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Voltage-Independent Calcium Release in Heart Muscle

ERrRNST NIGGLI* AND W. JONATHAN LEDERER

The Ca®* that activates contraction in heart muscle is regulated as in skeletal muscle by
processes that depend on voltage and intracellular Ca** and involve a positive feedback
system. How the initial electrical signal is amplified in heart muscle has remained
controversial, however. Analogous protein structures from skeletal muscle and heart
muscle have been identified physiologically and sequenced; these include the Ca**
channel of the sarcolemma and the Ca** release channel of the sarcoplasmic reticulum.
Although the parallels found in cardiac and skeletal muscles have provoked valuable
experiments in both tissues, separation of the effects of voltage and intracellular Ca®*
on sarcoplasmic reticulum Ca** release in heart muscle has been imperfect. With the
use of caged Ca®* and flash photolysis in voltage-clamped heart myocytes, effects of
membrane potential in heart muscle cells on Ca** release from intracellular stores have
been studied. Unlike the response in skeletal muscle, voltage across the sarcolemma of
heart muscle does not affect the release of Ca’* from the sarcoplasmic reticulum,
suggesting that other regulatory processes are needed to control Ca?*-induced Ca®*

release.

HE HYPOTHESIS THAT THE EFFECTS
of a small amount of trigger Ca®*
could be amplified to provide the
clevated intracellular Ca®>*  concentration
([Ca");) needed to activate contraction was
first proposed to explain excitation-contrac-
tion (EC) coupling in skeletal muscle (1),
although this concept of “Ca’*-induced
Ca’" release” (CICR) is now broadly ap-

Department of Physiology, University of Maryland
School of Medicine, and Maryland Biotechnology Cen-
ter, Baltimore, MD 21201.

*Present address: Department of Physiology, University
of Bern, Buchlplatz 5, CH-3012 Bern, Switzerland.

26 OCTOBER 1990

plied to excitable and nonexcitable cells (2-
7). Even though CICR has a limited role in
EC coupling of skeletal muscle (8), CICR
may modulate EC coupling in skeletal mus-
cle under specific conditions (9). CICR has
been demonstrated in skinned heart muscle
cells (2) and may be responsible for amplify-
ing the effects of the Ca?* influx through L-
type Ca?* channels in intact heart cells.
Experiments in intact isolated heart muscle
cells also show that their CICR can be
directly activated by a photochemically pro-
duced step increase in [Ca®" |; (10). Howev-
er, it is not known if sarcolemmal membrane
potential can influence CICR or directly

modulate EC coupling in heart, although
several reports (11, 12) provide support for
CICR in heart muscle: when the Ca?* cur-
rent (Ic,) is reduced by depolarizations to
the clectrochemical potential of Ca®' (Eca),
there is no Ca®* release. This is in clear
contrast to findings in skeletal muscle where
similar depolarizations do not result in re-
duction in the voltage-activated |[Ca®];
transient (13).

One difficulty with the concept of CICR
arises from the potentially large positive
feedback (gain) inherent in this process.
Because the CICR produces its own trigger
signal as the output signal, this system
would not release Ca*' in a graded way,
unless its gain were low. However, the
experimentally observed gain of this positive
feedback system was variable depending on
the conditions, suggesting that the gain may
be regulated (74). Furthermore, in heart
muscle, [Ca?’ ]i transients can be abbreviat-
ed by carly repolarization (11), a finding not
expected from CICR with a high gain.
Examination of I, showed that the flux of
Ca®' itsclf was important in triggering
CICR, since replacing outside Ca*", Ca’',
with other ions that can permcate the Ca?'
channels prevented CICR, as did other pro-
cedures that blocked Ca?* flux through the
Ca’* channels (15). From these findings, it
was concluded that the voltage dependence
of Ca?' release was mediated entirely by
Ca’" flux through Ca®" channels and thus
by the voltage dependence of these channels.
However, additional  voltage-dependent
mechanisms may be involved. The voltage-
dependent sodium current (In,) and the
intracellular Na* concentration [(Na'];)—
dependent and  voltage-dependent Na'-
Ca’" exchanger can trigger CICR (16),
again raising the question whether voltage
itself can influence the gain of CICR in heart
muscle. In order to address this point experi-
mentally, it is necessary to activate CICR
and control voltage independently. We have
achieved this by activating CICR using pho-
torelease of caged Ca?' (17) while indepen-
dently controlling membrane potential by
using a patch-clamp method in the whole-
cell mode.

