
Abstract. The term piecemeal degranulation (PMD) refers to
a slow releasing process mediated by vesicular transport of
stored secretory granule contents. This form of cell secretion
was first proposed for basophils, mast cells and eosinophils,
but evidence has begun to accumulate that PMD also occurs
in dense-core granules of neuroendocrine cells and neurons.
This review summarizes the electron-microscopic evidence
that has been gathered in support of this view and also
discusses the possible physiological significance of PMD in
this class of secretory organelles in comparison with ‘full
fusion’ and ‘kiss-and-run’ exocytosis.
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1. Introduction

In the early 1970s, Ann Dvorak and co-workers identified
a novel type of cell secretion that they termed piecemeal
degranulation (PMD). This form of granule discharge was
recognized in guinea pig and human basophils participating
in skin contact allergic reactions or infiltrating tumors
(referenced fully in refs. 1,2). When examined by trans-
mission electron microscopy, these cells exhibited partially
or completely emptied granules in the absence of granule-
to-granule or granule-to-plasma membrane fusions. It soon
appeared that PMD was substantially different from exocytosis,
which affected the extrusion of stored material through granule
fusion to the cell plasma membrane. The term PMD was coined
because basophil granules showed focal pieces or packets of
lost particles leaving characteristic patchy areas of electron-
density beside luciency zones. In addition to granule changes,
the cytoplasm of basophils presented a large number of smooth,
30-150 nm in diameter, membrane-bound vesicles. Some of
these vesicles were filled with particles similar in structure
and electron-density to those contained in the granules, while
others were apparently empty and appeared electron-lucent.
Remarkably, vesicles were often seen attached to granules, in
a process of budding from or fusing with the perigranule
membrane. The PMD phenotype was later recognized in
mast cells localized at sites of chronic inflammatory response,
and a careful survey in different human pathologies led to the
conclusion that PMD, not anaphylactic degranulation, was
the most common release reaction in these cells (reviewed in
ref. 3). Next, PMD was identified in eosinophils and granule
changes reflecting PMD were detected in human and guinea
pig models of asthma and respiratory allergic reactions (4-6).

2. Piecemeal degranulation is mediated by vesicular
transport

Dvorak and co-workers provided a theoretical model to explain
how granules empty during PMD releasing reactions and gave
rigorous kinetic bases to the movement of granule content
within individual cells. The ‘shuttling vesicle’ hypothesis
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formulated by Dvorak and Dvorak (7) postulated a vesicular
transport mechanism to effect transfer of granule constituents
outside the cells. This hypothesis received substantial
experimental confirmation by a series of elegant electron
microscopic investigations using ultrastructural tracers and
purified cells stimulated in vitro by different secretagogues.
According to this model, an outward flow of cytoplasmic
vesicles loaded with granule materials effects granule emptying
during PMD. Vesicles containing bits of granule contents bud
from the perigranule membrane, move through the cytoplasm
and fuse with the plasma membrane, leading to content
discharge. Endocytic vesicles are retrieved from the plasma
membrane, traverse the cytoplasm and fuse with granules in a
closely coupled inward flow. If the rate and amount of vesicular
traffic are balanced, granule containers empty in a piecemeal
fashion, but maintain a constant size. If, on the other hand,
the inward flow of the endocytic vesicles exceeds the outward
flow of the exocytic vesicles, the granule chambers become
enlarged. The latter event is what generally occurs during
PMD.

The electron microscopic changes occurring during PMD
can be summarized in a series of specific diagnostic criteria
(8): i) PMD, a discrete process affecting single granules in an
asynchronic stepwise progression, generally results in a
unique granule polymorphism, consisting in an admixture of
normal resting granules, activated granules with enlarged
chambers and diminished constituents, and empty dilated
containers (Fig. 1); ii) remarkably, each granule does not fuse
with the others or with the cell membrane, but maintains its
close individual structure during the entire releasing process;
iii) the residual secretory material contained in activated
granules presents piecemeal loss of constituents leading to
‘semilunar’ or ‘haloed’ patterns (Figs. 1 and 2); iv) a proportion
of granules exhibits surface budding projections, which are
either apparently empty (electron-lucent) or filled by the same
electron-dense material that constitutes the granule; and v)
small, smooth, membrane-bound electron-dense or electron-
lucent vesicles are recognizable attached to the granules or free
in the intergranular cytosol or close to the plasma membrane.
Thus, identification of PMD relies upon specific ultrastructural
criteria, which refer to both granule and cytoplasmic changes. 

