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The faithful formation and, consequently, function of a synapse requires continuous and tightly controlled delivery

of synaptic material. At the presynapse, a variety of proteins with unequal molecular properties are indispensable to

compose and control the molecular machinery concerting neurotransmitter release through synaptic vesicle fusion

with the presynaptic membrane. As presynaptic proteins are produced mainly in the neuronal soma, they are

obliged to traffic along microtubules through the axon to reach the consuming presynapse. 

presynaptic precursor vesicles  Rab2

1. Introduction

A neuron is a highly polarised cell with the cell body often distant from its synaptic terminals, where synapses are

formed and maintained. Robust presynapse formation, maturation, and maintenance depend on the continuous

delivery of presynaptic proteins from the neuronal soma, the predominant site of protein production. In the neuronal

soma, newly synthetised presynaptic proteins are packaged into presynaptic transport vesicles or presynaptic

precursor vesicles (PVs, this general term is used to unitingly denominate all forms of presynaptic protein-

transporting vesicles or organelles), exported from the soma to traffic anterogradely on polarised microtubules

(MTs) along the axon to the consuming presynapse (Figure 1) .[1][2][3][4][5][6][7][8][9]
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Figure 1. Schematic representation of microtubule-based axonal presynaptic precursor vesicle transport of

presynaptic proteins from the neuronal soma to the consuming presynapse.

Of note, although protein biosynthesis predominantly occurs in the neuronal soma, growing evidence is raised that

pre- and postsynaptic local mRNA translation and protein synthesis significantly contribute to activity-dependent

synapse plasticity mechanisms . Nonetheless, despite the fact that mRNA transcripts are detected in

axons and growth cones , presynaptic protein transcripts are not sufficiently enriched to solely account for the

extensive protein demand of synaptic terminals . 

2. Presynaptic Precursor Vesicle Cargo, Morphology, and
Transport Arrangements

2.1. Precursor Vesicle Cargo: Presynaptic Proteins

The presynapse is composed of a variety of structurally and functionally highly diverse proteins, including synaptic

vesicle (SV) proteins with integral membrane and membrane-associated proteins, cytosolic active zone (AZ)

proteins and release factors, ion-channels, adhesion molecules, and presynaptic membrane proteins coordinating

vesicle exo- and endocytosis  . In numbers, it was estimated that an average presynapse in the vertebrate

brain contains as many as approximately 300,000 molecules .

[10][11][12][13]
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Scaffold proteins structure the presynaptic AZ, the site of SV fusion and neurotransmitter release, by defining SV

release sites, clustering voltage-gated calcium channels (VGCCs or Cavs) in the centre of the AZ, and tethering

SVs . They comprise RIM-BP (Rab3-interacting molecule binding protein), the ELKS/CAST protein family

(glutamic acid (E), lysine (K), leucine (L), and serine (S)-rich protein = ELKS; cytomatrix at the active zone (CAZ)-

associated structural protein = CAST), including the ELKS/CAST homologue Bruchpilot (BRP) in Drosophila, the

vertebrate specific proteins Piccolo and Bassoon, as well as Liprin-α/Syd-2 (LAR-interacting protein = Liprin;

synapse defective 2 = Syd-2), Syd-1, and Spinophilin/Neurabin . Release factors such as RIM (Rab3-

interacting molecule) and (M)Unc13 (uncoordinated movement 13) concert the SV release, and (M)Unc18

(uncoordinated movement 18) and complexin regulate SNARE (soluble N-ethylmaleimide-sensitive-factor

attachment receptor) complex activity . Apart from these cytosolic proteins, several integral

membrane proteins localise to different membranes and organelles at the presynapse. Fusion of SVs is triggered

by local Ca  influx through voltage-gated Ca  channels upon arrival of an action potential and is executed by the

SNARE-complex with its proteins residing in the SV (Synaptobrevin/Vamp) and presynaptic membrane (SNAP-25

= synaptosomal-associated protein, 25 kDa and Syntaxin) . The SV membrane is crowded with integral

membrane proteins  including Synaptotagmins as Ca  sensors, VGlut (vesicular glutamate transport protein),

Synaptophysin, Synaptogyrin, SV2 (synaptic vesicle protein 2), and associated or peripheral membrane proteins,

e.g., Rab3 (Ras-associated binding), CSP (cysteine string protein), and Synapsin . Presynaptic

transmembrane proteins further include synaptic adhesion molecules, e.g., N-cadherin and Neurexin, forming

trans-synaptic connections to the postsynapse .

