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a b s t r a c t
Secretory vesicles of chromafﬁn cells are acidic organelles that maintain an increasing pH gradient
towards the cytosol (5.5 vs. 7.3) that is mediated by V-ATPase activity. This gradient is primarily responsible for the accumulation of large concentrations of amines and Ca2+ , although the mechanisms mediating
Ca2+ uptake and release from granules, and the physiological relevance of these processes, remain unclear.
The presence of a vesicular matrix appears to create a bi-compartmentalised medium in which the major
fractions of solutes, including catecholamines, nucleotides and Ca2+ , are strongly associated with vesicle
proteins, particularly chromogranins. This association appears to be favoured at acidic pH values. It has
been demonstrated that disrupting the pH gradient of secretory vesicles reduces their rate of exocytosis and promotes the leakage of vesicular amines and Ca2+ , dramatically increasing the movement of
secretory vesicles and triggering exocytosis. In this short review, we will discuss the data available that
highlights the importance of pH in regulating the association between chromogranins, vesicular amines
and Ca2+ . We will also address the potential role of vesicular Ca2+ in two major processes in secretory
cells, vesicle movement and exocytosis.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Secretory granules

Secretory cells are characterized by the presence of secretory
storage vesicles that release neurotransmitters and hormones.
Adrenal chromafﬁn cells are commonly used to study the basic
mechanisms of neurotransmitter secretion, which involves vesicle sorting, movement and exocytosis. As large concentrations of
Ca2+ are stored in secretory vesicles, considerable effort has focused
on studying the physiological role(s) of vesicular Ca2+ in vesicle
movement and exocytosis [1–3]. The currently available experimental evidence indicates that the vesicular cocktail constitutes
a source of Ca2+ that may be involved in regulating vesicle movement and exocytosis. Since the majority of this data is derived from
experiments performed in chromafﬁn cells, we will ﬁrst describe
the most representative organelle of these cells, the chromafﬁn
granule.

Secretory granules from chromafﬁn cells are large, dense, core
vesicles (LDCV) similar to those found in many other neuroendocrine cells and sympathetic neurons [4]. Chromafﬁn granules
concentrate transmitters in a highly efﬁcient manner, accumulating
catecholamines (500–1000 mM [5,6]) and other soluble components such as ATP (125–300 mM [7]), ascorbate (10–30 mM [8,9]),
peptides and chromogranins, thereby forming a condensed protein matrix (∼180 mg/mL [10]). Furthermore, secretory granules
concentrate H+ to create an acidic medium that facilitates the accumulation of high concentrations of Ca2+ . The mechanisms that
mediate the concentration of these elements, despite the large
osmotic forces involved, have intrigued researchers for decades.
Chromafﬁn granules maintain a pH gradient across their membranes of about 2 orders of magnitude (from ≈5.5 on the inside
to ≈7.3 in the cytosol). This gradient is maintained by the activity of a speciﬁc vesicular H+ -ATPase (V-ATPase; [11,12]), a tightly
regulated H+ transporter present in the membranes of almost all
known secretory vesicles [13,14]. This vesicular H+ gradient acts as
an antiporter to accumulate catecholamines through the vesicular
monoamine transporter VMAT2 [15], and Ca2+ through the H+ /Ca2+
antiporter, although most vesicular Ca2+ accumulation appears to
occur via a SERCA-type Ca2+ ATPase [16,17]. The vesicular matrix
composed of the distinct proteins and components of the vesicular
cocktail appears to play a crucial role in chelation and in reducing
the osmotic forces [18], thereby permitting solutes to accumulate
at high concentrations [19]. Therefore, most of the intravesicular

Abbreviations: V-ATPase, vesicular H+ -ATPase; VMAT2, vesicular monoamine
transporter; LDCV, large dense core vesicles; Cgs, chromogranins; CgA, chromogranin A; CgB, chromogranin B; SgII, secretogranin type II; SERCA, sarcoplasmic
reticulum calcium ATPase; CICR, Ca2+ -induced Ca2+ release.
∗ Corresponding author at: Unidad de Farmacología, Facultad de Medicina, Universidad de La Laguna, E-38071-La Laguna, Tenerife, Spain. Tel.: +34 922 319346;
fax: +34 922 655995.
