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SUMMARY

1. The dependence of Ca2+ current inactivation on membrane potential and
intracellular Ca2+ concentration ([Ca21]i) was studied in TEA-loaded, identified Helix
neurones which possess a single population of high-voltage-activated Ca2+ channels.
During prolonged depolarization, the Ca2+ current declined from its peak with two
clearly distinct phases. The time course of its decay was readily fitted by a double-
exponential function.

2. In double-pulse experiments, the relationship between the magnitude of the
Ca2+ current and the amount of Ca2+ inactivation was not linear, and considerable
inactivation was present, even when conditioning pulses were to levels of
depolarization so great that Ca2+ currents were near zero. Similar results were
obtained when external Ca2+ was replaced by Ba2 .

3. In double-pulse experiments, hyperpolarization during the interpulse interval
served to reprime a portion of the inactivated Ca2+ current for subsequent activation.
The extent of repriming increased with hyperpolarization, reaching a maximum
between - 130 and -150 mV. The effectiveness of repriming hyperpolarizations was
considerably increased when Ca2+ was replaced by Ba2 .

4. A significant fraction of inactivated Ca2+ channels can be recovered during
hyperpolarizing pulses lasting only milliseconds. If hyperpolarizing pulses were
applied before substantial inactivation of Ca2+ current, Ca2+ channels remained
available for activation despite considerable Ca2+ entry.

5. The relationship between [Ca2+]i and inactivation was investigated by
quantitatively injecting Ca2+-buffered solutions into the cells. The time course of
Ca2+ current inactivation was unchanged at free [Ca2+] between 1 x 10' and
1 X 10-5 M. From 1 x 10-7 to 1 x 10-' M, inactivation became progressively slower,
mainly due to a decrease of the amplitude ratio (fast/slow) of the two components
of inactivation, which fell from about unity to near zero at 1 x 10' M. In double-
pulse experiments, recovery from inactivation was enhanced in neurones that had
been injected with Ca2+ chelator.
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6. We conclude that inactivation of Ca2l channels in these neurones depends on
both [Ca2+]i and membrane potential. The voltage-dependent process may serve as
a mechanism to quickly recover inactivated Ca2+ channels during repetitive firing
despite considerable Ca2+ influx.

7. The results are discussed in the framework of a model which is based on two
states of inactivation, INv and INCa, which represent different conformations of the
inactivating substrate, and which are both reached from a lumped state of activation
(A). Inactivation leads to high occupancy of INv during depolarization. Transitions
from INv to A as well as to INCa are considered to depend on voltage. Ca2+
dependence is attributed to the two transition rates leading to INc.. Fast repriming
kinetics are expressed by a significant increase of the voltage- and Ca2+-dependent
rate leading from INv to INca. Intermediate high occupancy of state INCa is
subsequently discharged into state A.

INTRODUCTION

In voltage-clamped molluscan neurones, as in other preparations, calcium currents
evoked by a prolonged depolarizing pulse gradually decline from an initial peak due
to a process of Ca2+ channel inactivation (for review see Kostyuk, 1980; Hagiwara
& Byerly, 1981; Tsien, 1983). There is a considerable body of evidence which
indicates that inactivation of macroscopic Ca2+ currents is sensitive to the
intracellular concentration of Ca2+ ([Ca21]i) (Brehm & Eckert, 1978; Tillotson, 1979;
Brehm, Eckert & Tillotson, 1980; Ashcroft & Stanfield, 1981; Plant & Standen,
1981). This has led to the assertion that Ca21 inactivation in molluscan neurones is
a Ca2+-mediated process (Eckert & Tillotson, 1981; Plant & Standen, 1981; Eckert
& Ewald, 1983; Plant, Standen & Ward, 1983; Eckert & Chad, 1984; Chad & Eckert,
1986). However, Brown, Morimoto, Tsuda & Wilson (1981) concluded that in snail
neurones, the mechanism of inactivation entails both voltage-dependent and Ca2+-
dependent components (see also Yatani, Wilson & Brown, 1983; Lux & Gutnick,
1986). Other authors have reached similar conclusions for other preparations (Kass
& Sanguinetti, 1984; Lee, Marban & Tsien, 1985; Hadley & Hume, 1987; Akaike,
Tsuda & Oyama, 1988; Argibay, Fischmeister & Hartzell, 1988).

Studies of the behaviour of single Ca2+ channels in identified snail neurones
demonstrated that inactivation of macroscopic Ca2+ current is associated with a
decrease in the probability of channel opening with time. Lux & Brown (1984a)
showed that inactivation of single-channel currents is not strongly related to prior
Ca2+ entry through the channels. Thus pre-existing intracellular levels of Ca2+ may
be sufficient to mediate Ca2+-dependent inactivation.

In the experiments reported here, we have quantitatively evaluated the
relationship between [Ca2+]i and Ca2+ inactivation in identified neurones of the land
snail, Helix pomatia. We have also examined the effect of membrane potential and
[Ca2+]i on recovery from inactivation. Our results are considered in the framework of
a specific, two-inactivation-state model which describes the way in which [Ca2+]i and
membrane potential interact to regulate the availability of Ca2+ channels. A
preliminary report of this work has appeared (Swandulla, Lux, Gutnick & Zucker,
1988).
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METHODS

Preparation and recording
The neuronal cell bodies ofU cells (100-150 ,um diameter) used in this study form a cluster in the

right parietal ganglion of Helix pomatia. After removing the connective tissue, which was exposed
to 1% pronase for 5 min, the cell bodies were isolated by axotomy about 500 ,sm from the soma
(Lux & Hofmeier, 1982). The bathing solution was sodium-free and contained (in mM): CaCl2, 40;
MgCl2, 5; KCl, 4; tetraethylammonium (TEA)-Cl, 45; 4-aminopyridine (4-AP), 5; glucose, 5 and
HEPES, 5 (pH 7-8). For Ba2'studies, Ba2+ was substituted isosmotically for Ca2 . Experiments
were done at a bath temperature of 20 °C, unless otherwise noted. Temperature was held within
0 2 °C with a thermo-electric device having a thermistor in a feed-back configuration.

