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Abstract The synapsins, the first identified synaptic

vesicle-specific proteins, are phosphorylated on multiple

sites by a number of protein kinases and are involved in

neurite outgrowth and synapse formation as well as in

synaptic transmission. In mammals, the synapsin family

consists of at least 10 isoforms encoded by 3 distinct genes

and composed by a mosaic of conserved and variable

domains. The synapsins are highly conserved evolution-

arily, and orthologues have been found in invertebrates and

lower vertebrates. Within nerve terminals, synapsins are

implicated in multiple interactions with presynaptic pro-

teins and the actin cytoskeleton. Via these interactions,

synapsins control several mechanisms important for neu-

ronal homeostasis. In this review, we describe the main

functional features of the synapsins, in relation to the

complex role played by these phosphoproteins in neuronal

development.
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Introduction

The remarkable spatial and temporal precision of the

process of neurotransmitter release is generated and

maintained by the activity of a number of proteins that are

localized within the presynaptic terminal, interact with

each other in a complex network, and participate in syn-

apse formation, maintenance, and function. Among several

presynaptic players identified so far, the synapsins, the

most abundant family of neuron-specific, synaptic vesicle

(SV)-associated phosphoproteins, control multiple steps

of the SV life cycle and participate in developmental

processes that precede the formation of mature nerve

terminals.

Synapsins are present in all organisms endowed with a

nervous system and, in mammals, are encoded by three

distinct genes (synI, synII, and synIII) located on chromo-

somes X, 3, and 22, respectively. Alternative splicing

generates distinct isoforms (Fig. 1), termed synapsins a, b,

and b-like. These transcripts are composed of a mosaic of

individual and shared domains highly conserved during

evolution [1–3]. Synapsins I and II are selectively expres-

sed at nerve terminals in mature neurons [4], where they

associate with the cytoplasmic surface of small SVs [5, 6],

by binding to both phospholipid and protein components of
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the vesicle membrane in a manner modulated by site-spe-

cific phosphorylation [7, 8]. In contrast, the expression of

synapsin III is downregulated in mature neurons (Fig. 2a),

and the protein is not strictly confined to synaptic terminals

[9, 10]. Synapsins are the substrate of several protein

kinases, including cyclic AMP-dependent protein kinase

(PKA), Ca2?/calmodulin-dependent protein kinases

(CaMK) -I, -II, and -IV, mitogen-activated protein kinase

(MAPK) Erk1/2, and cyclin-dependent kinase 5 (Cdk5),

that phosphorylate them on distinct serine residues, as well

as for the tyrosine kinase Src. These phosphorylation

events modulate the interactions of synapsins with lipid

and protein components of SVs [7], as well as with various

cytoskeletal proteins including actin [11–13], and are key

determinants of synapsin function in developing neurons

and mature terminals [3, 14].

Since synapsins are able to interact in vitro with various

cytoskeletal proteins, such as actin, and oligomerize, they

have been proposed to contribute to the clustering of SVs

and to their attachment to the actin-based cytoskeleton [12,

13, 15, 16]. Perturbation of synapsin function in a variety

of preparations leads to the disruption of the organization

of SVs in the presynaptic compartment and to an increase

in synaptic depression, underlining the role of synapsins in

sustaining neurotransmitter release in response to high

levels of neuronal activity [17–20]. Recent studies indicate

that, in addition to affecting the SV pools, perturbation of

synapsin activity leads to an inhibition and slowing of

neurotransmitter release kinetics [14, 21–23] and to an

imbalance between the activities of excitatory and inhibi-

tory neurons [19, 24], suggesting additional roles for

synapsins at the active zone.

Besides the well-documented role at mature synapses, a

plethora of data implicates synapsins in neuronal

Fig. 1 Schematic protein domain model of the mammalian synapsin

family with functional properties and protein kinase phosphorylation

sites. Within domain A, site 1 (Ser9 in synapsin I) is phosphorylated

by PKA and CaMKI/IV [33–35]. Within domain B, sites 4 and 5

(Ser62 and Ser67, respectively) are phosphorylated by MAPKs [36].

All synapsin isoforms have a conserved tyrosine in domain C (site 8)

which has been shown to be phosphorylated by the tyrosine kinase Src
in synapsins I and II [29]. Domain C also contains putative ATP

binding residues [26]. The D domain includes the proline-rich strand

binding SH3 domains [29, 89] and the phosphorylation sites 2 and 3

(Ser566 and Ser603, respectively) that are phosphorylated by CaMKII
[35]. Within domain D, site 6 (Ser549) is phosphorylated by MAPKs,

Cdk1/5 [36, 37]. The latter kinase also phosphorylates an adjacent site

(site 7, Ser551 in synapsin I) [37, 38]. Only one isoform is represented

for Syn III, although multiple synIII products have been described in

the adult brain [90]

Fig. 2 Temporal expression pattern of synapsin isoforms. a Expres-

sion level during in vitro development of cultured hippocampal

neurons of synapsins I, II, and III. Neuronal extracts were prepared

from E16 mouse dissociated hippocampal neurons kept in culture for

up to 30 days in vitro (DIV). The proteins were separated by

electrophoresis and immunoblots were reacted with specific antibod-

ies and densitometrically analyzed. Results are plotted as percentage

of the highest level detected. While synapsin III has the highest peak

of expression at 7 DIV, when synaptogenesis is still ongoing,

synapsins I and II levels increase with the onset of synaptic activity.

