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List of abbreviations

2-AG - 2-arachidonoyl-glycerol

AA - arachidonic acid

AF647 - Alexa Fluor 647

CA1 - cornu Ammonis 1

CB; - type 1 cannabinoid receptor

AnCdh2 - dominant-negative form of N-cadherin
ChR2 - Channelrhodopsin-2

COX - cyclooxygenase enzyme

cPLA2 - cytosolic phospholipase A2

DAPI - 4°,6-diamidino-2-phenylindole
DBSCAN - density-based spatial clustering of applications with noise
E14.5 - embryonic day 14.5

ECS - endocannabinoid system

Fig. - Figure

FWHM - full width at half maximum

GFAP - glial fibrillary acidic protein

GFP - green fluorescent protein

GLT-1 - excitatory amino acid transporter (glial glutamate transporter)
GS - glutamine synthetase

IQR - interquartile range

IUE - in utero electroporation

KO - knockout

LP - localization point

LPS - lipopolysaccharide

MAGL - monoacylglycerol lipase

mRNA - messenger ribonucleic acid

NLP - number of localization points

norm. - normalized

NND - nearest neighbor distance

P1 - postnatal day 1

PALE - postnatal astrocyte labeling by electroporation



PALM - photo-activated localization microscopy
PAP - perisynaptic astrocytic process

PSF - point-spread function

RGPC - radial glial progenitor cell

ROI - region of interest

SEM - standard error of the mean

SMLM - single-molecule localization microscopy
SRM - super-resolution microscopy

STED - stimulated emission depletion microscopy
STORM - stochastic optical reconstruction microscopy
THC - delta-9-tetrahydrocannabinol

WT - wild type



1. Introduction

The brain is arguably one of the most complex organs of mammals. Recent high-
throughput RNA-sequencing studies not only revealed that hundreds of different cell
types exist in the mouse, but also how the molecular make-up can drive cellular diversity
and ultimately neuronal function!. However, RNA counts often do not correlate with
protein abundance, and also lack spatial information, whereas it is well known that
proteins can fulfil different functions in distinct subcellular compartments, cellular states,
or when interacting with other proteins. Therefore, knowing the precise distribution of

proteins is key to understanding the function of any cell type.

1.1. Super-resolution imaging as a way to overcome the diffraction barrier

Traditionally, life science researchers had to choose between utilizing either electron
microscopy or fluorescence light microscopy for the examination of protein distributions.
While electron microscopy offers the requisite resolution to reveal precise subcellular
distributions alongside cellular ultrastructure, it also suffers from serious drawbacks. The
required specific and laborious sample preparation steps not only limit its routine
applicability but also impede achieving high labeling densities, and therefore sparse
molecular targets might remain undetected. Furthermore, anisotropic distortions in the
tissue can give rise to artifacts, leading to erroneous spatial analyses. The capacity for
multiplexing is also restricted, making it often impossible to assign molecular data to
identified cell types or synapses. Lastly, and perhaps most importantly, live samples and
therefore dynamic molecular changes cannot be investigated?.

Fluorescent light microscopy, on the other hand, is virtually free from the above-
mentioned limitations, making it suitable for live imaging, offering versatile multiplexing
capabilities, and being user-friendly and easily automated. However, it faces its own
critical drawback — its resolution is constrained by light diffraction, resulting in a
resolution limit of approximately 250 nm laterally and 450 nm axially. This limitation
hinders detailed examination of crucial cellular structures, including synapses, which
have dimensions one order of magnitude smaller than the resolution limit. Key elements
like the synaptic cleft (20-40 nm), synaptic vesicles (~40 nm), and postsynaptic density

(around 300 + 150 nm) all fall below the achievable resolution®. In addition to synapses,



the dimensions of various other cellular elements, including dendritic spines, thin
astroglial filaments, and organelles like mitochondria, also fall below the diffraction limit.

In the early 21st century, life science researchers were able to bridge the gap
between electron and fluorescence light microscopy with the development of various
super-resolution microscopic (SRM) techniques®. These techniques, awarded the Nobel
Prize in Chemistry in 2014, retained the versatility of fluorescence microscopy while
significantly improving resolution, often reaching a few tens of nanometers. SRM
methods fall into two main categories: targeted (deterministic) and stochastic
(probabilistic) (Fig. 1). Targeted methods, like stimulated emission depletion microscopy
(STED), enhance resolution by effectively shrinking the point-spread function (PSF) of
the microscope. To achieve this, STED utilizes a second, doughnut-shaped depletion
beam that is superimposed onto the primary excitation beam and deactivates fluorescence
at the periphery, leaving only a smaller spot free for fluorescent emission. While
theoretically there is no upper limit for the resolution gain, practical considerations like
photobleaching or phototoxicity constrain the effective PSF size of STED to around 30-
80 nm, depending on the microscopic design®. As the resulting super-resolution image is
a pixel-based image like the output of other common microscopic imaging modalities,
STED images can be effectively analyzed and visualized with widely used software tools.

Stochastic methods utilize a markedly different approach to create a super-
resolved image. They rely on the fact that the position of a single emitter can be
determined with high precision by simply finding the center of the single-molecule image.
The uncertainty in this step, typically involving fitting Gaussian curves onto the camera
image, primarily depends on the PSF size and the number of collected photons. Single
molecules were imaged as early as the 1990s, but this does not translate to super-
resolution imaging of biological samples with millions of emitters. The overlapping
emissions create a blurred image, making it impossible to extract molecular coordinates
through mathematical means. The crucial step is to control the states of emitters to ensure
that only one emitter is active in a diffraction-limited area at a given time point. After
determining their center coordinates, these emitters should become inactive, and other,
so-far inactive emitters should then be activated. By iterating this process called
“blinking”, the positions of all emitters can be retrieved with single-molecule precision>®.

This temporal separation is common to all stochastic methods, which differ mainly in



how they achieve the two different (commonly called on/off or bright/dark) states of
emitters - STochastic Optical Reconstruction Microscopy (STORM)’ employs
photoswitchable small organic fluorophores attached to antibodies, Photo-Activated
Localization Microscopy (PALM)® relies on photoswitchable fluorescent proteins, while
DNA-PAINT® utilizes the spontaneous binding and unbinding of dye-coupled DNA

oligomers to their respective counterparts on the target molecules.

-

Figure 1. Comparison of STED and STORM imaging acquisition strategies. (a)

Simulated example of closely spaced filaments with features extending beyond the
diffraction limit. (b) Conventional fluorescence microscopy results in a diffraction-
limited image, obscuring the underlying biological structure. (c—f) STED imaging
generates a super-resolved image via point-by-point scanning by shrinking the point
spread function. (g—h) STORM imaging sequentially localizes individual molecules over
time to reconstruct a pointillistic super-resolution image. Figure adapted from Tam and

Merino, 2015,

As stochastic approaches localize individual molecules, they are often referred to
as Single-Molecule Localization Microscopy (SMLM) techniques. Their biggest
advantage lies in their name, that is, they are endowed with single-molecule sensitivity.
Hence, they can also reveal molecular heterogeneities and are well suited to study the
spatial characteristics like clustering patterns of molecules. The output of these
modalities, however, is only a list of molecular coordinates, and therefore they require
different software tools to analyze and to visualize the data. Moreover, many strengths of
SMLM methods like counting molecules or defining true cluster sizes need careful
calibration or control measurements for valid data interpretation'!. Nevertheless, the

relatively easy instrumentation makes SMLM methods increasingly popular®.



The choice of the optimal super-resolution technique should be guided by the
specific biological questions to be addressed'>!>. STED imaging is more suitable for
capturing dynamic changes, owing to its fast scanning speed that enables super-resolved
video-rate imaging. SMLM, on the other hand, with its ability to localize individual
molecules offers even greater resolution and sensitivity, and can also unveil molecular
heterogeneities. With ongoing technological developments, however, the boundaries
between these technologies are anticipated to diminish. The concept of MINimal photon
FLUXes (MINFLUX) microscopy, achieving true molecular resolution at the scale of 1-

5 nm, emerged from the fusion of these two main branches of SRM modalities'*.

1.2. SMLM imaging in neuroscience research

The emergence of super-resolution microscopic methods nearly two decades ago has
significantly advanced our understanding of the spatial distribution of molecules and their
impact on neuronal function, particularly at the synaptic level. Here, I aim to highlight a
few examples illustrating the strength of SRM in neuroscience research, with an emphasis
on SMLM imaging>!>-16,

The first seminal SMLM study on fixed brain tissue sections was published in
2010". In this study, cortical and olfactory bulb synapses were visualized by
simultaneous labeling of the postsynaptic scaffold protein Homer and presynaptic
cytomatrix protein Bassoon. When these targets were positioned in a side view (i.e., trans-
synaptic axis rotated into the viewing plane), they could be clearly separated, despite
mean distances between localization points being approximately 150 nm. By using these
two targets as a reference plane and imaging distinct molecules (or distinct epitopes of
the same molecule) as a third target, an axial map of synaptic proteins across the synaptic
cleft could be generated. This revealed that while postsynaptic proteins are organized in
a laminar manner, presynaptic proteins tend to localize rather axially relative to the cleft.

Shortly after, PALM experiments conducted on neuronal cultures revealed an
uneven distribution of numerous postsynaptic scaffold molecules, including PSD-95,
Shank3, or Homerlc. These molecules exhibited a variable number of denser clusters
termed nanodomains within the postsynaptic density (PSD)!®. These nanodomains,
approximately 50-80 nm in size, displayed a molecular density around 3.5 times higher

than their surroundings. Notably, they selectively concentrated AMPA-type glutamate



receptors while excluding NMDA-type receptors, despite both receptor types forming
nanodomains of roughly similar sizes'*?°.

