Chapter 13
Synapsins and Synaptic Vesicle Storage

Fabrizia C. Guarnieri, Fabio Benfenati, and Flavia Valtorta

Abstract The synapsins constitute a family of evolutionarily conserved neuronal
phosphoproteins associated with the cytosolic surface of synaptic vesicles.
In mammals, the family comprises three members encoded by distinct genes that
give rise to various splicing isoforms. In the central nervous system, the vast
majority of neurons expresses at least one synapsin isoform. However, the functions
of these proteins are not fully understood to date. Given their ability to bind both the
vesicular membrane and actin filaments in a phosphorylation-dependent manner,
the classical role attributed to synapsins is the reversible anchorage of synaptic
vesicles to the cytoskeletal matrix present in the presynaptic terminal. However,
recent evidences suggest the implication of synapsins in other aspects of the
synaptic vesicle life cycle, such as docking, fusion and recycling. Genetic manipu-
lation of synapsins in various in vitro and in vivo models has proved that they are
dispensable for the proper development of functional neuronal networks but are
essential modulators of synaptic neurotransmission and play differential roles at
excitatory and inhibitory synapses. Indeed, mice lacking synapsins are viable and
do not display gross brain abnormalities but exhibit generalised epileptic seizures as
well as autism-related behavioural abnormalities. Consistently, several mutations
have been identified in SYN/ and SYN2 genes in patients affected by epilepsy and/or
autism spectrum disorders.

This chapter overviews the current knowledge about synapsin structure and
function in the modulation of synaptic vesicle release, as well as the mechanisms
leading to synaptic pathology when their properties are altered.
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13.1 Introduction

Four decades of research have addressed the study of the synapsins in neuronal
physiology, since the first description of Protein I (later renamed synapsin I) as a
major target of phosphorylation by cyclic AMP-dependent kinases in synaptic
membrane fractions by Paul Greengard in 1972 (Johnson et al. 1972). Though,
we are still far from the complete understanding of the multiple functions that these
proteins exert in neuronal development and synaptogenesis, synapse organisation,
modulation of synaptic vesicle trafficking and plasticity.

Soon after their discovery, it turned out that synapsins I and II, the latter
identified in 1978 and initially named Protein III (Forn and Greengard 1978), are
presynaptic proteins able to reversibly associate with the cytosolic side of synaptic
vesicle membrane (De Camilli et al. 1983a, b; Huttner et al. 1983) and with
cytoskeletal components (Bahler and Greengard 1987; Fesce et al. 1992; Valtorta
et al. 1992b) in a phosphorylation-dependent manner. Indeed, synapsins are
physiological substrates of cyclic AMP-dependent and Ca**/calmodulin-dependent
protein kinases that phosphorylate them upon neuronal activation (Greengard
et al. 1993). Given these properties, synapsin I was postulated to be involved in
the regulation of neurotransmitter release through the reversible tethering of
synaptic vesicles to the actin cytoskeleton (Benfenati et al. 1991; Greengard
et al. 1987, 1993; Valtorta et al. 1992a). However, recent evidences also imply
synapsins in post-docking steps and vesicle recycling (Bloom et al. 2003; Fassio
et al. 2006; Hilfiker et al. 1998, 2005), as well as in neurite extension and synapse
formation (Fornasiero et al. 2010). More than 20 years after the identification of
synapsin I, a third member of the family was described (Kao et al. 1998). In contrast
to synapsins I and II, which are increasingly expressed during neuronal maturation,
synapsin III is highly expressed in growth cones at early stages of development
(Ferreira et al. 2000) and its specific function is still not completely elucidated. It is
now clear that the three members of the family share many features but are not
completely redundant. However, the precise roles and pattern of expression of each
synapsin isoform remain elusive and need further clarification.

13.2 The Synapsin Family

13.2.1 Genes and Promoter Regions

In mammals the synapsin family is composed of three members encoded by
distinct genes: SYNI, SYN2 and SYN3. In humans, the SYN genes are located on
chromosomes X, 3 and 22, respectively. Synapsin genes were identified in verte-
brate and invertebrate organisms; however in invertebrates only a single synapsin
gene is present. The intron/exon structure is conserved from C. elegans to humans,
as well as in the three mammalian genes, suggesting that duplication events
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occurred from a single ancestor, probably when vertebrates diverged from
invertebrates. This interpretation is also supported by the observation that two
other gene families, raf and TIMP (tissue inhibitor of metalloproteinases), are in
close physical linkage to Syn genes. In fact, each synapsin gene lies in very close
proximity to a TIMP and a raf gene family member (Kao et al. 1999).

Synapsins are widely and selectively expressed in neurons of the central and
peripheral nervous systems. The proximal promoter of the SYNI gene is
characterised by the absence of TATA and CAAT consensus motifs and is enriched
in CpGs that are subjected to epigenetic regulation (Ekici et al. 2008; Paonessa
et al. 2013; Sauerwald et al. 1990). Neuron-specific expression of synapsin I is
driven by the presence of a binding site for the transcriptional repressor NRSF/
REST (neuron-restrictive silencer factor/RE-1 silencing transcription factor),
which negatively regulates SYN/ expression in non-neuronal cells both in rodent
and human promoter regions (Li et al. 1993; Schoch et al. 1996). A positive
regulation is instead mediated by the binding of Sp1, a ubiquitous transcriptional
activator able to bind to GC-rich regions and to recruit the transcription initiation
complex to TATA-less promoters. Interestingly, it has recently been shown that
Spl and REST binding sites lie in close proximity in the SYN/ promoter and that the
two transcription factors act in a strict functional interplay. During neuronal
differentiation and development, Spl binding to the SYN/ promoter is fine-tuned
by REST, and the progressive decline in REST levels favours Spl binding and
synapsin I expression (Paonessa et al. 2013). In addition, a cAMP-responsive
element (CRE) is present and confers basal activation by the CRE-binding
(CREB) transcription factor but does not modulate SYN/I expression in a cAMP-
sensitive manner (Hoesche et al. 1995). On the contrary, the factor zif268/Egr-1,
which recognises specific binding sites (EBS), was shown to mediate transcrip-
tional activation upon forskolin treatment (James et al. 2004).

The SYNI and SYN2 promoters display very little sequence homology, still they
share many features (absence of TATA and CAAT boxes, GC enrichment, neuronal
specificity) (Chin et al. 1994). In the SYN2 promoter, binding sites for Spl and
zif268/Egr-1, but not for REST, have been identified (Petersohn et al. 1995), raising
the question as to how synapsin II confinement in neuronal cells could be achieved.
Two binding sites for the activating protein 2o (AP-2a) are also present and mediate
SYN2 activation in a cAMP/protein kinase A (PKA)-modulated manner
(Skoblenick et al. 2010).

The SYN3 promoter is completely uncharacterised. Synapsin III differs from the
other two members in terms of its expression pattern: two out of the six described
splicing isoforms, namely, synapsins Ille and f, are expressed only in non-neuronal
tissues (placenta and spleen), probably thanks to a second promoter that resides
upstream exon 9 (Porton et al. 1999). In addition, while synapsins I and II progres-
sively increase in their levels during development, synapsin III is predominantly
expressed in the fetal brain, or during the first days in vitro when neurons are
cultured, and then declines (Ferreira et al. 2000; Porton et al. 1999). In the adult
brain, synapsin III is highly expressed by immature neurons in the neurogenic
niches (Pieribone et al. 2002).
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13.2.2 Splicing Isoforms and Protein Domain Structure

Alternative splicing events of the three synapsin genes give rise to various isoforms.
Two distinct isoforms are produced for synapsins I and II (named a and b), and at
least six transcripts are described for synapsin III (a—f). The resulting proteins
are highly homologous at their N-termini but greatly differ in the C-terminal
portion (see Fig. 13.1) (Porton et al. 1999; Siidhof 1990; Siidhof et al. 1989).
The N-terminal region can be subdivided into three domains, namely, domains A,
B and C, which, except for domain B, are highly conserved across different
isoforms and species. Conversely, the C-terminal portion is composed of differen-
tially spliced domains (domains D-J).

