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Summary

1. In muscle, intracellular calcium concentration,
hence skeletal muscle force and cardiac output, is regulated
by uptake and release of calcium from the sarcoplasmic
reticulum. The ryanodine receptor (RyR) forms the calcium
release channel in the sarcoplasmic reticulum.

2. Calcium release through RyRs is modulated by a
wide variety of endogenous molecules including small
diffusible ligands such as ATP, Ca2+ and Mg2+. The
regulation of RyR channels by ATP, Ca2+ and Mg2+ is a
complex interplay of several regulatory mechanisms which
are still being unravelled. Consequentlyit is not clearly
known how RyRs are regulated in resting muscle and
during contraction. Reviewed here are:

3. Factors controlling the activity of RyRs in skeletal
and cardiac muscle with an emphasis on mechanistic
insights derived from single channel recording methods.

4. The nature of dihydropyridine receptor (DHPR)
control of RyRs in skeletal muscle derived from
experiments with peptide fragments of the DHPR II-III
loop.

5. Recent experiments on coupled RyRs in lipid
bilayers and their potential for resolving the elusive
mechanisms controlling calcium release during cardiac
contraction.

Introduction

“A lmost everything we do is controlled by calcium”.1

The vast array of processes governed by intracellular
calcium signals relies on their precise spatial and temporal
control.2 To achieve this cells have evolved intracellular
stores that provide a stable, reliably controlled release of
calcium into the cytoplasm. Two types of calcium ion
channels are known to provide the calcium release pathway
from intracellular stores, namely ryanodine receptors
(RyRs) and inositol 1,4,5-trisphosphate receptors.

In striated muscle (skeletal and cardiac), the
sarcoplasmic reticulum (SR) is the calcium store from
which calcium release through RyRs is the key determinate
of muscle force. The RyR has several isoforms found in
different animal species. In mammals three isoforms have

been cloned and sequenced: RyR1 in skeletal muscle; RyR2
in cardiac and smooth muscle; and RyR3 in many cell
types. The two isoforms found in amphibian, fish and avian
muscle (RyRα and RyRβ) are similar to RyR1 and RyR3
respectively.3 Invertebrates carry a single RyR isoform
which is similar to RyR2.4

During excitation contraction coupling (EC coupling)
in muscle, depolarisation of the surface membrane and
transverse (t)-tubules causes release of Ca2+ from the
sarcoplasmic reticulum (SR). This leads to an increase in
cytoplasmic [Ca2+], which in turn is the signal for
contraction. Membrane depolarisation activates
dihydropyridine receptors (DHPR, L-type calcium
channels) which trigger the opening of RyRs. The EC
coupling mechanisms in skeletal and cardiac muscle differ.
In the heart, t-tubule depolarization triggers an influx of
Ca2+ through the DHPR which activates RyRs and calcium
release.5-8 In skeletal muscle the influx of Ca2+ is not
required9 and the trigger for RyR activation depends on a
physical link between the DHPR and the RyR.10 Discussed
below are the ways in which cardiac and skeletal RyRs
(mammalian isoforms RyR1 and RyR2) are differently
regulated by components of the cytoplasm and lumen and
how this underlies the differences in skeletal and cardiac
EC coupling.

Regulation of RyR1 in skeletal muscle

In the absence of Mg2+, the activity of RyR1s has a
bell-shaped dependence on cytoplasmic [Ca2+]. RyR1s are
activated by ∼ 1 µM cytoplasmic [Ca2+] and exposure of
their cytoplasmic face to >1 mM [Ca2+] will inhibit them.11

In resting muscle, cytoplasmic [Ca2+] is 100-150 nM12,13

whereas during muscle contraction the cytoplasmic [Ca2+]
rises to∼ 20µM.14

ATP is a RyR agonist which can activate RyR1s in
the virtual absence of cytoplasmic Ca2+, and in conjunction
with Ca2+, can cause almost full activation. Activation of
RyR1 by ATP and its non-hydrolysable analogue AMP-
PCP has been reported to have a Ka in the range 0.2 to
1 mM.15-18 In muscle [ATP] ∼ 8 mM,19 facilitating near
maximal ATP activation of RyRs. Therefore, in the absence
of Mg2+ (see below), ATP alone can trigger SR Ca2+ release
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in resting skeletal muscle. The subsequent rise in
cytoplasmic Ca2+ will reinforce RyR activation, a process
called Ca2+ induced Ca2+ release (CICR).

