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Abstract

Soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) proteins mediate 

membrane fusion events in eukaryotic cells. Traditionally recognized as major players in 

regulating presynaptic neurotransmitter release, accumulative evidence over recent years has 

identified several SNARE proteins implicated in important postsynaptic processes such as 

neurotransmitter receptor trafficking and synaptic plasticity. Here we analyze the emerging data 

revealing this novel functional dimension for SNAREs with a focus on the molecular 

specialization of vesicular recycling and fusion in dendrites compared to those at axon terminals 

and its impact in synaptic transmission and plasticity.

Introduction

Membrane fusion is mediated by the formation of the SNARE complex assembly via the 

interaction of SNARE proteins. SNAREs are categorized in three families depending on 

their subcellular localizations. Synaptosomal-associated proteins (SNAP) and syntaxins 

(Stx) belong to the target SNARE (t-SNAREs) family and are located at target membranes. 

Synaptobrevin (Syb) (a.k.a VAMP, from vesicle-associated membrane protein) are vesicle 

SNAREs (v-SNARE) enriched in vesicle membranes. Syntaxin and synaptobrevins have a 

single copy of the conserved SNARE motif whereas SNAPs contribute with two copies. 

SNARE motif interaction forms tight four-helix helical bundles resistant to SDS (Hayashi et 

al., 1994; Sutton et al., 1998). The formation of the SNARE complex brings into close 

apposition the target and vesicle membranes during an exothermic process that overcomes 

the energy barrier required for membrane fusion (Südhof and Rothman, 2009).

Arguably, the most extensive studied example of SNARE-dependent fusion has been the 

presynaptic release of neurotransmitter (Südhof, 2008). The canonical SNARE complex in 

the presynaptic region is constituted by the association of synaptosomal-associated protein 

of 25 KDa (SNAP-25) in combination with Stx-1 and Syb-2/VAMP-2 (Jahn and Scheller, 

2006; Rizo and Rosenmund, 2008; Südhof and Rothman, 2009). Calcium sensor proteins 

such as synaptotagmins are crucial for culminating calcium-dependent exocytosis 
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(Fernández-Chacón et al., 2001; Südhof and Rothman, 2009; McMahon et al., 1995; Xu et 

al., 2007; Schonn et al., 2008; Cai et al., 2008) in a millisecond timescale. Interestingly, 

specific synaptotagmin isoforms have been found to be implicated in postsynaptic 

exocytosis during activity-dependent plasticity (Wu et al., 2017).

SNARE-dependent fusion is highly efficient thus it is unsurprising neurons employ similar 

machinery for different membrane fusion events including exocytic events in dendrites. At 

the postsynaptic compartment rapid changes in the composition of neurotransmitter 

receptors via active exo- and endocytosis processes regulate synaptic transmission and 

plasticity. In the mammalian brain, excitatory transmission is mediated by glutamate 

receptor activation, mostly AMPA and NMDA receptors (AMPAR and NMDAR) which are 

thought to undergo constitutive and activity-dependent trafficking. Membrane dynamics of 

AMPAR have been most extensively studied as an underlying mechanism of synaptic 

plasticity, a neuronal correlate of learning and memory (Malenka and Bear, 2004). Robust 

activation of calcium-permeable NMDAR often triggers AMPAR insertion into the plasma 

membrane thus eliciting long-term synaptic potentiation (LTP) (Bredt and Nicoll, 2003; 

Collingridge et al., 2004; Malinow and Malenka, 2002; Newpher and Ehlers, 2008; 

Shepherd and Huganir, 2007). AMPARs may reach synapses from perisynaptic sites (Lu et 

al., 2007; Petrini et al., 2009) from where they can laterally diffuse into the postsynaptic 

density (PSD) where are stabilized by synaptic scaffolds like PSD-95 (Henley et al., 2011; 

Kennedy and Ehlers, 2011; Opazo and Choquet, 2011). In the other hand, mild stimulation 

of NMDARs regularly yields long-term depression (LTD) of synaptic transmission which 

involves plasma membrane removal of AMPARs (Malenka and Bear, 2004). The elucidation 

of the mechanisms involved in AMPAR trafficking is crucial given the role of synaptic 

plasticity in experience-dependent plasticity (Malenka and Bear, 2004; Neves et al., 2008), 

and as a neuronal property that appears impaired in numerous neuropsychiatric and 

neurological disorders (Clapp et al., 2012; Ehlers, 2012).

