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Abstract Large dense core vesicles and chromaffin granules
accumulate solutes at large concentrations (for instance, cate-
cholamines, 0.5–1 M; ATP, 120–300 mM; or Ca2+, 40 mM
(12)). Solutes seem to aggregate to a condensed protein ma-
trix, which is mainly composed of chromogranins, to elude
osmotic lysis. This association is also responsible for the de-
layed release of catecholamines during exocytosis. Here, we
compile experimental evidence, obtained since the inception
of single-cell amperometry, demonstrating how the alteration
of intravesicular composition promotes changes in the quan-
tum characteristics of exocytosis. As chromaffin cells are large
and their vesicles contain a high concentration of electrochem-
ically detectable species, most experimental data comes from
this cell model.
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Successful neurotransmission is based on the capability of
neurons to release enough chemicals to be detected by a target

cell. Because neurotransmitters are diluted following secre-
tion, it is crucial to package them in a very high concentration
in the secretory organelle.

Exocytosis is the most important mechanism for secretion
for a large number of substances including transmitters, hor-
mones, most autacoids, or antibodies. Regulated exocytosis is
a calcium-dependent mechanism that entails the fusion of a
secretory organelle (synaptic vesicle, large dense core vesicle,
chromaffin granule) with plasma membrane followed by the
total or partial release of its content.

Chromaffin granules are a particular kind of large dense
core vesicles present in chromaffin cells. Because of their high
abundance in the adrenal medulla and their relatively easy
culture for decades, chromaffin cells have been the most pop-
ular model to study the mechanisms involved in the stimulus-
secretion coupling, including the exocytotic process itself.

The vesicular cocktail of chromaffin granules

The large concentration of solutes that chromaffin granules
can accumulate in their interior has intrigued scientists for
over half a century [64]. The theoretical osmolarity calculated
by the sum of the concentration of vesicular solutes can be
estimated to be about 1500 mOsm. This large osmotic gradi-
ent towards the cytosol (≈320 mOsm) can only be reduced by
the aggregation of solutes thus forming a condensed matrix at
acidic pH (≈5.5) to elude osmotic lysis. By altering the osmo-
larity of extracellular media, from 200 to 750 mOsm, of cul-
tured chromaffin cells, we have observed profound and re-
versible changes in the kinetics of exocytosis [11, 58, 59].

We could classify intravesicular compounds into two major
groups depending on their capacity to move across the vesi-
cle’s membrane. Hence, amines, ascorbate, H+, Ca2+, and ATP
are Bmobile components^ as they are moving in and out of the
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vesicle, whereas chromogranins, peptides, and other proteins
are Bimmobile components^ as they cannot easily leave the
vesicles [64]. All mobile compounds of the vesicular cocktail
are in equilibriumwith the cytosol and the matrix, and as such,
they are main candidates to be involved in the regulation of
exocytosis since changes in any one of these species will
affect the others.

Secretory vesicles in chromaffin cells are able to package
very high concentrations of solutes maintaining a physiolog-
ical osmolarity, thanks to proteins (such as chromogranins) or
molecules (such as ATP) stored inside the granules.

Chromogranins

Chromogranins are the most abundant intragranular proteins
in chromaffin cells. Chromogranins (Chromogranins A and B
and secretogranin II) are acidic soluble glycoproteins respon-
sible in part for the characteristic dense core of chromaffin
vesicles seen in electron microscopy images. They are the
major constituents of large dense core vesicles (including
chromaffin granules), accounting for more than 80% of solu-
ble intravesicular proteins. All granins consist of single-
polypeptide chains. Chromogranins bind calcium, catechol-
amines, and ATP with low affinity but high capacity. For
instance, a single chromogranin A molecule is able to bind
32–93 Ca2+ ions [65].

The manipulation of the chromogranin content by chga/
chgb gene ablation reduces the amine content in a 50%,
confirming the importance of the intravesicular matrix in the
regulation of catecholamine cargo and exocytosis [18, 19, 42].
However, the calculated interaction between chromogranin A
and catecholamines only could account for less than 20% of
the total [55]. This discrepancy could be explained if we con-
sider the presence of chromogranin B and other soluble com-
ponents in millimolar concentrations, which will interact with
chromogranins and catecholamines. This inner cocktail as a
functional mixture also involves ATP and Ca2+ [36].