Domain A is a short N-terminal region that contains a conserved phosphoryla-
tion site (site 1) target of PKA and Ca2+/calmodulin—dependent kinases (CaMK) I
and IV (Huttner et al. 1981). Domain B is the least conserved of the domains of the
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Fig. 13.1 Schematic representation of the domain structure of mammalian synapsin I, IT and IIT
proteins. Main splicing isoforms are reported. Known phosphorylation (P) sites (numbered
according to the literature), as well as the ALPS motif, the ATP binding site and the proline-rich
region mediating the interaction with SH3 domains, are indicated. All isoforms share a conserved
N-terminal portion (A, B and C domains), while they differ in alternatively spliced C-terminal
domains (D-J). PKA protein kinase A, CaMK Ca2+/calmodulin—dependent protein kinase, MAPK
mitogen-activated protein kinase, Cdk cyclin-dependent kinase, ALPS amphipathic lipid packing
sensor, ATP adenosine triphosphate, SH3 Src homology 3 domain (Adapted with authors’ permis-
sion from Fornasiero et al. 2010)
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N-terminal region. It is considered to be a linker region, connecting domain
A to domain C. However, mutations in this domain appear to have a strong
impact on the functions of this protein (Guarnieri and Valtorta, unpublished
results). It is characterised by the presence of small amino acids and probably has
an elongated conformation in solution (Brautigam et al. 2004). Recently, an amphi-
pathic lipid packing sensor (ALPS) motif has been recognised in this domain.
This motif is evolutionarily conserved and is deputed to the specific binding of
highly curved membranes (Krabben et al. 2011). In synapsin I, domain B contains
two phosphorylation sites (sites 4 and 5) for mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) (Jovanovic et al. 1996;
Matsubara et al. 1996). These two sites are probably present also in synapsin 11
and III, although their phosphorylation has never been experimentally demon-
strated (Jovanovic et al. 2001). Domain C is the core region, highly conserved
among the various members of the family. It mediates the principal functions of
synapsins, i.e. the interaction with actin filaments and synaptic vesicle phospho-
lipids (Bahler and Greengard 1987; Benfenati et al. 1989b; Benfenati et al. 1989c;
Cheetham et al. 2001), as well as synapsin homo- and hetero-dimerisation (Hosaka
and Siidhof 1999; Monaldi et al. 2010) that probably contributes to synaptic vesicle
clustering. A highly conserved phosphorylation site (site 8) is present in this domain
and is targeted by the tyrosine kinase Src. The phosphorylation at this site has been
experimentally demonstrated for synapsins I and II (Messa et al. 2010; Onofri
et al. 2007). Domain C is the only portion for which a crystal structure is available,
and it appears folded as a compact structure composed of amphipathic a-helices and
B-sheets. Interestingly, it has been shown that the three-dimensional structure of
synapsin I strongly resembles that of an ATP-dependent glutathione synthetase and
that all synapsins can bind ATP (Esser et al. 1998), even though an enzymatic
activity has never been proved. After domain C, the amino acid sequence starts to
diverge in the various synapsins. However, all isoforms bear an elongated proline-
rich tail, namely, domain D in synapsin I, domain G in synapsin II and domain J in
synapsin IIla. In synapsin I, domain D contains phosphorylation sites 2 and
3 for CaMKII (Czernik et al. 1987). Similar consensus sites are present also in
synapsin III, but their accessibility to phosphorylation remains to be determined
(Kao et al. 1998). In the same region, site 6 is targeted by MAPK/ERK and
cyclin-dependent kinase 5 (Cdk5), and site 7 is specifically targeted by Cdk5
(Jovanovic et al. 1996; Matsubara et al. 1996). The proline-rich domain D mediates
the binding to important molecular partners, such as CaMKII (Benfenati et al 1992)
and Rab3A (Giovedi et al 2004b), as well as the SH3 (Src homology 3 domain)-
containing protein Src (Onofri et al 1997). Downstream of the proline-rich region,
domain E, common to all the ‘a’ isoforms, is highly conserved and it was recently
shown to play an important role in modulating synapsin function. In fact, this
region is required for the proper targeting of synapsins to the presynaptic
terminals (Gitler et al. 2004b), as well as for synapsin I oligomerisation and
synaptic vesicle clustering, and is implicated in both the pre- and post-docking
steps of synaptic vesicle exocytosis (Fassio et al. 2006; Hilfiker et al. 1998; Monaldi
et al. 2010). In addition, a novel phosphorylation site (site 9) targeted by the
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ataxia-telangiectasia mutated (ATM) kinase has been recently identified in this
domain (Li et al. 2009). The short domains F and I present in synapsin I and II ‘b’
isoforms, respectively, are poorly conserved and remain as yet uncharacterised.

13.3 Synapsin Expression and Biochemical Properties

13.3.1 Spatial and Temporal Regulation
of Synapsin Expression

Virtually all neurons in the central and peripheral nervous system express at
least one synapsin isoform, with the notable exception of specialised systems
characterised by the presence of ribbon synapses (bipolar cells of the retina, hair
cells of the inner ear, taste cells) that use distinct mechanisms of vesicle clustering
and exo-endocytosis (Mandell et al. 1990). Many presynaptic terminals appear
to contain all I/Il isoforms, even if at differential abundance. As an example,
cerebellar Purkinje cells express high levels of synapsin Ib, lower levels of synapsin
Ia and IIb, while lack synapsin Ila (Siidhof et al. 1989). Overall, in the cerebral
cortex, synapsin I is more abundant than synapsin II, in a ratio of 2:1, and the ratios
of Ia to Ib and IIa to IIb are both consistently 1:2 (De Camilli et al. 1990). In the
olfactory cortex, however, synapsin II is higher than synapsin I, and the IIa to IIb
ratio is 3:2 (Stone et al. 1994). Another interesting example of differential expres-
sion of synapsin isoforms is given by the distinct types of synaptic inputs coming
from the retina, the visual cortex and GABAergic interneurons on relay neurons of
the lateral geniculate nucleus in the thalamus. Indeed, retinogeniculate synapses do
not display synapsin I or II expression, while both isoforms are present in feedback
corticogeniculate synapses and only synapsin I is expressed in interneurons
(Kielland et al. 2006). This characteristic pattern may reflect specific needs of
each type of synaptic connection to fine-tune vesicle release in modulatory inputs
or to reach powerful transmission in driver synapses. This interpretation has been
strengthened by the observation that the thalamocortical input on visual cortex,
which represents another driver synapse in the visual pathway, is devoid of
synapsins (Owe et al. 2013). Recently, array tomography experiments confirmed
that synapsin [ is present in all glutamatergic and GAB Aergic presynaptic terminals
in the mouse cortex (Micheva et al. 2010).

Synapsin III is expressed at very low levels throughout the brain, with high
regional variation in the adult mouse. Its presence in presynaptic terminals suggests,
at least in part, a similar function to synapsins I and II. However, this third member of
the family bears the peculiarity of being expressed at high levels in the dentate gyrus
and the olfactory bulb, known to be neurogenic regions of the adult brain. In addition,
in these regions, synapsin III localises to the cell soma rather than to nerve terminals,
indicating a completely different — but still unclear — function (Pieribone et al. 2002).
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In the rat brain, synapsin I expression slightly precedes peaks of synaptogenesis,
according to developmental specificity of different regions (Zurmohle et al. 1994).
Thus, in the neocortex and cerebellum, synapsin I mRNA starts to increase at
postnatal day 7 (P7) and peaks at P17, when synaptogenesis rate is high in these
regions. Synapsin I mRNA expression is already detectable in the first postnatal
week in the thalamus, piriform cortex and hippocampus (particularly in the CA3
subregion and the dentate gyrus), which mature earlier. High levels of synapsin I
mRNA are maintained constant — or slightly decreased — during adulthood,
especially in the CA3 region of the hippocampus, suggesting that this protein is
important for synapse formation during development as well as for synapse
maintenance and remodelling/plasticity during adult life (Zurmohle et al. 1994).
At the protein level, synapsins I and II were shown to steadily increase during
postnatal development of the mouse brain, with synapsin I being already detectable
at P5. Synapsins ITa and IIb are barely detectable during the first week after birth
and then increase with different kinetics (slower for Ila and much faster for IIb)
(Bogen et al. 2009). These observations also indicate that the progressive increase
of synapsin protein is probably due to post-transcriptional/translational mecha-
nisms of regulation, as the rate of mRNA synthesis is about constant. Another
possibility, which has been verified in vitro, is that synapsin proteins are progres-
sively stabilised by their incorporation into mature synaptic vesicles produced
during neuronal development, despite a constant efficiency in transcription and
translation, as their half-life gradually increases (Daly and Ziff 1997).