3. Dense-core granules of neuroendocrine cells and their
content release

More than 30 years have elapsed since the first PMD report
and the interest in this subject has recently gained new impulse.
It appears that distinct types of neuroendocrine cells express
ultrastructural features strongly indicative of PMD. The neuro-
endocrine system comprises a vast population of secretory
cells, which are either aggregated into purely secretory tissues,
such as gland structures, or dispersed within the epithelia
and connective components of various organs. Cells of the
neuroendocrine system have been previously referred to with
different names, such as argentaffin or argyrophil cells, small
intensely fluorescent cells, APUD (amine precursors uptake
and decarboxylation) cells, peptide-producing cells, entero-
chromaffin cells (in the stomach, intestine and bile ducts),
and Kulchitsky cells (in the lung). Typical neuroendocrine
cells are the chromaffin cells of the adrenal medulla, whose
name refers to the property of their cytoplasm to give an intense
yellow-brown staining when treated with chromium salts. Both
the alimentary and the respiratory tracts contain dispersed
or aggregated neuroendocrine cells; the pancreatic islets of
Langerhans are a remarkable example of such cell types. All
neuroendocrine cells share common ultrastructural features
and their hallmark is the dense-core secretory granule, which
by conventional electron microscopy appears as a membrane-
bound electron-dense structure, whose size and shape vary
among the different neuroendocrine cell types according to the
kind of contained molecules. These organelles store hormone
peptides in a specific structural complex with biogenic amines,
ATP, and a series of matrix proteins like chromogranins and
secretogranins; in addition, they contain peptide processing
enzymes (endoproteases and carboxypeptidases), glycoproteins,
ascorbic acid and Ca2+ (9). Of interest, the limiting membranes
of neuroendocrine granules express specific proteins, such as
the vesicle receptor (vSNARE) VAMP2 (vesicle-associated
membrane protein-2 or synaptobrevin-2) (10,11), which is
necessary for membrane fusion; phogrin, which aggregates
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Figure 1. Schematic drawing illustrating the unique admixture of normal
granules (1), activated granules with partially mobilized cargo (2) and empty
containers (3) observable during PMD. Activated granules present either a
‘haloed’ (A) or ‘semilunar’ (B) pattern. Each granule maintains its structural
integrity and does not fuse with other granules or the plasma membrane. 

Figure 2. Schematic drawing illustrating the structural changes observed in a
dense-core granule during PMD. (A) Normal, resting granule presents
electron-dense content and closely adhering limiting membrane. (B) Upon
activation, it undergoes a process of vesicle-mediated mobilization of secretory
constituents. Granule remnant appears either as a fringed core surrounded by
lucent rim (‘haloed’ pattern) or as an electron-dense accumulation adherent
to the perigranular membrane (‘semilunar’ pattern). Release of cargo material
is coupled with enlargement of the granule chamber. (C) This process
eventually leads to formation of a dilated, empty container.
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with specific cargo proteins (12), and the Ca2+ sensor
synaptotagmin I and II (13,14). Secretory granules in neuro-
endocrine cells are sorted in the trans-Golgi compartment
and undergo a process of maturation in the cell cytoplasm
before acquiring secretory competence (15). These organelles
share many common properties with large dense-core vesicles
in neurons. Accordingly, a unifying concept including both
neuroendocrine granules and large dense-core vesicles has been
developed (16). These structures are now comprehensively
referred to as dense-core granules (DCG), irrespective of
whether they are located in neuroendocrine cells or neurons
(15,17-20).