ATP

In terms of abundance, ATP is after catecholamines, the most
important intravesicular component. Chromaffin granules be-
have as BATP sequestrants^ as vesicular ATP accounts for
≈75% of all cellular content [6, 16]. It should be noticed that
almost all secretory vesicles from all known animal species
contain ATP [7]. ATP is transported inside granule by a vesic-
ular nucleotide carrier—the VNUT—(or Slc17a9) [53].
Decreased transporter expression results in a dramatic reduc-
tion in the exocytosis of ATP and catecholamines, both in the
firing frequency and in the quantum size [22].

Three major roles have been proposed for vesicular ATP
(1) to act as a neurotransmitter/mediator, (2) as ATP is a nec-
essary actor in the granule motion and in the latest steps of
exocytosis, it could be a functional reservoir including the
participation in the own exocytosis of the vesicle, and (3) to
contribute to the accumulation of vesicular components [7].
The colligative properties of ATP with catecholamines have
been largely studied in vitro but only recently the information
available about its role in living cells and in the dynamic of
exocytosis has become available [22]. Although unproved
with physiological stimuli, the presence of large concentra-
tions just Bacross the granule membrane^ of the two essential
factors to trigger exocytosis (Ca2+ and ATP) opens the excit-
ing question of the possible participation of vesicular compo-
nents in its secretion [13, 43].

The gradient of H+ across granule membrane

The vesicular pH is ≈5.5, two orders of magnitude more acidic
than cytosol. This is a crucial factor in understanding the equi-
librium of its inner components as this pH coincides with the
maximum stability of chromogranins and their optimal capac-
ity to bind soluble species [28]. This is a result of their high
content of glutamic and aspartic acid residues that produces a
pI of 4.4–5.4 [23]. The H+ gradient across the granule mem-
brane is also responsible for maintaining the high concentra-
tions of amines, Ca2+, and ATP inside the vesicles as H+ are
the counter-ions used by the carriers of these species [30]. The
H+ gradient depends on the activity of a vesicular proton
pump the V-ATPase, which is continuously pumping H+ to
acidify the vesicle [45]. Chloride anions enter in vesicles to
bring negative charges allowing the acidification by reducing
the voltage gradient.

The effects of vesicle alkalinization prove the role of the
pH gradient. For instance, the V-ATPase blocker bafilomycin
reduces the released quantum size and slows down the process
of exocytosis [13].

The regulation of the pH gradient across the granule mem-
brane is probably a physiological target of several second
messengers, which modify the kinetics of exocytosis and the
granule cargo [12, 13]. We explored two of these cell-
signaling pathways [10]. For example, the activation of the
classical cGMP/PKG pathway by nitric oxide (NO) and other
agents slows down catecholamine release in single exocytotic
events, without changing the quantum size, an effect that can
be rapidly reversed using NO scavengers [40]. Similar results
were found after activation of the cAMP/PKA pathway, al-
though strong stimulation of this kinase also causes a notable
increase in the quantal release of catecholamines [9, 39]. Other
drugs like estrogens also slow down exocytosis through a
non-genomic mechanism that involves cAMP [35].
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Activation of these two pathways causes a rapid alkalinization
of granules [13].

Drugs as false neurotransmitters

In addition to the naturally occurring compounds, several
drugs such as tyramine are accumulated inside secretory ves-
icles and displace the endogenous amines and promote leak-
age of them [17, 50]. Also, lipid soluble weak bases such as
amphetamines have received attention since they are concen-
trated in a pH-dependent manner inside vesicles, reducing the
quantum size (the amount of catecholamines released per sin-
gle exocytotic event) by moving catecholamines towards the
cytosol [25, 43, 56]. However, many other drugs share these
chemical features of being permeable weak bases. It has been
described how antihypertensive drugs like hydralazine [37]
and β-adrenergic blockers [41] accumulate in the chromaffin
granules and reduce the quantum size of catecholamine exo-
cytosis. This accumulation of drugs inside the vesicles can
also produce marked changes in the composition of the
Bmobile components,^ like amines, Ca2+, and perhaps ATP,
although it has received little attention by the scientific com-
munity. For example, vesicle content is depleted by incubation
with reserpine or tetrabenazine, drugs that deplete vesicle con-
tents [44]. Similarly, some drugs like CCCP used as Bselective
tools^ for the study of mitochondrial calcium are potent drugs
that displace mobile components from chromaffin granules.
False neurotransmitters are co-released with catecholamines
promoting pharmacological effects. Some of them like hydral-
azine [37] are rapidly stored in secretory vesicles whereas the
others like β-blockers are slowly but progressively accumu-
lated in vesicles, which could explain the delayed onset of
some antihypertensive drugs [41].