In resting skeletal muscle the RyRs are inactive
because of the inhibitory effects of cytoplasmic Mg2+. The
total Mg2+ concentration in the cytoplasm is∼ 9 mM,19

much of which is bound to ATP so that the free Mg2+ is ∼ 1
mM.20,21 Skinned fibre experiments by Lamb and
Stephenson22,23 have shown that a reduction of cytoplasmic
free Mg2+ from physiological levels to ≤0.2 mM causes
Ca2+ release from the SR. Mg2+ is believed to inhibit RyRs
by two mechanisms (the dual-inhibition hypothesis17,24).
Mg2+ can inhibit RyRs by competing with Ca2+ for the
activation sites (A-sites) or Mg2+ can close RyRs by binding
to low affinity, non-selective divalent cation inhibition sites
that also mediate Ca2+-inhibition (I-sites). The dual
inhibition model predicts that competition between Ca2+

and Mg2+ at the A-sites will only produce significant
Mg2+-inhibition when cytoplasmic Ca2+ is less than 1µM
(i.e. when the muscle is at rest). On the other hand,I-sites
produce Mg2+-inhibition with Ki ∼ 200 µM over the entire
physiological Ca2+ range.24,25

The properties of RyR1s measured in isolation are
consistent with the calcium permeability of the SR in
resting muscle. However, during EC coupling the regulation
of RyRs by cytoplasmic ligands is substantially altered. At
rest, Mg2+ is the primary inhibitor of Ca2+ release from the
SR. During t-tubule depolarization and activation of the
RyR by the DHPR, the sensitivity of the RyRs to inhibition
by Mg2+ is reduced by more than 10-fold.23,26,27 This is
thought to be due to a reduction in the Mg2+ affinity of the
I-sites and A-sites.24,27,28 This would relieve the
Mg2+-inhibition of the RyR, permitting RyR activation by
ATP and its reinforcement by CICR (the Mg2+ de-
repression hypothesis26). Uponrepolarisation of the surface
membrane Mg2+-inhibition is reinstated. Since the Mg2+

affinity of the I-sites is relatively insensitive to Ca2+, the I-
sites would again be able to inactivate the RyRs even
though the cytoplasmic [Ca2+] is elevated during muscle
excitation. TheMg2+ de-repression hypothesis is further
supported by the observation that depolarization induced
SR calcium release can be substantially inhibited by
reduced [ATP] (0.5 mM) or by ATP antagonists such as
adenosine.18,29,30This indicates that the DHPR stimulation
of RyRs is not sufficient on its own for Ca2+ release and that
stimulation of RyRs by intracellular ligands is necessary for
EC coupling.18

Several regions of the DHPR are involved in its
physical interaction with the RyR1 in skeletal muscle.31

Expression of cDNAs encoding chimeric constructs of
skeletal and cardiac DHPRα1 subunits in myotubes have
demonstrated that the cytoplasmic loop between repeats II
and III of the skeletal DHPRα1 subunit (666Glu-Leu791),32

and more specifically residues725Phe-Pro742,33 are crucial to
skeletal EC coupling. Application of peptide corresponding
to the II-III loop to isolated RyRs resulted in activation of
skeletal but not cardiac RyRs in some studies but not in
others.34,35 Shorter sequences have been synthesized to
determine the specific regions of the II-III loop involved in

RyR regulation.36 Tw o peptides, AS (671Thr-Leu690) and CS
(724Glu-Pro760), were found to interact with isolated
RyRs.36-42

