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Abstract 
The brain is an exceptionally sophisticated organ consisting of billions of cells and trillions of 
connections that orchestrate our cognition and behavior. To decode its complex connectivity, it is 
pivotal to disentangle its intricate architecture spanning from cm-sized circuits down to tens of 
nm-small synapses. 

To achieve this goal, I developed CATS – Comprehensive Analysis of nervous Tissue across 
Scales, a versatile toolbox for obtaining a holistic view of nervous tissue context with (super-
resolution) fluorescence microscopy. CATS combines comprehensive labeling of the extracellular 
space, that is compatible with chemical fixation, with information on molecular markers, super-
resolved data acquisition and machine-learning based data analysis for segmentation and synapse 
identification. 

I used CATS to analyze key features of nervous tissue connectivity, ranging from whole tissue 
architecture, neuronal in- and output-fields, down to synapse morphology. 

Focusing on the hippocampal circuitry, I quantified synaptic transmission properties of mossy 
fiber boutons and analyzed the connectivity pattern of dentate gyrus granule cells with CA3 
pyramidal neurons. This shows that CATS is a viable tool to study hallmarks of neuronal 
connectivity with light microscopy.  
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1 Introduction 
The brain is an exceptionally sophisticated organ consisting of billions of cells and trillions of 
connections that orchestrate our cognition and behavior. To decode its complex connectivity, it is 
pivotal to disentangle its intricate architecture spanning from cm-sized circuits down to tens of 
nm-small synapses. 
Light microscopy is an exquisite tool to study brain tissue organization, as it provides access to 
nearly all spatial scales of the brain, ranging from whole-tissue to sub-cellular scale. Super-
resolution microscopy techniques, including stimulated emission depletion (STED) microscopy1,2 
and expansion microscopy (ExM)3,4, are capable of resolving structures down to tens of nm, 
enabling the visualization of neuronal connections established by chemical synapses. In addition, 
structural interrogation of brain tissue with light microscopy is easily paired with readouts for 
neuronal activity, such as electrophysiological recordings or calcium imaging. 
Currently, one of the major limitations for studying brain tissue organization with light microscopy 
is the lack of a labeling strategy that elucidates tissue structure in an unbiased fashion. 
 
For my PhD project, my main goal was to establish a technology that enables researchers to study 
the organization of brain tissue in an unbiased fashion across multiple spatial scales, ranging from 
brain regions down to synapses. This included: 

 The development of two labeling approaches, which fluorescently highlight the 
extracellular space (ECS) and are compatible with chemical fixation 

 The combination with two super-resolution readout strategies (STED, ExM) 

 The optimization of imaging parameters for isotropic super-resolution imaging, as well as 
large scale tissue imaging 

 The development and adaptation of (deep learning) algorithms for the detection of synapse 
location 

 The establishment of data analysis pipelines for the study of structural characteristics and 
connectivity 

 
As the main application of this technology, I chose the hippocampal circuitry, mainly focusing on 
the connectivity established between the dentate gyrus (DG) and the CA3. This circuitry has been 
extensively characterized with electron microscopy (EM), giving me the possibility to validate my 
findings. 
 
This section provides an overview of the landscape of super-resolution microscopy, current 
methods for studying brain tissue organization and an introduction of the structural characteristics 
of the hippocampal circuitry. Section 2 guides the reader through all stages of the development of 
the technology, starting with the introduction of an extracellular contrast into fixed brain tissue 
specimens, followed by protocols for super-resolution imaging and analysis strategies for studying 
neuronal properties. Section 3 provides a summary of the main biological findings, focusing on 
the hippocampal circuitry. Section 4 offers an outlook, discussing the potential of the technology 
for future (neuro-) biological studies. 
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1.1 Optical super-resolution microscopy 

Light microscopy has been a powerful tool for attaining biological insights for hundreds of years. 
All light microscopy methods are constrained by the ‘diffraction limit of light’ as described by 
Abbe in 1837.5 This limit, which arises from the wave nature of light, imposes a fundamental 
constraint on the obtainable spatial resolution in light microscopy. As a result, features residing 
closer to one another than the diffraction limit cannot be discriminated, thus severely hampering 
the study of fine structures in biological specimens.6,7 For fluorescence microscopes using light in 
the visible wavelength range and high-numerical aperture (NA) objectives, the resolution limit is 
~200-300 nm in the lateral (xy) direction and 700-800 nm in the axial (z) direction. This constraint 
especially impedes the study of the brain, an organ known for its complex composition and 
intricate structures, such as axons with down to ~100 nm thickness8 and 20 nm wide synaptic 
clefts9, with light microscopy. 
The desire to overcome this constraint has driven the development of novel optical technologies 
resulting in ~2-fold resolution improvement, such as structured illumination microscopy for 
widefield microscopy10,11 and airyscan detection for confocal imaging12,13. The resolution-limit was 
ultimately broken by the advent of optical super-resolution microscopy, also called ‘nanoscopy’ 
techniques. These techniques achieve diffraction-unlimited resolution by putting fluorophores in 
a diffraction-limited spot into distinguishable states, a fluorescent ON-state and a non-fluorescent 
OFF-state (Figure 1a).14 Nanoscopy techniques are broadly classified in two groups: single-
molecule localization microscopy (SMLM) and coordinate-targeted fluorescence nanoscopy. 
SMLM techniques are based on the stochastic activation and localization of individual 
fluorophores. The resulting super-resolved image is created by superimposing many imaging 
frames containing sparse fluorophore localizations.15 Variants of SMLM include photo-activated 
localization microscopy15,16, stochastic optical reconstruction microscopy17,18 and ground-state 
depletion followed by individual molecule return19, differentiated by the use of fluorescent proteins 
(FPs) and fluorophores, respectively. Point accumulation for imaging in nanoscale topography, 
another SMLM technique, relies on stochastic, reversible binding of freely diffusing fluorescent 
ligands to a target.20,21  
Coordinate-targeted fluorescence nanoscopy techniques use patterns of light to control the state 
(ON- or OFF) of fluorophores, thus making them distinguishable at the time point of detection.14 
The most commonly used form of coordinate-targeted fluorescence nanoscopy is STED 
microscopy. Here, stimulated emission is used to switch fluorophores into the OFF-state. The 
STED beam, which is overlaid with an excitation beam, features an intensity minimum, ideally of 
zero intensity. Fluorophores residing at this minimum remain in the ON-state and are detected 
(see Section 1.1.1).1,2 
In recent years, the concepts of SMLM and coordinate-targeted nanoscopy have been combined 
to create a novel nanoscopy techniques yielding resolution down to single nm. These techniques 
utilize a two-step concept. First, sparse fluorophores in the ON-state are localized in a diffraction-
limited fashion. Then, either a STED beam22,23 or an excitation beam24, both featuring an intensity 
minimum, is used to probe the position of the fluorophore.  
 

1.1.1 Stimulated emission depletion microscopy 

In fluorescence microscopy, a fluorophore is excited from the singlet ground state (S0) into the 
first excited state (S1) by an excitation laser beam. It will return to the S0 state after ~1-4 ns, thereby 
emitting a single photon of a slightly longer wavelength. This phenomenon is called ‘Stokes shift’ 
and occurs due to energy loss caused by vibrational transitions.25 In the excited state, the 
fluorophore can interact with an incoming photon resulting in stimulated emission. In this case, 
the fluorophore will emit a photon of the same wavelength as the incoming photon while returning 
to the S0 state (Figure 1b, top). The wavelength of the STED laser is chosen such that it lays at the 
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tail of the fluorophore emission spectrum, to avoid excitation by the STED beam (Figure 1b, 
bottom).2,14  
STED microscopy utilizes the concept of stimulated emission to distinguish fluorophores between 
ON-state (emission) and OFF-state (stimulated emission). An excitation beam is overlaid with a 
second (STED) beam that turns excited fluorophores into the OFF-state via stimulated emission. 
Fluorophores in the ON-state are confined to a small area in the immediate vicinity of the intensity 
minimum of the STED beam (Figure 1c).1,2 
 

 
Figure 1: Schematic of STED microscopy. a) Schematic of molecular states needed for super-resolution 
microscopy. b) (Top) Energy diagram of fluorophore excitation (green), emission (yellow) and stimulated 
emission (red). (Bottom) Excitation (green) and emission (yellow) spectra of a typical STED fluorophore, including 
detection window (grey) and wavelengths for excitation (green) and STED (red) laser beams. c) Lateral views 
and intensity distribution of excitation and xy-STED beam. Fluorophores (stars) are excited (orange stars) in a 
diffraction-limited spot upon confocal excitation. When superimposing the excitation beam with a STED beam, 
only fluorophores located at the STED intensity zero are excited. τfluo=fluorescence lifetime; λ=wavelength; 
Imax=maximum STED intensity; IS=saturation intensity. Adapted with permission from Jahr et al., 201914. 

 
The shape of the STED beam governs the effective point-spread function (PSF) of the emitted 
light (Figure 2).  
 

 
Figure 2: Excitation and emission PSFs in confocal and STED microscopy. Shapes of the excitation (blue), 
STED (yellow) and emission (green) PSFs in lateral (xy) and axial (xz) direction. The STED beam pattern influences 
the shape of the emission PSF. Reproduced with permission (Springer Nature, Methods Mol. Biol.) from Lenz & 
Tønnesen, 201926. 

 
The most commonly used STED beam (xy-STED or lateral STED) resembles the shape of a donut 
and is commonly achieved via 2п-helical phase modulation of the STED beam.26,27 This beam 
shape greatly enhances resolution in the lateral, but not in the axial direction. To improve 
resolution along the axial imaging axis, an alternative STED beam is created by a п–top-hat phase 
modulation (also called z-STED or axial STED). This modulation results in a beam with lobes 

https://www.springer.com/series/7651
file:///C:/Users/jmichals/Desktop/Temporary_work/PhD_Thesis/Jahr_2019_STED.PNG
file:///C:/Users/jmichals/Desktop/Temporary_work/PhD_Thesis/Lenz_Tonnesen_2019_STEDpatterns.PNG
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above and below the imaging plane, as well as a faint donut. As the resolution is mainly increased 
in the axial direction with a minor increase along the lateral axes, using axial STED enables near-
isotropic resolution.2 Lateral and axial STED beams can be combined to create a three dimensional 
(3D)-STED (or xyz-STED) beam28, which allows for tuning of resolution increase in lateral and 
axial direction by varying the ratio of laser power between the xy- and the z-STED beam. 
 
Overlaying the intensity minima of the two STED beams can be tricky, especially in scattering 
samples, such as tissues. A bigger xy-STED donut shape with a wider intensity minimum can be 
created by using a 4п-helical phase modulation, instead of the classical 2п. This facilitates 
overlaying the intensity minima of the xy- and z-STED beams and optimizes fluorescence 
quenching outside the central minimum. Fully isotropic resolution is achieved when using a 80:20 
ratio between 4п-helical phase modulated xy-STED and z-STED beams.29 
The resolution scales with the inverse square root of the power of the depletion laser.30 As such, 
in theory there is no limit to the resolution that can be obtained with STED microscopy. However, 
increasing resolution by increasing STED power becomes progressively harder, as practical 
limitations, such as photobleaching, come into play.1,14 
STED microscopy provides a direct, all optical strategy to read out fluorescence in a diffraction-
unlimited fashion without the need for complex data post-processing. It can be advantageously 
combined with confocal detection to provide optical sectioning, such that volumetric imaging can 
be performed without the need for sample sectioning. Compared to other nanoscopy techniques, 
it excels at providing isotropic resolution in complex sample types, such as brain tissue. The major 
drawbacks are the need for specialized equipment and the use of high (STED) laser powers, which 
can result in phototoxicity and photobleaching.31 
 
STED for tissue imaging 
The performance of all light microscopy methods is affected by system- and sample-induced 
aberrations. In STED microscopy, loss of performance results from scattering and aberration-
induced distortions of the depletion beam. These obscure the beam’s intensity minimum, which is 
the critical component for maintaining the super-resolution properties of a STED microscope.32,33 
To achieve high quality super-resolved imaging data in tissue samples beyond a few µm in depth, 
it is therefore necessary to account for these aberrations.  
Multiple studies have shown that the use of a sample refractive index (RI)-matched objective is 
beneficial for tissue imaging, as it minimizes spherical aberrations resulting from changes in the 
RI.34,35 To this end, water (RI=1.33) objectives or glycerol objectives (RI=1.45) are commonly 
used. The RI of human and rodent brain tissue is estimated to be 1.37-1.47, dependent on the 
brain area.36–38 This value is closely matched by silicone oil objectives using immersion oils with an 
RI of 1.41. In addition, an objective correction collar can greatly improve the penetration depth of 
the STED beam, as it can be used to compensate for RI-mismatches between the immersion 
medium of the lens and the sample.39 Further adaptive elements can be employed to correct for 
sample-induced aberrations. As biological samples are optically heterogeneous, sample-induced 
aberrations cannot be easily estimated and pre-corrected. Therefore, adjustments need to be made 
through a feedback loop. This can be achieved by using a device that modulates the laser beam on 
the fly, such as a spatial light modulator (SLM). The SLM is utilized to create a desired STED 
beam pattern and alter its shape (while imaging the sample) to compensate for sample-induced 
aberrations.35,40,41 
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1.1.2 Expansion microscopy 

ExM enhances resolution by embedding a sample into a swellable hydrogel, resulting in the 
sample’s physical magnification.3 The expansion factor, meaning the extent of expansion, directly 
translates into an effective resolution enhancement, thus providing super-resolution with a 
diffraction-limited imaging setup. 
The principle of ExM is to create a polyelectrolyte gel within a biological sample with the goal of 
covalently linking molecules to be retained, such as proteins of interest or labels (e.g. antibodies), 
within the gel network. To achieve this, target molecules of interest are populated with an anchor. 
Then, the sample is infused with a hydrogel monomer solution. Due to the small size of the 
monomers, they permeate into the intracellular space (ICS) of the sample. Polymerization of the 
hydrogel monomers by a cross-linker is initiated. During this process, the target molecules are 
incorporated into the hydrogel via the anchoring moiety. Next, the mechanical cohesiveness of the 
tissue is disrupted in a homogenization step to allow for its isotropic expansion. Previously 
anchored molecules remain immobilized in the gel network and thus faithfully retained. The gelled 
sample is then placed into deionized water, leading to the swelling of the gel due to the charge 
repulsion of the polymer chains.42 
During the expansion process, the sample is cleared and its RI is homogenized and matched to 
the RI of water, thus diminishing aberrations and scattering. This greatly facilitates deep tissue 
imaging, making ExM an excellent tool for the visualization and study of large tissue volumes with 
high resolution.43 Yet, one should be aware that sample expansion leads to a drastic increase in 
sample volume. For example, 10-fold expansion leads to a 1000-fold increase in sample volume, 
thus resulting in an increased acquisition time and data volume. 
Since its invention in 20153, a plethora of ExM protocols has been developed. They differ in their 
hydrogel compositions, strategies to anchor target molecules into the hydrogel, target molecule 
labeling approaches and mechanisms of homogenization. 
 
Hydrogel composition: Most ExM hydrogels are acrylamide (AA)-acrylate co-polymers created by 
free radical polymerization. The first hydrogels of this type, some of which are still widely used, 
provide ~4-fold expansion.3,44–46 Various modifications to the polymer chemistry and expansion 
procedure have been introduced to increase the expansion factor and thus the attainable 
resolution. Iterative ExM uses two consecutive rounds of hydrogel embedding and expansion, 
resulting in 20-fold expansion.47,48 In X10 microscopy49,50 and MAGNIFY51, the hydrogel 
composition has been altered to provide ~10-fold expansion in a single expansion step. ZOOM 
utilizes a hydrogel-conversion based expansion strategy, which introduces ionic residues into the 
gel network by alkaline hydrolysis, resulting in a tunable, up to 10-fold expansion.52 Gao et al.53 
proposed a hydrogel consisting of tetrahedral monomers, which assemble via non-radical linking, 
to achieve a more homogeneous network structure. 
 
Anchoring approaches: Many ExM variants comprise a dedicated anchoring step after the fixation 
procedure. An anchoring moiety, such as Acryloyl-X (AcX)44 or (meth)acrylic acid N-hydroxy 
succinimidyl ester (NAS)45, covalently binds to primary amines in the sample to incorporate 
acryloyl moieties, which then copolymerize with the hydrogel. Alternatively, acryloyl moieties can 
be added to primary amines directly during the fixation procedure by using a formaldehyde (FA)-
acrylamide mixture during fixation.46,54  Both approaches lead to the incorporation of the majority 
of proteins into the hydrogel. In addition, there are dedicated strategies, involving the use of click-
chemistry55 and multifunctional anchors56–58, to optimize the retention of specific biomolecular 
groups, such as lipids59,60 and nucleic acids61. 
 
Target molecule labeling: Molecules of interest can be labeled before or after the expansion 
procedure. Introducing the label, e.g. in form of an immunostaining, before the gelation procedure, 
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is a straightforward way to achieve a fluorescent readout44,45,49. However, this approach suffers 
from various drawbacks, such as loss of fluorescent signal during the gelation and homogenization 
procedure, introduction of a linkage error - the displacement of the imaging probe to the actual 
target - and potentially limited labeling efficiency in the crowded pre-expansion environment. The 
loss of fluorescent signal can be mitigated by using labeling approaches, which allow for the 
addition of a fluorescent readout-probe after the expansion procedure, such as click chemistry55 
or strong non-covalent interactions (e.g. biotin-avidin interactions)62 and/or by using signal 
amplification strategies. In the super-resolution field, efforts are underway to address the linkage 
error and issue of crowding by using small molecule probes, such as nanobodies.63 ExM offers the 
possibility to mitigate this problem by post-expansion labeling.46 Various publications have shown 
that decrowding of the environment by expansion before target labeling results in an increase in 
epitope accessibility, thus improving labeling density.48,54,64 
 
Sample homogenization: There are two commonly used mechanisms to homogenize the biological 
sample after gelation: enzymatic digestion and heat/chemical denaturation. To achieve enzymatic 
digestion, a nonspecific proteinase, such as proteinase K, is utilized to disrupt the tissue.3 In this 
case, it is common to label proteins of interest before the homogenization procedure, as the 
digestion disrupts epitopes (Figure 3a). Alternatively, the sample can be homogenized by the use 
of high temperatures paired with denaturation agents, such as surfactants, thereby dissociating and 
denaturing protein complexes and clearing the samples from lipids.46 As the primary structure of 
proteins remains intact, immunostainings can be performed after the homogenization procedure 
(Figure 3b). Yet, because of the denaturation of the epitopes, only antibodies, whose binding is 
not dependent on intact protein folding, will perform well. 
 
Based on the recent developments of the ExM technology, further advancements can be expected 
in the near future. 
 
The two ExM protocols used in this study are protein-retention expansion microscopy (proExM)44 
and magnified analysis of the proteome (MAP)46. Both protocols are based on AA-acrylate 
copolymers resulting in ~4-fold expansion, but utilize different anchoring and homogenization 
mechanisms. For proExM, a commonly fixed sample is first labeled with fluorescent molecules, 
such as antibodies. The sample proteins and antibodies are anchored into the hydrogel with AcX.44 
The sample is then digested with proteinase K and expanded (Figure 3a). MAP requires a fixation 
or post-fixation step with a FA-AA mixture for anchoring. The hydrogel is cast directly after this 
procedure and sample cohesiveness is disrupted by heat/chemical denaturation. Staining of 
proteins is performed after expansion (Figure 3b).46 
 

 
Figure 3: Schematic of ExM procedures. Sample preparation pipeline for a) proExM and b) MAP. 
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1.2 Visualizing brain tissue organization across scales 

Visualizing the architecture that underlies the complex organization of the brain has been a major 
goal in the field of neuroscience for decades, spearheaded by Ramon y Cajal’s insights into the 
microscopic structure of neural circuitry.65 Disentangling the precise relationships between the 
brain’s copious cellular components is fundamental to understanding how it develops, functions 
in a healthy state and malfunctions in disease. The challenge lies in the visualization of the brain 
across its many spatial scales, ranging from mm-cm sized circuits to tens of nm-sized synaptic 
connections. EM is one of the most common tools for the analysis of nervous tissue organization 
down to synapse level to date, as it provides exquisite spatial resolution and structural contrast. 
EM has been widely used to reconstruct nervous tissue from human66–68, mouse66,69–72, zebrafish73–

75, nematode76–78 and fruit fly79 specimens to analyze their connectivity. Nowadays, serial block-
face (SBEM)80, focused ion beam81 or gas cluster ion beam82 scanning EM are then utilized for 
acquiring volumetric datasets, as they combine sectioning and data acquisition with minimal need 
for data alignment. Yet, these methods are technically challenging, laborious and difficult to 
combine with molecular stainings. While the resolution and thus detail obtainable with EM is 
unrivaled, it also results in large amounts of data that are tedious to handle computationally. For 
example, a 1 mm3 tissue volume amounts to ~1.4  petabytes of data.68 This amount of data requires 
a lot of storage space, as well as powerful machinery for visualization, data processing and analysis. 
Hence, upscaling EM workflows to access bigger spatial scales remains challenging. One way to 
address this challenge is the use of correlative multimodal imaging approaches. These involve 
multiple imaging modalities, each of which is optimized for the visualization of a different spatial 
(or temporal) scale.83–85 In many cases, correlative approaches combine structural and functional 
data with the aim of gaining a mechanistic understanding of neural circuitry from its architecture 
and activity.86–90 In addition, correlative light electron microscopy can be used to underpin 
structural EM data with molecular information obtained from light microscopy.91,92 In principle, 
correlative approaches simplify computational efforts, as they generate lower amounts of data 
compared to pure EM-studies. Yet, registration of imaging data from different imaging modalities 
poses a serious computational challenge. Additionally, correlative approaches are limited to sample 
preparation protocols that ensure compatibility with all imaging modalities. 
In summary, currently no single imaging method exists that is capable of spanning all spatial scales 
needed to map the brain from whole tissue to single synapse.  
 

1.2.1 Creating tissue contrast for visualizing brain tissue architecture 

Visualizing the structure of the brain is fundamental to understanding how composition and 
activity act in concert to direct all its functions. In fluorescence microscopy, this is typically 
achieved by labeling certain molecules, for example a particular protein species, with high 
specificity, to study it. This provides information about the abundance and location of this protein 
species in the sample. Yet, as long as other components of the sample remain unlabeled, it is not 
possible to place the labeled structure in its structural context. To elucidate structural context, it is 
necessary to introduce contrast, which makes it possible to demarcate the biological components 
that make up the tissue. Most imaging methods necessitate a dedicated labeling procedure to 
introduce such a contrast. 
In EM, heavy metal stains, often based on osmium, uranium and lead, are used to visualize proteins 
and lipids by increasing their electron-density.93–96 This membrane/protein contrast (Figure 4a) 
permits the identification of cellular and subcellular structures, including the cytoskeleton and 
organelles, as well as the distinction of the intra- and extracellular environment via cell membranes. 
Many cellular structures, including synapses, can be clearly identified based on their location, 
architecture, as well as their lipid and protein content, even in the absence of specific molecular 
stainings. Recently, membrane/protein contrasting has been paired with other imaging strategies, 
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such as X-ray holographic nano-tomography, to achieve dense reconstruction of brain tissue.97 To 
create similar structural contrast for light microscopy-approaches, comprehensive staining of 
various molecule groups, including lipids, proteins and carbohydrates, has been utilized.55,59,98,99 
Alternative imaging technologies, such as nonlinear stimulated Raman scattering, achieve high 
protein contrast without the need for a dedicated staining step (label-free imaging), and have been 
paired with ExM to visualize the structure of cultured cells and brain slices.100,101 
The standard tool for visualizing and tracing cellular structures with light microscopy is to create 
intracellular contrast (Figure 4b) by introducing fluorescent molecules into the cell interior of a 
sparse subset of cells. This is commonly achieved by genetically encoded or virally induced 
expression of FPs, such as green fluorescent protein (GFP), in the ICS, or by manual filling of 
individual cells.102–105 FPs can also be guided to cellular compartments, e.g. the plasma membrane 
or organelles, if needed. Combinatorial approaches, such as Brainbow106, Confetti107,108, Tetbow109 
and Bitbow110, utilize the stochastic combined expression of multiple FPs to barcode individual 
cells in different colors. The main advantage of intracellular labeling is the high specificity achieved 
by targeting specific cell populations based on their genetic or spatial characteristics. Yet, this 
specificity proves to be a disadvantage for creating tissue contrast in a comprehensive fashion, as 
in most cases only a subset of cells is labeled. In addition, despite the introduction of various 
colors, it is challenging to distinguish complex cellular structures when the labeling becomes too 
dense. 
A less targeted approach to visualize tissue context involves the labeling of the extracellular 
compartment, thereby creating extracellular contrast (Figure 4c). By keeping the ICS unlabeled, 
a ‘negative image’ of cellular structures independent of their identity is created. This strategy was 
introduced in early EM-connectomics studies of the mouse retina.89 Here, acute, living retina 
samples were bathed in a horseradish peroxidase-containing solution and chemically fixed directly 
thereafter, thus immobilizing the peroxidase in the ECS and on cell surfaces. Horseradish 
peroxidase retains its enzymatic activity upon FA-fixation. It was used to deposit electron-dense 
material in its close proximity by oxidizing diaminobenzidine. This resulted in a ‘negative image’ 
of the extracellular environment that could be read out with EM. In the field of light microscopy, 
extracellular contrast is created by bathing living samples in a solution of membrane-impermeant 
fluorophores, which freely diffuse through the ECS, and imaging in the living state.111 Large-
molecular weight molecules comprised of dextran have also been used to study the flow of soluble 
factors in lymph nodes and the brain.112,113 A different approach is to track the diffusion of single 
carbon nanotubes in intact ECS to analyze the dimension and local viscosity of the extracellular 
compartment.114 
 

 
Figure 4: Strategies to elucidate brain tissue architecture. a) Membrane/protein contrast: (sub) cellular 
structures become visible by labeling of specific molecule groups, such as lipids and/or proteins. b) Intracellular 
contrast: cellular structures are outlined by the presence of fluorescent molecules in the ICS. c) Extracellular 
contrast: cellular structures are demarcated by labeling the extracellular compartment, thus creating a 
‘negative image’ of the intracellular compartment. Created with BioRender (biorender.com). 
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1.2.2 Studying brain organization with super-resolution light 

microscopy 

The advent of nanoscopy marked the start of a revolution for the study of brain organization with 
light microscopy. Once the resolution limit was lifted, super-resolution microscopy was used to 
study the molecular organization of complex brain structures that lay beneath the diffraction limit 
of light, including synapses39,115–121, the neuronal cytoskeleton122–124, neuronal structure-function 
relationships125–129 and synaptic connectivity43,130. However, in all these cases information about 
tissue context was missing, as the analysis was limited to specific molecular targets or a subset of 
labeled cells. To overcome this limitation, super-resolution-compatible labeling paradigms for 
creating tissue contrast were developed and applied to get insights into brain tissue architecture 
and connectivity.  
Various ExM approaches have achieved comprehensive labeling of brain tissue by targeting 
molecule groups, such as lipids, proteins or carbohydrates. Localizing membrane structures with 
ExM is difficult, as permeabilization and homogenization steps lead to the extraction of lipids. 
This problem was addressed by developing multifunctional anchors that consist of moieties for 
lipid recognition, hydrogel incorporation and fluorescent readout.58,59 M’Saad et al.98 and Mao et 
al.99 have shown that fluorescent dyes, which are coupled with reactive groups covalently binding 
to primary amines or thiols, label proteins in cultured cells and tissues in a comprehensive fashion. 
Similarly, carbohydrates, which are enriched in the ECS, were visualized.99 While diffraction-
limited light microscopy is sufficient to visualize tissue organization at regional scale, these studies 
have shown that resolution beyond the diffraction limit is necessary to elucidate cellular 
ultrastructure.98 Combined with high expansion factors (~24-fold) for improved resolution, 
protein-contrasting in combination with synaptic markers has created insights into brain tissue 
ultrastructure, including the architecture of the synaptic scaffold.131 Whilst revealing intracellular 
complexity by total protein staining is beneficial for studying cellular ultrastructure, the labeling of 
all cellular structures complicates the identification of cellular outlines in complex tissue 
environments. Hence, even though these approaches optically yield staining patterns similar to the 
membrane/protein contrasting commonly used in EM, they have not yet been successfully applied 
to analyze tissue connectivity. 
ExM has also been used to simultaneously interrogate cellular morphology, identity and 
connectivity at super-resolution by multiplexed readout of intracellular Brainbow labeling and 
molecular markers for excitatory and inhibitory neurons.132 This approach proved to be useful for 
the study of synaptic profiles of Brainbow-expressing neuronal cell populations, but could not 
provide unbiased insights into the structure and connectivity of non-labeled cells. Hypothetically, 
an unbiased representation of tissue structure can be achieved by intracellularly labeling all cells in 
a given tissue. Yet, this approach would necessitate extremely high resolution to distinguish cellular 
structures labeled with the same FP from one another, as borders between structures, which are 
smaller than the effective resolution, would be obscured. This is especially problematic when 
studying nervous tissue, because it features an intricate extracellular environment including 
synaptic clefts, which are a mere 20 nm wide.9 Combinatorial labeling aims at alleviating this caveat 
by providing every cell with an individual color code, but its potential to comprehensively 
disentangle intricate neuronal networks has yet to be demonstrated. 
An elegant approach to circumvent the obstruction of cellular borders is by labeling the structures 
in question. This can be achieved by targeting the ECS, which comprises the space between all 
cellular structures and thus creates a natural border that demarcates cellular structures. This has 
two major advantages. Firstly, the resulting data remains free of intracellular complexity, thus 
facilitating manual and automated segmentation tasks. Secondly, labeling the extracellular borders 
between cellular structures enables the distinction of cellular compartments even at low resolution. 
The main disadvantage is that cellular structures considerably smaller than the effective resolution 
are lost. Tønnesen et al.133 demonstrated the power of extracellular labeling for the study of brain 
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organization by developing and applying a method called super-resolution shadow imaging 
(SUSHI). Here, freely diffusing, membrane-impermeant fluorophores are applied extracellularly 
and super-resolved with STED microscopy in living brain tissue. SUSHI enabled the unbiased 
visualization of unlabeled brain cells in their anatomical context. This opens the door to study 
tissue structure and dynamics at high resolution with light microscopy, as shown by imaging 
microglia cell migration, structural changes in neurons and glia resulting from osmolality changes 
and reconstruction of major cellular structures.133,134  Building on the method, we have recently 
demonstrated that dense, synapse-level reconstruction of living brain tissue is possible with light 
microscopy.29 We achieved this by applying extracellular contrast to intact brain samples and 
reading it out with a specifically engineered 3D-STED imaging approach. We used a deep learning 
algorithm for image restoration135 to decrease the light burden on the sample. We then 
reconstructed cellular structures with a machine learning pipeline for automated segmentation136. 
To increase imaging volume, as well as imaging depth, diffraction-limited shadow imaging has 
recently been combined with light sheet microscopy and two-photon microscopy in brain slices 
and intact brain.137 However, all shadow imaging approaches, including SUSHI and LIONESS, are 
only amenable to living, intact specimens. This creates limitations in terms of sample type, 
addressable tissue volumes and molecular labeling options. Live imaging does not lend itself to the 
acquisition of large tissue volumes, as this requires extensive imaging time. In addition, the axial 
extent of imaging volumes is limited by sample-induced optical aberrations. Therefore, these 
approaches are not suitable for the study of brain organization across spatial scales. 
Thus, there is an unmet need for an optical technology enabling the unbiased visualization and 
quantification of brain tissue organization across spatial scales, ranging from regional to single-
synapse level. 
For my PhD project, my goal was to address this need by developing a technology that enables 
the visualization of brain tissue architecture across several spatial scales, in conjunction with 
accessing molecular and functional information. 
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1.3 Hippocampal circuitry 

The hippocampal formation is one of the most thoroughly studied brain regions of the mammalian 
central nervous system. It is part of the limbic system and plays a fundamental role in learning and 
memory formation. It is involved in the processing, storage and recall of spatial information, as 
well as the formation of episodic memory.138,139 
The hippocampal formation consists of the DG, the hippocampus (proper), the subiculum, 
presubiculum, parasubiculum and the entorhinal cortex (Figure 5). The DG is populated by 
granule cells (GCs) whose cell 
bodies form the DG granule cell 
layer. Their dendrites are located 
in the molecular layer, while 
their axons run through the 
polymorphic layer, also called 
hilus, where they contact mossy 
cells and inhibitory neurons. 
The hippocampus is separated 
into three cornu ammonis (CA) 
subfields – CA1, CA2 and CA3 
– based on the morphology and 
connectivity of its principal 
cells, the pyramidal neurons 
(PNs).140 The CA is divided into 
four layers. The stratum 
pyramidale (pyramidal layer) is the main cell layer, housing PN cell bodies. The basal dendrites of 
PNs are located in the the stratum oriens, while the apical dendrites extend through the stratum 
radiatum into the stratum lacunosum-moleculare. The hippocampal formation receives sensory 
information via glutamatergic inputs from the entorhinal cortex. These inputs either synapse 
directly onto CA1 PNs, or relay their information through the trisynaptic path, involving the DG 
and CA3. In this case, DG GCs receive excitatory input from the entorhinal cortex through the 
perforant path (Figure 5). The GCs send their axons in the form of bundles, so called mossy fibers, 
through the DG hilus into the CA3 stratum lucidum. Here, they form complex excitatory synaptic 
connections with CA3 PNs. These CA3 PNs provide strong excitation by projecting to the 
proximal dendrites of CA1 PNs through the Schaffer collateral pathway.141–143 
 

 
Figure 6: Studying the mossy fiber synapse in the CA3 stratum lucidum. a) Schematic representation of the 
cellular structures involved in DG GC-CA3 PN connectivity (also called mossy fiber circuitry). b) Single SBEM 
section from the CA3 stratum lucidum (Area Sampled in a) of an adult wildtype (wt) mouse showing the various 
components of a DG GC-CA3 PN synapse (blue = mossy fiber bouton (MFB), cyan = filopodia, orange = TE, yellow 
= DG axon). Adapted from Martin et al., 2017144. 