Vesicles behave like a bi-compartmental storage site where
the free portion accounts for only ≈10% of the total catechol-
amines [54]. This portion is probably associated with the clear
halo observed in electron microscopy [15]. Changes in pH
will rapidly affect this free fraction, whichwill initially modify
the kinetics of exocytosis without altering the quantum size.
However, strong or long-lasting inhibition of the V-ATPase
also causes the leakage of amines and other soluble compo-
nents like Ca2+ and ATP, which despite the decrease in the
quantum content also promotes granule movement and exo-
cytosis [12, 13].

Amperometry: a direct view of exocytosis

Although several methods for measuring the release of
amines, such as catechols, indoles, or histamine have been
implemented for over a century, only amperometry possesses
the sensitivity, time course, and spatial resolution. In these

experiments, a microelectrode is positioned onto a chromaffin
cell surface to directly detect the secreted catecholamines. The
water layer between electrode surface and cell membrane is
thin enough that the electrode senses exocytosis similar to a
postsynaptic cell.

In amperometry, exocytosis is viewed as an amperometric
spike. From this trace, several parameters can be extracted that
yield important information about the amines released and
their kinetics of release during an exocytotic event. Figure 1
shows a typical amperometric spike and the parameters that
can be extracted from it.

Amperometry evidenced the nature of catecholamine
release during exocytosis

Two unexpected discoveries were noticed once chromaffin
granules exocytosis could be observed:

(1) The release of single quanta is quite prolonged. Single
events of catecholamine release showed a much slower
kinetics than predicted by a simple diffusion of catechol-
amines in aqueous solution, which should last few mi-
croseconds. Conversely, amperometric spikes have a du-
ration of several tens of milliseconds; this indicates that
free diffusion is impeded [14, 54] (Fig. 1).

(2) Partial vs. full quantal release. Most of the granule con-
tent seems to be retained and only a partial release
occurs.

Electrolysis of the secreted contents of single vesicles from
bovine chromaffin cells typically yield a net charge (Q) that
averaged ≈1 pC (5 attomoles or 3 × 106 molecules). As indi-
cated in Fig. 1, the average value is distributed over a broad
range. This has been attributed to the wide range of vesicle
size [63].

However, patch-amperometry, a technique that can force
the release towards the full collapse of vesicles, found Q
values of ≈3 pC, thus, indicating that under normal stimulation
most granules incomplete fusion or partial release [41, 42].
This interpretation received a further support from the so-
called in vivo cytometry, a technique that placed a microelec-
trode in a flow stream of isolated vesicles that directly collide
with the electrode surface causing their contents to be expelled
[48]. This higher catecholamine content of secretory vesicles
was also confirmed using a modification of this technique
called Bintracellular cytometry^ by placing a very sharp elec-
trode inside a cell monitoring directly the rupture vesicles
[24]. These observations received support from data on chro-
maffin cells obtained by combining whole-cell with cell-
attached capacitance. These authors showed that weak stimuli
evoked release by transitory fusion whereas strong stimuli
switched the release to the full-fusion mode [21].
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Two main mechanisms have been claimed to explain why
the granules empty slowly and in an incomplete fashion.
Probably both are involved. The first mechanism concerns
the physical restriction to the free diffusion of catecholamines
caused by the dilatation/closing of fusion pore, an aqueous
channel that makes the initial connection of vesicles with ex-
tracellular media. This means that most exocytotic events
should be partial because the fusion pore only lasts long
enough to permit flowing out only a fraction of the material
to be secreted—partial exocytosis—.

The second mechanism arises from the retention of solutes
in the granule matrix, which associates catecholamines, vesic-
ular proteins (chromogranins), ATP, and Ca2+. This associa-
tion is also shared by other cells like mastocytes which behave
similar to chromaffin cells to changes in temperature and ionic
composition in spite of their different matrix composition
[51]. Exocytosis is also largely delayed in the presence of
cross-linking agents like glutaraldehyde or formaldehyde that
should freeze the dissociation of catecholamines from
chromogranins [8]. Moreover, in experiments on chromaffin
cells cultured in astrocyte-conditioned media, the phenotype
of the chromaffin cells switches to a neuronal-like form. These
chromaffin cells had reduced their granule matrix, and their
secretory spikes resulted drastically accelerated [3]. However,
the role of vesicular matrix could only be studied in detail
when animals lacking chromogranins became available (see
next paragraph).

