
The mainstream analysis in endocrine cells and

synapses

The regulation of exocytosis has been most precisely studied
by single-cell biophysical methods, which provide several
strong tools. Membrane capacitance, amperometry, lipophilic
dyes and postsynaptic currents are used as measures of
exocytosis and transmitter release. Intracellular calcium-
sensitive dyes, calcium buffers and caged calcium measure
and control the intracellular Ca¥ concentration, [Ca¥]é.
Whole-cell patch clamping controls membrane potential and
monitors Ca¥ fluxes electrically.

Typically, exocytosis from excitable cells is triggered by
Ca¥ entry through voltage-gated Ca¥ channels. The most
complete studies are with adrenal chromaffin cells and
several types of synapses. They lead to the following well-
known conclusions (Heinemann et al. 1994; Roberts, 1994;
Parsons et al. 1995; Zucker, 1996; von Gersdorff & Matthews,
1999). Exocytosis occurs whenever the local [Ca¥]é rises into

the 10—100 ìÒ range. Its rate is proportional to [Ca¥]é
raised to a higher power, e.g. 3 or 4, implying that the
cytoplasmic calcium receptors for exocytosis require several
bound Ca¥ ions to initiate the final event of fusion (Dodge &
Rahamimoff, 1967). When [Ca¥]é is raised suddenly and
then held high by an experimental manoeuvre, the rate of
exocytosis rises immediately but then begins to fall again
within 5—100 ms, presumably reflecting consumption of a
pool of readily releasable vesicles. The multi-exponential
time course of this slowing is interpreted to mean that the
readily releasable pool is slowly being replenished from a
series of preceding pools of less ready vesicles, which in
turn may also become partially depleted (Fig. 1). The
readily releasable pool of vesicles, as gauged by the initial
burst of exocytosis during steps of [Ca¥]é or hyperosmotic
shocks, is typically estimated to comprise only about 1% of
all vesicles, even in a rested cell. This small pool size may be
limited by the scarcity of some protein components essential
for forming a docked and primed vesicle. In this case,
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More than 30 years ago, Douglas (Douglas & Rubin, 1961; Douglas, 1968) proposed that
intracellular Ca¥ controls stimulus—secretion coupling in endocrine cells, and Katz & Miledi
(1967; Katz, 1969) proposed that intracellular Ca¥ ions control the rapid release of neuro-
transmitters from synapses. These related hypotheses have been amply confirmed in
subsequent years and for students of excitable cells, they dominate our teaching and
research. Calcium controls regulated exocytosis. On the other hand, many studies of
epithelial and blood cell biology emphasize Ca¥-independent regulation of secretion of
mucin, exocytotic delivery of transporters and degranulation. The evidence seems good. Are
these contrasting conclusions somehow mistaken, or are the dominant factors controlling
exocytosis actually different in different cell types? In this essay, we try to reconcile these
ideas and consider classes of questions to ask and hypotheses to test in seeking a more
integrated understanding of excitation—secretion coupling. Our review is conceptual and
narrowly selective of a few examples rather than referring to a broader range of useful
studies in the extensive literature. The examples are taken from mammals and are
documented principally by citing other reviews and two of our own studies. The evidence
shows that protein phosphorylation by kinases potentiates Ca¥-dependent exocytosis and
often suffices to induce exocytosis by itself. Apparently, protein phosphorylation is the
physiological trigger in a significant number of examples of regulated exocytosis. We
conclude that although sharing many common properties, secretory processes in different
cells are specialized and distinct from each other.
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refilling of the pool might have to wait until a departing
vesicle liberates some of these scarce components.

The emphasis of these biophysical experiments has been on
steps that are completed in a few seconds. For the release of
small synaptic vesicles, the experiments place Ca¥ in a final
controlling step that is so fast (< 100 ìs) it is commonly
supposed that there is insufficient time to break covalent
bonds in releasing the brake on fast chemical transmission.
In the secretion of large, dense core vesicles, the time scale
is somewhat longer (Kasai, 1999). In addition, Ca¥ influences
several steps that precede (or follow) the critical fusion event.

