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Abstract Neurotransmitters and neuropeptides are stored
in small clear vesicles (SCVs) and large dense core vesicles
(LDCVs), respectively. Many differences in the properties of
SCVs and LDCVs suggest that these two classes of secretory
organelles may employ different sets of molecules in exocytosis. Relatively little is known, however, about factors
that differentially participate in SCVs and LDCVs release.
This article briefly overviews some key molecules that are
possibly involved in the differential regulation of the trafficking, docking, priming and fusion of SCVs and LDCVs.
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Introduction
Neurons communicate with one another through the release
of molecules from synaptic small clear vesicles (SCVs) and
large dense core vesicles (LDCVs, also called dense core
granules). Classical neurotransmitters are packaged in SCVs
and undergo fast phasic release at active zones of the nerve
terminal. In contrast, secretory proteins, specifically neuropeptides, are synthesized in the cell body and condensed in

Special issue article in honor of Dr. Ji-Sheng Han.
T. Xu (&)  P. Xu
National Laboratory of Biomacromolecules,
Institute of Biophysics, Chinese Academy of Sciences,
Beijing 100101, P.R. China
e-mail: xutao@ibp.ac.cn
T. Xu
College of Life Science and Technology, Huazhong University
of Science and Technology, Wuhan 430074, P.R. China

LDCVs. LDCVs can be released in the soma as well as in the
nerve terminals away from active zones. Initial formation of
immature LDCVs occurs at the trans-Golgi network (TGN).
Once formed, immature LDCVs must be processed and
remodeled to form mature LDCVs, which will then be
transported to underneath the plasma membrane waiting to
be released. SCVs, however, can be locally supplied in the
synaptic terminal via endocytic pathways and be reloaded by
vesicular transporters. Furthermore, SCVs and LDCVs differ
in speeds and latencies for exocytosis upon Ca2+ stimulation.
Apparently, SCVs and LDCVs are distinct organelles
responsible for different types of neurosecretion. Surprisingly, despite the differences, the exocytosis of SCVs and
LDCVs share conserved features. For example, both SCVs
and LDCVs are triggered to release by Ca2+ and Synaptotagmin I has been shown to be required for the Ca2+ sensing
of both types of release [1]. Likewise, the same set of
SNARE proteins are used by both SCVs and LDCVs [2, 3].
Furthermore, Munc18-1 protein, which is involved in the
docking as well as priming of vesicles, is dispensable for
both SCV and LDCV exocytosis [4]. Finally, both SCV and
LDCV exocytosis are sensitive to various regulations, such
as Ca2+-dependent priming [5], PKC- and PKA-dependent
facilitation [6]. Despite the ever-increasing list of proteins
that are involved in the transportation, docking, priming and
fusion of regulated exocytosis, relatively little is known
about the factors that differentially participate in SCV and
LDCV exocytosis. Is there any molecule that is differentially
used by SCVs and LDCVs? How could the many differences
in the release of SCVs and LDCVs be achieved molecularly?
Rab Proteins
Rab proteins comprise the largest family within the Ras
superfamily of small GTPase. Rab proteins increase from
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11 members in yeast to 63 members in human, closely
correlating the evolution with increasing endomembrane
complexity. Individual Rab proteins are localized to distinct, characteristic organelles, suggesting that each
regulates a particular trafficking step of a particular vesicle
type. A wide variety of biological activities arise from the
combinatorial interactions of a given Rab with a wide array
of downstream effectors and their respective binding
partners. Rab effectors have been shown to be involved in
the initial tethering of vesicles to target membrane, in the
movement along microtubule via motor proteins, and in
actin-based mobility through interactions with class V
myosins [7]. Hence, SCVs and LDCVs are likely to use
different Rab proteins to coordinate translocation along
different tracks.
Recent work has established an important role of Rab27
in secretory lysosome and LDCV exocytosis in melanocytes, cytotoxic T lymphocytes, and neuroendocrine cells.
In melanocytes, Rab27a is localized to the pigment-containing melanosome granules, which is a type of secretory
lysosome, and is essential for their transportation to the cell
periphery. The Rab27a effector melanophilin links
Rab27a-positive granules to the actin motor myosin-Va.
Without myosin-Va-dependent capture of these organelles
on actin filaments, melanosomes cannot be transferred to
the cell periphery. In addition, mice and patients with
mutations in Rab27a also lack the ability to secrete from
the lytic granules of cytotoxic T lymphocytes [8, 9]. Rab27
has also been implicated in regulation of LDCV exocytosis
in various endocrine and neuroendocrine cells [10, 11].
SCVs contain members of at least three families of Rab
proteins: Rab3 (Rab3A, 3B, 3C, and 3D), Rab5, and Rab11
[12]. Of these, Rab3 proteins are the most abundant. Rab3A
alone accounts for *25% of the total Rab GTP binding in
brain. Rab3A has been shown to regulate neurotransmission
by limiting the recruitment of SCVs into the RRP [13]. In a
complete genetic analysis of Rab3 proteins, it has been
shown the Rab3 is required for survival in mice and that the
four Rab3 proteins are functionally redundant in this role
[14]. Furthermore, Rab3 proteins are not in itself essential
for SCV exocytosis but functions to modulate the basic
release machinery. Unlike the role of Rab27 in the translocation of LDCVs, it is unclear at present whether Rab3
participate in the translocation of SCVs to underneath the
terminal membrane. Rab3 mutants in C. elegans are viable
but demonstrate less SCVs close to the active zone, suggesting a role of Rab3 in SCV translocation or tethering [15].

