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Minireview

Inactivation of L-type Calcium Channels in Cardiomyocytes.
Experimental and Theoretical Approaches

7. KUBALOVA

Institute of Molecular Physiology and Genetics, Slovak Academy of Sciences,
Bratislava, Slovakia

Abstract. The L-type calcium current (Ic,) plays an important role in excitation-
contraction coupling of heart cells. It is critical for forming the major trigger for
Ca’*-induced Ca’* release from the sarcoplasmic reticulum and hence its feed-
back regulation is of fundamental biological significance. The channel inactivation
sharpens the kinetics and temporal precision of the Ca?* signals so that it pre-
vents longer-term increases in free intracellular Ca?t concentration. Cardiac L-
type Ca?* channels are known to inactivate through voltage- and Ca?*-dependent
mechanisms. Pure voltage-dependent inactivation has a much slower time course of
development than Ca?*-dependent inactivation and plays minor role in inhibition
of Ca?* influx into the cell. The major determinant of the inactivation kinetics of
Ca?* current during depolarization is Ca?*-dependent mechanisms. Furthermore,
it is possible to distinguish two phases in Ca?*-dependent inactivation of calcium
current: a slow phase that depends on Ca’* flow through the channels (Ca?*
current-dependent inactivation) and a fast one that depends on Ca2?' released
from the sarcoplasmic reticulum (Ca?T release-dependent inactivation). Although
both Ca?* released from the SR and Ca?t permeating channels play a role, SR-
released Ca?t is the most effective inactivation mechanism in inhibition of Ca?*t
entry through the channel.

Key words: Ca?T channels — Inactivation — Cardiac excitation-contraction cou-
pling

Introduction

In heart muscle cells, excitation-contraction coupling involves a series of steps. It
starts with voltage-dependent activation of sarcolemmal calcium channels that al-
lows influx of Ca?* ions into the tubulo-reticular junction. The tubulo-reticular
junction arises from a close contact between the plasma membrane T-tubules, con-
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taining L-type calcium channels and the cisternae of sarcoplasmic reticulum, con-
taining ryanodine receptors (Sun et al. 1995). Initial entry of Ca?* ions through
the activated calcium channels then triggers much larger Ca?*t release from sar-
coplasmatic reticulum (SR) through adjacent ryanodine receptors (RyRs). Before
activating contraction, calcium current flowing through calcium channels inacti-
vates and at the same time, the Ca?* release terminates.

Calcium channel inactivation transpires as a decay of current during the pro-
longed depolarization. Cardiac L-type Ca2t channels are known to inactivate
through voltage- and Ca?*-dependent mechanisms (Hadley and Hume 1987; Shi-
rokov et al. 1993). It is now well established that the major determinant of the
inactivation kinetics of Ca?* current during depolarization is the Ca?*-dependent
mechanism (Pelzer et al. 1990; Rose et al. 1992).

Different approaches have been used to understand the mechanisms of L-type
channel inactivation. Progress in understanding has been greatly facilitated by
the development of efficient measurement techniques (voltage clamp, confocal mi-
croscopy). Nevertheless, the resolution of this technique is insufficient to understand
what is happening on the level of individual excitation-contraction coupling units
as well as on the level of Ca?" channels. Information about these processes can be
obtained through modeling. This theoretical approach can reveal otherwise hidden
processes and clarifies our understanding of the phenomena. And finally, the molec-
ular biology also constitutes an important complement to mentioned approaches.
The goal of this mini-review is to summarize the major characteristics of L-type
Ca?*t channel inactivation in experimental and theoretical approaches.

Voltage-dependent inactivation

Two major molecular mechanisms have been previously implicated in voltage-
dependent inactivation of voltage-gated ion channels (Yellen 1998). The “ball and
chain” mechanism, which was described in the tetrameric Shaker K* channel, is
responsible for fast N-type inactivation (Hoshi et al. 1990). This type of inactiva-
tion involves the occlusion of the inner channel mouth by a “ball region” at the
amino (N-) terminus. Somewhat similarly, the “hinged-lid” mechanism in the Na™
channel is mediated by the IFM motif of the cytoplasmic linker between repeats
IIT and IV of the aj-subunit (West et al. 1992). In both Na™ and K* channels
receptor sites for different inactivation gates are located in the S4-S5 intracellular
loops (Isacoff et al. 1991). The second, C-type mechanism of slow K* channel inac-
tivation (Choi et al. 1991) was found to involve a constriction of the pore by the S6
segments lining the intracellular side of the pore that are arranged in an inverted
teepee structure (Doyle et al. 1998).