In parallel with biophysical kinetic analysis, there has been
much success in enumerating molecular components of the
secretory machinery (Rothman & Wieland, 1996; Hanson et
al. 1997; Avery et al. 1999). Soluble proteins include
N_ethylmaleimide-sensitive factor (NSF), soluble NSF
attachment proteins (SNAPs) and various ras-like GTPases
(rabs and others). Membrane components include SNAP
receptors (SNAREs), synaptotagmin and many others. The
importance and universality of all of these proteins was
revealed by reconstitution assays in mammalian cells and
mutant analysis in yeast, Caenorhabditis elegans, Drosophila
and mouse. The importance of SNAREs was reinforced by
their identification as the sole substrates for cleavage by the
clostridial metalloproteases botulinum toxin and tetanus
toxin, an action that abolishes secretion in many cell types.
Homologues of the synaptic SNAREs are used in vesicle
fusion steps at many earlier stages in intracellular
membrane traffic, such as transport between endoplasmic
reticulum and Golgi complex or between Golgi complex and
lysosomes. The SNAREs and synaptotagmins, which
participate in specific membrane recognition, fusion and
regulation of fusion, are actually large gene families with
cell type-specific expression of selected members. Thus,

although usually composed of the same types of proteins,
the secretory machinery does differ in specific molecular
composition in different cells. There is not yet agreement on
which molecules participate in the brakes that prevent
regulated exocytosis in cells at rest and permit it during
appropriate stimulation. It is also not known in molecular
terms what the special state of the release machinery is in
the readily releasable pool of vesicles.

Regulation in epithelia

Unlike nerve and endocrine cells, epithelial cells lack action
potentials and Ca¥ influx mechanisms triggered by
depolarization. Instead, hormones acting through G_protein-
coupled receptors and intracellular second messengers and
protein kinases typically initiate regulated membrane
fusion and secretion. The time scale of responses may be as
long as minutes rather than milliseconds, and the secretion
itself is slow and tonic rather than being a brief intense
burst typical of excitable cells. Much of this literature lacks
rapid assays of secretion, measurements with rapid steps of
second messengers or kinases, and the ability to measure
several variables simultaneously from single cells. Because
of the differences in vantage points, detailed differences or
similarities in the control of exocytosis in comparison with
excitable cells are often not clearly established. Since the
secretory response seems slow, the rate-limiting step(s) may
well be much earlier in the vesicle trafficking cycle than in a
synapse. It is even possible that exocytosis per se is
constitutive in some epithelia and that all regulation is on
mobilization of vesicles to regions of exocytosis. The concept
of a readily releasable pool of docked and primed vesicles
would not be so useful if the rate-limiting steps precede
these late events. Also pool sizes may be difficult to define if
it remains impossible to phosphorylate the targets of kinases
on a millisecond time scale.
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Figure 1. Kinetic pools of vesicles in the regulated secretory pathway of an excitable cell

Steps of vesicle traffic towards exocytosis are defined by kinetic analysis of responses to Ca¥ steps and
evoked Ca¥ rises in endocrine cells and synapses. Exocytosis (step k1) is triggered by binding of n Ca¥
ions. The small readily releasable pool (RRP) of vesicles is formed by priming (step k2) of docked vesicles.
Docked vesicles are formed (step k3) by mobilization and transport from deeper intracellular pools.