Techniques for voltage clamp with two intracellular electrodes were as previously described by
Hofmeier & Lux (1981). The membrane potential was measured differentially between an
intracellular microelectrode filled with 3 M-KCl and a KCl-agar extracellular electrode positioned
near the ganglion. The series resistance was measured to be about 15 kQl. The largest recorded
currents of 02 ,uA were expected to produce a voltage offset of 4 mV or less. For this reason, the
series resistance was only partially compensated. A current-to-voltage circuit, which provided a
virtual ground, was used to collect whole-cell current. Current was delivered by a microelectrode
of 0-5-1-5 MQ filled with a mixture of 3 M-CsCl and 1 M-TEA-Cl. To minimize interaction with the
voltage-recording electrode, the current electrode was shielded to the tip by an electrically
grounded silver coat. The silver was applied by immersing the capillary tip into an organic silver
chelate (Lapidol II; Doduko Co., Rockford, IL, USA) and by subsequent annealing with heat, as
described by Lux & Hofmeier (1982). The plated electrodes were then repeatedly dipped into a
varnish and thereby insulated from the bath. Unless otherwise stated, the holding potential was
-50 mV. Currents were measured and stored on FM tape for subsequent digitization and computer
analysis. Compensation for symmetrical leakage and capacitive currents was accomplished by
subtracting current responses to hyperpolarizing pulses of the same magnitude from currents
evoked by depolarizing pulses.
The TEA-Cl in the bathing medium and in the current electrodes served to suppress K+ currents.

The 1 M-TEA-Cl stock solution was extracted with ethylether to remove any contaminating
triethylamine that might alkalize the cell (Zucker, 1981). 4-AP was also used as a K+ blocker.

Buffer solutions were injected into the cells using a fast, quantitative method of pressure
injection which is described in detail by Hofmeier & Lux (1981). Injection electrodes were pulled
in two steps. In the first step the capillary was evenly thinned over a length of about 15 mm to
provide a cylindrical solution chamber with an inner diameter of 30-50 ,um. In the second step the
tip, with a diameter of 1-2#tm, was formed. Potassium ion exchanger was injected from the back
into the solution chamber before injection solution was sucked through the tip. The ion exchanger
formed a phase boundary with the injection solution which was easily visible under the microscope.
The injected quantity was estimated with a resolution of 10-1 1 from the shift of the phase
boundary measured with an ocular micrometer. The use of the ion exchanger allowed recording of
the membrane potential, which indicated the intracellular location of the electrode tip.

Internal buffering with calcium chelators
Ca2' buffers
For intracellular pressure injection of Ca2+ buffers, a third electrode was introduced, which

contained in addition 50 mM-proton buffer (HEPES or Tris, adjusted to pH 7-25 with CsOH) and
in some experiments 35 mM-TEA-Cl. 100 mM-EGTA (ethyleneglycol-bis-(fl-aminoethylether)-
N,N,N',N-tetraacetic acid) or 50 mM-BAPTA (bis(o-aminophenoxy)ethane-N,N,N',N-tetraacetic
acid, dried at 150 °C) were used as the chelators for Ca2+ buffers with free [Ca2+] levels
< 5 x 10-6 M, which were calculated with an apparent stability constant of 9-6 x 106 M-1 (Harafuji &
Ogawa, 1980) for EGTA and 9 33 x 106 M-1 (Tsien, 1980) for BAPTA.

100 mM-HEDTA (N-(2-hydroxyethyl)ethylenedinitrilo-N,N',N'-triacetic acid), stability constant
4-3 x 105 M-1 (Martell & Smith, 1974), was used to buffer free [Ca2+] at levels > 5 x 10-6 M.

For the pH-sensitive EGTA-Ca2' buffers, pH changes related to increases in [Ca2+] at the inner
channel mouth during channel opening (see Fig. 1) were estimated to be not more than 0-2 pH
units. The EGTA was from Merck, the BAPTA from Fluka and the HEDTA from Sigma.
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Spatio-temporal Ca2l buffering
Based on single-channel current measurements in Helix pomatia neurones and data on

cytoplasmic buffering in Aply8ia neurones, Chad & Eckert (1984) calculated steady-state increases
in free [Ca2+]1 in a hemisphere (domains) of 50 nm radius surrounding the inner mouth of a Ca2+
channel of about 1 x 10-5 M for maximum Ca2+ current activated at 0 mV. Such a concentration
would be efficiently buffered by adding large amounts of high-affinity Ca2+ chelators to the cellular
buffers as was done in our experiments. It was noted by Neher (1986) that the introduction of the
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Fig. 1. Spatial profile of Ca2+ concentration (pCa, negative logarithm of free [Ca2+]) during
Ca2+ influx in the surround of the inner channel mouth in the presence of EGTA-Ca2+ (a,
b, c) and BAPTA-Ca2+ buffers (d, e,f). Free Ca2+ concentrations set by the buffers are
1 X 10-7 M (a, d), 1 X 10-8 M (b, e) and 1 x 10-9 M (c,f ). Total chelator concentration is
100 mm for EGTA and 50 mm for BAPTA. Curves are generated applying the approach of
Crank (1956) and Neher (1986) for Ca2+ chelation as determined by radial Ca2+ diffusion
from a point source and reaction times of buffers. For a point source in a half-space,
[Ca2+], = i(4irFDr)-1 exp (- r/0), with [Ca2+], = increase in Ca2+ concentration at the
radial distance r within the plane of the membrane; i = single-channel current (0 4 pA,
Lux & Brown, 1984b); F = Faraday constant; D = diffusion constant (2 x 10-6 cm2 s-1);
= (1DkI [L]-')i, thickness of the disc in which Ca2+ chelation takes place;

k = association rate of the chelation (EGTA, 9-6 x 106 M-1 s-1; BAPTA, 4-3 x 108 M-'s-5);
[L] = concentration of free chelator. Concentration values are reached within micro-
seconds with a time constant of r = k-i [L]-1.