The controversy between the supporters of full-fusion and
partial fusion has lasted for decades. The presence of partial
fusion, where all or part of the content is released during a
transitory fusion event, has been reported in chromaffin and
other cell types [1, 2, 29, 34].

Vesicular proteins can be retained in secretory vesicles de-
pending on their size, the size of the fusion pore and the
latency of the opening state. Live cell imaging of fluorescently
labeled cargo and granule coat proteins showed that the gran-
ule can indeed remain seemingly intact despite an open pore to
the outside [20, 31, 46, 49, 52, 57]. The size of this dilated
pore has been estimated as 7–12 nm by probing the accessi-
bility to the lumen for molecules up to several hundred
kilodaltons [26, 33]. Larger peptides can be released through
this pore, albeit slowly [49], or with a delay [4], which re-
quires a pore size that is larger than the threshold for irrevers-
ible fusion. It has therefore been proposed that the initially
narrow pore detected by electrical measurements can expand
slowly, thereby acting as a filter for the released cargo based
on its molecular size [4, 31]. However, even after release of
peptides as large as tissue plasminogen activator (tPA-EGFP,
~100 kDa), the granule often remains intact for a prolonged
period (minutes). Two observations indicate that even this
expanded pore can close again: the first, by exploiting the
pH dependence of a luminal EGFP-label, the resealing of
granules was directly demonstrated by periodic acidification
of the external medium [49] and the second, when cells are

Fig. 1 Amperometry reveals that exocytosis occurs far more slowly than
predicted by diffusion. a A typical amperometric trace obtained by a 5-s
application of 5 mM BaCl2. Each secretory spike normally comes from a
single fusion event. Note the large differences observed in spike sizes.
When exocytosis events occur at high frequency, elevations of the basal
level Benvelops^ are observed (arrow heads). b Kinetics parameters
extracted from a secretory spike. The Imax is the maximum oxidation
current of the spike which roughly corresponds to the maximal
concentration reaching electrode surface, expressed in picoAmperes.
The ascending slope (m) is taken by linearization of a segment between
25 and 75% of Imax. It is expressed in pascal per millisecond. As spike
duration cannot be reliably set, the duration of spike at half height (t1/2)

is used instead as the measurement for spike duration: this parameter is
expressed in millisecond. The integral of the current or area under the
curve (Q) reflects the amount of catecholamines released, the apparent
quantum size. It is expressed in picoCoulombs. Note the presence of a
pre-spike feature or Bfoot^ that precedes full exocytosis (dashed area),
which corresponds to catecholamines diffusing from the fusion pore
[14, 38]. c When spike simulation is carried out either by random walk
or by equations that use the measured diffusional constant for
catecholamines [27], the predicted speed of release is about three order
of magnitude faster and the spike amplitude is predicted to be much
greater
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bathed in fluid phase markers (e.g., rhodamine, horseradish
peroxidase) during stimulation, the dye becomes trapped in a
fraction of the granules [5, 32, 46, 61, 62].

Data on chromaffin cells obtained by combining whole-cell
with cell-attached capacitance showed that weak stimuli
evoked release by transitory fusion whereas strong stimuli
switched the release to the full-fusion mode [21].

The reuse of secretory vesicles means that every run causes
the progressive loss of proteins of the matrix. This fact can
offer an explanation for the heterogeneous size and density of
vesicles observed in electron microscopy, which range from
black to light gray. Thus, the relatively slow kinetics of exo-
cytosis are a result of the bi-phasic distribution of soluble
components inside vesicles (free and matrix-associated forms)
as well as the relative size of species and the fusion pore
dynamics.

Conclusions

It is now well established that the contents of secretory vesi-
cles are closely associated. This association, common to a
wide range of vesicles, was originally proposed to play a
role in exocytosis of mucin from goblet cells [60].
Experimental results from amperometry and patch clamp ex-
periments have established that the rate of extrusion from the
vesicle is much slower than predicted for a diffusion-
controlled process in free solution, consistent with the lowered
extrusion rate predicted for a disassociation-controlled pro-
cess. However, theoretical arguments suggest that the rate of
expansion of the fusion pore and the association of
intravesicular components are the rate-limiting steps in small
molecule extrusion [47]. Clearly, more research is required to
resolve these alternatives.
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