional coupling mediated by a mechanical
interaction between two signaling partners. One
needs only look at well-established paradigms for
receptor/G-protein signaling for analogies with
regard to how direct interactions between signaling
partners result in bi-directional control of the



efficiency, fidelity, and functional activity of each
molecule. For example, the binding of Gaqg to PLC-
B1 following agonist stimulation leads to both
activation of PLC-B1 and an increase in the intrinsic
GTPase activity of Gag (60). Consequently, the
catalytic activities of both PLC-B1 and Goq are
reciprocally controlled by a direct interaction
between these two signaling proteins. In an
analogous manner, the “catalytic activity” of skeletal
muscle DHPRs and RyR1s (i.e. their ability to
promote the movement of calcium ions from one
compartment to another) may similarly be promoted
by a physical interaction between the two proteins.
One way in which such a mechanical interaction
could promote DHPR calcium conductance is if RyR1
acts analogous to that of a conventional calcium
channel accessory subunit that stabilizes global
conformations of the L-channel that result in
increased channel activity upon activation (50). For
example, B-subunits augment calcium influx through
activated L-channels by increasing L-channel surface
expression (61,62), enhancing channel open
probability (63,64), promoting the coupling between
charge movements and channel opening (63), and
by accelerating channel gating kinetics (62). The
recent observations that RyR1 not only influences L-
channel current magnitude (50,55), but also DHPR
expression (50,53), activation kinetics, modulation
by DHP agonists, and divalent conductance (50)
supports the notion that RyR1l is an important
allosteric modulator of the skeletal L-channel.

Although a direct DHPR/RyR1 physical
interaction represents a parsimonious mechanism for
both orthograde and retrograde coupling in skeletal
muscle, other mechanisms for retrograde coupling in
skeletal muscle have yet to be excluded. For
example, mechanical DHPR/RyR1 coupling may
depend on or be facilitated by an intermediary
protein(s). Alternatively, the presence of RyR1 in
the junction may produce a messenger other than
calcium or alter the local chemical environment (e.g.
redox state) in a manner that influences DHPR
function. Finally, the expression of RyR1 proteins in
the SR could conceivably promote al association
with accessory subunits (e.g. Bia), which serves to
enhance L-channel open probability (55). Clearly,
more work will be required before more definitive
conclusions can be made with regard to the
molecular mechanism of retrograde coupling in
skeletal muscle.

Structural determinants of
coupling in skeletal muscle
Following a series of classic experiments
conducted almost thirty years ago, Chandler and
colleagues (7,65,66) proposed that charge
movements associated with the t-tubule voltage
sensor directly control calcium release from the SR
via a mechanical linkage. Ever since this pioneering
work, numerous laboratories have attempted to
characterize the molecular determinants of this
linkage. The identification of specific regions within
the DHPR and RyR1 proteins that mediate
orthograde and retrograde coupling is essential
because such information would provide: 1)
compelling confirmation for the mechanical coupling
hypothesis, 2) insight into possible mechanisms of
mechanical coupling between other surface

orthograde

membrane and intracellular ion channels (e.g. store-
operated Ca®' channels and IPs receptors), and 3)
critical insight into how mutations within specific
regions of the DHPR and RyR1 proteins results in
altered EC coupling efficiency and muscle dysfunction

(e.g. malignant hyperthermia and central core
disease).

A major breakthrough in identifying the
structural determinants of bi-directional coupling

came 15 years ago with the cloning of the al-
subunit of the skeletal muscle DHPR by Tanabe et al.
(1987) (67) and the observation by Beam et al.
(1986) (68) that myotubes derived from dysgenic
mice lack slowly-activating L-type calcium currents.
Subsequent collaborations between these two groups
lead to the demonstration that: 1) introduction of the
skeletal muscle DHPR ol-subunit into dysgenic
myotubes restores skeletal-type (calcium influx
independent) EC coupling, slowly-activating L-
currents (69), and intramembrane  charge
movements (41) 2) introduction of the cardiac
muscle DHPR ol-subunit into dysgenic myotubes
reconstitutes both cardiac-type (calcium influx-
dependent) EC coupling and cardiac-like, rapidly-
activating L-currents (70), and 3) a chimeric DHPR of
cardiac origin except for skeletal sequence for the
intracellular loop connecting the second and third
transmembrane repeats (II-III loop) exhibits
skeletal-type EC coupling and rapidly-activating L-
currents (71). These results demonstrated that the
intracellular II-III loop plays an obligatory role in
orthograde coupling between the skeletal muscle
DHPR to RyR1 and that difference in skeletal and
cardiac L-channel activation kinetics is determined
by the identity of the DHPR transmembrane repeats
(72).

Subsequent work focused on narrowing
down regions within the II-III loop of the skeletal
muscle DHPR that are responsible for orthograde
coupling. Chimeric dissection of the II-III loop and
expression in dysgenic myotubes identified a minimal
region in the middle of the II-III loop (CSk48;
skeletal residues 725-742) that supported weak
skeletal type EC coupling (i.e. calcium influx-
independent calcium release was observed in some
cases) (73). A slightly larger region of skeletal
identity = (CSk53; skeletal residues 720-765)
produced strong skeletal type EC coupling (i.e.
calcium influx-independent calcium release was
observed in all cases) (73).

Investigations of the effects of synthetic
peptides derived from regions of the DHPR II-III loop
on RyR1 activity assessed using various in vitro
approaches (e.g. [°H] ryanodine binding, “*Ca®* flux
measurements, open probability of RyR1 channels
incorporated into planar lipid bilayers) have identified
a different region of the II-III loop that activates
RyR1. The series of studies conducted by Lu et al.
(74,75) found that the N-terminal half of the skeletal
muscle DHPR II-III loop specifically activates RyR1
activity. In a similar manner, the work of Ikemoto
and colleagues identified an N-terminal portion of the
skeletal muscle DHPR II-III loop (671-690, termed
peptide A), but not the cardiac II-III loop, that
strongly activates RyR1 as deduced from [°H]
ryanodine binding and **Ca?* efflux assays in triad-
enriched microsomes (76,77). Moreover, peptide A
also activates single RyR1 channels incorporated into



planar lipid bilayers (78-80). Finally, the skeletal 1I-
IIT loop strongly interacts with a 37 amino acid
segment of RyR1, and this interaction is disrupted
following replacement of K677 and K682 in peptide A
with the corresponding residues found in the cardiac
II-III loop (81).

Interestingly, a different II-III loop peptide
(peptide C, residues 724-760), that roughly
corresponds to the region of the II-III loop that
supports strong skeletal-type EC coupling identified
by Nakai et al. (1998), failed to activate RyR1 and
antagonized peptide A activation of RyR1 (76,82).
These observations led to the proposal that peptide
C binds to and inhibits RyR1 activity at rest.
According to this hypothesis, voltage-driven
alterations in the voltage sensor might modify the
conformation of the II-III loop in a manner that
relieves peptide C inhibition of RyR1 and permits
access of peptide A to its activation site on RyR1
(79,82,83). However, recent work conducted by
several groups seriously calls into question the
validity of this hypothesis. For example, according
to this hypothesis the observation that expression of
CSk53 (skeletal DHPR sequence only for residues
720-765) in dysgenic myotubes restores strong
skeletal-type EC coupling could only be explained by
cardiac sequence within the peptide A region being
as efficient in activating RyR1 as skeletal sequence
for peptide A; a result that was not observed in the
in vitro experiments of El Hayek et al., (1998).
Secondly, the magnitude and voltage dependence of
skeletal EC coupling is unaltered following expression
of DHPR constructs in which the peptide A sequence
was either scrambled (84), deleted (85), or replaced
by highly divergent II-III loop sequence obtained
from the DHPR of the housefly, Musca domestica
(86). In addition, Stange et al. (2001) demonstrated
that a 46 amino acid peptide identical to that of the
region of the II-III loop that supports strong
orthograde coupling (720-765) and completely
overlaps with the peptide C region, activates
submaximally calcium-activated RyR1 channels, even
under pseudo-physiological recording conditions (150
mM symmetrical KCl, 0 mV holding potential, and 10
mM luminal calcium as charge carrier) (80).
Together, these results indicate that peptide A is not
required for RyR1 activation in intact cells and
suggest that under appropriate conditions the
subregion of the II-III loop identified by Nakai et al.
(1998) is sufficient to activate RyR1 during EC
coupling.

The combined strengths of studies
conducted on purified DHPR peptides in isolated
systems and the expression of chimeric DHPRs in
intact dysgenic myotubes clearly indicate that the
intracellular II-III loop of the skeletal muscle DHPR
plays an essential role in mediating orthograde
coupling in skeletal muscle. Other regions of the
skeletal muscle DHPR also influence the function
and/or targeting of junctional DHPR and RyR1
proteins. For example, a series of reports from
Coronado and colleagues have demonstrated that
binding of the DHPR Bi.-subunit to the I-II
intracellular loop of the ais-subunit is required for
the proper targeting of the ois-subunit to the
membrane (87,88) and that a 35-amino acid region
of the C-terminus of Bi, facilitates voltage-gated SR
calcium release either by promoting the interaction

between DHPR and RyR1 or by contributing to the
orthograde signal that activates the release channel
during depolarization (89). In addition, a region of
the C-terminus of the ais-subunit (including amino
acids 1607-1610) that is proximal to a putative
truncation site mediates triad targeting of the
skeletal muscle DHPR (36,90). Interestingly, this
triad targeting domain resides immediately
downstream of a region of the «;s-subunit C-
terminus that has been shown to interact strongly
with a calmodulin binding domain in RyR1 (3609-
3643) (91). However, a functional role for the
interaction between the C-terminus of the ais-
subunit and RyR1 has yet to be determined.
Similarly, Leong and MacLennan (1998) reported
that the III-IV linker of the ais-subunit of the DHPR
interacts with a specific region of RyR1 (954-1112)
(92), though the functional implications of this
putative interaction remain unknown.

Much less information is available with
regard to the regions of the RyR that mediate
orthograde coupling. Functional expression of the
cardiac isoform of the RyR (RyR2) in dyspedic
myotubes restores neither orthograde nor retrograde
coupling (93). Thus, specific regions within both the
DHPR and RyR1 proteins encode bi-directional
DHPR/RyR coupling in skeletal muscle. Expression of
RyR1/RyR2 chimeras in dyspedic myotubes identified
a region within RyR1 (R10; 1635-2636) that
supports both orthograde (calcium influx-
independent calcium release) and retrograde (robust
slowly-activating calcium currents) coupling, while
an adjacent region (R9; 2659-3720) of RyR1
supported only retrograde coupling (94). However,
in a preliminary report, Protasi et al (2001) found
that chimeras containing either the R9 region or a
smaller region with R10 (R16; 1837-2154) were
sufficient to restore weak skeletal-type EC coupling
and DHPR tetrads following expression in 1B5
myotubes (a myogenic cell line that lacks RyR
proteins) (95). These studies indicate that functional
domains within RyRs may be comprised of residues
derived from very different regions of the primary
sequence that are brought together by appropriate
protein folding of the tetramere (94,95). As a
consequence, interpretations of data obtained using
the chimeric approach applied to RyRs may not be as
straightforward as has historically proven to be the
case for DHPRs. Such limitations will provide
exciting challenges for future work designed to more
precisely determine essential structural domains
within different RyR isoforms.

Structural determinants of retrograde coupling
in skeletal muscle

The identification of multiple regions within
the skeletal muscle DHPR that potentially interact
with RyR1 raises the question of whether or not the
critical region within the DHPR II-III loop that is
essential for transmitting an orthograde signal during
EC coupling is also responsible for receiving a
retrograde signal from RyR1. Grabner et al. (1999)
addressed this question by expressing in dysgenic
myotubes chimeric GFP-tagged DHPR constructs
containing the entire (or portions of) the cardiac II-
III loop in an otherwise skeletal DHPR background
(57). Dysgenic myotubes expressing a skeletal
DHPR with the entire cardiac II-III loop (SkLC)



exhibited large DHPR-mediated intramembrane
charge movements but lacked voltage-gated SR
calcium release and large slowly-activating L-
currents. Thus, SkLC-expressing dysgenic myotubes
were similar to dyspedic myotubes in that both
orthograde and retrograde coupling were absent
under both conditions. Substitution of the 46 amino
acid segment of the skeletal muscle DHPR II-III loop
shown by Nakai et al. (1998) to support strong
orthograde coupling into SKLC (SkLCS4) was
sufficient to restore both robust voltage-gated SR
calcium release and slowly-activating L-current in the
absence of a change in the magnitude of
intramembrane charge movement (Gmax/Qmax Was 15
nS/pC and 39 nS/pC for the SkLC and SkLCSgs,
respectively; ref. 57). Interestingly, retrograde
coupling was not restored by insertion of the smaller
region of the II-III loop (725-742) identified by
Nakai et al. (1998) to support weak orthograde
coupling, suggesting the possibility that orthograde
and retrograde coupling may not be strictly encoded
a single motif within the II-III loop. Nevertheless,
the critical role of the skeletal DHPR II-III loop in
receiving the retrograde signal from RyR1 is
reinforced by the observation that L-currents of
cardiac DHPRs expressed in dysgenic myotubes are
also enhanced by replacement of the II-III loop with
sequence from the skeletal muscle DHPR (Gmax/Qmax
was 55 nS/pC and 157 nS/pC for the wild-type
cardiac DHPR and CSk3, respectively; ref. 41).
Although these results demonstrate that skeletal
muscle II-III loop sequence is required for both
orthograde and retrograde coupling with RyR1,
contributions of other regions of the DHPR to
retrograde coupling, particularly those that may be
conserved between cardiac and skeletal muscle
DHPRs, cannot be excluded.

As is the case with orthograde coupling,
much less is known with regard to the regions of
RyR1 that are critical for transmitting the retrograde
signal to the DHPR. As discussed in Section 4.2,
expression of RyR2 into dyspedic myotubes restores
neither orthograde (calcium influx-independent
calcium release) nor retrograde (enhanced skeletal
muscle L-channel activity) coupling (93). In
addition, experiments in which RyR1/RyR2 chimeras
were expressed in dyspedic myotubes indicates that
two separate regions within RyR1 (R10; 1635 - 2636
and R9; 2659 - 3720) are sufficient to support
retrograde coupling (94) and a 318 amino acid
subregion within R10 (R16; 1837 - 2154) is also
sufficient to restore weak DHPR/RyR coupling (95).
Since the R9, R10, and R16 regions of RyR1 are each
capable of at least partially restoring DHPR channel
activity, no single region within RyR1 is obligatorily
required for retrograde coupling. Rather, the results
to date suggest that two or more regions from
different parts of the RyR1 primary sequence may
come together in the folded protein to form an
interaction domain for the critical region of the DHPR
II-III loop (94,95).

BI-DIRECTIONAL CROSS-TALK IN NEURONS

The current state of knowledge regarding
the functional role of bi-directional coupling between
dihydropyridine receptors and ryanodine receptors in
neuronal tissue is still in its infancy. However, many
types of neurons express different isoforms of both

L-type calcium channels and ryanodine receptors.
Calcium influx through neuronal L-channels is known
to promote activity-dependent gene expression
through recruitment of specific calcium-dependent
transcription factors, such as CREB (96,97) and NF-
Atc4 (98). Knockout mice that lack the gene for the
ubiquitously expressed isoform of the ryanodine
receptor (RyR3) exhibit enhanced long-term
potentiation and spatial learning suggesting that
neuronal ryanodine receptors may inhibit synaptic
plasticity (99). Considering these observations,
recent  evidence demonstrating bi-directional
chemical and mechanical coupling between DHPRs
and RyRs in neurons (100-102) suggests that
orthograde and retrograde DHPR/RyR signaling may
regulate neuronal gene expression and/or synaptic

plasticity.
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Figure 3: Bi-directional DHPR/RyYR signaling in neuronal
NG108-15 neuroblastoma x glioma hybrid cells. (Top) L-
type calcium channel (red) and RyR (green) co-localization
within NG108-15 cells results in the formation of a bi-
directional calcium signaling microdomain that is modulated
by cADPR . In unstimulated cells, significant calcium influx
and calcium release from intracellular calcium stores does
not occur. (Bottom Left) Depolarization that occurs in the
absence of cADPR results in calcium influx through voltage-
gated L-type calcium channels and minimal RyR-mediated
calcium release (orthograde coupling). (Bottom Right) The
presence of cADPR hypersensitizes RyR release channels
such that depolarization-induced activation of the DHPR
results in both calcium influx and a large increase in RyR-
mediated calcium release (enhanced orthograde coupling).
Enhanced calcium release though sensitized RyR channels
induces promotes greater calcium entry though voltage-
gated L-type calcium channels (positive retrograde coupling)
and additional CICR. The precise mechanistic nature
(chemical and/or mechanical) of the bi-directional
DHPR/RyYR signaling interaction in NG108-15 cells is unclear,
but does not appear to involve activation of a conventional
capacitative calcium-entry pathway (101).

Feedback



Hashii et al. (2001) reported that
intracellular cyclic ADP-ribose (cADPR) amplifies bi-
directional calcium signaling between RyRs and DHP-

sensitive calcium channels in NG108-15 cells
neuroblastoma x glioma hybrid cells (101). In this
study, depolarization-induced calcium release

through RyRs (DHPR-to-RyR or orthograde signaling)
was larger in cADPR-dialyzed cells. This potentiation
was mimicked by B-NAD* (a cADPR precursor),
blocked by 8-bromo cADPR (a cADPR competitive
antagonist), and antagonized by ryanodine and FK-
506. In addition, Mn** quench assays indicated that
calcium influx through DHP-sensitive calcium
channels were augmented in cADPR- and p-NAD*-
dialyzed cells (positive RyR-to-DHPR or retrograde
signaling). The increase in DHP-sensitive Mn?* influx
was attributed to an effect of CADPR on RyRs rather
than L-type calcium channels because the cADPR-
induced enhancement in Mn* influx was inhibited by
pretreatment with either ryanodine or the
immunosuppressant FK506. The authors concluded
that cADPR modulates neuronal calcium signaling by
amplifying the degree of bi-directional coupling
between DHPRs and RyRs (101,102) (Fig. 3). It will
be important for future work to confirm this
hypothesis by more directly assessing the impact of
cADPR on the magnitude, voltage-dependence, and
kinetics of macroscopic L-type calcium currents
(rather than Mn?" quench) in the presence and
absence releasable calcium stores in patch clamped
NG108-15 cells.

Although the results obtained from NG108-
15 cells are provocative, several essential questions
remain to be resolved. For example, while cADPR
may sensitize neuronal RyRs to activation by
calcium, it is unclear whether cADPR modifies RyR
activity by directly binding to the RyR, binding to a
RyR-associated accessory protein, or altering the
content of intracellular calcium stores (102,103). In
addition, the nature (chemical and/or mechanical) of
the bi-directional signaling interaction controlled by
cADPR has yet to be rigorously evaluated. While the
orthograde signal in NG108-15 cells is likely to
involve calcium influx through voltage-gated L-
channels, the role of mechanical DHPR/RyR coupling
cannot be ruled out since similar experiments
conducted in the absence of extracellular calcium
have yet to be reported. The retrograde (RyR-to-
DHPR) signal could be mediated by calcium released
through RyRs, a depletion-operated mechanism, or a
direct (or indirect) mechanical interaction between
the DHPR and RyR proteins (102). Interestingly, a
tight functional, and ryanodine-sensitive signaling
from RyRs-to-DHPRs (positive retrograde coupling),
possibly arising from a direct physical interaction,
has also been demonstrated in cerebellar granule
cells (100). However, the relationship between bi-
directional DHPR/RyR coupling in NG108-15 and
cerebellar granule cells is unclear since dialysis with
cADPR was not required for retrograde coupling in
cerebellar granule cells.

PERSPECTIVES

DHPRs or voltage-gated L-type calcium
channels play pivotal roles in transducing
extracellular stimuli into a variety of distinct cellular
responses including muscle contraction, synaptic

plasticity, neurosecretion, and gene regulation. This
review has focused on the subset of these processes
that are orchestrated by bi-directional coupling
between DHPRs and RyRs that occurs within unique
signaling microdomains present in cardiac muscle,
skeletal muscle, and neurons. These signaling
microdomains involve regions of close apposition
between cell surface membranes and specialized
portions of the ER/SR. The mechanisms and
molecular components that coordinate the
specialized arrangement of DHPR/RyR signaling
microdomains, and how they are differentially
regulated in cardiac muscle, skeletal muscle, and
neurons is still not understood (104). Continued
work in identifying the constituents of these
microdomains and the processes that underlie their
formation may lead to approaches that enable the
assembly of artificial bi-directional DHPR/RyR1
signaling microdomains within heterologous
expression systems. Such a breakthrough would
enable the development of more straightforward and
systematic dissections of both the molecular
determinants of bi-directional DHPR/RyR coupling
and the mechanisms that underlie the assembly of
specialized DHPR/RyR microdomains found in
different types of excitable cells.

The degree to which a mechanism of bi-
directional DHPR/RyR coupling originally defined
within one system also applies to another system will
likely represent another focus of future research.
For example, an increase in cADPR levels and
subsequent sensitization of RyR2 to activation by
calcium following stimulation of cardiac B-adrenergic
receptors has been suggested to contribute to
enhanced SR calcium release during sympathetic
stimulation (102). However, the putative role of
cADPR in the modulation of RyR function in skeletal
and cardiac muscle is controversial (105). Clearly,
much work will be required in order to determine
whether or not cADPR influences bi-directional
chemical signaling between DHPRs and RyRs in
cardiac muscle. Although CICR represents the
dominant mechanism of SR calcium release in
cardiac muscle, recent reports have suggested that a
voltage-sensitive release mechanism may operate
under certain conditions (cAMP, physiologic
temperatures, negative membrane holding
potentials) in cardiac muscle (106-108). Unlike
CICR, the voltage-sensitive release mechanism is
characterized by calcium release that is graded by
membrane voltage rather than the magnitude of L-
type calcium current (see for 109 review). Although
certain properties of the voltage-sensitive release
mechanism in cardiac muscle are similar to those
observed in skeletal muscle, the molecular details
that underlie the voltage-gated SR Ca®* release (e.g.
a mechanical link between DHPRs and RyRs) are still
unknown. Given the complex requirements for its
activation and inherent technical difficulties in
separating the voltage-sensitive release from CICR
(110), the putative role of the voltage-sensitive
release mechanism in regulating cardiac muscle
contraction is still a very contentious and
controversial topic. Nevertheless, if a voltage-
sensitive release mechanism does operate under
some conditions in cardiac muscle, it will be
important to determine if bi-directional DHPR/RYR
mechanical coupling regulates calcium conductance



through cardiac L-channels as has been documented
in skeletal muscle.

Several key questions with regard to bi-
directional DHPR/RYR coupling in skeletal muscle
also remain unresolved. For example, is mechanical
cross-talk in skeletal muscle mediated by a single,
direct interaction between the DHPR and RyR1 or are
other regions/proteins involved? What single
channel properties (e.q. open probability,
conductance behavior) of the skeletal L-channel are
allosterically modulated by RyR1? How does a single
critical domain in the DHPR II-III loop mediate both
orthograde and retrograde coupling via distinct
regions of the RyR1 primary sequence? Given that
calcium influx through L-channels is not required for
skeletal-type EC coupling (5,6), what is the
functional role of retrograde coupling in skeletal
muscle? These and other questions are likely to
provide substantial motivation for future work in
defining the determinants and physiological roles of
bi-directional coupling between DHPRs and RyRs in
excitable cells.
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ABSTRACT This review discusses the control of the amplitude of the cardiac systolic Ca
transient. The Ca transient arises largely from release from the sarcoplasmic reticulum
(SR). Release is triggered by calcium-induced calcium release (CICR) whereby the entry
of a small amount of Ca on the L-type Ca current, “the trigger”, results in the release of
much more Ca from the SR. There are three potential control points: (1) the Ca content
of the SR; (2) the properties of the SR Ca release channel or ryanodine receptor (RyR);
(3) the amplitude of the L-type Ca current. The data reviewed show that the Ca content
of the SR has pronounced effects on systolic [Ca®*]; and, reciprocally, the amount of Ca
released from the SR affects sarcolemmal Ca fluxes thereby “autoregulating” SR content.
Modulation of the ryanodine receptor has no steady-state effect due to compensating
changes of SR Ca content. An increase of the L-type Ca current results in an abrupt
increase of systolic [Ca®*]; with little change of SR content. This is because of a
coordinated increase of both the trigger and loading function of the Ca current. These
results emphasise the importance of considering all aspects of Ca handling in the context
of SR Ca release and thus the regulation of the systolic Ca transient and contraction in

cardiac muscle.

Overview of excitation contraction coupling

The other contributions in this volume deal
largely with specific aspects of the Ca release process
from the sarcoplasmic reticulum (SR). It is, however,
important to note that the Ca release process is but
one of many steps involved in Ca handling in cardiac
cells. The function of this article is to integrate all
these steps and show that, when considering the
consequences of altering any one step (such as SR Ca
release via the ryanodine receptor) effects of the
other steps must also be considered.

The consensus scheme of excitation-
contraction coupling (illustrated in Fig. 1A) is that of
calcium-induced calcium release (CICR) in which the
entry of Ca ions through the surface L-type Ca
channel produces a small “trigger” increase of calcium
concentration ([Ca®']i ). This increase of [Ca®'];
increases the probability that the sarcoplasmic
reticulum (SR) Ca release channels or ryanodine
receptors (RyR) are open. The increased opening of
the RyRs results in efflux of Ca from the SR. Thus a
small trigger entry of Ca®* through the L-type channel
is amplified by a larger release of Ca®* from the SR.
The “gain” of this amplification can be up to a factor
of 10 [1,2]

It should be obvious that if the heart is to
work effectively as a pump then this systolic rise of
[Ca®™]; must be returned to control levels on each
beat. There are two major routes to do this. (1)
Calcium can be pumped back out of the cell largely
via the Na-Ca exchange (for reviews see [3])[4] with
a smaller contribution from the plasma membrane Ca-
ATPase (PMCA) [5-7]. (2) Calcium can be taken
back into the SR via the SR Ca-ATPase (SERCA).
The coordination of all these processes is required to
produce the normal Ca transient and contraction
shown in Fig. 1B.

contraction l:
(5%)
—_—_—
1 second
Fig. 1. A. Schematic diagram of the processes involved in
excitation-contraction coupling. The action potential activates
Ca entry via the L-type Ca current. The resulting “trigger”
increase of [Ca?*]; then opens the SR Ca release channels
(RyR). This released Ca activated the myofibrils (MF) resulting
in contraction. For relaxation to occur Ca is removed from the
cytoplasm. This occurs mainly via the SR Ca-ATPase (SERCA)
and also by the sarcolemmal Na-Ca exchange with a small
contribution from the sarcolemmal Ca-ATPase. B. Cellular
measurements obtained from a single cardiac myocyte showing
the relationship between the action potential (top), the systolic
Ca transient (middle) and contraction (bottom).



Control Points

On this scheme for CICR, there are at least
three potential points at which the amplitude of the
systolic Ca transient can be regulated. (1). The
amount of Ca entering the cell via the L-type Ca
current; (2) the properties of the RyR; (3) the Ca
content of the SR. In the remainder of this review we
will show that, contrary to what has often been
suggested, the RyR (2) is not a site for controlling the
amplitude of the systolic Ca transient. Rather, co-
ordinated control of 1 and 3 seem to be used by the
cell.

Steady state Ca flux balance

As discussed above, there are two sources and
sinks for calcium: the extracellular fluid and the SR.
One would therefore expect that, in the steady state,
on each beat exactly that amount of Ca which enters
the cell from the extracellular fluid will be pumped
back out of the cell and that amount which is released
from the SR will be resequestered by the SR. If this
condition did not hold then, inevitably, there would be
a net gain or loss of Ca from the SR. An experimental
demonstration of this steady state condition is shown
in Fig. 2. The top trace shows the Ca transient
produced by a voltage clamp depolarisation. The
middle trace shows the accompanying membrane
current.

On depolarisation, Ca enters via the L-type Ca
current. The bottom trace shows the integral of this
current demonstrating that about 4 umol of Ca enter
per | cell. On repolarization there is an inward Na-Ca
exchange current that is more evident in the amplified
record. Again this can be integrated and,
assuming that the Na-Ca exchange transports 3 Na*
per Ca®* then the amount of Ca transported by the
exchange can be calculated. Another correction must
be made for the fact that the electroneutral
sarcolemmal Ca-ATPase also transports Ca. With these
corrections, the Ca efflux from the cell can be
calculated [8]. As shown by the integral, the Ca efflux
exactly balances Ca entry. This therefore provides
experimental evidence for the maintenance of Ca flux
balance. As will be shown later in this article, the need
for the cell to maintain Ca flux balance has profound
implications for our understanding of cellular Ca
handling.

CONTROL OF SR CA CONTENT AND
IMPLICATIONS FOR THE REGULATION OF E-C
COUPLING

SERCA is stimulated by an increase of
cytoplasmic Ca and inhibited by an increase of
lumenal Ca [9]. In addition to this regulation by Ca
concentration, there is a powerful effect of the
inhibitory accessory protein phospholamban.
Phosphorylation of phospholamban removes this
inhibition and stimulates SERCA activity [10,11]. This
is partly responsible for the acceleration of the decay
of the Ca transient on beta stimulation [12,13].
Similarly, mice which have no phospholamban (“knock
out” animals) have faster decaying Ca transients than
controls and a smaller response to catecholamines

[14,15]. Importantly they also have greater SR Ca
contents than control [16].
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Fig. 2. Equality of Ca influx and efflux in the steady state.
A rat ventricular myocyte was stimulated with a 100 ms
duration depolarizing pulse from -40 to 0 mV. The top
trace shows [Ca®*]; ; the middle membrane current and the
bottom the integrated Ca fluxes. The inset shows an
expanded version of the current on repolarization making it
easier to see the Na-Ca exchange current.

Autoregulation of sarcolemmal Ca fluxes and SR
content

As mentioned above,
controlled, in part, by [Ca®']; . This will include the
levels of [Ca®*]; throughout the entire cardiac cycle.
A further complexity is provided by the fact that
sarcolemmal Ca fluxes are affected by Ca release from
the SR and thence by SR Ca content. This arises
because an increase of systolic [Ca®*]; increases Ca
efflux on Na-Ca exchange [17] and decreases Ca entry
on the L-type Ca current [18-20].

The interactions between these phenomena
are shown in Fig. 3 [8]. Before the record began the
SR had been emptied of Ca by the application of 10
mM caffeine.  Stimulation initially resulted in very
small Ca transients (Fig. 3A) because the SR was
depleted. However, with time the Ca transient
increased in amplitude. Specimen membrane currents
are shown in Fig. 3B. In the steady state (trace b) the
integrated current records show that Ca influx and
efflux are equal. However a very different result is
seen for the first transient (trace a). On this pulse, the
Ca current inactivates more slowly than in the steady
state (see Fig. 3C, left) resulting in a greater calculated
Ca entry. In contrast the Ca efflux (see Fig. 3C, right)
is less than in control. The second panel of Fig. 3A
shows the calculated Ca entry and efflux on each
pulse. It is clear that entry is initially greater than
efflux but, with time, entry decreases and exit
increases until the two are in balance. This change in
the balance between influx and efflux is emphasised in
the third panel of Fig. 3A. Finally the bottom panel
shows the cumulative calculated Ca gain. In this
particular experiment, the cell (and presumably
therefore the SR), gains 80 umol Ca per litre cell.