The molecular mechanism underlying the voltage-dependent inactivation pro-
cess in the L-type Ca?" channels appears to be more complex (Hering et al. 2000).
Experimental examination of chimeras between the o;¢ and the faster inactivating
Ca?*t channel showed that multiple regions are involved in inactivation, including
transmembrane segments, IS6 (Zhang et al. 1994), I1IS6 (Hering et al. 1997), IVS5
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(Motoike et al. 1999) IVS6 (Berjukow et al. 2000), repeats I-II linker (Stotz et
al. 2000), as well as the C-terminal determinants, E1537 of EF-hand motif and
the Ca?*-sensing 80-amino acid domain 1572-1651 (Soldatov et al. 1997). In these
regions, multiple amino acids were shown to be critical for the rate of inactiva-
tion of Ba?t current (Hering et al. 2000). Recently, Shi and Soldatov (2002) have
shown that the slow inactivation is mediated by an annular determinant composed
of hydrophobic amino acids located near the cytoplasmic ends of transmembrane
segments S6, in repeats I-IV. Thus, inactivation of Ca?* channels has features of
the C-type inactivation.

Electrophysiological evidence for voltage-dependent inactivation is based on
results obtained on the level of macroscopic currents as well as on the level of
single-channel recordings. First, independent of the divalent cation charge carrier
(Ba?*, Sr?*), macroscopic Ca?* channel currents activated by a step depolariza-
tion decline with time during maintained depolarization (Kass and Sanguinetti
1984; Lee et al. 1985). Similarly, inward as well as outward directed L-type cur-
rents carried by Na™, Cs*, or KT undergo time dependent inactivation (Lee and
Tsien 1982; Hess and Tsien 1984; Hadley and Hume 1987). In addition, prepulses
that fail to trigger measurable I, nevertheless produce inactivation (Hadley and
Hume 1987). Correspondingly, in cell-attached patches of cardiac membrane, sin-
gle channel L-type currents carried by Ba?t or Na™ inactivate with time during
depolarization (Cavalié et al. 1983; McDonald et al. 1986) as do currents through
cardiac channels incorporated into lipid bilayers (Rosenberg et al. 1986).

Voltage-dependent inactivation of calcium current is very slow and incomplete
(the half time for nonspecific current carried by monovalent ions to reach steady-
state is t1/ > 500 ms at —30 mV) and becomes more prominent at more positive
potentials (Hadley and Hume 1987; Bers and Perez-Reyes 1999). Interestingly, the
time constant of inactivation carried by Ba®* current (Iga) is shorter (¢1/, = 161
ms) than that of nonspecific current carried by monovalent ions and this may
reflect a modest ability of Ba?t to mimic Ca?"-dependent inactivation (Ferreira et
al. 1997).

The mechanism of the voltage-dependent inactivation has been presented in
a mathematical model by Cavalié’s group (Cavalié et al. 1986). They examined
the Ca?*-gating behavior during steady and stepwise depolarization with Ba?t as
the charge carrier in recordings of single Ca?*-channel activity from cell-attached
membrane patches of single guinea-pig ventricular cells. Upon step depolarization,
they observed two types of current records: 1. traces with Ca?* channel activity (in
the form of closely-spaced brief pulses of inward current with unitary amplitude) of
various length (fast bursting behavior), and 2. blank sweeps without any detectable
single-channel opening (slow gating). They concluded that the blank sweeps reflect
conditions where the channel is unavailable for opening (inactivated). The channel
gating transitions were described by model containing two closed (C1, C2) and one
open state (O), with gradual entry into a long lived shut state (inactivated state, I)
(Cavalié et al. 1986) (Figure 1). In other words, the voltage-dependent inactivation
was described as the transition of the channel into the absorbing inactivated state.
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Figure 1. Model of the voltage-dependent inactivation of the calcium channel (modified
from Cavalié et al. 1986). The states are lumped into two subsets. The upper block includes
the short-lived shut states (Ci, Cz2) and the open state (O). The lower block comprises
the long-lived shut state (I). The transitions within the upper subset are related to the
fast bursting behavior. The slow gating (i.e. blank sweeps without any detectable single-
channel opening) is represented by the transitions between upper and lower subset.

