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Abstract
Transmitter release at synapses ensures faithful chemical coding of information that is transmitted
in the sub-second time frame. The brain, the central unit of information processing, depends upon
fast communication for decision making. Neuronal and neurosensory cells are equipped with the
molecular machinery that responds reliably, and with high fidelity, to external stimuli. However,
neuronal cells differ markedly from neurosensory cells in their signal transmission at synapses.
The main difference rests in how the synaptic complex is organized, with active zones in neuronal
cells and ribbon synapses in sensory cells (such as photoreceptors and hair cells). In exocytosis/
neurosecretion, SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment protein
receptors) and associated proteins play a critical role in vesicle docking, priming, fusion and
synchronization of neurotransmitter release. Recent studies suggest differences between neuronal
and sensory cells with respect to the molecular components of their synaptic complexes. In this
review, we will cover current findings on neuronal and sensory-cell SNARE proteins and their
modulators. We will also briefly discuss recent investigations on how deficits in the expression of
SNARE proteins in humans impair function in brain and sense organs.
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Introduction
In vertebrates, neurotransmitter release at neuronal synapses is directed by action potentials
(Schmitt et al., 1976), whereas in sensory synapses, release is driven by receptor potentials
that direct graded exocytosis (Kreft et al., 2003; Parsons et al., 1994). Neurotransmitter
release allows fast communication between neurons in higher organisms. In neurons, release
is restricted to specialized, electron-dense regions called active zones that appear as disk-like
structures covered with synaptic vesicles (Walrond and Reese, 1985) (Fig. 1). At
neuromuscular junctions, active zones resemble elongated ridges with synaptic vesicles
arranged on both sides (Harlow et al., 2001). In sensory cells, such as hair cells and
photoreceptor cells, active zones are manifested as spheres or ribbons surrounded by
vesicles (Matthews and Fuchs, 2010). Despite differences in shape and structure, all active
zones contain voltage-gated calcium channels and proteins that mediate and regulate
exocytosis and endocytosis. An array of structural proteins, such as piccolo and bassoon, are
set in the cytoskeletal framework and form the backbone of the active-zone cytomatrix that
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organizes a dynamic pool of vesicles around the zone (Kantardzhieva et al., 2012; Siksou et
al., 2007).

Synaptic vesicles are lipid-bilayer structures, 40–100 nm in diameter, filled with
neurotransmitter molecules (De Robertis and Franchi, 1956; Di Carlo, 1967). The
membranes of neuronal (Takamori et al., 2006) and sensory-cell vesicles (Uthaiah and
Hudspeth, 2010) are packed with proteins that are essential for vesicle regeneration,
trafficking and exocytosis/neurosecretion. Exocytosis at fast synapses, such as those of
neurons, photoreceptors and hair cells, occurs within sub-milliseconds after calcium influx
(0.5 ms or less), probably due to a readily-releasable pool of vesicles in close proximity
(within 100 nm) to the calcium channels that cluster around the active zone (Beaumont et
al., 2005; Sabatini and Regehr, 1999). Synaptic vesicles, before the release of their contents,
dock at the pre-synaptic membrane of active zones or ribbon synapses and undergo a
priming reaction that prepares them for exocytosis/neurosecretion. Secretion is induced
when voltage-gated Ca2+ channels open in response to membrane depolarization, arising
from action potentials in neuronal cells and neuromuscular junctions, and from receptor
potentials in sensory cells.

Vesicle fusion and pore formation are facilitated by high-affinity interaction of a group of
highly-conserved proteins, collectively called SNAREs (soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptors). SNARE proteins associated with the vesicles
are termed vesicle-SNAREs (v-SNAREs) and those on the presynaptic plasma membrane
are called target-SNAREs (t-SNAREs). Vesicles are released synchronously as well as
asynchronously, and their mode of release is determined by proteins such as synaptotagmins
and complexins that interact with and regulate conformational changes within the SNARE
proteins (Krishnakumar et al., 2011). Homologs and orthologs of SNARE proteins have
been found to govern membrane trafficking in different cellular compartments of organisms
ranging from yeast to humans, supporting the contention that most types of membrane
fusion events share a common mechanism (Jahn et al., 2003). Some of the best-studied
proteins crucial to regulated vesicle fusion are Sec18/N-ethylmaleimide-sensitive fusion
proteins (Sec18/NSF) (Zhao et al., 2007), Sec17/soluble N-ethylmaleimide sensitive fusion
protein attachment proteins (Sec17/SNAPs), SNAP receptors (SNAREs), Sec1/Munc-18
homologs (also known as SM proteins; Verhage et al., 2000) and the Rab family of small
GTPases (Pavlos and Jahn, 2011). In addition, synaptotagmins (Hui et al., 2011),
complexins (Yang et al., 2010), DoC2 proteins (Groffen et al., 2010) and snapin (Pan et al.,
2009) are recognized for their involvement in the regulation of Ca2+-triggered exocytosis.
While there is an underlying similarity in exocytosis/neurosecretion across different
systems, the process appears to be uniquely controlled in each case to meet the spatial and
temporal activities of the given cell type. In the present review, we examine some of the
recent advances in our understanding of the SNARE proteins in higher organisms,
particularly their regulation and role in neuronal and neurosensory release. We also examine
some human disorders caused by deficits in SNARE expression.

Steps in neurotransmitter release
Synaptic vesicles are generated from the endoplasmic reticulum or presynaptic plasma
membrane and transported by cellular trafficking to the presynaptic active zones. Vesicles
undergo repeated recycling, and this process requires an ordered and sequential participation
of many different proteins. Mass spectrometry of isolated rat brain synaptic vesicles reveals
the presence of an array of proteins, such as SNARE proteins, transporters, ion channels,
signaling proteins, cytoskeletal proteins and trafficking proteins. Synaptobrevin is the most
abundant protein of neuronal synaptic vesicles, with an estimated 70 protein molecules per
vesicle (Takamori et al., 2006).
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In both neuronal and sensory cells, there are three distinct pools of vesicles: (1) a readily-
releasable pool (RRP) characterized by a small cluster of vesicles (10+) at the active zone,
ready for release, (2) a recycling pool (100+ vesicles) that supplies vesicles to the RRP, and
(3) a large reserve pool (several hundred vesicles) that supplies vesicles to the recycling pool
(Rizzoli and Betz, 2004). The average number of vesicles in each pool may differ,
depending on the tissue type and state. In general, most tissue types show 1–2% of the total
vesicles at the active zone, 10–20% in the recycling pool, and 80–90% in the reserve pool
(Rizzoli and Betz, 2005). Clustering and mobilization of synaptic vesicles in each pool, at
least in neuronal cells, requires proteins such as synapsin, actin, and synaptotagmin 4.
Hippocampal synapses of synaptotagmin 4 knockout mice show a defect in trafficking of
synaptic vesicles and an accumulation of small vesicles near the trans-Golgi network
(Arthur et al., 2010). These defective synapses exhibit a five-fold reduction in docked
vesicles after depolarization, suggesting a deficit in vesicle replenishment. In fast synapses,
such as those of hair cells and photoreceptors, the RRPs are replenished rapidly from the
adjacent reserve pool of vesicles in a calcium-dependent manner. This activity requires a
continuous supply of vesicles from the reserve pool in a process that is thought to be driven
by stored calcium in the hair cells (Schnee et al., 2011). In hair cells, otoferlin, a protein
with six calcium-binding C2 domains, is thought to play a role in the fast replenishment of
vesicles in the readily-releasable pool (Pangrsic et al., 2010).