Modified with permission from [91]; based on data from [9].

b Expression of synapsin III and lineage markers during development

of neuronal precursor cells. The mitotic markers PCNA and Ki67 are

expressed during proliferation; nestin is expressed before the cells

become committed to either the neuronal or the glial lineage; GFAP is

expressed in undifferentiated precursors and mature glial cells; PSA-

NCAM is expressed in immature neurons, whereas NeuN is expressed

in mature neurons. Tuj1 begins its expression in immature neurons

and persists in mature neurons. The temporal expression profile for

synapsin III is based on its colocalization with the other established

markers [10]. Note the precocious expression of synapsin III, which is

already present in nestin-positive cells prior to neuronal commitment.

Reprinted with permission of John Wiley and Sons from [10]
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development, from the early stages of neurite sprouting to

the regulation of synapse formation and refinement. How-

ever, a clear picture of synapsin function in neuronal

development has not yet emerged and a unitary model has

not been formulated, likely because of the large and het-

erogeneous body of experimental evidence derived from

distinct approaches and model systems. Here, we review

this vast literature in the attempt to provide a conceptual

framework that facilitates further investigations of the role

of synapsins in the developing nervous system.

Structural organization of the synapsins

Three regions are shared by vertebrate and invertebrate

synapsins. At the amino-terminus (domain A), all synap-

sins share consensus phosphorylation sites for PKA and

CaMKI/IV. The high conservation of the site across iso-

forms and orthologues points to the functional relevance of

its phosphorylation [25].

The most extensive homology is found within domain C,

a large central region of about 300 amino acids. The elu-

cidation of the domain C crystal structure suggests the

possibility that synapsins exhibit enzymatic properties.

Indeed, more than 80% of the amino acid backbone of

synapsin I domain C is superimposable with the structure

of a group of ATP-dependent synthetases [26]. In addition,

recombinant domain C regions from all the three synapsin

isoforms are able to bind ATP in vitro, although with a

distinct Ca2?-dependent regulation. The C domain of all

synapsin isoforms is able to induce the formation of homo-

and hetero-dimers, even if with variable efficiency, thus

giving rise to different combinations of synapsin dimers on

the synaptic vesicle surface [27, 28]. Moreover, the domain

C of all synapsins displays a highly conserved phosphor-

ylation site for the tyrosine kinase Src [29].

Although derived from three distinct genes by alterna-

tive splicing mechanisms, the vertebrate a-type synapsin

isoforms share a carboxy-terminal region termed domain E.

This domain is conserved in selected invertebrate synap-

sins and appears to be involved in regulating the

interactions with actin and the clustering of SVs [21, 22,

30]. In addition, the involvement of domain E in the for-

mation of synapsin dimers may explain the ability of

a-isoforms to bring to synaptic terminals synapsin isoforms

with weak targeting potential, such as Syn Ib [31, 32].

Although the region between domains A and C (domain B)

and between domain C and the carboxy-terminus domain

(domains D, G, H, J in the various isoforms) are poorly

conserved among the synapsins, certain features within

these domains are maintained. Of particular relevance is

the presence of consensus sites for MAPKs, Cdk5, and

CaMKII, as well as proline-rich sequences binding SH3

domains (Fig. 1). The structural similarity among

vertebrate and invertebrate synapsins suggests that the

basic mechanisms of synapsin function are evolutionarily

conserved [25] (see below).

Regulation of synapsin function by phosphorylation

During neuronal transmission, synapsin properties are

modulated in a complex manner through phosphorylation.

All synapsins contain a consensus site for phosphorylation

by PKA and by CaMKI/IV (site 1) within domain A

(Fig. 1) [33–35]. Synapsin I contains three phosphorylation

sites for MAPK/Erk named sites 4, 5, and 6 [36]. Sites 4

and 5 are located within domain B, while site 6 is located

within domain D and is also subjected to phosphorylation

by Cdk5, together with an adjacent site (site 7) [37].

Putative phosphorylation sites (sites 4 and 5) for MAPK/

Erk are also present in domain B of synapsins II and III,

although their phosphorylation has not been experimentally

demonstrated [38]. In the C domain, all synapsin isoforms

contain a highly conserved site (site 8) for the tyrosine

kinase Src, whose phosphorylation has been experimen-

tally demonstrated for synapsins I and II [29]. In addition,

synapsin I, but not synapsin II, is a physiological substrate

for a vesicle-associated form of CaMKII at two sites

located within domain D (sites 2 and 3) [35]. Similar

consensus sites are present in synapsin III, although their

accessibility for phosphorylation remains to be determined.

Phosphorylation at site 1 (PKA/CaMKI) induces only

subtle changes in the overall conformation of the synapsin

molecule [39], but appears to modulate the binding of

synapsins to actin and SVs [11, 40]. On the other hand,

phosphorylation at sites 2 and 3 by CaMKII leads to major

conformational changes [39], as well as to a drastic

decrease in the ability of synapsin I to interact with actin

[13] and SVs [7, 41]. Similar to the PKA/CaMKI site,

phosphorylation at sites 4, 5, and 6 results in a moderate

decrease in the ability of synapsins to interact with actin,

but has no marked effects on the binding of synapsins to

SVs [36]. Through the modulation of synapsin interactions,

these phosphorylation events affect SV mobility and exo-

endocytosis in both mature nerve terminals and growth

cones.