While the levels of synapsins I and II correlate with the extent of synapse
formation in vivo and in vitro, synapsin III is highly expressed in the first week
of development and subsequently declines (Ferreira et al. 2000; Pieribone
et al. 2002). In vitro, this period corresponds to active neurite elongation, and,
consistently with a role in this process rather than in synapse formation, synapsin I11
is enriched in growth cones and at extrasynaptic sites. Indeed, depletion of synapsin
IIT from hippocampal neurons in culture leads to a defect in axonal elongation, but
not in the time course of synapse formation (Ferreira et al. 2000).

Low levels of synapsin I expression have been detected in non-neuronal cell
types, such as epithelial cells, pancreatic f-cells, cell lines of neuronal and endo-
crine origin and, interestingly, astrocytes (see, e.g. Haycock et al. 1988;
Maienschein et al. 1999; Romano et al. 1987). In astrocytes, synapsin I appears to
be secreted via exosomes and to contribute to neurite outgrowth of neuronal cells
(Wang et al. 2011).

13.3.2 Binding to Synaptic Vesicles

Synapsins, and in particular synapsin I, have been extensively characterised in
terms of their synaptic vesicle-binding properties. The first evidences for a direct
interaction of synapsin I with the cytosolic surface of synaptic vesicles came from
electron microscopy immunoferritin/peroxidase staining and from biochemical
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purification of the organelles (De Camilli et al. 1983b; Huttner et al. 1983;
Valtorta et al. 1988). These studies showed that the interaction is specific, as
other membranous compartments in the terminal (such as endoplasmic reticulum
cisternae, mitochondria or large dense-core vesicles) were unlabelled, and rela-
tively stable, as it resisted to isotonic, but not to hypotonic, lysis of the nerve
ending. Dephosphorylated synapsin I was proved to bind synaptic vesicles as well
as artificial phospholipid membrane with high affinity (K4~ 10 nM) (Benfenati
et al. 1989a, 1989b). Phosphorylation of the protein on sites 2 and 3, targets of
CaMKII, causes a fivefold decrease in the binding affinity to synaptic vesicles
(Schiebler et al. 1986). In intact terminals, also site 1 phosphorylation by PKA and
CaMKI induces the dissociation of synapsins from the vesicle membrane (Hosaka
and Siidhof 1999). Recently, it was estimated that eight molecules of synapsin I are
present on the surface of each vesicle (Takamori et al. 2006), confirming that
synapsins represent approximately 6 % of the total vesicle proteins (Huttner
et al. 1983).

The lipid-binding activity of synapsin I is predominantly mediated by the
N-terminal portion of the protein, which is able to partially penetrate into the
lipid bilayer after an initial electrostatic interaction with the acidic phospholipids
(especially phosphatidylserine and phosphatidylinositol) of the vesicular membrane
(Benfenati et al. 1989b). The specific regions involved in membrane insertion
were mapped on synapsin 1. Three regions, two of which contain an amphipathic
a-helix, were found to be able to penetrate the vesicular membrane. They all reside
in domain C and are exposed on the surface of one side of the protein that does not
overlap with the dimerisation domain (Cheetham et al. 2001). These regions are
highly conserved across isoforms and species and probably mediate association
with synaptic vesicles also in synapsins II and III.

The C-terminal tail of synapsin I is able to bind the synaptic vesicle surface
through the interaction with protein components of the vesicles rather than with
phospholipids (Benfenati et al. 1989a). One of these protein binding partners is the
regulatory domain of vesicle-associated CaMKII (Benfenati et al. 1992). Synapsin I
is also the major binding protein of the tyrosine kinase c-Src on the synaptic vesicle
membrane. The interaction between the proline-rich domain D of synapsin I and the
SH3 domain of Src triggers a basal level of activation of the kinase, which in turn
phosphorylates synapsin I itself on site 8 (Onofri et al. 1997). This phosphorylation
confers to the surrounding sequence of synapsin I SH2 domain-binding properties
and recruits the SH2 domain of Src. Thus, Src binding is reinforced by combined
SH3/SH2 interactions, leading to massive activation of the kinase (Onofri
et al. 2007). Through its SH3-binding regions, synapsin I is able to interact with
many additional partners, such as the MAPK adaptor Grb2, the p85 subunit of
PI3K, phospholipase C-y, amphiphysins I and II, Crk, p47, a-spectrin (Onofri
et al. 2000) and syndapin (Qualmann et al. 1999).

Synapsin I interacts in an SH3-independent manner with Rab3A (Giovedi
et al. 2004b). Rab proteins are monomeric G proteins ubiquitously involved in
the modulation of membrane trafficking. The Rab3A—C isoforms are specific for
synaptic vesicles, and their GTP/GDP cycle is strictly connected to the dynamics of
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synaptic vesicle exo-endocytosis (Geppert and Siidhof 1998). Similarly to what was
described for Src, the interaction of synapsin I and Rab3A influences the functional
properties of both proteins: synapsin I stimulates Rab3A GTP binding and GTPase
activity, while Rab3A inhibits synapsin I ability to bind and bundle actin and to
cluster synaptic vesicles (Giovedi et al. 2004a).

Synapsin II is more tightly bound to synaptic vesicles than synapsin I, possibly
because it lacks part of the C-terminal tail that contains highly charged residues,
thus making hydrophobic interactions prevalent. An additional binding site for
synaptic vesicles has been recognised in domain B of synapsin II, likely involving
interaction with protein components (Thiel et al. 1990).

Many approaches have demonstrated that synapsins also have a stabilising
activity on the vesicle membrane. Indeed, it was shown that high concentrations
of synapsin I — similar to those reached at presynaptic terminals — are able to
counteract the effects of destabilising stimuli on artificial liposomes (Benfenati
et al. 1993; Cheetham et al. 2003) and to confer break resistance to artificial lipid
bilayers (Pera et al. 2004). Given that synaptic vesicles have a very small diameter
(around 40—-60 nm), they are supposed to be unstable due to high curvature stress.
The binding of synapsins may be important to balance the different surface pres-
sures on the external and internal leaflet, to stabilise the small vesicles and to
impede unwanted fusion events.

Interestingly, the curvature of the vesicular membrane per se may be a key
determinant of the specific binding of synapsins to synaptic vesicles. Synapsin I
contains an amphipathic lipid packing sensor (ALPS) motif that specifically senses
highly curved membranes and facilitates synapsin binding to (and clustering of)
synaptic vesicles (Krabben et al. 2011). This motif is perfectly conserved in all
synapsin isoforms and likely exerts similar functions in synapsins II and III.

Thus, the association of synapsins with synaptic vesicles is mediated by multiple
domains of the molecule, which interact with either phospholipids or protein
components. It is conceivable that binding specificity is achieved by membrane
curvature sensing, as well as by interaction with resident synaptic vesicle proteins.

13.3.3 Binding to Actin Cytoskeleton

Synapsin I was shown to interact with several cytoskeletal proteins, but the binding
to actin is of particular interest given that actin is the major component of the
cytoskeleton in the presynaptic terminal. The ability of synapsins to bind both the
membrane of synaptic vesicles and the actin cytoskeleton has led to the hypothesis
that they are involved in the cross-linking and anchoring of synaptic vesicles to the
cytomatrix of the nerve terminal.

Purified dephosphorylated synapsin I is able to bind (K4 = 1-2 pM) and bundle
actin filaments in vitro. The bundling activity is reduced when synapsin I is
phosphorylated by PKA, almost completely abolished upon CaMKII phosphoryla-
tion (Bahler and Greengard 1987), significantly reduced by MAPK (Jovanovic
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et al. 1996) and not affected by Cdk5 phosphorylation (Matsubara et al. 1996).
The ability to bundle actin implies the presence of multiple binding sites in each
synapsin molecule and/or the ability of synapsin molecules bearing a single binding
site to dimerise. At least two regions responsible for actin binding reside in the
N-terminal (domain B) and middle portion of the protein (end of domain C), but the
presence of the C-terminal tail is necessary for maintaining the bundling activity
(Bahler et al. 1989). In addition, domain C and E, but not A, peptides interfere with
the ability of synapsin I to bind and bundle actin filaments (Hilfiker et al. 2005).

