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Heterogeneity of Ca?* Gating of Skeletal Muscle and Cardiac
Ryanodine Receptors

Julio A. Copello, Sebastian Barg, Hitoshi Onoue, and Sidney Fleischer
Department of Molecular Biology, Vanderbilt University, Nashville, Tennessee 37235 USA

ABSTRACT The single-channel activity of rabbit skeletal muscle ryanodine receptor (skeletal RyR) and dog cardiac RyR was
studied as a function of cytosolic [Ca®?*]. The studies reveal that for both skeletal and cardiac RyRs, heterogeneous
populations of channels exist, rather than a uniform behavior. Skeletal muscle RyRs displayed two extremes of behavior: 1)
low-activity RyRs (LA skeletal RyRs, ~35% of the channels) had very low open probability (P, < 0.1) at all [Ca®*] and
remained closed in the presence of Mg®* (2 mM) and ATP (1 mM); 2) high-activity RyRs (HA skeletal RyRs) had much higher
activity and displayed further heterogeneity in their P, values at low [Ca®*] (<50 nM), and in their patterns of activation by
[Ca?*]. Hill coefficients for activation (n?) varied from 0.8 to 5.2. Cardiac RyRs, in comparison, behaved more homogeneously.
Most cardiac RyRs were closed at 100 nM [Ca®*] and activated in a cooperative manner (n? ranged from 1.6 to 5.0), reaching
a high P, (>0.6) in the presence and absence of Mg?* and ATP. Heart RyRs were much less sensitive (10X) to inhibition by
[Ca?*] than skeletal RyRs. The differential heterogeneity of heart versus skeletal muscle RyRs may reflect the modulation

required for calcium-induced calcium release versus depolarization-induced Ca®* release.

INTRODUCTION

In skeletal muscle and heart, contraction is triggered by the
rapid release of Ca®* from the sarcoplasmic reticulum,
which is mediated by the ryanodine receptor channels. The
ryanodine receptors from skeletal and cardiac muscle
(termed skeletal and cardiac RyRs, respectively) can be
gated by Ca?" as well as by a variety of diagnostic ligands
(see reviews: Coronado et al., 1994; Dulhunty et al., 1996;
Fleischer and Inui, 1989; Meissner, 1994; Ogawa, 1994,
Sorrentino and Volpe, 1993).

Studies on the Ca®>* dependence of skeletal muscle and
cardiac RyRs reconstituted into planar lipid bilayers differ
in the estimate of cooperativity for Ca>* activation, and on
channel inhibition at millimolar [Ca®"] (Ashley and Wil-
liams, 1990; Chu et al., 1993; Laver et al., 1995; Rousseau
et al., 1992; Rousseau and Meissner, 1989; Sitsapesan and
Williams, 1994; Smith et al., 1986). The apparent contra-
dictions between reports have been attributed to differences
in experimental conditions as well as to different types of
muscle—that is, to the monovalent versus divalent ionic
environments used as current carriers to study the channels,
to different species, or to heterogeneity referable to different
types of muscle (Chu et al., 1993; Coronado et al., 1994;
Lee et al., 1991).

More recently, heterogeneous behavior of the channels
was reported within muscle types in which one RyR isoform
(RyR type I or RyR type II) predominates. Individual chan-
nels of the same preparation had different responses to
ryanodine and ATP (Ma, 1995), millimolar [Ca®*] (Laver et
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al., 1995), or ADP-ribose (Zahradnikova et al., 1995). These
studies suggested that heterogeneity may also be a conse-
quence of differential modulation. In this regard, we found
that for both skeletal muscle RyRs and cardiac RyRs, phos-
phorylation with protein kinases can overcome the block by
Mg2+, and again became sensitive to Mg2+, when treated
with protein phosphatases (Hain et al., 1994, 1995). Simi-
larly, in heart SR, phosphorylation by CaM kinase II was
found to overcome the block of cardiac RyRs by calmodulin
(Witcher et al., 1991).

Heterogeneity of RyRs may be related to polypeptides
that are associated with or bind to the channel. Calmodulin
binds to skeletal RyRs and has two distinct effects. At
nanomolar levels of cytosolic free [Ca®"] ([Ca®*];..), it
produced channel activation, whereas at uM [Ca®* ;... the
addition of calmodulin inhibited the skeletal RyRs (Tripathy
et al., 1995). Skeletal and cardiac RyRs are intimately
associated with FK506 binding proteins, named FKBP12
and FKBP12.6, respectively, as heterooligomers (Timerman
et al., 1993, 1994). FKBP12 has been demonstrated, by in
vitro dissociation and reconstitution studies, to modulate the
function of skeletal muscle RyR (Mayrleitner et al., 1994,
Timerman et al., 1994) but not that of heart RyR (Barg et
al., 1997; Timerman et al., 1996). The present study was
designed to detect channel heterogeneity of skeletal and
cardiac RyRs with regard to their response to cytosolic
[Ca®* Jqee- We find that both rabbit skeletal muscle RyRs
and dog heart RyRs behave as a heterogeneous population
of channels. A preliminary report of this work has appeared
(Copello et al., 1996).

MATERIALS AND METHODS
Drugs and chemicals

DibromoBAPTA  (1,2-bis(2-amino-5-bromophenoxy)ethane-N,N,N',N'-
tetraacetic acid) and HEDTA (N-(2-hydroxyethyl)ethylenediamine-
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N,N',N'-triacetic acid), obtained from Fluka (Buchs, Switzerland), were
dissolved at 10-25 mM in aqueous buffer containing 50-125 mM Tris,
and pH was titrated to 7.4 with HEPES. Phospholipids were obtained from
Avanti (Alabaster, AL), and decane was from Aldrich (Milwaukee, WI).
All other drugs and chemicals were from Sigma (St. Louis, MO) or were
of reagent grade.

Isolation of membrane fractions

Skeletal muscle terminal cisternae fractions of sarcoplasmic reticulum
were isolated from the predominantly white muscle of the leg and back of
the rabbit as described by Saito et al. (1984). Sarcoplasmic reticulum (SR)
fractions from canine heart were isolated as previously described (Cham-
berlain et al., 1983).

Bilayer technique

Planar lipid bilayers were formed on 110- or 180-pum-diameter circular
holes in Teflon septa. The septa were tightly clamped with a metal ring
between two half Teflon chambers, separating two 1.3-ml compartments
that could be stirred with magnetic bars. The system has previously been
described in detail (Schindler, 1989). The cis compartment was filled with
a solution containing 250 mM HEPES and 120 mM Tris (pH 7.4). The
trans compartment was filled with solution containing 250 mM HEPES
and 53 mM Ca(OH), (pH 7.4). Electrodes were Ag/AgCl pellets (Ref-2;
Warner Instruments, Hamden, CT) immersed in 2 M KCl and connected to
the chambers via 2 M KClI agar bridges. The cis solution was connected to
ground. The trans solution potential was clamped by an EPC-7 patch-
clamp amplifier (List Medical, Darmstadt, Germany). Membrane voltages
(V,,) are reported with respect to the trans side of the chamber. Currents are
depicted as negative (downward deflections) and denote cation flux from
trans to cis compartments.

Bilayers of a 5:3:2 mixture of bovine brain phosphatidylethanolamine,
phosphatidylserine, and phosphatidylcholine (50 mg/ml in decane) were
painted onto the holes of bilayer septa from the cis side as previously
described (Schindler, 1989). Bilayers utilized in our experiments had
capacitances of 150-350 pF and leakage currents of less than 1 pA per 100
mV change in voltage.

After a 30-min period, to control bilayer stability, 500 mM CsCl and 1
mM CaCl, were added to the cis solution to facilitate fusion. Then 1-5 ug
of protein of terminal cisternae vesicles from rabbit skeletal muscle or 2-10
pg of dog cardiac sarcoplasmic reticulum (SR) was added to the cis
solution with stirring. In all cases the cis chamber was stirred until ClI™
currents were observed (usually within 1-5 min), and then the cis chamber
was perfused at 3-4 mlV/min with 20 ml of HEPES/Tris (250/120 mM,
respectively, pH 7.4). The experiment was initiated only when channels
with characteristics of the RyR were found (commonly one or two chan-
nels). That is, the channels identified as RyR had a current amplitude of
3.8—-4.4 pA (skeletal RyRs) or 3.5-4.0 pA (cardiac RyRs) at 0 mV
transmembrane voltage, a reversal potential of +40 mV (trans to cis), and
a slope conductance of ~100 pS (skeletal RyRs) or 80 pS (cardiac RyRs).

