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Giant synaptic terminals (-10 pm diameter) of bipolar neurons 
from goldfish retina were used to directly investigate calcium- 
dependent inactivation of presynaptic calcium current. During 
sustained depolarization, calcium current was initially constant 
for a period lasting up to several hundred milliseconds and then 
it declined exponentially. The duration of the initial delay was 
shorter and the rate of inactivation was faster with larger cal- 
cium current. The fastest time constant of inactivation (in the 
range of 2-5 set) was observed under weak calcium buffering 
conditions. Inactivation was attenuated when external Ca” 
was replaced with Ba2+ and when terminals were dialyzed with 
high concentrations of internal BAPTA. Elevation of intracellular 

calcium concentration ([Ca2’],) by application of the calcium 
ionophore ionomycin or by dialysis with pipette solutions con- 
taining buffered elevated [Ca”] produced inactivation of cal- 
cium current. The rate of recovery from inactivation was not 
determined by the recovery of [Ca2’], to baseline after a stim- 
ulus. The results demonstrate that presynaptic calcium current 
in bipolar neurons is inactivated by elevated [Ca2’li, but the 
inactivation is -1 OO-fold slower than previously described cal- 
cium-dependent inactivation in other types of cells. 
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Calcium-dependent inactivation of calcium current was first de- 
scribed in Paramecium by Brehm and Eckert (1978) and in mol- 
luscan neurons by Kostyuk and Krishtal (1977) and Tillotson 
(1979). It has subsequently been shown to underlie calcium- 
channel inactivation in various neuronal and non-neuronal cell 
types. Studies of calcium-dependent inactivation of neuronal cal- 
cium channels have been limited for the most part to somatic 
calcium currents because direct electrophysiological measure- 
ments from synaptic terminals are generally not feasible. Among 
the exceptions is the giant synaptic terminal of ON-type bipolar 
neurons from the retina of goldfish (Kaneko and Tachibana, 1985; 
Heidelberger and Matthews, 1992), which have proven useful for 
the study of presynaptic calcium current and its regulation by 
neurotransmitters (Heidelberger and Matthews, 1991, 1994; Mat- 
thews et al., 1994). These retinal interneurons do not produce 
sodium-dependent action potentials and are thought to be depo- 
larized tonically during illumination (Saito et al., 1979, 1983). 
Their physiological response therefore involves sustained activa- 
tion of presynaptic calcium channels, a situation that is likely to 
promote calcium-dependent inactivation of calcium current. 
Therefore, we have examined inactivation of calcium current and 
its calcium dependence in synaptic terminals of retinal bipolar 
neurons. Calcium-dependent inactivation was indeed observed 
during prolonged depolarization, but the time course of inactiva- 
tion was substantially slower (on a time scale of seconds) than 
calcium-dependent inactivation in other types of cells. Thus, 
calcium-dependent inactivation of calcium channels provides 
feedback inhibition of synaptic release in bipolar-cell terminals, 
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but on a slow time scale that does not limit transmitter release 
during the first several hundred milliseconds of illumination. 

MATERIALS AND METHODS 
Bipolar neurons were acutely isolated from goldfish retina after papain 
digestion as described (Tachibana, 1983; Heidelberger and Matthews, 
1992), and recordings were made at room temperature (20-24°C) within 
4-6 hr of dissociation. Isolated cells retained the distinctive morphology 
of type Mb1 bipolar neurons (Ishida et al., 1980; Yazulla et al., 1987), 
especially the large bulbous synaptic terminal (lo-12 Frn in diameter). 
Whole-cell patch-clamp recordings were made from intact cells (i.e., with 
dendrites, cell body, connecting axon, and synaptic terminal) or from 
isolated terminals, which were obtained by severing the axon of intact 
cells, or from visual identification of spontaneously isolated terminals 
(Matthews et al., 1994; von Gersdorff and Matthews, 1994a). In intact 
cells, the calcium current originates predominantly from the synaptic 
terminal (Heidelberger and Matthews, 1992; Tachibana et al., 1993). 
Results from intact cells (patch pipette on cell body or synaptic terminal) 
and from isolated terminals were indistinguishable and are combined 
here. 