finite reaction time of the buffer results in an expansion of the volume in which complexation takes
place. Thus, in our calculations, Ca2+ ions are allowed to diffuse away from the inner channel mouth
before they are chelated. The spatio-temporal profile of buffering is primarily determined by the
association rate of the Ca2+-chelator complex in addition to the concentration of free chelator. For
BAPTA, the apparent association rate of the complex is 4-3 x 108 M-1 s-' (value taken for Quin-2,
see Quast, Labhardt & Doyle, 1984), which is about two orders of magnitude larger than that of
EGTA (9-6 x 106 M-1 s-1, see Harafuji & Ogawa, 1980). Figure 1 shows the radial Ca2+ concentration
profiles in the membrane area around a point-source of Ca2+ entry, which represents the inner
channel mouth, in the presence of various EGTA- (a, b, c) and BAPTA-Ca2+ buffers (d, e,f ). Due to
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the fast on-rates of the buffer systems, steady-state concentration levels are reached in less than
10 ,us (Fig. 1, see also Neher, 1986). The calculations use a diffusion coefficient 3 of that in water
(Connor & Nikolakopoulou, 1982). These [Ca2+] profiles are steep enough to restrict increases in free
[Ca2+], to single channels as can be inferred from typical channel densities. Single-channel density
for the visible cell surface was estimated to be 3/m-2 in our preparation, but was determined to
be less ( < 1 #m-2) by capacitance measurements which take into account the entire membrane area
including infoldings (Lux & Brown, 1984b, and unpublished observations). Membrane patches of
2-20 ,um2 as obtained with small (diameter < 1 Fm) pipette tips contained up to fifty channels with
a mean of about four channels, with no evidence for channel densities higher than 10 Fm-2.
Comparing data on membrane area and averaged single-channel Ca2+ currents with currents
delivered by macroscopic membrane patches, similar low channel densities (0 1-0 7 Fm-2) can be
derived from data on other molluscan neurones. Even patches reported to show an unusually high
current density ('hot spots') contain on average probably not more than one channel per #m2 (see
Thompson & Coombs, 1988). Assuming 'hot spots' with an average of ten channels per um2 in our
preparation, the mean distance between channels would be about 300 nm. Even in this case
individual channels would be sufficiently isolated in the presence of the injected buffers.
Realistically, the whole-cell current is expected to flow in its majority through channels distributed
at a lower density in the membrane.

Exponential curve fitting
Inactivation kinetics were fitted with the double-exponential function:

-I(t) = a+b exp(-Alt)+cexp(-A2t), (a)

where I(t) is the inactivating current as a function of time, a is the current amplitude at t = cc, b
and c are the amplitudes of the time-dependent components and A1 and A2 are the reciprocals of the
fast (,r) and the slow (,r) time constant of inactivation respectively. The five parameters in the
equation were determined by a least-squares fitting routine described by Marquardt (1963).

RESULTS

Calcium channel currents
It has been shown that Ca2+ current is the predominant inward current, and Ca2+

-dependent K+ current the principle outward current in the neurones investigated
(Lux & Hofmeier, 1982). Thus, inward currents showed little if any change when, in
the bathing medium, Na+ was replaced by Tris or choline, nor were they affected by
addition of tetrodotoxin (TTX, 5 x 10-4 M). The solutions used in the experiments
were designed to isolate the membrane currents through Ca2+ channels. The
combined use of tetraethylammonium (TEA) and 4-aminopyridine (4-AP) success-
fully suppressed K+ outward currents (see also Brown et al. 1981; Plant & Standen,
1981), as indicated by the finding that even with a depolarizing step from -50 mV
to + 100 mV, the magnitude of the time-dependent outward current was only one-
tenth that of the peak inward current at + 30 mV. Figure 2 shows the voltage-
dependent inward currents carried by Ca2+ or Ba2+ recorded under these experimental
conditions. Ca2+ channel currents were completely abolished when channel blockers
such as cadmium (100 /M) were added to the medium or when Ca2+ was replaced by
magnesium or nickel.
Even with hyperpolarization as negative as -120 mV, there was no evidence in this

preparation for other, low-voltage-activated Ca2+ currents, as were recently identified
in a variety of other excitable tissues (see e.g. Carbone & Lux, 1984; Deitmer, 1984;
Armstrong & Matteson, 1985; Bean, 1985; Bossu, Feltz & Thomann, 1985;
Fedulova, Kostyuk & Veselovsky, 1985; Nowycky, Fox & Tsien, 1985). Also, there
was no indication of a second peak in the current-voltage curve of these neurones,
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Fig. 2. Inactivation of Ca2l channel current. Current signals were recorded from a TEA-
loaded neurone during depolarizing pulses from a holding potential of -50 mV to the
potentials indicated, in the presence of 40 mM-Ca2l (A) and 10 min after substituting Ba2+
for Ca2+ isosmotically (B). In these and subsequent recordings linear components of
leakage and capacitance were removed by subtraction of currents obtained with
hyperpolarizing pulses of the same magnitude. Temperature 30 'C.

and tail currents measured 0 3 ms following the activating pulse showed one fast
decaying component that was well fitted by a single exponential.

Characteristics of inactivation
Ca2" inactivation was evident as decay from the peak of the inward current during

depolarizing steps, and as a decrease in the peak Ca2+ current during the second of
a pair of depolarizing pulses. As has previously been reported (Kostyuk & Krishtal,
1977; Brown et al. 1981), inward current during a sustained depolarization showed
an initial, rapid relaxation from the peak, followed by a more gradual decay. The
turn-off process was, within 1 s, always well approximated by a double-exponential
expression with the two time constants r, and r. (for details see Methods). At 30 °C,
and with pulses to + 30 mV, rf and T. were 27-5 + 9 and 240+ 50 ms, respectively. The
amplitude ratio b/c, from eqn (a), of the fast and slow component of inactivation was
11 +0-2 (n = 21) at time zero. The extent of inactivation was also manifested by a
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Fig. 3. A, I-V relationship for Ca2+ channel current in 40 mM-Ca'+ solution (@).

Depolarizing pulses (400 ms) were from a holding potential of -50 mV. Recovery from
inactivation as a function of pre-pulse amplitude (A). Pre-pulses (P1) (60 ms) to different
depolarizing membrane potentials were followed by test pulses (P2) to + 30 mV after
10 ms of repolarization to -50 mV (see inset). The peak currents of the test pulses were
normalized to the peak current of an unconditioned test pulse and plotted against voltage.
B, relationship between normalized peak current and normalized Ca2+ influx during the
test pulse. Current-time integrals of the test pulses were normalized to that of an

unconditioned test pulse. Membrane potential of each pre-pulse is shown in millivolts with
each data point. Temperature 30 'C.

decrease in the amplitude of the inward tail currents measured upon repolarization
following activating pulses of various duration (see also Brown et al. 1981; Eckert &
Tillotson, 1981). Lowering the temperature slowed the time constants and reduced
the peak inward current with a Qlo (temperature coefficient) near 2 between 36 and
8 'C. However, there was no gross, qualitative difference between the results of
experiments performed at various temperatures in this range.
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Fig. 4. Same plots as in Fig. 3 for Ca2+ channel currents in 40 mM-Ba2+ solution. Pre-pulses
were 260 ms in duration. Test pulses were to + 20 mV. Temperature 30 'C.