Calcium-dependent inactivation

Elevated intracellular Ca?" concentration near the mouth of the L-type channel
triggers channel inactivation, providing negative feedback to Ca?* influx. Criti-
cal molecular determinants for Ca?*-dependent inactivation of the L-type calcium
channel have been attributed to a putative Ca?* binding EF-hand motif (DeLeon
et al. 1995) and an IQ-like motif (Peterson et al. 1999) that are located close to
each other near the inner channel mount at the cytoplasmic carboxyl-terminal tail
of the al subunit. Recently it was shown that binding of calmodulin (CaM) to
the IQ motif of the Ca?t channel is a necessary prerequisite of I, inactivation.
Peterson et al. (1999) found that a mutant CaM which cannot bind Ca%* at any of
the four Ca?* binding sites blocks the effects of Ca?*-bound form of CaM (Ca?*-
CaM) on the L-type channel, suggesting that both the Ca?*-free and Ca?*-CaM
bind to the calcium channel. However, only the Ca?*-bound form can induce inac-
tivation (Peterson et al. 1999). In particular, it appears that Ca?* binding to only
the C-terminal lobe of CaM (with two Ca?* binding sites) appears to be important
for inactivation (Peterson et al. 1999). Then, according to these authors, binding of
Ca?* to the C-terminal lobe of CaM allows binding of Ca-CaM to the IQ motif and
in this way causes rapid inactivation of the channel. On the other hand, the EF-
hand may support the transduction of the conformational changes induced by the
Ca?T-CaM-binding step onto the a1 subunit of the channel (Peterson et al. 2000).
Calcium ions that cause inactivation of the calcium channel can originate from
several sources. In mammalian cardiac myocytes, the increase in cytoplasmic Ca?*
concentration is due to the inflow of Ca?* through the L-type channel pore during
depolarization (causing current-dependent inactivation), and due to the release of
Ca?*t from the sarcoplasmic reticulum (causing release-dependent inactivation).

Current-dependent inactivation

Calcium current-dependent inactivation of calcium channel results from the in-
creasing intracellular Ca?t concentration near the mouth of the channel due to
Ca?* influx through the L-type channel pore during depolarization. The existence
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of this type of inactivation was concluded from the findings observed in the cili-
ate Paramecium (Brehm and Eckert 1978) and in frog heart cells (Mentrard et al.
1984), which lack a well-developed T-tubular system. The current traces recorded
from these preparations do not display fast component of inactivation dependent
on Ca?* release from SR, indicating that Ca?* influx through the L-type channels
is the major determinant of the inactivation kinetics of calcium current. In these
types of cells inactivation of calcium current is faster with Ca?* as the charge
carrier than it is with Ba?* or other divalent or monovalent ions. The next line
of evidence that supports existence of current-dependent inactivation is that in-
activation of Ic, depends on the external Ca?t concentration. Elevating exter-
nal Ca?t enhances the peak current and accelerates its decline (Mentrard et al.
1984).

In the frog heart cells, the U-shaped voltage dependence of the inactivation
rates was reported (Mentrard et al. 1984). The time constant of Ic, inactivation in
cardiac myocytes, under conditions when release of Ca?* from SR was suppressed
(modified of ryanodine, caffeine), ranged between 20-50 ms at 0 mV, i.e., at the
potential corresponding to the peak of I-V relationship (Sham et al. 1995).

To explain the mechanism of Ca?tT current-dependent inactivation, several
models have been proposed. In the shell model (Figure 2A), the Ca?* flowing
through the channels accumulates into a macroscopic shell underneath the plasma
membrane (Standen and Stanfield 1982; Chad and Eckert 1984). The shell is filled
by Ca?t entering through open channels, inactivating both open and closed chan-
nels with the elevated Ca?t concentration at a rate, determined by how fast the
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Figure 2. Shell and domain model for Ca®" induced inactivation (modified from Sherman
et al. 1990). A. In cells with high density domains may overlap to form a continuous
submembrane compartment “shell” of elevated Ca®". B. In the cell with low channel
density high Ca?* will be found only in the “domains” underneath the inner mouths of
open channels.
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shell is filled by Ca?*. To summarize, the key mechanism for Ca?* sensitive inacti-
vation according to this model is that neighboring transmembranous Ca?* channels
selectively inhibit each other, i.e., Ca?t influx through one channel contributes to
the inactivation of other adjacent channels. This model thus represents an extreme
case of localized interdomain coupling of the channels in which the web of con-
nectivity spans the entire cell membrane (i.e. model predicts a high density of the
calcium channels).

