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Channel adaptation is a fundamental feature of sarcoplasmic reticulum calcium release 
channels (called ryanodine receptors, RyRs). It permits successive increases in the in- 
tracellular concentration of calcium (Ca2+) to repeatedly but transiently activate channels. 
Adaptation of RyRs in the absence of magnesium (Mg2+) and adenosine triphosphate is 
an extremely slow process (taking seconds). Photorelease of Ca2+ from nitrophenyl- 
EGTA, a photolabile Ca2+ chelator, demonstrated that RyR adaptation is rapid (millisec- 
onds) in canine heart muscle when physiological Mg2+concentrations are present. Phos- 
phorylation of the RyR by protein kinase A increased the responsiveness of the channel 
to Ca2+ and accelerated the kinetics of adaptation. These properties of the RyR from heart 
may also be relevant to other cells in which multiple agonist-dependent triggering events 
regulate cellular functions. 

Control of intracellular Ca2+ homeostasis is 
fundamental to the contraction of cardiac 
muscle. Entry of extracellular Ca2+ through 
voltage-sensitive Ca2' channels triggers the 
release of Ca2' from the sarcoplasmic retic- 
ulum (SR) (1-3). This process, Ca2'-in- 
duced Ca2+ release (CICR), is mediated by 
the Ca2+ -gated Ca2' release channel called 

the ryanodine receptor (RyR) (4). Reconsti- 
tution of RyRs in planar lipid bilayers indi- 
cates that individual channels are modulated 
by Ca2' (5, 6), Mg2+ (6-8), adenine nucle- 
otides ( 9 ) ,  and several protein kinases (10- 
12) under steady-state conditions. However, 
in the presence of physiological concentra- 
tions of Mg2+ and adenosine triphosphate 

(ATP), unphysiologically high concentra- 
tions of free Ca2+ are required to activate 
the channel (7, 13). This suggests either that 
a regulatory factor that alters Ca2+ sensitiv- 
ity is lost during RyR reconstitution or that 
steady-state experiments do not reveal key 
functional properties of the channel. 

The RyR channels have a regulatory 
mechanism termed adaptation that is trig- 
gered when the concentration of Ca2+ 
([Ca2']) is increased quickly by flash pho- 
tolysis of caged Ca2+ (14). Successive in- 
creases in [Ca2+] repeatedly open the RyRs 
which then close (adapt) even though the 
increased [Ca2+] is maintained. The multi- 
ple cycles of opening and closing as the 
agonist concentration is increased in steps 
is not predicted by traditional gating mod- 
els. Adaptation may be the negative feed- 
back mechanism that counters the inherent 
positive feedback of CICR. However, the 
rate constant of adaptation in vitro (7 = 1.3 
S) is much slower than that of the negative 
feedback mechanism that controls CICR in 
vivo (T - milliseconds). Thus, the physio- 
logical relevance of adaptation is unknown. 
To broaden our understanding of adapta- 
tion, we used a caged Ca2+ compound, 
nitrophenyl-EGTA [NP-EGTA (1 5)], that 
is highly specific for Ca2+ and thus permit- 
ted us to vary [Mg2'], a factor known to 
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of the light beam, about 0.2 mm in front of the bilayer aperture. (D) Relation of bath [Ca2+]), Traces a, b, and c correspond to the calibrated voltage signal from 
RyR activity to [Ca2+]. Continuous records in (A), (B), and (C) were divided into the Ca2+ electrode obtained during the recording of single-channel activity 
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affect the RyR (6-8). 
Individual canine cardiac RyR channels 