Presynaptic scaffolding molecules within the active zone, such as Bassoon,
RIM1/2, and Munc13, also exhibit a tendency to form clusters. Additionally, these pre-
and postsynaptic scaffolding nanodomains align in a trans-synaptic manner, forming
"nanocolumns" that optimize the distance between vesicle fusion sites and clusters of
neurotransmitter receptors’!. This columnar organization is subject to activity-dependent
modulation, where long-term potentiation or depression bidirectionally influences the
alignment of trans-synaptic nanodomains, subsequently impacting synaptic strength at a
diffraction-limited, sub-synaptic scale. Importantly, this clustering behavior is not
exclusive to glutamatergic synapses: Gephyrin and GABA 4 receptors on the postsynaptic
side of inhibitory synapses also form sub-synaptic domains®?, and dopamine transporters
create nanodomains in a cholesterol-dependent manner in dopaminergic neurons®.

The majority of the aforementioned studies were conducted using cell culture
systems, providing insights into an "average" synapse but lacking the cellular diversity
inherent to the brain. To understand how molecular diversity drives cellular and
physiological diversity, it is essential to perform molecular imaging within intact brain
tissue in a cell type-specific manner. STORM imaging by itself, however, does not reveal
the cellular context from which the data were gathered. Therefore, to interpret the
molecular data within its respective cellular and subcellular context, we have recently
developed an approach integrating physiological, morphological, and nanoscale
molecular measurements®**. This method enabled us to demonstrate that the differential
endocannabinoid signaling between perisomatically and dendritically projecting
interneurons may be attributed to distinct active zone compositions, and consequently,
distinct control of CB; cannabinoid receptors over their main effectors, the voltage-gated
calcium channels®.

The crucial step in our method was to correlate the output of two distinct
microscopic modalities: the coordinate-based molecular information gathered by
STORM and the pixel-based contextual information obtained by confocal microscopy.
The contextual information can be provided by various means, such as biocytin filling of
cell types identified in electrophysiological recordings, cell type-specific expression of

genetically encoded fluorescent proteins, labeling via electroporation or viral injection,



as well as immunolabeling against cellular or subcellular markers. A confocal image with
up to four channels enables the identification of specific niches at the best resolution that
can be obtained via conventional light microscopic techniques, while the STORM image
of the protein of interest provides much more detailed molecular information. We
summarized all the key steps in our protocol on how to obtain such images, and created
a software tool named VividSTORM to easily align and analyze these two distinct
microscopic modalities in a correlative manner®*. More recently, we also provided some
important considerations and useful tips for optimal STORM imaging in brain tissue
samples, with an emphasis on analyzing CB; receptors in GABAergic terminals®® (Fig.

2).
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CB, immunostaining

Confocal Deconvolved STORM Overlaid

Bassoon Bassoon only CB, STORM CB, STORM

Figure 2. Multiscale visualization of CB; receptors in mouse brain tissue. (a)

Immunostaining against CB; shows the well-known characteristic staining pattern of
cannabinoid receptor distribution in the CAl hippocampal region. (b) Zoomed-in view of
the rectangle in (a). Dense meshwork of axons belonging to GABAergic interneurons is
easily discernible. (c) Higher magnification shows the axon terminals along individual
axons. (d) Enlarged view of an axon terminal (bouton) from the boxed region in (c)
imaged via confocal microscopy. (e) The signal-to-noise ratio is significantly improved
after deconvolution. However, the information content that can be retrieved from this
image is still limited by the diffraction of light. Deconvolution was done using the
Huygens SVI software. (f) STORM image from the very same region shows individual

CB localization points at nanometer resolution and better captures the distribution of
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the protein along the surface of the bouton. Localization points are rendered as Gaussian
distributions in the NIS-Elements N-STORM module. (g) STORM image overlaid onto the
deconvolved confocal image. (h) Deconvolved confocal image of CB; along with the
active zone marker protein Bassoon (in blue). (i) Visualization of Bassoon shows that
there are two active zones in this axon terminal. (j) STORM localization points are
colored based on their proximity to thresholded Bassoon-positive pixels (less than 100
nm in magenta, more than 100 nm in green). Thresholding was done via the Otsu method.
VividSTORM?? was used to align the respective STORM and confocal images of CB; onto
each other and to determine the offset between the two imaging modalities. STORM
localization points were filtered to the ones belonging to the bouton. (k) Same as (j) but
using 250 nm as a distance threshold. (1) STORM localization points color-coded by their
position along the axial axis. The color bar is shown on the left. (m) Convex hull
representation of the localization points allows the approximation of the bouton surface.
The illustration was done using Visual Molecular Dynamics software, showing the
outermost localization points (i.e., vertices of the convex hull) as atoms and the convex
hull edges as chemical bonds. (n) Inner localization points not forming the convex hull
vertices are shown as smaller golden spheres. (o) The centermost (possibly internalized)
localization points colored in gray were determined by calculating the distances of all
localization points to the closest convex hull surface and applying a distance threshold.
VividSTORM sofiware was used for the distance calculation’*?. The scale bars in panel

(e—1) are the same as for panel (d). Figure reproduced from Zéldi and Katona, 2023%% .

It is important to note that during correlative imaging, the fidelity with which we
assign localization points to the profile of interest depends on the resolution of the
correlative method and on the precision of alignment. This means that although STORM
data provides nanoscale information at an unprecedented resolution, one cannot, for
example, filter the localization points onto the cellular context with better precision than
the resolution of the confocal image. This problem is negligible when imaging abundant
targets such as CB1 receptors that cover the whole surface of GABAergic boutons where
cellular boundaries can be easily seen from the STORM datapoints and where the profile
size is much larger than the diffraction limit*>°. However, when the cellular context is
below the diffraction limit such as thin astrocytic processes in the range of a few tens to

a few hundred nanometers, and when scarce localization point data cannot provide any

12



visual clues, correlative imaging suffers from serious drawbacks. In these cases, dual-
color STORM imaging is preferred to maintain a nanoscale resolution both for the

molecular data and for the anatomical context.

1.3. A growing demand for imaging astrocytic proteins at the nanoscale level

Astrocytes were traditionally perceived solely as supportive cells to neurons, playing an
indispensable yet seemingly passive role in the modulation of brain functioning.
However, with the advent of the "tripartite synapse" perspective?’, which elevates
astrocytes to equal standing with neurons, extensive research has revealed that glia
actively serve as modulators of information processing. Indeed, astrocytes play a crucial
role in overseeing nearly every aspect of brain functioning, influencing synaptic
communication, network oscillations, and the regulation of cerebral blood flow, energy
metabolism, brain homeostasis, as well as the course of neuroinflammation®®?°. It is
therefore not surprising that astrocytes have emerged as key targets for various
therapeutic interventions, including neurodegenerative disorders®® 32,

Although mapping the precise distribution of proteins should be one of the first
steps to understand drug mechanisms and to avoid unwanted side effects, investigating
protein distributions in astrocytes lags behind that of neurons*-4. The highly complex
morphology of astrocytes with thousands of processes well below the diffraction limit
poses an exceptional challenge to perform molecular imaging inside astrocytes, as even
the proper delineation of these cellular structures requires super-resolution imaging
modalities®>’. Therefore, visualizing the cellular context by confocal microscopy?* is
not suitable, as the fidelity of assigning localization points to the cellular profile depends
on the resolution of the correlated imaging modality and on the precision of the alignment,
both of which introduce bigger errors than the spatial dimensions of such processes. Of
note, the majority of calcium transients that define the functional output of astrocytes
occur in these fine processes’®.

Another challenge is the use of tissue preparations instead of cell culture systems.
Astrocytes in culture adopt very different morphologies compared to the ones in their
native cellular context, being regarded more as an inflammatory (“reactive’) phenotype
with unique molecular signatures***°. Moreover, recent RNA-seq studies revealed that

astrocytes are heterogeneous and multiple molecularly distinct subtypes exist whose
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ratios also change in certain disease conditions*'**?. Therefore, molecular profiling in cell
culture will not only miss the molecular spectrum of astrocytes but might also provide
non-physiological data. To date, SMLM is predominantly employed in cell culture
systems, where minimal fluorescent background, low light scattering, and negligible
depth-dependent microscopic aberrations facilitate super-resolution imaging. Lastly,
many of the astrocytic transcripts and proteins appear to have very low copy numbers**,
favoring the use of highly sensitive methods such as SMLM.

Due to the aforementioned challenges, it is not surprising that only a handful of
studies applied SMLM in astrocyte research. One of the first ones addressed the question
of whether astrocytes translate mRNAs locally in perisynaptic astrocytic processes
(PAPs)®. Astrocytic ribosomes were visualized by using a transgenic mouse line where
a ribosomal protein (RPL10A) is fused to Enhanced Green Fluorescent Protein (EGFP)
under the astrocyte-specific promoter Aldh1L1. As PAPs lack specific markers for their
identification, Bassoon and Homer were also labeled to identify astrocytic ribosomes that
are close to synapses and hence are presumably in PAPs. Three-color STORM imaging
of the synaptic markers and EGFP demonstrated that many of the ribosomes are indeed
closer than 100 nm to the synaptic structures. Of note, these pioneering multi-color
STORM images utilized the so-called “activator-reporter”” method!’, which due to its high
rate of channel-crosstalk is only suitable for revealing non-overlapping structures.