E-mail address: rborges@ull.es (R. Borges).
0143-4160/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ceca.2011.12.009

R. Borges et al. / Cell Calcium 51 (2012) 338–341

solutes are not free but rather, they are associated with other components of the vesicular matrix, the main protein components of
which are chromogranins with a pKa of about 5.5 [18,20].
1.2. Chromogranins are the main protein components of LDCV
Chromogranin A was discovered in the mid sixties [21] as the
ﬁrst of a series of a acidic proteins generically known as granins, of
which there are currently 9 examples [22,23]. In chromafﬁn secretory vesicles, only chromogranins A (CgA) and B (CgB) are really
relevant, and to a lesser extent secretogranin II (SgII). The physiological role of Cgs as sources of biologically active peptides has
been heavily investigated (see [22]), although granins can also promote granule biogenesis [24,25]. However, in non-secretory cells
exogenous granins appear to accumulate in dense compartments
that resemble secretory granules [24–27]. Conversely, recent studies using Cg knockout mice have shown that secretory granules
persist and secretory responses are maintained in the absence of
CgA [19], CgB [28] or both [29]. However, the capacity of secretory granules to accumulate solutes is signiﬁcantly affected by the
absence of Cgs. Although the role of Cgs in the accumulation of
other solutes such as Ca2+ , H+ or ATP is still unknown, the ability of
Cgs to efﬁciently bind Ca2+ and H+ suggests that the accumulation
of other solutes is also impaired in the absence of Cgs.
As the association of Cgs with other solutes is also pH-dependent
[18], it is plausible that intravesicular pH regulates the ability of
chromogranin A to form aggregates [30], and that regulating vesicular pH plays an important role in the dynamics of vesicular Ca2+
and catechols [16,31,32]. The presence of a functional IP3 receptor
directly coupled to Cgs has been described, which may be involved
in the physiological release of Ca2+ from vesicles [33]. The association of vesicular membrane-bound IP3 -R to CgA [34] and CgB [35]
is strongly dependent on pH.
1.3. Bi-compartmental storage of catecholamines and Ca2+
Intravesicular Ca2+ was ﬁrst implicated in the exocytotic process in 1967 [36], although this hypothesis is yet to be fully
accepted by the scientiﬁc community. The endoplasmic reticulum
has classically been considered as the main internal source of Ca2+ ,
largely because the mobilization of Ca2+ from intracellular stores
by InsP3 was ﬁrst described in this organelle. More recent studies
have demonstrated the involvement of other cell structures in the
uptake, release and cytosolic redistribution of Ca2+ , including the
mitochondria, nucleus and Golgi apparatus [37–39]. In this respect,
secretory vesicles have received modest attention and they are frequently considered little more than a non-functional Ca2+ sink. The
main argument for this, although with little experimental support,
is that vesicular Ca2+ is sequestered into the vesicular matrix where
it undergoes little turnover. However, recent ﬁndings and a reinterpretation of classical data appears to contradict this assumption
for several reasons:
i) Secretory granules are the most abundant organelle in chromafﬁn cells, as well as in many other cell types including pancreatic
␤-cells, mast cells and lactotrophs. Approximately 30% of the
chromafﬁn cell volume is occupied by about 20,000 granules
[40], while ␤-cells are estimated to contain ≈10,000 insulin
granules that occupy 10–20% of their total volume [41].
ii) Chromafﬁn granules contain far more Ca2+ than any other
organelle, accounting for about 60% of total Ca2+ in chromafﬁn cells [42,43]. Moreover, calcium is highly concentrated
in secretory vesicles. Experiments targeting aequorins to the
inside of secretory vesicles have conﬁrmed directly that Ca2+
is distributed in two fractions: chelated Ca2+ at an estimated
concentration of about 40 mM [43]; and the free Ca2+ fraction
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at a concentration of about 50–100 M [16,43,44]. The free fraction is equilibrated with bound Ca2+ , facilitating rapid recovery
after acute depletion.
iii) Vesicular Ca2+ is the closest source of the cation for granule
movement and exocytosis.