The external solution contained (in mM): NaCl 120, KC1 2.6, MgCl, 1.0, 
CaCl, 2.5, glucose 10, HEPES 10, pH 7.3 with NaOH. Patch pipettes were 
filled with a solution containing (in mM): Cs-gluconate 120, TEA-Cl 10, 
MgCl, 2.0, Na,ATP 2.0, GTP 0.5, HEPES 10 or 25, pH 7.2, with CsOH. 
In some experiments, additional MgCI, was added to bring the total 
concentration to 3 mM. Calcium buffering was varied according to exper- 
imental goals by adding BAPTA (Cs salt), EGTA (neutralized with 
CsOH), or mixtures of EGTA and calcium-saturated EGTA (prepared as 
described in Neher, 1988) or NTA. For measurements of internal [Ca*+], 
the pipette solution also contained 0.1 or 0.2 mM Fura- or furaptra. 
Ratiometric measurements of indicator fluorescence were made using a 
photomultiplier tube, as detailed in Heidelberger and Matthews (1992). 

RESULTS 
The synaptic terminals of bipolar neurons from the goldfish retina 
exhibit a single type of slowly inactivating calcium current that can 
be blocked by dihydropyridines and potentiated by Bay-K-8644 
(Heidelberger and Matthews, 1992; Tachibana et al., 1993). Dur- 
ing depolarizations lasting up to several hundred milliseconds, 
there is little inactivation of calcium current. This behavior is 
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Figure 1. Inactivation of calcium current in bipolar neurons occurs only 
with long-duration depolarizations. A, Superimposed responses to depo- 
larizations of increasing duration (70, 250, 350, and 450 msec), starting at 
time = 0 on the time scale. Holding potential was -60 mV, and the 
depolarization was to -10 mV. Calcium buffering: 0.5 mM BAPTA. B, 
Current elicited by a 10 set depolarization from -60 to -20 mV (top), 
together with intraterminal [Ca*+], calculated from fluorescence of Fura- 
(bottom). The timing of depolarization is indicated by the dark bar. 
Calcium buffering: 5 mM EGTA, 0.1 mM Fura-2. 

illustrated in Figure L4, which shows superimposed responses to 
depolarizations of increasing duration,, ranging from 70 to 450 
msec. At these durations, there was little sag in the current that 
would indicate calcium-channel inactivation. This behavior is 
quite different from that of L-type channels in cardiac cells and 
smooth muscle cells in which calcium-dependent inactivation be- 
gins without delay after depolarization and proceeds along an 
exponential time course with a time constant in the range of 
50-100 msec (Yue et al., 1990; Giannattasio et al., 1991; Neely et 
al., 1994). In neurohypophysial nerve endings, calcium current 
also inactivates on this more rapid time scale (Lemos and 
Nowycky, 1989). Calcium currents in these cells would inactivate 
almost completely on a time scale in which calcium current in 
bipolar-cell terminals inactivates hardly at all (Fig. L4). The 
absence of rapid inactivation persisted in bipolar-cell terminals 
when an excess of Mg2+ was added to the internal solution to 
enhance activity of Mgzf-dependent enzymes. With 2 mM 
Na,ATP + 3 mM MgCl,, Ca2+ current at the end of a 250 msec 
pulse was 91 ? 2% of the initial current (mean 5 SEM; n = 24). 
In addition, inactivation speed was affected very little when the 
calcium-buffering capacity of the internal solution was reduced. 
With 0.1-0.5 mM EGTA in the recording pipette, calcium current 
at the end of a 250 msec depolarization was 89 2 2% of the initial 
current (mean +- SEM; n = 12), which is not substantially differ- 
ent from the comparable value of 93 5 1% with high buffer 
capacity (10 mM EGTA; n = 12). Thus, the absence of rapid 
inactivation does not seem to be attributable to the recording 
conditions. 

Although the presynaptic calcium current of bipolar neurons 
shows little inactivation on a fast time scale, more prolonged 
depolarizations lasting several seconds do produce a slow decline 
in calcium current (Fig. lB), which is associated with a sustained 
increase in intraterminal [Ca’+] during the depolarization. We 
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Figure 2. Inactivation depends on initial magnitude of calcium current. 
A, Superimposed responses to 10 set depolarizing pulses from -60 to -20 
mV. A series of pulses was given with a 15 set interpulse interval, which 
is insufficient for complete recovery from inactivation between pulses (see 
Fig. 9). Thus, the initial amount of current after onset of the depolariza- 
tion declined progressively during the series. After the initial plateau 
phase of current, the current declined with an approximately exponential 
time course. B, The exponential time constant of the decaying phase of the 
current is plotted against the initial magnitude of the current for the cell 
ofA. 

will demonstrate here that this slow and delayed inactivation of 
Ca2+ current in bipolar-cell terminals has the properties expected 
for calcium-dependent inactivation, even though it occurs on a 
time scale lOO-fold slower than the more rapid inactivation of 
calcium channels commonly produced by calcium influx. 