Despite dendritic fusion events are usually triggered by elevation of calcium in the cytosol, 

there are important differences between pre- and postsynaptic exocytosis. For once, 

presynaptic terminals store multiple synaptic vesicles which are docked and primed at the 

plasma membrane which allows ultra-fast fusion and release upon calcium entry. In contrast, 

docked or primed postsynaptic vesicles have not been shown. For example, AMPAR-

containing endosomes are not accumulated close to the plasma membrane. Instead of being 

stored at defined regions nearby the plasma membrane, AMPAR-containing endosomes 

move along the dendrite through a myosin-dependent mechanism (Correia et al., 2008; 

Wang et al., 2008). The lack of an active zone-like region in dendrites may contribute to the 

fact that AMPARs insertion events in response to NMDAR activation occurs in a time scale 

of several seconds or even minutes (Patterson et al., 2010; Petrini et al., 2009; Yang et al., 

2008; Yudowski et al., 2007). Distinctive properties of postsynaptic release may be likely 

explained by the involvement of specific SNARE proteins. The composition of the 

postsynaptic SNARE complexes mediating synaptic transmission and plasticity has just 

begun to be revealed. Here, we review recent findings on postsynaptic SNARE proteins 

involved in neurotransmitter receptor trafficking. These new data suggest molecularly 

distinct SNARE complexes regulate different postsynaptic trafficking pathways providing 

highly selective control of synaptic transmission and plasticity.
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Postsynaptic SNARE proteins in synaptic transmission and plasticity

Role of postsynaptic synaptobrevins/VAMPs

Synaptobrevins are small transmembrane proteins located at vesicle membranes (Ernst and 

Brunger, 2003; Brunger et al., 2009). The main brain isoforms are Syb-1 and Syb-2, with 

Syb-2 being much more prominent in the forebrain than Syb-1 which is more abundant in 

the spinal cord and neuromuscular junctions (Trimble et al., 1990; Elferink et al., 1989; 

Raptis et al., 2005). Despite being closely related to Syb-2, Syb-1 is considered to be 

insensitive to tetanus toxin (TeTx) and botulinum toxin serotype B (BoNTB) which 

specifically cleaves Syb-2 (Schiavo et al., 2000).

During early development Syb-2 can be found in dendrites due to transcytosis (Sampo et al., 

2003; Wisco et al., 2003; Yap et al., 2008; Ascaño et al., 2009) suggesting that besides being 

an integral molecule of synaptic vesicles Syb-2 reaches postsynaptic membrane 

compartments. Furthermore, analysis of subcellular expression using western blot and 

immunogold have revealed Syb-2 in postsynaptic compartments in the CA1 hippocampus of 

adult rats where it appears associated with AMPAR-containing vesicles, particularly those 

containing the GluA1 subunit (Hussain and Davanger, 2015). In addition to its presence at 

AMPAR-containing endosomes, several studies have shown the involvement of Syb-2 in 

regulating AMPAR trafficking. In a seminal paper, Lledó and colleagues (1998) successfully 

disrupted LTP by postsynaptically infusing BoNTB. Further, spine growth associated with 

synaptic potentiation is also blocked by BoNTB (Murakoshi and Yasuda, 2012) suggesting 

that a Syb-2-containing SNARE complex is required for both AMPAR exocytosis during 

synaptic potentiation and spine growth.

More recently, experiments in cultures prepared from synaptobrevin-2 KO mice indicated 

that Syb-2 contributes to maintaining both synaptic and extrasynaptic GluA1-containing 

AMPARs (Jurado et al., 2013) (Figure 1). According with this idea, a recent report from 

Husain and Davanger (2015) has shown how Syb-2 cleavage with TeTx impairs GluA1-

containing AMPARs in the postsynaptic membrane. In addition, a potential role of Syb-2 in 

constitutive trafficking has been hinted in a recent study showing that Syb-2 also participates 

in the insertion of GluA2-containing receptors (Araki et al., 2010). These results suggest 

Syb-2 may be an integral element of AMPAR-containing endosomes participating in the 

regulation of both constitutive and activity-dependent trafficking pathways. Furthermore, 

Syb-2 has also been involved in AMPAR insertion during homeostatic potentiation induced 

by retinoic acid (Arendt et al., 2015) and even in the exocytosis of GABAARs in 

hippocampal neurons (Gu et al., 2016) (Figure 1). These findings suggest that similarly to 

synaptic vesicles (Takamori et al., 2006), Syb-2 is an abundant element of postsynaptic 

vesicles and thus participates in different dendritic trafficking processes.