In addition, the various phosphorylation sites are sub-

jected to dephosphorylation by specific protein

phosphatases. While sites 1, 2, and 3 are dephosphorylated

by protein phosphatase 1, the MAPK sites 4, 5, and 6 are

specific substrates for the Ca2?-calmodulin-dependent

protein phosphatase 3/calcineurin, formerly known as

protein phosphatase 2B [38]. As a consequence, the tem-

poral pattern of phosphorylation in response to electrical

activity is rather complex: phosphorylation of synapsin I at

sites 1, 2, and 3 occurs rapidly after the Ca2? influx that

follows the arrival of the depolarizing stimulus and results

Synapsins and neuronal development 1385



in dissociation from SVs, which therefore become avail-

able for exocytosis [42, 43], while phosphorylation of sites

4, 5, and 6 (MAPK/Cdk5) dramatically decreases soon

after the Ca2? influx due to calcineurin activation, and

slowly recovers afterwards. These two opposing, rapid,

Ca2?-dependent processes play a crucial role in the mod-

ulation of SV trafficking within the presynaptic terminal,

contributing to maintaining the equilibrium among the

various pools of synaptic vesicles.

Role of synapsins in the control of neurotransmitter

release

Various experimental approaches, from injection of pep-

tides and antibodies to genetic ablation of the synapsin

genes, have helped in defining the role of synapsins in

neuroexocytosis at mature nerve terminals. Intracellular

injection of synapsin I into the squid giant axon or into

goldfish mauthner neurons reduces synaptic transmission,

whereas introduction of an active form of CaMKII pro-

duces opposite effects, i.e., it increases the rate of rise and

the amplitude of postsynaptic potentials and decreases their

latency [44–46]. Similar results were obtained by intro-

ducing synapsin I or CaMKII into rat brain synaptosomes

and measuring the depolarization-induced release of glu-

tamate and noradrenaline [47, 48]. Altogether, these results

support a model whereby dephosphorylated synapsin I

provides an inhibitory constraint on neurosecretion that is

relieved upon phosphorylation by CaMKII [2].

In the frog nerve muscle preparation, synapsin I partially

dissociates from SVs during exocytosis and reassociates

following endocytosis in response to high frequency elec-

trical stimulation [42, 49]. In agreement with these results,

in rat brain synaptosomes treated with depolarizing agents

phosphorylation of synapsin I is associated with a rapid

translocation of the protein from the membrane fraction to

the synaptosol [43]. These data have been confirmed in live

hippocampal neurons, where synapsin was observed to

disperse within the presynaptic terminal and preterminal

axon during depolarization and to recluster at SV sites

following recovery [50]. Interestingly, the rates of synapsin

dispersion and reclustering are respectively controlled by

site-specific phosphorylation and dephosphorylation

events. CaMK-mediated phosphorylation on sites 2 and 3

controls SV mobilization at low frequency of stimulation,

whereas MAP kinase phosphorylation on sites 4 and 5 is

triggered at both low and high frequencies of stimulation

[50, 51].

Although single and multiple knock-out mice for either

synapsin isoforms do not display overt alterations in neu-

roanatomy and behavior [17–19, 52–57], all mutants

except single synapsin III knock-out, exhibit early onset

(2 months of age) spontaneous and sensory stimuli-evoked

epileptic seizures with severity positively correlated with

the number of inactivated synapsin genes [17, 18]. SynII-/-

and synI,II-/- mice have a mild behavioral phenotype

characterized by impaired contextual conditioning and

spatial memory loss [58, 59], while triple knock-out mice

exhibit impaired motor coordination and defective spatial

learning [19]. However, during aging, the behavioral phe-

notype of synapsin II knock-out mice becomes more severe

and behavioral defects also appear in synI-/- mice [59].

Ultrastructural examination of mouse synI-/-, synI,II,-/-,

and synI,II,III-/- presynaptic terminals reveals that the SV

density is greatly decreased in the region comprised

between 150 and 500 nm from the active zone, suggesting

a role for synapsins in the organization of the presynaptic

cytoarchitecture and of the distal SV pool [17, 18, 20, 54].

Both the number of SVs exocytosed during brief action

potential trains and the total recycling SV pool are signif-

icantly reduced in hippocampal neurons from synapsin I

knock-out mice, while the kinetics of endocytosis and SV

repriming appear normal [55]. The selective loss of a major

pool of SVs, distal to the active zone, in synI-/- mice is

consistent with the results obtained with injection of anti-

synapsin antibodies in lamprey reticulo-spinal axons [30]

and with the enhanced synaptic depression during pro-

longed high frequency stimulations observed in synI-/-,

synII-/- synI,II-/-, and synI,II,III-/- mice [14, 17, 19].

In addition, quantal analysis of excitatory postsynaptic

potentials combined with the ultrastructural study of neu-

romuscular junctions in synII-/- mice shows that the lack

of synapsin II results in a 40% decrease in the density of

SVs in the reserve pool, while the number of docked ves-

icles remains unchanged. Interestingly, at reduced Ca2?

concentrations, quantal release and facilitation of syn-

chronous release are significantly increased in synII-/-

synapses [60].