This plurality of presynaptic proteins, including integral or peripheral membrane and cytoplasmic proteins, is

transported speedily by PVs to the synapse, as synapse formation itself is a rapid process and occurs within 30–60

min in vertebrate neurons after initial axodendritic contact formation , and in C. elegans, accumulation of

presynaptic proteins in nascent synaptic specialisations occurs even within 5 min . The fast delivery and

synapse formation kinetic raise several conceptual questions: Are presynaptic proteins transported individually or in

stoichiometric preassembled units? What is the cargo of a single PV? Are different PV types transporting different

protein assortments, e.g., SV versus AZ proteins or membrane proteins versus cytosolic proteins? Would a

difference in cargo load require different PV morphologies or are PVs uniform in size and shape? Is each individual

PV transported singly by a specific kinesin or do PVs assemble into packets for axonal transport and delivery?

None of these questions have been answered unambiguously to date; however, several concepts have been

proposed, and a multiplicity of experimental data were collected over the last decades, spanning the different

genetic model systems.

2.2. Presynaptic Precursor Vesicles: Ultrastructure and Cargo in Fixed Cells

Early studies in 1989 visualised by electron microscopy (EM) synapses of the mouse CNS (central nervous

system) and described “granulated” vesicles of 60–80 nm size and “empty” vesicles with varying size, morphology,

and electron density localising preferentially near the presynaptic membranes, suggested to deliver presynaptic

material . Of note, the granulated vesicles are thought to be distinct from the neuropeptide containing “classical”

dense core vesicles (DCVs) . Subsequent EM studies in cultured hippocampal neurons observed 80 nm

[16][18][19]
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dense cored vesicles stringed on MTs in the vicinity of nascent synapses  , and a similar PV scenario is

observable at neuromuscular synapses in Drosophila. First PV cargos were identified: the AZ scaffold protein

Piccolo was detected by immunogold labelling on the outside of 80 nm granulated (dense cored) vesicles, hence

the denomination of the characterised vesicles as Piccolo transport vesicles (PTVs) . This EM study further

suggests that the presynaptic cytoplasmic proteins localise to the outside of the precursor vesicle and are not

transported in the vesicular lumen. The mechanisms by which the cargo proteins are hooked on the membrane are

currently not known. Immunoisolated Piccolo-PVs were biochemically positive for other presynaptic proteins,

including the AZ scaffold protein Bassoon, the presynaptic membrane SNARE proteins Syntaxin and SNAP-25,

and the cell adhesion molecule N-cadherin, while SV proteins (Synaptobrevin/Vamp, Synaptotagmin) were not

detected . Immunoisolated Bassoon-PVs were positive for RIM1 and ELKS/CAST, but not for (M)Unc13-1 or

Synaptophysin . Using the same technique, electron micrographs of immunoisolated PVs were additionally

positive for the cytoplasmic SV release controlling proteins (M)Unc18, (M)Unc13, and RIM, the peripheral SV

membrane protein Rab3, and the α1 and β1 subunits of the N-type Ca  channel . These findings were

confirmed by confocal immunofluorescence microscopy showing a partial overlap of Piccolo-positive puncta with

Rab3, (M)Unc18, and RIM, and immunoisolated Piccolo-PV were positive for Bassoon, RIM, and (M)Unc18, as

detected by immuno-EM analysis .

Appart from the detection of single PVs and the identification of their cargo, several observations suggest that

axonal PV transport occurs in packets or aggregates of differently shaped PVs. In hippocampal neurons, using

correlating fluorescent light microscopy and retrospective EM, “transport packets” were observed, composed of

several separate membranous organelles including dense cored vesicles (70 ± 10 nm diameter), pleiomorphic

clear cored vesicles of 42 ± 15 nm × 22 ± 13 nm size, and tubulovesicular membrane-structures . These packets

transported Synaptobrevin/Vamp, voltage-dependent calcium channel subunits, SV proteins (SV2, Synapsin 1),

and an endocytosis protein (Amphiphysin 1) . A subsequent study immunolabelling PVs in neuronal cell cultures

identified, by EM, aggregates of one to two 70 nm sized dense cored vesicles surrounding five to six clear cored

and smaller vesicles, which occure with a 70% frequency at young presynapses within a 200 nm radius of the

presynaptic centre . Within the PV aggregates, SV membrane proteins Synaptobrevin/Vamp, SV2,