Inactivation depends on the magnitude of the 
calcium current 
One hallmark of calcium-dependent inactivation is that the speed 
and degree of inactivation depend on the amplitude of the cal- 
cium current (Brehm and Eckert, 1978; Tillotson, 1979). Figure 2 
shows that this is true for the slow inactivation of calcium current 
in bipolar-cell synaptic terminals. A series of 10 set depolariza- 
tions was applied at a rate that allowed insufficient time for 
complete recovery from inactivation (Fig. 9) between successive 
pulses. With larger currents, the duration of the initial flat period 
before onset of inactivation was shorter, and the rate and degree 
of inactivation were larger. To characterize the rate of inactiva- 
tion, an exponential decay was fitted to the declining portion of 
the current. The slowing of the time constant of inactivation with 
smaller initial currents is summarized in Figure 2B for the cell of 
Figure 2A. Even with large initial currents, the time constant did 
not typically exceed 4-5 set, averaging 4.6 k 1.0 set in 10 cells (for 
initial currents of 100 pA or greater). 

Calcium buffers reduce inactivation 
Calcium-dependent inactivation can also be reduced by the addi- 
tion of exogenous intracellular calcium buffers (Brehm and Eck- 
ert, 1978; Bechem and Pott, 1985; Kalman et al., 1988; Kohr and 
Mody, 1991; Imredy and Yue, 1992). We examined this by includ- 
ing various concentrations of BAPTA in the pipette solution 
during whole-cell recordings from bipolar neurons. Figure 3 
shows examples of the inactivation of calcium current in three 
different bipolar neurons with 0.5,5, or 10 mM BAPTA. To test for 
inactivation, a series of 250 msec depolarizations from -60 to 
-10 mV was given at 1 pulse/set. The superimposed traces in 
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Figure 3. Inactivation of calcium current is retarded by intraterminal 
BAPTA. The traces show superimposed calcium currents elicited by five 
successive depolarizations given at 1 pulse/set. The timing and duration of 
the depolarization is indicated in the bottom truce. The calibration bars in 
A also apply to B and C. BAPTA (Cs salt) was added to the pipette 
solutions at 0.5 mM (A), 5 mM (B), or 10 mM (C). 

Figure 3A show calcium currents elicited by five successive depo- 
larizations in a cell with light calcium buffering (0.5 mM BAPTA), 
which allowed rapid accumulation of inactivation. With 5 mM 
BAPTA (Fig. 3B), inactivation was much less pronounced within 
the train of five pulses, and with 10 mM BAPTA (Fig. 3C) there 
was no inactivation. Thus, BAPTA reduced inactivation. The 
results from a large number of such experiments are summarized 
in Figure 4. The graphs show the calcium current measured at 
either 2 set (open circles) or 5 set (filled circles) after onset of a 
train of depolarizing pulses, given at 1 pulse/set as in Figure 3, 
plotted against the magnitude of the initial calcium current at the 
beginning of the train. The diagonal straight line in each case 
shows the expected relation if there were no inactivation (i.e., test 
calcium current equal to initial calcium current), and inactivation 
is indicated by the points falling above the line. Each data point 
shows the results for a different synaptic terminal. With 0.5 mM 
BAPTA in the pipette solution (Fig. U), there was substantial 
inactivation measured at both 2 and 5 set after onset of the pulse 
train (i.e., current elicited by the third and sixth pulses in the 
train). The amount of inactivation was greater at larger initial 
currents, which indicates again the current-dependence of in- 
activation, as shown previously in Figure 2. At 5 mM, BAPTA 
virtually eliminated inactivation measured 2 set after depolar- 
ization, even with large initial currents. After 5 set depolariza- 
tion, some inactivation was observed, but only if the initial 
current was greater than -200 pA (Fig. 4B). With 10 mM 
BAPTA, there was little inactivation, regardless of the size of 
the initial current. These effects of calcium buffers are also 
consistent with the idea that inactivation of the presynaptic 
calcium current is calcium-dependent. 