were reconstituted in planar lipid bilayers 
( 1 6), and the concentration of free Ca2+ of 
the solution surrounding the cytosolic face of 
the channel was buffered to 1 pM by mixing 
1 mM NP-EGTA with 0.96 mM CaC12 (1 7). 
Under these conditions, long (-2 to 5 ms) 
and short ( 5 1  ms) channel openings were 
evident (Fig. 1A). The probability of the 
channel being open (Po) was 0.21 and re- 
mained constant throughout the recording 
period. Decreasing the concentration of free 
Ca2+ to 100 nM by increasing the NP- 
EGTA:Ca ratio (Fig. 1B) decreased the fre- 
quency of long openings and reduced the 
stationary Po to <0.01. A slow increase of 
[Ca2+] in the microenvironment of the 
channel by application of a train of low- 
power ultraviolet laser flashes (18) slowly 
increased Po (Fig. 1C). Channel openings 
were sparse and brief at first and then be- 
came indistinguishable from those in Fig. 1A 
when [Ca2+] reached -1 pM. As resting 
conditions were slowly reestablished, Po de- 
creased in proportion to the decrease in 
[Ca2+]. Bursts of activity were present only 
at high [Ca2+] (1  pM) regardless of whether 
the CaZ+ was applied at steady state or by a 
slow ramp (50.25 pM SKI) (Fig. ID). This 
indicates that RyR activity is a monotonic 
function of [Ca2+] if the rate of Ca2+ appli- 
cation is adequately slow. 

Different RyR kinetics were evoked by a 
rapid increase of [Caz+] from 100 nM to 1 
pM. RyR activity peaked almost immedi- 
ately and then spontaneously decayed, even 
though [Caz+] remained essentially un- 
changed (Fig. 2A). The ensemble current 
generated by summing sweeps of single- 
channel currents showed that Po was very 
high immediately after the flash, and then 
slowly decayed to a new steady-state about 
1.5 s after the flash (Fig. 2D). A n  exponen- 
tial fit of the ensemble current showed that 
the rate of activation [T,, = 1.35 ms (1 9)] 
and the rate of decay ( T ~ ~ ~ ~ ~  = 1.41 S) were 
nearly identical to those obtained with 
the caged Ca2+ DM-nitrophen (14). After 
1 mM MgZ+ was added to the cytosolic 
medium, photolysis increasing [Caz+] from 
100 nM to 1 p M  decreased the peak of 
activation and increased the rate of sponta- 
neous decay (-15-fold faster, T~~~~~ = 98 
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ms) (Fig. 2B). The reduced channel con- 
ductance (-26% of that in the absence of 
Mg2+) resulted from Mg2+ competing as a 
current carrier. The long openings observed 
without Mg2+ were virtually absent in the 
presence of Mg2+, explaining the attenuat- 
ed Po. There were several sweeps with few 
or no  openings after the flash, which also 
accounted for the depressed peak of the 
ensemble current. Open events were rarely 
observed by the end of the sweep. A larger 
increase in [Ca2+] to 10 pM was required to 
achieve a peak of activity similar to that 
seen in the absence of Mg2+ (Fig. 2C). 

The larger increase in the [Ca2+] in- 
creased the rate of openings, but the rate of 
decay was still fast ( T ~ ~ ~ ~ ~  = 168 ms). Thus, 
physiological [Mg2+] shifted the threshold of 
RyR activation by Ca2+ to a higher [Ca2+] 
and accelerated adaptation of the receptor to 
a rate comparable with that seen for the 
decay of the transient increase in intracellu- 
lar [Ca2+] in intact cells [half-life, tl,,, of 
-150 ms (1-3)]. With an increase in the 
final [Ca2+] step to 10 pM, the peak % was 
similar to that thought to occur in vivo (20). 
The [CaZ+] needed to more fully activate the 
RyR is higher than the global [Ca2+] reached 
in a heart cell at the peak of the contraction. 
Hence, high local [Ca2+] [which may occur 
when dihydropyridine-sensitive Ca2+ chan- 
nels on the sarcolemma open in close prox- 
imity to the RyR (1, 3, 21)] is required to 
evoke substantial Ca2+ release. 