In the absence of photorelease of Ca?",
depolarization of the sarcolemmal mem-
brane activated contraction in the normal
manner (Fig. 1A), and repolarization of the
cell membrane produced a small aftercon-
traction that reflects the I¢, tail current. A
wwitch contraction was triggered ar a hold-
ing potential of —40 mV in the same cell by
photorelease of Ca*" with a 230-W-s dis-
charge through the flashlamp (Fig. 1B).
The photochemically induced contraction,
although similar to the contraction induced
by depolarization, exhibited some expected
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differences. The delay between stimulation
and onsct of contraction was shorter and the
initial shortening velocity was faster, pre-
sumably reflecting the more uniform and
virtually instantaneous elevation of [Ca®*J;.
The overall duration of the twitch was
shorter because, in the absence of a depolar-
ization, there was no maintained Ca** in-
flux via Ic, or Na*-Ca’" exchange. No
aftercontraction was observed, as expected.
An inward current transient, normally ob-
served under these conditions, was acti-
vated by the photolytic release of Ca®*
(see arrow). This current arises largely from
the Na'-Ca?" exchanger as indicated by
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Fig. 1. Twitch contraction and associated mem-
brane currents in cardiac myocytes isolated from
guinea pigs. (A) Unloaded twitch contraction
triggered by a voltage-clamp depolarization. Cell
shortening began after a delay of ~20 ms. The
twitch was followed by an aftercontraction, pre-
sumably induced by the I, tail current. (B)
Twitch contraction (recorded from the same cell)
and inward current transient induced by photoly-
sis of caged Ca®*. At the arrow, a flash was
applied (230 W-s; duration, 1 ms) resulting in
intracellular photorelease of Ca®* and a phasic
contraction. The optical (cell-length signal) and
the electrical (current) artifacts associated with
the flash have been removed. The lower trace
shows the corresponding transient inward current
activated by intracellular Ca>* at a fixed mem-
brane potential of ~40 mV. (C) Dependence of
twitch amplitude on released Ca?*. We photore-
leased an increasing amount of Ca>* by increasing
the electrical energy discharged through the xe-
non-arc flashlamp from 10 to 100 W-s. The
resultant twitch amplitude is plotted versus dis-
charged energy (W-s). Resting cell length was
127 pm.
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its voltage dependence, Ca’* and Na'
dependence, and sensitivity to Ni** (18).
The inward Na*-Ca?" exchange current
clicited by photolysis demonstrated the vir-
tually immediate photorelease of Ca** after
a flash.

In order to compare the responses of
CICR ar different voltages, it must be clear
that the triggering signals did not vary ex-
cessively with time, that they did in fact
trigger release of Ca*" from intracellular
stores, and that the amount of photoreleased
Ca’" was small and properly simulated a
triggering Ca?* signal. After cells were load-
ed with DM-nitrophen (19) by dialysis from
the pipette (20), individual cells were se-
quentially flashed with discharge cnergies
ranging from 10 to 100 W-s. A small twitch
was induced by a low-energy flash (10 W-s),
and a near maximal twitch was produced by
a 100-W-s discharge (Fig. 1C). Control
experiments have shown that there is gener-
ally enough DMe-nitrophen loaded into a
cell to permit us to carry out ~10 flashes at
30 W-s without significant alteration of the
twitch. In prolonged experiments, however,
with repetitive photorelease of Ca®* at low
discharge energy and in the presence of
blockers for the Na-Ca exchanger (see be-
low), the resting cell length decreased while
the twitch amplitude increased. This result
was expected, because the principal homeo-
static mechanism controlling sarcolemmal
Ca®" extrusion, the Na*-Ca?* exchanger
(21), was blocked in these experiments, and
a nearly constant quantity of Ca’* had to be
redistributed within a closed system with a
decreasing amount of Ca’*-buffer (DM-
nitrophen).