Interestingly, dephospho-synapsin I also promotes monomeric actin nucleation
and polymerisation, and phosphorylation by CaMKII strongly inhibits this function
(Fesce et al. 1992; Valtorta et al. 1992b).

Synapsin II has a much stronger actin binding and bundling activity, which is
completely abolished by PKA phosphorylation (Nielander et al. 1997).

13.3.4 Homo- and Hetero-dimerisation of Synapsins

Analysis of the crystal structure of synapsin I domain C showed that the protein
forms tightly associated dimers and tetramers, which are stabilised by ATP binding
and physiological Ca** concentrations (Brautigam et al. 2004; Esser et al. 1998).
The contact area between the subunits of the oligomers is very large, indicating a
stable interaction. Given that the C-domain is the most conserved region in all
isoforms, synapsin hetero-dimerisation was also investigated. Yeast two-hybrid
screenings and immunoprecipitation assays proved that the major synapsin binding
partner is another synapsin molecule. All three synapsins are able to interact with
themselves and with the other isoforms. The interaction is strong and stable, with
the exception of a less intense binding between synapsins I and III, and the full-
length domain C is required for the association to occur (Hosaka and Siidhof 1999).
Homo- and hetero-dimerisation is an important feature of synapsins, as it implies
that synaptic vesicles are coated by multiple heterogeneous dimers that possibly
exert very similar functions but possess different regulatory properties. Since
synapsin isoforms are differentially expressed in neurons, the exact composition
of the dimers in each terminal may have a functional relevance in the specific
regulation of vesicle life cycle.

In addition to domain C, the highly conserved domain E has a prominent role in
mediating synapsin dimerisation. Indeed, domain E peptides selectively bind to
synapsins I and II and inhibit the formation of synapsin dimers (Monaldi
et al. 2010). The involvement of domain E in the dimerisation of synapsins is
also relevant for the specific targeting of synapsins to nerve terminals. In fact, it was
shown that domain E and dimerisation are two important determinants of synaptic
targeting, in particular for the correct transport of isoforms with weak targeting
potential such as synapsin IIb (Gitler et al. 2004b).
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13.4 Modes of Synapsin Action
in the Presynaptic Terminal

13.4.1 Role in Synaptic Vesicle Pool Organisation

In the presynaptic terminal, synaptic vesicles are organised in at least three distinct
and functionally relevant pools: the readily releasable pool, the recycling pool and
the resting pool (Rizzoli and Betz 2005). The readily releasable pool comprises a
small number of vesicles (1-10 % of the total) that are docked at the membrane, in
an intermediate state of fusion and ready to be rapidly released in response to a Ca>*
influx. The recycling pool comprises 5-20 % of all vesicles and can be recruited
after a moderate stimulation in order to substitute docked vesicles that had under-
gone release. The resting pool accounts for the majority of vesicles in the terminal
(typically 80-90 %). This pool is quite inactive and is recruited after intense
stimulation; thus it is considered the true depot for synaptic vesicles.

Given the properties described so far, i.e. the ability to bind synaptic vesicles and
actin in a phosphorylation-dependent manner, synapsins were hypothesised to be
primarily involved in the organisation of synaptic vesicle pools in the presynaptic
terminal (Greengard et al. 1993). The first evidences supporting this idea came from
microinjection studies. Delivery of dephosphorylated synapsin I into the squid giant
synapse inhibited neurotransmitter release, due to a decrease in the quanta released
by a constant stimulus, and this effect was abolished upon CaMKII phosphoryla-
tion. Conversely, the injection of CaMKII enhanced neurotransmitter release
(Llinas et al. 1985, 1991). These observations have suggested a model in which
the inhibitory effect of dephosphorylated synapsin I on neurotransmitter release is
achieved through the cross-linking of synaptic vesicle to each other and to the actin
cytomatrix (Benfenati et al. 1991). Direct visual proof of the anchorage of synaptic
vesicles to actin filaments mediated by synapsin I came from video-enhanced
microscopy of fluorescently labelled components incubated in vitro. The interaction
of synapsin I to actin and synaptic vesicles is rapid, as after 3—20 s of incubation,
synapsin I is able to bundle actin filaments or drive the polymerisation of the
monomers and to tether synaptic vesicles to the formed cytoskeletal network.
Again, these effects are completely abolished by CaMKII phosphorylation
(Ceccaldi et al. 1995).

One mechanism by which synapsins could regulate neurotransmitter release is
the reversible association/dissociation to synaptic vesicles and F-actin, according to
their phosphorylation state. This was biochemically demonstrated, as depolari-
sation of rat synaptosomes resulted in a rapid translocation of synapsin I from the
particulate to the soluble cytosolic fraction. The stoichiometry of phosphorylation
of soluble synapsin I was higher with respect to that of synapsin I in the particulate
fraction, and the time course of translocation paralleled that of phosphorylation,
suggesting that phosphorylation promotes the dissociation of synapsin from
synaptic vesicles and actin (Sihra et al. 1989). The translocation of synapsin I
upon neuronal activation was also demonstrated in living hippocampal neurons in
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culture through immunocytochemistry and video-imaging analysis of GFP-labelled
synapsin Ia (Chi et al. 2001). It was shown that a substantial portion of synapsin
molecules present in the presynaptic bouton detaches from synaptic vesicles and
diffuses in the axon during electrical stimulation. This dissociation is faster
than vesicle turnover itself (monitored through the uptake of the FM4-64 dye),
indicating a physical separation of synapsin I from synaptic vesicles that precedes
their exocytosis. Both synapsin diffusion and vesicle turnover were slowed down
by transfection with non-phosphorylatable mutants on sites 1, 2 and 3 (Chi
et al. 2001). These results are consistent with ultrastructural analyses performed
on the frog neuromuscular junction, which indicated a partial dissociation of
synapsin I from synaptic vesicles upon electrical stimulation. Indeed, upon
neuronal activation, synaptophysin (a transmembrane vesicular protein) was still
associated with vesicle membranes, whereas synapsin I was partially diffused in
regions of the terminal devoid of synaptic vesicles (Torri-Tarelli et al. 1990, 1992).

Together these studies pointed to a model in which synapsin I (and probably
synapsin II in a similar manner) is involved in the regulation of the number of
synaptic vesicles available for exocytosis after a depolarisation event, through the
dynamic organisation of the pools of vesicles (Fig. 13.2). In its dephosphorylated
form, synapsin I may bind the majority of synaptic vesicles and link them to each
other, thanks to synapsin dimerisation, and to actin filaments, both preformed or
newly polymerised on vesicle membranes. In this manner, synaptic vesicles are
captured in a cytoskeletal network and are unavailable for exocytosis. Upon
stimulation, Ca®* influx can activate protein kinases, such as CaMKII, that in turn
phosphorylate synapsin L. In its phosphorylated form synapsin I loses its affinity for
synaptic vesicles and the actin cytoskeleton, therefore detaching and releasing
vesicles that can undergo fusion (Greengard et al. 1993). It is also important to
note that not all synapsin molecules detach from synaptic vesicles upon Ca** entry;
otherwise vesicle release would probably be massive rather than fine-tuned.
The detachment of synapsin molecules from the resting pool appears to be a
stochastic process. CaMKII phosphorylation probably proceeds from the periphery
to the centre of the cluster, given that CaMKII immune-reactivity is clearly
enriched around — not inside — the vesicle cluster. Thus, the number of vesicles
that the kinase is able to reach would probably be dependent on the duration of the
depolarising stimulus (Tao-Cheng et al. 2006).

The modulation of synapsin function by phosphorylation is rather complex.
As much as nine phosphorylation sites have been extensively characterised for
synapsin [ up to now, but others have already been identified and wait for functional
depiction (John et al. 2007; Li et al. 2009; Nuwal et al. 2011).

Phosphorylation at site 1 (Ser-9 in the rat sequence) by PKA/CaMKI induces
only subtle changes in the overall conformation of the synapsin molecule
(Benfenati et al. 1990) but significantly reduces the binding of synapsins to synaptic
vesicles and actin in both mature (Chi et al. 2001; Menegon et al. 2006) and
developing neurons (Bonanomi et al. 2005), leading to increased recycling activity.

