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Calcium Dependence of Large Dense-Cored Vesicle Exocytosis
Evoked by Calcium Influx in Bovine Adrenal Chromaffin Cells
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We used the perforated-patch technique to examine the
relationship between Ca®" entry and exocytosis of large
dense-cored vesicles in bovine adrenal chromaffin cells.
Exocytosis evoked by single-step depolarizations was mon-
itored by capacitance detection. Ca®?" entry was varied by
changing external calcium concentration, stepping to differ-
ent test potentials, depolarizing for different durations, or
applying blockers of specific calcium channel subtypes. Re-
gardless of protocol, the amount of exocytosis was strictly
related to the integral of the voltage-clamped calcium cur-

rent, raised to a power of ~1.5. Thus, despite the complex-
ities of transient and nonuniform changes in submembrane
calcium concentration produced by voltage-gated calcium
entry, the calcium dependence of large dense-cored vesicle
fusion under conditions of minimal stimulation is well ap-
proximated by a simple transfer function of summed calcium
entry. .

Key words: exocytosis; calcium-secretion coupling; chromaf-
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It is known that calcium entry is required for the release of
hormones, peptides, and catecholamines, which are packaged in
large dense-cored vesicles (Douglas, 1968; for review, sece
Thomas-Reetz and De Camilli, 1994), but a simple quantitative
relationship between calcium and large dense-cored vesicle exo-
cytosis has proven elusive. The paucity of quantitative information
has been attributed primarily to an absence of sensitive, rapid
detectors of neuroendocrine release. Morecover, the exact concen-
tration of calcium at intracellular sites of release cannot yet be
determined accurately.

Recently, a method of measuring vesicle fusion by detecting
capacitance changes in whole-cell voltage clamp (Neher and
Marty, 1982; Joshi and Fernandez, 1988; Fidler and Fernandez,
1989) has enabled neuroendocrine release to be assayed with time
resolution on the order of milliseconds. Furthermore, the diffi-
culty in quantifying localized changes in [Ca®*]; after the opening
of voltage-gated calcium channels has been circumvented by in-
creasing intracellular calcium uniformly, using flash photolysis of
DM-Nitrophen (Neher and Zucker, 1993; Thomas et al., 1993a,b;
Heinemann et al., 1994).

Despite these technical advances, a consistent “input—output”
relationship for [Ca®*]; and large dense-cored vesicle exocytosis
still has not been obtained. The rapid and uniform increase in
intracellular [Ca®*]; induced by flash photolysis of DM-Nitrophen
reveals an unexpected level of complexity involved in exocytosis of
large dense-cored vesicles in melanotrophs (Thomas et al,
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1993a,b} and bovine adrenal chromaffin cells (Neher and Zucker,
1993; Heinemann et al., 1994). For example, in bovine chromaffin
cells, the exocytotic response evoked by flash photolysis of DM-
Nitrophen consists of a series of kinetic components that decay
with exponential time courses and are termed ultrafast (200-
50,000 vesicles/sec), fast (100 vesicles/sec), and slow (<20 vesicles/
sec) (Neher and Zucker, 1993).

Multiple kinetic components are also seen in response to cal-
cium influx. In one secretory mode, large dense-cored vesicles can
be released by single action potentials (Zhou and Misler, 1995) or
brief pulses (Ammala et al., 1993; Horrigan and Bookman, 1994;
Seward and Nowycky, 1996), but this response is rapidly lost
during whole-cell dialysis of bovine adrenal chromaffin cells
(Seward and Nowycky, 1996). In a second secretory mode, trains
of stimuli are required to evoke release of large dense-cored
vesicles (Augustine and Neher, 1992; Ammala et al., 1993; Peng
and Zucker, 1993; Artalejo et al., 1994; Seward et al., 1995; Zhou
and Misler, 1995; Seward and Nowycky, 1996). Further complexity
is introduced by calcium channel subtypes, which may be differ-
entially coupled to secretion (Artalejo et al., 1994). Finally, during
repetitive stimulation of rat adrenal chromaffin cells, the amount
of release per action potential increases (Zhou and Misler, 1995),
indicating that activity can affect stimulus-secretion coupling of
large dense-cored vesicles.

Here we have used phase tracking measurements of capaci-
tance changes to examine the calcium dependence of large dense-
cored vesicle exocytosis in perforated-patch recordings under
conditions of minimal stimulation. Because loss of critical cyto-
plasmic constituents is prevented, the secretory response of bo-
vine chromaffin cells in perforated-patch recordings is stable for
1-2 hr (Gillis et al., 1991), and exocytosis under different experi-
mental conditions can be compared in a single cell. Intracellular
calcium concentration was varied by experimentally affecting pa-
rameters of the voltage-clamped calcium current. Single step
depolarizations were applied to avoid activity-dependent effects
on secretory responsiveness.
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We found that when activity-dependent changes in secretory
behavior were minimized, a consistent input—output relationship
between amount of exocytosis and integrated calcium current was
obtained. The calcium dependence of exocytosis was similar for a
wide range of different calcium entry dynamics. Our results sug-
gest that exocytosis of large dense-cored vesicles occurs via a
probabilistic mechanism that depends on both calcium concentra-
tion and the length of time it remains elevated.

