
Neuron, Vol. 20, 1243–1253, June, 1998, Copyright 1998 by Cell Press

Cytosolic Ca21 Acts by Two Separate Pathways
to Modulate the Supply of Release-Competent
Vesicles in Chromaffin Cells

amount of exocytotic release is determined by the num-
ber of release-ready vesicles (RRP size) and the proba-
bility of each vesicle to undergo exocytosis. Exocytosis
in single neuroendocrine cells can be monitored directly
both by patch-clamp measurements of exocytotic mem-
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D-37077 Göttingen brane capacitance changes and electrochemical detec-

tion of the released vesicle contents (reviewed in ChowGermany
†ENT-Unit and von Rüden, 1995; Gillis, 1995). Thus, different from

synapses, analysis is not complicated by postsynapticUniversity of Göttingen Medical School
D-37074 Göttingen effects. For these reasons neuroendocrine cells have

served as a well-suited system to investigate the mecha-Germany
nisms of exocytotic plasticity.

In bovine adrenal chromaffin cells, increases in the
RRP size both by [Ca21]i (von Rüden and Neher, 1993)Summary
and by pharmacological activation of PKC (Gillis et al.,
1996) have been described. The goal of the presentRecovery from depletion of the readily releasable pool
study was to elucidate the kinetic basis of such exocy-of vesicles (RRP) in adrenal chromaffin cells was stud-
totic plasticity and to refine a model describing theseied at differing basal [Ca21]i or following protein kinase
processes. Moreover, since activation of PKC by ele-C (PKC) activation by phorbol esters. Following deple-
vated [Ca21]i has been demonstrated in chromaffin cellstion, the pool size was estimated at varied times from
(TerBush et al., 1988), we wanted to test the possibilitycell capacitance jumps in response to paired depolar-
that at least part of the augmentory effect of elevatedizations. The experimentally observed RRP recovery
[Ca21]i might be mediated by Ca21 activation of PKC.time course and steady-state size could be predicted
We have studied the recovery of the RRP from depletionfrom the measured [Ca21]i signal assuming a Michae-
at differing basal [Ca21]i, as well as following proteinlis-Menten-type regulation of the vesicle supply by
kinase C activation by phorbol 12-myristate 13-acetateCa21. An elevated recruitment activity was observed
(PMA). To do so we probed the RRP size at differentat increased [Ca21]i even when protein kinase C was
times after pool depletion using paired depolarizationsblocked, but maximum effects could be obtained only
(Gillis et al., 1996; Moser and Neher, 1997). Exocytosisafter stimulation of PKC by phorbol esters or by pro-
was monitored by means of combined patch-clamplonged elevations in [Ca21]i. We suggest that, in chro-
measurements of cell membrane capacitance (Cm, anmaffin cells, elevated cytosolic Ca21 modulates exocy-
index of vesicle-membrane fusion) and amperometrictotic plasticity via PKC-dependent and -independent
detection of released catecholamines. Average [Ca21]ipathways.
was recorded using the calcium indicator fura-2. A com-
puter simulation of the experimental protocol, based on
a two-step model of secretion (Heinemann et al., 1993),

Introduction was used to estimate the rate constants of vesicle traf-
ficking to and from the RRP. Under all experimental

Both neuroendocrine cells and presynaptic nerve termi- conditions RRP recovery from depression could be
nals undergo stimulus-dependent changes in their exo- modeled from the measured average [Ca21]i assuming
cytic response to a given stimulation. Neuroendocrine a Michaelis-Menten-type Ca21-dependent regulation of
cells display secretory depression following intense the recruitment of vesicles to the RRP. In PMA-activated
stimulation (Neher and Zucker, 1993; Thomas et al. 1993; cells the RRP kinetics could be modeled by raising the
Horrigan and Bookman, 1994; Moser and Neher, 1997), maximal rate constant of the vesicle supply to the RRP.
augmentation following elevation of cytosolic calcium Moreover, inhibition of PKC reduced, butdid not abolish,
([Ca21]i) to submicromolar levels (Bittner and Holz, 1992; the effects of high basal [Ca21]i. We therefore suggest
von Rüden and Neher, 1993; Thomas et al., 1993), and that elevated cytosolic Ca21 promotes vesicle recruit-
long-lasting potentiation upon pharmacological acti- ment to the release-ready state both through PKC-
vation of protein kinases (Knight and Baker, 1983; Äm- dependent and PKC-independent mechanisms.
mälä et al., 1994; Vitale et al., 1995; Gillis et al., 1996).
As in the neuromuscular junction (Elmqvist and Quastel,

Results1965; Betz, 1970), secretory behavior of endocrine cells
can be simulated by sequential secretion models that

RRP Recovery in Normal Basal [Ca21]iassume trafficking of exocytotic vesicles between at
The size of the RRP in chromaffin cells held in the perfo-least one reserve pool and a readily releasable pool
rated patch configuration was estimated through the(RRP), from which exocytosis occurs (Heinemann et al.,
use of a dual-pulse protocol (Gillis et al., 1996; Moser1993; Thomas et al., 1993; Heinemann et al., 1994). The
and Neher, 1997). The dual-pulse paradigm is designed
to elicit and measure secretory depression. From the
sum and the ratio of the capacitance increases (DCm)‡These authors contributed equally to this work.



Neuron
1244

to two identical Ca21 current injections given in rapid
succession, an upper limit of the RRP, Bmax, is derived:

Bmax 5 S/(1 2 R2) (1)

where S represents the sum of the capacitance re-
sponses to the first (DCm1) and the second (DCm2) depo-
larizations, and R is defined as the ratio of DCm2:DCm1. A
value less than 1 for R represents secretory depression,
presumably due to depletion of theRRP. In experimental
analyses a maximum R of 0.6 was used because an
accurate estimate of the RRP size is only possible when
substantial vesicle depletion occurs (see Gillis et al.,
1996, for a detailed description of the dual-pulse proto-
col and its limitations).