Phosphorylation at sites 2 (Ser-566) and 3 (Ser-603) by CaMKII leads to major
conformational changes (Benfenati et al. 1990) and to a drastic decrease in the
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Fig. 13.2 Roles of synapsins in the presynaptic compartment. (a) Schematic representation of
synapsin Ia, summarising the biological functions attributed to each domain. (b) Mechanisms of
regulation of the synaptic vesicle cycle. (/) Synapsins (in red) mediate the clustering of synaptic
vesicles of the resting pool (RP, in grey), distant from the active zone, by linking adjacent synaptic
vesicles to each other and to the actin cytoskeleton. (2) Upon stimulation, synapsins get phos-
phorylated, lose affinity for synaptic vesicles and actin and relieve a subset of vesicles from
physical constraint. These vesicles are now free to reach the active zone and undergo fusion. (3)
Part of the synapsin molecules does not dissociate from synaptic vesicles and is found in close
proximity to the active zone membrane, within the readily releasable pool (RRP, in yellow). Here,
synapsins might contribute to docking, post-docking and fusion events. (4) After synaptic vesicle
fusion, synapsins re-localise in endocytic regions, where they interact with proteins involved in
endocytosis and probably participate in the process. (5) After the reuptake, synapsins may
stimulate actin polymerisation and contribute to redirecting vesicles back to the RP or RRP. SV
synaptic vesicle (Reproduced with authors’ permission from Cesca et al. 2010)
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ability of synapsin I to interact with actin and synaptic vesicles (Bahler and
Greengard 1987; Chi et al. 2001; Schiebler et al. 1986). Interestingly, although
CaMKII and synapsin I are both expressed starting from early developmental
stages, it has been shown that they are functionally coupled only in mature
presynaptic terminals (Menegon et al. 2002). It has been hypothesised that, before
synapse specification, synapsin I is responsible for the clustering of synaptic
vesicles in the growth cone and that its function is primarily modulated by PKA.
As synaptogenesis begins, in addition to PKA, synapsin becomes strongly depen-
dent on CaMKII regulation (Bonanomi et al. 2005). In mature neurons, CaMKII
phosphorylation was shown to be particularly relevant for controlling synaptic
vesicle mobilisation under low-frequency stimulation (Chi et al. 2003).

Similar to site 1 phosphorylation, phosphorylation at sites 4 (Ser-62), 5 (Ser-67)
and 6 (Ser-549) by MAPK/ERK (or by Cdkl at site 6) results in a significant
decrease in the ability of synapsin I to bind, bundle and polymerise actin but has no
marked effects on its interaction with purified synaptic vesicles in vitro (Jovanovic
et al. 1996). Opposite to what was observed with sites 1, 2 and 3, basal levels of
phosphorylation on sites 4, 5 and 6 are quite high; thus they possibly mediate a tonic
control on synapsin function (Jovanovic et al. 2000). Synapsin phosphorylation by
MAPK is promoted by exposure to brain-derived neurotrophic factor (BDNF) and
seems to be a key step in the BDNF-driven modulation of neurotransmitter release
(Jovanovic et al. 1996, 2000). On the contrary, depolarisation induced by KCI
results in a fast Ca®*-dependent decrease in the phosphorylation level of these sites,
mediated by calcineurin (Jovanovic et al. 2001). The kinetics of site 4/5/6 phos-
phorylation is strictly dependent on the frequency of stimulation: at low frequencies
(56 Hz), MAPK activation prevails and synapsin I is phosphorylated on these sites;
at high frequencies (10-20 Hz), calcineurin is strongly activated and the net effect
is synapsin I dephosphorylation. The effects of MAPK/calcineurin on sites 4, 5 and
6 are relevant in modulating synapsin activity over a wide frequency range:
synapsin is phosphorylated at low stimulation frequency and dephosphorylated at
high frequency, thus mobilising synaptic vesicles for release (Chi et al. 2003).
MAPK phosphorylation actively drives synaptic vesicle recruitment, probably
through synapsin I detachment from the actin cytoskeleton, both in growth cones
and mature synapses (Schenk et al. 2005).

Phosphorylation on sites 6 and 7 by Cdk5 has been less extensively studied
(Matsubara et al. 1996). Interestingly, it has been recently shown that CdkS5 has a
negative effect on synaptic vesicle mobilisation from the resting pool (Kim and
Ryan 2010). Recent data identify synapsin I as the central switch in mediating the
synaptic effects of Cdk5. Synapsin I is constitutively phosphorylated on the Cdk5
sites at rest. Phosphorylation of synapsin I by Cdk5 increases its binding to actin,
leaving the interaction with synaptic vesicles unaltered (Verstegen, Fassio and
Benfenati, personal communication).

Finally, phosphorylation of synapsin I at site 8 (Tyr-301, residing in domain C)
by Src results in an increase in its ability to bind actin and synaptic vesicles
and to dimerise. The overexpression of a site 8 dephosphomimetic mutant in
hippocampal neurons in culture leads to increased vesicle exo-endocytosis upon
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electrical stimulation, suggesting that phosphorylation on this site favours the
sequestration of synaptic vesicles and negatively influences their recruitment
from the resting pool (Messa et al. 2010). Depolarisation induces Src phosphory-
lation in a Ca**-dependent manner, with a peak at 2 min upon stimulation and
persistence up to 30 min, raising the possibility that tyrosine phosphorylation
counteracts the effects of serine phosphorylation late after stimulation in order to
reassemble synaptic vesicle pools.

The various phosphorylation sites are subjected to dephosphorylation by distinct
protein phosphatases. As already mentioned, sites 4, 5 and 6 are under a dominant
control of calcineurin, while sites 1, 2 and 3 are selectively dephosphorylated by
protein phosphatase 2A (Jovanovic et al. 2001).

Given the complexity of the network of phosphorylating/dephosphorylating
enzymes contributing to synapsin regulation, the final effect of a stimulus might
be hard to predict, depending on many concomitant factors such as the intensity and
duration of stimulation, the selective signal-transduction pathway activated, the
presence of synaptic efficacy modulators such as BDNF and the crosstalk among
the various pathways. Recent evidence showed that the blockage of exocytosis
as well as of endocytosis, while not hampering phosphorylation of the protein,
impairs the diffusion of synapsin I in the axonal shaft that occurs upon stimulation.
These observations suggest that, in addition to phosphorylation, other unknown
signals coming from the plasma membrane affect synapsin I localisation within the
presynaptic terminal (Orenbuch et al. 2012b).

Further complicating the picture, synapsins are subjected to other regulatory
post-translational modifications, such as the addition of O-linked N-acetylglu-
cosamine (O-GIcNAc) on serine and threonine residues and fucosylation.
O-GlcNAc sites flank phosphorylation sites in domains B and D of synapsin I and
modulate the phosphorylation state and functional properties of the protein (Cole
and Hart 1999; Luthi et al. 1991; Skorobogatko et al. 2014; Tallent et al. 2009).
Fucosylation regulates synapsin I turnover, preventing the protein from being
degraded by the Ca**-activated protease calpain (Murrey et al. 2006).

In mature synapses, many evidences suggest that synapsins are primarily
involved in keeping a large proportion of synaptic vesicles unavailable for exocy-
tosis, through reversible anchorage to each other and to the actin cytoskeleton;
thereby they are thought to maintain the resting pool of synaptic vesicles (Benfenati
etal. 1991). A small subset of vesicles, referred to as the readily releasable pool, is
instead docked at the plasma membrane and is relatively depleted of synapsin
immunoreactivity (Pieribone et al. 1995; Siksou et al. 2007). Injection of anti-
synapsin I antibodies in the lamprey reticulospinal axons resulted in depletion of the
distal cluster of synaptic vesicles, while the number of vesicles adjacent to the
plasma membrane was unaffected (Pieribone et al. 1995). In addition, disruption of
synapsin function by injection of a domain E-derived peptide dramatically
decreased the number of vesicles distant from the plasma membrane, leaving
docked vesicles unaltered (Hilfiker et al. 1998).