MATERIALS AND METHODS

Chromaffin cell culture. Adult bovine chromaffin cells were prepared by
collagenase digestion as described in Vitale et al. (1991). After purifica-
tion on a Percoll gradient, cells were plated in 10% fetal calf serum/
DMEM (containing the antibiotics penicillin and streptomycin and the
mitotic inhibitors cytosine arabinoside and fluorodeoxyuridine) on
collagen-coated glass coverslips at a density of 1.5 X 10° cells/12 mm
coverslip. Recordings were performed between 2 and 7 d after plating;
culture media were partially replaced on day 3.

Solutions. The standard extracellular solution contained (in mm): 130
NaCl, 2 KCl, 10 glucose, 10 HEPES, 1 MgCl,, and 5 CaCl,, pH 7.2.
Changes in ionic composition were always compensated for by osmotic
substitution with N-methyl-p-glucamine (for positively charged species,
i.e.,, Na® and Ca®") or aspartic acid (for negatively charged species, i.e.,
Cl7). Tetrodotoxin was omitted because the toxin slows down Na*
channel gating kinetics by 10-fold, so that gating is detected as an
apparent capacitance increase (Horrigan and Bookman, 1993). Capaci-
tance jumps of no more than 2-4 fF were evoked under conditions of ~0
calcium entry but substantial sodium entry (depolarizations to —20 mV),
suggesting that Na™ channel gating current is not a major contaminant in
our experiments (Horrigan and Bookman, 1994).

Perforated-patch solution contained 135 mMm cesium glutamate, 10 mm
HEPES, 9.5 mm NaCl, 0.5 mm bis(2-aminophenoxy)ethane-N,N,N',N',-
tetra-acetic acid and 0.4-0.5 mg/ml of the pore-forming antibiotic am-
photericin B (Rae et al., 1991). All compounds were obtained from Sigma
(St. Louis, MO), except for CsOH (ICN, Aurora, OH), SKF-38393 (RBI,
Natwick, MA), w-conotoxin GVIA (Bachem, King of Prussia, PA),
w-agatoxin IVA (generous gift of Dr. N. Saccomano, Pfizer Pharmaceu-
ticals), glutamic acid, BAPTA, and amphotericin B (Calbiochem, La
Jolla, CA). Stock solution (125 mg/ml) of amphotericin B in dimethyl-
sulfoxide was prepared by sonication every 2 hr, and 3 ul of the stock was
added to 700-1000 ul of internal Solution, followed by 10-30 sec of
homogenization with a Pro-250 homogenizer, immediately before filling
the patch pipette. Pipettes were predipped in amphotericin B-free solu-
tion for 10-20 sec and then backfilled with amphotericin B-containing
solution.

Electrophysiological recordings. After seal formation, capacitance mea-
surements were begun when access conductance reached 70 nS (range,
70-140 nS) and were performed with a List EPC7 (List Electronic,
Darmstadt, Germany), as described previously (Lim et al., 1990), using a
software-based phase-tracking method written in Axobasic. Details are as
described in Seward et al. (1995). All experiments were performed at
room temperature.

Data analysis. ACm and SCa®" entry triggered by single voltage pulses
were determined offline using software written in Axobasic. To determine
the size of Cm jumps, 10 Cm points (time resolution, 22 msec/point)
immediately before application of the pulse were averaged and sub-
tracted from the first 10 points after the return to capacitance sampling at
the end of the depolarization. Capacitance changes were calibrated using
a known 100 fF displacement of the capacitance trace (Fidler and
Fernandez, 1989). If rapid endocytosis occurred, 2-4 points were sam-
pled to estimate the peak increase in capacitance. Calcium entry, in
number of ions, was calculated by integration of calcium currents (limits
for integration were set after >80% of the Na* current had decayed (~2
msec) and excluded tail currents, which are composed of at least one
calcium-activated conductance of unknown origin (see Results, Fig. 1),
and division by the elementary charge per ion, in coulombs. All currents
were digitally leak-subtracted, using a scaled current response obtained
by stepping to —110 mV for the same duration as the test pulse.

Curve fitting employed a Marquardt-Levenberg, nonlinear least-
squares fitting algorithm (Origin software, Microcal, Northhampton,
MA) to fit data by the equation ¥ = 4 X XZ. In the fitting routine,
iterations continued until the y? value achieved a minimum and varied
<0.05% from one iteration to the next. Data were also plotted on
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logarithmic coordinates, and an “apparent” linear fit of the equation
logY = 4 X logX + C was obtained.

RESULTS
Phase tracking in perforated-patch recordings

Figure 1 illustrates typical capacitance (C) and conductance (G)
responses of a single bovine adrenal chromaffin cell, obtained by
using the perforated-patch variant of the whole-cell patch-clamp
technique. Exocytosis was evoked with single depolarizations to
+20 mV for 5 msec (Fig. 14), 40 msec (Fig. 1B), 80 msec (Fig.
1C), and 640 msec (Fig. 1D). In perforated-patch recordings, a
significant increase in capacitance was always accompanied by a
similar but opposite change in conductance. The entry of calcium
seemed to induce not only exocytosis but also a calcium-
dependent increase in conductance. The conductance change was
not reduced significantly by decreasing external chloride ions
(~75 mM in Fig. 1) or external sodium ions (data not shown).

The conductance measurement obtained during phase tracking
reflects a combination of membrane conductance and access
resistance. Furthermore, in phase tracking, conductance and ca-
pacitance measurements are not acquired independently, and if
the phase angle is in error, there may be large deviations on the
capacitance or conductance trace attributable to changes in the
other quantity (Fidler and Fernandez, 1989). Therefore, we made
direct measurements of membrane conductance changes induced
by calcium entry by giving brief hyperpolarizing and depolarizing
voltage pulses (£20 mV) at 1 Hz. The first small test pulse
occurred 200 msec after a stimulating pulse that evoked a calcium
current. Conductances calculated directly from test pulses (G =
I/V), Gy, (hyperpolarizing), and G4 (depolarizing) are plotted
below the capacitance and conductance traces obtained for the
same cell with phase tracking (Fig. 1).