The first step in vesicle fusion is “tethering,” where the vesicles are brought to the active
zone to be attached to protein complexes at the presynaptic membrane (Fig. 1) (Whyte and
Munro, 2002), facilitating contact between v-SNARE and t-SNARE proteins. At the
presynaptic membrane of neurons, syntaxin 1A is attached to Munc-18, forming a closed
structure (Smyth et al., 2010). The tethering process is thought to detach this complex and
open syntaxin 1A for SNARE interaction. Munc-18 activates exocytosis/neurosecretion
(Gracheva et al., 2010) with its dissociation from the syntaxin 1A closed form, freeing the
SNARE motif for complex formation (Dulubova et al., 1999; Shi et al., 2011). However,
there is evidence for a continued association of Munc-18 with the amino terminus of
syntaxin 1A in the assembled SNARE complex. Munc-18 may also be involved in
chaperoning syntaxin 1A to the membrane (Shi et al., 2011). The tethering step is followed
by docking of vesicles, where SNARE proteins come in contact with each other via the
SNARE motifs in a calcium-independent manner. Docking is followed by vesicle priming,
where the SNARE proteins form a stable complex via their SNARE motifs, rendering the
vesicles competent for fusion (Fig. 1).

The final step – the fusion of vesicles – is triggered by high calcium surrounding the active
zone. Active zones possess clusters of voltage-gated calcium channels, and the t-SNARE
proteins are thought to surround these channels via direct interaction. During generation of
the action potential or receptor potential, the cells undergo depolarization, prompting the
voltage-gated calcium channels to open, resulting in an influx of calcium and formation of a
calcium micro-domain surrounding the presynapse. Calcium is thought to mediate several
molecular interactions between the vesicle proteins and the presynaptic plasma-membrane
proteins, resulting in structural changes in the SNARE complex (Han and Jackson, 2006). In
neurons, synaptotagmins, the vesicle-bound calcium sensors, also play an important role in
vesicle fusion by their direct interaction with the lipid membrane. The structural changes
lead to a “puncturing” of the membrane, thus forcing fusion and creating a pore for release
of transmitters. Synaptotagmins sense calcium, and complexins act as calcium-dependent
switches, facilitating synchronized vesicle fusion via their interaction with SNARE proteins
(Bai et al., 2004; Dai et al., 2007; Giraudo et al., 2006). After releasing transmitters, the
vesicles are detached by dissociation of the SNARE complex in a process that requires the
ATPase in the NSF complex. It is thought that fusion-competent conformation of SNARE
molecules is maintained by molecular chaperone complexes composed of cysteine string
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protein α (CSPα), Hsc70 (heat shock 70 kDa protein 8) and SGT (small glutamine-rich
tetratricopeptide repeat-containing protein). Deletion of CSPα leads to degradation of
SNAP-25 and decreased SNARE complex assembly (Sharma et al., 2011).

The SNARE complex
The SNARE hypothesis describes a mechanistic model of membrane fusion based on the
characteristics of plasma membranes and exocytosis/neurosecretion. Most of the
mechanistic steps necessary for transmitter release occur at the presynaptic region. It is
assumed that the SNARE proteins present in the acceptor (plasma membrane) and donor
(vesicle) membranes mediate the spatial specificity of the interaction between the vesicle
and presynaptic membrane preceding fusion (Sollner et al., 1993). Extensive studies have
shown that the SNARE complex comprises two classes of components: (1) the v-SNAREs,
the SNARE proteins present in the vesicles (predominantly synaptobrevin; Schoch et al.,
2001) and (2) the t-SNAREs, the proteins present on the target presynaptic plasma
membrane (predominantly syntaxin and synaptosomal-associated proteins such as
SNAP-25). Interaction between these two groups of proteins occurs through the highly-
conserved SNARE motifs present in these molecules that form an extremely stable four-
helix bundle and bring together the vesicle and plasma membranes, thereby facilitating their
fusion and release of the vesicle contents. Because of the characteristic complex formed by
the three core proteins synaptobrevin, syntaxin, and SNAP-25/23 (the latter contributes two
helices), SNARE proteins are thought to catalyze the steps involved in the release by
reducing the energy barrier (Li et al., 2007) and increasing the specificity of vesicle fusion,
as well as by directly facilitating pore formation by inducing distortion in the membranes.

SNARE core proteins: molecular structure and function
Synaptobrevins

SNARE proteins have been sequenced and their role in synaptic exocytosis/neurosecretion
studied extensively (Bennett et al., 1992; Oyler et al., 1989; Trimble et al., 1988). Of the
SNAREs, the v-SNARE synaptobrevins are a group of small proteins of 19 kDa molecular
mass that are integral to the vesicle membrane and are required for calcium-dependent
vesicle fusion (Schoch et al., 2001). Synaptobrevins facilitate pore formation by perturbing
the vesicle membrane through their C-terminal trans membrane domains during SNARE
“zippering” activity (Ngatchou et al., 2010). Synaptobrevins are cleaved by Clostridium
botulinum neurotoxin (BoNT) serotypes B, D, F and G, with each serotype specific for a
given peptide bond (Table 1; Fig. 2), resulting in inhibition of exocytosis/neurosecretion
(Blasi et al., 1994). Synaptobrevins 1 and 2 are expressed in eukaryotic neurons,
neuromuscular junctions, and sensory cells such as hair cells and photoreceptors. Deficiency
of synaptobrevin impairs overall vesicular exocytosis and completely inhibits the calcium-
triggered portion of exocytosis (Schoch et al., 2001).

Syntaxins
Syntaxins are t-SNARE transmembrane proteins present at most target plasma membranes.
Different syntaxin functional domains take part in different steps during membrane fusion
and calcium-triggered exocytosis (Kee et al., 1995; Wu et al., 1999). Syntaxins possess a
single transmembrane domain and a cytoplasmic region consisting of a SNARE domain
(H3) and a regulatory domain (Habc). The SNARE domain of syntaxin forms a stable core
complex with specific domains of synaptobrevin and SNAP-25 (McMahon and Südhof,
1995). Recent studies have shown that syntaxin cleavage by the neurotoxin BoNT/C (Table
1; Fig. 2) inhibits calcium-dependent secretion from neuronal and neuroendocrine cells
(Wang et al., 2011). The Habc domain is characterized by three alpha-helices that fold to
form a closed configuration, and unfold to expose the SNARE motif for interaction during
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vesicle fusion. Syntaxin interacts with a number of regulatory proteins, such as
synaptotagmin, calcium channels, and otoferlin (latter present in hair cells; Ramakrishnan et
al., 2009), leading to a fine-tuning of the fusion process as required by specific cells.
Syntaxin 1A and syntaxin 1B are the major syntaxin isoforms in brain, whereas syntaxins 3
and 3A are important for retinal exocytosis/neurosecretion (Curtis et al., 2010). Mammalian
and avian hair cells express syntaxin 1A and syntaxin 3 (Uthaiah and Hudspeth, 2010);
however, their exact role in hair-cell SNARE complex formation has yet to be determined
(Nouvian et al., 2011).