Rab Effectors
Probably the best-characterized Rab effectors are involved
in the initial tethering of vesicles to target membranes.
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These include the exocyst complex (Sec4 effector in yeast
exocytosis) [16, 17], the HOPS protein complex (Ypt7
effector in transport to the vacuole) [18, 19], p115 (Rab1
effector in Golgi transport) [20], and EEA1 (Rab5
effector in endocytosis) [21, 22]. It is thus perceptible that
Rab27 and Rab3, together with their specific effectors,
could function in the tethering/docking of LDCVs and
SCVs to the plasma membrane. Analysis of Rab27adeficient ashen mice has revealed involvement of Rab27a
in the membrane tethering/docking step of the LDCVs in
pancreatic b cells [23] and secretory lysosomes in cytotoxic T-lymphocytes [8, 9]. The synaptotagmin-like
protein (Slp) family, which includes Slp1/JFC1, Slp2-a,
Slp3-a, Slp4/granuphilin, Slp5 and rabphilin, has been
identified as one group of Rab27 effectors. The members
in Slp family contain an N-terminal Rab27-binding Slp
homology domain (SHD) and C-terminal tandem C2
domains. Although the SHD of Slp4-a interacts with three
distinct Rab species (Rab3, Rab8, and Rab27) in vitro,
Slp4-a functions as a Rab27A effector during DCV exocytosis under physiological conditions. In Slp4/
granuphilin knockout mice, a decrease in the number of
plasma membrane-docked insulin-containing vesicles has
been observed [24]. Despite a decrease in docking,
however, Slp4/granuphilin-deficiency enhances insulin
secretion. Biochemical analysis has shown that Slp4
interacts with Munc18-1 or Munc18-1 and Syntaxin-1
complex. Thus it has been proposed that Slp4 negatively
regulates LDCV exocytosis by forcing the vesicle into a
non-functional docked state. Unlike Slp4, Slp1, Slp2,
Slp3, and Slp5 has been reported to specifically interact
with Rab27 and do not interact with other Rabs, including
Rab3. Slp2 is most abundantly expressed in the gastric
surface mucous cells. Analysis of Slp2 mutant mice has
revealed a reduced number of mucus granules, probably
by reducing the docking of granules at the apical plasma
membrane in the mucous cells [25]. Thus, it has been
hypothesized that Rab27 and its effector Slp proteins may
participate in putative docking machineries in different
types of cells where they are endogenously expressed
[26]. However, it is not clear whether all members of the
Slp family participate in the docking, or whether Slp
proteins only participate in a non-productive docking as
suggested by the phenotype of Slp4-deficiency. Rabphilin
has long been recognized as the effector of Rab3 as
well as Rab27. Deletion of rabphilin produced no
detectable effect in mice [27] and only a mild phenotype
in C. elegans [28]. A recent study suggests that the
binding of rabphilin to SNAP-25 accelerates the exocytosis of SVs only after the RRP has been exhausted [29].
Apparently, the exact functions of Slp proteins and how
Rab27/Rab3 mediates the docking of vesicles to the
plasma membrane remain to be further explored.
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Munc13 Proteins
Vesicles need to undergo a priming step to prepare them
for fusion in response to Ca2+ signal. The priming of vesicles into a fusion competent state is thought to involve, at
least in part, the assembly of trans SNARE complexes [30,
31]. The precise mechanism by which priming is catalyzed
remains to be revealed. Munc13 proteins constitute a
family of 4 mammalian homologues of C. elegans Unc-13
and Drosophila Dunc-13 [32]. Genetic deletion of
Munc13-1/u causes total arrest of synaptic transmission
due to a complete loss of fusion-competent synaptic vesicles [33, 34]. Munc13 proteins contain C2 domain and a
DAG binding C1 domain. The binding of DAG/phorbolester to C1 domain leads to enhanced priming activity of
Munc13-1 [35, 36]. Despite an essential role Munc13
proteins in SCV priming, however, the requirement of
Munc13 proteins for LDCV exocytosis, is controversial.
Although exogenously expressed Munc13-1 strongly
stimulates LDCV secretion in chromaffin cells [37] and
pancreatic b cells [38], LDCV secretion remains relatively
normal in chromaffin cells isolated from Munc13-1
knockouts [39]. Our recent study in pancreatic b cells
suggests that Munc13-1 is required in accelerated priming
of LDCVs, a function that involves DAG binding to the C1
domain [40]. However, the basal maintenance of fusion
competent RRP does not seem to require Munc13-1. The
involvement of Munc13 proteins in neuropeptide release
from dense core vesicles has also been confirmed in the
unc-13 mutant C. elegans [6]. The differential requirement
for Munc13 proteins in the release of SCVs and LDCVs
suggests that these two types of vesicles probably use
different mechanism in the priming or stabilization of
fusion competent vesicles.