RyR channels incorporate into the bilayers with their cytoplasmic face
toward the cis chamber. Such channels are activated by cis (cytoplasmic)
Ca®* and/or ATP, and blocked by Mg?*. When tested at the end of the
experiments, the addition of ruthenium red (10 uM) to the cis chamber
blocked the channels, and ryanodine (2 uM) locked the channels in a
half-conductance open state. All of these responses are characteristics of
RyR (Coronado et al., 1994; Dulhunty et al., 1996; Fleischer and Inui,
1989; Meissner, 1994; Ogawa, 1994). In our studies of calcium sensitivity
of the RyR channels, we studied the effect of changing the free [Ca?*],
defined as [Ca®*],,, from nanomolar to millimolar ranges on the cis
(cytoplasmic) side of the channel.

Single-channel currents were filtered at 500-1000 Hz with an eight-pole
Bessel filter (Frequency Devices, Haverhill, MA) and digitized at 2-5 kHz
using a Digidata 1200 analog-to-digital conversion system (Axon Instru-
ments, Foster City, CA) for analysis by microcomputer. Data acquisition
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and analysis were carried out using the pClamp 6.03 program (Axon
Instruments). Mean open probability (P,) was determined for all conditions
as the average of two to six segments of 20—180 s of channel recordings at
each [Ca®*], of the dose-response curves. In most cases, P, was calcu-
lated by 50% threshold analysis. In recordings of channels having very
short open times (some skeletal RyRs), in which the amplitudes are
decreased by the filtering, or in experiments with multiple channels (num-
ber of channel current levels greater than five), P, was also estimated as the
proportion of areas in amplitude histograms. In multiple-channel experi-
ments, the global open probability of all of the channels (nP, values) was
calculated. For simplicity of comparison with single-channel experiments,
we show (in Figs. 1, 2, 8, 9, and 10) nP_/x values, where x represents the
number of current levels observed. This is likely to underestimate the total
number of channels (n) in experiments with skeletal muscle RyR, because
some channels had very low P, at all Ca®>* concentrations. Substates were
observed in ~30% of HA skeletal RyR channels when recordings were 20
min or longer, although their frequency compared with full opening was
low (<1%). The amplitudes of the substates were 25%, 50%, and 75% of
the full conductive opening. Conductance substates of 25% and 50% of the
full channel conductance have also been observed with cardiac RyRs, but
were rare; i.e., they were observed in less than 10% of the recordings and
with low probability (the frequency of substates versus the frequency of
full open events was lower than 0.2%). Consequently, the small contribu-
tion due to substates did not significantly affect the P,. For studies of
dwell-time distributions, segments with substates were not utilized.

Channel lifetimes were measured by half-amplitude threshold analysis
of single-channel recordings of 2-4 min duration, filtered at 1 KHz, and
digitized at 4-5 KHz. Openings and closings were binned every 400-500
ms and grouped into noncumulative histograms. A probability density
function (PDF) = {a,/T, - exp(—#/T,) + ... a/7; - exp(—#/7;)} containing
i = 1 to 4 exponential terms (Colquhoun and Hawkes, 1995) was fitted to
the histograms using the nonlinear regression curve routines of the program
pStat 6.03 (Axon Instruments) and SigmaPlot 2.0 (Jandel Scientifics, Corte
Madera, CA), which are both based on the Marquardt-Levenberg algo-
rithm, 7, are the closed or open time constants, and a; are the fractional
contribution of each component to the area under the curve (Za; = 1). Fits
were accepted only when all of the parameters were significantly different
from zero. The number of exponential terms that best fit the histograms
was determined according to both F test and the Akaike information
criterion (Landaw and DiStefano, 1984). In addition to these criteria, the
overlapping of the PDFs and the experimental data was also checked by
eye. The analysis describes the characteristics of those events that are fully
resolved by our bilayer system to compare differences between skeletal and
cardiac RyR channels. Short-lived events (0—800 ps) were not considered
for calculations. Parameters derived from the dwell-time histograms were
not corrected for missed events. Not all individual channels exhibited the
same number of time constants. Averages of time constants contain only 7;
values with area of distribution (g;) different from zero. Average areas
contain zeroes for those channels where fits do not include the respective
time constant, to make the average Za; = 1.

In our studies of Ca®* sensitivity of the RyR channels, HEDTA (Bull
and Marengo, 1993; Fabiato, 1988) or dibromoBAPTA (Harrison and Bers,
1987; Tsien, 1980) was utilized to effectively buffer free Ca®*. The
apparent dissociation constants (Kp) used for calculating [Ca®* Igeer at pH
7.4 and 20°C for the Ca®*-chelator complexes, are 2.2 uM for HEDTA,
1.8 uM for dibromoBATPA, and 0.06 uM for EGTA (Harrison and Bers,
1987, Fabiato, 1988). From these K, values it is clear that both dibro-
moBAPTA and HEDTA buffer Ca>* much more effectively than EGTA in
the [Ca2*],;, range of RyR activation (0.5-10 uM). Solutions of different
free Ca®* concentrations were prepared by mixing dibromoBAPTA with
Ca?* concentrations, as calculated by using stability constant values from
Harrison and Bers (1987). For free Ca®* concentrations in solutions
prepared with HEDTA, calculations were made using the IONS program
(Fabiato, 1988). First, | mM dibromoBAPTA (or HEDTA) was added to
reduce Ca2™ levels to less than 50 nM (calculated assuming that residual
Ca?* in the solution was less than 20 uM). Then CaCl, or Ca-HEPES was
added sequentially to achieve cumulative free [Ca2*] ;; of 100 nM to 10
mM. The addition of chelators and cumulative doses of calcium to the
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FIGURE 1 Gating by cytosolic Ca®>* ([Ca®*].;,) of ryanodine receptor channels from rabbit skeletal muscle terminal cisternae (skeletal RyRs). Skeletal
RyRs were bathed in HEPES-Tris (cytosolic side) and HEPES/Ca”" (luminal side); the holding potential was 0 mV. (4) Example of skeletal RyR Ca?*
currents by a low-activity channel (LA skeletal RyRs) at different pCa (—log [Ca®*],,,); open events are shown as downward deflections. (B) Example of
skeletal RyR Ca®* currents by a high-activity channel (HA skeletal RyRs). (C) Single-channel P, versus [Ca®*].,. O, Data points (each from 90-s
recordings or longer) from a typical LA skeletal RyR; A and V, data points from two high-activity (HA) skeletal RyR channels. nP_/x data are from a

multichanne] experiment (ll; x = 12 current levels observed).

bilayer chamber was done using graduated 10- and 50-ul syringes (Ham-
ilton Company, Reno, NV) to minimize volumetric errors. The free
[Ca®*], levels were also confirmed by measuring the fluorescence of
Fura2 in mixtures of various amounts of calcium and chelators as utilized
in the experiments, or with a Ca®* electrode.

For both skeletal and cardiac RyR channels, increasing [Ca®*];, to
millimolar levels reduces the amplitude of the channel openings, as can be
seen in Figs. 1 and 5. The relative permeability of Ca®* versus Tris
(Pco/Prys) is ~14 for RyR channels (for a review, see Coronado et al.,
1994). Thus, increasing [Ca®*];, to millimolar levels reduced the driving
force for net Ca®>* movements through the channel. In Fig. 1 we show
currents at 1 mM Ca?*, and in Fig. 5 currents at 5 mM (in this last case the
driving force for Ca®* movements at 0 mV is much lower). On average,
current amplitudes decreased by ~15%, 30%, and 50% when [Ca?*]
increased from 10 uM to 1, 5, and 10 mM, respectively. Because high
[Ca®*], reduces channel conductance and perturbs the analysis, the
[Ca®*],;, was limited to 10 mM.