The dependence of twitch amplitude on
flash magnitude must reflect various nonlin-
car features, including the apparent gain of
CICR (14), the [Ca® " ],-tension relationship
(22), the force-length relationship (23), and
the small consumption of DM-nitrophen.
The twitch amplitude was not steeply de-
pendent on flash energy, consistent with
relatively low gain CICR. To demonstrate
that the low gain of CICR did not arise
simply from a direct activation of the con-
tractile proteins by the photoreleased Ca?t,
we repeatedly stimulated twitches as phasic
sarcoplasmic reticulum (SR) Ca?" release
was increasingly blocked by the application
of 10 uM ryanodine. Low-energy flashes
(30 W-s) were applied every 30 s with the
cell at a holding potential of —40 mV.
Approximately 7% of the twitch remained
after release was blocked by ryanodine, indi-
cating that about 93% was due to CICR
(Fig. 2). When a high-energy flash (230 W-
s) was applied in the presence of ryanodine,
direct activation of the twitch was still possi-
ble, supporting our observation that deple-
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Fig. 2. Effect of ryanodine on twitch contractions
triggered by photorclease of Ca**. (A) Twitch
contractions were induced by low-energy flashes
(30 W-s). After the control contraction (upper
tracing), ryanodine (10 pM) was added to the
superfusion solution. Flashes were applied every
30 s. (B) The recontrol with a discharged cnergy
of 230 W-s clicited a full ewitch. The arrow marks
the time of the flash.

tion of caged Ca?' did not lead to any
significant reduction of twitch.

To investigate the cffect of membrane
potential on CICR, we established a cellular
holding potential of =40 mV to remove the
influence of the Iy, The Na'-Ca®* ex-
changer and Ca®' influx through I¢, was
blocked with 5 mM Ni?" (24) or by removal
of extracellular Ca®*. Neither procedure al-
ters the dihydropyridine (DHD)-sensitive
gating charge (25) that may sense membrane
voltage for the release channel (26-28). Us-
ing isolated guinca pig cells loaded with
DM-nitrophen, we applied low-cnergy
flashes (30 W-s) at different potentials in the
same heart cell (Fig. 3). Cells were flashed
on depolarization to +100 mV (near Ec,),
to 0 mV (near the maximum of the peak I¢,-
voltage curve), and on hyperpolarization to
—100 mV (ncgative to the normal resting
potential). When Ca®' jumps were imposcd
simultaneously with the voltage step, almost
identical twitches were produced at every
membrane potential. It is also apparent from
garing current experiments (27, 28) examin-
ing the voltage sensors in cardiac muscle
that there is a time-dependent immobiliza-
tion of DHP-sensitive Ca®' channel gating
charge in heart muscle (27). Since these
DHP receptors act as the charge sensors for
Ca®" release in skeletal muscle ( 13) and
perhaps in heart (14, 26), we repeated the
above experiment at two other times during
the voltage pulse. Twitches induced by pho-
torelease at the same three potentials but
500 ms after depolarization or at the time of
repolarization back to —40 mV were also
virtually identical. We have found similar
results in 14 heart cells (111 twitches) in the
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presence of extracellular Ca*, using Ni** to
block Ic, and the Na*-Ca®* exchanger, and
in four cells (18 twitches) in the absence of
extracellular Ca2*.

Sarcolemmal voltage appears to exert no
effect on CICR under the conditions of
these experiments (Fig. 3B). Thus, our find-
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Fig. 3. Voltage dependence of CICR. (A) Sche-
matic diagram of the voltage-clamp protocol
used. From a holding potential of —40 mV, the
membrane voltage was changed to —100 mV, 0
mV, or +100 mV for 2 s. Flashes were triggered
at (i), (i1), or (iii). (B) Twitch contractions trig-
gered by photorelease of Ca** at different mem-
brane potentials. Photorelease of Ca®* was acti-
vated at the same time as the voltage change (i), in
the steady-state 500 ms after the voltage step (ii),
or upon returning to the holding potential (ii1).
Superimposed contractions are shown for each
series. The flash was activated at membrane po-
tentials of —100 mV (trace 1), 0 mV (trace 2),
and +100 mV (trace 3). Ni?* (5 mM) was added
to the superfusion solution to block the Na™-
Ca®* exchanger and the Ca®* inward current.
Series (i) and (iii) were performed at 22°C with
flash energics of 30 W-s serics, (i) at 31°C with
flash energies of 25 W-s. (C) Proposed interaction
of Ca?* channels, Na* channels, and Na*-Ca?*
exchange with the Ca>" release channels of the
SR. A close association in a space with restricted
diffusion yields release channels with an apparent
high gain (positive feedback) because they are
exposed to a high [Ca®*], during Ca*>* influx and
release, whereas rclease channels farther away
from the sarcolemma exhibit low gain.
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ings clearly suggest that Ca®* release from
the SR depends simply on a phasic elevation
of triggering Ca?* (2) and not on voltage.
These findings do not rule out the possibili-
ty that, under other conditions (such as
Ca’* overload of the SR or elevated
[Na*};), voltage may influence CICR direct-
ly (29).