By probing the pool size at varying times after a de-
pleting stimulus, the time course of RRP recovery from
depletion can be estimated (Stevens and Tsujimoto,
1995; Moser and Neher, 1997; von Gersdorff and Mat-
thews, 1997). Here we investigated the recovery of the
RRP size in chromaffin cells by stimulating cells with
the dual-pulse protocol at various intervals, as shown
in Figure 1A. In response to the first pulse, cell capaci-
tance in this case increased by approximately 192 fF but
showed almost no increase in response to the second
pulse. The secretory activity measured by the capaci-
tance technique was confirmed in the amperometric
record. The large amperometric response to the first
pulse, but small response to the second, is consistent
with strong secretory depletion, leaving few vesicles in
the release-ready state for the second stimulus to act
on. About 9 s later the cell was again stimulated through
a dual-pulse stimulus. A smaller response was mea-
sured to the second dual-pulse. This indicated that the Figure 1. RRP Recovery Measured by a Double Pulse Protocol
RRP was not able to recover to a very large extent during

Cells were held in the perforated patch voltage clamp at 283 mV.
the 9 s interval. The same cell was stimulated multiple (A) Changes in amperometric currents, cell capacitance, and evoked
times, with varying intervals between the dual-pulse membrane currents were simultaneously measured in response to

stimulation by a dual-pulse protocol. Potentials were adjusted tostimuli (shown in Figure 1B) and values S, R, and Bmax
match as closely as possible the elicited current injections for thewere calculated for each dual-pulse pair. The plot of
pair of depolarizations, but see Gillis et al., 1996, for a detailedthe Bmax values versus the time intervals is shown in
description of the limitations of the protocol. The first dual-pulse

Figure 1C. stimulus (DP1) gave rise to a DCm1 value of 190 fF and a DCm2 value
Analyses like that shown in Figure 1C were carried of 2 fF, resulting in a sum response, S, of 192 fF and a ratio, R, of

out on 36 cells, with their pooled data displayed in Figure 0.01 (an exceptional degree of depletion, the mean measured R
from DP1 in similar conditions was 0.34 6 0.02). The Cm change2. The result of a computer simulation of the RRP recov-
measured from DP1predicted a Bmax of 192 fF and was accompaniedery, based on the average measured [Ca21]i, overlays
by a large amperometric response. Also in (A) is the evoked inwardthe data points inFigure 2 (see Experimental Procedures
current, mostly representing Ca21 influx. The second dual-pulsefor a description of the simulation). In order to fit the
stimulus (DP2) was applied 8.7 s after the first and resulted in a

data, the simulation held some model parameters con- much smaller secretory response, with an S of 32 fF and an R of
stant. The basal [Ca21]i was 280 nM, a mean value mea- 0.72, predicting a Bmax value of 68 fF.

(B) Low time resolution plot of cell capacitance and Ca21 calculatedsured from fura-2 loaded cells. This value is somewhat
from fura-2 fluorescence of the cells. Many pairs of variably spacedhigher than the normal resting [Ca21]i, which prior to
dual-pulse stimuli were applied to single cells. Adequate time forstimulation was approximately 150 nM, because [Ca21]i
full RRP recovery was allowed prior to a new pair of dual-pulse

increases with repetitive stimulation and incomplete stimuli.
Ca21 clearance. For the simulation a [Ca21]i decay time (C) Plot of Bmax values versus the time interval before stimulation.
constant of 5.5 s was used, a number measured from Pairs of dual-pulse stimuli that were likely to provide accurate esti-

mates of Bmax were identified based on the values S and R from DP1fura-2 loaded cells. The peak [Ca21]i following a stimulus
(S1 and R1 respectively). A minimum value of 40 fF was chosen forwas about 1.2 mM. The size of the reserve pool A was
S1, with lesser responses considered prone to measuring error fromfixed to be equivalent to 5 pF; further parameters and
an unfavorable signal-to-noise ratio. A value of 0.6 for R1 was re-constants are as described in Experimental Procedures.
quired in order to ensure adequate depletion of the RRP and estima-

In the experiments it was rare to completely exhaust tion of Bmax. S and R values for DP2 were also measured and Bmax

the RRP through electrical stimulation, meaning that the calculated from Equation 1 was plotted against the time interval.
starting point of pool B recovery was higher than 0 fF
(a completely exhausted pool). The value of the starting
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Figure 2. Measured and Simulated RRP Recovery

The time course of RRP recovery was measured as described in
Figure 1 for 36 cells and is plotted (filled circles). The data were
binned according to the DP1-DP2 interval for clarity in presentation.
Also plotted is an ensemble average of 7 representative postdepo-
larization Ca21 decay transients as measured from fura-2-loaded
cells. The time course of RRP recovery was modeled in a computer
simulation based on the “two-step model of secretion control”
(Heinemann et al., 1993, see description in Experimental Proce-
dures). The results from the simulation are plotted as solid lines.
Input parameters for the model were as follows: basal [Ca21]i 5 280
nM, Ca21 decay time constant 5 5.5 s, [Ca21]i immediately following
stimulation 5 1.2 mM, constant a1 5 0.007 s21, rate constant k21 5

0.031 s21, a3 5 0.035 mM23 s21, size of pool A 5 5 pF, initial post
stimulus pool B (Bint) 5 16 fF, b1 5 1.9 mM.