The group of Dmitri Rusakov utilized spectrally distinct fluorophores for multi-
color STORM imaging and showed both in culture and brain tissue that the glial fibrillary
acidic protein (GFAP) labels a much more restricted portion of the astrocytic territory
compared to other astrocytic markers such as S100p or glutamine synthetase (GS), which
are present in glial processes that are thinner than the diffraction limit**’. They also
demonstrated that the surface expression of the main glial glutamate transporter GLT-1
and its clustering behavior relies on its C-terminus, as its deletion shifted the GLT-1
localizations more distant from synapses labeled by PSD-95%. GLT-1 nanoscale
distances to synapses were also altered during long-term potentiation due to the
withdrawal of PAPs*. These seminal studies captured only abundant proteins that are
specific to astrocytes, and therefore there was no need to assign localization points to the
cell or structure of interest. Identifying astrocytic proteins that are present in multiple cell

types, however, would require the delineation of the astrocytic arbor.
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STED microscopy was employed to achieve higher-resolution imaging of
astrocytic architecture, revealing that astrocytic filaments consist of alternating thinner,
filamentous regions (shafts) and wider, bulbous segments (nodes). Nodes are thought to
function as structural units that compartmentalize astrocytic signals, akin to dendritic
spines in neurons>’. Although the astrocytic nanoarchitecture formed ring-like structures,
these rings are likely separated by membranes, with STED's limited axial resolution
potentially creating the false appearance of continuity>!*2. Despite this limitation, STED
microscopy allows for much more reliable quantification of astrocytic structural details

and their changes under specific perturbations compared to confocal microscopy’*>>.

1.4. Monoacylglycerol lipase, a promising enzyme at the crossroads of

endocannabinoid and prostaglandin signaling

Feedback mechanisms are pivotal for the precise control of any biological signaling
system. In the brain, one of the main regulatory feedback mechanisms is the retrograde
endocannabinoid signaling which fine-tunes the synaptic transmission between various
cell types in multiple brain regions®*. The term endocannabinoid is a short form for
endogenous cannabinoids, molecules that are produced by the brain and have similar
effects to exogenous cannabinoids such as the main psychoactive component of
marijuana, delta-9-tetrahydrocannabinol (THC). The endocannabinoid system (ECS) is
composed of synthesizing and degrading enzymes for endocannabinoids, as well as the
molecular targets of THC, the cannabinoid receptors™.

The principal components of the ECS are positioned in a way that is optimal for a
retrograde signaling route. The main synaptic endocannabinoid, 2-arachidonoyl-glycerol
(2-AG), is produced on-demand by the postsynaptically located diacylglycerol lipase
alpha (DAGLa) enzyme and exerts its effect via the presynaptically located CB;
cannabinoid receptors, which ultimately leads to the inhibition of voltage-gated calcium
channels and hence to decreased synaptic transmission. Finally, the action of
endocannabinoids is terminated by the presynaptically located monoacylglycerol lipase
(MAGL) enzyme™®, Besides this archetypical signaling route, however, there are many
more players of the endocannabinoid system, including distinct receptors, interacting
proteins, enzymes, ligands, and cell types, that all contribute to the various cell- and

synapse-specific actions of the ECS**.,
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The ECS is a rapidly growing field of neuroscience research, not only because of
its relevance due to the ever-continuing legalization of marijuana in various countries and
states, but also because of its great therapeutic potential to treat as diverse diseases as
anxiety, depression, epilepsy, or metabolic diseases. Rimonabant, a CB; receptor
antagonist, had promising therapeutic potential to treat obesity via peripheral cannabinoid
mechanisms, but it was soon withdrawn from the market because of its serious psychiatric
side effects®’. Endocannabinoid action, however, may be modulated at the level of
degrading enzymes. A selective inhibitor of MAGL named JZL 184 recapitulated three of
the four main behavioral effects induced by CB1 agonists (that is analgesia, hypomotility,
hypothermia and catalepsy, collectively referred to as the tetrad test for cannabinoid
activity)®®. This strong effect can be attributed to the fact that in the brain ~85% of 2-AG
hydrolase activity can be ascribed to MAGL?. Interestingly, the high preference toward
2-AG regulation by MAGL is specific to the brain as in other tissues MAGL inhibition
causes alterations in the levels of other monoacylglycerols, with little or no change in 2-
AG levels®. The reason behind this specificity is not fully understood but might be
therapeutically exploitable to selectively change endocannabinoid levels in the brain.

A groundbreaking study from the lab of Benjamin Cravatt expanded the role of
MAGL. They showed that by degrading 2-AG into arachidonic acid (AA), MAGL also
produces the precursors for subsequent prostaglandin synthesis, mechanistically coupling
endocannabinoid signaling to the inflammatory prostaglandin pathway in the brain®'. This
was unexpected, as in most tissues the source of this AA pool is generated mainly by the
cytosolic phospholipase A2 (cPLA2) enzyme. However, in the brain, only mice deficient
for MAGL, but not for cPLA2, had reduced AA and prostaglandin levels. Notably, this
coupling of lipid mediators is more pronounced in inflammatory settings, such as when
mice are challenged with the bacterial proinflammatory agent lipopolysaccharide (LPS)®!.

Interestingly, subsequent studies using cell type-specific MAGL knockout
animals revealed that the enhanced prostaglandin production upon inflammatory
conditions is mediated via astrocytic, but not neuronal, MAGL, and only astrocytes are
capable of coupling elevations in 2-AG with reductions in AA and prostaglandin levels®.
Therefore, a new hypothesis has emerged, postulating that the main producers of
prostaglandin in the brain are astrocytes, using 2-AG generated either by neurons or by

themselves in basal or inflammatory conditions, respectively®”. Knocking out MAGL
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specifically from astrocytes not only reduced LPS-mediated inflammation®, but turned

% mouse

out to be neuroprotective in traumatic brain injury® and Huntington's disease
models. Cell type-specific knockout mice had the additional benefit of not producing
behavioral tolerance to cannabinoid agonists®, unlike mice where MAGL was inactivated
globally either by genetic disruption or repeated inhibitor treatment®®.

Prostaglandins are important proinflammatory molecules throughout the body that
are produced from AA by the cyclooxygenase enzymes (COX1 and COX2). As COX1
and COX2 inhibitors have gastrointestinal or cardiovascular side effects, respectively,
MAGL inhibitors emerged as a promising therapeutic strategy to control inflammation in
the brain®”®, MAGL inhibition proved to be beneficial in mouse models of Parkinson’s®!

and Alzheimer’s disease®®7°

, as well as postictal ischemia’!. Notably, MAGL inhibitors
are in the pipeline of the global pharmaceutical company Lundbeck to treat chronic pain,
epilepsy, and other potential neurological disorders accompanied by
neuroinflammation!,

How MAGL achieves its functional versatility remains elusive. Elucidating the
precise subcellular distribution of MAGL could shed light on whether there are separate
pools of this enzyme that may regulate endocannabinoid or prostaglandin signaling. Apart
from the dentate gyrus astrocytes’? and the special Bergmann glia in the cerebellum’?
where MAGL expression is so high that it can be detected at the light microscopic level,
MAGL in hippocampal and neocortical astrocytes has remained below the detection
threshold in electron microscopy studies’*’>. Hence, technical limitations have thus far
prevented deeper insights into the role of astrocytic MAGL. This would be of primary
interest as endocannabinoid signaling in astrocytes is an exciting and rapidly advancing

area of neuroscience with potential implications for treating various neurological

disorders’®.

U https://www.lundbeck.com/global/our-science/pipeline;
i https://www.lundbeck.com/content/dam/lundbeck-com/masters/global-site/global-site/investors/r-d-
event-london/RD%20day%202023%20London_compiled FINAL_ web.pdf
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2. Objectives

Interfering with MAGL activity holds great therapeutic potential in the treatment of many
neurological disorders. Examining the precise subcellular distribution of MAGL, its
association with other synaptic elements, organelles, or proteins of certain pathways,
could help our understanding of the role of MAGL in health and disease. With the current
toolsets, however, the visualization of astrocytic MAGL pools and their differentiation
from presynaptic pools in mouse brain tissue sections is challenging. Therefore, in this
study, we aimed to develop a methodology by which glial proteins, and ultimately
MAGL, can be studied in individual astrocytes at the nanoscale level using STORM.

This requires a labeling strategy that sparsely and selectively labels individual
astrocytes, allowing for the complete nanoscale reconstruction of their intricate arbor. Our
first specific aim was to test if electroporation could serve as a suitable method, applying
it both in utero and postnatally to target developing radial glial cells and hippocampal
astrocytes, respectively. We reasoned that a membrane-targeted fluorescent protein could
not only visualize the finest astrocytic processes but could immediately inform us about
the success of electroporation. By immunolabeling the fluorescent protein with an
antibody carrying a STORM-compatible dye, the astrocytic processes could be resolved
with nanoscale resolution.

Our second goal was to demonstrate that dual-color STORM imaging has the
power to faithfully discriminate between astrocytic and neighboring synaptic proteins,
localizing only the former but not the latter in the super-resolved filaments. We reasoned
that a prerequisite of such discrimination is to have perfect alignment of the two
microscopic channels, and not to detect any crosstalk between them. We hypothesized
that the recently developed tessellation approaches and molecular distance calculations
could be robust tools to retrieve those measures.