We  applied a standard increase in [Ca2+] 
from 0.1 to 10 pM and measured the effect 
of various [Mg2+] on the kinetics of the RyR 
(Fig. 3). Ense7mble currents were constructed 
by summing single-channel sweeps obtained 
in' the absence and the presence of Mg2+ 
(Fig. 3A). In the absence of Mg2+, peak Po 
reached -1.0, suggesting that 10 pM Ca2+ 
alone was sufficient to maximally activate 
the channel. However, the rate of decay was 
slow ( T ~ ~ ~ ~ ~  = 1.35 s), and the Po at the end 
of the sweep was still high. A t  the maximal 
[Mg2+] tested (3 mM), the peak Po and 
plateau Po decreased to 0.42 and 0.04, re- 
spectively. Thus, the transient and steady- 
state activities of the RyR are inversely re- 
lated to the [Mg2+]. The rate of adaptation 
was increased by Mg2+, with a concentration 
of -100 p M  yielding the half-maximal ef- 
fect (Fig. 3B) and a Hill coefficient of 1.1, 
suggesting that Mg2+ probably acted at a 
single binding site to produce this effect. 
Half-maximal inhibition of CICR by Mg2+ 
in skeletal muscle occurs at a concentration 
of 230 pM (22); however, skeletal RyRs are 
known to be more sensitive to blockade by 
Mg2+ (23). Thus, adaptation may be pro- 
moted by Mg2+ in both heart and skeletal 
muscle. 

Cardiac RyRs are important substrates 
for the adenosine 3',5'-monophosphate 
(CAMP)-dependent protein kinase 

D 
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Fig. 2. Activation of a RyR by very fast changes of 
the [Ca2+]. The resting [Ca2+] was 0.1 yM in all 
traces. Calibrated step increases of [Ca2+] were 
achieved by varying the power output of the laser 
apparatus [Q-switch mode (18)l. Resting condi- 
tions were reestablished by stirring the cis (that is, 
cytoplasmic) chamber. The RyR openings were 
elicited by fast increases of [Ca2+] to 1 yM (A and 
B) or to 10 yM (C) produced by single -7-ns light 
pulses. A 1 mM concentration of free Mg2+ (1.02 
mM MgCI,) was present in (B) and (C). Traces in all 
panels were recorded from the same channel. (D) 
Ensemble currents were generated by the sum of 
data sweeps (curve a, 18 sweeps; curve b, 16 
sweeps; and curve c, 23 sweeps) and correspond 
to the single-channel records shown in (A), (B), 
and (C), respectively. The time course of the spon- 
taneous decay of activity was best fit by a single 
exponential function. The time constants of adap- 
tation were (curve a) 1.41 s, (curve b) 98 ms, and 
(curve c) 168 ms. The means 2 S D  for n = 4 
experiments were (curve a) 1.52 t 0.2 s ,  (curve b) 
107 t 16 ms, and (curve c) 154 z 27 ms. (E) 
Amplitude and time course of the change in 
[Ca2+] in the microenvironment of the channel as 
measured simultaneously with a Ca2+ electrode 
during the course of the experiment. 

A(PKA) (10, 11 ). In intact ventricular 
myocytes, PKA increases the amplitude 
and the rate of decay of the intracellular 
Ca2+ transient (24). We  tested the effect 
of the catalytic subunit of PKA on  RyR 
activity (25). A t  a constant bath [Ca2+] of 
10 pM,  PKA (1  pglml) decreased [?H]ry- 
anodine binding to cardiac SR vesicles by 
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Fig. 3. Effect of Mg2+ on the peak, plateau, and 
rate of adaptation of RyR activity. (A) Ensemble 
currents obtained in the presence of the lndlcated 
[Mg2+] (0 to 3000 pM) Photolysis of caged Ca2+ 
increased [Ca2+] from 0.1 to 10 pM in all cases. 
The number of data sweeps at each [Mg"], ob- 
tained from two independent experiments, were 
(0 FM Mg2+) 49, (30 pM Mg2+) 38, (300 p+M 
Mg2+) 28, and (3000 pM Mg") 46. (B) The rate 
constant of spontaneous decay of RyR activity, 
T~,,,,, is plotted against [Mg2+]. Data points were 
fitted with the equation r,,,,, = T ,,,,, m&[l + 
([Mg2+]IKo ,)"I where ~,,,,,max is the rate con- 
stant of adaptation In the absence of Mg", KO, is 
the half-maximal [Mg2+] necessary to accelerate 
adaptation, and n 1s the Hill number. 