inactivation is reduced by external barium 
Previous work has shown that calcium-dependent inactivation is 
less pronounced when barium ions replace calcium as the charge 
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Figure 4. Inactivation depends on the size of the initial current and on 
calcium buffering. BAPTA was added to the pipette solution at 0.5 mM 
(A), 5 mM (i?), or 10 mM (C). A series of 250 msec depolarizations was 
given at 1 pulse/set. The initial I,, was in response to the first depolarizing 
pulse in the train. The test calcium current (test I,,) was the maximum 
current in response to the third pulse in the train (i.e., 2 set after the onset 
of the pulse series; 0) and in response to the sixth pulse (5 set; 0). Each 
pair of filled and open circles at a particular value of initial I,, represents 
results for a single terminal. The diagonal line shows the expected behavior 
in the absence of inactivation, with test I,, = initial I,,. The number of 
terminals studied at each buffering level was 35 (0.5 mM BAPTA), 27 (5 
mM BAPTA), and 39 (10 mM BAPTA). 

carrier through calcium channels (Brehm and Eckert, 1978; Tillot- 
son, 1979; Chad and Eckert, 1986; Yue et al., 1990). Therefore, 
we examined the effect of external Ba2+ on the inactivation of 
bipolar-cell calcium channels. Figure 54 shows results of an ex- 
periment in which brief depolarizing pulses were given to assess 
the amount of calcium current (filled circles) before and after 20 
set depolarizations were given to elicit inactivation. With 2.5 mM 
Ba2+ in the external solution, the prolonged depolarization pro- 
duced a modest decline in the test current, which recovered with 
time after the depolarization. When the external Ba2+ was re- 
placed with 2.5 mM Ca2+ (shaded region), prolonged depolariza- 
tion produced almost complete inactivation of the calcium cur- 
rent. Note that the inactivation was more complete in Cazt even 
though the current amplitude was greater in Ba2+. The results 
from nine similar experiments are summarized in Figure 5B, 
which shows that the degree of inactivation produced by a 20 set 
depolarization was significantly less in Ba2+-containing external 
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Figure 5. External Ba” reduces inactivation. A, Calcium current ampli- 
tude (0) before and after 20 set inactivating stimuli (dark bars) with 2.5 
mM external Ba2+ or 2.5 mM external Ca2+. B, Average amount of 
inactivation in Ba2+ and Ca2+ external solutions from nine cells. Amount 
of inactivation is defined as 1 - Zafter/lbefore, where Z is the calcium current 
in response to a brief test depolarization before or after an inactivating 
depolarizing stimulus. Vertical lines indicate tl SEM. 

solution than in Ca*+-containing solution. Thus Ba2+ reduced 
inactivation, as expected for calcium-dependent inactivation. 

Inactivation is reduced at positive 
membrane potentials 
Another hallmark of calcium-dependent inactivation is a 
U-shaped voltage-dependence of inactivation (Brehm and Eckert, 
1978; Tillotson, 1979). This arises because the inactivation de- 
pends on calcium inflw rather than on membrane voltage per se. 
The amount of calcium influx produced by a depolarization first 
increases with increasing depolarization, as calcium channels 
open in response to the stimulus. Then, with further depolariza- 
tion, calcium influx declines because of reduced driving force for 
calcium entry, even if all calcium channels are open. In bipolar- 
cell synaptic terminals, measurements with intraterminal Fura- 
show that the elevation of intracellular calcium concentration 
([Ca”+],) achieved by depolarization increases sharply from -40 
to -10 mV and then declines with further depolarization to 
potentials more positive than +20 mV (von Gersdorff and Mat- 
thews, 1994a). The voltage-dependence of inactivation of the 
presynaptic calcium current in bipolar cells has a similar shape, as 
shown in Figure 6. The state of the calcium current was sampled 
by using voltage ramps (Heidelberger and Matthews, 1992) given 
just before and 5 set after termination of a 20 set depolarizing 
step to various membrane voltages. In the example shown in 
Figure 6A, the calcium current was strongly inactivated, by a 
depolarizing step to -20 mV, but inactivation was reduced at +40 
mV and virtually absent at +80 mV. The results from a number of 
such experiments are shown in Figure 6B. As expected for calcium- 
dependent inactivation, the amount of inactivation was greatest 
after depolarizing steps near the peak of the calcium current and 
then declined with depolarization to more positive values. 
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Figure 6. Voltage-dependence of inactivation of calcium current. A, 
Responses to voltage ramps before and after 20 set inactivating depolar- 
izations to the indicated voltages. Ramp speed was 100 mV/sec. B, Nor- 
malized peak calcium current after an inactivating stimulus plotted against 
the voltage of the inactivating stimulus. Current after the stimulus was 
divided in each case by the peak calcium current measured just before the 
inactivating stimulus. Vertical bars show tSEM, and data points are 
averages of 6, 13, 4, 8, 1, 2, 11, or 2 experiments (in order from negative 
to positive). 