SERCA activity is
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sarcolemmal Ca fluxes. A. Changes assoicated with
refilling the SR. Before the record begain the SR had
been emptied by exposure to 10 mM caffeine. Following
caffeine removal, the cell was stimulated with 100 ms
duration pulses from -40 to 0 mV. Panels show (top to
bottom): [Ca®*]; , calculated sarcolemmal fluxes - influx
is from the L-type Ca current and efflux from Na-Ca
exchange (note that larger fluxes are downward); net
Ca gain per pulse calculated as influx - efflux;
cumulative Ca gain. B. Specimen records obtained
from the pulses (a & b) indicated on A. Traces show
(top to bottom): [Ca?*]; ; current; calculated fluxes. C
Expanded records of (left) Ca current, (right) Na-Ca
exchange tail current. Data modified from [8]

The effects of SR Ca release on sarcolemmal
fluxes are important in controlling SR Ca content.
Consider what happens if SR Ca content increases.
This will result in an increase of Ca release from the
SR, leading to an increase of Ca efflux from the cell
and decrease of Ca influx, thereby decreasing SR Ca
content. The steeper the dependence of sarcolemmal
Ca fluxes on SR content, the more tightly controlled
will be SR Ca content. It should, however, be noted
that, as is the case for other feedback systems,
excessive gain can result in instability. Thus, if the
dependence of sarcolemmal fluxes on SR Ca is very
steep, an increase of SR content may result in such a
large effect on sarcolemmal fluxes that content
decreases to a very low level at which the resulting
small Ca transient results in a net cellular gain of Ca
and thence an increased SR content. If this persists,
alternation in the amplitude of the Ca transient and SR
content would be expected [21].

The effect of SR Ca content on Ca release

Experiments such as that described in Fig. 3
also provide information about the dependence of SR
Ca release on content. As shown in Fig. 4, the
relationship is very steep [22,23].

At least 4 factors may contribute to this
steepness. (1) The greater the SR Ca concentration,
the larger the driving force for Ca efflux. If the intra-
SR buffers tend to saturate then a given increase of
total SR content will result in a larger fractional change
of free SR Ca. (2) Increased Ca efflux will result in
increased activation of adjacent RyRs [23,24]. (3) An
increase of [Ca%*]; on the

’E‘“ 0.50 ¢

=2

@

©

=

=

£

© 025}

T

@

@

c

i

“m

O o000t . . . .
0 20 40 60

SR Ca* content (umol.I™)
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systolic Ca transient and the SR Ca content Data were
obtained from an experiment similar to that of Fig. 3. The
points are the original data, the curve a best fit to: Ca
transient = a*(SR Ca)" where n = 3.4.

lumenal face of the SR increases the open probability
of the RyR [25-27]. In this context, increased SR
content results in increased frequency of Ca sparks
[28-30]. (4) Finally, a tendency towards saturation of
cytoplasmic Ca buffers would mean that, as [Ca®'];
increases, a given further increase of total Ca will
produce a larger fractional change of [Ca®']; .

SR Ca content and contraction — an overview

The work described above shows that an
intrinsic “autoregulation” mechanism allows the SR Ca
content to modify sarcolemmal Ca fluxes and thereby
control the SR content. This mechanism can be
compared with the phenomenon of capacitative control
of Ca entry which occurs in many other cell types. On
this mechanism, a decrease of endoplasmic reticulum
Ca content increases Ca influx into the cell through
store operated Ca channels (for reviews see [31,32]).
The control by SR Ca release of Na-Ca exchange and
the L-type Ca current serves a similar function in the
heart.

The previous discussion might make it seem
that the SR Ca content could be a major site for
modifying cardiac contraction. Indeed, over a certain
range, experimental manoeuvres that increase SR Ca
content do increase contraction [33-36]. However,
there are few measurements of SR content under
physiologically relevant conditions. Furthermore, there
is a limit to the extent to which SR Ca content can be
increased. If the cell is overloaded with Ca then
spontaneous release of this Ca occurs in the form of
propagating waves of Ca release [37-39]. The
tendency for such Ca release to occur limits the
usefulness of SR Ca as a regulator of contractility. It is
therefore important to consider now the effects of
other control points.
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BDM (butanedione monoxime), 5 mM; C. butyrate (30 mM at constant external pH); D, tetracaine (100 uM).

In this section we will consider the effects of
modifying either the numbers or the properties of the
RyRs. We do this in the context of suggestions that
changes in these parameters may contribute to the
depressed Ca transient seen in heart failure [40-43].
In addition decreased coupling between the L-type Ca
current and the RyR has also been suggested to
contribute to failure [44-46]. It has also been
reported that cyclic ADP Ribose may be a natural
regulator of contractility via its effects on regulating
the RyR [47-50]

Many substances affect the properties of the
RyR and these effects can be most simply studied by
measuring the currents through isolated RyRs (for
reviews see [51,52]). We have investigated the
effects of four such substances on systolic Ca. These
are caffeine and 2,3-butanedione monoxime (BDM)
which increase the open probability of the isolated
RyR [53,54] and tetracaine and intracellular
acidification which decrease it [55-57]. The effects of
applying these agents are shown in Fig. 5. It can be
seen that although both caffeine (A) and BDM (B)
produce an increase of the systolic Ca transient, this
increase is only transient with the amplitude of the
transient declining towards control in a few beats [58-
60]. Likewise acid (C) and tetracaine (D) decrease
the amplitude of the transient in a purely transient
manner [61,62].

An explanation of these transient effects is
presented in Fig. 6. Fig 6Aa shows that caffeine
produces a transient increase of systolic [Ca®*]; . In
the steady state in caffeine the amplitude of the
systolic transient is identical to that in control [59].
Specimen [Ca®']; and current records from (i)
control and (ii) the first response in caffeine are
presented in Fig. 6B. As shown in Fig. 2, in control
Ca influx is equal to Ca efflux. In contrast the Na-
Ca exchange current is larger for transient (ii) than
in the control. This effect, which is presumably due
to greater activation by the elevated systolic [Ca®*];
means that the Ca efflux is now greater than the
influx (6Bc). Fig. 6Ab shows the net sarcolemmal Ca
flux as a function of time. In control there is no net
Ca flux. When caffeine is applied, the larger Ca
transient results in net Ca efflux and this changes to
no net Ca flux as the amplitude of the Ca transient
declines. On removal of caffeine there is a
calculated net Ca influx as the smaller Ca transient
results in less Ca efflux. Fig. 6Ac shows the
calculated SR Ca content. The upper envelope of
this record gives the SR Ca content before Ca
release. It is clear that this is predicted to decrease
during caffeine application The lower envelope was
calculated by calculating the amount of Ca released
from the SR (see [59,63]).
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These data demonstrate, therefore, that
the secondary fall of systolic [Ca®*]; in caffeine is due
to a decrease of SR Ca content. In caffeine, a
potentiated RyR in combination with a decreased SR
Ca content results in a transient of the same
amplitude as the control. The fact that the amplitude
of the transient in the steady state in caffeine is
identical to that in control can be understood as
follows. In the steady state Ca influx must equal
efflux. So long as the manoeuvre being considered
does not affect Ca influx then this condition requires
that the Ca efflux in the steady state in caffeine be
the same as in control. If we assume that the
properties of Na-Ca exchange are not affected then
the requirement for a constant Ca efflux means that
the amplitude of the Ca transient must be constant.
It can therefore be seen that manoeuvres which affect
only the RyR will have no effect on the amplitude of
the systolic Ca transient, rather they will affect the SR
content. It should, however, be noted that the above
analysis will not hold if the efflux of Ca from the SR
during diastole is affected. For example high
concentrations of caffeine make the SR release Ca
even in the absence of stimulation thereby depleting
it of Ca and greatly decreasing the amplitude of the
transient [64,65]. This circumstance may also occur
in heart failure where it has been reported that the
RyR is

hyperphosphorylated and therefore leaky to [Ca®*];
thereby resulting in a depleted SR [66].

The above argument is difficult to reconcile
with the fact that some agents which affect the RyR
(e.g. phosphorylation) have maintained effects on
the amplitude of the systolic Ca transient. This
dichotomy can be resolved if the agent has other
cellular targets as well as the RyR. For example the
ability of cyclic ADP Ribose to increase the amplitude
of the Ca transient has recently been suggested to
result from stimulation of SERCA resulting in
increased SR Ca content [67].

REGULATION OF THE CA TRANSIENT BY CA
ENTRY INTO THE CELL

One of the earliest studies of cardiac
contraction showed that external Ca was required for
the heart to contract [68]. Since then, much work
has found that an increase of the L-type Ca current
increases the systolic Ca transient and contraction
[69-71]. There are three possible explanations for
this. (1) Increased Ca influx directly activates the
contractile machinery. Although this may make a
small contribution, the fact that most of the Ca which
activates contraction comes from the SR argues
against this being the major factor.
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(2) An increase of Ca influx will increase the trigger
releasing Ca from the SR and (3) the increase of Ca
influx will increase the Ca content of the SR and
thence the amount released. These latter two roles of
the Ca current (“trigger” and “load”) in excitation-
contraction coupling have been identified previously
[72]. Our recent work has examined which of the two
dominates in the inotropic response to increased
sarcolemmal Ca current.

Figure 7 is a simple computer model of the
effects of increasing Ca entry into the cell [74]. Fig.
7A shows the effects of only considering the loading
property of the Ca current to be increased. In this
case there is a gradual increase of the calculated SR
Ca content because the Ca entry is greater than the
Ca efflux. This results in an increase of the Ca
transient as a result of which there is an increase in
Ca efflux until a new steady state is reached where Ca
entry and efflux are in balance, again, at a higher
level. Therefore an increase of the Ca loading
function, alone, would result in a positive inotropic
effect. However this would be delayed in onset and
would occur in conjunction with an increased SR Ca
content. Fig. 7B shows the effect of considering only
the trigger function of the Ca current. This produces

B. The effects of increasing the trigger function; C. The effects of increasing trigger and

an immediate increase of the Ca transient. However,
as the Ca efflux is now greater than the entry, this
will result in a decrease of SR Ca and the amplitude
of the Ca transient will decrease to basal levels. In
other words the predicted response of increasing
only the trigger function is identical to that of low
concentrations of caffeine and is not expected to
produce a maintained inotropic response. In the real
case presumably both the loading and the trigger
functions are increased and the expected response
will be a combination of those seen in A and B. In
Fig. 7C the parameters were adjusted such that
there is no change of SR Ca content. This can be
seen to be accompanied by an abrupt and
maintained increase of the Ca transient.
Coordinated trigger and load effects of
increased L-type Ca current

The above model indicates the variety of
responses predicted to accompany an increase in the
L-type Ca current. Figure 8 presents an
experimental test to identify which, if any, of these
actually occur. In this experiment the amplitude of
the L-type
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Ca current was altered by changing external Ca
concentration ([Ca®*],). Fig. 8A confirms that
lowering [Ca®**], from 1 to 0.2 mM decreases the
systolic Ca transient whereas an increase to 2 mM
increases [Ca®'] . The records of Fig. 8B show
corresponding measurements of SR Ca content. The
SR content is the same in 1 and 2 mM [Ca®*], but is
slightly increased in 0.2 mM. The mean data of Fig
8C reveal that the amplitude of the systolic Ca
transient is a linear function of [Ca®*],. In contrast
there is a much smaller change of SR content and,
indeed, SR content increases at the lowest [Ca®*],.
To a first approximation, SR content is independent of
[Ca®*],. In other words the real cell behaves rather
like the simulation of Fig. 7C where an increase of Ca
entry results in balanced effects on Ca entry and
loading. This means that both the trigger and the
loading functions of the Ca current increase by the
same relative amount as [Ca®'], is increased. This
behaviour is required if the observed rapid and more
or less maintained increase of the amplitude of the Ca
transient is to be produced.

The importance of the coordinated changes of
trigger and load is shown in Fig. 9. This compares
two inotropic manoeuvres. (1) The recovery from

2 mmol/L Ca, 0.2mmol/L Ca, 2mmollL Ca
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Fig. 9. Comparison of the timecourse of the inotropic effects
resulting from store refilling with those due to increased Ca
current. In the record caffeine (10 mM) was initially applied
to empty the SR. On removal of caffeine, the resulting
recovery of the amplitude of the systolic Ca transient is much
slower than that due to increased Ca current produced by
raising external Ca concentration. Modified from [75]

an emptied SR. At the start of the record caffeine
was applied to empty the SR. After removal of
caffeine the empty SR results in a very small Ca
transient. It then takes several beats for the control
Ca transient to be reached; the slowness of the
response being determined by sarcolemmal fluxes.
(2) The second manoeuvre is the recovery from a
reduction of [Ca’'],. This is almost instantaneous
and the speed of this response is due to the fact that
there is no change of SR content.
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Fig. 10 considers what would happen if there
was no change of loading. The experimental records
show the timecourse of Ca transient (top) on
increasing [Ca®'1o. Again, a rapid response is
observed. The open circles show a simulation of
what would happen if raising external Ca only
increased the loading function of the Ca current. This
would increase the SR Ca content and thence the Ca
transient. The observed amplitude of the Ca
transient could only be achieved with more than a
doubling of SR content and after a considerable delay.
The importance of the coordination of trigger and
loading is clear from these data.

Close inspection of the data shows that the
response of systolic Ca to an increase of [Ca%*], has a
slight overshoot. There is also a small decrease of SR
content (Fig. 8). This presumably means that
changing [Ca®*], over the range 0.2 to 1 mM has a
slightly greater effect on the trigger than on the
loading function. Nevertheless, to a first
approximation, the overshoot and decrease of SR
content are small and do not detract from the above
conclusions.

Finally, it is worth noting that the design of
Ca induced Ca release means that one process, the L-
type Ca current, provides not only the trigger for Ca
release but also the load which maintains the SR
content. As we have seen above, this dual role for
one channel is important in controlling the SR Ca
content and thence contraction.

CONCLUSIONS

Work considered in the review emphasises
the need to consider interactions between various Ca
handling mechanisms. This should inform, not only
consideration of normal excitation-contraction
coupling but also those brought about by various
inotropic manoeuvres or disease states e.g. in heart
failure.
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Mechanisms that Turn-Off Intracellular Calcium Release

Channels

Michael Fill
Loyola University Chicago, Department of Physiology

ABSTRACT Calcium release from intracellular stores is a common phenomenon in cells.
Calcium release is mediated by two classes of Ca®' release channels, the ryanodine
receptors (RyRs) and the inositol trisphosphate receptors (IPsRs). There are three types of
RyR and three types of IPsRs. Different cells have different complements of RyR and IP3Rs.
In most cases, it is clear what turns-on these channels. It is often unclear what turns them
off. It appears that a composite of factors/processes may act in synergy to regulate these
channels and terminate local intracellular Ca release events. This review details some of the
potential negative control mechanisms that may govern individual RyR and IP3R channel

activity.
INTRODUCTION
Intracellular Ca®* signaling is associated with
a diverse array of cellular phenomena. The

intracellular Ca®* signals are generated by Ca®* entry
through the surface membrane and/or Ca’* release
from intracellular Ca®* stores. The endoplasmic and/or
sarcoplasmic reticulum (ER or SR, respectively) are
the primary intracellular Ca®" storage/release
repositories. Specialized Ca?* release channels are
present in the ER/SR membranes. There are two
classes of Ca®* release channels, ryanodine receptors
(RyRs) and inositol trisphosphate receptors (IP3Rs).
The RyR channels bind the plant alkaloid ryanodine with
nanomolar affinity and are the primary Ca®* release
effectors in the excitation-contraction coupling process
in striated muscles. The IPsR channels are activated by
the ubiquitous second messenger inositol 1,4,5-
trisphosphate and are involved in other intracellular
Ca®* signaling events. The RyR and IPs;R channels are
both large oligomeric structures formed by either four
RyR or IP3R subunits, respectively. The RyRs and IP3R
proteins share significant homology but have little
homology with the more widely studied voltage-
dependent Ca?* channels found in the surface
membrane (Mignery et al., 1989; Takeshima, 1993).
The function of single RyR and IP3R channels in
striated muscle will be the focus of this review. The
concepts and principles, however, can be applied
more generally.

LOCAL INTRACELLULAR CA2* RELEASE

In heart cells, intracellular Ca®* release events
are controlled by local events (e.g. local Ca®* trigger
signal, local positive/negative feedback, etc.). This
concept has been substantiated by the identification of
small-localized RyR-mediated Ca®* release events in
heart cells called “Ca®* sparks” (Cheng et al., 1993).
Analogous IPsR-mediated Ca®* release events have
been identified in other types of cells (Yao et al.,
1995) as well as in heart (Lipp et al., 2000). Many
studies of local Ca®* release event have focused on
RyR-mediated Ca®* sparks in heart (e.g. Bridge et al.,
1999). Global Ca®* release phenomena are thought to
arise from the spatio-temporal summation of local
Ca®* release events.

The stereotypic RyR-mediated Ca®* spark is
thought to arise from the opening of multiple RyR
channels arranged in discrete clusters of channels.
The current estimates of the number of RyR channels
involved in generating a Ca®* spark range from 10 to
30 (Mejia-Alvarez et al., 1999, Bridge et al., 1999;
Lukyanenko et al., 2000). Thus, the time course of
the Ca®" spark is thought to depend on the interplay
of positive and negative control mechanism(s) that
govern individual RyR channel in a stochastic cluster
of multiple channels. The same may be true for local
IPsR-mediated Ca?* release events as well. However,
it is likely that control of RyR and IP3R channels in
heart likely depends on both the properties of the
individual channels and the “group dynamics”
between channels. We will focus here on single
channel properties.

RYR-MEDIATED Ca’* RELEASE

Surface membrane depolarization of
mammalian working cardiac myocytes is spread
axially into the cell down surface membrane

invaginations called transverse tubules (T-tubules).
These T-tubules come into close association with the
sarcoplasmic reticulum (SR). Depolarization of the T-
tubule membrane activates voltage-dependent Ca®*
channels resulting in a small-localized Ca®* influx
(Ica). This small local Ca®" influx is the second
messenger signal that activates the RyR channel in
the SR. Open RyR channels are responsible for the
large SR Ca®' release signal that initiates muscle
contraction. This process is called Ca-induced Ca**
release (CICR).

The CICR process is inherently self-
regenerating. The Ca®' released by one RyR channel
should intuitively feedback on itself and promote
further Ca* release. Interestingly, the CICR process is
finely graded by the amplitude of the initial Ca®*
trigger signal. Small triggers produce small Ca®*
release events. Large triggers produce large Ca®*
release event. How can CICR be so stable and
precisely controlled? This is the classical paradox of
CICR in heart.

Many investigators using a variety of different
methodologies have studied the control of intracellular
Ca’" release in heart. Intuitively, there must be some
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Figure 1: Cartoon illustrating the 3 isoforms of the RyR

channel. Most cells contain multiple types of RyR. Expression
levels of any one particular isoform varies dramatically tissue
to tissue. Tissues listed correspond to primary source from
which a particular channel isoform can be isolated for study.
The type-1 RyR (from skeletal muscle) is primarily activated
by transverse tubule membrane potential changes (Vm). All
channels can be activated by calcium.

sort of RyR-based negative control mechanism(s) to
counter the inherent positive feedback of the CICR
process. The nature of the mechanism(s) that turns-
off RyR-mediated Ca®" release in heart remains
unresolved. Various candidate RyR negative control
mechanisms have been proposed. Some intriguing
possibilities include Ca-dependent inactivation,
stochastic attrition, lumenal Ca?* actions and/or
coupled gating of neighboring channels.

The negative control mechanism(s) that
control single RyR channels in heart may also be very
different than those that control the much better
defined voltage- and ligand-dependent ion channels
found in the surface membrane. This would not be
surprising considering the entirely different roles
these different channels play. The conventional
wisdom gleamed from other systems and other
channels may not be directly applicable to the RyR
channel. For example, it appears that incremental
stimuli (e.g. Ic,, caffeine or depolarization in skeletal
muscle) induce transient and multiple SR Ca** release
events (Yasui et al., 1994; Dettbarn et al., 1994;
Pizzaro et al., 1997). This phenomenon has been
referred to as quantal or adaptive behavior. This type
of phenomena may suggest other potential underlying
RyR control mechanisms, namely quantal “all-or-
none” release from functionally heterogeneous Ca®*

stores or adaptive behavior of individual release
channels.
IPsR-MEDIATED Ca?* RELEASE

Activation of G-protein linked receptors
generates inositol 1,4,5-trisphosphate (IP3), a
ubiquitous soluble second messenger. The IP; is

produced at the surface membrane by phospholipase
hydrolysis of a phospholipid (i.e.
phosphatidylinositol). The IP; diffuses through the
cytosol and binds to the IPsR channel (Berridge,

1993). Binding of IP; activates (opens) the channels
generating a rise in cytosolic Ca®" levels (Mignery and
Sudhof, 1993). Such IP; mediated Ca®** signals
regulate several cellular phenomena including
secretion, synaptic transmission, fertilization, nuclear
pore regulation and transcription (Berridge, 1987;
Berridge and Irvine, 1984). It would not be an
overstatement to say that IP3-dependent intracellular
Ca’* signaling is an essential element in mammalian
cell physiology, including the heart.

In heart, however, a small Ca?" influx across
the surface membrane activates the large RyR-
mediated cytosolic Ca?* elevations that govern
contraction (see above). Like other mammalian cells,
heart muscle cells contain IPsR channels and IPs-
dependent Ca®' signaling cascades. Like the RyR
channels, the IP3R channels, are activated by cytosolic
Ca’* elevations (Erhlich, 1994). Thus, there is
potential cross talk between the RyR- and IPs;R-
mediated Ca®' signaling in heart. The extent and
nature of RyR-IP3R cross talk will depend on the
functional attributes of the IPsR channels involved.
Whether or not the IPsR channels are governed by
negative control mechanisms similar to those that
may regulate RyR channels remains an open question.
We will focus here on single channel properties.

RYR: SINGLE CHANNEL PROPERTIES

There are 3 different isoforms of the RyR
protein (figure 1). The 3 RyR isoforms are encoded by
3 different genes (RyR1, RyR2 & RyR3) on different
chromosomes (Takeshima et al., 1993; Zorzoto et al.,
1990). At the amino acid level, the three RyR
isoforms share about 70% identity. Thus, the RyRs
form a relatively small but well-conserved family of
proteins. The different RyR isoforms are found in a
variety of tissues. The RyR1 isoform is the most
prominent type in skeletal muscle. The RyR2 isoform
is the most abundant in cardiac muscle. The RyR3
isoform is found in a variety of smooth muscle,
diaphragm, as well as many other tissues (including
neurons). Typically, a particular tissue will contain
more than one type of RyR protein. For example,
aortic smooth muscle contains both the RyR1 and
RyR3 forms (Marks et al., 1989). Cerebellum contains
both RyR1 and RyR2 (Furuichi et al., 1994). The
importance of having multiple RyR isoforms in the

same cell is not known. One might speculate,
however, that this apparent morphological
heterogeneity reflects functional heterogeneity,

different RyR channels doing different Ca®* signaling
tasks. Recall that every cell must carry out a myriad
of Ca?" signaling tasks to survive. Just because
skeletal muscle is specialized for contraction does not
mean that it mediates only the Ca®* signaling required
for the cell to contract. The RyR channels are
modulated by Ca®*', ATP, Mg?*, phosphorylation,
calmodulin, and several other ligands. Calcium and
ATP are both potent activators of the RyR channel
while Mg®* is a potent inhibitor (particularly the RyR1
isoform). A classic property of the RyR channels is
their bell-shaped steady-state Ca?" dependence. The
RyR channels are activated by micromolar Ca®* and
inhibited by high Ca®' concentrations. Inhibition at



high Ca®* is isoform specific. The RyR1 channel is
almost entirely inhibited by 1 mM Ca®* (Chu et al.,
1993; Rousseau et al., 1989). The RyR2 channel is
inhibited at Ca?* concentrations in excess of 10 mM
(Laver et al., 1995). It is not clear that such high
cytoplasmic Ca®" concentrations are ever reached in
the cells. Thus, the physiological role of high Ca®**
inhibition of RyR2 channels is not yet clear.

The Mg?* inhibition of the RyR
channel is also somewhat isoform specific. The RyR1
channel is more sensitive to Mg?" than the RyR2
channel. It has also been suggested that
phosphorylation of the RyR channel modulates its
Mg?* sensitivity (Hain et al., 1995). It appears that
dephosphorylated channels are inhibited by
physiological Mg?* concentrations while
phosphorylated channels are not. However, this idea
needs further experimental verification. The action of
ATP on the RyR is also isoform specific. The RyR2
channel is much less sensitive to ATP than the RyR1
channel. Most potential RyR regulatory agents act on
the cytoplasmic side of the channel. This is not
surprising considering that about 90% of the RyR’s
mass is on the cytoplasm side of the SR membrane.
Although only a small portion of the RyR is in the
lumen of the SR, the possibility that this part of the
RyR contains ligand regulatory sites has also been
explored (Sitsapesan et al., 1995; Tripathy and
Meissner, 1996).

The RyR channel may also be modulated by
several closely associated regulatory proteins (e.g.
dihydropyridine receptor, triadin, junctin,
calsequestrin, FK-506 binding protein, sorcin, etc.).
The dihydropyridine receptor (DHPR) protein is a
voltage-dependent L-type Ca®* channel found in the
transverse tubules (T-tubules) of striated muscles.
The DHPR is also found in surface membrane of many
other types of cells. In skeletal muscle, the DHPR is
intimately involved in RyR regulation. It has been
suggested that an integral SR protein called triadin
may also be somehow involved in DHPR-RyR
communication (Kim et al., 1990). The FK-506
binding protein (FKBP) is tightly bound to the RyR
channel complex (Marks, 1996). The impact of FKBP
on RyR function is not yet clearly understood. Another
potentially important protein that is closely associated
with the RyR channel is calsequestrin. Calsequestrin is
a low affinity, high capacity Ca®* buffer that appears
to be attached to the lumenal surface of the RyR
channel protein (Franzini-Armstrong et al., 1987). The
position of calsequestrin implies that it plays an
important role in buffering Ca®* near the mouth of the
RyR channel.

In striated muscles, the RyR1 and RyR2
channels interact with the DHPR channels in the T-
tubule membrane. Depolarization of the T-tubule
membrane (i.e. excitation) induces conformational
changes in DHPR that lead to RyR channel activation.
Activation of RyR channels leads to Ca®' released
from the SR and this Ca®' triggers contraction of the
cell. The process of DHPR-RyR communication is
commonly referred to as excitation-contraction (E-C)
coupling. Its role in striated muscle E-C coupling is
probably the RyR channel’s most notable claim to

fame. Defining RyR channel regulation during E-C
coupling promises to generate important insights into
how RyR channels are regulated in other cells.

RYR: EXCITATION-CONTRACTION COUPLING

The E-C coupling process is different in
skeletal and cardiac muscle. In skeletal muscle, the
DHPR communicates with the RyR1 channel through
some sort of physical protein-protein link. Voltage-
induced changes in DHPR conformation directly induce
conformational changes in the RyR1 channel that
trigger it to open. The voltage-induced conformational
changes in the DHPR generate measurable non-linear
capacitive currents called charge movements
(Schneider et al., 1976). Expressing mutant DHPRs in
mouse myotubes that lacked endogenous DHPR
provided evidence for physical DHPR-RyR1
communication (Adams et al., 1990). These studies
revealed that a particular intracellular loop of the
DHPR is involved in DHPR-RyR1 signaling. Signal
transmission between the DHPR and RyR1 channel
must be quite fast because skeletal E-C coupling must
occurs during the very brief (~2 ms) skeletal muscle
action potential. This action potential is long enough
for the DHPR voltage sensor to move and induce RyR
opening but not long enough to allow significant Ca®*
entry through the DHPR Ca?' channel itself. This
explains why skeletal muscle E-C coupling is
independent of extracellular Ca®* levels (Armstrong et
al., 1972). It appears that the skeletal muscle “need
for speed” has converted the DHPR from Ca®* channel
to a specialized voltage-sensor.

The physiological role of the DHPR in cardiac
muscle is quite different. During the long cardiac
action potential (~100 ms), the DHPR Ca** channel
has ample time to open and a significant Ca** influx
occurs. This Ca®* influx is the signal that triggers
RyR2 channel activity. Specifically, Ca** acts as a
diffusible second messenger that binds to and
activates the RyR2 channel. This process is called
Ca’*-induced Ca®*' release (Fabiato, 1985; CICR).
Intuitively, the CICR process should be self-
regenerating because the Ca®' released from the SR
should feedback and activate further SR Ca®* release.
However, the CICR process is not self-regenerating in
the cell suggesting that some sort of negative
feedback must exist to counter the inherent positive
feedback of CICR. Defining the nature of this negative
feedback is a target of current investigation. The
involvement of a diffusible second messenger (i.e.
Ca’") makes DHPR-RyR2 signaling much slower than
the DHPR-RYR1 signaling described above. However,
this lack of “speed” provides greater opportunity for
regulating the Ca2+ release process. Such regulation
is fundamental to normal cardiac function (Bers,
1990).

RYR: NEGATIVE CONTROL MECHANISMS

The negative feedback that counters the
inherent positive feedback of CICR may arise from a
single mechanism. Alternatively, a composite of
factors/processes acting in synergy may terminate the
Ca’* release process. I believe the latter possibility is
more likely because no individual mechanism seems



sufficient by itself. Potential
mechanisms are summarized in
discussed in some detail below.

negative control
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B. DHPR-Linked & CICR

A. CICR Pathways
Ca™; /_
\L\ 1a

|ATH

Figure 2: Mechanisms that Turn-On and Turn-Off RyR
Channels. A. Summary of cardiac muscle E-C coupling. The
Ca-induced Ca?* release (CICR) process turns-on the RyR2
channel. The trigger Ca®* may arise from Ca®* entry through
sarcolemmal DHPR Ca?* channels (1a) or neighboring RyR2
channels (1b). B. Summary of skeletal muscle E-C coupling.
Some RyR1 channels are turned-on by a physically coupling
to voltage-sensing sarcolemmal DHPRs (2). Neighboring RyR1
channels may be activated by CICR (1b). C. Summary of
coupled RyR1 channel gating. Here, adjacent RyR1 channels
are physically linked together. A RyR1 channel turned-on via
the DHPR-RyR linkage (2) drives the opening of its neighbor
(3). D. Summary of potential RyR negative control
mechanisms. There is evidence that RyR1 and RyR2 channels
may be turned-off by Ca?* inactivation at high cytosolic Ca®*
levels (4), some sort of programmed “fateful” inactivation (5)
and/or low intra-SR Ca®* levels (6). Coupled gating could also
drive RyR1 channel closure (7).