Membrane conductance at rest was ~0.2 nS (corresponding to
R, = 5GQ), and it increased to at least 0.4 nS after calcium entry.
The conductance increase lasts for ~2 sec (confirmed with test
pulses given at 2.5 Hz; data not shown). These results indicate that
the maintained G trace displacement in response to a 640 msec
pulse (Fig. 1D) is not attributable to a prolonged increase in
membrane conductance. In addition, because the decay of the G
trace does not mirror that of the C trace, and manual displace-
ment of either capacitance or conductance compensation imme-
diately after stimulus-induced capacitance increases of >100 fF
indicate correct alignment of the phase angle, we conclude that
the long-lasting displacement of the G trace is attributable to an
increase in access resistance. Such a change would not affect the
capacitance measurement, as long as the phase detector was
aligned properly (Fidler and Fernandez, 1989).

Avoiding the effects of activity-dependent changes in
calcium-secretion coupling

In preliminary experiments, we found that after significant cal-
cium entry, evoked by single pulses >80 msec, a subsequent
response to a standard 40 msec pulse was increased or “facilitat-
ed.” Even at stimulus intervals of >3 min, the facilitation did not
decay in the absence of stimulation. A second response, however,
did not show evidence of facilitation. Therefore, cells were rou-
tinely stimulated with a 40 msec pulse after any prolonged calcium
entry. Regardless of amplitude, responses immediately after stim-
ulations of pulse duration >80 msec were not included in the data
presented below.
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Figure 1. Capacitance and conductance changes in response to single step depolarizations in perforated-patch recordings. From a holding potential of
—90 mV, an individual bovine chromaffin cell was stepped to +20 mV for 5 msec (4), 40 msec (B), 80 msec (C), and 640 msec (D). Cm jumps (small
capital C below A) were larger with increasing pulse length, from <5 fF, for a 5 msec pulse, to >2350 fF after a pulse of 640 msec duration. The gap in
each trace indicates the suspension in phase tracking that occurred when the calcium current was evoked. Calcium currents for each response are shown
above the capacitance trace. Depolarizations also evoked a conductance change (small capital G below A), which apparently mirrors the Cm jumps. This
cell was bathed in extracellular saline containing reduced chloride (75 mm), but the conductance changes are similar to those recorded in cells bathed
in normal saline. Independent estimates of membrane conductance were simuitaneously obtained during each trace by giving smail (20 mV)
hyperpolarizing and depolarizing voltage puises to mimic the changes in voltage that occur during the sinusoidal voltage input of phase tracking.
Conductance was calculated from the current flowing after decay of uncompensated capacitance, G = I/V, and values obtained every 1 sec from
hyperpolarizing (G,) and depolarizing (G,4) pulses are shown on the same time scale, below the conductance traces from phase tracking. These
measurements confirmed that a conductance change occurred after step depolarizations, which increased with increasing calcium entry, and was
symmetrical for hyperpolarizing and depolarizing voltage steps. The increase was maximal (~0.25 nS) at durations of 80 msec, however, indicating that
the prolonged displacement of the G trace after a 640 msec pulse is not attributable to changes in membrane conductance but probably represents an
increase in access resistance. Cell N012702.

Changing the flux per channel: external We found in perforated-patch recordings that large dense-
calcium concentration cored vesicle exocytosis was related to total calcium entry, regard-
We examined the effect of changing the rate of calcium influx on  less of test potential (Fig. 34). Exocytosis was evoked by a 160
large dense-cored vesicle exocytosis without altering other param- msec depolarization from a holding potential of —90 mV to the

eters of calcium entry, such as number of open channels or pulse indicated test potential (Fig. 3B). Equivalent calcium entry, for
duration, by perfusing single cells with various external calcium potentials more positive than .the peak of the current-voltage
concentrations. In the experiment shown in Figure 2, exocytosis  relationship (Fig. 34, filled squares), or more negative (Fig. 34,
(ACm, in fF) evoked by single depolarizing pulses in the presence ~ open squares), evoked the same increase in capacitance up to
of different external calcium concentrations (0.25-5.0 mm) was  potentials of +60 mV. At more positive potentials, small capaci-
plotted as a function of integrated calcium entry, in number of  tance increases were evoked (5-10 fF) (Fig. 3B, fop), but calcium
ions. The data were fit by the equation ACm = g X (3Ca?* influx is obscured by the presence of an outward current (Fig. 3B,
ions)”. In this cell, g = 0.3 and X = 1.9 (Fig. 24), suggesting that bottom). Data from all test potentials (excluding pulses that
exocytosis of large dense-core vesicles is related to calcium entry ~ evoked outward current) were fit by the equation ACm = 0.33 X
with a power =<2. We also plotted ACm versus total calcium ions (2Ca*" ions)'?.

on logarithmic coordinates and found that the slope was 1.6 The remarkable similarity in the quantitative relationship be-
(Fig. 2B). tween ACm and calcium entry for experiments in which test
potential was changed and for experiments using different calcium
concentrations indicates that exocytosis of large dense-cored ves-
icles is relatively independent of ion flux or the number of chan-
nels opened, if the total number of calcium ions is equivalent.