Calcium current is inactivated by elevated [Ca*‘]i 
induced by ionomycin 
The results described so far demonstrate that the inactivation of 
calcium current has properties expected of calcium-dependent 
inactivation under conditions in which the inactivation is pro- 
duced by calcium influx through the calcium channels themselves. 
To determine whether the calcium current could also be inacti- 
vated when [Ca2+], was elevated by other means, we elevated 
intraterminal calcium by external superfusion with the calcium 
ionophore ionomycin. An example is shown in Figure 7. Calcium 
current was sampled with periodic 70 msec depolarizations (re- 
sponses to two of which are shown in the upper traces), and 
ionomycin was applied at the indicated time in the lower trace. 
We found that ionomycin at high concentration elevated [Ca2+li 
to levels that saturated the high-affinity calcium indicator Fura-2, 
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Figure 7. Ionomycin elevates intraterminal [Ca”], and induces inactiva- 
tion of calcium current. Upper traces show examples of calcium current 
measured before application of 10 &ml ionomycin (at a in bottom traces) 
and during application (at b). The filled circles show the amplitude of 
inward calcium current (right rucis), and the no& truce shows [Cal, calcu- 
lated from fluorescence of furaptra (left axis). 

so the increase in [Ca’+], was monitored instead with the low- 
affinity calcium indicator furaptra (Konishi et al., 1991). During 
application of ionomycin, [Ca2+], increased to between 20 and 30 
FM, and the calcium current almost disappeared. After ionomycin 
was removed, [Ca’+], returned to rest and the calcium current 
recovered. This demonstrates that exogenously added calcium is 
able to inactivate presynaptic calcium current in bipolar neurons. 
Also, because the terminal was held at -60 mV at all times except 
for the brief test depolarizations, the inactivation did not require 
depolarization. Indeed, even closed channels are inactivated, pro- 
vided [Caztli increases to a sufficiently high level. Similar effects 
of ionomycin were observed in a total of 11 synaptic terminals, 
with the calcium current in the presence of ionomycin averaging 
9.9 ? 2.9% of the control current (mean 5 SEM). 

Dialysis with elevated calcium 
Another way to elevate intraterminal [Ca2+li without activation of 
calcium current is by dialysis with whole-terminal pipette solutions 
containing buffered, elevated [Ca”‘]. When terminals were dia- 
lyzed in this manner with solutions containing a calculated free 
[Ca”+] of 1.4 FM (Fig. &I), the calcium current was unaffected. 
Similar results were observed in a total of five terminals. Simul- 
taneous Fura- measurements indicated that free [Ca”‘] achieved 
within the terminals was -1 PM, whereas the free [Ca2+] in the 
pipette solution was estimated at 2 PM with a calcium-selective 
electrode. The difference between the levels in the cell and in bulk 
solution likely represents the effects of endogenous cellular cal- 
cium buffering. In contrast, when the [Ca2+lfre, of the pipette 
solution was increased to 52 pM (Fig. 8B), the calcium current 
declined to zero along an approximately exponential time course 
with a time constant of 28 set in Figure 8B. Similar results were 
also obtained with 20 PM [CaZtlfrec. When results from experi- 
ments with 20 or 52 PM [Ca2+]rree were combined, the average 
time constant of inactivation was 35 -C 8 set (mean i- SEM, n = 
6). This confirms in a different manner that, as with ionomycin, 
exogenously supplied calcium produces inactivation, and that 
closed channels inactivate in the presence of elevated [Ca2+li. 
Inactivation did not occur during dialysis with a level of [Ca”+] 
(i.e., 1.4 PM) that was similar to that achieved throughout the 

