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SUMMARY

1. Calcium tail currents, recorded at —40 mV after repolarization from 7 or 10 ms
voltage-clamp depolarizations in axotomized Aplysia neurones in the presence of
tetrodotoxin and tetraethylammonium, were used to investigate the inactivation of
the calcium conductance without interference from contaminating potassium
currents.

2. Prior depolarization with a prepulse (V) resulted in a reduction in size of the tail
currents recorded following the test pulse (V). The reduction occurred in both the
fast (7, < 0-4 ms) and slow (7, & 2:0 ms) components of the tail current.

3. The degree of inactivation remained constant when tail currents were measured
at potentials ranging up to 30 mV on either side of the potassium equilibrium
potential. Thus, any changes in potassium current must have contributed virtually
nothing to the changes in tail current amplitude seen following presentation of the
prepulse.

4. Inactivation was greatest following prepulses to potentials (410 to +40 mV)
that produce maximal entry of calcium ions, and declined to about zero as the
prepulse approached the calcium equilibrium potential.

5. For V] potentials above +50 mV, the prepulse caused an apparent short-term
facilitation of V, tail currents in EGTA-injected neurones. This effect, detected up
to 50 ms following the pulse, is of uncertain origin.

6. Pressure injection of calcium ions caused reduction in the size of the tail current,
which was restored by subsequent injection of EGTA.

7. Tail current amplitude was reduced by presentation of the prepulse for all test
pulse voltages, but the measured inactivation declined exponentially towards a
minimum with test pulses of increasingly positive potential.

8. Removal of inactivation following a 200 ms prepulse was greatly accelerated by
injection of EGTA. The EGTA-resistant inactivation remaining at short times
decayed with a time constant of about 0:12 s. The relation of tail current reduction
to prepulse voltage is consistent with the interpretation that the EGTA-resistant
inactivation remaining at short times depends on entry of calcium ions during the
prepulse, as does the EGTA-sensitive inactivation remaining at later times.

* Address for reprint requests.
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9. It is proposed that the ‘EGTA-resistant’ phase of inactivation results from
loading of EGTA with calcium ions near the inner surface of the membrane during
sustained calcium entry, allowing the intracellular calcium concentration to rise.

10. The results provide further evidence for a calcium-mediated inactivation of the
calcium conductance. No evidence was found in these cells for voltage-dependent
inactivation of calcium channels. However, a voltage-dependent facilitation of the
inward current was detected at short times in EGTA-injected neurones following
prepulses to positive membrane potentials.

INTRODUCTION

Voltage-clamp studies on the ciliate Paramecium caudatum (Brehm & Eckert, 1978;
Brehm, Eckert & Tillotson, 1980), and on caesium-loaded molluscan neurones
(Tillotson, 1979 ; Eckert & Tillotson, 1981) first indicated that the calcium conductance
undergoes inactivation dependent on the accumulation of free calcium ions at the
cytoplasmic side of the surface membrane during calcium current flow. The calcium
current recorded during a test depolarization (V,) is reduced in amplitude if calcium
ions enter the cell during a prior depolarization (¥;). Procedures that reduce the entry
of calcium during V; or that interfere with the intracellular rise in ionized free calcium
were found to diminish the drop in amplitude of the peak calcium current recorded
during V. Similar findings suggesting a calcium-mediated inactivation of the calcium
conductance have been reported for insect muscle (Ashcroft & Stanfield, 1981),
myocardium (Marban & Tsien, 1981) and Heliz neurones (Brown, Morimoto, Tsuda
& Wilson, 1981 ; Plant & Standen, 1981 ; Standen, 1981). The dependence of calcium
channel inactivation on intracellular calcium ions in these tissues differs from the
well-established voltage-dependent inactivation of the sodium channel (Hodgkin &
Huxley, 1952). In addition, calcium currents found in some tissues, such as frog
muscle and polychaete eggs, appear not to exhibit calcium-dependent inactivation
(Almers & Palade, 1981; Fox & Krasne, 1981; Cota & Stefani, 1982). Thus, it is
important to rule out possible alternative mechanisms that might account for the
calcium-dependent reduction in the measured inward current seen in some tissues.