Figure 3. PMA Increases the Initial Rate of RRP Recovery

(A) Membrane capacitance measured from a cell in the perforatedpoint was derived from the responses to dual-pulses.
patch configuration before and after application of 100 nM PMA isThe average poststimulus pool B size, here termed Bint
displayed.(for Bmax intercept at t 5 0), can be calculated under the
(B) Bmax values from 15 cells treated with 100 nM PMA were calcu-

assumption that the second pulse releases the same lated and are plotted. The solid line represents a computer simula-
fraction of the available pool as the first pulse. The value tion fitted to the PMA Bmax data set. The fitted simulation was
Bint is given by achieved using the control input parameters as described in Figure

2, with the exception that a1 was increased from the control value
Bint 5 Bmax · R1

2 (2) of 0.007 s21 to 0.014 s21. For comparison, the simulation of the
control condition is also plotted (dashed line).

where Bint is a function of the ratio R of the depleting
dual-pulse stimulation (termed R1, see the legend to
Figure 1) and the maximum pool size Bmax. Additionally, with 100 nM phorbol 12-myristate 13-acetate (PMA), an

activator of PKC. An example of such an experiment isthe KD for Ca21 of the vesicle recruitment from pool A
to B (b1 from Equation 4), originally taken to be 1.2 mM shown in Figure 3. Data from 15 cells treated by incuba-

tion in PMA were pooled and analyzed (Figure 3B). Theby Heinemann and colleagues (1993), was changed to
1.9 mM in order to fit the control condition with the data could not be fitted with the simulation parameters

determined for the control perforated patch data setsimulation. The free parameters left in the simulation,
the maximum vesicle supply to pool B, and spontaneous (Figure 3B, dotted line), unless a1 (maximum rate con-

stant for the vesicle supply to the RRP) was increasedloss from B to A (a1 and k21, respectively) were varied
until a satisfactory fit was achieved (see Table 2 for a from the control value of 0.007 s21 to 0.014 s21. The

doubling of the constant a1 resulted in the approximatecomplete summary of simulation parameters). The simu-
lation very well fits the average data, which shows rapid doubling of the RRP from 140 fF to 260 fF. It therefore

seemed that, while retaining a similar time course torecovery while [Ca21]i is high, and a slow approach to-
ward the steady-state value, once [Ca21]i has decayed that observed under control conditions, PMA appeared

to increase the number of vesicles in the release-readyback to baseline.
state by raising the rate of vesicle supply to the RRP.
The possibility that PMA acted by decreasing the rateRRP Recovery in the Presence of PMA

Protein kinase C (PKC) activation has been reported of vesicle loss from pool B backward to pool A (repre-
sented by the value k21) seems unlikely since the timeto increase secretory activity in neuroendocrine cells

(Knight and Baker, 1983; Ämmälä et al., 1994; Vitale et course of refilling under PMA was similar to that of the
control data. Had PMA increased the RRP size by de-al., 1995) evidently by increasing the size of the RRP

(Gillis et al., 1996). We wanted to examine the PKC effect creasing k21, we would have expected to observe a
slower time course of RRP recovery (see Equation 13in order to determine its mode of action. Toward this

end, we treated cells in perforated patch voltage clamp in Experimental Procedures). It should be mentioned,
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however, that a very similar steady-state RRP pool in-
crease can be obtained in the model by lowering the
value for b1 of Equation 4 (increasing the affinity of the
Michaelis-Menten binding site). However, this change
made it very difficult to obtain a suitable fit to both the
rising phase and the plateau level of the RRP size.

RRP Recovery in Low [Ca21]i

In order to test for the role basal [Ca21]i plays in the
modulation of the RRP recovery, an experimental proto-
col was designed to lower the cytosolic Ca21 artificially.
Cells were again studied in theperforated patch configu-
ration, butwith a slightly altered internalpipette solution.
The NaCl of the standard pipette solution was replaced
by 9.5 mM CsCl. Additionally, the cells were bathed in
a Ringer that contained no added CaCl2 with the inten-
tion of increasing the cell Na1 gradient and decreasing
the Ca21 gradient, thereby increasing the efficiency of
Ca21 removal from the cytosol through Na1-dependent
Ca21 clearance. Then, just prior to the dual-pulse stimu-
lus, Ringer containing 20 mM CaCl2 was puffed onto the
cell through a local puffer pipette to allow stimulus-
evoked Ca21 influx capable of supporting secretion
(shaded region, Figure 4A). Using fura-2-loaded cells, it
was estimated that the basal [Ca21]i was lowered from
the control mean value of 280 nM to approximately 72
nM. When the experimental dual-pulse protocol was Figure 4. Lowered Cytosolic Ca21 Alters the RRP Recovery

applied to these cells, it was observed that the steady- (A) Basal cytosolic Ca21 concentrations in chromaffin cells held in
the perforated patch configuration were lowered through a combi-state RRP had decreased in size from a control value
nation of low internal Na1 and low external Ca21. The dual-pulseof 140 fF to 51 fF. Additionally, the RRP recovery in the
protocol described in Figure 1 was applied to these cells, with mea-lowered [Ca21]i passed through a maximum of 75 fF after
sured cytosolic Ca21 and cellCm plotted. Immediately prior to stimu-

20 s before decreasing to the steady-state size. This lation, Ringer containing 20 mM CaCl2 was puffed locally onto the
observation can be explained as a overfilling of the RRP patched cell, indicated by the shaded regions.
shortly after the stimulus while [Ca21]i is high. As [Ca21]i (B) Bmax values from 28 cells studied with this protocol were calcu-

lated as described for Figure 1 and are plotted (filled circles). Alsofalls, the Ca21-dependent vesicle supply to the RRP
plotted is the result from the computer simulation (solid line) for(described by the Ca21-dependent rate constant k1) de-
which the input parameters were identical to those described increases, allowing the Ca21-insensitive loss of vesicles
Figure 2, except that basal Ca21 was set to 72 nM. For comparison,

from the RRP (described by the rate constant k21) to the simulation of the control condition is also plotted (dashed line).
dominate, leading to shrinkage of the RRP to its smaller
steady-state size. Therefore, two phases of refilling

in whole-cell recordings and studied the RRP size and
could be distinguished, a robust phase during the ele-

recovery behavior. This was achieved by balancing the
vated Ca21 following stimulation, and a relaxation to-

Ca21 buffer fura-2 with various levels of free Ca21 in
ward an equilibrium RRP size at resting Ca21. The ex- the whole-cell pipette solution. The Ca21 buffer pipette
perimentally observed recovery time course could be

solution differed from the standard whole-cell solution
matched by the simulation using the same parameters

only in that it contained the Ca21/fura-2 combinations
as those of Figure 2 except for taking into account the

shown in Table 1. In all cases the final free fura-2 concen-
lower basal [Ca21]i (72 nM; Figure 4B)

tration was approximately 50 mM.
Qualitatively, raising [Ca21]i from 100 nM to approxi-