DibromoBAPTA was utilized in all of the experiments where 2 mM
Mg®* and 1 mM ATP (cis side) were present, because of its very low
affinity for Mg®>* (Kp > 100 mM; Tsien, 1980). [Ca®*]., was not
increased to millimolar levels in the presence of Mg?* and ATP. Increasing
[Ca®*];, to millimolar levels decreases the levels of free [ATP] (binding to
Ca®*) and increases the levels of free [Mg?*]. Both Mg?* and ATP are
modulators of the channels (Coronado et. al., 1994; Meissner, 1994).

Attempts to maintain free [Mg?*] and [ATP] at constant values necessitate
changes in the levels of total [Mg®*] and [ATP), as well as added total
[Ca?*), thereby introducing further variables. For this reason, our experi-
ments tested only the effects of [Ca*];, within a range in which, accord-
ing to calculations from the IONS program (Fabiato, 1988), free and total
levels of [ATP] and (Mg>*] did not change appreciably.

Statistics and curve fitting

Experimental values are expressed as means = SEM. Curve fitting was
done by nonlinear regression analysis of individual experiments and mean
values, using commercially available programs based on the Marquardt-
Levenberg algorithm (pClamp6, Axon Instruments; SigmaPlot 2.0, Jandel
Scientific, Origin 3.0, MicroCal Software, Northampton, MA). In many
experiments with skeletal and cardiac RyRs, the titration by [Ca®*].,, was
restricted to the phase of activation only, and in other experiments both the
activation and inhibition phases were studied. To compare all experiments,
we determined the parameters for the activation of RyRs with the Hill
equation, P, = P + (P — PiMy/(] + (ECso/[Ca*],)"W)). Pi™ and
PZ are the initial ([Ca”*] ;; < 50 nM) and maximum P, values (average
values at [Ca®*],;, = 100 uM). ECy, is [Ca®*],, for half-maximum
activation, and nj; is the Hill coefficient for the activation. For the phase of
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FIGURE 2 Gating by cytosolic Ca®>* of ryanodine receptor channels from dog cardiac muscle sarcoplasmic reticulum (cardiac RyRs). The experimental
conditions were similar to those described in Fig. 1. (A) Example of Ca 2* currents as a function of [Ca®*],;, from a cardiac RyR that is insensitive to
inhibition by [Ca®*] ;. = 5 mM. (B) As in A, for a cardiac RyR sensitive to inhibition by millimolar levels of Ca>*. (C) P, versus [Ca* ], for two examples
of single-channel behavior (O, [J), and nP/x data for one multiple-channel experiment (ll; x = 4 channels). V and A, Duplicate P, versus [Ca®*],, curves
for a single channel obtained in two sequential runs, and between perfusions of the cytosolic bathing solution with HEPES/Tris.

inhibition of the RyRs by [Ca’*),;,, we used the equation P, = P +
(P™* — P)[1 + ([Ca?*],,/ECso)"H], where P and P are residual
(fraction of P, insensitive to inhibition by [Ca’*].;,) and maximum P,
values at [Ca®*], = 100 uM. ICy, is the [Ca®*] ;; for the half-maximum
inhibitory effect (ICs,), and ni, is the Hill coefficient for the inhibition.

RESULTS

Skeletal muscle RyRs show extremes of behavior
with regard to calcium gating, whereas cardiac
RyRs behave more homogeneously

Sarcoplasmic reticulum vesicles from rabbit skeletal or dog
cardiac muscle were incorporated into planar lipid bilayers,
and the effects of varying cytosolic free Ca>* ([Ca®*] ;) on
the open probability (P,) of a large number of ryanodine
receptors from skeletal and cardiac muscle were studied.
Skeletal muscle RyR channels show a wide variation of
activity under comparable conditions, indicating a hetero-
geneous population. This is exemplified in Fig. 1, which
shows extremes of the response to [Ca®*];. For simplifi-

cation, we classify them as low-activity (LA) and high-
activity (HA) skeletal RyR, despite the fact that a range of
intermediate behaviors was also found within the second
group.

Low-activity channels (LA skeletal RyR) are defined as
channels that were almost inactive or had little activity in
the [Ca®*),;, range of 50 nM to 10 mM. As shown in the
example of Fig. 1, A and C (open circles), openings of LA
skeletal RyRs at low [Ca’*];, (nanomolar) were scarce
(P, < 0.01) and brief (a few milliseconds). The frequency
of openings increased with [Ca®* ], from 20 nM to 100—
200 uM, where P, reached maximum values of ~0.1. The
channel activity decreased to low levels at higher [Ca®* ] ;,
(millimolar) (Fig. 1, A and C). Most of these channels had
such a biphasic response to [Ca** ], albeit with overall low
activity. The example shown in Fig. 1, A and C (open
circles) is representative for 6 out of 20 experiments with
skeletal muscle RyRs. One additional channel studied al-
ways had P, < 0.02 and was therefore also classified as LA,
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even though it did not have a clear biphasic response to
[Ca2+]cis (not shown). Thus skeletal LA RyRs as defined
above were found in ~35% of the single-channel experi-
ments (7 of 20 experiments here, and 4 of 14 in the presence
of Mg?* and ATP; see later).

High-activity channels (HA skeletal RyRs) resemble
skeletal RyRs as reported by a number of laboratories
(Coronado et al., 1994; Dulhunty et al., 1996). Example
current traces of HA skeletal RyRs are shown in Fig. 1 B,
recorded at several [Ca®* ], (pCa ranged from 7.5 to 3.0).
Fig. 1 C plots P, values versus [Ca®>*];, for two examples
of single channels and one experiment with several channels
simultaneously present in the bilayer. HA skeletal RyRs
displayed a biphasic response to [Ca®*],,,, with high vari-
ability in the observed open probability at all [Ca®*] ;. HA
skeletal RyRs reached maximum P, values of 0.60 * 0.14
(ranging from 0.18 to 0.96, n = 13).

Cardiac ryanodine receptor (cardiac RyR) channel re-
cordings at [Ca®*],,, ranging from 100 nM to 5 mM are
shown in Fig. 2, A and B. Cardiac RyRs also displayed a

Skeletal muscle
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FIGURE 3 Comparison of P, val- A
ues of skeletal RyRs (A, C, E) and
cardiac RyRs (B, D, F) at three
[Ca®*],;, levels. The x axes (from A
to F) always represent the peak P,
values of individual channels found
at midrange [Ca®*];, (midrange was
at 10-200 uM). A and B show fre-
quency of distribution of P, values
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biphasic response to [Ca®*] ;.. They reached maximum P,
values of 0.82 = 0.11 (ranging from 0.36 to 0.99, n = 12).
Most of the channels were closed at [Ca®" ], < 0.1 uM,
and became fully activated with 10 uM [Ca®*],,, as illus-
trated in the examples. (Fig. 2 C). Inhibition of the channels

required millimolar [Ca®*] .

Populational analysis reveals high variability in
the calcium sensitivity of skeletal, but not
cardiac, RyRs

To assess the degree of heterogeneity and the population
differences among cardiac and skeletal RyRs, P, values of
many individual RyR channels were compared at three
[Ca2+]cis, defined as “low” (<50 nM for skeletal, 100 nM
for cardiac RyRs), “mid” (reflecting the peak P, value, e.g.,
between 20 and 200 pM), and “high” (1 mM). In one set of
experiments, we evaluate the [Ca®*], activation of the
channels from “low” to “mid” [Ca**],, (Fig. 3, C and D)

Cardiac muscle
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and, in a second set, at “mid” and “high” [Ca**], (Fig. 3,
E and F), the inhibition of RyRs by [Ca®*] ;. Individual P,
values at “low” and “high” [Ca®*],,, respectively, were
plotted against P, values of the same channel at “mid”
[Ca®*],, (the distribution of “mid” P, values is given in
Fig. 3, A and B, respectively).