Lastly, we aimed to explore the spatial expression pattern of MAGL in
hippocampal CA1 astrocytes, whether it is preferentially enriched in close proximity to
synapses or rather follows a random distribution. To exclude the possibility that
nonspecific labeling is evaluated as a scarce astrocytic MAGL signal, images taken from
MAGL knockout animals would serve as a control to determine the background labeling

density in astrocytic filaments.
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3. Methods

The methods are reproduced from Z6ldi and Katona, 2026”7 | except for the embryonic

experiments, which are adapted from Lészl6 et al., 202078,

3.1. Animals

Animal experiments were approved by the Hungarian Committee of the Scientific Ethics
of Animal Research (license number: PE/EA/201-7/2020) and were carried out according
to the Hungarian Act of Animal Care and Experimentation (1998, XXVIII, Section
243/1998, renewed in 40/2013), which is in accordance with the European Communities
Council Directive of November 24, 1986 (86/609/EEC; Section 243/1998). Mice were
kept under approved, specific-pathogen-free laboratory conditions, and all efforts were
made to minimize pain and to reduce the number of animals used. To develop the
methodology for the PALE approach and astrocyte-specific STORM imaging in the CA1
subregion of the hippocampus, we used male and female CD-1 mice (ranging in age from
29 to 155 days; Charles River Laboratories Hungary). To study the nanoscale distribution
of MAGL and to verify the specificity of the MAGL antibody, we used male Mg//*"* and
Mgl littermates (age: 100—166 days, kindly provided by Prof. Kenji Sakimura, Niigata
University) that were kept on a C57BL/6N background. Mice were bred and genotyped
as previously described’?. RNAscope experiments utilized 60—66-day-old mice from a
distinct MAGL line®, which was generously provided by Prof. Benjamin F. Cravatt (The
Scripps Research Institute) and Prof. Anna Kalinovsky (Indiana University). These
specific procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of Indiana University (protocol number: 21-015) and conform to the National
Institutes of Health Guidelines on the Care and Use of Animals.

The in utero electroporation experiments were approved by the Hungarian
Committee of the Scientific Ethics of Animal Research (license numbers: XIV-1-
001/2332-4/2012 and PE/EA/354-5/2018) and were carried out according to the same
regulations. Both male and female embryos were used. C57BL/6 and CD-1 mice were

obtained from Charles River Laboratories.
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3.2. In utero electroporation

In utero electroporation was carried out as described previously’8. The dominant-negative
form of N-cadherin (AnCdh2) was generated from mouse N-cadherin (Cdh2), cloned by
RT-PCR from E16.5 brain cDNA, by Olil-HindIII digestion, Klenow fill-in of the
HindIIl overhang and religation. The resulting construct, validated by sequencing,
encodes a truncated N-cadherin that contains the signal sequence followed by the
transmembrane and intracellular domains but lacks the extracellular domain. AnCdh2 was
subcloned into the bicistronic pCAGIG mammalian expression vector carrying an internal
ribosome entry site (IRES)-GFP cassette (a gift from Connie Cepko, Addgene #11159);
the empty pCAGIG vector expressing GFP alone served as control.

Timed-pregnant female mice were anesthetized with Avertin (1.25% v/v, Sigma),
and the uterine horns were exposed. The plasmid (1-2 pg/uL at 1 pL volume) in
endotoxin-free water containing Fast Green (1:10,000, Roth) was injected into the lateral
ventricle of the embryos via a glass capillary at embryonic day 14.5 (E14.5).
Electroporation was performed with tweezer electrodes (5 pulses of 40 V for 50 ms at
950 ms intervals) using an SP-3c electroporator (Supertech). After electroporation, the
uterine horns were returned into the abdominal cavity, the wall and skin were sutured,

and the embryos were allowed to continue their development.

3.3. Preparation and labeling of embryonic brain sections

Embryonic brains were immersion-fixed with 4% PFA overnight at 4°C. For confocal
imaging, brains were cryoprotected in 15% sucrose in PBS for 15 min and then in 30%
sucrose overnight at 4°C, embedded into Tissue-Tek Optimal Cutting Temperature
compound (Sakura), and 20-pum-thick cryosections were collected on Superfrost Ultra
Plus glass slides (ThermoFisher) and treated again with 4% PFA for 10 min. After several
PBS washes, sections were permeabilized with 0.2% Triton X-100 in PBS and blocked
with 1% human serum albumin (Sigma) in PBS for 1 h. To visualize F-actin-enriched
adherens junctions at the ventricular wall, sections were incubated with the high-affinity
F-actin probe Alexa Fluor 568-Phalloidin (1:500, ThermoFisher) for 2 h at room
temperature. Slides were then washed with PBS, mounted with Vectashield Hardset

Antifade Mounting Medium (Vector), covered and sealed with nail polish.
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For STORM imaging, brains were fixed in the same manner and cut into 20-um-
thick sections, which were immunostained in a free-floating manner. Sections were
permeabilized with 0.2% Triton X-100 in PBS, blocked with 5% normal donkey serum
(Sigma) in PBS for 1 h, and incubated with a mouse antibody to nestin (1:200, Millipore,
MAB353) overnight at 4°C. After intensive washing in PBS, sections were incubated
with Alexa Fluor 647-conjugated donkey anti-mouse secondary antibody (1:400,
Jackson) for 4 h. Instead of glass slides, sections were dried onto coverslips and stored

uncovered at 4°C until STORM imaging.

3.4. Postnatal astrocyte labeling by electroporation (PALE)

Newborn and postnatal day 1 (PO-P1) pups were sedated by hypothermia. Glass
capillaries were pulled by a micropipette puller (Sutter Instrument, Novato, CA, USA)
and were filled with plasmid DNA solution (diluted in endotoxin-free water to 1 ug/mL
concentration). Injection was delivered into one of the lateral ventricles of the pups. Using
mouth aspirator tubes (Sigma-Aldrich, A5177), 1-2 pL of plasmid solution was
administered into the ventricles. The non-toxic Fast Green dye (1:10,000; Roth) was
added to the solution to visualize the crescent-shaped ventricle and to determine the
success of the injections. Electroporation was performed with tweezer electrodes using
an SP-3c electroporator (Supertech, adjusted to 5 pulses of 100 V for 50 ms at 950 ms
intervals). The negative terminal of the electrode was placed above the site of injection,
while the positive terminal was placed to the opposite side of the head, below the pup's
chin. The two terminals of the electrodes were slightly rotated during electroporation to
ensure a homogeneous labeling of the entire CAl region of the hippocampus. For
targeting neocortical astrocytes, the electrode polarity was reversed. After
electroporation, the pups were placed onto a thermal heating pad until their skin color
recovered and then were returned to their dams. When performing PALE on two
consecutive days, the same procedure was repeated on PO and P1 on the same pups. No
pups died because of the electroporation procedure. Electroporation on P2 did not achieve
the “useful density” of PALE-labeled astrocytes. We defined “useful density” as at least
10 astrocytes per 20-pum-thick section. The extent of labeled astrocytes along the
transverse axis of the hippocampus (i.e., along the CA1-CA3 trajectory) spanned a mean

0f 1962 um (SD = 380 pum). The range of successfully labeled astrocytes along the rostro-
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caudal axis in adjacent sections was approximately 1000—1500 um. Expression of the
injected construct was observed as early as P5, and expression levels remained high up

to 227 days of age, the oldest time point investigated in this study.

3.5. DNA constructs

The following constructs were used: pAAV-GFAP104-ChR2-mCherry plasmid
(Addgene #58892); CAG-ChR2-GFP (Addgene #26929); Lck-GFP (Addgene #61099);
and GFAP-EGFP (Addgene #50473). The constructs visualized a similar number of
astrocytes with comparable morphological features. Because radial glia primarily
differentiate into astrocytes around the time of birth, the use of astrocyte-specific
promoters is not strictly required for postnatal electroporation to achieve cell type-
specific targeting. ChR2 was not used for optogenetic activation of astrocytes; it only
served (similarly to the Lck tag) to ensure the integration of the fluorescent protein-
containing construct into the plasma membrane. We preferred mCherry over GFP to
visualize astrocytes, as mCherry could be more easily bleached. This allowed us to reuse

the same spectral channel for STORM imaging with the STORM-compatible CF568 dye.

3.6. Preparation of hippocampal sections

Two approaches were used in this study. The two tissue preparation methods did not result
in notable differences in the immunolabeling pattern. In the first approach, mice were
deeply anesthetized with an intraperitoneal injection of Avertin (1.25% v/v, Sigma-
Aldrich) and were perfused transcardially with 0.9% saline for 2 min and then with 4%
paraformaldehyde (PFA, TAAB, P001) dissolved in 0.1 M phosphate buffer (PB, pH =
7.4 containing Na;HPO4, Sigma-Aldrich, 304305 and NaH;POs, Sigma-Aldrich, 71500)
for 20 min using a peristaltic pump at 5 mL/min speed. Brains were removed from the
skull and postfixed overnight in 4% PFA. Hippocampal coronal sections were cut on a
Leica VT-1200S vibratome at thicknesses of 20 um for STORM imaging and 50 um for
confocal microscopy.

In the second approach, acute hippocampal slices were prepared in the same
manner as the traditional approach in ex vivo electrophysiological experiments. Briefly,
mice were deeply anesthetized by isoflurane. The brains were quickly removed from the

skull and transferred to ice-cold sucrose-containing artificial cerebrospinal fluid (ACSF,
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containing in mM: 75 NaCl, 75 sucrose, 2.5 KCI, 25 glucose, 1.25 NaH2PO4, 4 MgCl,,
0.5 CaCly, 24 NaHCOs3, Sigma-Aldrich, St. Louis, MO, USA) equilibrated with 95% O
and 5% COxz. The 300-pum-thick coronal hippocampal acute slices were cut using a Leica
VT-12008S vibratome. Slices were pre-incubated at 34°C in sucrose-containing ACSF for
1 h. Afterwards, the slices were placed into 4% PFA for overnight immersion fixation at
4°C, and the next day the fixative was changed to 0.1 M PB. To determine the success of
the electroporation, slices were mounted onto a microscopic glass slide, covered by a
coverslip, and placed under an upright microscope (Nikon Eclipse 801, equipped with a
DS-Fil CCD camera). Slices containing a suitable number of astrocytes were re-
embedded in 2% agarose and cut on a vibratome to 20-um-thick sections. We found the
acute slice method better than the perfusion-based approach for selecting the most
suitable sections. In addition, fixation quality during perfusion introduces additional
variability in immunolabeling efficiency. Therefore, the acute slice approach was used in
case of comparison of immunolabeling obtained from Mgll™* and Mgll”~ littermate

mouse hippocampi.

