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ABSTRACT

Cellular Ca?*signaling results from a complex interplay among a variety of Ca®* fluxes going across the
plasma membrane and across the membranes of several organelles, together with the buffering effect of
large numbers of Ca2*-binding sites distributed along the cell architecture. Endoplasmic and sarcoplasmic
reticulum, mitochondria and even nucleus have all been involved in cellular Ca2* signaling, and the
mechanisms for Ca?* uptake and release from these organelles are well known. In neuroendocrine cells,
the secretory granules also constitute a very important Ca?*-storing organelle, and the possible role of
the stored Ca?* as a trigger for secretion has attracted considerable attention. However, this possibility is
frequently overlooked, and the main reason for that is that there is still considerable uncertainty on the
main questions related with granular Ca?* dynamics, e.g., the free granular [Ca?*], the physical state of
the stored Ca?* or the mechanisms for Ca?* accumulation and release from the granules. This review will
give a critical overview of the present state of knowledge and the main conflicting points on secretory
granule Ca2* homeostasis in neuroendocrine cells.

Ryanodine receptor
Ca®*-ATPase

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Ca?* is an intracellular second messenger able to fulfill a vari-
ety of different functions in all cell types with no exception,
both excitable and non-excitable cells. Let us just mention muscle
contraction, neurotransmitter secretion, fertilization, proliferation,
development, learning, memory or cell death [1]. This versatility
can only be achieved thanks to a very precise control of its concen-
tration at the subcellular level. In fact, activation of these processes
usually takes place as a consequence of transient increases in the
cytosolic [Ca%*] in specific subcellular locations, which are vari-
able depending on the process. These hot spots or local [CaZ*]
microdomains have a critical importance in Ca* signaling and their
size and dynamics depends on the spatial disposition of the differ-
ent CaZ* transport systems (channels, exchangers, pumps, etc.) both
in the plasma membrane and in intracellular organelles.

Because of the strong Ca2* buffering of the cytosol (free Ca%* con-
stitutes only 1% of the total Ca2* in the cytosol), diffusion of Ca2*
through the cytosol is severely limited, particularly during small,
physiological, cell stimulations. Intracellular organelles are there-
fore essential to generate or control local [Ca2*] microdomains at
different intracellular locations. The first organelle that was known
to have an important role in Ca%* homeostasis was the endoplas-
mic reticulum (ER) [2]. This organelle behaves as a dynamic Ca2*
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store. It accumulates Ca2* inits lumen through the SERCA pumps up
to near millimolar levels [3], and is able to induce a rapid release
of Ca2* to the cytosol via several specific Ca?* channels present
in its membrane (InsP3 and ryanodine receptors, mainly). In addi-
tion, both the ER and the sarcoplasmic reticulum of muscle cells
contain Ca%*-binding proteins with high-capacity and low-affinity
that make the total calcium content of the ER to be about 10-fold
larger than the free [Ca2*]gg. The more abundant, calreticulin in the
ER and calsequestrin in the SR, have Ca2*-affinities of 1-4mM [2],
close to the free [Ca2*]R, thus facilitating fast binding and release
of Ca?* following the changes in free [Ca2* |gg.

Another organelle with an important role in cell Ca* homeo-
stasis is mitochondria, the organelle responsible of aerobic energy
production in the cell. The ability of mitochondria to take up
large amounts of Ca2* was known since the sixties. However, the
low Ca2*-affinity of the mitochondrial Ca?*uniporter (Ky above
10 M, 100-fold higher than the resting cytosolic [CaZ*], 100 nM,
and 10-fold higher than the usual peak cytosolic [Ca2*] found dur-
ing cell stimulation, about 1 wM) led to most researchers in the
1970s and 1980s to exclude a significant role in Ca2* homeosta-
sis for this organelle, at least under physiological conditions. Then,
in the beginning of the 1990s, recombinant aequorin targeted to
the mitochondria showed that mitochondrial [Ca%*] was able to
undergo rapid changes during cell activation [4]. That was the ori-
gin of a series of works by several research groups demonstrating
that mitochondria were very active players in the control of the
global cell Ca?* homeostasis. In particular, because of the low-CaZ*-
affinity of their Ca%* uptake mechanism, mitochondria are very well
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adapted to take up Ca2* from local high-Ca2*microdomains, such as
those formed after the activation of plasma membrane or endoplas-
mic reticulum Ca2* channels. Mitochondria can therefore modulate
important cellular functions such as neurotransmitter secretion by
acting as local Ca%* sinks [5].