Flux per channel versus number of channels:

test potential

For small depolarizations, the driving force for calcium entry is
large, but few channels are open. For larger depolarizations, the
number of channels that are opened increases, but the driving ~ Submembrane calcium concentration versus

force decreases. Thus the influence of a few channels, passing a ~ cumulative calcium entry: duration

large number of calcium ions, can be compared with that of many If exocytosis of large dense-cored vesicles depends on the integral
channels passing few calcium ions. of the calcium current, the amount of calcium entry can be altered
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Figure 2. Exocytosis of large dense-cored A
vesicles is a second order function of inte-
grated calcium entry. A, Individual Cm
jumps in response to 160 msec depolariza-
tions to +20 mV, from a holding potential of
~90 mV. Single depolarizations were ap-
plied every 90 sec; several depolarizations of
40 msec duration were included between
each 160 msec pulse to discharge any facili-
tatory effects of prolonged calcium entry
(data not shown; sce Results). Calcium entry
was varied by external perfusion of different
concentrations of CaCl, in the following se-
quence: 2 my, 0.5 my, 0.25 mym, 2 mM, and
5 mMm (magnesium concentration always 1
mM). Some responses were recorded before
a switch in concentration was complete, re-
sulting in a graded range of calcium current
integrals. Data were fit to the equation, 50+
Y(ACm) = g X (Ca?* ions)" with g = 0.29,

and a power of 1.9; the curve was con-

strained to pass through Y = 0 at 0 calcium

entry. B, Plot of log(ACm) versus log(2Ca>~

ions). Slope (1.6; r = 0.96) is slightly less

than exponential fit in 4, probably because 0

1501

100+

ACm (fF)
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the apparent linear fit to the data in B was 0
not constrained to pass through the origin.
Cell NO11302.

over a wide range simply by changing the duration of the stimu-
lating pulse. On the other hand, if exocytosis depends on sub-
membrane calcium concentration, increasing duration will be
much less effective than protocols that increase the amplitude of
the calcium current (Nowycky and Pinter, 1993; Roberts, 1994).

The capacitance traces shown in Figure 14-D demonstrate
exocytotic responses to pulses of increasing length. These re-
sponses, as well as responses evoked by several intermediate
durations, are plotted as a function of total calcium entry, in
number of ions, in Figure 44. The data were fit by the equation
ACm =g X (2Ca”" ions)™, where g = 1.25 and X = 1.3 (Fig. 44).
The slope on logarithmic coordinates was 0.9 (Fig. 4B).

With increasing duration, we found no indication of depletion
or limitation in the amount of release. The only limitation was the
inactivation of the calcium current, which was almost complete by
the end of 640 msec (Fig. 1D). Further illustration that release
could be maintained for many milliseconds is shown in Figure 4C.
For each duration, the amount of exocytosis was normalized to
the amount of calcium entry. The efficacy of calcium-secretion
coupling remains the same for pulses ranging in length from 10 to
160 msec. At long durations, rather than a decrease in coupling
efficacy that might reflect depletion or depression, there was a
significant enhancement. The anomalously large ratio of ACm per
calcium ion for 5 msec pulses is attributable to a lack of null
responses or failures, despite a small amount of calcium entry. If
the capacitance increases in response to 5 msec depolarizations
are the result of one to two large dense-cored vesicles fusing with
the plasma membrane, it seems surprising that a pulse rarely
failed to evoke a response. Cm jumps evoked by 5 msec pulses
may reflect the fusion of a larger population of small vesicles or
contamination from sources other than membrane fusion, such as
channel gating charges (Horrigan and Bookman, 1994).

In Figure 5, calcium entry was varied in a single cell by changing
duration (filled squares; 10-320 msec) or by perfusing with differ-
ent external calcium concentrations (open squares; 0.5-5.0 mm).
ACm versus integrated calcium entry was plotted on linear (Fig.

¥ Ca%*lons * 107

4 T T v T

10
s Ca®* lons * 10 7

5A) or logarithmic (Fig. 5B) coordinates, and in both cases data
from the two protocols overlap completely. The combined data
were fit by the equation ACm = 0.23 X (2Ca’* ions)'®. These
data confirm that in bovine adrenal chromaffin cells, the secretory
apparatus seems to respond to total calcium entry, regardless of
flux or peak submembrane [Ca®*], because the amount of exocy-
tosis evoked by a small amplitude current maintained for a long
duration is comparable to the amount evoked by a large ampli-
tude but brief current.

Number and type of calcium channels: calcium
channel blockers

Three calcium channel subtypes have been identified in bovine
adrenal chromaffin cells: N-type (w-conotoxin-sensitive), P-type
(w-agatoxin-sensitive), and L-type (dihydropyridine-sensitive)
(Artalejo et al., 1994). We examined whether secretion evoked by
single depolarizations was coupled more tightly to one particular
calcium channel type.

In Figure 64, we compared responses evoked by depolariza-
tions ranging in duration from 10 to 320 msec, before (filled
squares) and after (open squares) application of 1 puM w-conotoxin
GVIA. The current sensitive to w-conotoxin shows inactivation
during a 40 msec pulse and is completely inactivated by the end of
a 320 msec pulse (Fig. 6B). Despite the fact that inhibition of
N-channels affects the initial peak far more than later in the pulse,
exocytosis after w-conotoxin falls on the same curve generated by
different pulse durations under control conditions. The combined
data were fit by the equation ACm = 1.3 X (2Ca’" ions)"*,
virtually the same equation found in experiments in which dura-
tion alone was altered (Fig. 4).