Effects of substituting barium for calcium
As has previously been reported (Magura, 1977; Connor, 1979; Adams & Gage,

1980; Brown et al. 1981), replacement of Ca21 with Ba2+ resulted in larger inward
currents, a shift to the left of the I-V curve by about 10 mV, and slowing of
inactivation (Fig. 2B). The slow relaxation of the Ba2+ current did not reflect an

inability of Ba2+ to activate outward K+ currents, since, as shown in Fig. 2A, these
currents were negligible in our experiments. The time course of inactivation in Ba2+

in most experiments was best fitted by a single-exponential expression.
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Effects of conditioning pre-pulses on calcium and barium currents
The hypothesis that Ca2" inactivation is Ca2+-dependent was initially based on

results of double-pulse experiments in which pre-pulse voltage was systematically
varied and the effect on peak current during a subsequent rest pulse was measured.
Several authors reported that Ca21 inactivation first increases and then decreases as
a function of depolarization, resulting in a U-shaped inactivation curve to reflect a
quantitative dependence on Ca2+ entry during the pre-pulse rather than on voltage
(for review see Eckert & Chad, 1984). We tested for this behaviour using rather short
(4-20 ms) compared to the previously reported long (100-400 ms) interpulse intervals
to prevent substantial recovery from inactivation between activating pulses. We
found that under these conditions inactivation was only weakly dependent on prior
Ca2+ entry. This is illustrated in Fig. 3A, which shows the effect of varying the
potential of a 60 ms pre-pulse on the Ca2+ current evoked 10 ms later by a test pulse
to +30 mV. The amount of inactivation increased steadily to a maximum at +60
mV, and then fell off slightly as the depolarization increased further (see also Brown
et al. 1981). Thus, inactivation was still substantial at + 90 mV even though Ca2+
current was near zero at this high level of depolarization. The lack of correlation
between Ca2+ inactivation and Ca2+ entry is further illustrated in Fig. 3B, which
shows a plot of the peak current during the test pulse against the preceding Ca2+
influx which was obtained from the current-time integral of both the pre-pulse
current and the tail current recorded on repolarization to -50 mV between
activating pulses. Tail currents decayed with a time constant of less than 1 ms at this
potential, and thus channels at the end of the interpulse interval should be either
available for activation or inactivated. This assumption was supported by the
finding that currents during the pre-pulse as well as during the test pulse activated
with a similarly fast time course, even with interpulse intervals as brief as 4 ms.
Figure 4 shows that substitution of Ba2+ for Ca2+ results in the same qualitative
relationships between peak current, cation entry and inactivation. However, in these
experiments, the conditioning pulses were prolonged to 260 ms to compensate for the
slower time course of inactivation with Ba2+ as the charge carrier. Although there is
no simple relationship between influx of divalent cations and amount of inactivation,
Ca2+ ions do affect the development of the inactivation process, as shown below.

Voltage dependence of recovery from inactivation
One indication of the voltage dependence of the Ca2+ inactivation process was the

finding that the recovery of inactivated channels (repriming) was sensitive to
membrane potential. The repriming effect of even brief hyperpolarization could be
demonstrated with a repetitive pulse protocol, as illustrated in Fig. 5A. In this
figure, the current generated during a prolonged depolarizing step to + 30 mV is
superimposed on that generated by a train of depolarizing pulses interrupted by
4 ms intervals to -110 mV. It can be seen that the pulse train was associated with
substantially less inactivation even though it evoked about twice as much Ca2+ entry
(as inferred from the time integral of the current including the tails). It is thus
evident that the hyperpolarizing pulses accelerated recovery of inactivated channels,
and that inactivation was not a consequence of the Ca2+ entry alone. We used a
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Fig. 5. Voltage-dependent repriming of inactivated Ca2l current. A, current generated
during a prolonged depolarizing step from -50 to + 30 mV was superimposed on current
generated during a train of depolarizing pulses interrupted by 4 ms intervals of
hyperpolarization to - 110 mV. Temperature 18 °C. B, superimposed are two current
recordings obtained with double pulses to + 30 mV. Pre-pulses were from -50 mV, and
test pulses from -50 (upper trace) and -125 mV (lower trace), respectively. Interpulse
interval was 5 ms. Note that tail currents do not contribute significantly to the Ca2+ influx
during the pre-pulses. C, similar experiment to that in B with repriming pulses to a

variety of membrane potentials. Peak current during the second of the pair of
depolarizing pulses is normalized to peak current during the pre-pulse and plotted against
membrane potential reached during the interpulse interval. D, time dependence of
hyperpolarizing repriming. Similar experiment to that in B with repriming pulses of
varied duration to -50 and -100 mV, respectively. Peak current during the second of
the pair of depolarizing pulses is normalized to peak current during the pre-pulse. The
difference between normalized peak currents (normalized A peak current) for -100 and
- 50 mV was plotted against duration of repriming. Note that the added repriming effect
of increased hyperpolarization decreases as repriming pulse duration increases. The data
points are well approximated (continuous line) by assuming that additional repriming is
mainly due to a smaller time constant (2-5 ms) of the recovery process at - 100 than at
-50 mV (16 ms). For longer-lasting (>40 ms, dashed line) repriming pulses slower time
constants become effective (for details see Discussion) which were not considered in this
experiment. Temperature 20 'C.
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Membrane potential (mV)
+30 +50

-130 mV

-50 mV

B

Membrane potential (mV)

Fig. 6. A, voltage-dependent recovery from inactivation as a function of pre-pulse
amplitude. Pulse protocol was as shown in the inset. 60 ms pre-pulses (P1) to a variety of
depolarizing membrane potentials were followed by 1 s test pulses (P2) to + 30 mV after
the membrane was repolarized for 10 ms to -50 (A) and -130 mV (*), respectively.
P was normalized to the peak current of an unconditioned test pulse and plotted against
voltage. B, same plots as in A, with Ba2+ substituting for Ca2+ in the external solution.
Pre-pulses were 260 ms duration, and test pulses were to + 20 mV (see inset). Temperature
20 °C.