We consider first regulated membrane protein traffic. A
fascinating example of regulated membrane fusion occurs in
kidney collecting ducts, where water channels are inserted
into the apical membrane of principal cells in response to
vasopressin (reviewed by Brown et al. 1998). As originally
proposed in the shuttle hypothesis (Wade et al. 1981), the
water channels (aquaporin 2) of the collecting ducts reside in
membranes of intracellular vesicles at rest. The vesicle
membranes fuse reversibly with the apical plasma membrane
surface under the action of vasopressin, a process that uses
the machinery of vesicular exocytosis including SNAREs
and rab GTPases. The number of water channels at the cell
surface is viewed as a dynamic balance of continual
exocytosis and endocytosis. This is an example of membrane
trafficking induced by cyclic AMP (cAMP)-dependent
protein kinase A (PKA). Vasopressin stimulates adenylyl
cyclase and the hormone action can be mimicked by
activating the cyclase directly with forskolin or by adding
membrane-permeant analogues of cAMP. The response
requires protein phosphorylation by PKA, one essential
target being the aquaporin channel itself. In rat kidney duct
cells, the proteins associated with vesicular membranes
include SNAP-23, VAMP/synaptobrevin2 and syntaxin 4
(Inoue et al. 1998) and in the canine kidney epithelial cell
line (MDCK cells), proteins associated with apical membrane
trafficking include SNAP_23, VAMP/synaptobrevin7 and
syntaxin 3 (Lafont et al. 1999).

Apparently quite similar is the stimulation of HCl production
in parietal cells of the stomach, perhaps the first recognized
example of regulated insertion of transporters (Forte et al.
1977; reviewed by Urushidani & Forte, 1997). Again the
primary regulator seems to be cAMP. At rest, the acid-
secreting H¤,K¤-ATPase resides on intracellular vesicular
(tubulovesicular) membranes. Activation of acid secretion
requires fusion of these vesicles with the plasma membrane
and possibly with each other to bring the transporters
topologically to the cell surface. These events are activated
by histamine via coupling of Hµ receptors to adenylyl
cyclase. In rabbit but not dog, there is also an accompanying
rise of [Ca¥]é. However, this rise is considered only a
potentiator of the actions of cAMP rather than the initiator
of secretion. Activation of muscarinic or cholecystokinin
(CCK) receptors, which couple to phospholipase C and make
a [Ca¥]é rise without cAMP, does not activate secretion by
itself.

Now let us turn to regulated exocytosis itself. A well-
studied epithelial example is the secretion of the glycoprotein
mucin from large, dense core granules in airway, gastro-
intestinal tract and related cell lines (reviewed by Forstner,
1995; Davis, 1997). It is often found that mucin secretion
may be augmented by two different signalling systems:
cAMP and phopholipase C. For example, secretion is
stimulated by raising cAMP via â_adrenergic agonists,
vasoactive intestinal peptide (VIP), secretin, forskolin or
cholera toxin or by incubation with cAMP analogues in
submandibular gland, gastric, small intestine and pancreatic

duct cells (but not airway goblet cells). Mucin secretion from
the same cells can also usually be stimulated by agents that
activate phospholipase C, such as muscarinic agonists, ATP
and á1-adrenergic agonists (e.g. Hong et al. 1997; Nguyen et
al. 1998). Such stimulation activates PKC and may cause a
rise of [Ca¥]é by release from intracellular stores. In airway
goblet cells and a related cell line SPOC1, both of which can
respond to ATP, mucin secretion can be evoked
independently by raising [Ca¥]é in permeabilized cells or by
adding phorbol ester under buffered, low-Ca¥ conditions
(Davis, 1997; Scott et al. 1998). In much of the literature,
tests for the action of PKC involve addition of a phorbol
ester and perhaps blockade of the phorbol action by a PKC
inhibitor. These criteria of mimicry show that a powerful,
simultaneous activation of many subtypes of PKC can evoke
exocytosis, but by themselves do not show that PKC is the
signal used by any physiological pathway.