[Calfk = 1.4fiM 
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F@re 8. Internal dialysis with elevated [Ca*+] inactivates calcium cur- 
rent. A, Dialysis with pipette solution containing calculated [Ca2+]rrcc of 
1.4 pM. Superimposed responses to 14 test depolarizations from -60 to 
-10 mV (left). The graph (right) shows the calcium current versus time 
after break-in. The pipette solution contained (in mM): 9 CaEGTA, 1 
Cs,EGTA, and 0.1 Fura-2. Free [Ca’+] measured with a calcium-selective 
electrode was 2 pM in this solution. The calcium concentration reported in 
the terminal by Fura- was -900 nM in this experiment, suggesting that 
cellular buffering influenced the achieved internal concentration. B, Dial- 
ysis with pipette solution containing calculated [CaZ+]rrce of 52 PM. Su- 
perimposed responses show calcium currents activated by test pulses from 
-60 to -10 mV, whereas the graph shows current plotted against time 
after break-in. The smooth line is an exponential function fitted to the 
points by a least-squares criterion. The pipette solution contained (in mM): 
10 Cs,NTA, 3 CaCl,, and 0.1 furaptra. Measurements with a calcium- 
selective electrode gave an estimated free [Ca’+] of 68 ELM in this solution. 

terminal as a whole during activation of calcium current (Fig. 1B). 
Instead, substantially higher levels of [Ca”], were required (Fig. 
8B). This suggests that the relevant level of [Ca’+], when inacti- 
vation is produced by depolarization is not the spatially averaged 
level achieved at a distance from the calcium channels, but rather 
corresponds to the much higher level near the membrane or near 
the open calcium channels themselves (Chad and Eckert, 1984; 
Fogelson and Zucker, 1985). 

Inactivation does not affect voltage dependence of 
calcium current 
We have shown that during inactivation the magnitude of the 
calcium current produced by step depolarizations is substantially 
reduced. To examine whether this reduction in the pulse re- 
sponses is because of true inactivation of channels (i.e., removal 
from the openable pool) or is associated with a shift in the 
voltage-dependence of activation of the calcium channels, we 
compared the current-voltage relations of the calcium current 
before and after inactivation was induced with a prolonged depo- 
larizing step. The current-voltage relation was assessed using 
voltage ramps at 100 mV/sec, which provide a rapid indication of 
the voltage range over which calcium channels are activated 
(Heidelberger and Matthews, 1992). As shown in Figure 9, the 
shape of the ramp response was not substantially altered, suggest- 
ing that inactivation is produced by the closing of calcium chan- 
nels, not by a shift in their voltage dependence. 
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Figure 9. Ramp responses before and after inactivation are superimpos- 
able. Responses to voltage ramps at 100 mV/sec are shown before (smooth 
truce, left axis) and after (noi~r truce, right axis) a 20 set depolarization from 
-60 to -10 mV. In both traces, linear leak was subtracted by fitting a 
straight line to the current trace in the range from -80 to -60 mV. Peak 
amplitudes are adjusted to be the same. 

Recovery from inactivation 
When [Ca2+ji returned to rest after an inactivating stimulus, 
calcium current also recovered. We examined the rate of recovery 
by giving periodic brief depolarizing test pulses (which do not 
themselves cause accumulating inactivation) after a prolonged 
stimulus that produced inactivation. An example is shown in 
Figure 1oA. The calcium current returned to the prestimulus 
control level along an exponential time course, with a time con- 
stant of 25 set in the example. By contrast, [Ca”], returned to rest 
much more rapidly, with an exponential time constant of 8 set 
(Figure R&l). Thus, recovery from inactivation was not limited by 
the time course of return of [Ca’+], to basal levels. The average 
time constant of recovery from inactivation is shown in Figure 1OB 
under various conditions of calcium buffering. The average in all 
cases was -25 set, regardless of the amount of calcium buffer and 
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Figure 10. Recovery from inactivation. A, Calcium current (0) was 
monitored with 70 msec pulses given every 10 sec. During the period 
indicated by the dark bar, 250 msec pulses were given at 1 pulse/set to 
produce inactivation. [Ca”], was monitored by including 0.1 mM Fura- in 
the pipette solution. B, Average time constant for recovery of calcium 
current after inactivation. The bars show the average from 12 (1 tnM 
EGTA), 10 (5 mM EGTA), 17 (0.5 mM BAPTA), or 17 (5 mM BAPTA) 
experiments, and the verticul lines show +l SEM. 

regardless of whether the buffer was EGTA or BAPTA. This is 
further indication that the recovery of the calcium channels from 
inactivation is independent of [Ca2+li after termination of the 
inactivating stimulus, provided [Caztli returned to the prestimu- 
lus level of -100 nM. 