In synapsin knockout (KO) mice, the number of distal synaptic vesicles
(>100 nm apart from the active zone) was greatly reduced with respect to the
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wild type (WT) (Gitler et al. 2004a; Rosahl et al. 1995; Siksou et al. 2007).
Analysis of the three-dimensional structure of the presynaptic terminal using
advanced electron tomography showed that synaptic vesicles are linked to each
other by short 30 nm-long filaments, consistent with synapsin dimension and
structure. In mice deleted for all synapsin genes, the connecting filaments among
synaptic vesicles were still present (Siksou et al. 2007), indicating that additional
players participate in vesicle clustering (Shupliakov et al. 2011). However, in single
as well as double or triple KO hippocampal neurons in culture, the reduction in
the number of synaptic vesicles at presynaptic terminals was paralleled by vesicle
relocalisation in adjacent axonal shafts (Fornasiero et al. 2012; Orenbuch
et al. 2012a). Notably, the dispersion of synaptic vesicles could be rescued by chronic
inhibition of synaptic activity, indicating that molecules other than synapsins are able
to cluster synaptic vesicles at the nerve terminal but that synapsins are essential for
retaining vesicles at release sites during neuronal activity (Fornasiero et al. 2012).
Overexpression of synapsin Ila appears sufficient to rescue the synaptic vesicle
reduction and dispersion observed in triple KO neurons (Gitler et al. 2008; Orenbuch
et al. 2012a).

13.4.2 Post-docking Roles

Synapsins have been proposed to have a role also in the late stages of synaptic
vesicle life cycle in the presynaptic terminal, after vesicles have docked or fused.
As mentioned above, in stimulated nerve terminals, synapsins are to a great extent
dissociated from the synaptic vesicle membrane. However, dissociation is not
complete (Chi et al. 2001; Torri-Tarelli et al. 1990, 1992). In the lamprey giant
synapses, stimulation increases the fraction of synapsin I detected in the pool of
vesicles proximal to the active zone (Bloom et al. 2003).

The injection of peptides from synapsin domain E and C inhibited and
slowed the kinetics of neurotransmitter release. This effect was accompanied by a
reduction in the number of vesicles in the resting pool but not of the docked
vesicles, suggesting that synapsins may have a second function much more related
to the priming/fusion process itself (Hilfiker et al. 1998, 2005). These observations
are consistent with the finding that synapsin I KO mice display glutamate release
defects without changes in the number of docked vesicles (Li et al. 1995).
Interestingly, in Purkinje cells, the overexpression of domain E peptides still
resulted in a decrease of vesicles in the resting pool but not in the readily releasable
pool, and, opposite to glutamate, it accelerated GABA release kinetics, suggesting
that synapsins may exert differential modulation of vesicle fusion at glutamatergic
and GABAergic synapses (Fassio et al. 2006). As previously mentioned, synapsin I,
and to a lower extent synapsin II, interacts with the vesicle-associated small G
protein Rab3A (Giovedi et al. 2004b). GTP-bound Rab3A is able to associate with
the synaptic vesicle membrane, and it negatively influences vesicle priming and
fusion. Upon GTP hydrolysis, GDP-Rab3A detaches from synaptic vesicles



13 Synapsins and Synaptic Vesicle Storage 311

and relieves the inhibition. The interaction with synapsin I stimulates the GTPase
activity of Rab3A. Thus, synapsin I may stimulate priming/fusion by accelerating
GTP hydrolysis and Rab3A detachment from synaptic vesicles (Giovedi
et al. 2004a).

Actin filaments predominantly decorate the periphery of the synaptic vesicle
cluster, while are rarely detected inside, thus providing a structural scaffold for
vesicle accumulation. Upon synaptic activation, actin filaments surrounding the
cluster further polymerise, probably contributing to vesicle endocytosis and
recycling — even though the actual role of actin in modulating synaptic vesicle
recycling is largely debated (Sankaranarayanan et al. 2003; Shupliakov et al. 2002).
Interestingly, in stimulated synapses, synapsin was observed within the filamentous
actin cytomatrix lateral to the active zone, where endocytosis takes place, in associ-
ation with synaptic vesicles recycling back to the cluster (Bloom et al. 2003).
This observation raised the possibility that synapsins participate in endocytosis of
synaptic vesicles.

Synapsin was never detected on clathrin-coated intermediates, indicating that it
probably dissociates before endocytosis and re-associates once synaptic vesicles
have been released in the cytoplasm (Bloom et al. 2003; Torri Tarelli et al. 1992).
Given these observations, the model proposed is the following: synapsin at rest is
localised mainly in the resting pool and preserves its clustering; upon stimulation
synapsin dissociates and accumulates in the endocytic zone, where it promotes actin
polymerisation and contributes to the recycling of synaptic vesicles back to the
recycling or resting pool. It has been hypothesised that this function of synapsin I
could be modulated by MAPK phosphorylation: MAPK sites are phosphorylated
under basal conditions and dephosporylated by calcineurin upon stimulation
(Jovanovic et al. 2001). Calcineurin is implicated in the coordinated depolarisation-
induced dephosphorylation of other proteins as well, such as amphiphysin I/II,
dynamin I and synaptojanin. These proteins are now classified as ‘dephosphins’;
they are all involved in synaptic vesicle endocytosis, and their calcineurin-mediated
dephosphorylation is necessary for triggering the process (Cousin and Robinson
2001). It is possible that in the endocytic zone synapsin interacts with some of
these regulators, thus modulating synaptic vesicle recycling. Indeed, a direct inter-
action of amphiphysin I/Il with the SH3-binding motif present in domain D of
synapsin I has been demonstrated (Onofri et al. 2000). Synapsin I is also able to
interact with intersectin, which in turn regulates dynamin function in vesicle fission
(Evergren et al. 2006).

13.5 Role of Synapsins in Synaptic Transmission
and Plasticity

A large number of studies have addressed the contribution of synapsins to synaptic
transmission and plasticity, mainly taking advantage of mice deleted for one or
more synapsin genes. The data generated are quite complex to interpret, and in
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more than one case, they are difficult to reconcile with each other, partly because of
differences in the methods used and partly because of possible compensatory
mechanisms that may confound the results. Synapsin KO mice are viable and
fertile, with normal life expectancy and no gross brain abnormalities (Gitler
et al. 2004a; Rosahl et al. 1995), even though this family of proteins has been
extensively implicated also in neuronal development and synaptogenesis
(Fornasiero et al. 2010). Thus, despite their abundance in neuronal tissue, synapsins
are not essential for overall brain function.

Mice deleted for synapsins, with the notable exception of synapsin III KO mice
(Feng et al. 2002), experience generalised tonic-clonic seizures starting from the
second month of age (Cambiaghi et al. 2013; Etholm et al. 2011; Feng et al. 2002;
Ketzef et al. 2011; Li et al. 1995; Rosahl et al. 1993, 1995). Importantly, several
nonsense and missense mutations have been identified in the human SYN/ gene in
families and sporadic individuals affected by epilepsy and/or autism spectrum
disorders (Fassio et al. 2011; Garcia et al. 2004; Giannandrea et al. 2013; Lignani
et al. 2013). The SYN2 gene has been recognised as a susceptibility locus for
epilepsy (Cavalleri et al. 2007; Lakhan et al. 2010), and various mutations have
been recently described in patients affected by autism or epilepsy (Corradi
et al. 2014). This strong association with epilepsy suggests that synapsins may
have a role in the control of the excitability of neuronal networks and that their
absence could lead to excitation/inhibition imbalance.

13.5.1 Synapsins and Synaptic Transmission: Differential
Role at Excitatory and Inhibitory Synapses

As previously mentioned, injection experiments in which either phospho- or
dephosphorylated synapsin I, as well as peptides or anti-peptide antibodies, were
delivered into presynaptic terminals support a model whereby dephospho-synapsins
act as a physical constraint on the resting pool of synaptic vesicles, while the PKA-
or CaM kinase-phosphorylated forms leave synaptic vesicles free to fuse with the
plasma membrane. This action, aside from being important for the formation and
maintenance of the resting pool of vesicles, implies that synapsins are involved in
the fine regulation of the equilibrium between the resting and the recycling pool of
vesicles, thus determining the amount of neurotransmitter released (Benfenati
et al. 1991; Fassio et al. 2011 [la review di Sem. Cell. Dev. Biol.]). Indeed, the
injection of dephosphorylated synapsin I into the squid giant synapse decreased the
amplitude and rate of rise of postsynaptic potentials, whereas the injection of either
phosphorylated or heat-inactivated protein was ineffective. Conversely, injection
of CaMKII increased the amplitude and rate of rise of postsynaptic potentials
(Llinas et al. 1985, 1991). The injection of antibodies directed against the domain
E of synapsin I in lamprey reticulospinal presynaptic terminals caused the depletion
of the resting pool of vesicles and enhanced depression following high-, but not
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low-, frequency stimulation (Pieribone et al. 1995). Similar results were obtained
after the injection of peptides derived from domain E and C in the squid giant
synapse (Hilfiker et al. 1998, 2005).