Synaptosomal-associated proteins
SNAP-25, a member of the family of SNAP proteins widely expressed in prokaryotes and
eukaryotes, plays an important role, as a t-SNARE, in membrane fusion. SNAP proteins, or
synaptosomal-associated proteins (not to be confused with soluble NSF attachment proteins
bearing the same acronym) are cytoplasmic proteins which lack a transmembrane domain
and attach to the presynaptic membrane via palmitoyl side chains formed through thioester
linkages to cysteine residues located around the center of the molecule (Gonzalo et al.,
1999). SNAP-25 contributes two helices to the SNARE core complex (Sørensen et al., 2002)
which is necessary for calcium-triggered exocytosis. SNAP-25 interacts with proteins such
as synaptotagmin (Zhang et al., 2002), calcium channels (Condliffe et al., 2010), and
assumedly, snapin (Pan et al., 2009) in the regulation of exocytosis in neuronal cells. A
SNAP-25 knockout mouse shows severe inhibition of calcium-triggered exocytosis,
indicating the importance of this t-SNARE in neurosecretion (Washbourne et al., 2002).
SNAP-25 is cleaved by the botulinum neurotoxin BoNT/A, thus making SNAP-25
incompetent for SNARE formation, and inhibiting exocytosis. SNAP-23, an isoform of
SNAP-25, is involved in inserting glutamate receptor proteins into the postsynaptic
membrane (Suh et al., 2010). Both of these SNAP isoforms share common molecular
features and are attached to the membrane via palmitoyl side chains. However, they show
different sensitivity to BoNT toxins. SNAP-25 is cleaved by BoNT/A, C and E, whereas
SNAP-23 is cleaved by BoNT/A and E (Table 1; Fig. 2).

Voltage-gated calcium channels
Voltage-gated calcium channels, localized around neuronal active zones and ribbon
synapses, open in response to membrane depolarization and give rise to an influx of
calcium. The N-type channel, Cav 2.2, mediates calcium conductance typically in neurons,
whereas the L-type channels Cav1.3 and Cav1.4 are important for exocytosis in hair cells
and photoreceptor cells, respectively (Fig. 3). One of the major differences, pertinent to
exocytosis, for the L-type vs. the N-type calcium channels is that certain L-type channels
show little or no calcium-dependent inactivation and also undergo only slow voltage-
dependent inactivation. This means that the channels remain open longer with
depolarization, allowing a continuous calcium flow to the cell. In hair cells, it is estimated
that more than 90 percent of the calcium current is carried by Cav1.3 (Platzer et al., 2000).
Recently it has been suggested that at the ribbon synapses of hair cells, Cav1.3 channels
form nano-domains of calcium responsible for triggering vesicle fusion. These nano-
domains are resistant to the slow calcium chelator EGTA, reflecting the highly rapid
response to calcium within the nano-domain (Graydon et al., 2011). It is observed that
diffuse localization of pre-synaptic calcium channels weakens synaptic activity. About 20%
of the Cav1.3 channels are co-localized with the ribbon synapse marker CtBP (RibEYE)
(Zampini et al., 2010). Ribbon synapses of photoreceptor cells employ Cav1.4 and these
channels display a varying and dynamic distribution during the exocytotic process (Mercer
et al., 2011). Voltage-gated calcium channels directly interact with the t-SNAREs syntaxin
1A and SNAP-25 (Wiser et al., 1996), as well as with the presumptive calcium-sensor
proteins synaptotagmin 1 (Sheng et al., 1997) and otoferlin (Ramakrishnan et al., 2009).
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Syntaxin 1A and SNAP-25, either alone or in combination, produce strong inhibition of L-
type and N-type calcium channels (Wiser et al., 1996). In addition to channel modulation,
interactions between SNAREs and the voltage-gated calcium channel are thought to couple
these molecules tightly together at the site of release (Catterall, 1999). A similar function
has been attributed to the calcium sensor synaptotagmin 1 in positioning vesicles at the
release site at the calyx of Held (Young and Neher, 2009).

The core complex structure and fusion pore formation
The SNARE core complex is a three-molecule, extremely stable four-helix complex, also
termed the “SNAREpin” (Li et al., 2007; Sutton et al., 1998; Weber et al., 1998), that
bridges the vesicle membrane and the plasma membrane. The SNARE core complex is
formed by SNARE helical motifs, each of approximately 60 amino acids, with
synaptobrevin and syntaxin individually contributing one helix and SNAP-25 two helices
from the same molecule (Sutton et al., 1998). The high-resolution structure of the complex
reveals parallel alpha-helices that twist around each other and create a leucine-zipper-like
assembly with an embedded ionic layer consisting of repeating modules of an arginine
residue and three glutamine residues (Sutton et al., 1998). Grooves containing distinct
hydrophobic, hydrophilic and charged regions are also present in the core that may facilitate
interaction with regulatory factors. In the neuronal SNARE core complex, SNARE proteins
form a continuous helical bundle that is stabilized by side-chain interactions in the linker
regions (Stein et al., 2009). The structural extension of the core complex into the lipid
bilayer (Stein et al., 2009) is taken as direct evidence of the involvement of SNARE
complexes in vesicle fusion.

“Zippering” of the SNAREpin, in which the SNAREpin coils tighten and come together (see
Südhof and Rothman, 2009), forces the vesicle and plasma membranes close to each other
(Hanson et al., 1997; Weber et al., 1998), and the conformational changes and specific
amino acid sequences of the transmembrane domains of syntaxin and synaptobrevin
mechanistically drive membrane fusion (Stelzer et al., 2008). It is estimated that more than
three SNAREpins should provide sufficient energy for the fusion of vesicle and plasma
membrane (Hua and Scheller, 2001; Li et al., 2007; Mohrmann et al., 2010). Consistent with
this idea, it has been proposed that 5–7 syntaxin transmembrane domains form the outer rim
of the fusion pore (Han et al., 2004). Alternatively, it is hypothesized that a stable hemi-
fusion product leads to fusion pore formation (Wong et al., 2007). It is believed that
conformational changes in the SNARE complex and the zipper-tightening activity of the
core complex force the membranes on each side to distort and form a pore (Jahn et al.,
2003).

Complexin, a calcium-dependent regulator of neuronal exocytosis (see also below), has been
shown to bind to the groove between the synaptobrevin and syntaxin helices in the SNARE
complex in an anti-parallel alpha-helical conformation, thus stabilizing the interphase
between the two helices. Because of their apposing positions, the vesicle and presynaptic
membranes exert mutually-repulsive forces that are counteracted by the v-SNARE and t-
SNARE helices bound to complexin (Chen et al., 2002). Synaptotagmin, along with calcium
and phospholipids, binds SNARE proteins (Dai et al., 2007) to facilitate calcium-dependent
exocytosis (Fernández-Chacón et al., 2001). Complexins are thought to function in
association with synaptotagmin as a molecular switch in “clamping” the vesicle fusion
complex prior to calcium-dependent activation via synaptotagmin (Krishnakumar et al.,
2011).