Stochastic Attrition

Stochastic attrition of single RyR channel
activity may be responsible for terminating a local
Ca’" release event. Stern (1992) demonstrated using
mathematical modeling that a SR Ca2+ release unit
composed of one or relatively small number of
channels will “turn-off” spontaneously as a result of
reduced local Ca®* levels generated by the stochastic
closures of single RyR channels. Stochastic attrition,
however, is very sensitive to the number of channels
and the positive feedback gain of CICR in the RyR
channel cluster. Stochastic attrition is sufficient to
terminate local Ca®* release only if there are less than
10 RyR channels per release unit. If release units are
composed of 10-30 single RyRs (Bridge et al., 1999;
Lukyanenko et al., 2000), then it becomes less likely
that termination of local Ca* release is due solely to
stochastic attrition. Experimentally, Lukyanenko et al.
(1998) showed that rate of termination of local Ca?*
release events is proportional to the magnitude of the
release event (i.e. large events terminate faster than
small events). Sham at al. (1998) demonstrated that
local Ca®*' events terminate rapidly despite the
presence of a sustained trigger Ca®' signal (i.e.,
sustained Ca?* influx through L-type channels in
presence of the agonist FPL64176). These

experimental results are inconsistent with the
possibility that stochastic attrition plays a primary role
in termination of local Ca®' release events.
Nevertheless, stochastic attrition could still contribute
to local Ca®*' release termination if it acts in
combination with other negative control mechanisms.
Lastly, the action of stochastic attrition in any
scenario would be expected to be highly non-linear
because once the number of active channels falls
below some critical level the remaining channels
would be increasingly vulnerable to stochastic
attrition.

Calcium Dependent Inactivation

Calcium dependent inactivation was originally
proposed by Fabiato (1985) as the negative feedback
mechanism that counters the intrinsic positive
feedback of CICR. He proposed that inactivation of the
intracellular Ca®" release is due to slow binding of
Ca’" to a high affinity inactivation site on the SR Ca**
release channel. He presented evidence collected in a
skinned cardiac cell preparation that the SR Ca®*
release mechanism is substantially inactivated at
steady-state Ca®' concentrations as low as 60 nM.
Subsequent studies on intact cells presented
contradictory results concerning the existence of Ca*
dependent inactivation (Nabauer and Morad, 1990).
In a more recent example, Lukyanenko et al. (1999)
imaged permeabilized ventricular myocytes using a
confocal microscope and showed that elevation of
resting Ca®' levels resulted in an increase in Ca®**
spark activity (not a decrease as would be expected if
release sites or RyR channels inactivate). Single RyR
(i.e., RyR2) channel studies have also shown that
there is no evidence of Ca®* dependent inactivation at
low Ca®" concentrations (Coronado et al., 1994).
Thus, there is experimental evidence that rules out
the possibility that the SR Ca' release process is
regulated by a high affinity Ca®** dependent
inactivation mechanism.

There is, however, the possibility of low
affinity Ca®* dependent inactivation. In single RyR2
channel studies, spontaneous RyR channel activity is
reduced at relatively high steady state Ca?*
concentrations (Laver et al., 1995; Copello et al.,
1997; Gyorke and Gyorke, 1996). This is consistent
with observations of SR Ca" release inactivation in
studies in SR vesicle preparations (Coronado et al.,
1994). In these cases, Ca’** dependent inactivation
was evident at Ca®* levels higher than ~100 uM. It
has been estimated that local Ca?* levels in the RyR
microenvironment during a local Ca®* release event
may reach the 0.6-1 mM range (Langer and Peskoff,
1996). Thus, low affinity Ca®" dependent inactivation
is a potential negative control mechanism that could
account for (or contribute to) the termination of local
Ca** release events.

Adaptation

Until 1993, single RyR channels studies
focused on defining RyR behavior under steady state
conditions. Using laser flash photolysis of caged Ca,
Gyorke and Fill (1993) were the first to apply fast
trigger Ca®* signals to single RyR channels in artificial



planar bilayers. They found that single RyR2 channels
activated with a time constant of ~ 1 ms and reached
an open probability that was well above that predicted
from steady state studies. Channel activity peaked
and then spontaneously decayed with a time constant
of ~1 second. Application of second fast trigger Ca**
signal reactivated the apparently ‘“inactivated”
channels. These experimental data suggested that the
spontaneous decay was not due to a conventional
(i.e. Fabiato-like) Ca®*' inactivation mechanism.
Gyorke and Fill (1993) proposed that the spontaneous
decay was mediated by a different process they called
adaptation. It is now clear that the spontaneous
decay (i.e. adaptation) was very likely due to a Ca-
and time-dependent, transient shift in the modal
gating behavior of the RyR2 channel (Zahradnikova et
al., 1999).

The RyR adaptation phenomenon has been
controversial. It is observed when the channel is
activated by a free Ca** waveform generated by flash
photolysis of DM-Nitrophen which generates a very
fast (< 1 ms) Ca®* overshoot at the leading edge of
the applied Ca?* stimulus (Zucker et al., 1993;
Escobar et al., 1995; Ellis-Davies et al., 1996). Lamb
et al. (1994) suggested that the presence of the fast
Ca’" overshoot may complicate data interpretation.
They speculate that single RyR channel Ca?*
deactivation is very slow following the Ca®* overshoot.
However, the existence of such slow RyR Ca?*
deactivation is not supported by the literature. There
is no published experimental evidence showing slow
RyR Ca®* deactivation at the single channel or whole
cell levels. Further, single RyR channel Ca**
deactivation upon a rapid Ca*' reduction has been
measured by several labs and is quite fast (Schiefer
et al., 1995; Velez et al., 1997, Zahradnikova et al.,
1999). Single RyR channel Ca®* deactivation occurs
within 10 ms over a wide range of Ca®* concentrations
(0.5 uM-3 mM). Additionally, the rate of adaptation
correlates well with the “steady state” Ca’* changes
rather than the estimated amplitude/kinetics of the
fast Ca®* overshoot (Gyorke and Fill, 1993; Valdivia et
al., 1995; Zahradnikova et al., 1999). Thus, it is not
likely that the adaptation phenomenon is due to slow
RyR Ca?* deactivation following a fast Ca* overshoot.

Another point of controversy has been that
RyR adaptation has not been reported by all
investigators. When a very fast Ca®* stimulus is
applied by flash photolysis, adaptive behavior is
clearly and consistently observed (Gyorke and Fill,
1993; Gyorke et al., 1994; Valdivia et al., 1995).
When Ca?* stimuli were applied using a mechanical
solution change method (Sitsapeasan et al., 1995;
Schiefer et al., 1995; Laver and Curtis, 1996; Laver
and Lamb, 1998), RyR2 channel activity usually peaks
and then spontaneously decays. The decay has been
typically interpreted as conventional inactivation, not
adaptation. In some cases, this is appropriate. For
example, the inactivation reported by Schiefer et al.
(1995) occurs at Ca®* concentrations that are known
to inhibit RyR channel activity under steady state
conditions. However, the rate/extent and nature of
inactivation reported in other studies Vvaries
dramatically and is difficult to reconcile with the well-

defined steady state behavior of the channel. This
variability in data likely reflects the vastly different
kinetics of the Ca®" stimuli applied (Fabiato, 1985;

Gyorke and Fill, 1993; Sitsapeasan et al., 1995;
Schiefer et al., 1995).
Overall, the data reported in the flash

photolysis and mechanical solution change studies are
consistent. The main disagreements between the
studies appear to lie in the realm of interpretation.
For example, the apparent Ca®* inactivation reported
by Laver and Lamb (1998, figure 10) does not appear
to be consistent with the well-defined Ca®* sensitivity
of the channel. We believe this type of interpretive
confusion stems from two factors, 1) the modal gating
of the RyR channel and, 2) the forced application of
conventional theory to describe RyR behavior. A
spontaneous shift to a low or zero activity RyR gating
mode could be mistaken for inactivation (see below).
The point is that describing RyR channel behavior and
particularly its Ca®" regulation is difficult. Ironically,
this realization is what compelled Gyorke and Fill
(1993) to propose the existence of a novel non-
conventional RyR regulatory mechanism (i.e.
adaptation) in the first place.

Activation Dependent or “Fateful” Inactivation

Pizarro et al. (1997) found that the global
Ca’* release transient in frog skeletal muscle triggered
by a maximally depolarizing stimulus was inhibited in
proportion to the fraction of Ca®' release activated
during a prepulse. Thus, RyR channels that have been
activated during the prepulse are not available in the
maximal test pulse implying that pre-activated RyRs
are inactivated or refractory. These authors proposed
that RyR inactivation is strictly and “fatefully” linked
to their activation (i.e. use-dependent). Interestingly,
certain single RyR channel studies are quite consistent
with this notion. The modal gating behavior of single
RyR channels has been reported by several different
investigators (Zahradnikovd and Zahradnik, 1995;
Armisen et al., 1996; Zahradnikova et al., 1999). It
has been proposed (Zahradnikova et al., 1999) that a
modal gating shift (high to low) in single RyR channel
activity may be the single channel manifestation of
the “fateful” inactivation.

Depletion/Luminal Ca?* Effects

Single RyRs are regulated by low affinity Ca®*
binding sites residing on the luminal side of the
channel or associated luminal protein (Gyorke and
Gyorke, 1996). These sites may sense changes in
intra-SR Ca®* level in the physiologically relevant
range (0.2-20 mM). Thus, SR Ca?* depletion may
directly impact single RyR channel activity. In this
scenario, single RyR channel activity would be under
continuous control of luminal Ca®** concentration. A
decrease in luminal Ca** would lead to a decrease in
channel activity and thus representing a highly
nonlinear negative control mechanism. It appears that
there is no significant depletion of SR Ca*' during
repeated Ca®* sparks at the same release site (Parker
et al, 1996). This observation, however, does not rule
out the possibility that very localized brief decreases
in luminal Ca®* levels contribute to termination of



release. If changes in Iluminal Ca®* are indeed
important, then the impact of luminal Ca®* would be
expected to be larger for global Ca®* release events
where changes in luminal [Ca] would be much larger.

Allosteric or Coupled RyR Gating

Recently, Stern et al. (1999) evaluated
several published single RyR gating schemes and
found that all generated unacceptable instability when
applied in a local control model. One reason the
instability arose was because of a lack of a strong
negative feedback to minimize local regenerative
release in clusters of RyR channels. Another reason
the instability arose was because of a relatively low
level of cooperativity in the RyR Ca®" activation
process. The low cooperativity simply does not allow
the RyR to adequately discriminate between trigger
and background Ca®* signals. Interestingly, Stern et
al. (1999) has shown that introducing RyR-RyR
allosteric interactions can theoretically overcome the
problems introduced by weak inactivation and low
cooperativity. Bilayer studies demonstrate that RyR
channels can inactivate strongly but at relatively high
Ca’* concentrations (Laver et al., 1995; Copello et al.,
1997; Gyorke and Gyorke, 1996). In addition, kinetic
studies examining RyR channel response to fast Ca**
applications reveals that activation of single RyR
channels may require binding of multiple (n>4) Ca®*
ions (Zahradnikova et al., 1999). This suggests that
RyR Ca®* activation may be highly cooperative.

Recently, it has been suggested that
neighboring RyR channels may be physically coupled
by FK-506 binding protein 12 (FKBP-12) and gate
synchronously (Marx et al., 1998). Is this coupled RyR
gating the needed allosteric interaction? The answer
to this question is not clear. Coupled RyR channel
gating has not yet been reported by other
investigators. The thermodynamic considerations
associated with microsecond synchrony of multiple
large macromolecules (e.g. RyR channels) may also
be a problem (Bers and Fill, 1998; Stern et al., 1999).
Interestingly, the removal of FKBP12 did not abolish
Ca?* sparks but actually increased their frequency and
duration (McCall et al., 1996). Thus, FKBP12 and
coupled gating may not be as important as previously
argued. Nevertheless, coupled RyR gating is an
interesting and provocative hypothesis. Its existence
and nature still requires further verification.

RYR: MODAL GATING, A Ca®’* REGULATORY
SCHEME

Modal gating of single RyR channels in planar
lipid bilayers has been defined under steady state
conditions (Zahradnikova et al., 1995; Armisen et al.,
1996; Villalba-Galea et al., 1998). The RyR channel
opens in distinct bursts of high or low open probability
(Po). These bursts do not occur randomly. Instead the
bursts are temporally clustered into modes (high and
low-Po modes). The channel also has a quiescent
"inactivated" mode (at high Ca®" levels). At any
particular Ca®' concentration, there will be dynamic
equilibrium between the different modes. Sudden
changes in Ca®* concentration will force the system to
re-equilibrate. It will take time to reach the new

equilibrium between modes. During this time, the
activity of the RyR channel will vary. This type of Ca**
dependent modal gating scheme is not unique to the
RyR channel. An analogous proposal has been
forwarded to describe the Ca®' dependent gating of
dihydropyridine receptor (DHPR) Ca?* channels
(Imredy and Yue, 1994).

The modal gating of single RyR channels is an
important observation because it can account for all
the known kinetics of RyR channel Ca®* regulation.
The first modal RyR gating model was presented by
Zahradnikovd and Zahradnik (1996). Theoretical
simulations illustrate that this modal gating model can
reproduce many of the known steady-state and kinetic
features of single RyR channel behavior. It can
account for the RyR channel’s classical steady-state
Ca’* dependency as well as adaptation and low affinity
Ca’* inactivation. In this context, these phenomena
(i.e. steady-state Ca®* dependence, adaptation and
inactivation) may actually represent three different
manifestations of the same underlying Ca®* dependent
mechanism (i.e. modal RyR gating).

The Inositol Trisphosphate Receptors

Type-1 Type-2 Type-3
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Figure 3: Cartoon illustrating the 3 isoforms of the IPs;R

channel. Most cells contain multiple types of IPsR. Expression
levels of any one particular isoform varies dramatically tissue
to tissue. The type-1 receptor is found in high density in the
cerebellum. This tissue has served as a primary source from
which a particular channel isoform has been isolated for
study. The IPsR channels are all activated by IP; and calcium.

IPz;R: SINGLE CHANNEL PROPERTIES

There are three homologous IPs3R proteins
(sharing 60-70% homology) that are encoded by
three different genes (figure 3). These large proteins
are highly conserved among species but are
differentially expressed in various tissues in any one
species (Berridge, 1987; Berridge and Irvine, 1984).
They tetramerize to form Ca’* release channels that
are activated by IP; and blocked by heparin. Each IPsR
individual protein is composed of three domains: a N-
terminal IP; binding domain, a C-terminal channel
domain, and a large interceding regulatory domain.
The regulatory  domain contains  consensus
phosphorylation, ATP-binding and Ca-binding sites
(Mignery et al.,, 1989). The proteins also have
potential sites that may interact with certain
accessory proteins (e.g. calmodulin & FKBP). The
type-1 IPsR is found in high density in the mammalian



cerebellum (Berridge, 1993). The type-1 IPsR is found
in high density in mammalian spinal cord, glial cells
and cardiomyocytes (Ramos-Franco et al., 1998). The
type-3 IP3R is found in the kidney, diaphragm,
gastrointestinal tract and pancreatic islets (Berridge,
1993).

The IPsR channels are regulated by
cytoplasmic IP3, Ca®*" and nucleotides (Berridge,
1993). The cytoplasmic Ca?" sensitivity of the IPsR
channel is isoform-specific (Thrower et al., 2001). The
Ca’* sensitivity of the type-2 and type-3 receptors is
broader than that of the type-1 receptor. Type-1 IP;R
channel activity occurs over a relatively narrow range
(~0.1 to ~1 pM) of free Ca** concentrations. Type-2
and type-3 IPsR channels can be active at much
higher Ca®" levels. The Ca®" sensitivity of the IPsR
channels is modulated by cytoplasmic IP3 levels
(Thrower et al., 2001). The 3 IP3R proteins bind IP3
but with different affinities (Berridge, 1993; Mignery
et al.,, 1989). The type-2 receptor has the highest
affinity and the type-1 receptor has the lowest. The
IP; binding affinities of the IPsR proteins are reflected
in the EC50’s of IPsR channel function (Ramos-Franco
et al., 1998). The activity of the IP3R channels is also
governed by certain nucleotides (e.g. ATP, GTP, AMP).
However, it appears that ATP has the highest efficacy.
Low nucleotide concentrations activate the channel
while high nucleotide levels inhibit it (Thrower et al.,
2001; Berridge, 1993). Nucleotide action is dependent
on cytoplasmic IPs levels. The inhibitory action of ATP
may involve the competition between ATP and IP; at
the same site. In contrast, ATP binding to a unique
site on the receptor may generate the activating
action of ATP. However, the details of IPsR channel
nucleotide regulation are still being debated.

The permeation properties of the 3 different
IPsR channel isoforms are similar (Ramos-Franco et
al., 1998). They are all poorly selective Ca?* channels
(Pca/Pk ratio ~5) that have a unit Ca®* conductance
many times larger than that of the voltage-dependent
Ca®* channels found in the surface membrane. These
permeation properties are shared with the RyR
channels and permit both these channels to achieve
their physiological role (i.e. mediate large local Ca**
release events).

IPs;R: NEGATIVE CONTROL MECHANISMS

Like the RyR channels, the IP3R channels are
Ca’* activated Ca®* release channels. Intuitively, IPsR
mediated Ca®" released should be regenerative. The
Ca’* released by a IP3 bound channel should feedback
and activate the channel further. In cells, IP3
mediated Ca?* signaling is well controlled. This implies
that there must be negative feedback mechanisms
that counter the inherent positive feedback discussed
above. Many of the negative feedback mechanisms
discussed in detail for the RyR channel above may
also apply to the IPsR channel. Unlike the RyR
function, IP3 generation and degradation ultimately
govern IP3R channel function. The IPsR channels turn-
on when local IP;3 levels rise and turn-off when they
fall. The situation, however, is not so simple. The
activity of an IP3R channel depends on the concerted
actions of several ligands (e.g. IPs, Ca®*, ATP,

calmodulin etc.). The interaction of IP3R regulators is
currently a focus of intense investigation. Certain
specific regulatory interactions are discussed below.

Calmodulin-IP3R Association

The type-1 IP3R channel has a bell-shaped
Ca’* sensitivity. Low Ca®* levels activate while high
Ca’* concentrations (e.g. 1 pM) inhibit. The
implication is that Ca®' release mediated by this
channel may be self-limiting (released Ca?* will
feedback and turn-off the channel). This is a form of
Ca’* dependent inactivation analogous to that
proposed for single RyR channels (see above).
Calcium dependent inactivation of the type-2 and
type-3 IPsR channel occurs at substantially higher
Ca®" concentrations. The nature of this IPsR channel
Ca®" inactivation is controversial. Some IPsR channel
studies argue that Ca®" inactivation is absent when
the channels are “purified” biochemically. It has been
proposed that “purification” removes calmodulin
which acts as a critical cofactor in the Ca**
inactivation. The implication is that Ca®* inactivation
may not be the result of Ca®* binding directly to the
IPsR protein. It may be mediated via a Ca®*
dependent calmodulin-IPsR interaction. In other
studies (Ramos-Franco et al., 1989), the bell-shaped
Ca’* sensitivity is present in both purified and non-
purified receptor IPsR channel studies. The role of
calmodulin in IPsR regulation is still poorly understood
and requires more detailed analysis.

Ca?*-IP; Interaction

The interaction of cytosolic Ca®* and IPs in the
regulation of single IP3R channels is controversial.
There is agreement that the type-1 receptor has a
bell-shaped Ca* sensitivity at low IP3 concentrations
and that this bell-shape is lost at high IP;
concentrations. There is some disagreement as to how
much IPs is required to abolish the bell-shaped Ca?*
sensitivity of the channel (Kaftan et al., 1997; Mak et
al., 1998). There is also certain disagreement
concerning the nature of the Ca-IPs; interaction. One
group argues that two IP3 binding sites with different
affinities regulate the channel (Kaftan et al., 1997).
Occupancy of the low affinity site alters the Ca®*
sensitivity of the channel. The other group argues that
a single high affinity IP3; binding site regulates the
channel (Mak et al., 1998). Occupancy of the low
affinity “tunes” the Ca®* sensitivity of the channel. Low
occupancy results in a bell-shaped Ca®* sensitivity.
High occupancy abolishes the bell-shaped Ca**
sensitivity. In either case, it is clear that Ca?* and IPs
interact in interesting ways to regulate these
channels.

RYR-IP3R CHANNEL CROSS TALK

Most cells contain both RyR and IPs;R
channels. In fact, most cells contain multiple types of
each. The mechanisms that regulate these channels
impart a substantial degree of functional
heterogeneity. The existence of multiple functionally
heterogeneous Ca’" release channels suggests that
they may mediate different physiological processes in
the cell. Interestingly, all these channels are activated
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Figure 4: The Ca®" sensitivity of single type-1 IPsR channels
in planar lipid bilayers are represented as solid lines. These
plots are based on the work of Bezprozvanny et al. (1991).
Dotted line represents the theoretical free Ca?* changes that
occur during the cardiac cycle.

by cytosolic calcium presenting the possibility of inter-
channel Ca®* cross talk.

The situation in cardiac muscle is a case in
point (figure 4). Moschella and Marks (1993)
suggested that the type-1 IPsR was the predominant
IPsR in heart muscle cells. The single channel behavior
of the type-1 IP3R isolated from cerebellum was well
defined in planar lipid bilayer studies (Figure 4, solid
line). Channel activity is a bell-shaped function of
cystolic Ca®* concentration at a constant activating IP3
level. The channel is open at 200 nM Ca?* and closed
at cytosolic Ca®* greater than 2.5 puM. In heart muscle,
the cytosolic Ca®* concentration changes dramatically
through out the cross-section of the cell during the
normal cardiac cycle. During diastole (rest), the
cytosolic Ca®* concentration is near 100 nM. During
systole (active), cytosolic Ca®>* may rise to very high
levels (~100 uM) in certain regions of the cell. In the
presence of a constant IP; signal in these regions, the
type-1 IPsR would be turning on and off (as a
consequence of the RyR-mediate Ca®* release during
the normal cardiac cycle). There would be substantial
cross talk between the RyR-mediated and IPsR Ca®*
signaling pathways undercutting the fidelity of each.
How can a cell avoid this obstacle? In most cases,
cross talk may be avoided by specific discrete sub-
cellular localization (i.e. sub-compartmentalization of
Ca®* signaling phenomena). In other cases (e.g.
cardiac muscle), cross talk may be avoided by
expression of specific release channel isoforms. The
predominant IP3R in ventricular myocytes is not the
type-1 form as previously thought. We now know that
the type-2 IPs;R is the predominant isoform present.
The type-2 channel lacks the sharp bell-shaped Ca**
sensitivity characteristic of the type-1 channel. The
type-2 receptor will more directly follow local IPs
levels and be much less impacted by the local Ca®*

concentrations changes that occur during the cardiac
cycle.

It is clear that there is potential for
substantial Ca®* signaling cross talk in cells. How cells
avoid (or take advantage) of this situation is an
interesting and developing field of study.

PERSPECTIVE

Over the last decade, the roles of the RyR
and IPsR Ca’" release channels in intracellular Ca**
signaling has started to be defined. Many basic
properties of the different RyR and IPsR Ca®' release
channels have been described. Further, small local
elementary Ca®" release events that are generated by
these channels were identified and the hierarchical
nature of Ca®* signaling revealed. The Ca*" mobilized
by individual channels generates local elemental Ca?*
release events. These local Ca’" release events
combine to produce the global Ca®* release signals
that drive a host of cellular phenomena. The specific
sub-cellular localization of particular types of
intracellular Ca®' release channels is an important
factor in the complex spatiotemporal nature of
intracellular Ca®* signaling.  Although certain key
elements and general concepts that govern
intracellular Ca* release are known, it is clear that
there are several others that are either poorly
understood or entirely unknown.

Over the next decade, I believe it will
become increasingly apparent that individual
intracellular Ca?* release channels are just one
component in complex multi-protein Ca** signaling
assemblies. I also believe that these assemblies will
have all the components (i.e. surface receptors,
enzymes, regulatory proteins, release channels,
structural elements, etc.) that allow them to carry out
specific and local Ca®' signaling tasks. Research
emphasis will gradually shift away from defining the
function of the individual Ca®* signaling elements to
defining how a collection of elements operate in
concert to control a local signaling process. In this
context, defining mechanism will likely become
increasingly important and challenging.
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Altered Communication Between L-Type Calcium Channels
and Ryanodine Receptors in Heart Failure
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ABSTRACT Heart failure (HF) is a progressive syndrome that appears as the final
phase of most cardiac diseases and is manifested as a decreased contractile function.
Contraction in cardiomyocytes arises by the Ca?' induced Ca?" release mechanism,
where Ca®* entry (Ic.) through Ca®* channels (DHPRs) activates Ca®* release channels
(RyRs) in the junctional sarcoplasmic reticulum (SR). This is the base of cardiac

excitation-contraction (EC) coupling.

To elucidate the mechanisms underlying

depressed function of the failing heart, analysis of EC coupling main elements have
been undertaken. Ic, density is usually maintained in HF. However, failing myocytes
show a reduced SR Ca®" release. Then, if the trigger of SR Ca®" release is maintained,
why is SR Ca®* release depressed in HF? Analyses of the DHPR-RyR coupling efficiency
have revealed a decrease in the I¢, efficacy to trigger Ca?* release in failing myocytes.
In terminal heart failure without hypertrophy, a decrease in SR Ca®" load can account
for the decreased SR Ca®* release. Fewer Ca®* sparks (elementary units of SR Ca®*
release) are triggered by an equivalent Ic, in hypertrophied failing myocytes,
suggesting a functional or spatial reorganization of the space T-tubule junctionnal SR.
This theory is supported by new data showing that the T-tubule density is reduced in

failing cells.

INTRODUCTION

The heart adapts to work in different
situations to ensure adequate blood distribution.
This adaptation can be fast, in response to an acute
need, i.e. in a stress situation, adrenergic
stimulation will have a fast inotropic effect. In
response to a sustained pathological stimulus, the
heart adapts to adjust cardiac output. In this case,
the heart experiments biochemical,
electrophysiological and structural changes, globally
known as "remodeling" (1), that usually involve
hypertrophy. Although hypertrophy is initially
beneficial, sustained cardiac hypertrophy is a
leading predictor for the development of sudden
death and heart failure (HF) (2, 3).

For a long time, the process of heart
remodeling has been divided in three phases (4).
After the first phase ("development”, hours to days
after the initiating stimuli) the heart hypertrophies
to meet the body needs. This period is called
"compensated" hypertrophy. The compensation
provided by hypertrophy is often limited and the
cardiac pump function is compromised. During this
new situation of "decompensated" hypertrophy, HF
develops. The failing heart function is depressed
and has less capacity to respond to acute needs. In
systolic HF, the failing muscle pumps out blood with
less strength than normal. In diastolic HF, the pump
function may be normal, but it cannot relax
normally and refilling of the ventricles is impaired.
This last situation is characteristic of the HF found
in the elderly.

Because Ca®' activates contraction in the
cardiac muscle, the major mechanism underlying
contractile alterations during cardiac remodeling
and its final outcome, heart failure, could be
alterations in the Ca®' signaling, or in the
contractile proteins itself. We will focus here in
collected data regarding Ca?" signaling in heart
remodeling.

Etiology and stage of disease does matter

HF is a progressive syndrome that appears
as the final phase of most cardiac diseases. The
initiating insult can be acute as in myocardial
infarction, gradual as in hemodynamic load
(pressure or volume overload) or as in the case of
many hereditary cardiomyopathies. Other acquired
diseases, such as viral myocarditis can also induce
heart remodeling. One must take into consideration
the above discussion when integrating data
regarding Ca?* handling collected in different
experimental models of hypertrophy and HF and
define precisely the stage of the disease. Many
apparent contradictory data may just reflect the
different stages in the disease progression. In this
view, ideally the best tissues to analyze would be
human tissues. However, one major difficulty
resides in the access to normal hearts, which is
highly limited for obvious reasons (5, 6). Only
terminally failing hearts obtained from transplants
are available. Regardless of the variability in
etiology, age and gender, all failing tissues are
obtained from patients with long-term medications,
which clearly hampers analysis and proper
understanding of the disease progression.
Consequently, many animal models have been used
in an attempt to overcome these problems and
better standardize the experimental conditions. The
etiology and stage of the pathology can be
determined more accurately, and the effect of
medication is avoided although one cannot always
extrapolate from the many animal models to human
heart. Moreover, no animal model reproduces the
wide variety of causes and manifestations of clinical
syndromes in human. In addition to these
limitations, several variables reviewed recently (7)
underlie discrepancies found in different animal
models: (i) pathophysiology of myocardial failure
which varies among models; (ii) the studied
molecular level, since discrepancies can potentially
exist between mRNA level, protein level and
function, both in normal and diseased tissues



(differences in terms of protein isoforms, sub-unit
assembly, mRNA  or  protein degradation,
regulation); (iii) the stage of the disease and time
of measurement; and (iv) the experimental

conditions themselves which are a major variable
among groups.

Fig.1 A. Animated cartoon showing the basis of cardiac
excitation contraction coupling. Membrane depolarization
during an action potential activates L-type Ca’* channels
(DHPRs). Ca?* influx increases the local [Ca®*]; activating
neighboring ryanodine receptors (RyRs). Ca?* is extruded
from the cell by the Na*-Ca?* exchanger (NCX) and
pumped back to the sarcoplasmic reticulum (SR) by the
SR-Ca?* ATPase (SERCA). B. Animated confocal images of
a Fluo-3 loaded rat ventricular myocyte stimulated at 1 Hz.
Tmane dimencinns are QA ¥ 24 1m

Ca?* HANDLING IN THE NORMAL HEART
Contraction arises when intracellular free

Ca®" level increases following activation by an
action potential. Figure 1 shows the bases of
cardiac  excitation-contraction (EC) coupling.

Membrane depolarization during an action potential
activates voltage-dependent L-type Ca®* channels
(or dihydropyrydine receptors, DHPRs) concentrated
in the transverse tubules (TT). Charge carried by
Ca®* entry through these channels generates a
current referred to as Ic,. The resultant increase in
[Ca®*]; activates Ca?" release channels (or
ryanodine receptors, RyRs) in the junctional
sarcoplasmic reticulum (SR). This Ca**-induced
Ca®" release (CICR) mechanism is the basis of
cardiac excitation-contraction (EC) coupling. By this
mechanism, the initial Ca®* signal is greatly
amplified, then providing enough Ca*" for
contraction. CICR was first proposed by Fabiato (8)
in skinned cardiac myocytes. Theoretical
calculations on the CICR mechanisms suggested
that Ca®" release from the SR is not activated by
elevation in the global [Ca®*]i (common pool theory)
but by the /ocal increase in [Ca®'];, taking place in
the restricted space between L-type Ca®* channels
and RyRs (9). The common pool theory would result
in an all-or-none response, while a graded response
is expected to result from the local control of EC
coupling theory; the latter being physiologically
more relevant. This theory was supported by the
finding of non-propagating localized elevations of
[Ca%*]i that correspond to the opening of one or few
RyRs, named Ca®* sparks (10). It was then
demonstrated that a single L-type Ca®* channel
evokes one Ca?" spark (11-13). Under the local
control of EC coupling, the RyRs are relatively
insensitive to Ca*, and only high [Ca?*];, produced
in the vicinity of a L-type Ca®* channel, will be able
to activate release through RyRs. Because Ca*"
diffuses away rapidly, the [Ca?*]; sensed by the RyR

is dependent on the physical distance from the
DHPR (12). Thus, the efficient coupling of EC relies
on a tight functional and spatial coupling of DHPRs
and RyRs.