Our recent unpublished work on dog pancreatic duct cells
has used a biophysical approach on single cells. Secretory
vesicles were loaded artificially with an exogenous
detectable molecule, dopamine, by soaking the epithelial
cells in solutions containing millimolar concentrations of
dopamine (Kim et al. 1998). Then quantal secretion of
individual dopamine-filled vesicles could be detected by
amperometry as spikes of oxidation current at a polarized
carbon fibre electrode placed just outside a cell. At the same
time, [Ca¥]é was monitored optically using the fluorescent
Ca¥ indicator indo_1. Figure 2 shows an example of the
results. Initially we see a continuous background of
spontaneous exocytotic events (raw data in Fig. 2A and
summary in Fig. 2B). The endoplasmic reticulum Ca¥-
ATPase inhibitor thapsigargin is applied to promote
emptying of intracellular Ca¥ stores. This slightly
augments the rate of exocytosis. When forskolin is
subsequently added to stimulate synthesis of cAMP,
exocytosis is strongly stimulated. The forskolin effect
develops in 1—2 min and persists for > 5 min after the
forskolin is removed. In this experiment, cAMP stimulates
exocytosis fourfold without a detectable rise in [Ca¥]é
(Fig. 2C). Related experiments confirm that this stimulation
requires activation of PKA and that phorbol ester, acting
via PKC, can also stimulate exocytosis within 1—2 min, but
not as strongly as PKA. Finally, elevating [Ca¥]é by
exposure to ionomycin and Ca¥-containing solutions also
leads to brisk exocytosis. Such single-cell biophysical
experiments confirm and strengthen the conclusion reached
by studies of mucin secretion in multicellular preparations
that exocytotic secretion from duct cells can be stimulated
by any of three messenger systems: cAMP acting through
PKA, diacylglycerols acting through PKC, and Ca¥.

Haematopoietic cells

Several cells of the haematopoietic lineage store large intra-
cellular secretory granules and degranulate in response to
antigenic stimuli (reviewed by Lindau & Gomperts, 1991).
Despite much study, the final signal controlling such
exocytotic degranulation in neutrophils, mast cells and
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eosinophils, for example, is not well understood. It seems
not to be Ca¥, PKA or PKC (Neher & Almers, 1986; Almers
& Neher, 1987; Scepek et al. 1998). Gomperts (1983)
discovered that permeabilized mast cells will degranulate in
response to non-hydrolysable GTP analogues and proposed
that exocytosis is controlled by an as yet unidentified
G_protein, which he dubbed GE. Both GTP analogues and
the secretagogue compound 4880, stimulate Ca¥ transients
in mast cells, but the Ca¥ transients are not temporally
related or necessary for the exocytotic events (Neher &
Almers, 1986). These cells lack several of the common
isoforms of the proteins of the exocytotic machinery
including rab_3 (Lacy et al. 1995), and should present an
interesting extension of our understanding of secretory
regulation when more is known.

Regulation in excitable cells again

Let us reconsider the situation in excitable cells. Is Ca¥
always the message? The five endocrine cell types of the
anterior pituitary are excitable secretory cells capable of
making action potentials with voltage-gated Na¤ and Ca¥
channels. Pituitary gonadotropes secrete gonadotropins
from large, dense core vesicles in response to gonadotropin-
releasing hormone (GnRH). The GnRH receptor couples to
the G-protein Gq, activating the PLC cascade with
production of inositol trisphosphate (IP×) and oscillatory
release of Ca¥ from intracellular stores (reviewed by
Stojilkovic & Catt, 1995; Hille et al. 1995). PKC is also
activated. As studied with biophysical techniques in single

cells, secretion from gonadotropes exhibits a tight temporal
correlation with each Ca¥ elevation and a steep, cubic power
dependence on the [Ca¥]é (Tse et al. 1993, 1997). Dialysing
a cell with Ca¥ chelators blocks hormone-induced secretion,
and uncaging IP× or Ca¥ within the cell can elicit secretion.
Caged Ca¥ experiments reveal a readily releasable pool of
about 200 secretory granules that can be secreted within
100 ms when [Ca¥]é is stepped up to high levels. This
exocytotic burst is followed by several progressively slower
phases of secretion. Thus gonadotropes satisfy all the
criteria of classical Ca¥-dependent stimulus—secretion
coupling in Fig. 1 — with the twist that virtually all of the
trigger Ca¥ comes from intracellular stores rather than from
the extracellular medium.