 
In this pathway, the synaptic connections formed between the DG GC and the CA3 PN have 
received particular attention, as they constitute one of the most complex synapses in the brain, 
providing a unique system for the study of higher order computation. In the CA3 stratum lucidum, 

Figure 5: Schematic diagram of the trisynaptic path. Mouse 
hippocampal formation, including cellular components involved in the 

trisynaptic path. Adapted with permission from Schultz et al., 2000143. 

file:///C:/Users/jmichals/Desktop/Temporary_work/PhD_Thesis/PhD_Thesis_figures/Martin_2017_MFcircuitry.png
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incoming DG mossy fibers form big presynaptic structures called giant mossy fiber boutons 
(MFBs), which innervate complex branched postsynaptic structures on the proximal dendrites of 
CA3 PNs termed thorny excrescences (TEs) (Figure 6).145–147 
 
Thorough morphological characterizations of DG GC-CA3 PN synapses have been mainly 
performed with transmission EM (TEM) and SBEM (Table 1). These have shown that both giant 
MFBs and TEs are highly variable in shape and size. Giant MFBs are vesicle-rich and connect to 
TEs extensively through multiple active zones (AZs) (Figure 6b). In the mature state, they form 
2-4 filopodial extensions, which provide feed-forward inhibition by synapsing onto γ-aminobutyric 
acid (GABA)-producing, interneurons.144,148–150 Each DG GC forms 10-15 giant, evenly spaced 
MFBs, as well as 40-50 smaller MFBs, called en passant boutons, in the CA3 stratum lucidum.151 In 
addition, GCs form connections with interneurons and mossy cells in the DG hilus. Here, each 
GC gives rise to ~10 giant MFBs and 120-150 en passant boutons.152 
 
Table 1: Morphological characteristics of pre- and postsynaptic components of the DG GC-CA3 PN synapse. 

  Chicurel & Harris 
(1992)148 

Rollenhagen et al.  
(2007, 2010)149,153 

Wilke et al. 
(2013)150 

 Organism Rat Rat Mouse 
Age (days) 70 90-120 120 

Sample type Perfused brain Perfused brain Perfused brain 
Acquisition TEM TEM SBEM 

M
F

B
s 

nMFB/cell (-) - 15 10-15 
AMFB (µm2) - 58.50 66.53 
VMFB (µm3) - 8.24 13.51 

nAZ/MFB (-) - 18 - 
AAZ (µm2) - 0.11 - 

AAZ/MFB (µm2) - 2.10 - 
AAZ/MFB (%) - 9.70 - 

T
E

s 

nfilopodium/MFB (-) - 2-4 2.33 
lfilopodium (µm) - 1.00-5.00 - 
nTE/cell (-) - - 46 
ATE (µm2) 22.65 16.03 13.85 
VTE (µm3) 1.83 - 1.64 

n=number, A=area, V=volume, l=length 

 
The DG GC-CA3 PN synapse displays unique structural and functional characteristics, making it 
an exciting target for further studies.  
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2 Method development: Comprehensive 

analysis of nervous tissue across scales 
The main goal of my project was to develop a toolbox for the investigation of brain tissue 
organization across spatial scales to uncover tissue architecture and connectivity with light 
microscopy 
 
The following considerations guided the development of this methodology: 

1. Contrasting: A labeling procedure that introduces contrast into the nervous tissue is 
needed to enable the visualization of morphological context with light microscopy. I 
decided to develop labeling strategies creating an extracellular contrast, as this delineates 
all cellular structures, making it useful for image acquisition at various scales and 
resolutions (e.g. regional, cellular, synaptic scale). 

2. Compatibility with fixation: Working with (chemically) fixed tissue implies high flexibility 
in terms of sample handling, labeling of molecular markers and data acquisition. Fixed 
specimens allow easier access to multiple spatial scales compared to living ones, as they 
can be cleared, imaged over long time periods and moved between imaging systems, thus 
enabling more elaborate data acquisition workflows. 

3. Access to molecular information: Compatibility with molecular labeling is needed to probe 
the sample beyond its structural organization, for example to characterize cellular identities 
or synaptic locations. 

4. Scalability: The method needs to be compatible with the multitude of fluorescent 
microscopy techniques (e.g. spinning disk, confocal and STED microscopy) to enable 
imaging at various spatial scales. Additionally, access to deep tissue layers without the need 
of fine sectioning, e.g. by tissue clearing, is desirable. 

5. Adoptability: The method should be accessible and easily adoptable for the scientific 
community. Hence, I decided to base the toolbox entirely on commercially available 
chemicals and optical imaging systems, straightforward sample handling workflows and 
open-source software and scripts for data analysis. 

 
Taking all these considerations into account, I developed a platform called Comprehensive 
Analysis of nervous Tissue across Scales (CATS). The CATS toolbox consists of a modular 
workflow to ensure high flexibility and versatility for the scientific community (Figure 7). 
 
I developed two labeling paradigms to account for the majority of commonly used brain sample 
types, including native brain, acute and cultured brain slices, cerebral organoids, primary neuron 
cultures, perfusion-fixed brains, as well as chemically fixed clinical samples. The compartment 
CATS (coCATS) labeling paradigm makes use of reactive, membrane-impermeant labeling 
compounds, which are infused into the ECS of living specimens. There, they covalently bind to 
proteins and other molecules, making them available for readout after fixation (see Section 2.1.1). 
Resident CATS (rCATS) is applied after fixation and demarcates the ECS by binding to molecules 
enriched in the extracellular matrix (ECM) (see Section 2.1.2). CATS labeling is compatible with 
staining for molecular markers, such as immunostaining approaches. I focused mainly on super-
resolution data acquisition schemes, such as STED and ExM, to get access to the synaptic scale. 
Still, I ensured that tissue context with CATS can be studied with diverse fluorescence microscopy 
techniques. Lastly, with the help of colleagues, I developed novel and implemented existing data 
analysis pipelines for the skeletonization and segmentation of neuronal structures, the automated 
identification of synapse location and the study of local connectivity. This involved deep learning 
algorithms for denoising of volumetric data and for the prediction of synaptic locations. 
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2.1 Tissue labeling 

As a first step towards creating a toolbox for the study of brain tissue organization with light 
microscopy, I needed to develop a labeling paradigm that enables an unbiased distinction of 
cellular structures in nervous tissue samples. 
 
Labeling the ECS imposes a clear boundary between all cellular structures within the tissue, thus 
creating an extra- to intracellular contrast. This boundary allows us to distinguish cellular structures 
that are larger than the resolution utilized for acquiring imaging data. This holds true both for 
diffraction-limited and super resolution imaging technologies, making CATS a useful tool for 
visualizing structural context of brain tissue at various spatial scales. 
 
There was no technology available that would reliably label the ECS with fluorescent molecules in 
fixed nervous tissue specimens. Hence, I set out to create one, based on the following 
requirements: 
 

1. Contrast: the labeling paradigm has to provide high and homogeneous extracellular 
contrast 

2. Compound binding: the labeling paradigm has to mediate a stable attachment of 
fluorophores to the sample, via 

a. Covalent attachment or 
b. Attachment with high affinity 

3. Fixation: the labeling paradigm has to be compatible with fixation, meaning that it is 
applied either 

a. in the living specimen and not impacted by the fixation procedure or 
b. after the fixation procedure 

4. Tissue penetration: the label has to penetrate the tissue sufficiently 
5. Imaging compatibility: the labeling paradigm has to be compatible with downstream 

(super-resolution) imaging, specifically 
a. STED microscopy and/or 
b. ExM 

 
Based on these premises I developed two labeling paradigms for revealing tissue structure by 
selective labeling of the extracellular domain: fixable coCATS and fixed-tissue compatible rCATS. 
 
For visualization purposes, the lookup table (LUT) of all CATS images was inverted, if not 
otherwise stated. 
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Figure 7: Toolbox for the Comprehensive Analysis of nervous Tissue across Scales (CATS). Schematic was 
created with BioRender (biorender.com). 
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2.1.1 Compartment CATS 

To demarcate cellular structures within the tissue with high fidelity, it is pivotal to label the ECS 
with high specificity, homogeneity and signal-to-noise ratio (SNR). Thus, I aimed at creating a 
labeling paradigm that binds to as many structures within the ECS as possible, with limited 
specificity for individual molecular identities, while ensuring that it binds exclusively within the 
ECS. 
Inspired by previous approaches for live tissue ‘shadow imaging’111,133, I infused labeling 
compounds into the ECS of living brain specimens. These compounds feature a reactive group 
that covalently binds to various structures in the ECS. Extracellular contrast is maintained by the 
intact cellular membranes of the sample, which constrain the labeling to the ECS and cell surfaces. 
We termed this labeling paradigm compartment CATS (coCATS), as it constrains labeling to the 
extracellular compartment.  
 
The coCATS labeling paradigm fulfills the requirements stipulated in Section 2.1 as follows: 

1. Contrast: Extracellular contrast is achieved by infusing the labeling compound into the 
ECS of a living specimen with intact membrane boundaries. Compound infusion is 
performed either by bathing the sample in a solution containing the compound or by 
injecting the compound directly into the tissue. For direct labeling, fluorescent dyes 
conjugated to reactive groups are used. To guarantee that they do not pass cellular 
membranes, hydrophilic, anionic fluorophores were selected. The hydrophilicity of non-
fluorescent labeling compounds was increased with a polyethyleneglycol (PEG)-linker. A 
summary of all tested compounds and their chemical properties can be found in the 
Appendix Table 1. 

2. Compound binding: Stable attachment to structures within the ECS is achieved by 
covalent binding of the labeling compound via a N-hydroxysuccinimide (NHS)- or 
tetrafluorophenyl (TFP)-moiety. These moieties react with primary amines, mainly present 
in proteins, resulting in the formation of a stable amide bond between the protein and the 
labeling compound (see Appendix Section 6.1). 

3. Fixation: Covalent attachment of the labeling compound to structures in the ECS leads to 
its stable binding before and after fixation. To maintain high labeling intensity after 
fixation, fixation-compatible fluorophores should be used (direct labeling). Alternatively, 
non-fluorescent moieties, which are targeted with fluorescent readout probes after fixation, 
can be used (indirect labeling). For example, labeling compounds containing a biotin 
moiety are read out with fluorophore-conjugated streptavidin post-fixation. 

4. Tissue penetration: All labeling compounds are small (≤1 kDa) and hydrophilic, such that 
they quickly move through the ECS and penetrate a 100-200 µm thick brain slice within 
minutes.133,154 For information on the chemical properties of the probes, see Appendix 
Table 2. 

5. Imaging compatibility 
a. STED: High-performance, far-red, STED-optimized fluorophores, such as STAR 

RED-NHS and Atto 643-NHS, are used for direct coCATS labeling. A direct 
readout strategy bypasses downstream processes, such as permeabilization, that 
can negatively affect labeling homogeneity and structural preservation. 

b. ExM: NHS-PEG12-biotin or TFP-PEG12-biotin, both labeling compounds with 
an indirect readout strategy, are used for ExM experiments. The PEG-linker 
imparts hydrophilicity. Using a biotin allows for fluorophore addition post-
expansion. This circumvents damage to fluorophores by hydrogel radical chemistry 
or harsh homogenization steps and provides signal amplification. 
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The coCATS labeling approach is suitable for all biological sample types that are living and contain 
intact cellular membranes, including cell cultures, slice cultures, organoid cultures and brain areas 
labeled in vivo. 
 

 
Figure 8: Screening for coCATS labeling compounds. 15-30 days in vitro (DIV) organotypic hippocampal slice 
cultures were bathed in coCATS labeling compound in carbogen-equilibrated artificial cerebrospinal fluid (ACSF) 
for 20-45 min at 37 °C with gentle agitation. The samples were washed and fixed with 4% FA in 0.1 M phosphate 
buffer (PB) and 0.1 M NaOH for 2 h at room temperature (RT). Biotin- or click chemistry compound-labeled 
samples were permeabilized with 0.5% Triton X-100 (TX) in 1X phosphate buffered saline (PBS) and incubated 
with a readout probe. Labeling compounds included a) NHS-coupled dyes, b) sulfonated NHS-probes, c) 
PEGylated NHS-probes, d) maleimide-probes and e) fluorophenyl-probes. All samples were imaged in confocal 
mode with a high-magnification objective (100x silicone, NA 1.35). Taken from Michalska et al.,2022155. 

file:///C:/Users/jmichals/Desktop/Temporary_work/PhD_Thesis/20220808_01_suppl01_coCATS_screening-01.png
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I screened a range of labeling compounds in organotypic hippocampal slice cultures to optimize 
the coCATS labeling conditions (Figure 8).  
I mainly focused on NHS esters for covalent binding to ECS-components, as these react with high 
efficiency at physiological pH (7.4). They bind to primary amines, for example present in the amino 
acid lysine, which is highly abundant in proteins.156,157 
For direct fluorophore labeling, I used hydrophilic, anionic fluorophores coupled to an NHS ester 
(NHS-coupled dyes, Figure 8a). Alexa Fluor 488-NHS, Alexa Fluor 546-NHS, Alexa Fluor 594-
NHS, Atto 643-NHS and STAR RED-NHS all resulted in strong, homogeneous labeling of the 
extracellular compartment when infused into the ECS of living organotypic hippocampal slice 
cultures and fixed after ~20 min of dye incubation. For STED-imaging, only far-red fluorophores 
(STAR RED and Atto 643) were used. To allow for fluorescent readout after downstream 
processing steps, such as fixation, permeabilization and expansion, I tested biotin and click 
chemistry strategies (dibenzocyclooctin (DBCO) and bicyclononyne (BCN)). Click chemistry 
encompassed a group of reactions with high selectivity, yield and fast reaction rates.158 DBCO and 
BCN are cycloalkanes that react with azides via strain-promoted azide-alkyne cycloaddition (see 
Appendix Section 6.1). Compared to the click chemistry compounds tested, I found that biotin-
containing labeling compounds resulted in more homogeneous extracellular labeling (Figure 8b). 
This is because biotin is a highly hydrophilic vitamin, while DBCO and BCN are lipophilic 
compounds, which created aggregates during the live labeling procedure.  
The addition of either a sulfo-group (Figure 8b) or a PEG-linker with a chain length of 11-12 PEG 
molecules (Figure 8c) were suitable strategies for mediating high extracellular contrast. Shorter 
PEG-chains decreased the hydrophilicity of the probe resulting in aggregate formation, as visible 
when comparing the staining pattern of NHS-PEG4-DBCO with NHS-PEG12-DBCO (Figure 8c). 
Further, I tested additional covalent binding strategies for homogeneous labeling of molecules in 
the ECS. Maleimide probes covalently react with sulfhydryl groups (see Appendix Section 6.1). 
While the maleimide-probes tested yielded a pronounced extracellular labeling pattern, the staining 
pattern was less homogeneous compared to the one achieved with NHS esters (Figure 8d). This 
is likely due to a lower availability of sulfhydryl-groups in the ECS as compared to primary amines. 
In contrast, TFP and pentafluorophenyl (PFP) moieties, amine-reactive compounds that are more 
resistant to hydrolysis than NHS esters, produced a high quality labeling pattern comparable to the 
one achieved with NHS esters (Figure 8e). For the PFP-probe, I used a longer PEG-linker (36 
PEG-molecules) due to the limited availability of PFP probes. A PEG-linker with a chain length 
of 12 PEG-molecules was sufficient to create high extracellular contrast when paired with a biotin-
moiety. A longer PEG chain likely merely increases probe size, potentially hampering tissue 
penetration. 
 

2.1.1.1 CoCATS visualization of acute and cultured nervous tissue 

First, I developed a robust labeling protocol for living ex vivo brain samples. These samples include 
neuron cultures, acute slices and organotypic slice cultures, cultured brain organoids and acute 
retina (Figure 9). Below is a detailed description of the labeling procedure for direct fluorophore-
labeling, using cultured organotypic hippocampal slices as an example. 
 

1. Extract the sample and place it in a well-plate of sufficient size filled with an appropriate 
buffer. 
Example: A cultured organotypic hippocampal slice cultured on a membrane insert is cut out of the cell 
culture insert and immersed in 500 µl of carbogen-equilibrated, pre-warmed ACSF with HEPES 
(20 mM D-glucose, 4.8 mM KCl, 125 mM NaCl, 26 mM NaHCO3, 1.25 mM NaHPO4* H2O, 
2 mM CaCl2, 1.3 mM MgCl2, 7.5 mM HEPES in double-distilled water (ddH2O), pH 7.4) in a 24-
well plate. 



22 

 

2. Prepare the coCATS labeling solution freshly in the same buffer from a highly 
concentrated labeling compound stock (typically 20-100 mM) in dimethyl sulfoxide 
(DMSO). 
Note: The amine reactive group spontaneously hydrolyses in aqueous solution, such that 
it has to be stored in an anhydrous solvent and only diluted just before incubation. 
Note: Use an incubation buffer that does not contain proteins or other primary amine-
containing substances, as these will scavenge the coCATS labeling compound. 
Note: The dilution factor for the labeling compound should be as high as possible (at least 
1:200) to minimize DMSO toxicity. 
Note: As soon as fluorescent molecules are added to the sample, all incubation steps 
should be performed in the dark.  
Example: For direct fluorophore labeling, a 20 mM STAR RED-NHS stock solution in DMSO is 
diluted 1:400 in pre-warmed carbogen-equilibrated ACSF with HEPES, resulting in a 50 µM STAR 
RED-NHS labeling solution. 

3. Immerse the sample in coCATS labeling solution and incubate it under physiological 
temperature with gentle agitation. 
Example: The slice is immersed in 500 µl coCATS labeling solution and incubated at 37 °C for 
20-25 min with gentle agitation. 

4. Wash the sample with an appropriate buffer. 
Example: The slice is washed twice for 1 min each with 0.5-1.0 ml pre-warmed, carbogen-equilibrated 
ACSF with HEPES. 

5. Immersion-fix the sample with freshly prepared fixative solution (4% weight per volume 
(w/v) FA in 0.1 M PB, 0.1 M NaOH, pH 7.4) for at least 1 h at RT with gentle agitation. 
Note: Prepare fixative solution from solid FA, store it at 4 °C and do not use it after more 
than 7 days of storage. 
Note: Make sure that the fixative solution is warmed up to RT before the fixation to ensure 
high structural preservation. 
Example: The solution in the well is exchanged for 500 µl fixative solution and the slice is incubated for 
at least 1 h at RT with gentle agitation. 

6. Post-fix the sample in the same fixative solution for at least 12 h at 4 °C with gentle 
agitation. 
Example: After initial fixation, the sample is moved to 4 °C and post-fixed over night (ON) with gentle 
agitation. 

7. Thoroughly wash the sample 3 times for 30 min each with 1X PBS at RT with gentle 
agitation. 

8. Optional: Labeling of molecular targets. 
8.1 Mildly permeabilize your sample with a detergent for 12-16 h at 4 °C with gentle 

agitation. 
Example: The slice is incubated with 500 µl 0.2% volume per volume (v/v) TX in 1X PBS 
ON at 4 °C with gentle agitation. 

8.2 Thoroughly wash the sample 3 times for 30 min each with 1X PBS at RT with 
gentle agitation. 

8.3 Proceed to label your molecular target(s) of choice, using buffers that do not 
contain detergents, as these might negatively affect structural preservation. 
Example: The slice is blocked with blocking solution (5% (w/v) bovine serum albumin (BSA) 
+ 1% (w/v) normal goat serum (NGS) in 1X PBS) for 4 h at RT with gentle agitation. 
Primary and secondary antibody incubations are performed in blocking solution ON at 4 °C 
with gentle agitation, followed by 3 washing steps in 1X PBS for 30 min each at RT with gentle 
agitation. 

9. Image the sample in an imaging chamber containing 1X PBS. 
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Note: Do not mount the sample in mounting media containing polyvinyl alcohol, as these 
degrade the coCATS staining pattern quickly (preliminary observation) and can lead to 
sample shrinkage and flattening. 

 
Modifications to this protocol can and should be made to optimize it for different sample types, 
especially regarding the live incubation with the coCATS labeling compound. Specifically, 
incubation buffer, incubation temperature and time can be adjusted accordingly (see Figure 9) for 
parameters used for different sample types displayed in Figure 9). Physiological pH (7.4) of the 
buffer is preferable for most nervous tissue specimens, but can be slightly decreased (7.0) to 
increase the reaction kinetics of the NHS ester (preliminary observation). Highest staining quality 
is mostly obtained at close-to-physiological temperature, e.g. 35-37 °C for acute and hippocampal 
slice cultures, but labeling can also be performed at RT, if necessary. The incubation time is mainly 
dependent on the specimen thickness. 
 
CoCATS labeling can be performed with this protocol in various commonly used brain sample 
types (Figure 9). Monolayer cultures, such as primary neurons, displayed a membrane-like staining 
pattern, as they do not produce an extensive 3D-ECM network (Figure 9a). Densely packed cell 
bodies interspersed with thick processes were visible in a cerebral organoid sample (Figure 9b). In 
a cultured organotypic slice, coCATS efficiently visualized the CA3 cell body layer consisting of 
pyramidal neurons, as well as the complex network of processes in the stratum oriens (Figure 9c). 
The cortical area of an acute slice displayed fewer cell bodies with a more pronounced neuropil. 
Some processes were strongly labeled (dark black) intracellularly, as they had been damaged during 
the slicing procedure (Figure 9d). In the retina, bundles of nerve fibers meandering through a layer 
of ganglion cells were visible (Figure 9e).  
 

 
Figure 9: CoCATS labeling pattern in various cultured and acute brain sample types. (Top) Overview images 
and (bottom) zoomed views (yellow squares) of coCATS labeled a) rat primary hippocampal neurons, 16 DIV; b) 
cerebral organoid, 150 DIV; c) cultured mouse organotypic hippocampal slice, 16 DIV; d) mouse acute brain slice, 
cortical area, post-natal day (P) 22 (provided by Jonas group); e) mouse acute retina, 3 months. All samples 
were coCATS labeled by bathing them in a solution containing a NHS-coupled dye, followed by immersion fixation 
and imaging in confocal mode with a high-magnification objective (100x silicone, NA 1.35 or 60x water, NA 1.2). 

 
Next, I optimized the protocol for combining coCATS labeling of living ex vivo brain samples with 
ExM. Here, I opted for an indirect coCATS labeling strategy by using a biotin-compound. This 
allowed for post-expansion label readout, thus circumventing damage to the fluorophores by the 
expansion procedure. In addition, I prolonged the coCATS label incubation step, to ensure 
homogeneous labeling of thick samples. 
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2. Prepare a labeling solution of a biotin-compound for coCATS labeling, such as NHS-
PEG12-biotin or TFP-PEG12-biotin.  
Example: A 100 µM labeling solution is prepared by diluting a 0.1 M NHS-PEG12-biotin stock 
solution in DMSO 1:1000 in pre-warmed, carbogen-equilibrate ACSF. 

3. Immerse the sample in the labeling solution and incubate it for up to 45 min at 
physiological temperature with gentle agitation. 
Note: If the sample contains fluorescent molecules, such as FPs, all steps until overview 
imaging should be performed in the dark. 
Example: The slice is immersed in 500 µl coCATS labeling solution and incubated at 37 °C for 45 min 
with gentle agitation. 

 
10. Perform pre-expansion overview-imaging in an imaging chamber in 1X PBS for alignment 

of pre- and post-expansion images. 
Example: A cultured organotypic hippocampal slice, coCATS labeled with a biotin-compound, is 
immunostained for the astrocytic marker glial fibrilliary acidic protein (GFAP). The entire slice is imaged 
for GFAP signal with a low magnification objective (e.g. 10x air) with a z-step size of 1.5 µm. 

11. Perform ExM procedure according to the desired protocol. 
Note: Biotin-avidin reactivity is maintained after enzymatic digestion, as well as 
heat/chemical denaturation, such that both homogenization types (e.g. proExM and MAP) 
can be used. 
Note: A detailed protocol for both proExM and MAP can be found in Appendix Section 
6.3.1.2 (III.6.3 Expansion of organotypic slice cultures with coCATS labeling). 

12. Excise a fragment of the expanded hydrogel and place it in a well of a 12-well plate. 
Equilibrate the gel-fragment by incubating it with 1 ml 1X PBS. 
Note: It is easier to handle the gel fragment on a coverslip. Place a coverslip at the bottom 
of the well before placing the fragment into it. This way, the fragment can be removed 
from the well by carefully aspirating all aqueous solution and lifting the coverslip with 
tweezers. 

13. Incubate the sample with 1 ml read-out solution (5-10 µg/ml fluorophore-conjugated 
avidin) for at least 20 h at RT with gentle agitation to read out the coCATS label. 
Example: The gel fragment is incubated with 5 µg/ml neutravidin STAR635P in 1X PBS for 20 h at 
RT with gentle agitation. 
Note: Upon fluorophore incubation, all steps should be performed in the dark. 

14. Thoroughly wash and re-expand the sample 3 times for 1 h each with ddH2O at RT with 
gentle agitation. 

15. Image the sample in an imaging chamber in ddH2O. 
Note: To immobilize the gel fragment, use a poly-L-lysine (PLL)-coated coverslip. 

 
A representative dataset of a coCATS labeled and ~4-fold expanded cultured organotypic 
hippocampal slice is shown in Figure 10.  
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Figure 10: CoCATS visualization of hippocampal slice architecture with ExM. A cultured organotypic 
hippocampal slice was coCATS labeled with NHS-PEG12-biotin, immersion-fixed and ~4-fold expanded with MAP. 
The coCATS label, read out with dye-conjugated streptavidin, was imaged on a confocal microscope with a 40x 
water objective, NA 1.1. a) Overview image with two progressive zoom-ins. b) (Left) 3D-rendering and (right) 
single xy-planes of a 290 x 290 x 390 µm3 sample cube. Scale bars refer to sample size after expansion. Adapted 
from Michalska et al., 2022155. 

 
ExM enables the visualization of tissue context from regional to subcellular level (Figure 10a), as 
well as across extended axial ranges (Figure 10b). 
 
Limitations & future prospects 
The ex vivo coCATS strategy is limited to a specific group of samples, which are alive and can be 
immersed in the labeling solution. This includes cultured cells, slices and organoids, as well as some 
acute preparations, such as retina. Labeling of excised (acute) brain tissue is in principal possible, 
but impeded by the presence of damaged cells and debris, which decrease the overall quality of the 
resulting data (Figure 9d). To address this aspect, I developed further labeling paradigms discussed 
below. 
Another limitation is the fixation strategy. Currently, the samples are chemically fixed with FA by 
immersion fixation. The time it takes for FA to diffuse through the sample has a negative effect 
on ultrastructural preservation. Previous studies have shown that the ultrastructure of immersion-
fixed thick samples is comparable to cryo-fixed samples close to the surface, but substantially 
altered at greater depths from the surface.159,160 In addition, FA-fixation is known to be insufficient 
for the immobilization of lipid molecules, which can decrease the labeling quality upon 
downstream processing steps, such as detergent permeabilization and sample mounting.161 Hence, 
it would be useful to optimize the fixation procedure, focusing on ultrastructural preservation of 
the ECS, retention of lipids, while preserving the compatibility with readout of molecular markers, 
e.g. by immunostaining. Here, further chemical fixatives and combinations of those should be 
evaluated. Inspiration can be taken from EM fixation protocols, as these are optimized for 
ultrastructural preservation, as well as the retention of lipids, and thus cell surface proteins. Yet, 
these protocols, which are based on the use of FA and glutaraldehyde, are known to lead to ECS 
shrinkage.162,163 Attempts have been made to preserve the ECS by using fixative solutions 
containing sucrose164,165 or salts to increase their osmolality166. The approaches likely increase the 
ECS fraction artificially, rather than preserving its native state. Another way to circumvent this 
problem is by performing cryo-fixation. Many studies have shown that the rapid immobilization 
of (brain) samples by freezing at high pressure, followed by chemical fixation at low temperatures, 
results in excellent ultrastructural preservation.167,168 Current efforts are underway to combine cryo-
fixation with light microscopy to decrease artifacts associated with chemical fixation, as shown by 
a recent study combining plunge freezing with ExM.169 For thick specimens, cryo-fixation would 
need to be performed by high-pressure freezing-freeze substitution, as this is currently the only 
method capable of vitrifying samples of up to 200 µm thickness.170 As a first step, I have 
established a protocol for cryo-fixation of cultured organotypic hippocampal slices via HPF-FS 
combined with fluorescence immunostaining and super-resolution STED imaging. I have also 
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performed preliminary experiments to combine cryo-fixation by HPF-FS with ExM in monolayer 
cultures. 
In conjunction with optimizing fixation parameters, the permeabilization procedure should 
continuously be evaluated. I have observed that the coCATS labeling quality can drop significantly 
after detergent permeabilization dependent on the fixation procedure, especially when using 
immersion fixation. As structural preservation is a key factor for obtaining reliable results with 
CATS, one needs to be aware that every sample processing step (fixation, permeabilization, 
immunostaining, mounting, expansion, etc.) has the potential to impact this factor. The goal 
should always be to visualize the structure in a state as close to the native state as possible, thus 
focusing on minimizing the influence of sample processing. 
In combination with ExM, signal retention is another crucial factor. To improve the retention of 
the coCATS label, one can include a moiety into the labeling compound that anchors it directly 
into the hydrogel. The use of such a multifunctional anchor, harboring a target-binding moiety, an 
anchoring moiety and a readout-moiety, has been successfully used in the context of ExM.56,58 
These compounds are not commercially available, such that I have not focused on this approach. 
Still, I recently collaborated with Victor Savic (Marko Mihovilovic group, Technical University of 
Vienna, Vienna, Austria) who synthesized a trifunctional molecule for the retention of an ECS 
label in a hydrogel. This molecule features a TFP-group for covalent binding in the ECS, an 
acrylamide-group for hydrogel anchoring and an azide-group for click chemistry-based readout, 
all attached to a PEG12-backbone mediating hydrophilicity.  
 