RRP Recovery in Elevated [Ca21]i mately 500 nM increased the secretory response signifi-
Similar to the PMA effect, increased cytosolic Ca21 con- cantly (Figure 5B, i and ii), while further increases of
centrations have been indicated as exerting a positive [Ca21]i caused elevated asynchronous release, and an
influence on the secretory response in chromaffin cells accompanied decrease in the evoked response (Figure
(Bittner and Holz, 1992; von Rüden and Neher, 1993), 5B, iii). This supports experimentally the increase of
an effect we observed as well in the present study. In steady-state RRP size as a function of [Ca21]i (Figure
some cells the basal [Ca21]i rose late in experiments, 6A, filled circles) as predicted by the two-step model.
due mainly to seal instability or cell leakage. In such Using the same input parameters as were used for the
cases we observed under the increased basal [Ca21]i computer simulation shown in Figure 2, we calculated
(Figure 5A) that the secretory responses became larger, the predicted steady-state RRP size as dependent upon
as is predicted by the two-step model (Heinemann et the cytosolic Ca21 concentration (Figure 6A, dotted line).
al., 1993; Neher and von Rüden, 1994; see Figure 6A). At low [Ca21]i, the model predicts an increase in RRP
For a more detailed examination of the role of calcium, size with increasing [Ca21]i as the rate of vesicle recruit-

ment to pool B increases. At a certain point, however,we buffered the basal [Ca21]i of cells to specific levels
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Figure 6. Raised [Ca21]i Effects Steady-State RRP Size and Re-
covery

Figure 5. Comparison of Evoked Secretion at 3 Different Basal Ca21

(A) Measured Bmax values collected from 102 cells measured in theConcentrations
whole-cell configuration where the basal [Ca21]i had been buffered

(A) Cm and [Ca21]i measured from a cell where basal Ca21 slowly to differing levels were pooled and are plotted versus measured
rose during the experiment are plotted. As [Ca21]i increased, so did basal Ca21 concentrations (filled circles). The simulation of the steady-
the size of the measured secretory response. state RRP size with the input parameters described for the control
(B) Whole cell recordings in which the basal [Ca21]i was buffered to RRP recovery model in Figure 2 (dashed line), or with the constant
different levels between 100and 1000 nM showed differing secretory a1 as determined for the PMA-treated cells in Figure 3 (solid line).
activities. (i) A cell with low cytosolic Ca21 measured to be 110 nM (B) The time dependence of RRP recovery was measured for cells
was stimulated with the dual-pulse protocol. Evoked Cm increases that had basal [Ca21]i buffered to values between 0 and 450 nM,
and amperometric currents were modest in magnitude. (ii) A cell and 450 and 900 nM. The simulation for the lower Ca21 range (lower
with a measured basal [Ca21]i of about 600 nM; evoked Cm increases solid line) was calculated using the simulation input parameter de-
and amperometric currents were greatly increased (note that the scribed for the control data set (Figure 2) with basal Ca21 set to
amperometric axis in [ii] is truncated at 320 pA although the current 297 nM. A second simulation (dashed line) with the control input
reached a maximum of z720 pA). (iii) Cytosolic Ca21 raised to even parameters was run where the basal [Ca21]i was set to 594 nM
higher concentrations (in this example about 1200 nM) showed a (average [Ca21]i for the 450–900 nM data group) but did not approxi-
decreased evoked Cm increase with respect to the record in (ii). mate the measured data. If Ca21 activation of PKC was assumed,
However, the poststimulus amperometric and Cm records in (iii) and the elevated a1 value from the simulation fitted to the PMA-
indicate that the frequency of nonevoked exocytotic events is in- treated cell was used (Figure 3, a1 5 0.014 s21), the data could be
creased. well approximated (upper solid line).

(C) Plotted are the measured (left bars) and simulated (right bars)
steady-state RRP sizes of cells with Ca21 buffered to different levels

vesicle flow away from pool B dominates, as the rate and at high Ca21 after treatment with BIS. In low Ca21 control cells,
of exocytosis increases steeply. Clearly, this prediction, the measured RRP pool size (148.7 6 15 fF) could be simulated by
that RRP size should go through a maximum as [Ca21]i assuming the measured mean [Ca21]i (141 6 6.6 nM) and the control

rate constant a1 (0.007 s21). Similarly in high [Ca21]i cells (681 6 16increases was confirmed by the data (Figure 6A). How-
nM) that had been treated with 500 nM BIS, the measured RRP sizeever, the degree to which this occurs was underesti-
(227 6 23 fF) could be simulated assuming the control rate constantmated, especially at higher concentrations of Ca21.
a1. In cells with intact PKC activity and [Ca21]i buffered to high levels

Therefore, we asked whether the increased RRP in ele- (695 6 8 nM), the RRP (392 6 26 fF) could only be simulated by
vated Ca21 was due only to the direct Ca21-dependency assuming the elevated rate constant a1 predicted from the PKC-
of k1 or if it also resulted from a secondary mechanism activated cells (0.014 s21).
such as an increase in the rate constant a1 by Ca21-
activated PKC. When, accordingly, we simulated the
RRP size with the elevated constant a1 previously used
for the PMA activated cells (0.014 s21), the simulated
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Summary of the Simulation ParametersTable 1. Whole-Cell Ca21 Buffer Solutions
The results from the 5 simulations representing the dif-

Final free [Ca21]i Added [Ca21] Added fura-2
ferent experimental conditions are summarized in Table