In agreement with these observations, all synapsin KO mice, with the exception
of Syn3~'~ (Feng et al. 2002), display a reduction of the resting and recycling pools
and, consequently, an increased synaptic fatigue under high-frequency stimulation
that is particularly pronounced in glutamatergic terminals. The study of synaptic
vesicle recycling at single synaptic boutons using FM dyes showed that the number
of vesicles exocytosed during brief action potential trains and the total recycling
pool were reduced in Syn/ '~ neurons, while the kinetics of endocytosis was
unaltered (Ryan et al. 1996). Similar results were obtained using the pH-sensitive
probe synaptopHluorin in triple KO neurons, in which the recycling pool was
significantly reduced, while the readily releasable pool was unaffected (Fornasiero
et al. 2012). In Syn/ ™'~ mice glutamate release from cortical synaptosomes was
impaired and the recovery of synaptic transmission after high-frequency stimula-
tion was delayed (Li et al. 1995). A moderate increase of synaptic depression was
observed also at inhibitory synapses of cultured Syn/ ~/~ neurons at high stimula-
tion frequencies, accompanied by a slowdown of recovery from depression
(Baldelli et al. 2007). Synaptic depression after repetitive stimulation was increased
at excitatory, but not inhibitory, neurons in Syn2 = (Medrihan et al. 2013; Rosahl
et al. 1995) and further enhanced in excitatory terminals of Syn/ /27"~ (Rosahl
et al. 1995), as well as triple KO animals (Farisello et al. 2013; Gitler et al. 2004a;
Vasileva et al. 2012), probably because of defective resting pool size and recruit-
ment of vesicles to the readily releasable pool.

Overexpression of synapsin Ia in the rat calyx of Held resulted in the redistri-
bution of vesicles in the terminal and increased depression during repetitive
stimulation, possibly because the excess synapsin molecules favoured the forma-
tion of dimers not associated with the vesicle membrane, thereby interfering with
synaptic vesicle clustering. Recovery from depression was accelerated, possibly
through synapsin-actin interactions that speeded up vesicle endocytosis and
recycling (Vasileva et al. 2013).

Conversely, mice lacking synapsin III exhibit no change in vesicle density, an
increase in the size of the recycling pool and a significant reduction in synaptic
depression (Feng et al. 2002), suggesting that synapsin III does not participate to the
maintenance of the resting pool but is involved in limiting the number of recycling
vesicles.

In addition to the pre-docking roles mainly responsible for the effects described
so far, post-docking roles have also been hypothesised for synapsins, contributing
to the alteration of neurotransmitter release observed upon isolated action potentials
when synapsin function is perturbed. The injection of domain E and C peptides
significantly reduced the amplitude and slowed the kinetics of evoked excitatory
postsynaptic currents (eEPSCs), without altering the number of docked vesicles
(Hilfiker et al. 1998). The lack of synapsin I induced a decrease in the amplitude
of the evoked inhibitory postsynaptic currents (eIPSCs) in cultured Synl '~
hippocampal autaptic neurons due to a reduced number of vesicles released per
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single action potential and a reduced readily releasable pool, with no change in
the probability of release, quantal size or number of synaptic contacts (Baldelli
et al. 2007; Chiappalone et al. 2009). Conversely, the lack of synapsin II leads to an
increase in the amplitude of eIPSCs in the dentate gyrus granule neurons (Medrihan
et al. 2013). A decrease of eIPSC amplitude was observed in autaptic neurons
from Syn3 ™'~ (Feng et al. 2002).

In triple KO neurons the reduction in e[PSC amplitude was accompanied by a
decreased number of docked vesicles in inhibitory terminals, as assessed by
electron microscopy (Gitler et al. 2004a). Opposite to inhibitory transmission,
Synl ™'~ cortical autaptic neurons displayed an increase in eEPSC amplitude attrib-
utable to an increased readily releasable pool, with no change in release probability
(Chiappalone et al. 2009).

It is worth to note that spontaneous synaptic transmission is unaffected in the
absence of synapsins, as the amplitude, frequency and kinetics of both miniature
EPSCs and IPSCs were essentially unchanged in all synapsin KO mice (Baldelli
et al. 2007; Chiappalone et al. 2009; Feliciano et al. 2013; Feng et al. 2002; Gitler
et al. 2004a), indicating that the number of synaptic contacts and the postsynaptic
apparatus are comparable in WT and KO neurons.

A more specific role for synapsin II in the regulation of GABA release has been
recently unravelled. In granule neurons of the dentate gyrus, synapsin II deletion
resulted in higher amplitude and faster kinetics of eIPSCs, due to an increase in the
synchronously released fraction of the readily releasable pool. High-frequency
stimulation causes, in addition to synchronous release, a delayed asynchronous
release component that lasts up to seconds. The absence of synapsin II selectively
and dramatically hampered asynchronous release at inhibitory, but not excitatory,
synapses. Synapsin II controlled the amount of the Ca®*-dependent asynchronous
release, through the interaction with the P/Q-type of Ca** channels. Opposite to
synapsin II, synapsin I deletion increased the asynchronous release at inhibitory
synapses (Medrihan et al. 2013). In this scenario, synapsins I and II appear to
compete at a post-docking step on the same readily releasable pool of inhibitory
vesicles, by either facilitating release synchronisation or desynchronising GABA
release, respectively.

The results described so far highlight the differential effects of the synapsins
in excitatory and inhibitory transmission. This difference may at least partly stem
from differential expression levels of synapsin isoforms in the two neuronal
subtypes. As an example, excitatory synapses positive for VGLUT1 (vesicular
glutamate transporter 1) and inhibitory terminals positive for VGAT (vesicular
GABA transporter) were shown to express the highest and the lowest levels of
synapsin I, respectively (Micheva et al. 2010). Interestingly, other vesicular/
presynaptic proteins, such as SV2B, synaptophysin, syntaxin 1A, SNAP-25 or
23 and synaptotagmins, showed a preferential expression in VGLUT1- compared
to VGAT-positive synapses, suggesting that probably the release machineries in the
two kinds of synaptic terminals slightly differ in order to match distinct physio-
logical needs (Bragina et al. 2007; Gronborg et al. 2010). Synapsin ablation seems
to have a stronger effect on the depression of excitatory synapses, but the milder
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effect observed in inhibitory synapses could have a higher impact on the network
excitability, because of the high-frequency bursting activity that characterises
inhibitory neurons and makes them more sensitive to vesicle depletion. At the
post-docking level, synapsin deletion mainly impairs inhibitory transmission, while
leaving basal excitatory transmission unaffected or even enhanced.

The final outcome of these effects is an imbalance between excitatory and
inhibitory inputs, with a hyperexcitability of the network that is probably at the
basis of the epileptic phenotype observed in all synapsin KO mice, but Syn3~'~.
The absence of the epileptic phenotype in Syn3 ™'~ mice strengthens the hypothesis
that Syn III plays a differential role with respect to the other isoforms, as suggested
by electrophysiology (Feng et al. 2002) and by the observation that its expression
progressively drops in the adult life.

The hyperexcitability of mature Syn-deficient neuronal networks was investi-
gated through the use of the multi-electrode array (MEA) platform. Primary
cultures of cortical neurons derived from Syn! '~ mice displayed a diffuse spon-
taneous hyperactivity characterised by a general increase in firing rate, bursting rate
and burst duration, as well as a higher degree of activity synchronisation, that
became more evident at later stages of network maturation (Chiappalone
et al. 2009). Studies in acute cortico-hippocampal brain slices of 3-week-old
triple KO mice revealed that hyperexcitability of synapsin KO circuits is detectable
before the incidence of manifest epileptic seizures, which arise in the animals at
2 months of age. Slices treated with the K* channel blocker 4-aminopyridine were
characterised by a higher incidence of fast glutamatergic inter-ictal events and a
wider spread of ictal activity to the surrounding cortical areas with respect to
age-matched WT slices (Boido et al. 2010). The membrane potential of CAl
hippocampal triple KO neurons was found to be more depolarised than in WT
cells in presymptomatic mice and even more so in adult animals. This observation
was attributed to a decrease in tonic GABA currents, due to a defective GABA
release and spillover (Farisello et al. 2013).