However, for the cell with low channel density the idea for a “shell” is not
appropriate. The high concentration Ca?t “shell”, in this case, fragments into a
collection of non-overlapping “domains” localized near the open channels. These
domains form rapidly when channels open and disappear rapidly when channels
close. Therefore, in the local domain model (Sherman et al. 1990) (Figure 2B)
inactivation results from the binding of “domain Ca?*” to open channel, and the
time scale of inactivation is determined by the kinetics of Ca?* binding to and
blocking the channel. The Ca?*-sensing site is located very close to the channel
mouth, making it less accessible to chelators (Sherman et al. 1990; Shirokov et al.
1993).

To summarize, the shell model predicts that neighboring transmembranous
Ca?t channels selectively inhibit each other since local domain model suggests
that the existence of interactions among Ca?* channel is not required to describe
Ca?* channel gating and inactivation of the open channel occurs by the binding of
Ca?t to it.

Noceti et al. (1998) have proposed a kinetic model for Ca?*-current dependent
inactivation of calcium channel based on the whole cell experiments on Xenopus
oocytes expressing the cloned a;c subunit of the rabbit cardiac Ca?t channel.
They observed that increasing the single channel amplitude increased the Ca2*-
dependent inactivation rates and left-shifted their voltage dependence. They also
showed that the rates of Ca?t-dependent inactivation were dependent on open
probability (increasing the open probability with dihidropiridine agonist
(-)Bay K 8644 produced an increase in the rate of inactivation). Summarizing they
found the rates of Ca?*-dependent inactivation sensitive to both Ca?* flux through
the channel (single channel amplitude) and open probability. The suggested kinetic
model is shown in Figure 3. The local domain model proposed by Sherman et al.
(1990) was used to account for the voltage shift, observed between the voltage
dependence of inactivation rate of calcium current and the voltage dependence of
Ca?* flux. The internal concentration near the pore of the channel was expressed
as linear function of the Ca?* flux. Thus, with assumptions that Ca2* binds in-
stantaneously to a single site and at a fixed distance from the site, the rate of
Ca?T-dependent inactivation depends linearly on the flux (i.e. on the single chan-
nel amplitude). The dependence of inactivation process on open probability of the
channel was achieved by a sequential connection of the inactivated state to the
open state. The proposed kinetic scheme reproduced well the mentioned kinetic
features of the experimental data.

Rose et al. (1992) used the model of the voltage-dependent inactivation of



Inactivation of L-type Calcium Channels 447

@)—(@)

n
Caz+
O
bk b

Caz+
©—® o

Figure 3. Schematic diagram for the transitions between the states of the L-type Ca®"
channel (Noceti et al. 1998). Three modes are originated from a single deep closed state
(Co1). In the top line, the channel never opens, although it displaces all the charge of
the voltage sensor (channel gates without opening). The middle (unwilling) and button
(willing) lines end with open states and subsequent Ca®*-dependent inactivated states.
The parallel transitions carry the same amount of charge. The vertical transitions between
the lines are voltage independent and can be (—)Bay K 8644 sensitive. The transition
rates between all states in the kinetic model follow the Eyring rate theory (i.e., they are
exponential functions of the energies required for the transition to the given state). The
rates to the Ca®T-inactivated state are voltage-independent.

Cavalié et al. (1986) (Figure 1) to fit the ensemble average current when Ca?*
is the charge carrier. They showed that this model does not adequately describe
the ensemble average current. Model fails to reproduce the maintained component
of Ic, (Rose et al. 1992), suggesting that current decay does not reflect the pro-
gressive entry of channels into an absorbing inactivated state. Yue et al. (1990)
obtained the evidence for Ca?*-specific changes in gating at the unitary level by
analysis of the conditional probability that a channel is open at any given time
after it first opens. They showed that the chief effect of Ca?* entry is not to accel-
erate inactivation to the absorbing state but rather to favor occupancy of a closed
state from which the channel can still reopen. Reopenings continue to occur for
hundreds of milliseconds. Later observations demonstrated that Ca?* inactivation
transpired as a discrete shift in the pattern of gating from a mode characterized
by dense bursts of activity (mode normal) to one typified by infrequent openings
(mode Ca), thus producing Ca?*-mediated inactivation of the channel (Imredy and
Yue 1994). The difference in gating arises primarily from a 100-fold reduction in
the final opening rate in “mode Ca”. Voltage sensitive inactivation is character-
ized as a kinetically separate effect (as a reduction in the overall availability of a
channel to open at all (Cavalié et al. 1986)). Moreover, Imredy and Yue (1994)
consider these two types of inactivation as independent processes. This conclusion
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is further supported by the work of Shirokov et al. (1993). By parallel record-
ing of prepulse-induced inactivation of I¢, and of changes of charge movement
evoked by inactivation, they showed that extracellular divalent cations modulated
voltage-dependent inactivation of the Ca?" channel. Increased intracellular Ca?*
concentration appears to cause inactivation of the channel without affecting its
voltage sensor.