Although we do not know the exact dis-
tribution of DM-nitrophen in the cytosol,
flash photolysis of caged Ca?* produces an
clevation of trigger [Ca®*]; in our cells that
is unusually uniform, unlike the elevation of
trigger [Ca®"]; that occurs normally in heart
muscle with depolarization. Depolarization
activates Ic, and Iy, (hence, Na?*-Ca®*
exchange) (16) and thereby initially elevates
trigger [Ca®*]; close to the sarcolemmal
(including t-tubular) membrane to a greater
extent and more rapidly than it does deeper
in the cell. We suggest that this short-lived
spatial inhomogeneity of the triggering
[Ca?"}; is important in vivo because it can
differentially activate (2) and possibly inacti-
vate (30) CICR in different regions of each
cell, enabling the SR to release Ca’ in a
graded way and not in an “all-or-nothing”
fashion. Such [Ca?*], inhomogeneities,
which occur in diverse cell types (3-6),
including heart (16, 31-34), may explain the
apparent shifts in gain in the CICR system
in heart (11, 14). If physiologically signifi-
cant spatial gradients of [Ca®*]; exist during
excitation (35), then many functionally dis-
crete CICR elements (such as the many
Ca?" release channels in the SR) could have
the same low gain that respond quite differ-
ently to a single stimulus. The apparent
difference in gain would arise because re-
lease channels may be exposed to different
[Ca®*); during the Ca®' transient. Thus,
our results suggesting that the gain of the
cellular CICR channel is relatively low are
consistent with previous observations sug-
gesting voltage dependence of gain (11), the
voltage dependence being mediated by
changes of [Ca®*]; in a “fuzzy” (restricted)
space (35). High local trigger-Ca®* (such as
near the sarcolemma) may thus induce sig-
nificant local release (and result in apparent
high gain), whereas a lower spatially aver-
aged [Ca’"]; would trigger less release from
the other CICR elements (Fig. 3). Thus, if
short-lived spatial gradients for [Ca®"]; oc-
cur, relatively low gain CICR elements may
be adequate to account for the apparent
discrepancies in gain, the subthreshold
CICR (36), and waves of propagated elevat-
ed [Ca**]; due to CICR that have been
noted in hepatocytes (3), in astrocytes (6),
and in Ca*"-overloaded cardiac myocytes
(32-34), but not in unloaded myocytes (37).
However, the results do not rule out the
possibility that a small fraction of release

sites exhibits voltage dependence of the
gain. Furthermore, the gain of CICR may
be modulated by physiologically important
processes (such as phosphorylation), cellular
conditions (such as pH and SR Ca** load),
and natural or applied chemicals [such as
inositol phosphates, caffeine (9), ryanodine,
DHPs (38), and general anesthetics (39)].
Here we have shown that a relatively low-
gain CICR system exists in heart muscle and
that this system is not directly modulated by
membrane voltage, under the conditions of
our experiments. The presence of low gain
positive feedback and the existence of short-
lived temporal gradients of [Ca®'], are
probably also relevant to our understanding
of the normal physiologic control and mod-
ulation of CICR.
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Restoration of Inactivation in Mutants of Shaker
Potassium Channels by a Peptide Derived from ShB

