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Abstract

We have used an aequorin chimera targeted to the membrane of the secretory granules to monitor thg fresi{€tnem in neurosecretory
PC12 cells. More than 95% of the probe was located in a compartment with an homogené&dpari@md 4QuM. Cell stimulation with
either ATP, caffeine or high-Kdepolarization increased cytosolic RZpand decreased secretory granuleJ¢gCa?*]sg). Inositol-(1,4,5)-
trisphosphate, cyclic ADP ribose and nicotinic acid adenine dinucleotide phosphate were all ineffective to refefreenGhe granules.
Changes in cytosolic [N% (0140 mM) or [C&*] (0-10wM) did not modify either ([C&']sg). Instead, [C&]sc was highly sensitive to
changes in the pH gradient between the cytosol and the granules. Both carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and
nigericin, as well as cytosolic acidification, reversibly decreased&]ca while cytosolic alcalinization reversibly increased fJas. These
results are consistent with the operation of 4E&#* antiporter in the vesicular membrane. This antiporter could also mediate the effects
of ATP, caffeine and high-Kon [C&*]sg, because all of them induced a transient cytosolic acidification. The FCCP-induced decrease in
[Ca?*]se Was reversible in 10-15 min even in the absence of cytosofit @aATP, suggesting that most of the calcium content of the vesicles
is bound to a slowly exchanging E&uffer. This large store buffers [€3ss changes in the long-term but allows highly dynamic free’ [
changes to occur in seconds or minutes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction granin A), catecholamines (0.5-0.6 M) and ATP (130 mM)

[2,4]. The physiological significance of intragranularCa

Secretory vesicles constitute one of the less known ([Ca?*]sg) within these densely packed vesicles, either to

intracellular C&" pools. It has been known for more than play a role in secretion, to be destined for secretion or just
20 years that they contain large amounts of total calcium structural to keep granule contents together, is still obscure.
(20—-60 mM), in particular chromaffin granules of the adrenal Similarly, the mechanisms for €auptake and release from
medulla and zymogen granules of the exocrine pancreasthe granules are poorly known or controversial and may be
[1-3]. In addition, chromaffin granules contain also large different depending on the cell typg-9].

amounts of proteins (100 mg/ml, of which 40% is chromo- Recently, using a vesicle-associated membrane protein
(VAMP)—aequorin chimera targeted to the membrane of the
Abbreviations: [C&2*]sc, secretory granule [G&]; [Ca2*]., cytosolic secretory vesicles, it was possible for the first time to moni-

[Ca?*]; cADPR, cyclic ADP ribose; EGFP, enhanced green fluorescent pro- tor the intragranular [G&]in MING B-cells[8]. Intragranular
tein; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazonezlnsP  free [C:"12+] was around 5@.M, C&* was accumulated into
inositol-(1,4,5)-trisphosphate; NAADP, nicotinic acid adenine dinucleotide the vesicles via a P-type &aATPase and released through

phosphate; VAMP, vesicle-associated membrane protein; VAMP-mutaeq, . S . . . .
VAMP-mutated aequorin chimera ryanodine receptors and nicotinic acid adenine dinucleotide

* Corresponding author. Tel.; +34 983 423085; fax: +34 983 423588.  Phosphate (NAADP) receptof8,9]. We have used here the
E-mail addressjalvarez@ibgm.uva.es (J. Alvarez). same VAMP-aequorin chimera to monitor the dynamics of
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[Ca?*]in the catecholamine-containing secretory granules of 60x oil immersion objective mounted in a Nikon Eclipse
neurosecretory PC12 cells. Our results show that, althoughTE2000 microscope. Cells were also loaded with 50 nM lyso-
the free [C&*] is similar to that found in MIN&3-cells, the tracker red for 1 min atroom temperature and imaged sequen-
mechanisms of C:—’é uptake and release and the response to tlaIIy for both EGFP and Iysotracker red. EGFP was excited
extracellular stimuli are largely different. with the 488 nm line of the Argon laser, and the fluorescence
emitted between 500 and 530 nm was collected. In the case
of lysotracker red, the fluorescence excited with the 543 nm
2. Experimental procedures line of the green He—Ne laser and emitted between 570 and
, 700 nm was measured.
2.1. Cell culture and transfection