One alternative explanation for a calcium-dependent reduction in the measured
inward current is the activation of a calcium-dependent outward current that could
sum with the calcium current to diminish the recorded net inward current. One class
of potassium channels is activated under depolarization by an elevation of internal
free calcium ions due to current flow (Meech & Standen, 1975; Eckert & Tillotson,
1978; Gorman & Hermann, 1979; Lux, Neher & Marty, 1981 ; Marty, 1981). Even in
caesium-loaded cells and in cells bathed in tetraethylammonium (TEA) ions, outward
current can be recorded at high positive membrane potentials, and at lower potentials
some partial outward current may be hidden in the net inward current. If present,
such a partial outward current could produce effects mistaken for changes in the
calcium current. Previous work (Brehm et al. 1980 ; Eckert & Tillotson, 1981 ; Eckert,
Tillotson & Brehm, 1981; Plant & Standen, 1981) has addressed the possibility that
the reduction of inward current results simply from a calcium-dependent enhancement
of an outward potassium current, and several lines of evidence suggest that the
reduction in current is due to a real inactivation in calcium current, although the
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presence of a simultaneous outward current was not fully ruled out. In the
experimentsdescribed below we have avoided the problem of contaminating potassium
currents by measuring calcium tail currents with the membrane potential (V,,)
sufficiently close to the potassium equilibrium (Ex) to assure virtual isolation of the
calcium current (Eckert & Ewald, 1981, 1983). High concentrations of extracellular
TEA further diminished the likelihood of potassium current at those potentials. The
findings provide further evidence for a true inactivation of the calcium conductance
by an action of intracellular calcium ions. Preliminary reports have appeared
elsewhere (Eckert, 1981; Eckert & Ewald, 1981, 1982a).

METHODS

Cells L2-L6 of Aplysia californica were used. The methods of preparation, solutions, temperature,
measurement techniques and computer analyses were identical to those described in the preceding
paper (Eckert & Ewald, 1983). In most of the experiments a double-pulse technique was used in
which a long (100 or 200 ms) conditioning pulse, V;, preceded a short (7 or 10 ms) test pulse, ¥,
by typically 1000 ms. The V,—V, pair was repeated at precise 20 s intervals; this was extended
tolonger intervalsin some experiments in order to minimize further any use-dgpendent accumulation
of inactivation.

Inactivation was determined as equivalent to the ratio (I,—1I)/I,, termed inactivation index,
in which I is the amplitude of a test pulse tail current when the test pulse was preceded by V,,
and I, is the amplitude of the tail current without presentation of ¥;. Tail current amplitudes were
taken 400 us following the end of the ¥, command. At this point the true membrane potential,
following all but the largest test pulses, was estimated to be within 2 mV of the measured value,
and the fast component of current decay, 7,, had an amplitude about ten times that of the slower
component, 7, (Eckert & Ewald, 1983).

RESULTS
Effects of V; on V, tail currents

Presentation of ¥; 1000 ms before V, caused a decrease in over-all amplitude of the
tail current recorded at a ¥, of —40 mV following the termination of the 7 ms V,
(Fig. 14). The inward current during V, was also depressed as reported earlier
(Tillotson & Horn, 1978; Tillotson, 1979; Eckert & Tillotson, 1981). The time course
of the inward current tail recorded following 7-10 ms test pulses can be fitted by the
sum of a fast and a slow exponential having time constants 7, and 7,, respectively
(Eckert & Ewald, 1983). The 7, component is an order of magnitude larger in
amplitude than the slower component, and a reduction in its amplitude accounts for
most of the loss in over-all amplitude seen with presentation of V;. Presentation of
V; produced no significant changes in the time constants of the two components
(Fig. 1B). :