The causal link between synapsin deficiency and the

epileptic phenotype starts to be elucidated. It has been

hypothesized that synaptic depression during repetitive

stimulation may contribute to seizure development by

causing an imbalance between excitatory and inhibitory

systems. Indeed, gamma-aminobutyric acid (GABA)

release is particularly sensitive to the depletion of the SV

reserve pool observed with synapsin deletion, since inhib-

itory GABAergic interneurons often experience high

frequency firing. Recent works have demonstrated that

synI-/- mice display an impaired function of GABAergic

neurons, with decreased size of both reserve and readily-

releasable pools and high susceptibility to synaptic

depression [14, 24, 56]. Such impairment in the inhibitory

systems is also accompanied by an increased size of the

readily releasable pool in glutamatergic terminals that

further enhances the imbalance between excitatory and

inhibitory activity, leading to network hyperexcitability
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and eventually to the generation of seizures [24]. Inter-

estingly, a nonsense mutation in the synapsin I gene has

been found in a family whose males are affected by epi-

lepsy and mental retardation [61], and synapsin II has been

identified as a major susceptibility gene for human epilepsy

[62].

Similar findings were observed in synI,II,III-/- mice, in

which excitatory synapses exhibited normal basal trans-

mission, but decreased size of the reserve pool and marked

synaptic depression, whereas inhibitory synapses exhibited

impaired basal transmission, mild changes in the number of

SVs and no changes in synaptic depression [19]. Thus, it is

possible that the critical role of synapsins in the balance

between excitatory and inhibitory synapses in brain net-

works underlies the seizure propensity observed in

synapsin mutant mice.

Notwithstanding the absence of an overt epileptic phe-

notype, knock-out mice for the most recently identified

member of the synapsin family, synapsin III, also showed

an impairment of GABAergic transmission, while excit-

atory transmission was unaffected. These results raise the

possibility that the function of synapsin III in inhibitory

terminals may differ from that at excitatory synapses [57].

Since synapsin III is down-regulated at the time of synapse

maturation and refinement and its expression levels in

mature neurons are quite low [9], it is possible that these

effects are the consequence of an impairment in the early

steps of synapse assembly, which might lead to the estab-

lishment of altered networks.

Role of synapsins in neuronal development

Neurons are postmitotic cells generated from neuroepi-

thelial precursors. The term neuronal development

designates the processes by which neurons become phe-

notypically and morphologically specialized to integrate,

conduct, and deliver electrochemical signals in a highly

regulated spatiotemporal pattern. The finely orchestrated

developmental program that leads to the establishment of a

functional neuronal network proceeds through key steps,

including cell migration, establishment of cell polarity,

neurite outgrowth, axonal navigation, and synapse forma-

tion/maturation. The expression of synapsin genes during

development is differentially regulated. The expression of

synapsins I and II correlates with neuropil development

and synapse formation: it rises quickly after birth and

reaches the adult levels at 1–2 months of age (for review,

see [1]). In contrast, synapsin III is already expressed by

nestin-positive neuronal progenitors and later becomes

restricted to cells of the neuronal linage (Fig. 2b) [10]. In

primary mammalian neurons, the levels of synapsin III

peak at 7 days in vitro (DIV) and decrease thereafter, while

the expression of synapsin I and synapsin II increases over

time during the formation of neurites, the specification of

axons, and the establishment of synaptic contacts (Fig. 2a)

[4, 9, 63]. These observations, strengthened by the highly

neuro-specific localization of synapsins, prompted

researchers to investigate the contribution of these proteins

to neuronal development.

Synapsin I or synapsin IIa loaded into early blastomeres

of Xenopus embryos increase both the amplitude and the

frequency of spontaneous synaptic currents in the derived

nerve-muscle co-cultures [64, 65]. Synapsin loading also

increases the amplitude of evoked synaptic currents, sug-

gesting that the elevated synaptic activity in these cells is

due to an accelerated development of neurons rather than to

a general increase in their excitability (Fig. 3a). It is

important to underline that, even if synapsins I and IIa have

overlapping effects (as expected by the high degree of

conservation of multiple synapsin genes in higher verte-

brates; see [25]), their function is not completely

redundant. As an example, in the case of synapsin

I-injected neurons, impulse-evoked synaptic currents also

trigger a strong synaptic depression [64] that is usually

correlated with the selection of mature synapses competing

for their targets [66, 67].

The accelerated maturation of the quantal secretion

properties in synapsin-injected neurons prompted the idea

that synapsins have a role in synapse formation. Such a role

might be achieved either indirectly, through the ability of

the proteins to modulate neurotransmitter release, or by

acting directly on the phenomena regulating the process of

synapse formation and refinement.

Cytoskeletal regulation, neurite elongation

and branching

Several cellular mechanisms may account for the ability of

synapsins to control aspects of neuronal development. The

evidence that in vitro synapsins exhibit actin-binding and

bundling activity [11, 13] led to hypothesizing the

involvement of the synapsins in the cytoskeletal changes

underlying neurodevelopmental processes. Consistently,

ectopic expression of synapsins Ia, Ib, IIa, or IIb in non-

neuronal cells induces a dramatic reorganization of the

actin cytoskeleton, leading to the extension of neurite-like

processes. Synapsins expression also promotes the forma-

tion of synaptic-like varicosities. Notably, the rate of

growth in these cells is reduced, suggesting a cell-cycle

switch toward differentiation [68].