The construction strategy of the 2-synaptobrevin-mutated 2.4. Measurement of cytosolic pH

aequorin (VAMP-mutaeq) chimera has been described pre-
viously [8]. PC12 rat pheochromocytoma cells were grown

in Dulbecco’s Modified Eagle’s Medium supplemented with incubation with 0.§uM beect-AM for 30 min at 30C. Then,

7.5% fetal calf serum, 7.5% horse serum and 2mM glu- . .
! X . the dye was washed out and cells were incubated for 30 min
tamine. The construct for cytosolic aequorin has been also de-

scribed previouslf10]. The VAMP-enhanced green fluores- at 30°C before mounting into the perfusion chamber of an

cent protein (EGFP) constructwas made by inserting in frame Axiovert 200 microscope. Single cell fluorescence was ex-
the VAMP sequence in thelindlll site of the pEGFP-N1 cited at 490 and 440 nm using a Cairn monochromator. A pair

plasmid. Transfections were carried out using MetafecteneOf Images was taken every 2s by a Hamamatsu ORCA-ER

(Biontex, Germany) or ExGens00 (Fermentas, Germany). camera and ratioed aft_er backgrour_1d substrac_tlon using the
Metafluor program (Universal Imaging). Experiments were

performed at 37C. For calibration of pH measurements, so-
lutions containing 150 mM KCI, 10 mM Hepes, 10 mM glu-

PC12 cells plated onto 13mm plastic round coverslips ¢0s€, 1 mM CaGl 1 mM MgCl, 5.M nigericinand pH 6.6,
were transiently transfected with the corresponding plasmid. 7-0 or 7.4 were perfused at the end of every experiment.
For aequorin reconstitution, PC12 cells expressing cytosolic )
aequorin were incubated for 1-2h at room temperature 2-5. Materials
with 1 wM of wild-type coelenterazine, and cells expressing
VAMP-mutaeq were incubated for 1-2h at room temper- Wild-type coelenterazine, coelenterazine n, lysotracker
ature with 1uM of coelenterazine n, in standard medium red and bcecf-AM were obtained from Molecular Probes,
(145mM NaCl, 5mM KCI, 1mM MgG}, 1mM CaC, OR, USA. Bafilomycin A was from LC laboratories,
10mM glucose and 10mM Hepes, pH 7.4). Cells were Woburn, MA, USA or from Sigma, Madrid. Inositol-(1,4,5)-
then placed in the perfusion chamber of a purpose-built triSphosphate (Insf}, cyclic ADP ribose (CADPR), nicotinic
luminometer thermostatized at 3C. For experiments with ~ acid adenine dinucleotide phosphate (NAADP), carbonyl
permeabilized cells, cells expressing VAMP-mutaeq were cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and
reconstituted with JuM coelenterazine n for 1-2 h and then higericin were from Sigma, Madrid. Other reagents were
placed in the luminometer as above. Then, standard mediumfrom Sigma, Madrid or Merck, Darmstadt.
containing 0.5 mM EGTA instead of €awas perfused for
1 min, followed by 1 min of intracellular medium (130 mM
KCI, 10mM NaCl, 1mM MgCh, 1mM KzPOs, 0.5mM 3. Results
EGTA, 1 mM ATP, 20uM ADP, 2 mM succinate and 20 mM
Hepes, pH 7) containing 30M digitonin. Then, intracellular ~ 3-1. Targeting of VAMP-mutaeq in PC12 cells
medium without digitonin and containing 100 nM [€& . . .
(prepared with an EGTA/G4 mixture) was perfused. The specmcny_of targeting of the VAMP-mutaeq ch|mera
Control experiments performed in PC12 cells expressing {0 Secretory vesicles has been previously shown by im-
mitochondrially targeted mutated aequorin showed that this Munofluorescence and immunoelectron microscopy in in-
permeabilization procedure rendered all the mitochondrial Sulin containing secretory vesicles of MIN&cells [8]. We
space accessible to the perfusion medium (data not shown)have used here a VAMP-EGFP chimera to investigate the tar-
Calibration of the luminescence data into f¢javas made ~ 9€ting of the probe in PC12 cellBig. 1 (left panels) shows