double-pulse protocol to examine the dependence of recovery from inactivation on

the repriming pulse potential and duration. Large hyperpolarizing pre-pulses had no

effect when they preceded unconditioned depolarizations. However, hyperpolarizing
the membrane during the interpulse interval served to enhance reactivation of
inactivated Ca2+ channels. This is illustrated in Fig. 5B, which shows that the current
during the second of a pair of activating pulses was larger in amplitude when
repolarizing the membrane between pulses to - 125 mV instead of the usual holding
potential of -50 mV. The amount of repriming was a direct function of membrane
potential for voltages less negative than - 130 mV; further hyperpolarization caused
no further repriming (Fig. 5 C). The data of Fig. 5B were obtained with an interpulse

A
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interval of 5 ms. As the duration of this interval increased, and inward current
recovered, hyperpolarization became less effective (see also Fig. 9A). The
enhancement of repriming conferred by an additional 50 mV of hyperpolarization
strongly decreased within tens of milliseconds (Fig. 5D). This could explain why
decreased inactivation following interpulse hyperpolarization was not seen in
previous studies which examined interpulse intervals of long (200 ms) duration
(Eckert & Tillotson, 1981).

][Cas2F

EGTA

[Ca2+J -'
5xlO4M ,

HEDTA

[Ca2+ X

lx10M 1

150I
200 ms

Fig. 7. Effect of internal buffering on Ca2+current inactivation. Cells were injected with
EGTA-Ca2+ or HEDTA-Ca2+ buffers. Free [Ca2+] of the buffers was as indicated. Ca`~
current inactivation was slowed with subsequent injections (upper and middle traces).
The effect became saturated with internal buffer concentrations of about 30 mm (for
details see text). Ca2+ current inactivation was minimally affected with free [Ca2+] levels
above 10-1 m (lower trace), although slight reductions in peak current were observed at
these concentrations. Temperature 20 0C.

Nevertheless, evidence was obtained which indicated that intracellular Ca2+ does
affect the repriming process. Once largely inactivated, relatively little of the Ca2+
current could be restored by hyperpolarizing pulses. This is illustrated in Fig. 6A,
which plots the relationship between voltage and inactivation as measured with a

double-pulse protocol, and shows that repriming was enhanced by not more than
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15% when the membrane potential was stepped to - 130 mV rather than -50 mV
during the interpulse interval. Figure 6B shows that when Ca21 was replaced by
Ba2+, hyperpolarization during the interpulse interval was about twice as effective.
Taken together, these data suggest that Ca2+ entry does interfere in some way with

the voltage-dependent repriming process. In order to clarify the role of Ca2 , we next
undertook a direct examination of the relationship between [Ca2+]i and the
parameters of Ca2+ inactivation.

Quantitative intracellular injection of buffered calcium
Quantitative intracellular injections of buffered Ca2+ were made in order to

directly determine the relationship between free [Ca2+]i and the inactivation process.
Average cell volume, as determined from measurements of the largest and smallest
soma diameters to account for deviations from a spherical shape, was 1 nl.
Intracellular injections were done in steps of 100-200 pl. Thus, each step raised the
intracellular Ca2+ buffer concentration by about 10-20 mm. Cell size returned to
normal within minutes after the injections. Ten to twenty injections were made over
15-30 min. Cells were discarded if a leakage current >0 5 nA appeared with the
injections.

Effectiveness of intracellular Ca2+ buffering
When the solution in the injection pipette had a free [Ca2+] level of 1 X 10-8 M or

below, the first injection was usually sufficient to produce a detectable increase in the
slow phase of decay of the Ca2+ current (Fig. 7). This effect became progressively
more pronounced with subsequent injections, until the intracellular concentration of
Ca2+ buffer reached about 30 mm, at which point the effect became saturated and
additional injections did not produce further change in the time course of the current
decay. Since addition of still more buffer had no obvious deleterious effect on cell
viability, injection of each cell was continued. Calculated final concentrations of total
chelator were between 60 and 130 mM.

Relationship between inactivation and free [Ca2+] set by the buffer
As may be seen in Fig. 7, Ca2+ currents in cells buffered at concentrations between

1 x 10-' and 5 x 10-8 M were similar in appearance to those of uninjected cells.
Buffering free [Ca2+] levels lower than 5 x 10-7 M had little or no effect on the peak
amplitude of the Ca21 current. At higher concentrations, the current was always
somewhat reduced. This finding is similar to that reported by Plant et al. (1983) on
the effects of injecting about 11 mM-EGTA. The extent of the current reduction
varied considerably from cell to cell and in some cases was very small, despite high
[Ca2+] levels. Thus, the reduction was less than 20% in several cells at 10-6 M, and
in one cell at 10-5 M (Fig. 7). The most profound effect of buffer injection was on the
time course of the inactivation, as is shown in Fig. 8. Fitting double exponentials to
the decay of the inward current revealed that the fast time constant increased
somewhat with decreasing free [Ca2+], while the slow time constant was almost
unaffected. However, the relative contributions of the fast and slow component of
the decay, as expressed by the ratio of their amplitudes, was markedly affected. This
ratio fell steadily as free [Ca2+] decreased below 1 x 10-7 M, and at 1 x 10-9 M the

209



M. J. GUTNICK AND OTHERS

A
80

E

60

40

20

9

B

9-

0
-

4C

0

0

._

._

1.0

0.8

0*6

0.4

0.2

8

9

7 6

8 7 6
pCa

Fig. 8. Relationship between fast (rf) and slow (Ts) time constant of Ca2l inactivation and
ftee [Ca2l] of the internal buffer. A, T, (upper trace) and r. (lower trace) as calculated by

least-squares fitting routine; B, ratios (b/c) of the amplitudes of the fast (b) and slow (c)
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points). Continuous lines illustrate the predictions obtained from the general reaction
scheme described in the Appendix. Temperature 20 'C.
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followed by test pulses to + 30 mV after repriming pulses of various durations. Envelopes
(dashed lines) of the current amplitudes during test pulses indicate the time course of
recovery from inactivation for repriming pulses to -50 mV (upper curve) and - 130 mV
(lower curve) in a cell not pre-loaded with buffer. B, as in A, for neurone injected with
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the second depolarization pulse was normalized to peak current during the pre-pulse and
plotted against the negative logarithm of free [Ca2+] set by the buffers (pCa). Vertical bars
indicate standard deviation from the mean (n = 4 for the data points). Continuous line
illustrates the prediction of the general reaction scheme (see Appendix). Inset shows time
course of repriming as modelled for various Ca2+ concentrations (as indicated).
Temperature 20 'C. B, same curves as in the inset ofA for [Ca22+] as indicated. The data
points are well fitted by the computer simulations. Inset indicates amount of repriming
after 3-75 s for [Ca22+] = 1 x 1O-5 M.

relative contribution of the fast time constant was often too small to be detected. The
ratio also fell to slightly below one at concentrations greater than 5 x 10-6 M.