CAPS Proteins
Ca2+-dependent activator protein for secretion (CAPS) was
identified as an essential protein required for LDCV exocytosis [41]. CAPS is highly conserved in evolution: a
single CAPS isoform (UNC-31) is found in C. elegans,
whereas two closely related isoforms are expressed in
vertebrates: CAPS1 and CAPS2. CAPS contains a conserved MH domain which is also found in members of the
Munc13 family. CAPS appears to be required for LDCV
but not SCV exocytosis [42, 43]. However, by deleting the
CAPS1 gene, it has been demonstrated that CAPS1 is
probably not involved in the Ca2+ -triggered LDCV exocytosis per se, but rather in the uptake or storage of
monoamines into LDCVs [44]. It should be pointed out that
this study has not addressed the redundancy of CAPS2,
which is expressed at 8-fold higher levels than CAPS1 in

1917

adrenal glands. By contrast, recent experiments using unc31 mutant of C. elegans [6, 45] and our recent study clearly
demonstrated a requirement of CAPS for LDCV exocytosis
[46]. We observed a small but significant defect in SCV
release in the unc-31 mutant. This result is consistent with
previous studies showing that ablation of CAPS/UNC-31 in
C. elegans [43] and Drosophila [47] results in decreased
synaptic transmission at the NMJ. Although these results
suggest a role of CAPS/UNC-31 in SCV exocytosis, it is
unclear whether CAPS/UNC-31 functions directly in SCV
exocytosis or indirectly by regulating LDCV exocytosis
[43]. By double knockout of both CAPS genes in mice, a
recent study showed that CAPS1 and CAPS2 are essential
components of the SCV priming machinery [48]. CAPSdeficient neurons contain no or very few fusion competent
SCVs, which causes a selective impairment of fast phasic
transmitter release. Thus unlike the previous thought that
CAPS may be specific for LDCVs, it seems that CAPS
proteins are both involved in the priming of SCVs and
LDCVs although the exact requirement may be different
under various cellular environment for different cell types.

