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Synapsins were the first presynaptic proteins identified and 
have served as the flagship of the presynaptic protein field. 
Here we review recent studies demonstrating that different 
members of the synapsin family play different roles at pre-
synaptic terminals employing different types of synaptic 
vesicles. The structural underpinnings for these functions 
are just beginning to be understood and should provide a 
focus for future efforts. 
 
 
INTRODUCTION 
1 
Synapsins are key regulators of synaptic vesicle (SV) dynamics 
in presynaptic terminals (Gitler et al., 2008; Hilfiker et al., 1999) 
The best-known function of these proteins is to regulate synap-
tic transmission by controlling the storage and mobilization of 
SVs within a reserve pool (RP) (Hilfiker et al., 1999). However, 
synapsins also influence other stages of SV trafficking, includ-
ing SV fusion with the plasma membrane (Hilfiker et al., 1999, 
2005; Medrihan et al., 2013), and are known to interact with 
proteins involved in endocytosis (Evergren et al., 2004), sug-
gesting a potential role in endocytosis as well.  

In vertebrates, synapsins are encoded by three distinct 
genes: synapsins l, ll, and lll (Fig. 1; Hosaka and Sudhof, 1998; 
Kao et al., 1998; Südhof et al., 1989). Mutations in synapsins l 
and ll have been linked to epilepsy susceptibility in humans 
(Cavalleri et al., 2007; Garcia et al., 2004). This is consistent 
with observations in mouse models, where epileptic seizures 
are observed in mice in which the genes for synapsins l, ll  or 
l/ll/lll have been knocked out (Gitler et al., 2004b; Li et al., 1995; 
Rosahl et al., 1995). Synapsins ll and lll also have been impli-
cated in schizophrenia, either because their expression levels 
are lowered in schizophrenia patients (Dyck et al., 2011; Mirnics 
et al., 2000; Tan et al., 2014; Vawter et al., 2002) or because of 
single-nucleotide polymorphisms associated with schizophrenia 
(Porton et al., 2011).  

Alternative splicing of each synapsin gene produces 5 main 
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isoforms consisting of combinations of numerous structural 
domains (Fig. 1). The N-terminal portions of all synapsin iso-
forms (domains A-C) are highly conserved, while the C-terminal 
portions (domains D-J) differ between isoforms. As will be dis-
cussed below, recent data indicates that different synapsin 
isoforms perform different functions in neurons. These unique 
functions presumably are mediated by the variable C-terminal 
domains, though of course the conserved portions also have 
important functions as well. In this mini-review, we will attempt 
to reconcile synapsin structure and function.  
 
PROPERTIES OF SYNAPSIN DOMAINS  
 
Given that their conserved and variable domains must mediate 
all synapsin functions, we will briefly summarize what is now 
known about each of these domains. 
 
Conserved domains  
Domain A is known to interact with phospholipids, with this in-
teraction neutralized by phosphorylation of a serine that is 
phosphorylated by cAMP-dependent protein kinase (PKA) and 
Ca2+/calmodulin-dependent protein kinase I (CaMKI) (Hosaka 
and Südhof, 1999). Injection of a peptide derived from domain 
A inhibits release of the excitatory neurotransmitter, glutamate, 
without affecting vesicle pool size or neurotransmitter release 
kinetics (Hilfiker et al., 2005). This effect requires dephosphory-
lation of the phosphorylation site, suggesting that the peptide 
may work by interfering with phosphorylation-sensitive binding 
of synapsins to phospholipids. Thus, phospholipid binding may 
be central to the function of synapsins in neurotransmitter re-
lease.  

Domain B is a conserved linker that connects domains A 
and C. This domain has many amino acids, such as alanine 
and serine, that have compact conformations. Little is known 
about the function of domain B; the fact that it contains a 
phosphorylation site for the mitogen-activated protein kinase 
(MAPK)/Extracellular signal-regulated kinase (Erk) presuma-
bly confers regulation of synapsin function by this signalling 
pathway (Jovanovic et al., 1996).  