Effect of Ca2+ buffering on recovery from inactivation
The ability of hyperpolarizing pulses to restore inactivated Ca2+ current was

greatly enhanced in cells that had been injected with buffers to keep free [Ca2+] at a
low level. This is illustrated in Fig. 9 which shows double-pulse experiments in which
prolonged pre-pulses to + 30 mV were separated from subsequent test pulses of the
same magnitude by repolarizing intervals of varied duration. Buffering free [Ca21] to
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1 x 10-8 M increased the effectiveness of repriming considerably, particularly for
strongly hyperpolarizing intervals (Fig. 9, Fig. lOB). Figure 10A summarizes results
of double-pulse experiments with 20 ms intervals of hyperpolarization to -130 mV
at various levels of free [Ca2"]. The effectiveness of the hyperpolarizing interval
increased steeply when [Ca2"] was less than 1 x 10-7 M. Even at buffered [Ca2+] as
high as 5 x 10-6 M, the amount of repriming was still greater than that seen with an
identical pulse protocol in the same neurones before injection.

DISCUSSION

Characteristics of calcium current inactivation and repriming
The results of the present experiments demonstrate that in these identified

molluscan neurones, Ca2+ current inactivation depends both on membrane potential
and on internal Ca21 concentration. On the one hand, it is evident that the process
is not solely voltage-dependent, because replacement of Ca2' by Ba2+, or prevention
of intracellular Ca2' accumulation by intracellular injection of Ca2+ buffers, alters the
time course of inactivation in a systematic fashion and modifies the effectiveness of
voltage-dependent repriming. On the other hand, the data demonstrate that the
process cannot be solely Ca2+-dependent, either. Thus, we show that the extent of
inactivation is not simply related to prior Ca2+ entry, and we present direct evidence
that repriming is voltage-dependent. Moreover, Ca2+ inactivation persisted in cells
that were quantitatively injected with Ca2+ buffers adjusted to [Ca2+] levels as low
as 1 x 10-9 M, while [Ca2+] levels as high as 5 x 10-6 M led to minimal attenuation of
the peak current.
That Ca2+ inactivation is jointly dependent on membrane potential and internal

Ca2+ has been concluded for snail neurones (Brown et al. 1981; Yatani et al. 1983), for
heart cells (Kass & Sanguinetti, 1984; Lee et al. 1985; Hadley & Hume, 1987;
Argibay et al. 1988), and for sensory neurones (Akaike et al. 1988). In the present
experiments, we have used systematic injection of known concentrations of buffered
Ca2+, in order to provide a quantitative description of the relationship between
internal free [Ca2+] and the parameters of inactivation.

Consequences of spatio-temporal calcium buffering
Findings similar to ours, with internal application of Ca2+ chelators, were reported

by Brown et al. (1981) using internal perfusion techniques, and by Eckert & Ewald
(1983) and Plant et al. (1983) using injection of EGTA. In the latter two papers, it
was suggested that the failure of EGTA to totally suppress Ca2+ inactivation
reflected insufficient Ca2+ buffering at the inner surface of the membrane. We
therefore used higher EGTA concentrations than usual, and also applied BAPTA to
deal with the amount and speed of anticipated changes in [Ca2+]i during Ca2+ current
(for details see Methods).

Considering Ca2+ entry through single channels, deviations from the free [Ca2+]i set
by the added buffers occur in a narrow surround of the internal mouth of individual
channels. These changes are fast (1-10 ,us, see also Neher, 1986) compared to the time
course of inactivation and even to observed mean open and short closed times of
single channels (about 1 ms, see Lux & Brown, 1984b). Hence the spatial
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concentration profile which develops during Ca2" influx in the surround of a channel
is essentially stationary, and after channel closing the Ca21 concentration at the
channel will be quickly reset to the level controlled by the buffer. Since the high
concentrations of Ca2+ chelators used prevent overlapping of domains of single
channels even in 'hot spots', with densities of ten channels per ,/m2 (see Methods),
a spatial accumulation of Ca21 is not to be expected. We thus focus on local
stationary variations in free [Ca2+]i with the surround of individual channels during
random opening and closing. As can be inferred from Fig. 1, buffering to the Ca2+
levels set by the BAPTA-Ca2+ buffers is already achieved at distances between 10
and 20 nm from the inner channel end, while distances about four times longer apply
for EGTA-Ca2' buffers. On the other hand, inactivation does not differ significantly
when using BAPTA instead of EGTA (see Fig. 8). These findings strongly suggest
that the site which regulates inactivation is located in an area where free [Ca21]i is
sufficiently controlled by the buffer. This is compatible with the idea that the
inactivation substrate is somewhat remote from the channel, or access to it is
complicated by diffusional obstacles for Ca2+ ions.
An interesting alternative is that a channel, once open, might be insensitive to

inactivation. Also in this case inactivation, if coupled to the closed state of the
channel, would be basically controlled by the free [Ca2+] of the internal buffer. On the
other hand, the assumption that the open channel experiences the high Ca2+
concentration at its inner mouth is difficult to reconcile with the high Ca2+ sensitivity
of inactivation. In this case one would expect that already brief channel openings
produce inactivation at maximum rates, even if channel closing by inactivation is
not instantaneous. Since there is no experimental evidence for the above-described
mechanism (see Lux & Brown, 1984a), it seems justified to assume that in our
experiments the Ca2+ concentration at the site that regulates inactivation is basically
determined by the free [Ca2+] set by the buffers.