3.7. Immunolabeling

Immunolabeling of hippocampal sections was carried out in a free-floating manner in 24-
well tissue culture plates (Greiner Bio-One CELLSTAR, 662102), gently rotated on
orbital shakers (Biosan OS-10). Sections were blocked and permeabilized with 5%
normal donkey serum (NDS) and 0.3% Triton in Tris-buffered saline (TBS, pH = 7.4,
0.05 M, containing Trizma hydrochloride, Trizma base and NaCl) for 45 min. Sections
were incubated overnight at 4°C in primary antibody solution diluted in TBS. After
washing the sections 3 times 10 min in TBS, incubation in the respective secondary
antibody solution was carried out for 4 h. For primary and secondary antibodies and their
concentrations, see Table 1. Sections were washed again 3 times for 10 min in TBS, then
in 0.1 M PB. For confocal imaging, sections were mounted on glass microscope slides
with Vectashield mounting medium (Vector Laboratories, H-1200-10), covered with
coverslip and sealed with nail polish. For super-resolution imaging, the sections were
postfixed with 4% PFA for 10 min, washed again 3 times for 10 min in 0.1 M PB and

mounted onto coverslips.
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Table 1. List of primary and secondary antibodies used in the study.

Antibody Source Identifier Dilution
Guinea pig anti-MAGL Frontier Cat# MGL-GP-Af200; RRID: AB 2716807 | 1:200
Institute
Rabbit anti-RFP Rockland Cat# 600-401-379; RRID: AB 2209751 1:2000
Mouse anti-RFP Rockland Cat# 200-301-379; RRID: AB 2611063 1:2000
Goat anti-GFP Abcam Cat# ab5450; RRID: AB 304897 1:2000
Guinea pig anti-GLT-1 Millipore Cat# AB1783; RRID: AB 90949 1:1000
Rabbit anti-Glutamine Abcam Cat# ab49873; RRID: AB 880241 1:10000
Synthetase
Rabbit anti-MAP2 Millipore Cat# AB5622; RRID: AB 91939 1:1000
Mouse anti-Bassoon Abcam Cat# ab82958; RRID: AB 1860018 1:3000
Mouse anti-GFAP Millipore Cat##t MAB3402; RRID: AB 94844 1:1000
Rabbit anti-GFAP Millipore Cat# AB5804; RRID: AB 2109645 1:1000
Mouse anti-NeuN Millipore Cat#t MAB377; RRID: AB 2298772 1:500
Rabbit anti-Ibal FUJIFILM Cat# 019-19741; RRID: AB 839504 1:2000
Alexa 488 donkey anti-mouse | Jackson Cat# 715-545-150; RRID: AB 2340846 1:400
Alexa 488 donkey anti-rabbit | Jackson Cat# 711-545-152; RRID: AB 2313584 1:400
Alexa 594 donkey anti-mouse | Jackson Cat# 715-585-150; RRID: AB 2340854 1:400
Alexa 594 donkey anti-rabbit | Jackson Cat# 711-585-152; RRID: AB 2340621 1:400
Alexa 647 donkey anti-mouse | Jackson Cat# 715-605-150; RRID: AB 2340862 1:400
Alexa 647 donkey anti-rabbit | Jackson Cat# 711-605-152; RRID: AB 2492288 1:400
Alexa 647 donkey anti-goat Jackson Cat# 705-605-147; RRID: AB 2340437 1:400
Alexa 647 donkey anti-guinea | Jackson Cat# 706-605-148; RRID: AB 2340476 1:400
p1g
CF 568 donkey anti-mouse Biotium Cat# 20105; RRID: AB 10853136 1:1000
CF 568 donkey anti-rabbit Biotium Cat# 20098; RRID: AB 10557118 1:1000

The dual-color STORM imaging experiment demonstrated that there was no

antibody cross-reactivity for the MAGL antibody in our experimental settings. As a word
of caution, we noted that the MAGL antibody lost its efficacy upon storage for 5-6
months and cross-reaction appeared with other primary antibodies. We observed this
phenomenon multiple times and with different storage conditions. Therefore, we only

used fresh, few weeks-old antibody batches in our MAGL-immunolabeling experiments.

3.8. RNAscope in situ hybridization

Mgl and Mgll™" littermate mice were deeply anesthetized by isoflurane and perfused
with 4% PFA. The brains were sectioned to 50-um-thick sections and mounted on
positively charged microscopic glass slides (Fisher Scientific). The sections were
dehydrated in a series of ethanol solutions (50%, 70%, 100%) and kept in 100% ethanol
overnight. On the following day, the sections were dried, and a barrier was drawn around

them by using a hydrophobic pen (ImmEdge Hydrophobic Barrier, Vector Laboratories).
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In situ hybridization was performed based on the protocol provided by the manufacturer
Advanced Cell Diagnostics (ACD). The RNAscope probes were ordered from ACD
(mgll, Cat No.: 478831, target region: 2—1357; glul, Cat No.: 426231-C3, target region:
103-973).

3.9. Confocal imaging

Low-magnification large images were taken using a 20x objective (CFI Plan Apo VC Air
0.75 NA) on a Nikon A1R confocal laser-scanning microscope operated by NIS-Elements
AR software 4.50.0.

3.10. Single-color and dual-color STORM image acquisition

For STORM image acquisition and analysis, we followed the workflow described in
detail in our earlier protocols?*?®. Briefly, dried sections mounted on coverslips were
covered just prior to imaging in STORM imaging buffer containing thiol-based switching
agent and oxygen-scavenging system (0.1 M mercaptoethylamine, 5% glucose, 1 mg/mL
glucose oxidase, and 1500 U/mL catalase in Dulbecco's phosphate-buffered saline
(DPBS)). For dual-color STORM imaging, the sections were mounted in Smart buffer
(Abbelight). Sections were sealed with nail polish or Twinsil (Picodent), dried for 10 min,
and inserted onto the microscopic stage of a Nikon N-STORM system that was equipped
both with a C2 confocal scan head and an Andor iXon Ultra 897 EMCCD camera and
was operated by the NIS Elements AR 4.3 software and N-STORM 3.4 module.

First, to locate the electroporated astrocytes, a low-magnification large image was
taken by using a CFI S Plan Fluor 20x 0.45 NA objective. After switching to a high-
magnification objective (CFI Apo TIRF 100% Oil 1.49 NA), we performed direct STORM
(dSTORM) imaging. Laser powers for the different lines (647 nm, 300 mW, MPB
Communications VFL-P-300-647; 405 nm, Melles Griot 56RCS/S2780; 488 nm,
Coherent sapphire 488-200 CW; 561 nm, Coherent sapphire 561-100 CW), as well as
switching the laser beam between total internal reflection fluorescence (TIRF) and
confocal light paths were adjusted by acousto-optical tunable filters (AOTFs). The focus
was stabilized with a perfect focus system (PFS). A cylindrical lens inserted into the light
path enabled 3D imaging and the z-coordinates of localization points could be retrieved

from calibration curves that were obtained from imaging of fluorescent beads attached to
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coverslips. Before acquiring the STORM image, fluorophores were pushed to their dark
state by illumination with their respective laser lines. Next, we tilted the angle of the laser
beam from standard epi-illumination to near-TIRF using a TIRF illuminator (equipped
also with 2x and 4x beam focusing lens) to reduce the out-of-focus fluorescence. For
single-color STORM imaging, the 647 nm laser line was used with a STORM filter cube
(DM: 660 nm; EM: 670-760 nm). The reactivation rate of fluorophores was adjusted by
increasing the power of the 405 nm activation laser to the desired level without
introducing overlapping blinking events. For dual-color STORM imaging, a QUAD-band
filter cube (Chroma, 97335) was used in a sequential imaging protocol. First, the target-
of-interest was imaged by using the 647 nm laser line. Next, we pushed the CF568
fluorophores to their dark state in epi-illumination by using the 561 nm laser line.
Subsequently, the TIRF angle was readjusted, and a STORM image was acquired. We
found this sequential imaging strategy superior compared to alternating laser lines in each
frame, because the abundant astrocytic CF568 localizations required a few tens of seconds
of illumination prior to imaging, a step that would quench most of the AF647
fluorophores.

Embryonic brain sections were imaged on the same N-STORM system with
single-color STORM. Sections were covered with freshly prepared imaging medium
containing 0.1 M mercaptoethylamine and an oxygen-scavenging system (5% (m/v)
glucose, 1 mg/mL glucose oxidase and 2.5 pL/mL catalase in DPBS), sealed with nail
polish and placed onto the microscope stage after 10 min. The GFP-positive radial
processes of radial glial progenitor cells and the nestin-immunopositive intermediate
filaments were located in the cortical plate in confocal z-stacks to determine the optical
plane for subsequent STORM imaging. Continuous illumination with the 405 nm laser
line was used to reactivate the fluorophores, and 2500-5000 cycles were captured using

647-nm excitation.