pH measurements were carried out by microfluorimetry
of bcecf-loaded HelLa cells. Cells were loaded with bcecf by

2.2. [C&*]m and [C&"]. measurements with aequorin

using an algorithm as previously descrijéd]. confocalimages of the fluorescence of a PC12 cell expressing
VAMP-EGFP at three different planes. The pattern is typi-
2.3. Confocal measurements cally granular and consistent with the targeting to the secre-

tory granules. In addition, VAMP-EGFP colocalizes with the
PC12 cells expressing VAMP-EGFP were imaged on a marker for acidic compartments lysotracker red. The middle
BioRad Radiance 2000 confocal spectrophotometer using apanels show the fluorescence of lysotracker red obtained in
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Fig. 1. Confocal fluorescence co-localization of VAMP-EGFP and lysotracker red in PC12 cells. PC12 cells expressing VAMP-EGFP were loaded with
lysotracker red as described in Sectibhe left panels show three different confocal planes of the fluorescence of VAMP-EGFP. The middle panels show the
fluorescence of lysotracker red in the same confocal planes. The right panels show the overlap of both fluorescence images.

the same confocal planes and the right panels show that themental point of view. Thus, aequorin is being continuously
fluorescences of both VAMP-EGFP and lysotracker red are consumed along the experiments at a rate which is highly
mostly overlapping. dependent on the local [€4. When aequorin is distributed
Although the VAMP-EGFP fluorescence images suggest in compartments with different [G4], it will be consumed
that the probe is correctly targeted to secretory granules alsofaster in those compartments with higher fJaThis can be
in PC12 cells, it is difficult to estimate from these images if easily detected and quantified in the aequorin luminescence
there may be a small percentage of the chimera in a differentrecords, and this property has been used previously to esti-
location. To investigate this point, we have used the prop- mate the presence and size of compartments with different
erties of aequorin to determine the degree of homogeneity [Ca?*] in mitochondria and endoplasmic reticulljir®,13]
of the [C&*] in the compartment expressing VAMP-mutaeq. Fig. 2(upper panel) shows a crude record of luminescence
Emission of light by aequorin is irreversible from an exper- in PC12 cells expressing VAMP-mutaeg. As in the previous
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1600 continuously decreasing trend due to aequorin consumption
in a high-[C&*] environment. Once the luminescence had
reached nearly zero values, cells were permeabilized with
digitonin to reveal all the aequorin luminescence still present
in the sample. In case a significant proportion of aequorin
was present (due to mistargeting) in compartments having
low resting [C&"], its luminescence should be released here.
However, only a small percentage of the total luminescence,
below 5% (4.3t 0.3%, meant S.E.M.,n=7), was released
\y, at this point.
Fig. 2(middle panel) shows the record of [Ccalculated
from the same experiment. It shows a steady-staté*|Ca
60 1 level around 35.M, which keeps stable for 15-20 min and
then starts to decrease slowly. This final decrease is due to
the presence of a small percentage of aequorin in a compart-
40 1 ment with low-[C&*]. As most of the aequorin present in
the high-C&* compartment is being consumed, the relative
size of the low-C&" compartment increases progressively
20 4 and this is reflected as a decrease in the calibratett[@al-
ues. The percentage of aequorin present in that lovi¥[Ca
101 compartment can be estimated from the relative amount of
luminescence emitted after cell permeabilization, that is, less
than 5%. In fact, if that percentage of luminescence was not
taken into account during the calibration of luminescence into
[Ca?™] values, the record of calibrated [€4 remained sta-
ble for nearly 1 h around 40M (Fig. 2 lower panel). In this
case, calculation of [Z4] values was made not taking into
account the final 3.5% of the luminescence. In several similar
experiments, this percentage was always below 5%. There-
fore, these results constitute functional evidence that more
than 95% of our VAMP-mutaeq probe is measuring{Gin
a compartment with an homogeneous{Qaround 4Q.M
10 min (43+3pM, meant S.E.M.,n=7).
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3.2. Dynamic measurements of [&4in the secretory
Fig. 2. Steady-state [€4 in the secretory granules. PC12 cells expressing vesicles