The differences in behavior of the skeletal RyRs as com-
pared with cardiac RyRs are dramatic. Both groups of
channels show (at least) bimodal distribution of peak P,
values (Fig. 3, A and B). Skeletal RyRs were found to have
peak P, values at “mid” [Ca®*],,, from near O to 1 (Fig. 3
A). For cardiac RyRs, the peak P, values estimated at “mid”
[Ca®* ], (in the range between 20 and 100 uM) varied less
(Fig. 3 B). Most of the skeletal RyR channels (n = 80) had
P, < 0.5 (Fig. 3 A), whereas most of the cardiac RyRs (n =
55) reached P, =~ 0.5 or higher (Fig. 3 B). Consequently, the
peak P, values of cardiac RyRs averaged to 0.750 = 0.033,
higher (p < 0.01) than 0.326 * 0.030 for skeletal RyRs. At
“low” [Ca®*],,. nearly 30% of skeletal RyRs had P, <
0.01; the remaining 70% had P, between 0.01 and 0.6 (Fig.
3 C). Most of the cardiac RyRs were silent (P, < 0.01) at
“low” [Ca**],,; values of P, > 0.05 were rare (Fig. 3 D).
The mean P, value for skeletal RyRs was 0.073 = 0.016 at
“low” [Ca**],,. For cardiac RyRs, it was less (0.011 =
0.002; p < 0.01), even though [Ca®*], was buffered at
somewhat higher levels (Fig. 3 legend). The mean ratio of
P, values “low” versus “mid” [Ca®*]  (ry,) Was 0.240 =
0.028 for skeletal RyRs, much higher (p < 0.01) than r,,,,, =
0.014 = 0.003 for cardiac RyRs.

Fig. 3 E shows paired P, values of skeletal RyRs at mid
versus high [Ca®"],,. The response of skeletal RyRs to
millimolar [Ca®*],;, was heterogeneous, with 40% retaining
considerable activity, yet the other 60% was practically
closed. The mean P, value of the channels greatly decreased
from 0.360 * 0.081 at mid [Ca**]; to 0.083 = 0.041 at
high [Ca®*],;, (n = 33, paired observations). Fig. 3 F shows
that cardiac RyRs were less sensitive to inhibition by
[Ca®*],.. Athigh [Ca®*] ;, the mean P, was 0.741 + 0.039,
compared with 0.848 = 0.029 for mid [Ca®*];, (n = 33).
The mean ratio of P, values at high versus mid [Ca**],
(Fiym) Was 0.18 * 0.04 for skeletal RyRs, much less than for
cardiac RyRs (ry,, = 0.86 = 0.03, p < 0.01). Thus the
decrease in P, of cardiac RyRs was only ~14%, much less
than the 82% observed with skeletal RyRs (p < 0.01).

Fig. 3 illustrates evidence for the presence of at least two
groups of channels in skeletal muscle. P, values at mid
[Ca®*],, varied widely; however, the frequency of channels
with low P, (range 0.01-0.13) was more than twice that of
channels with higher P, (Fig. 3 A). In addition, most of the
channels with P, < 0.1 had very low activity at low (Fig. 3
C) and high [Ca2+]cis (Fig. 3 E), whereas most of the active
channels showed variable activity at both low and high
[Ca®*],;,. This notion enables us to sharpen our definition of
LA skeletal RyRs. LA channels have very low activity at
low and high [Ca®*];,, and reach a maximum P, < 0.1 at
mid [Ca®*],, of ~100—200 uM. On the other hand, it
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becomes clear that HA skeletal RyRs represent a wide range
of channel behavior.

Heterogeneity in channel behavior is not due to
experimental error in the determination of P,

To estimate the error of P, duplicate determinations were
performed on the same channel by perfusing the cis cham-
ber with HEPES/Tris (see Materials and Methods), and then
reestablishing the experimental conditions of the initial set
of measurements (by adding the same amount of dibro-
moBAPTA/calcium). Ranges of variation between original
and duplicate values of peak P, values are given as boxes in
Fig. 3, C and E, for skeletal RyRs and Fig. 3, D and F, for
cardiac RyRs. For the same skeletal RyR channels, the
average difference between two P, determinations (first
minus repeat) was 0.06 = 0.01 (the range was from 0.01 to
0.13; n = 11 experiments). For the 11 channels tested, the
mean P, value was 0.352 * 0.088, and P, values ranged
from 0.02 to 0.90. Thus the range of variability between two
measurements from the same channel was only 15% of the
variation among P, values of different channels. Likewise,
the P, determinations for cardiac RyRs were reasonably
reproducible (Fig. 3, D and F). Similar reproducibility was
found also at other [Ca®*]  for both cardiac and skeletal
RyRs (not shown), and for titrations of [Ca®*];, (shown for
cardiac RyRs in Fig. 2 C, upright open triangles and in-
verted open triangles for first and second run, respectively).
It can be concluded that the wide ranges of channel behavior
observed in skeletal and cardiac RyR populations reflect
mainly heterogeneity among individual channels, rather
than experimental error.

Open and closed time distribution varies widely
among skeletal, but not cardiac, RyRs

The diary plot (P, versus time) of a LA skeletal RyR (as
defined above), recorded with 100 uM [Ca®*];, (Fig. 4 A),
shows that channel activity was low most of the time; i.e.,
there were no bursts of high open probability. In most cases,
this pattern was consistently observed during prolonged
experiments (>>40 min). For this LA RyR channel, short
openings (<5 ms) predominated, as shown in the open time
histogram (Fig. 4 B). Open events had time constants (T,
and 7,) of 1.18 ms (93% of the area of distribution) and 5.4
ms (7%). The closed event histogram of this channel (Fig. 4
C) shows only 22% short closures (7; = 2.00 ms), 34% with
7, = 9.82 ms and 44% with 7, = 54.2 ms. Similar values
were found for the open and closed time constants of six
other channels, all recorded in 100 uM [Ca** ], (see Fig. 2
legend). Thus the low P, value of LA RyR results from the
predominance of short openings and long closures.

For one example of HA skeletal RyR (Fig. 5 A) with 100
uM [Ca®*],, the diary plot shows that P, oscillated be-
tween low and high values. The open time distribution of
this HA skeletal RyR shows predominantly short events
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FIGURE 4 Gating of a LA skeletal RyR at 0 mV and with 100 uM [Ca®*],. (A) Open probability (P,) estimated in consecutive segments of 1 s (bars).
Note that the activity is low during the entire record length (120 s); the mean average P, for the whole trace was 0.055. (B) Open lifetime histograms were
constructed for resolved openings of the LA skeletal RyRs (bars; bin size of 0.4 ms), and the probability density function (PDF, solid line) was estimated
by nonlinear regression analysis (see Materials and Methods). (C) Closed lifetime distributions (bars) and PDF (solid line). The time constants (7;) for open-
and closed-time histograms and their respective areas (given in parenthesis as %; 2a,% = 100), obtained by fitting the PDFs to the dwell-time distributions,
are shown in B and C, respectively. Typical histograms are shown in this figure. The average parameters for seven LA skeletal RyRs at 100 uM [Ca®*];,
were as follows. Open times: 7, = 0.97 = 0.11 ms (range from 0.80 to 1.29 ms), a; = 93 * 2% (87-100%), 7, = 3.94 = 0.58 ms (2.70-5.91 ms),
a, = 7 * 2% (0-13%). Closed times: 7, = 1.30 * 0.20 ms (range from 0.82 to 2.00 ms), @, = 27 * 5% (12-55%), 7, = 7.61 = 0.93 ms (3.69-11.20
ms), a, = 33 * 2% (27-42%), 1, = 57.1 * 8.9 ms (37.0-97.9 ms), a; = 40 * 4% (19-53%).