Synaptotagmin/p65, and the SV-associated protein Synapsin 1 localised to the clear cored 45 nm vesicles, but also

to the larger dense cored vesicles, while the presynaptic membrane protein SNAP-25 was not detected in the

aggregates  . Filamentous structures or spikes seemed to connect the single vesicles. Single 70 nm sizeddense

cored vesicles positive for Bassoon and Piccolo were observed at a lower frequency of 17%,, with a decreasing

frequency from young to old synapses  . Interestingly, when quantifying protein labelling on single 70 nm sized

dense cored PVs, Bassoon (5%) and Piccolo (17%) were, compared to SV2 (88%) and Synaptotagmin/p65 (56%),

less frequently present, indicating that individual PVs are unlikely to account for the majority of presynaptic active

zone protein transport .

Studies in mouse retinal photoreceptor ribbon synapses using STED (stimulated emission depletion) microscopy

and immuno-EM also identified assembled PV transport units with a total diameter of 130 nm composed of multiple

vesicles positive for Bassoon, Piccolo, Ribeye, and RIM, but not for (M)Unc13 and ELKS/CAST  . It is assumed,

that these units represent an early stage in the formation of synaptic ribbons. The diverse and varying observations

[29]
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suggest that PVs can probably traffic as single entities and, possibly more frequently, as macromolecular

complexes of preassembled presynaptic proteins in PV packets composed of several different PV types to supply

the presynapse with the required components (summarised also in ).

A possibility to visualise PVs in higher numbers compared to occasional axonal transport events arises when the

transporting kinesin or kinesin adaptor (for details, see also later paragraphs) are depleted, inducing an

accumulation of “transport arrested” PVs in the neuronal soma. In knockout mice for the anterograde kinesin-3

motor KIF1A, small, clear cored vesicles accumulated in clusters in the neuronal soma  . Similarly, knockout of

the kinesin adaptor Arl8 in Drosophila leads to an accumulation of PV clusters in the neuronal soma . Electron

micrographs here reveal uniform-shaped vesicles of ~70 nm diameter with all shades from clear to dense cored

vesicles. Immunogold labelling confirmed both AZ proteins (BRP) and SV proteins (Synaptotagmin 1) as PV

cargo  . Future comparative analysis between species might help to unify the different observations into a

comprehensive model.

2.3. Live Imaging of Presynaptic Precursor Vesicle Trafficking

Additionally tothe immobile snapshots of PVs at the presynapse, in the axon, or the soma, live imaging analysis

provides valuable insights into the cargo load of PVs, easily identified by co-trafficking analysis of fluorescently

tagged proteins. The first live imaging experiments overexpressing GFP-tagged Bassoon already revealed that

single PVs carry 50% of Bassoon, Piccolo, and RIM protein incorporated in a mature synapse, suggesting that two

to three PVs deliver sufficient protein for a single synapse formation event . However, a high observed variance

suggests that AZ assembly is not a classical “quantal” process, albeit based on presynaptic material delivery

through integer numbers of PVs . In later studies, co-trafficking of Bassoon and ELKS/CAST, but not (M)Unc13,

was observed . Neurexin and Ca  channels, as shown by a study in hippocampal neurons, described epitope-

tagged Neurexin co-trafficking with RIM1α and N-type Ca  channels, but not Bassoon . Additionally,

fluorescently tagged Neurexin showed a 60–75% co-labelling with the SV proteins Synaptophysin, Synapsin, and

Synaptotagmin . In Drosophila motoneurons, the AZ proteins BRP and RIM-BP are co-transported, as detected

by intravital axonal imaging , and in C. elegans, in vivo analysis described co-transport of two SV proteins, Rab3

and Synaptogyrin . As a summarising model integrating EM immunolabelling and life imaging data, the

existence of two or three PV types with distinct cargos was suggested: (i) large, dense cored, 70–80 nm sized AZ-

protein-transporting PVs, denominated PTVs or AZ precursor vesicles, charged with ELKS/CAST, Bassoon,

Piccolo; (ii) small, clear cored, 30–40 nm sized SV-protein-transporting PVs, denominated SVP (synaptic vesicle

precursors) transporting Synaptobrevin/Vamp, SV2, Synaptotagmin/p65, Synapsin, possibly also voltage-gated

Ca  channels, RIM, and Neurexin; and (iii) only (M)Unc13 specific PVs .