In the experiments reported here, V,, following the test pulse was normally
returned to a holding potential of —40 mV, which was within 15 mV or less of Ex
(determined from potassium tail currents before addition of TEA to the bath). It was
necessary to determine whether a hidden, use-dependent potassium current could
produce any changes in net amplitude of the inward current tails if there was a
discrepancy between Ex and V,,. Measurements of the tail currents following ¥, were
made with V7, ‘on’ and ‘off’ at values of V;, both positive and negative to Ex
(Fig. 2 A). The time constant 7, showed some voltage dependence, as described earlier
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(Eckert & Ewald, 1983), but was independent of V,. Likewise, the ratio (I,—1I)/I,
remained constant (ca. 0-35 in this experiment) for potentials of —70 to —10 mV
(Ex = —47mV) (Fig. 2B). It appears, then, that under the conditions of these
experiments precise agreement between Ex and V,, was not a significant factor in
the reduction of the tail current amplitude brought about by a prepulse.
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Fig. 1. Reduction in amplitude of V, tail current associated with presentation of ¥;. Inset
shows protocol. The 7-ms-long V, is presented either alone (V, ‘off’) or preceded by a
conditioning pulse (¥; ‘on’). A, tail currents recorded following termination of V,. With
¥, ‘on’ the tail current is reduced in amplitude. B1, computer-generated fits of the first
(7,) and second (7;) exponential components of the tail current described earlier (Eckert
& Ewald, 1983), with V] ‘off’. B2, as for Bl but with ¥, ‘on’.

Calcium-dependent inactivation

Since calcium entry during V; depends on the driving force, V;, — E¢, (Where E¢,
is the calcium equilibrium potential), as well as on elevated calcium conductance, it
is possible to vary calcium entry by varying V;. By making V; equal to or close to
E,, entry of calcium ions is prevented, and the calcium-dependent process suppressed
even though the calcium conductance is fully activated (Katz & Miledi, 1966 ; Eckert
& Lux, 1977). This effect can be seen in Fig. 3, in which the amplitudes of 7, and
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T, tail current components are plotted against V; voltage before and after injection
of EGTA, which is reported to lower the intracellular calcium (Alvarez-Leefmans,
Rink & Tsien, 1981). Before EGTA injection the amplitudes of both tail current
components pass through a minimum at values of V; between + 10 mV and +40 mV,
the range of voltages at which maximum calcium entry is detected with calcium
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Fig. 2. Tail currents measured at different membrane potentials with ¥, ‘off’ and ‘on’.

A, time constant of the 7, component of tail current

plotted against the potential, V,,,

to which membrane was clamped following V,. The open circles indicate V] ‘on’; the filled
circles, ¥ ‘off’. B, inactivation of the 7, component plotted against V.. The amplitude
of 7, was measured 400 us following the end of V;. Inactivation was determined as the
fractional loss of amplitude seen with ¥; ‘on’. Loss of 7, amplitude was independent of
Voo The value of Ey was determined before TEA application from the reversal potential

of potassium tail current.
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Fig. 3. Inactivation as a function of V] potential. 4, representative V, current traces made
with V; at —40 (i.e. ‘off’), +40 and + 100 mV before (smaller currents) and after (larger
currents) injection of EGTA. Bl and B2, computer-assisted measurements of the 7, and
7, phases, respectively, made 500 us following the end of V,, plotted against ¥, potential.
Filled circles are before, and open circles after injection of EGTA.
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indicators (Eckert & Tillotson, 1978 ; Gorman & Thomas, 1980). The current recorded
during V, exhibits a similar relation to V; potentials (Brehm & Eckert, 1978;
Tillotson, 1979; Eckert & Tillotson, 1981 ; Plant & Standen, 1981). Inactivation of
both components of the tail current diminished and disappeared as V; approached
+ 120 mV. Following injection of EGTA, the amplitude of the 7, component became
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Fig. 4. Effect of prolonged V, conditioning step on V, calcium currents. The 10 ms ¥, was
preceded without interval by a 1000 ms V;. Triangles indicate current recorded during the
test pulse just before its termination (I,,s); circles indicate tail current amplitude
measured 500 us after termination of the test pulse (the 7, and 7, components were not
separately determined). Open symbols indicate currents measured after injection of
EGTA. The decrease in I, amplitude at potentials more negative than —50 mV is
attributed to removal of inactivation, by increased negative potentials, of the early
transient potassium current, I ,,.

nearly constant for all values of ¥}, with only a small inactivation remaining for the
mid-range voltages of V; (Fig. 3 B1). Reduction in amplitude of the 7, component by
calcium entry during V; was more resistant to injected EGTA than was the reduction
exhibited by the 7, component (Fig. 3 B2).