Relaxation occurs when cytoplasmic Ca®* is
both rapidly extruded from the cell through the
Na*-Ca?* exchanger and pumped back into the SR
by the SR Ca?* ATPase (SERCA). The sarcolemmal
Ca?* ATPase, different from SERCA, can also
extrude some Ca?*. However, its contribution
appears to be minor (about 3% of total Ca®*
removal) and its physiological significance has yet
to be determined. For equilibrium to occur, the
amount of Ca?' extruded through the Na‘* -Ca®*
exchanger should be equivalent to the amount of
Ca®" entering the cell through DHPRs, and the
amount of Ca?* transported by SERCA should be
equivalent to Ca®" released by the SR. These Ca®*-
extruding mechanisms not only allow relaxation but
may also be indirectly involved in contraction, since
they can modulate the amount of Ca®* stored in the
SR available for the next beat.

Ca?* HANDLING IN HYPERTROPHIED AND
FAILING MYOCYTES

Ca’* release and uptake originate
contraction and relaxation. Consequently, alteration
of Ca®* handling has been suspected to drive the
progression of functional abnormalities in
hypertrophy and HF. Numerous analyses over the
years have now provided a great body of evidence
that Ca®* handling is indeed altered. However, while
some alterations are consistent among various
models of hypertrophy and HF, some others are
found only in failure and not in hypertrophy and
they differ with the etiology.

Studies of [Ca®']; transient have revealed
several abnormalities. In a study comparing [Ca*];
transient characteristics in human failing and
hypertrophied non-failing hearts, an alteration of
Ca®* handling was evident in both, but it was more
pronounced in failing hearts (14). This suggests
that altered [Ca®*]; mobilization may develop early
in the course of hypertrophy, before the onset of
clinical signs of cardiac dysfunction. Abnormalities
include decreased systolic Ca?* and slowed decay
phase. The slowing of the [Ca®*]; transient decay
phase is perhaps the most consistent alteration (15-
18). It has been correlated with a decrease in
SERCA activity or expression, which is observed in
some cases. However, it seems that contraction
kinetics and [Ca®*]; transient characteristics are not
constant in failing human ventricular cells,
depending on dilated or ischemic cardiomyopathy
etiology (19). These differences may account for
the divergence in findings regarding SERCA in
failing human myocytes that has been shown to be
decreased or unaltered (for review see (20)). These
alterations probably become critical at high beating
rates because SR Ca®* accumulation during shorter
diastolic  period may become dramatically
inadequate to provide sufficient Ca®* during systole.
This process contributes largely to the negative
force-frequency relationship reported in the failing
human heart (21-23). Interestingly, after
enhancing SERCA activity by either knocking out
phospholamban or overexpressing SERCA, HF is
prevented or rescued, respectively (24-27). Besides



alterations in relaxation, the lengthening of the
[Ca®*]; transient decay could be responsible for
lowering SR Ca®* contents at higher frequencies and
for frequency-dependent facilitation of Ica (see
later). At the end of the action potential, the Na*-
Ca®* exchanger (NCX) can work in reverse mode
favoring Ca®?" entry, maintaining the [Ca®']
transient and slowing relaxation. Thus, it has been
proposed that the increased activity of the NCX can
contribute to the decreased [Ca?']; transient decay
(28).

Besides slowed kinetics, [Ca®']; transient
amplitude seems modified in the remodeled heart,
although different models have provided conflicting
data. An increase of the SR Ca’" release has been
reported in models of early cardiac hypertrophy,
together with hyperactivity, in spontaneous
hypertensive rats (29-31). The increase in SR Ca?*
release during early stages of hypertrophy
development has been correlated with longer action
potential (AP) duration (32) while SR Ca** load is
maintained (31). Some other models of hypertrophy
have shown normal [Ca®*]; transient amplitude (33,
34), that can be reduced under some challenges,
such as increase (35) or decrease (36) of
extracellular [Ca®*]. However, most analyses of the
[Ca%*]; transient in tissue or isolated myocytes from
failing hearts have evidenced a reduced capacity of
the SR to release Ca®' (37-46). Taken together,
these data strongly suggest that SR Ca®* release
changes with the state of the heart adaptive
response. In agreement with this notion, cell
shortening and [Ca®*]; transient at two time points
during autoimmune myocarditis in mice were
normal at day 18" but reduced at day 35™ (47).
These observations suggest that the [Ca®*];
transient is progressively reduced with disease and
that the weak contraction in failing myocytes may
be due, at least in part, to a smaller SR Ca**
release. Now, the challenge is to determine the
molecular mechanisms that weaken the [Ca®'];
transient in failing hearts.

Theoretically, a decrease either in the
triggering Ca®* or in the EC coupling efficiency could
account for reduced cellular contraction in HF.
Defects may result from altered expression or
function of proteins involved in Ca** homeostasis.
There is indeed general agreement that disturbed
SR function plays a significant role in the altered
systolic and diastolic performance in human as well
as in various animal models (48). To determine the
defect(s) underlying the failure, investigators have
long analyzed each of the elements involved in EC
coupling. Here, we will overview these elements
both in human and animal models of HF, focusing
particularly on Ie and SR Ca®* release.
Simultaneous measurements of both Ic; and SR
Ca®" release provide valuable information on the
effectiveness of EC coupling.

Triggers of SR Ca?* release

Calcium influx in cardiac myocytes is the
initiating event in the EC coupling process. The
sarcolemmal Ca?* entry system includes two major
proteins, namely the Na*-Ca?* exchanger and Ca®*
channels. Under certain circumstances, Ca** might
also permeate through Na* channels and activate
SR Ca®" release (49). Activation of this slip-mode

conductance in failing myocytes can improve Ca**
signaling (40, 46).

Na*-Ca?* exchanger

The Na*™-Ca?* exchanger (NCX) is a cation
transporting protein. It exchanges 3 Na* for 1 Ca®*
(50, 51) in either way. Although the normal
"forward" mode is Ca?* extrusion, which favors
relaxation after each twitch, it can also work in the
"reverse" mode inducing Ca?* entry and thus
probably triggering SR Ca®* release (52), although
with less efficiency than Ca?* channels (53). In
cardiac hypertrophy and HF, expression of the NCX
seems altered. Increases in its mMRNA and protein
levels have been reported in human (54) and
experimental (55) HF, although the functional
meaning is controversial. For instance, Wang et al.
(56) have confirmed the increase in NCX exchanger

expression in a mice hypertrophy model but
paradoxically the NCX current, Incx, was decreased.
However, most investigators have found an

increase in Incx both in hypertrophied and failing
hearts (57-60). From an electrophysiological point
of view, the increase in Incx may be arrhythmogenic
(61); however, it is not clear whether the increase
in NCX function is adaptive or deleterious for the
Ca®" handling of the hypertrophied and failing cell.
In fact, because the NCX can work in both
directions, it may be involved both in contraction
and in relaxation (28). It seems that the increase in
NCX function would be compensatory in cell
relaxation. In human failing hearts with normal
diastolic function, the NCX was upregulated while in
hearts with impaired diastolic function the NCX
expression was normal (62). Regarding the systolic
function, a compensatory role has been proposed in
compensatory hypertrophy, but the issue is more
complicated. The underlying mechanism of the
increased contraction would be an increase in SR
Ca®* load, favored by the reverse mode of the up
regulated NCX (59). However in HF, up-regulation
of the NCX could be deleterious because, working in
forward mode would tend to decrease SR Ca®*
content (63). In summary, there is strong evidence
that the NCX is up regulated both in hypertrophy
and HF, but the physiopathologic consequences are
unclear (64).

Ca?* channels

Ca®* channels open transiently in response
to depolarization and serve as the major pathway
for Ca®* entry into the myocytes. They permeate
Ca®" driven by its electrochemical gradient in a
time- and voltage-dependent manner. In the
myocardium, the coexistence of at least two
populations of voltage-dependent Ca?* channels (L-
type and T-type) is well established. The T-type
Ca®* current (Icar) has not been found in all
mammalian species investigated, including human,
but in the species where it is present, the efficacy of
Icat to trigger SR Ca®* release is much weaker than
that of the L-type Ic, (65).

L-type Ca2* channels

The L-type Ca?" channels (DHPRs) have
been linked to the plateau phase of the action
potential and play a crucial role in EC coupling.
Initially termed ‘slow inward current’ (66, 67), Ica



activates at depolarizations positive to -40 mV,
peaks near 0 mV and declines gradually at more
positive voltages. Decay kinetics of the current
include a fast Ca’* -dependent component and a
slow voltage-sensitive component. At the single
channel level, this channel occupies three different
basic modes: no opening or mode 0, short opening
or mode 1 and long opening or mode 2 (68). The
DHPR is constituted by a pore-forming subunit (O1c
subunit), associated with auxiliary transmembrane
subunits  (O2-0O  subunit) and cytoplasmic
regulatory subunits (B subunit) (69).

Many studies of Ic, in hypertrophy and HF
have been conducted but the results remain
ambiguous (reviewed in (6, 70-73)). When
investigating Ca®* entry via Ic. at least two
parameters should be examined: (i) peak amplitude
because it grades Ca?" release from the SR; and,
(ii) the decay kinetics because inactivation, which
terminates Ca?' entry, is likely to influence the AP
repolarization. Regarding Ic. density, the general
trend is that cardiac hypertrophy ranges from no
change to significant increase, whereas HF ranges
from no change to significant decrease. It was thus
tentatively proposed that Ic, density would increase
at early stages, be normalized during compensated
hypertrophy, to finally decrease in late stage failure
(70). This hypothesis was first postulated by
Scamps et al. (74) to reconcile the unmodified Ica
density observed in hypertrophied myocytes with
the increase shown in hypertensive non-
hypertrophied myocytes (75). This hypothesis
predicts a decrease of Ic, in severe HF such as
human samples (always at the end-stage).
However, in most studies of human failing myocytes
and in animal models, the density of Ic, is
unchanged (6).

Both amplitude and kinetics of Ic, may in
part contribute to AP shape (76). Even if Ic, peak
density is maintained, slowing of its inactivation has
been described in HF (reviewed in (73)) that might
contribute to AP prolongation. Increased net Ca®*
entry would consequentially tend to enhance SR
Ca®* load and increase contraction.

Whole-cell current depends on both,
number and individual properties of functional
channels. Therefore, even if the macroscopic

current seems unchanged, any modification of
individual channel activity may be important in
cardiac hypertrophy and HF. In human HF, Ca*'
channels were shown to switch activity from mode 1
to mode 2, showing higher availability and open
probability (77). Since only one study analyzed
single channel properties during human HF, one
cannot definitively conclude whether this reflects a
general feature. Moreover, extrapolation to whole-
cell currents is difficult. In particular, one would
expect larger Ic, in HF cells. Surprisingly, the same
study showed unchanged whole-cell Ica. One
possibility to reconcile this disparity would be that
HF cells have fewer but more active Ca?* channels
(78) as a result of an increase in channel
phosphorylation. The latter could underlie the mode
switching, too (79).

In this regard, myocytes from failing hearts
are less responsive to B-adrenergic stimulation,
which may be due to B-adrenergic receptor down-
regulation or de-sensitization (80). Another

possibility is that the level of Ca?" channel
phosphorylation is increased in failing myocytes.
Several facts support this interpretation: (1) the
adrenergic tone is increased in HF patients (81) (2)
single-channel records show increased activity (77),
(3) some other proteins show increased
phosphorylation state (82), and (4) B-adrenergic
receptor blockers help in HF therapy (83).
Furthermore, strengthening the p-adrenergic
system has been proved beneficial to prevent the
development of HF in transgenic mice, even in the
presence of the instigating cause (45) (84).
However, there is so far not enough evidence that
Ca®* channels are phosphorylated in human HF. In
fact, forskolin, which also activates PKA
phosphorylation of Ca®* channels but bypasses B-
adrenergic receptors, can increase Ica similarly in
failing and control cells (85).

At the molecular level, a large discrepancy
has been, once again, reported. In human HF (86)
was revealed that mRNA expression for thealc
subunit and the abundance of dihydropyridine
binding sites were reduced. More recently,
unchanged expression of ajc-subunits was reported
in end-stage or diastolic HF (77, 87-89). Ancillary
subunits play important functional roles in the
formation and stabilization of L-type Ca?* channels
(69, 90). Although mRNA levels of the a2/0-subunit
remained unchanged in diastolic human HF (87),
either reduced or unchanged B-subunit mRNA levels
were reported in human HF (77, 87). Nevertheless,
the ratio of B-subunit mMRNA over a;c-subunit mRNA
was significantly reduced in both studies. Moreover,
cardiac myocytes contain several isoforms of the
aic-subunit. Hypertrophy after myocardial infarction
in rats is associated with re-emergence of the fetal
isoform of the alc gene (91). Similarly, the relative
abundance of isoforms is changed in human
ischemic HF (88), although the functional
significance of isoform switching has not been
established yet.

Regardless of the potential changes of Ic,
during cardiac hypertrophy and failure, two points
that are wusually underestimated have to be
considered: (1) the electrophysiological landmark of
hypertrophy and HF is the prolongation of AP
duration induced, at least in part, by the down-
regulation of the transient outward K* current (73,
92-94) that regulates the height of the AP plateau
during which Ic, is active. Prolonged depolarization
during the extended AP  will thus enhance Ica
contribution (95-97); (2) assuming unaltered Ic,
density in hypertrophy implies that the magnitude
of Ica (and by extension, the total number of
functional channels) is significantly increased in
parallel with enlargement of cardiac myocytes.
Therefore, a decrease in Ica density or DHPRs
means a down- or no-regulation, whereas
unchanged or increased Ic, density means up-
regulation. Interestingly, recent studies on a
transgenic mouse model indicate that cardiac-
specific overexpression of the L-type Ca®* channel
induces the development of hypertrophy and sets
the stage for late-onset HF (98).

Activity of RyRs
Biochemical analysis of human
hearts has revealed that the RyRs are

failing



References Model Ica [Ca2+]i transient Ca’" sparks SR load
Compensated
31 hypertrophy: = n Bigger =
SHR (rat)
(59) AVB dog = N n
(36) Abdominal aortic _ (1 mM Ca2+]o) _
constriction (rat) U
(0.5 mMCa*',)
Thoracic aortic _ U
(153) constriction (DHPR density)  (RyR densi =
rabbit ) (RyR density)
(38) Heart failure: _ U Fewer, nqrmal _
Dahl & SHHEF rat characteristics
(44) Rat PMI = U
(46) Rat PMI - U Fewer, normal - _
characteristics
(103) Rabbit PMI U U Asynchronous
43) Paced rabbit U U
Aortic
insufficiency +
(61) aortic = U U
constriction in
Rabbit
(41) Paced dog = U U
Transgenic
(43) Mlljgclg: 0 - U chalilig?sltics -
(40) Viral myocarditis = U
Calsequestrin _ Fewer,
(42) overexpression - U diffused f
Human
(18,39,107) Terminal Heart = U U
Failure

Table 1: Several analysis of EC coupling in cardiac hypertrophy and heart failure

hyperphosphorylated (82) (detailed in other
chapter of this issue), although no difference has
been reported in RyR phosphorylation in the fast-
paced dog HF model (99). Bilayer experiments have
shown that RyRs phosphorylation would increase its
open probability and accelerate adaptation (100). In
vivo, RyRs are located in clusters that open
synchronously (coupled gating) to produce one Ca®*
spark. Phosphorylation of RyRs unbinds FK 506
binding protein from the RyRs and induces
uncoupled gating (101). So far the pathological
implication is not clear. The RyR
hyperphosphorylation in terminal human HF would
be associated to changes in Ca®*' sparks
characteristics. However, this kind of analysis has
not been undertaken and the Ca®*' sparks
characteristics in animal models of HF do not
recapitulate the changes after PKA phosphorylation
(38, 42, 45, 46).

Effectiveness of coupling

Even if Ic, density is maintained, the AP
duration is increased in cardiac hypertrophy and HF
(38, 73, 102). The consequence should be an
increased Ca** entry during the longer
depolarization period in failing cells. Since HF cells
contract less, despite AP prolongation, one must
conclude that the prolongation of Ca?* influx still
does not provide enough Ca?* for normal activation
of contractile proteins. In fact, even AP-evoked
[Ca%']i transients are reduced in HF (46, 103). The
question remains, if Ca?* entry seems not to be
decreased in HF, then why the heart fails?

Simultaneous measurements of Ic, and SR
Ca®* release in different models have suggested
that the mechanism of EC coupling, more precisely
the Ca®* -induced Ca®* -release (CICR), is altered in
HF (see Table 1). It was shown that Ic,, which
triggers SR Ca®' release, was normal in failing
human myocytes, but the [Ca®']; transient was



depressed (18, 37). This means that for the same
triggering Ca®*, less Ca** is released. Similar results
have also been observed in animal models of HF
(38, 40, 42, 45, 46, 78). Now the underlying defect
of this uncoupling must be identified. A detailed
analysis of EC coupling entails determination of the
efficacy of Ic, to trigger Ca?" release by
simultaneously measuring Ic. and SR Ca®' release
in its elementary events. In this way, one can
determine how many Ca** sparks are triggered by a
given Ca’" entry. Likewise, the analysis of Ca®*
sparks characteristics provides an insight of RyR
activity. We have undertaken this kind of analysis in
two different models of pressure-overload
decompensated hypertrophy (38). The first was the
Dahl rat model. These animals are a strain of
Sprague-Dawley that was selected by its sensitivity
to sodium intake. The salt-sensitive rats develop
hypertension when fed with a high salt diet. With
time, their hearts hypertrophy and ultimately
develop HF. The salt-resistant rats do not develop
any alteration at the same high salt diet (104). At
the time of experiments, the salt-sensitive animals
experienced cardiac hypertrophy although no signs
yet of congestive HF. However, isolated myocytes
were failing. They showed a normal Ic, (although
slowed inactivation kinetics, see later) but the
associated [Ca“]i transient and contraction
(shortening) was weak (38). To analyze the reason
why the SR Ca’* release was reduced, one
approach was to estimate the SR Ca?* load that was
shown to be unchanged. Next was to count and
analyze the Ca?" sparks evoked by Ic, at several
potentials. Such analysis showed that the number
of Ca?' sparks triggered by equivalent Ic. was
greatly reduced in failing myocytes compared to
match controls (38). That is, the coupling between
L-type Ca®** channels and RyRs was defective.
Nevertheless, the cells maintained the ability to
compensate by p-adrenergic stimulation. These
results were compared with another model of
pressure-overload disease in overt HF. Similar data
was obtained, although in this case the p-adrenergic
stimulation was ineffective to overcome the defect
(38). This suggests that the defective EC coupling
may be underlying HF and was unmasked when
systemic compensation was not effective anymore.
The decreased SR Ca®' release was underlying the
decreased cellular contraction. Because the global
[Ca?*]; transient is constituted by the temporal and
spatial summation of Ca?* sparks (105) the
depressed [Ca®']; transient is due to fewer Ca®*
sparks. Today, it is generally accepted that a Ca®*
spark is produced by a group of RyRs acting in
concert. Analysis of RyRs showed that the density of
RyRs was unchanged in these failing myocytes, as
was their Ca®* sensitivity (38). This is further
supported by the unchanged characteristics of Ca**
sparks. The later finding suggests that there is no
change in the activity of RyRs and confirms that the
SR Ca?* load is unchanged in these models of HF.
In fact, once the RyR opens, Ca?* is released down
its concentration gradient. If the SR load were
reduced, the Ca?' spark amplitude would be
reduced because it depends on SR Ca”* load (106).
Because RyRs were found normal in number and
Ca®" sensitivity, it seems that there are fewer Ca**
sparks in failing myocytes because the release units

failed to be triggered. Since the trigger (Ic.) is
normal, these data suggest that the relationship
DHPRs - RyRs is altered in HF. Few other studies
have analyzed the elementary EC coupling in other
models of HF. Recently we have shown that the
same defect is also present in a model of HF after
myocardial infarct in the rat (46). In the
calsequestrin overexpression transgenic mice, the
number of Ca?' sparks was also shown to be
reduced even though the SR Ca®* load was highly
increased (42). But in this case, the fewer Ca?*
sparks could be due to the reduced RyR density of
this transgenic model. During compensated
hypertrophy, in the spontaneously hypertensive
rats, bigger Ca®* sparks underlie bigger [Ca®'];
transients and enhanced contractility, while the
triggering Ica was also unchanged (31). Taken
together, these data provide evidence that the
relationship between DHPR and RyRs is modulated
during the development of cardiac hypertrophy
with: (i) an increase in the EC coupling gain
underlying the increased contractility of this
adaptive process; and (ii) a decrease as HF
develops, underlying the decreased contractility.

Defects underlying the EC uncoupling

Data from human HF cells have been
collected from terminally failing hearts obtained
during transplantation. Very often, different
etiologies are mixed together and the patients have
a long history of medication, which render
conclusions difficult. Nevertheless, it is always
useful and necessary to know what happens in the
human heart; even if limited to the end-stage of
HF. Ventricular myocytes isolated from terminally
failing human hearts had a decreased EC coupling
gain (37). In fact, while the triggering Ic. was
maintained in density, the triggered [Ca®'];
transient was depressed. Moreover, the elevation in
[Ca%']i due to the L-type Ca?* channel (with empty
SR) was similar in both failing and normal hearts.
The depressed [Ca®*]; transient was thus due to a
smaller SR Ca®* release (39) although in these non-
hypertrophied failing cells, a decrease in SR Ca?*
content may, at least in part, explain the decrease
in the efficacy of the I, to trigger SR Ca?* release
(107). Similar explanation has been suggested in a
model of paced-induced HF (41). Interestingly, this
model also induces HF without cellular hypertrophy
(60).

In cardiac hypertrophy and HF with cellular
hypertrophy, the reorganization of the cellular
structure as cell grows may be important
determinants of defective EC coupling. In fact, there
is a growing body of evidence suggesting that
alterations in cardiac cytoskeletal proteins may
induce dilated cardiomyopathy (108). Moreover,
several transgenic mice with alterations in the
cytoskeleton develop HF, such us the muscle LIM
protein (MLP) knock out mice. They develop dilated
cardiomyopathy and HF with hypertrophy (109) and
decrease in the EC coupling efficiency (45). MLP is a
protein involved in cytoarchitecture organization.
Likewise, desmin (constituent of the intermediate
filaments in muscle) deficiency induces
cardiomyopathy (110) with cell hypertrophy and
alterations in Ca’" handling (111). Interestingly,
acquired cardiac hypertrophy induces changes in



the cytoskeleton. More precisely, it has been
reported that HF following chronic hypertension is
associated with an increase in the density of
another cytoskeleton component, the microtubules
(112). Very interestingly, microtubule proliferation
in the failing cell may be involved in the contractile
abnormalities since microtubule depolymerization
normalizes contraction in failing cells (112).
Moreover, it has been shown that microtubule
proliferation can decrease [Ca®'] transient (113),
whereas microtubule depolymerization increases
[Ca%']; transient (114) and modifies Ca?* sparks
characteristics (115). Because CICR occurs mainly
at the region of junctional SR (where RyRs are
located) close to the TT (where the DHPRs are
located), a rearrangement in the spatial
organization of DHPRs and RyRs in the dyadic cleft
or a disruption in the TT system during remodeling
would have severe consequences in EC coupling in
the failing myocytes (Fig. 2). In this line, alterations
in the TT system have been reported in
hypertrophied cells from human failing myocardium
(116). In a HF model of paced dog with significant
cellular hypertrophy, a decrease in TT density has
been shown (78), and it seems that a similar
pattern could be present in human HF (117).

Fig. 2. Simplified animated cartoon showing the main
excitation contraction coupling elements as in Fig.1. Spatial
remodeling can underlie the decrease in the EC coupling
gain observed in heart failure (46).

[Ca='[i In the dyadic cleft Induced by the RyRs
opening inactivates the L-type Ca®' channel (118).
In fact, analysis of the Ic, inactivation time constant
provides an insight of the magnitude of release. In
this regard, most studies have shown a lengthening
of the fast component of Ic; inactivation (38, 73,
119) that could reflect decreased [Ca®*]; transient in
HF. This hypothesis is supported by a theoretical
model predicting that, under conditions of reduced
SR Ca®" release, there is less Ca®' -dependent
inactivation of Ica, which helps to prolong the
plateau phase of the AP (120). Indeed, SR Ca?*
release inactivates up to 50% of net Ca®' entry
through Ca?* channels (121). Besides slowing of Ic,
inactivation at a given frequency, increasing
stimulation frequency in cardiac myocytes slows Ic,
inactivation with a subsequent increase in net Ca®*
entry. This phenomenon is termed Ic, facilitation
and is dependent on SR Ca®' release (119, 122).
Facilitation of Ic, occurs over a range of frequencies
corresponding to rates encountered in
pathophysiological states. Higher rates produce a
marked lengthening of Ic, inactivation and, as a
direct consequence, a slight increase in peak
current, which is unrelated to recruitment of new
channels. Simultaneous measurements of Ic,

facilitation and SR [Ca®']; release have revealed
that this phenomenon results from a decrease of
the [Ca®']; transient at high frequencies in rat
ventricular myocytes (122). Moreover, thapsigargin
and ryanodine induced similar "pharmacological" Ica
facilitation (119, 122). In this regard, Ic. facilitation
in HF can be used as an index of the coupling
DHPR-RyR. Interestingly, Ic, facilitation is rarely
observed in human HF when comparing either with
ventricular cells from other mammals or atrial cells
from HF and non-HF patients (72, 119, 123, 124).
Furthermore, even at low stimulation rates,
inactivation of Ic, is slow in HF cells which is
consistent with weaker SR Ca?'-release and,
thereby, weaker Ca®*-dependent inactivation (119).
PERSPECTIVES: IMPORTANCE OF Ca?*
CYCLING IN THE PROGRESSION OF HF
Remodeling during cardiac hypertrophy and
failure is usually accompanied by complex changes
in gene expression reprogramming (1). In recent
years, it has become apparent that Ca?* also plays a
role in this longer-term regulation. This represents
a second mechanism, via long-term adaptation, by
which Ca?' might alter the function of cardiac
muscle. It has been suggested that alterations in
Ca®" handling proteins progressively exacerbate a
hypertrophic or cardiomyopathic phenotype, in part,
through sustained activation of Ca®'-sensitive
signaling pathways. The intricate signaling network
that causes cardiac hypertrophy (125) involves
Ca®*-dependent gene regulation as a necessary
component (126, 127). In the first phase of
hypertrophy response (min to hours), early
response genes, e.g. c-fos, c-myc, c-jun, are
activated (128). In cardiac myocytes,
transcriptional induction via c-jun has been related
to intracellular Ca®** (129, 130). Moreover, Ca*"
influx through L-type Ca®' channels is critical for
early response gene stimulation by a variety of
stimuli, including neurotransmitters and growth
factors (131, 132). Intracellular [Ca“] may also
affect expression of late genes. Subject of intense
research over the past decade, the signaling
cascades underlying alteration in gene expression in
cardiac hypertrophy and HF converge on the MAPK
cascade (133, 134). Activation of this pathway by
hypertrophy stimulus depends on transsarcolemmal
influx of Ca®* (135). A Ca?" sensitive mechanism,
which involves Ca®*/Calmodulin pathway, seems to
be important for activation of MAPK cascade (136).
Over-expression of calmodulin (CaM) in transgenic
mice causes myocytes hypertrophy (137).
Calmodulin, when activated by Ca?*, modulates the
activity of a number of enzymes, including CaM-
dependent protein kinases involved in
transcriptional regulation (47, 138, 139). Recently,
it has been shown that the CaM kinase pathway is
sufficient to activate many features of cardiac
hypertrophy and failure in vivo (140, 141). Recent
studies have shown that the Ca®/calcineurin
pathway is a necessary component for the
expression of hypertrophy markers (126) although
this has been subject of controversy (142). As
matter of fact, overexpressing calcineurin in a
transgenic mouse produced a rapid development of
hypertrophy and HF (143). Calcineurin is a specific
Ca’*-dependent phosphatase that dephosphorylates



transcription factors, which turn on a panel of
hypertrophy genes.

Thus, when considering all the published
studies on HF, a central and perhaps essential role
for intracellular Ca* is inescapable, not only on
altered cardiac contraction, but also on altered gene
expression. In cardiomyocytes, EC coupling thus
regulates the transcription activity by process
termed excitation-transcription coupling. This
process represents an elementary pathway
whereby, through Ca®' signaling, the electrical
activity of a cell feeds back upon and shapes the
cellular genetic program (144, 145). This has been
nicely evidenced in smooth muscle (146, 147). For
instance, activation of Ca®' influx through the L-
type Ca?* channel by membrane depolarization
increased Ca?" sparks frequency, which in turn
activated the CcAMP-responsive element-binding
protein and subsequent c-fos expression.

Recently, we provided new data on the
implication of this pathway in an aldosterone-
induced down-regulation of the transient outward
K* current (Iw,1) functional expression, which might
be involved in hypertrophy and HF (148). This
mineralocorticoid hormone might be one of the
primary factors in the remodeling of hypertrophy
and HF (149-151). Incubation of adult rat isolated
cardiomyocytes in the presence of aldosterone
induces a specific and genomic up-regulation of
functional expression of L-type Ca®* channels (152).
When this stimulation is sufficient, then it induces
an increase in Ca®* sparks occurrence, which is able
to down-regulate the functional expression of I
(148).

We should expect, in the near future, new
insights into the mechanisms by which intracellular
Ca®* influences the progression of hypertrophy and
HF.
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Abstract The sarcoplasmic reticulum (SR) of smooth muscle is endowed with two different
types of Ca®' release channels, i.e. inositol 1,4,5-trisphosphate receptors (IPsRs) and
ryanodine receptors (RyRs). In general, both release channels mobilize Ca®* from the same
internal store in smooth muscle. While the importance of IP3Rs in agonist-induced
contraction is well established, the role of RyRs in excitation-contraction coupling of smooth
muscle is not clear. The participation of smooth muscle RyRs in the amplification of Ca*
transients induced by either opening of Ca’"-permeable channels or IPs-triggered Ca®*
release has been studied. The efficacy of both processes to activate RyRs by calcium-
induced calcium release (CICR) is highly variable and not widely present in smooth muscle.
Although RyRs in smooth muscle generate Ca®* sparks that are similar to those observed in
striated muscles, the contribution of these local Ca®* events to depolarization-induced
global rise in [Ca®']; is rather limited. Recent data suggest that RyRs are involved in
regulating the luminal [Ca®*] of SR and also in smooth muscle relaxation. This review
summarizes studies that were carried out mainly in muscle strips or in freshly isolated
myocytes, and that were aimed to determine the physiological role of RyRs in smooth

muscle.