It is widely accepted that DCG release their secretory
constituents by exocytosis (11). This model applies to both
neurotransmission and hormone release from a variety of
neuroendocrine cells and outlines a common molecular
mechanism for membrane fusion involving a large number of
proteins, including the SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) family of proteins
or SNARE complex, which is believed to drive membrane
fusion (16,21). According to this model, granules actively
move to and dock at specific sites of the cell plasma mem-
brane, the so called ‘active zone’. Here, after stimulation by
specific secretagogues, they undergo complete fusion to the
plasma membrane with resulting formation of fl-shaped
structures visible by transmission electron-microscopy. In
this way, the secretory constituents packed in the granules
dissolve and are entirely discharged from the cell, while the
perigranular membrane collapses to and is integrated in the
plasma membrane (‘full fusion’ exocytosis). Components of
the granule membrane are subsequently recaptured by clathrin-
mediated endocytosis at sites distant from active zones and
then transported to the endosomal compartment for refilling
and resorting. Recently, an alternative (or complementary)
mode of exocytosis has been proposed as a means of DCG
release. This process has been variably referred to as ‘kiss-
and-run’ exocytosis, ‘fuse-pinch-and-linger’, ‘cavicapture’
or ‘porocytosis’ (22-26). Accordingly, the granule limiting
membrane contacts the plasma membrane and a transient
and reversible fusion pore is established. This momentary
communication between the granule lumen and the extra-
cellular environment allows escape of variable amounts of
granule cargo. The perigranular membrane, however, does
not merge with the plasma membrane, but is immediately
retrieved back into the cell after fusion pore resealing (27-29).
As a consequence, the DCG partially releases its secretory
constituents on a millisecond time scale, but maintains the
structural integrity and can be reused without necessity of
complete rebuilding. ‘Kiss-and-run’ exocytosis has been
established through biophysical approaches, such as patch-
clamp capacitance measurement of the cell surface area and
amperometric measurement of the release of single granule
contents (11). This hypothesis has received convincing support
by ‘evanescent field’ microscopy (also known as total internal
reflection microscopy), a real-time imaging technique that
allows DCG to be tracked before and after fusion to the
plasma membrane (30-32). It has also been recognized that
the cell can switch between ‘full fusion’ and ‘kiss-and-run’
events and that this process is regulated by Ca2+ concentration
(33).

4. Piecemeal degranulation in enteroendocrine cells

Enteroendocrine cells are a class of entodermal-derived cells
belonging to the diffuse neuroendocrine system. They are
located to the superficial and gland epithelia lining the
alimentary tract (34). These cells store in their DCG both
biogenic amines, such as histamine and serotonin, and
different peptides (35). At least 14 distinct types of entero-
endocrine cells have been identified that produce characteristic
profiles of hormone peptide secretion (36). Each cell type
presents a distinctive pattern of regional distribution along
the gastrointestinal tract and is morphologically distinguishable
on the basis of the number, size, shape and electron-density
of its DCG. Enteroendocrine cells participate in the regulation
of the processes related to digestion and resorption of food.
These functions are accomplished through paracrine and
endocrine modes of action. In particular, ‘short-loop’ endocrine
mechanisms, which imply messenger secretion within local
gastrointestinal blood circuits, have been proved to regulate
important alimentary functions, such as secretion of glands
extrinsic or intrinsic to the gastrointestinal wall, peristalsis
and blood supply (35,37). Admittedly, these cells release their
secretory contents by exocytosis. 

However, different subtypes of enteroendocrine cells in the
human and mouse gastrointestinal tracts have been shown to
express a repertoire of granule changes that mirrored the PMD
phenotype (38). Changes to granules consisted of organelle
enlargement accompanied by focal loss of content material
(Fig. 3A). Residual secretory constituents appeared either as
fringed cores surrounded by lucent rims (‘haloed’ pattern) or
as electron-dense piecemealed accumulations adherent to part
of the perigranular membrane (‘semilunar’ pattern). Often,
granule components were completely lost during the secretory
process leaving empty, dilated containers. Remarkably, altered
granules and empty containers were always intermingled
with normal granules and fusion events among granules and
between granules and the plasma membrane were never
recognized. In addition, altered granules frequently displayed
irregular profiles with stretched outlines, inward or outward
indentations, or tail-like budding projections. Besides granule
modifications, small, 30-150 nm diameter, membrane-bound
electron-dense or electron-lucent vesicles were recognized to
be free in the cytoplasm or closely associated with DCG. It
was also found that their density was higher in those areas in
which altered granules were more frequently observed.

5. Piecemeal degranulation in adrenal chromaffin cells

Chromaffin cells of the adrenal medulla are neuroendocrine
cells which, like sympathetic neurons, derive from sympatho-
adrenal precursors in the neural crest, a transient structure
formed early in embryonic development along the dorsal
surface of the neural tube (39). Chromaffin cells are actually
modified postganglionic sympathetic neurons of the autonomic
nervous system that have lost axons, dendrites and other
neuron-specific traits. These cells secrete both the classical
neurotransmitters adrenaline and noradrenaline, and a number
of other substances, such as chromogranins and neuroactive
peptides, in response to various kinds of stimuli including the
stressful ones (40-42). Neuropeptides co-stored with catechol-
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amines in DCG are among other opioid peptides, neuropeptide-
Y, substance-P, VIP and PACAP, beacon, neuropeptides B
and W, adrenomedullin and natriuretic peptides, which all
are able to modulate adrenal cortex function (referenced in
refs. 43-50). Released substances can act locally in a paracrine
manner (43) or enter the bloodstream to act on distant targets
in an endocrine fashion. 