34 t 8% (mean + SD, n = 4)  and steady- 
state Po of cardiac RyR by 26 + 9%. This 
effect would appear to be at odds with the 
effect of activation of PKA in cells (24). 
Because differences in single RyR respons- 
es to [Ca2+] and cellular responses to in- 
tracellular [Ca2+] reside in the kinetics of 
the responses, we applied fast Ca2+ steps 
by photorelease of Ca2+ and examined the 
transient response of the RyR before and 
after phosphorylation by PKA (Fig. 4) .  

In the presence of 3 mM ATP and 4 mM 
MgC1, [a concentration of free Mg2+ of -1 
mM (Fig. 4A)], an increase in [Ca2+] to 10 
p M  increased the peak P ,  determined from 
ensehble currents from <0.01 to 0.73. Ad- 
aptation of the channel led to a plateau Po 
of 0.38 with a rate constant of decay of 187 
ms (Fig. 4C). In contrast, when an increase 
in [Ca2+] to 10 p M  was triggered 1 min 
after the addition of PKA (1 p.g/ml) to the 
cytosolic side of the channel (Fig. 4B), peak 
Po of the same channel consistently in- 
creased from <0.01 to -1.0. Adaptation of 
the channel led to a new steady-state P') of 
0.21 with a rate constant of decay of 106 ms 
(Fig. 4C). A similar concentration of PKA 
failed to induce the kinetic changes de- 
scribed above when ATP was replaced with 
the nonhydrolyzable analog P,y-methylene- 

C 500 rns 

Fig. 4. Modification of RyR kinetics by PKA-de- 
pendent phosphorylation. Single laser pulses pro- 
duced a photorelease-dependent increase in 
[Ca2+] from 0.1 to 10 KM in all panels. (A) Activa- 
tion of a single RyR in the presence of 3 mM ATP 
and 4 mM MgCI, (a concentration of free Mg2' of 
-1 mM). (B) Representative traces of the same 
channel taken -1 mln after addition of the cata- 
lytic subunit (1 Fg/ml) of PKA to the cytosolic 
solut~on (25). (C) Ensemble currents generated by 
summing 17 sweeps (curve a) and 21 sweeps 
(curve b) corresponding to the single-channel 
traces shown in panels (A) and (B), respectively. In 
each case, activity peaked within 5 ms after pho- 
tolysis and then spontaneously decayed with a 
T~,,,, = 187 ms (curve a) or 106 ms (curve b). 

adenosine 5'-trinhosnhate (AMP-PCP) 
(26). Thus, we interpret the kinetic chang- 
es induced by PKA as being the result of 
phosphorylation of the RyR or of a closely 
associated regulatory protein that incorpo- 
rates in the bilaver with the RvR. The lower 
steady-state ac;ivity caused 'by PKA ex- 
plains the modest inhibitory effect of PKA 
in [3H]ryanodine binding and lipid bilayer 
experiments at constant [Ca2+]. The in- 
creased peak of activity and the faster rate 
of decay induced by PKA may enable RyRs 
to increase their sensitivity to a triggering 
Ca2+ current and to adapt quickly, thus 
permitting faster availability of RyRs for 
subsequent triggers, features known to occur 
in heart muscle treated with 6-adrenergic 
agonists. 

Channel adaptation appears to be a 
physiologically important property of the 
cardiac RyR. A normal intracellular [Mg2+] 
was required to achieve the appropriate ki- 
netic responsiveness in bilayer experiments 
that is seen in intact heart cells. Addition- 
ally, the lower sensitivity of the RyR to 
Ca2+ observed in the presence of Mg2+ is 
consistent with ii)  the low sensitivitv of . , 
response to a global change of [Ca2+] k e n  