Synaptotagmins
Synaptotagmins constitute a large family of at least 16
members and individual Synaptotagmin isoforms exhibit
distinct Ca2+-binding properties and subcellular localization. It is speculated that differential localization of
synaptotagmins to different types of vesicles may form
fusion machineries with various Ca2+-sensitivities. Synaptotagmin I is best characterized as an abundant SCVassociated protein essential for rapid synchronous synaptic
transmission. Synaptotagmin IX has been postulated to
function as a major Ca2+ sensor for LDCV exocytosis in
neuroendocrine cells. Synaptotagmin IX represents a close
homologue to Synaptotagmin I based on sequence alignments. Nevertheless, the unique binding properties of
Synaptotagmin IX with Ca2+, phospholipid and SNARE
complex suggest a substantially different biological roles
from those of Synaptotagmin I. Because of the presence of
multiple synaptotagmin genes [49] and the existence of
multiple synaptotagmin isoforms on single vesicles [50], it
remains a challenge to demonstrate whether and how
synaptotagmin compositions confer the different Ca2+sensing properties of SCV and LDCV fusion. It is not clear
whether multiple Synaptotagmin isoforms function independently on different types of vesicles or can function
cooperatively on certain type of vesicle to confer distinct
Ca2+-sensing and kinetic properties. Our recent study [51]
found that down-regulation of Synaptotagmin I and IX
simultaneously resulted in a significant loss of Ca2+dependent LDCV exocytosis. By contrast, LDCV
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exocytosis persisted in cells expressing either Synaptotagmin I or IX alone. Our result suggests that Synaptotagmin I
and IX function redundantly in Ca2+-sensing and fusion
pore dilation of LDCVs in PC12 cells.

Protein Kinases
A large number of studies on many different cell types
have implicated protein phosphorylation in the control of
regulated exocytosis. PKA and PKC have been shown to
enhance triggered exocytosis in essentially all cell types
examined including neurons, neuroendocrine cells, endocrine cells, platelets, and so on. An array of exocytotic
proteins has been identified as the substrates for PKA and
PKC in vitro, and to a lesser extent in vivo. Because the
apparent co-localization of SCVs and LDCVs in the same
neuron, it is unclear whether the specificity of regulation is
achieved by activation of different isoforms of protein
kinases or by spatial-restricted activation of the same
protein kinase. A recent study in C. elegans has shed light
on how the specificity of regulation is achieved [6]. The
PKC-1 protein of C. elegans, which is an ortholog of
vertebrate PKCe and PKCg isoforms, has been shown to
regulate exocytosis of neuropeptide-containing DCVs in
C. elegans motor neurons. By contrast, SCV release
occurred normally in pkc-1 mutants. Similar neuropeptide
secretion defects of the pkc-1 mutants were found in
mutants lacking unc-31 or unc-13. This is the first study
showing that different isoforms of PKC may differentially
regulate SCV and LDCV exocytosis, which adds another
layer of regulation of these two types of secretory organelles to fulfill their distinct physiological functions.

Prospects
The last decade has witnessed a remarkable explosion in our
knowledge of many proteins that are required for regulated
exocytosis. It is now acknowledged that both SCV and
LDCV exocytose through mechanisms with many aspects in
common and most likely employ the same basic protein
components. Yet, SCVs and LDCVs are different organelles
that are distinct in biogenesis, transport, docking, priming,
fusion and regulation. Further studies are expected to reveal
factors that contribute to the many differences in multiple
steps along the cycling of these two famous types of secretory vesicles that play important roles in neural signaling.
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