2.1.1.2 CoCATS visualization of near-natively preserved brain tissue structure by in 

vivo microinjection 

Hana Štefaničková performed all in vivo microinjections. 
 
In addition to labeling of ex vivo specimens, I developed a protocol for coCATS in vivo labeling of 
brain tissue by stereotactic microinjection. In vivo labeling has the advantage that it is compatible 
with fixation by transcardial perfusion, yielding enhanced, ‘near-native’ preservation of nervous 
tissue, especially when compared to immersion fixation. It allows for the study of physiological 
tissue without the need of processes that can alter its integrity or connectivity, such as tissue 
extraction and/or culturing. Most importantly, it permits the study of brain regions deep inside 
the brain, which are difficult to access by in vivo live imaging. 
 
The following protocol was developed to achieve reliable in vivo coCATS labeling. Direct 
fluorophore-labeling via in vivo microinjection into the lateral ventricle (LV) is used as a showcase. 
 

1. Anesthetize the animal deeply, shave its head and head-fix it in a stereotactic frame. Place 
the animal on a heating pad under the stereotactic frame. 
Example: An adult (4 months old) C57BL/6J mouse is used. The aim of the experiment is to visualize 
mossy fiber boutons (MFBs) in the dorsal hippocampus. The animal is anesthetized by intraperitoneal 
injection of Ketamine/Xylazine (80-100 mg/kg Ketamine, 10 mg/kg Xylazine). Pain relief is provided 
by subcutaneous injection of Metamizol (200 mg/kg). 

2. Center and level the skull in the stereotactic frame by aligning bregma and lambda at the 
same height. 

3. Drill a small hole at the injection coordinates. 
Example: To target the dorsal hippocampus of the adult mouse, specifically the CA3 region, the following 
coordinates are used: 1.25 mm caudally, +/-2 mm laterally and 2 mm vertically, for injections into the 
right or left LV. 

4. Fill the injection pipette with undiluted amine reactive dye (stock solution in DMSO). 
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Note: It is important to use an undiluted stock dilution, as dilution in aqueous solution 
prior to injection results in spontaneous hydrolysis of the NHS ester, thus decreasing the 
reactivity of the dye. 
Example: The pipette is filled with 2 µl 20 mM STAR RED-NHS in DMSO. 

5. Lower the injection pipette to the brain surface (used as vertical reference point) and 
advance it into the tissue. Using a microinjection pump, inject the dye-solution slowly into 
the tissue. 
Note: For ventricular injections, a flow rate of 50 nl/min is used and a total volume of 
500 nl is injected. For injections directly into the tissue, the flow rate and total injection 
volume should be decreased to 20 nl/min and 200 nl, respectively. 
Note: Make sure to inject the solution slowly, as high local DMSO concentrations from 
the stock solution can be toxic to the sample, especially when injected directly into the 
tissue.  
Example: The pipette is lowered into the tissue. A total volume of 500 nl are injected into the LV over a 
time course of 10 min with a flow rate of 50 nl/min. 

6. After each injection, leave the pipette in place for 5 min before slowly retracting it over a 
time course of 1 min to prevent backflow. 

7. Place the animal on a heating pad after surgery, until transcardial perfusion (45 min after 
start of the injection). 

8. Confirm the level of anesthesia by toe pinch. If necessary, administer additional anesthesia. 
9. Perform transcardial perfusion. The onset of fixative delivery should be 45 min after the 

start of the dye injection. 
Note: Prepare fixative solution (4% FA (w/v) in 0.1 M PB, 0.1 M NaOH, pH 7.4) from 
solid FA. It should be freshly prepared on the same day or 1 day before perfusion and 
stored at 4 °C. 
Note: The quality of the transcardial perfusion procedure has a big effect on tissue 
preservation. Make sure that the flow rate is steady without pulsation.  
Example: For transcardial perfusion, the animal is first perfused with 10 ml ice-cold 1X PBS at a flow 
rate of 7.5 ml/min. This is followed by perfusion with 75 ml ice-cold fixative solution for 10 min with the 
same flow rate. 

10. Extract the brain and place it in a tube with 10 ml ice-cold fixative solution. 
11. Post-fix the brain in fixative solution for 20-24 h at 4 °C with gentle agitation. 
12. Wash the brain 3 times for 1 h each with 1X PBS at RT with gentle agitation. 
13. Slice the brain according to your needs. 

Example: The brain is sliced into 100 µm thick coronal slices with a vibratome. 
14. Store the slices in 0.02% (w/v) sodium azide (NaN3) in 1X PBS at 4 °C. 

Note: The slices can be stored for ~1 month in the fridge until the quality of the coCATS 
staining decreases. 

15. Optional: Labeling of molecular targets. 
15.1  Mildly permeabilize your sample with a detergent for 12-16 h at 4 °C with gentle 

agitation. 
Example: A slice containing a piece of dorsal hippocampus is chosen. The slice is incubated with 
500 µl 0.2% (v/v) TX in 1X PBS ON at 4 °C with gentle agitation. 

15.2  Thoroughly wash the sample 3 times for 30 min each with 1X PBS at RT with 
gentle agitation. 

15.3 Proceed to label your molecular target(s) of choice, using buffers that do not 
contain detergents. 
Example: The coronal brain slice is blocked with blocking solution (5% (w/v) BSA + 1% 
(w/v) NGS in 1X PBS) for 4 h at RT with gentle agitation. Primary and secondary antibody 
incubations are performed in blocking solution ON at 4 °C with gentle agitation, followed by 3 
washing steps in 1X PBS for 30 min each at RT with gentle agitation. 
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16. Image your sample in an imaging chamber in 1X PBS. 
Note: Do not mount the sample in mounting media containing polyvinyl alcohol, as these 
degrade the coCATS staining pattern quickly (preliminary observation) and can lead to 
sample shrinkage and flattening. 

 
Delivering the coCATS labeling compounds by in vivo microinjection lead to strong labeling of 
various brain areas. Figure 11 shows the distribution pattern of the coCATS labeling compound 
after injection into the LV or cerebral cortex. This highlights the differential organization of the 
brain areas across multiple spatial scales. 
In vivo microinjection into the LV elucidated the architecture of tissues lining the lateral, third and 
fourth ventricles. The organization of parts of the striatum (lateral septal nucleus, caudoputamen), 
hippocampal area (CA3, CA2 and DG), thalamus (medial habenula), hypothalamus and midbrain 
(periaqueductal grey) was clearly visible. Injecting into the LV has the advantage that one can study 
brain areas that are distant from the injection site and therefore do not exhibit injection-induced 
damage. Yet, not all brain areas can be targeted by ventricular injection.  
 

 
Figure 11: Labeling pattern of various brain areas after coCATS in vivo microinjection. CoCATS in vivo 
microinjection of STAR RED-NHS was performed either in the LV (striatum, thalamus, midbrain) or in the cortex 
(cerebral cortex, fiber tracts). (Top) Overview confocal images (spinning disk, 10x air objective, NA 0.45) of 
whole coronal slices labeled for nuclei (4’,6-diaminidino-phenylindole (DAPI), blue), showing the distribution 
pattern of the coCATS label (yellow, LUT not inverted). White arrows indicate the regions acquired with higher 
magnification. (Middle) High-resolution confocal images (confocal, 100x silicone objective, NA 1.35) of the 
coCATS label (grey). (Bottom) Super-resolution STED images (100x silicone objective, NA 1.35) of the yellow-
boxed areas. Adapted from Michalska et al., 2022155. 

 
Alternatively, the labeling compound can be injected directly into the tissue to study areas of 
interest in close proximity to the injection site. For example, injection into layer 4-5 of the 
somatosensory cortex lead to reliable labeling surrounding the injection site, as well as the corpus 
callosum (Figure 12a). As CATS elucidates tissue organization, it clearly revealed the extent of 
tissue damage around the injection site that was introduced by the injection process (Figure 12b). 
In close proximity to the injection site, ~100 µm away, the tissue appeared disorganized, as many 
structures were bloated and/or dye-filled (Figure 12c). Damaged cell bodies appeared black, as 
they had taken up the coCATS dye. These cells exhibited the highest signal intensity of the whole 
image, as the intracellular milieu is richer in proteins than the extracellular one. Yet, the damage 
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was spatially confined, meaning that brain areas ~200 µm away from the injection site can be 
studied. Here, the structure of the tissue was well preserved. Cell bodies and processes were clearly 
visible, and there were no dye-filled cellular structures (Figure 12d). 
 

 
Figure 12: Assessment of damage created by in vivo microinjection into the cerebral cortex. In vivo 
microinjection was performed with NHS-STAR RED in the somatosensory cortex of an adult wt mouse, followed 
by transcardial fixative perfusion, slicing, counterstaining with DAPI and imaging. a) Overview confocal image 
(spinning disk, 10x air objective, NA 0.45) of the injection site, containing coCATS stain (yellow, LUT not 
inverted) and DAPI (blue). b) Confocal zoom-in (60x water immersion objective, NA 1.2) of coCATS signal (grey) 
in the black-boxed square. c) Further confocal zoom (yellow box in b) into a region close to the injection site 
displaying tissue damage. d) Another confocal zoom (yellow box in b) into a region more distant from the 
injection site, displaying no damage. Photon counts are displayed in the lower left corner of panel c and d. 
Adapted from Michalska et al., 2022155. 

 
The coCATS labeling extents at least 500 µm away from the injection site, but can diffuse 
substantially further from it, depending on the organization of the tissue. This is clearly visible in 
Figure 12a, where the coCATS labeling compound traveled at least 2 mm away from the injection 
site along the fiber tracts of the corpus callosum. 
Figure 13 shows the information that is gained by coCATS over sparse genetic labeling, such as 
Thy1-enhanced GFP (EGFP) and/or labeling of molecular targets, such as the postsynaptic 
marker proline-rich synapse associated protein-1 (SHANK2). The mouse line used for this 
experiment sparsely expresses EGFP in a large population of Thy1-positive projection neurons, 
including hippocampal GCs in the hippocampus.  
While the sparse genetic label pinpointed some DG axons and MFBs in the CA3 stratum lucidum, 
coCATS staining revealed the presence of mossy fiber tracts intermittent with MFBs and PN 
proximal dendrites (Figure 13a) in proximity to the cell body layer of the CA3 stratum pyramidale. 
Further, combining the genetic label with a synaptic marker elucidated synaptic sites for the 
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sparsely labeled MFBs. Yet, many postsynaptic structures could not be placed in their structural 
context. In combination with coCATS labeling, all postsynaptic structures could be associated with 
MFBs, their presynaptic partners (Figure 13b). 
 

 
Figure 13: Combining coCATS labeling with sparse genetic markers and immunostaining. Super-resolution 
images in the CA3 stratum lucidum of an adult Thy1-EGFP mouse after coCATS (grey, xy-STED) in vivo 
microinjection into the LV, transcardial fixative perfusion and immunostaining for GFP (orange, confocal) and 
SHANK2 (cyan, xy-STED). a) Overview and b) zoom-in of the yellow-boxed region, acquired with a high-
magnification objective (100x silicone, NA 1.35). Adapted from Michalska et al.,2022155. 

 
Limitations & future prospects 
Currently, I have established coCATS in vivo microinjection in the adult (3-4 months) mouse LV 
and cerebral cortex with direct fluorophore readout. The distribution pattern and damage in other 
brain areas needs to be evaluated. When performing injections with the same parameters into the 
LV of 1 month old mice, I have found that the distribution pattern of the coCATS labeling 
compound differs significantly from the one obtained in 3-4 month old mice. Hence, the injection 
parameters need to be optimized for different developmental stages. In addition, direct injection 
into highly connected brain areas might be challenging. For example, I tested direct injection into 
the CA3 of the hippocampus, but found that moving the injection needle through the CA1 to 
reach the CA3 is problematic. This is because the needle damages and dye-fills Schaffer collaterals 
projecting from the CA3 into the CA1. The labeling compound travels through the axons back 
into CA3. There, intracellular labeling of damaged neurons obscures the extracellular contrast 
provided by the coCATS approach. Hence, the parameters for in vivo microinjection need to be 
optimized for the age of the animal and the region of interest. 
Perfusion fixation results in a more homogeneous chemical immobilization compared to 
immersion fixation. Nevertheless, problems regarding preservation of ultrastructure, specifically 
the decrease in ECS fraction, remain, as perfusion fixation is also based on the use of aldehydes. 
Apart from optimizing the fixative solution, one option would be to excise the brain after in vivo 
microinjection, slice it and cryo-fix the acute slices. Yet, this creates substantial experimental 
overhead and may lead to tissue distortions. 
Further, I have so far mainly performed direct fluorophore-injection. Future prospect involve the 
combination with ExM, which requires an indirect readout strategy involving a biotin-containing 
coCATS labeling compound. I have performed preliminary experiments, showing that in vivo 
microinjection of NHS-PEG12-biotin and TFP-PEG12-biotin, followed by a readout with 
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fluorophore-conjugated streptavidin, highlights tissue structure in the hippocampus. The next step 
is to combine this strategy with ExM to evaluate the signal retention and homogeneity upon 
expansion. 
 

2.1.2 Resident CATS 

My aim was to create a toolbox that is compatible with the majority of brain sample types 
commonly used in the neuroscientific community. Hence, I developed a second labeling paradigm 
that enables visualization of brain tissue organization in specimens where live labeling is not 
possible, for example previously fixed samples. This labeling paradigm is based on the binding of 
labeling compounds to extracellularly resident molecules, in particular extracellular polysaccharides 
in the ECM, such that we termed it resident CATS (rCATS). 
 
Also here, I assured that the rCATS labeling scheme follows the requirements stipulated in Section 
2.1: 
 

1. Contrast: Lectins (carbohydrate-binding proteins) are used to label ECM components that 
are abundant in rodent and human brain. After performing a screening for suitable lectins, 
I found that wheat germ agglutinin (WGA) provided good extracellular contrast. 

2. Compound binding: WGA binds with high affinity to N-acetylglucosamine and sialic acid 
in the ECM and on cell surfaces. 

3. Fixation: WGA can be applied before and after fixation. It stains ECM-resident molecules 
with high fidelity after chemical fixation with FA. 

4. Tissue penetration: WGA is a relatively small protein (~38 kDa). To ensure sufficient 
penetration of thick samples (>100 µm), they are permeabilized with low concentrations 
of detergent, such as Triton X-100 (TX) or by repeated freeze-thaw cycles. 

5. Imaging compatibility: 
a. STED: Direct labeling is achieved by using a WGA conjugated to a STED-

compatible fluorophore, such as AF594 or CF633. 
b. ExM: As WGA contains only few lysines, which mediate incorporation and 

retention in expansion hydrogels, I developed a retention protocol for the rCATS 
expansion procedure. This approach is described below (Figure 15). 

 
I conducted a search for labeling compounds that exhibit a homogeneous and strong binding 
pattern to oligosaccharides resident in the ECS, specifically to ECM components and the cell 
surface (Figure 14). I mainly screened lectins, as they display a high specificity for glycoproteins171, 
which are enriched in the ECM. I found that vicia villosa lectin (VVL) and wisteria floribunda 
lectin (WFL) staining pattern were restricted to perineuronal nets associated with a sparse subset 
of neurons in the cerebral cortex and other brain areas. Both lectins bind to N-acetylgalactosamine 
linked to serine/threonine and galactose, respectively. Lycopersicon esculentum lectin (LEL), 
which binds to a subset of N-glycans and is used as a vasculature marker, faithfully depicted blood 
vessels in the cerebral cortex. Phaseolus vulgaris leucoagglutinin (PHA-L) and erythroagglutinin 
(PHA-E), two members of the same lectin family, created an extracellular contrast in the cerebral 
cortex and the hippocampus, albeit with a grainy and inhomogeneous labeling pattern. Jacalin is a 
binder of O-glycosidically-linked oligosaccharides. These are present in perineuronal nets, which 
were heavily stained, and to a lesser extent in other parts of the ECM, leading to a weak depiction 
of the extracellular environment in the cerebral cortex. Concanavalin A, which recognizes α-
mannose linked to oligosaccharides, bound strongly and homogenously in the ECS, but also 
displayed intracellular labeling, including labeling of the endoplasmic reticulum and the nuclear 
envelope, in the cerebral cortex. 
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I found that the most reliable depiction of the extracellular environment was achieved with the 
lectin WGA. WGA faithfully delineated cell bodies and cellular processes in various brain areas, 
including the hippocampus. 
  

 
Figure 14: Screening for affinity binders to reveal tissue architecture with rCATS in rodent brain. FA 
perfusion-fixed coronal brain slices from adult mice were used for the experiments. The samples were 
permeabilized with 0.5% TX in 1x PBS, followed by incubation with a lectin. All lectins, except for LEL, were 
biotin-conjugated, such that they were read-out with a fluorescently labeled streptavidin. LEL was conjugated 
with the fluorophore DyLight 594. All imaged were acquired in confocal mode with a high-magnification objective 
(60x water immersion, NA 1.2). Adapted from Michalska et al.,2022155. 

 
Next, I created a pipeline that ensures the retention of the rCATS label in hydrogels commonly 
used for ExM. During ExM, molecules are commonly anchored into a hydrogel via a designated 
anchor, such as AcX or NAS, or via a combined fixation/anchoring strategy, such as using FA 
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and acrylamide. All these strategies react acrylamide groups to primary amines, mainly present on 
proteins, such that they are incorporated into the hydrogel during the gelation process. WGA 
exhibits few lysines and is therefore not faithfully retained in a hydrogel during the expansion 
procedure (Figure 15b). Hence, it was necessary to develop a designated retention pipeline to 
ensure that the rCATS information is maintained in the hydrogel and can be read out post-
expansion (Figure 15a). First, previously fixed and permeabilized brain samples are incubated with 
a biotinylated WGA that predominantly binds to extracellularly located glycoproteins. Then, the 
biotin is detected with streptavidin that is modified with acrylamide-moieties (streptavidin-
acrylamide). After this, the sample is infused with a hydrogel monomer solution and the gelation 
is initiated. Upon gelation, the acrylamide moieties are incorporated into the hydrogel, thus 
immobilizing the streptavidin. The sample is homogenized by enzymatic digestion or 
heat/chemical denaturation. Polysaccharides and biotinylated WGA might get lost during this step, 
but streptavidin-acrylamide is retained in the hydrogel. After expansion, streptavidin is read out 
with a fluorophore-conjugated biotin. 
I tested the compatibility of the retention pipeline with the proExM and MAP expansion protocol. 
I used adult mouse brain slices that were fixed via transcardial perfusion with FA for both 
protocols. For MAP, slices were post-fixed with a mixture of FA and AA after slicing (detailed 
methods in Appendix Section 6.3.1.2). 
 

 
Figure 15: Pipeline for retention of rCATS-mediated extracellular contrast upon expansion. a) Schematic of 
rCATS expansion pipeline ensuring retention of WGA signal. b) Retention of biotinylated WGA in perfusion-fixed 
adult mouse slices with two common expansion strategies, (left) proExM and (right) MAP, and different anchoring 
approaches. FA perfusion-fixed adult mouse brain slices were permeabilized and extracellular contrast was 
introduced with biotinylated WGA. The slices were then incubated with different anchors (AcX, NAS) or 
streptavidin acrylamide, followed by gelation, expansion and incubation with a read-out probe (fluorophore-
conjugated biotin). All images were acquired with a confocal microscope (40x water immersion objective, NA 
1.1). Scale bars refer to sample size after expansion. Adapted from Michalska et al.,2022155. 

 
Figure 15b shows that the retention pipeline is compatible with expansion procedures based on 
either enzymatic digestion, such as proExM, or heat/chemical denaturation, including MAP. WGA 
was not retained faithfully in the proExM hydrogel when using common anchoring molecules, 
such as AcX or NAS. The rCATS retention pipeline on the other hand resulted in strong and 
specific labeling of the extracellular environment and blood vessels post-expansion, corresponding 
to the expected WGA staining pattern. The MAP expansion strategy does usually not require a 
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designated anchoring step, as acrylamides are already bound to primary amines during the fixation 
procedure. Yet, without anchoring the WGA, very low extracellular staining was obtained post-
expansion. Including an additional anchoring step with AcX or NAS slightly improved the 
situation, but the signal was still low and high background was observed. When retaining WGA 
with streptavidin-acrylamide, I observed a marked increase in specific signal and a decrease in non-
specific background post-expansion. Overall, using the proExM approach combined with this 
pipeline for rCATS signal retention yielded the best results. 
 

2.1.2.1 Visualizing tissue architecture of previously fixed specimens with rCATS 

RCATS labeling is a viable alternative for samples for which live labeling is not an option. These 
include previously perfusion-fixed rodent brain samples and clinical specimens, such as human 
surgery samples. 
 
I developed the following protocol for the visualization of brain tissue architecture with rCATS. 
As a showcase, the procedure is explained for an adult mouse brain slice fixed via transcardial 
perfusion with FA. 
 

1. Wash your previously fixed brain slicess 3 times for 30 min each with 1X PBS at RT with 
gentle agitation in a well-plate of appropriate size. 
Example: A 100 µm thick coronal brain slices obtained from a FA fixative-perfused C57BL/6J mouse 
is used. The slice, previously stored in cryoprotectant solution (60 % (v/v) glycerol in 0.1 M PB) is washed 
3 times for 30 min each with 1 ml 1X PBS at RT with gentle agitation. 

2. Incubate the sample with sucrose solution (30% (w/v) sucrose in 1X PBS) ON at 4 °C 
with gentle agitation or until the sample has sunk to the bottom of the well.  

3. Permeabilize the sample by repeated freeze-thaw cycles. 
3.1 Place a drop of sucrose solution onto a microscope slide (e.g. Superfrost slide) and 

place the sample into the droplet, such that it is immersed in sucrose solution 
completely. 

3.2 Place the microscope slide on dry ice and wait until the sucrose droplet with the 
sample is completely frozen. Then remove the microscope slide and let the solution 
and sample thaw completely at RT. 

3.3 Repeat step 3.2 4 times. 
Note: Samples can also be permeabilized with mild detergents (e.g. ON incubation in 0.5% 
(v/v) TX in 1X PBS at 4 °C with gentle agitation), although this has a mild negative effect 
on the rCATS staining quality. 

4. Wash the sample 3 times for 30 min each with 1X PBS at RT with gentle agitation.  
5. Optional: Labeling of molecular targets. 

Proceed to label your molecular target(s) of choice, using buffers that do not contain 
detergents. 
Example: The coronal brain slice is blocked with blocking solution (5% (w/v) BSA + 1% (w/v) NGS 
in 1X PBS) for 4 h at RT with gentle agitation. Primary and secondary antibody incubations are 
performed in blocking solution ON at 4 °C with gentle agitation, followed by 3 washing steps 1X PBS 
for 30 min each at RT with gentle agitation. 

6. Incubate the sample with 5-10 µg/ml WGA conjugated with a readout moiety in 1X PBS 
for at least 20 h at RT with gentle agitation. 
Note: WGA labeling can also be performed together with primary antibody staining. 
Example: The coronal brain slice is incubated with 500 µl WGA CF633 in 1X PBS for 20 h at RT 
with gentle agitation. 

7. Wash the sample 3 times for 30 min each with 1X PBS at RT with gentle agitation. 
8. Image your sample in an imaging chamber in 1X PBS. 
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Note: Do not mount the sample in mounting media containing polyvinyl alcohol, as these 
can lead to sample shrinkage and flattening. 

 
With this protocol, tissue organization can be visualized in previously fixed tissue, for example in 
a piece of brain excised from an epilepsy patient and immersion-fixed with FA (Figure 16). At low 
magnification, the organization of the DG, including its conspicuous GC layer, can be identified 
easily from the rCATS labeling pattern (Figure 16a). At higher magnification, major processes can 
be discerned (Figure 16b,c). Zooming in even further, these processes can be identified as neuronal 
dendrites by co-staining with microtubule-associated protein 2 (MAP2), a marker for neuronal 
dendrites and somata (Figure 16d). In addition, by using the excitatory postsynaptic marker Homer 
scaffold protein 1 (HOMER1), synapses become visible and can be placed in their structural 
context by rCATS. Judging from the morphology of synapses, which are associated with multiple 
postsynaptic puncta, as well as their location in the DG hilus, many of them likely correspond to 
MFBs. 
 

 
Figure 16: Visualizing tissue organization in human clinical samples with rCATS. Confocal image of a piece of 
immersion-fixed human DG (obtained with informed consent and ethics approval) labeled for MAP2 (orange), 
HOMER1 (green), nuclei (DAPI, purple) and rCATS (grey) with successive zoom-ins. Data was acquired with a 
spinning disk confocal microscope, using a 20x air objective, NA 0.75. Adapted from Michalska et al., 2022155. 

 
To combine rCATS labeling of previously fixed brain samples with ExM, the following changes 
and additional steps are required: 
 

6. Incubate the sample with 15-20 µg/ml biotinylated WGA in 1X PBS for at least 20 h at 
RT with gentle agitation. 

 
9. Wash the sample 3 times for 30 min each with 1X PBS at RT with gentle agitation. 
10. Incubate the sample with 20 µg/ml streptavidin acrylamide for 20 h at RT with gentle 

agitation. 
Note: This step can be performed together with secondary antibody incubation. 

11. Wash the sample 3 times for 30 min each with 1X PBS at RT with gentle agitation. 
12. Perform pre-expansion overview-imaging in an imaging chamber in 1X PBS for alignment 

of pre- and post-expansion images. 
13. Perform ExM procedure according to the desired protocol. 

Note: Biotin-avidin reactivity is maintained after enzymatic digestion, as well as after 
heat/chemical denaturation. 
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Note: The rCATS labeling approach works best in combination with expansion protocols 
that do not require acrylamide-incubation before the gelation procedure (e.g. proExM). 
Note: A detailed protocol for both proExM can be found in Appendix Section 6.3.1.2 
(III.7.2 rCATS labeling with expansion in previously fixed mouse brain). 

14. Excise a fragment of the expanded hydrogel and place it in a well of a 12-well plate. 
Equilibrate the gel-fragment by incubating it with 1 ml 1X PBS.  
Note: It is easier to handle the gel fragment on a coverslip. Place a coverslip at the bottom 
of the well before placing the fragment into it. This way, the fragment can be removed 
from the well by carefully aspirating all aqueous solution and lifting the coverslip with 
tweezers. 

15. Read out the rCATS label by incubating the sample with an appropriate amount of readout 
solution (5-10 µg/ml fluorophore-conjugated biotin) for at least 20 h at RT with gentle 
agitation. 
Example: The gel fragment is incubated with 1 ml 5 µg/ml Atto 643-biotin in 1X PBS for 20 h at RT 
with gentle agitation. 

16. Thoroughly wash and re-expand the sample 3 times for 1 h each with ddH2O at RT with 
gentle agitation. 

17. Image the sample in an imaging chamber in ddH2O. 
Note: To immobilize the gel fragment, use a PLL-coated coverslip. 

 

 
Figure 17: Studying native brain tissue organization across scales with rCATS and ExM. a) Confocal overview 
image and b-e) zoomed views of a piece of previously perfusion-fixed Thy1-EGFP (orange) adult mouse brain 
slice, ~4-fold expanded with proExM. RCATS labeling (grey) in the b) cerebral cortex, c) CA1, d) DG and e) CA3 
elucidates the organization of the tissue. Scale bars refer to sample size after expansion. All images were 
acquired with a spinning disk confocal microscope (20x water immersion objective, NA 0.95). Adapted from 
Michalska et al., 2022155. 

 
Combining rCATS labeling with ExM enables the study of brain tissue across multiple spatial 
scales with high resolution, using a single imaging set-up. This is demonstrated in Figure 17, 
showing a 4-fold expanded slice of the hippocampal area of a Thy1-EGFP mouse imaged from 
regional to subcellular scale with a spinning disk confocal microscope. At regional scale, the gross 
architecture of the hippocampal area, including the DG blade and the curved hippocampus, can 
be identified purely from the rCATS labeling pattern (Figure 17a). Focusing on the cerebral cortex 
(Figure 17b), as well as the different areas of the hippocampal area, including the CA1 (Figure 17c), 
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the DG (Figure 17d) and the CA3 (Figure 17e), rCATS visualizes their layered organization. WGA 
is often used as a marker for blood vessels, as it binds to the vasculature with high affinity. After 
expansion, blood vessels are highlighted brightly, allowing for the study of brain vasculature with 
rCATS (Figure 17e). Taking advantage of the increased resolution obtained by ExM, subcellular 
structures, including axon bundles, dendrites and giant MFBs in the CA3 stratum lucidum can be 
studied (Figure 17e). As WGA binds to carbohydrates present in nuclear pores, even nuclei can be 
identified with rCATS (Figure 17e). In addition, WGA also marks the inner layer of the myelin 
sheath, as well as nuclear pores (Figure 18). In summary, rCATS with ExM elucidates a multitude 
of structures in the brain, including the architecture of neuronal and non-neuronal cells, its 
vasculature and even sub-cellular components (nuclei, myelin). In combination with ExM, which 
provides clearing and resolution improvement, rCATS facilitates the study of brain organization 
from whole region down to sub-cellular organization. 
 

 
Figure 18: RCATS labels myelin and nuclear pores. a) Image of a brain slice from an adult Thy1-EGFP (orange, 
confocal) mouse brain after perfusion-fixation and rCATS (grey, 20:80 xy-STED:z-STED ratio) labeling. b) 
Magnified view of a cell soma, showing its nuclear envelope discernible by rCATS labeling of nuclear pores. c) 
Magnified view of neuronal processes, some of which show intracellular Thy1-EGFP labeling. RCATS delineates 
the inner and outer border of the myelin sheath. d) Hypothalamus of an adult mouse after perfusion-fixation, 
staining for myelin with Fluoromyelin (red, confocal) and rCATS labeling (grey, z-STED). Asterisks in magnified 
view indicate myelin structures. Data was acquired with a high-magnification objective (100x silicone, NA 1.35). 
Adapted from Michalska et al., 2022155. 