Introduction
Ca?* regulation of smooth muscle contraction
Visceral smooth muscle constitutes one of the
layers of numerous hollow organs such as trachea,
uterus, intestines, urinary bladder, etc. whereas
vascular smooth muscle is present in blood vessels.
The mechanical activity of all these organs depends
on the contraction-relaxation features of their smooth
muscle tissues. Similarly to striated muscle, smooth
muscle cells contracts in response to an increase in
the intracellular Ca?" concentration ([Ca®*]).
However, significant differences between smooth and
striated muscles exist; among them, contraction is
slower in the former and myofilaments in smooth
muscle do not show the regular pattern of sarcomeric
muscles. One of the reasons for the slower
mechanical response of smooth muscle is that the
Ca’* sensor (calmodulin) is not an integral part of the
myofilaments, as is troponin C in striated muscles.
The Ca®'-calmodulin complex activates the myosin
light chain kinase to phosphorylate serine 19 of
myosin light chain, which in turn removes inhibition of
the myosin ATPase. This event is followed by ATP
hydrolysis and sliding of myosin on actin filaments to
generate force (for review, see 1-3).

Sources of Ca®* for smooth muscle contraction
Elevation of [Ca®*]i in smooth muscle can be
due to Ca®' influx from the external millieu or Ca**
release from internal stores, which are located in the
sarcoplasmic reticulum (SR). External Ca®*' gains
access to the cytoplasm through either voltage-
dependent Ca?* channels (VDCCs) or different types
of Ca®* permeable cation channels; whereas internal
stores provide Ca®* by at least two types of release-
channels, the inositol 1,4,5-trisphosphate receptor
(IPsR) and the ryanodine receptor (RyR) (for review
see 1, 2). The participation of internal Ca®* stores in
smooth muscle contraction is highly variable. In

general, internal stores release Ca®* during the initial
phase of contraction, but their overall participation is
rather small. In some cases, Ca’" internal stores
supply basically all Ca®* for agonist-induced
contraction, e.g. guinea pig pulmonary artery and
porcine coronary artery (4,5). The main mechanism
by which neurotransmitters, hormones and other
agonists release Ca?* from internal stores involves the
activation of phospholipase C, which in turn
hydrolyzes phosphatidylinositol bisphosphate to
generate both diacylglycerol and inositol 1,4,5-
trisphosphate (IP3). The latter induces the opening of
IPsRs to produce a global elevation in [Ca®*']; and
contraction in smooth muscle (1). Therefore, IPs;Rs
have an essential participation in pharmaco-
mechanical coupling (1). By contrast, the role played
by RyRs in triggering smooth muscle contraction by
physiological stimuli is not clear. This review
summarizes studies focused on the physiological role
of RyRs in smooth muscle, that have been carried out
either in tissue preparations or in freshly isolated
myocytes.

Characteristics and types of ryanodine receptors
in smooth muscle

Initially, the characterization of RyRs from
smooth muscle was carried out with pharmacological
tools such as caffeine and ryanodine, similarly to the
studies done in striated muscles. Subsequently,
biochemical and molecular studies of RyRs from
smooth muscles have been reported.

Pharmacological characterization

The presence of RyRs in smooth muscle
was first suggested by studies showing that caffeine
induces transient contractures of smooth muscle
bundles in the absence of extracellular Ca®** (6).
Caffeine works by increasing the Ca®*' sensitivity of
RyRs such that these release-channels are opened by
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Figure 1. Effect of ryanodine on caffeine-induced Ca?*
release from internal stores. Single smooth muscle cells
isolated from guinea pig urinary bladder were loaded with
fura-2 and changes in [Ca?*]; were recorded in response to
the application of 20 mM caffeine (Caff) (as indicated by
the traces below the [Ca®']; recordings) with a puffer
pipette placed close to the cell. Bath solution was Hepes-
buffered saline solution (2 mM Ca?*). A. Caffeine induced a
transient increase in [Ca?*]; that started to return to the
basal level even in the presence of caffeine. A time period
of 5 min was allowed to recover internal Ca?* stores. This
recovery was not complete based on the smaller amplitude
of the [Ca®*]; transient induced by a second application of
caffeine. B. Cells that were incubated with ryanodine
responded normally to the first application of caffeine. This
was true even when cells were incubated with ryanodine
for a prolonged period of time (> 30 min). However, two
main differences were evident respect to control
responses. First, the rate of decay of [Ca®'], was
significantly delayed, which is notorious at [Ca®*]; below
300 nM (arrow). Second, an additional

application of caffeine produced no increase in [Ca®*]i.
These data and the absence of a significant capacitative
Ca?" influx in this type of myocytes (16) suggest that
ryanodine and caffeine combined lock the RyR open,
leading to a complete depletion of internal Ca®* stores. C.
Fluorescently-labeled ryanodine (BODIPY TRX-ryanodine)
appears to be incapable of correctly interacting with the
open state of RyRs as this derivative did not produce a
complete depletion of the internal Ca?* stores. Collectively,
these data support the hypothesis that RyRs must be
activated before interacting with ryanodine and also that
low concentrations of this alkaloid locks the RyRs in an
open state, to the extent that internal Ca?* stores cannot
be recovered. The dotted line indicates resting [Ca®*].
Both [Ca?*]; and time scales apply for all recordings.

basal [Ca®*]i (7). The action of caffeine is to produce
a transient increase in [Ca®']; that originates from
internal stores. However, caution must be exercised
since it has been shown that caffeine can also activate
a Ca’" permeable cation channel, which is present in
the plasma membrane of gastric smooth muscle cells
(8-10).

Ryanodine is a plant alkaloid that binds with
high affinity and selectivity to RyRs (11). Micromolar
concentrations of this alkaloid in combination with
caffeine produce a complete depletion of caffeine-

sensitive Ca?" stores in skinned smooth muscle of
pulmonary artery, portal vein and taenia caeci from
guinea pig (5). Similar results have been obtained in
freshly isolated smooth muscle cells, including guinea
pig urinary bladder (12) and mouse duodenum (13).
The effect of either ryanodine or fluorescently-labeled
ryanodine on caffeine-sensitive internal Ca* stores is
shown in Figure 1. The application of caffeine to
smooth muscle cells incubated with 2 uM ryanodine
(concentration that “locks” RyR in a subconductance
state) (14, 15) did not appreciably alter the initial
[Ca®*]; response to caffeine. However, internal Ca*
stores were unable to recover in the presence of
ryanodine, most likely because the SR was leaky,
which is reflected in both a slower rate of recovery of
the [Ca®*] (indicated by the arrow, Figure 1) and a
lack of [Ca®*]; response to a second application of
caffeine (Figure 1). Fluorescently-labeled ryanodine
did not behave similarly to parental ryanodine
because in the presence of the former, there was a
partial recovery of the internal Ca®* store (Figure 1).
The effect of ryanodine on the ion channel
activity of RyRs from smooth muscle has also been
studied in planar lipid bilayers. The toad stomach RyR
displays a subconductance state of high open
probability in response to micromolar concentrations
of ryanodine (15), similar to the effect described for
cardiac and skeletal RyRs (17). However, ryanodine
does not induce this subconducting state in RyRs from
aorta (18) or from coronary artery smooth muscle
(19). In the case of RyRs from aorta, millimolar
concentrations of ryanodine induced the fully blocked
state of this Ca®* release channel (18), whereas for
RyRs from coronary artery, concentrations of
ryanodine up to 10 uM increased the ion channel
activity, while higher concentrations inhibited this
activity (19). It is not clear whether these differences
between visceral and vascular RyRs imply the
existence of different RyR isoforms or the loss of
some regulatory factor during the RyR isolation
procedure. Thus, further studies at the single channel
level are needed to clarify the effect of ryanodine on
RyRs from different types of smooth muscle cells.

Biochemical characterization

The ryanodine receptor has been localized to
the SR of smooth muscle cells and its abundance
correlates with the amount of SR, which fluctuates
between 1.5 and 7.5 % of the total myocyte volume
(20-23). Interestingly, phasic smooth muscle contains
less SR than tonic smooth muscle and the SR of the
former is preferentially localized close to the plasma
membrane (20, 22-24). Apparently, some parts of the
SR (peripheral SR) are in close apposition (~ 20 nm)
to the plasma membrane, generating what is known
as junctional gaps. These regions contain structures
that resemble the feet described in skeletal muscle
(20). Additionally, recent data in myocytes from
cerebral arteries (21) and guinea pig urinary bladder
(25) indicate that VDCCs co-localize with RyRs.

Further characterization of RyRs has been
carried out using binding of [3H]ryanodine to
microsomal preparations from different smooth
muscles. Overall, these studies have yielded a Kd



close to 5 nM and a Hill coefficient of 1 (15, 26-29),
which are similar to those obtained for RyRs from
striated muscles (30). The density of [*H]ryanodine
binding sites is in the vicinity of 100 fmol/mg protein,
although a density as high as 5.7 pmol/mg protein
has been reported in crude microsomal preparations
of smooth muscle from rat portal vein (31). In
general, the number of [*H]ryanodine binding sites in
smooth muscle is 10 times lower or even less than in
striated muscles (18). Presumably, this low density of
RyRs is a consequence of the sparse SR in smooth
muscle (26). Moreover, the binding of [®H]ryanodine
to microsomal membranes from smooth muscle can
be increased by the same factors that also modulate
the activity of RyRs from striated muscles (32), such
as Ca?', caffeine, ATP, high ionic strength and pH
(26,28). Ruthenium red and Mg*' inhibit
[®*H]ryanodine binding in smooth muscle microsomes
(26,28), similar to the effect observed in striated
muscles. All these data suggest the presence of
typical RyRs in smooth muscle, albeit at a low density.

Molecular characterization

The ryanodine receptor is a homotetrameric
protein of approximately 2 MDa molecular weight.
Three isoforms of RyRs that are encoded by different
genes (ryrl, ryr2 and ryr3) have been identified and
cloned (33-36). All three types of RyRs have been
detected in RNA extracted from smooth muscle (Table
1). However, these results should be interpreted with
some caution, since the detection of different RyR
transcripts may reflect contamination from cells other
than smooth muscle (e. g. endothelial cells, neurons,
etc.). Studies in isolated smooth muscle cells have
shown that there is no predominant RyR isoform in
smooth muscle (Table 1).

RyR knockout mice have recently emerged as
suitable tools to study the role of RyRs in smooth
muscle physiology. Arterial smooth muscle from mice
lacking RyR3 contracts normally to caffeine and
norepinephrine (50). Another study has shown that
the frequency of Ca®* sparks (localized [Ca®*]; events
that are produced by the opening of a cluster of RyRs)
is significantly increased in RyR3 knockout mice (41).
Studies in smooth muscle derived from RyR2
knockout mice are lacking because mutant embryos
die at day 10 due to abnormalities in the heart tube
(51). In addition, there are no data on smooth muscle
function in RyR1 knockout mice (52,53).

Studies in rat portal vein myocytes with
antisense oligonucleotides targeting each of the three
types of RyRs demonstrated that the presence of both
RyR1 and RyR2 is required for myocytes to respond to
membrane depolarization with Ca®** sparks and a
global increase in [Ca®*]i (42). The inhibition of RyR3
expression in rat portal vein myocytes did not alter
either evoked or spontaneous Ca?* sparks (42).
Apparently, RyR3 acquires the ability to respond to
caffeine only in conditions of increased SR Ca®**
loading in myocytes from both rat portal vein (54)
and myometrium of non-pregnant mice (45).
However, some of these studies were carried out in
cells that had been cultured for several days, which
might have changed the type and level of expression

of RyRs. Indeed, RyRs cannot be found in rat aortic
smooth muscle cells in proliferating conditions, but
they are detected when cells reach a non-proliferative
state (40). Thus, the type and functional role of RyRs
need to be assessed for each type of smooth muscle.

Physiological role of ryanodine receptors in
smooth muscle

The role of RyRs in smooth muscle cells is
not clearly established. This release channel has been
involved in the amplification of Ca?* transients that
are originated by either opening of VDCCs or IPs-
induced Ca®* release in some smooth muscle cells.
Alternatively, RyRs also seem to participate in both
the regulation of luminal [Ca®'] and the local
activation of large-conductance Ca?*-dependent K*
channels (BKca channels). These roles suggest a more
important participation of RyRs in smooth muscle
relaxation than in excitation-contraction coupling as
summarized below.

Excitation-contraction coupling

Amplification by RyRs of the Ca?* influx through
voltage-dependent Ca?* channels.

Membrane depolarization in smooth muscle
increases [Ca®*]; as a consequence of VDCCs opening.
However, it has been calculated that the Ca?* coming
through these channels, either in a single or a train of
5-10 action potentials, might not be sufficient to
induce contraction because the cytoplasmic Ca*
buffer capacity may reduce the activity of Ca®' ions
(4,20). Therefore, in this scenario it is obligatory to
postulate the existence of an additional source of
Ca*, most likely the SR. The question then turns:
How does the SR amplify the Ca®*' influx through
VDCCs? One possibility could be the activation of
IPsRs, because smooth muscle produces IP; in
response to Ca®* influx (55) and membrane
depolarization increases the activity of phospholipase
C (56,57). However, this scenario seems unlikely as
heparin, an antagonist of IP3Rs, does not reduce the
[Ca?*]; transient induced by membrane depolarization
(58,59).

Another possibility for the amplification of
Ca?* influx through VDCCs could be the activation of
RyR by the calcium-induced calcium release (CICR)
mechanism, which is well established for cardiac
myocytes (60). The first direct evidence of CICR in
smooth muscle was obtained by studies in skinned
smooth muscle bundles (61). However, it has been
suggested that CICR might not be functioning as the
primary physiological Ca®* release mechanism, since
higher Ca®* is required to activate CICR than to
induce contraction (62). Nevertheless, these results
do not completely exclude the participation of CICR in
releasing Ca®* during excitation-contraction coupling
in smooth muscle, as local elevations of [Ca®*]; in the
vicinity of RyRs may be high enough to activate these
release channels (62). Alternatively, a cytosolic factor
regulating CICR may have been lost during the
smooth muscle permeabilization procedure (62).

Studies of [Ca®']; in single smooth muscle
cells under the whole-cell configuration of the patch



Smooth muscle RYR Isoform Detection Ref
Source RYRI1 RYR2 RYR3 Method '
Aorta N.D. + (1t) + (1b) Northern-blot 36,37

+ (1t) + (p, 1t) + (p, rt) RT-PCR 38, 39, 40
Aorta without
endothelium - (rt) - (rt) + (1t) RT-PCR 40
Cerebral arteries N.D. + (1t) N.D. Inmunocitology 21
+ (m) + (m) + (m) RT-PCR 41
Mesenteric arterial + (rt) + (rt) T (rt) RT-PCR 39
vessels
Portal vein
myocytes + (1) () T (1t RT-PCR 42
Bronchi - (h) -(h) + (h) RT-PCR 43
Esophagus N. D. N. D. + (1b) Northern-blot 36
+ (p, m) + (m) + (p,m) RT-PCR 38, 44
Small intestine -(p) - (p) +(p) RT-PCR 38
Duodenum - (m) + (m) + (m) RT-PCR 45
Taenia coli N. D. N. D. + (rb) Northern-blot 36
Stomach + (m) + (m) + (m) RT-PCR 44
Ureter N. D. N. D. + (rb) Northern-blot 36
Ureteric myocytes - (rt) - (rt) + (rt) RT-PCR 29
Urinary bladder N. D. N. D. + (rb) Northern-blot 36
- (h) + (h) - (h) RT-PCR 46
Cultured urinary
bladder myocytes - () (0 - () RT-PCR 46
Uterus N. D. N. D. + (rb) Northern-blot 36
Non-pregnant + (h) + (h) + (h) RT-PCR 47,48
myometrium - (h) -(h) + (h, m) RT-PCR 49,45
Pregnant + (h) + (h) + (h) RT-PCR 48
myometrium -(h) + (h) + (h) RT-PCR 49
Cultured
myometrial -(h) -(h) + (h) RT-PCR 49
myocytes

Abbreviations: N.D. not determined; + detected isoform; - not detected isoform; h, human; m, mouse; p, pig; rb, rabbit;

rt, rat; RT-PCR, reverse transcriptase-polymerase chain reaction.

Table 1. Expression of RyR types in different smooth muscles



clamp technique demonstrated that membrane
depolarization produces a bell-shape curve of both
VDCC currents and changes in [Ca®*];, with the peak
[Ca?*]; response close to 0 mV (63-68). Similar shape
of the voltage-dependent changes in [Ca®*]; has been
described in cardiac myocytes (69-70). This
relationship between voltage and [Ca®']; implies that
Ca?* influx is required in smooth muscle to elevate
[Ca®*]i during membrane depolarization. Different
studies looking at [Ca*']; (58,65,71,72) or Ca*'-
dependent ion channels (73) have suggested the
presence of CICR in different smooth muscle cells.
However, these studies did not show the extent of
CICR contribution to the depolarization-induced
[Ca®*]; transient. In addition, it appears that CICR is
not universally present in smooth muscle cells (67,74-
76). To further complicate this picture, there are
cases where CICR is evident only for the first
depolarization pulse (77) or the first train of voltage
pulses (68). Studies aimed to quantify the relevance
of CICR in the Ca®" transient induced by activation of
VDCCs demonstrated that an average of only 20 % of
the [Ca®*]; transient at 500 msec was due to Ca’*
release from internal stores (78). The same type of
study was carried out to calculate the cytoplasmic
Ca’" buffer capacity (79), but in this case the idea
was to determine the initiation of CICR in VDCC-
induced [Ca’']; transient (9, 78). The Ca®' buffer
capacity was obtained for the initial 50 msec of
membrane depolarization and compared with a late
determination from 100 to 200 msec after VDCCs
have been activated. In the absence of ryanodine, the
initial Ca®* buffer was 87.8 + 2.7 (n = 10) while the
late Ca®* buffer was significantly lowered to 54.1 +
5.4 (n = 10). This artificial reduction of the
cytoplasmic Ca®* buffer implies that Ca®* ions from
internal stores contribute to increase [Ca®*]; but are
not part of the integrated voltage-dependent Ca®*
current. Indeed, the presence of ryanodine in the
internal solution of the patch clamp pipette inhibited
this extra source of Ca?', since the initial and late
Ca®* buffer were similar (81.1 + 10.0 vs 79.2 + 9.1, n
= 8). These data indicate that CICR is a delayed event
in smooth muscle (78), as this amplification
mechanism was evident only 50 to 100 msec after the
activation of VDCCs. This contrast with a time
constant of ~ 7 msec between the activation of
VDCCs and Ca®* sparks in cardiac cells (80).

Confocal studies of [Ca®*]; in smooth muscle
cells under voltage clamp have also shown delays of
tens of msec between the activation of VDCCs and
Ca®* sparks (59,81,82). These studies have suggested
that smooth muscle RyRs are loosely coupled to
VDCCs, implying that it is the bulk [Ca®']; that
triggers RyRs activation in smooth muscle (59,83).
This is a completely different situation to the one
described in cardiac cells, where the efficiency of CICR
depends to a great extent on the close proximity
between RyRs and VDCCs (80, 84). The concept of
“loose coupling” of CICR may be in line with the
demonstration that Ca®' influx through other
channels, e.g. stretch-activated channels, can also
trigger CICR (78). One of the problems with the loose
coupling hypothesis is that Ca®* sensitivity of RyRs is

not high enough to activate these
channels by bulk [Ca Another limitation is that
CICR should be unstable due to the lack of local
control of RyRs.

Additional data undermine the role of CICR in
amplifying the Ca®*-influx through VDCCs in smooth
muscle cells. For instance, inhibition of SR Ca?*
pumps with cyclopiazonic acid, although abolishing
Ca’* sparks, it does not reduce the global rise in
[Ca®*]; triggered by membrane depolarization (82). If
anything, it increases the elevation in [Ca®*]i (82).
Furthermore, the application of ryanodine to rat
gastric myocytes increases the efficiency of VDCCs to
elevate [Ca®*]; (76). The fact that Ca®* influx through
VDCCs is able to increase global [Ca®*']; before
triggering Ca®* sparks (59, 81) and that ryanodine
does not change the initial Ca?* buffering capacity
(78) suggest that RyRs from smooth muscle are
insensitive to Ca®* influx through VDCCs, even when
the activation of VDCCs generates a strong increase in
the subsarcolemmal [Ca®'] (85). Interestingly, line
scan recordings of [Ca®']; in cardiac cells have shown
that when a sparklet (a local [Ca®*]; event due to the
opening of a single VDCC) does not trigger a Ca’*
spark, the probability of a second, similar sparklet to
induce a Ca®* spark is the same as the probability of
the first sparklet that successfully triggered a Ca®*
spark (see figure 6 in reference 80). Collectively,
these studies suggest that RyRs might be able to
switch between Ca®*-sensitive and Ca’*-insensitive
states. Thus, beside localization, it appears that there
are other factors that determine the ability of RyRs to
respond to Ca®*. If this is true, then identifying these
factors might explain the variability of CICR in smooth
muscle.

(15,18,61)
2+]i-

Amplification by RyRs of IPsR-mediated Ca®*
release

The sarcoplasmic reticulum of smooth muscle
cells is a continuous membrane organelle (1),
although only some parts are specialized in storing
Ca’* (86-89). Smooth muscle SR can be divided in
peripheral and central SR, and both types of release-
channels (RyRs and IP3Rs) are localized in these two
sections (1, 22, 90). Conceivably, the activation of
IPsRs could either stimulate adjacent RyRs by
increasing cytoplasmic [Ca®*]; or inhibit RyRs by
decreasing luminal [Ca®*]. Such reduction in luminal
[Ca%*] has already been demonstrated to affect the
activity of RyRs in smooth muscle (91). We have
summarized work done on how these two release
channels interact in smooth muscle.

It has been proposed that CICR via RyRs
propagates the vasopressin-induced IPs-initiated Ca?*
release in A7r5 cells (92). Recently, further evidence
has been reported supporting the participation of
RyRs in amplifying the [Ca®'] signal initiated by
activation of IPsRs in smooth muscle cells. Both anti-
RyR antibody and ryanodine strongly inhibit the rate
of rise of agonist-induced Ca®* release in myocytes
from either portal vein or duodenum (31).

However, there are also many examples
where RyRs do not seem to participate in the IPs-
mediated Ca®' release. The presence of ryanodine



does not alter the agonist-induced contraction in
portal vein, pulmonary artery and taenia caeci from
guinea pig (5). In rat portal vein myocytes,
tetracaine, although inhibits Ca®* release mediated by
caffeine, does not affect noradrenaline-triggered Ca?*
mobilization (93). Acetylcholine-induced Ca®" release
is not affected by 50 uM ruthenium red in equine
tracheal myocytes (94). In rat ureteric myocytes,
neither ryanodine nor anti-RyR antibody modifies
acetylcholine-mediated Ca?* waves (29). Additionally,
ryanodine does not block either multiple IPs-triggered
Ca’" releases in colonic smooth muscle (95) or
acetylcholine-induced Ca?' release in guinea pig
urinary bladder myocytes (Figure 2). These data
suggest that either RyRs are not opened during IPs-
mediated Ca®' release or if they are, then the open
time is too short for ryanodine to recognize the open
conformation of RyR. However, the latter seems
unlikely, as the opening of RyRs by caffeine does
induce a complete depletion of internal stores in the
presence of ryanodine (Figure 2). Similarly, ryanodine
does not have any effect on the histamine-induced
Ca’* release (96 and Figure 2). Possible explanations
for the absence of IPsR-induced activation of RyR
could be either that IPsR does not increase [Ca®'];
high enough to activate RyRs or that IP;Rs decrease
the Ca®*-sensitivity of RyRs by lowering luminal
[Ca®*], a possibility that might be supported by
localization of both receptors at the same internal
Ca®* store (97). Indeed, different agonists that
release Ca’* from internal stores also inhibit the
spontaneous transient outward currents (STOCs)
(98,99), which are due to Ca** sparks activating BKca
channels (100). This inhibition appears to depend on
the Ca?*-releasing activity of the agonists, since
blocking IP3Rs with heparin inhibits the action of
agonists on STOCs (98,99). Alternatively, it has been
suggested that protein kinase C, activated by agonist-
induced diacylglycerol, reduces the Ca®* sensitivity of
RyRs (101). Thus, although it seems that RyRs can
amplify the IPsR-induced Ca?' signal in smooth
muscle cells, this action of RyRs does not appear to
be present in all types of smooth muscle.

cADPR and smooth muscle function

From data summarized in the previous
section, it seems that RyRs do not play a strong role
in excitation-contraction coupling of smooth muscle.
It is feasible that other factors might increase the in
vivo efficiency of CICR in smooth muscle cells. One
candidate is cyclic adenosine diphosphate-ribose
(cADPR), a metabolite derived from p-NAD* with the
ability to induce Ca®* release from internal stores in a
wide variety of mammalian cells, including cardiac
and smooth muscle myocytes. cADPR is generated by
ADP-ribosyl cyclase and degraded by CcADPR
hydrolase. Both enzyme activities appear to reside in
the same protein (102), which was firstly identified in
mammalian cells as the lymphocyte antigen CD38
(103).

The Ca?* releasing activity of cADPR is
blocked by procaine, ruthenium red (104) and high
concentrations of either ryanodine (19,104) or
caffeine (104). Moreover, cADPR-induced Ca** release
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Figure 2. RyRs and IP3Rs share the same internal
Ca?* store and RyRs do not seem to participate in
agonist-induced Ca?* release. Single smooth
muscle cells from guinea pig urinary bladder were
loaded with fura-2 and challenged with either 10
uM Acetylcholine (ACh), or 20 mM caffeine (Caff)
or 1 mM histamine (HA) by pressure ejection from
a puffer pipette placed close to the cell. The
application of agonists are indicated by the traces
below the [Ca®*]; recordings. A. Cells responded to
both agonists with transient increases in [Ca®'];
provided that time periods of 5 min were allowed
between the different applications. Note that
recovery of internal stores was only partial
because cells were not depolarized to rise [Ca®*];
and facilitate refilling of the stores. B. ACh did not
affect caffeine-induced Ca®*' release in the
presence of 10 uM ryanodine, but Caff inhibited
ACh-mediated Ca®" release in this condition. C.
The [Ca®'] responses to HA were not affected by
the presence of ryanodine. These data imply that
ACh-induced increase in [Ca®']; derives from
internal Ca®* stores only, and all agonists release
Ca’* from the same internal store. The fact that in
the presence of ryanodine, neither ACh nor HA
induces an irreversible depletion of internal Ca?*
stores suggests that IPs-mediated Ca?' release
does not involve RyRs.

is not affected by heparin, but it is enhanced by low
concentrations of caffeine (104, 105). These data
support the notion that cADPR activates RyRs in



bovine coronary artery (19) and in smooth muscle
from both rabbit longitudinal intestine (106) and
porcine trachea (104). Direct evidence that RyR is the
target of cADPR comes from a recent work showing
that 1 uM cADPR increases 8-fold the activity of
bovine coronary artery RyRs incorporated in planar
lipid bilayers (19). Nevertheless, it has also been
suggested that cADPR may activate a novel and RyR-
independent Ca?* release mechanism in vascular
smooth muscle (105).

The first report by Kuemmerle and Makhlouf
(106) demonstrated that cADPR stimulated Ca®*
release in permeabilized longitudinal smooth muscle
cells from rabbit ileum. This effect was specific
because permeabilized circular smooth muscle cells
did not respond to cADPR. Since this report, it has
been shown that both visceral and vascular smooth
muscles respond to cADPR by releasing Ca®* from
internal stores (104,105,107). Moreover, it has been
proposed that cADPR-mediated Ca’* signaling
participates in the regulation of a variety of functions
in smooth muscle such as, agonist-induced
contraction (106,108-110) and agonist-induced
[Ca®*]; oscillations (104). It has also been suggested
that cADPR controls resting [Ca®*] levels (19,109),
vascular and visceral tone (110,111) and decreases
BKca channel activity (112,113). Recently, it has been

reported that CcADPR participates in hypoxic
pulmonary vasoconstriction as well (107,114).
Nevertheless, the role of CcADPR in inducing

contraction does not seem to be universal (86,115).
In addition, there are unanswered questions
regarding how cADPR works in smooth muscle, e.g.
there is no evidence that membrane depolarization
increases cADPR and the mechanism that triggers
activation of ADP-ribosyl cyclase in smooth muscle
cells is unknown.

Superficial buffer barrier

Another possible physiological function of RyR
in smooth muscle cells is the regulation of luminal
[Ca®*] of the SR ([Ca®*']sr). It has been shown that
the activity of RyR from cardiac myocytes is sensitive
to the [Ca®*]sk (116), which is also supported by
studies in permeabilized cardiac myocytes showing
that the frequency of Ca?" sparks increases in
response to a higher Ca®*' loading of SR. Thus, the
modulation of RyR activity by luminal [Ca?*] could be
a mechanism to regulate the [Ca®*]sx (117). This
mechanism may be present in smooth muscle cells as
well, since the frequency of Ca®' sparks is also
sensitive to the [Ca®*]sr (91).

In agreement with the superficial buffer
barrier hypothesis proposed for smooth muscle (for
review see 118), the peripheral SR separates
cytoplasm into a subsarcolemmal region and the bulk
cytoplasmic compartment. This compartmentalization
would permit the buffering by the peripheral SR of
Ca®" entering in the subsarcolemmal region. To avoid
Ca’" overloading of the SR, the sequestered Ca’*
should be vectorially leaked in the subsarcolemmal
space to be extruded from the cell (118). It seems
feasible that RyRs are the “leak” channels responding
to an increase in the [Ca®*]sr of smooth muscle (119).

Indeed, the incubation of vascular smooth muscle
with ryanodine induces vasoconstriction (100). This
could be due to the effect of ryanodine on the
superficial buffer barrier, as this alkaloid impedes the
function of SR as a Ca®* store by locking RyRs in an
open state (5). Considering that a small Ca®" influx
through VDCCs is continually sequestered by the
activity of peripheral SR Ca** pumps, and since this
action limits Ca®" access to the myofilaments
(16,76,119-121), then eliminating this mechanism
with ryanodine should result in a higher effect of
VDCCs on contraction (119). Thus, ryanodine either
induces or facilitates smooth muscle contraction by
nullifying the sink activity of peripheral SR. This is
completely opposite to the effect of ryanodine in heart
since this alkaloid inhibits contraction by depleting the
internal Ca®* stores of cardiac myocytes.
Nevertheless, stronger or faster Ca?" entries are
needed to saturate the buffering activity of peripheral
SR and to induce contraction in smooth muscle cells
(16). Therefore, RyR activity appears to be involved in
the vectorial release of Ca®' to the subsarcolemmal
region.