However, some important postsynaptic functions may be taken over by Syb-1. Whereas 

BoNTB treatment effectively blocks AMPAR insertion during LTP, it does not affect 

NMDAR function (Lledó et al., 1998; Lüscher et al., 1999). Likewise TeTx does not prevent 

the enhancement of NMDAR-mediated currents during glycine-induced potentiation (Lu et 

al., 2001). These findings suggest NMDAR insertion is mediated by a Syb isoform 

insensitive to BoNTB such as Syb-1. This seems to be the case for constitutive trafficking of 
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NMDARs which has been recently shown to be significantly impaired in response to a 

specific Syb-1 knockdown (Gu and Huganir, 2016) (Figure 1). These results suggest 

different Syb isoforms regulate specific trafficking pathways in dendrites.

Role of postsynaptic syntaxins

Syntaxins are small transmembrane proteins that comprised a family of 15 members (Advani 

et al., 1998) from which only four isoforms (Stxs 1–4) localize to the plasma membrane 

where they mediate membrane fusion events (Bennett et al., 1993; Gaisano et al., 1996). The 

two isoforms of Stx-1 (Stx-1a and Stx-1b) are the most heavily studied due to their 

fundamental role in controlling vesicle docking and exocytosis of presynaptic vesicles (Jahn 

and Südhof, 1999). According to its function, Stx-1 is mainly expressed in presynaptic 

compartments (Stx-1a constitutes ~ 1% of all brain protein; Lang and Jahn, 2008) whereas 

Stxs 2, 3, and 4 have a wider tissue distribution (Bennett et al., 1993). Syntaxins cluster into 

membrane microdomains which may serve as hot spots for exocytosis. The formation of 

syntaxin-enriched microdomains in the dendrite plasma membrane may serve as a signal for 

favorable regions of exocytosis that otherwise would go unnoticed in the absence of a 

structured molecular scaffold characteristic of the presynaptic active zone (Lang et al., 2001; 

Ohara-Imaizumi et al., 2004; Low et al., 2006; Sieber et al., 2007; Kennedy et al., 2010). 

Interestingly, complexin a protein critical for calcium-dependent exocytosis (Takahashi et 

al., 1999; Huang et al., 2000) has been shown implicated in dendritic fusion during LTP 

(Ahmad et al., 2012). Moreover, structure-analysis experiments shown that complexin 

requires the interaction with SNARE proteins to regulate LTP (Ahmad et al., 2012) 

suggesting the presence of a postsynaptic Stx capable of binding complexin such as Stx-1 

and Stx-3 (Pabst et al., 2000). Here we will focus on the postsynaptic function of Stxs 1, 3 

and 4 as currently there are no reports investigating the role of Stx-2 in synaptic transmission 

and plasticity.

Postsynaptic syntaxin-1—According to their function in regulating neurotransmitter 

release, Stx-1 is predominantly localized at presynaptic plasma membranes (Koh et al., 

1993). However a recent analysis using electron microscopy and quantitative post-

embedding immunogold has revealed Stx-1 in dendritic spines (Hussain et al., 2016). 

Additional experiments of immunofluorescence double labeling with PSD-95 and 

ultrastructural fractionation of synaptosomes also confirmed Stx-1 localization at the PSD 

(Hussain et al., 2016). Intriguingly, postsynaptic Stx-1 strongly colocalized with the GluN2B 

subunit of NMDARs suggesting a potential role in NMDAR trafficking. This role may be 

subunit specific as the insertion of the GluN2A subunit has been reported to depend on Stx-4 

(Gu and Huganir, 2016). By affecting GluN2B trafficking, Stx-1 may contribute to shape 

NMDAR-mediated currents and synaptic plasticity. Conversely, specific postsynaptic 

knockdown targeted to both Stx-1a and Stx-1b did not affect LTP in hippocampal slices 

(Jurado et al., 2013) implying that reducing endogenous Stx-1 in the postsynapse does not 

alter NMDAR function enough to block synaptic potentiation. Nevertheless, changes in 