The subject of this review, the secretory granules, constitutes
one of the less known compartments in terms of Ca2* dynamics.
It is widely known that the increase in intracellular [Ca2*] levels
triggers exocytosis of a pool of docked secretory vesicles in neu-
ronal and neuroendocrine cells. These vesicles are attached to the
plasma membrane and are also very close to portions of ER and
mitochondria. Thus, it is generally assumed that the Ca2* required
for exocytosis may enter from the extracellular medium through
several kinds of plasma membrane Ca2* channels [6] or be released
from the endoplasmic reticulum through either inositol trisphos-
phate (InsP3) or ryanodine receptors [7]. Nearby mitochondria may
also contribute to modulate the size of the local [Ca2*] microdomain
responsible for vesicle fusion and secretion. However, it is hardly
mentioned that the main Ca%*-store in some excitable cells resides
in the secretory vesicles. In chromaffin cells, secretory granules
contain about 60% of the total cellular calcium [8], and the total
calcium concentration inside the granules has been estimated to be
around 40 mM [9], much higher than thatin the ER (about 5-10 mM,
see [2]). Of course, an attractive possibility would be that intra-
granular calcium could contribute to its own secretion by being
released through CaZ* channels placed in the granule membrane.
In that way, Ca2* would be released precisely in the right place to
trigger secretion. What is then the reason for this apparent over-
sight? As we will discuss in this review, the main reason for that
is that there is still little and sometimes contradictory information
on the dynamics of CaZ*in the granules. Thus, the main aspects of
CaZ* homeostasis in the granules, that is, the free [Ca2*]sg and the
mechanisms for Ca%* accumulation and release, are still controver-
sial.

2. The problem of the free and total calcium concentration
in the secretory granules

Studies in the 1980s showed that the total calcium concentra-
tion in the secretory granules is 40-80 nmol/mg of protein [10,11],
which considering a protein/water relationship in the granules of
about 0.5 mg/ul [12], implies that the total calcium concentration
in the granules is 20-40 mM. Winkler and Westhead [9] calculated
a total of 90,000 Ca2* ions for a vesicle with 270 nm internal diame-
ter, which means a concentration of 15 mM. Studies of total calcium
made by electron energy loss imaging spectroscopy in PC12 cells
show also clearly that dense granules have a high calcium content
(>10mM), with a signal comparable to that obtained in the Golgi
complex and some regions of the ER [13]. Accordingly, in PC12 cells,
the acidic calcium pool accounted for 170 wmol/l cell water, which
corresponds to an internal total concentration of about 30 mM [14].
This high calcium content is not exclusive of chromaffin granules
but instead it is also found at similar or even higher values in most
types of secretory granules, e.g. zymogen granules of pancreatic
acinar cells [15], small synaptic vesicles of the neuromuscular junc-
tion [13], insulin granules [16] and many others (see [17] for a
review).

Therefore, secretory granules appear to be the organelles with
the higher calcium content of the cell. Other organelles with high
calcium content are the endoplasmic reticulum and Golgi appa-
ratus. Electron microscopy techniques have shown that the total
calcium content of the ER from different cell types is in the range of
5-50 mM, with the highest values in the terminal cisternae of the
sarcoplasmic reticulum and mean values of 5-10 mM [2,18], that
is, 5-10-fold lower than in the secretory granules. The free [Ca*]
in the ER has been also measured with low-Ca2*-affinity aequorin