Recent studies investigated co-trafficking of both SV and AZ proteins. An in vivo study in both vertebrate and

invertebrate systems revealed axonal co-trafficking of presynaptic AZ and SV proteins, with Bassoon and VGlut

(vesicular glutamate transport protein) in hippocampal neurons and the ELKS/CAST homologue Bruchpilot and

Synaptotagmin 1 in Drosophila motoneurons . Also, in C. elegans, dual-colour live imaging showed co-transport

of RIM/Unc10 with Rab3 (95% of all RIM/Unc10-positive PVs) and Synaptogyrin, and Liprin-α/Syd-2 and Rab3 co-
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trafficking . The observed AZ/SV “co-trafficking” could either result from single PVs carrying both cargos, in

agreement with the immuno-EM analysis showing both AZ and SV proteins on a single PV   or represent the

multivesicular “transport packets” of different PVs with either SV or AZ protein cargo  . Alternatively, it has

been suggested that additional maturation steps during the axonal transport prior to presynaptic protein

incorporation possibly constitute SV and AZ containing PVs . However, recent live imaging of AZ (ELKS-1, Liprin-

α/Syd-2, RIM/Unc10) and SV proteins (Rab3) in C. elegans revealed different trafficking kinetics for the two protein

groups in the area behind a growth cone . AZ proteins showed a slow and infrequent transport of large puncta,

compared to SV proteins, and did not feed directly into forming synapses, but into a diffuse pool, suggesting that

AZ and SV proteins use distinct PVs with distinct motor proteins during axonal transport.

Finally, it should be noted that next to the delivery of newly synthesised proteins from the soma, local shuffling of

presynaptic material occurs, both between individual AZs, and between AZ and extrasynaptic, cytosolic reservoir

pools . This local rearrangement of presynaptic material does not require an “on locus” delivery of a

precise number of PVs to form an individual synapse. Possibly, AZ proteins tend to be transported in quantal large

PVs to these local reservoir pools, while SV proteins traffic on smaller precursor vesicles directly to the nascent or

growing presynapse . However, presynaptic cargo needs to be delivered to either the local reservoir pool or

directly to the consuming presynapse, and distinct, but not exclusive, modes of protein supply might be utilised

during synaptogenesis, possibly dependent on the physiological properties of a synapse (tonic versus phasic

synapses) and/or the developmental status of the synapse (initial synapse seeding versus nascent synapse growth

versus mature synapse maintenance).

3. Presynaptic Precursor Vesicle Biogenesis

Assembly of PVs occurs in the neuronal soma, and although the underlying molecular pathways controlling

formation of the membranous transport organelles have been intensely studied, the current biogenesis model is

still fragmentary. A set of early studies in cultured mouse neurons provided evidence that PVs originate from the

trans-Golgi . Proteins are processed in the Golgi and subsequently sorted at the trans-Golgi on different

carriers or transport vesicles, and finally exported towards their specific destination, e.g., plasma membrane or the

endo/lysosomal system . It has been estimated that in cells of cultured cell lines, roughly 4000 proteins per

second are leaving the Golgi . In cultured hippocampal neurons, endogenous Bassoon and Piccolo colocalise

with the trans-Golgi marker (TGN38) upon controlled cooling-induced attenuation of Golgi-export, causing an

increase of the Golgi-associated Bassoon protein fraction and a decrease of Bassoon level in axons, while drug-

induced Golgi disruption dispersed Bassoon in the cytoplasm . Later studies utilising the same experimental

paradigm to attenuate Golgi-export showed a diverse Golgi localisation pattern for different presynaptic proteins:

the AZ protein ELKS2/CAST localised similar to Piccolo and Bassoon at the trans-Golgi, while (M)Unc13 localised

to the cis-Golgi and RIM1α was not detected at the Golgi . Neurexin was shown to be enriched in the

endoplasmatic reticulum (ER)/Golgi, and ER/Golgi export depends on the PDZ-binding motif (postsynaptic density

protein (PSD95), Drosophila disc large tumour suppressor (Dlg1), and zonula occludens-1 protein (zo-1)) of the

Neurexin C-terminus . Furthermore, voltage-gated Ca  channels are thought to be packaged on PVs at the

[42]
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trans-Golgi and transported towards the presynapse , and for N-type voltage-gated calcium (CaV2.2) channels,

trafficking from the trans-Golgi is mediated by the Adaptor protein complex-1 protein (AP-1) .