Despite the clear physiological necessity and sufficiency of
the hormone-induced Ca¥ signal in gonadotropes, there is
also extensive literature showing that treatments with
phorbol esters can release several pituitary hormones from
pituitary cells (Vale et al. 1977; van der Merwe et al. 1990).
We have studied this treatment as well. In Fig. 3, cells
secreting luteinizing hormone (LH) in response to various
treatments are identified by a reverse haemolytic plaque
assay using antibodies to LH. The natural secretagogue,
GnRH, raises the number of secreting cells well above the
basal level in a 1 h assay. A phorbol ester, phorbol myristate
acetate (PMA) without or with GnRH stimulates the same
number of cells as GnRH alone, and an inactive phorbol
analogue does not stimulate secretion (Fig. 3A). Further
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Figure 2. Forskolin-stimulated exocytosis in an epithelial cell

Subconfluent dog pancreatic duct epithelial cells were loaded with 1 ìÒ indo_1 AM for 30 min, then 70 mÒ
dopamine-containing saline solution for 40 min at room temperature. A carbon fibre electrode polarized to
+600 mV lightly touched a cell to detect oxidation of quantally released exogenous dopamine upon
exocytosis. A, amperometric currents during application of 5 ìÒ thapsigargin (open bar) and 20 ìÒ
forskolin (filled bar). Currents > 24 pA have been truncated. B, rate of exocytosis plotted as number of
events per minute. C, [Ca¥]é measured with indo_1 ratio photometry. Data are from a single cell.



experiments showed that the phorbol ester induces secretion
by signalling mechanisms different from those used by
GnRH. Thus, the phorbol ester-induced secretion of
luteinizing hormone is much more sensitive to the PKC
inhibitor bisindolylmaleimide I (BIS) than the GnRH-
induced secretion is (Fig. 3B), and it is much less sensitive to
block by Cd¥ or Ca¥ chelators (Fig. 3C). In a 10—20 s
exposure, GnRH makes large oscillations of [Ca¥]é, whereas
during a 1 h exposure phorbol ester makes no detectable
[Ca¥]é elevation (Billiard et al. 1997). The full secretory
response, measured by the amperometric technique on
dopamine-loaded cells, also develops within 10—20 s with
GnRH but takes over 100 s to develop during incubation
with phorbol ester. Thus PKC mediates significant
exocytosis without a [Ca¥]é rise in this excitable cell, but the
physiological, more rapid secretion in response to GnRH
seems almost entirely due to the rise in [Ca¥]é.

Pancreatic â_cells present a similar picture. Secretion of
insulin is synchronous with elevations of [Ca¥]é, but
activating protein kinases can lead to secretion as well. A
large amount of literature documents how high bathing
glucose concentrations lead to plateau and burst membrane
depolarizations that open voltage-gated Ca¥ channels of
â_cells, allowing entry of the Ca¥ that triggers insulin

release (reviewed by Wollheim et al. 1996). Secretion of
insulin tracks the changes of [Ca¥]é very closely (Gilon &
Henquin, 1995; reviewed by Henquin et al. 1998). This
leads to a classical view of electrical control of secretion via
the effect of membrane potential on [Ca¥]é. However, more
recent literature has emphasized modulation or stimulation
of secretion by PKA and PKC. For example, the
depolarization-induced increases of membrane area
(membrane capacitance) in isolated â_cells are augmented
by pretreatment with forskolin, cAMP analogues, a
phosphodiesterase inhibitor, phorbol esters or phosphatase
inhibitors (Gillis & Misler, 1993; �Amm�ala et al. 1994). This
potentiation is not due to enhanced [Ca¥]é transients. High
glucose can still induce insulin secretion in calcium-depleted
conditions if both PKA and PKC have been stimulated
(Komatsu et al. 1995). It seems plausible that control via Ca¥
is the principal coupling for energy-regulated insulin release
and that receptor-mediated control via kinases superimposes
a modulatory bias from the autonomic nervous system.