and is in the 500-800 wM range [7], so that the Ca%*-bound/Ca?*-
free relationship in the ER is about 10. In addition, the total calcium
distribution in the ER is heterogeneous, with strongly positive cis-
ternae (including the nuclear envelope) lying in the proximity of
or even in direct continuity with other, apparently negative cister-
nae [13]. This heterogeneity must surely reflect the distribution of
the CaZ*-binding proteins in the lumen of the ER, as most of the
calcium content of the ER is bound with low affinity (K4 =1-4 mM)
to several Ca2*-binding proteins, mainly calreticulin in the ER and
calsequestrin in the SR [2,18]. The K4 for Ca2* binding of these pro-
teins is therefore close to the free [Ca2*] in the ER, assuring an
efficient binding.

Many studies have tried to estimate the free [Ca2*] in the secre-
tory granules. Bulenda and Gratzl [10] and Haigh et al. [8], using
null-point titration techniques, found values of 24 uM and 5.6 wM,
respectively, in isolated acidic chromaffin vesicles. In mast cell
granules, studies with fluorescent dyes showed a resting intra-
luminal free [Ca2*] of 25 uM [19]. In the B-cell line MING, data
obtained with targeted aequorin indicated a free [Ca%*] in the vesi-
cles around 50 wM [20]. These values contrast with the 1.4 M
[CaZ*] value obtained by Mahapatra et al. [21] in PC12 chromaffin
granules, using also targeted aequorin. The discrepancy may prob-
ably be due to the higher Ca2*-affinity of the aequorin type used
in the last study. Because aequorin is consumed faster in high-Ca2*
environments, high-Ca2*-affinity aequorin is rapidly consumed in
those regions and finally tends to reflect only the behavior of minor
compartments with low [Ca%*] [22]. Using an aequorin with lower
Ca?*-affinity and correcting for the effect of acidic pH on aequorin
luminescence, we have reported free [Ca2*] values of 50-100 .M
in chromaffin granules [23] and 20-40 .M in PC12 and INS1 cells
[24]. We should note also that the small size of some of the vesi-
cles poses some restrictions to the possible values of free granular
[Ca2*]. Let us just mention that for a small synaptic vesicle, with
a diameter of 50 nm, 25 LM [Ca2*] would be obtained with only 1
Ca2* ion, and even for a large dense core vesicle of 200 nm diame-
ter, just 2-3 Ca®* ions per vesicle would represent 1 WM [Ca?*] (that
would give figures of 100-300 free Ca2* ions per vesicle).

In conclusion, the free [Ca2*] in several types of secretory gran-
ules appears to range between 20 and 100 wM. These values are
significantly lower, nearly by one order of magnitude, than the free
[Ca?*] in the endoplasmic reticulum, which is about 500 wM [3,25].
Given that the total calcium content is larger in the vesicles than
in the ER also by nearly one order of magnitude in terms of con-
centration, this means that the Ca* bound/Ca?* free relationship
is much higher (almost two orders of magnitude) in the vesicles
than in the ER, from values of 10-20 in the ER to nearly 1000 in the
vesicles. The question then is where all those Ca%*-binding sites
are. It is generally assumed that the large calcium storing capac-
ity of the secretory granules is mainly due to the presence of high
concentrations (about 2 mM) of the proteins chromogranin A and
B and secretogranin [26]. In bovine chromaffin cells, chromogranin
A constitutes about 90% of these Ca2*-binding proteins (1.8 mM),
and it is able to bind 55 mol of CaZ* per mol of protein, with a K4 of
4mM [26]. The Ca?*-binding capacity of these proteins is therefore
very large and could store up to 100 mM total calcium. However,
the affinity is too low if we consider that the free [Ca%* s remains
below 100 wM. In fact, even considering a free granular [Ca%*] of
100 wM, binding to a protein with a Ky of 4mM would hardly fill
2.5% of the available binding sites. In our case, this binding would
explain 2.5 mM of the stored calcium, that is, less than 10% of the
calcium present in the granules.