NMDAR subunit composition such swapping GluN2B for GluN2A during development (Liu 

et al., 2004), are known to modify NMDAR function in normal and pathological conditions 

(Sprengel et al., 1998; Zhou and Baudry, 2006). Therefore a role of postsynaptic Stx-1 in 

specifically regulating GluN2B trafficking may be fundamental for maintaining normal 
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NMDAR-mediated transmission. In addition to regulate glutamate receptor trafficking, a 

specific knockdown targeting both Stx-1a and Stx-1b has been shown to significantly reduce 

the plasma insertion frequency of γ2-containing GABAARs in rat hippocampal neurons (Gu 

et al., 2016) suggesting a central role for postsynaptic Stx-1 in regulating constitutive 

trafficking of excitatory and inhibitory receptors contributing to the basal excitatory/

inhibitory balance (Figure 2).

Postsynaptic syntaxin-3—Stx-3 has been recently proposed to control AMPARs 

exocytosis during LTP through its interaction with complexin (Jurado et al., 2013). In vivo 

stereotaxic injections of a specific shRNA against endogenous Stx-3 dramatically impaired 

LTP in acute hippocampal slices without affecting neither basal transmission nor presynaptic 

properties (Figure 2). Moreover, the same Stx-3 shRNA effectively blocked glycine-

dependent LTP in cultured hippocampal neurons and both forms of plasticity were fully 

rescued by restoring Stx-3 levels (Jurado et al., 2013). Furthermore, similarly to presynaptic 

Stx-1, Stx-3 requires the binding to SM proteins which promote a conformational change 

that frees the SNARE motif to interact with the rest of the SNARE proteins (Jurado et al., 

2013). According to its postsynaptic function in plasticity, Stx-3 has been shown to localize 

widespread throughout neurons where it can be found in both dendrites and axons (Jurado et 

al., 2013). Interestingly, Stx-3 may play a quite distinct role in NMDAR-dependent plasticity 

by specifically mobilizing AMPARs since the same Stx-3 shRNA does not affect other 

forms of plasticity like (Arendt et al., 2015) or other type of glutamate receptors like 

NMDARs (Jurado et al., 2013).

Postsynaptic syntaxin-4—Stx-4 also localizes to the plasma membrane but in contrast 

to Stx-1 and Stx-3 lacks the 12 aa stretch required for complexin interaction (Pabst et al., 

2000). Stx-4 has been suggested to play a role in activity-dependent AMPAR exocytosis 

(Kennedy et al., 2010; Arendt et al., 2015) and NMDAR constitutive trafficking (Gu and 

Huganir, 2016) (Figure 2). In addition, a recent study using a Stx-4 KO model revealed a 

significant reduction of basal glutamatergic transmission due to a reduction of AMPARs and 

NMDARs (Bin et al., 2018). A function of Stx-4 in AMPAR insertion during LTP-like 

conditions in cultured neurons was first suggested by Kennedy et al., (2010). These authors 

observed a block of recycling endosome exocytosis in the presence of a specific Stx-4 

shRNA. These results are conflicting with the findings suggesting the role of complexin in 

LTP (Ahmad et al., 2012). This apparent discrepancy may in large part be explained by the 

differences in the methods used to assay the fusion of AMPARs-containing endosomes. In 

Kennedy et al., (2010), recycling endosomes were detected with super ecliptic pHluorin 

(SEP)-fused transferrin receptors as a proxy to assay AMPAR-containing endosomes which 

may not accurately reflect the behavior of endogenous AMPARs like those assayed by 

electrophysiology. In addition, it may be plausible that Stx-4 may affect AMPAR exocytosis 

during LTP indirectly via affecting basal levels of NMDARs (Gu and Huganir, 2016). 

Another way Stx-4 may affect synaptic transmission may be through a recently appreciated 

role in modulating transynaptic adhesion molecules such as neuroligins (Harris et al., 2016) 

which are important for synapse formation and function (Südhof, 2008). However, a recent 

report using immunogold labeling showed endogenous Stx-4 primarily located on the 

plasma membrane of astrocytes in mixed neuronal cultures (Tao-Cheng et al., 2015) 
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suggesting Stx-4 may play a role in glial exocytosis and thus impacting synaptic 

transmission indirectly.