Of particular interest is the CS peptide which is the
region of the II-III loop which is thought to be a
determinant of skeletal EC coupling. Application of this
peptide to isolated skeletal RyRs resulted in a decrease in
their Mg2+-inhibition which was mediated by a 2-fold
increase in theKi of the I-sites.42 This result shows the
striking parallel between the actions of the peptide and
changes in RyR activity during EC coupling. The 2-fold
change in RyR affinity for Mg2+ caused by CS is much
smaller than the 10-100 fold reduction that occurs during
EC coupling in skinned muscle fibres23,27 and in triad
preparations.43 However, it would be surprising if the mere
presence of the CS peptide mimicked EC coupling because
the peptide fragment itself does not possess the DHPR
sensor for membrane depolarisation and the bilayer
experiments are incapable of inducing conformational
changes in the peptides that mimic depolarisation. The
effect of CS does indicate an interaction between the724Glu-
Pro760 region of the DHPR and the part of the RyR which
affects the I-sites. DuringEC coupling this interaction
could indeed produce large changes in Mg2+-inhibition by
transmitting depolarisation induced conformational changes
from the DHPR to the RyR.

The precise location of theA- and I- Mg2+/Ca2+ sites
in the RyR protein are not yet known but it was clear at an
early stage that these sites are located in very different parts
of the RyR protein.44 Electron microscope image
reconstruction shows RyRs to have a large cytoplasmic
domain (the foot region) and a relatively small trans-
membrane region that forms the Ca2+ pore.45 The RyR is a
homotetramer of∼ 560 kDa subunits containing∼ 5035
amino acids (aa). The trans-membrane pore is comprised of
the ∼ 1000 C-terminal amino acids (aa 4000-5000) and the
remaining amino acids form the foot region. Expressionof
the RyR C-terminus produces Ca2+ channels with similar
conductance and Ca2+-activation properties as full RyRs46

but they lack regulatory sites for Ca2+-inhibition. Thus it
appears that theA-sites are located in the C-terminal region
whereas theI-sites are located in the foot region. RyR aa
4032 has been proposed to form part of theA-site because
the E4032A substitution decreases RyR1 sensitivity to
Ca2+-activation by four orders of magnitude.47 However,
this is not settled yet because others have proposed that aa
4032 is a crucial part of the signal transduction between the
A-site and channel gating.48

A l ikely candidate for theI-site is the very distinctive
sequence of 30 consecutive neg ative amino acids (with only
one intervening positive residue) at positions 1873-1903 in
RyR1. Such a string of negative charges could form a low
affinity, low specificity cation binding site. Significantly, the
homologous sequence in the cardiac RyR2, where the
divalent cation affinity is 10-fold lower (see below), has a
far lower net charge. Moreover, deletion of aa 1641-2437
from RyR1 appeared to reduce theI-site affinity by 10-fold
without effecting theA-site.49 Another candidate for theI-
site is in the amino acids near position 615. The R615C
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mutation in pig RyRs (leading to malignant hyperthermia)
causes a 3-fold reduction in theI-site affinity for Ca2+ and
Mg2+.25 It is quite possible that both these regions could
form theI-sitesvia inter-domain interactions between these
widely separated sections of the amino acid sequence.

The part of the RyRI-sites that encompass the
Arg615 residue may also be important for EC coupling.
Several lines of evidence indicate that the DHPR II-III loop
interacts with RyRs somewhere between aa 450-1500. 1)
The peptide CS has recently been shown to bind to the
region between aa 450 and 1400 on RyR1.50 2) RyR
peptides from within this region (922-1112 and 1303-1406)
bind to both II-III and III-IV loops of the DHPR.51, 523) Aa
1303-140653 and 1272-1455 of RyR154 have been identified
as critical for EC coupling. 4) The Arg615Cys mutation in
pig skeletal RyRs not only reducesI-site affinity but also
reduces the activating effect of CS.