How can then we explain the large Ca2*-storing capacity of the
granules? There are several alternatives: (i) the CaZ* affinity of
these CaZ*-binding proteins could be different in the conditions of
the secretory granules, that is, at very high protein concentrations
(0.5mg/l) and in the presence of 500-1000 mM catecholamines
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and 125-300mM ATP; (ii) early studies described a significant
number of higher affinity Ca2*-binding sites in vesicle matrix pro-
teins, that would be able to bind up to 180 nmol Ca%*/mg protein
with affinities in the 100-300 .M range depending on the pH and
ionic conditions [27,28]; and (iii) part of the calcium could also be
bound to other vesicle components, such as nucleotides or lipids.
Regarding the nucleotides, they are present at high concentrations
and can bind Ca%* with a Ky in the 100-300 M range depending
on the pH and ionic conditions [27]. However, catecholamines and
ATP have been shown to interact at the concentrations found in
the granules forming highly non-ideal solutions that considerably
reduce osmotic pressure [29]. Given that this interaction does not
require calcium, and that most of vesicle ATP and catecholamines
appear to be involved in these interactions, probably only a small
part of the total ATP is available to bind Ca2* in the vesicles.

A final point regards the availability of the stored calcium for
exchange from the binding sites. In the ER and SR, the Ca?* bound
to calreticulin or calsequestrin is in fast equilibrium with the free
Ca?*, and it is therefore readily available for release from the bind-
ing sites when the luminal free [CaZ*] is reduced. In that way, when
the Ca%*-channels in the ER or SR (e.g., InsP; or ryanodine recep-
tors) are activated, all the stored CaZ* can contribute to the release
into the cytosol. In the case of the secretory granules, some reports
suggest that at least part of the stored calcium is relatively immo-
bile or exchanges very slowly with the free Ca2* pool. Clemente and
Meldolesi [15] found that zymogen granules have a very slow rate
of 45Ca accumulation and release compared with other organelles,
suggesting that the stored Ca2* could play mainly a structural role
in the architecture of the organelle. Similarly, 4°Ca flux experi-
ments performed in PC12 cells showed that the granule CaZ* pool
was extraordinarily stable in periods of hours in EGTA-containing
medium, and very slow to label [14], concluding that the stored
Ca2* would only serve to keep granule components together and
to be discharged to the extracellular space by exocytosis. The ques-
tion then relies in the nature and the physical state of the contents
of the granule. Evidence from several techniques indicates that no
important fraction of the small molecules of the granule is in an
immobilized or precipitated form (see [9] for a review). However,
complexes between ATP and catecholamines and perhaps other
components must necessarily exist to explain the osmotic prop-
erties of the granule [29]. In addition, chromogranins have been
shown to aggregate or form tetramers in a Ca2*-dependent way
[28,30,31]. These complexes could perhaps trap in a stable form
some of the stored calcium.

As a conclusion, Ca2* ions in the secretory granules can be in
three different states: (i) a stable, slowly exchanging pool which
may be important for the structure of the granular components; (ii)
a pool bound to chromogranins or other granular components with
an affinity close to the free [Ca%*]sc, readily available for exchange
and whose size may depend on [Ca2*]. variations or other cel-
lular conditions; and (iii) the free Ca* pool. The relative size of
these pools may depend on the type of granule and the cellular
conditions.

3. Mechanisms of Ca%* accumulation in the secretory
granules

If the free [Ca%*]sg is in the 20-100 wM range, there should be
in the membrane of the secretory granules active mechanisms to
accumulate this ion in the matrix, given that its concentration in
the cytosol is nearly 1000-fold lower. Several candidates have been
proposed for this role (see the cartoon in Fig. 1).