Bovine chromaffin cells are also sensitive to the P-type calcium
channel antagonist w-agatoxin IVA. Calcium currents were not
inhibited by concentrations of agatoxin that are reported to spe-
cifically block P-type channels (10-100 nm) (Mintz et al., 1992a,b)
but were reduced at concentrations that inhibit both P-type and a
newly described subtype, the Q-channel (Sather et al., 1993;
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Figure 3. Exocytosis of large dense-cored vesicles is a function of integrated calcium entry, regardless of calcium channel flux or number of calcium
channels. A, Individual ACm responses evoked by 160 msec depolarizations to different test potentials. Equivalent integrals of calcium entry elicited the
same Cm jumps, whether or not they were the result of a few channels carrying a large calcium flux (potentials negative to +20, filled squares) or of many
channels with little flux (potentials positive to +20, open squares); Cm jumps in response to depolarizations to + 20 mV are shown as filled triangles. Curve:
ACm = 0.33 X (2Ca®" ions)'. B, ACm (fop) shows a bell-shaped relationship with test potential that parallels that of cumulative calcium entry (bottom).
An outward current develops at very positive potentials. This current probably contributes some error to measurements of inward calcium entry at voltages
>+40 mV; note that the calculation of number of ions is based on a divalent ionic species and will be in error for an outward current that is probably
carried by K™ ions. ACm responses for negative current integrals, i.e., at Vi, > +60 mV are not shown in A. Cell K122001.

Wheeler et al.,, 1994; Randall and Tsien, 1995). Q-type calcium
currents in cerebellar granule cells show inactivation during rela-
tively brief depolarizations (Randall and Tsien, 1995). The cur-
rent inhibited by w-agatoxin in bovine adrenal chromaffin cells,
however, was largely noninactivating (see Fig. 7B, Difference
current).

Figure 74 shows an experiment in which the duration of the
stimulating pulse was kept constant (160 msec), but calcium entry
was altered by inhibiting first the w-agatoxin-sensitive calcium
current and then the w-conotoxin sensitive current. The combined
effect of the two toxins almost completely abolished inward cur-
rent in response to a depolarization. Therefore, exocytosis was
first evoked by calcium entry through both channel subtypes (Fig.
74, 1), then through only N-type (2), then through neither chan-
nel (3), and finally through P/Q-type calcium channels by relieving
the w-agatoxin block with a depolarizing prepulse (4). Although
the inhibitors changed the kinetics of calcium entry during a
depolarization from completely inactivating to only slightly inac-
tivating (Fig. 7B), the amount of exocytosis was simply related to
the integral of the calcium current, with the equation ACm = 0.9
X (2Ca®* ions)'>.

We found that under “resting” conditions, the L-channel sub-

type makes up only a minor component in the overall current
amplitude. Application of the dihydropyridine antagonists nife-
dipine and nisoldipine had little effect on calcium channel current,
and as shown in Figure 7B, N- and P/Q-type channels are respon-
sible for almost all of the inward current.

Figure 8 shows ACm plotted as a function of integrated calcium
entry, for pulse durations from 10 to 640 msec, before (filled
squares) and after (open squares) application of the D, agonist
SKF-38393, which is reported to induce the facilitation channel,
an L-type channel, in bovine adrenal chromaffin cells (Artalejo et
al., 1990, 1994). Application of SKF-38393 slightly increased peak
current amplitude (Fig. 8, inset), an effect that could be reversed
by application of 5 um nisoldipine, indicating that the agonist did
indeed induce facilitation current. SKF-38393 seemed to enhance
calcium current inactivation, and there was no net increase in
calcium entry for longer duration pulses. The change in kinetics of
the voltage-clamped calcium current after SKF-38393 application
may be caused by inhibition of P/Q-type channels (Surmeier et al.,
1995) at the same time that calcium entry through L-type channels
is augmented. Despite a possible shift in calcium entry from
primarily N- and P/Q-type channels to L-type channels, Cm jumps
evoked in the presence of the agonist were virtually identical to
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(2Ca’" ions)¥, with g = 1.25 and a

power of 1.3. B, Plot of log(ACm) versus -
log(SCa®* ions), slope = 0.9 (r = 0.89).
C, Calcium-secretion coupling (ACm/ 8
S.Ca" entry) was remarkably consistent
for different duration pulses. Data were
pooled from eight experiments in which
duration was varied between 5 and 640
msec. Compared with the coupling ratio
for 40 msec duration pulses, only the
ratios for 5, 320, and 640 msec pulses are
significantly different (p < 0.05). The
large ratio for 5 msec durations is not
well understood and may be attributable
to a pool of small vesicles or a nonvesicu- 4
lar source of capacitance. For long dura-
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control responses, and the combined data were fit by the equation
ACm = 0.24 X (ZCa** ions)"®.

After prolonged calcium entry, facilitation of 40 msec pulses
seemed to be enhanced in the presence of SKF-38393 (data not
shown). These results suggest that the large exocytosis evoked by
calcium entry through L-type calcium channels during trains of
depolarizations (Artalejo et al., 1994) or potassium superfusion
(Lopez et al., 1994) is the result of a unique coupling between this
channel and mechanisms of stimulus-dependent facilitation.