 
Limitations & future prospects 
RCATS provides structural context for samples that do not possess intact membranes, such as 
previously fixed specimens. The main limitation of this approach is therefore the specificity of the 
rCATS labeling compound, which must almost exclusively target ECS-resident molecules to create 
extracellular contrast. While the coCATS labeling approach was optimized to target entire classes 
of molecules, such as proteins, rCATS is limited to the binding specificity of WGA, mainly N-
acetylglucosamine and sialic acid. As a result, the rCATS labeling pattern is likely less homogeneous 
when compared to the one achieved with coCATS. More importantly, the staining pattern is highly 
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dependent on the existence and composition of the ECM. I have shown that rCATS reliably 
demarcates the ECS in adult mouse and human brain tissue. Yet, whether the rCATS labeling 
paradigm will create extracellular contrast in other species, possibly exhibiting a different ECM 
composition, is unknown. In addition, the dependency on the ECM organization limits 
developmental studies. ECM components are known to play a critical role during developmental 
processes in the brain, including regulation of tissue shape, neural stem cell differentiation, 
neuronal migration and synapse maturation.172 To do so, their expression pattern during 
development is highly dynamic, likely having an effect on the rCATS labeling pattern. Similar issues 
arise when studying diseased tissue. As the brain ECM provides physical support and assists 
homeostatic functions of neurons, changes in its composition have been found to be associated 
with neurodegenerative diseases, including ischemic stroke, multiple sclerosis, dementia and 
Alzheimer’s disease.173,174 These changes might also be reflected in the rCATS labeling pattern. 
Whilst this will likely affect labeling homogeneity, it also provides an avenue for utilizing rCATS 
to identify diseased tissue and study ECM changes therein. 
A potential approach for increasing rCATS labeling homogeneity and decreasing its target 
specificity is to use a cocktail of multiple lectins that bind to different carbohydrates in the ECM. 
PHA-E, PHA-L and Jacalin all provide extracellular contrast to some extent (Figure 14), such that 
combining these, in addition to WGA, is a good starting point. 
Another challenge is the rCATS SNR and signal homogeneity after the expansion procedure. 
Increasing the resolution by expanding the tissue results in a grainy staining pattern, which impedes 
the demarcation of thin structures in the tissue. This issue might be solved by improving lectin 
retention and/or using signal amplification strategies that deposit fluorophores in close proximity 
to the rCATS labeling compound. While I have shown that a lectin retention strategy involving 
biotin-conjugated WGA and streptavidin acrylamide greatly improves signal intensity after 
expansion, there are alternative options. For example, one could try to directly retain the lectin in 
the hydrogel by modifying it with an acrylamide moiety. Signal amplification strategies of interest 
are avidin-biotin complexes175, hybridization chain reaction176 and tyramide signal amplification177, 
as they are robust and easy to implement.  
Increasing the SNR is also crucial to further push the obtainable resolution by increasing the 
expansion factor. I have combined CATS with two different protocols for 4-fold ExM. This 
increases the resolution to ~75 nm in the lateral and ~200 nm in the axial direction, when 
combined with confocal microscopy using a high-NA objective. To be able to reliably study brain 
connectivity with this approach, one has to be able to resolve even the smallest cellular structures, 
such as thin axons or spine necks, which can be less than 100 nm in diameter.8 To achieve sub-
100 nm resolution in the axial direction, one needs to at least double the expansion factor (8-fold 
to 10-fold). Increasing the expansion factor will lead to a further decrease in signal, which in case 
of the rCATS labeling paradigm is already a limiting factor when combined with 4-fold ExM. 
Hence, it is crucial to boost signal strength and homogeneity, to ensure that the extracellular 
contrast used to depict cellular borders is retained sufficiently to delineate all cellular structures.  
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2.2 Data acquisition & processing 

2.2.1 Super-resolution STED imaging of brain tissue organization 

STED microscopy provides a direct, ‘all-optical’ way to super-resolve structures in CATS-labeled 
brain tissue samples. Compared to ExM, it requires fewer processing steps, such that there is a 
lower chance for introducing sample preparation artifacts. Therefore, combining the CATS 
labeling pipeline with STED microscopy was an obvious choice to study brain tissue organization 
as close to the native state as possible. 
 
I acquired super-resolved data on an inverted STED microscope (Abberior Instruments Expert 
Line) with a high-magnification, high-NA objective (100x silicone, NA 1.35, working distance 
(WD) 0.2 mm) equipped with a correction collar. Using immersion oil with a RI=1.41, I could 
closely match the RI of brain tissue36–38. The STED system comprised three pulsed excitation lasers 
(485 nm, 561 nm and 633 nm) and one pulsed depletion laser (775 nm). Excitation and stimulated 
emission in the long visible wavelength range were used to increase tissue penetration. The pulse 
repetition rate was 40 MHz and fluorescence detection was time gated. Fluorescence was detected 
by photon counting avalanche photodiodes using bandpass filters at 525/50 nm, 605/50 nm and 
685/70 nm. Galvanometric mirrors were used for lateral scanning and a sample piezo stage was 
used for axial scanning. To obtain STED data of high quality, I used high-performance, far-red 
STED dyes, such as STAR RED and Atto 643. 
To increase STED performance, especially for volumetric imaging, I corrected for RI-mismatches 
from the tissue sample and the surrounding aqueous mounting medium (1X PBS) in two ways. 
Firstly, I set the correction collar to ~1.55 to correct for spherical aberrations. Secondly, I used a 
SLM to compensate for sample-induced aberrations by adjusting the shape of the STED beam in 
the sample.  
 
I acquired single plane xy-STED images, as well as volumetric z-STED data.  
For single plane STED data, the SLM was used to create a 2π-helical phase modulation (xy-STED) 
to increase lateral resolution. In Figure 19a, the performance of a confocal beam and xy-STED in 
coCATS labeled tissue is shown. The images were acquired in the DG of an adult mouse brain 
following in vivo microinjection of coCATS labeling compound into the LV. The zoom-ins clearly 
illustrate that the lateral resolution increase achieved by xy-STED allows for a more detailed 
visualization of the tissue organization. For example, only in xy-STED mode are individual axons 
in an axon bundle visible as fine rings. The line profiles in Figure 19b corroborate this finding, as 
individual axons can only be discerned when using super-resolution microscopy. When using 
similar imaging parameters as for tissue imaging on bead samples, the resolution increase was 
clearly visible, with a full width at half maximum (FWHM) of 56 nm with xy-STED compared to 
261 nm in confocal mode (Figure 19c). 
 
For acquiring volumetric STED data, the SLM was used to generate a π-top-hat phase modulation 
(z-STED), thereby predominantly increasing axial resolution. I compared the performance of an 
axial confocal vs. z-STED scan in the neuropil of a fixed cultured organotypic hippocampal brain 
slice labeled with coCATS (Figure 19d,e). The zoom-in in Figure 19d and line profiles in Figure 
19e show that more details can be resolved with z-STED when compared to confocal mode. When 
using the z-STED pattern, the resolution increase is stronger in the axial direction at the STED 
power used. This results in near-isotropic resolution, which is slightly better in the axial 
(FWHM=133 nm) compared to the lateral direction (FWHM=159 nm), as can be seen from the 
images and line profiles of 40 nm Crimson beads (Figure 19f). Near-isotropic resolution greatly 
improves the study of volumetric brain imaging data, because it facilitates segmentation tasks, 
which are generally limited by the least-resolved direction. 
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Figure 19: Effect of STED patterns on lateral and axial resolution. a) (Left) Confocal and (right) xy-STED image 
of a piece of DG hilus from an adult, perfusion-fixed mouse, labeled via coCATS in vivo microinjection of NHS-
STAR RED. b) Line profile of the blue (confocal) and orange (xy-STED) line as indicated in a. c) Confocal (red) 
and xy-STED (cyan) images of a single 40 nm Crimson bead with line profile and FWHM. d) (Left) Confocal and 
(right) z-STED image in the neuropil of a cultured organotypic hippocampal slice labeled with coCATS. e) Line 
profile of the magenta (confocal) and orange (z-STED) line as indicated in d. f) Confocal (red) and z-STED (cyan) 
images of a single 40 nm Crimson bead with lateral and axial line profiles and FWHM. All images were acquired 
with a high-magnification objective (100x silicone, NA 1.35). Adapted from Michalska et al., 2022155. 

 
Limitations & future prospects 
The biggest limitation for improving resolution and thus data quality is currently photobleaching. 
I was able to acquire volumetric datasets (~30 µm x 30 µm x 10 µm) with 2-3 line accumulations, 
10-15 µs dwell time and laser powers of max. ~2.0 µW (561 nm excitation laser), ~2.6 µW (640 nm 
excitation laser) and ~90 mW (775 nm depletion laser) without drastic signal loss. More line 
accumulations, longer dwell times or higher laser powers resulted in significant photobleaching. 
Photobleaching especially affected the demarcation of intricate brain structures, such as axon 
bundles, which exhibited comparatively low labeling intensity. There are multiple ways to decrease 
photobleaching. Firstly, one can mount the sample in buffers supplemented with reagents that 
protect fluorophores from photobleaching. These include systems for scavenging reactive oxygen 
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species, as well as small-molecule protective agents, such as Trolox. The latter have also been 
shown to have a protective effect when covalently linked to a fluorophore, such that it might be 
of interest to test these types of molecules.178 Secondly, one can decrease the light burden on the 
sample during sample acquisition. This can for example be achieved by reduction of state transition 
cycles (RESCue) STED. RESCue decreases the photon burden by turning off lasers in cases of 
very low or very high signal of individual voxels.179 When a ‘lower’ threshold of photon counts is 
not reached within a certain time, the voxel is considered devoid of signal, and all lasers are shut 
off. Upon reaching an ‘upper’ threshold, lasers are shut off as well, and the photon counts are 
extrapolated to the full dwell time.179 A similar concept, called dynamic intensity minimum, adjusts 
the STED intensity dynamically at each voxel during the acquisition to decrease photon burden.180 
Alternatively, instead of decreasing photobleaching, one can increase the signal intensity by signal 
amplification methods, as discussed in Section 2.1.2.1. Another way to reduce light burden is by 
training a machine learning algorithm to restore high-SNR data from low-SNR data, as recently 
shown by Velicky et al.29. Here, one can acquire multiple CATS data pairs with long vs. short dwell 
time. These pairs can then be used to train a model with the algorithm content-aware image 
restoration (CARE)135, which will be capable of restoring the SNR of larger datasets acquired with 
low light burden. 
The axial range in which one can obtain homogeneously super-resolved data in aberrating 
specimens, such as brain tissue, is limited in STED microscopy. By adjusting the correction collar 
and the STED beam shape with the SLM, I was able to acquire datasets in an axial range of 10-
12 µm with high axial resolution. The easiest way to increase this range further is by adjusting the 
sample-RI to the objective and decrease sample-induced aberrations. I have tested RI-matched 
mounting media, such as Fluoromount-G (RI=1.4, ThermoFisher Scientific, 00-4958-02), and 
have preliminary evidence that these have a positive effect on homogenizing sample-RI and 
therefore decreasing spherical aberrations. Regardless, one has to evaluate the effect of the 
mounting medium on sample integrity and staining quality carefully. For example, mounting media 
containing the polyvinyl alcohol Mowiol, can lead to sample shrinkage and flattening.181 In 
addition, I have found that mounting media ‘dissolve’ the coCATS label, probably due to the 
extraction of insufficiently immobilized membrane proteins. Similarly, while optical clearing 
approaches are a great way to reduce sample-induced aberrations, many of them do so by 
delipidation, which might affect the CATS labeling quality. Here, hydrogel-based clearing 
approaches, such as CLARITY182, are an exciting avenue, as they are closely related to the already 
established ExM. In addition, optimizations of the imaging system, for example by using an 
automated correction collar that can be adjusted for imaging depth during image acquisition, will 
also increase the obtainable imaging volumes. 
 

2.2.2 Denoising of near-isotropically resolved CATS data 

Denoising was performed with the deep-learning (DL)-based algorithm Noise2Void (N2V)183 on 
volumetric coCATS data to remove background noise, hence increasing the SNR of the data. This 
has a positive effect on the outcome of manual segmentation tasks. Automated segmentation tasks 
have been shown to improve upon denoising as well, especially when the amount of ground truth 
segmentation data used for training is low.184,185 N2V is based on an artificial neural network that 
is trained directly on the data to be denoised, thus circumventing the need to create training pairs. 
N2V utilizes a ‘blind-spot’ network, which excludes the central pixel (the pixel to be denoised) 
from its receptive field. The receptive field is defined as the set of pixels in a square neighborhood 
influencing the prediction of the central pixel. The exclusion of the central pixel creates a blind 
spot, meaning that the network prediction will be affected by all pixels in the receptive field, except 
for the central one. The network estimates the signal of the central pixel based on its surrounding. 
Pixel-wise independent noise is eliminated, as the surrounding does not carry any information 
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about its value, such that it cannot be estimated by the network. This way, N2V outperforms 
traditional denoising techniques.183 
Volumetric coCATS datasets were denoised with the following parameters: noise2void 3D mode, 
patch size 16/32 x 32 x 32 (zyx), number of patches per image: all, patch augmentation: rotation 
and axis-mirroring, neighborhood radius: 5, percent pixel manipulation: 1.5, number of epochs: 
75-80. 
 
Figure 20 is a comparison between raw and N2V-denoised volumetric coCATS data obtained with 
z-STED in a cultured organotypic hippocampal slice. Raw data (Figure 20a,c,e) displays a stronger 
salt-and-pepper background and a substantially lower SNR in comparison to the denoised data. 
Upon N2V-denoising (Figure 20b,d,f), cellular borders are more visible, making it easier to follow 
structures, for example to annotate them.  

 
Figure 20: Comparison of raw and denoised coCATS data. CoCATS labeling In the DG hilus of a cultured 
organotypic hippocampal slice, including two zoom-ins. a), c), e) Raw and b), d), f) N2V-denoised data. Data 
was acquired in z-STED mode with a high-magnification objective (100x silicone, NA 1.35). Adapted from 
Michalska et al., 2022155. 

 
Limitations & future prospects 
Currently, denoised data is mainly used for visualization purposes, as well as for manual 
segmentation tasks. For automated segmentation of synaptic structures, I have compared the 
performance of a deep-learning-based algorithm trained on raw and N2V-denoised data, and 
found the resulting segmentations to be of high similarity. 
N2V is based on the assumption that the real signal of a pixel can be predicted from its 
surrounding. One should be aware of this limitation, and carefully evaluate every denoised dataset 
for artifacts. In addition, the original implementation of N2V was not capable of eradicating 
structured noise, as this type of noise is predictable.183 To solve this issue, a novel implementation 
of N2V, optimized for the removal of structured noise, was developed.186 
Instead of simply denoising the data, which will result in a smoothed dataset with lower 
background, one could use the CARE algorithm, as described in Section 2.2.1. This has the 
potential to further increase the SNR, which will likely have a positive effect on automated 
segmentation tasks.29 
 

2.2.3 Large-scale imaging of brain tissue with ExM 

I combined CATS with ExM to demonstrate the capability of the toolbox to analyze brain tissue 
organization across scales, focusing on regional down to subcellular scales. Therefore, I acquired 
extended depth and large-scale datasets of ~4-fold expanded brain tissue specimens. I mainly 
focused on perfusion-fixed mouse brain slices, but this strategy is also compatible with other 
specimen types, such as organotypic slice cultures (see Michalska et al., 2022155, Fig. 5a and Suppl. 
Fig. 10). 
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Data was acquired on a spinning disk confocal microscope, as it provides high imaging throughput 
paired with high spatial resolution. I used the Andor Dragonfly imaging platform consisting of a 
Nikon Ti2E inverted microscope with a motorized stage, a spinning disk with a pinhole diameter 
of 40 µm and four continuous-wave excitation lasers (405 nm, 488 nm, 561 nm and 637 nm). The 
signal was detected with an Andor Zyla 4.2 Megapixel sCMOS camera. To achieve high-resolution 
data, I used a high-magnification, long WD water objective (Nikon Apochromat LWD 40x lambda 
S/NA 1.15/Water immersion/ WD 0.6 mm). For overview imaging, I used a 10x air objective 
(Nikon CFI P-Apo 10x λ/NA 0.45/WD 4.0 mm). 
Overview imaging was performed to align pre- and post-expansion imaging datasets with the goal 
of precisely determining the expansion factor and evaluating expansion-induced distortions. Here, 
the same label has to be acquired before and after the expansion procedure. The rCATS labeling 
cannot be used, as fluorescent readout is only performed after the expansion procedure. In any 
case, a sparse label is advantageous for the alignment, as it is easier to identify hallmark features in 
this type of data. Here, I used the fluorescent signal of a genetic line for sparse labeling of neurons 
expressing the Thy1-gene (Thy1-EGFP) as a marker for alignment. I performed low-magnification 
overview imaging with a voxel size of 0.3 x 0.3 x 1.5 µm3 of the immunostaining-enhanced Thy1-
EGFP signal across the entire sample before the start of the ExM procedure. 
After expanding the sample, I excised a ~3 cm x 3 cm big piece of expanded hydrogel containing 
the sample and immobilized it on a PLL-functionalized coverslip in an imaging chamber. The 
imaging chamber was filled with ddH2O and a second coverslip was placed on the gel to avoid 
evaporation during the imaging procedure. Multi-channel imaging was performed ON with a voxel 
size of 0.15 x 0.15 x 0.30 µm3. The imaging data was directly saved on an external hard drive for 
efficient data transfer. 
 
Limitations & future prospects 
The major practical limitation for acquiring large-scale imaging data was the acquisition time.  
Even though the spinning disk confocal microscope operates at high speed due to its parallelized 
excitation, multiple factors increased the imaging time. Firstly, the low signal intensity provided by 
the expanded sample required the use of long dwell times. As previously stated, enhancing the 
signal of ExM-treated samples is therefore an avenue for future improvements, not only to increase 
the quality of the resulting data, but also to decrease imaging time. Further, the use of high-
magnification objectives resulted in small fields of view, which also increase imaging time. It was 
necessary to use a high-magnification objective to push the obtainable resolution, especially in the 
axial direction. Alternatively, one could increase the obtainable resolution by using a bigger 
expansion factor, yet the volumetric sample size increase and the dilution of the signal will compete 
directly with the acquisition time. To address this issue, future experiments using light sheet 
microscopy for data acquisition are promising, as this imaging technique provides high throughput 
to capture extended volumes of expanded specimens.187 Instead of increasing the expansion factor 
to obtain sufficient resolution in the axial direction, it could be of interest to focus on efforts that 
push light sheet microscopy towards isotropic resolution.188–190 Alternatively, lowly expanded gels 
can be imaged with z-STED. For example, the combination of 4-fold ExM, as shown in this work, 
with z-STED, would result in ~50 nm near-isotropic resolution.191 Yet, if a single-point STED 
microscope is used, this will greatly impede imaging throughput. 
Another practical limit is the sample thickness that can be acquired without slicing. Currently, the 
limited axial resolution necessitates the use of high NA objectives, which limit their WD. For 
example, I used a 40x water immersion objective with a WD of 0.6 mm for high-resolution 
volumetric imaging. In combination with 4-fold expansion, it provides ~75 nm lateral and 
~200 nm axial resolution, and is limited to image samples of ~100 µm thickness before expansion. 
For segmentation tasks, the axial resolution would have to be significantly better, thus necessitating 
higher expansion factors, which would further decrease the initial sample thickness. To achieve 
extended depth imaging of thick, expanded samples, using a light sheet microscope, especially one 
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with an improved axial resolution, would be a possible solution. Another solution would be to 
combine ExM with serial sectioning, thus providing access to thick, expanded tissue by 
successively imaging the surface layer and removing it.192 
 

2.2.4 Large-scale data processing 

Christoph Sommer guided me in the development of a pipeline for data handling and data analysis 
of expanded CATS specimens. He wrote and executed scripts for stitching, denoising and 
calculation of the expansion factor. 
 
Large-scale imaging of ~4-fold expanded brain tissue specimens resulted in datasets of ~1 TB size 
(~1.4 x 1.7 x 0.3 mm3 post-expansion). Therefore, it was necessary to develop a pipeline to 
efficiently handle, visualize and analyze datasets of such a size (and potentially bigger). 
Pre-expansion imaging data of the whole brain slice consisted of up to 120 single-channel 
volumetric tiles. Post-expansion imaging data consisted of up to 36 volumetric tiles containing up 
to three channels (rCATS, immunostainings). I transferred the imaging data from the hard drive 
to an internal server. Pre- and post-expansion datasets were transformed into BigStitcher datasets, 
roughly aligned according to the imaging parameters (10% overlap) and resaved to the chunked, 
pyramidal image format N5 with 6 pre-computed resolution levels. Data visualization was 
performed with the ImageJ/Fiji193 version 1.53f51 plugin BigDataViewer194. BigStitcher version 
0.8.3195 was used to align, stitch and fuse the imaging tiles with linear blending and to export the 
aligned dataset into 16-bit HDF5-BigDataViewer files. Post-expansion datasets were denoised 
with N2V. For each channel, a N2V model was trained on 6000 randomly selected patches with a 
size of 64 x 64 x 64 voxels for 60 epochs with 256 steps per epoch. Each channel of the dataset 
was then denoised with the respective N2V model on a high-performance cluster with GPU-
acceleration. Next, I manually aligned the pre- and post-expansion datasets with BigWarp196 by 
matching landmarks in the Thy1-EGFP channels in 3D. The expansion factor was extracted from 
the BigWarp landmark file using a custom script. 
 
Limitations & future prospects 
The main practical limitation was the size of the datasets, which made handling and processing 
challenging. As future developments will lead to a further increase in data volume, this aspect 
should be further optimized. Transfer of the data and data type transformation steps should be 
minimized, as these take a lot of time. Sufficient storage space, as well as powerful computational 
machines, have to be available, to store, process and analyze the data. Here, close collaboration 
with data analysis and computation experts is necessary.  
In addition, there are many recent developments in large-scale ExM imaging, which provide open-
source pipelines for data processing that can be taken advantage of, for example the image 
processing and analysis platform for expanded light sheet data developed by Lillvis et al.197. 
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2.3 Analysis of neuronal properties 

While I developed the concepts described in this section, I acknowledge the work of my colleagues 
who have been involved in this work. 
Jake Watson performed all whole-cell patch-clamp experiments, which involved electro-
physiological characterization and cell filling. 
Eder Miguel installed the software used for skeletonization on our local server. Christoph Sommer 
transformed the post-expansion dataset into the webKnossos-wrap (WKW) container format for 
ease of implementation. 
Alban Cenameri performed all manual segmentations, which I proofread manually. 
Julia Lyudchik wrote and implemented all scripts for the quantification of manually segmented 
structures. She co-developed the pipelines for the identification of putative synaptic cleft regions 
(pSCRs). She wrote, adapted and ran all related scripts. Additionally, she created the 3D-
visualizations.  
 

2.3.1 Analysis of dendritic arborization 

I skeletonized single neuronal cells using webKnossos version 22.05.1198 installed on a local server. 
The stitched and denoised post-expansion dataset was transformed into 8-bit WKW-format. I 
then uploaded the dataset into webKnossos on our local server. To create a skeleton, I chose a cell 
soma situated in the center of the dataset and skeletonized it with the webKnossos skeleton tool 
with orthogonal views.  
 
Example: Skeletonization of the dendritic arborization of a DG hilar mossy cell 
I performed rCATS labeling, as well as immunostaining for GFP and the postsynaptic marker SHANK2 in a 
100 µm thick perfusion-fixed coronal brain slice from an adult Thy1-EGFP mouse. After pre-expansion imaging, 
I expanded the sample with the proExM protocol, using the signal retention pipeline described in Section 2.1.2. 
After expansion and readout of the rCATS label, I performed ON imaging of the DG. The post-expansion data 
was processed and denoised. I then aligned pre- and post-expansion datasets to obtain the expansion factor, which 
was 4.5x. I identified a DG hilar mossy cell lying centrally in the imaging dataset (Figure 21, yellow arrows) by its 
morphology and the presence of multiple MFBs in contact with its dendrite (Figure 21, yellow asterisks), clearly 
identifiable via the SHANK2 staining. I skeletonized its major dendritic arborization of this neuron, which was 
EGFP-negative, from the rCATS signal (Figure 21).  
 

 

Figure 21: Large-scale imaging of tissue context with ExM for tracing dendritic arborization. A 100 µm thick 
perfusion-fixed brain slice obtained from and adult Thy1-EGFP mouse was 4.5-fold expanded with proExM, 
labeled with rCATS (grey, N2V), immunostained for GFP (orange, N2V) and SHANK2 (cyan, N2V) and imaged with 
a spinning disk microscope (40x water immersion objective, NA 1.15). a) 3D-representation of a volume of DG 
crest. The location of the analyzed hilar mossy cell is denoted with a yellow arrow. b),c) Single slices of the 
volumetric dataset displaying a close-up of b) the cell body and c) a major dendritic branch of the analyzed hilar 
mossy cell. MFBs in contact with the mossy cell dendrites are labeled with yellow asterisks. d) Skeletonization 
of the major branches of the mossy cell in a-c. Scale bars refer to sample size after expansion. Adapted from 
Michalska et al., 2022155. 
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Limitations and future prospects 
The tracing of the dendritic arborization of a single mossy cell in Figure 21 shows that CATS can 
be used to analyze the architecture of complex neurons. The detail of this trace is mainly dependent 
on the resolution, in this case provided by the expansion factor. Here, I chose a moderate 
expansion factor (4.5x) to clear the sample and trace the major dendritic processes over an axial 
range of ~80 µm. Higher resolution, as well as higher signal intensities, are necessary to trace 
smaller structures, such as thin dendrites, axons and spines. Strategies to address these aspects 
have been discussed in detail previously (see Section 2.1.2.1 and 2.2.3). 
If the aim is to study the architecture of single, predefined neurons, CATS is likely not the best 
option, as processes smaller than the effective resolution are lost. In this case, an easier approach 
is to positively label the cell of interest and trace it with the help of the intracellular label. Yet, if 
one would like to trace cells independent of their cellular identity in the tissue and/or without the 
availability of a positive label, CATS is a useful approach. At high resolution, and in combination 
with a synaptic marker, such as SHANK2, it offers not only the possibility trace cells, but also to 
identify synaptic connections and thus gain information on circuitry. 
 

2.3.2 Assessment of cellular structure characteristics 

To assess morphological characteristics of cellular structures, they were segmented from super-
resolved CATS data. Manual segmentation and proof-reading was performed in VAST v1.4.0199 in 
all three dimensions (xy, xz and yz).  
 
Figure 22 shows the dense reconstruction of a volume of human cerebral organoid that was labeled 
with coCATS and imaged after fixation (Figure 22a,b). A 10 x 10 x 6 µm big volume was manually 
segmented to map its cellular constituents (Figure 22c). 
  

 
Figure 22: Reconstruction of a volume of human cerebral organoid. a) Single plane of a volume of a 150 DIV 
human cerebral organoid labeled with coCATS and immersion-fixed. b) 3D-represensation of a sub-volume 
(yellow box) of the data shown in a. The data was acquired in z-STED mode with a high-magnification objective 
(100x silicone, NA 1.35) and post-processed with N2V and adaptive histogram equalization. c) Dense 
reconstruction of the sub-volume represented in b. Adapted from Michalska et al., 2022155. 

 
To quantify structural characteristics of the manually segmented objects, they were turned into 
3D-meshes with Blender version 2.92. A custom-written Blender-script was used to calculate 
surface areas from the 3D-meshes. Blender was also used to compute volumes as the sum of mesh 
face areas. Custom-written Blender-scripts were further used to extract sub-volumes from 
segmented cellular structures. MFBs were disconnected from their filopodia and axons to quantify 
their surface areas and volumes. Complex spines were extracted from a segmented piece of CA3 
PN proximal dendrite. 
 
An example for complex spine extraction is displayed in Figure 23. The goal was to extract all 
spines from the proximal dendrite of a CA3 PN to study their structural characteristics. Single 
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CA3 PNs in cultured organotypic hippocampal brain slices were whole-cell patch-clamped and 
filled with Lucifer Yellow. CoCATS labeling was followed by immersion fixation and super-
resolution volumetric imaging with STED (Figure 23a). The proximal dendrite was manually 
segmented from the coCATS channel. Lucifer Yellow, which can only be acquired in confocal 
mode with our STED microscope, was used as a ground truth for the segmentation. After creating 
3D meshes with Blender, all spines were detached from the main dendrite (Figure 23b). To my 
surprise, I found many small spines emanating from the dendritic shaft alongside big TEs with 
highly complex structures. The surface area (5.6 ± 11.13 µm2) and volume (0.53 ± 1.27µm3) were 
computed. In comparison to previously published EM data (see Table 1), these values are 
significantly smaller, likely because we included all postsynaptic structures, not just the prominent 
TEs. 
 

 
Figure 23: Spine extraction from a reconstructed CA3 PN proximal dendrite. a) Single xy-plane from a 
volumetric dataset showing a piece of a positively labeled CA3 PN proximal dendrite (confocal, gold) in its 
surrounding elucidated via coCATS (grey, z-STED, N2V). Data was acquired from a cultured organotypic 
hippocampal slice. Single CA3 PNs were whole-cell patch-clamped and dye-filled with Lucifer Yellow to obtain 
a positive label. The data was acquired with a high-magnification objective (100x silicone, NA 1.35). b) 3D-
reconstruction of the positively labeled dendrite (gold) with complex spines (magenta) extracted for 
quantification. Adapted from Michalska et al., 2022155. 

 
Limitations & future prospects 
Manual segmentation is time-consuming and can thus hardly be upscaled to analyze multiple or 
large datasets. For example, the reconstruction of a 10 x 10 x 6 µm3 cube of coCATS labeled 
cerebral organoid by a trained segmenter took ~250 h (Figure 22). Yet, it is necessary to analyze a 
large number of structures in an unbiased fashion to obtain quantitative, and thus meaningful, 
results. To reach this goal, it will be necessary to automate the segmentation process in the future. 
Here, one can adapt algorithms for the automated segmentation of EM data for connectomics 
studies136,200–203. In a recent publication introducing LIONESS (see Velicky et al., 202229), we used 
an iterative training scheme to enable the automated segmentation of extracellular labeling data in 
living brain specimens by a deep learning algorithm. Initially, the network was trained on a small, 
manually annotated data volume. The trained model was then applied to larger datasets. The 
resulting segmentations were manually proofread and fed back into the training, thus extending 
the training volume, optimizing the model and improving automated segmentation. Adopting this 
approach to CATS data would greatly reduce the time spent on segmentation, as automated 
segmentation combined with manual proofreading is substantially less time consuming than 
manual segmentation. LIONESS uses the SUSHI method to create extracellular contrast in living 
samples, such that the resulting imaging data exhibits high similarity to CATS, specifically coCATS, 
data. Thus, it would be exciting to test the performance of the model trained on data obtained 
from living samples. If it generalizes well, meaning that it provides dense segmentation of coCATS 
data with limited errors, this initial segmentation could be used as a starting point for the iterative 
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training scheme to optimize the model for coCATS data. Otherwise, ground truth segmentation 
of the coCATS data will have to be created manually and used to train an independent model for 
the automated segmentation of this type of data. 
 

2.3.3 Identification of putative synaptic cleft regions 

When analyzing images of brain tissue labeled with coCATS and molecular markers for synaptic 
molecules carefully, I discovered that the coCATS data featured intensely labeled structures tightly 
sandwiched between pre- and postsynapses. I validated the spatial relationship of these coCATS 
features with various molecular targets by co-immunostainings with synaptic markers (Figure 24). 
 

 
Figure 24: Validation of the spatial relationship of pSCRs to other synaptic components. Super-resolved 
coCATS data (grey) and various immunostainings (orange) adult mouse brain coCATS labeled by in vivo 
microinjection and fixed by transcardial perfusion are shown in an overview image and a zoomed in version. One 
conspicuous pSCR per dataset is labeled with a yellow asterisk. All images were acquired with a high-
magnification objective (100x silicone, NA 1.35) in STED mode, except for SYNAPTOPHYSIN1, which was acquired 
in confocal mode. Taken from Michalska et al., 2022155. 

 
I used the following markers: SYNAPTOPHYSIN1 and BASSOON present in presynapses, 
HOMER1 and SHANK2 present in excitatory postsynapses, vesicular gamma-aminobutyric acid 
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transporter (VGAT) present in inhibitory synapses, vesicular glutamate transporter 1 (VGLUT1) 
present in excitatory synapses, sparse cytosolic Thy1-EGFP to test for co-localization with MFBs, 
and N-CADHERIN, a marker for cell-cell adhesion. I found all markers, except for 
N-CADHERIN, to be situated in very close proximity to the high-intensity coCATS features in 
both laterally (xy-STED) and axially (z-STED) enhanced super-resolution data. 
I concluded that high-intensity coCATS features are situated in synaptic cleft regions of both 
excitatory and inhibitory synapses. They are likely created by strong binding of the coCATS dye 
to the clefts’ protein-rich extracellular environment, such that we termed them ‘putative synaptic 
cleft regions’ (pSCRs). 
Based on the fact that pSCRs can be clearly identified in coCATS data by eye, with and without 
the presence of a molecular marker for synapses, I developed two pipelines for their automated 
detection and segmentation together with my colleague Julia Lyudchik. The first pipeline 
(automated pSCR segmentation guided by immunostaining) identifies pSCRs in the presence of 
molecular markers for pre- and postsynapse (Section 2.3.3.1). The second pipeline uses a neural 
network to locate pSCRs in datasets without additional molecular information (Section 2.3.3.2). 
 