Domain C is the region with the most extensive homology 
across synapsins and mediates many of the core functions of 
synapsins, such as interactions with the actin cytoskeleton and 
SV phospholipids (Cheetham et al., 2001). This domain is am-
phipathic - containing both hydrophobic and highly charged resi-
dues - and is characterised by a compact structure of roughly 
elliptical shape, composed of several subdomains organized as 
α-helices or β-sheets, as well as a disordered region at its  
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C-terminus (Esser et al., 1998). There are several amino acids 
flanked by charged residues. Domain C partially inserts into the 
hydrophobic phase of phospholipid bilayers, potentially mediat-
ing binding of synapsins to SVs (Südhof et al., 1989). Domain 
C also mediates homo- and heterodimerization of synapsins 
(Brautigam et al., 2004; Hosaka and Südhof, 1999). Disruption 
of C domain function by peptide microinjection indicates do-
main C interactions maintain the RP of SVs and regulate the 
kinetics of neurotransmitter release; these actions have been 
attributed to interfering with binding of synapsins to the actin 
cytoskeleton (Hilfiker et al., 2005). 
 
Variable domains 
The C-terminal region of each synapsin isoform is a combina-
tion of variable domains that determines the identity and unique 
functional properties of each isoform. All of these variable do-
mains are proline-rich. 

Domain D is 27 percent proline and 17 percent glutamine 
residues, whereas asparagine is totally excluded (Südhof et al., 
1989). This domain binds to SH3-domain containing proteins, 
such as c-Src, Grb2, PI3K, PLC-r and amphiphysin-l and ll, as 
well as CaMKll and Rab3 (Giovedì et al., 2004). Domain D 
contains two CaMKII phosphorylation sites (Fig. 1) and phos-
phorylation of these sites has been implicated in regulation of 
glutamate release (Chi et al., 2003; Llinás et al., 1991). Domain 
D apparently serves to inhibit targeting of synapsin lb to SVs 
(Gitler et al., 2004a).  

Domain E is common to all ‘a’ synapsin isoforms (Fig. 1). 
Microinjection of a peptide from domain E reduces the RP and 
slows release kinetics, indicating that this domain is involved 
both in maintaining the RP and in synchronizing exocytosis 
(Hilfiker et al., 1998; 2005). It has been reported that domain E 
also mediates synapsin l oligomerization and cross-links SVs 
(Monaldi et al., 2010). For targeting of synapsins to presynaptic 
terminals, domain E overrides the inhibitory effect of the C-
terminus of domain D (Gitler et al., 2004a). The molecular 
mechanism underlying this action of domain E is unknown. 

Domain G in synapsins IIa and IIb, as well as domain H in 
synapsin IIb, are proline–rich domains of uncertain function. 
Domains F and I are found only at the C-terminal ends of ‘b’ 
type isoforms; their functions also are poorly understood. 

Domain J is unique to synapsin llla and has a high content of 
proline, glutamine, serine, and alanine residues (Hosaka and 

Südhof, 1998; Kao et al., 1998). Although the function of this 
domain is unknown, it must be important for the roles of synap-
sin IIIa in release of dopamine and GABA (see below). This 
domain also contains a MAPK phosphorylation site, S470, that 
is mutated in some schizophrenia patients (Porton et al., 2004).  
 
MULTIPLE SYNAPSIN FUNCTIONS IN 
NEUROTRANSMITTER RELEASE 
 
Next we will summarize what is known about the functions of 
synapsins in release of neurotransmitters. Our conclusion is 
that synapsins have different functions in different types of neu-
rons, because loss of synapsins differentially affects transmis-
sion in different neuron types. Key determinants of synapsin 
function apparently are the types of neurotransmitters and SVs 
employed in the presynaptic terminal, as well as the synapsin 
isoforms expressed.  
 
Glutamatergic synapses  
Perturbation of synapsin function - using antibodies, peptides or 
gene deletion - selectively reduces the number of SVs in the RP, 
defined as SVs residing away from the active zone (Gitler et al., 
2004b; Hilfiker et al., 1998; Pieribone et al., 1995; Rosahl et al., 
1995). Consistent with a role for synapsins in maintaining the 
RP, the rate of synaptic depression – which is thought to be 
limited by mobilization of SVs from the RP - is faster in glutama-
tergic hippocampal neurons from synapsin triple knock-out 
(TKO) mice (Fig. 2A; Gitler et al., 2004b). Despite this dramatic 
physiological phenotype, the number of docked SVs are unaf-
fected by loss of synapsins and basal synaptic transmission is 
unaffected (Fig. 2A; Gitler et al., 2004b). This indicates that 
synapsins tether glutamatergic vesicles within the RP and, 
thereby, regulate the size of the RP. Remarkably, synapsin lla is 
the only isoform that significantly rescues the kinetics of synap-
tic depression and RP size when introduced into TKO neurons 
(Gitler et al., 2008). The degree of rescue of SV number by 
different synapsin isoforms is directly proportional to the kinetics 
of synaptic depression, demonstrating that (1) the rate of syn-
aptic depression is determined by the density of glutamatergic 
SVs in the nerve terminal; and (2) synapsins, specifically syn-
apsin IIa, determine SV density within the RP (Gitler et al., 
2008).  
 