Table 1 summarizes the results obtained from 26 cells. Each cell
name indicates a different cell; for several cells, more than one
type of experiment (e.g., duration, IV) was performed. The pro-
portionality factor, “g,” and “power” for the transfer function were
obtained from a curve-fitting routine as described in Materials
and Methods. The “slope” was obtained by plotting the same data
on logarithmic coordinates, and the R value is from the apparent
linear fits (see Materials and Methods). Despite some variability
in the parameters across cells and between protocols, there was

T T T

i
160 240

T T T T T

| I 1 T 1
320 400 480 560 640

Pulse Duration (msec)

consistently a strong correlation (R > 0.8) between the amount of
exocytosis and integrated calcium entry.

DISCUSSION

Analysis of the calcium dependence of large
dense-cored vesicle exocytosis in

perforated-patch recordings

The stability afforded by perforated-patch recordings allowed
us to examine the effect of altering the amount and parameters
of calcium entry on the exocytotic response in bovine adrenal
chromaffin cells to an extent that was not possible previously
because of the decay of secretory responsiveness during whole-
cell recordings (Augustine and Neher, 1992; Seward and Now-
ycky, 1996). Under stringent experimental conditions, in which
exocytosis was evoked by single step depolarizations and re-
sponses occurring after periods of large calcium influx were not
included in analyses, the secretory response to single step
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Figure 5. Exocytosis is a function of in-
tegrated calcium entry, regardless of flux
or duration: changing external calcium
concentration and pulse length in a single
cell. Depolarizing pulses to +20 mV
(holding potential, —90 mV) for 320
msec were used to stimulate exocytosis in
a cell bathed in 0.5 mMm, 2 mMm, and 5 mm
external CaCl, (open squares). In addi-

¥ Ca%* lons * 107

®  Duration (5 mM CaCl,)

O  External [Ca®*1(320 ms duration)

depolarizations was consistently related to integrated calcium
entry.

When we changed the rate of calcium influx by applying differ-
ent external calcium concentrations, we found that release was
related to integrated calcium entry raised to a power <2. We used
the voltage dependence of calcium channels to alter the number
of open channels and single channel flux and found again that the
amount of exocytosis depended only on the total number of
calcium ions. We changed duration and found that exocytosis was
related to the integral of calcium ion flux for pulse durations
between 10 and 640 msec. Inhibition of either N- or P/Q-type
calcium channels, or activation of L-type calcium channels, al-
tered exocytosis by an amount that could be predicted from the
total number of calcium ions.

From these results, we conclude that secretion of large
dense-cored vesicles is not strictly dependent on a high calcium
concentration, which occurs near the opening of a single cal-
cium channel (“nanodomain,” Schweizer et al., 1995) or that
can be achieved by the simultaneous opening of closely spaced
calcium channels during a large depolarization (“microdo-
main,” Llinas et al., 1981, 1992). Exocytosis of large dense-
cored vesicles is also not related to global calcium elevations,
because the quantitative relationship was the same for pulse
durations over a wide range, even though [Ca®" ], would not
equilibrate throughout the cell during brief pulses. In addition,
global [Ca®" ], increases are maintained for several seconds
after depolarizations (Augustine and Neher, 1992; Neher and
Augustine, 1992), but we found that Cm increases terminated
shortly after the pulse. Finally, the amount of exocytosis is not
a strict function of the calcium concentration in a “shell”
domain near the membrane. Shell models predict that after a
step depolarization, submembrane calcium concentration will
reach a high value within milliseconds and increase only slowly
thereafter (Sala and Hernandez-Cruz, 1990; Nowycky and Pin-

. Ca?* lons * 1077

tion, at 5 mMm external CaCl,, duration of
the depolarizing pulse was varied be-
tween 10 and 320 msec (filled squares).
The data were fit by the equation ACm =
0.23 X (SCa®" ions)'® (4) or by appar-
ent linear fit on logarithmic coordinates,
with a slope of 1.15 (r = 0.94) (B). Subset
of data from cell N021602.

T — T
10 100

ter, 1993). In contrast, altering the amplitude of the current
should cause a proportional change in the peak submembrane
calcium concentration (Nowycky and Pinter, 1993). We found
that the relationship between integrated calcium entry and
release was remarkably consistent for a wide variety of calcium
entry parameters, which would produce quite different spatial
and temporal profiles of [Ca** ]; near the membrane. Thus,
exocytosis seems to be related to the integral of the calcium
current, which reflects both submembrane [Ca®"]; and the
amount of time that it is raised, rather than concentration
alone.

Can calcium-dependent exocytosis of large dense-
cored vesicles be described by the law of

mass action?

Current models of calcium-secretion coupling for large dense-
cored vesicles treat exocytosis as a series of chemical reactions,
relying on the law of mass action for a quantitative description
(Thomas et al., 1993b; Heinemann et al., 1994) by analogy with fast
synaptic transmission (Jenkinson, 1957, Dodge and Rahamimoff,
1967). According to the law of mass action, the rate of exocytosis
(fF/sec) should be related to [Ca®']?, where n represents the
number of calcium ions that must bind to the receptor to initiate
fusion. At the neuromuscular junction (Dodge and Rahamimoff,
1967; Cooke et al., 1973; Cull-Candy et al., 1980; Dudel, 1981) and
squid giant synapse (Katz and Miledi, 1970; Augustine and Char-
Iton, 1986; Stanley, 1986), the postsynaptic response varies as the
third to fourth power of external calcium concentration. Results
from flash photolysis experiments suggest that the rate of release
of at least one kinetic component of large dense-cored vesicles is
a high order function of intracellular calcium concentration, al-
though the relationship between [Ca®"]; and exocytotic rate is
limited by a calcium-independent fusion step (Heinemann et al.,
1994).
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Figure 6. Exocytosis after inhibition of N-type calcium channels by w-conotoxin remains a function of integrated calcium entry. 4, ACm in response to
10, 40, 160, and 320 msec depolarizations to +20 mV before (filled squares) and after (open squares) perfusion of 1 ;LM w-conotoxin GVIA. Exocytosis