Despite these observations, and the crucial role of this cation
in processes like vesicle movement and exocytosis, the functional
role(s) of vesicular Ca2+ has received little attention.
1.4. Mobilization of vesicular Ca2+
Disruption of the pH gradient using protonophores [45] or weak
bases [1,2,46] has been used to induce the alkalinization of granules, resulting in the release of Ca2+ and catecholamines into the
cytosol [46] that can promote acceleration of granule motion and
its exocytosis [47]. This effect is shared by clinically used drugs such
as the hypotensive agent hydralazine [48], amphetamines [49] and
␤-adrenergic blockers [50].
Stimuli such as histamine, caffeine and depolarization can mobilize the free Ca2+ fraction in vesicles [16,44]. Targeted aequorin
studies suggest that intravesicular Ca2+ kinetics follow a bicompartmental model, whereby a large amount of bound Ca2+ can
rapidly replenish the free Ca2+ fraction after depletion induced by
SERCA inhibitors (2,5-di-tert-butylhydroquinone (BHQ), cyclopiazonic acid) or pH-disrupting agents [16,44]. In addition, both InsP3 and Ca2+ -induced Ca2+ release (CICR) occur in chromafﬁn [16], PC12
[44] and INS-1 secretory vesicles [51]. Ca2+ /H+ antiport activity has
also been demonstrated in synaptic vesicles [52–55]. However, the
main problem in demonstrating the participation of intravesicular Ca2+ in granule movement and exocytosis under physiological
conditions is the difﬁculty in differentiating intravesicular Ca2+
from Ca2+ from other internal or external sources. All known secretagogues increase free intracellular Ca2+ by promoting its entry
from extracellular or internal sources. Nevertheless, the vesicular alkalinization observed upon the activation of several second
messenger pathways also contributes to the mobilization of vesicular Ca2+ and catecholamines (this latter effect having recently
been demonstrated using single cell amperometry: [46,47]). Nevertheless, it is plausible that the pH gradient across the vesicular
membrane provides the necessary link between physiological stimuli and the regulation of Ca2+ and catecholamine release from
secretory vesicles.
The presence of these rapid release mechanisms in secretory
vesicles is frequently ignored. Conversely, data from experiments using pH-disrupting agents or drugs that act on ryanodineor IP3 -receptors have been interpreted as reﬂecting speciﬁc
events associated to the endoplasmic reticulum or mitochondria,
organelles of lesser importance in terms of Ca2+ capacity than
secretory vesicles, and generally more distant. Thus, in addition
to investigating the role of other known organelles, future studies using cell stimulation (via InsP3 receptors, ryanodine receptors
or plasma membrane Ca2+ channels) should take into account the
induction of vesicular Ca2+ release. Moreover, other stimuli that
activate guanylate cyclase or adenylate cyclase, which alkalinize
the vesicular lumen, may also mimic these mechanisms. Given
the poor diffusion of Ca2+ through the cytosol [56], it is highly
plausible that vesicular Ca2+ plays an important physiological role
in the granule’s approach to the membrane [3,57,58] and subsequent exocytosis. To examine this proposal we studied the effects
of baﬁlomycin A1, a potent and highly speciﬁc inhibitor of the H+ ATPase, on vesicle alkalinization and the release of vesicular Ca2+
into the cytosol. This Ca2+ release increases the lateral movement of
chromafﬁn granules and triggers exocytosis. Although baﬁlomycin
is not a physiological stimulus, these results reveal a novel mechanism for vesicular Ca2+ release controlled by the pH gradient.
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Fig. 1. Mechanism of Ca2+ (and catecholamine, CA) turnover in chromafﬁn secretory
organelles. The relative sizes of the granule matrix (1) and the free compartment
(2) have been altered for clarity. H+ is pumped towards the vesicle lumen by
an ATP dependent pump (V-ATPase, 3). Protons maintain the pH and the potential gradients with the help of Cl− channels, Cl− ions acting as counter ions (4)
to maintain a membrane potential at approximately −80 mV. Catecholamines (5)
and Ca2+ (6) use the H+ gradient as an antiporter to accumulate in vesicles. Both
antiporters can also work in reverse mode. IP3 receptors (7) mediate Ca2+ release
in response to intracellular IP3 , whereas CICR (8) enhances Ca2+ signaling via
ryanodine- and caffeine-modulated Ca2+ release. The SERCA (9), which to date has
not been described in chromafﬁn granules, acts as a Ca2+ pump that can be blocked
by thapsigargin. In these studies the luminal terminal of VAMP (10) (synaptobrevin)
has been modiﬁed to accommodate a Ca2+ (low Ca2+ -afﬁnity aequorin) or pH (EGFP)
sensor.