In arelated experiment, analogous to the Hodgkin & Huxley (1952) k, experiment,
the V,—V, interval was reduced to zero, and V; was prolonged to 1000 ms (Fig. 4).
The amplitude of the ¥, tail current (7, and 7, components measured together) went
through the characteristic minimum for mid-range ¥, voltages. However, the effect
of the EGTA injection in suppressing inactivation was smaller under these conditions
than it was when a 1 s interval separated V; and V,. The lower effectiveness of EGTA
in suppressing inactivation in the absence of a V-V, interval may indicate either:
(i) a calcium-independent, voltage-dependent component of inactivation that is
revealed at short times and is removed during long intervals, or (ii) a failure, under
the load of calcium entry during a prolonged V;, of the injected EGTA to buffer
adequately the calcium in the micro-environment close to the inner surface of the
membrane.

As an alternative method of increasing the intracellular calcium ion activity,
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calcium chloride was pressure-injected (Standen, 1981) into the cell during a sequence
of 10 ms test depolarizations. The injection caused the tail currents to drop to
approximately half their control amplitudes (Fig. 5). Subsequent injection of EGTA
from a second, pre-inserted pipette restored the tail current to its original amplitude.

There was no measurable change in time constants 7, and 7, following injection of
calcium or EGTA.
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Fig. 5. Inactivation of calcium conductance by calcium injection, and removal of the
inactivation by injection of EGTA. 4, amplitudes of I, (triangles) and Iy, (circles)
elicited by a 10 ms pulse to +20 mV. Two pressure injections of calcium chloride from
a pipette containing 100 mM-calcium chloride produced partial inactivation of the
currents. Subsequent ionophoretic injection of EGTA reversed the inactivation. B,
superimposed records of the currents before (z) and after the two calcium injections (b),
and after the second EGTA injection (c). Semilogarithmic plots of the tail currents (not
shown) yielded values of 052 ms for 7,, which remained unchanged by calcium and EGTA
injection. The value of 7, changed from 2-2 ms before calcium injection to 4-7 1 s following
calcium injection. After injection of EGTA 7, was 2:6 ms.

Effect of prior calcium entry on current—voltage relations

Amplitudes of the current measured just before termination of the test depola-
rization (Ipyee) Were determined along with amplitudes of the tail current (Zigq) for
depolarizations ranging from —10 to +80 mV (Fig. 6 4). For each value of V, the
test pulse was presented alternately with V] (to +20 mV) ‘on’ and ‘off’. Presentation
of V, caused a reduction in Ii; at all values of ¥, and also caused a reduction in
I,u1se at potentials where Ip,,)sc Was net inward.

The net outward I, seen at potentials above about +50 mV, ascribed to an
outward current exceeding I,, was also diminished by the presentation of V. The
behaviour of this outward current suggests that it consists primarily of the voltage-
dependent delayed rectifier current, I ;). Whereas the calcium-dependent current
Ig(cay decreases in these cells in response to a prepulse that causes inactivation of
the calcium current (Eckert & Ewald, 1982b), it is also sensitive to injected EGTA,
which this current is not; the non-specific current is reported not to undergo
inactivation (Byerly & Hagiwara, 1982); and the transient outward current I, is
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essentially absent at a holding potential of —40 mV (Hermann & Gorman, 1981a).
Thus, Iy, remains the most likely candidate for outward current contamination.

Following injection of EGTA, inactivation manifested as reduced amplitude of 7,
was greatly diminished (Fig. 6 B), whereas the inactivation of the outward I, seen
at high potentials remained essentially unaltered. Failure of injected EGTA to
suppress the outward current suggests that any residual outward current contam-
ination of I, that may remain under the conditions of these experiments is
independent of intracellular calcium accumulation, and thus cannot be responsible
for calcium-dependent changes in amplitude of the tail current. Since the charac-
teristics of the outward current seen during test pulses to high potentials cannot
account for the reduction in tail current produced by the prepulse, the most likely
cause of the reduction in the current is a partial inactivation of the calcium
conductance.

The 7, and 7, components plotted separately (Fig. 6C) both exhibit sigmoidal
current—voltage relations. However, the 7, component exhibited a greater percentage
inactivation than 7,.