WiLLiaM N. ZaGgotTa, TosHINORI HosHI, RICHARD W. ALDRICH*

Site-directed mutagenesis experiments have suggested a model for the inactivation
mechanism of Shaker potassium channels from Drosophila melanogaster. In this model,
the first 20 amino acids form a cytoplasmic domain that interacts with the open
channel to cause inactivation. The model was tested by the internal application of a
synthetic peptide, with the sequence of the first 20 residues of the ShB alternatively
spliced variant, to noninactivating mutant channels expressed in Xenopus oocytes. The
peptide restored inactivation in a concentration-dependent manner. Like normal
inactivation, peptide-induced inactivation was not noticeably voltage-dependent.
Trypsin-treated peptide and peptides with sequences derived from the first 20 residues
of noninactivating mutants did not restore inactivation. These results support the
proposal that inactivation occurs by a cytoplasmic domain that occludes the ion-

conducting pore of the channel.

ELETIONS AND POINT MUTATIONS
near the amino terminal of the ShB
potassium channcls of D. melano-
gaster dramatically show inactivation (1).
These data plus the lack of voltage depen-
dence of the inactivation rates and the ability
of internal proteolytic agents to modify inac-
tivation suggest a mechanism of inactivation
similar to the ball and chain model originally
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proposed by Armstrong and Bezanilla (2)
for voltage-gated Na* channels. In ShB
channels, the first 20 amino acids in the
NH,-terminus are proposed to form a struc-
tural domain that interacts with part of the
open channel to cause inactivation. This
structural domain, or “ball” region, is con-
nected to the rest of the protein by a “chain”
sequence of 60 or more amino acids that
tether the inactivation ball near its receptor.
According to this model of inactivation, the
putative ball region should be able to inter-
act with the rest of the channel and produce
inactivation even when it is not covalently

attached to the rest of the channel protein.
We tested this hypothesis by examining the
effects of a peptide corresponding to the ball
region (first 20 amino acids of ShB:
MAAVAGLYGLGEDRQHRKKQ) (3) on
the gating of ShB channels expressed in
Xenopus oocytes. The experiments were per-
formed with mutant ShB channels that con-
tain, near their NH,-terminus, a large dele-
tion that effectively removes fast inactivation
).

ShBA6-46 is a 41-amino acid deletion
mutant of ShB that does not inactivate with
a rapid time course (1). Application of the
ShB peptide to the cytoplasmic side of
ShBA6-46 channels accelerates their inacti-
vation rate (Fig. 1). We tested the effects of
different concentrations of peptide on mac-
roscopic currents in inside-out patches elicit-
ed by voltage steps to 0 mV and +50 mV.
The peptide-induced inactivation occurs
rapidly and can be readily reversed when
peptide-free solution is perfused into the
bath, indicating that the peptide only weakly
associates with the channel. At cach voltage,
the rate of the macroscopic inactivation is
dependent on the peptide concentration and
increases with increasing concentrations of
peptide, as expected for a simple bimolecular
reaction. In addition, the macroscopic inac-
tivation rate at a given peptide concentra-
tion is dependent on the voltage. At the
more positive voltages, where the channels
activate more rapidly, peptide-induced inac-
tivation occurs more rapidly. However the
rate of the inactivation transition induced by
peptide observed in single-channel record-
ing is independent of voltage. These results
indicate that the inactivation produced by
the peptide is coupled to activation, as is the
case for the normal inactivation process.
Application of the ShB peptide to the extra-
cellular side did not have any effect on the
currents recorded from ShBA6-46 channels.

The rate of recovery from peptide-in-
duced inactivation, however, appears to be
slower than that from normal fast inactiva-
tion. During repeated voltage pulses at a
frequency where ShB currents completely
recover in the interval between pulses, the
currents in the presence of peptide tend to
decrease in amplitude progressively because
the channels accumulate in the peptide-
blocked state. This difference in recovery
rates probably arises because the synthetic
peptide has a greater binding affinity for the
channel than does the normal NH,-terminal
ball domain. This difference may result from
the absence of covalently linked residues,
which normally destabilize the inactivated
state. Alternatively, the peptide could bind
to additional sites on the channel, which
could cause slow inactivation. In either case,
the slower recovery rate from peptide-in-
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