3.11. Correlated confocal and STORM imaging

To resolve differences in astrocytic morphological detail across imaging scales, as well
as to determine the distribution of astrocytic MAGL localization points in relation to
synapses labeled by Bassoon, we first acquired a confocal z-stack (size: 512 x 512 pixels,

pixel size: 80 nm, z-step size: 150 nm, z-range: 2 um) from the very same region of
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interest that was subsequently imaged by the STORM microscope. Confocal images were

deconvolved with Huygens software (SVI) using the CMLE algorithm.

3.12. STORM image analysis

Peak detection of individual localization events was performed by the N-STORM module
that relies on the 3D-DAOSTORM algorithm. In case of the sequentially acquired dual-
color images, the drift correction of the last localization detected in the first image (647-
nm channel) was additionally applied for all the localizations of the second image because
the software considers the two STORM movies as independent imaging sessions. The
level of chromatic aberration between the 647/561 laser lines was assessed in advance on
TetraSpeck beads attached onto coverslips and was found to be negligible in xy
dimensions and ~60 nm in the z dimension. Therefore, the z-coordinates of the far-red
channel were shifted by 60 nm. The localization points from both channels were then
clipped from the original 800-nm axial range (+400 nm from the focal plane) to a 600-
nm range (£300 nm from the focal plane), thereby avoiding non-overlapping regions in
the z dimension. Note that localizations are detected with a Gaussian probability along
the axial dimension, and therefore the relative abundance of localization points may also
be slightly shifted axially to each other. Because the 2x TIRF focusing lens introduces
inhomogeneity at the edges of the imaging area, we filtered for localizations detected in
the center of the camera ROI (corresponding to 10,240 nm?, 1/4 of the imaged area).
Custom written Python codes were used in conjunction with various software to
analyze the STORM data. To determine the channel crosstalk in STORM images, the
astrocytes labeled with a single fluorophore were sequentially imaged using their
respective 647-nm and non-specific 561-nm lasers in case of immunolabeling with a far-
red dye-conjugated secondary antibody and vice versa. Crosstalk was determined as the
ratio of the number of non-specific/specific localization points. Images were also taken
from areas where no labeled astrocytes were present. The number of localization points
detected here was considered as background and was subtracted from their respective
images. When different peak identification thresholds were used to retrieve the number
of localization points from the non-specific illumination, the threshold for the specific

illumination was kept constant.
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To assess the level of colocalization of dual-labeled astrocytes, we retrieved the
Manders' coefficient values from Voronoi tessellations using Coloc-Tesseler”. To
determine whether there is a systematic bias in the localizations due to chromatic
aberration, we shifted the localizations of one channel in xy dimensions relative to the
other from —60 to 60 nm in 20 nm increments and calculated the Manders' values for all
possible offset combinations. We found that the shifts decreased Manders' values,
indicating the lack of xy chromatic aberration. Following channel shifting, non-
overlapping regions were excluded from both channels to avoid biasing the colocalization
analysis by introducing artificial padding. Two-dimensional Voronoi cells were
generated, with the threshold value for object creation set to 1 in both channels. Although
the 647-nm channel contained more localizations because AF647 exhibited superior
blinking compared with CF568, Manders' coefficients reflect the degree of co-occurrence
rather than the exact stoichiometric relationship between the two channels. Therefore,
these values are relatively insensitive to differences in target density between channels.
To assess the co-occurrence of astrocytic localization points with the protein of interest
(GS, Bassoon, GLT-1, MAP2), we created 3D Voronoi cells in Coloc-Tesseler. Because
many localization points on the edges of relevant structures were discarded with threshold
values of 1, we set 0.5 for thresholding both channels. Notably, false colocalizations did
not occur with these lower threshold settings. We used AutoHotkey scripts to automate
Coloc-Tesseler for opening the images, adjusting parameters and saving the results.

To filter MAGL localization points belonging to astrocytes, we created 2D
Voronoi cells from the astrocytic localization points in SR-Tesseler®®, constructed objects
reflecting astrocyte processes with a threshold (density factor) = 1.5 and saved the output
image. Then, we evaluated the contours of these objects on the output image using the
OpenCV module in Python and determined the scaling factor between the pixelated image
and the STORM image to retrieve the coordinates of the astrocytic contours in the
STORM coordinate system. The Matplotlib Path module was used to test if a localization
point is located inside these polygons and therefore can be assigned as a localization point
representing MAGL in astrocytes. To determine if MAGL is enriched inside astrocytes,
we rotated the MAGL STORM image relative to the astrocyte STORM image and
compared the ratio (mean value from rotations by 90, 180, 270 degrees) of astrocytic/non-

astrocytic points to the ratio obtained from the original image.
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To test if astrocytic MAGL blinking events are enriched near synapses marked by
Bassoon, we acquired correlated confocal and STORM images. To match the axial range
of the STORM localization points, a maximum-intensity projection (MIP) was generated
from the three central optical sections of the deconvolved confocal z-stacks. The two
different imaging modalities were loaded in the VividSTORM software®*, the offset
between them was determined, and STORM localization points were shifted with this
value. Next, Otsu's algorithm was applied to the original Bassoon confocal z-stack rather
than to the MIP. The resulting binary image was converted into a point-coordinate list by
multiplying the voxel indices by the lateral pixel size and axial z-spacing, thereby
obtaining the x, y, and z coordinates of each segmented voxel. MAGL blinking events
were identified by DBSCAN (SciPy module, » =5, epsilon = 100 nm). For each astrocytic
MAGL blinking event (center of mass), we determined the nearest neighbor distance
(NND) of the thresholded Bassoon voxels. Next, while preserving the spatial pattern of
individual MAGL blinking events, we randomized their positions 100 times within their
respective astrocytic contours. We then calculated the NNDs to Bassoon-positive voxels
for each randomized dataset and compared the cumulative distributions of the original
and randomized datasets. NNDs were calculated using the SciPy spatial module in
Python.

To analyze the nanoarchitecture of radial glia processes, the confocal images and
the 3D coordinates of nestin localization points were loaded and aligned in
VividSTORM?**. The number and density of localization points were calculated in
randomly selected, identically sized filament segments used as regions of interest. After
fitting a convex hull onto the outermost localization points, the volume and surface area
of the filaments were measured. Intensity profiles perpendicular to the nestin filaments
were measured, and full-width-at-half-maximum (FWHM) values were calculated by
fitting a Gaussian function in the NIS-Elements software. Convex hull and 3D-rendering

images were obtained with the Visual Molecular Dynamics software.

3.13. Statistical analysis and figure preparation

GraphPad Prism 9 software was used for statistical analysis and graph construction.
Comparing the distribution of large datasets (nearest neighbor distances of all localization

points) using Kolmogorov—Smirnov statistics was done via Python's SciPy package.
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Figures were produced in Adobe Illustrator. The color and contrast of microscopic images
were adjusted in Adobe Photoshop, where images were treated in the same manner for all
groups or genotypes. STORM localization points with intensities reflecting localization
precision were exported from NIS Elements N-STORM module after applying density
filtering. The Visual Molecular Dynamics (VMD) software was used to visualize
molecules as spheres. Single or dual-color tessellated images were exported from SR-
Tesseler or Coloc-Tesseler, respectively. Al-based language models were used
exclusively for minor linguistic rephrasing of author-written text and did not contribute
to the scientific content of the thesis.

Data from the in utero electroporation experiments were tested with Statistica 13.1
(TIBCO) and Prism 5 (GraphPad). Normality was assessed with the Shapiro—Wilk test.
For the nestin STORM measurements, values were averaged per animal and compared
between the GFP and AnCdh2-GFP conditions with two-sided Mann—Whitney U tests (n

= 3 animals per condition). The level of significance was set to P < 0.05.
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4. Results

The results presented in this chapter were published in LaszI6 et al., 20207 and Zéldi and
Katona, 2026”7, from which parts of the text, figures and figure legends are adapted.
These publications are therefore not cited repeatedly; additional findings from them that

are not shown in this thesis are cited in the text.

4.1. Electroporation as a sparse labeling method for subsequent super-resolution

imaging

4.1.1. Examining the architecture of radial glial cells labeled by in utero

electroporation

Radial glial progenitor cells (RGPCs) have long been a focus of our research. RGPCs are
neural stem cells that produce various cell types such as neurons, astrocytes and
oligodendrocytes during brain development. They reside along the ventricular surface and
undergo asymmetric cell divisions: the non-RGPC-fated daughter cells detach from the
ventricular wall and migrate to their target locations using the radial scaffold provided by
the self-renewed RGPCs®!. Prematurely detached cells that still retain their proliferative
capacity at ectopic locations represent a serious risk factor for brain malformations®.
Despite the vast number of cell divisions during embryonic development and the various
pathological insults that lead to untimely detachment, brain malformations are relatively
rare. This led us to hypothesize the existence of a safeguarding mechanism that selectively
eliminates prematurely and pathologically detached progenitor cells, while preserving the
timely delaminated daughter cells.

To model premature delamination errors, we utilized an adherens junction injury
protocol. N-cadherin is a key molecular component of the adherens junction belt that

anchors neighboring RGPCs along the ventricular wall®?