Voltage dependence of the inactivation index

It was noted earlier that the decrease in the V, calcium current resulting from
calcium entry during V; appears most pronounced for small values of V,, becoming
less pronounced with increasing depolarization (Eckert & Tillotson, 1981 ; Eckert et al.
1981). These earlier experiments were limited by outward-current contamination
at high potentials, so we have used tail current measurements to extend those
observations. Averaging techniques were used for currents recorded for the lower
values of ¥, (i.e. up to — 10 mV) to enhance the signal to noise ratio of the small tail
currents, and special precautions were taken to avoid any systematic errors of
measurement (Fig. 74). Thus, V, was presented in randomized order with ¥
alternately ‘on’ and ‘off’ so as to avoid systematic accumulation of use-dependent
inactivation. The inactivation index became smaller as ¥, became more positive
(Fig. 7 B), with the relation approaching a minimum inactivation of about 0-2 at very
positive values of 7.

A source of possible artifact in such an experiment is the inactivation due to
calcium entry during the test pulse but before the point of measurement. Thus, the
greater the entry of calcium during the test pulse itself, the less percentage
inactivation will be contributed by calcium remaining from the prepulse. Except at
low to mid-range potentials, this argument does not seem to apply here, since the
amount of calcium entering the cell during ¥, decreases as ¥, increases beyond about
+50 mV (Eckert & Tillotson, 1978; Gorman & Thomas, 1980) where there is a
progressive loss of driving force acting on calcium ions (see also Fig. 3).

Another possible source of artifact depends on the limited frequency response of
our tail current recordings. If it is assumed that there is an increasing percentage loss
of recorded amplitude with increasing tail current amplitude, a preferential loss of
apparent inactivation might result with the increasing activation that occurs with
increasing V,. This possibility seemsunlikely since the relation between the inactivation
index and ¥, amplitude approximates a declining exponential over its range (Fig. 7 B),
while the activation curve is sigmoidal (Fig. 74).
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The ‘d+h’ protocol used to eliminate linear symmetrical currents should also be
considered as a possible source of artifact in Fig. 7. For pulse amplitudes above 60 mV
a d/2 modification of the protocol was used to avoid excessively strong
hyperpolarizations from the —40 mV holding potential (Armstrong & Bezanilla,
1974). The curve in Fig. 7B shows no break at this voltage (i.e. +20 mV). Finally,
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Fig. 7. Effect of test pulse membrane voltage on calcium-mediated inactivation. 4, V, was
presented at each potential once with V] ‘off’ (@) and once with ¥, ‘on’ (O). The order
of presentation of potentials was randomized to avoid systematic use-dependent effects.
The tail current was measured 400 us following the end of ¥, without separation into 7,
and 7, components. Measurements for potentials below 0 mV were made by averaging
several recordings to improve the signal to noise ratio. B, inactivation index determined
from A plotted against ¥, potential. The index declines e-fold in 36 mV. The unconnected
points ( x ) indicate the values determined from measurements of the pulse currents for
potentials where outward-current contamination was minimal.

it can be seen in Fig. 7B that there is correspondence between the plots based on
tail current measurements ([(J) and those based on measurements of pulse current
(x ) made just before repolarization. For relatively low voltages these are believed
to be essentially free from contaminating outward current. Although the useful range
of pulse current measurements is limited, the correspondence with tail current
measurements is instructive, since the pulse current measurements are not subject
to high-frequency attenuation. In addition, this is the range of potentials within
which most of the decline in the inactivation index takes place.

Removal of inactivation with time

Tillotson & Horn (1978) reported that the calcium current recorded in caesium-
loaded Aplysia neurones recovered from inactivation over a period of seconds along
a time course approximated by the sum of two time constants. A similar time course
was reported for non-loaded Helix neurones (Plant & Standen, 1981). We investigated
the ionic dependence of recovery from inactivation using tail current measurements
(Fig. 8). Each V-V, interval was repeated twice, first with ¥} ‘on,” and then with
V, ‘off,” and the 200-ms-long V¥, being presented every 60 s. The V, tail current
amplitude recorded with ¥V, ‘on’ (I) was related to the amplitude with V; ‘off’ (Z,)



Ca INACTIVATION 559

obtained on the previous cycle. This method corrected for the accumulation of
inactivation left over from previous cycles, which was minimized but not fully
eliminated by the long cycle times. The removal of inactivation typically occurred
along a time course that approximated a single or double exponential for intervals
up to 3 s. Later phases were not determined nor peeled off to determine the time
constant of the initial phase.
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Fig. 8. Time course of removal of inactivation. A 7ms V¥, to +10 mV was given with a
200 ms ¥, to +10 mV alternately ‘on’ and ‘off’. Tail currents were measured 400 us
following the end of V,. I,, tail current with V; ‘off’; I, tail current with ¥; ‘on’. The
inactivation index, (I,-I)/I,, was plotted against the V,—V, interval obtained in 20 mm
calcium artificial sea water before (@) and after (Q) injection of EGTA. The dashed plot
shows the fast, EGTA-resistant phase after subtraction of the slower phase. Subsequently,
extracellular calcium was replaced by 20 mM-barium (A).