100 nM 0 mM 75 mM 2. The values in each column represent simulation pa-
300 nM 45 mM 125 mM rameters resulting in a reasonable fit to the measured
500 nM 95 mM 175 mM

data. An initial parameter set for the model was deter-700 nM 145 mM 225 mM
mined by fitting the control perforated patch data set.
In most cases, except in thepresence of PMA or inhighly
elevated cytosolic Ca21, RRP characteristics could be
well simulated with the control fit parameters based onRRP size agreed well with the measured data at high
the actual Ca21 profile. In cells treated with 100 nM PMA,Ca21 (Figure 6A, solid line). At lower Ca21 concentrations
or when [Ca21]i was buffered above approximately 400the points fell below that predicted with the simulation
nM, a further increase in the peak vesicle supply waspossibly due to an incomplete Ca21-dependent PKC
required to fit the experimental data with the simulation,activation.
presumably due to the Ca21-dependent, or phorbol es-The kinetics of RRP recovery were studied in 102 cells
ter-dependent, activation of protein kinase C.under the whole-cell configuration in basal and elevated

Ca21. [Ca21]i was buffered to varying levels and pooled
data are plotted in Figure 6B. The data were divided

Discussioninto 2 groups, those that had measured [Ca21]i lower
than 400 nM and those that had [Ca21]i between 450

The identification of the readily releasable pool as aand 900 nM. The recovery time course and steady-state
major determinant of exocytotic plasticity has becomeRRP size (140 fF) measured in the lower Ca21 range
an important concept in thesecretion field.Certain typescould be simulated under the control set of assumptions
of secretory plasticity observed in neuroendocrine cellswith a Ca21 decay time constant of 7.2 s (measured
as well as in synapses have been related to modulationunder similar conditions by Neher and Augustine, 1992)
of RRP size. Thus, depletion of release-ready vesiclesand assigning the basal Ca21 level in the simulation to
has for a long time been suggested to be a major mecha-297 nM, a value obtained experimentally through fura-2
nism for synaptic depression in the neuromuscular junc-recordings made during the experiments (Figure 6B,
tion (Liley and North, 1953; del Castillo and Katz, 1954;lower solid line).
Elmqvist and Quastel, 1965; Betz, 1970). Similar conclu-Cells with [Ca21]i buffered to between 450 and 900
sions have been drawn for secretory depression in neu-

nM exhibited an increased RRP (404 fF). Contrary to
roendocrine cells (Heinemann et al., 1993; Thomas et

that described for the 0–400 nM Ca21 condition, the
al.,1993) and hippocampalsynapses (Stevens and Tsuji-

recovery could not be simulated just by assigning the
moto, 1995).

basal Ca21 to the measured average of 594 nM (Figure
An enhanced supply of fusion-competent vesicles is

6B, dotted line). However, if the elevated [Ca21]i was
believed to underlie accelerated recovery from depres-

assumed to activate the Ca21-dependent PKC, raising
sion during high frequency stimulation (Kusano and Lan-

the rate constant a1 to the levels obtained under PMA
dau, 1975; von Gersdorff et al., 1997) and might in some

incubation, the high Ca21 data were well fit by the simula-
preparations contribute to augmentation and postte-

tion (Figure 6B, upper solid line). It should be possible to tanic potentiation (Zucker et al., 1991; Byrne and Kandel,
test this assumption by inhibiting PKC activity, buffering 1996). Yet, so far relatively little is known about the
[Ca21]i to an elevated level, and measuring the steady- mechanisms by which repeated stimulation might acti-
state RRP size. We buffered [Ca21]i to approximately vate the recruitment of release-ready vesicles. There
700 nM in whole-cell patch recordings in the presence is a close temporal correlation between the elevated
of the specific PKC inhibitor bisindolylmaleimide I (BIS, cytosolic Ca21 and augmentation as well as posttetanic
500 nM in the internal pipette solution). BIS has been potentiation (Kretz et al., 1982; Delaney et al., 1989).
shown in chromaffin cells to block effectively phorbol When the elvation of cytosolic Ca21 during conditioning
ester activation of PKC and the subsequent increase in stimulation is suppressed in crayfish neuromuscular
RRP size. BIS treatment leaves largely unchanged the junction, both augmentation and posttetanic potentia-
RRP in cells at control Ca21 levels and not treated with tion are reduced (Kamiya and Zucker, 1994). Therefore,
PMA (Gillis et al., 1996). The size of the RRP measured it has been postulated that the increased cytosolic Ca21

in cells treated with BIS and with elevated basal [Ca21]i is might signal the enhanced vesicle supply to the RRP
plotted in Figure 6C. For the control low Ca21 condition, during repeated stimulation (for review, see Zucker,
measured data (left bar) could be simulated (right bar) 1996). In neuroendocrine cells an increased RRP size
by assuming the measured [Ca21]i of 141 nM and the caused by moderate elevation of [Ca21]i has been dem-
control rate constant a1 of 0.007 s21. In elevated Ca21, onstrated (von Rüden and Neher, 1993). In the present
and in the presence of BIS, the measured data could study we confirm and extend the previous results by
again be simulated assuming the measured [Ca21]i of measuring the steady-statesize of the RRPin chromaffin
681 nM and the control rate constant a1. But, in high cells with a dual-pulse protocol over a range of [Ca21]i

Ca21 and without the addition of BIS, the data could (Figures 4–6). We observed a bell-shaped relationship
only be simulated by assigning the measured [Ca21]i of with a peak at a [Ca21]i of about 600 nM. The drop in
695 nM and using the elevated rate constant a1 mea- RRP size at higher [Ca21]i was most likely due to an

increased rate of vesicle fusion (see Figure 6).sured in the PMA-activated cells (Figure 2) of 0.014 s21.
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Table 2. Summary of Simulation Parameters

Perforated Perforated Whole Cell Whole Cell
Patch Patch 0–450 nM 450–1200 nM Perforated Patch
Control low [Ca21]i [Ca21]i [Ca21]i 100 nM PMA

Basal [Ca21]i* 280 nM 72 nM 297 nM 594 nM 275 nM
[Ca21]i at t 5 0* 1.2 mM 1 mM 1.2 mM 1.4 mM 1.2 mM
Ca21 decay t* 5.5 s 5.5 s 7.2 s 7.2 s 5.5 s
a3 value* 0.035 mM23 s21 0.035 mM23 s21 0.035 mM23 s21 0.035 mM23 s21 0.035 mM23 s21

Pool A size* 5 pF 5 pF 5 pF 5 pF 5 pF
Bint value* 16 fF 8 fF 35 fF 70 fF 4 fF
a1 value† 0.007 s21 0.007 s21 0.007 s21 0.014 s21 0.014 s21

k21 value† 0.031 s21 0.031 s21 0.031 s21 0.031 s21 0.031 s21

b1 value† 1.9 mM 1.9 mM 1.9 mM 1.9 mM 1.9 mM

*Obtained from literature or measured in this study.
†Values selected to fit the data in this study.