Nonetheless, these results raise the intriguing possibility that different Stx isoforms may 

coexist in postsynaptic compartments and sort different cargos via independent 

microdomains (Puthenveedu et al., 2010; Temkin et al., 2011). Indeed, Stx-4 has been 

implicated in other forms of synaptic plasticity such as retinoic acid-induced potentiation 

(Arendt et al., 2015). These results suggest a potential model for alternative pathways of 

AMPAR exocytosis in where different postsynaptic Stxs define specific exocytic sites on the 

postsynaptic plasma membrane. Thus during LTP, AMPAR-containing vesicles may interact 

with complexin which interacts with membrane microdomains enriched with Stx-3, whereas 

during retinoic acid-dependent plasticity AMPAR-containing vesicles non-associated to 

complexin may dock and be released at Stx-4 microdomains.

Role of postsynaptic SNAPs

Postsynaptic SNAP-25—SNAP proteins are Q-SNARE proteins which contribute two 

SNARE motifs to complete the coiled-coil assembly required for the formation of the 

functional SNARE complex. There are four isoforms of SNAP proteins named according to 

their molecular weight: SNAP-23, SNAP-25, SNAP-29 and SNAP-47, being SNAP-25 the 

most heavily studied due to its principal role in neurotransmitter release. SNAP-25 deletion 

or cleavage by specific botulinum toxins abolishes synaptic transmission without 

significantly affecting vesicle docking (Sørensen et al., 2003; Pantano and Montecucco, 

2014). SNAP-25 also interacts with VGCCs (Catterall and Few, 2008) negatively regulating 

calcium sensitivity to neuronal activation (Verderio et al., 2004; Condliffe et al., 2010). In 

addition to its role in exocytosis, SNAP-25 contributes to clathrin-dependent endocytosis 

(Zhang et al., 2013) and interacts with the endocytic protein intersectin (Okamoto et al., 

1999) suggesting a role in maintaining the endo and exocytosis balance in neurons.

A postsynaptic role for SNAP-25 is primarily supported by functional studies since the 

expression of SNAP-25 at the postsynaptic compartment remains to be definitely probed 

(Holderith et al., 2012; Kerti et al., 2012; Suh et al., 2010, but also see Jordan et al., 2006; 

Selak et al., 2009). Manipulations targeted to impair SNAP-25 function impact 

glutamatergic synaptic transmission by disrupting actin cytoskeleton and spine formation 

(Tomasoni et al., 2013; Fossati et al., 2015). Acute in vivo knockdown of SNAP-25 has been 

shown to reduce the amount of mature dendritic spines in the CA1 region of the 

hippocampus (Tomasoni et al., 2013). In agreement with these data, SNAP-25 heterozygous 

mice show reduced levels of dendritic spines and altered PSD-95 trafficking (Fossati et al., 

2015). In turn, SNAP-25 over-expression restores mature dendritic spines identified by the 

expression of the synaptic scaffold PSD-95. SNAP-25 regulates spine formation through an 

interaction with the plasma membrane and the adaptor protein p140Cap, which also interacts 

with PSD-95. These data suggest postsynaptic SNAP-25 regulates PSD-95 clustering which 

in turn may affect synaptic architecture and function (Fossati et al., 2015). These results may 

be especially relevant for neuropsychiatric disorders like schizophrenia in which significant 

reductions of synaptic proteins such as SNAP-25 has been described (Yin et al., 2012).
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Moreover, SNAP-25 plays a role in kainate receptors (KARs) and NMDARs dynamics 

(Selak et al., 2009; Lau et al., 2010; Jurado et al., 2013). SNAP-25 promotes the endocytosis 

of GluK5 subunit of KARs through a PICK1-dependent mechanisms (Selak et al., 2009), 

whereas the PKC-mediated phosphorylation of SNAP-25 on S187, favors NMDAR insertion 

to the plasma membrane via SNARE-dependent exocytosis (Lau et al., 2010; Jurado et al., 

2013). Accordingly, in vivo knockdown of SNAP-25 impairs LTP in hippocampal synapses 

as a result of decreasing synaptic NMDARs required for triggering synaptic plasticity 

(Jurado et al., 2013). Interestingly, SNAP-25 may affect NMDAR constitutive trafficking 

without affecting basal levels of AMPARs (Jurado et al., 2013; Suh et al., 2010; Gu and 

Huganir, 2016 but see also Gu et al., 2016) suggesting specific endosomal pathways may 

coexist for sorting different types of glutamatergic receptors (Figure 3) (Fong et al., 2002; 

Washbourne et al., 2002; Jeyifous et al., 2009).