VAMP-aequorin were reconstituted with coelenterazine n as described in

Section2 and then the aequorin luminescence was monitored under con- . .
tinuous perfusion with external medium. Upper panel: crude luminescence V€ have now investigated the effect on the secretory gran-

record. When indicated “cell lysis”, standard medium containing a0 ule [C&"] of a series of agents known to induce cytoso-
digitonin and 10mM C#% was perfused. Middle panel: calibrated fC lic Ca2* transients by different mechanisms: ATP, acting on
values from the same experiment. Lower.par'lelz caIibrate&*l]Qques purinergic receptors, triggers Ir}§E’roduction and release of
from the same experlmentobt_alned n_ottaklpg into accour_nthe final 3.5_%_of Ca2+ from the ER: caffeine acting on ryanodine receptors
the emitted luminescence. This experiment is representative of seven similar, ’ ’ . !
ones. induces also C4 release from the ER; and hightkby de-
polarizing the cells, induces &gentry via plasma membrane
work in MIN6 B-cells, we have reconstituted VAMP-mutaeq  voltage-dependent EachannelsFig. 3shows the effects of
expressing cells with coelenterazine n in order to measure thethese stimuli on both cytosolic and secretory granulé{Ta
high-[C&*] presumably contained within the secretory gran- As expected, all of the stimuli induced transient {Jan-
ules. However, we have preferred to avoidGeepletion of creases in the cytosol. However, it came as a surprise to see
the secretory granules prior to the measurements, by two reathat all of them induced also a transient decrease in tef]Ca
sons: (i) the rate of aequorin consumption at the’[TCemea- of secretory granules. These results suggested that secretory
sured allowed monitoring the [€§sg during reasonable  granules could release €aduring the process of stimulated
times (20-30 min) and (ii) it has been described that refilling secretion. To investigate the mechanism of stimulatetf Ca
of the secretory granule €astore in PC12 cells is extremely  release from the granules, we used permeabilized cells to test
slow[3]. Because of the lack of previous €adepletion, the the effects of several second messengers:lriedDPR and
C&* content of the secretory granules is high at the beginning NAADP. Fig. 4shows that none of them produced any change
of the experiment, and the record of luminescence shows ain the [C&*]sc. Similarly, perfusion of a 1.M [Ca2*] buffer
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Fig. 3. Effects of ATP, caffeine and hightkon both [C&*]. and [C&*]sc. PC12 cells were transfected with either cytosolic aequorin (left panels) or
VAMP-aequorin (right panels), and reconstituted with coelenterazine as described in Qediianleft panels show the cytosolic [E&@peaks induced by

1 min stimulation with 10QM ATP or 10 mM caffeine, or 30 s stimulation with a solution containing 70 mM Khe right panels show the effect of the same
stimuli on [C&#*]ss. These experiments are representative of 5-10 similar ones of each kind.