We further investigated the effects of cytosolic Ca21 PKC activation by PMA—increasing the maximal rate
constant of the recruitment process fit the data with theon the vesicle trafficking to and from the RRP during the

recovery from depression. All experimental conditions same Ca21 dependency as for control. Keeping all other
parameters constant, recovery under both experimentalresulted in recovery modes that could successfully be

modeled on the basis of the measured cytosolic Ca21 conditions could be simulated using a maximal vesicle
supply rate constant (a1) of 0.014 s21 instead of 0.007signal by the two-step model of Heinemann et al. (1993)

that assumes a Ca21-dependent, Michaelis-Menten- s21 (see Figures 3 and 6). For the case of PKC activation
by PMA, we also tested the possibility of an increasedtype activation of the recruitment of vesicles to the RRP.

Although we do not know the local [Ca21]i that actually Ca21 sensitivity of the vesicle supply process without a
change of the maximal activity. In order to fit the datacontrols the vesicle supply, it seems reasonable to rely

on the measured average [Ca21]i mainly because equili- with a lower KD for Ca21 (b1), we had to almost double
the rate constant of the vesicle loss (k21) from the RRPbration of Ca21 throughout chromaffin cells (Neher and

Augustine, 1992) happens within a small fraction of the to the reserve pool. Such an increase in k21 is, how-
ever, not supported by the data, since the time coursetime it takes to recover the RRP (about 14 s in the control

condition, see Results section and Figure 2). of RRP recovery—which is determined by vesicle loss
from the RRP (see Equation 13)—was not changed byThe present study shows that at least two phases of

recovery from secretory depression have to be distin- PMA. The absence of detectable changes in k21 also
rules out the possibility that PMA led to a larger RRPguished. First the short poststimulus period of transient

[Ca21]i elevation (phase I) and second, the later phase by reducing the loss of vesicles back to the reserve
pool. Therefore, the most likely explanation of the RRPwhen [Ca21]i is close to basal levels (phase II). This bipha-

sic behavior became most evident in experiments where behavior in PMA-treated cells is that PKC-dependent
phosphorylation acts synergistically with Ca21 action towe lowered the basal [Ca21]i by enhancing the cellular

Ca21 clearance (see Figure 4). Under these conditions stimulate the supply of vesicles.
Here we show that the increase of the pool size bywe observed a rapid initial increase of pool size during

phase I and a decline towards the steady-state RRP elevated [Ca21]i can in part be blocked by bisindolylma-
leimide I (BIS), a blocker of PKC. At a [Ca21]i of aboutvalue representative of the basal [Ca21]i (phase II). This

finding provides evidence that at least for short eleva- 700 nM the RRP, upon inhibition of PKC by 500 nM
intracellular BIS I (IC50: 10 nM), dropped from 390 6 26tions of [Ca21]i the activation of the vesicle recruitment

to the RRP is reversible, allowing for dynamic pool size fF to 227 6 19 fF, a value that exceeds the RRP size at
low [Ca21]i (149 6 17 fF at 140 nM). Interestingly, it verychanges in response to variations of [Ca21]i. In chromaf-

fin cells poststimulus [Ca21]i decays with a time constant well matched the number predicted for the steady-state
RRP size at 680 nM basal [Ca21]i when the standardof about 5 to 10 s (Neher and Augustine, 1992; Figure

2 of the present study). Therefore, the [Ca21]i transient model parameters were used (236 fF, disregarding PKC
effects). These findings lead us to suggest that vesiclehas significant impact on the RRP recovery even at low

stimulation frequencies. This is likely to be different in supply in chromaffin cells is activated by elevated cyto-
solic Ca21 through PKC-dependent phosphorylation aspresynaptic nerve terminals where the [Ca21]i transients

are much shorter (fractions of seconds; Helmchen et well as via a PKC-independent mechanism, which
shows a Michaelis-Menten activation by Ca21. Revers-al., 1996). There one would expect, that an augmented

recruitment would become evident only at higher fre- ible activation of PKC by elevation of [Ca21]i has been
demonstrated in chromaffin cells (TerBush et al., 1988)quency stimulation when the initial transiently elevated

Ca21 phase gains more impact and basal [Ca21]i climbs, as well as in other neuroendocrine cells (Deeney et al.,
1996). In chromaffin cells Ca21 influx caused transloca-respectively. This view is consistent with the above-

mentioned close temporal correlation of elevated cyto- tion of PKC to the membranes within only a few seconds.
[Ca21]i as low as 300 nM was sufficient to cause somesolic Ca21 and synaptic potentiation (Kretz et al., 1982;