In chromaffin cells expressing a SNAP-25 d9 mutant with the last 9C-terminal residues
deleted, exocytosis, as measured by membrane capacitance, is characterized by reduced
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fusion pore conductance as well as a lower rate of fusion pore expansion, probably because
this SNAP-25 mutant forms a loose SNARE complex (Fang et al., 2008). The d9 deletion in
the C-terminal SNARE motif of SNAP-25 abolishes spontaneous neurotransmission while
reducing evoked exocytosis, and deletion of the N-terminal SNARE motif of SNAP-25
delays vesicle priming (Weber et al., 2010), indicating involvement of SNAP-25 at different
stages of vesicle fusion.

Evidence in support of the role of SNAREs in fusion-pore formation is also provided by
studies on the v-SNARE, synaptobrevin 2. It has been suggested that perturbation of the
vesicle membrane caused by the C-terminal transmembrane domain of synaptobrevin 2
during zippering causes the vesicle to open (Ngatchou et al., 2010). Engineered addition of
two charged amino acids (lysine or glutamate) to the C-terminus of synaptobrevin has been
reported to inhibit fusion and exocytosis. The latter finding suggests that the SNARE
complex provides both the energy (in the zippering process) as well as physical means to
perturb the lipid bilayer during membrane fusion. Although synaptobrevin is the most
abundant protein on the vesicle surface (as stated, ~70 molecules per vesicle) (Takamori et
al., 2006), a recent study, utilizing cultured hippocampal neurons deficient in synaptobrevin,
showed that only two synaptobrevin molecules, and thus two SNARE complexes, are
minimally sufficient for exocytosis (Sinha et al., 2011). Thus, it is not clear why the synaptic
vesicle membrane needs to be packed with such a large number of synaptobrevin molecules.
One possibility is that multiple synaptobrevin molecules increase the probability that at least
some of the synaptobrevin will be readily available for fast exocytosis at any given time.

Calcium control of vesicle function
Calcium is thought to control two main processes in the functioning of synaptic vesicles
(Hosoi et al., 2007; Lou et al., 2005). One is the recruitment of vesicles to the presynaptic
membrane in preparation for release. This activity involves the association of the vesicles
with the SNARE complex as part of priming process, prior to release. The recruitment is
dependent upon calcium in the 0–500 nM range, where the recruitment rate will be greater
than the release rate since calcium dependence of release is minimal in this range. The
second calcium-dependent process, release itself, predominates at calcium concentrations
greater than 5 µM. In the latter range, calcium-dependent release obeys a high-power
exponential function of calcium concentration. Here the calcium-dependent release rate will
be greater than the recruitment rate, particularly for high frequencies of stimulation (Neher
and Sakaba, 2008).

Current physical models of vesicle neurosecretion (Fig. 1) are important subjects of ongoing
deliberation. Neher and Sakaba (2008) have defined two kinds of synaptic-vesicle priming,
“molecular priming” and “positional priming.” Molecular priming involves the association
of the vesicle with the SNARE complex. Positional priming describes the process in which
primed vesicles situate themselves optimally near the voltage-gated calcium channels
(Wadel et al., 2007). Both these modes of priming are calcium-dependent, as discussed
above for the overall recruitment process. Molecular priming is rate-limiting in “tonic”
synapses and neuroendocrine cells, but not in “phasic” synapses, where high-frequency
activity would first be limited by the positional priming (Neher and Sakaba, 2008).

Once the vesicle is primed, and positioned optimally near active-zone calcium channels,
release can occur (Fig. 1). Classically the release of vesicle contents is thought to be
followed by the fusion of the synaptic vesicle with the cell plasma membrane and
incorporation into the membrane. According to this view, the membrane bilayer is recycled
by endocytosis of vesicles re-created from the cell membrane (Dresbach et al., 2001) and
returned to a recycling pool to undergo clustering (Haucke et al., 2011). However, between
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priming and the postulated endocytic step, the remaining protein cargo of the synaptic
membrane and the SNARE complex must be accounted for. A “site-clearing” step has been
postulated to involve patch diffusion or declustering-reclustering of vesicle cargo proteins
toward the endocytic retrieval site (Haucke et al., 2011). An alternative model postulates the
existence of a fusion pore which opens and closes (“kiss and run” hypothesis) (Fesce et al.,
1994). Until recently, a physical correlate of the fusion pore for kiss-and-run had not been
identified. However, a mechanism involving the porosome, a stable fusion pore structure
(see below), offers an energetically-efficient model for support of rapid and continuous
neurosecretion, which could replace or supplement the process of classical exocytosis (Fig.
4).

Porosomes
We indicated previously that more than three SNARE complexes are estimated to be
required for fusion of a single vesicle, even though only two appear to be sufficient to
support exocytosis, as a minimum requirement under controlled experimental conditions
(Sinha et al., 2011). A recent paper shows, with in vitro studies, that more than three
SNARE molecules are required for maintaining an open fusion pore to facilitate
synchronized vesicle fusion in reaching a physiological release rate (Shi et al., 2012). We
stated that synaptic vesicles are packed with the v-SNARE protein synaptobrevin. Further
questions are: How are t-SNARE proteins of the complex distributed? What regulates the
clustering of syntaxin 1A and SNAP-25 at the active zones? Is the distribution random or is
it organized? Fast synapses, such as hair-cell ribbon synapses, exhibit sustained, evoked
exocytosis/neurosecretion. This situation begs a question: Is there a stable structural
component, or module, that organizes multiple SNAREs in the pre-synaptic area to facilitate
uninterrupted vesicle fusion and neurosecretion? Recent findings suggest that such a
module, in fact, exists. This structure, called the “porosome,” has been identified in neurons
(Cho et al., 2010), pancreatic cells, and recently, in teleost saccular hair cells (Drescher et
al., 2011; Fig. 4). Porosomes are specialized target membranes that invaginate in the active
zone in an inverted-cup-shaped structure. Cytoskeletal proteins such as actin and vimentin,
and voltage-gated calcium channel subunits, as well as NSF and SNAREs, are considered to
be part of the structure. It is believed that SNARE proteins surround the porosome cup,
ready for vesicle docking and fusion (Jena, 2009a,b). Many in vitro and in vivo studies show
that 3–15 SNAREs are required for exocytosis/neurosecretion (Mohrmann et al., 2010).
While these numbers vary, and are compiled from studies on a variety of cells, it is clear that
one or few SNAREs may not efficiently catalyze membrane fusion. It has yet to be seen how
many SNARE complexes do participate in fast exocytosis/neurosecretion from sensory cells,
such as hair cells or photoreceptors. Multiple SNARE complexes may be necessary for the
fast, sustained and high-fidelity exocytosis required by these cells in response to evoked
receptor potentials. Thus, because of the need for tight regulation and fast dynamics, each
ribbon synapse may employ at least several SNAREs to meet the turnover of hundreds of
vesicle fusions per second. In the latter scenario, the utilization of a more stable structure
like the porosome may be the most efficient way to accomplish fast exocytosis/
neurosecretion.