to mimic local increases in the [€4 around the vesicles had  this type of C&*-ATPase was not involved. On the other
no effect on [C&']sc. Therefore, these second messengers hand, in experiments performed with permeabilized cells,
are apparently not involved in the mechanism of the decreasechanges in the concentration of Nen from 10 to 0 mM

in [C&?*]sg induced by the agonists. or from 10 to 140mM produced also no change in the
Regarding alternative Gatransport systems in the gran-  [Ca?*]sg (data not shown), suggesting that Na&* ex-
ules, the presence of either €aATPases, N¥C&* or change is not operating in these granules. Instead, changes

H*/C&* exchange systems have been proposed in differentin the pH in the cytosolic side of the vesicles induced fast
preparation§l4—18] Inhibition of sarcoendoplasmic reticu-  and reversible changes in [€4sc consistent with the op-
lum C&*-ATPase with 1Q.M benzohydroquinone produced eration of a H/C&* exchange systenfrig. 5shows experi-
little effects on [C&*]ss (data not shown), suggesting that ments performed in permeabilized PC12 cells perfused with
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Fig. 4. Effect of InsB, CADPR, NAADP and C& on [C#*]sc. PC12 cells 60 pH74
expressing VAMP—aequorin were reconstituted with coelenterazine n and
permeabilized with digitonin as described in Sectbimmediately prior 50
to the experiment. Then, the effects of eithgeM InsP;, 5uM cADPR,
10M NAADP or 10pM Ca?* were tested, as indicated. These experiments 0
are representative of five similar ones of each kind. %_
- . B304 pH7.0 pH 7.0
buffers containing 100 nM [G4] and different pH. It can be &
observed that a decrease in pH from 7.0 to 6.6 induced ade- O, , |
crease in [C&]sg from 40uM to below 30uM, reversible
after returning the cytosolic pH to 7.0. Vice versa, an in- 10
crease in pH from 7.0 to 7.4 induced an increase if [z
from 40.M to more than 5QuM, reversible after returning to 0+
pH 7.0. The effects of nigericin, an ionophore that catalizes
H*/K* exchange, were also consistent with the presence of a 60 = Nigericin
H*/C&* exchangeFig. 5(lower panel) shows that nigericin
induced a decrease in [€3sg, which was reversible after 50
washing the ionophore with a 0.1% albumin containing so-
lution. s 407
The decrease in [@éi]sg induced by ATP, caffeine and {;
high-K* could be also mediated by a vesiculat/B&* an- -2 301
tiporter in case these stimuli induce a cytosolic acidification.  § 5 min
This was the caserig. 6 shows the mean response of all — 207 —
the cells present under the microscope field in experiments
performed with each agonist. Most of the cells responded to 107
the stimuli with a transient or prolonged acidification and the i

mean response was in all the cases an acidification of around

0.1 pH unit. Fig. 5. Effect of pH changes and nigericin on fCgc. PC12 cells express-
Fig. 7 (upper panel) shows that the protonophore FCCP ing VAMP—aequorin were reconstituted with coelenterazine n. In the upper

produced also a decrease in Fq%G, which was reversible gnd mgdium_ panelg,thengrealso permea_lbilized with digitoqin as descr_ibed

. . . . in Section2 immediately prior to the experiment. Then, solutions contain-

after-washlng the ionophore. The effect of FCCP is again ing 100 nM C&* and the different pH indicated in the figure were perfused.

consistent with the presence of /8&* exchange operat- | the lower panel, intact PC12 cells were treated wiftM2 nigericin as

ing in the membrane of the secretory granules. In case thisindicated. The ionophore was then washed by perfusing medium containing

system was responsible for the accumulation &'Qato the 0.1% bovine serum albumin. These experiments are representative of four

vesicles, we reasoned that the reversibility of the effect of © &ight similar ones of each kind.