in intact cells ( 1 ,  3) and ( ~ i )  the absence of 
self-propagating CICR in normal cells de- 
spite spontaneous or photolysis-generated 
increases in [Ca2 + ] (3, 27). Adaptation may 
function in modulating CICR and intracel- 
lular Ca2+ signaling in many cell types that 
use Ca2+ release channels of the RyR and 
inositol t r iphos~hate receptor superfamily 
to ~ r o v i d e  primary or amplified secondary 
intracellular Ca2+ signals. The  increased 
sensitivity of the RyR to a [Ca2+] step, the 
faster adaptation, and the lower steady-state 
sensitivity to [Ca2+] after phosphorylation 
by PKA reveals a potential mechanism by 
which multiple regulatory pathways may 
modulate the complex time course of Ca2+ 
release in the heart. 
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The interleukin-1 P (IL-1 P) converting enzyme (ICE) processes the inactive IL-1 P precursor 
to the proinflammatory cytokine. Adherent monocytes from mice harboring a disrupted 
ICE gene (ICE-I-) did not export IL-1 p or interleukin-1 a (IL-1 a) after stimulation with 
lipopolysaccharide. Export of tumor necrosis factor* and interleukin-6 (IL-6) from these 
cells was also diminished. Thymocytes from ICE-'- mice were sensitive to apoptosis 
induced by dexamethasone or ionizing radiation, but were resistant to apoptosis induced 
by Fas antibody. Despite this defect in apoptosis, ICE-/- mice proceed normally through 
development. 

T h e  cytokine I L - 1 ~  plays a pivotal role in 
acute and chronic inflammation, bone re- 
sorption, myelogenous leukemia, and other 
pathological processes (1). IL-1P is synthe- 
sized as a 31-kD Drecursor devoid of a con- 
ventional signal sequence (2) and is pro- 
cessed to its proinflammatory 17-kD form by 
ICE, a cysteine protease with substrate 
cleavage specificity for Asp-X (3). ICE itself 
is synthesized principally in monocytes as an 
inactive proenzyme that autoprocesses to an 
active tetramer composed of two 10-kD and 
two 20-kD subunits ( 4 , 5 ) .  With the cloning 
of the C a e m M t i s  elegans cell death gene 
ced-3 (6), ICE was recognized to be a mem- 
ber of a new subfamily of cysteine proteases. 
ICE and CED-3 show only 28% sequence 
conservation overall, but their active site 
residues are completely conserved (5 ,  6). 

Although the physiological functions of 
the mammalian ICE homologs are un- 
known, overexpression of ICE and ICE ho- 
mologs in transfected cell lines induces ap- 

optosis (7, 8). This effect is reduced when 
ICE is coexpressed with Bcl-2, a mammali- 
an oncogenic protein that is a general sup- 
pressor of apoptosis (9). Further, transfec- 
tion of chicken dorsal ganglion cells with 
CrmA, a serpin-like inhibitor of ICE (10) 
and potentially of ICE homologs, protects 
these cells from apoptosis induced by deple- 
tion of nerve growth factor ( I  I) .  

To probe the physiological functions of 
ICE, we disrupted the murine ICE gene in 
D3 embryonic stem (ES) cells by replacing 
part of exons 6 and 7 (Fig. 1A) with a 
neomycin resistance gene cassette (1 2, 13). 
Chimeric mice were obtained by injection 
of mutant ES cells into C57BL/6 blastocysts, 
and the chimeric males were mated with 
C57BL/6 mice. Interbreeding of the het- 
erozygous mice generated the expected men- 
delian 1: 2:l ratio of wild-type (ICE+/+), 
heterozygous (ICE+/-), and homozygous 
(ICE-I-) mutant mice. Homozygous mice 
with two copies of the disrupted ICE gene 
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Fig. 1. Disruption of the murine ICE gene by homologous recombination (13). (A) Restriction maps of the 
murine ICE locus, the targeting vector, and the mutant ICE locus. (B) RT-PCR analysis of mRNA from 
ICE+/+ and ICE-/- mice with oligonucleotide primers (13) specific for wild-type ICE cDNA (I), mutated 
ICE cDNA (2), and p-actin cDNA (3). The lines on the left indicate the positions of 984-bp (upper) and 
738-bp (lower) markers. 
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