(Fig. 5 B), yet the fit to the data required three exponential
terms. The time constants, 7; and 7,, of 0.94 ms (66% of the
area) and 3.45 ms (24%) had a range similar to that found
for LA channels. This HA channel also had openings dis-
tributing with a longer time constant (7, = 16 ms), which
was not observed for the LA RyR channels. More impor-
tantly, the closures were mostly short (Fig. 5 C), with time
constants of 1.1 ms (71%) and 6.14 ms (29%). Time distri-
butions similar to those in Fig. 5, B and C, were seen in nine
other HA channels (with 100 uM [Ca®*]_;; average values
are given in Fig. 5 legend). As a consequence of shorter
closures, the frequency of openings and the P, values are
greater in HA skeletal RyRs compared with LA RyRs.
Closed time distributions with a significant amount of long
closures were found in HA skeletal RyR, only with sub-
maximally activating [Ca®*]_;, (1-2 uM, not shown).
Cardiac RyRs exposed to 100 uM [Ca®*]_;, usually had
high P, as shown in the example of Fig. 6 A. The open time
distribution of this cardiac RyR (Fig. 6 B) was fitted with
three exponential terms, and time constants of 1.2, 7.9, and
24.7 ms. The average 75 of this and nine other experiments
were significantly higher than for HA skeletal RyR channels
(p < 0.05; Fig. 6 legend). Long openings prevailed in

cardiac RyRs, as indicated by the distribution area of each
time constant (Fig. 6 B, and legend of Fig. 6), in contrast
with HA skeletal RyR, where shorter events were much
more frequent (Fig. 5 B and legend of Fig. 5). The closed
time distribution of cardiac RyRs was similar to that of HA
skeletal RyRs, containing mostly short events (Fig. 6 C, and
Fig. 6 legend). As a consequence of a higher frequency of
long open events and fewer substates (see Materials and
Methods), traces from cardiac RyR channel recordings (Fig.
2, A and B, and Fig. 10) usually showed better resolved
gating events than the traces from skeletal RyRs (Figs. 1
and 9).

Parameters of activation/inhibition by calcium are
different in skeletal versus cardiac RyRs

[Ca®* ], titration curves of single skeletal and cardiac RyRs
channels, similar to those already shown in Figs. 1 and 2,
were analyzed for parameters of [Ca®*],, activation and
inhibition.

For skeletal LA RyRs (as defined above), the approxi-
mate estimation of parameters was done without curve
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FIGURE 5 Gating of a HA skeletal RyRs at 0 mV and with 100 uM [Ca®*] .. (A) Open probability (P,) estimated in consecutive segments of 1 s (bars).
Note that there are periods of variable activity (low and high). The mean average of P, for the whole trace of 200 s was 0.458. (B) Open lifetime histograms
(bars; bin size of 0.44 ms) and probability density function (PDF, solid line). (C) Closed lifetime distributions (bars) and PDF (solid line). The time
constants (7;) and areas (as % in parenthesis) are shown. The average values of these parameters for this example and nine other skeletal RyR channels
in 100 uM [Ca®*] ,, were as follows. Open times: 7, = 0.94 * 0.08 ms (range from 0.80 to 1.60 ms), @, = 61 = 4% (36—86%), T, = 4.24 * 0.50 ms
(2.74-7.20 ms), a, = 29 * 3% (14-40%), 7, = 20.1 * 3.2 ms (10.6-36.7 ms), a; = 10 = 3% (0-30%). Closed times: 7, = 0.90 * 0.12 ms (range from
0.60 to 1.25 ms), a, = 82 * 2% (71-91%), 7, = 3.87 = 0.58 ms (1.60-6.13 ms), a, = 18 * 2% (9-29%).

fitting, because the low P, precludes the use of fitting
algorithms. For six experiments in which the activation
phase was clearly identified, [Ca®*],,, for half-maximum
activation (ECs,) was ~70 to 150 uM. The [Ca®*]  for
half-maximum inhibitory effect (ICsy) was in the range of
100-300 uM (n = 5).

HA skeletal RyRs activated with EC;,’s almost one order
of magnitude lower than the range ECs,’s estimated for LA
RyRs. We observed a high degree of variation in the shape
of the P, versus [Ca®*]_; curves as well as in ECs,’s, with
the latter ranging from 0.7 to 8.9 uM [Ca®*];, (Fig. 7 4,
open circles). Note that ECs,’s within this range were
observed with all HA channels, even when peak P, values
were as low as 0.18. Seven out of 13 HA skeletal RyRs
activated with Hill coefficients (n};) greater than 1, four
others had n{; ~ 1 (see examples given in Fig. 1 C, upright
and inverted open triangles). In two additional cases, P, at
50 nM [Ca®*],,, was =0.4, and no clear [Ca®"] depen-
dence was observed (not shown). Mean values for the data
in Fig. 7 A were ECs, = 3.1 £ 0.7 uM (range from 0.7 to
8.9 uM) and n}; = 2.6 £ 0.5 (range from 0.8 to 5.0).

The ICs, for [Ca®*],, and the Hill coefficient for the
inhibition (n};) of four single HA skeletal RyRs are shown
in Fig. 7 B (open circles). There was a sevenfold variation
in ICy,’s (range 0.16—1.1 mM). The n}, of individual skel-

etal RyRs also varied, ranging from 2 to 5.1, indicative of
high cooperativity for the inhibition of the channels by
Ca®*. Mean values were IC5, = 0.50 = 0.21 mM and
n, =37 %07

In single cardiac RyR channel experiments, we observed
differences in their individual n§; and ECs,, and in the peak
P, values of the [Ca®*];, curves (compare open circles and
open squares in Fig. 2 C). Kinetic parameters for 12 single
cardiac RyRs are given in Fig. 7 A (open circles). The
individual ECsy’s varied between 1 and 5 uM, and had
niy = 2-5. The latter is in contrast with HA skeletal RyRs,
in which cooperativity on the activation by [Ca®*];, was
observed in just half of the channels.

Cardiac RyRs were less sensitive to inhibition by milli-
molar [Ca?*], than skeletal RyRs. Fig. 2, A and C, shows
a typical example of five similar cardiac RyRs channels,
where P, was unaffected by increasing [Ca®*]; up to 5
mM (open circles); a small decrease in P, was observed at
higher [Ca**],, (= 7.5 mM). However, in seven other
experiments, P, decreased continuously as the [Ca®*] ;; was
increased, and approached zero (see examples in Fig. 2, B
and C, open circles). Thus there is heterogeneity with re-
spect to [Ca®*],, inhibition. The individual ICs, and i for
the seven “inhibitable” cardiac RyRs channels are shown in
Fig. 7 B; mean values were IC5, = 5.3 = 1.1 mM (range



149

Copello et al. Heterogeneous Populations of RyRs
P, = 0.845
A 3o
a 4
o
a
o 0.5 A
~
&
o 4
Qo
g 0.0
0 30 60 90 120 150 180 210
Time (seconds)
“» 1000 OPEN 4000 CLOSED
» B .
g T, = 1.20 ms (22%) o 7, = 0.50 ms (74%)
v O 0
2 T, = 7.90 ms (34%) g, 5.40 ms (26%)
o o
= A 24.7 ms (44%) M
By O By
>
\0, o Ui T T e o o raceceraern 0

20
Open times (ms)

30

0
Closed times (ms)

40 5 10 15

FIGURE 6 Gating of a dog cardiac RyR at 0 mV and with 100 uM [Ca®” | .. (A) Open probability (P,) estimated in consecutive segments of 1 s (bars).
Note that high values of P, predominate; the average P, for the whole record (210 s) was 0.845. (B) Open-lifetime histograms (bars; bin size of 0.4 ms)
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in parenthesis) are shown. The average values of these parameters for this example and nine other cardiac RyR channels at 100 uM [Ca®*],

were as

follows. Open times: 7, = 0.84 * 0.08 ms (range from 0.40 to 1.10 ms), @, = 31 * 6%* (15-66%), 7, = 6.68 = 1.30 ms (2.90-11.20 ms),
a, =29 * 4% (12-43%), 7, = 43.0 = 7.9 ms* (15.3-81.6 ms), a; = 40 * 7%* (17-62%) (*values were significantly different from those of HA skeletal
RyRs; p < 0.05 or better). Closed times: 7, = 0.68 * 0.07 ms (range from 0.37 to 1.14 ms), @, = 73 * 5% (52-100%), 7, = 3.07 * 0.37 ms (1.60-7.30

ms), a, = 27 = 6% (0—48%).