In addition to the differential effects of synapsin deletion on the intrinsic
characteristics of excitatory and inhibitory neurons, the net effect on a formed
neuronal network also depends on dynamic adaptations to an altered equilibrium
(homeostatic plasticity), synaptic plasticity phenomena and developmental compo-
nents. The existence of compensatory adaptations was recently proposed, starting
from the observation that the GABA-synthesising enzyme GAD67 was upregulated
in triple KO animals (Ketzef et al. 2011). An increase in inhibitory transmission in
specific developmental windows might partly contribute to suppress the seizures
until 2 months of age or, vice versa, it might contribute to epileptogenesis and
network hypersynchronisation. Indeed, it was recently shown that the altered
inhibitory activity is subjected to developmental modulation in synapsin KO
mice: sIPSC amplitude and frequency (recorded from layer 5 pyramidal neurons
of the entorhinal cortex) were indeed reduced in 2/3-week-old triple KO slices with
respect to WT; the differences between genotypes disappeared between 1.5 and
3.5 months of age; in mice older than 7 months of age, sIPSC amplitude and
frequency were larger in KO than in WT (Ketzef and Gitler 2014). This may
indicate that the failure of phasic inhibitory transmission at the beginning of KO
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mice development may contribute to epileptogenesis, but then compensatory
mechanisms emerge that try to counteract the established epilepsy, but ultimately
aggravate the network synchronisation.

13.5.2 Involvement of Synapsins in Synaptic
Plasticity Phenomena

A vast amount of studies have been performed, aimed at analysing the potential
involvement of synapsins in short- and long-term plasticity phenomena in the brain.

Concerning short-term plasticity phenomena, the most studied paradigms are
paired-pulse facilitation or depression (PPF or PPD, respectively) and post-tetanic
potentiation (PTP) (Zucker and Regehr 2002). PPF was increased in excitatory
cortical neurons from Syn/ '~ mice (Chiappalone et al. 2009), as well as in CA1
pyramidal neurons of Syn/ '~ hippocampal slices (Rosahl et al. 1993). Synapsin I
deletion did not affect the paired-pulse ratio in inhibitory neurons (Baldelli
et al. 2007; Chiappalone et al. 2009). Syn2~'~ CA1l pyramidal neurons (Rosahl
et al. 1995) and Syn3~'~ cultured hippocampal neurons (Feng et al. 2002) showed
no changes in PPF. PPD was not affected in Syn2™'~ at short inter-stimulus
intervals but was increased at longer intervals (2-3 s) (Medrihan et al. 2013).
Interestingly, in triple KO CA1 pyramidal neurons, PPF was increased in young
presymptomatic animals but normalised to the WT condition in adult epileptic
mice. PPD was slightly increased in young triple KO mice at short inter-stimulus
intervals, while it was significantly lower in adult epileptic mice compared to WT
(Farisello et al. 2013). The paired-pulse ratio at short inter-stimulus intervals has an
intrinsic kinetics of milliseconds, too fast to be dependent on vesicle mobilisation
from the resting pool. Thus, synapsins probably affect PPF and PPD through
post-docking mechanisms.

PTP was unchanged in Synl '~ slices with respect to WT, while it was
decreased in Syn2 ™'~ and even more affected in double KO preparations, indicating
that both synapsins I and II participate in modulating this short-term increase in
synaptic efficacy (Rosahl et al. 1995). PTP was completely abolished in triple KO
slices compared to WT (Farisello et al. 2013). PTP of inhibitory transmission was
not affected in Syn/ '~ neurons (Baldelli et al. 2007). PTP operates in a timescale
of seconds and probably involves the Ca”*-dependent mobilisation of synaptic
vesicles from the resting pool. Thus, synapsins are likely to affect this short-term
plasticity paradigm at a pre-docking step, by facilitating vesicle recruitment upon
their phosphorylation.

Recently, a new form of short-term plasticity has been described in the
CA3-to-CAl hippocampal synapses. During prolonged stimulation at 5-20 Hz,
after a first rapid increase in synaptic efficacy and a subsequent decay, a second
delayed response enhancement (DRE) arises in 3—4 s and lasts for approximately
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75 additional stimuli. The DRE is strictly dependent on temperature, as it clearly
appears at 37 °C but not at 24 °C, on the presence of an intact actin cytoskeleton and
of synapsin I and/or II, as it completely disappeared in synapsin I/Il double KO
hippocampal slices (Bogen et al. 2009; Jensen et al. 2007). This form of plasticity
may be important for maintaining synaptic activity during prolonged stimulation
periods and may rely both on the synapsin-mediated recruitment of synaptic
vesicles from the resting pool and on post-docking functions of these proteins.

Mice deleted for synapsin genes do not exhibit long-term potentiation (LTP)
defects (Li et al. 1995; Rosahl et al. 1995; Spillane et al. 1995) and display mild
memory and learning deficits (Corradi et al. 2008; Gitler et al. 2004a; Greco
et al. 2013; Silva et al. 1996). However, a primary role of synapsin I in mediating
LTP and learning has been recently proposed. Synapsin I and ERK were shown to
be phosphorylated during contextual fear conditioning. In addition, transgenic
mice overexpressing a constitutively active form of p21%*, a potent upstream
synaptic activator of ERK, displayed an increased phosphorylation of both ERK
and synapsin I (site 4/5) and enhanced presynaptic short-term plasticity and
LTP induced by high-frequency stimulation. These functional effects were depen-
dent on the presence of synapsin I and were probably mediated by a facilitation of
neurotransmitter release due to increased recruitment of synaptic vesicles from
the resting pool to the readily releasable pool, as the number of docked vesicles
and the frequency of miniature EPSCs were higher in transgenic mice with respect
to WT mice. The activation of the p21®**/ERK/synapsin I signalling pathway was
accompanied by enhancement of hippocampus-dependent learning abilities
of transgenic mice mediated by synapsin I, as this effect was abolished by
crossing transgenic mice with synapsin I KO animals (Kushner et al. 2005).
BDNF may be the trigger of p21**/ERK/synapsin I signalling activation during
learning (Tyler et al. 2002). A role for BDNF has already been proved for PTP,
which is enhanced by BDNF-driven MAPK phosphorylation of synapsin I
(Valente et al. 2012).

Synapsin I levels were found to be increased during LTP and spatial learning in
the rat hippocampus (Gomez-Pinilla et al. 2001; Sato et al. 2000), as well as at the
sensorimotor synapse in the invertebrate model Aplysia in which potentiation had
been induced with serotonin treatment (Hart et al. 2011). In the latter case, the
serotonin-induced increase in synapsin levels was required for the establishment of
LTP, as acute administration of small interfering RNAs that blocked synapsin
induction completely abolished synaptic potentiation (Hart et al. 2011).

Synapsin was also implicated in learning and behavioural paradigms in
Drosophila. In fact, the protein is necessary for the formation of odour-sugar
memory traces in the mushroom bodies and requires functional PKA phosphoryla-
tion sites to exert this effect (Michels et al. 2011). Synapsin function is specifically
required in GABAergic interneurons for short-term, but not long-term, habituation
of olfactory avoidance behaviour, and this effect implies CaMKII phosphorylation
(Sadanandappa et al. 2013).
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13.6 Concluding Remarks

Synapsins have been classically studied for their contribution to synaptic vesicle
storage in the presynaptic terminal. Recent evidences described in this chapter point
to the fact that, although synapsins play a crucial role in the maintenance of synaptic
vesicle clusters, this phenomenon involves also other mechanisms and that, on the
other hand, many other functions can be envisaged for synapsins both at the pre-
and the post-docking levels. In addition, differential roles start to be depicted for
each synapsin isoform. How the various isoforms distribute in the central nervous
system and take part in the definition of the functional nature of each neuronal
subpopulation is far from being completely understood.

Mutations in synapsins have been strongly linked to epilepsy and autism
spectrum disorders (Corradi et al. 2014; Fassio et al. 2011; Garcia et al. 2004),
and several polymorphisms have been positively associated with schizophrenia and
other psychosis (Chen et al. 2004a, b; Lee et al. 2005; Saviouk et al. 2007). Thus,
the thorough unravelling of the precise roles exerted by synapsins under physio-
logical and pathological conditions is fundamental for envisaging new therapeutic
approaches for these unresolved diseases.
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