Krieger-Brauer and Gratzl [32] found evidence for the presence
of a 2Na*/1Ca?* exchange in the membrane of the secretory gran-
ules of bovine chromaffin cells. The system was pH-independent

and had high affinity for Ca?* (0.28 WM [33]), so that it was still
partially active at 100 nM extragranular [Ca%*], although the rate
increased at higher concentrations. Haigh and Phillips [34] pro-
posed that Na*/CaZ* exchange could be coupled to the H* pump via
aNa*/H* exchange, but the rates of uptake they found in chromaffin
granule ghosts were very slow. The capacity of this system to accu-
mulate CaZ* in the vesicles depends on the magnitude of the Na*
gradient. The intragranular [Na*] was estimated by Kriegler-Brauer
and Gratzl [32,33] about 50 mM. Haigh et al. [8] found also that the
sum of the intragranular [Na*] and [K*] was 50-60 mM, the actual
amount of each one depending of the isolation procedure. In any
case, this means that the [Na*] gradient between the granule matrix
and the cytosol is no larger than 3-fold. Thus, with a stoichiometry
of 2Na*/1Ca?*, this system would not be able to accumulate Ca2*
more than 10-fold inside the granules, much less than the existing
gradient. In fact, with a [CaZ*] gradient of 1000-fold, this system
would mainly work releasing CaZ* from the vesicles in exchange
for Na*. It has been actually proposed that Na*/Ca%* exchange
may mediate the increase in intravesicular [Na*] that coincides
with the onset of secretion in neurohypophysial nerve endings
[35].

The presence of a Ca2*/H*antiport has been reported in synap-
tic vesicles of brain cortex [36]. Combined with the H"-ATPase and
assuming a stoichiometry of 1Ca2*/2H?, this system would be able
to accumulate Ca2*nearly 1000-fold into the vesicles. However, that
transport system showed very low Ca2* affinity for Ca%* entry, start-
ing tobe active at cytosolic [Ca%*] around 100 M. Thus, under these
conditions it could not be involved in physiological Ca%* uptake into
the vesicles, although it may perhaps mediate Ca2*-release from the
vesicles following changes in the [H*] gradient. In fact, the disrup-
tion of the vesicular pH gradient induces a significant leak of Ca%*
from the vesicles [37,38].

The last possibility is a direct ATP-dependent mechanism for
Ca2* accumulation, that is, a Ca2*-ATPase. The sarco-endoplasmic
reticulum Ca2*-ATPase (SERCA) inhibitor 2,5-diterbutyl benzohy-
droquinone (BHQ) has been shown to inhibit CaZ* uptake into
isolated synaptic vesicles [39]. In platelets, the acidic Ca?* pool
was controlled both by a Ca2*/H* exchange and by a BHQ-sensitive
SERCA 3 [40,41]. Similarly, loading with Ca2* of dense-core insulin
storage granules of mouse pancreatic 3-cells was sensitive to both
SERCA inhibitors BHQ and thapsigargin [42]. More recently, using
aequorin to monitor intragranular [Ca%2*] we have also described
both in chromaffin cells and in the cell lines PC12 and INS1 [23,24],
that CaZ* uptake by the secretory granules was ATP-dependent
and fully sensitive to thapsigargin and BHQ (see Fig. 1). On the
other hand, in the B-cell line MIN6, Ca®* uptake was shown to
be ATP-dependent but insensitive to thapsigargin [20], suggesting
the involvement of a different type of Ca2*-ATPase, the secretory
pathway Ca2*-ATPase or ATP2C1, which is also present in the Golgi
apparatus together with the SERCA [43].

