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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  responsi-
ble  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
afilomycin
alcium
xocytosis
ecretion
IRFM

been demonstrated  that  disrupting  the  pH  gradient  of  secretory  vesicles  reduces  their  rate  of  exocyto-
sis  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.
. Introduction

Secretory cells are characterized by the presence of secretory
torage vesicles that release neurotransmitters and hormones.
drenal chromaffin cells are commonly used to study the basic
echanisms of neurotransmitter secretion, which involves vesi-

le sorting, movement and exocytosis. As large concentrations of
a2+ are stored in secretory vesicles, considerable effort has focused
n studying the physiological role(s) of vesicular Ca2+ in vesicle
ovement and exocytosis [1–3]. The currently available experi-
ental evidence indicates that the vesicular cocktail constitutes

 source of Ca2+ that may  be involved in regulating vesicle move-
ent and exocytosis. Since the majority of this data is derived from

xperiments performed in chromaffin cells, we will first describe
he most representative organelle of these cells, the chromaffin
ranule.
Abbreviations: V-ATPase, vesicular H+-ATPase; VMAT2, vesicular monoamine
ransporter; LDCV, large dense core vesicles; Cgs, chromogranins; CgA, chromo-
ranin A; CgB, chromogranin B; SgII, secretogranin type II; SERCA, sarcoplasmic
eticulum calcium ATPase; CICR, Ca2+-induced Ca2+ release.
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1.1. Secretory granules

Secretory granules from chromaffin cells are large, dense, core
vesicles (LDCV) similar to those found in many other neuroen-
docrine cells and sympathetic neurons [4].  Chromaffin granules
concentrate transmitters in a highly efficient manner, accumulating
catecholamines (500–1000 mM [5,6]) and other soluble compo-
nents such as ATP (125–300 mM [7]), ascorbate (10–30 mM [8,9]),
peptides and chromogranins, thereby forming a condensed pro-
tein matrix (∼180 mg/mL  [10]). Furthermore, secretory granules
concentrate H+ to create an acidic medium that facilitates the accu-
mulation 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 mem-
branes of about 2 orders of magnitude (from ≈5.5 on the inside
to ≈7.3 in the cytosol). This gradient is maintained by the activ-
ity 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

dx.doi.org/10.1016/j.ceca.2011.12.009
http://www.sciencedirect.com/science/journal/01434160
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olutes are not free but rather, they are associated with other com-
onents of the vesicular matrix, the main protein components of
hich are chromogranins with a pKa of about 5.5 [18,20].

.2. Chromogranins are the main protein components of LDCV

Chromogranin A was discovered in the mid  sixties [21] as the
rst of a series of a acidic proteins generically known as granins, of
hich there are currently 9 examples [22,23]. In chromaffin secre-

ory vesicles, only chromogranins A (CgA) and B (CgB) are really
elevant, and to a lesser extent secretogranin II (SgII). The physi-
logical role of Cgs as sources of biologically active peptides has
een heavily investigated (see [22]), although granins can also pro-
ote granule biogenesis [24,25].  However, in non-secretory cells

xogenous granins appear to accumulate in dense compartments
hat resemble secretory granules [24–27].  Conversely, recent stud-
es using Cg knockout mice have shown that secretory granules
ersist and secretory responses are maintained in the absence of
gA [19], CgB [28] or both [29]. However, the capacity of secre-
ory granules to accumulate solutes is significantly affected by the
bsence of Cgs. Although the role of Cgs in the accumulation of
ther solutes such as Ca2+, H+ or ATP is still unknown, the ability of
gs to efficiently bind Ca2+ and H+ suggests that the accumulation
f 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
hromogranin A to form aggregates [30], and that regulating vesic-
lar pH plays an important role in the dynamics of vesicular Ca2+

nd catechols [16,31,32].  The presence of a functional IP3 receptor
irectly coupled to Cgs has been described, which may  be involved

n the physiological release of Ca2+ from vesicles [33]. The associa-
ion of vesicular membrane-bound IP3-R to CgA [34] and CgB [35]
s strongly dependent on pH.

.3. Bi-compartmental storage of catecholamines and Ca2+

Intravesicular Ca2+ was first implicated in the exocytotic pro-
ess in 1967 [36], although this hypothesis is yet to be fully
ccepted by the scientific community. The endoplasmic reticulum
as classically been considered as the main internal source of Ca2+,

argely because the mobilization of Ca2+ from intracellular stores
y InsP3 was first described in this organelle. More recent studies
ave demonstrated the involvement of other cell structures in the
ptake, release and cytosolic redistribution of Ca2+, including the
itochondria, nucleus and Golgi apparatus [37–39].  In this respect,

ecretory vesicles have received modest attention and they are fre-
uently considered little more than a non-functional Ca2+ sink. The
ain argument for this, although with little experimental support,

s that vesicular Ca2+ is sequestered into the vesicular matrix where
t undergoes little turnover. However, recent findings and a rein-
erpretation of classical data appears to contradict this assumption
or several reasons:

i) Secretory granules are the most abundant organelle in chromaf-
fin 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 chro-
maffin 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
 51 (2012) 338– 341 339

at a concentration of about 50–100 �M [16,43,44].  The free frac-
tion 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 gran-
ules, 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 mobi-
lize the free Ca2+ fraction in vesicles [16,44].  Targeted aequorin
studies suggest that intravesicular Ca2+ kinetics follow a bi-
compartmental 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), cyclopia-
zonic 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 intravesicu-
lar 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 sec-
retagogues increase free intracellular Ca2+ by promoting its entry
from extracellular or internal sources. Nevertheless, the vesicu-
lar alkalinization observed upon the activation of several second
messenger pathways also contributes to the mobilization of vesic-
ular Ca2+ and catecholamines (this latter effect having recently
been demonstrated using single cell amperometry: [46,47]). Nev-
ertheless, it is plausible that the pH gradient across the vesicular
membrane provides the necessary link between physiological stim-
uli 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 experi-
ments using pH-disrupting agents or drugs that act on ryanodine-
or 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 stud-
ies 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 subse-
quent 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 mech-
anism 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 poten-
tial  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)
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urther studies will be necessary to determine the physiological
elevance of Ca2+ release from secretory vesicles.

In summary, when our recent findings are considered in the
ight of those from other laboratories, it appears that: (i) secre-
ory vesicles from PC12 [44] and chromaffin cells [16] accumulate
a2+ in two distinct and exchangeable forms, free (≈50–100 �M)
nd bound Ca2+ (≈40 mM);  (ii) vesicular pH is closely associated
ith the modulation of the kinetics and quantal characteristics

f catecholamine exocytosis [46]; (iii) secretory granules possess
echanisms for fast uptake and release of Ca2+; (iv) Ca2+ release

rom granules can influence granule movement and exocytosis
47]. The main mechanisms underlying vesicular Ca2+ turnover are
epicted in Fig. 1.
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