DISCUSSION 
The experiments reported here demonstrate that slow inactivation 
of presynaptic calcium channels in retinal bipolar neurons is a 
calcium-dependent process. The evidence is that (1) the degree 
and the rate of inactivation depended on the amount of calcium 
current; (2) inactivation was reduced when Ba2+ was the current 
carrier; and (3) exogenous Ca2+ inactivated the calcium channels, 
whereas BAPTA reduced inactivation. The calcium channels in 
goldfish bipolar neurons are L-type (Heidelberger and Matthews, 
1992; Tachibana et al., 1993), but the calcium-dependent inacti- 
vation described here differs in a number of ways from calcium- 
dependent inactivation in L-type channels from other types of 
cells. One striking difference is the speed of inactivation. In our 
experiments, inactivation did not begin until several hundred 
milliseconds after onset of depolarization and once started fol- 
lowed an exponential time course with a time constant of several 
seconds or longer. By contrast, in whole-cell recordings from 
muscle cells (Giannattasio et al., 1991; Hadley and Lederer, 
1991) mammalian pituitary tumor cells (GH,) (Kalman et al., 
1988), hippocampal neurons (Kohr and Mody, 1991; Kohr et al., 
1991) and in single-channel recordings from cardiac myocytes 
(Yue et al., 1990), calcium-dependent inactivation of L-type chan- 
nels proceeds with a time scale of tens of milliseconds, and there 
is no delay in the onset of inactivation after depolarization. Thus, 
inactivation of L-type calcium channels in the bipolar-cell synaptic 
terminal is at least loo-fold slower than in other cells. Recovery 
from inactivation was also much slower in bipolar neurons, with a 
time constant of -25 vs -0.2 set in smooth-muscle cells (Gian- 
nattasio et al., 1991). This suggests that the underlying mecha- 
nisms may be fundamentally different for the slow and the fast 
inactivation processes, even though both are apparently triggered 
by elevated [Ca’+],. 

For fast calcium-dependent inactivation, evidence suggests that 
inactivation occurs because of direct binding of Ca2+ to the 
calcium channel molecule itself (Haack and Rosenberg, 1994; 
Imredy and Yue, 1994; Neely et al., 1994) or to a Ca2+-sensitive 
regulatory enzyme closely associated with the channel (Armstrong 
and Eckert, 1987; Armstrong et al., 1991; Hadley and Lederer, 
1991). One indication that fast inactivation involves Ca2+-binding 
at or near the channel is that BAPTA has little effect on inacti- 
vation in patches containing only one calcium channel (Imredy 
and Yue, 1992) and in L-type channels expressed in Xenopus 
oocytes (Neely et al., 1994). In contrast, inactivation of calcium 
current in bipolar neurons was greatly reduced in the presence of 
intracellular BAPTA. Because calcium buffers are effective at 
reducing [Ca2’ji only at distances greater than a few tens of 
nanometers from the calcium-channel pore (Stern, 1992), this 
implies that the distance of the relevant calcium sensor from the 
channel is greater for the slow inactivation observed in our exper- 
iments than for the fast inactivation described for L-type channels 
in muscle cells. Calcium channel gating is also known to be altered 
by channel phosphorylation (Chad and Eckert, 1986; Armstrong 
and Eckert, 1987; Armstrong et al., 1991) and by interactions with 
the cytoskeleton (Johnson and Byerly, 1993). Although such in- 
direct mechanisms might act rapidly provided the relationship 
between the channel protein and the ancillary proteins is molec- 
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ularly close, the slow and delayed inactivation we have observed is 
suggestive of an indirect mechanism of calcium-dependent inac- 
tivation, such as channel phosphorylationldephosphorylation. 