Subsequent studies carried out in hippocampal neurons

were inspired by the ‘‘cytoskeleton reorganization

hypothesis’’. Depletion of synapsin II mRNA through an

oligonucleotide antisense (OAS) approach or through gene

targeting in mouse interferes with neurite outgrowth and

triggers the formation of enlarged F-actin lamellipodium

Synapsins and neuronal development 1387



veils (Fig. 4) [69, 70]. Later in development, when neurite

outgrowth in culture is virtually completed, synapsin II

OASs cause cell body clustering and axonal fasciculation

[71]. SynI-/- hippocampal neurons show an overall delay

in neurite outgrowth and a decreased branching of the

primary neurite, which are autonomously caught up at later

stages of development [53, 72]. Since synapsin III has an

expression peak immediately after birth and is enriched in

axonal growth cones, it was thought to be involved in axon

elongation. Synapsin III OASs impair both major and total

neurite elongation at early developmental stages [9]. Sur-

prisingly, defective neurite outgrowth observed at DIV 1 is

spontaneously rescued 1 day later in synIII-/- mouse

hippocampal neurons [57].

Counterintuitively, the neurite outgrowth delay observed

in single mutants is rescued in neurons bearing multiple

synapsin mutations. As an example, synI,II-/- and triple

synI,II,III-/- mouse neurons in culture have a normal

growth rate and do not show overt differences with respect

to the controls [19, 70]. These unexpected compensatory

changes might explain why early studies failed to detect

neurite outgrowth defects in synapsin mutants [17]; the

delayed outgrowth might be visible only in a very narrow

temporal window and be completely rescued in the course

of development.

The possible impact of the delay in neurite formation

observed in vitro on brain development has been tested in

synapsin KO mice. Puzzlingly, the overall cytoarchitecture

and wiring of the brain is normal in synapsin mutants [17,

19, 53, 54, 70], although brain weight is lower in synII-/-

embryos [70] and synIII-/- embryos show a defect in the

proliferation of neuronal progenitors that leads to a

decreased neurogenesis [10].

An alternative clue for the interpretation of synapsin-

dependent cytoskeletal regulation has recently emerged.

Since the ablation of synapsins does not completely block

neurite outgrowth, synapsins are likely to be modulators

rather than determinants of cytoskeletal rearrangements.

Thus, synapsins could be present in two forms, acting as

either positive or negative modulators of cytoskeletal

changes. At steady state, the positive and negative com-

ponents are counterbalanced and the outcome of the system

is indistinguishable from that of a system completely

devoid of the modulator in question. When positive and

negative fractions of the modulator are unbalanced, via,

e.g., posttranslational modifications or mutations, changes

Fig. 3 Effects of synapsin I or II overexpression on the maturation of

Xenopus neuromuscular synapses in culture. a Spontaneous acetyl-

choline release from Xenopus neurons after 1 DIV. Shown are

spontaneous synaptic currents recorded from whole-cell voltage

clamped myocytes that were innervated by either a control neuron or

by a neuron injected with either exogenous synapsin I [64] or

recombinant synapsin IIa [65]. Inward currents are shown as

downward deflections at low (white background) and high (black
background) time resolution. Note the higher frequency and ampli-

tude of the spontaneous currents recorded in synapsin-injected

neurons (scale bars 250 pA, 40 s, and 100 pA, 10 ms for the slow

and fast traces, respectively). Reprinted with permission from [64]

(Copyright 1992, Cell Press, USA.) and from [65] (Copyright 1994,

National Academy of Sciences, USA.). b Fine structure of two

neuromuscular synapses formed by either an uninjected neuron (SynI
(-), left) or a neuron injected with purified rat synapsin I (SynI (?),

right). Magnification: 940,000 SynI (-) and 945,000 SynI (?). Note

the cluster of SVs (V) in the injected axoplasm in correspondence

with basal lamina deposition (arrowheads). Modified with permission

from [78]
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are detectable. From a biological point of view, such

‘‘push–pull mechanism’’ is a very efficient way to regulate

a process bidirectionally with a single protein. Data from

Kao et al. provide experimental support for this model:

expression of the site 1 non-phosphorylatable mutant S9A

synapsin II in Xenopus spinal neurons in culture decreases

initiation and growing rate of neurites, while the S9E

phospho-mimetic mutant has an opposite effect. Xenopus

embryos injected with the DNA encoding for either the

S9A or the S9E phospho-mutant synapsin II recapitulate

the results: the spinal neurons expressing S9A are shorter

than the contralateral wild-type (WT) controls, while the

S9E injected neurons have longer neurites than the controls

(Fig. 5a) [73]. A work on synapsin I fucosylation also

suggests that the synapsin-mediated cytoskeletal changes

are mainly due to unbalanced levels of synapsin con-

formers. Synapsin I is the major neuronal target of

fucosylation, a post-translational modification that regu-

lates protein activity and turnover. Hippocampal neurons

treated with a fucosylation inhibitor have a reduced mean

neurite length, while synI-/- neurons are resistant to this

treatment [74]. Altogether these data support the idea that

the pattern of active synapsin conformers, and therefore the

synapsin activation state, rather than the absolute expres-

sion levels of the protein could be the key factor that

induces the cytoskeletal rearrangements required for neu-

rite growth.

The molecular roles of synapsins in the determination of

neurite growth are unknown. The possibility that this effect

is linked to the modulation of spontaneous activity is

unlikely, since some of the reported experiments were

performed at stages in which neuronal activity in culture is

undetectable. The evidence that cultured hippocampal

neurons from synII-/- mice [70] or depleted for synapsin

III [9] exhibit abnormal growth cone morphology associ-

ated with aberrant actin organization supports the idea that

the actin-binding activity of synapsins is important for

neuritogenesis. An attractive hypothesis is that synapsin-

dependent cytoskeletal rearrangements are influenced by

c-Src phosphorylation, which is a key signaling event in

several aspects of neuronal development, including neurite

outgrowth [75, 76].