As seen earlier (Fig. 3), injection of EGTA reduced up to 10-fold the inactivation
remaining 1s following the end of V. In contrast, a much smaller reduction in
inactivation was measured at short times following V; (Fig. 8). The initial phase of
removal of inactivation was accentuated following injection of EGTA so that little
inactivation remained for later phases of removal. The time constant of this
EGTA-resistant phase of removal of activation was 0-12 s (+003, n = 4), several
times faster than the rate of removal seen before EGTA injection.

Substitution of barium (not shown) for calcium in the bath without EGTA injection
also decreased the time constant of the first phase of recovery to a value similar to
that seen following EGTA injection. Replacement of calcium with barium following
EGTA injection (Fig. 8) further decreased slightly the inactivation seen at both early
and late times, but left the time constant of the EGTA-resistant phase of recovery
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essentially unchanged. The preferential loss of the late phase of recovery in barium
may indicate that the slow phase in particular, depends on the properties of the
cytoplasmic calcium buffer, which appears to have a lower affinity for barium than
for calcium (Connor, Ahmed & Ebert, 1981).

Calctum dependence remains at short times in EGT A-injected cells

To determine whether the EGTA-resistant phase of recovery might represent the
removal of a voltage-dependent component of inactivation, we compared the
dependence on V; potential of the EGTA-resistant early phase of recovery with the
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Fig. 9. Dependence of V, current on ¥, potential at a 1000 ms V-V, interval before
injection of EGTA (@) and at a 10 ms interval following EGTA injection (O). These

* conditions were selected to compare behaviour of the currents predominating in the
EGTA-resistant and EGTA-sensitive phases of removal of inactivation seen in Fig. 8. 4,
tail current amplitudes were measured 400 us following the end of V, against V] potential.
B, V, current traces obtained after EGTA injection at two V] potentials (a, +10 mV; b,
+110 mV) corresponding to the labelled points in 4. The prolonged tail current (third
component: Eckert & Ewald, 1983a) from V, is still apparent in panel b as a declining
inward current before onset of V,. The enhanced amplitude of the V, current in b due to
the prepulse cannot be ascribed to simple addition of the slow V] tail since the V, current
increases with time during the depolarization whereas the slow V] tail was decreasing with
time.

EGTA-sensitive recovery seen at later times (Fig. 9 4). Thus, the effect of V; voltage
on V, tail current was determined in two voltage series in the same cells: one series,
using a 1000 ms V-V, interval, was carried out before injection of EGTA, while the
other, using a 10, 20 or 50 ms interval, was made after the cell was injected with
enough EGTA to suppress the inactivation remaining 1000 ms after V; to 0-05 or less.
The inactivation measured before EGTA injection at 1s (see Fig. 8) consisted
primarily of the slow EGT A-sensitive component, whereas that measured after EGTA
injection using short intervals consisted primarily of the rapid EGTA-resistant
component.

The plots generated from these two sets of measurements are dissimilar in shape
(Fig. 94). The EGTA-sensitive component (@) produced the usual plot consistent
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with the model of inactivation dependent on the entry and accumulation of calcium
ions during V;; this component was largely blocked by injected EGTA (Figs. 3
and 8). The EGTA-resistant component (O) produced a more complex plot in which
the peak of inactivation occurred in response to somewhat lower ¥, voltages, and the
falling limb descended more steeply. For V] potentials above +50 mV, the plot went
below zero due to an increase in the amplitude of the ¥, tail current following strong
V¥, depolarizations (see below). These differences in the plots generated before and
after EGTA injection were seen in all nine cells in which this experiment was carried
out.