2.3.3.1 Automated pSCR segmentation guided by immunostaining 

The following steps are performed to detect pSCRs from near-isotropically resolved volumetric 
coCATS data guided by the presynaptic marker BASSOON and the super-resolved postsynaptic 
marker SHANK2. A schematic representation, as well as an example with real data, of the process 
is seen in Figure 25. 
 

1. 3D-data: Volumetric data sets acquired in the CA3 stratum lucidum of perfusion-fixed adult 
mice after coCATS in vivo microinjection are used. CoCATS and SHANK2 signals are 
near-isotropically resolved, while BASSOON is acquired in confocal mode. CoCATS data 
is enhanced with N2V. 

2. BASSOON mask: A binary mask of the BASSOON signal is created by removing 
background and performing global Otsu thresholding (semantic segmentation). 

3. SHANK2 mask + dilation: A binary mask of the SHANK2 signal is created by removing 
background and performing global Otsu thresholding (semantic segmentation). The 
SHANK2 mask is dilated to perform a local search in the vicinity of the SHANK2 signal. 

4. Local search: The dilated SHANK2 mask is overlaid with the coCATS data to limit the 
search for pSCRs to regions in the vicinity of the postsynaptic marker. 

5. PSCR instance segmentation: A global threshold is applied to the coCATS mask. Then, 
high-intensity coCATS features are segmented individually (instance segmentation). 

6. Triple co-localization: PSCRs co-localizing with an overlap region of the binary BASOON 
and SHANK2 masks are identified. Segments that do not co-localize with both synaptic 
markers, are discarded to eliminate false positive synapse identifications. 

7. MFB segmentation: Volume segmentations of MFBs from denoised coCATS data are 
created as described in Section 2.3.2. 

8. MFB-pSCR coupling: MFB segmentations are dilated to search for pSCR segments in their 
vicinity. PSCR segments that display an overlap are extracted and assigned to their 
respective MFBs. 

 
In the last step, segmented pSCR objects are manually proofread to correct for errors. 
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Figure 25: Schematic of pSCR segmentation from coCATS data guided by immunostaining. (Top) Graphic 
representation and (bottom) real data examples depicting the steps to pSCR segmentation from coCATS data 
(greys) guided by molecular labeling of a pre- (magenta) and postsynaptic (turquoise) marker. Taken from 
Michalska et al., 2022155. 

 
An example of the automated pSCR segmentation guided by immunostaining is displayed in Figure 
26. Here, I identified pSCRs belonging to MFBs in the CA3 stratum lucidum to analyze their synaptic 
fields. I created extracellular contrast by in vivo microinjection of coCATS labeling compound in 
the LV of adult mice. After perfusion fixation, I stained for BASSOON and SHANK2 to identify 
excitatory synapses, and acquired super-resolved volumetric datasets (Figure 26a). I used the 
automated pSCR segmentation pipeline to output pSCR objects, which I proofread manually 
(Figure 26b). The most common errors I encountered were split-errors (one pSCR identified as 
two objects) and merge-errors (two pSCRs in close proximity that were identified as one object).   
 

 
Figure 26: Automated identification and segmentation of MFB pSCRs guided by immunostaining. Automated 
pSCR detection was performed in the CA3 stratum lucidum after coCATS in vivo microinjection, perfusion 
fixation and immunostaining for excitatory synapses. a) Single xy- and xz-image of a volumetric coCATS (grey, 
z-STED), BASSOON (magenta, confocal) and SHANK2 (turquoise, z-STED) dataset denoised with N2V. White 
arrowheads indicate positions of orthogonal views. b) CoCATS data and automatically segmented pSCR objects 
before (detected pSCRs) and after proofreading (proofread pSCRs). Two objects were merged (m) during 
proofreading. All data was acquired with a high-magnification objective (100x silicone, NA 1.35). Adapted from 
Michalska et al., 2022155. 

 
Limitations & future prospects 
The pipeline for automated pSCR detection guided by immunostaining utilizes global thresholding 
of signal intensities, followed by local search in threshold-created binary masks. Currently, this 
threshold has to be chosen manually to account for variable signal intensities across different 
imaging volumes. More importantly, even within a single data volume, signal intensities display 
regional differences, such that a global threshold may not be ideal to distinguish between signal 
and background across the whole dataset. Therefore, using a local thresholding approach, 
especially for the pSCR instance segmentation, might improve the shape of the resulting pSCR 
objects and decrease the amount of split- and merge-errors. 
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The identification of coCATS high-intensity features is solely based on the proximity to molecular 
markers, specifically SHANK2. The coCATS and SHANK2 signals are localized using the same 
STED beam. This is advantageous, as it eliminates system-induced localization errors, such as 
chromatic aberrations. However, this approach does not make use of the local environmental 
context, which is elucidated by coCATS. This context might provide information on whether a 
coCATS high-intensity feature is truly a pSCR. This information might include, especially in the 
case of MFB synapses: the shape of the coCATS high-intensity feature; the proximity to other 
coCATS high-intensity features; the positioning of multiple coCATS high-intensity features in 
relation to one another; the presence of other cellular structures in close proximity, such as 
proximal dendrites or mossy fibers; etc. To leverage this information, we developed a second 
automated pSCR segmentation pipeline using deep learning, described in Section 2.3.3.2. 
 

2.3.3.2 Deep-learning-assisted prediction of pSCR location 

Based on the prominence of pSCRs in coCATS data, I wondered whether it is possible to identify 
synapses purely from coCATS data without additional molecular information. This would imply 
that synapse location is directly encoded in the coCATS data, similar to the electron-dense 
postsynaptic density (PSD) found in electron micrographs.204 Global thresholding of the coCATS 
data was not sufficient to identify pSCRs. This is due to the fact that not all high-intensity features 
in the coCATS data represent synapses, as well as due to regional differences in signal intensities 
within the datasets.  
To overcome this limitation, my colleagues and I adapted a deep learning approach by Ounkomol 
et al., 2018205, which was developed to model the relationship between distinct, but correlated 
imaging modalities, such as  EM, brightfield, fluorescence and even stimulated Raman scattering 
data. A convolutional neural network based on the U-net architecture is trained on paired images 
of a molecular label and second channel containing structural information. Then, the trained model 
is used to predict the molecular label from the structural data alone.100,205 
My goal was to employ this strategy to predict the location of synapses based on the structural 
information provided by coCATS. I hypothesized that I could leverage the contextual information 
provided by coCATS data to identify pSCRs. To do so, a deep learning network was trained with 
super-resolved coCATS data paired with a molecular marker for synapses as ground truth. A 
schematic of the strategy is displayed in Figure 27a. We used code adapted from Qian et al., 2021100. 
  
Training 
For training, I created coCATS data paired with BASSOON immunostainings, both near-
isotropically resolved with z-STED, to localize excitatory and inhibitory synapses with high 
precision. Training data was exclusively acquired in the CA3 stratum lucidum of coCATS in vivo 
microinjected and perfusion-fixed adult mice. CoCATS data was denoised with N2V and 
background subtraction was performed for the BASSOON channel. We trained the model with 
~85000 µm3 of training data. 
 
Prediction 
The trained model was used to predict the molecular label (predicted BASSOON) from a 
previously unseen coCATS dataset. A molecular ground truth in the form of super-resolved 
BASSOON immunostaining (immuno BASSOON) was also available, but only used for the 
validation of the model.   
 
pSCR identification & segmentation 
The predicted BASSOON label was used to perform pSCR segmentation as described in Section 
2.3.3.1. In this case, only one molecular label (predicted BASSOON) was available, which was used 
as a guide to synaptic sites. The predicted BASSOON signal was turned into a binary mask and 
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dilated to conduct a local search for pSCRs in the coCATS channel in the vicinity of the molecular 
marker. Then, instance segmentations of pSCRs were created by global thresholding.  
 
Validation 
To validate the accuracy of the molecular label prediction, I first compared the molecular ground 
truth immunostaining (immuno BASSOON) to the deep learning prediction (predicted 
BASSOON). Upon visual inspection, I found high similarity between these two labels (Figure 
27b). This similarity is corroborated by a high voxel-wise correlation with a Pearson correlation 
coefficient value of r=0.818. Secondly, we compared the segmentation outcome guided by the 
immunostaining (pSCRsimmuno) with the one guided by the deep learning prediction (pSCRsprediction) 
(Figure 27b). Here again, the similarity of the resulting segmentations was high as judged by visual 
inspection. We further validated the object-based correlation of pSCRimmuno and pSCRprediction with 
the F1 score (Figure 27c), a quality metric widely used in image analysis to evaluate deep learning 
models.206 For this, we compared pSCRimmuno and pSCRprediction instance segmentations by 
identifying object-pairs and calculating their intersection over union (IOU; ratio of overlapping 
volume vs. combined volume). The F1 score as a function of IOU is a number between 0 and 1, 
where 1 implies perfect correlation. It takes into account precision (number of correctly segmented 
objects divided by number of all segmented objects) and recall (number of correctly segmented 
objects divided by number of all true objects). At an IOU=0.5 the F1 score of the deep learning 
model was 0.73, indicating high correlation. From this we concluded that pSCRs can indeed be 
reliably identified from the coCATS data only, when using an approach that takes into account the 
contextual information provided by the coCATS data. 
 

 
Figure 27: Deep-learning-assisted identification of synapse location. a) Scheme of pSCR detection without 
immunostaining based on a deep-learning network trained on coCATS and matched synaptic marker datasets. b) 
Comparison of BASSOON immunostaining (orange) and BASSOON predicted by the trained deep learning model 
(blue), as well as resulting pSCR segmentations (yellow) on coCATS data. c) Quantification of similarity between 
pSCRs segmention guided by immunostained vs. predicted BASSOON data. Adapted from Michalska et al., 2022155. 

 
More detailed information on parameters used for the training can be found in Appendix Section 
6.3.1.2, IV.7.4 Validation of deep-learning-based synapse prediction. 

 
Labeling of molecular markers in chemically fixed tissue inadvertently leads to additional 
processing steps, which might negatively affect (ultra-)structural preservation of the tissue, as well 
as CATS labeling. Specifically, I have found that (detergent) permeabilization markedly decreases 
the quality of coCATS data. This is likely due to the solubilization and extraction of lipids, and 
thus membrane-bound proteins, as well as other molecules that are not sufficiently immobilized 
by FA-fixation.161,207,208 Hence, being able to reliably identify synapses without the need for 
molecular labeling, as suggested by this pipeline for deep-learning-assisted prediction of pSCR 
location, is an exciting avenue to gain insights into the connectivity of well-preserved samples with 
light microscopy.  
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To test the pipeline for deep-learning-assisted prediction of pSCR location, we identified pSCRs 
in the coCATS dataset used for the manual segmentation of the CA3 PN proximal dendrite shown 
in Figure 23. This dataset did not contain any staining for molecular markers. We used the trained 
model to predict the molecular marker BASSOON (predicted BASSOON) from the coCATS 
data. Strong predicted BASSOON signal was visible in MFB structures in close proximity to the 
PN proximal dendrite and was associated with coCATS high-intensity signals, as expected (Figure 
28a). We segmented pSCRs guided by the predicted BASSOON signal (predicted pSCRs) and I 
proofread them manually (proofread pSCRs) (Figure 28b-d). The most common error was non-
detected pSCRs, which were manually added (a). 
 

 
Figure 28: Automated segmentation of MFB pSCRs without immunostaining. Data was acquired in a cultured 
organotypic hippocampal slice, coCATS labeled with NHS-STAR RED, immersion-fixed and super-resolved with 
STED using a 100x silicone objective, NA 1.35.  a) Single xy- and xz-plane of a volumetric dataset showing a CA3 
PN proximal dendrite in its local environment elucidated by coCATS labeling (grey, z-STED, N2V). Super-resolved 
BASSOON signal predicted from the coCATS data by a deep learning model is displayed in cyan. b-d) Zoom-ins 
on MFBs indicate the association between coCATS high intensity and predicted BASSOON signals. PSCRs were 
segmented based on the predicted BASSOON signal and manually proofread. Proofreading operations included 
addition (a), deletion (d), splitting (s) and merging (not shown) of pSCR objects. Adapted from Michalska et al., 
2022155. 

 
Limitations & future prospects 
As I was interested in identifying pSCRs associated with the DG GC-CA3 PN synapse, the model 
for deep-learning-assisted prediction of pSCR location was exclusively trained on datasets from 
the CA3 stratum lucidum of the adult mouse after in vivo microinjection of coCATS dye. Figure 28 
shows that this model is still capable of predicting pSCRs from coCATS data obtained from 
coCATS immersion-labeled organotypic slice cultures in the same brain region. This is remarkable, 
as cultured slices differ from the native brain of an adult mouse in various aspects. Firstly, they 
display a different developmental stage than adult mouse brains, which likely results in differences 
in synaptic maturity, as well as ECM composition. Studies have shown that the developmental 
changes of the mossy fiber circuitry in cultured slices closely resemble those in vivo, such that the 
obtained data would be most comparable to a ~P25 mouse brain.209 Secondly, cultured slices go 
through extensive remodeling of their circuitry due to the loss of many natural connections 
resulting from the excision of the hippocampus. Thirdly, clearing of damaged cells after the cutting 
procedure, as well as a changed local environment provided by the culture medium, might lead to 
changes in the ECS distribution of the cultured slice. 
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As I have mainly focused on the study of the DG GC-CA3 PN synapse, I have not yet established 
how well the trained model will perform in predicting the location of other types of synapses. The 
DG GC-CA3 PN synapse exhibits a characteristic shape, size, as well as local environment, such 
that a model trained on data mostly containing this type of synapse might not generalize to other 
synaptic structures. Of particular interest here are the excitatory synapses formed between MFB 
filopodia and GABAergic neurons, as well as inhibitory synapses between CA3 interneurons and 
CA3 PNs providing feed-forward inhibition. I have established that all of these synapses display 
pSCRs. As a next step, it would be exciting to test whether models that were trained with data 
containing molecular markers for excitatory and inhibitory synapses can identify and distinguish 
the location of these different synapse types. 
Further, an exciting avenue is to develop this pipeline further with the aim of accurately predicting 
synapse locations in brain areas other than the hippocampal CA3 region. As synapses, and 
therefore also pSCRs, are differentially shaped in other brain areas, for example the cerebral cortex, 
I expect that the training data would have to be extended to include these structures.   
 

2.3.4 Analyzing local connectivity 

The existence of synaptic contacts highlights true connections between neurons and is therefore a 
better predictor of synaptic connectivity than spatial proximity. The coCATS pipeline makes it 
possible to identify synapse locations via the presence of pSCRs with or without the use of a 
molecular marker for synapses. Hence, connectivity between neuronal structures can be inferred 
from coCATS data. 
 
Connectivity can be identified in two ways, by two-way or three-way localization, dependent on 
the presence of segmented structures. 
  
Two-way localization 
This method is used to identify pSCRs associated with a singular previously segmented neuronal 
structure of interest. In the next step, associated pSCRs are used as a guide to neuronal structures 
that are synaptically connected with the previously segmented neuron. 
 
First, the neuronal structure of interest is segmented from the coCATS data volume (main object). 
Then, all pSCRs in that coCATS volume are automatically segmented, as described in Section 
2.3.3. The main object is dilated to execute a search in its close proximity. All pSCR segments 
harboring voxels that overlap with the dilated neuron segment are retained. Manual proofreading 
is performed to retain only the pSCRs that are directly related to the main object. The main object, 
the associated pSCR segments and the coCATS data are overlaid. The synaptic partners of the 
neuronal structure of interest are then identified in the coCATS data by their close proximity to 
the main object with a pSCR sandwiched in between. They are then manually segmented from the 
coCATS data. 
 
Example: Reconstruction of the local output field of a DG granule cell presynapse. 
 
I acquired a volumetric dataset in the CA3 stratum lucidum of a cultured organotypic hippocampal slice. A single 
DG GC was positively labeled by whole-cell patch-clamping and biocytin-filling. The sample was bathed in coCATS 
labeling solution, followed by immersion fixation, mild permeabilization and incubation with a biocytin readout 
probe (fluorophore-conjugated streptavidin). I acquired a near-isotropically resolved volumetric dataset containing 
coCATS and positive label with STED microscopy (z-STED), focusing on a single giant MFB. The MFB was 
reconstructed from the super-resolved positive label by Otsu thresholding. To identify all postsynaptic partners of the 
MFB, I performed two-way localization. After automatically segmenting pSCRs with the deep-learning-assisted 
pipeline described in Section 2.3.3.2, I identified all pSCRs that were associated with the segmented MFB. I then 
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manually identified all neuronal structures connected to the giant MFB by pSCRs. These structures were then 
manually segmented. This way, I was able to reconstruct the synaptic output field of a single MFB (Figure 29). The 
main postsynaptic partner of the giant MFB was a CA3 PN (mint color). 

Multiple PN complex spines were enwrapped by the 
main body of giant MFB. Filopodia emanating from 
the MFB body targeted eight additional neuronal 
structures, including thin processes and complex 
somatic shapes. 
 
 
 
 
 

 
 
Three-way localization 
This method is used to clarify the relationship between multiple previously segmented cellular 
structures via the presence of pSCRs. First, multiple structures are manually segmented from a 
coCATS dataset (neuron segments). The neuron segments are classified into two groups: 
presynaptic and postsynaptic. Then, all pSCRs in that dataset are automatically segmented, as 
described in Section 2.3.3. Next, the pSCR segments are dilated to execute a local search for neuron 
segments in their close proximity. For each pSCR, a list each of pre- and postsynaptic segments 
that display a spatial overlap with the dilated pSCR mask is created. If there is more than one 
overlapping pre- or postsynaptic segment, the segment with the larger overlap is retained. Manual 
proofreading is performed to verify the alignment of the segments (pre- and postsynaptic segments 
have to be juxtaposed with a pSCR segment sandwiched in between). 
 
Example: Identification of synaptic interactions between a CA3 PN proximal dendrite and 
its presynaptic partners 
 
I acquired a volumetric dataset in a cultured organotypic hippocampal slice containing a piece of proximal dendrite 
of a CA3 PN, which was positively labeled by whole-cell patch-clamping and dye-filling, followed by coCATS 
labeling and immersion fixation. The coCATS signal was near-isotropically super-resolved (z-STED), while the 
positive label was acquired in confocal mode. In the coCATS data, I identified the PN and all structures that were 
synaptically connected to it through pSCRs. The PN was segmented from the coCATS data, whereas the positive 
label was used for guidance. Presynaptic neuronal structures were segmented purely from the coCATS data. I limited 
the analysis of presynaptic structures to MFBs. I identified MFBs based on their morphology (bulbous enlargement 
in close proximity to the proximal dendrite), presence of pSCRs (one or multiple contacts with PN spines) and tissue 
organization (an axon running alongside other axons in a mossy fiber bundle). Instance segmentations of all complex 
spines were generated by detaching them from the main PN branch. In the next step, all pSCRs in the dataset were 
segmented by using the deep-learning-assisted pipeline described in Section 2.3.3.2. Three-way localization was 
performed to characterize how many MFBs were connected with each complex spine and vice versa. For that, pSCR 
masks were dilated. A list of all complex spine segments and all MFB segments exhibiting overlap with every single 
pSCR segment was created. If more than one complex spine or MFB displayed overlap with one pSCR, the structure 
with the bigger overlap was chosen. This way, I characterized the connectivity pattern between a CA3 PN and its 
presynaptic partners (Figure 30, top). The displayed giant MFB connected to the CA3 PN through one TE, as 

Figure 29: Reconstruction of a MFB and its 
postsynaptic partners. 3D rendering of a DG granule 
cell giant MFB (orange) and its nine postsynaptic 
partners identified by the presence of pSCRs (white) 

with two-way localization. 
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well as through a small complex spine in close proximity. While the MFB contacted the TE through 12 pSCRs, 
only a single synaptic contact was present between the MFB and the small complex spine. 
 

 
Figure 30: Reconstruction of a CA3 PN local input field. (Top) 3D-rendering of a CA3 PN proximal dendrite 
(yellow) and 56 synaptically connected neuronal structures. (Bottom) Zoom-in on a single MFB (purple) in contact 
with a PN TE via pSCRs (white). 

 
Limitations & future prospects 
Determining neuronal connectivity by automated association of pre- and postsynaptic partners via 
pSCRs is a powerful step towards being able to study neuronal circuitry in an unbiased fashion 
with light microscopy. 
Currently, the main limitation for achieving this goal is the need for manual segmentation, as 
previously discussed (see Section 2.3.2). As manual segmentation is time-consuming, I focused on 
analyzing local connectivity rather than performing dense reconstructions of whole datasets. The 
study of synaptic input and output fields of single cells was facilitated by their electrophysiological 
characterization and intracellular labeling. However, a positive label is not necessary to identify 
synaptically connected structures from coCATS data.  
It would be even more exciting to evaluate the connectivity of all neurons in a dataset, without a 
priori focus on a specific cell. To do so, one needs to pair the automated association of pre- and 
postsynaptic partners via pSCRs with an efficient reconstruction or tracing of all neuronal 
structures in that dataset.  
To my current knowledge, coCATS high-intensity regions only appear in synaptic cleft regions of 
chemical synapses. To study other types of connections between neurons, including electrical 
synapses, additional molecular markers are needed. 
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3 Studying the hippocampal circuitry 

with CATS 
Using the tools developed in Section 2, I set out to quantify key parameters of the hippocampal 
circuitry, mainly focusing on the DG GC-CA3 PN synapse. 
 

3.1 Analyzing MFBs synaptic transmission properties 

As my first biological application, I focused on studying the architecture and synaptic output 
structure of giant MFBs with coCATS. I performed in vivo microinjections of the coCATS labeling 
compound into the LV of adult wildtype (wt) mice to introduce extracellular contrast into the CA3 
region. After FA-fixation via transcardial perfusion, the brains were sliced and immunostained for 
the presynaptic marker BASSOON and the postsynaptic marker SHANK2. I acquired 3 
volumetric datasets (~30 x 30 x 12 µm3 each, 2 animals) using z-STED mode, thus super-resolving 
the coCATS and SHANK2 signal, and acquiring BASSOON in confocal mode. 10 MFBs per 
dataset were randomly chosen and manually segmented. Next, I used the pipeline for the 
automated pSCR segmentation guided by immunostaining (see Section 2.3.3.1) to segment all 
pSCRs in the volumetric datasets. I identified all pSCR objects associated with the segmented 
MFBs and proofread them manually. To analyze the dependency between MFBs and pSCRs, I 
also identified parts of the MFB surface area that are occupied by pSCRs (ApSCR/MFB). Figure 31a 
shows 3D-renderings of all 30 reconstructed MFBs including the ApSCR/MFB in white.  
 

 
Figure 31: Quantifying MFB synaptic transmission properties. 30 MFBs were quantified from 3 near-
isotropically resolved volumetric datasets (z-STED) acquired in the CA3 stratum lucidum of adult wt mice after 
coCATS in vivo microinjection, perfusion-fixation and immunostaining for pre- and postsynaptic markers. a) 3D-
rendering of 30 manually segmented MFBs. MFB surface areas occupied by pSCRs are indicated in white. 3D-scale 
bar refers to MFB centers. b-d) Quantification of MFB volume (VMFB), MFB surface area (AMFB), as well as absolute 
(ApSCR/MFB) and relative (ApSCR/AMFB) MFB surface area occupied by pSCRs. e,f) ApSCR/MFB as a function of MFB volume 

and surface area with linear regression. Adapted from Michalska et al., 2022155. 

 
The volume of the MFBs (VMFB) was 13.6±5.0 µm3 (mean ± standard deviation (s.d.), n=30), but 
MFBs varied substantially in size and shape (Figure 31a,b). This value is in good agreement with 
data obtained from the adult mouse with SBEM, reporting a mean volume of 13.5 µm3 (see Table 
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1).150 Interestingly, another EM study conducted in the adult rat found a significantly smaller mean 
MFB volume of 8.24 µm3 (see Table 1).149,153 This might be due to studying a different species, 
difference in area sampled or it might simply reflect the high variability of MFB properties. The 
MFB surface area (AMFB) in this study was 53.5±16.6 µm2 (mean ± s.d., n=30) (Figure 31c). This 
value is also comparable to previously reported numbers (see Table 1), even though it does not 
take into account the surface area of filopodia, which were not reconstructed. Next, I wondered 
whether the MFB surface area occupied by pSCRs might resemble the organization of MFB AZs. 
The mean total MFB surface area occupied by pSCRs (ApSCR/MFB) was 4.6±1.6 µm2 (Figure 31c). 
PSCRs exhibited diverse shapes, often forming ring-like or fenestrated structures. A previous study 
found that the mean MFB surface area occupied by AZs was 2.10 µm2, but this study analyzed 
smaller MFBs.149 To normalize the results to MFB size, I calculated the fraction of MFB surface 
area occupied by pSCRs (ApSCR/AMFB). I found that on average 8.6±1.7 % (mean ± standard 
deviation) of the MFB surface area was occupied by pSCRs (Figure 31d). This value displayed 
smaller spread compared to the total MFB surface area occupied by pSCRs ApSCR/MFB, hinting 
towards a correlation between MFB size and the extent of synaptic release sites. The mean fraction 
was in good agreement with previous quantifications of MFB surface area occupied by AZs (9.7%) 
(see  Table 1), speaking in favor of a correlation between pSCRs and MFBs.149 Indeed, when 
analyzing the relationship between MFB size and ApSCR/MFB, I found a strong linear correlation 
between MFB volume and ApSCR/MFB (Pearson correlation r=0.844, 95% confidence interval: 0.694-
0.923, p-value<0.0001, R-squared (R2)=0.72, n=30), as well as between MFB surface area and 
ApSCR/MFB (Pearson correlation r=0.841, 95% confidence interval: 0.689-0.922, p-value<0.0001, 
R2=0.71, n=30) (Figure 31d,e). This indicates that larger MFBs engage more extensively in synaptic 
contacts. These findings are corroborated by a study showing that MFB growth is accompanied 
by an increase in AZ contents in a linear fashion, both in slice cultures and in vivo.209 
Surprisingly, the correlation between MFB size and pSCR number was markedly lower. The mean 
pSCR number was 13.0±5.9 (mean ± s.d.), slightly lower than previously reported, and exhibited 
large variation (3-28 pSCRs per MFB).149,150 This might indicate that the number of transmission 
sites per MFB is under less stringent control than the surface area of the MFB used for synaptic 
transmission. Of note, pSCRs that were located closer to one another than the resolution used in 
this study were most likely merged, creating a bias towards lower pSCR counts. Still, previous EM 
studies have found that while the distance between MFB AZs varied widely, it typically exceeded 
200 nm. This value is bigger than our estimated resolution, such that we expect to have resolved 
the majority of pSCRs accurately.149 
In summary, analyzing the synaptic transmission properties of MFBs in CA3 stratum lucidum, I 
found a correlation between the size of MFBs and their contact area to pSCRs, likely representing 
a relationship between MFB architecture and synaptic strength. 
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3.2 Studying the connectivity pattern of DG GC-CA3 PN 

synapses 

Moving beyond the characterization of the presynaptic component of the DG GC-CA3 PN 
synapse, I aimed at analyzing the connectivity pattern between MFBs and their postsynaptic 
partners. Focusing on a single PN proximal dendrite, we reconstructed its entire local input field, 
by segmenting all its presynaptic partners (Figure 32a). To do so, single CA3 PNs were whole-cell 
patch clamped and dye-filled, followed by coCATS labeling and immersion fixation. I super-
resolved the local environment of the positively labeled PN with STED microscopy (z-STED). 
Next, we manually segmented the positively labeled proximal dendrite, including 68 spines. Besides 
multiple large, branched TEs, I found that the dendrite exhibited many smaller, non-branched 
spines (Figure 32b). Guided by pSCRs, we segmented all structures that were synaptically 
connected to the proximal dendrite. From 56 presynaptic structures, I identified 43 as MFBs, based 
on their structure, the presence of pSCRs, as well as the presence of an axon running parallel to 
other axons in a mossy fiber tract (Figure 32b).  
 

 
Figure 32: Analyzing the synaptic input field of a CA3 PN. A single CA3 PN in a cultured organotypic 
hippocampal slice was whole-cell patch-clamped and dye-filled, followed by coCATS labeling, immersion fixation 
and STED-imaging. a) 3D-reconstruction of the CA3 PN proximal dendrite (gold), its spines (magenta), as well as 
all connected presynaptic, grouped as MFBs (light blue), MFB axons and filopodia (dark blue), and non-MFB 
structures (turquoise). b) 3D rendering of 68 spines (magenta) and 43 MFBs (light blue) used for DG CG-CA3 PN 
connectivity analysis. c) Violin plot of MFB (n=43) and spine (n=68) volumes. d) Analysis of connectivity of each 

d) MFB (n=43) and e) PN spine (n=68). Adapted from Michalska et al., 2022155. 

 
Upon quantification, I found that the size distribution of PN spines was strongly skewed towards 
small volumes, indicating that only few postsynaptic structures were in fact TEs (Figure 32c). I 
analyzed the connectivity pattern between the pre- and postsynaptic structures. Interestingly, I 
found that only 1⁄3 of all reconstructed MFBs contacted only a single spine. More commonly, MFBs 
contacted multiple, up to 7 spines. Often, a MFB would form multiple pSCRs with one or more 
TEs, and one additional pSCR with a closely located small spine (Figure 32d). On the contrary, 
most spines (83.6 %) formed a single synaptic connection with their presynaptic partners. Only 
large spines, which can be classified as TEs, were engulfed by more than one MFB (Figure 32e). 
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Summarizing, these results show that while MFBs commonly connect with more than one spine 
on the same postsynaptic cell, most spines are only contacted by single MFBs, with the exception 
of TEs, which receive input from multiple MFBs. 
These results should be validated by in vivo studies to ensure that they are not biased by the 
developmental stage of the slice culture. Further, it would be of interest to determine whether 
single MFBs form excitatory connections with more than one PN.   
  



61 

 

3.3 Reconstructing the output field of a DG GC 

Next, I used coCATS to gain insights into the synaptic output field of the main axon of a DG GC. 
For this, I used organotypic hippocampal slice cultures. Single DG GCs were whole-cell patch-
clamped and biocytin-filled. After that, I introduced extracellular contrast by coCATS labeling, 
immersion-fixed the sample and visualized the intracellular biocytin by using a STED-compatible 
fluorophore-conjugated streptavidin. I performed overview imaging of the whole cell to identify 
conspicuous MFB structures along the main axon projecting through the DG hilus into the CA3 
stratum lucidum (Figure 33a).  
 

 
Figure 33: Synaptic output structure of a DG granule cell mossy fiber. A single DG GC in a cultured organotypic 
hippocampal brain slice was whole-cell patch-clamped and biocytin-filled. After coCATS labeling, the sample 
was immersion-fixed, and the biocytin was read out with a fluorophore-conjugated streptavidin. a) Maximum 
intensity projection (MIP) of the positively labeled GC projecting through the DG hilus into the CA3, imaged with 
a spinning disk confocal microscope at low resolution (20x air objective, NA 0.75). 17 identified MFBs are marked. 
b) Characteristic of the identified MFBs. c) Single xy- and xz-planes, including zoom-ins of four positively labeled 
MFBs (yellow) in their local environment elucidated with coCATS (grey). Both channels were super-resolved with 
z-STED and denoised using N2V (100x silicone objective, NA 1.35). PSCRs are marked with asterisks. Adapted 

from Michalska et al., 2022155. 