Model of inactivation
The complex kinetics of Ca2+ inactivation can be well modelled on the basis of a

Ca2+-dependent process (Standen & Stanfield, 1982; Chad, Eckert & Ewald, 1984). It
is, however, obvious from the above that our data cannot be adequately accounted for
by such models. We have therefore described inactivation as a Ca2+- and voltage-
dependent process with a reaction scheme in which the observed time constants
derive from the rates of the transitions between three different states of the Ca2+
channel. This approach was chosen since it makes the kinetic system amenable to
considerable analysis (Colquhoun & Hawkes, 1983). The data in Fig. 8 give a
quantitative picture of how these time constants and the ratio of their coefficients
vary as a function of [Ca2+]i. The finding that the two constants are distinct, differing
by about a factor of ten under conditions of internal buffering, suggests that there
are at least two states of inactivation. We hypothesize that while access to both
states is initiated by the voltage step, access to one of them is also controlled by
[Ca2+]i.
We assume that inactivation starts from a lumped state of activation (A), without

regard to whether the channels are open or closed, and that there are two states of
inactivation, INv and INc.. Only INc. is characterized by Ca2+-dependent rates. We
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further assume that at membrane potentials of -50 mV and below, there is little
steady-state inactivation (the probability of finding the channels in state A at time
t = °O, PA = 1), since increase in the holding potential was without significant effect
on the peak Ca2+ current. This latter assumption is also consistent with the
observation that injection of Ca2+ buffers never resulted in an increase in the peak
Ca2+ current, even with free [Ca2+] below 1 X 10-8 M.
The behaviour of the time constants and of the amplitude ratio b/c (Fig. 8)

strongly points to a specific sequence of the three states in order to describe
inactivation and recovery. A linear sequence was found sufficient to describe
inactivation with varying [Ca2+]i at a given potential (see Appendix). All effects due
to steady-state variation of [Ca2+]i could be attributed to the transition rate which
leads from A to the inactivated state INCa With long depolarizing pulses, a
significant occupancy of the inactivated state INv is reached, in agreement with
previous reports (Kass & Sanguinetti, 1984; Lee et al. 1985; Fox, 1981; Hadley &
Hume, 1987) which assign the slow component of inactivation to a voltage-
dependent process. Ca2+ dependence is thus exclusively attributed to INca which
rapidly exchanges with state A. The general form of the model provides a transition
from INv to INCa' the rate of which is assumed, for systematic reasons, to be Ca2+-
dependent. However, it contributes little to the inactivation process itself (see
Appendix).

Recovery from inactivation
On the other hand, this transition was found to be essential to describe recovery

from inactivation. The recovered amount of the Ca21 current at a given time
increases with hyperpolarization. The time course of recovery becomes particularly
fast with low [Ca21]i, contrary to that of inactivation. This implies an increased
efficiency with hyperpolarization of both reaction pathways leading away from the
highly occupied state INv. With low [Ca21]i, repriming is due to the direct transition
from INv to A since INc. is hardly available.
With high availability of INc., as in the case of high [Ca2+]i, the transition to

INca becomes the dominant one. The return from the now highly occupied state
INc. to state A is considerably slower than that from INv to A. Thus, recovery is
dominated by a slow process. Moreover, the steady-state occupancy of state A is
reduced under these conditions, because high [Ca2+]i also facilitates transition from
A to INCa. In order to deal with slow recovery, the transition from state INCa to state
A is considered to be weakly, if at all, voltage-dependent (see Appendix).

Particular features of the present model, demanded by the data on Ca2+-dependent
recovery, are noteworthy: voltage-dependent inactivation is essentially assigned to
the transition between two states which differ by their Ca2+-binding capability (for
details see Appendix). The transition between the two inactivation states may be
visualized as a conformational change of a protein, where the Ca2+-binding site is
particularly voltage-sensitive, which suggests a membrane localization of the
substrate for inactivation. The transition rate from state INv to state INca at
- 130 mV is about three to four orders of magnitude larger than that at + 30 mV.
This increase is in line with the view that the ability of one Ca2+ ion to bind to its
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specific reaction site is essentially determined by the electrochemical driving
force.
The general three-state scheme presented appears to be the simplest form for

describing the essential features of inactivation and repriming. It is, however, not
perceived to account for a slow recovery, which is frequently seen following
depolarizing pulses of 1 s or longer in cells which were not injected with Ca2+ buffers.
Such sustained depolarizations seem to induce long-lasting reactions related to cell
Ca2+ metabolism (Yatani et al. 1983), which are considered to be secondary for the
short-term recovery process studied here.
The model as used also appears to be appropriate to describe modulation of the

inactivation process.
When Ba2+ was the current carrier, inactivation was slowed, and its time course

was well-fitted by a single exponential function with a time constant that was
slightly smaller than that of the slow component with Ca2+ (see Fig. 2). This suggests
that the transition to INCa is much slower with Ba2+ than with Ca2 . Thus, as with
Ca2+ current under conditions of low [Ca2+]i, repriming of the inactivated Ba2+
current is determined by the voltage-dependent transition from INv to A, while the
alternative pathway to INca is negligible.

It was recently shown that when the cyclic alcohol, menthol, is applied to the
outside of the membrane, inactivation and repriming are markedly accelerated in a
manner that appears to be independent of changes in [Ca2+]i (Swandulla, Schafer &
Lux, 1986; Swandulla, Carbone, Schiifer & Lux, 1987). The effect on inactivation
may be explained in the framework of our model if we assume that in the presence
of menthol, the usually Ca2+-dependent transitions to state INCa are as fast as or even
faster than in the presence of high [Ca2+]i. In this case, voltage dependence of the
transition from INc. to A becomes essential to describe recovery from inactivation.

Functional implicatiomn
Joint regulation by internal Ca2+ and membrane potential of Ca2+ channel

inactivation and recovery may be important for determining the activities of
neurones with prominent Ca2+ conductance. Our data indicate that even under
conditions of relatively high, sustained [Ca2+]i, voltage-dependent Ca2+ channels will
not necessarily become unavailable for activation. In most neurones, Ca2+ influx
triggers a Ca2+-dependent K+ current, which results in hyperpolarization. Findings
such as those illustrated in Fig. 5A indicate that by including voltage-dependent
repriming of inactivated channels, even short-lasting after-hyperpolarizations could
foster prolongation of Ca2+-dependent activities despite considerable intracellular
Ca2+ accumulation.