Short-term, voltage-dependent facilitation of the inward current

An important factor contributing to the form of the short-interval EGTA-injected
plot is shown in Fig. 9B. A prepulse to +10 mV produced substantial inactivation,
seen as a decrease in both I, and Ii,;), whereas a prepulse to +110 mV produced
enhancement of both I, and Ip,,;s. The facilitation seen at short intervals in the
EGTA-injected cell may also be present at ¥, potentials as low as 0 mV, distorting
the plot of inactivation against V, potential (Fig. 9, open circles), shifting the peak
relative to the peak of simple calcium-dependent inactivation (closed circles). At
higher potentials, where calcium entry diminishes, facilitation exceeds inactivation
and thus appears to be voltage dependent. The increased rate of activation of the
inward current (Fig. 9 Bb) indicates that the enhanced amplitude does not result from
a simple summation upon the inward tail current remaining from V,. Fenwick, Marty
& Neher (1982) ascribe an apparent calcium-dependent facilitation in chromaffin cells
to a small positive shift in V. In the present case calcium entry appears not to be
responsible, for the facilitation increases as V, approaches E.,. However, there
remains the possibility of a small (1-2 mV), transient, uncontrolled positive displace-
ment of V,, following V,, although no such tail was apparent in the voltage recordings.

The voltage-dependent facilitation present in these cells is normally obscured by
the more prominent calcium-dependent inactivation of the calcium current. However,
in cells that exhibit little or no inactivation of the calcium conductance, voltage-
dependent facilitation of the inward current may have physiological significance.

DISCUSSION

Calctum-mediated reduction of inward current is not an artifact of contaminating
potassium currents

Using calcium tail currents measured under conditions that virtually eliminate
possible contamination by potassium current, we have confirmed earlier observations,
based on simple current measurements (Tillotson, 1979; Eckert & Tillotson, 1981),
that prior calcium entry causes a reduction of inward current. In the earlier
measurements there remained some question as to possible contamination by a
calcium-dependent outward current; however, in the experiments reported here the
loss of net inward current cannot be attributed to partial cancellation of the inward
current by enhanced activation of a calcium-dependent potassium current. The
resultslikewise cannot be attributed to augmentation of the ‘non-specific’ conductance
(Kostyuk, Krishtal & Shakhovalov, 1977; Byerly & Hagiwara, 1982) since the

\
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non-specific current is reported to have a reversal potential near 0 mV, and any
augmentation of that conductance would produce an increased rather than a
decreased net inward current at —40 mV ; moreover, this current, which would be
inward at —40 mV, is reported not to inactivate. The findings thus provide further
evidence for a reduction of the calcium current that occurs as a consequence of entry
of calcium ions during current flow.

Direct evidence for virtual freedom of the calcium tail current measurements from
contamination by other currents is seen in Fig. 6, where both the tail currents and
current during the pulse are plotted with ¥; ‘on’ and ‘off’. Presentation of V,, besides
diminishing inward currents, caused a reduction in net outward current recorded
during V, at potentials above about +50 mV. The outward current behaved like the
voltage-dependent potassium current, and remained virtually unaffected by injection
of EGTA. The reduction by a prepulse of a contaminating potassium current
summing with the calcium tail current should produce an increase, rather than a
decrease, in measured tail current, since Ex was never smaller than —40 mV in these
experiments.

The apparent weakening of calcium-mediated inactivation with depolarization
(Fig. 7; see also Eckert & Tillotson, 1981; Eckert et al. 1981) also argues against
activation of Iy c,) a8 a source of artifact causing an apparent loss of inward current,
since activation of Iy, undergoes an increase rather than a decrease with
increasingly positive potential (Gorman & Hermann, 1979). Finally, it has been
demonstrated (Eckert & Lux, 1977; Eckert & Ewald, 1982b) that prior entry of
calcium ions decreases rather than increases I c,, during a subsequent depolarization,
which would contribute to an increase rather than a decrease in net inward current.

Hyperpolarization does not inactivate the calcium conductance

The usefulness of the tail current technique in eliminating interference from
potassium currents is particularly well illustrated in Fig. 4. Comparison of the
amplitude of I, wWith I,,;, reveals a difference in the behaviour of these two currents
with regard to hyperpolarization during V;. Hyperpolarizing conditioning steps cause
areduction in I,)s., which has been taken as evidence for inactivation of the calcium
conductance by hyperpolarization (Adams & Gage, 1979). Since a similar decrease
in amplitude is not seen in the tail current measurements, the hyperpolarization
apparently does not alter the calcium current itself, but instead removes inactivation
of an incompletely blocked outward current which sums with the calcium current so
as to reduce the net inward current. Activation by hyperpolarization is characteristic
of the transient potassium current, I 5, (Hagiwara & Saito, 1959; Connor & Stevens,
1971 ; Neher, 1971). Neither Gorman & Thomas (1980), using arsenazo III in Aplysia
neurones to measure calcium ion entry, nor Plant & Standen (1981), using current
measurements on Helix neurones, were able to demonstrate any inactivation of the
calcium conductance by prior hyperpolarization.