. Introducing a dominant-
negative form of N-cadherin (AnCdh2-GFP) into the lateral ventricles by in utero
electroporation at embryonic day 14.5 (E14.5) caused the destruction of adherens
junctions at the electroporated area 24 hours after the perturbation (Fig. 3a-f, work of co-
authors of ref. 7®). As a result, RGPCs delaminated from the ventricular surface and

accumulated in the subventricular zone (SVZ) 48 hours later. Importantly, despite being
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outside of the ventricular zone, RGPCs still retained their identity and proliferative
capacity’®.
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Figure 3. STORM imaging following in utero electroporation reveals unaltered radial
glia scaffold in an adherens junction perturbation model. (a-f) Electroporating
AnCdh2-GFP, but not the control GFP, specifically dismantles the adherens junction belt
around the affected apical endfeet of RGPCs. The adherens belt is visualized by the high-
affinity F-actin probe phalloidin coupled to Alexa Fluor 568. Panels a-f show the work
of co-authors of ref. 7. (g-1) Correlated confocal and STORM super-resolution imaging
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of the radial glia scaffold labeled by nestin shows intact glial processes. STORM data on
panels (i-j) and (k-1) are from the boxed region in (g) and (h), respectively. (j, 1) are
convex hull representations of the corresponding STORM images. (m-n) Neither the
density of nestin localization points (NLP), nor the FWHM values of nestin filament
bundles were different in the perturbed model compared to the control (two-sided Mann-
Whitney U test, ns = not significant, P = 0.7 and P = 0.55 in panels (m) and (n),
respectively; n = 3 animals in all cases. Median is shown as a red line). Scale bars: (a-

: 50 um; (g-h): 5 um; (i-1): 200 nm.

The adherens junction disruption exhibited a striking specificity — it was not only
restricted to the electroporated area, but the basal processes of the labeled RGPCs still
reached the pial surface and seemed to be intact’®. To test whether the radial glia scaffold
indeed remained unaltered, we immunolabeled the samples for nestin, an intermediate
filament abundant in RGPC processes. We carried out STORM super-resolution imaging
of'nestin and correlated the molecular information with its respective confocal signal (Fig.
3g-1). This enabled us to restrict the analysis to only those cells that were labeled by
electroporation. The density of nestin STORM localization points (LP) was similar in the
perturbed (AnCdh2-GFP) and control (GFP) RGPCs, suggesting an identical scaffold
architecture (Fig. 3m). In line with this, the width of nestin bundles (as quantified by the
full width at half maximum, FWHM, of STORM LPs) also remained unaltered (Fig. 3n).
Of note, FWHM values were around 150 nm, below the diffraction limit of conventional
light microscopy, where subtle changes may remain hidden. These findings allowed us to
confirm that the detachment is triggered by the disrupted adherens junctions accompanied
by the loss of N-cadherin signaling, rather than by changes in the radial glial cell
architecture.

Besides premature detachment of RGPCs, adherens junction disruption also
resulted in an increased cell death as visualized by TUNEL labeling’®. Importantly, we
identified abhydrolase domain containing 4 (ABHD4), an endocannabinoid-metabolizing
enzyme with a yet unknown in vivo function as a necessary and sufficient molecular
player that mediates this caspase-dependent cell death. Anoikis is a specific form of
apoptosis induced by the loss of anchorage in epithelial cells and is considered a
protective mechanism in tumor biology. Due to its conceptual similarity, we termed this

process developmental anoikis, a safeguarding mechanism that eliminates the
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prematurely delaminated cells during brain development. Importantly, we found that
teratogenic insults such as maternal alcohol exposure can also activate this pathway’®.
The above detailed experiments revealed that electroporation can be successfully
utilized as a labeling method that identifies cells of interest for correlative confocal and
STORM super-resolution imaging. Electroporation achieves a sparse labeling, which can
be beneficial when investigating the effects of various perturbation models where global,
systems-level approaches may result in unwanted compensatory mechanisms. Specificity
is enabled by the timing of electroporation to select the appropriate pools of neural stem
cells. Importantly, these stem cells then develop into neurons and astrocytes, expanding

the applicability of the method to other cell types.

4.1.2. STORM imaging reveals the nanoscale morphology of hippocampal

astrocytes labeled by postnatal electroporation

Neurogenesis and gliogenesis follow a sequential pattern: radial glial cells produce
neurons first, followed by astrocytes later in early brain development®!. Indeed, while the
radial glia we labeled at E14 will develop into neurons’®, delaying the timing of
electroporation to E18 or later will result in the labeling of astrocytes®. These later
timepoints, however, are much closer to pup delivery, and cause unnecessary stress to the
dams. Interestingly, astrocytes are still being generated from radial glia cells at birth and
early neonatal ages, making it possible to carry out electroporation on the newborn pups.
This technique, called postnatal astrocyte labeling by electroporation (PALE)>*85-86
spares the dams from surgery, and therefore is much easier to adopt than its in utero form.

To the best of our knowledge, however, PALE has only been used to label
neocortical astrocytes®’, restricting its use in neuroscience research. We hypothesized that
simply by adjusting the position of the electrode®®, we could target hippocampal
astrocytes as well. This would be of primary interest, as many of the astrocytic
physiological observations (especially the endocannabinoid and MAGL-related ones®!
63) come from the hippocampus. Therefore, we injected a plasmid encoding Green
Fluorescent Protein fused to Channelrhodopsin-2 (ChR2-GFP) into the lateral ventricles
of newborn (postnatal age 0 to 1 day, PO-P1) pups and carried out electroporation in a
way that would target hippocampal astrocytes (Fig. 4A). Investigating the distribution of

GFP" cells in adult mice revealed sparsely labeled hippocampal astrocytes in the stratum
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radiatum, pyramidale and oriens of CA1 (Fig. 4B-D). All the GFP" cells showed the
characteristic spongiform morphology of astrocytes and expressed the astrocytic marker
glial fibrillary acidic protein (GFAP) and glutamine synthetase (GS) (Fig. 4E, F), but not

the neuronal marker NeuN or microglial marker Ibal (Fig 4G, H).
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Figure 4: Postnatal Astrocyte Labeling by Electroporation (PALE) demarcates
complex astrocytic arbor topography within dense brain tissue. (A) Schematics of the
PALE (Postnatal Astrocyte Labeling by Electroporation) method. (B) Confocal image
shows that PALE enables sparse and specific labeling of hippocampal astrocytes. (C)
Quantification of the labeled cells across the CAIl hippocampal layers. (D)
Reproducibility of the method. (E-H) Specificity of the PALE method. The electroporated
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astrocytes express the astrocytic markers glial fibrillary acidic protein (GFAP) (E) and
glutamine synthetase (GS) (F), but not the neuronal or microglial markers NeuN (G) or
Ibal (H), respectively. For the above markers n = 58, 45, 29, and 42 cells were analyzed,
respectively. Arrows in (H) highlight microglial cell bodies adjacent to labeled

astrocytes.

GFAP is still widely used to measure alterations in astrocytic architecture.
However, GFAP as an intermediate filament labels only the widest branches of the
astrocytic arbor®. By contrast, the electroporated fluorescent proteins visualize the full
extent of astrocyte morphology (Fig. 4E). Of note, only plasma membrane-targeted, but
not cytosolic, fluorescent probes can reconstruct the finest astrocytic processes due to
their high surface to volume ratio’®. Moreover, while electroporation delivers the probes
to the labeled cells at high density enabling full morphological reconstruction, the sparse
cell labeling ensures low fluorescent background above and below the focal plane, a
prerequisite for high-quality STORM imaging in tissue. It is important to note that the
routinely available mouse lines to date provide only high labeling density of astrocytes
and/or express cytosolic fluorescent probes’’.

High-magnification confocal images showed the well-known intricate
morphology of the astrocytic arbor (Fig. 5A), with many processes merging together and
indistinguishable from each other at the resolution of confocal microscopy even after
deconvolving the images. We immunolabeled the membrane-targeted GFP using primary
and secondary antibodies, the latter carrying Alexa Fluor 647 (AF647) fluorophores.
STORM images from the very same field of view revealed a much sharper and more
detailed view of the astrocytic arbor (Fig. 5B). We also observed loop-like structures as
described recently using STED microscopy>®°! that appeared as genuine, continuous
loops in confocal z-stack images (Fig. 5C). The improved resolution of STORM,

51,52
, and only

however, could reveal that some of these loops were non-continuous
astrocytic segments crossing each other along the axial dimension created the false
impression (Fig. 5D). Intensity measurements showed that the distance at which the
intensity of a segment drops from maximal to background levels is also much narrower
when using STORM (Fig. 5SE-G). This may result in false assessment of co-localization
when imaging closely located non-astrocytic proteins using classical light microscopic

methods.
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Figure 5: 3D-STORM super-resolution imaging readily outlines ultrathin astrocytic
processes beyond diffraction-limit. (A) High magnification confocal image of a single
electroporated astrocyte. Stars denote features that are shown on subsequent figure
panels. (B) 3D STORM super-resolution image of the very same field of view. Color
coding is based on the axial depth of localization points relative to the focal plane. Stars
denote features that are shown on subsequent figure panels. (C) Enlarged view of a loop-
like structure from panel (A) and (B). The confocal image was deconvolved and 3D
reconstructed from 3 planes, corresponding to the range of STORM imaging. (D) Tilted
view of the very same structure as in (C). STORM reveals that this loop is only partial
and non-continuous along the z direction. (E-G) Intensity measurement along the same

structure from corresponding confocal and STORM image pairs, labeled by stars in A
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and B. (H) STORM imaging of another PALE-labeled astrocyte, but electroporated with
an alternative membrane-targeted tag, Lck-GFP. The fine morphological details are
similar to the ChR2-GFP-porated astrocytes. (I) Intensity measurements along some

astrocytic segments (‘'S’, orange lines in H). Process width is determined from the full

width at half maximal (FWHM) values.