55

Thus, an overall picture is emerging in which
depolarization induced conformation changes in the DHPRs
are transmitted to the RyR1 region (aa 450-1500)via the
DHPR II-III loop. The 450-1500 region of the RyR also
contains theI-site for Mg2+-inhibition which undergoes a
marked decrease in Mg2+ affinity in response to DHPR
depolarisation.23 In conjunction with this the DHPRs reduce
the Mg2+ affinity of the A-sites. Ithas been proposed that
DHPRs might do this by commandeering the mechanism
that decreases theA-site affinity in response to elevated
[Ca2+] in the SR.28 The subsequent alleviation of
Mg2+-inhibition permits RyR activation by ATP and its
reinforcement by CICR.

Regulation of RyR2 in cardiac muscle

Regulation of cardiac RyRs by Ca2+ and Mg2+ and
ATP operate by similar mechanisms as they do in skeletal
RyR1s except that the ligand sensitivities vary between the
two isoforms. Cardiac RyR2s are not appreciably activated
by ATP in the absence of Ca2+ but ATP augments their
activation by Ca2+.29,56 In RyR2 theI- sites have a 10-fold
lower affinity for divalent ions than RyR1.24,44 The dual-
inhibition model predicts marked differences in the way
Mg2+-inhibition affects RyR1 and RyR2. At resting [Ca2+],
RyR1 and RyR2 are similarly inhibited by Mg2+ thus it can
be regarded as the brake on cardiac Ca2+ release at rest.
However, at elevated cytoplasmic Ca2+ (∼ 10 µM) which
occurs during muscle contraction, theI-sites produce
relatively little inhibition of RyR2 compared to RyR1. Thus
in cardiac muscle raised cytoplasmic Ca2+ is sufficient to
alleviate the Mg2+-inhibition of RyRs.

Our present understanding of the regulation
mechanisms in RyR2 fails to explain the stability of
calcium release in cardiac muscle.Depolarisation of the
surface membrane initiates release by providing a small
increase in cytoplasmic calcium concentration which
relieves Mg2+-inhibition and ‘kick starts’ RyR opening. The
subsequent release of calcium from the SR further increases
the cytoplasmic calcium concentration and strongly
reinforces RyR activation by CICR. The inherent
amplification of CICR underlies nearly all of the calcium

released from the SR.5 CICR should provide an explosive,
positive feedback in calcium release that will completely
empty the SR by any stimulus from the surface membrane.
Yet in spite of this, the quantity of calcium released from
the cardiac SR has a graded and stable dependence on the
magnitude of the calcium inflow through the surface
membrane.57 This is the “paradox of control” of cardiac EC
coupling. To demonstrate a negative feedback mechanism
that breaks the CICR cycle is the main challenge to
understanding control of calcium release.58

Calcium sparks once provided a ray of hope for
understanding cardiac EC coupling. It is now understood
that the graded response of Ca2+ release in cells is due to
recruitment of different numbers of regenerative Ca2+

release events that are localised at the triad junctions. These
release events are called sparks because they appear as
localised bursts of light (∼ 2 µm diameter) in the presence of
fluorescent Ca2+ indicators. Theirfluorescence time-course
has an exponential rising phase lasting 10-20 ms which
corresponds to the time that the RyRs are open and
releasing Ca2+. When the RyRs close and Ca2+ release is
terminated, the fluorescence declines to baseline within
∼ 50-100 ms. Termination of Ca2+ release has been shown to
be an inactivation mechanism with a refractory period of
∼ 30 ms.59 The spark intensities appear to be quantised,
indicating that Ca2+ sparks involve the coordinated
activation of 2-10 RyRs.60 The discovery of sparks
appeared to resolve the “paradox of control” at a cellular
level only to have the same paradox reappear in our
understanding of spark termination.58 Ca2+ release in a
spark is self reinforcing, yet the mechanisms underlying the
termination of Ca2+ release remains unknown. Therefore
the “paradox of control” reduces to the question of how
RyRs can rapidly inactivate after they hav ebeen triggered
by Ca2+ influx through the DHPRs.

One of the most powerful techniques used to
understand the basic mechanisms of Ca2+ release, has been
to extract the Ca2+ release channels from muscle and study
them in isolation, in artificial bilayers, thus obviating the
complexities of cellular function.61 The intransigence of the
cardiac EC coupling problem lies in a failure of bilayer
measurements to yield a plausible mechanism for
termination of Ca2+ release.58 This may be because Ca2+

sparks result from cooperative activation of RyRs in close
packed arrays while isolated RyRs in bilayers have been
thought to be too widely separated to mimic these
interactions.