Adapted from Ref. [3].

Further studies will be necessary to determine the physiological
relevance of Ca2+ release from secretory vesicles.
In summary, when our recent ﬁndings are considered in the
light of those from other laboratories, it appears that: (i) secretory vesicles from PC12 [44] and chromafﬁn cells [16] accumulate
Ca2+ in two distinct and exchangeable forms, free (≈50–100 M)
and bound Ca2+ (≈40 mM); (ii) vesicular pH is closely associated
with the modulation of the kinetics and quantal characteristics
of catecholamine exocytosis [46]; (iii) secretory granules possess
mechanisms for fast uptake and release of Ca2+ ; (iv) Ca2+ release
from granules can inﬂuence granule movement and exocytosis
[47]. The main mechanisms underlying vesicular Ca2+ turnover are
depicted in Fig. 1.
Conﬂict of interest statement
The authors have no conﬂicts of interest to declare.
Acknowledgments
ND is the recipient of an FPU fellowship, while JE and DP
are recipients of FPI fellowships from the Spanish Ministry of
Science and Innovation (MICINN). JDM holds a Ramon y Cajal
contract from the MICINN. This work was supported by MICINN
(BFU2007-64963), Consolider (CSD2008-00005) and the Canary
Islands Agency for Research, Innovation and Information Society
PI2007/017. We are grateful to all past members of our research
group. Discussions with Mark Sefton were greatly appreciated.
References
[1] M.L. Mundorf, S.E. Hochstetler, R.M. Wightman, Amine weak bases disrupt
vesicular storage and promote exocytosis in chromafﬁn cells, J. Neurochem.
73 (1999) 2397–2405.

[2] M.L. Mundorf, K.P. Troyer, S.E. Hochstetler, J.A. Near, R.M. Wightman, Vesicular Ca2+ participates in the catalysis of exocytosis, J. Biol. Chem. 275 (2000)
9136–9142.
[3] J.D. Machado, M. Camacho, J. Alvarez, R. Borges, On the role of intravesicular
calcium in the motion and exocytosis of secretory organelles, Commun. Integr.
Biol. 2 (2009) 71–73.
[4] H. Winkler, The adrenal chromafﬁn granule: a model for large dense core vesicles of endocrine and nervous tissue, J. Anat. 183 (Pt 2) (1993) 237–252.
[5] J.A. Jankowski, T.J. Schroeder, E.L. Ciolkowski, R.M. Wightman, Temporal characteristics of quantal secretion of catecholamines from adrenal-medullary cells,
J. Biol. Chem. 268 (1993) 14694–14700.
[6] A. Albillos, G. Dernick, H. Horstmann, W. Almers, G. Alvarez de Toledo, M. Lindau, The exocytotic event in chromafﬁn cells revealed by patch amperometry,
Nature 389 (1997) 509–512.
[7] A. Weber, H. Winkler, Speciﬁcity and mechanism of nucleotide uptake by
adrenal chromafﬁn granules, Neuroscience 6 (1981) 2269–2276.
[8] O. Terland, T. Flatmark, Ascorbate as a natural constituent of chromafﬁn granules from the bovine adrenal medulla, FEBS Lett. 59 (1975) 52–56.
[9] F.S. Menniti, J. Knoth, D.S. Peterson, E.J. Diliberto Jr., The in situ kinetics
of dopamine beta-hydroxylase in bovine adrenomedullary chromafﬁn cells.
Intravesicular compartmentation reduces apparent afﬁnity for the cofactor
ascorbate, J. Biol. Chem. 262 (1987) 7651–7657.