evoked by 40 msec pulses (I, 2) and 320 msec pulses (3, 4) is reduced by an amount predicted by the decrease in ZCa**

entry, on the basis of control

responses evoked by 10 msec (5) and 160 msec duration pulses (6). Curve: ACm = 1.3 X (3Ca®" ions)"*. B: Left, Calcium currents corresponding to the
Cm jumps shown in 4. Right, Difference currents, obtained by subtracting 2 from 1, top, and 4 from 3, bottom, demonstrate that an inactivating current
is blocked by 1 uM @-conotoxin. Inhibition of N-type calcium current has almost no effect on the current remaining at the end of a 320 msec pulse. Cell

N021601.

If time is included in the rate expression obtained from the law
of mass action, the total amount of secretion, ACm, can be
expressed as:

ACmo[Ca®*]* X time.

According to the law of mass action, protocols that increase the
duration of Ca®>* entry and protocols that increase Ca®* flux will
produce equivalent effects on the amount of exocytosis only if n =
1. In the present study, we found that whether stimulus protocols
increased submembrane calcium concentration or prolonged the
duration of calcium entry, secretion under conditions of minimal
stimulation was always expressed as a simple transfer function of
the form:

ACm = g X (2Ca*%ions)*

where g is a proportionality factor, X varied between 0.9 and 2.7
(see Table 1), and %Ca** ions, the integral of the calcium current,
reflects both the flux of calcium and the amount of time that
calcium entry continues. Thus, in a single cell, a small-amplitude,
prolonged depolarization (320 msec) evoked the same amount of
exocytosis as a brief duration (40 msec), large-amplitude current
(see Fig. 5). Our results suggest that either n = 1 (exocytosis of
large dense-cored vesicles is not a high-order function of calcium
concentration) or the law of mass action is not an adequate
descriptor of exocytosis evoked by calcium influx through voltage-
gated channels.

It is unlikely that a simple law of mass action equation can be
devised that describes the calcium dependence of depolarization-
evoked exocytosis. During voltage-gated calcium entry, calcium

concentration changes rapidly, nonuniformly, and transiently.
Rate equations become quite complex if the reaction is not at
steady state or equilibrium (Gentry et al., 1995). Distinct vesicular
pools may be depleting at different total calcium entry levels, so
the amount of exocytosis will be limited by pool size, not calcium
concentration (Heinemann et al., 1994). Most importantly, more
than one calcium-dependent reaction may be involved in exocy-
tosis of large dense-cored vesicles. The individual reactions may
have different calcium dependencies, and some of the reactions
may be irreversible.

Our findings demonstrate that the relationship between tran-
sient and inhomogenous changes in submembrane calcium
concentration, and calcium-dependent reactions of unknown
number and properties, can be well-approximated by a simple
transfer function of summed calcium entry. Because there is no
way to relate the time integral of the calcium current to calcium
concentration at the relevant calcium-sensing sites responsible
for exocytosis, the transfer function is not an expression of the
law of mass action. One consequence of not using the law of
mass action is that the power included in the empirically
determined transfer function, which was on average 1.5 (see
Table 1), cannot be used to conclude that one to two calcium
ions must bind in order to initiate fusion, nor does it rule out
a larger number of binding sites. Furthermore, the equilibrium
properties of a calcium sensor such as affinity are not critical
during nonuniform and brief increases in intracellular calcium.
Instead, as calcium ions enter the cell through calcium channel
pores, there is some finite, and perhaps modifiable, probability
that a calcium ion (or multiple calcium ions) will interact with
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Table 1. Summary of quantitative data for ACm versus integrated calcium entry