2.0-8.1 mM), and n; = 2.6 = 0.7. Not all cardiac RyRs
were inhibited cooperatively; the range of ni; was 1.2-3.7
(Fig. 7 B). Note that the average of the ICs,’s for the
“inhibitable” cardiac RyRs (5.3 mM) was roughly 10 times
higher than for HA skeletal RyRs (0.50 mM), even though
for the [Ca®*],, activation, the ECy,’s were comparable
(Fig. 7, A and B).

FIGURE 7 Comparison of parame- A

Results from multichannel records can be
explained as average of LA and HA skeletal RyRs
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plify the analyses. However, the majority of channels were
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observed in multichannel experiments. Therefore, we stud-
ied whether multiple channel records behave like the aver-
aged population of individual channels.

An example of a multichannel experiment with skeletal
muscle RyRs is shown in Fig. 1 C (filled squares). Similar
to this, biphasic responses to [Ca®*],;, were observed in six
other experiments (estimated to contain 412 current lev-
els). The estimated parameters for each experiment are
given in Fig. 7 A (filled circles). The average of the ECs,’s
was 1.91 * 0.52 uM, which is comparable to that of HA
skeletal RyRs (3.1 = 0.7 uM). Mean n}; was 1.04 * 0.21,
considerably lower than that of single HA skeletal RyRs
(2.6 = 0.5). As expected, channels that have very little
activity (e.g., LA RyR) do not contribute significantly to
changes in nP,,. Thus the parameters will reflect mainly HA
skeletal RyRs. The finding that n¥; ~ 1 is likely due to
averaging of data from single channels with different
ECs’s.

Fig. 8 illustrates this phenomenon. The summation of all
HA skeletal RyR (open circles) single-channel data results
in a titration curve very similar to that obtained from the
summation of all multichannel experiments (open squares).
nf; (= 1.3) is much lower than in individual experiments
(nf; = 2.6). When LA RyR data are added to the summation
(HA + LA channels; inverted open triangles), the ECsy’s

1.0 - ® Cardiac RyR’s
O Skeletal (SkM) HA RyR’s

» 0.8
= O SkM RyR's
E 0.6 (multichannels)
-g ’ v SkM LA+HA RyR's
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FIGURE 8 Comparison of the activation by [Ca®*];, of skeletal and
cardiac RyRs. For skeletal muscle, skeletal RyR averaged values of P,
versus [Ca®* ], are presented for single HA skeletal RyR channels (O; n =
11), for the LA skeletal RyR channels (¢, n = 7), for all single (HA +
LA) skeletal RyR channels (V n = 18), and for multichannel experiments
(O, n = 7). For cardiac muscle, in which no important differences were
observed between single- and multiple-channel experiments, the average of
all [Ca®*),,, activation curves with cardiac RyRs (@; n = 24) is shown.
The solid lines represent the fit to the data of the Hill equation for Ca?*],,
activation: P, = Pi™ + (P™ — Pi"y/(1 + (ECs¢/[Ca2*],;)"W)). P and
P,m are initial (low [Ca®*];,<5 nM) and maximum values of P,
([Ca®*],;; = 100 uM) determined experimentally; ECs, and n®, have their
usual meanings. For HA skeletal RyRs, values are P = 0.09, PT** =
0.60, EC5, = 2.9 uM, and nf; = 1.3. For LA skeletal RyR channels, no
parameters were determined by curve fitting. For HA + LA channel
experiments, PI" = 0.05, P™ = (.40, ECs, = 2.3 uM, and n§; = 1.1. For
multi-skeletal RyR channel experiments, P! = 0.055, P™* = 0.44, EC,,
= 2.2 uM, and n§; = 1.1 (values were very close to the average of HA +
LA channels). For the pooled cardiac RyRs, values are P = 0.01, P™**
= 0.84, EC5, = 2.3 uM, and nj; = 2.6. Note that only the range of
[Ca®*],;, (from 50 nM to 100 M), where these channels activated (and not
the inhibition phase), is displayed.
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and ng; are not significantly changed. However, the plateau
P, values are now decreased by one-third.

The parameters for 12 multiple channel experiments with
cardiac RyRs (Fig. 7 A, filled circles; two to five channels
per bilayer) did not differ significantly from those of single-
channel experiments, indicating homogeneous behavior; the
mean ng; was 2.9 * 0.2 (range 1.8—4.5), and the mean ECs,
was 2.4 * 0.3 uM (range 1.5-5.0 uM). Pooled data of all
cardiac RyR experiments (single and multichannel) are plot-
ted in Fig. 8 (filled circles). The ni; = 2.6 for the pooled
average indicates that cardiac RyR’s activate over a nar-
rower range of [Ca®*];, than skeletal RyR.

In a similar manner, we found comparable parameters for
the inhibition phase in single channel versus multichannel
experiments (Fig. 7 B, filled circles) for both skeletal and
cardiac RyRs. For five multichannel skeletal RyR experi-
ments, we estimated mean IC5q, = 0.52 = 0.14 mM (range
0.18—-0.8 mM) and mean ni; = 2.0 + 0.4 (range 1.1-3.0).
Two multichannel experiments with cardiac RyRs had ni;’s
and IC5y’s comparable to those of single channels (Fig. 7 B).

We conclude that multichannel experiments reflect the
average behavior of single channels. However, such mul-
tichannel experiments mask the presence of different pop-
ulations of individual channels.

LA skeletal RyRs are RyRs

The gating of LA skeletal RyRs is quite different from that
of HA skeletal RyRs, although the two channel types have
similar current amplitudes at 0 mV (in the range of 3.6
4.3), similar slope conductances (80—100 pS), and reversal
potentials (~40 mV cis minus trans potential). LA RyRs
had responses similar to those of diagnostic ligands as
described for RyRs in general (Coronado et al., 1994; Fleis-
cher and Inui, 1989; Meissner, 1994; Ogawa, 1994). LA
skeletal RyRs were reversibly blocked by 1 mM Mg®* (n =
10/10). ATP (2 mM) reversibly activated the channels (no
Mg?* present, [Ca**] . < 50 nM); e.g., P, increased from
values of near zero (range 0—0.003) to 0.15 * 0.04 (range
0.05-0.28, n = 6). Ryanodine (1 uM; n = 3) induced very
long openings of about one-third the normal current ampli-
tudes, well established effects of this drug on skeletal and
cardiac RyRs. Finally, in a small percentage of experiments
(~7%), LA and HA types were observed to spontaneously
interconvert. The irreversible switch from HA to LA was
observed five times, and the opposite was observed twice,
i.e., from LA to HA skeletal RyR.

Heterogeneity of RyRs is also observed in the
presence of Mg?* and ATP

Both ATP and Mg”*, normally present in the cytosol,
modulate RyR channels (Coronado et al., 1994; Meissner,
1994; Ogawa, 1994). We therefore studied RyR channel
heterogeneity in the presence of Mg?* (total 2 mM, free
[Mg?*] ~ 1 mM) and ATP (total 1 mM).
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The range of [Ca®>*] in our experiments was chosen to
study the activation of RyRs, while keeping nearly constant
the levels of total and free concentrations of both Mg* and
ATP (see Materials and Methods).

A diversity of responses was observed for skeletal muscle
RyRs. In six of 14 experiments, the channels had very low
activity (P, = 0.01) over the whole range of [Ca®*],,
studied (50 nM to 50 uM), as shown for an example in Fig.
9, A and C (open circles). In two of these cases, the channel
behaved like HA skeletal RyRs, both before addition and
after removal of ATP and Mg?*. Thus the lack of activity in
the presence of ATP and Mg>* was not due simply to
channel inactivation. In four other cases, channels had the
characteristics of LA skeletal RyRs before and after the
addition of ATP and Mg**.

In the remaining eight experiments, the channels were
activated by increasing [Ca "] ;; from 50 nM to 50 uM. As
in the absence of Mg®* and ATP (Fig. 1 C), heterogeneity
among individual channels was observed (Fig. 9, B and O).
The shape of the P, versus [Ca®*],, curves varied, as
shown for two extreme examples (upright and inverted
open triangles) of seven individual channels, and a mul-
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tichannel experiment (filled squares) in Fig. 9 C. The pa-
rameters for the activation by [Ca** ], are given in Fig. 11
A. Both the mean of the ECsy’s (3.2 £ 0.7 uM; range
1.1-7.0 uM) and the mean of the nj’s (3.3 * 0.6; range
1.2-5.2) were similar to those in the absence of Mg®* and
ATP (3.1 uM and 2.6, respectively).