[10] J.H. Phillips, Passive ion permeability of the chromafﬁn-granule membrane,
Biochem. J. 168 (1977) 289–297.
[11] N. Nelson, Structure and pharmacology of the proton-ATPases, Trends Pharmacol. Sci. 12 (1991) 71–75.
[12] S. Saroussi, N. Nelson, The little we know on the structure and machinery of
V-ATPase, J. Exp. Biol. 212 (2009) 1604–1610.
[13] S.L. Gluck, The structure and biochemistry of the vacuolar H+ ATPase in
proximal and distal urinary acidiﬁcation, J. Bioenerg. Biomembr. 24 (1992)
351–359.
[14] M. Toei, R. Saum, M. Forgac, Regulation and isoform function of the V-ATPases,
Biochemistry 49 (2010) 4715–4723.
[15] L. Johannes, P.M. Lledo, M. Roa, J.D. Vincent, J.P. Henry, F. Darchen, The GTPase
Rab3a negatively controls calcium-dependent exocytosis in neuroendocrine
cells, EMBO J. 13 (1994) 2029–2037.
[16] J. Santodomingo, L. Vay, M. Camacho, E. Hernandez-Sanmiguel, R.I. Fonteriz,
C.D. Lobaton, M. Montero, A. Moreno, J. Alvarez, Calcium dynamics in bovine
adrenal medulla chromafﬁn cell secretory granules, Eur. J. Neurosci. 28 (2008)
1265–1274.
[17] J.R. Haigh, J.H. Phillips, Indirect coupling of calcium transport in chromafﬁn
granule ghosts to the proton pump, Neuroreport 4 (1993) 571–574.
[18] K.B. Helle, R.K. Reed, K.E. Pihl, G. Serck-Hanssen, Osmotic properties of the chromogranins and relation to osmotic pressure in catecholamine storage granules,
Acta Physiol. Scand. 123 (1985) 21–33.
[19] M.S. Montesinos, J.D. Machado, M. Camacho, J. Diaz, Y.G. Morales, D. Alvarez de
la Rosa, E. Carmona, A. Castaneyra, O.H. Viveros, D.T. O’Connor, S.K. Mahata, R.
Borges, The crucial role of chromogranins in storage and exocytosis revealed
using chromafﬁn cells from chromogranin A null mouse, J. Neurosci. 28 (2008)
3350–3358.
[20] J.S. Videen, M.S. Mezger, Y.M. Chang, D.T. O’Connor, Calcium and catecholamine
interactions with adrenal chromogranins. Comparison of driving forces in binding and aggregation, J. Biol. Chem. 267 (1992) 3066–3073.
[21] H. Blaschko, R.S. Comline, F.H. Schneider, M. Silver, A.D. Smith, Secretion of
a chromafﬁn granule protein, chromogranin, from the adrenal gland after
splanchnic stimulation, Nature 215 (1967) 58–59.
[22] L. Taupenot, K.L. Harper, D.T. O’Connor, The chromogranin-secretogranin family, N. Engl. J. Med. 348 (2003) 1134–1149.
[23] R. Borges, J. Diaz-Vera, N. Dominguez, M.R. Arnau, J.D. Machado, Chromogranins
as regulators of exocytosis, J. Neurochem. 114 (2010) 335–343.
[24] T. Kim, J.H. Tao-Cheng, L.E. Eiden, Y.P. Loh, Chromogranin A, an “on/off”
switch controlling dense–core secretory granule biogenesis, Cell 106 (2001)
499–509.
[25] Y.H. Huh, S.H. Jeon, S.H. Yoo, Chromogranin B-induced secretory granule biogenesis: comparison with the similar role of chromogranin A, J. Biol. Chem. 278
(2003) 40581–40589.
[26] N. Beuret, H. Stettler, A. Renold, J. Rutishauser, M. Spiess, Expression of regulated secretory proteins is sufﬁcient to generate granule-like structures in
constitutively secreting cells, J. Biol. Chem. 279 (2004) 20242–20249.
[27] M.L. Malosio, T. Giordano, A. Laslop, J. Meldolesi, Dense–core granules: a speciﬁc
hallmark of the neuronal/neurosecretory cell phenotype, J. Cell Sci. 117 (2004)
743–749.