Postsynaptic SNAP-23—Although first described as a SNAP-25 homolog in non-

neuronal tissue (Ravichandran et al., 1996), later evidence indicated SNAP-23 is also 

expressed in the CNS (Chen et al., 1999; Verdeiro et al., 2004). SNAP-23 can functionally 

replace SNAP-25 in in vitro studies, however SNAP-23-containing SNARE complexes are 

less stable than those constituted by SNAP-25 (Vaidyanathan et al., 2001). Nonetheless 

SNAP-23 is capable of sustaining important secretion processes such as insulin exocytosis 

(Sadoul et al., 1997). SNAP-23 has been suggested to play a role in both GABAA and 

NMDA receptor trafficking (Gu et al., 2016; Suh et al., 2010). Using a heterozygous 

SNAP-23 knock-out mouse in combination with knockdown strategies, Suh et al., 2010 

showed that reducing endogenous levels of SNAP-23 significantly decreases NMDAR 

surface expression and NMDAR-mediated synaptic transmission in hippocampal neuronal 

cultures and organotypic slices. Despite affecting NMDAR constitutive trafficking in 

cultured conditions, reducing endogenous SNAP-23 with a specific shRNA in vivo failed to 

impaired NMDAR-dependent LTP (Jurado et al., 2013) suggesting that either NMDAR 

trafficking relies more heavily on SNAP-23 during early stages of hippocampal development 

or that the remaining synaptic NMDARs are sufficient to support LTP induction in response 

to robust induction protocols commonly used in hippocampal slices.

In addition to glutamate receptor trafficking, SNAP-23 has also been proposed to participate 

in GABAAR dynamics (Gu et al., 2016) (Figure 3). Analysis of the insertion events 

corresponding to pHluorin-tagged AMPAR and GABAAR subunits (GluA2 and γ2, 

respectively) in the presence of a specific shRNA targeted to SNAP-23 has revealed that 

whereas SNAP-23 deletion does not impact constitutive AMPAR trafficking, surface 

expression of γ2-containing GABAAR and miniature IPSC amplitude appear significantly 

reduced in hippocampal neurons. These results again suggest specific roles of different 

postsynaptic SNARE proteins in regulating alternative sorting pathways for neurotransmitter 

receptors in neurons.

Postsynaptic SNAP-47—SNAP-47 is the most recent addition to the SNAP protein 

family and also the heaviest due to a long N-terminal stretch and an extended loop between 

its two SNARE motifs (Holt et al., 2006; Takamori et al., 2006). Similarly to SNAP-25, 

SNAP-47 is highly expressed in the CNS where it can be found in both axonal and dendritic 
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compartments (Jurado et al., 2013; Shimojo et al., 2015; Münster-Wandowski et al., 2017). 

Nonetheless, SNAP-47´s role in exocytosis is unclear due to the formation of labile 

interactions with other SNARE proteins and the lack of palmitoylated cysteine clusters, 

important for the localization to surface membranes (Holt et al., 2006; Kuster et al., 2015). 

Nonetheless, the widespread expression of SNAP-47 throughout different subcellular 

compartments suggests a role in trafficking and membrane fusion (Holt et al., 2006). Indeed, 

SNAP-47 has been shown to play a function in activity-dependent AMPAR exocytosis 

(Jurado et al., 2013; Arendt et al., 2015) (Figure 3). In vivo SNAP-47 knockdown in the 

CA1 region abolishes LTP without affecting presynaptic properties or constitutive AMPAR/

NMDAR trafficking highlighting a specific role of this protein in activity-dependent 

insertion of AMPARs (Jurado et al., 2013). In addition to this form of plasticity, SNAP-47 

participates in AMPAR exocytosis during retinoic acid-induced homeostatic plasticity in 

hippocampal organotypic slices (Arendt et al., 2015). The weak interactions with other 

SNARE proteins (Holt et al., 2006) and the lack of membrane anchor motifs may contribute 

to make SNAP-47 the SNAP of choice for regulating exocytosis events during LTP which 

seem to occur randomly throughout the postsynaptic membrane (Yudowski et al., 2007; 

Petrini et al., 2009; Yang et al., 2008; Patterson et al., 2010).