Cell Experiment Range g Power Slope R value
K120205 Duration 5-1000 msec 5.253 0.921 0.997 0.979
K120802 Duration 20-320 msec 0.707 1.523 1.394 0.962
K120803 Duration 10-1000 msec 0.753 1.489 1.392 0.943
K122903 Duration 10-1000 msec 0.031 2.581 1.58 0.981
N031505 Duration 10-320 msec 0.538 1.562 1.383 0.942
N031701 Duration 5-640 msec 15.18 0.609 0.565 0.787
N040502 Duration 10-320 msec 2.447 1.01 0.856 0.937
N012507 Dur/low CI™ 5-1000 msec 1.496 1.338 0.916 0.922
N012702 Dur/low CI™ 5-640 msec 1.251 1.343 0.944 0.893
N013001 Dur/low C1™ 10-640 msec 2.327 1217 1.091 0.981
N020302 Dur/aga 10-320 msec 0.123 2.05 0.993 0.866
N020401 Dur/aga 10-320 msec 0.258 2.02 1.103 0.770
N021702 Dur/aga 10-320 msec 0.928 1.48 1.29 0.933
N032903 Dur/aga 10-320 msec 10.3 0.699 0.854 0.777
N040101 Dur/aga 40-320 msec 2242 1.114 1.02 0.903
N012001 Dur/ctx 40-160 msec 1.954 1.095 1.256 0.841
N012002 Dur/ctx 40-160 msec 0.993 1.42 1312 0.969
N021601 Dur/ctx 10-320 msec 1.335 1.407 1.484 0.886
N031505 aga/ctx 160 msec 0.875 1.459 1.006 0.978
N012701 Dur/nif 20-160 msec 0.566 1.611 1.479 0.957
N021204 Dur/nif 10-320 msec 0.015 2.67 1.64 0.919
N032401 Dur/skt/nis 10-640 msec 0.242 1.792 1.011 0.849
N032402 Dur/skf 5-320 msec 1.175 1.303 0.794 0.894
K122001 v -20 to +60 mV 0.331 1.907 1.005 0.953
K122903 v =20 to +60 mV 3.083 1.042 1.109 0.988
N012002 ctx/IV —10 to +50 mV 5.729 0.91 1312 0.969
NO011102 Ext Ca 0.5-5 mm 1.081 1.514 1.871 0.968
NO011102 Ext Ca/40 msec 0.5-5 mMm 1.822 1.319 1.386 0.818
N011301 Ext Ca 0.25-2 mm 0.064 2175 1.494 0.943
NO011302 Ext Ca 0.25-5 mm 0.286 1.879 1.622 0.965
N011302 Ext Ca/40 msec 0.25-5 mm 1.936 1.451 1.25 0.967
N021602 Dur/Ext Ca 10-320/0.5-5 0.317 1.759 1.316 0.896
Mean 2.05 1.49 1.21

SEM 0.56 0.08 0.05

Transfer curves {g and power) and slopes from logarithmic plots were obtained (see Materials and Methods) for 26 cells in which integrated calcium entry was varied over a
wide range. Unless otherwise noted, pulse length was 160 msec (i.e., test potential and external calcium concentration experiments). In several cells, more than one protocol
was completed, as indicated by the cell name (left column). Abbreviations: low Cl™, low chloride (75 mm) external solution; aga, w-agatoxin IVA (200 nm); ctx, w-conotoxin
GVIA (1 pm); nif, nifedipine (10 pm); skf, SKF38393 (10 pm); nis, nisoldipine (10 uM); IV, current—voltage relationship; and Ext Ca, external calcium concentration.

the fusion apparatus. The highly ordered and reproducible
manner in which individual chromatfin cells respond to inte-
grated calcium entry, regardless of particular calcium entry
characteristics, suggests that the probability of vesicle fusion
depends on both the flux of calcium and the amount of time
that calcium entry continues.

Conclusions and future directions

We have characterized the calcium dependence of large dense-
cored vesicle exocytosis evoked by single depolarizations in the

absence of activity-dependent facilitation or depression. Al-
though stimulus-secretion coupling during physiological stim-
ulation cannot be described exclusively by the law of mass
action, we demonstrate here that the amount of exocytosis
under conditions of minimal stimulation is highly regulated and
tightly linked to the amount of calcium entry. The usefulness of
a consistent input—output relationship for large dense-cored
vesicle exocytosis is chiefly in establishing a baseline for com-
parison of control conditions to activity-dependent modifica-
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Figure 7. N- and P/Q-type calcium 1504

channels completely account for ACm
responses evoked by single depolariza-
tions. A4, Individual Cm jumps in re-
sponse to 160 msec depolarizations to
+20 mV: control (I); after application
of 200 nM w-agatoxin IVA (2); after
addition of 1 uM w-conotoxin (3), and
after 10 prepulses to +120 mV, to re-
lieve the block by w-agatoxin (4). Data
were fit to the equation ACm = g X
(SCa®* entry)™, with g = 0.9 and X =
1.5. B: Left, Calcium currents corre-
sponding to the responses shown in A4.
Right, Difference currents, obtained by
subtracting 2 from I, top, and 3 from 4,
bottom, illustrating the kinetics of the
w-agatoxin-sensitive current. Note that
the current remaining in the presence of
w-conotoxin and w-agatoxin (3) is com-
pletely inactivated by the end of the 160
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Figure 8. Calcium flux through L-type “facilitation” channels during single-
step depolarizations does not affect the relationship between exocytosis and
integrated calcium entry. Individual Cm jumps were evoked by voltage steps
from a holding potential of —90 mV to +20 mV for 10 msec (1), 40 msec (2),
160 msec (3), 320 msec (4), and 640 msec (5) in the absence (filled squares) or
presence (open squares) of the D dopamine-receptor agonist SKF-38393 (10
uMm). Data were fit to the equation ACm = 0.24 X (ZCa®* ions)"®. Inset,
Calcium currents evoked by 40 msec pulses. SKF-38393 increased the peak
inward current by ~20%, but for long duration pulses there was no net
increase in integrated calcium entry, because of more rapid current inactiva-
tion in the presence of the agonist. The change in calcium current kinetics
suggests that the relatively minor recruitment of the facilitation channel may
have been obscured by a D, receptor-mediated inhibition of N- or Q-type
calcium current (Surmeier et al., 1995). Cell N032401.
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tions. We expect that processes of facilitation or depression will
be revealed as deviations from the standard transfer function.

Stimulus-dependent exocytosis is a process that consists of
many steps that we have only begun to elucidate. Secretory
models will need to address the complexity of secretory behav-
iors observed in living cells. Empirical determination of the
properties of each step in the secretory pathway, in combina-
tion with approaches to alter the amount or activity of individ-
ual proteins, will lead to an understanding of the fundamental
mechanisms of calcium-dependent exocytosis at the molecular
level.
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