The current view is that adrenal chromaffin cells release
their granule constituents by exocytosis, in the form of either
‘full fusion’ or ‘kiss-and-run’ exocytosis (18,39,51,52). In
recent years, however, compelling ultrastructural evidence of
PMD pathway was found in chromaffin cells of the adrenal
medulla. In the mouse and rat, where distinct populations of
adrenaline- and noradrenaline-producing cells are recognizable,
the expression of PMD was identified in both types of cells
(53,54). Normal resting chromaffin granules with an inner
electron-opaque component and closely adhering limiting
membrane were found admixed to enlarged granules with
partially mobilized components and dilated empty containers
(Fig. 3B). As in enteroendocrine cells, activated DCG exhibited
either inner eroded cores surrounded by clear swollen haloes
(‘haloed’ pattern) or peripheral densities close to the perigranule
membrane and assuming a lunar shape (‘semilunar’ pattern).

Notably, altered granules and empty containers preserved
their structural integrity, as no fusion events with the plasma
membrane or with neighbouring granules were observable.
Short blebs or more elongated buds filled by chromaffin
material were seen on the surface of many granules (Fig. 4A).
In addition, a cohort of variably sized (30-150 nm diameter)
and electron-dense vesicles was found either close to the
granules or in the intergranular cytosol (Fig. 4A). 

Similar features were observed in human chromaffin cells
excised from adrenal pheochromocytomas (55). In both tumor
pheochromocytes and normal chromaffin cells situated around
the tumor mass, ultrastructural features were comparable with
those recognized in mouse and rat chromaffin cells. Of interest,
quantitative morphometric analysis demonstrated that the
frequency of ultrastructural features indicative of PMD, such
as percentage of altered granules and density of cytoplasmic
vesicles, were significantly increased in tumor chromaffin
cells in comparison with non-tumor cells. Collectively, these
data suggest that PMD is a common mechanism responsible
for cell degranulation in adrenal chromaffin cells and that the
PMD reaction is settled at a higher level in adrenal tumor
cells. 

Recently, a histochemical procedure based on zinc iodide-
osmium tetroxide complexes has been used to fix rat chroma-
ffin cells (56). This method is known to highlight catecholic
compounds both at the light and electron microscopic level.
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Figure 3. Transmission electron microscopy. Ultrastructural features indicative
of PMD in different types of neuroendocrine cells. (A) Enteroendocrine cell
of murine gastric body; (B) chromaffin cell of the mouse adrenal medulla;
(C) B cell of pancreatic islet of Langerhans in the rat; and (D) neuroendocrine
cell of the chick embryo thymus. All illustrated cells show admixtures of
resting granules (thick arrows), enlarged granules with reduced contents
(thin arrows) and large empty containers (asterisks), in the absence of granule-
to-granule or granule-to-plasma membrane fusion. In D, numerous small,
dense or lucent vesicles (small arrows) are observable attached to granules,
free in the cytosol or close to the cell membrane. Scale bars, 0.5 μm.

Figure 4. Transmission electron microscopy of dense-core granules in rat
chromaffin cells (A and B), rat pancreatic A cells (C), and mouse pancreatic
B cells (D). (A) Granules in chromaffin cells exhibit surface buds filled by
electron-dense material (arrowheads); small vesicles loaded with dense
cargo are recognizable in close proximity (arrows). (B) Both granule content
and surface outpouches (arrowheads) react with zinc iodide-osmium tetroxide
(ZIO). (C) Small, loaded vesicles (arrows) are identifiable near dense-granules
in an A cell. (D) B-cell granule (curved arrow) shows ‘semilunar’ pattern.
Scale bars, 0.2 μm.

1037-1046  4/11/06  20:45  Page 1040



Ultrastructural analysis of chromaffin cells treated in such a
way revealed fine heavily electron-dense precipitates in DCG.
The same reactivity was observed in the emerging buds on
the surface of chromaffin granules as well as in many cyto-
plasmic vesicles, indicating that all these structures contain
the same reactive material (Fig. 4B). These observations add
further support to the hypothesis that secretion from DCG
in chromaffin cells may be effected by a vesicle-mediated
transport mechanism implicating transfer of loaded vesicles
from the granule surface to the cell membrane. 