SNARE regulators and exocytosis/neurosecretion
Spatial and temporal precision in neurosecretion is critical for accurate transmission of
information to the brain. Several protein and non-protein regulators are known to act in
tandem to attain the specificity and accuracy of vesicle fusion. In general, v-SNARE and t-
SNARE protein interactions determine the specificity of this fusion. From a minimalistic
point of view, merely the SNARE motifs of the SNARE proteins would be needed to elicit
membrane fusion in vitro (Fasshauer et al., 1998; Weber et al., 1998). However, recent
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studies have demonstrated the involvement of other proteins that regulate the functions of
the SNARE complex, and thus of vesicle fusion.

Complexins
Complexins act to modulate SNARE-mediated exocytosis by their calcium-dependent
interaction with the assembled SNARE core complex (SNAREpin), thus “clamping” the
SNARE and temporarily arresting exocytosis (Bracher et al., 2002; Chen et al., 2002;
Giraudo et al., 2006). Clamping of SNAREpins by complexins 1 and 2 is necessary for
synchronous exocytosis. This step is especially important at graded synapses, such as ribbon
synapses (Martin et al., 2011). However, none of the four known isoforms of complexin
(complexins 1–4) has been detected in hair cells (Strenzke et al., 2009), and only complexins
3 and 4 have been detected in photoreceptors (Fig. 3) (Reimet al., 2009). Interestingly,
complexin 1 knockout mice are hearing-deficient, possibly because of diminished release
from the synapses of the endbulb of Held of auditory nerve fibers (Strenzke et al., 2009).
Hair-cell synchronous release thus remains an enigma. Complexins also potentiate
fusogenicity of vesicles by interacting with SNAREs through their N-termini (Xue et al.,
2010). Further, it has been suggested that the complexin-SNARE interaction regulates the
force that trans-SNARE complexes apply to the fusing membranes (Maximov et al., 2009).

Synaptotagmins
In neurons and sensory cells, calcium acts as a trigger in the exocytotic process. Calcium
does not directly bind and modify the SNARE complex, but calcium-binding proteins,
known to be located near active zones and ribbon synapses, act as intermediaries. In neurons
and photoreceptors, synaptotagmin isoforms 1 and 2 are major calcium-sensing proteins that
regulate SNARE nucleation (van den Bogaart et al., 2011) and vesicle docking, priming and
fusion (Kuo et al., 2011). Synaptotagmins are vesicle-bound proteins with a single
transmembrane domain at the N-terminus followed by two calcium-binding C2 domains,
C2A and C2B. C2A binds three calcium ions, whereas C2B binds two. C2 domains are also
known to bind phospholipids, such as phosphoserine and phosphoinositol phosphates, and to
facilitate fusion of vesicle and plasma membrane. Phosphatidylinositol 4,5-bisphosphate
(PIP2) is an important component of the plasma membrane necessary for SNARE-mediated
membrane fusion. Synaptotagmin 1 has been shown to interact directly with PIP2 to
facilitate C2 calcium sensing by inserting a portion of the calcium-bound C2 domain into the
target membrane during vesicle fusion. It has been suggested that synaptotagmins, in
conjunction with complexin, may directly play a role in synchronous release, with the C2B
domain mediating the process (Yoshihara et al., 2010). In auditory and vestibular hair cells,
expression of synaptotagmin is developmentally regulated, with the synaptotagmin isoforms
1 and 2 expressed prenatally and little or no synaptotagmin expressed postnatally, at the
onset of hearing (Johnson et al., 2010) . Many lines of evidence suggest that otoferlin may
substitute for synaptotagmin as a calcium-sensing protein interacting with SNAREs in adult
hair cells. Although the role of otoferlin as a calcium sensor has been questioned, there is
ample experimental evidence showing its direct interaction with syntaxin 1A, SNAP-25, and
the voltage-gated calcium channel, Cav1.3 (Ramakrishnan et al., 2009; Roux et al., 2006).
Further, there is an absolute requirement for otoferlin in calcium-dependent exocytosis/
neurosecretion at the hair cell ribbon synapse (Roux et al., 2006).

Munc-18
Even though the t-SNARE syntaxin 1A is distributed throughout the plasma membrane,
exocytosis occurs mainly at the active zones (Garcia et al., 1995), and Sec/Munc-18 proteins
play a role in the localization of syntaxin at the active zone. A key regulator in the early
stages of vesicle docking is Munc-18-1, which binds tightly to the closed conformation of
syntaxin 1A, preventing its interaction with other SNARE proteins (Dulubova et al., 1999).
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Munc-18-1 is crucial for vesicle exocytosis at presynaptic terminals (Verhage et al., 2000)
and undergoes rapid PKC-catalyzed phosphorylation during the depolarization stage (Craig
et al., 2003; de Vries et al., 2000). Phosphorylation of Munc-18-1 reduces its affinity for its
presynaptic binding partner syntaxin 1A (Barclay et al., 2003), making syntaxin available
for SNARE complex formation.

Non-protein regulators
During the last several years, non-protein regulators of SNARE assembly and exocytsis have
emerged. Sphingosine, an 18-carbon amino alcohol with an unsaturated hydrocarbon chain,
is best known for its role in forming the backbone of sphingolipids, which are important
components of cell membranes. Sphingosine has been shown to activate synaptobrevin in
the assembly of the SNARE complex. Resulting positive regulation of exocytosis is
observed in isolated nerve terminals, neuroendocrine cells, and neuromuscular junctions.
This upregulation is not observed in the synaptobrevin 2 knockout mouse (Darios et al.,
2009). Another study has revealed a role of phospholipase-C-mediated diacylglycerol
synthesis and priming of syntaxin in SNARE-mediated vesicle fusion (Wierda et al., 2007).
Diacylglycerol is known transiently to enhance both evoked exocytosis (Malenka et al.,
1986) and spontaneous release from presynaptic terminals (Lou et al., 2005).