A recent study on Drosophila identified the small, Golgi-related GTPase Rab2 (Unc108 in C. elegans) as a crucial

regulator of the early steps of PV biogenesis at the trans-Golgi . Presynaptic precursors accumulate at the trans-

Golgi upon Rab2 knockdown and synaptic terminals show reduced presynaptic protein level. Interestingly,

ultrastructural EM analysis of these maturation arrested PVs in the soma showed a large subfraction of elongated,

sometimes tubular clear cored vesicles of 40–60 nm size and a small population of circular, large, dense cored

vesicles of roughly 80 nm size  ). Immunofluorescent co-labelling revealed an interesting cargo segregation

within the ectopic PV clusters: a large PV fraction was co-positive for synaptic vesicle proteins (VGlut,

Sytaptotagmin 1), the endocytic machinery (Dap160/intersectin, dynamin-associated protein 160 kDa), and the

lysosomal marker Lamp1 opposed to small PV fraction co-positive for the presynaptic AZ proteins BRP, RIM-BP,

and (D)Unc13A (Drosophila Unc13), homologue of the vertebrate (M)Unc13. Thus, possibly already in this early

step of PV biogenesis during protein export from the trans-Golgi, two types of PV are differentiated: 40–60 nm

sized clear cored synaptic vesicle transporting PVs and 80 nm sized dense cored AZ-protein-transporting PVs 

. However, without ultrastructural labelling analysis, this remains an assumption.

Small GTPases including Rab2 recruit in their activated GTP-bound state effector proteins to dedicated

membranes to concert vesicle fusion and/or fission events , and might hence play a central role in the

organisation of vesicle formation and trafficking at the trans-Golgi .

Early studies described Rab2 as a Golgi-resident to act in anterograde and retrograde ER-Golgi trafficking 

. However, several lines of evidence expand Rab2 function to vesicular biogenesis pathways at the trans-Golgi,

including PV biogenesis but also the formation of neuronal DCVs. DCVs have a typical size of roughly 43 nm

diameter with a dense core undergoing a complex maturation sequence to form mature neuropeptide transporting

organelles . In the C. elegans system, Rab2/Unc108 is involved in neuronal DCV biogenesis at the trans-

Golgi, as DCV morphology (size and shape) and PI(3)P-dependent cargo sorting during DCV maturation is

aberrant in rab2−/− mutants . Importantly, Rab2 effectors or interactors, such as RIC-19 (resistance to

inhibitors of cholinesterase-19), Rund-1 (RUN domain-containing protein 1), CCCP-1/Golgin104 (conserved coiled-

coil protein 1), and TBC-8 (Tre2/Bub2/Cdc16 domain containing protein-8), are implied in DCV maturation at the

trans-Golgi . Also, axonal transport of DCVs and lysosomes in Drosophila neurons depends on Rab2

. Finally, Rab2 was shown to be required for autophagosome and endosome maturation as well as lysosome

function in non-neuronal Drosophila tissue , and endo-lysosomal fusion and the delivery of the lysosomal protein

Lamp1 to late endosomes . Interestingly, PVs transport was shown to depend on the lysosomal kinesin adaptor

Arl8, and PV membranes contain lysosomal membranes proteins such as Lamp1 or Spinster (for details, see last

paragraph) . As lysosomal proteins, e.g., Lamp1, are exported from the trans-Golgi on lysosomal membrane

protein (LMP) carriers, a process mediated by Rab2  and, Rab2 is implied in lysosome formation, while PVs

share a lysosome-like membrane identity, e.g., contain Lamp1 , Rab2 might at the trans-Golgi organise PV

biogenesis using components of the other Golgi export pathways, or, as part of the PV maturation process,

mediate fusion events with endo-lysosomal organelles.
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In summary, these findings place the small GTPase Rab2 at a potent cross-section of three organelle biogenesis

pathways, intersecting PV, DCV, and endo-lysosome biogenesis and trafficking, potentially acting here as a

signpost or decision-maker concerting an interplay of trans-Golgi export routes, possibly using components of the

hitherto independently described molecular pathways to orchestrate PV biogenesis.
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