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Making Sense of Synaptic Organization:
From Super-Resolution Imaging to
Multimodal and Multidimensional Analysis

Over the years, our team has adapted advances in super-resolution and light-sheet microscopy to investigate the
molecular architecture of neurons. Using single-molecule localization microscopy, we revealed the existence of
synaptic discrete nanodomains. To overcome depth and throughput limitations, we combined adaptive optics with
single-objective light-sheet imaging for deep 3D visualization, extended it to high-content acquisition of organoids
and neurospheres, and implemented correlative STED—PALM to link molecular organization with cellular
morphology.

To interpret these multidimensional datasets, my work has focused on developing computational frameworks for
quantitative bioimage analysis. SR-Tesseler and Coloc-Tesseler introduced robust quantification of protein clustering
and co-organization, while Spined provided detailed descriptors of dendritic spine morphology. Building on these
tools, POCA enables 3D visualization and multimodal integration of molecular and morphological data, complemented
by Al-based segmentation and topological analysis. Together, these methods help neuroscientists explore the
organization of synaptic networks at scales, from the molecular to the cellular level.
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Astrocyte-Synapse Communication
at Neuronal Precision
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Traditionally, astrocytic Ca?* signaling has been considered slow and diffuse, suggesting a modulatory role in

neuronal circuits. However, recent studies have demonstrated that Ca?* dynamics within the fine processes of
astrocytes can be rapid and localized. This is particularly significant given the close proximity of these processes

to synapses, implying that astrocytic Ca?* signals may mediate fast and localized communication between

synapses and astrocytes. Whether such signals can occur at the spatiotemporal scale of synaptic activity remains
unknown. To address this, we have been using live STED super-resolution microscopy, lattice light-sheet microscopy,
and advanced confocal microscopy to capture local and rapid Ca? signals, thereby expanding the detectable range
of astrocytic Ca** dynamics. Our findings reveal that astrocytic Ca#* signals can be specific to individual synapses
and exhibit extremely short durations. Manipulating synaptic activity demonstrated that astrocytes can respond to

synaptic inputs with high spatiotemporal precision. Collectively, our results indicate that astrocytes possess signaling
capabilities that enable them to participate in neural computations with near-neuronal precision.
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