Postsynaptic SNAP-29—SNAP-29 is an unconventional SNAP protein which similarly 

to SNAP-47, lacks palmitoylation sites for membrane anchoring (Steegmaier et al., 1998). In 

addition, SNAP-29 contains an N-terminal motif that facilities the interaction with endocytic 

adaptors and small GTPases like Rab3A (Rotem-Yehudar et al., 2001; Schardt et al., 2001). 

In contrast with SNAP-25 and SNAP-23, SNAP-29 has been reported to have a widespread 

expression throughout neurons and to interact with a wide variety of syntaxin isoforms 

(Steegmaier et al., 1998; Hohenstein and Roche, 2001). SNAP-29 levels in the CNS are low 

in comparison with its paralogs, however it has been reported that SNAP-29 mRNA 

expression may be regulated by electrical activity, such as a single session of 

electroconvulsive seizures on the rat frontal cortex induced an upregulation of the SNAP-29 

messenger in the hippocampus (Elfving et al., 2008). The role of SNAP-29 in fusion events 

is controversial and its function in brain synaptic transmission and plasticity has not yet been 

explored. Some evidence suggests SNAP-29 can participate in plasma membrane fusion 

events whereas other studies restrict its function to regulating Golgi membrane dynamics 

(Wong et al., 1999). However, expression of SNAP-29 into presynaptic superior cervical 

ganglion neurons in culture significantly inhibited synaptic transmission in an activity-

dependent manner (Su et al., 2001). Although we still ignore the function of SNAP-29 in the 

CNS there is some evidence suggesting alterations of the snap29 gene may be linked to 

neurological disorders such as schizophrenia and neuropathy associated with autophagy 

dysfunction (Saito et al., 2001; Morelli et al., 2014).

Concluding Remarks

Formation of SNARE complexes is a universal mechanism for membrane fusion and vesicle 

exocytosis. This efficient machinery regulates multiple neuronal functions being the most 

studied the presynaptic neurotransmitter release. However, evidence accumulated in recent 

years is exposing the role of SNAREs in regulating postsynaptic processes such as 
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neurotransmitter receptor trafficking, thus expanding their role of master regulators of 

synaptic transmission and plasticity. Nonetheless, postsynaptic exocytosis exhibit different 

properties than presynaptic neurotransmitter release which are likely supported by 

molecularly distinct SNARE complexes. Whereas the canonical presynaptic SNARE 

complex is constituted by SNAP-25, Stx-1 and Syb-2, different postsynaptic forms of 

exocytosis seem to depend on specific SNARE proteins. For example, AMPAR insertion 

during LTP may recruit a complex formed by SNAP-47, Syb-2 and Stx-3 whereas receptors 

mobilized during retinoic acid-induced plasticity will be attracted to the membrane through 

a similar complex in which Stx-3 is replaced by Stx-4. In addition, constitutive NMDARs 

may require the formation of a SNARE complex constituted by SNAP-25 (which may 

substituted by SNAP-23), Syb-1 and Stx-4. Additionally, exocytosis of GABAAR-containing 

endosomes may preferentially recruit a SNARE complex formed by SNAP-23, Syb-2 and 

Stx-1. These findings suggest specific exocytic pathways coexist in dendrites in order to 

regulate neurotransmitter receptor insertion into the plasma membrane. Furthermore, the 

involvement of different Stxs opens the possibility that syntaxin-enriched microdomains 

mark specific regions of exocytosis for different neurotransmitter receptors.

Also intriguing is the fact that some secretion events at both the presynaptic and 

postsynaptic compartments seem to require the participation of the same SNARE molecules 

like Syb-2, thus only the unique combination of SNARE molecules mediates specific 

exocytic events. How do neurons regulate the trafficking of SNARE molecules to maintain 

adequate levels to support presynaptic neurotransmitter release and postsynaptic receptor 

levels in dendrites? Understanding these questions will provide insight not only into the 

details of synaptic transmission, but also general principles of how cellular subdomains are 

specified.

