Spatiotemporal dynamics analysis of synaptic adhesion molecules in synaptogenesis by single-molecule imaging
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Introduction. Synaptogenesis involves sequential steps of synaptic contact, protein assembly, and differentiation, each requiring specific molecular interactions. Synaptic adhesion molecules (SAMs), such as neurexin and neuroligin, are critical for synaptic contacts, but their precise contributions in early synaptogenesis remain unclear. Molecular dynamics analyses in mature synapses have revealed new insights into synaptic organization using single-particle tracking (SPT), yet technical challenges, including insufficient expression of tagged protein and limited fluorescent spot numbers in narrow neurites, limit its application to early stages. We established a novel SPT platform combining rapid protein expression using Sindbis viral vectors with the DeQODE labeling method, developed in our lab. The DeQODE method employs a reversible ligand-tag interaction, in which non-fluorescent ligands turn fluorescent upon binding to the DeQODE tag. This reversibility allows bleached ligands to be replaced by unbleached ones, sustaining the number of fluorescent spots. Using this platform, we analyzed the dynamics of neurexin, a presynaptic SAM.
Aims. We aimed to elucidate the dynamics of SAM in synaptogenesis through single-molecule fluorescent imaging.
Methods. Rat hippocampal neurons were cultured for 7 days to model early development. DeQODE-tagged neurexin was rapidly expressed via Sindbis viral vectors. Ligands were applied at an appropriate concentration to enable single-molecule imaging. Images were recorded at several time points within 7 days. The dynamics were quantified by the diffusion coefficient (D). Deletion mutants lacking either the intra- or extracellular domain (ICD/ECD) were analyzed.
Results. The D of neurexin was typically centered around 0.1 µm²/s. Particles with D of less than 0.01 µm²/s were defined as immobile. The proportion of immobile particles was significantly reduced in neurexin-ΔECD compared with wild type (WT), suggesting that ECD contributes to neurexin immobilization. In contrast, the immobile proportion of neurexin-ΔICD was increased only at day 1 in vitro compared with WT.
Discussion. Previous studies have shown ECD interacts with postsynaptic SAM, while ICD associates with presynaptic scaffolds. Our findings suggest interactions mediated by ECD are essential to regulate neurexin dynamics, while ICD may be important at the earliest stages of synapse assembly. Future studies combining our SPT platform with the identification of synaptic sites will provide novel insights into the molecular mechanisms underlying synaptic assembly.