6. Piecemeal degranulation in pancreatic A and B cells

The pancreatic islet of Langerhans comprises entodermal-
derived cells that synthesize and secrete distinct peptide
hormones (57). Four major cell types are recognized in many
mammalian species: A cells, which contain glucagon; B cells,
which contain insulin; D cells, which contain somatostatin;
and PP cells, which contain pancreatic polypeptide (58,59).
For the most part, studies have been accomplished on secretion
of B cells. Insulin is stored in DCG of pancreatic B cells and
released upon food (glucose) ingestion. Insulin secretion occurs
by exocytosis in the form of either ‘full-fusion’ or ‘kiss-and-
run’ exocytosis (60). Electron microscopy has provided support
for both types of secretory models. Opening of single B-cell
granules to the plasma membrane has been visualized along
with sequential fusion of granules leading to formation of
secretory chains (sequential and compound exocytosis) (61).
In addition, exocytosing secretory granules do not appear to
always completely collapse with the plasma membrane but
rather form small fusion pores, supporting the possibility that
some of these fusion pore openings might be transient and
would retract and close (62). Glucagon is also released by
pancreatic A cells through exocytic mechanisms upon stimul-
ation by various secretagogues (63). As a matter of fact, both
A and B cells are well endowed with exocytic molecular
machinery (64). 

Recently, the fine structure of pancreatic A and B cells
has been investigated in the mouse and rat, and preliminary
results indicate that these cells express a repertoire of electron-
microscopic features that are highly reminiscent of the PMD
phenotype (Crivellato and Bertelli, unpublished data). B cells,
in particular, often contain a highly polymorphic population
of non-fused granules essentially made up of three distinct
structural classes: i) granules with moderately electron-dense
texture and closely adhering limiting membrane; ii) enlarged
granules with strongly electron-dense or incompletely dissolved
remnants surrounded by clear haloes; and iii) empty vacuole
containers (Fig. 3C). Even assuming that the characteristic
ultrastructure of B-cell granules, with their dense core
surrounded by a clear halo, may be partly the result of fixation
or post-fixation artifacts, it is noteworthy that distinct B-cell
granules present a unique ‘semilunar’ arrangement of residual
constituents suggesting a piecemeal process (Fig. 4D). Other
B-cell granules show amorphous remnants inside enlarged
chambers indicating mobilization of granule components
paralleled by remodeling of the limiting membrane. As bio-
logical membranes have very limited stretching compliance
(65), it is reasonable to regard granule enlargement as an active
process resulting from insertion of new membrane material into

the limiting membrane. Clear or dense vesicles are actually
recognizable in the proximity of B-cell granules, although
with a lower frequency than in other neuroendocrine cells.
Also A cells exhibit changes suggestive of the PMD pattern
of secretion. They display a cytoplasmic admixture of resting
moderately electron-dense granules; activated granules with
enlarged size and reduced ‘haloed’ content material; and empty
containers. In addition, some granules exhibit outpouches or
budding projections of their limiting membrane and small
dense or clear vesicles can be observed close to granules or
in the perigranular cytoplasm (Fig. 4C). 

7. Piecemeal degranulation in thymic neuroendocrine cells

The mammalian and avian thymus contains a heterogeneous
population of neuroendocrine cells, which possess the
characteristic appearance of amine- and peptide-storing cells
(66). Their origin, biological significance and precise granule
content are poorly understood but, in the chicken, thymus
neuroendocrine cells have been recognized to store and release
serotonin (67). In addition, ultrastructural evidence of exocytic
images indicates that these cells are actively secreting (68).
Neuroendocrine cells of the chicken thymus have been studied
during embryonic life and they were found to include different
cytological subsets, which are chiefly located to the developing
medulla (69). 

These cells contain variable amounts of DCG differing
in shape, size and electron-density. They appear to express
the distinctive ultrastructural pattern of PMD secreting cells.
In fact, an admixture of normal unaltered granules, dilated
granules with partially mobilized contents, and large empty
containers was observable at low magnification (Fig. 3D).
Dilated granules presented patchy losses of cargo material
consistent with either ‘haloed’ or ‘semilunar’ patterns. At a
higher magnification altered granules presented bud-like or
tail-like protrusions, often filled with the same particles
constituting the granule cargo, and an impressive number of
smooth membrane-bound granulated or clear vesicles was
observed in the intergranular cytoplasm or attached to granules
(Fig. 3D).