SNAREs at the hair-cell ribbon synapse
In higher vertebrates, specialized, sensitive mechanoreceptor cells called hair cells convert
the energy of sound and motion into graded potentials that are communicated to the primary
afferent nerve during neurotransmission. Two types of hair cells, inner and outer, are present
in the hearing organs of higher vertebrates. Inner hair cells are innervated by twenty or more
unbranched afferent neurons, each one receiving signals from a single ribbon synapse. In
contrast, each outer hair cell connects to a highly-branched afferent neuron. As in many
neuronal cells, neurotransmission in hair cells is synchronous, and the ribbon synapses are
thought to play an important role in this process (Khimich et al., 2005). Is the synaptic
release machinery in hair cells similar to that in neuronal cells? It is speculated that hair-cell
and neuronal SNARE complexes are indeed similar, even though there is as yet no direct
proof that identical neurosecretory proteins are involved in both kinds of cells. A recent
study, utilizing a proteomic approach to unravel the identity of hair-cell synaptic proteins,
clearly demonstrated the presence in the hair cell of syntaxin 1, SNAP-25 and
synaptobrevin, along with the ribbonsynapse-specific structural protein, RIBEYE (Uthaiah
and Hudspeth, 2010). SNAP-25, syntaxin 1A and synaptobrevin were also immunolocalized
to hair cells, with dense labeling in the presynaptic basolateral region. Other SNARE
isoforms such as syntaxin 3 and SNAP-23 were labeled, but at low intensity. These findings
confirm the results of a previous study in which syntaxin 1, SNAP-25 and synaptobrevin
were found to be expressed in hair cells, as detected by RT-PCR, western analysis, in situ
hybridization and immunohistochemistry (Safieddine and Wenthold, 1999). However, in a
recent study, it was reported that neurotoxin proteases that cleave specific SNARE proteins,
and thus inhibit neurotransmission, did not inhibit hair-cell exocytosis (Nouvian et al.,
2011). What is intriguing about the latter study is that the hair cells examined expressed
transcripts for the classic SNARE proteins syntaxin 1A, SNAP-25 and synaptobrevin, but no
corresponding SNARE protein products could be detected (Nouvian et al., 2011). Moreover,
a resistance to known synaptic inhibitors that cleave SNARE proteins (Table 1; Fig. 2) was
reported. Thus, further investigations will be required to clarify the precise protein
composition of SNARE complexes in hair cells.

Exocytosis/neurosecretion is a tightly-regulated process, and hair cells are capable of
maintaining fast, graded, and sustained release of transmitters in encoding complex sound
signals. This characteristic mode of hair-cell exocytosis may be correlated with a number of
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molecular mechanisms and properties specific to this sensitive mechanosensory cell. First, in
hair cells, exocytosis is driven by the voltage-gated calcium channel isoform Cav1.3, the
major calcium channel present in vertebrate hair cells (Kollmar et al., 1997; Platzer et al.,
2000; Ramakrishnan et al., 2002). Cav1.3 is capable of opening with little inactivation in the
presence of high calcium within the microdomain surrounding the ribbon synapse, and is
absolutely required for hair-cell exocytosis (Platzer et al., 2000). Second, post-natal hair
cells express little or no synaptotagmins 1 or 2 (Johnson et al., 2010). Third, hair cells do not
express any of the known complexin isoforms (Strenzke et al., 2009). Fourth, otoferlin, a
multi-C2 domain-containing protein of the ferlin family, is absolutely required for hair-cell
exocytosis and hearing (Roux et al., 2006). Even though otoferlin splice variants are
expressed in several tissues, including brain, otoferlin deficiency specifically impairs
hearing, in human as well as mouse. Recent studies suggest that synaptotagmin 1 cannot
rescue hair-cell exocytosis in hair cells lacking otoferlin (Reisinger et al., 2011), suggesting
that otoferlin plays a specific role in regulating hair-cell exocytosis/neurosecretion. Further,
otoferlin has been shown to interact with the SNARE proteins syntaxin 1A and SNAP-25
(Ramakrishnan et al., 2009; Roux et al., 2006), as well as with Cav1.3 (Ramakrishnan et al.,
2009). Moreover, otoferlin also mediates calcium-dependent vesicle fusion in vitro in the
presence of neuronal SNARE proteins (Johnson and Chapman, 2010). Otoferlin in hair cells
is also thought to be associated with the calcium-dependent vesicle replenishment required
to meet the sustained, high turnover of vesicles at the hair-cell ribbon synapse. These lines
of evidence point to a possible non-neuronal character of SNARE complexes that participate
in hair-cell exocytosis. Complexins 3 and 4, distinctly different from complexins 1 and 2,
are expressed in the retinal sensory neurons and mediate high-efficiency exocytosis at retinal
ribbon synapses (Reim et al., 2005). Implications of the absence of complexins 3 and 4 in
hair cells (Strenzke et al., 2009) may be clarified in future studies.

Hair-cell synapses: unresolved issues
The characteristic ribbon synapses of hair cells likely play an important role in supporting
the hair cell's remarkable ability for rapid, sustained, and graded exocytosis/neurosecretion,
but the exact cellular and molecular mechanisms have yet to be elucidated. Vesicle
recruitment at hair-cell ribbons appears to be fast and essentially inexhaustible (Griesinger et
al., 2005). A rapid burst of transmitter release occurs at depolarization onset, followed by
sustained release with continued depolarization. Interestingly, knockout of the protein
bassoon, which normally holds the ribbon complex in place, abolishes the rapid release
component but retains the sustained release component (Khimich et al., 2005). The question
of how our present models of vesicle priming, docking, and fusion exactly fit these release
kinetics remains to be answered. There is also a need to explain the micro-anatomical
correlates of the huge amount of hair-cell membrane turnover, as measured by capacitance
changes, observed during prolonged depolarization (Parsons et al., 1994; Schnee et al.,
2005). A precise quantitation of single-vesicle contribution to the capacitance change for
classical exocytosis, vs. “kiss and run” neurosecretion, may help clarify the mechanism of
high membrane turnover. As stated previously, we also do not know what molecules
perform the function of complexins in the postulated hair-cell SNARE activity, since no
complexins have yet been identified in hair cells. Further, the evidence for a possible role of
otoferlin replacing synaptotagmin as the calcium sensor in SNARE-mediated neurosecretion
in hair cells needs to be solidified. Finally, the observation that t-SNARE and v-SNARE
proteins (Safieddine and Wenthold, 1999; Uthaiah and Hudspeth, 2010), as well as their
RNA messages (Nouvian et al., 2011), are present in hair cells, needs to be reconciled with
the seemingly contradictory finding that hair-cell exocytosis is not inhibited by SNARE-
specific neurotoxins.
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The SNARE complex in retina
Conventional synapses, such as those of neurons, release neurotransmitters transiently,
whereas photoreceptors and retinal bipolar cells, containing ribbon synapses, release
neurotransmitter continuously with modulation of release rate in response to stimulus. Both
modes of release are mediated by synaptic vesicles, but probably differ in the regulation of
docking and fusion of the vesicles with the plasma membrane. Expression of syntaxin 3 has
been detected in photoreceptors and retinal bipolar cells (Morgans et al., 1996). In retinal
horizontal cells, components of synaptic vesicles and SNAREs have been identified by
immunostaining (Lee and Brecha, 2010). Neuronal SNARE core-complex proteins syntaxin
1A, syntaxin 4 and SNAP-25, along with complexins 1 and 2, are strongly expressed in the
soma of horizontal cells. Moreover, the vesicular calcium-sensing protein, synaptotagmin 2,
has been immunolocalized to processes and somata of horizontal cells. However, it has been
reported that syntaxin 3B (detected by molecular techniques, immunohistochemistry, and
membrane capacitance measurements) is also expressed in bipolar cells of the goldfish
retina and is essential for exocytosis in ribbon synapses of retina. Syntaxin 3B peptides
inhibit exocytosis as measured by changes in membrane capacitance after stimulation
(Curtis et al., 2010). These results show that exocytosis in retinal cells may be fine-tuned by
the action of a combination of different SNARE-protein isoforms. Syntaxin isoforms show
distinct patterns of expression in the mouse retina. Syntaxins 1 and 2 are expressed in
amacrine cell bodies and in conventional presynaptic terminals of the inner plexiform layer,
and are not co-localized. Syntaxin 3 is present in photoreceptor and bipolar ribbon synapses,
while syntaxin 4 expression is limited to horizontal cell processes in the ribbon synaptic
complexes of photoreceptor terminals (Sherry et al., 2006). Recently, studies on a syntaxin
1A knockout mouse suggested a role for syntaxin in the formation of the outer plexiform
layer and inner nuclear layer in retina (Kaneko et al., 2011). However, the neuronal SNARE
protein syntaxin 1A has not been immunolocalized in photoreceptor ribbon synapses (Sherry
et al., 2006). SNAP-25 expression in mammalian retinal horizontal cells in both inner and
outer plexiform layers confirms the presence of a neuronal-type exocytotic machinery in
retina (Hirano et al., 2011). Involvement of SNAP-25 in exocytosis at the ribbon synapse of
retina is still poorly understood. Complexins 3 and 4 are specifically immunolocalized to
retinal ribbon synapses, and are possibly involved in the regulation of exocytosis at the
synapse. A complexin 3 plus complexin 4 double mutant shows a disorganized outer
plexiform layer, disoriented spherically-shaped ribbons (Reim et al., 2009) and impairment
of light perception. Complexin may thus play roles in regulation of retinal exocytosis/
neurosecretion as well as the organization of ribbon synapses.