Smooth muscle relaxation

Recently, it has been proposed that RyRs
might participate in smooth muscle relaxation by
generating Ca* sparks (100). In general, Ca®* sparks
are localized close to the plasma membrane (82,122)
where they activate BKc, channels in a coordinated
fashion to produce STOCs, first described by Benhan
and Bolton (123). STOCs in turn induce membrane
hyperpolarization with the consequent deactivation of
VDCCs. This last action decreases Ca?* influx, which
in turn facilitates smooth muscle relaxation (124).
Accordingly, it appears that BKca channels are
functionally associated to RyRs (125). Indeed, a co-
localization study with antibodies showed limited
zones where BKc, channels are close to RyRs (122).
Thus, a fraction of RyRs in some smooth muscle cells
is tuned or organized in a way that Ca®' sparks but
not global [Ca®*]; elevations are generated (126). The
importance of RyRs generating only Ca®* sparks is the
implication that overloaded SR can be discharged by
an increased frequency of Ca®* sparks. These events,
as indicated above, generate STOCs with the
concomitant hyperpolarization of the cell membrane
and deactivation of VDCCs. These effects together
with the contribution of the superficial buffer barrier
would have as a final result the reduction of Ca®*
loading in SR. This dynamic regulation of Ca’" influx
and SR Ca®" loading may be responsible for the
myogenic tone (124).

However, Ca®* sparks also activate Ca®*-
dependent CI" channels, which can induce membrane
depolarization and smooth muscle contraction (127).
Furthermore, BKca channels can also be directly
activated by local Ca®' entry through VDCCs (128).
These data indicate that not all BKca channels are
strictly associated with RyRs. Indeed, it has been
found that a substantial number of Ca®* sparks does
not elicit STOCs in myocytes from both feline
esophagus (129) and toad stomach (130). In
addition, studies in intact cells have shown that BKc,



channels display an extremely high Hill number and a
Ca®" sensitivity near 1 pM (131), both of which are
higher than the same obtained for these channels in
planar lipid bilayers (132). Therefore, Ca?* sparks do
not need to be in such close apposition to BKc,
channels, as nearby Ca®* sparks would only require to
increase [Ca®"]ito ~ 1 uM to trigger STOCs.

It has been established that cyclic nucleotides
(cAMP and cGMP) play a significant role in smooth
muscle relaxation. These second messengers increase
the frequency of both Ca?* sparks and STOCs in
smooth muscle cells isolated from basilar arteries
(133), supporting the role of Ca?* sparks in smooth
muscle relaxation. However, the same nucleotides
either barely increase the frequency of STOCs in
myocytes from rabbit portal vein (134), or do not
have any effect on STOCs frequency in pulmonary
artery smooth muscle cells (135). Interestingly, in
these three cases cyclic nucleotides appear to
increase the [Ca®*]sr. Certainly, although the function
of RyRs in smooth muscle relaxation seems to be
appealing, more studies are needed to establish the
actual role of RyRs in terminating smooth muscle
mechanical activity.

Perspectives

The role of RyRs in smooth muscle has begun
to be unraveled. From the data reviewed here, it
appears that unknown factors may regulate the
activity of RyRs in this type of cells. This notion is
supported by the fact that RyR3 in uterine smooth
muscle cannot directly respond to Ca®* or caffeine
(45, 47), although they respond to these agents when
expressed in HEK293 cells (136). Identifying the
nature of these factors is critical to understand the
role of RyRs in smooth muscle physiology. However,
there are still other questions that need to be
addressed, among them: 1) Is there more than one
type of RyR expressed in the same smooth muscle
cell? 2) What is the intracellular distribution of the
different types of RyRs? 3) How tight is the
relationship between RyR and BKc, channels? 4) What
is the importance of RyR in regulating the luminal
[Ca?™] in smooth muscle cells? These issues are
further complicated by the diversity of smooth
muscles. Thus, although RyRs are present on the SR
of smooth muscle cells, these release channels do not
seem to participate in excitation-contraction coupling.
Clearly, this is the opposite to the key role played by
RyRs in the contraction of striated muscles.
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ABSTRACT The amount of Ca?" released from the sarcoplasmic reticulum (SR) is a
principal determinant of cardiac contractility. Normally, the SR Ca®' stores are mobilized
through the mechanism of Ca®*-induced Ca* release (CICR). In this process, Ca®" enters
the cell through plasmalemmal voltage-dependent Ca®* channels to activate the Ca®*
release channels in the SR membrane. Consequently, the control of Ca®' release by
cytosolic Ca®* has traditionally been the main focus of cardiac excitation-contraction (EC)
coupling research. Evidence obtained recently suggests that SR Ca release is controlled not
only by cytosolic Ca®*, but also by Ca?* in the lumen of the SR. The presence of a luminal
Ca®* sensor regulating release of SR luminal Ca?* potentially has profound implications for
our understanding of EC coupling and intracellular Ca®* cycling. Here we review evidence,
obtained using in situ and in vitro approaches, in support of such a luminal Ca®* sensor in
cardiac muscle. We also discuss the role of control of Ca?* release channels by luminal Ca**
in termination and stabilization of CICR, as well as in shaping the response of cardiac
myocytes to various inotropic influences and diseased states such as Ca®* overload and

heart failure.

INTRODUCTION

In cardiac muscle, most of the Ca** required
for contractile activation is derived from a specialized
intracellular Ca®" release and storage organelle, the
SR. During electrical activation, the Ca®* that enters
the cell through plasmalemmal voltage dependent
Ca®* channels binds to and activates the Ca®' release
channels, also known as ryanodine receptors (RyRs),
clustered in release units in the membrane of the SR.
When the Ca?* release channels open, a much larger
amount of Ca" is released from the SR, resulting in
activation of contractile proteins. This mechanism is
known as CICR (for reviews see 1-4). Intuitively,
CICR, at least in individual RyR clusters, should be
self-regenerating and continue until completion
because of the positive feedback of released Ca®* on
further release. However, relaxation of cardiac muscle
requires a robust termination of Ca®* release, so that
resting cytosolic Ca®* can be restored by Ca®*
transporters present in both the SR membrane and
plasmalemma. Intense research has been brought to
bear on the mechanisms that terminate and stabilize
CICR. Much attention has been focused on the role of
cytosolic Ca®* in regulating Ca®* release. In particular,
it has been suggested that binding of Ca®" to
inhibition sites on the RyR causes channel activity to
decrease through processes referred to as
Ca’*dependent inactivation or adaptation accounting
for the early termination of Ca®* release. However,
the role of these mechanisms that involve changes in
cytosolic [Ca®*] remains controversial (See ref. 5 for a
review).

The key to resolving the paradoxes of CICR
may reside on the luminal side of the SR. Growing
evidence suggests that the SR Ca?®* release process is
regulated not only by cytosolic Ca®* but also by Ca®*

inside the Ilumen of the SR. The regulatory
mechanism appears to be much more sophisticated
than simply its influence upon the concentration
gradient between the SR and the cytosol. An
emerging view is that the size and the functional state
of the SR Ca®' store is controlled by Ca?" sensing
sites on the luminal side of the Ca®* release channel.
By linking the loading status of the SR to the activity
of RyRs, the luminal Ca®" sensor stabilizes CICR and
influences the way in which the cell responds to
pharmacological agents that affect SR Ca®* cycling.
Furthermore, alterations in this mechanism may
contribute to certain pathological conditions such as
Ca’*-dependent arrythmias and heart failure. In this
article, we summarize experimental evidence for
luminal Ca®" regulation of Ca®' release. We also
review potential molecular mechanisms and discuss
functional implications of this control mechanism in
normal and diseased heart.

Ca** IN THE SR

The amount of Ca®' stored in the SR is
determined by the balance between Ca®* uptake by
the SR Ca®* pump (sarco/endoplasmic reticulum Ca®*-
ATPase, SERCA), binding of Ca®* to luminal buffers
such as calsequestrin (CSQ), and Ca®' leak from the
SR via the RyRs. For the purpose of this review, it is
important to distinguish between the free and total SR
[Ca%*] ([Ca®*']sk). During release, Ca®' bound to
luminal buffers is expected to dissociate from these
binding sites, thus contributing to the Ca®' released.
Therefore, the amount of bound Ca?* may be an
important determinant of the functional size of the
pool. However, it is the free [Ca®*]sr that determines
the concentration gradient and electrochemical driving
force for Ca®* across the SR membrane. Similarly, it is



the free Ca®' that is likely to govern various Ca®*-
dependent processes in the lumen of the SR, including
modulation of the functional activity of the Ca®*
release channels. In the sections below we briefly
summarize the data available regarding estimates of
the total and free [Ca®*] in the SR and the properties
and role of the main luminal Ca%* buffer, CSQ.

Total [Ca®*]sk and calsequestrin

The total SR Ca®* content in intact cells is
commonly estimated by measuring the amount of
Ca’* released from the SR to the cytoplasm upon
addition of caffeine. The amount of released Ca®" is
inferred by using fluorescent Ca®* dyes or by
integrating the Na*/Ca®* exchange current (e.g. refs.
6-9). Most studies performed under normal cellular
conditions have estimated the resting total SR Ca**
content to be in the range of 50-260 pmol/liter of
cytosol in myocytes from various mammalian species.
(e.g. 4). Assuming the SR comprises 3.5% of cell
volume (4), the total SR Ca®" content is 1.4-7.4
mmol/liter of SR volume. As discussed below, a
substantial part of this Ca** may be bound to low
affinity intraluminal buffers. The concentration of Ca**
binding sites within the SR has been estimated to be
3 or 14 mM in intact ventricular myocytes (10) and
isolated cardiac SR microsomes, respectively (11),
with a Kp of 0.63 mM (11). The difference in luminal
Ca’* buffering between intact cells and SR vesicles is
likely to reflect SR fragmentation caused by tissue
homogenization (12). The Ca** binding properties of
the SR in cardiac myocytes match reasonably well
those of CSQ, supporting the notion that CSQ is a
major site for storing Ca®*. Cardiac CSQ binds ~40
Ca’" ions/mole with an apparent affinity of 0.5 mM
(13). Based on the reported yield of isolated cardiac
CSQ (14; 40 mg/kg wet wt), the concentration of CSQ
Ca’* binding sites in cardiac SR can be estimated to
be in the range of 3.2-6.4 mM (4). Thus, assuming a
total concentration of Ca®* in the SR of 4 mM and a
concentration of SR Ca®* binding sites of 4-5 mM with
a Kp of 0.65 mM, the free [Ca?*]sz would be about 0.6
- 1.0 mM and the fraction of intra SR Ca®* bound to
buffers would be approximately 50-75%. During a
twitch, up to 60% of the total Ca®" is released from
the SR (7). Therefore, depending on the true amount
of bound luminal Ca®*, a substantial fraction (up to
50%) of Ca®* that is released during a twitch may be
released from CSQ. While the equilibrium binding
properties of Ca®* to CSQ are relatively well
characterized, very little is known about the kinetics
of binding. Apparently, no experimental studies of the
association and dissociation rate constants have been
reported in the literature. The paucity of kinetic data
for Ca®* binding to CSQ makes it difficult to assess
the relative roles of binding and diffusion in
establishing the concentration profile of free Ca’*
within the SR. Also the role of minor luminal Ca**
binding proteins (sarcalumenin, histidine rich Ca-
binding protein, and calreticulin, 4) in cardiac SR Ca*
homeostasis remains to be determined.

10-20 fold over-expression of CSQ leads to
development of severe heart failure in mice and
reduction of the amplitude of Ca" transients in cells

isolated from the failing hearts (15-17). At steady
state, increasing Ca?t binding site concentration
would be expected to increase the amount of
releasable Ca®". This is expected because the
overexpressed CSQ provides a larger store of SR
Ca®*. However, in a beating cardiac cell, increased
Ca’* store size may slow the dynamic recovery of
[Ca®*]sr because of the longer times required to refill
the store. This is a potential explanation for why EC
coupling is depressed in mice overexpressing CSQ.

Free [Ca?*]sr

Few experimental studies have been
performed to measure free [Ca®*]sr in cardiac muscle.
One obstacle has been the lack of low affinity
fluorescent Ca®* indicators that would be suitable for
measuring Ca®* in the millimolar range in which Ca*
appears to be present in this compartment. Another
difficulty is introducing the probe into the SR.
Shannon and Bers (11) measured [Ca®*]sz in rat
isolated cardiac microsomes with the Ca-Mg indicator
furaptra entrapped in the vesicles by homogenization
of cardiac tissue in the presence of the indicator. They
estimated that the resting free [Ca?*]sr reaches 0.7
mM for cytosolic [Ca®*] of 100 nM. This value might
underestimate the true intra-vesicular [Ca®*] because
the fluorescence signal saturated also near 0.7 mM
Ca’*. On the other hand, the content of Ca®' in the
vesicles was likely to have been higher than normal
because of the presence, in the experimental
solutions, of ruthenium red to block the RyRs.
Inhibition of Ca®* leak via RyRs by this drug is known
to lead to a substantial increase of the SR Ca**
content (9). Chen et al. (18) used a low affinity Ca-
sensitive NMR probe (TF-BAPTA) to measured free
[Ca®*] inside the SR in intact, perfused working hearts
and reported a diastolic value of ~1.5 mM. Raising
cytosolic free Ca®* by exposing the heart to elevated
extracellular KCI, resulted in an increase in [Ca®*]sg to
about 5 mM. During systole [Ca?*]sz decreased only
moderately (by ~30%), consistent with the notion
that the Ca®" is heavily buffered in the SR. It is
unclear how such measurements of [Ca®'], averaged
throughout the entire SR Iuminal compartment,
reflect the local [Ca®*] changes near Ca®' release
sites. A mathematical model of Ca®* release from the
junctional SR (jSR) predicts that local release events
(i.e. Ca®* sparks) might be associated with significant
depletion of local Ca?* in the jSR elements (19).
Clearly, more experimental and modeling studies are
needed to define the changes in [Ca®**]sk during both
global and local Ca?* release from the SR.

EXPERIMENTAL EVIDENCE FOR MODULATION OF
THzE Ca?* RELEASE MECHANISM BY LUMINAL
ca**

A number of studies have explored the
dependence of SR Ca®" release on SR Ca®' content in
intact and permeabilized cardiac cells. In addition, the
effects of luminal Ca®* have been studied in RyR
channels reconstituted into lipid bilayers. Most of
these studies found that luminal Ca®* influences the
functional activity of the Ca®" release channels.
However, the interpretation of the results has been



complicated by the existence of at least two potential
mechanisms: 1) extra-SR effects involving the
cytosolic Ca®* activation sites of the RyR; and 2)
intra-SR effects mediated by distinct luminal Ca**
sensing sites on the RyR or associated proteins. It is
likely that these two mechanisms co-exist in cardiac
myocytes. Here we will summarize evidence, obtained
using in situ and in vitro approaches, in favor and
against a luminal Ca?* sensor regulating RyR activity.

Cell studies

In 1992, Fabiato (20) provided the first
experimental evidence for regulation of Ca*' release
by Ca®* stored inside the SR of cardiac muscle. He
showed that mechanically skinned cardiac myocytes
exhibit spontaneous Ca®* release, which required a SR
Ca’* overload. High cytosolic Ca?* did not inactivate
this release. This mechanism existed in addition to
the time- and Ca?*-dependent Ca®* release that is
first activated and then inactivated by an increase of
Ca’" at the cytosolic side of the SR. Fabiato (20)
proposed that this second type of release is initiated
by binding of Ca®* to regulatory sites in the lumen of
the SR.

In intact cardiac myocytes, a number of
investigators have explored the effects of changes of
SR Ca’* content on Ca®' release from the SR (for a
review see 4). Most studies found that that SR Ca®*
release increases steeply with the increase in the SR
Ca®" content. For example, Shannon et al. (21) used
conditioning pulses to progressively increase SR Ca**
load. This study employed caffeine applications to
empty the SR for assessment of its Ca*' content.
They found a steep nonlinear relationship between the
fraction of Ca®' released and SR Ca®' content. The
highly non-linear relationship between Ca®' release
and SR Ca?' content, revealed in these studies,
indicates that the effects of load may not be simply
due to the increased amount of Ca’* available for
release. Rather, they likely involve alterations of RyR
gating. It is important to note that, while consistent
with regulation of the release mechanism by luminal
Ca®*, these effects can also be readily explained by
extra-SR effects through cytosolic Ca®* ([Ca®']).
Indeed, [Ca®'];i near the release sites would be
expected to be higher for any RyR opening at
increased SR Ca®" loads. This higher [Ca®']; would
tend to activate more neighboring RyRs via CICR,
thereby accounting for or contributing to
disproportionately large SR Ca* release.

At the local Ca?* release level, several studies
have demonstrated that the rate of occurrence of
elementary Ca®* release events (i. e. sparks) depends
positively on SR Ca?" content (22-24). In these
studies, the SR Ca?" content was increased by
elevating the [Ca®*] in the extracellular solution or by
altering the rate of electrical stimulation of the cells.
Subsequently, Song et al. (25) found no significant
change in the frequency of sparks when the SR Ca**
content was reduced by thapsigargin (a selective
inhibitor of the SR Ca** pump), while correcting the
spark statistics for changes in detectability of events.
Because the detectability of small sparks against
background noise is reduced in confocal microscopy,

the data had to be corrected to avoid overestimating
the reduction of spark frequency. These authors
attributed the changes in spark frequency observed in
previous studies to two factors. The first was altered
detectability of sparks with different amplitudes
against the background noise. The second was
increases in cytosolic Ca®" that usually accompany
alterations in SR Ca?* load upon elevating
extracellular [Ca®*]. Lukyanenko and co-workers (26)
then re-examined the effects of alterations of SR Ca**
content on Ca®" sparks in permeabilized myocytes at
constant (i.e. buffered) cytosolic [Ca®*] and with
corrections made to account for missed events.
Enhancing the SR Ca®*' content by selectively
stimulating the efficiency of the SR Ca®* pump (using
an anti-phospholamban antibody) increased the
frequency of Ca®' release events. Furthermore, in
myocytes exposed to elevated cytosolic Ca®* to
increase the initial SR Ca®" content, partial depletion
of the SR by thapsigargin reduced the frequency of
sparks (corrected for missed events). Thus, it is
possible that the Song et al’'s (25) experiments were
performed at relatively low SR Ca®" loads, at which
luminal Ca** was outside the range in which it could
effectively influence release site activity. All together,
the relationship between spark frequency and SR Ca**
content seems to support active luminal regulation of
release at luminal sites.

In addition to monitoring fractional Ca**
release and spark frequency at different SR Ca®*
loads, another useful strategy for demonstrating the
role of luminal Ca®' in controlling Ca*' release has
been the use of RyR inhibitors. It has been shown
that certain RyR inhibitors, such as tetracaine, only
transiently suppress spontaneous (i.e. Ca®*' sparks
and waves) and experimentally evoked Ca’* release
(26-30). The restoration of release in the continuous
presence of the drugs was associated with an increase
in the SR Ca* content caused by reduced leak of Ca*
through the RyRs. One possibility is that the recovery
of release in the presence of tetracaine is simply due
to increased amount of releasable Ca®* in the SR
(28,29). The decreased number of open Ca®* release
channels may be offset by an enhanced Ca®* flux
through each channel that was not inhibited by the
drug. Such a simple compensation of blockage could
occur only if inhibition by the drug is partial, and at
least some of the release sites remain available for
liberation of Ca®'. Further, at the local release level,
such a mechanism would be expected to manifest
itself only by an increase in the magnitude of sparks
without any increase in their frequency. In contrast to
these expectations, we found that the effects of
tetracaine were transient not only with respect to the
amplitude of release events, but also with respect to
their frequency (26-27). In addition, the recovery of
release was observed even with tetracaine
concentrations that caused an initial complete
inhibition of release (30). Such observations indicate
that the recovery of release from inhibition is not
simply due to an increase in the amount of releasable
Ca®*. Instead the release mechanism itself becomes
altered by luminal Ca®* in a way that makes it less
sensitive to inhibition by tetracaine. These results



cannot be explained easily by effects of Ca?* on the
cytosolic side of the SR and provide strong evidence
in support of existence of distinct intraluminal Ca**
sensing sites that regulate the behavior of the RyR
allosterically.

Studies in RyRs reconstituted in bilayers

A number of investigators have shown that
increasing Ca®* on the luminal side of the RyR leads
to an increase in RyR channel open probability
(23,31-35). These effects occurred in the range of 0.1
- 10 mM Ca?* (apparent Kp ~ 2 mM, Hill coefficient ~
2; i.e. 33) and were manifested predominantly by
increased open times (34) or an increased frequency
of events (33). While in some studies the presence of
cytosolic Ca®*, alone, was sufficient (albeit at high
concentrations) to mediate the effects of luminal Ca**
(34), other studies found that the activation by
luminal Ca®" required, in addition to cytosolic Ca®",
the presence of allosteric modulators of RyR activity
such as sulmazole, caffeine, or ATP on the cytosolic
side of the channel (23,31-33). Similar to
experiments with cardiac myocytes, two mechanisms
of luminal Ca®* regulation have been proposed. One
suggestion is that Ca®* flowing through the open RyR
channel activates the channel by interacting with its
cytosolic Ca®* activation sites (‘feed-through”
regulation). The other suggestion is that luminal Ca®*
acts at distinct sites on the luminal side of the Ca**
release channel complex (true luminal regulation).
Locating the site of action of luminal Ca®* s
confounded by the fact that, with millimolar luminal
Ca®*, high Ca®* flux from the luminal to the cytosolic
side of the channel makes it difficult to exclude the
possibility that luminal Ca®* has some access to
cytosolic sites.

In support for the “feed-through” regulation
hypothesis, Xu and Meissner (34) found, in canine
RyRs purified by sucrose gradient, that the effects of
luminal Ca?* are much larger at negative holding
potentials than at positive holding potentials.
Negative holding potentials favor luminal-to cytosolic
Ca’" fluxes. They were able to correlate the effects of
luminal Ca** on RyR open probability (P,) with the
magnitude of Iluminal-to cytosolic fluxes. In the
presence of caffeine and nanomolar cytosolic Ca®*,
estimated luminal-to-cytosolic fluxes of 0.25 PpA
increased channel P,. At high cytosolic [Ca®'],
estimated luminal Ca* fluxes of 8 pA caused a decline
in channel activity. The authors proposed that Ca?*
passing through the channel could both activate and
inactivate the channel at cytosolic sites. These studies
provide strong evidence for the ability of Ca®* passing
through the pore to influence channel activity at
cytosolic regulatory sites. However, they do not
necessarily rule out the possibility that luminal Ca?*
can also modulate channel activity at distinct luminal
sites.

The existence of luminal sites was addressed
directly (33) by performing measurements at high
positive membrane potentials and at high cytosolic
Ca’* conditions, in which the electrochemical gradient
does not support luminal-to-cytosolic Ca®* fluxes.
Luminal Ca®* was found to potentiate native canine

cardiac RyRs, regardless of whether Ca®* flowed from
the luminal to cytosolic side or from the cytosolic to
luminal side of the channel. These results support the
notion that luminal flux is not required for the effects
of luminal Ca®*. Recently Ching and co-workers (35)
also reported convincing evidence of luminally-located
Ca®* regulatory sites in native sheep cardiac RyR
using a tryptic digestion approach. After the RyRs
were exposed to luminal trypsin, they lost their ability
to respond to luminal Ca®*. Apparently the luminal
Ca’* activation sites were damaged by trypsin
digestion. Thus, the single channel data accumulated
to date show that, in some instances, luminal Ca?*
can have access to the cytosolic Ca®* regulatory sites.
At the same time, they also provide evidence for the
existence of distinct regulatory sites on the luminal
side of the channel. Taken together, the studies
described above seem to support the existence of a
true luminal Ca®* sensor that controls the function of
the RyR channel.

MOLECULAR STRUCTURE OF THE LUMINAL Ca?*
SENSOR

Very little is known about the structure of the
luminal Ca®* binding sites. Two obvious possibilities
are that Ca®" binds directly to the luminal aspect of
the ryanodine receptor protein, or that it binds to an
auxiliary protein with luminal location. The luminal
loops connecting the putative transmembrane
spanning domains M1-M2 and M3-M4 of the RyR
possesses many negatively charged residues (36-38).
Calcium ions could bind to these regions, altering the
channel conformation to increase its open probability.
Consistent with this possibility, the effects of luminal
Ca’* have been described in RyRs purified with CHAPS
solubilization (31). It should be noted, however, that
CHAPS solubilization does not necessarily lead to
dissociation of all the proteins from the RyR (39). In
addition, the results of experiments with purified RyRs
could have been influenced by potential effects of
luminal Ca®* at the cytosolic activation sites, making
it difficult to discriminate true luminal from feed-
through effects of Ca®*. Therefore the possibility that
luminal Ca®** exerts its modulatory influences
indirectly, via interaction of the RyR with Ca**-
sensitive luminal proteins, cannot be discarded.

Cardiac RyRs localized in the jSR appear to
complex with a number of luminal proteins including
CSQ, triadin and junctin (39). As discussed above,
CSQ may bind a large portion of Ca®' in the SR and
provide a reserve for release. In addition, biochemical
evidence obtained predominantly in skeletal muscle
suggests that CSQ may actively participate in SR Ca**
release by modulating the RyR (40,41). The actions of
CSQ on the RyR could be direct or require the
presence of intermediate linker proteins such as
triadin or junctin. Consistent with the former
possibility, the addition of CSQ to the luminal side of
the skeletal RyR has been reported to enhance P, of
the channel in a Ca?'-dependent manner (42,43).
Junctin and triadin are structurally related integral
membrane proteins that co-localize with the RyR and
CSQ at the jSR membrane in cardiac ands skeletal
muscle (39,44-45). It appears that junctin and triadin



interact directly in the jSR membrane and form a
complex that anchors CSQ to the ryanodine receptor
(39). Therefore, these proteins could mediate the
proposed effects of CSQ on the RyR. The role of CSQ
as a luminal Ca®* sensor for the RyR was questioned
by Ching and co-workers (35). These workers
demonstrated that trypsin does not cleave CSQ,
although exposure to the enzyme does abolish the
luminal sensitivity of the RyR. This implies that the
observed changes in luminal regulation of RyR were
not caused by damage to CSQ, unless trypsin
damaged certain structures involved in the interaction
of the RyR and CSQ on the channel protein, itself, or
on intermediate linker proteins. An alternative
possibility is that the luminal Ca®* sensor is formed by
either junctin or triadin instead of CSQ. Their luminal
domains are also rich in negatively charged residues
that could form the Ca®'-binding regions.
Furthermore, these proteins do have putative sites for
cleavage that could account for the loss of luminal
Ca®* sensitivity upon trypsin digestion.

FUNCTIONAL IMPLICATIONS
PHYSIOLOGY AND DISEASE

The presence of a luminal Ca®* sensor
regulating release of luminal Ca®* potentially has
profound implications for our understanding of cardiac
EC coupling and intracellular Ca®* cycling in cardiac
muscle. Here we will review the possible role for such
a sensor in termination and long-term stabilization of
CICR. We will also examine its potential role in such
pathological conditions as regenerative Ca** waves
and impaired Ca®* release in heart failure

FOR NORMAL

Termination of CICR

As a system in which Ca®' is both the trigger
and the output signal, CICR should be inherently
unstable and self-regenerating. Yet, Ca®** release is
tightly graded with the magnitude of the Ca®* trigger
and robustly terminates. Despite intense effort, the
mechanisms involved in control of CICR remain poorly
understood. Lowering Ca®* in the lumen of the SR
would decrease channel activity, thereby providing a
potential negative control mechanism to counter the
positive feedback of CICR. Several recent studies are
consistent with this scenario. For example, depletion
of [Ca®*]ss resulted in a disproportionately large
decrease in the amount of Ca®* released from the SR
(7). This supports the notion that SR depletion may
somehow contribute to the termination signal for Ca%*
release. Evidence for functional depletion of SR Ca®*
stores was also presented in recent studies of
refractoriness of Ca?" release. Following release of
Ca®*, time must pass before CICR can be activated
again (1,46). This refractory behavior has been
commonly attributed to inactivation by cytosolic Ca®*.
Recently, DelPrincipe and co-workers (47) showed
that the SR Ca®* release mechanism exhibits a much
more prominent refractoriness following its activation
on a global scale than following local activation of just
a few release sites by photolysis of caged Ca®*. They
attributed this discrepancy to functional depletion of
SR Ca?', which leaves the Ca?" release channels
unresponsive to Ca®* trigger until the SR Ca** store is

re-charged with Ca®'. A direct experimental
confirmation of the role of luminal Ca®* in termination
of CICR may come from studies that use low affinity
Ca’* buffers (ADA, citrate, or maleate) loaded into the
SR. According to preliminary data obtained in our
laboratory, clamping the level of Ca®" in the SR by
these exogenous buffers leads to dramatic increases
in the amplitude and time-to-peak of sparks, as well
as the duration of local Ca?* release fluxes underlying
Ca’* sparks (48). These findings imply that the level
of Ca®* in the SR controls termination of Ca** release.
At the whole-cell level, Ca** release loses its ability to
respond to Ca®* stimuli in a graded fashion, in the
presence of exogenous buffers in the SR (49). These
data suggest that regulation of RyR openings by local
intra-SR [Ca®*] might be responsible for termination
of Ca®* sparks, and that robust termination of sparks
is required for graded behavior of macroscopic Ca®*
release. Recently a mathematical model of Ca®*
sparks also has been suggested, in which RyR gating
depends on luminal Ca** and the coupling between
RyRs, in addition to the well-established activation by
local Ca®* in the dyadic cleft (50).

Dynamic control of SR Ca’* content and release

In addition to providing an immediate “break”
for regenerative CICR, the luminal Ca®* sensor
appears to continuously regulate the functional
activity of the SR Ca®* stores by linking SR Ca’**
content to the activity of the RyRs. A key element of
this mechanism is luminal Ca®** dependent Ca* leak
across the SR membrane. Openings of RyRs,
manifested as spontaneous Ca®* sparks, mediate a
substantial leak that is controlled by the level of Ca®*
inside the SR (1,23,26). At the same time the activity
of RyRs influences the SR Ca?" content, thereby
forming a closed control loop (26). This dynamic
control mechanism comes to play when either the SR
Ca’* release or uptake mechanisms are disturbed
pharmacologically (27, 26). For example, when the
RyR channel blocker tetracaine is applied, the leak of
Ca’" through the channels (i.e. appearing as Ca’"
sparks) is decreased, resulting in accumulation of
Ca’" in the SR. The luminal Ca®* sensor detects this
elevation and increases the open channel probability
of the RyR. This, in turn, leads to the recovery of
sparking activity and counterbalances the inhibition
by tetracaine. The sequence of events is the opposite
when the RyR agonist caffeine is applied. Potentiation
of RyRs leads to enhanced Ca?* leak, causing the SR
Ca®" content to decline. The decreased [Ca®*]sr leads
to reduced RyR activity, thereby counterbalancing the
primary potentiation of Ca?* sparks by caffeine. This
intrinsic  self-regulation of Ca?* release channels
explains why modulation of RyRs leads to only
transient changes in both triggered and spontaneous
activities of Ca®' release sites in cardiac myocytes
(27,26).