FCCP on [C4*]sc should depend on the restoration of the

vesicular H gradient via the bafilomycin-sensitive vacuolar FCCP. Alternatively, the presence of P-type?GATPases,

H*-ATPase. However, as shown in the lower paneFigf 7, as suggested for the insulin containing vesicles of MPN6

bafilomycin had no effect on this process. Similarly, incuba- cells[8], cannot be excluded. To obtain further evidence on

tion with 200 nM bafilomycin for 15 min produced no effect this point, we perfused intracellular medium containing ADP

on the resting [C&]sc (data not shown). (and 5uM oligomycin to abolish internal ATP production)
Therefore, restoration of the vesiculai igradient was instead of ATP in permeabilized cells, but we did not ob-

not required to revert the changes in f¢ag induced by serve any changes in [E4sc. In addition,Fig. 8(upper and
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Fig. 6. Effects of ATP, caffeine and high*Kon cytosolic pH. PC12 cells
were loaded with bcecf as described in Secaand then stimulated with
either 10QuM ATP for 1 min, 10 mM caffeine for 1 min or with a solution
containing 70mM K for 30s, as indicated in the figure. Traces shown
correspond to the mean of all the cells present under the microscope field
(high-K*, 20 cells; caffeine, 19 cells; ATP, 40 cells). These experiments are
representative of at least three separate experiments of each kind.
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bafilomycin was also present before, during and after FCCP addition, as
indicated. These experiments are representative of six similar ones of eacl
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Fig. 8. Effect of FCCP on [C4]sg in permeabilized cells. PC12 cells
expressing VAMP—aequorin were reconstituted with coelenterazine n and
permeabilized with digitonin as described in Sectitbimmediately prior

to the experiment. Then, in the upper and medium panels, solutions con-
taining 100nM C&* and either standard intracellular medium containing
1mM ATP (upper panel) or intracellular medium containing 1 mM ADP
and 5uM oligomycin instead of ATP (medium panel) were perfused. In the
lower panel, standard intracellular medium containing 2mM EGTA and no
Ca* was perfused. When indicatedu® FCCP was perfused in the same
medium used for each experiment. These experiments are representative of
hree to five similar ones of each kind.
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medium panels) shows that the recovery from thé?{Tis

decrease induced by FCCP occurred similarly in permeabi-

lized cells perfused with medium with or without ATP, sug-
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Our data show also that changes in the pH gradient be-
tween the cytosol and the secretory granules immediately
trigger changes in [(d]sg that are consistent with the op-

gesting that ATP hydrolysis was also not necessary to restoreeration of a H/Ca* exchange. These effects cannot be at-

the [C&*]sc levels. Finally,Fig. 8 (lower panel) shows that
recovery of [C&']sg after FCCP action took place unmodi-
fied even in permeabilized cells perfused with medium in the
absence of C& (EGTA 2mM).

4. Discussion

We show in this paper dynamic measurements of{TCa

tributed to the effects of intragranular pH changes in aequorin
luminescence, because aequorin s little sensitive to pH in this
rang€8]. In addition, it should be remarked that both low pH
and nigericin or FCCP induced decreases irf[(is (Fig. 5),
although their effects in intragranular pH should be oppo-
site. ApH-dependent G4 fluxes thus appear to be the only
mechanism able to generate fast changes iR lga under

our conditions, and could be responsible of agonist-induced
C&" release from the granules. We show here that cell stim-

in the catecholamine-containing secretory granules of PC12ulation with ATP, caffeine or high-K induces a transient

cells using a VAMP—aequorin chimera. Regarding the quality
of the targeting to the secretory granules, we provide func-

acidification of the cytosol of about 0.1 pH unit. Itis difficult
to assess if this acidification is enough to induce the measured

tional evidence that our probe (at least that able to reconstitutedecreases in [G4]sg, but obviously the changes go in the

with coelenterazine n in the absence offGdepletion) is

rightdirection. In addition, local pH changes in the vicinity of

more than 95% located in a compartment containing aroundthe secretory granules close to the plasma membrane may be