SNAREs and human disorders
Communication within the brain occurs between neurons numbering in the billions. Recent
advancement in mapping of the brain points to the roles played by the different brain areas
in cognitive functions. Synaptic connections between neurons integrate the nervous system
into a complex neural network responsible for information processing, memory storage,
learning, and spatial-temporal coordination of all body functions. Synaptic communication
occurs via release of neurotransmitters, and impairment in any of the release steps may lead
to neurodegenerative diseases (Alzheimer's disease, Parkinsonism), as well as
neurodevelopmental (autism) and psychiatric disorders (schizophrenia, depression, bipolar
disease). Proteins at the synapse engage in highly dynamic interactions which, when
disturbed, can cause hypo- or hyper-activity in neurotransmitter release, leading to
dysfunction.

SNARE proteins and other proteins related to exocytosis may exert a direct impact on
mental well-being. In fact, many clinical cases have been reported that connect SNARE
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genes to neural disorders. As we continue to progress in our understanding of how mutations
or regulation of genes cause certain diseases, our chance of developing novel methods to
remedy such diseases increases. Numerous investigations have been prompted by the
analysis of humans with genetic disorders. Genetic knockout of suspected genes in animal
models, such as mouse, has also proven to be very useful in understanding the effect of these
genes on behavior, in addition to revealing cellular and molecular mechanisms.

Deficiency in SNAP-25 mRNA has been observed in the hippocampus of certain
schizophrenic patients (Young et al., 1998). Further, a single-nucleotide polymorphismin
SNAP-25 was reported to be related to hyperactivity in autism-spectrum disorders (Guerini
et al., 2011). Overexpression of the SNAP-25B isoform, due to a variant promoter, leads to
early onset of bipolar disorder (Etain et al., 2010). It has been suggested that formaldehyde
inhalation in mice, producing a decrease in hippocampal expression of SNAP-25 and
synaptobrevin 2 (but not of syntaxin 1A), leads to learning and memory impairments (Liu et
al., 2010). Although it was previously thought that syntaxin 1A expression is unchanged in
schizophrenic patients, recent reports suggest that Ser-14-phosphorylated syntaxin 1A is
reduced by 25% in schizophrenics, correlating with a corresponding decrease in protein
kinase CK2 (Castillo et al., 2010). Over expression of syntaxin 1A has been implicated in
high-functioning autism (Nakamura et al., 2008). A recent study in a Japanese population
showed that syntaxin 1A expression was reduced in the anterior cingulate gyrus, a region of
the brain associated with rational cognitive functions, in autistic patients compared to non-
autistic controls (Nakamura et al., 2008). Western blot analysis of tissues of patients with
Huntington's disease, an autosomal-dominant neurodegenerative disorder, showed that
SNAP-25 and rabphilin-3A expression are remarkably reduced in the Huntington tissues,
pointing to a possible impairment of synaptic release in these patients (Smith et al., 2007). In
the latter study, expression of other SNARE proteins, such as syntaxin 1A and
synaptobrevin 1, was found to be unaffected. Studies also show that expression of
complexins 1 and 2, expressed in hippocampal neurons, is decreased in schizophrenic
patients. Reduction of mRNA of complexins 1 and 2 in schizophrenics was found to be
restricted to select areas of the hippocampus (Begemann et al., 2010). Similarly, in patients
with bipolar disorder and unipolar mood disorders, reduction in complexins 1 and 2 was
detected in several subsections of hippocampus (Eastwood and Harrison, 2000). Further
studies may reveal how a combination of different isoforms and splice variants of SNARE
proteins fine-tunes neural and sensorineural functions.

Concluding remarks
Membrane fusion, mediated by SNAREs and resulting in transmitter release, is an important
step in cellular communication. Impressive progress has been made in the identification and
characterization of SNARE proteins, leading to the conclusion that the SNARE mechanism
is probably universal. The diversity of SNARE proteins and SNARE regulatory factors
allows cellular communication to meet the spatial-temporal precision, accuracy, and speed
required for shaping sensory perception in diverse systems. An in-depth knowledge of
SNAREs, related proteins, and the mechanisms of their regulation should yield a better
understanding of neuronal and sensory plasticity as well as of disorders arising from defects
in cellular communication.
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Abbreviations

SNARE soluble N-ethylmaleimide-sensitive fusion protein attachment protein
receptor