Such a dynamic control mechanism, although
possessing a certain time lag (due to the dynamics of
changing SR load), should be advantageous for
stabilizing Ca?* cycling when either Ca®* release or
uptake is altered. The significance of luminal Ca?*
regulation can also be considered in the context of



periodic Ca®* cycling in cardiac cells. The periodic
beating of the heart requires that Ca?*, once released,
is rapidly re-sequestered in the SR. To move Ca**
rapidly, the SR Ca®* pump may have to maintain high
levels of cycling through the whole range of [Ca®*] to
which the pump is exposed in the cytosol. This Ca**
transport mechanism, which is designed for rapid Ca®*
uptake, might be too coarse for precise adjustments
of the SR Ca?' content. Such fine adjustments might
be necessary to avoid SR Ca?* overload, which could
result in loss of stability of CICR. The luminal Ca®*-
dependent leak may serve to fine tune the SR Ca®**
content by releasing excess Ca?". Thus RyRs, in
addition to their role as a major Ca’" release
pathway, may also operate as “safety valves” to
maintain stable Ca®* load and release.

Maintained regulation of Ca’* release

Given such dynamic regulation of release,
however, why do certain substances such as cADP-
ribose (cADPR), which are thought to interact
specifically with RyRs, have maintained modulatory
effects on release? This paradox can be resolved if
such substances do not act directly upon the RyRs,
but, in fact, influence the release channel indirectly
through luminal modulation.

cADPR appears to present just such an
example in which the release is enhanced solely by
increasing the uptake, without any direct effects on
the RyRs. In recent years, cADPR has emerged as a
potential endogenous regulator of SR Ca®' release
(51-53). For example, it has been demonstrated that
cADPR applied to the cytosol increases cell-averaged
Ca®* transients and contractions (54-56). The
compound was initially viewed as a specific agonist of
RyR channels, acting by sensitizing the RyR to
cytosolic Ca?*, thereby enhancing CICR (57).
However, subsequent studies have indicated no effect
of cADPR upon RyRs, or have detected influences that
should be abolished in the presence of physiological
concentrations of ATP (58,59). The conflicting data
have led some investigators to rule out cADPR
altogether as modulator of SR Ca®* release (60).

This body of apparently contradictory results
was reconciled by the recent finding that cADPR acts
by enhancing SR Ca’?" uptake (61). Potentiation of
Ca’" release by cADPR appears to be mediated by
increased SR Ca®* load due to persistent enhancement
of uptake, with subsequent luminal Ca**-dependent
activation of RyRs. The evidence for this mechanism
includes the following observations in response to
cADPR application to intact and permeabilized cardiac
myocytes: increased frequency of local Ca®* release
events (i.e. sparks), increased SR Ca®" load, and
reduced influence of cADPR in the presence of the
SERCA2a inhibitor thapsigargin (61,62). At the same
time, cADPR has negligible impact upon the activity of
single RyRs in lipid bilayers, but significantly
increased Ca®* uptake by cardiac SR microsomes. The
exact biochemical mechanism for the effect of cADPR
upon SERCA activity is to date unknown, but could
involve direct potentiation of the SERCA pump, or
relief of the inhibition of the SERCA by
dephosphorylated phospholamban. This mechanism of

indirect modulation of RyR activity via the luminal
sensor could therefore serve as a paradigm for other
effectors of Ca®" release that demonstrate maintained
effects.

Generation of Ca®>* waves

An excess of Ca®* in the SR Ca®* stores (Ca**
overload) is a common feature in a variety of cell
injuries (63). Ca®* overload is known to promote the
generation of spontaneous Ca?* waves in cardiac
myocytes (64-67,1). Regenerative Ca®' waves are
believed to be the underlying cause of both early and
delayed afterdepolarizations (EAD and DAD), the
basis of triggered arrhythmias in the heart (68,69).
Considering the fact that increased [Ca®*]sz enhances
RyR P,, how does the presence of the luminal Ca®*
sensor affect the generation of Ca®** waves in Ca®*-
overloaded myocytes? Two specific scenarios have
been discussed in this regard (20,69,70,1,67).
According to the first mechanism, Ca®' transported
from the moving wavefront into the SR could trigger
release by activation of RyRs from within the SR. The
wave propagates as Ca?" released from the SR is
taken up into adjacent SR elements, raising local
luminal Ca*' above threshold for activation of the
release mechanism at luminal sites. According to the
second mechanism, elevated luminal Ca?* sensitizes
the Ca®* release channels to cytosolic Ca®*, enhancing
the ability of cytosolic Ca?* to activate adjacent
release sites to cytosolic Ca®* via CICR. From most
experimental evidence, the second mechanism is
more likely. For example, Engel and co-workers (70)
investigated the temperature dependence of Ca®*
wave properties in isolated rat cardiomyocytes using
digital Ca®* imaging. They observed waves at 37°C,
27°C, and 17°C. The velocities decreased by a factor
of 1.8 over this range. At the same time, the half-
maximal decay rates, which characterize local Ca*
removal by the Ca?* ATPase, increased by a factor of
3.5. The higher temperature sensitivity of Ca®*
removal compared with that of Ca®* wave propagation
is inconsistent with the hypothesis that Ca’* wave
propagation relies on Ca?* ATPase-dependent uptake
of Ca’" from the spreading wave front into the SR.
Also, using fluo-3 confocal microscopy, Cheng and co-
workers (1) demonstrated that the local Ca®' rise
during spontaneous Ca?" waves and electrically
evoked Ca®' transients has the same rapid time
course. This is consistent with both phenomena
having the same underlying mechanism, namely
CICR. Lukyanenko and co-workers (67) used a
pharmacological approach to discriminate between
the cytosolic and luminal Ca?" activation hypotheses.
We examined the transition of focal caffeine-induced
localized Ca®' release into propagating Ca®* waves
under various experimental conditions. The conditions
included increased SR Ca®* loading, inhibition of SR
Ca’* uptake by thapsigargin, and sensitization of RyRs
by caffeine. We were able to induce self-sustaining
Ca’* waves when the SR Ca®* load was increased by
exposing the cells to elevated extracellular Ca?*.
Inhibition of SR Ca?" uptake by thapsigargin in cells
preloaded with above normal levels of SR Ca®* did not
prevent local Ca®*' elevations from triggering



propagating waves, but, instead, led to increased
wave velocity. These results imply that Ca?* wave
propagation does not require translocation of Ca*
from the spreading wave front into the SR. We were
also able to induce propagating Ca®* waves in cells
with normal levels of SR Ca®' load when the Ca®*
release mechanism was sensitized to cytosolic Ca®* by
low doses of caffeine (0.5 mM). This concentration of
caffeine increases the P, of RyR in lipid bilayers to
about the same extent as does millimolar luminal
Ca’*. Therefore, it is clear that potentiation of RyR
activity by elevated luminal Ca?" could indeed
contribute to higher incidence of Ca®* waves in Ca**-
overloaded myocytes.

How is this destabilizing influence of the
luminal Ca®* sensor reconciled with its potential
stabilizing role discussed above? It appears that the
dynamic control mechanism discussed above can
operate effectively only within a certain range of SR
Ca’" load. When the increase in SR Ca?* content falls
outside this normal, “correctable” range as a result of
cardiac cell injury, enhanced RyR channel activity,
mediated by elevated Iuminal Ca®*, tends to
exacerbate the problem of instability, resulting in
even more regenerative Ca’* waves.

Heart failure

Alterations in RyRs have been suggested to
be a cause of reduced SR Ca®' release and of
diminished contractile response in failing hearts (71-
75), although some other studies have found no
alterations in expression or intrinsic gating behavior of
RyRs in heart failure (76,77). As discussed above, one
of the manifestations of SR Ca®* release regulation by
luminal Ca® is that any maintained and selective
modulation of RyRs would be expected to have only
transient effects on SR Ca?' release. Therefore,
alterations in RyR number or functional activity would
not be expected to result in sustained changes in SR
Ca’* release, unless the dependence of the RyR on
luminal Ca®* were also altered or the aberrations of
Ca?* handling were to exceed the ability of the
luminal Ca**-mediated feedback mechanism to
compensate the primary defects in RyRs (26). In
accord with our preliminary data (78), luminal Ca**
regulation of RyRs is indeed compromised in a dog
model of heart failure. We can speculate that this
reduced sensitivity of RyRs to luminal Ca®* is an
adaptive response to minimize the energy costs of
Ca®* cycling in failing hearts. Because luminal Ca®*-
dependent cycling may be important for stabilizing
CICR, this adaptation may come at the price of
reduced stability of CICR in heart failure. Thus,
altered modulation of RyRs by luminal Ca®* could
potentially account for or contribute to fatal cardiac
arrhythmias in failing hearts.

CONCLUSION

To summarize, luminal Ca*' regulation of SR
Ca’* release has emerged as an important component
of cardiac EC coupling and, therefore, should be
included in any comprehensive description of the
control of Ca*' handling in cardiac muscle. Its
consideration is also important to understand the

impact of various inotropic influences and pathological
conditions, such as heart failure upon Ca®* cycling.
Several key unknowns await determination for a
complete understanding of this regulatory pathway.
These include the molecular determinants of the
luminal Ca®* sensor and the precise levels of free
[Ca?'] inside the SR to which the sensor is exposed to
during Ca®* cycling in heart cells.
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Abstract Muscle excitation-contraction coupling is, in large part, regulated by the activity
of two proteins. These are the ryanodine receptor (RyR), which is an intracellular Ca**
release channel and the dihydropyridine receptor (DHPR), which is a voltage gated L-type
calcium channel. In skeletal muscle, the physical association between RyR1 and L-type Ca®*
channels is required for muscle excitation-contraction coupling. RyRs also regulate
intracellular Ca** homeostasis, thereby contributing to a variety of cellular functions in
different tissues. A wide variety of modulators directly regulate RyR1 activity and,
consequentially, alter both excitation-contraction coupling and calcium homeostasis.
Calmodulin, one of these cellular modulators, is a ubiquitously expressed 17 kDa Ca®*
binding protein containing four E-F hands, which binds to RyR1 at both nanomolar and
micromolar Ca®* concentrations. Apocalmodulin (Ca®* free calmodulin) is a partial agonist,
while Ca®*calmodulin is an inhibitor of RyR1. This conversion of calmodulin from an
activator to an inhibitor is due to Ca®* binding to the two C-terminal sites on calmodulin.
Calmodulin can also modulate the L-type Ca®* channel in the transverse tubule membrane,
producing, upon elevation of the local Ca?* concentrations, either inactivation or facilitation
of the channel. Calmodulin binds to a region on RyR1 corresponding to amino acids 3614-
3643 and to a region in the carboxy-terminal tail of the L-type Ca®* channel a; subunit.
However, these calmodulin binding motifs on both proteins bind to undetermined motifs on
the other protein, suggesting that they represent more general protein-protein interaction
motifs. These findings raise questions about the role of calmodulin in excitation-contraction

coupling in skeletal muscle.

RYANODINE RECEPTORS

Ryanodine receptors (RyRs) are Ca®* release
channels that reside in endoplasmic/sarcoplasmic
reticulum. These proteins have a high affinity for
ryanodine, a plant alkaloid, and are homotetramers of
a subunit with a molecular mass greater than 500
kDa. To date there are three isoforms of ryanodine
receptors identified in mammalian tissues: RyR1,
RyR2 and RyR3. The three RyRs are encoded by
separate genes and have different tissue distributions.
The overall sequence homology among these RyRs is
about 60%. Although RyR1, RyR2 and RyR3 are often
referred to as skeletal, cardiac and brain isoforms (1-
5), respectively, this designation is misleading since
all of these isoforms are found in other tissues. RyR1
is found in some parts of brain, such as Purkinje cells
of the cerebellum (6, 7), and in smooth muscle (8),
while RyR2 is the most widely distributed form in
brain (6, 7). RyR3 is a minor isoform in both brain
and skeletal muscle (6, 7, 9). In skeletal muscle RyR3
appears to exist in the highest concentration in the
diaphragm (9). RyR1 and RyR2 are essential proteins
in skeletal and cardiac excitation-contraction coupling,
respectively. In RyR1 deficient mice, E-C coupling is
completely abolished resulting in perinatal death from
respiratory failure. Muscular degeneration is also
found in these mutant mice, suggesting a role for
RyR1 in skeletal muscle morphogenesis (10). RyR2 is
not required for E-C coupling in embryonic heart, but
appears to serve as a regulator of internal Ca®* stores
for other aspects of calcium homeostasis (11). RyR3
is expressed in relative abundance in neonate skeletal
muscle and may play an amplifying or auxillary role in
E-C coupling (12). RyR3 has also been implicated in

spatial learning and hippocampal synaptic plasticity
(13). In nonexcitable cells, RyRs are involved in the
Ca’* wave propagation needed for other cellular
functions, such as secretion activity in pancreatic
acinar cells (14).

DIHYDROPYRIDINE RECEPTORS

Dihydropyridine  receptors (DHPRs) are
oligomeric proteins that are found primarily in the
transverse tubules in skeletal muscle. They are Ca?*
channels of the L-type, which means that they are
activated by high voltage, show slow voltage-
dependent inactivation and are modulated by
phenyalkylamines (eg, verapamil), benzothiazepines
(eg, diltiazem), and dihydropyridines  (eg,
nitrendipine) (15). The DHPR is composed of a 190
kDa «; subunit, a 55 kDa B subunit, a 170 kDa
disulfide-linked 28 dimer and a 33 kDa
transmembrane y subunit (16). In skeletal muscle
DHPRs in the t-tubules are arranged in regular arrays
above RyR1 in the SR membranes. In the arrays the
DHPRs are found in groups of four, called tetrads, and
are positioned above every other RyR1 (17, 18). In
the absence of the DHPR o; subunit (dysgenic
muscle), other subunits of DHPR are no longer
anchored to the junctional region and tetrads are
absent (19).

EXCITATION-CONTRACTION COUPLING

The process whereby depolarization of the
muscle membrane leads to contraction of the muscle
is known as excitation-contraction (E-C) coupling.
There are two kinds of E-C coupling: mechanical



coupling, where a change in the conformation of the
DHPR directly signals the Ca®" release channel to
open, and Ca®*-induced calcium release (CICR),
where Ca?' entering through the L-type channel
activates the Ca?" release channel (20, 21).
Mechanical coupling is required for skeletal but not
cardiac muscle E-C coupling (21). The functional
interactions between RyR1 and DHPR are believed to
be reciprocal. DHPR opens RyR1l, defined as
orthograde signaling, and RyR1 can prevent DHPR
inactivation, defined as retrograde signaling (22, 23).
Chimeras of RyR1 and RyR2 or aisk and aic have been
used extensively to map the regions on RyR1 and
DHPR responsible for these interactions. This
approach is based on the findings that only RyR1 and
a1sk can restore mechanical E-C coupling in skeletal
muscle (23-26). The II-III loop of the aisk subunit has
been shown to be required for the mechanical
coupling. Several regions on RyR1 are thought to be
involved in either orthograde or retrograde signaling,
or both. A region between amino acids 1635-2636 on
RyR1 has been shown to be required for both
orthograde and retrograde signaling. In addition, a
region between residues 2659-3720 on RyR1 has
been implicated in retrograde signaling (23). Other
regions of both proteins may be involved in their
coupling (27, 28). A synthetic peptide representing a
sequence between amino acids 3614 and 3643 on
RyR1 has been shown to directly interact with the
DHPR (29) and conversely, the carboxy-terminal tail
of the DHPR a3 subunit has been shown to interact
with RyR1 (28, 29).

As mentioned previously, only every other
RyR1 appears to be physically associated with a
tetrad of DHPRs (17, 18), producing two different
populations of RyR1 (coupled and uncoupled). These
two populations must be regulated in different ways.
Uncoupled RyR1s are likely to be activated by CICR,
with the triggering Ca®* released from neighboring
coupled RyR1s. An additional level of complexity,
however, comes from the finding that both of the
primary players in E-C coupling are modulated by
other proteins. One example of proteins that
modulate the activity of both the DHPR and RyR1 is
the Ca®* binding protein, calmodulin (CaM). CaM in
both its Ca®* bound and Ca®* free states can bind and
regulate both RyR1 and DHPR (30-34). Studies of the
role of calmodulin in E-C coupling have concentrated
primarily on its interaction with uncoupled proteins,
raising the question of how calmodulin regulates
coupled channels. Determining the role of modulatory
proteins in E-C coupling remains a major challenge to
the understanding of the molecular mechanisms
involved in E-C coupling in skeletal muscle.

CALMODULIN

Calmodulin (CaM) is a 17 kDa ubiquitously
expressed Ca?* binding protein with a single 148-
amino-acid polypeptide chain. It contains four calcium
binding EF hands between residues 20-31, 56-67, 93-
104 and 129-140 (35). EF hand is defined as two a-
helical sequences oriented in a perpendicular way and
connected by a Ca?* binding loop. Calmodulin consists
of two globular (N and C) lobes connected by an

eight-turn a-helix. Each lobe has two calcium binding
sites (35). Calmodulin goes through Ca®*' dependent
conformational changes upon binding to Ca?*
resulting in the exposure of several hydrophobic
residues in the helices of both lobes (36). It has
numerous cellular targets and plays an important role
of regulating cellular functions (37). CaM binds most
target proteins in a Ca®* dependent manner. Upon
binding Ca®*, CaM exposes the binding site for its
target sequence and can modulate the function of the
target. Ca®*CaM binding proteins include calcineurin
and CaM dependent kinase II (37, 38). Other
proteins, such as neuromodulin, primarily bind the
Ca’* free form of CaM (39). Still other proteins bind
both the Ca®* free and Ca®* bound forms of CaM.
Both RyR1 and the DHPR fit into this latter category.
One type of calmodulin binding site is an amphipathic
helix with two clusters of positive charges separated
by a hydrophobic region (40). Another motif that can
bind either apoCaM, Ca®*CaM or both is the IQ motif,
which has a consensus sequence of IQXXXRGXXXR
(40).

Functional effects of Calmodulin on RyR1

CaM directly interacts with RyR1 and
modulates its function. CaM increases RyR1 activity at
low Ca®* concentrations (nM) and inhibits channel
activity at high Ca®* concentrations (uM) (30, 41, 42).
Since both CaM and RyR1 are Ca®*' binding proteins
(36, 43), these Ca®' dependent functional effects
could arise from Ca®* binding to CaM, RyR1 or both.
Using a CaM mutant, which does not bind Ca®" at any
of the four Ca?* binding sites, we demonstrated that
Ca?* binding to CaM converts it from an activator to
inhibitor of the RyR1 (30). We also found that Ca®*
binding to sites 3 and 4 on CaM is responsible for its
conversion from an activator to an inhibitor. Ca**
binding to RyR1 does, however, alter its interaction
with CaM. Ca®* binding to RyR1 increases its affinity
for both apoCaM and Ca%'CaM and, conversely, the
binding of CaM to RyR1 increases the affinity of the
Ca®* binding site on RyR1 (30, 31).

Closely related to the modulation of RyR1 by
CaM is its regulation by oxidants and nitric oxide
(NO). Skeletal muscle produces reactive oxygen
intermediates (ROI) and nitric oxide (NO) even at
rest. Reactive oxidant production increases upon
strenuous contraction, leading to muscle fatigue (44).
RyR1 is believed to be one of the target proteins of
both oxidants and NO. Oxidants, NO and calmodulin
appear to work together to finely tune the RyR1
activity during the dynamic changes of skeletal
muscle. Oxidants, such as H;0O,, increase RyR1
activity and produce intersubunit disulfide bonds
within the RyR1 tetramer (45-47). Calmodulin can
protect the channel from oxidation-induced
intersubunit cross-linking and, conversely, oxidation
can prevent calmodulin binding to RyR1 (48).

The effect of NO, however, on RyR1 function
is controversial. Both activating and inhibiting action
on the channel have been reported (49, 50). Eu et al.
(51) demonstrated that under physiological O, tension
(~10mmHg), NO activated the RyR1 and this
modulation appeared to be calmodulin dependent. NO



has been shown to oppose the ROI effect of
enhancing muscle  contractile  function (44).
Consistent with this, NO blocks oxidation activation of
RyR1 (46).

Calmodulin binding sites on RyR1

Ryanodine receptors were first suggested to
be calmodulin-modulated proteins by photo affinity
labeling studies (52). Using azido-[!?*I]calmodulin,
Seiler et al. (52) demonstrated that high molecular
proteins in both cardiac and skeletal muscle, later
known as RyRs, could bind calmodulin and were the
principal bands labeled in junctional SR. Although
several earlier papers suggested that there were
multiple apocalmodulin binding sites per subunit of
RyR1 (41, 45, 53), more recent studies (30, 54) have
shown that both apoCaM and Ca®*'CaM bind to a
single site per subunit of RyR1l. A number of
laboratories have attempted to identify CaM binding
sites in the primary sequence of RyR1l. Analysis of
primary structure of RyR1 identified several putative
calmodulin binding sites between residues 2807-2840,
2909-2930, 3031-3049, 3614-3637 and 4295-4325
on RyR1 (2, 55). Based on calpain digestion pattern
of RyR1 and CaM'’s ability to inhibit calpain digestion,
three more candidate CaM binding sites were
proposed between residues 1383-1400, 1974-1996
and 3358-3374 (56). Using [**°I]calmodulin overlays,
Chen et al. identified six potential calcium-dependent
CaM binding sites, three strong CaM binding domains
in regions between residues 2063-2091, 3611-3642,
and 4303-4328, and three weaker CaM binding
domains in regions between residues 921-1173,
2804-2930, and 2961-3084 (57). Zorzato and his
group identified three calmodulin binding sites,
residues 2937-3225 binding to both apoCaM and
Ca’*CaM, residues 3546-3655 binding only to
Ca?*CaM, and peptides with amino acids 3610-3629
and 4534-4552 interacting directly with
dansylcalmodulin under micromolar Ca®' based on
fluorescence spectra (58). Our laboratory found that
calmodulin bound to RyR1 could protect a site on
RyR1 from tryptic cleavage. Both Ca®*CaM and
apoCaM prevented tryptic cleavage after amino acids
3630 and 3637, suggesting that apoCaM and Ca®**CaM
bind to the same or overlapping regions on RyR1 and
this site contains residues 3614-43 (48, 54, 59, 60).
Non-denaturing gel shift assays using a synthetic
peptide corresponding to amino acids 3614-3643 on
RyR1 confirmed that this sequence could bind both
forms of calmodulin (59). Point mutations in this
region abolish CaM binding (54). This sequence is
highly conserved in the different RyR isoforms,
suggesting that all three are modulated by CaM.

Our previous studies with oxidizing agents
showed that calmodulin could protect RyR1 from
oxidation-induced intersubunit crosslinking. C3635,
one of the cysteine residues that form intersubunit
disulfide bonds, is protected from oxidation by CaM
binding (60). This suggests that CaM binds to a RyR1
intersubunit contact site. This cysteine residue is also
the primary site for NO nitrosylation of RyR1 (61).

A crucial aspect needed to evaluate the
molecular mechanism by which CaM regulates RyR1

activity is the location of CaM in the three dimensional
structure of RyR1l. Wagenknecht and coworkers
showed that the CaM binding sites on RyR1 were
located in the cytoplasmic domain of RyR1 and that
the apoCaM and Ca®'CaM binding sites are closely
spaced to one another (62, 63). The regulation of
RyR1 activity by CaM s, therefore, likely to be
allosteric.

Calmodulin and DHPR

CaM can bind to both cardiac and skeletal
muscle DHPR, although most of the functional effects
of CaM on DHPR have been studied in cardiac muscle.
CaM serves as a Ca®* sensor for both Ca®* dependent
inactivation and facilitation of the cardiac L-type Ca?*
channel (32, 64). A mutated CaM that can not bind
Ca’* at any of the four Ca*' binding sites blocks the
effects of Ca®*CaM on the cardiac L-type Ca®* channel
(64), suggesting that both Ca®*CaM and apoCaM bind
to L-type Ca®' channels. It has been proposed that
CaM is tethered to the channel under resting Ca®* and
the elevation of intracellular Ca®** leads to Ca**
binding to CaM, producing cardiac L-type channel
inactivation and facilitation (34). The carboxy tail of
DHPR «; subunit is required for both apoCaM and
Ca’*CaM interactions. Two Ca®*-dependent CaM
binding sites have been identified in the carboxy-
terminal tail of the ai-subunit of DHPR, the CB region
(between the amino acids 1484-1509 or 1627-1652 of
the human skeletal muscle or cardiac o; subunit,
respectively.) and IQ-like motif (between the amino
acids 1522-1542 or 1665-1685 of the human skeletal
muscle or cardiac a; subunit, respectively.) (33, 65,
66). Another region, called the A motif (between the
amino acids 1558-1579 of the rabbit cardiac oy
subunit) may also contribute to the interaction of CaM
with the DHPR «; carboxy-terminal tail (34).
Synthetic peptides, corresponding to the CB region
and the IQ motif bind both partially and fully Ca®*-
saturated CaM (33). Mutation of the isoleucine 1672
of the cardiac IQ motif to alanine abolishes Ca?*/CaM
dependent inactivation and wunmasks a strong
facilitation by CaM. Mutation of this isoleucine to a
glutamate abolishes both facilitation and inactivation
(65). Peptides with either mutation still bind to
Ca’*CaM as well as wild type IQ peptide. Neither the
CB nor IQ peptide has a high affinity for apoCaM (33,
67). Peptide A (1558-1579) and peptide C (1585-
1606) from rabbit cardiac a4 subunit may bind CaM at
low Ca®* concentrations, making them candidates for
the CaM tethering site on cardiac DHPR under resting
conditions (34). A recombinant protein which
encompasses the Ca?* binding EF hand, the A and the
CB motif of the skeletal muscle DHPR oy subunit was
found to bind to CaM at less than 10 nM Ca®*(29). A
functional effect of calmodulin on the skeletal muscle
DHPR has not yet been demonstrated.

CaM and E-C coupling

A number of studies have shown conclusively
that CaM is able to bind to both the DHPR and RyR1.
These studies have, however, been performed with
uncoupled proteins. Recent studies in our laboratory
have revealed another possible role for the CaM



binding motifs on both of these proteins (29). We
have shown that these motifs can be used for
interaction between RyR1 and DHPR and that CaM is
competitive for this interaction. Hence the carboxy-
terminal tail of the DHPR o; subunit, a well
established CaM interaction domain, binds to RyR1
and conversely, the CaM binding motif on RyR1
interacts with the DHPR a;-subunit carboxy-terminal
tail. These two CaM binding motifs do not bind directly
to each other, and therefore, each must have another
binding partner on the other protein. These findings
raise the possibility that CaM regulation of coupled
channels is very different from that of uncoupled
channels. In uncoupled channels CaM is a Ca®* sensor
for inactivation and facilitation of the L-type channel
and an activator or inhibitor of RyR1 (depending on
the Ca®*concentration). However, when these two ion
channels are coupled to one another, CaM at
sufficiently high concentrations would tend to disrupt
one site of DHPR-RyR1 interaction. Since both the CB
peptide and an expressed carboxy-terminal tail
fragment of the DHPR a; inhibit RyR1 channel activity
and [*H]ryanodine binding to RyR1 (28, 29), the
interaction of the carboxy-terminal tail of the DHPR a4
subunit may serve to stabilize a closed state of RyR1.
If this is true, CaM might be expected to facilitate
RyR1 channel opening at low Ca®*, both by disrupting
this interaction and by direct effects on channel
activity.

SUMMARY

The role that CaM plays in E-C coupling is
likely to be extremely complex since CaM can interact
with both the DHPR and RyR1 and it can do so at both
high and low Ca®**. Not only can both Ca*CaM and
apoCaM interact with the two channels, but in both
cases the functional consequences of the interaction is
also altered by Ca?" binding to CaM. In addition, the
CaM binding motifs may be used by coupled channels
to interact with each other rather than with CaM. In
this situation CaM would be capable of disrupting one
of the sites where the DHPR couples to RyR1. These
findings demonstrate the remarkable flexibility of CaM
as a Ca®' sensor, but emphasize the difficulty in
clearly defining its role in E-C coupling. Disruption of
CaM binding sites would be expected to alter CaM
binding to both uncoupled and coupled channels and
to affect the interactions between the DHPR and
RyR1. Interpretation of the molecular mechanisms of
altered E-C coupling by CaM could be, therefore,
misleading. Mutation of CaM or decreasing its
expression would be expected to alter a number of
Ca’* sensitive processes that use CaM as a Ca’*
sensor, possibly producing secondary effects as well
as primary effects on E-C coupling. These changes
would alter both Ca?' independent and Ca?*
dependent effects of CaM on both RyR1 and the
DHPR. Interpretation of the molecular mechanisms
involved in CaM regulation of the DHPR and RyR1
requires additional structural information. We do not
know the molecular details of the interaction of CaM
with either channel. Particularly important will be the
elucidation of both the molecular determinants for
apoCaM versus Ca®* CaM binding on both RyR1 and

the DHPR and the molecular mechanisms for the
movement of CaM from an apoCaM binding site to a
Ca’*CaM binding site. The intriguing structural data
obtained with the small conductance Ca®* activated
K* channel (68) clearly show the importance of high-
resolution structure for the interpretation of the
complex role of CaM as a Ca®* sensor.
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ABSTRACT In excitation-contraction (E-C) coupling, various types of activation signals,
which are received presumably at the bulky cytoplasmic domain of the ryanodine receptor
(RyR), are translated (or transduced) into the opening of the Ca?" release channel located
in the trans-membrane domain of the RyR. In order to elucidate the detailed mechanism of
the signal transduction process, it is essential (i) to identify various sub-domains of the RyR
that are involved in the Ca®* channel regulation, (ii) to characterize the events occurring in
these sub-domains during the activation process, and (iii) to characterize the modes of
active interactions among these sub-domains. Recent developments in the E-C coupling
research have provided us with new insight into each of these aspects, as outlined in this
review. Of many putative regulatory sub-domains of the RyR, two domains (designated as
N-terminal domain and central domain) are particularly interesting, because disease-linked
mutations that have occurred in these domains (malignant hyperthermia and central core
disease in skeletal muscle, and inheritable cardiac disease) induce abnormal modes of Ca**
channel regulation.  Pieces of evidence accumulated to this date suggest the following
hypothesis. The N-terminal and central domains form, at least partly, the interacting
domain pair, and unzipping and zipping actions of such domain-pair are involved in the
opening and closing actions of the Ca®* channel, respectively. We also propose that there
are local conformational changes in the signal reception domains (e.g. the II-III loop-
binding core), and such conformational changes are coupled with the aforementioned
actions of the interacting domain pair. It seems that by virtue of such a coordination of the
events occurring in various regions of the RyR, the Ca?' channel can recognize the

activation signal received at the cytoplasmic region of the RyR.