8. Piecemeal degranulation in neurons

Neurons are highly differentiated secretory cells. They contain
two types of secretory organelles, small synaptic vesicles and
dense-core granules. These two organelles present different
morphology and secretory content. Viewed by electron
microscopy, small synaptic vesicles appear as clear vesicles
with a regular diameter of 30-40 nm; they store fast-acting
neurotransmitters such as glutamate, Á-amino-butyric acid
and acetylcholine. DCG, on the other hand, represent a
heterogeneous group of variably sized vesicles (80 to 200 nm
in diameter), showing an inner electron-dense content and
storing slow-acting neurotransmitter peptides, alone or in
association with amine-transmitters (70-72). Unlike small
synaptic vesicles, which can undergo many cycles of emptying/
refilling at the site of synaptic bouton, DCG require loading
with peptides and other constituents in the cell soma before
moving to sites of release (15). This implicates the biology of
DCG to be very different from that of small synaptic vesicles
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although the molecular machinery required for content release
from either class of vesicles shows great similarity (73,74). A
single neuron can contain six or more different peptides stored
within DCG. These peptides can be released not only by nerve
terminals within synaptic cleft domains, but also from a variety
of locations including dendrites, cell bodies and extrasynaptic
axonal zones (75,76). It is well documented that neurons
extrude their messenger content from DCG by either ‘full
fusion’ or ‘kiss-and-run’ exocytosis (77). 

As DCG in neurons share chemical and ultrastructural
properties with secretory granules in neuroendocrine cells
(9), it has been explored whether DCG in neurons express
PMD as well. As a matter of fact, ultrastructural morphologies
indicative of a PMD releasing model have been recognized
in the DCG of the mouse brain (78). Indeed, some DCG
were shown to undergo enlargement of the vesicle chamber
paralleled by reduction of cargo constituents (Fig. 5A and B).
Matrix remnants were either surrounded by a clear halo
(‘haloed’ pattern) or were attached to the vesicle limiting
membrane (‘semilunar’ or ‘marginated’ pattern). In some
instances, DCG appeared as empty dilated vacuole containers
(Fig. 5A). Notably, altered DCG and empty containers were

intermixed with normal-appearing DCG and, most signific-
antly, these structures maintained their close morphology and
were never seen to contact or fuse with the neurilemma.
Besides DCG changes, small (20-30 nm in diameter) electron-
dense or electron-lucent vesicles were identified attached to
either DCG and the plasmalemma or free in the cytoplasm.
Remarkably, certain DCG exhibited outpouches of their
limiting membrane, which were filled by an inner core that
presented a structure and electron-density similar to that
comprising the secretory material contained in DCG.

9. Functional significance of piecemeal degranulation in
neuroendocrine cells and neurons

It is generally admitted that PMD represents a slow long-
lasting secretory pathway that proceeds little by little through
outward vesicular transport of stored granule content. Early
studies showed that PMD was expressed in basophils and
mast cells infiltrating sites of chronic inflammation or cancer,
and it was noted that this process differed substantially from
the rapid and massive secretion occurring during compound
exocytosis, which could be recognized in type I allergic
reactions (anaphylactic degranulation). Subsequent analysis
of PMD kinetics using ex vivo purified basophils and mast
cells demonstrated that this secretory reaction allowed for
particulate release of granule constituents within a time lapse
of hours or even days. This pattern was therefore interpreted
as being most suitable for sustaining prolonged and discrete
granule release. In addition, as basophils and mast cells secrete
a myriad of stored compounds, some of which exert profound
biological effects at micromolar doses, it was conjectured that
PMD would represent a safety mechanism preventing noxious
outcomes through a careful control of releasable molecules.