Delaney et al., 1989). PKC translocation, and already a small increase in the
amount of membrane-bound PKC caused a massiveFor two sets of experiments—high basal [Ca21]i and
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enhancement of Ca21-induced secretion (TerBush et al., 1993). Molecular targets of PKC which could potentially
1988). The present study shows that above a certain mediate the observed enhancement of release-ready
[Ca21]i PKC-dependent phosphorylation activates the vesicles to the RRP include p145 (Nishizaki et al., 1992),
recruitment of release-ready vesicles. This phosphoryla- annexins (Sarafian et al., 1991), the myristoylated ala-
tion-dependent effect appears to reach its maximum nine-rich C kinase substrate (MARCKS; Hartwig et al.,
value already in the submicromolar range of [Ca21]i be- 1992), and munc-18 (Fujita et al., 1996), as well as com-
cause the BIS-sensitive RRP increase at a basal [Ca21]i ponents of the 20S complex (Shimazaki et al., 1996).
of 700 nM (73%) is similar to the rise in RRP size induced Future experiments will be required to test the effects
by a saturating concentration of PMA (65% at 100 nM) of the above-mentioned molecules on the recovery ki-
at control basal [Ca21]i. Interestingly, we could simulate netic of the RRP. We hope that the results and the
experiments in which the basal [Ca21]i was below 300 approach presented here will prove helpful in these
nM without increasing the maximal rate constant for the studies. Additional information can be expected tocome
period of the poststimulus Ca21 elevation. We cannot from optical measurements of intracellular vesicle move-
exclude that small PKC-dependent effects were ob- ment and exocytosis, for example made possible re-
scured by the variance in these data sets. Still, the time cently by total internal reflection fluorescence micros-
of Ca21 elevation following depolarization seems to be copy (TIRFM; Steyer et al., 1997; Oheim et al., 1998).
too short to cause a significant enhancement of vesicle
supply through PKC-dependent phosphorylation. Experimental Procedures

The BIS-sensitive enhancement of release-ready vesi-
Chromaffin Cell Culturecle supply at elevated basal [Ca21]i described here is
Chromaffin cells were prepared by digestion of adult bovine adrenallikely to be of physiological relevance for chromaffin
medulla in collagenase type I (0.5 mg · ml-1; Worthington Enzymes,cells as well as for other neurosecretory preparations.
Freehold, NJ) and cultured for 1–4 days. Further details are de-Ca21-dependent PKC activation could potentiate the se-
scribed in Zhou and Neher (1993). After enrichment on a Percoll

cretory responses of chromaffin cells at higher spiking gradient, cells were plated in DMEM, 13 GMS-X (a defined serum
frequencies of the splanchnic nerve. Strong enhance- substitute; GIBCO-BRL, Bethesda,MD), penicillin, and streptomycin
ment of secretory responses during trains of short depo- at a density of approximately 4.4 3 103 mm22. Cultures were main-

tained at 378C and 10% CO2.larizations, indeed, has been observed in chromaffin
cells as well as in other neuroendocrine cells (e.g., the

Solutionsthreshold phenomenon described for chromaffin cells
During recordings, cells were constantly superperfused at a rate ofand neurohypophyseal nerve terminals by the lab of M.
approximately 1 ml · min21 with a Ringer solution of the followingNowycky [Seward et al., 1995; Seward and Nowycky,
composition (in mM); 150 NaCl, 10 HEPES-H, 10 Glucose, 10 CaCl2,1996]). After a number of stimuli, the climbing average 2.8 KCl, 2 MgCl2, oras otherwise noted. The osmolarity was adjusted

[Ca21]i would be expected to activate PKC, resulting in to 310 mOsm with mannitol, and pH was 7.2. The standard perfo-
larger secretory responses due the increased rate of rated patch solution contained (in mM); 135 CsGlutamate, 10

HEPES-H, 9.5 NaCl, 0.5 TEA-Cl, 0.53 amphotericin B; pH was 7.2vesicle supply.
and osmolarity was 300 mOsm. Amphotericin B was prepared asSo far it is unclearwhich steps of a vesicles maturation
described by Smith and Neher (1997). Pipettes were tip-dipped inare observed in our experiments. Moreover, the molecu-
amphotericin-free solution for 2–10 s, and back-filled with freshlylar targets of elevated [Ca21]i and PKC that mediate the
mixed amphotericin-containing solution. The liquid junction poten-

modulation of the vesicle supply to the RRP are not yet tial between the extracellular Ringer and the intracellular solution
known. Vesicles recruited to the RRP within the ob- was measured to be approximately 13 mV and all potentials were
served time window might have already been docked, adjusted accordingly. All chemicals were obtained from Sigma

Chemical company (St. Louis, MO) with the exception of CsOHsuch that the effects of elevated Ca21 and enhanced
(Aldrich, Milwaukee, WI), and amphotericin B (Calbiochem, La Jolla,PKC activity are on priming of the exocytotic machinery.
CA), or as otherwise noted.In fact, the RRP of chromaffin cells determined in elec-

The standard whole-cell pipette solution contained (in mM); 145trophysiological experiments might represent only a
CsGlutamate, 10 HEPES-Cs, 8 NaCl, 2 MgATP, 1 MgCl2, 0.35Na2GTP

fraction of the vesicles, which are already located close (Boehringer Mannheim, Mannheim Germany), 0.1 fura-2 K1 salt
to the plasma membrane (Parsons et al., 1995; Plattner (Teflabs, Austin TX); pH was 7.2 and osmolarity was 300 mOsm.
et al., 1997). On the other hand, it has been suggested The solutions were further modified as indicated in the text for the

different levels of buffered [Ca21]i.that Ca21 and PKC enhance the supply of release-ready
vesicles to the plasma membrane by inducing break-

Electrochemical Measurementsdown of the barrier of cortical actin network (Vitale et
Carbon fiber electrodes for amperometric catecholamine detectional., 1995).
were prepared as in Smith and Neher (1997). The amperometricThere is an entire array of Ca21-binding proteins that
current was recorded using either an EPC-7 patch clamp amplifier

have been implicated in regulation of exocytosis, includ- (HEKA, LambrechtGermany) orby thesecond headstage of a double
ing synaptotagmins, CAPS, rabphilin-3A, doc2, annexin EPC-9amplifier (EPC-9/2, HEKA). Signals wereeither directly filtered
II, and scinderin (see recent review by Bennett, 1997). at 1 kHz and sampled at 12 kHz by the EPC-9 or read from the

EPC-7 and stored temporarily on a digital tape recorder to be laterA comparison of their Ca21 dependencies to that found
filtered at 1 kHz and resampled at 4 kHz using the continuous modehere for the recruitment of releasable vesicles is compli-
of Pulse.cated by the fact that they can be influenced by the

amount and composition of phospholipids present (e.g.,
Electrophysiological Measurements

Gerke and Moss, 1997). Beside the PKC-dependent ac- Pipettes of approximately 2–3 MV resistance were pulled from boro-
tion demonstrated in the present study, elevated cyto- silicate glass, partially coated with a silicone compound (G. E. Sili-
solic Ca21 could regulate exocytosis through the activa- cones, Bergen Op Zoom, The Netherlands), and lightly fire-polished.