Role of synapsins in synapse formation and maturation

Several reports indirectly indicate that synapsins modulate

neuronal development through the promotion of synapto-

genesis. A pioneering work in neuroblastoma/glioma cells

showed that the stable overexpression of synapsin IIb

increases the number of varicosities under differentiating

conditions [77]. Consistently, rat hippocampal neurons

chronically depleted of synapsin II mRNA have a

decreased number of synapses [71]. Similar effects on the

modulation of synaptogenesis have also been described in

the case of synapsin I. For instance, developing neuro-

muscular synapses of nerve-muscle co-cultures prepared

from Xenopus embryos loaded with synapsin I exhibit a

precocious development of active zone-like structures.

Ultrastructural analysis reveals that synapsin I favors the

deposition of basal lamina components in the synaptic cleft

and triggers the development of thickenings at the level of

Fig. 4 Effects of the absence of various synapsin isoforms on early

stages of rodent neuronal development in vitro. Blue color designates

normal development, while red color indicates developmental

defects. Wild-type (WT) rodent hippocampal neurons in culture

undergo a series of well-characterized developmental stages [92].

Between 1 and 3 days DIV, stage III neurons show a longer neuritic

process that has the highest probability to become the axon. Mouse

synI-/- hippocampal neurons at 1 and 3 DIV show an overall growth

delay accompanied by decreased branching of the primary neurite

[53, 72]. Mouse synII-/- neurons have a stronger phenotype, being

devoid of a major neurite at 1 DIV and showing a slower growth

phenotype [70]. In addition synII-/- neurons have enlarged lamel-

lipodia veils. Mouse hippocampal synIII-/- neurons display a milder

phenotype at 1 DIV and are completely normal at 2 DIV [57].

Neurons knocked out for multiple synapsin genes are normal [19, 70].

However, a comprehensive comparative work with all these geno-

types is still missing
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the postsynaptic plasma membrane (Fig. 3b) [78]. Con-

sistent with these findings, hippocampal mossy fiber

terminals and cerebellar granule cell terminals from

synI-/- mouse show presynaptic defects that could be

linked to impaired synapse formation. In particular, these

terminals have a reduced area projection and do not show

the varicosity-like expansions present in control neurons

[54]. In contrast, no defects in synapse structure, connec-

tivity, and SV distribution are observed in synIII-/- mice

[57]. Together with the evidence that mutations in synapsin

genes in human are linked to neurological phenotypes,

these results from animal models point to the importance of

the synapsins for the establishment and functions of neu-

ronal networks.

Changes in the density of synaptic contacts are expected

to produce corresponding variations in the levels of syn-

aptic proteins. Hence, it is noteworthy that the expression

of various presynaptic proteins, particularly SV compo-

nents, is reduced in synI-/- and synII-/- mice [17, 54].

Consistent with the limited effects of synapsin III on syn-

aptic maturation, no further reduction in SV levels are

observed in triple synI,II,III-/- mice [19]. Notably, the

expression of SV proteins, but not of pre- and postsynaptic

scaffolding components, is specifically affected by ablation

Fig. 5 Effects of synapsin phosphorylation on neuronal develop-

ment. a Images of spinal nerves from the thoracic and abdominal

areas derived from Xenopus embryos injected unilaterally at the two-

cell stage with WT or mutated Xenopus synapsin IIa (SynII) mRNA.

The serine to alanine mutation (SynII S9A, upper panel) mimics

unphosphorylated synapsin, while the serine to glutamic acid

mutation (SynII S9E, middle panel) mimics phosphorylated synapsin.

Each image is the summation of a Z-stack of optical slices spaced

4 lm apart from each side of the embryo. Green, spinal nerves from

injected side; red, nerves from uninjected side. WT synapsin II

injection does not change the growth rate of Xenopus spinal nerves.

Following injection of the non-phosphorylatable S9A mutant nerves

are significantly shorter than the contralateral controls. Conversely,

the pseudophosphorylated S9E mutant increases the outgrowth of

injected nerves. These data indicate that the pattern of synapsin

activation is more important than the increase of its total level in the

determination of cytoskeletal rearrangements. Scale bar 100 lm.

Reproduced with permission from [70]. b Images of growth cones of

hippocampal neurons derived from synI-/- mice coexpressing

synaptophysin I-EYFP (SypI-EYFP) and either WT synapsin I (SynI,

upper two rows) or its non-phosphorylatable S9A mutant (SynI S9A,

bottom two rows). The white traces in the left row outline the distal

edges of the peripheral domain, as determined based on differential

interference contrast images. Growth cones were imaged before and

after a 5-min incubation with forskolin, an adenylate cyclase activator

that increases intracellular cAMP levels and activates PKA. In the

right column, SypI–EYFP image gray scales were transposed into a

pseudocolor spectrum surface plot, with warmer hues corresponding

to pixels of higher fluorescence intensity. Forskolin induces disper-

sion of SypI–EYFP-positive SVs in growth cones expressing WT, but

not S9A, SynI, confirming that phosphorylation of synapsin I at site 1

by PKA is required for mobilization of SVs from the central domain

of the growth cone. Scale bar 10 lm. Modified with permission from

[87]
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of synapsin genes [19]. Acute changes in synapsin II levels

by overexpression or depletion approaches are sufficient to

induce matching changes in SV protein levels [69, 71, 77].

