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Dendritic Spine Segmentation and 
Characterization via Foundation 
Models

Figure 1: Confocal microscopy slice of a dendrite, showcasing the
different classes of spines: mushroom, stubby and filopodia.
Courtesy of Prof. Björn Kampa/RWTH Aachen.

Background

Dendritic spines are tiny bulbous protrusions extending
from the soma’s dendrite. They serve as the primary
postsynaptic compartments for excitatory transmission in
the neuronal network (Forrest et al., 2018). Their density,
spatial distribution and morphological characterization is
also linked to clinical neurological and psychiatric
conditions (Penzes et al., 2011) and well-documented.

However, how the structural plasticity, i.e. the
morphological evolution, of these synaptic sites correlates
with neuropsychiatric findings is still an unsolved venue
of research (Forrest et al., 2018).

This project aims to accelerate the research process by
automating the microscopical analysis of neurons, as well
as discovering machine learning representations able to
morphologically characterize spines, leading to clean,
interpretable findings.
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Methods
An end-to-end pipeline was devised, see Figure 2. In this
exhibition, a greater focus is given to the first stage.

As high-quality data is extremely scarce, we resort to
using pretrained foundation models in a zero-shot or few-
shot setting
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Figure 2: End-to-end pipeline for spine segmentation and
characterization. In this exposition, emphasis is given to the
segmentation stage.

Figure 3: Zero-Shot Configuration, leveraging DINOv3 (Siméoni et al.
2025), features to prompt SAM3 (Carion et al., 2025).

In the Zero-Shot approach, a high-quality labeled spine
volume serves as a reference, from which a dictionary of
patch-level embeddings is constructed using DINOv3
(Siméoni et al., 2025).

A query volume is then encoded by the same model, and a
per-patch similarity score is computed via cosine similarity
between each query patch embedding and all entries in
the reference dictionary.

Patches attaining maximal similarity scores are selected as
prompts for SAM3 (Carion et al., 2025), which generates
the corresponding segmentation mask. The resulting mask
is then post-processed into instance-level segmentations
using classical image processing algorithms.

Figure 4: Visualization of the similarity landscape over a query
dendrite. A proposed prompt is highlighted with a red cross.

A few-shot approach by finetuning a 3D segmentation
over DINOv3 is being developed.
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