For acquisition we used an EPC-9 amplifier and PULSE softwaretion of other protein kinases as well (Greengard et al.,
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running on an Apple Macintosh. Cm was estimated by the Lindau- according to the secretion study of Klingauf and Neher (1997) to be
equal to 0.035 mM23 · s21. In this study a scheme assuming threeNeher technique (for review, see Gillis, 1995) implemented as the

“Sine 1 D. C.” feature of the Pulse lock-in module. Either a 700 or sequential Ca21 binding steps was used:
1000 Hz, 35 mV peak amplitude sinewave was applied to a holding
potential of 283 mV and the reversal potential of the lock-in module
was set to 0 mV. Data were acquired through a combination of the
high time resolution PULSE software and the lower time resolution
X-Chart plug-in module to the PULSE software. Briefly, membrane
current was sampled at 10 kHz shortly (100 ms) before, during, and
after the depolarizations, and Cm was calculated at either 0.7 or 1
kHz. Data acquired between high time resolution PULSE protocols

In order to derive the simple expression (Equation 3), it is assumedwere typically sampled at 12 Hz with the lower time resolution
that at low [Ca21]i the state B2 (i.e., the state of two Ca21 ions boundX-Chart plug-in.
to the Ca21 sensor of a vesicle within pool B) is at equilibrium with

Capacitance increases due to depolarizations were determined
free Ca21. This assumption is justified since the product 2 · [Ca21]i ·

from the high time resolution Cm traces as the difference between
a is small with respect to the backward rate 2b at sufficiently low

mean Cm measured in a 50 ms window starting 50 ms after the
[Ca21]i. Therefore,

depolarization minus the mean prestimulus Cm, also measured over
a 50 ms window. The first 50 ms of the postdepolarization capaci-

B2 5 B0 1 [Ca21]
[Ca21] 1 KD

2
2

(7)tance was neglected in order to avoid influences of nonsecretory
capacitance transients (Horrigan and Bookman 1994). Experiments
were carried out at 208C–258C. where KD is the dissociation constant (5b/a) of the Ca21 sensor.

The rate of exocytosis, r, is then given by the rate of reaching
Cytosolic Ca21 Measurements state B3, multiplied by the probability, pe, of an exocytosis event
Cellular Ca21 concentrations were measured in the perforated patch happening, once state B3 has been reached;
configuration by preincubating the cells in growth medium con-
taining 1 mM of the membrane permeant acetyl methyl ester form r 5 a[Ca21]iB2pe (8)
of fura-2 (fura-2AM, Molecular Probes, Eugene OR; Grynkiewicz et

withal., 1985) for 10 min at 378C. Following the experimental protocol,
the perforated patch was ruptured causing the intracellular fura-2
to dialyze out of the cell, allowing forthe measurement of the autoflu- pe 5

g

g 1 3b
(9)

orescence of the cell. The autofluorescence values at 360 and 390
nm wavelength excitation were subtracted from values measured

where g is the rate constant for exocytosis from the state B3. Weduring the experiment and the [Ca21] was estimated after Grynkie-
then obtainwicz and colleagues (1985). In the whole-cell configuration, Ca21

concentrations were estimated following dialysis of free fura-2 K1

salt into the cell from the pipette and as further described by Neher r 5 B01 [Ca21]
[Ca21] 1 KD

2
2

a[Ca21]
g

g 1 3b
(10)

(1989).

which, for [Ca21]i ,, KD simplifies to
Computer Simulation of Measured RRP Recovery
A computer simulation of the measured RRP characteristics was

r 5 B01 g

g 1 3b2 1a
3

b22(Ca21)3 (11).based on the “Two Step Model of Secretion Control” (Heinemann
et al., 1993). A brief summary of the model and its current implemen-
tation is supplied here. The two-step scheme for secretion describes With the numerical values used by Klingauf and Neher (1997; i.e.,
the transition of vesicle between 3 separate states. Pool A is consid- a 5 8 mM21 s21, p 5 105 s21, g 5 1000 s21), this results in the value
ered to be a large reserve pool of vesicles that mature, in a Ca21- for a3 given above.
dependent manner, into the release-ready vesicles of pool B. Vesi- The [Ca21]i-dependent steady-state size of pool B is described
cles in the B pool either revert and rejoin pool A, or undergo evoked by Equation 12;
Ca21-dependent secretion, described as the transition to pool C.

B∞ 5
Ak1

(k21 1 k2)
(12)

A
k1

.

,
k21

B k2
.

C (3)

where A is the size of pool A in farads. The time course for RRP
recovery at a given, constant [Ca21]i, is described by the equationFor the simulations, pool A was assumed to be equivalent to a

number of vesicles totaling in capacitance to 5 pF (Heinemann et
t 5 1/(k21 1 k2) (13)al., 1993). The forward rate constant k1 between pools A and B is

modeled as dependent upon [Ca21]i and is described by the Michae- where t represents the time constant of pool B recovery andthe Ca21

lis-Menten relationship in Equation 4; sensitivity is conferred through the Ca21-dependent rate constantk2.
In order to estimate the poststimulus recovery of pool B, the

k1 5
a1 [Ca21]i

b1 1 [Ca21]i

(4) differential equations derived from the model were solved using
the Runge-Kutta integration method. Further characteristics of the
simulation such as assumptions, constraints, and free parameterswhere a1 is the maximum possible value of k1 and b1 has the meaning
are described in the Results section.of a KD of a regulating site. In the simulations the stimulus-evoked

[Ca21]i transient was approximated as a monoexponential decay
from a maximum concentration, usually 1.2 mM, to a defined resting Acknowledgments
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