GABA release 
In contrast to glutamate release, GABA release from interneu-
rons from synapsin TKO mice have a completely different phy-
siological phenotype: basal transmission, as measured by inhi-
bitory postsynaptic currents (IPSCs) evoked by single stimuli, is 
greatly reduced while the speed of synaptic depression is unaf-
fected (Fig. 2B; Gitler et al., 2004b; Medrihan et al., 2013). Si-
milarly, the number of SVs docked at active zones is reduced in 
GABAergic nerve terminals from TKO mice (Gitler et al., 2004b). 
This indicates that synapsins regulate a late step in SV traffick-
ing that precedes (and controls) fusion of GABAergic SVs dur-
ing exocytosis. Which synapsin isoform(s) regulate GABA re-
lease is not yet clear. Basal inhibitory transmission is reduced in 
mice lacking either synapsin l or synapsin llI, while synapsin ll 
deletion paradoxically increases inhibitory transmission (Baldelli 
et al., 2007; Feng et al., 2002; Medrihan et al., 2013). A prelimi-
nary report suggests that IPSC amplitude can be rescued by 
any of the 5 major synapsin isoforms (Song and Augustine, 
2014). In summary, both the modes of action and synapsin 
isoforms involved are different for GABAergic and glutamatergic 
SVs.  

Fig. 1. Domain model of the vertebrate synapsin family.  Experi-
mentally determined phosphorylation sites within synapsin Ia are
indicated, along with the kinases that phosphorylate these sites.
Scale at bottom shows amino acid number. 
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Release of biogenic amines  
Deletion of all synapsin isoforms increases the amount of cate-
cholamine released from depolarized chromaffin cells 
(Villanueva et al., 2006). This increase is not caused by 
changes in the amount of catecholamine released per vesicle 
or in the speed of discharge of catecholamines from individual 
vesicles, but instead is due to an increased rate of exocytotic 
events (Fig. 2C). This effect is rescued by synapsin lla, indicat-
ing that this synapsin isoform serves as a negative regulator of 
catecholamine release. Thus, synapsin IIa seems to have dif-
ferent, and potentially opposite, roles for vesicles containing 
glutamate versus catecholamines. 

Synapsins have differential actions in release of two mono-

amine neurotransmitters, dopamine (DA) and serotonin (5-HT). 
While loss of synapsins increases DA release from presynaptic 
terminals (Fig. 2D), there is no difference in 5-HT release be-
tween wild-type and TKO mice (Fig. 2E; Kile et al., 2010). The 
negative regulation of DA release apparently is mediated by 
synapsin IIIa, because a similar enhancement of DA release 
occurs in synapsin llla KO mice. In addition, synapsins appear 
to provide a RP of DA-containing  vesicles (DA vesicles); this 
RP is recruited during cocaine treatment and is reduced in syn-
apsin TKO mice (Venton et al., 2006). In summary, synapsins 
appear to have two effects in trafficking of DA vesicles: an in-
hibitory effect on exocytosis of DA vesicles, mediated by syn-
apsin IIIa, and maintenance of a RP of DA vesicles, mediated 