APPENDIX

Three-state model of Ca2+ inactivation
The time course of inactivation shows two clearly distinguishable time constants,

and requires at least a three-state reaction scheme to describe the inactivation
process (Colquhoun & Hawkes, 1977). Our approach considers a circular three-state
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A

k1 k k-2 ck2 (Ml)

INV - INca
k3

reaction scheme (Ml) of Ca2+ channel states. Other possible schemes are discussed
and evaluated in a separate section.
The formalism used for the mathematical treatment of (Ml) is as described by

Colquhoun & Hawkes (1977) for a Markov process with discrete states in continuous
time. The basic expressions that define the system are given below (INv and INc. are
abbreviated as V and Ca in the subscripts of the following equations):

(1) In equilibrium the probabilities PA Pc and pv of the system being in the state
A, INca and INv respectively are calculated (see King & Altman, 1956) using:

PA = SA/SD; Pca = SCa/SD; Pvr = SV/SD5 (1)

with SA = k1lk 2+k1c k3+ k-2 k-3 (2)

Sca = k2k13+k2kl1+k1k-3, (3)
SV= kik3+klk-2+k21k3, (4)

SD = SA+SCa+SV, (5)

where ki (i = 1,2,3, -1, -2, -3) are the transition rates of (Ml).
(2) In non-equilibrium the probability of finding the system in one of the states at

time t follows the sum of two exponential terms. For PA (t), which describes the time
course of the measured Ca2+ currents, the explicit expression is:

PA(t) p + b exp (- Alt) + c exp (-A2t). (6)

The parameters are given by:

b = [A2(PA )+P(1-+AA 2) PV--2Pca]/(A1A2), (7)

c = [AP 0)+PO(k1l+k 2)-kPV-p 2Pka]/(A2Ai), (8)

A1 = ffilki)2 2 (i = 1,2,3, -1,-2, -3), (9)

A2 = k-[1(Eki )2 2S]2 (10)
and A1A2 = SD, (11)

where b and c represent the weighting factors, A1 and A2 the reciprocals of the time
constants of the reactions towards equilibrium, and p0 and pt the occupational
probabilities of the indicated states at time t = 0 and oo, respectively.

Calcium inactivation modelled as a calcium- and voltage-dependent process
In our model, state A is the conducting state of the Ca21 channel, which includes

silent but not inactivated substates whose transitions to conducting states are rapid
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compared to those of the model. We have assumed that inactivation starts from this
lumped state of activation since there is no direct evidence that inactivation is
attained from a particular state (see Brown, Lux & Wilson, 1984; Lux & Brown,
1984a; Chad & Eckert, 1986).
The probability of finding the channel in state INCa depends on the internal Ca2"

concentration. We assume that INCa can be reached only if Ca2+ can react with a site
R at or near the channel so that the probability p for a Ca2+ ion being bound to R
is p = (1 +KD/[Ca2+]i) 1, (12)

where [Ca2+]i is the free internal Ca2+ concentration and KD is the dissociation
constant. The rates of the transitions leading to INca are then given by:

k2= AP (13)

and k3 = k*3p (14)
where k* and k*3 are the maximal possible transition rates.
To describe both inactivation and recovery from inactivation adequately at least

two rates have to be voltage-dependent. Recovery during hyperpolarization shows
a component that is fast (A1 = 50 s-1) compared to that during depolarization, but
with higher [Ca2+]i a slow process becomes dominant (Fig. 9). At least a tenfold
decrease of the weighting factor b in eqn (6) is necessary to describe the change of the
recovery kinetics with increasing [Ca2+]i between 10-9 and 10-5 M as shown in Fig. 10.
This is only attributable to the increase of A1 with [Ca2+]i since the other terms in eqn
(7) are either Ca2+-independent or produce an increase of b with [Ca2+]i. With these
restrictions given by the experimental data it follows from eqns (9), (10) and (11) that
ki1 and k*3 have to be the voltage-dependent rates.

Computer simulations
The above-defined qualities of the reaction scheme were used to predict the time

course of the inactivation and recovery process estimating the rates with a gradient-
expansion algorithm (Marquardt, 1963).
For inactivation, in accordance with the observation that neither variation in free

[Ca2+]i nor holding potentials negative to -50 mV affect peak inward currents
significantly, the probability of the channels at time t = 0 (p0) being in state A is
assumed to be one. Consequently po and pca are zero. Thus, using eqns (7) and (8),

blc = [A2(POA" 1) + k, + k2]/[Al(PAo- 1) + k, + k22] (15)
Ratios b/c (Fig. 8) were fitted with all rates allowed to vary freely. The rates

obtained in this manner also gave a good estimate of A1 and A2 (see continuous lines
in Fig. 8). The estimated rates are (in s-1): k, = 2-57; k* = 7-47; k3 = 2-77; k1 =
0-68; k2 = 10-02; k*3 = 0-08.
To describe recovery from inactivation eqns (6) to (10) were used. Occupational

probabilities of the states at the end of the depolarizing pulse were introduced as the
initial values P°, P°, Pca. To fit the time course of recovery, the voltage-dependent
rates k*3 and 1c1 were allowed to vary while the other rates were as used for
inactivation. The estimated values are (in s-1): k*3 = 358X0 and k-1 = 50X2.
The scheme describes well the time course of the recovery process during the first
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seconds, despite the fact that incomplete recovery is generated with pAO between 0-94
and 0 55 for [Ca2+]i varying between 10-9 and 10-6 M. The actual final attainment of
a constant state A with pA = 1 suggests an additional recovery process. Since this
process requires tens of seconds to minutes, it was not considered in the reaction
scheme (see Discussion).

Linear three-state reaction schemes
The reaction schemes considered are:

k-, k2

INv A--~ INca, (M2)
k, k_2

k_3 k_2

INv INca± A, (M3)
k3 k2

k3 k_

INca = INv A. (M4)
k_3 k,

As shown in Fig. 8, the slow time constant of the inactivation process T. and thus
A2 are not particularly Ca2+-dependent. For simplicity we therefore assumed a
constant A2 to derive the conditions for each reaction scheme using the above
equations.

For (M3), A2 is constant only if it is identical to zero, while for (M4) a constant
A2 results in a decrease of the ratio b/c with increased [Ca2+]i. Both conditions are in
contrast to the experimental data (see Fig. 8), thus (M3) and (M4) are excluded.
The analogue treatment for scheme (M2) produces an acceptable linear model to

describe inactivation under the constraint kA, = k-2. For the adopted model (MI),
the conditions derived for a constant A2 are ki = k3 and k*3 = 0, which are well
approximated by the rates generated by fitting the inactivation time course (see
above). Scheme (M2), however, cannot describe recovery from inactivation since the
transition from INv to INca which is essential for this process is not represented in
this reaction scheme.
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