This review provides evidence for a PMD pathway
operating in neuroendocrine cells and neurons. The obvious
question arises concerning the physiological significance of
PMD in this class of cells. As previously shown, neuro-
endocrine cells and neurons can export transmitter cargoes
from DCG through two alternative modes: ‘full fusion’ and
‘kiss-and-run’ exocytosis. Switching between these two modes
would permit the cell to regulate the kinetics and amount of
secretion. This process is alternatively regulated by activation
of protein kinase C and G protein-coupled receptors, which
modify the extent of Ca2+ influx available to initiate exocytosis
(33,79,80). ‘Full fusion’ exocytosis provides bulky extrusion
of transmitter content. This implies the consequent need for a
complete resynthesis of merged and collapsed granules at the
trans-Golgi network. The advantages of ‘full fusion’ exocytosis
are likely to make available a large amount of stored material
on specific demand and to allow the reassembly of maximally
refilled granules. ‘Kiss-and-run’ exocytosis, on the other hand,
appears to consent export of a fraction of secretory products
from individual DCG by limiting the open time of the fusion
pore and to allow multiple cycles of cargo release without the
necessity of entirely rebuilding the granule structure. Besides
modulating the release kinetics from DCG, ‘kiss-and-run’
would also permit selective discharge of secretory material
(Fig. 6). As a matter of fact, DCG store and release a composite
pool of constituents, ranging from small and highly charged
molecules, such as biogenic amines and ATP, to low molecular
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Figure 5. Transmission electron microscopy of dense-core granules in
mouse neurons. (A) An almost empty container (thin arrow) is observable
near two dense-granules characterized by normal shape and dimension
(thick arrows), and numerous small synaptic vesicles. (B) Two dense-core
granules (arrows) display enlargement of vesicle chamber paralleled by
reduction of cargo constituents. Scale bars, 0.2 μm.
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weight transmitter peptides, and large matrix proteins such as
chromogranins. Given the great difference in size, solubility
and electrical charge of these molecules, it might be possible
for fusion pores to discriminate between different releasable
molecules (77). Matrix proteins, such as chromogranins, would
be retained during ‘kiss-and-run’ exocytosis, while small
molecules such as amines would rapidly escape the granule
lumen once a connection to the outside via a fusion pore is
established. In chromaffin cells, for instance, a fusion pore
diameter <3 nm may allow catecholamine release without the
need of granule full fusion to the plasma membrane (81). This
pore diameter, however, may prevent permeation of proteins
as large as chromogranin A. If such a pore is formed transiently,
it would permit complete catecholamine release without
losing the proteins of the matrix. Thus, the granule may be
reused and reloaded with catecholamines after closing the
fusion pore. It has been demonstrated by combined capacitance
measurement and real-time imaging of individual DCG that
the fusion pore must dilate extensively to allow peptide release
and that efflux through the early fusion pore is insignificant
for peptide dismission (82). High molecular weight peptides
are released as long as extensive dilation (>4 nm) of the fusion
pore or even complete collapse of the DCG into the plasma
membrane follows (82). Another factor which controls the
rate of hormone release from exocyting granules is the manner
in which transmitter molecules are packed within DCG.
Insulin, for instance, is believed to be stored inside secretory
granules as a solid hexamer bound to Zn2+ ions. During
pancreatic B-cell exocytosis, it has been shown that serotonin
escapes from the granule at a significantly higher rate than
insulin, although both substances are released simultaneously
(83). The kinetics of serotonin release during fusion pore

formation is indistinguishable from simple diffusion whereas
insulin exit is slower. Thus, it is likely that the insulin core,
which has a diameter of 100-200 nm, must dissociate into
smaller units (monomers or dimers) prior to passage through
the fusion pore (84). Accordingly, it has been demonstrated
that the fusion pore in pancreatic B cells appears to remain
stably open (mean lifetime of 1.8 sec) for much longer than
in other cell types such as adrenal chromaffin cells (mean
lifetime of 41 msec) (85).

It is not clear how often recaptured DCG are used again
for exocytic release. They lack the molecular machinery to
refill with proteins but may reaccumulate small transmitters
such as catecholamines. Tsuboi et al (84) proposed the
following scenario. A first transient ‘kiss-and-run’ event may
lead to the release of only small granule cargoes (e.g. biogenic
amines, ATP and divalent metal ions). A second round of
exocytosis could follow in which the granule undergoes
fuller fusion, culminating in peptide release. Granules, whose
peptide cargo content has been largely or completely depleted
by transient fusion events, are eventually bound to lysosomal
destruction because DCG biosynthesis at the trans-Golgi is
the sole mechanism for rebuilding granules filled with their
peptide cargo.