An inroad into this problem has been uncovered in
recent years. A few studies have reported that when several
RyRs are present, the opening of some RyRs depend on the
opening of others (i.e. the gating of these RyRs are coupled)
indicating that RyRs can form relatively stable, closely
packed aggregates in the bilayer. Coupling of RyRs was
first identified in CHAPS-purified RyR162 and RyR2.63

Those studies found that protein fractions enriched in RyR
multimers could produce synchronously gated channels.
This phenomenon required FK506 Binding Proteins
(FKBPs) and was independent of luminal [Ca2+],
suggesting that coupling arose from a direct physical link
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Figure 1. (A) A schematic illustrating the Ca2+ diffusion mechanism of RyR coupling in lipid bilayers. Ca2+ flowing from
the SR lumen through the channel can activate neighbouring channelsvia their cytoplasmic Ca2+ activation sites (A-sites-
labelledA on the left-most channel). The SR lumen is on the lower side of the membrane. The shading on the higher side of
the membrane is a schematic of the free [Ca2+] profile due to its efflux from the SR lumen. The average distance from the
pore that free Ca2+ can diffuse depends on the rate at which Ca2+ can bind to chelating agents in the bath.(B) The pre-
dicted free [Ca2+] profiles near the cytoplasmic side of the pore during Ca2+ efflux driven by 40 mV and 1 mM luminal
Ca2+.67 The arrows indicate the inter-pore separations of RyRs (nearest and second nearest neighbours) in their triadic
arrays determined from electron microscopy.68 (C) Recordings from an experiment with 7 cardiac RyRs in the bilayer show-
ing coupled gating at 20mV. The dashed lines indicate the current baselines (C) and openings of the first two channels (O1
and O2). The baths contained symmetric 250 mM Cs+ solutions with 2 mM ATP, cytoplasmic [Ca2+] c = 100 nM and lumi-
nal [Ca2+] l =0.1 mM. The channel activity depended strongly on the Ca2+ buffer. Free [Ca2+] was buffered to 100 nM by
5 mM BAPTA (top trace) and 2 mM EGTA (bottom trace, same bilayer). RyR activity was considerably greater in the pres-
ence of EGTA.

between RyRs. Another distinct phenomenon was reported
where multiple RyR1 or RyR2 channels incorporated into
bilayers from SR vesicles were clearly coupled but did not
open in synchrony.28,64-66These studies found that coupled
gating required the flow of Ca2+ from lumen to cytoplasm

and it was proposed that Ca2+ flow from one channel raised
the local [Ca2+] sufficiently to activate neighbouring RyRs
in the bilayer (Figure 1A).

The concentration profile of free Ca2+ near the
cytoplasmic pore mouth depends on the Ca2+ flux through
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the pore and on the Ca2+ buffering in the cytoplasmic bath67

(Figure 1A&B). For example, the Ca2+ binding rate of
EGTA is ∼ 1000-fold slower than BAPTA which means that
Ca2+ emanating from the pore will diffuse a greater distance
before it binds to EGTA than to BAPTA. It can be seen in
Figure 1B that in the presence of BAPTA the free [Ca2+]
falls to sub-activating levels (<1 µM) within 35 nm of the
pore whereas in the presence of EGTA free [Ca2+] is still at
activating levels beyond 100 nm.

Figure 1C shows recordings of coupled cardiac RyRs
in a lipid bilayer. In the top trace, the free [Ca2+] is buffered
to 100 nM by 5 mM BAPTA. The opening of a single RyR,
shown by current transitions from the baseline (C) to the
first level (O1), occurs every 200 ms on average. Once a
single RyR has opened the other channels open relatively
quickly (<20 ms) producing current transitions to high
levels (O2 and above). In this record the opening of a single
RyR increased the opening rate of its neighbours∼ 10-fold.
The importance of the Ca2+ buffering is apparent by
comparing the top and bottom traces. In the bottom trace
BAPTA was replaced by 2 mM EGTA which substantially
enlarges the domain of elevated Ca2+ near the pore mouth.
The opening rate of the first channel was not changed.
However, activity of other channels in response to the first
opening was greatly increased. This is most likely because
in the presence of EGTA a single RyR can recruit more of
its neighbours (Figure 1A) and because the local free [Ca2+]
is higher.