Titrations of [Ca®*] ;, were not pursued beyond 100 uM,
to avoid other complicating effects of millimolar [Ca®* ] .
Nevertheless, decreased skeletal RyR channel activity was
observed with [Ca’*],, > 1| mM (n = 3). Such high
[Ca*],, results in changes of free [Mg®"] (increase) and
free [ATP) (decrease), which complicate the interpretation.

Cardiac RyRs had a homogeneous response to [Ca”*]_;,,
when studied in the presence of 2 mM Mg®* and 1 mM
ATP (Fig. 10). The channels were closed at [Ca®*];, < 1
uM, activated in the micromolar range, and reached an
activation plateau at [Ca**],;, = 20-200 uM (200 uM
values not shown in Fig. 11). Individual ECsy’s and nj;’s
showed some scatter (Fig. 11 A). The mean ECs, (16.4 =
2.6 uM; range from 1.6-2.6 uM) was higher than in the
absence of ATP and Mg?* (3.1 uM, p < 0.01), whereas the
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FIGURE 9 Activation by [Ca®*], of skeletal RyRs in the presence of Mg?* and ATP. Conditions are similar to those in Fig. 1, except that 2 mM Mg?*
and 1 mM ATP were added to the cytosolic solutions. (A) Example of skeletal RyR Ca®* currents from a low-activity channel (LA skeletal RyRs). (B)
Ca®* currents from a high-activity channel (HA skeletal RyRs). (C) Single-channel P, versus [Ca®*],,,. Data points from a LA skeletal RyR (O). Data
points from two high-activity (HA) skeletal RyR channels (A and V). Clearly, LA and HA channels display different patterns of Ca>* activation. nP,/x

data from a multichannel experiment (ll; x = 5 current levels observed).
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mean nf; (2.1 £ 0.2; range 1.6-2.6) was slightly lower,
perhaps indicative of decreased cooperativity.

Comparison of the averaged data for those single HA
skeletal RyRs remaining active with Mg>* and ATP (seven
of nine) and all RyRs is shown in Fig. 11 B. Averaged
cardiac RyRs had higher ECs, but similar n¥; and maximum
P, values compared with averaged HA (Fig. 11 B legend).
For pooled HA skeletal RyRs, ni’s were similar in the
absence or presence of Mg and ATP (1.3 and 1.5), but lower
than the averaged ni’s of individual HA skeletal RyRs
channels (3.1 and 3.3, respectively). As described earlier,
this is a consequence of heterogeneous behavior of HA
skeletal RyRs. Cardiac RyRs channels were again more
homogeneous than HA skeletal RyRs (compare parameters
in Fig. 11 A); therefore the n{; of the averaged data was
similar to the mean n}; of individual channels (1.75 and 2.1,
respectively).

DISCUSSION

This study documents the functional heterogeneity of cal-
cium release channels from sarcoplasmic reticulum of skel-
etal muscle and heart with regard to gating by cytosolic
Ca®". Heterogeneity, much more pronounced for skeletal
RyRs, was observed in both the absence and presence of
Mg?* and ATP, which was largely referable to differences
in behavior of the channels and not to experimental error.

pCa
7 6 5

The data reveal important differences between the RyRs of
skeletal and cardiac muscle. In the following, some inter-
esting aspects of our findings are discussed.

Differences in the Ca®* gating of skeletal versus
cardiac RyRs

A key finding of this study is the identification and charac-
terization of a distinct group of low-activity (LA) RyR
channels in skeletal muscle, which can be readily discerned
from all other skeletal RyRs that were classified as HA
skeletal RyRs. Comparable observations have been reported
in RyRs from rat brain microsomes (Marengo et al., 1996),
and with purified a-RyR of chicken skeletal muscle (Per-
cival et al., 1994). No equivalent for LA RyRs was found in
heart in any of the studies. LA and HA channel behaviors
appear to represent separate gating modes of the same
channel protein, as suggested by spontaneous irreversible
switches between them (reported here), and the finding that
changes in the gating of rabbit skeletal muscle RyR can be
induced by applying voltage pulses (Ma, 1995). Evidence
for such an interconversion of gating modes was also found
in experiments with purified chicken RyR-a (Percival et al.,
1994), where ~25% of the channels reversibly switched
between behaviors resembling the LA and HA types defined
here. It seems unlikely therefore that LA RyRs are just
decayed versions of “typical” (HA) channels; they appear to
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FIGURE 11 Comparison of the acti-

vation by [Ca®*], of skeletal and car-

diac RyRs in the presence of 2 mM

Mg?* and 1 mM ATP. (A) EC,, and nf; A

of the activation of HA skeletal RyRs Y
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2 mM Mg?* + 1 mM ATP

and cardiac RyRs as a function of
[Ca’*].,,. Individual values of single-
channel experiments (O) and multiple-
channel experiments (@). (B) Compar-
ison of the activation by [Ca®*];, of
average HA skeletal RyRs and cardiac
RyRs. Averaged P, versus [Ca®*],
curves of seven experiments with sin-
gle HA skeletal RyRs, where Ca?* ac-
tivation was observed (O), and of 10
experiments with cardiac RyRs (@).
The solid lines represent the fit of the
Hill equation to the data (see Fig. 9
legend). For skeletal RyRs, values are
PN = 010 + 0.01, P™* = 0.56 *
0.14, ECso = 2.9 = 0.2 uM, and nf; =
1.5 * 0.1. For cardiac RyRs, values are
P = 0.00 * 0.00%, P™* = 0.74 *
0.10, ECsq = 13.0 = 1.0 uM*, and
nf = 1.8 = 0.1 (*skeletal RyR and
cardiac RyR values are significantly
different; p < 0.01).

Skeletal HA RyR’s

Cardiac RyR’s

B 1.0

Open probability

be, instead, a “special” gating mode of skeletal RyRs. In-
deed, bursting behavior of skeletal and cardiac RyRs with
alternating periods of low and high P, was recently dem-
onstrated (Armisén et al., 1996; Zahradnikova and Zahrad-
nik, 1995). In this context, LA skeletal RyRs could be
interpreted as RyRs locked in the low P, bursting mode.

Additional differences between skeletal muscle and heart
were observed. HA skeletal RyRs displayed a wide varia-
tion in 1) P, values at low [Ca**],,, 2) peak P, values at
mid [Ca®*],,,, 3) parameters of activation by [Ca®" ], and
4) inhibition at high [Ca®*],,. For skeletal muscle, the
presence of several channel types in addition to LA was
observed, which could not be resolved from the continuum
of channel behavior. With the exception of inhibition by
high (millimolar) [Ca®* ], such pronounced heterogeneity
was not observed in heart. Most cardiac RyRs were closed
at [Ca®*], < 0.1 uM, activated in a cooperative manner,
and reached high peak P, values (>0.6). Cardiac RyRs
were much less sensitive to the inhibition by [Ca®*],
requiring 1-10 mM [Ca®*]_; to observe a significant de-
crease in activity.

HA skeletal and cardiac RyRs gave similar mean ECy,’s,
but the cardiac RyRs activated in a narrower range of
[Ca®*], and from much lower to much higher P, values.
LA skeletal RyRs activated with EC,’s at least an order of
magnitude higher than HA skeletal RyRs and cardiac RyRs.
In conclusion, the response to [Ca®*];, of skeletal RyRs is
more graded than that of cardiac RyRs. Activation of car-
diac RyRs in the presence of Mg?* and ATP required much
higher [Ca®*],, than in the absence of these two agents
(mean ECsy’s 16.4 uM versus 2.8 uM). This was not the

ng (activation) EC,, (uM)
2 3 4 5 &6 1 3 10 30 100
I 1 T 1 ) 1 I 1 I T 1
© O O 000 Q@ @ O
o QP ©
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0.8
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case for skeletal HA RyRs (mean ECsy’s 3.2 uM versus 3.1
M) and may be related, at least in part, to the effects of
physiological modulation by ATP (Coronado et al., 1994).
It would therefore be of interest to assess the effect of
pharmacological agents in the presence of physiological
concentrations of Mg?* and ATP.