40uM [Ca?*|under steady-state conditions. No other subcel-
lular compartment known has [€3 levels in this range. En-
doplasmic reticulum and Golgi apparatus have[g&-10-
fold higher[19,20], while cytosol, nucleus and mitochondria
stay under resting conditions at [€4below 1 .M. Our data

of resting [C&*]sg are consistent with those obtained with
the same probe in MINB-cells (around 5@QM, see ref8])

larger than the global changes measured here. Consistently,
it has been shown that stimulation of PC12 cells with high-
K* depolarization induces alcalinization of secretory vesicles
[24]. A similar finding has been described in mast cglh.
Operation of a H/C&* exchange has been previously de-
scribed in synaptic vesiclg¢$8,26]and yeast vacuold27].

As mentioned above, our data in PC12 secretory granules

and confirm that secretory granules are the organelle with share with those described in MINEcells[8,9] the similar

the largest bound/free €arelationship. Estimations for the
total calcium content of secretory granules in chromaffin or
PC12 cells range between 20 and 40 nd/R1]. Most of
this C&* must be bound to proteins such as chromogranin
A, the major intravesicular protein of adrenal chromaffin
granules. This protein, which constitutes 40% of the solu-
ble intravesicular proteingR2], is known to bind 152 nmol
of Ca*/mg of protein with &g of 54 M, apart of several
additional low affinity (millimolar) binding site$4,21,23]
Given that the free [Cd]sc is around 4QuM, only the high
affinity sites can bind significant amounts of &aln ad-
dition, a significant proportion of G4 must be bound to
ATP, as chromaffin granules may contain up to 130 mM ATP
[2].

The rapid release of afrom the secretory vesicles in-
duced by the different agonists suggests that*Gelease
from the granules during cell stimulation could play a role

steady-state [(4] levels. However, there are many differ-
ences in the dynamics, such as the lack of effect of FCCP on
MING B-cells [C&*]sg, the increase in [Gd]sginduced by
an InsR-producing agonist in those cells and the release of
C&* from the MING B-cells through both ryanodine recep-
tors and NAADP receptors. On the contrary, none of these
receptors appears to be presentin the PC12 secretory vesicles
and the protonophore FCCP, thé/K* exchange ionophore
nigericine, and the different extracellular stimuli induced all
of them rapid decreases of [€3sc in PC12 cells. These
differences probably result from the presence of 4G4+
exchange system in PC12 granules.

Regarding the mechanism of accumulation of Ciato
PC12 granules, our data on the restoration o[ lev-
els after FCCP action are intriguing. In permeabilized cells,
FCCP induced a decrease in fChg that was completely
reversible even in the absence off€and ATP in the perfu-

in secretion, in particular if the observed global decrease in sion medium. The only explanation to these results would be

[Ca*]sc induced by the agonists could be restricted to a

the presence in the secretory granules of a large capacity, low

small population of vesicles undergoing larger changes in affinity and slow-exchanging Gabuffer, that would be able
their [C&*]. However, none of the known second messengers to release C& during the following 10-15 min after FCCP

tested (InsB, cCADPR, NAADP or C&*) produced any effect
on [C&*]sg in permeabilized cells. Thus, unless additional

action to restore [Cd]sc levels in the absence of any €a
influx from the cytosol. This possibility is consistent with

cellular components (perhaps lost during permeabilization) previous data showing that calcium binds and precipitates

may be required, our data suggest that neitherdns€eptors

chromogranins at affinities compatible with their physiolog-

nor ryanodine receptors (at least those activated by cADPRical concentrations and that this tight binding could account

or C&*) or NAADP-activated channels are involved in the
mechanism of agonist-induced €aelease from PC12 se-
cretory granules.

for more than 90% of intravesicular calciui8]. The pic-
ture that emerges now is that of a vesicle containing relatively
small amounts of free or rapidly exchanging bound'Gad
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