Recent data obtained from proteomic studies of the secretory
granules in several cell types provide new important information
on this point, though do not clarify it. A recent proteomic study in
the secretory granules of chromaffin cells has identified 371 dis-
tinct soluble proteins and 384 distinct membrane proteins [44].
However, among them, the only membrane protein able to accu-
mulate calcium in the vesicles was a sodium/potassium/calcium
exchanger. Previous studies in pancreatic zymogen granules [45]
(371 proteins identified) and corticotropes dense-core secretory
granules [46] (150 proteins identified) had not identified any pro-
tein related with CaZ* accumulation. Instead, a proteomic study
that identified 270 proteins in secretory vesicles from insulinoma
NIT-1 cells showed the presence of SERCA2 in the membrane of the
vesicles [47], but another study in the insulin-secreting cell line
INS-1E that identified 150 vesicular proteins failed to find any Ca2*
transport protein [48].
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Fig. 1. Mechanisms of Ca?* accumulation in the granules. Traces correspond to [Ca?*]sg measurements made with chromaffin cells expressing aequorin targeted to the
secretory granules (modified from Ref. [23]). Panel A shows the increase in [Ca?*]sg that occurs upon readdition of Ca?* 1 mM to the extracellular medium in Ca?*-depleted
cells, and its inhibition by thapsigargin. Panels B and C show that the SERCA inhibitors 2,5-diterbutyl benzohydroquinone (BHQ) and cyclopiazonic acid (CPA) both reversibly
inhibit Ca2* uptake by the granules when added after refilling of the granules with Ca?* (at the point marked by the red rectangle in panel A). The cartoon resumes the
possible mechanisms for Ca?* accumulation in the granules: Ca?* pumps, either SERCA or secretory pathway Ca?*-ATPase (SPCA), Na*/Ca?* exchange coupled with Na*/H*
exchange, and Ca2*/H* exchange. The exchangers would be energized by the H* gradient created by the H*-ATPase. Ca2* inside the granules is represented in three possible
forms, strongly bound (red), bound and readily releasable (blue) and free (green).

4. Mechanisms of Ca2* release from the secretory granules

If the Ca2* stored in the granules has to be released during
cell stimulation to cooperate with Ca?* coming from other sources
in triggering vesicle fusion and secretion, the granules need to

have CaZ* transport systems that are able to open or activate dur-
ing cell stimulation (see the cartoon in Fig. 2). The first system
to be proposed for that role in chromaffin cells was the inositol
1,4,5-trisphosphate receptor (InsP3R). The presence of InsP3R in
secretory granules has been a highly conflicting point over the
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Fig. 2. Mechanisms of Ca?* release from the granules. Traces correspond to [Ca?*]sq measurements made with chromaffin cells expressing aequorin targeted to the secretory
granules (modified from Ref. [23]). Panels A and B show the Ca?* release from the granules induced by histamine (via InsP; production) and by caffeine (RyR activator). Panel
C shows the effect of the natural agonist acethylcholine, and panel D shows the Ca2* release induced directly by InsPs in permeabilized cells. The cartoon resumes the possible
mechanisms for Ca?* release from the granules: three Ca2* channels (InsP3, ryanodine and NAADP receptors), and 2 exchangers, Na*/Ca2* exchanger and H*/Ca?* exchanger,
that under some circumstances, namely after an increase in granular pH, may act extruding Ca* from the vesicles.



J. Alvarez / Cell Calcium 51 (2012) 331-337 335

last 20 years. In 1990, Yoo and Albanesi [49] reported that inosi-
tol 1,4,5-trisphosphate (InsP3) released Ca%* from chromaffin cells
secretory vesicles. Immunocytochemical localization of all three
types of InsPsR in serially sectioned bovine chromaffin cells showed
that the secretory granules contained about 60% of the InsP3R in the
cell [50], and additional evidence for the presence of InsP3R in the
granules was the finding that both chromogranin A and B interact
with InsP3R and modulate its activity [26,51-54]. More recently,
using targeted aequorin to measure [Ca2*] in the secretory granules
of chromaffin cells and the neurosecretory cell lines PC12 and INS1
[23,24], we have shown that InsP3 and InsP3-releasing agonists can
release CaZ* from the granular compartment (see Fig. 2).

InsP3R have been also detected in other types of secretory gran-
ules. Isolated zymogen granules were found to release Ca2* in
the presence of InsP3 [55], although the same authors have also
reported that in intact cells most of the Ca2* released by InsP3
comes from the ER [56]. In mast cell granules [19] and mucin
granules of goblet cells [57], InsP3 induced periodic oscillations of
luminal [Ca2*] by coupling CaZ* release with the activity of a Ca%*-
dependent K* channel in the granules. Finally, InsP3R have been
also localized in the secretory granules of insulin-secreting [3-cells
and somatostatin-secreting cells [58-60], and also in dense-core
vesicles of astrocytes [61].