Comparison with previous reports
Heterogeneity

The presence of LA RyR channels seems to have been
overlooked in studies on mammalian skeletal muscle (Smith
et al., 1986; Rousseau et al., 1992; Chu et al., 1993; Coro-
nado et al., 1994), Only recently, two distinct channel
populations were found in purified «-RyR from chicken
skeletal muscle (Percival et al., 1994). Two other reports
suggest a heterogeneous [Ca®*] ;, modulation of channels
with characteristics like those of HA skeletal RyRs in rabbit
skeletal muscle and sheep heart (Laver et al., 1995). Our
study is the only one that we are aware of that compares
[Ca®*],, activation in the presence of Mg?* and ATP for
skeletal and cardiac RyRs.

Cooperativity of calcium activation

We consistently found high cooperativity for the activation
of heart RyRs by [Ca**] ;.. Our data are in agreement with
earlier reports (nf; =~ 2—4) for sheep cardiac RyRs (Laver et
al., 1995; Sitsapesan and Williams, 1994), but contrast with
nj; =~ 1 found in other reports (Ashley and Williams, 1990;
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Chu et al., 1993; Rousseau and Meissner, 1989). Most of
our skeletal RyRs were cooperatively activated, although
the nj;’s ranged from 0.8 to 5.2. Our data are in contrast to
previously reported values (ni; = 1) for rabbit skeletal RyRs
(Chu et al., 1993; Laver et al., 1995; Rousseau et al., 1992),
and for RyR from nonmammalian skeletal muscle (Bull and
Marengo, 1993; Percival et al., 1994; O’Brien et al., 1995).
Such apparent discrepancies may reflect, at least in part,
heterogeneity of the skeletal and cardiac RyR populations.
As demonstrated in the Results, the use of multiple channels
or averaged P, values from pooled data could have affected
calculations of n%’s, because of marked differences in in-
dividual channels of the ECsy’s for [Ca®*],,. The most
credible ni; values for the cooperativity of skeletal RyRs are
those from individual single-channel experiments.

Inhibition at millimolar calcium

This is the first report that rabbit skeletal RyRs and dog
cardiac RyRs are biphasically gated by cytosolic Ca>* when
calcium is used as the charge carrier. The response to
[Ca®*),;, described here resembles data obtained using ry-
anodine binding and calcium flux as assays for channel
function (Chamberlain et al., 1984; Chu et al., 1993; Fa-
biato, 1983; Meissner, 1984; Nagasaki and Kasai, 1983;
Pessah et al., 1985). Inhibition of skeletal muscle RyR from
several species by millimolar cytosolic Ca>* was observed
in bilayer experiments, only when monovalent ions were
used as charge carriers (Chu et al., 1993; Laver et al., 1995;
Percival et al., 1994; O’Brien et al., 1995; but see Bull and
Marengo, 1993), but not with high trans [Ca%*] (Rousseau
et al., 1992; Smith et al., 1986). This discrepancy has been
attributed to the modulatory effects of high luminal [Ca®*]
on the RyRs (Coronado et al., 1994), which is not tenable,
in view of our results.

We also find inhibition of cardiac RyRs, although at very
high [Ca®*] . This contrasts with a number of previous
studies (Chu et al., 1993; Rousseau and Meissner, 1989;
Ashley and Williams, 1990; Sitsapesan and Williams,
1994). Recently, cardiac RyRs were inhibited within a sim-
ilar range of [Ca®"],,,, when Cs™ (trans) was used as the
charge carrier (Laver et al., 1995). Thus it seems possible
that [Ca®*],;, used in many of these studies may not have
been high enough for inhibition. As biphasic [Ca®*], re-
sponses were also reported for RyRs from various other
nonmuscular tissues, as well as for inositol(1,4,5)triphosphate
receptors (IP3R) (Bezprozvanny et al., 1991; Marengo et al.,
1996), inhibition by high [Ca**],,, emerges as a general prop-
erty of calcium release channels.

Speculations on the molecular basis of
channel heterogeneity

The observed functional heterogeneity in heart and skeletal
muscle does not appear to be referable to a significant
heterogeneity of RyR isoforms in these tissues. The ryano-
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dine receptor isoforms I and II (RyR1 and RyR2) predom-
inate (>95%) in skeletal and cardiac muscle, respectively.
The level of RyR3 expression in fast twitch skeletal muscle
fibers is small (several percent or less) and not readily
detectable in cardiac myocytes (Coronado et al., 1994;
Dulhunty et al., 1996; Ogawa, 1994; Sorrentino and Volpe,
1993). However, regions for alternative splicing have re-
cently been identified in RyRs as possible sources of two
RyR mRNA transcripts found in skeletal muscle, which
could lead to functionally different channels from a single
gene (Zorzato et al., 1994).

Considering the complex modulation of RyR channels
characterized mainly by in vitro studies, we should expect to
find a heterogeneous population of RyRs. Some of the
mechanisms that could explain heterogeneity include re-
versible covalent modifications, such as phosphorylation/
dephosphorylation events (Witcher et al., 1991; Hain et al.,
1994, 1995). Furthermore, ryanodine receptors can be mod-
ulated by associated proteins. Removal of the FK-506 bind-
ing protein FKBP12 reversibly increases the sensitivity of
skeletal muscle RyRs to calcium and other ligands (Mayr-
leitner et al., 1994; Timerman et al., 1994). We estimated
that a small percentage of the channels may be devoid of
FKBP12 (Timerman et al., 1995), and some may be further
lost upon incorporation into the bilayer. Thus the loss of
FKBP in some channels may also explain, in part, the
heterogeneity of skeletal RyR channels. In cardiac tissue,
the removal of FKBP12.6 has no apparent functional effect
(Barg et al., 1997), which suggests different physiological
roles in excitation-contraction (EC) coupling, and may un-
derlie, at least in part, differences in the heterogeneity of
RyRs in cardiac versus skeletal muscle. Other associated
peptides (Coronado et al., 1994; Dulhunty et al., 1996) that
have been reported to modulate RyRs are calmodulin (Tri-
pathy et al., 1995) and sorcin (Lokuta et al., 1997).

Differences between the characteristics of skeletal RyRs
have previously been related to distinct functions of differ-
ent types of muscle, as between “slow twitch” and *fast
twitch” muscle (Lee et al., 1991). Similarly, the finding of
heterogeneous populations of skeletal RyRs in predomi-
nantly “white” muscle from rabbit (this report, Laver et al.,
1995), chicken (Percival et al., 1994), fish (O’Brien et al.,
1995), and frog (Bull and Marengo, 1993) could be related
to dissimilar fibers within the same muscle type. However,
heterogeneity of channels also occurs within a single skel-
etal muscle fiber, as indicated by the observation of heter-
ogeneity of calcium release events among individual triads
of frog skeletal muscle (Blatter et al., 1996).

Differential association of the channels with other pro-
teins may also underlie the observed heterogeneity. At the
transverse tubule-sarcoplasmic reticulum junctions (triads),
RyRs (foot structures) are arranged in orderly arrays at the
junctional face membrane of terminal cisternae, as shown
by electron microscopy (Franzini-Armstrong, 1996). Only
alternating foot structures directly interact with the particles
in the transverse tubules, (believed to be the dihydropyri-
dine receptors, DHPRs), suggesting that they are activated
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by a mechanism different from that of non-DHPR-associ-
ated skeletal RyRs. In cardiac muscle, a lesser level of
association between tetrads and foot structures was ob-
served. Thus a direct interaction between cardiac RyRs and
DHPR does not seem likely (Franzini-Armstrong, 1996).

The differential role of RyR isoforms in excitation-con-
traction coupling in skeletal muscle versus heart is still not
well understood. An important conclusion of our study is
that skeletal and cardiac RyR channel populations differ
markedly in their heterogeneity of channel behavior, which
may be a consequence of the modulation reflecting depo-
larization-induced calcium release versus calcium-induced
calcium release.
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