Interestingly, in single and double synI-/- and synII-/-,

the levels of the small GTPase Rab3a are diminished,

whereas Rab5 levels increase [17, 79]. Since the interaction

with synapsin has been implicated in the regulation of the

late (i.e., post-docking) steps of SV exocytosis by Rab3a

[79–81], it is possible that a Rab5-dependent compensatory

endocytic process is active in synapsin mutants. Although

the effects of synapsins on SV protein levels constitute a

logical correlate to synaptogenesis, these observations are

not sufficient to understand whether SV protein loss is a

cause or an effect of the modulation of synaptogenesis.

Changes in SV protein levels are likely to result in

changes in the number of SVs present at nerve terminals.

The correlation between SV protein level and SV number

is presented in several reports showing that synapsin

overexpression increases, and synapsin depletion reduces

SV number. As an example, SVs are increased in both

neuroblastoma cells overexpressing synapsin IIb and

developing neuromuscular cultures from synapsin I-injec-

ted Xenopus embryos [77, 78]. Synaptic vesicle density is

decreased in several brain regions of adult synI-/- and

synII-/- mice [17, 54], while no changes are observed in

synIII-/- mice [57]. Electron tomography of the hippo-

campal CA1 area on triple synI,II,III-/- mice shows that

SV density is drastically decreased, while the surface area

of the bouton is only slightly reduced [20]. The SV

reduction is not restricted to the central nervous system,

since motor terminals devoid of synapsins have a similar

phenotype, although in the absence of detectable trans-

mission deficits [82]. In synI,II,III-/-, hippocampal

neurons in culture SVs are reduced in both excitatory and

inhibitory terminals, while docked SVs are decreased only

at inhibitory terminals [19]. A recent work proposes that

the overexpression of synapsin IIa is able to functionally

rescue the SV loss found in synI,II,III-/- mice [83]. A

study on Drosophila synapsin null mutant lines implies that

in invertebrates the situation is different, since in larval

type I terminals synapsin deletion does not affect either

synapse formation or the number of SVs [84].

The data concerning SV protein levels and SV density at

synapses suggest that synapsins I and II have relevant roles

in SV maintenance, but this evidence does not fully clarify

their function during synapse formation. A relevant piece

of data that needs to be added to this picture is the local-

ization of SVs at the presynaptic terminals when synapsin

levels are altered. Some experiments confirm that synapsin

I regulates the intervesicular distance, increasing the ten-

dency of SVs to occur in clusters and favoring their

precocious compartmentalization [78]. In the spinal cord

asymmetrical synapses and in the granule cells of synI-/-,

mice SVs have a normal distribution within 150 nm from

the active zone, but their density is reduced by 50% in the

peripheral region of the synapse [18, 54]. Taken together,

these data indicate that the synapsins could regulate SV

compartmentalization at synapses.

A set of experiments carried out in cultured neurons

derived from synapsin mutant mice has been instrumental in

understanding the contribution of synapsins to synaptogen-

esis. A limitation of these studies stems from the fact that in

most instances the density of SV protein fluorescent puncta

was taken as a morphological correlate of synapse forma-

tion. However, ‘‘SV positive puncta’’ may represent either

SV protein transport vesicles required to assemble new

synapses or mature functional terminals (for review, see

[85]). In synI-/- neurons, the number of SV positive puncta

is reduced by 90% at 7 DIV as compared to the control and is

progressively rescued at 10 DIV. At 14 DIV, the number of

SV positive puncta does not show significant differences

from the controls [53, 72]. In hippocampal neurons depleted

of synapsin II by OAS, the number of SV puncta is also

reduced by 90% at 8 DIV and rescued later on. Interestingly,

the effect is reversible upon OAS wash [71]. These data are

substantially confirmed by a subsequent comparative report

on synI-/-, synII-/-, and synI,II-/- mice. The neurons from

these three KO mouse lines have a decreased number of

SV-positive puncta at 4 DIV in culture. The delay persists

until 10 DIV in the case of synI-/- and synII-/- neurons,

while in the synI,II-/- neurons the phenotype seems to be

milder [70]. As expected, the absence of synapsin III did not

affect the density of SV positive puncta [9]. With a hetero-

chronic primary cell culture approach combining synI-/-

and WT neurons at different ages, Ferreira and collaborators

[72] showed that, if synI-/- neurons are plated on 4 DIV WT

neurons, the delay in the appearance of SV-positive puncta is

partially rescued. Conversely, when WT neurons were pla-

ted on 4 DIV synI-/- neurons, the WT cells also showed a

delayed appearance of SV-positive puncta. These data sug-

gest that the delay in the formation of SV-positive puncta

may require the crosstalk between the pre- and the post-

synaptic cell. Although the contribution of synapsins to the

formation of SV puncta in developing neurons is evident,

additional studies are needed to determine whether these

structures correspond to novel bona fide synapses or rather to

clusters of SV precursors in transit to their final destination.