 
I identified 17 MFBs, which I super-resolved by volumetric z-STED imaging of both the 
intracellular and the coCATS label. The main structural characteristics of the MFBs in the two 
different brain areas are summarized in Figure 33b. As previously described, I found two different 
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types of MFBs both in the DG hilus and the CA3 stratum lucidum. En passant boutons were small 
and did not possess filopodia. With the help of coCATS, I found that these boutons were 
connected to single postsynaptic partners via one pSCR. Complex spines were substantially bigger 
in size, associated with multiple pSCRs and possessed one or more filopodia (Figure 33b,c). 
Complex spines exhibited more complex shapes, a higher number of pSCRs and filopodia in the 
CA3 stratum lucidum than in the DG hilus. Using coCATS, I studied the MFBs in their structural 
context, including their postsynaptic partners. En passant boutons exclusively contacted thin 
dendrites, both in the DG hilus and in the CA3 stratum lucidum. Complex spines formed synaptic 
connections with thick dendrites, likely belonging to mossy cells, in the DG hilus. In the CA3 
stratum lucidum, they were located in close proximity to PN proximal dendrites (Figure 33c). I 
reconstructed the local output fields of MFBs in the DG hilus (Figure 33d) and in the CA3 stratum 
lucidum (Figure 33e) from the coCATS data. Bouton 13, a giant MFB located in the CA3 stratum 
lucidum, formed numerous connections with spines on the proximal dendrite of a PN. In addition, 
numerous filopodia extending from the MFB body targeted 8 additional structures, ranging from 
long processes to neuronal somata (Figure 33e). 
These data show that it is possible to analyze the output circuitry of single neurons with coCATS. 
Building on this work, the next step would be to reconstruct the postsynaptic partners of all 
identified MFBs to thoroughly characterize the connectivity of this GC. In addition, it would be 
beneficial to elucidate the cellular identity of all connected neurons.  
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4 Outlook 
For my PhD project, I developed CATS, a toolbox for the interrogation of nervous tissue 
organization with (super-resolution) light microscopy. CATS involves labeling tools for the 
fluorescent contrasting of the ECS in fixed brain specimens in combination with molecular 
markers, protocols for super-resolution imaging with STED and ExM, as well as analysis pipelines 
for the study of morphological properties and connectivity. It is a versatile technology, as it 
facilitates the study of diverse brain sample types commonly used in scientific research across 
various spatial scales, ranging from regional down to single synapse scale.  
CATS is the first technology enabling the visualization of the brain ECS with light microscopy in 
fixed specimens. Compared to previous approaches, which are limited to living tissue, such as 
SUSHI and LIONESS, this bares multiple advantages. Firstly, CATS is highly compatible with 
standard molecular labeling techniques. While I mainly focused on staining of protein targets, I 
expect that it will pair easily with the localization of other molecular entities. Secondly, CATS gives 
access to extended sample volumes when paired with clearing and/or expansion strategies. Thirdly, 
CATS provides access to specimens which cannot be visualized by live imaging, for example 
human clinical tissue. Fourthly, CATS allows the study of brain tissue close to its native state. 
While SUSHI and LIONESS utilize freely diffusible fluorophores, fluorophores are immobilized 
in the extracellular compartment in the CATS labeling approach.29,133 This is of disadvantage, as 
photobleaching of immobilized fluorophores will degrade image quality and resolution. In 
addition, the fixation procedure can result in the creation of artifacts, such as cell swelling and ECS 
loss. These limitations and possible solutions have been described in detail in Section 2.1.1.1. 
Labeling the ECS creates a natural border between cellular structures that remain free of 
intracellular complexity, which is advantageous for the study of tissue organization and 
connectivity analysis. For example, while at confocal resolution a pan-protein stain provides little 
information on (sub) cellular organization98, CATS reveals the gross morphology of all cellular 
constituents in brain tissue by extracellular contrasting. Yet, at higher resolutions, limited signal 
intensity of the CATS label can become a problem. This is likely due to two factors. Firstly, the 
initial labeling has to be performed before the expansion procedure and is thus limited by 
molecular crowding. Secondly, the amount of labeling targets, in this case mainly primary amines 
on proteins, is substantially lower in the ECS than in the ICS. Thus, when compared to 
membrane/protein contrasting techniques, such as the pan-protein stain98,99, an extracellular label 
will likely provide lower signal, especially in combination with high expansion factors. 
CATS is a great tool for studies of brain tissue organization that do not necessitate single-nm 
resolution, currently only provided by EM. In comparison with EM, the sample preparation is 
straightforward and the imaging procedure is time-efficient. For example, the hands-on sample-
preparation time for obtaining a super-resolved dataset after coCATS in vivo microinjection is 
~4-5 h, including the injection procedure, transcardial perfusion, tissue slicing and labeling of 
molecular markers. The acquisition time of a 30 x 30 x 12 µm volumetric dataset containing 3 color 
channels is ~1.5 h with a commercial STED microscope. As confocal and STED imaging provides 
optical sectioning, there is no need for data alignment. The resulting datasets are also substantially 
smaller, mainly due to the bigger voxel sizes, and therefore easier to handle. 
While CATS holds great potential for light microscopy-based connectomics, it is of importance to 
point out that higher resolution is necessary to reach this goal. As previously discussed, this can 
theoretically be achieved by using higher expansion factors, although this will lead to substantial 
signal dilution. Using (near-isotropic) light sheet microscopy can solve the problem of imaging 
throughput. An additional bottleneck for connectomics studies is the segmentation of the data. 
Automated segmentation pipelines, as well as semi-automated proofreading tools, will need to be 
implemented to create dense segmentations in a reasonable amount of time (see Section 2.3.2).  
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There are many other exciting avenues for utilizing the CATS toolbox. 
CATS is compatible with functional readouts, for example electrophysiological recordings, such 
that it is a great tool to study cellular structure-function relationships. I also expect it to pair well 
with other approaches for studying neuronal activity and connectivity, including calcium imaging 
and viral tracing.103,210 
In combination with spatial multi-omics approaches, including transcriptomics211,212, 
translatomics213 and proteomics214,215, CATS is capable of providing contextual information needed 
for the profiling of brain tissue across various scales. On a large scale, CATS would allow 
researchers to unambiguously localize transcripts in their respective cellular compartments to 
phenotype whole tissues at single-cell resolution.213,216–219 At high resolution, for example by 
combining spatial transcriptomics approaches with ExM220,221, CATS could provide subcellular 
structural context to study local translation in neuronal compartments, such as dendrites and 
synapses.222 
As CATS provides an unbiased readout of brain tissue organization, it could further be used to 
study changes in brain architecture and synaptic connectivity during development, neuronal 
activity and disease. For developmental studies, coCATS might be better suited, as it does not 
depend on the distribution of ECM components. RCATS, on the other hand, may have the 
potential to shed light on changes in the ECM associated with aging and neurological disease, 
including epilepsy, dementia and Alzheimer’s disease, specifically in human clinical tissue.174,223 
Another exciting avenue lies in the combination of CATS with live imaging for the study of 
dynamic processes. For example, we have recently developed LIONESS as a tool to study changes 
in synapse morphology in organotypic slice cultures.29 Pairing this approach with coCATS would 
allow a more in-depth characterization of the synapse, for example by using molecular markers to 
characterize synaptic composition. This way, one could study structural plasticity in a molecularly 
informed fashion. 
The brain ECS, which surrounds all cellular constituents, takes up ~20 % of the brain 
volume.133,162,224 It forms a reservoir for molecules that is essential for cellular signaling, metabolite 
clearance, as well as electrical activity. Further, it houses the ECM, which plays a major role in 
scaffolding and cellular homeostasis.154,225 The ECS is highly dynamic, displaying geometric 
changes in response to neuronal activity and, as part of the glymphatic system, circadian rhythm 
and sleep.225 Despite its evident importance for brain functioning, the ECS is poorly understood, 
mainly due to limitations in the technologies currently used to probe it. As CATS labels the 
extracellular compartment, it may serve as a tool to study the organization and function of the 
ECS itself. For this, it will be necessary to optimize fixation conditions to ensure that the ECS is 
preserved adequately. Then, CATS could be used to assess the geometry and distribution of the 
ECS, as well as the ECM, across brain regions, with the aim of understanding how its shape and 
composition affects the diffusional transport of molecules. 
For my thesis, my main interest lay in studying the brain, as it houses some of the most intricate 
and complex structures in the body. Yet, CATS can also be used to shed light on the organization 
of tissues other than the brain. Infused into the ECS of mouse organs, including kidney, liver, 
spleen and thymus, coCATS creates rich extracellular contrast, visualizing the morphology of those 
tissues from whole region down to subcellular level. In combination with a readout of cellular 
identities, this approach may prove useful to create in-depth profiles of those organs, for example 
in the form of a reference atlas.  
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6 Appendix 
Appendix Table 1: Properties of compounds used for coCATS live labeling. 

Name Structure MW 
(g/mol) 

∆q 
(-) 

λex 
(nm) 

λem 
(nm) 

Alexa Fluor 
488-NHS1 

 

643.4 NA 494 517 

Alexa Fluor 
546-NHS1 

 

1159.6 NA 554 570 

Alexa Fluor 
594-NHS 

 

819.8 NA 590 617 

Atto 643-
NHS2 Proprietary 955.0 -1 643 665 

Atto 643-
maleimide2 

Proprietary 1071.0 -1 643 664 

Maleimide-
PEG11-
biotin1

 
 

921.7 NA NA NA 

NHS-PEG12-
biotin1 

 

922.1 NA NA NA 

NHS-PEG12-
BCN3  

891.0 NA NA NA 

NHS-PEG4-
DBCO3 

 
649.7 NA NA NA 

NHS-PEG12-
DBCO3 

 
1002.1 NA NA NA 

NHS-sulfo-
biotin1 

 

669.8 NA NA NA 

NHS-sulfo-
DBCO4 

 
509.5 NA NA NA 

PFP-PEG36-
biotin3 

 

2067.4 NA NA NA 

STAR RED-
NHS5 Proprietary 1029.0 -1 638 655 

TFP-PEG12-
NHS6  

992.1 NA NA NA 

MW = molecular weight, ∆q = electrical charge, λex = longest-wavelength absorption maximum, λem = fluorescence 
maximum, NA = not available 

                                                           
Information and chemical structures from vendor: 1 thermofisher.com; 2 atto-tec.com; 
3 broadpharm.com; 4 jenabioscience.com, 5 abberior.shop, 6 sigmaaldrich.com 
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Appendix Table 2: Sample preparation parameters during live incubation for coCATS labeling and additional 
staining steps after fixation (post-processing). 

 Primary 
neurons 

Cerebral 
organoid 

Organotypic 
slice culture 

Acute slice Acute retina 

coCATS label Atto 643-NHS 
NHS-PEG12-

biotin 
Atto 643-NHS 

STAR RED-
NHS 

Atto 643-NHS 

Label concen-
tration (µM) 

40 200 50 50 40 

Buffer 
Carbogen-
equilibrated 

ACSF 

Organoid culture 
medium 

Carbogen-
equilibrated 

ACSF 

Carbogen-
equilibrated 

ACSF 

Carbogen-
equilibrated 

Ames medium 

Incubation tem-
perature (°C) 

22 37 37 37 22 

Incubation time 
(min) 

20 45 25 40 45 

Fixation NA 24 h, 4 °C 1 h, RT 2 h, RT 1 h, RT 

Post-processing NA 

Triton-X 
permeabilization, 

3 µg/ml 
neutravidin-
STAR 635P 

readout 

NA NA NA 

NA = not available 
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6.1 Chemical conjugation strategies 

1. NHS chemistry 
NHS esters mainly react with primary amines (NH2) to form a stable amide bond at pH 7-9 
(Appendix Figure 1a). During this reaction, NHS is formed as a byproduct. In addition, they can 
react with secondary amines, creating imide linkages. Thus, in a reaction with proteins, NHS esters 
selectively conjugate primary amine-containing lysines. NHS esters are prone to hydrolysis, such 
that in an aqueous solution the hydrolysis competes with the primary amine reaction. This reaction 
is dependent on the reaction pH, where a high pH negatively affects the half-life time of the NHS 
ester. Hence, NHS esters should be stored in organic solvents, such as DMSO, and only diluted 
in an aqueous solution right before the start of the experiment.157 
TFP and PFP esters conduct the same reactions as NHS esters, but are more resistant to hydrolysis, 
resulting in higher labeling efficiency in aqueous solutions. 
 

2. Strain-promoted azide-alkyne cycloaddition 
Strain-promoted azide-alkyne cycloaddition is a type of click chemistry that was developed as an 
alternative to the traditional copper-catalyzed azide-alkyne reaction. Instead of the traditional linear 
alkyne group, here a cyclic analogue is used. It reacts with the azide with higher efficiency due to 
the high degree of ring strain of the alkyne (Appendix Figure 1b).226 The reaction is most efficient 
at a pH of 7.7.  
 

3. Maleimide-thiol chemistry 
The reaction of Maleimide to thiols is highly specific and most efficient at a pH of 6.5-7.5 
(Appendix Figure 1c). During the reaction, a stable thioether bond is formed without any 
byproduct. In proteins, thiol groups are present on cysteines, such that the Maleimide-thiol 
chemistry specifically targets this amino acid. At a pH above 8.5, maleimides also react with 
primary amines. 

 

 
Appendix Figure 1: Chemical conjugation strategies used for coCATS. a) Schematic of NHS chemistry. b) 
Schematic of strain-promoted azide-alkyne cycloaddition. c) Schematic of maleimide-thiol chemistry. Adapted 
from Lu et al., 2021226. 

  

file:///C:/Users/jmichals/Desktop/Temporary_work/PhD_Thesis/PhD_Thesis_figures/Lu_2021_chemistries.png
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6.2 Additional material & methods 

6.2.1 Primary hippocampal neuron culture 

Solutions 
Borate buffer (100 ml, pH 8.5, sterile filtered) 
Na2B4O7     100 mM 2.012 g 
H3BO3       100 mM   0.618 g 
 
Plating medium (123.1 ml, sterile filtered) 
Minimal Essential Medium     111 ml  
D-glucose     3.3 mM 66 mg 
Horse serum     10% (v/v) 11 ml  
L-glutamine     2 mM  1.1 ml (of 200 mM stock) 
 
Enzyme solution (10 ml) 
Dulbeccos’ Modified Eagle Medium  10 ml 
Cysteine     20% (w/v) 2 mg 
CaCl2      1 mM 
Ethylenediaminetetraacetic acid  0.5 mM 
Papain      20-25 unit (U)/ml 
Add papain freshly before use 
Bubble with carbogen for 10-20 min, filter, and keep at 37°C until use 
 
Inactivation solution (500 ml) 
Minimal Essential Medium     475 ml 
Fetal calf serum    5% (v/v) 25 ml 
BSA      0.25% (w/v) 1.25 g 
Penicillin/Streptomycin   40 U/ml 2 ml 
  
Neurobasal-A culture medium (500 ml) 
Neurobasal-A       484 ml 
B27      20% (v/v) 10 ml 
GlutaMAX     10% (v/v) 5 ml 
Penicillin/Streptomycin   20 U/ml 1 ml 
 
Coverslip preparation 

1. Clean coverslips in 70-100% ethanol (EtOH) overnight. 
2. Place coverslips in wells and let the EtOH evaporate. 
3. Sterilize coverslips with ultraviolet light for 30 min. 
4. Incubate with 1 mg/ml PLL in borate buffer (or 0.01% PLL from ThermoFisher) in cell 

culture incubator overnight. 
5. Remove PLL (do not reuse, quality decreases dramatically). 
6. Wash 4x with sterile ddH2O. 
7. Remove ddH2O thoroughly and add 1 ml of plating medium. 
8. Store until use (max. 1 week later). 

 
Hippocampus extraction & dissociation 

1. Sacrifice P0-P1 rat pups by decapitation. 
2. Cut skull along the midline from back to front, and along the bone plate meeting line to 

both sides. 
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3. Open skull with scissors. 
4. Remove brain with spatula and place in ice-cooled dish with Hank’s Balanced Salt Solution 

(HBSS) (without MgCl2 and CaCl2). 
5. Once all brains are extracted, move to dissection microscope. 
6. Remove meninges with forceps. 
7. Fold cortex to the sides with forceps to reveal hippocampi. 
8. Separate brain hemispheres with forceps. 
9. Remove hippocampi with dissection scissors. 
10. Place hippocampi in separate ice-cooled dish with HBSS (without MgCl2 and CaCl2). 
11. Chop up hippocampi with a razor blade. 
12. Collect all hippocampi pieces in a 15 ml falcon. 
13. Remove HBSS, replace with 4.5 ml fresh HBSS (without MgCl2 and CaCl2) . 
14. Remove HBSS, add 10 ml enzyme solution pre-warmed to 37°C. 
15. Agitate at 37°C for 60 min. 
16. Remove enzyme solution, add 10 ml inactivation solution pre-warmed to 37°C and 

incubate for 5 min at 37°C. 
17. Remove inactivation solution, add 5-10 ml of plating medium, centrifuge at 200 rpm for 

5-6 min. 
18. Remove supernatant, add 1 ml of plating medium, homogenize with a 5 ml pipette (take 

care to be gentle and to not cause bubbles). Repeat 4-5 times to a final volume of 4-5 ml. 
 
Neuron culture 

1. Count cells and plate at desired density (~40,000 cells for 12 mm coverslip, 50,000-80,000 
cells for 18 mm coverslip). Culture at 37 °C with 5% carbon dioxide (CO2). 

2. 2-4 h after seeding, exchange medium for pre-heated culture medium (well by well, do not 
leave cells without liquid). 

3. Culture for up to 4 weeks without any medium change. 
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6.2.2 Acute retina preparation 

Solutions 
Ames’ medium (Sigma Aldrich, A1420) 

 Measure 90% of the required volume of ddH2O (900 ml) into a bottle.  

 Gas the ddH2O with carbogen (95% O2, 5% CO2). Add 1.9 g/l sodium bicarbonate to the 
liquid while gently stirring it. 

 Add the powdered medium to the solution and stir until dissolved completely. Do not heat 
the solution. 

 Rinse the medium vial to remove all traces of powder and transfer it into the solution. 

 Add ddH2O to the solution to a final volume of 1000 ml. 

 Continue carbogen-equilibrating the solution until use. 
 
Eye removal 

1. Place the animal in an airtight chamber and anesthetize it with isoflurane. 
2. Take the animal out of the chamber and sacrifice it by cervical dislocation. 
3. Remove eyes. Use forceps to push eyes out of the sockets gently, until you can close the 

forceps underneath the eyes around the optic nerve. Then, pull out the eye including the 
optic nerve. 

 
Retinal dissection 

4. Place a droplet of superglue in the middle of a dish and glue the eye onto the bottom of 
the dish with the optic nerve facing down.  

5. Fill the dish with carbogen-equilibrated Ames’ medium. Make sure the eye is completely 
submerged in the solution. 

6. Work in carbogen-equilibrated Ames’ medium at RT. Make sure to replenish the solution 
with fresh carbogen-equilibrated medium regularly. 

7. Remove as much muscle and connective tissue as possible using two pairs of angled 
forceps. 

8. Use spring scissors to make a small cut into the cornea at the retinal margin (cornea-scleral 
divide).  

9. Carefully cut the cornea in a circle along the cornea-scleral divide while supporting the eye 
with forceps. 

10. Once completely cut, remove the cornea and iris. Use forceps to press gently on the sides 
of the eye to push out the lens.  

11. Carefully tear the sclera and choroid from the retina by using two pairs of forceps, until 
the retina detaches from the rest of the material.  

12. Trim the rim of the retina and clean it from remaining iris.  
13. Create a four-petal flower-like structure by creating four incisions towards the center of 

the retina with scissors. This will hinder the cup-shaped retina from folding up. 
 
Acute retina coCATS labeling 

14. Transfer the retina into a fresh dish containing carbogen-equilibrated Ames’ medium using 
a Pasteur pipette with a large opening (cut off the tip of the Pasteur pipette to create a 
larger opening). Let the tissue recover for 15 min in the solution while gently gasing it. 

15. Prepare a coCATS labeling solution by diluting a NHS-dye stock solution in Ames’ 
medium just before the start of the incubation (example: 1:250 dilution of 10 mM Atto 
643-NHS stock solution in DMSO to achieve a 40 µM Atto 643-NHS working solution in 
Ames’ medium.). 

16. Transfer the retina into the coCATS labeling solution with a Pasteur pipette. 
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17. Incubate the retina in coCATS labeling solution for 45 min at RT while gently gasing the 
solution with carbogen.  

18. Wash the sample twice for 1 min with carbogen-equilibrated Ames’ medium. 
19. Fix the sample with 4% FA in 1X PBS for 1 h at RT with gentle agitation. 
20. Wash the sample 3-times for 30 min with 1X PBS at RT with gentle agitation.  
21. Flip the retina onto a coverslip in an imaging chamber with the nerve fiber layer facing the 

coverslip. Immobilize the sample with a slice anchor and fill the imaging chamber with 1X 
PBS. 

22. Image the sample on an inverted fluorescence microscope. 
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6.3 Publications 

6.3.1 Uncovering brain tissue architecture across scales with super-

resolution microscopy 

6.3.1.1 Preprint 
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6.3.1.2 Material & methods 

Below are the detailed methods used for the publication: Michalska et al., 2022155. 
 

I Reagents 

I.1 Chemicals & solutions 

Appendix Table 3: List of chemicals. 

Reagent Abbr. Source Identifier 

2-Mercaptoethanol (50 mM) - ThermoFisher Scientific/ Gibco 31350010 

2-(N-morpholino)ethanesulfonic acid MES Sigma Aldrich/ Merck M3671 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 

HEPES Sigma Aldrich/ Merck H3375 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 1 M 

HEPES 1 M ThermoFisher Scientific/ Gibco 15630056 

4-hydroxy-2,2,6,6-tetramethylpiperidine- TEMPO Sigma Aldrich/ Merck 176141 

6-((acryloyl)amino)hexanoic acid, 
succinimidyl ester 

AcX ThermoFisher Scientific A20770 

Accutase - Sigma Aldrich/ Merck A6964 

Acrylamide AA Sigma Aldrich/ Merck A9099 

Acrylic acid N-hydroxysuccinimide ester NAS Sigma Aldrich/ Merck A8060 

Adenosine-5’-triphosphate-disodium salt 
hydrate 

Na2ATP Sigma Aldrich/Merck A3377 

Agarose - Sigma Aldrich/ Merck #A9539 

Ammonium persulfate APS Sigma Aldrich/ Merck A3678 

Ascorbic acid - Sigma Aldrich/ Merck A5960 

B-27 supplement (50X) serum free B27 ThermoFisher Scientific/ Gibco 17504044 

B-27 supplement (50X) (-vitamin A) B27 (-vitA) ThermoFisher Scientific/ Gibco 12587010 

Biocytin - ThermoFisher Scientific/ 
Invitrogen 

B1592 

Bovine serum albumin, albumin fraction 
V (pH 7.0) 

BSA PanReac AppliChem A1391,0500 

Calcium chloride dihydrate CaCl2 Sigma Aldrich/ Merck C3881 

Crimson microspheres 40 nm - Abberior NA 

D-glucose - Sigma Aldrich/ Merck G8270 

DMEM/F-12, HEPES DMEM/F-12 ThermoFisher Sientific/ Gibco 11330057 

Ethylenediaminetetraacetic acid (0.5 M), 
pH 8.0, RNase-free 

EDTA ThermoFisher Scientific/ 
Invitrogen 

AM9261 

Ethylene glycol-bis(2-aminoethylether-
N,N,N’,N’-tetraacetic acid 

EGTA Sigma Aldrich/Merck E0396 

Fetal bovine serum FBS ThermoFisher Scientific 10270106 

Glutamax - ThermoFisher Scientific/ Gibco 35050038/ 
35050061 

Glycerol Bioxtra - Sigma Aldrich/ Merck G6279 

Guanidine hydrochloride HCl Sigma Aldrich/ Merck G3272 

Guanosine 5’-triphosphate sodium salt 
hydrate 

GTP Sigma Aldrich/ Merck G8877 

Hank’s Balanced Salt Solution (without 
calcium and magnesium) 

HBSS (-/-) ThermoFisher Scientific/ Gibco 14175053 

Hank’s Balanced Salt Solution (calcium, 
magnesium) 

HBSS (+/+) ThermoFisher Scientific/ Gibco 24020091 

Heparin sodium salt from porcine 
intestinal mucosa 

Heparin Sigma Aldrich/ Merck H3149 

Horse serum HS ThermoFisher Scientific/ Gibco 26050088 

Insulin solution human Insulin Sigma Aldrich/ Merck I9278 

Isoflurane - Virbac/ Vetflurane NA 

Ketaminol 100 mg/ml Ketamine MSD Tiergesundheit NA 

L-Ascorbic acid Vitamin C Sigma Aldrich/ Merck A4544 



109 

 

Magnesium chloride MgCl2 Sigma Aldrich/ Merck M8266 

Magnesium sulfate MgSO4 Sigma Aldrich/ Merck M2643 

Corning® Matrigel® Matrix - Corning 356235 

Mc Coy’s 5A (Adapted) medium Mc Coy’s ThermoFisher Scientific/ Gibco 26600023 

Minimum Essentials Medium, Earl’s salts 
w/o glutamine 

MEM ThermoFisher Scientific/ Gibco 11095080 

Minimum Essentials Medium, Non-
Essential Amino Acids Solution (100X) 

MEM-NEAA ThermoFisher Scientific/ Gibco 11140050 

mTeSR1 medium - StemCell Technologies 85850 

N-2 Supplement (100x) N-2 ThermoFisher Scientific/ Gibco 17502048 

Neurobasal medium Neurobasal ThermoFisher Scientific/ Gibco 21103049 

Normal goat serum NGS ThermoFisher Scientific/ 
Invitrogen 

31872 

Novalgin 0.5 g/ml Metamizol Sanofi NA 

N,N-dimethylacrylamide DMAA Sigma Aldrich/ Merck 274135 

N,N‘ methyleneis-acrylamide BIS Sigma Aldrich/ Merck M7279 

N,N,N‘,N‘-tetramethyl-ethyelenediamine TEMED Sigma Aldrich/ Merck T9281 

OleoVital eye ointment (Dexpanthenol 
2%) 

- Fresenius Kabi NA 

Paraformaldehyde PFA Sigma Aldrich/ Merck 158127 

Formaldehyde EM grade PFA EM grade TAAB Laboratory & Microscopy P026 

Penicillin-Streptomycin (10,000 U/ml) PenStrep ThermoFisher Scientific/ Gibco 15140122 

Potassium chloride KCl Sigma Aldrich/ Merck P5405 

Potassium gluconate K-gluconate Sigma Aldrich/ Merck G4500 

Potassium persulfate KPS Sigma Aldrich/ Merck 379824 

Proteinase K - New England Biolabs (NEB) P8107S 

Sodium azide NaN3 Sigma Aldrich/ Merck 71289 

Sodium bicarbonate NaHCO3 Sigma Aldrich/ Merck S5761 

Sodium acrylate SA Sigma Aldrich/ Merck 408220 

Sodium chloride BioXtra NaCl Sigma Aldrich/ Merck S7653 

Sodium chloride (human tissue) NaCl Braun 3570160 

Sodium dodecyl sulfate SDS  436143 

Sodium hydrogencarbonate NaHCO3 Millipore 106329 

Sodium hydroxide NaOH Sigma Aldrick/ Merck S5881 

Sodium phosphate monobasic 
monohydrate 

NaHPO4*H2O Sigma Aldrick/ Merck 71504-MM 

Sucrose/ D-(+)saccharose Sucrose Sigma Aldrick/ Merck 84097 

Tris 1 M, pH 8.0, RNase-free - ThermoFisher Scientific/ 
Invitrogen 

AM9856 

Triton X-100 TX Sigma Aldrich/ Merck X100 

Xylasol 20 mg/ml Xylazine Livisto NA 

Y-27632 dihydrochloride Y-27632 StemCell Technologies 72302 

Abbr.=abbreviation 
 
Appendix Table 4: List of solutions.  

Solution Abbr. pH Component Molarity (mM) 
0.2 M phosphate 
buffer 

0.2 M PB 7.4 Sodium phosphate dibasic heptahydrate 
(Na2HPO4*7H2O) 

150.82 

Sodium phosphate monobasic monohydrate 
(NaH2PO4*H2O) 

49.18 

10X phosphate 
buffered saline 

10X PBS 7.4 Sodium Phosphate dibasic (Na2HPO4) 100.00 

Potassium Phosphate Monobasic (KH2PO4) 19.84 

Potassium chloride (KCl) 26.83 

Sodium chloride (NaCl) 1368.90 

1X phosphate 
buffered saline 

1X PBS 7.4 Sodium Phosphate dibasic (Na2HPO4) 10.00 

Potassium Phosphate Monobasic (KH2PO4) 1.98 

Potassium chloride (KCl) 2.68 

Sodium chloride (NaCl) 136.89 
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1.2 Probes & antibodies 

Appendix Table 5: List of probes and antibodies. 