Fig. 2. Effect of synapsin deletion on neurotransmitter
release at different synapses and chromaffin cells. (A)
Neurotransmitter release at a glutamatergic synapse. Left
–excitatory postsynaptic currents (EPSCs) evoked by
single stimuli, recorded from autaptic cultures of hippo-
campal excitatory neurons from synapsin triple wild-type
(TWT) and triple knock-out (TKO) mice. Right - kinetics of
synaptic depression, evident as a decline in mean ampli-
tude of EPSCs evoked by trains of stimuli (500 at 10 Hz).
Replotted from data in Gitler et al. (2004b). (B) Neuro-
transmitter release at a GABAergic synapse. Left – inhibi-
tory postsynaptic currents (IPSCs) evoked by single stim-
uli, recorded from autaptic cultures of hippocampal inhibi-
tory neurons from TWT and TKO mice. Right - kinetics of
synaptic depression, evident as a decline in mean ampli-
tude of IPSCs evoked by trains of stimuli (500 at 10 Hz).
Replotted from data in Gitler et al. (2004b). (C) Cate-
cholamine release from cultured adrenal chromaffin cells.
Left - Representative amperometric measurements of
exocytotic discharge of catecholamine (spikes) from TWT
and TKO cells in response to treatment with a high-
potassium (60 mM K+) during times indicated by horizon-
tal bars.  Right - comparison of number of catecholamine
release spikes evoked in TWT and TKO cells. Replotted
from data in Villanueva et al. (2006). (D) Dopamine (DA)
release evoked by a single electrical stimulus (vertical
black line) in striatal brain slices from TWT and TKO
mice. Left - Representative responses. Right - mean [DA]
measured in slices from each genotype (right). Replotted
from data in Kile et al. (2010). (E) Representative traces
of serotonin release evoked by electrical stimulation (100
Hz, 20 pulses, black line) from substantia nigra in brain
slices from TWT and TKO mice. Replotted from data in
Kile et al. (2010). 
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by a synapsin isoform (or isoforms) that remains to be deter-
mined. 
 
STRUCTURAL BASIS FOR SYNAPSIN FUNCTIONS  
 
Results described in the preceding section demonstrate that 
synapsins have different physiological roles in trafficking of 
different types of SVs and reveal that these functions are sub-
served by different synapsin isoforms. The current challenge is 
to understand these different roles of synapsins in molecular 
terms. In this section we use the known molecular properties of 
different synapsin isoforms and their constituent domains in a 
preliminary attempt to explain these physiological actions of 
synapsins.  

The mechanisms that target synapsins to presynaptic termi-
nals may provide clues to the actions of synapsin IIa in main-
taining the RP of glutamatergic SVs. The crucial domains re-
quired for presynaptic targeting of synapsins to glutamatergic 
terminals are domains B, C and E; domain A is not necessary, 
though its presence enhances SV targeting (Gitler et al., 2004a). 
This is consistent with roles for both domains A and C in phos-
pholipid binding. Domain D inhibits SV targeting, an effect that 
can be overcome by domain E. This can explain why microin-
jection of domain E peptides inhibits glutamate release (Hilfiker 
et al., 1998). Further, it can explain why synapsin lb cannot 
target to presynaptic terminals: this isoform lacks domain E, 
which is required to overcome the inhibitory effect of domain D. 
Synapsin lla has all of the domains that enhance SV targeting 
but does not have the inhibitory D domain. Instead, this isoform 
has domain G, a very short, proline-rich region that potentially 
could enhance synapsin lla binding to SVs. These structural 
differences might underlie the ability of synapsin IIa to support 
the glutamatergic RP, given that binding and cross-linking of 
SVs appears important for the ability of synapsins to maintain 
the RP (Monaldi et al., 2010). Synapsin llb also has domain G, 
but its lack of domain E may hinder its ability to bind to SVs as 
well as synapsin lla can; to date, there have been no experi-
mental comparisons of SV binding properties of synapsins IIa 
and IIb.  

The observation that loss of synapsins affects basal trans-
mission at inhibitory synapses indicates that synapsins have a 
different mechanism of action in trafficking of GABAergic SVs. 
The fact that multiple synapsin isoforms can rescue the TKO 
phenotype points toward a role for the conserved domains (A, 
B, and/or C) in this action. Domain C is known to regulate the 
kinetics of transmitter release (Hilfiker et al., 2005), which could 
account for the changes in synchronization of GABA exocytosis 
observed in synapsin lla knock-out mice and TKO mice (Medri-
han et al., 2013; Song and Augustine, 2014). However, which 
of the many binding activities associated with domain C could 
underlie this effect remains to be determined.  

In regard to trafficking of SVs containing DA, the implication 
of synapsin IIIa in DA release indicates that the basic functions 
of the conserved domains A, B, and C is modified by domain J, 
which is unique to synapsin llla. This should motivate further 
analysis of the binding properties and functions of this domain.  
 
CONCLUSIONS 
 
Recent studies indicate that each synapsin isoform subserves 
unique functions at different type of presynaptic terminals. Thus, 
while all synapsin isoforms share many structural features - 
specifically domains A-C - they function differently due to the 
unique domain composition of their C-termini. Further insights 

into the molecular properties of domains D-I clearly hold the key 
to understanding of the unique functions of each synapsin iso-
form. Once we understand how each synapsin isoform does its 
job, we finally will be able to answer the long-standing question 
of how synapsins contribute to neurotransmitter release.     
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