To summarize, in contrast to the model proposed by Noceti et al. (1998), the
calcium channel according to the model described by Imredy and Yue (1994) cannot
inactivate from the open state. The Ca?t-dependent inactivation, in last case,
transpires as a discrete shift in the pattern of gating from the mode characterized
by dense bursts of activity to the mode characterized by infrequent openings.

The original Imredy-Yue model (Imredy and Yue 1994) described two-mode
behaviour with five states (three in the normal mode and two in mode Ca) and
served as the starting point of an improved L-type channel model described by
Jafri et al. (1998). They added additional states, improved Ca?*-dependent inac-
tivation and voltage-dependent activation (Figure 4). Furthermore, they improved
voltage-dependent inactivation, described as parallel process, and open-channel
ion permeation. With elevation of free Ca?* concentration in the vicinity of the
channel, the channel transition from the normal mode to mode Ca is controlled
by a Ca?t-dependent rate constant (). The channel cannot inactivate from the
open state. Voltage-dependent inactivation was modeled as a Hodgkin-Huxley-type
gate that inactivates the channel independently of the Ca?t-dependent states. The
model produced Ca2?* inactivation with time course in good agreement with ex-
perimental results (Imredy and Yue 1994; Jafri et al. 1998).

Patch clamp experiments in cell-attached configuration revealed that calcium
channel inactivation is promoted in multi-channel patches (Imredy and Yue 1992).
Investigators compared the time course of decay of ensemble average currents de-
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Figure 4. Schematic diagram for the transitions between the states of the L-type Ca?"
channel (Jafri et al. 1998). The upper row of states comprises the “mode normal”, and the
lower row comprises “mode Ca”. The channel is composed of four independent subunits,
each of which can close the channel. The corresponding states are C,,, where n is the
number of permissive subunits. With depolarization, the channels undergo transitions
from left to the right. With four permissive subunits, there is a voltage-independent
transition to the conducting state O. With elevation of free Ca®" concentration, the
channel transition occurs from the mode normal to mode Ca.
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rived from patches containing two versus one channel. The prominent enhancement
of decay rate with two channels was observed, indicating the existence of appre-
ciable interactions between the channels. It suggests that Ca?* influx through one
channel can selectively contribute to the inactivation of another, adjacent channel.
These findings emphasize that Ca?* currents are controlled not only by intrin-
sic channel properties but also by local diffusive interactions among neighboring
channels (Imredy and Yue 1992).

Zahradnikova et al. (2001) examined the extent of the effect on the geometry of
the channel cluster by simulation of currents in the absence of the release dependent
inactivation using the gating model of Jafri et al. (1998). Authors used a topology
of L-type channel clusters that corresponds to the topology of the L-type channel
in the dyad (Franzini-Armstrong et al. 1999). They found that a decrease in the
distance between the channels, increase in the number of channels and increase in
the channel conductance led to a progressive increase in the rate of inactivation in
accordance with experiments (Imredy and Yue 1992). It should be emphasized that
all the effects of varying cluster parameters arised from the variable magnitude and
duration of the free Ca?* elevations at the cytosolic side of the channels, result-
ing from the influx of calcium ions through the channels themselves. These results
represent one of example of a widely proposed design theme, in which the spa-
tial distribution of channels, not only their inherent kinetic properties, contribute
importantly to overall system performance.

Release-dependent inactivation

Calcium ions released from SR significantly contribute to the inactivation of Ca?*
channels, as well. This is because SR Ca?* is released into the same restricted
junctional space where most of the L-type Ca?t channels probably reside. This
type of inactivation has faster kinetics (7 = 6-15 ms) compared with both the
voltage-dependent and Ca?*-current dependent inactivation (Sham et al. 1995;
Sham 1997).

The extent of contribution of Ca?* release from the SR on the inactivation of
Ca?*t channel has been probed either by manipulating the Ca?* content of the SR
or by altering the diffusion distance of Ca?* by dialysis with high concentration
of Ca2?* buffers. Depletion of SR Ca?* stores with caffeine or abolition of Ca?*
release with ryanodine caused a marked prolongation of inactivation (Balke and
Wier 1991; Sham et al. 1995). On the contrary, enhancement of Ca?" release by
increasing Ca?" loading of SR resulted in an acceleration of inactivation (Sipido et
al. 1995). The inactivation of L-type Ca?* channel was shown to depend linearly
on the rate and magnitude of Ca?* release from the RyRs (Adachi-Akahane et al.
1996).