Dialysis of bipolar-cell synaptic terminals with elevated [Ca”‘] 
showed that 1.4 PM [Ca*+], was insufficient to produce inactiva- 
tion of calcium current. This level of [Cazili exceeds the spatially 
averaged increase in [Ca2+li measured by Fura- in terminals 
during activation of calcium current and is in the range expected 
for the “shell” of high calcium under the membrane when calcium 
influx is driven via plasma-membrane calcium channels. The rel- 
evant level of [Ca2+li that triggers inactivation in the bipolar-cell 
synaptic terminal thus is not the level achieved at long distance 
(micrometers) from clusters of calcium channels. However, cal- 
cium current inactivated when terminals were dialyzed with solu- 
tions containing 20-50 PM [Ca”+], indicating that the calcium 
sensor for inactivation has relatively low affinity. Domain models 
of calcium diffusion from a single open calcium channel (Chad 
and Eckert, 1984) suggest that concentrations of free Ca2+ 
greater than -10 PM could be attained at a distance of 20-50 nm 
from the pore, depending on buffering conditions (Stern, 1992). 
This very limited spatial domain of high [Caztli has been termed 
the nanodomain (Schweizer et al., 1995). Alternatively, the same 
level of [Ca2+li could be attained at longer average distance 
between the calcium sensor and calcium-channel pores if the 
sensor is located within the overlapping domains of several open 
calcium channels (Fogelson and Zucker, 198.5; Sherman et al., 
1990). The latter arrangement, called the microdomain by 
Schweizer et al. (1995), would seem to satisfy the conditions for 
both dependence on high [Ca2+li and a pronounced effect of 
exogenous BAPTA. If the calcium sensor for inactivation is in- 
deed located within the overlapping domains of a cluster of 
calcium channels, then [Ca*+], would be expected to increase 
rapidly upon channel activation. Thus, the observed long delay 
and slow rate of inactivation presumably reflects the kinetics of 
the inactivation machinery downstream from the binding of Ca*+, 
rather than the speed of the change in [Ca2+], itself. 

The absence of rapid inactivation of calcium current also has 
been observed in the squid giant synapse, in which calcium current 
shows no inactivation during depolarizations lasting 40 msec (Lli- 
nas et al., 1981). In addition, the calcium action potential of the 
squid presynaptic terminal shows a prolonged plateau, suggesting 
slow inactivation of calcium current (Katz and Miledi, 1971). 
Consistent with this, Augustine and Eckert (1984) report a time 
constant of 1.5 set for calcium-dependent inactivation of the 
calcium current in squid presynaptic terminals, whereas recovery 
from inactivation was even slower, with a time constant of -70 
sec. Similarly, in the presynaptic terminals of the chick ciliary 
ganglion, calcium current does not inactivate rapidly (Stanley and 
Goping, 1991), and inactivation is enhanced by higher levels of 
external calcium (Yawo and Momiyama, 1993). Thus, in prepa- 
rations in which direct measurement of presynaptic calcium cur- 
rent is feasible, slow inactivation seems to be the rule. 

Calcium-dependent inactivation of presynaptic calcium chan- 
nels represents a negative feedback influencing the release of 
neurotransmitter during sustained depolarization of bipolar neu- 
rons. The large-terminal goldfish bipolar neurons used in our 
experiments represent a class of rod-dominant, ON-type bipolar 
cell (Saito et al., 1983) that depolarizes during illumination. In- 
activation of calcium current thus joins other negative feedback 
mechanisms that have been described previously, including acti- 
vation of chloride conductance and inhibition of calcium current 
produced by GABAergic feedback from amacrine cells (Matthews 

et al., 1994), activation of calcium-dependent potassium conduc- 
tance (Kaneko and Tachibana, 1985) and calcium-dependent 
inhibition of vesicle recycling (von Gersdorff and Matthews, 
1994b). Because of its slow onset, inactivation of calcium current 
would be expected to contribute to the slowing of sustained 
transmitter release only for depolarizations lasting longer than 
-500 msec. Under conditions of dim illumination, the dominant 
form of feedback inhibition likely would be the GABA-activated 
chloride conductance, which tends to clamp the membrane po- 
tential of the bipolar neuron below the activation range of the 
calcium current (Heidelberger and Matthews, 1991). When illu- 
mination conditions change to higher sustained levels, however, 
calcium-dependent inactivation of the presynaptic calcium current 
in bipolar cells may help to reduce the synaptic gain in the high- 
sensitivity, rod-dominated pathway in the retina. 
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