[28] J. Diaz-Vera, Y.G. Morales, J.R. Hernandez-Fernaud, M. Camacho, M.S. Montesinos, F. Calegari, W.B. Huttner, R. Borges, J.D. Machado, Chromogranin B
gene ablation reduces the catecholamine cargo and decelerates exocytosis in
chromafﬁn secretory vesicles, J. Neurosci. 30 (2010) 950–957.
[29] J. Diaz-Vera, M. Camacho, J. Machado, N. Dominguez, M. Montesinos, J.
Hernandez-Fernaud, R. Lujan, R. Borges, Chromogranins A and B are key proteins in amine accumulation but the catecholamine secretory pathway is
conserved without them, FASEB J. (2012) 26.
[30] L. Taupenot, K.L. Harper, D.T. O’Connor, Role of H+ -ATPase-mediated acidiﬁcation in sorting and release of the regulated secretory protein chromogranin A:
evidence for a vesiculogenic function, J. Biol. Chem. 280 (2005) 3885–3897.
[31] S.H. Yoo, J.P. Albanesi, High capacity, low afﬁnity Ca2+ binding of chromogranin A. Relationship between the pH-induced conformational change and
Ca2+ binding property, J. Biol. Chem. 266 (1991) 7740–7745.

R. Borges et al. / Cell Calcium 51 (2012) 338–341
[32] N.R. Mahapatra, M. Mahata, P.P. Hazra, P.M. McDonough, D.T. O’Connor, S.K.
Mahata, A dynamic pool of calcium in catecholamine storage vesicles. Exploration in living cells by a novel vesicle-targeted chromogranin A-aequorin
chimeric photoprotein, J. Biol. Chem. 279 (2004) 51107–51121.
[33] S.H. Yoo, S.Y. Chu, K.D. Kim, Y.H. Huh, Presence of secretogranin II and highcapacity, low-afﬁnity Ca2+ storage role in nucleoplasmic Ca2+ store vesicles,
Biochemistry 46 (2007) 14663–14671.
[34] S.H. Yoo, pH-dependent association of chromogranin A with secretory vesicle membrane and a putative membrane binding region of chromogranin A,
Biochemistry 32 (1993) 8213–8219.
[35] S.H. Yoo, pH-dependent binding of chromogranin B and secretory vesicle
matrix proteins to the vesicle membrane, Biochim. Biophys. Acta 1179 (1993)
239–246.
[36] J.L. Borowitz, Calcium binding by subcellular fractions of bovine adrenal
medulla, J. Cell. Physiol. 69 (1967) 311–319.
[37] C. Villalobos, L. Nunez, M. Montero, A.G. Garcia, M.T. Alonso, P. Chamero, J.
Alvarez, J. Garcia-Sancho, Redistribution of Ca2+ among cytosol and organella
during stimulation of bovine chromafﬁn cells, FASEB J. 16 (2002) 343–353.
[38] M. Montero, M.T. Alonso, E. Carnicero, I. Cuchillo-Ibanez, A. Albillos, A.G. Garcia,
J. Garcia-Sancho, J. Alvarez, Chromafﬁn-cell stimulation triggers fast millimolar
mitochondrial Ca2+ transients that modulate secretion, Nat. Cell Biol. 2 (2000)
57–61.
[39] A.G. Garcia, A.M. Garcia-De-Diego, L. Gandia, R. Borges, J. Garcia-Sancho, Calcium signaling and exocytosis in adrenal chromafﬁn cells, Physiol. Rev. 86
(2006) 1093–1131.
[40] H. Plattner, A.R. Artalejo, E. Neher, Ultrastructural organization of bovine
chromafﬁn cell cortex-analysis by cryoﬁxation and morphometry of aspects
pertinent to exocytosis, J. Cell Biol. 139 (1997) 1709–1717.
[41] P.M. Dean, Ultrastructural morphometry of the pancreatic-cell, Diabetologia 9
(1973) 115–119.
[42] J.R. Haigh, R. Parris, J.H. Phillips, Free concentrations of sodium, potassium and
calcium in chromafﬁn granules, Biochem. J. 259 (1989) 485–491.