Reagent Abbr. Working c. Source Identifier 

4’6-diamidino-2-phenylindole DAPI 2.5-5 µg/ml Sigma Aldrich/ Merck D9542 

Alexa Fluor 488-avidin AF488-avidin 20 µg/ml ThermoFisher Scientific/ 
Invitrogen 

A21370 

Alexa Fluor 488 donkey anti-
rabbit IgG (H+L) 

AF488 anti-rb 5 µg/ml Jackson ImmunoResearch 711-545-152 

Alexa Fluor 488 donkey anti-
guinea pig IgG (H+L) 

AF488 anti-gp 1-2 µg/ml Jackson ImmunoResearch 706-545-148 

Alexa Fluor 488 goat anti-
mouse IgG (H+L) 

AF488 anti-m 6-20 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A11001 

Alexa Fluor 488 plus goat 
anti-rabbit IgG (H+L) 

AF488 + anti-
rb 

4 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A32731 

Alexa Fluor 488-N-
hydroxysuccinimide 

AF488-NHS 40-50 µM Jena Bioscience APC-002-1 

Alexa Fluor 546 goat anti-
guinea pig IgG (H+L) 

AF546 anti-gp 5 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A11076 

Alexa Fluor 546-N-
hydroxysuccinimide 

AF546-NHS 40-50 µM Thermo Fisher Scientific/ 
Invitrogen 

A20002 

Alexa Fluor 594 goat anti-
guinea pig IgG (H+L) 

AF594 anti-gp 4-8 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A11076 

Alexa Fluor 594 goat anti-
mouse IgG (H+L) 

AF594 anti-m 4-8 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A11005 

Alexa Fluor 594 goat anti-
rabbit IgG (H+L) 

AF594 anti-rb 8 µg/ml ThermoFisher Scientific/ 
Invitrogen 

A11037 

Alexa Fluor 594-N-
hydroxysuccinimide 

AF594-NHS 40-50 µM Jena Bioscience APC-004-1 

Alexa Fluor 594-streptavidin - 4 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

S32356 

Alexa Fluor 647 donkey anti-
sheep IgG (H+L) 

AF 647 anti-sh 4 µg/ml Thermo Fisher Scientific/ 
Invitrogen 

A21448 

Anti-Bassoon monoclonal 
mouse (SAP7F407) 

Anti-Bassoon, 
m 

2-4 µg/ml Abcam ab82958 

Anti-green fluorescent protein 
monoclonal, mouse  (3E6) 

Anti-GFP, m 4 µg/ml ThermoFisher Scientific/ 
Invitrogen 

A11120 

Anti-green fluorescent protein 
polyclonal, rabbit 

Anti-GFP, rb 5 µg/ml ThermoFisher Scientific/ 
Invitrogen 

A11122 

Anti-Homer1 polyclonal, 
rabbit 

Anti-Homer1, 
rb 

2 µg/ml Synaptic Systems 160003 

Anti-hyaluronic acid 1 
polyclonal, sheep 

Anti-HA1, sh 50 µg/ml Abcam ab53842 

Anti-microtubule associated 
protein 2 polyclonal, guinea 
pig 

Anti-MAP2, gp 1 µg/ml Synaptic Systems 188004 

Anti-N-cadherin monoclonal 
(D-4), mouse 

Anti-N-
cadherin, m 

0.7 µg/ml Santa Cruz sc-8424 

Anti-Shank2 polyclonal, 
guinea pig 

Anti-Shank2, 
gp 

2-4 µg/ml Synaptic Systems 162204 

Anti-Synaptophysin 1 
monoclonal, mouse 

Anti-Syph 1, m 2 µg/ml Synaptic Systems 101011 

Anti-Synaptophysin 1 
polyclonal, guinea pig 

Anti-Syph1, gp 2 µg/ml Synaptic Systems 101004 

Anti-vesicular gamma-
aminobutyric acid transporter 
polyclonal, rabbit 

Anti-VGAT, rb 3 µg/ml Synaptic Systems 131003 

Anti-vesicular glutamate 
transporter 1 polyclonal, 
rabbit 

Anti-VGLUT 
1, rb 

10 µg/ml Synaptic Systems 135302 
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Atto 643-azide - 20-33 µM Atto-Tec AD643-101 

Atto 643-biotin - 4-8 µg/ml Atto-Tec AD 643-71 

Atto 643-maleimide - 10 µM Atto-Tec AD 643-41 

Atto 643-N-
hydroxysuccinimidyl ester 

Atto 643-NHS 40-50 µM Atto-Tec AD 643-31 

Atto 643-streptavidin - 4 µg/ml Atto-Tec AD 643-61 

Concanavalin A - 5 µg/ml Vectorlabs/ Szabo Scandic VECB-1005 

Dibenzocyclooctyne-PEG4-
N-hydroxysuccinimidyl ester 

NHS-PEG4-
DBCO 

50 µM Sigma Aldrich/ Merck 764019 

Endo-bicyclononyne-PEG12- 
N-hydroxysuccinimidyl ester 

NHS-PEG12-
BCN 

250 µM Tebu-bio BP-23766 

FluoroMyelinTM Green 
Fluorescent Myelin Stain 

FluoroMyelin 1:300 
(concentratio
n NA) 

ThermoFisher Scientific/ 
Invitrogen 

F34651 

Hyaluronic acid binding 
protein, biotinylated 

HABP-biotin 10 µg/ml Merck 385911 

Jacalin biotin - 5 µg/ml Vectorlabs/ Szabo Scandic VECB-1155 

Lucifer Yellow CH lithium salt Lucifer Yellow 0.2% (w/v) Sigma Aldrich/ Merck L0259 

Lycopersicon esculentum 
(tomato) lectin DyLight 594 

LEL DyLight 
594 

2.5 µg/ml ThermoFisher Scientific L32471 

Maleimide-PEG11-biotin Maleimide-
PEG11-biotin 

200 µM ThermoFisher Scientific 21911 

N-hydroxysuccinimidyl ester-
PEG12 –dibenzylcyclooctyne 

NHS-PEG12-
DBCO 

200 µM Tebu-bio BP-24149 

N-hydroxysuccinimidyl ester –
PEG12-biotin, EZ-LinkTM 

NHS-PEG12-
biotin 

250-1000 µM ThermoFisher Scientific A35389 

Pentafluorophenyl ester-
dPEG36-biotin 

PFP-PEG36-
biotin 

250 µM Broadpharm BP-24318 

Phaseolus vulgaris erythro-
agglutinin biotin 

PHA-E biotin 5 µg/ml Vectorlabs/ Szabo Scandic VECB-1125 

Phaseolus vulgaris leuco-
agglutinin biotin 

PHA-L biotin 5 µg/ml Vectorlabs/ Szabo Scandic VECB-1115 

STAR 580-azide - 10-20 µM Abberior ST580-004 

STAR 580 goat anti-mouse 
IgG 

STAR 580 anti-
m 

10-15 µg/ml Abberior ST580-1001 

STAR 580 goat anti-rabbit 
IgG 

STAR 580 anti-
rb 

10-15 µg/ml Abberior ST580-1002 

STAR 635P-neutravidin - 5-6 µg/ml Abberior ST635P-0121 

STAR RED-N-
hydroxysuccinimidyl ester 

STAR RED-
NHS 

40-50 µM Abberior STRED-0002 

STAR RED-streptavidin - 3-4 µg/ml Abberior STRED-0120 

Streptavidin-acrylamide Strept-
acrylamide 

4-20 µg/ml ThermoFisher Scientific S21379 

Sulfo-dibenzylcyclooctyne-N-
hydroxysuccinimidyl ester 

NHS-sulfo-
DBCO 

200 µM Jena Bioscience CLK-A124-10 

Sulfo- N-hydroxysuccinimidyl 
ester-biotin, long chain, EZ 
LinkTM 

NHS-sulfo-
biotin 

1000 µM ThermoFisher Scientific 21338 

Tetrafluorophenyl ester-
dPEG12-biotin 

TFP-PEG12-
biotin 

250 µM Sigma Aldrich/ Merck QBD10008 

Vicia villosa lectin biotin VVL biotin 5 µg/ml Vectorlabs/ Szabo Scandic VECB-1235 

Wheat germ agglutinin, 
biotinylated 

WGA biotin 15-20 µg/ml Vectorlabs/ Szabo Scandic VECB-1025 

Wheat germ agglutinin CF633 WGA CF633 5-10 µg/ml Biotium 29024-1 

Wisteria floribunda lectin 
biotinylated 

WFL biotin 8 µg/ml Vectorlabs/ Szabo Scandic VECB-1355 

c.=concentration 
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II Samples 

II.1 Animals 

Experiments were performed on male and female mice used interchangeably. Adult (3-5 months) 
C57BL/6J and STOCK Tg(Thy1-EGFP)MJrs/J (Thy1-EGFP, Jackson #007788, hemizygous) 
mice were used for in vivo microinjection and/or perfusion experiments. 5-7 day old C57BL/6J, 
Thy1-EGFP, or PSD95-HaloTag mice227,228 (homo- or heterozygous) (courtesy of Seth Grant, 
University of Edinburgh) were used to prepare organotypic hippocampal slice cultures. Available 
PSD95-HaloTag positive slices were used interchangeably in screening experiments in 
Supplementary Fig. 1 to reduce total number of animals, but the HaloTag was not used for 
labeling/readout.  
All animal experiments were carried out according to national and institutional regulations and 
were approved by the Austrian Federal Ministry for Education, Science and Research 
(authorization BMBWF-V/Sb: 2020-0.363.126 and 2021-0.547.215). All animals used in this study 
were housed with a 12/12 h light/dark cycle in an environment with controlled temperature (21-
23 °C) and relative humidity (45-65 %) and had access to food and water ad libitum. 
 

II.2 Human surgery specimens 

Samples of human hippocampus were obtained from patients undergoing surgery of the temporal 
lobe for epilepsy treatment after obtaining informed consent. Procedures were approved by the 
Ethics Committee of the Medical University Vienna (authorization 1188/2019). 
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III Experimental methods 

III.1 Fixative perfusion 

Adult mice were briefly anaesthetized with isoflurane (1-2 % (volume/volume, v/v)) and then 
deeply anesthetized with Ketamine (80-100 mg/kg of body weight) and Xylazine (10 mg/kg) 
intraperitoneally, combined with Metamizol (200 mg/kg) subcutaneously for analgesia. After 
ensuring that the animals were deeply anesthetized by toe pinch, they were transcardially perfused 
with 10 ml ice-cold 1X PBS, followed by 80 ml ice-cold fixative solution (4 % (weight/volume, 
w/v) PFA EM grade, 0.1 M PB, 0.1 M NaOH, pH 7.4) at a flow rate of 7-8 ml/min. The brains 
were dissected and post-fixed in 5 ml fixative solution overnight (ON) at 4 °C on an orbital shaker. 
 

III.2 Tissue processing 

Perfused mouse brains were washed three times for 1 h each with 1X PBS on an orbital shaker at 
room temperature (RT). Serial coronal sections of 50-100 µm thickness were prepared with a 
vibratome (Leica VT 1200S). The sections were kept in 0.02 % (w/v) NaN3 in 1X PBS at 4 °C for 
short-term storage (1-2 weeks) or in cryo-protectant solution (60 % (v/v) glycerol in 0.1 M PB) at 
-20 °C for long-term storage. 
 

III.3 Tissue culture 

III.3.1 Organotypic hippocampal slice culture 

Organotypic hippocampal slice cultures were prepared according to the membrane interface 
method with slight modifications229. 5-7 day old mice were rapidly decapitated with surgical 
scissors. The brain was dissected from the skull and placed in ice-cold HBSS (-/-) supplemented 
with 10 mM D-glucose. Hippocampi including entorhinal cortex were dissected from the brain 
and transverse slices were obtained perpendicular to the longitudinal axis of the hippocampus at 
350 µm thickness with a tissue chopper (McIllwain). Microporous cell culture inserts (pore size 0.4 
µm, PICM0RG50, Millicell) were placed in culture dishes filled with 1 ml culture medium (MEM 
supplemented with 15 % (v/v) heat-inactivated HS; 2 % (v/v) B-27; 25 mM HEPES; 3 mM 
Glutamax; 2.8 mM CaCl2; 1.8 mM MgSO4; 0.25 mM ascorbic acid; 6.5 g/l D-glucose) and 
equilibrated in an incubator at 37 °C with 5 % CO2. The sliced hippocampi were transferred into 
a new dish filled with ice-cold HBSS (-/-) supplemented with 10 mM D-glucose. The slices were 
inspected with a widefield microscope and 6-7 slices per brain were transferred onto the cell culture 
inserts, 3-4 slices per insert. Excess HBSS-solution was withdrawn with a filter paper. The slices 
were cultured in an incubator at 37 °C with 5 % CO2. Medium was exchanged twice a week. Fresh 
medium was pH- and temperature-equilibrated in the incubator for at least 30 min before medium 
change. Slices were typically used for experiments 14-30 days after culture start (days in vitro, 
DIV). 
The sample presented in Fig. 5a,b was cultured as described previously29. 
 
III.3.2 Human cerebral organoids 

Human cerebral organoids were generated with a Adapted protocol from Lancaster et al.230 as 
described previously231. Briefly, human embryonic stem cells were dissociated with Accutase and 
seeded in ultra-low-binding 96-well plates (Corning) containing mTeSR1 medium supplemented 
with 50 µM Y-27632. Cells were fed every two days, and supplements were removed from the 
media after three days of culture. After the cells aggregated to embryoid bodies (EBs), the EBs 
were transferred into low-adhesion 24-well plates containing neural induction medium (50 ml 
DMEM/F-12, 0.5 ml N-2, 0.5 ml Glutamax supplement, 0.5 ml MEM-NEAA, 1µg/ml heparin). 
Day 0 of cerebral organoid formation was defined at the start of neuroepithelial tissue formation. 
The organoids were embedded in Corning® Matrigel® Matrix droplets. Growth medium was first 



114 

 

exchanged to cerebral organoid medium without vitamin A (125 ml DMEM/F-12, 125 ml 
Neurobasal, 1.25 N-2, 5 ml B-27 without vitamin A, 2.5 µg/ml insulin, 50 µM 2-Mercaptoethanol, 
2.5 ml Glutamax, 1.25 ml MEM-NEAA, 2.5 ml PenStrep), followed by cerebral organoid medium 
with vitamin A (250 ml DMEM/F-12, 250 ml Neurobasal, 2.5 ml N-2, 10 ml B-27, 2.5 µg/ml 
insulin, 50 µM 2-Mercaptoethanol, 5 ml Glutamax, 2.5 ml MEM-NEAA, 500 µM ascorbic acid, 
5 ml PenStrep, 0.2 % (w/v) NaHCO3) four days later. The organoids were placed on a horizontal 
shaker at 70-100 rounds per minute (rpm) and fed twice a week.  
 

III.4 Electrophysiological recordings 

Electrophysiological recordings were obtained from hippocampal organotypic slice cultures at 
10-21 DIV. The slices were submerged in artificial cerebrospinal fluid (ACSF: 125 mM NaCl, 
25 mM NaHCO3, 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, and 1 mM 
MgCl2, with pH maintained at 7.3, equilibrated with carbogen (95 % O2/5 % CO2)) at ~22 °C. 
Glass micropipettes were pulled from thick-walled borosilicate glass (2 mm outer diameter, 1 mm 
inner diameter) and filled with intracellular solution containing 135 mM K-gluconate, 20 mM KCl, 
0.1 mM EGTA, 2 mM MgCl2, 4 mM Na2ATP, 0.3 mM GTP, 10 mM HEPES, with the addition 
of 1 mg/ml Lucifer Yellow or 0.2 % (w/v) biocytin as required. Pipettes were positioned using up 
to four LN mini 25 micromanipulators (Luigs and Neumann) under visual control on a Adapted 
Olympus BX51 microscope equipped with a 60x -immersion objective (Olympus LUMPlan 

FI/IR, 60x, NA = 0.90, working distance (WD) 2.05 mm). Up to four neurons were 
simultaneously recorded in the whole-cell patch-clamp configuration, with signals acquired on 
Multiclamp 700B amplifiers (Molecular Devices), low-pass filtered at 6 kHz and digitized at 
20 kHz with a Cambridge Electronic Design 1401 mkII AD/DA converter. Signals were acquired 
using Signal 6.0 software (CED). Action potential phenotypes were recorded on sequential current 
pulse injections (-100 pA to +400 pA) in the current clamp configuration. Neurons were identified 
based on morphological properties and spike frequency upon current injection. In current-clamp 
recordings, pipette capacitance was 70 % compensated. Recordings were analyzed using Stimfit232 
and MATLAB-based scripts. 
 

III.5 Stainings 

III.5.1 Immunostaining 

Brain slices were permeabilized with 0.2-0.5 % (v/v) TX in 1X PBS ON at 4 °C with gentle 
agitation and washed three times for 30 min each with 1X PBS, unless otherwise noted. Brain 
slices were blocked with blocking solution (5% BSA (w/v), 1 % (v/v) NGS in 1X PBS) for 4 h at 
RT with gentle agitation. Brain slices were incubated with primary antibodies (ABs) in 5 % (w/v) 
BSA in 1X PBS ON at 4 °C with gentle agitation. They were washed three times for 30 min each 
with 5 % (w/v) BSA in 1X PBS at RT with gentle agitation. Secondary AB incubation was 
performed in 5 % (w/v) BSA in 1X PBS either ON at 4 °C or for 4 h at RT with gentle agitation. 
The samples were washed thoroughly with 1X PBS. 
 
III.5.2 Other stainings 

III.5.2.1 Positive labeling of single cells by dye-filling 

To achieve positive labeling of single cells in organotypic hippocampal slice cultures, cells were 
whole-cell patch-clamped as described in section 3.4. For direct fluorescent labeling for confocal 
imaging, the cells were filled with 1 mg/ml Lucifer yellow during recording (Fig. 3, Extended Data 
Fig. 6).  
To achieve a super-resolution compatible read-out, cells were filled with 0.2 % (w/v) biocytin 
during recording (Fig. 4, Supplementary Fig. 7). After fixation, the slices was permeabilized with 
0.2 % (v/v) TX in 1X PBS for 7 h at 4 °C with gentle agitation. The slices were washed three times 



115 

 

for 30 min each with 1X PBS at RT with gentle agitation, followed by a 2 h blocking step in 5 % 
(w/v) BSA and 1 % (v/v) NGS in 1X PBS at RT with gentle agitation. The slices were incubated 
with 4 µg/ml Alexa Fluor 594-streptavidin 1X PBS ON at 4 °C with gentle agitation. They were 
then washed three times for 30 min each with 1X PBS at RT with gentle agitation. 
 
III.5.2.2 Additional lectin stainings 

For lectin stainings other than WGA, perfusion-fixed mouse brain sections were permeabilized 
with 0.5 % (v/v) TX in 1X PBS ON at 4 °C with gentle agitation. The samples were washed three 
times for 30 min each with 1X PBS at RT with gentle agitation.  
For LEL labeling, the samples were incubated with 2.5 µg/ml LEL Dylight 594 in 1X PBS for 2 h 
at RT with gentle agitation. The samples were washed three times for 30 min each with 1X PBS at 
RT with gentle agitation before imaging. 
For the remaining, biotin-conjugated lectins, the samples were incubated with 5-8 µg/ml 
biotinylated lectin in 1X PBS with 2 mM CaCl2 for 20 h at 4 °C with gentle agitation. The samples 
were washed three times for 30 min each with 1X PBS at RT with gentle agitation. Lectin signal 
was read out by incubation with 4 µg/ml Alexa Fluor 594-streptavidin for 2 h at RT or 4 °C ON 
on an orbital shaker. The samples were washed again three times for 30 min each with 1X PBS. 
 
III.5.2.3 Hyaluronic acid binding protein 

Adult mouse PFA-perfusion fixed coronal brain sections of 100 µm thickness were washed three 
times for 30 min each with 1X PBS at RT with gentle agitation. The sections were incubated with 
10 % (w/v) BSA and 0.2 % (v/v) TX in 1X PBS ON at 4 °C on an orbital shaker. The samples 
were then incubated with 10 µg/ml HABP-biotin in 10 % (w/v) BSA and 0.2 % (v/v) TX in 1X 
PBS for 48 h at 4 °C with gentle agitation. The sections were washed three times 30 min each with 
1X PBS at RT with gentle agitation. 
 
III.5.2.4 FluoroMyelin stain 

Adult mouse (Thy1-EGFP+) PFA-perfused fixed coronal brain sections of 100 µm thickness were 
washed three times for 30 min each with 1X PBS at RT on an orbital shaker. The sections were 
permeabilized with 0.5 % (v/v) TX in 1X PBS ON at 4 °C with gentle agitation. The next day, the 
samples were washed three times for 30 min each with 1X PBS at RT with gentle agitation, 
followed by rCATS staining. The sections were then incubated with FluoroMyelin (1:300 dilution 
of a 300x stock in water) diluted in 1X PBS for 2 h at RT with gentle agitation. The samples were 
washed again three times for 30 min each with 1X PBS on an orbital shaker. 
 
III.5.2.5 Nuclear stain 

Nuclear stains were performed by incubating samples with 0.5-1 µg/ml DAPI (1:5,000-10,000 
dilution of a 5 mg/ml stock in ddH2O) for 15-30 min at RT with gentle agitation. DAPI incubation 
was performed in 1X PBS for all samples, except for expanded hydrogels, which were incubated 
in ddH2O. After the staining, samples were washed two times for 15 min each with 1X PBS or 
ddH2O (expanded hydrogels). Nuclear stains were always performed as the last step before 
imaging. 
 

III.6 coCATS 

III.6.1 Stereotactic surgery for in vivo microinjection of coCATS labeling compounds 

Adult mice were briefly anesthetized with isoflurane (1-2 %) and then deeply anesthetized with 
Ketamine (80-100 mg/kg of body weight) and Xylazine (10 mg/kg) intraperitoneally, combined 
with Metamizol (200 mg/kg) subcutaneously for analgesia. The head was shaved, OleoVital was 
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applied to the eyes and the animals were head-fixed in a stereotactic frame (David Kopf 
Instruments). To ensure that the skull was centered and leveled in the stereotactic frame, bregma 
and lambda were aligned to the same height. A small hole was drilled at the injection coordinate, 
the injection pipette was lowered to the brain surface (used as vertical reference point) and 
advanced into the tissue. Using a microinjection pump (Nanoliter 2010, World Precision 
Instruments, Sarasota, FL, USA), a highly concentrated coCATS labeling solution (20 mM amine-
reactive compound in DMSO) was injected over a time span of 10 min using the following 
coordinates (measured from bregma): 

 LV: 1.25 mm caudally, +/-2 mm laterally and 2 mm vertically, for injections into the right 

or left LV. A total volume of 500 nl was injected at 50 nl/min. 

 Cortex: 0.71 mm caudally, 1.65 mm laterally and 1 mm vertically, for injections into the 

right primary somatosensory cortex. A total volume of 100 nl was injected at 10 nl/min. 

After each injection, the pipette was left for 5 min in situ before slowly retracting it to prevent 
backflow. Mice were placed on a heating pad during and after surgery until transcardial perfusion. 
The level of anesthesia was confirmed by toe pinch. If necessary, additional Ketamine/Xylazine 
was administered. The procedure was followed by transcardial perfusion 40-45 min after the onset 
of dye delivery. 
 
III.6.2 coCATS labeling of organotypic hippocampal slice cultures 

14-25 DIV cultured organotypic hippocampal slices were used for experiments. A piece of 
underlying membrane including a slice was cut out of the cell culture insert. The slice was immersed 
in carbogen-equilibrated, pre-warmed ACSF with HEPES (20 mM D-glucose, 4.8 mM KCl, 
125 mM NaCl, 26 mM NaHCO3, 1.25 mM NaHPO4*H2O, 2 mM CaCl2, 1.3 mM MgCl2, 7.5 mM 
HEPES in ddH2O, pH 7.4). CoCATS labeling compound was freshly prepared in carbogen-
equilibrated ACSF with HEPES from a highly concentrated stock (typically 20-100 mM in 
DMSO). For direct fluorophore labeling, 40-50 µM STAR RED-NHS (Fig. 3e, 4c) or 50 µM Atto 
643-NHS (Fig. 4a,b) were used. For expansion experiments, 250 µM NHS-PEG12-biotin was used 
(Fig. 5a,b). The slice was immersed in coCATS labeling solution and incubated at 37 °C for 
20-25 min (direct labeling with fluorophore) or 45 min (biotin labeling for expansion) with gentle 
agitation. The sample was washed twice for 1 min with carbogen-equilibrated ACSF with HEPES. 
If not otherwise stated, the sample was immersion-fixed with fixative solution (4 % (w/v) PFA 
EM grade, 0.1 M PB, 0.1 M NaOH in ddH2O, pH 7.4) for 1 h at RT, followed by ON incubation 
at 4 °C in the same solution with gentle agitation. 
For the screening experiments in Supplementary Fig. 1, cultured organotypic hippocampal slices 
were incubated with 40-50 µM of the various NHS-conjugated fluorophores for 25-30 min at 37 
°C in carbogen-equilibrated ACSF with HEPES with gentle agitation.  
For screening of biotin or click chemistry derivatives, live labeling with the respective biotin probes 
was performed in carbogen-equilibrated ACSF with HEPES for 45 min at 37 °C with gentle 
agitation, using concentrations as indicated in Supplementary Table 1. After washing and fixation, 
samples were washed three times for 30 min each with 1X PBS at RT with gentle agitation and 
permeabilized with 0.2 % (v/v) TX in 1X PBS ON at 4 °C with gentle agitation. Samples were 
washed three times for 30 min each with 1X PBS at RT with gentle agitation and incubated with 
a readout probe in 1X PBS ON at 4 °C with gentle agitation.  
The samples were washed three times for 30 min each in 1X PBS with gentle agitation, followed 
by confocal imaging. Information about probes and concentrations is detailed in Supplementary 
Table 1. 
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III.6.3 Expansion of organotypic slice cultures with coCATS labeling 

III.6.3.1 Expansion with the magnified analysis of the proteome (MAP) approach 

After coCATS labeling with an amine-reactive biotin derivative, the sample was ~4-fold expanded 
according to the MAP protocol46 with slight modifications. The sample was immersed in fixative 
solution (4 % (w/v) PFA in 1X PBS) for 10 min at RT with gentle agitation. It was then carefully 
dissociated from the cell culture insert with a brush, placed into MAP solution (30 % (w/v) AA, 
10 % (w/v) PFA, 7 % (w/v) SA, 0.1 % (w/v) BIS, 0.1 % (w/v) VA-044 in ddH2O) and incubated 
ON at RT with gentle agitation. The sample was washed three times for 30 min each with 1X PBS. 
It was then transferred to a gelation chamber50 consisting of a coverslip and two 100 µm thick 
spacers placed on a Superfrost slide. The sample was immersed in fresh MAP solution and a 
second coverslip was placed on top of the spacers. The gelation chamber was placed in a 
humidified chamber and gelation was performed for 1 h at 45 °C. The sample was removed from 
the gelation chamber and immersed in MAP denaturation solution (200 mM SDS, 200 mM NaCl, 
50 mM Tris in ddH2O, pH 9). The sample was denatured ON at 37 °C in a humidified 
environment. The next day, fresh MAP denaturation solution was pre-heated to 70 °C. The sample 
was immersed in the solution and incubated for 1 h at 70 °C in a water bath. The temperature of 
the water bath was then increased to 95 °C over a time course of 30 min. The sample was then 
incubated for another 1 h at 95 °C. It was expanded ~4-fold by immersing in ddH2O with 3 fluid 
exchanges at 30 min intervals. The gel was trimmed, removing portions not containing biological 
sample. It was blocked in 5 % (w/v) BSA in 1X PBS for 30 min at RT with gentle agitation and 
the CATS signal was read out after incubation with 5 µg/ml STAR 635P neutravidin in 0.1X PBS 
ON at RT with gentle agitation and re-expansion by incubating it three times for 30 min each in 
ddH2O. 
 
III.6.3.2 Expansion with protein retention expansion microscopy (proExM) 

CoCATS labeled organotypic hippocampal slice cultures were ~4-fold expanded with protein 
retention expansion microscopy (proExM)44. After coCATS labeling with an amine-reactive biotin 
derivative, the sample was immersion-fixed with fixative solution (4 % (w/v) PFA in 1X PBS) for 
1 h at RT with gentle agitation. The sample was carefully dissociated from the cell culture insert 
with a brush. It was washed three times for 30 min each with 1X PBS and permeabilized with 
0.5 % (v/v) TX in 1X PBS ON at 4 °C with gentle agitation. The next morning, the sample was 
washed three times for 30 min with 1X PBS on an orbital shaker. It was then incubated with 100 
µg/ml AcX in MES buffer (100 mM MES, 150 mM NaCl in ddH2O, pH 6) ON at RT with gentle 
agitation. It was washed three times for 30 min each in 1X PBS and pre-incubated in ice-cold 
proExM gelation solution (8.6 % (w/v) SA, 2.5 % (w/v) AA, 0.15 % (w/v) BIS, 11.7 % (w/v) 
NaCl, 0.2 % (w/v) TEMED, 0.2 % (w/v) APS, 0.01 % (w/v) TEMPO in 1X PBS) for 1 h on ice 
with gentle agitation. The sample was transferred to a gelation chamber consisting of a coverslip 
and two 100 µm thick spacers placed on a Superfrost slide. Excess gelation solution was carefully 
removed with a Kimwipe. A second larger coverslip was placed on top of the spacers. Fresh 
gelation solution was pipetted into the gap between the coverslips, until it was filled. The gelation 
chamber was placed in a humidified chamber and the sample was incubated for 2 h at 37 °C until 
gelation was complete. The gelation chamber was carefully disassembled and the sample stuck to 
the bottom coverslip was washed once with 1X PBS. The sample was immersed in digestion 
solution (8 U/ml proteinase K, 0.8 M guanidine HCl, 50 mM Tris, 2 mM CaCl2, 0.5 % (v/v) TX 
in ddH2O, pH 8) and incubated for 14-17 h at 50 °C in a humidified environment with gentle 
agitation. The sample was expanded ~4-fold by immersing in ddH2O with 3 fluid exchanges at 30 
min intervals. The sample was trimmed to remove gel portions not containing biological sample. 
It was then incubated with 5 µg/ml STAR 635P neutravidin in 0.1X PBS ON at RT with gentle 
agitation. The sample was re-expanded by incubating it three times for 30 min each in ddH2O.  
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III.6.4 coCATS viability test 

To obtain electrophysiological traces after coCATS labeling, 14-16 DIV slice cultures were first 
incubated in 0.25 % (v/v) DMSO (control) or 50 µM STAR RED-NHS (dye incubation) in 
carbogen-equilibrated ACSF with HEPES for 25 min at 37 °C with gentle agitation. Then, the 
slices were briefly washed with carbogen-equilibrated ACSF with HEPES and 3-4 CA1 pyramidal 
neurons per slice were recorded as described in section 3.4. 
To obtain functional recordings during coCATS labeling incubation (Supplementary Fig. 6b), CA3 
pyramidal neurons from a 16 DIV organotypic hippocampal slice culture were first recorded as 
described in section 3.4 for 10 min. ACSF was then exchanged with dye solution (50 µM STAR 
RED-NHS in ACSF) and the recording was continued for another 20 min without constant flow 
of solution to reproduce the coCATS labeling procedure. 
 
III.6.5 coCATS labeling of cerebral organoids 

Cerebral organoids were incubated in 40 µM STAR RED-NHS in pre-warmed carbogen-
equilibrated ACSF containing HEPES for 30 min at 37 °C with gentle agitation. The samples were 
briefly washed with fresh ACSF solution and fixed with 4 % (w/v) PFA in 0.1 M PB and 0.1 M 
NaOH, pH 7.4 for 1 h at RT with gentle agitation. The samples were washed three times for 
30 min each in 1X PBS before imaging. 
 

III.7 rCATS 

III.7.1 rCATS labeling of fixed brain tissue 

III.7.1.1 Mouse brain tissue 

Coronal brain sections of 100-200 µm thickness obtained from PFA-fixative perfused animals 
were permeabilized by repeated freeze-thaw cycles. For this, they were washed three times for 30 
min each with 1X PBS and incubated with 30 % (w/v) sucrose in 1X PBS ON at 4 °C with gentle 
agitation. The sections were placed on a Superfrost slide, immersed in sucrose solution and 
positioned on dry ice until the solution was completely frozen, then removed and left to thaw at 
RT. Freeze-thawing was repeated 4-5 times. The sections were then washed three times for 30 min 
and immunostained as described in section 3.5.1. To achieve rCATS labeling, the primary AB 
solution was complemented with 8 µg/ml WGA CF633. Alternatively to the freeze-thaw method, 
we used permeabilization by an ON incubation with 0.5 % TX (v/v) in 1X PBS at 4 °C with gentle 
agitation as indicated for specific experiments. 
 
III.7.1.2 Human brain tissue 

We obtained surgery specimens from 4 individuals and applied rCATS. The data shown in Fig. 
6a,b is from a hippocampal brain section from a 36 year old male patient diagnosed with epilepsy 
with sclerosis of the hippocampus. Previously to the temporal lobe surgery during which tissue 
was extracted for the experiments described here, a brain tumor had been removed. Histology of 
the hippocampus showed no presence of neoplastic tissue. Immediately after resection, the tissue 
was transferred to physiological saline (0.9 % (v/v) NaCl in H2O). The tissue was immersed in 
4 % (w/v) PFA within 5 min and post-fixed on an orbital shaker at 4 ºC ON. After PFA fixation, 
the tissue was washed with 1X PBS three times for at least 15 min each. The samples were 
embedded in 3 % (w/v) agarose and sliced with a vibratome (Leica VT 1200) at a thickness of 
100-200 µm. The vibratome slices were then cryoprotected with 30 % (w/v) sterile-filtered sucrose 
until they sunk in the solution. The samples were stored at -80 ºC until further use. The tissue was 
brought to RT and thoroughly washed with 1X PBS and permeabilized with 0.5 % (v/v) TX in 
1X PBS ON at RT with gentle agitation. The samples were briefly washed with 1X PBS and 
blocked with 5 % (w/v) BSA, 1 % (v/v) NGS and 0.5 % (v/v) TX in 1X PBS for 2 h at RT with 
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gentle agitation. They were then incubated with primary ABs in 5 % (w/v) BSA, 1 % (v/v) NGS 
and 0.5 % (v/v) TX in 1X PBS for 72 h at RT with gentle agitation. They were washed three times 
for 30 min each with 5 % BSA in 1X PBS with gentle agitation and incubated with secondary ABs 
in 5 % (w/v) BSA, 1 % (v/v) NGS and 0.5 % (v/v) TX in 1X PBS for 4 h at RT with gentle 
agitation. The samples were washed three times for 30 min each with 1X PBS with gentle agitation, 
then incubated with 6 µg/ml WGA CF633 in 1X PBS ON at RT with gentle agitation. The samples 
were washed three times for 30 min each with 1X PBS. 
 