The effect of synapsins on the dynamics of SV precursors

has been investigated in recent years. A work from Bona-

nomi and collaborators [86] shows that synapsins are

important for the regulation of SV precursor dynamics in

developing neurons in culture. It has been known for a long

time that SV precursors vesicles are concentrated in the

central domain of axonal growth cones of neurons devel-

oping in culture. PKA activation causes dispersion of SV

precursors throughout the axonal growth cone, and this
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effect requires the presence of the PKA phosphorylation site

in the synapsin I molecule (Fig. 5b). Interestingly, in

synI-/- neurons (as well as in synI,II,III-/- neurons), SV

precursors are already dispersed throughout the whole area

of the growth cone under basal conditions (Fig. 6).

Re-introduction of synapsin I is sufficient to relocalize SV

precursors in the central domain. These data demonstrate

that synapsin is necessary for the spatial arrangement of SV

precursors in the growth cone and that synapsin I phos-

phorylation state regulates the dynamics of SV precursors

during axonal outgrowth [87]. In addition, a report from

Sabo and collaborators indicates that SV precursors in the

synI,II,III-/- neurons have a decreased pause probability, a

shorter pause duration, and an increased pause frequency,

confirming the impaired dynamic behavior of SV precursors

in the absence of synapsins [88]. Under this perspective, the

reduction of SV-positive puncta in KO neurons could also

be contributed by the altered transport and re-organization

of SV precursors at early stages of development, and this

could in turn regulate synapse formation.

Conclusions

In invertebrates, synapsins are present as a single gene,

while in higher organisms gene duplication, together with

Fig. 6 Differential role of

synapsin isoforms in SV

clustering in growth cones.

Hippocampal neurons from

either WT, synI-/-, synII-/-, or

synI,II,III-/- were fixed and

stained with an anti-

synaptotagmin I antibody

(green in the merged images)

and with fluorescently-tagged

phalloidin that specifically

labels F-actin (red in the merged
images). In culture, neuronal

growth cones show two main

cytoskeleton defined regions: a

central domain that is enriched

in organelles and microtubules,

and a peripheral domain that is

characterized by the absence of

organelles an the deposition of

filamentous actin [86].

Synaptotagmin I-positive SV

precursors are confined to the

central domain in WT and

synII-/- neurons, but they

disperse throughout the growth

cone in synI-/- and

synI,II,III-/- neurons. The lack

of phenotype in synII-/-

neurons reinforces the idea that

synapsin I is the major

determinant for the localization

of SV precursors in neuronal

growth cones [87]. The white
traces in the left row outline the

distal edges of the peripheral

domain, as determined based on

differential interference contrast

images. Scale bar 5 lm.

Original from Bonanomi and

Valtorta, unpublished
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differential splicing, have given rise to multiple isoforms.

In spite of their high degree of conservation throughout

evolution, synapsins are not essential for neuronal devel-

opment and synaptic transmission, and deletion of their

genes is compatible with life. However, they appear to

be critical for synapse rearrangement, refinement, and

plasticity. Indeed, synapsins interfere with several devel-

opmental processes, being involved in neurite outgrowth,

SV spatial localization at growth cones, SV targeting at

synapses, synapse formation and maturation. Synapsins are

the most abundant family of phosphoproteins in the pre-

synaptic compartment. Most importantly, they are at the

crossroads of many fundamental signal transduction path-

ways including those triggered by G protein-coupled

receptors, voltage-gated and ligand-gated Ca2? channels,

and neurotrophins.

In spite of the detailed structural and functional char-

acterization of the synapsins in a variety of experimental

models, several questions still remain open, particularly

concerning the molecular mechanisms that underlie the

participation of these phosphoproteins in such a diverse

range of developmental processes. The regulation of actin

dynamics and the reversible interaction of synapsins with

SVs are the two most likely events at the basis of synapsin

role on neuronal development. The presence of multiple

conserved domains suggests a substantial functional

redundancy among synapsin isoforms. However, distinct

domain composition, differential temporal and spatial

expression patterns, as well as distinct substrate properties

for post-translational modifications, namely phosphoryla-

tion, suggest that the various synapsin isoforms may also

have specific and non-overlapping functions. The situation

is further complicated by the observation that, on the SV

membrane, synapsins are present as homo- or hetero-

dimers, thus giving rise to a high number of possible

combinations, which might behave as slightly different

functional units.

Since the ablation of synapsins does not completely

block neurite outgrowth and synapse formation, we pro-

pose that synapsins should be considered as modulators

rather than direct determinants of developmental processes.

In this respect, thanks to their high number of phosphory-

lation sites and their dynamic localization, synapsins could

function as integrators of the many signals which impinge

on a given presynaptic compartment or growth cone at any

given moment, thus enabling the neuron or its single ter-

minals to respond in an appropriate manner to complex

environmental changes.

Given the complexity of the phenomena at play, the

roles of the synapsins in neuronal development have been

studied in cultured neurons. This approach, however, does

not allow the full evaluation of the possible consequences

of the observed phenomena on the establishment of the

extremely complex neuronal networks of the brain. Indeed,

in vivo, apparently minor phenomena, such as a delay in

neurite outgrowth, might also have important conse-

quences, since the establishment of appropriate

connections critically depends on the timing and location

of occurrence of the various developmental steps.

In conclusion, synapsins contribute to the formation of

neuronal contacts starting from the elongation of neurites

and the regulation of SV precursors at growth cones up to

the housekeeping, remodeling and plasticity of synapses. In

their absence, neuronal networks and synapses can still

form and perform basic activities, but with a much lower

degree of freedom. In mammals, the importance of syn-

apsins for proper brain function is undeniable and is

reflected by the pathologies of the central nervous system

that develop in both rodents and human upon their deletion

or mutation.
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