v-SNARE vesicle SNARE

t-SNARE target SNARE

NSF N-ethylmaleimide sensitive fusion protein

SNAP soluble N-ethylmaleimide sensitive fusion protein attachment protein

SNAP-25 synaptosomal-associated protein of 25 kDa molecular mass

SNAP-23 synaptosomal-associated protein of 23 kDa molecular mass

SM Sec1/Munc-18 proteins

DoC2 double C2 domain protein

RRP readily-releasable pool of vesicles

C2 Ca2+ binding motif targeting proteins to cell membranes

H3 syntaxin SNARE domain

Habc syntaxin regulatory domain

CSP-α cysteine string protein α

Hsc70 heat shock 70 kDa protein 8

SGT small glutamine-rich tetratricopeptide repeat-containing protein

BoNT botulinum neurotoxin

SNAREpin SNARE core complex

Cav1.3 neuroendocrine L-type voltage-gated calcium channel

PKC protein kinase C

TM transmembrane domain

TeTx tetanus toxin
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Fig. 1.
Vesicle organization across different types of synapses and steps in synaptic vesicle fusion.
(A) Neuronal active zone at the presynaptic terminal, where synaptic vesicles are clustered
in the presynaptic area. (B) Neuromuscular junction synapse, where vesicles are organized
in a ridge-shaped structure. (C) Sensory cell ribbon synapse, where vesicles are organized
around a ribbon-like or spherical structure at the presynaptic terminal. (D) Steps in vesicle
fusion include vesicle tethering, docking, priming and finally, fusion. These events are
driven by high-affinity interaction between v-SNARE and t-SNARE proteins, regulated by
calcium and calcium-binding proteins through their interaction with the SNARE complexes.
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Fig. 2.
Isoforms of SNARE proteins and the sites of action of neurotoxins. Syntaxins 1, 2 and 3
share a common functional domain arrangement, with a C-terminal transmembrane domain
(TM) and a preceding SNARE motif. Clostridium botulinum neurotoxin (BoNT) serotype C
cleaves the C-terminus of all three isoforms of the syntaxin SNARE motif. SNAP-25, a
neuronal SNARE protein, and its non-neuronal isoform, SNAP-23, share common features
of molecular domains while showing dissimilar sensitivity to neurotoxins. SNAP-25 is
cleaved by BoNT/A, C, and E, while SNAP-23 is cleaved by BoNT/A and E. Similarly, the
v-SNARE proteins synaptobrevins 1 and 2 share common features. However, synaptobrevin
1 is cleaved by BoNT/B, D and F as well as tetanus toxin (TeTx). Synaptobrevin 2, on the
other hand, is cleaved by BoNT/G. Examples above are given for mouse sequences.
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Fig. 3.
Vesicle fusion complex in neurosecretory cells from different sources. (A) In neurons, the
complex is composed of the core SNARE proteins syntaxin 1A and SNAP-25 (t-SNAREs)
and synaptobrevin1 (v-SNARE). The fusion is synchronized by reversible inhibition of
SNARE complex formation by complexin 1/2 that interferes in the SNARE helix formation.
Voltage-gated calcium channel Cav2.2 opens during depolarization of the cell membrane,
allowing calcium entry that is sensed by synaptotagmin1. Synaptotagmin 1 in turn replaces
complexin and allows the SNARE formation that brings vesicle and plasma membrane
together. Synaptotagmin 1 interacts with PIP2 on the plasma membrane and forces the
membranes to fuse, creating a pore for the release of the neurotransmitters. (B) In
photoreceptor cells, the basic mechanism of fusion remains the same as for neurons, except
that syntaxin 3, paired with SNAP-25, forms the SNARE complex. Synchronous release in
photoreceptor cells is believed to be regulated by complexin 3/4. Synaptotagmin 1/2 is
thought to be the calcium sensor. Importantly, the L-type channel isoform Cav1.4 mediates
calcium current in the ribbon synapses of photoreceptor cells. (C) In mechanosensory
auditory and vestibular hair cells, a similar neuronal SNARE model is thought to be
operative, as described above. However, there are divergent opinions regarding the identity
of the calcium sensors. So far, otoferlin is the only candidate that seems to fit the
qualifications required for a calcium sensor in this setting. Differing views of otoferlin's
hair-cell function are probably due to themolecule's multiple roles in vesicle recycling/
transport and/or in maintaining membrane integrity. Hair cells exhibit synchronous release,
similarly to neuronal and photoreceptor cells. However, the nature of the protein that
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regulates this pivotal step in hair-cell secretion has yet to be identified. The L-type channel
isoform Cav1.3 is the major voltage-gated calcium channel expressed in hair cells.
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Fig. 4.
Hypothetical model of the porosome and synaptic vesicle, showing involvement of multiple
SNARE molecules in vesicle fusion. Porosomes, nano-scale stable membrane invaginations
observed at active zones and ribbon synapses, consist of cup-shaped structures with the base
of the “cup” facing the vesicle (Jena, 2009b). The outer rim of the cup opens towards the
outside and bears eight to twelve protein knobs. The cavity of the porosome is occupied by a
mobile “plug” that is thought to move in and out during neurosecretion. Multiple t-SNAREs
required for vesicle fusion are shown localized at the cup's base, ready to pair with the v-
SNAREs of the vesicle. Voltage-gated calcium channels are thought to be localized close to
the fusion machinery via their protein–protein interaction with t-SNARE proteins. Close
proximity of channels is required for the formation of calcium nano-domains that support
fast exocytosis. It is hypothesized that vesicles attach to the porosome, probably via SNARE
formation and are recycled after release. Insets show transmission electron micrograph
photos (same micrograph unlabeled and labeled) of hair-cell porosome (orange) with central
plug (blue arrowhead) from the sacculus of the rainbow trout. SV, synaptic vesicle; SM,
synaptic membrane (cf. Drescher et al., 2011).
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Table 1

Expression of SNARE proteins and their regulators in brain and sensory cells of retina and cochlea.

SNARE protein Brain Retina Hair Cell Neurotoxin

Syntaxin 1 Yes Yes Yes BoNT/C

Syntaxin 2 Yes No No BoNT/C

Syntaxin 3 Yes Yes Yes BoNT/C

SNAP-23 Yes Yes Yes BoNT/A,E

SNAP-25 Yes Yes Yes BoNT/A,C,E

Synaptobrevin 1 Yes Yes Yes BoNT/B,D,F,G TeTx

Synaptobrevin 2 Yes Yes Yes BoNT/D,F

SNARE regulator proteins

Complexin 1 Yes No No

Complexin 2 Yes No No

Complexin 3 Yes Yes No

Complexin 4 Yes Yes No

Synaptotagmin 1 Yes Yes No

Synaptotagmin 2 Yes Yes No

Synaptotagmin 4 Yes Yes Yes/No

Otoferlin Yes Yes? Yes

The t-SNAREs syntaxins 1, 2 and 3 are expressed in brain tissue, whereas in retina they are expressed differentially, with syntaxin 3 in the
photoreceptor ribbon synapses. Syntaxins 1 and 3 are expressed in the ribbon synapses of hair cells (Uthaiah and Hudspeth, 2010). Although the t-
SNAREs, SNAP-25 and SNAP-23, are expressed in brain, the distribution of each in brain follows a distinct pattern, with a suggested role for
SNAP-23 in the postsynaptic distribution of glutamate receptors (Suh et al., 2010). SNAP-25 and SNAP-23 are expressed in retina as well as in
hair cells (SNAP-23 BoNT/A,E cleavage occurs in mouse, not human), but their role in exocytosis has yet to be ascertained. The v-SNAREs
synaptobrevins 1 and 2 are expressed in brain, retina and hair cells. Of the SNARE regulators, the complexin isoforms 1, 2, 3 and 4 are expressed
in brain. Only complexins 3 and 4 are expressed in the photoreceptor ribbon synapse. None of these four isoforms is expressed in hair cells. The
neuronal SNAREs synaptotagmins 1, 2 and 4 are expressed in brain and photoreceptor ribbon synapses. Expression of synaptotagmin 1 is
developmentally regulated in hair cells, with little or no expression postnatally. Expression of synaptotagmin 4 has been immunodetected in
postnatal hair cells (Johnson et al., 2010); however synaptotagmin 4 protein has not been detected in hair cells by proteomic approaches (Uthaiah
and Hudspeth, 2010). Otoferlin, a putative hair-cell calcium sensor, is expressed in brain, hair cells and probably retina (Goodyear et al., 2010).
However, of these cell sources, only hair cells exhibit an inhibition of exocytosis when otoferlin is in deficit (Roux et al., 2006).
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