[43] D. Bulenda, M. Gratzl, Matrix free Ca2+ in isolated chromafﬁn vesicles, Biochemistry 24 (1985) 7760–7765.
[44] A. Moreno, C.D. Lobaton, J. Santodomingo, L. Vay, E. Hernandez-SanMiguel, R.
Rizzuto, M. Montero, J. Alvarez, Calcium dynamics in catecholamine-containing
secretory vesicles, Cell Calcium 37 (2005) 555–564.
[45] C.L. Haynes, L.A. Buhler, R.M. Wightman, Vesicular Ca(2+)-induced secretion
promoted by intracellular pH-gradient disruption, Biophys. Chem. 123 (2006)
20–24.

341

[46] M. Camacho, J.D. Machado, M.S. Montesinos, M. Criado, R. Borges, Intragranular
pH rapidly modulates exocytosis in adrenal chromafﬁn cells, J. Neurochem. 96
(2006) 324–334.
[47] M. Camacho, J.D. Machado, J. Alvarez, R. Borges, Intravesicular calcium release
mediates the motion and exocytosis of secretory organelles: a study with
adrenal chromafﬁn cells, J. Biol. Chem. 283 (2008) 22383–22389.
[48] J.D. Machado, J.F. Gomez, G. Betancor, M. Camacho, M.A. Brioso, R. Borges,
Hydralazine reduces the quantal size of secretory events by displacement of
catecholamines from adrenomedullary chromafﬁn secretory vesicles, Circ. Res.
91 (2002) 830–836.
[49] D. Sulzer, T.K. Chen, Y.Y. Lau, H. Kristensen, S. Rayport, A. Ewing, Amphetamine
redistributes dopamine from synaptic vesicles to the cytosol and promotes
reverse transport, J. Neurosci. 15 (1995) 4102–4108.
[50] M.S. Montesinos, M. Camacho, J.D. Machado, O.H. Viveros, B. Beltran, R. Borges,
The quantal secretion of catecholamines is impaired by the accumulation of
beta-adrenoceptor antagonists into chromafﬁn cell vesicles, Br. J. Pharmacol.
159 (2010) 1548–1556.
[51] J. SantoDomingo, R.I. Fonteriz, C.D. Lobaton, M. Montero, A. Moreno, J. Alvarez,
Ca2+ dynamics in the secretory vesicles of neurosecretory PC12 and INS1 cells,
Cell. Mol. Neurobiol. 30 (2010) 1267–1274.
[52] P.P. Goncalves, S.M. Meireles, C. Gravato, M.G. Vale, Ca2+ –H+ antiport activity
in synaptic vesicles isolated from sheep brain cortex, Neurosci. Lett. 247 (1998)
87–90.
[53] P.P. Goncalves, S.M. Meireles, P. Neves, M.G. Vale, Synaptic vesicle Ca2+ /H+
antiport: dependence on the proton electrochemical gradient, Brain Res. Mol.
Brain Res. 71 (1999) 178–184.
[54] P.P. Goncalves, S.M. Meireles, P. Neves, M.G. Vale, Ionic selectivity of the Ca2+ /H+
antiport in synaptic vesicles of sheep brain cortex, Brain Res. Mol. Brain Res. 67
(1999) 283–291.
[55] P.P. Goncalves, S.M. Meireles, P. Neves, M.G. Vale, Distinction between Ca(2+)
pump and Ca(2+)/H(+) antiport activities in synaptic vesicles of sheep brain
cortex, Neurochem. Int. 37 (2000) 387–396.
[56] F. Sala, A. Hernandez-Cruz, Calcium diffusion modeling in a spherical neuron.
Relevance of buffering properties, Biophys. J. 57 (1990) 313–324.
[57] L. von Ruden, E. Neher, A Ca-dependent early step in the release of catecholamines from adrenal chromafﬁn cells, Science 262 (1993) 1061–1065.
[58] M.W. Allersma, M.A. Bittner, D. Axelrod, R.W. Holz, Motion matters: secretory
granule motion adjacent to the plasma membrane and exocytosis, Mol. Biol.
Cell 17 (2006) 2424–2438.