EXCITATION-CONTRACTION COUPLING AND
RYANODINE RECEPTORS OF SKELETAL AND
CARDIAC MUSCLE

E-C coupling in skeletal muscle and cardiac
muscle share some basic features underlying both
tissues, and have some tissue-specific characteristics
as well (1). The most important basic feature
common for skeletal and cardiac muscles is that both
types of E-C coupling are mediated by two key
components: the dihydropyridine receptor (DHPR)
and the ryanodine receptor (RyR)(2-4). The DHPR is a
hetero-oligomer consisting of the al,a2,B,y,andd
subunits (5). Four units of the DHPR tend to form the
electron microscopically visible structure referred as
tetrad upon linking the DHPR with the RyR (6, 7).
The formation of the tetrad is pronounced in skeletal
muscle, but rarely seen in cardiac muscle, because
fewer RyRs are linked with the DHPRs. The al
subunit performs at least two important functions of
the DHPR as a voltage sensor and an L-type Ca®*
channel (2-4). The RyR shows an electron microscopic
structure initially recognized as a junctional foot (8),
which actually is an assembly of the four identical
~500 kDa macro-peptide chains (9). Recent cryo-
electron microscope/3D imaging studies have
resolved intriguing features of the tetrameric complex
of both skeletal and cardiac RyR isoforms (10, 11).
skeletal muscle, the voltage-sensing by the al subunit
leads to its physical interaction with the RyR to

Both RyR isoforms have a very high affinity for
ryanodine (12, 13) and behave like a Ca?" channel
when incorporated into lipid bilayers (14, 15),
indicating that the Ca®* channel responsible for SR
Ca’" release resides in the transmembrane domain of
the RyR.

The major differences between the skeletal
and cardiac types of E-C coupling are ascribable
presumably to the facts that both molecular
components of E-C coupling (DHPR and RyR) are
expressed by the different tissue-specific genes (16)
and that the anatomical arrangements of both
components are quite different as described below.
In skeletal muscle, practically all DHPR tetrads are
physically linked with about 50% of the total
population of the RyR tetramers, leaving the
remaining 50% of the RyR molecules uncoupled with
the DHPR (17, 18). In cardiac muscle, the relative
density of the RyR (the ratio of the RyR to the DHPR)
is 5-10 fold less than the skeletal muscle (17).
Consequently, practically all of the RyR tetramers are
structurally uncoupled with the DHPR. The DHPR al
subunit serves as a voltage-sensor and an L-type Ca**
channel for both skeletal and cardiac E-C coupling as
described above, but the mode of the DHPR-mediated
regulation of the RyR is quite different between
skeletal and cardiac muscle cells. In
activate the SR Ca®* release channel, presumably by
mediation of one or more cytoplasmic loops of the



DHPR «l subunit (19, 20). The above-mentioned
DHPR-uncoupled RyRs are activated perhaps by the
Ca’" that has been released from the neighboring
DHPR-coupled RyRs by the so-called Ca®*-induced
Ca’" release mechanism (21). In cardiac muscle, the
voltage-sensing immediately opens the DHPR Ca’*
channel, causing Ca®' flux from the extra-cellular
space into the cytoplasm, and the entered Ca’*
activates the RyR by the Ca?*-induced Ca’" release
mechanism. Interestingly, in some cases of skeletal
muscle E-C coupling (e.g. invertebrate and neonatal
vertebrate skeletal muscles) the Ca®' inflow across
the plasma membrane is required for the activation of
E-C coupling (22) like cardiac E-C coupling.

The skeletal RyR isoform (RyR1) and the
cardiac RyR isoform (RyR2) show a ~60% homology
(23, 24). An early analysis (25) identified the three
major divergent (non-homologous) regions; the so-
called D1, D2 and D3 regions as indicated in Fig. 1.
Fig. 1 also shows a heterogeneity map we constructed
on the basis of the residue distance score of individual
corresponding residues of the two isoforms. As seen,
there are several more divergent regions in the RyR.
The researchers have correlated the isoform-specific
structural characteristics with functional
characteristics, and attempted to identify various
domains involved in the regulation of the RyR as
described below.

VARIOUS REGULATORY DOMAINS OF THE RYR
Domains involved interaction
with the DHPR

As described above, voltage-dependent
activation of skeletal muscle-type E-C coupling is
mediated by physical interaction between the DHPR
and the RyR, presumably by mediation of one of the
cytoplasmic loops of the DHPR al subunit called the
II-III loop (18, 19, 25). On the other hand, Ca*'
mediates cardiac E-C coupling as a chemical
mediator. Then, which portions of the RyR are
involved in such a physical interaction in the case of
the RyR1? This important question has been
addressed by several groups, Yyielding rather
controversial results. The chimera approach by Nakai
et al. (27) suggested that the critical region is in a
rather long stretch encompassing the residues 1635-
2636. On the other hand, the II-III loop affinity
column assay by Leong and MacLennan (28)
suggested a short 1076-1112 segment. Using
deletion strategy, Yamazawa et al. (29) identified the
residues 1303-1406 region (D2 region) as a critical
region for skeletal E-C coupling. Interestingly,
according to the recent studies of immuno-localization
of anti-D2 antibody in the 3D image, the site of
antibody reaction is located in the so-called clamp
region, which is regarded as the area for the
interaction with the DHPR (30, 31). Thus, the critical
regions suggested in the literature are spread in a
relatively wide region of the primary structure
encompassing residues #1076-2636.

in the physical

The above fact that the suggested DHPR-
binding regions are distributed in a broad region of
the RyR polypeptide chain would indicate that the
putative DHPR-interaction domain is constructed by a
number of small sub-domains derived from different
regions of the RyR chain. We recently initiated a new
approach to test this hypothesis. Using some of the
II-IIT loop peptides, we localized their binding sites
within the RyR primary structure. Using the peptide-
mediated and site-directed probe-labeling technique,
we could fluorescently label the binding sites of
peptide A and peptide C (the peptides corresponding
to the Thr®!-Leu®®® and the Glu’**-Pro’® regions of
the II-III loop, respectively) on the RyR. The A site
and C site are located at the opposite sides of the
major calpain cleavage site (residue #1400:
interestingly this is right in the D2 region described
above) (32, 33). The A and C sites appear to be very
close to each other in the quaternary structure (our
preliminary data). We tentatively propose that the
putative II-III loop binding core of the RyR consists of
at least two non-covalently but tightly associated
domains flanking the D2 region.

Domains involved in the regulation of channel
gating

In the case of skeletal muscle-type E-C
coupling, the activation signal received at the signal
reception domain (i.e. the II-III loop binding core
described above) is recognized by the Ca®' channel
located at the opposite end of the RyR. There must
be a relay switch-like mechanism, in which a humber
of putative regulatory domains and their intricate
interactions are involved. In searching for such
regulatory domains, we as other researchers have
paid a particular attention to the fact that the sites of
RyR1 mutations in the MH and CCD patients are
localized in three major areas. As shown in Fig. 1,
most mutations are found in either N-terminal region
(designated as N-terminal domain) or central region
(central domain)(Refs. 34-52). Few mutations were
found in the transmembrane Ca?* channel domain,
presumably in the channel pore region (53, 54). As
widely recognized, mutations in either N-terminal or
central domain produce abnormal modes of regulation
of the RyR Ca?* channel, as generally characterized as
hyper-activation and hyper-sensitization effects
(reviews: 55-57). In the other words, the channel
tends to be activated more than the normal channel
by the applied activation signal, and the sensitivity of
the RyR to the activation signal increases. Thus, it
appears that the two domains (the N-terminal domain
and the central domain) represent the prime
candidates for the regulatory domains involved in the
relay switch mechanism described above.

The primary structure of the RyR2
corresponding to both of the skeletal N-terminal and
central domains are relatively well conserved (Fig. 1,
heterogeneity map). We would propose that the
cardiac domains corresponding to these N-terminal
and central domains also play a key role for the
following reasons. Recently several RyR2 mutations



have been reported related to some inheritable
cardiac diseases (58-60). Seven out of total ten
mutations shown here are located in either of the
predicted N-terminal or central domain of the RyR2
(see red regions, Fig. 1); two out of seven being in
the N-terminal domain, and five in the central domain
region. Of particular interest is that one of the
cardiomyopathy (ARVD2) mutations in the N-terminal
domain of the RyR2, Arg176GIn, corresponds exactly
to the Arg163Cys human MH mutation of the RyR1.
It is also noted that the amino acid residues of the
RyR2 corresponding to those of the RyR1 at the
potential MH and CCD mutation sites (21 in total) are
exactly identical without exception. Thus, it is very
likely that the essentially identical sets of regulatory
domains are operating for the signal transduction
(relay switch) mechanism in both RyR1 and RyR2.

Other important regulatory domains

Both RyR isoforms share some common
mechanisms as described above, but their functional
properties are differentiated in many aspects. It is
worthwhile to correlate the structural divergence with
the characteristic functional properties seen in the
cardiac RyR. For instance, the D1 region corresponds
approximately to the predicted ‘modulatory’ domain
(61) and in fact the putative Ca?"-modulatory 4485-
4494 segment (PEPEP sequence) is located in the
region of the RyR1 corresponding to the D1 region
(62). The RyR2 was reported to be more sensitive to
the activating concentration of the cytoplasmic Ca®*;
for instance, the threshold of [Caz““]cyS for channel
opening is about 0.1 pM for the RyR2, while it is
about 1.0 uM for the RyR1 (63, 64). According to the
recent reports, experimental Glu3987Ala mutation in
the RyR2 reduced the Ca*-sensitivity considerably in
the mouse RyR2 (65). The effect of the
corresponding skeletal mutation, Glu4032Ala, on the
Ca’*-sensitivity of the RyR1 was not observed in an
earlier study (66), but according to the recent study
(67) this mutation reduced the Ca®*-sensitivity in the
RyR1 as well. This would indicate that the residue
GIu**® is at least a part of the high-affinity Ca®*-
sensing device of both RyR2 and RyR1.

An interesting suggestion that the highly
negatively charged region of the RyR1 at positions
1873-1903 may be involved in the low-affinity
Ca®*/Mg?* binding was made by Laver et al. (68). In
agreement with this suggestion, the RyR1 mutant, in
which the D3 (Ile!®*!-Ala***") region was deleted,
showed a considerably reduced (~10 fold) sensitivity
to the inhibitory Ca?* or Mg®* (69). The considerably
reduced sensitivity to the inhibitory Mg?* or Ca®" is
the widely recognized property characteristic for the
RyR2. Therefore, the structural difference in the
acidic region present in the D3 region (highly acidic in
the RyR1 but less acidic in the RyR2) might be the
cause for the difference in the sensitivity to the
inhibitory Mg?* or Ca%*. The structural modification
in the D3 region could also be the cause for the
above-mentioned loss of the DHPR-binding ability in
the RyR2 (see section 3.1.).

Both RyR1 and RyR2 have two kinds of tightly
associated proteins that are involved in ‘external’
regulation of the skeletal and cardiac Ca®" channels.
One is a ubiquitous regulatory protein calmodulin
(CaM) and the other is the FK506-binding protein
(FKBP). The fact both proteins bind to the RyR with a
very high affinity and in a strictly stoichiometrical
amount (one mol per one mol of the 550 kDa RyR
monomer) has suggested an essential requirement of
these proteins for the RyR regulation. This also
suggests that the regions of the RyR to which these
proteins bind must be considered as the regulatory
domains of the RyR.

Calmodulin (CaM) binding domain: CaM has
interesting Ca®*-dependent dual effects on the RyR1,
but produces somewhat different effects on the RyR2.
Namely, at lower Ca®* (< 0.1 uM) CaM activates the
RyR1, but it inhibits at higher Ca%* (70-72). In the
case of the RyR2, CaM produces no effect at lower
Ca®*, but it inhibits at higher Ca®*' as in the case of
the RyR1 (73). Earlier studies suggested several
potential CaM binding regions of the RyR1 (74, 75).
According to the more recent information, however,
only one of these predicted CaM binding regions,
which corresponds to the residue 3614-3642 region
(23), seems to play a major role at least for the CaM
binding to the RyR1 at higher Ca®* (e.g. the 3614-
3643 region, Refs. 76, 77)). At lower Ca’*, CaM
binding to the RyR1 takes place to about the same
region, although in the strict sense the CaM binding
site at low Ca®" is somewhat shifted to the C-terminal
side of the RyR1 polypeptide chain (77). Also in the
case of the RyR2, one of the major predicted (from
the overlay assay) CaM binding region corresponds to
the region encompassing the residues 3298-3961
(corresponding to the skeletal sequence: 3336-4005)
(78). Thus, it appears that both RyR1l and RyR2
share at least one common CaM-binding domain.

FKBP binding domain: The potential role of
FKBP in the regulation of the RyR has been
investigated chiefly by dissociation/reconstitution and
knock-out experiments (79-83). Although not
generally agreed, several important functions could
be assigned to the FKBP. FKBP may stabilize the RyR
channel in the closed state. Thus, dissociation of the
protein-bound FKBP by FK506 or rapamycin (79-81)
or protein kinase A-mediated phosphorylation (in case
of the RyR2, Ref. 84) increased the Po and the
channel open time (81-84). An important recent
finding in this context is that experimental induction
of cardiomyopathy by pacing decreased the amount of
RyR2-associated FKBP, which in turn caused the
leakiness of the Ca®* channel (85, 86). FKBP may
also be involved in the mediation of coupled gating of
the multiple number of neighboring RyRs (83). With
regard to the putative FKBP binding domain, the
recent report by Gaburjakova et al (87) is particularly
interesting.  According to this study, mutation of
Val®*¢! of the RyR1 produced a severe effect on the
ability of FKBP to bind to the RyR, suggesting that this
region represents the FKBP binding domain.
Furthermore, replacement of that Val to Ile, just as



seen in the corresponding amino acid residue of the
RyR2, conferred the RyR2-like specific FKBP12.6
binding (88) to the RyR1. The above-mentioned
Val®*®! is positioned just adjacent to the Pro®*®? that
has previously suggested as a critical residue for FKBP
binding (89). It is interesting to point out that this
putative FKBP binding domain is located in the C-
terminal region of the ‘central domain’ described in
section 3.2. Since we are proposing in the next
section (4.) that the tight interaction between the 'N-
terminal domain’ and the ‘central domain’ stabilizes
the closed state of the channel, it is tempting to
speculate that FKBP binding to the RyR may be
facilitating the tightening of the intra-molecular
domain-domain interaction.

POSTULATED INTERDOMAIN
WITHIN THE RYR

INTERACTIONS

Global conformational change of the RYR

The classic ‘plunger’ hypothesis proposed by
Schneider and Chandler (90) predicted a global
change in the RyR as a mechanism for the Ca®**
channel opening. As shown in the recent cryo-
electron microscope studies, there seem to be
appreciable differences in the 3D image between
inactive and active states of the RyR (91, 92). Thus,
in the activated state, the portion of the cytoplasmic
domain (the generally called ‘clamp’ region) extends
towards the T-tubule with conspicuous changes in its
configuration (91, 92). Also there is a slight rotation
of the channel domain relative to the cytoplasmic
domain with concomitant appearance of a pore-like
structure in a way reminiscent of the action of
opening a camera aperture (91).

No information is available about dynamic
changes occurring in the global structure of the RyR,
which are presumably occurring during the E-C
coupling process. We have been trying to follow rapid
local conformational changes occurring in different
regions of the RyR. Site-directed incorporation of the
fluorescence conformational probe using various RyR-
specific ligands as site-directing carriers permitted us
to introduce the probe to the designated regions (93).
For instance, the probe that had been introduced into
the channel domain by mediation of neomycin
reported the gating behavior during the activation by
T-tubule depolarization and the agonist polylysine
(94). As described in the following sections (4.2. and
4.3.), this site-specific conformational probe approach
has provided some new insights into the dynamic
conformational changes occurring in  several
regulatory domains during T-tubule depolarization-
induced activation process.

LOCAL Conformational changes in the II-III
LOOP PEPTIDE binding domain

As described above (27-29), the literature
suggests that the RyR domains interacting with the

DHPR II-III loop span over a very broad 1076-2636
region (1561-residue long) of the RyR polypeptide
chain. Since the total length of the II-III loop is only
about 120-residue long, the putative II-III loop
binding domain must be confined in a small area
forming the II-III binding core, which presumably
consists of multiple numbers of small segments
derived from different regions of the RyR polypeptide
chain. Unfortunately, only very limited amount of
information is available about the structure and
function of the putative DHPR-interacting domain.
Moreover, there is a considerable amount of
controversy in the interpretations about which parts
of the DHPR are responsible for the voltage-regulated
interaction with the RyR (19, 20, 95-104). However,
we would make the tentative proposal described
below.

In case of the RyR1, the two kinds of II-III
loop peptides, peptide A (Thr®”!-Leu®®®) and peptide C
(Phe’®-Pro’*?), bind to the C-terminal and N-terminal
sides of the major calpain cleavage site (at the
vicinity of residue 1400), respectively (32, 33). The
location of this region corresponds approximately to
the IPs-binding region of the IP; receptor.
Furthermore, in the postulated IPs-binding core, the
critical basic residues for the IP; binding are located at
both sides of the site, which is highly susceptive to
the proteolytic digestion. This shows a striking
similarity to the postulated structure of the II-III
loop-binding core described above. We hypothesize
the II-III binding core will close upon voltage-
mediated binding of the DHPR in a similar manner as
the closing of the IPs; binding core upon the ligand
binding (cf. ref. 105). Such conformational changes
in the II-III binding core would be recognized as the
activation signal by the Ca?* channels. Our recent
observation that the fluorescence conformational
probe attached to the II-III loop binding region
increased upon T-tubule depolarization (32) is
consistent with this idea.

Conformational changes in the
transduction domains

The physiological activation signal, which is
received at the II-III loop binding core of the RyR1, is
translated into the opening action of the Ca®* channel
located at the other side of the RyR. Presumably a
number of regulatory domains, including those listed
in Section 3, are involved in the signal transduction
mechanism, the mechanism by which the signal
received is translated into the channel opening action.
Recent studies began to reveal how intra-molecular
interactions of these domains are involved in the
signal transduction mechanism.

According to an earlier study of Zorzato et a/
(106), an antibody raised against the region
containing Gly**! human MH mutation site produced a
considerable increase in the rate of Ca**-induced Ca**

signal

release, and shifted the concentration for half-
maximal activation (ACso) of Ca®* from 1.2 to 0.1 uM;
the same type of effects as seen in MH (i.e. hyper-



1eq
L4zar

Netwrmlm] domein

Central demaain

E2CEH o L
EMEC x H
EMTC o

Figure 1. Comparison of the primary structures of the RyR1 and the RyR2 and the locations of MH/CCD mutation sites (RyR1) and
cardiac ventricular tachycardia/ myopathy (ARVD) mutation sites (RyR2). Most of the MH/CCD mutations are found either in the
regions, which we designate N-terminal domain and central domain, suggesting that these domains are the prime candidates for the
putative regulatory or signal transduction domains. Recently reported cardiac mutations are also localized in the regions of the

RyR2, which correspond approximately to the N-terminal and central MH/CCD domains of the RyR1.

activation and hyper-sensitization effects).
Furthermore, the peptide containing Gly*** bound to
the 3010-3225-residue and the 799-1172-residue
regions of the RyR1, suggesting that the N-terminal
region interact with central regions of the RyR and
that such inter-domain interactions may be involved
in the Ca* channel regulation.

Recently we synthesized several peptides
corresponding to different regions of the N-terminal
and central MH/CCD mutation domains (cf. 3.2.),
designated as domain peptides (DP) (100, 107, 108).
One of these, DP4, which corresponds to the Leu®***-
Pro**’” region containing three potential MH/CCD
mutation sites, was found to bind to the N-terminal
region of the RyR, as indicated by the DP4-mediated
site-specific MCA labeling study (109). Thus, it
appears that the two MH/CCD mutation domains, i.e.
the N-terminal and central domains, come close to
each other, at least partially, in the quaternary
structure of the RyR.

As seen in a humber of case reports (review:
57), any MH/CCD mutations occurred in either N-
terminal or central domain seem to produce more or
less identical type of effects on the mode of channel

As a reference, the

regulation (namely, an increased response to the
RyR-agonist caffeine, Ref. 110), regardless of the
position of the mutation site. In this context, it is
important to refer to the work of Tong et al (111).
They produced mutations corresponding to the 15
human MH/CCD mutations (9 in the N-terminal
domain; 6 in the central domain) in a full-length
rabbit RyR1 cDNA, and transfected wild-type and
mutant cDNAs into HEK-293 cells. Ca?®* release in the
cells expressing MH/CCD mutant RyRs was
significantly more sensitive to caffeine than the wild-
type for all mutations tested. This indicates that all
mutations that occurred in either of these domains
have a basically identical contribution to the
production of the abnormal mode of channel
regulation regardless of the position of mutation sites.

The hypothetical model illustrated in Model 1
provides the simplest and the most straightforward
explanation for such situations. In this model we
assume that a close contact between the N-terminal
domain and the central domain (zipping) stabilizes the
closed state of the Ca®*' channel. The activation
signal applied to the RyR removes the close contact,
which causes unzipping of the interacting domain pair



and Ca®" channel opening. A mutation that has
occurred in either of these interacting domains will
weaken the affinity of the inter-domain interaction,
resulting in the increased tendency of unzipping and
consequently in the hyper-activation/hyper-
sensitization effects. Therefore, the degree of
unzipping (hence the extent of channel-activation)
caused by mutations is more or less the same
regardless of the location the mutation has taken
place.

The peptide probe study described in the
following parts (cf. review 100) has been found to be
a very effective way to test the above hypothesis and
to investigate the details how the unzipping action
causes channel activation. The principle of this
approach is illustrated in Model 1. Suppose that sub-
domain x of the central domain is interacting with
sub-domain y of the N-terminal domain, then
synthetic or expressed peptide corresponding to the
sub-domain x, i.e. domain peptide x (DPx), would
bind to the sub-domain y in competition with sub-
domain x. This will weaken the interaction between
sub-domains x and y, causing the increased tendency
of unzipping and channel activation. An excellent
negative control to test the physiological relevance of
the observed activation effect of DPx is as follows.
Since mutation in sub-domain x weakens the
interaction between sub-domains x and y, the same
mutation made in DPx (namely DPx-mut) will reduce
the affinity of its binding to sub-domain y, causing the
loss of the activating function that would have present
in the peptide.

Table 1 depicts the results obtained with one
of such domain peptides, DP4, which corresponds to
the Leu***-Pro®*”” region of the central domain.
Interestingly, DP4 and its mutant DP4-mut (see the
sequence diagrams below) function exactly as
predicted from the above hypotheses. Thus, DP4
enhanced ryanodine binding, induced Ca?' release
from the SR, induced contraction in skinned muscle
fiber at an inhibitory Mg?" concentration (112),
increased the frequency of Ca?" sparks in saponin-
permeabilized fibers (113), and increased the open
probability of single channels (Valdivia, in
preparation). DP4-mut, in which one mutation was
made to mimic the Arg?**8-to-Cys***® MH mutation
(see the sequence diagram), produced no appreciable
effect on any of these parameters with one exception
where its effect could not be determined.

DP4:
2442| IQAGKGEALRIRAILRSLVPLDDLVGIISLPLQIP?*7?
DP4-mut:

2442| IQAGKGEALRIRAILCSLVPLDDLVGIISLPLQIP?*7?

Consistent with the hypothesis that the two
MH/CCD domains (N-terminal and central domains)
interact with each other, the central domain peptide
DP4 binds to the N-terminal region of the RyR, as
evidenced by the fact that the DP4-mediated site-
directed probe labeling resulted in an exclusive
fluorescence labeling of the ~150 kDa N-terminal
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Model 1. Hypothetical model showing how the changes in

the mode of interaction between the two major MH/CCD
domains (N-terminal domain and central domain) control the
state of the Ca?* channel of the RyR1. Probably the same
or similar mechanism operates for the regulation of cardiac
Ca?* channel. a. The model assumes that a close contact
between the N-terminal domain and the central domain
(zipping) stabilizes the closed state of the Ca?* channel, and
the removal of the close contact (unzipping) de-blocks the
channel to open. Such an unzipping action is produced by
the activation signal received by the RyR (e.g. T-tubule
depolarization). b. MH/CCD mutations in either of the N-
terminal or the central domain cause weakening of the
interaction between these domains, resulting in the
unzipping and channel activation. c. Domain peptide (in this
example, the peptide corresponding to sub-domain x of the
central domain; namely domain peptide x or DPx) binds to
sub-domain y of the N-terminal domain. As a result of
competition between DPx and sub-domain x for their binding
to sub-domain y, the interaction between sub-domains x and
y (hence the interaction between the N-terminal and central
domains) is weakened. This causes unzipping of the
interacting domain pair and activation of the channel. d.
MH/CCD-like mutation in DPx abolishes its ability to bind to
sub-domain vy, resulting in the loss of the activating function
of DPx.

segment of the RyR (109). Furthermore, activation of
the RyR caused (a) a rapid decrease in the
fluorescence intensity of the MCA probe attached to
the N-terminal segment and (b) an increase in the
accessibility to a large-size collisional fluorescence
quencher (109). Both of these facts are consistent
with the proposal that the unzipping of the two
interacting domains is the causative mechanism for
the Ca®* channel activation. In further support of this
concept, another domain peptide DP1-2
corresponding to the Leu®*°-Gly®?® portion of the N-



terminal domain activated the RyR and induced SR
Ca’" release, indicating that both central domain
peptide DP4 and N-terminal domain peptide DP1-2
produced essentially identical MH/CCD-like hyper-
activation effects (107, 108).

SYSTEM FUNCTION DP4 DP4-
mut
Ryanodine + -
Triad binding®
SR C&* release” + -
Apparent affinity + -
to agonist"
Force response to + ND
Skinned fiber caffeing"
Force response to + ND
sub-max
depolarization”
Permeabilized Frequency of + -
fiber Ca®* sparks'™
Single Po™ + -
channel

(+):increase, (-):no change

Table 1. A central domain peptide DP4 produces MH/CCD-
like hyper-activation effects on the RyR Ca?* channel as
seen in various systems: from a level of the single channel
to a level of the whole cell. Single mutation in the peptide
abolishes its activating function in all cases, except for the
skinned fiber experiment, in which its effect could not be
determined (ND) because of the solubility problem

As described in 3.2., many mutations related
to the inheritable cardiac myopathies occur in the
regions of the RyR2 corresponding to the N-terminal
and central MH/CCD domains of the RyR1 (cf. Fig. 1).
This suggests that these domains and their inter-
domain interactions play an important role also in the
cardiac Ca®* channel regulation. Consistent with this
idea, both central domain peptide DP4 and N-terminal
domain peptide DP1-2 activated the RyR2 as they
activated the RyR1 (107), suggesting that that the
cardiac Ca®* channel is controlled by the basically
identical mechanism as in the RyR1.

Coordination of local conformational changes

We now return to the question how the Ca®*
channel located in the trans-SR membrane region can
sense the activating signal received at the T-tubule
site of the RyR. As described in section 4.2., upon T-
tubule depolarization, the putative E-C coupling
activator (presumably located in the DHPR II-III loop)
binds to the II-III loop binding core. This induces the
change of the configuration of the II-III loop-binding
core. Thus, the electric signal elicited in the DHPR is
converted to the conformational signal. As described
in section 4.3., upon T-tubule depolarization (or upon
addition of activating domain peptides), there seems
to be local conformational changes in the cytoplasmic
domain of the RyR, such as the zipping action of the

interacting N-terminal domain/central domain pair. T-
tubule depolarization induces local conformational
change also in the trans-SR membrane channel
region, as demonstrated by using the fluorescence
conformational probe attached to the neomycin (the
Ca®* channel blocker) binding region (114) of the RyR
(94). We propose that all of these events occurring
in these domains of the RyR take place in a highly
coordinated manner upon the arrival of the activating
signal to the signal reception domain. By virtue of
this coordination, the conformational changes
occurring in the T-tubule side and the SR-membrane
side of the RyR can be coupled, permitting the Ca**
channel to recognize and respond to the activation
signal that has received at the opposite end of the
receptor.

CONCLUSIONS AND PERSPECTIVES

The Ca?" release channel is activated by
mediation of a global conformational change of the
RyR, which presumably consists of consorted local
conformational changes occurring in many different
places of the RyR. In this review, we dealt chiefly
with two mechanisms. First, the activation signal (i.e.
the voltage-dependent interaction of the DHPR with
the RyR1) seems to be received at the II-III loop
binding core consisting of at least two sub-domains of
the RyR polypeptide chain flanking the major calpain
cleavage site (at residue #1400). This produces a
conformational change in the loop binding core
(closing of the core), and such a change in the local
structure is recognized as the activation signal by the
Ca’* release channel. Second, the frequent
occurrence of both skeletal and cardiac myopathy
mutations in the two domains of the RyR, viz. N-
terminal and central domains, and the well-known
functional outcome of these mutations have permitted
us to identify these two domains as the prime
domains involved in the Ca®* channel regulation. The
accumulated evidence suggests that the mode of
interaction between these two domains is the
important factor that controls the Ca?* channel
function. Thus, a close contact between these
domains, zipping, stabilizes the closed state of the
channel; while, removal of such a contact, unzipping,
produces de-blocking, namely the activation, of the
Ca’* channel. The conformational change occurring in
the N-terminal/central domain pair is tightly coupled
with the conformational change occurring in the II-III
loop-binding core described above. In summary, the
voltage-dependent activation signal is translated into
the local conformational change in the II-III loop-
binding core. Then, this conformational information is
transmitted to the Ca®* channel by mediation of the
coupled conformational change in the N-
terminal/central domain pair.

The above mechanism provides a reasonable
explanation for the pathogenesis of some RyR-linked
muscle diseases. For example, site-mutations taken
place in either side of the N-terminal/central domain
pair will weaken the inter-domain interaction,
resulting in an increased tendency of unzipping. This



seems to be the major cause for the hyper-activation
effects seen in the RyR1 of the patients with MH and
CCD, and for the leaky Ca’* channels seen in the
RyR2 of cardiac myopathy patients. The fact that
many of the critical cardiac mutation sites are
localized in the regions of the RyR2 corresponding to
the N-terminal and central domains of the RyR1
suggests that the essentially identical domain-domain
interaction-mediated mechanism is operating for the
regulation of both RyR1 and RyR2 Ca®* channels. This
idea may be tested in future studies, by producing the
skeletal MH/CCD mutations in the RyR2, or
alternatively by producing the cardiac myopathy
mutations in the RyR1.

Most of the information described in this
review has been derived from the studies with the
peptides corresponding to the selected regions of the
in vivo E-C coupling components. Needless to say,
stringent tests (such as the mutation control as
described here) must be carried out to verify the
relevance of these peptides as a physiologically
meaningful probe. Once it is done, these peptides
serve as a powerful tool for many purposes; e.g. to
localize the sites of peptide binding in the primary
structure of the RyR, to introduce the fluorescence
conformational probe to the designated sites, to
monitor local conformational changes in the
designated domains, etc. With the aid of a sufficiently
large number of useful peptides and with finer
localization of the peptide binding sites within the
primary structure of the RyR, it should become
possible to construct the intra-molecular or inter-
molecular domain-domain interaction map. Upon
accumulation of a sufficient amount of information
from the in vitro studies, some of these key domain
peptides can be tested for their effects in the in vivo
system, as done with DP4. It would also be
worthwhile to apply the domain peptide-mediated
site-specific fluorescence labeling technique
developed from the in vitro work to introduce the
conformational probe to the designated domain of the
RyR in situ and monitor the local events occurring
during E-C coupling in vivo.
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