III.7.2 rCATS labeling with expansion in previously fixed mouse brain 

RCATS labeled brain tissue was ~4-fold expanded with proExM44. After pre-expansion imaging 
of EGFP signal on a spinning disk confocal microscope, 100 µm thick brain sections from PFA-
fixative perfused adult mouse were immunostained as described in section 3.5.1. They were then 
incubated with 16.7 µg/ml WGA-biotin in 1X PBS for 20 h at RT with gentle agitation. Samples 
were washed three times for 30 min each with 1X PBS and then incubated with 20 µg/ml 
streptavidin acrylamide for 20 h at RT with gentle agitation. Samples were washed three times for 
30 min each with 1X PBS, followed by an anchoring step with 100 µg/ml AcX in MES buffer 
(100 mM MES, 150 mM NaCl in ddH2O, pH 6) ON at RT with gentle agitation. They were washed 
three times for 30 min each in 1X PBS with gentle agitation and pre-incubated in ice-cold proExM 
gelation solution (8.6 % (w/v) SA, 2.5 % (w/v) AA, 0.15 % (w/v) BIS, 11.7 % (w/v) NaCl, 0.2 % 
(w/v) TEMED, 0.2 % (w/v) APS, 0.01 % (w/v) TEMPO in 1X PBS) for 1 h on ice with gentle 
agitation. Samples were transferred to a gelation chamber consisting of a coverslip and two 100 µm 
thick spacers placed on a Superfrost slide. Excess gelation solution was carefully removed with a 
Kimwipe. A second larger coverslip was placed on top of the spacers. Fresh gelation solution was 
pipetted into the gap between the coverslips, until it was filled. The gelation chamber was placed 
in a humidified chamber and incubated for 2 h at 37 °C until gelation was complete. The gelation 
chamber was carefully disassembled and the samples were washed once with 1X PBS. Samples 
were immersed in digestion solution (8 U/ml proteinase K, 0.8 M guanidine HCl, 50 mM Tris, 
2 mM CaCl2, 0.5 % (v/v) TX in ddH2O, pH 8) and incubated for 14-17 h at 50 °C in a humidified 
environment with gentle agitation. The samples were washed three times for 1 h each in 1X PBS 
at RT with gentle agitation. They were incubated with 6 µg/ml Atto 643 biotin in 0.1 % (v/v) TX 
in 1X PBS ON at RT with gentle agitation. Samples were washed once with 1X PBS and expanded 
~4-fold by immersing in ddH2O with three fluid exchanges at 30 min intervals. 
 

III.8 Imaging 

Data was acquired on three different microscope setups described below. A detailed summary of 
the labeling and imaging parameters for each dataset can be found in Supplementary Table 1. 
Power values refer to the power at the sample determined with a slide powermeter head (Thorlabs, 
S170C). 
 
III.8.1 Confocal imaging 

Single point scanning confocal imaging was performed for volumetric imaging of expanded 
organotypic slice cultures and overview imaging of expanded brain slices from fixative perfused 
animals. A Leica Sp8 inverted microscope equipped with a supercontinuum pulsed white light laser 
(for excitation at 490 nm and 630 nm) and a 405 nm continuous wave diode laser, and HyD GaAaP 
detectors was used. Imaging was performed with a 40x water objective (Leica HC PL APO 
40x/numerical aperture (NA) 1.10 W CORR CS2, WD 0.65 mm). The Leica LAS X software 
version 2.5.7.23225 was used for data acquisition. 
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III.8.2 Spinning disk confocal microscopy 

Spinning disk confocal microscopy was performed on an Andor Dragonfly imaging platform 
consisting of a Nikon Ti2E inverted microscope with a motorized stage, a spinning disk with two 
pinhole disc patterns (25 µm and 40 µm hole diameter) and four continuous-wave excitation lasers 
(405 nm, 488 nm, 561 nm and 637 nm). The signal was detected with an Andor Zyla 4.2 Megapixel 
sCMOS camera. Overview images of brain sections from fixative-perfused animals were acquired 
with a 10x air objective (Nikon CFI P-Apo 10x λ/NA 0.45/WD 4.0 mm). Overview images of 
organotypic slice cultures were acquired with a 20x air objective (Nikon CFI P-Apo 20x λ /NA 
0.75/WD 1.00 mm). Volumetric data of expanded rCATS specimens was acquired with a long-
working distance 20x water objective (Nikon CFI P-Apochromat 20x/NA 0.95/WD 0.95) or a 
40x water immersion objective (Nikon Apochromat LWD 40x lambda S/NA 1.15/Water/ WD 
0.6 mm) for high-resolution imaging. Andor Fusion software version 2.2 was used for data 
acquisition and stitching of tiles, unless otherwise stated. 
 

III.8.3 STED imaging 

Confocal and STED imaging were performed on an inverted STED microscope (Abberior 
Instruments Expert Line) using a 60x water objective (Olympus UPLSAPO60XW 60x/NA 1.20 
/WD 0.28) or a 100x silicone oil objective (Olympus UPLSAPO100XS 100x/NA 1.35/WD 0.20 
mm), both equipped with a correction collar. Pulsed lasers (488 nm, 561 nm, 640 nm) were used 
for excitation and a pulsed 775 nm laser was used for stimulated emission. The pulse repetition 
rate was 40 MHz and fluorescence detection was time gated. Fluorescence was detected by photon 
counting avalanche photodiodes (APDs) using bandpass filters at 525/50 nm (Semrock, #F37-
516), 605/50 nm (Chroma, #F49-605), and 685/70 nm (Chroma, #F49-686). Galvanometric 
mirrors were used for lateral scanning and a sample piezo stage (Physik Instrumente GmbH & Co, 
KG, #P-735.ZRO) was used for axial scanning. 
 
For confocal imaging, a pinhole size of 0.5-1.0 Airy units was used. Typical imaging parameters 
for acquiring confocal data were 10-20 µs dwell time and 1-2 line accumulations.  
 
Typical imaging parameters for acquiring single plane STED data with lateral resolution 
enhancement were: 10-20 µs dwell time, 3-5 line accumulations, 0.8-6.0 µW (561 nm) and 0.5-
5.0 µW (640 nm) excitation laser power and 24-100 mW STED laser power. The 488 nm 
excitation channel was used in confocal mode with 0.5-5.0 µW excitation power. Pixel size was 
30 nm x 30 nm or 50 nm x 50 nm. A spatial light modulator (SLM) was used for 2π-helical phase 
modulation to generate the xy-STED pattern and to partially compensate for aberrations. 
Typical imaging parameters for acquiring volumetric z-STED data were: 10-15 µs dwell time, 2-3 
line accumulations, 1-2 µW (561 nm) and 0.3-2.6 µW (640 nm) excitation laser power and 
43-88 mW STED laser power. The 405 nm and 488 nm excitation channels were used in confocal 
mode with 6.8-16.0 µW (405 nm) and 0.2-5.0 µW (488 nm) excitation power, respectively. The 
voxel size was 50 nm x 50 nm x 50 nm. The SLM was used to create a π-top-hat phase modulation 
(z-STED) with the aim of predominantly increasing axial resolution. In Supplementary Fig. 12, 
combined z-STED (80% power) and xy-STED (20% power) patterns were used, with panel e 
acquired with the same parameters as Velicky et al.29. 
Volumetric imaging data was typically created with all power assigned to the z-STED pattern. The 
acquisition scan mode was set to xzy, with y being the slowest scan axis. For STED imaging, the 
pinhole was adjusted to 0.5-0.9 Airy units. 
The software Imspector version 14.0.3052 was used for data acquisition. Tiling at the STED 
microscope was implemented with a custom-written python script to control the position of the 
sample stage. The acquired tiles were stitched using the Fiji plugin ‘Grid/Collection stitching’. 
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IV Data analysis 

IV.1 Colormap inversion for CATS data 

The lookup table (LUT) of all CATS images was inverted using ImageJ/Fiji193 v1.53f51, unless 
otherwise stated. Display ranges were adjusted for visualization purposes. Intensity LUTs were 
linear, unless stated otherwise. 
 

IV.2 Visualization of multi-channel data 

For displaying combined CATS plus immunostaining images, all channels were saved separately 
in RGB format and imported into GIMP v2.10.30. An alpha channel was added to the 
immunostaining channels and black was set to transparent (alpha=black). The resulting images 
were overlaid with the CATS data. 
 

IV.3 Denoising 

Volumetric datasets were denoised with Noise2Void v0.2.1 (N2V)183 with the following 
parameters, unless otherwise stated: noise2void 3Dmode, patch size 16 x 32 x 32 or 32 x 32 x 32 
(zyx); number of patches per image: all; each patch augmented 8-times by rotation and axis-
mirroring; neighborhood radius: 5; percent pixel manipulation: 1.5; number of epochs: 75-80; 
number of steps per epoch: 100; batch size: 8-16. Software was installed from GitHub 
(https://github.com/juglab/n2v). A workstation with the following specifications was used: 
Intel® Xeon® W “Skylake” W-2145, 3.60 GHz processor, 128 GB RAM, NVIDA GeForce RTX 
2080Ti graphics card. The results were visually inspected for artifacts from denoising before 
further processing. For comparison with denoised data, raw data is displayed in corresponding 
supplementary figures 4 and 10. 
 

IV.4 Manual segmentation 

Datasets for 3D-rendering in Fig. 2 and 3 were 5-fold upsampled in the lateral dimensions with 
nearest-neighbor interpolation using ImageJ/Fiji to ease manual segmentation, resulting in 10 nm 
x 10 nm x 50 nm voxel size. Manual segmentation was performed in VAST199 v1.4.0, downloaded 
from https://lichtman.rc.fas.harvard.edu/vast/. 
 

IV.5 Identification and segmentation of pSCRs guided by immunostaining 
for synaptic markers 

Analysis of coCATS data after in vivo stereotactic injection (Fig. 2, analysis of 3 imaging volumes) 
involved the following steps using custom written Python v3.7.12 pipelines implemented with 
Jupyter lab v3.2.4. For visual inspection, Napari v0.4.12 
(https://doi.org/10.5281/ZENODO.3555620) was used. 
 
IV.5.1 BASSOON and SHANK2 segmentation 

For background removal and smoothing, datasets for immunostained BASSOON (confocal) and 
SHANK2 (STED) were smoothed with two different Gaussian filters using 
scipy.ndimage.gaussian_filter with sigma of 15 and 1 voxels, corresponding to background and signal, 
respectively. The background was then subtracted from the signal and negative values were clipped 
to zero. Resulting images were then transformed into binary masks by global Otsu thresholding. 
 

https://github.com/juglab/n2v
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IV.5.2 PSCR segmentation 

After denoising of 3D-CATS data with N2V, contrast stretching with the 
skimage.exposure.rescale_intensity function was performed using the 1st and 99th intensity percentile 
(imaging volumes 1 and 2) or the 1st and 98th percentile (imaging volume 3) as limits. Next, the 
SHANK2 mask was dilated using skimage.morphology.binary_dilation with a ball of 2 voxels radius. 
Volumetric CATS data were then multiplied with the corresponding dilated binary SHANK2 mask 
to isolate regions containing pSCRs. Then, a global threshold was applied to the resulting image 
to create a binary CATS mask. The global threshold (thr) was computed individually for each 
dataset, and was set between the 95th (p95) and 100th percentile (p100) of voxel brightness, as judged 
by visual inspection using thr = p95 + s * (p100 - p95), with s = 0.65 for imaging volumes 1, 2 and 
s = 0.6 for imaging volume 3. To obtain instance segmentations, the connected components of 
the CATS mask were labeled using the skimage.label function. Objects smaller than 8 voxels were 
discarded. 
 

IV.5.3 Colocalization 

We classified segments obtained from the CATS channel as pSCRs when there was spatial overlap 
with both SHANK2 and BASSOON. For this, we first defined the overlap region between the 
BASSOON and non-dilated SHANK2 masks and retained CATS segments as pSCRs that had at 
least one voxel overlap with this intersection region. 
 

IV.5.4 Association of pSCRs with MFBs 

We next associated pSCRs with individual mossy fiber boutons (MFBs). MFB volume 
segmentations were performed manually as described above and scaled back to the original voxel 
size (5-times downscaling in lateral dimensions). MFB masks were dilated using 
skimage.morphology.binary_dilation with a ball of 2 voxel radius. Then, pSCRs that overlapped with 
dilated MFBs (at least one voxel) were extracted and assigned to that bouton. 
 

IV.5.5 Manual proofreading 

PSCR segments were manually proofread and corrected in VAST. For processing in VAST, MFB 
and pSCR segmentations were combined into the same layer, conserving manually segmented 
MFB shape. PSCRs were subsequently proofread. During proofreading empty voxels between 
pSCR segments and the manually created MFB segments were filled in. 
 

IV.6 MFB quantification 

Single bouton quantification in Fig. 2c-g comprised the following steps. From each of the 3 
volumetric datasets containing coCATS, BASSOON and SHANK2 labeling, 10 MFBs were 
randomly selected based on their characteristic shape and the presence of pSCRs sandwiched 
between BASSOON and SHANK2 staining. 
 
IV.6.1 Manual volume segmentation of MFBs 

MFBs were manually segmented as described in section 4.4. 
 

IV.6.2 3D-mesh creation 

The Scikit-image implementation of the marching cubes algorithm was used to create 3D-meshes 
of individual MFBs from the volume segmentation. 
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IV.6.3 Volume and area 

Bouton surface area AMFB and volume VMFB were computed using a custom-written script in 
Blender 2.92 (blender.org). Bouton volumes were computed with bmesh.calc_volume and areas were 
computed as the sum of mesh face areas. 
 

IV.6.4 MFB surface area occupied by pSCRs 

The area of MFBs occupied by pSCRs were extracted using a custom Python script. For each 3D-
segmented pSCR, voxels that touched the bouton segment and thus defined the contact area 
between pSCR and MFB were extracted. The coordinates of those voxels were converted into 
point cloud data (pcd) format using the open3d library in Python. The ball-pivoting algorithm 
from the open3d library with two radii (1 and 1.5 voxel) was used to create a triangle mesh from 
the point cloud. All surfaces were manually checked and minor corrections were made in Blender 
where necessary. The area of contact between a pSCR and an MFB was computed as sum of the 
corresponding mesh face areas. The total area of individual boutons occupied by pSCRs (ApSCR/MFB) 
is the sum of the pSCR/MFB contact areas of all pSCRs connected to one bouton. 
 

IV.7 Deep-learning-based prediction of synapse location 

To predict synapse location purely from coCATS data, immunostained synaptic markers in the 
pSCR segmentation pipeline described in section 4.5 were replaced by a deep-learning-based 
prediction of molecule location. Here, instead of using super-resolved images of immunostained 
SHANK2 to guide pSCR segmentation, we used super-resolved BASSOON location predicted 
from the CATS channel. To predict BASSOON location, we used image translation with a U-Net 
convolutional neural network (CNN)205 trained with super-resolved coCATS and BASSOON 
immunostaining data. Code was adapted from Qian et al., 2021 (https://github.com/Li-En-
Good/VISTA)100. 
 
IV.7.1 Data pre-processing 

13 pairs of STED volumes including coCATS plus immunostaining for BASSOON were used for 
training (~85000 µm3). CATS volumes were denoised with N2V and converted into 16-bit format. 
For background subtraction and denoising of the BASSOON channel, two different Gaussian 
filters using scipy.ndimage.gaussian_filter with sigma of 15 and 1 voxels were applied, corresponding 
to background and signal channels, respectively. The background channel was subtracted from the 
signal channel and any negative values were set to zero. 
 
IV.7.2 Training 

The image translation network was trained for 10,000 iterations with batch size 8, buffer size 5 
and patch size 64 x 64 x 32 (xyz). Training was performed on a single node of a high performance 
computing cluster available at the Institute of Science and Technology Austria, with a Intel(R) 
Xeon(R) CPU E5-2680 v4 @ 2.40GHz CPU and 256 GB RAM, assigning up to 64 GB RAM and 
one CPU according to availability. Training took ~2 h using acceleration with a single GPU 
(GeForce RTX 2080 Ti). Prediction took ~3.5 min. 
 

IV.7.3 Segmentation 

The predicted super-resolved BASSOON signal was thresholded to obtain a binary mask, dilated 
as described in section 4.5.2 and multiplied with the corresponding coCATS data to isolate regions 
containing pSCRs. CATS data was contrast-stretched and thresholded at 
thr = p93 + 0.4 * (p100 - p93), with p93 being the 93rd intensity percentile for binarization. 
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IV.7.4 Validation of deep-learning-based synapse prediction 

IV.7.4.1 Validation metrics 

Voxel- and object-based metrics were used to assess the performance of the trained synapse 
prediction model, using a test dataset (224 x 224 x 96 voxels) not included in the training, whose 
size was chosen to account for the specific model architecture. 
For voxel-based evaluation, the Pearson correlation coefficient r between BASSOON location 
predicted from CATS images and BASSOON immunostaining was computed using the 
numpy.corrcoef function in Python. 
For object-based evaluation, pSCR segments based on predicted BASSOON location 
(pSCRsprediction) and pSCR segments based on immunostaining for BASSOON (pSCRsimmuno) of the 
same region were compared using the F1 score (Fig. 2k, Supplementary Fig. 5). First, 
corresponding objects from immunostaining-derived and prediction-derived segmentations were 
found based on spatial overlap of at least one voxel. For each pair, the intersection over union 
(IOU, ratio of overlapping volume vs. combined volume) was computed. If a segment from the 
immunostaining pipeline overlapped with more than one segment from the deep learning pipeline, 
the immunostaining/deep learning segment pair with the larger IOU was retained. The number of 
true positives (NTP) was determined as the number of pSCRsimmuno segments with an IOU above 
threshold. Conversely, if the IOU was below this threshold, they were considered as false negatives 
(NFN). For calculating F1, the threshold was set to 0.5. The number of false positives (NFP) was 
determined as the number of pSCRsprediciton segments that did not have a corresponding pSCRsimmuno 

segment (i.e. their associated IOU value was lower than the threshold). Precision (P), recall (R), 
and F1 (ranging from 0 to 1) were calculated as a function of IOU threshold according to: 
 

F1 = 2 ∙  
𝑃 ∙  𝑅

𝑃 + 𝑅
 

𝑃 =  
𝑁TP

𝑁TP +  𝑁FP

 

𝑅 =  
𝑁TP

𝑁TP+ 𝑁FN
. 

 
IV.7.4.2 Effect of denoising on deep-learning-based synapse prediction 

To study the effect of the N2V algorithm on performance of deep-learning-based synapse 
prediction (Supplementary Fig. 5b), a network was trained with raw instead of N2V-denoised 
CATS data and super-resolved BASSOON, using raw versions of the same datasets. Processing 
for the BASSOON immunostaining channel was identical as before whereas pSCR segmentation 
was done after contrast stretching and Gaussian smoothing of the CATS data using a kernel of 0.5 
x 0.5 x 0.5 voxels. The threshold for pSCR segmentation of CATS data was set to 
thr = p85 + 0.4 * (p100 - p85), with p85 being the 85th intensity percentile. 
 
IV.7.4.3 Effect of super-resolution imaging on deep-learning-based synapse prediction 

To compare performance of deep-learning-based synapse prediction for super-resolution vs. 
diffraction-limited acquisition of the molecular ground truth channel (Supplementary Fig. 5e,f), we 
trained a model with super-resolved coCATS data using either super-resolved or confocal data of 
immunostained BASSOON as molecular ground truth. Overall training volume was ~65,000 µm3 
for each. Thresholds for binarizing coCATS data were set to thr = p93 + 0.4 * (p100 - p93) for the 
test dataset using super-resolved BASSOON and thr = p96 + 0.4 * (p100 – p96) for the test 
dataset using confocal BASSOON. 
 



125 

 

IV.8 Reconstruction of a local synaptic input field 

Reconstruction of synaptic input onto a CA3 pyramidal neuron (PN) proximal dendrite in Fig. 3 
was performed according to the following steps. 
 
IV.8.1 Denoising 

The coCATS data was denoised with N2V according to section 4.3. The intracellular channel 
(Lucifer yellow) was not denoised. 
 
IV.8.2 Manual segmentation 

The positively labeled structure (proximal dendrite of CA3 PN filled with Lucifer yellow during 
patch-clamp recording) was manually segmented based on the super-resolved coCATS data as 
described in section 4.4. Then, all structures forming synaptic connections with the proximal 
dendrite were identified via existence of pSCRs in the CATS data and segmented as well. 
 
IV.8.3 Visualization 

3D-meshes were created as described in section 4.6.2. To account for the lateral upsampling for 
manual segmentation, the resulting meshes were 5-times upsampled in the axial dimension in 
Blender to preserve the original proportions. 
 
IV.8.4 Complex spine extraction and quantification 

To extract complex spines, the PN segment was morphologically opened (erosion followed by 
dilation) with skimage.morphology.binary_opening (ball with 3-voxel radius) to detach spines from the 
main branch. The largest fragment (main branch) was dilated with skimage.morphology.binary_dilation 
by 1 voxel and subtracted from the original PN segment, yielding a binary mask containing all 
complex spines. Skimage.measure.label was used to generate an instance segmentation of complex 
spines. Minor manual corrections to the resulting objects were done in VAST. Spine meshes were 
generated with the marching cubes algorithm and imported into Blender to determine their 
volumes as described above. 
 
IV.8.5 MFB extraction and quantification 

MFBs were identified by the following characteristics: 1. Bulbous enlargement in close proximity 
to the PN proximal dendrite, 2. One or multiple contacts (pSCRs, typically wrapping postsynaptic 
structures) with the spines of the PN proximal dendrite, 3. An axon running alongside other axons 
in a mossy fiber bundle, typically roughly perpendicular to the PN proximal dendrite. All 
segmented structures that did not fulfill these characteristics were classified as non-MFB 
structures. Only structures which were situated completely or near-completely (roughly >80 % as 
judged from lower resolution overview images) in the imaging volume were included in the 
quantification. 
To measure volume of MFBs (Fig. 3j), axons and filopodia were detached from the main bouton 
bodies by erosion and dilation adapted for each object, followed by manual corrections in VAST. 
3D-meshes were constructed for each bouton. Volumes were computed as described above. 
 
IV.8.6 Deep-learning-based pSCR segmentation 

We used the image translation model trained on super-resolved CATS and BASSOON in Fig. 2j 
for pSCR segmentation (Extended Data Fig. 7). For the prediction of BASSOON location, the 
CATS dataset in Fig. 3 (456 x 530 x 160 voxels) was denoised with N2V and cut into overlapping 
3D patches (224 x 224 x 96 voxels). Predictions of BASSOON location for individual patches 
were combined and fed into the pSCR segmentation pipeline, during which contrast stretching (1st 
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and 98th intensity percentile) and thresholding at thr = p96 + 0.65 * (p100 - p96) was applied to 
CATS data. 
 
IV.8.7 Quantification of MFBs-spine interactions 

An interaction between an MFB and a complex spine (Fig. 3h,i) was identified if one or more 
pSCRs connected these two structures. PSCR masks were dilated with a ball structure with a radius 
of 1 voxel. For each pSCR, a list of both MFBs and spines having at least 1 voxel spatial overlap 
with the pSCR was generated. If a pSCR displayed overlap with more than one MFB, the one with 
the largest overlap was retained. These lists were used to determine the number of MFBs 
interacting with each spine and number of spines interacting with each MFB. 
 

IV.9 Reconstruction of synaptic output field 

Reconstruction of the synaptic output field of a DG granule cell Fig. 4d,e was performed according 
to the following steps. 
 
IV.9.1 Segmentation of the positively labeled neuron 

The positively labeled DG granule cell axon was segmented from the super-resolved intracellular 
channel using the Otsu thresholding method. In Fig. 4d, the resulting binary mask was additionally 
eroded with skimage.morphology.binary_erosion by 1 voxel. 
 
IV.9.2 Manual segmentation of postsynaptic structures 

All structures forming synaptic connections with the boutons of the positively labeled DG granule 
cell were identified via existence of pSCRs in the coCATS data and segmented as described in 
section 4.4 without upsampling. 
 
IV.9.3 Deep-learning-based pSCR segmentation 

PSCR segmentation was performed as described in section 4.8.6, where CATS channels were 
contrast-stretched using the 1st and 99th intensity percentile and binarized using 
thr = p95 + 0.65 * (p100 - p95). 
 
IV.9.4 Association 

Next, pSCRs associated with the positively labeled DG granule cell were identified. First, the 
segmentation masks obtained from the positively labeled neuron in the individual imaging volumes 
were dilated using skimage.morphology.binary_dilation with a ball with a 2-voxel radius. Then, only 
pSCRs that overlapped (at least one voxel) with dilated masks were retained. 
 
IV.9.5 Visualization 

3D-meshes of the segmented positively labeled DG granule cell axon, associated postsynaptic 
structures, and pSCRs were created as described in section 4.6.2 and imported into Blender for 
visualization. 
 

IV.10 Expanded rCATS data 

IV.10.1 Pre-processing 

Before stitching pre- and post-expansion volumes with the Fiji plugin BigStitcher version 0.8.3195, 
we created a new BigStitcher dataset using the Automatic Loader (Bioformats) option. Tiles were 
initially arranged with the Move Tiles to Regular Grid option with a 12 x 10 tile arrangement (pre-
expansion) and 5 x 6 tiles arrangement (post-expansion) both with 10 % overlap in each 
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dimension. For efficient alignment and visualization in BigDataViewer194, both volumes were 
resaved (using default options) to the chunked, pyramidal image format N5 with 6 pre-computed 
resolutions levels. 
 
IV.10.2 Alignment 

Tiles were stitched using BigStitcher version 0.8.3. For the Pairwise shift calculation we averaged over 
the raw channels in the post-expansion volume. The pairwise shifts between all adjacent tiles were 
computed at 2x sub-sampled resolution. Resulting shifts were filtered based on their Pearson 
correlation coefficient r. Only shifts exceeding a corresponding r-value of 0.7 were used in the 
global optimization. We used the option Identify wrong links and handle unconnected Tiles, STRICT as 
the global optimization strategy. Once datasets were aligned, we fused and exported aligned tiles 
into new HDF5/BigDataViewer files. We chose 16-bit unsigned integer as pixel type, tri-linear 
interpolation and smooth image blending for the fusion operation. To not exceed the available 
computer memory of 128 GB we used the Cached image option. For HDF5 creation, we used 
BigStitcher’s default parameters. 
For denoising the post-expansion image, we developed custom training and prediction Python 
scripts based on the BigDataViewer/N5 data-set and Noise2Void (version 0.2.1). For training, 
6000 patches of size 64 x 64 x 64 (xyz) were randomly sampled across the entire volume per 
channel. We trained for 60 epochs with 256 steps per epoch. Each channel was trained 
independently of the other channels and yielded a N2V model file per channel. We predicted the 
denoised output for each N5 chunk in parallel with SLURM on a high-performance cluster with 
GPU-acceleration using a custom Python script. 
Manual alignment of the pre- with the post-expansion volume was performed with BigWarp196 by 
matching landmarks in the Thy1-EGFP channels in 3D. The effective expansion factor was 
extracted from BigWarp’s landmark file using a custom Fiji/Groovy script. 
For manual annotations of objects skeletons, the denoised multi-channel post-expansion volume 
was converted from BigDataViewer/HDF5 format to the webKnossos file data structure. Since 
the volumes exceeded available main memory of 128 GB, we created custom Python scripts based 
on the webKnossos Python library (version 0.10.5) to convert the binary image data block-wise. 
 

IV.10.3 Skeletonization 

The skeletonization of a mossy cell in the DG hilus was performed with webKnossos (version 
22.05.1)198. WebKnossos was installed on a local server following the instructions in the 
webKnossos documentation (https://docs.webknossos.org/webknossos/installation.html, 
section: Installation on your Server) with slight modifications. Specifically, we explicitly attached 
the ports for both the datastore (9000) and tracingstore (9000) and started Docker through Docker-
compose specifying the Docker tag 22.05,1. Due to the large size of the dataset, we used file-system 
transfer. The local server ran on a 2x AMD EPICTM MILAN 75F3 processor, 32-core 32C/64T, 
2.95 GHz with 512 GB of memory, 2 TB Intel NVMe-SSD and 4x NVIDIA A6000 GPUs. To 
create a skeleton, a cell soma situated in the center of the volumetric dataset was chosen and 
skeletonized with the webKnossos-skeleton tool with orthogonal views. 
 

IV.11 Dense reconstruction of human cerebral organoid volume 

IV.11.1 Intensity homogenization 

The 3D-dataset was denoised using N2V and intensity was normalized to the maximum value. To 
account for a slight gradient in image intensity with depth, adaptive histogram equalization was 
implemented with a custom Python script based on the skimage.exposure.equalize_adapthist function. 
The clip limit was set to 0.02 and the kernel size to 1/5 of the stack size in each dimension. 
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IV.11.2 Manual segmentation 

Manual segmentation was performed as described in section 4.4. 
 
IV.11.3 Visualization 

The segmented volume was visualized using the 3D viewer in VAST. 
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V Statistics and reproducibility 

V.1 Experimental reproducibility 

In all images, representative data from single experiments are shown. In vivo microinjections of 
different coCATS labeling compounds into multiple brain areas were performed at least 10 times. 
MFB segmentation and MFB and pSCR quantifications (Fig. 2c-i) were performed on three 
volumetric imaging datasets from two brain sections coming from the same animal. Deep-learning-
based prediction of synapse location based on super-resolved BASSOON immunostaining was 
performed on 13 volumetric imaging datasets from five brain sections coming from three animals 
(Fig. 2j-l). Deep-learning-based prediction of synapse location from confocal BASSOON 
immunostaining (Fig. 2j-l, Supplementary Fig. 5) was performed on 8 volumetric imaging datasets 
from five brain sections coming from two animals (Supplementary Fig. 5e). Whole-cell patch-
clamping experiments combined with coCATS labeling as seen in Fig. 3 and 4 were performed at 
least 20 times with various cell types being patched. Reconstructions (Fig. 3h,i and Fig. 4d,e) were 
created from individual volumetric imaging datasets. CoCATS labeling of organotypic slice 
cultures in combination with expansion microscopy (Fig. 5a,b) was performed at least 3 times. 
CoCATS viability experiments (Supplementary Fig. 6a) were performed in cultures prepared at 
three different time points, and for each condition (control, STAR RED-NHS) at least three 
samples were used per condition. CoCATS labeling of cerebral organoids (Fig. 6c-e) was 
performed at least 3 times.  
RCATS labeling of PFA perfusion-fixed mouse brain tissue was performed at least 20 times. 
RCATS labeling of PFA perfusion-fixed mouse brain tissue in combination with expansion 
microscopy (Fig. 5c-f) was performed at least 5 times. RCATS labeling of human brain tissue (Fig. 
6a,b) was performed on samples from four individuals. 
 

V.2 Statistics 

Graphs, except for line profile graphs, were created with GraphPad Prism (version 9.0.2). Graphs 
of line profiles, created with ImageJ/Fiji, were generated with Excel 2016. All statistical tests were 
performed with GraphPad Prism. 
Graphs in Fig. 2c-e show individual data points (grey circles), as well as mean and standard 
deviation (s.d.). Graphs in Fig. 2f,g and Extended Data Fig. 5b,c show individual data points (grey 
circles) and linear regression lines with their corresponding R-squared values (R2). Pearson 
correlation was performed to test the extent of linear correlation in these datasets and is reported 
in form of Pearson correlation coefficient (r) with 95% confidence intervals (CI), and two-tailed 
p-value (p). Volume distributions in Fig. 3j are displayed as violin plots with medians (lines) and 
quartiles (dashed line). Single MFB and single spine connectivities in Fig. 3k,l are displayed as pie 
charts including percentage of all instances. The graph in Supplementary Fig. 6a shows mean and 
s.d. of 11 (control) and 9 (STAR RED-NHS) data points per current. Unpaired t-test was used to 
compare whether the difference between the two experimental groups (control; STAR RED-NHS) 
for each current was significant (s, p<0.05) or not significant (ns, p>0.05).  
 

V.3 Creation of figures 

Schematics in Fig. 1a, Supplementary Fig. 2a and Supplementary Fig. 13a were created with 
BioRender (biorender.com). 
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6.3.2 Saturated reconstruction of living brain tissue 
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