Considering PMD, the question arises as to why neuro-
endocrine cells and neurons are endowed with the faculty to
express PMD, despite the fact that these cells can modify
their quantal size, i.e. the amount of release per fusion event,
through ‘kiss-and-run’ exocytosis mechanisms. In other words,
what would be the advantages to neuroendocrine cells or
neurons in adopting this type of secretion? In the absence of
functional data on PMD in this class of cells, any conjecture
is largely speculative. Our reasoning, however, can rely upon
some fixed points. During PMD reaction, DCG do not release
their cargoes directly to the cell exterior because granules do
not fuse to the plasma membrane (Fig. 6). Thus, granule
contents never make contact with the interstitial space as
occurs in ‘kiss-and-run’ exocytosis. As a consequence, all
mechanisms previously considered, leading to either diffusion
or retention of DCG molecules (e.g. size and electrical charge
of releasable components, and diameter and open time of the
fusion pore) are inconsequential in a PMD context. This is
likely to be of great functional relevance, because the process of
content export out of DCG escapes in this way the deterministic
sequence compelled by the ‘kiss-and-run’ scheme. If we apply
to neuroendocrine cells and neurons what has previously
emerged from studies on PMD in basophils and mast cells,
we can reasonably assume that small size transmitters, such
as biogenic amines and ATP, are packed with peptides and
high molecular weight matrix proteins in the same transfer
vesicles and dismissed altogether at the cell surface. Thus,
large proteins, which are reluctant to leave DCG during a
small diameter fusion pore event, may be discharged in a
piecemeal fashion. This mechanism would allow a more
precise modulation of the quantal size of highly toxic
releasable molecules, such as adrenaline and noradrenaline,
because virtually all catecholamines of a given granule are
released during the transient fusion pore opening (81). 

The low-level and long-lasting secretion effected by PMD
seems most suitable for accomplishing paracrine secretory
functions. This may possibly have a remarkable impact in
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Figure 6. Comparison between ‘kiss-and-run’ exocytosis (top) and PMD
(bottom) in dense-core granules. (A) These secretory organelles contain a
composite pool of constituents, ranging from small and highly charged
molecules such as biogenic amines and ATP (black circles) to low molecular
weight transmitter peptides (dark grey triangles), and large matrix proteins
such as chromogranins (light grey squares). (B) In ‘kiss-and-run’, initial
pore formation determines a rapid escape of small electrically charged
molecules. (C) During the phase of fusion pore expansion, larger molecules
such as peptides flow out of the granule. High molecular weight structures,
such as matrix proteins, are allowed to be exocyted only when the fusion
pore reaches a suitable diameter or the granule collapses into the plasma
membrane (‘full fusion’ exocytosis). By contrast, all three classes of molecules
are likely to be exported through a vesicle-mediated mechanism during PMD.
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neurobiology. PMD may support some neuron activities, such
as modulatory, trophic, differentiating or inductive functions,
that are believed not to be caused by fast neurotransmitter
discharge but rather rely upon the protracted supply of specific
molecules. An interesting open question is whether PMD
may effect the selective mobilization of single transmitters
out of the stored pool of releasable molecules, as suggested
by studies on vesicular transport-mediated secretion in mast
cells (86,87). This appears to be full of potential implications
for some neuroendocrine cells and neurons that stock more
than one hormone/neuropeptide in their DCG. 

The molecular machinery required for PMD is presently
largely unspecified although some initial studies have advocated
a role for SNARE proteins (88). It is likely, however, that
PMD would involve recruitment and assembly of specific
proteins capable of determining membrane curvature and
pinching off of budding vesicles, an energetically highly
unfavorable process and therefore one likely to occur very
slowly (21). Shuttling vesicle formation might occur with
requirement for the recruitment of epsin or other catalysts of
membrane curvature and pore closure, such as dynamin II and
other raft-associated proteins that drive membrane scission
(11).

10. Concluding remarks

This review summarizes all of the evidence in support for a
PMD mode of release from DCG. It is clear that the indication
for PMD in neuroendocrine cells and neurons relies solely
upon electron microscopic data, which provide static snapshots
of granule and vesicle morphology within a given cell. A
series of key issues needs to be addressed in the future. First,
under what biological circumstances are DCG expected to
release their cargoes in a PMD fashion? Which factors activate
PMD in neuroendocrine cells and neurons, and which signals
regulate the traffic of secretory vesicles to and from the plasma
membrane? Second, is PMD likely to allow secretion of mixed
components from DCG or is it suitable for discriminating
among the wide array of stored molecules and determining
the selective release of distinct bioactive constituents? Third,
what is the requirement for molecular machinery during a
PMD reaction involving DCG and what are the differences
with the molecular recruitment in ‘full fusion’ or ‘kiss-and-
run’ events? Finally, what are the physiological and patho-
logical implications of such a releasing model? Is it suitable
for accomplishing endocrine functions or rather for paracrine
activities? 

Given the heterogeneity of cell types containing DCG and
the great assortment of secretory products stored in these
organelles, which serve such different physiological specializ-
ations, it is likely that each of the above listed points may
have more than one explanation. Hence, there is still much to
learn about PMD in neuroendocrine cell and neuron secretion.
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