However, there is also a large body of evidence against the pres-
ence of InsP3R in secretory granules. In chromaffin cells, Endo et al.
[62] found that InsP3R-2 was present in the ER but not in the secre-
tory granules. In rat insulinoma cells, InsP; was found to release
Ca2* from the microsomal fraction but not from the secretory gran-
ules [63]. Ravazzola et al. [64] found that antibodies against InsP3R
cross-reacted with insulin, and that could be a source for artifacts in
immunostaining (see also [65]). Measuring the extragranular [Ca2*]
with a phogrin-aequorin chimera, Pouli et al. [66] found no dif-
ference among the Ca%* transients in the granule membrane and
in the bulk cytosol after insulin-secreting MIN6 or phaeochromo-
cytoma PC12 cells stimulation, indicating that no significant local
CaZ* release takes place in these cells. Similarly, using a targeted
aequorin to monitor granule [CaZ*], no effect of InsP3 was observed
in MING cells [20]. Regarding zymogen granules, InsP3R were not
found using highly pure granule preparations [67] and the absence
of zymogen granules did not modify the cytosolic Ca2* transients in
rat parotid acinar cells [68]. Finally, in platelets, InsP3R are present
in the dense tubular system (the equivalent of the ER) but not in
the acidic granules [41].

There is also evidence for the presence of ryanodine receptors
in secretory granules. The ryanodine receptor activator cyclic ADP
ribose (cADPR) has been reported to release Ca2* from zymogen
granules [55,69]. Both cADPR and caffeine released also CaZ* from
the secretory granules of insulin-secreting MING6 cells [20], and
caffeine, but not cADPR, released Ca?* from secretory granules in
chromaffin cells [23]. The lack of effect of cCADPR may reflect an
insensitivity to this agonist of the ryanodine receptors in these cells,
as cADPR was also unable to release Ca2* from the ER in chromaffin
cells[7]. The novel agonist nicotinic acid adenine dinucleotidephos-
phate (NAADP) was also effective to release CaZ* from zymogen
granules [69], platelet acidic stores [41], insulin-secreting MING
cells [70] and the acidic CaZ* stores of PC12 cells [71]. The identity of
the NAADP receptor is still unknown. It was initially associated with
the ryanodine receptor, although other alternatives have recently
appeared (two pore channels, TPCs or TPCNs, see [72]).

What do proteomic studies tell us on this point? None of the
proteomic studies made up to date has detected the presence of
InsP3R in the secretory granules of chromaffin [44], insulin [47,48],
zymogen [45] or corticotrope granules [46]. Instead, the largest
study [44] found in chromaffin granules the presence of ryanodine
receptors together with several types of Ca?* channels (voltage-
dependent and transient receptor potential). However, none of

these proteins were detected in the other studies. Of course, if gran-
ular [CaZ*] is nearly 1000-fold higher than in the cytosol, at least
some mechanism to accumulate Ca2* in the granules must exist.
This means that the sensitivity of these studies may not be still
enough to detect proteins at very low concentrations, and further
improvement of this technique may provide in the future more
useful information.

5. Conclusion

In neuroendocrine cells, the secretory granules constitute one
of the largest Ca2* stores and its total calcium concentration is
even higher than that in the ER. Given that Ca2* is the key signal
that triggers secretion of granule contents, the possible functional
role of the calcium stored in the granules has attracted consider-
able attention for more than thirty years. The available evidence
suggests moreover that intragranular Ca* is important for secre-
tion [37,73-75]. However, in spite of the efforts of many research
groups, most of the key questions related with granule Ca2* homeo-
stasis, e.g., the free granular [Ca2*], the physical state of the stored
Ca?* or the mechanisms for Ca2* accumulation and release from the
granules, remain obscure. Further work will be necessary to clarify
all these uncertainties. Besides the biochemical and physiological
approaches, the new proteomic techniques look promising, but the
data obtained up to date on proteins related to Ca%* dynamics is
still scarce and too variable among secretory granules of different
cell types.
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