Inactivation index diminishes with increasing positivity of the test pulse

Unlike the behaviour of classical voltage-dependent inactivation, calcium-mediated
inactivation is insensitive to the membrane voltage (except as it determines entry and
accumulation of calcium ions) before the test pulse (Eckert & Tillotson, 1981). The



Ca INACTIVATION 563

results shown in Fig. 7 suggest, however, that calcium-mediated inactivation may
be sensitive to the voltage of the test depolarization. We have not been able to
determine an artifactual origin of the drop in inactivation index that occurs with
increasing V, amplitude. Moreover, loss of efficacy of calcium dependence with
increased positive potential is also seen during prolonged calcium currents (Eckert
et al. 1982, 1983; Chad et al. 1984). On the other hand, others have concluded that
the calcium-mediated inactivation shows no voltage dependence (Plant & Standen,
1981 ; Ashcroft & Stanfield, 1982).

Increased internal positive potential should drive calcium ions towards an anionic
receptor site if the latter is located within the field of the membrane. Thus, it seems
unlikely at first consideration that the apparent decrease in inactivation associated
with increased positive membrane potential results from a direct effect of membrane
voltage on the movement of calcium ions within the field of the membrane. However,
consideration of simple binding site models of calcium-mediated inactivation of the
calcium channels (Eckert et al. 1982, 1983; Standen & Stanfield, 1982; Chad et al.
1984) suggests possible membrane-field-related mechanisms that might explain
diminished inactivation at positive test pulse potentials (J. Chad & R. Eckert,
unpublished observations).

Origin of the EQT A-resistant phase of recovery

The ‘EGTA-resistant’ phase of recovery apparent at short V-V, intervals
(Fig. 8) might be taken as evidence for a component of inactivation that develops
independently of calcium entry and accumulation. The existence of significant
calcium-independentinactivationin these cellsseemsunlikely, however. Experimental
changes in the size of the calcium current, produced independently of membrane
voltage, indicate that the inactivation in these cells is primarily current-dependent,
exhibiting little or no voltage-dependence other than some loss of inactivation with
test pulses of increased positive potential (Eckert & Ewald, 1982a; Chad et al. 1984;
Fig. 7 in this paper).

The biphasic shape of the short-interval plot made after injection of EGTA
(Fig. 9 4) appears to have its origin in two effects: (i) calcium-mediated inactivation
resulting from EGTA-resistant accumulation of free calcium ions near the inner
surface of the membrane (see below), during ¥}, and (ii) facilitation of the inward
current in response to high positive values of V;. At high V, potentials this effect
is uncovered by diminished calcium-dependent inactivation. At intermediate
potentials both facilitation and inactivation occur producing a shift in the peak of
the plot (Fig. 94) and an accelerated descent of the falling limb.

According to this interpretation, some accumulation of calcium ions takes place
near the membrane of the EGTA-injected cell, and the inactivation that remains at
short V-V, intervals in the EGTA-injected cell (i.e. EGTA-resistant phase) is
identical in origin to the EGTA-sensitive inactivation seen at long intervals in the
uninjected cell. We propose that the apparent EGTA insensitivity of the inactivation
seen at short times results from diffusion-limited mixing of uncomplexed EGTA with
free calcium ions freshly replenished by the steady current. It is reasonable to suppose
that during current flow much of the free EGTA close to the membrane becomes
saturated, allowing some current-dependent accumulation of free calcium ions to
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occur. Thus, the accelerated early phase of recovery from inactivation, which exhibits
a time constant of about 0-12 s, may result from diffusion-limited processes in the
crucial region near the inner surface of the membrane. This interpretation receives
support from the behaviour seen when barium replaces calcium, when the accelerated
early phase of recovery exhibits a similar rate.
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