Intracellular dialysis of myocytes with very high concentration of Ca?* buffers
(2 mmol/l Fura-2 plus 14 mmol/l EGTA or 10 mmol/l BAPTA, Adachi-Akahane
et al. 1996; 10 mmol/l EGTA, Sham 1997) revealed that even through the tran-
sient rise in global myoplasmic Ca?* concentration and contraction were strongly
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suppressed, neither the ability of the SR to re-accumulate and release Ca?*, nor
the precise Ca?t mediated cross-signaling between the Ca?* channel and the
ryanodine receptors were significantly altered. These results suggest that Ca2*-
dependent inactivation of Ic, is independent of the global myoplasmic Ca?" con-
centrations.

Quantitative analysis of the results from experiments with square pulses, where
the release of Ca?t from SR was modulated by using caffeine, thapsigargin and
conditioning pulses indicate that Ca?t-dependent inactivation of Ic, is mediated
primarily by Ca?*t released from SR (65-75%) and is less dependent on its own
Ca?t influx (25-35%) (Adachi-Akahane et al. 1996). Similarly, Puglisi et al. (1999)
have shown that the overall integrated Ca?* influx during the action potential (AP)
via I, is reduced by 50 % when normal SR Ca?" release occurs. Based on experi-
ments in ferret ventricular myocytes, Trafford et al. (1997) demonstrated that after
caffeine-induced SR Ca?*t depletion, Ca?* entry into the cell declined from 14.8 to
6.7 pmol/1 cytosol. The fact that the 50-75% of Ca®* induced inactivation of Ca?*
channel was controlled by Ca?* released from SR emphasizes proximity between
Ca?* channel and the ryanodine receptors.

Sham (1997) showed in rat ventricular myocytes that the inactivation of Ic,
by Ca2t release was most prominent at —20 mV and diminished with increasing
positive potentials (the potential corresponding to the peak of I-V relationship is
at 0 mV). He also found the correlation between the Ca?* release-induced inacti-
vation and the amplitude of the single-channel current. It suggests that at negative
potentials, the likelihood of successful activation of ryanodine receptors by Ca?*
influx via Ca?t channels is higher, presumably due to the larger single calcium
channel current. The higher rate of successful activation of ryanodine receptors
then leads to the inactivation of a greater fraction of functionally coupled Ca2*
channels.

For simulation of calcium currents in the presence of the release-dependent in-
activation the role of spatial distribution of channels is crucial. Release-dependent
inactivation, which reflects tight Ca?t coupling between L-type calcium channels
and RyRs takes place at the narrow site of the tubulo-reticular junction where each
L-type channel is closely associated with a group of RyRs (Sun et al. 1995). These
junctions form a restricted subspace, in which concentration of free Ca?* can build
up very rapidly (Soeller and Cannell 1997). In such case, it is necessary to consider
geometry of junction (Franzini-Armstrong et al. 1999), formation and dissipation
of calcium gradients around an open channel pore, the time course of Ca?* binding
to calcium buffers present in junction (Soeller and Cannell 1997) and gating prop-
erties of ryanodine channels (Cheng et al. 1995; Schiefer et al. 1995; Keizer and
Levine 1996; Zahradnikova and Zahradnik 1996; Cannel and Soeller 1997; Ondrias
and Mojzisova 2002). The detailed description of mathematical modeling of the
release-dependent inactivation is outside the scope of this minireview and there-
fore will not be discussed in detail.



Inactivation of L-type Calcium Channels 451

Conclusions

Pure voltage-dependent inactivation is much slower than Ca?*-dependent inacti-
vation of Ic, and may act as a form of longer-term regulation. Ca?*-dependent
inactivation accounts for a significant proportion of Ic, inactivation. It can be
concluded that Ca?f-mediated process may play a more important role than the
voltage-dependent mechanism in inactivating Ca?* channels in cardiomyocytes.
In addition, the release-dependent component of Ca’?t-dependent inactivation of
Ca?* channel may provide a mechanism for optimizing the probability of triggering
Ca?T release by calcium current (Sham 1997) and thus terminating explosive Ca?*
induced Ca2* release process occurring in each dyadic junction.
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