Moreover, calcium-dependent exocytosis such as presynaptic release and postsynaptic LTP 

require the participation of calcium binding proteins like synaptotagmin (Fernández-Chacón 

et al., 2001; Südhof and Rothman, 2009; McMahon et al., 1995; Xu et al., 2007; Schonn et 

al., 2008; Cai et al., 2008). Indeed, a role of complexin in LTP has been exposed (Ahmad et 

al., 2012) suggesting the participation of a postsynaptic synaptotagmin. Interestingly, 

synaptotagmin-1, the major trigger of fast neurotransmitter release, is not required for LTP 

(Ahmad et al., 2012). However simultaneous ablation of both synaptotagmin-1 and −7, a 

calcium sensor for short-term facilitation (Jackman et al., 2016), blocks LTP without 

affecting basal synaptic transmission (Wu et al., 2017). These findings suggest postsynaptic 

synaptotagmin-1 and −7 can play overlapping roles in AMPAR exocytosis during LTP.

Future efforts to elucidate the detailed molecular mechanisms involved in postsynaptic 

SNARE-dependent exocytosis involved in both synaptic transmission and plasticity will be 

critical for understanding the neural basis of many aspects of normal and pathological brain 

function.
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Abbreviations

Aa aminoacid

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

BoNTB botulinum toxin serotype B

CA1 cornu ammonis 1

CNS central nervous system

GluA1-A2 AMPA receptor subunit A1-A2

GluN2A-2B glutamate receptor subunit 2A-2B

GABAAR γ-aminobutyric acid receptor subunit A

GluK5 glutamate ionotropic receptor kainate type subunit 5

IPSC inhibitory post-synaptic currents

KARs kainic acid receptors

LTD long-term depression

LTP long-term potentiation

NMDAR N-Methyl-D-aspartic receptor

PSD-95 postsynaptic density-95

PICK-1 protein interacting with C kinase 1

Rab3A ras-related protein 3A

shRNA short hairpin RNA

SDS sodium dodecyl sulfate

SM Sec1/Munc18-like

SNARE Soluble N-ethylmaleimide sensitive factor attachment protein 

receptor

SNAP synaptosomal-associated proteins

Stx syntaxin

Syb synaptobrevin

TeTx tetanus toxin

VAMP vesicle-associated membrane protein

VGCC voltage-gated calcium channels
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Figure 1: Functions of postsynaptic synaptobrevins.
The model summarizes some of our current knowledge of the role of postsynaptic Sybs in 

regulating neurotransmitter receptor trafficking. Syb-2 has been suggested to be an integral 

part of GABAAR-containing vesicles and regulate basal insertion in dendritic membranes. 

Moreover, Syb-2 may be located at AMPAR-containing endosomes, thus participating in 

basal and activity-dependent exocytic events either induced by NMDAR activation or during 

synaptic scaling induced by retinoic acid, a type of homeostatic plasticity. In addition, 
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Syb-1, another common isoform of Syb in the CNS, has been suggested to specifically 

regulate constitutive NMDAR exocytosis.
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Figure 2: Functions of postsynaptic syntaxins.
The model represents the role of different postsynaptic syntaxins in regulating 

neurotransmitter receptor dynamics. Despite being mostly concentrated at presynaptic 

terminals, Stx-1 has been suggested to play a role in regulating constitutive exocytosis of 

GABAARs, AMPARs and GluN2B-containing NMDA receptors. Interestingly, GluN2A-

containing NMDARs insertion may depend on Stx-4, a non-complexin Stx isoform that also 

mediates AMPAR exocytosis during homeostatic plasticity. In contrast Stx-3, a complexin-

binding isoform is the primary regulator of AMPAR exocytosis during NMDAR-dependent 
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LTP. These results suggest dendritic membranes may contain microdomains enriched with 

different Stx isoforms which define specific regions for postsynaptic receptor exocytosis.
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Figure 3: Functions of postsynaptic SNAPs.
Schematic of the identified roles of postsynaptic SNAPs depicts membrane-bound SNAP-25 

and SNAP-23 primarily involved in regulating constitutive trafficking of GABAA, AMPA 

and NMDA receptors. This function suggests the existence of specific membrane 

microdomains enriched with these SNAPs where exocytosis may be facilitated during 

baseline conditions. In contrast, activity-dependent insertion (NMDAR-dependent LTP and 

retinoic acid-induced potentiation) depends on the activity of SNAP-47, a broadly expressed 

cytosolic isoform. These results suggest that calcium influx increases dendritic exocytosis by 
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recruiting SNAP isoforms like SNAP-47 which by not being attached to the membrane may 

define temporary regions for fusion along the dendritic membrane. By recruiting SNAP-47, 

the increase in postsynaptic exocytosis demand during synaptic plasticity can be supported 

in the absence of specialized regions like the presynaptic active zone.
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