Interestingly, coupling persisted even when the
BAPTA confined elevated cytoplasmic [Ca2+] to within 35
nm of the pore.28,66 From these observations the separation
of RyRs in the bilayer was estimated to be∼ 30 nm. This
separation (see arrows in Figure 1B) is consistent with the
dimensions of RyR spacing in triad junctions, indicating
that during isolation and reconstitution, some of the RyR
arrays in muscle remain in tact and that rafts containing
3-10 RyRs remain stable in lipid bilayers. The mechanism
linking the RyRs in these arrays is not known but this link
is not in itself the mechanism for coupling.

Experiments on coupled channels will allow detailed
investigations of the mechanisms underlying the
termination of Ca2+ release that would not be possible with
single channels. When the activation of RyRs is
synchronised then inactivation processes operating within
RyRs become apparent. To illustrate the way in which
coupled RyRs could be used to resolve these mechanisms
we consider the effect of cytoplasmic Mg2+ on the coupled
gating of skeletal RyRs (Figure 2A). Like the coupled
gating seen in Figure 1, the first channel opening in the
bilayer triggers the opening of other channels (see arrow
marked ‘a’). Under the conditions in Figure 2A the channel
openings are such that closure of all the channels in the
membrane occurs on average once every 50-100 ms (arrows
‘a’ and ‘b’). The bursts of channel activity demarcated by
these closures are too long to account for the duration of
Ca2+ release occurring during a Ca2+ spark. However,
Mg2+-inhibition is known to decrease the mean open time
of RyRs in single channel recordings. When added to
coupled channels, Mg2+ causes a reduction in open duration

that reduces the burst duration to < 10 ms (Figure 2B & C,
arrows ‘c’ and ‘d’). The activity of Mg2+-inhibited RyR
clusters in the bilayer parallels the time course of Ca2+

release during a calcium spark.However, it is not yet clear
if intracellular Mg2+ has any role in terminating calcium
release in cardiac muscle.

Figure 2. (A) Recordings from an experiment with 3 skele-
tal RyRs in a bilayer showing coupled gating. The baths
contained symmetric 250 mM Cs+ solutions with 2 mM
ATP, [Ca2+] c = 100 nM (with 5 mM BAPTA) and
[Ca2+] l =1 mM. The channel activity was recorded at -40
mV.(B & C) The same experiment after addition of 0.5 mM
Mg2+ to the cytoplasmic bath. (C) An expanded section of
(B) indicated by the horizontal bar. The features labelled
‘a’-‘d’ ar e described in the text.

Concluding remarks

Even though skeletal and cardiac RyRs have the same
basic regulation mechanisms, differences in the ligand
sensitivities of these mechanisms significantly alter the way
in which they are controlled by the cell. In skeletal muscle,
the RyR I-sites have sufficiently high Mg2+ affinity to
inhibit Ca2+ release. During EC coupling, Ca2+ release is
triggeredvia a DHPR induced reduction in theA- andI-site
affinity for Mg2+. Control of RyR1 by theI-site gives
DHPRs the ability to terminate Ca2+ release upon
repolarisation, thus allowing tight control of Ca2+ release by
the surface membrane. In cardiac muscle, theI-sites have a
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10-fold lower affinity for Mg2+ and are not utilised by the
DHPR to regulate Ca2+ release. Instead, Ca2+ release is
triggered by the influx of Ca2+ through the surface
membrane. How this release process is controlled by the
surface membrane is not yet understood. However, recent
developments in recording of RyR arrays should pave the
way for a much improved understanding of cardiac EC
coupling.
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