Even fast chemical synaptic transmission is significantly
stimulated by protein kinases. Both excitatory and
inhibitory synapses are usually potentiated by activation of
PKA or PKC. The quantal content of evoked transmitter
release is increased, and the frequency of spontaneous
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Figure 3. Releasing hormone and kinase-stimulated exocytosis in pituitary cells

Cells were cultured following enzymatic dispersal from the anterior pituitary of a castrated male rat. The
number of cells secreting luteinizing hormone (LH) in 1 h was counted using a reverse haemolytic plaque
assay with antibodies against LH and normalized to the mean number of cells secreting in response to the
natural releasing hormone GnRH. Note that this assay does not report the amount of LH secreted, rather
the number of cells secreting above a certain threshold amount. A, similar stimulation of LH secretion by
50 nÒ GnRH, 100 nÒ phorbol myristate acetate (PMA), and both together (both); and no stimulation by
1 ìÒ 4á-phorbol-12,13-didecanoate (4á-Ph). B, greater sensitivity of PMA-induced secretion vs. GnRH-
induced secretion to block by the PKC inhibitor bisindolylmaleimide I (BIS, 100 and 500 nÒ). C, greater
sensitivity of GnRH-induced secretion vs. PMA-induced secretion to block by 100 ìÒ extracellular Cd¥ or
intracellular BAPTA (loading in 10 ìÒ BAPTA-AM solution for 15 min). (After Billiard et al. 1997.)



quantal transmitter release is raised as well (Malenka et al.
1986; Shapira et al. 1987; Capogna et al. 1995).

Hypotheses to consider

Where do the kinases act? Figure 4 presents several testable
variations of the standard kinetic description of exocytosis.
Each of these plausible ideas has been suggested before and
probably applies in some specific cases. Figure 4A reiterates
the standard description of Fig. 1 with the small addition
that the action of kinases simply causes a Ca¥ transient.
This would be a trivial explanation that says kinases have
no effect on the secretory mechanism — they are just
another trigger of Ca¥ transients. This possibility must
always be considered by measuring [Ca¥]é directly and by
eliminating any such transients. Indeed, in our unpublished
work on dog pancreatic duct epithelial cells, we quite often
found that phorbol esters or stimuli that raise cAMP did
elevate [Ca¥]é transiently. However, the elevation could be
averted by preincubation with thapsigargin (Fig. 2) or with
membrane-permeant precursors of Ca¥ chelators without
eliminating the stimulation of secretion. Permeabilized cells
and low-Ca¥ buffers would offer an alternative experimental
approach to the same question. A related hypothesis for
excitable cells is that kinases enhance the action potential-
evoked [Ca¥]é transient by potentiating evoked Ca¥ entry.
Phorbol esters do in fact relieve a tonic inhibition of Ca¥
channels (Swartz, 1993; Yang & Tsien, 1993), and they could
also prolong presynaptic action potentials. Nevertheless, in

several cases the potentiation of synaptic transmission is
known not to be due to a larger presynaptic [Ca¥]é transient
(e.g. Yawo, 1999).

Figure 4B hypothesizes that the brake for exocytosis of the
docked and primed, readily releasable pool can be relieved
directly by protein phosphorylation instead of by Ca¥. As
virtually all of the proteins known to participate in the last
stages of exocytosis have consensus sites for protein
phosphorylation, this idea is quite plausible. For the same
reason and because we do not know which proteins form the
brake, it could be quite difficult to prove. Figure 4C is a
slight modification suggesting that kinases may modify
vesicles in the readily releasable pool, not by removing the
brake fully but by changing the sensitivity to Ca¥ so that
some exocytosis occurs even at physiological [Ca¥]é levels.
An alternative and conservative approach is to consider that
the pathway towards exocytosis remains linear, with a Ca¥-
sensitive final step and kinases affecting the rates and
equilibria of the preceding steps (Fig. 4D). Then the size of
the readily releasable pool might become larger, and its
refilling during continuous exocytosis faster, even if the
final step remains the same. This mechanism might make
changes observable in a morphometric approach that uses
quantitative electron microscopy to look for changes in the
number of vesicles in different cellular domains. At early
steps of mobilization and recruitment of vesicles, many
investigators have considered regulatory actions on
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Figure 4. Possible sites of action of protein kinases on the secretory pathway

Kinases may act indirectly by augmenting the Ca¥ signal in the cytoplasm (A), directly on the conventional
Ca¥-sensitive pathway (B—D) or directly on populations of vesicles that are not Ca¥ sensitive (E).



cytoskeleton and cytoskeletal links, which might be a
barrier to mobilization or which might assist in the directed
movement of vesicles towards sites of release. The first and
classical example of such regulation at synapses is the actin-
associated, vesicle-binding family of synapsin proteins
(Llin�as et al. 1985; Hilfiker et al. 1999). Phosphorylation of
synapsin 1 allows mobilization of synaptic vesicles from a
tethered condition in reserve pools. One recent study of
capacitance changes in melanotropes concludes that cAMP
treatments actually enlarge the secretory granule size, thus
increasing exocytosis (Sikdar et al. 1998). Biophysical
approaches to distinguish the hypotheses of Fig. 4B—D are
to measure Ca¥ sensitivity, kinetic pool size and refilling
rates, using controlled [Ca¥]é increases, hyperosmotic
shocks and amphipathic membrane dyes. In hippocampal
cultures, Stevens & Sullivan (1998) showed that PKC
augments the size of the vesicle pool releasable by hyper-
osmotic shock and increases the rate of refilling of this pool.
Similarly in chromaffin cells, Gillis et al. (1996) found that
PKC augments the readily releasable pool defined by fast
capacitance increases following step elevations of [Ca¥]é.

Finally, the three regulatory signals, Ca¥, PKA and PKC,
may be acting on quite different populations of vesicles to
induce exocytosis by entirely distinct mechanisms (Fig. 4E).
In two of the examples above, secretion of LH from
gonadotropes and secretion of mucin from epithelia, the
same secretory product is released by different stimuli, so
the hypothesis of different vesicle populations seems
unlikely. However, this hypothesis would make sense for
cells that package multiple products that are secreted
independently in response to different signals. Possibly all
cells have multiple regulated secretory pathways. For
example, when a cell has both small, clear and large, dense
core secretory vesicles, independent control seems quite
probable. In mast cells, Almers & Neher (1987) and
Kirillova et al. (1993) distinguish a degranulation of large
granules, which is stimulated by GTP analogues, from
another significant membrane surface area increase, which is
due entirely to a fusion of small vesicles and can be
stimulated by step increases of [Ca¥]é. Even when both
vesicle types are thought to have a Ca¥-dependent trigger,
the regulation and nature of the Ca¥ signal may be
distinguishable (Kasai, 1999).

Conclusions

The physiological regulation of exocytosis has been most
extensively studied in electrically excitable cells and in
epithelia. One body of literature emphasizes Ca¥ and the
other, serine-threonine protein kinases. The standards of
the work are sufficiently high that one must accept that
these two cell types typically use different strategies.
Neurons exploit the only message that could act on a
submillisecond time scale, the Ca¥ ion, and epithelia use a
system that is slow and longer lasting. In either case, we do
not actually know the critical molecular target(s) of the
relevant signal. Quite probably additional signals will be
found as more becomes known about the secretion that

follows activation of tyrosine kinase pathways in
haematopoietic and other cells. In almost every case studied,
protein kinases can potentiate exocytosis in excitable cells
and Ca¥ can evoke secretion in epithelia. Thus the secretory
machinery, which comprises different protein subtypes from
homologous families of molecules, retains some sensitivity
to all of the possible stimuli, but is specially tuned to
respond well to signals relevant to that cell type and to that
cargo. It may even be that intracellular fusion events and
pathways, usually thought of as constitutive, could also be
accelerated by some of these signals.
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