The overexpression of ChR2, which was used only to deliver GFP to the plasma
membrane but not to perform optogenetics, may alter the physiology and hence the
morphology of the cells. Therefore, we electroporated astrocytes with an alternative
membrane-targeting construct, Lck-GFP?°. STORM imaging of astrocytes labeled with
Lck-GFP showed similar nanoscale anatomical features (Fig. SH). The spongiform
astrocytic domains showed narrower and wider sections alternating on the very same
segments, which may correspond to the shafts and nodes or to the analogous constrictions
and expansions, described via STED?® and electron microscopy’?, respectively. Intensity
measurements along some narrower sections showed that their widths as quantified by
the full width at half maximal values are well below the diffraction limit, and hence
confocal microscopy falsely enlarges these structures (Fig. 5I). In conclusion, the above
findings demonstrate that STORM imaging of astrocytes labeled by PALE is a robust

method to reveal the astrocytic nanoarchitecture in intact brain tissue.
4.2. Dual-color STORM imaging of hippocampal astrocytes in brain tissue

4.2.1. Microscopic control measurements for dual-color STORM imaging

Investigating nanoscale protein distributions in biological structures that are beyond the
diffraction limit requires multi-color STORM imaging. When introducing a second
STORM channel, one has to ensure that the imaging scheme is free of crosstalk and
microscopic aberrations to enable unambiguous data interpretation. This needs to be done
on each microscopic setup, as subtle differences such as the power of the excitation or
activation laser, the type of dichroic mirror, imaging depth, or identification settings for
single-molecule events can all have an impact on the imaging quality.

First, we aimed to reconstruct the astrocytic arbor by using a spectrally distinct
fluorophore, CF568. When exciting CF568 with its respective high-power laser line, the

abundant PALE-GFP signal was also excited, elevating the fluorescent background to a
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level where the blinking of CF568 fluorophores was hardly discernible. Thus, we
switched to ChR2-mCherry as a PALE marker, which was bright enough to validate the
success of electroporation without any intensification, but could be easily bleached during
STORM imaging, allowing the accurate reconstruction of astrocytes when labeling
mCherry by anti-mCherry antibodies coupled to CF568 (Fig. 6A).

To evaluate the degree of channel crosstalk, we imaged the same astrocyte with
its non-specific laser line (647 nm, i.e., the laser line for the other STORM channel). Only
a few unstructured localization points could be detected, whose number just slightly
depended on peak identification stringency (Fig. 6B, C). However, this was not the case
the other way around (Fig. 6D). When exciting an AF647-labeled astrocyte with its non-
specific laser line (561 nm), the astrocytic labeling appeared as a structured low-intensity
fluorescent background, and false localization points were identified with the peak
identification settings we generally use, producing crosstalk as high as 40%. Simply
increasing the stringency for peak identification, however, fully eliminated these artificial
localizations (Fig. 6E, F), while the CF568-1abeled astrocytes could still be reconstructed
with the desirable quality.
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Figure 6: Adjusting peak identification thresholds carefully enables crosstalk-free
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multicolor STORM imaging. (1) STORM super-resolution image of an astrocyte labeled
with the CF568 fluorophore and excited with its respective (561 nm) laser line. (B)

Exciting the very same astrocyte with the other, non-specific laser line (647 nm) only
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results in a few, unstructured localization points, whose number only minimally decreases
with more stringent identification parameters (“th” refers to threshold for peak
identification). (C) Quantification of crosstalk at different threshold parameters for the
non-specific laser line. Crosstalk was determined from localization point number ratios
obtained from imaging the very same astrocyte with its specific and non-specific laser
line. Background localization point numbers (obtained from areas where no labeled
astrocyte was located) were subtracted from the actual localization point numbers. Data
are from 12 images, and are presented as median + IQR. (D-F) Same as (A-C), but with
the astrocyte labeled with AF647 fluorophore, and hence the naming of the specific (647
nm) and non-specific (561 nm) laser lines is changed accordingly. (D) AF647-labeled
astrocytes show superior image quality compared to the CF568-labeled ones. (E) At
lower threshold settings, there is a substantial crosstalk when exciting the AF647-labeled
astrocyte with its non-specific laser line. This crosstalk can be greatly reduced by
elevating the thresholding stringency. (F) Summary graph of the crosstalk at different
thresholding parameters for the AF647-labeled astrocyte excited with the 561 nm laser

line. Data are from 9 images, and are presented as median + IQR.

Next, we aimed to determine the level of chromatic aberration, i.e., the
misalignment between channels imaged with lasers of separate colors. Though imaging
of fluorescent TetraSpeck beads attached to coverslips showed negligible chromatic
aberration on our setup, this may not hold true deeper in tissue. Therefore, we labeled the
very same astrocytes with two different secondary antibodies, carrying either CF568 or
AF647 fluorophores (Fig. 7A-C). To quantify the degree of overlap we used Coloc-
Tesseler’”®® that relies on the Voronoi tessellation method to compute the popular
Manders’ coefficient value (a measure of co-localization) directly from the molecular
coordinates and their local densities (Fig. 7D-G). Individual dual-labeled astrocytes
showed a very high degree of overlap and shifting one STORM channel relative to the
other by 20 nm increments in xy dimensions started to deteriorate the Manders’ values
(Fig. 7H, I). The highest Manders’ values appearing at an xy shift of (0, 0) nm indicates
that xy chromatic aberration, if any, is comparable in magnitude to the localization
precision at imaging depths of a few micrometers. Therefore, the above data show that
our microscopic setup does not suffer from severe aberrations that could compromise the

true identification of astrocytic proteins inside astrocytic processes.
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Figure 7: Chromatic aberration-free imaging, analysis and visualization of astrocytic
processes in brain tissue by dual-color STORM imaging. (A-C) Dual-color STORM
super-resolution image of an astrocyte labeled both with CF568 and AF647 fluorophores,
and imaged sequentially, starting with the longer wavelength laser line. (D-F) Voronoi
tessellation representation of the STORM localization points for the two images.
Tessellation, image creation, calculation of local densities and Manders’ values were all
performed in Coloc-Tesseler”. (G) The local molecular densities of the two STORM
channels are highly correlated. The Manders’ coefficient value that quantifies the level
of co-localization can be retrieved from these pair density scatterplots”. (H) The AF647
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localization points were shifted in xy dimensions (-60 to 60 nm, 20 nm increments,
independently for x and y directions) relative to the CF568 ones, and Manders’ values
were retrieved again. The highest values for this image were detected around 0-20 nm xy
shifts, and Manders’ values started to deteriorate at higher offsets. These data indicate
that there is negligible chromatic aberration (and residual drift) between the imaged
channels. (I) 2D histogram of the best three Manders’ values retrieved from 19 images
where one channel was shifted relative to the other using the above parameters. The most
frequent value for both the x and y offsets is 0 nm, meaning that the two channels of the

images co-localize with each other the best at their original positions.

4.2.2. Molecular imaging in sub-diffraction-limit astrocytic processes

To challenge the resolution of dual-color STORM imaging on more realistic biological
examples, we visualized two targets at the nanoscale level alongside the astrocytic arbor:
glutamine synthetase (GS), a cytosolic protein specific to astrocytes’”; and Bassoon, a
presynaptic active zone scaffold protein located in neuronal axon terminals'’. If our
resolution is sufficient, only the former should colocalize with the astrocytic processes,
but not the latter, although many astrocytic segments, the so-called PAPs closely
approach synapses — for example, half of the glutamatergic synapses in the striatum are
located closer than 50 nm to astrocytic processes’*.

Dual-color STORM images revealed that GS localization points largely
overlapped with the PALE localization points (Fig. 8A-D). We quantified the level of co-
localization (more precisely co-occurrence) by retrieving the Manders’ coefficient values
from the Voronoi tessellated images’. As a control, the localization points of the target
protein were rotated by 90 degrees. This manipulation caused the initially high Manders’
values to drop to nearly 0, providing evidence that the observed co-localization values in
the original image are not coincidental and cannot be attributed solely to high molecular
densities (Fig. 8E). The distance between each GS localization point and its nearest
neighboring PALE localization point (nearest neighbor distance, NND) was also
calculated. Comparing the cumulative distribution function of the original images to their
rotated counterparts reveals a strong leftward skew, indicating a dominance of small NND
values (Fig. 8F). As astrocytes tile the brain by forming non-overlapping territories with

very limited interdigitation®’, the vast majority of GS localizations from a domain of a
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labeled astrocyte belongs solely to that individual cell, excluding the possibility that many
GS localizations would fall outside of the PALE-labeled astrocyte, belonging to another

non-labeled astroglial cell.
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Figure 8: Cell- and compartment-specific nanoscale molecular quantification within

ultrathin astrocytic processes. (A-C) Dual-color STORM imaging of the astrocytic
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nanoanatomy labeled by PALE and the cytosolic glial marker protein glutamine
synthetase (GS). (D) Enlarged view of the box in (C) shows a complete overlap between
the PALE and GS signal. (E) Manders’ coefficient values (obtained from the tessellated
super-resolved images) show the degree of co-localization between the original dual-
color STORM images, but not between their rotated counterparts (n=16 images from 3
animals, paired t-test, ****p < 0.0001. Mean is shown in cyan with errors as = SEM).
(F) Cumulative distribution function of the nearest neighbor distances between GS and
PALE STORM localization points. The distribution for the rotated control image is highly
different (n=266643 localization points from 19 images from 3 animals, two-sample
Kolmogorov—Smirnov test, d=0.28, ****p<0.0001. Median NND values are 71 nm for
the original and 200 nm for the rotated images). (G-1) Dual-color STORM imaging of the
presynaptic active zone protein Bassoon along with the astrocyte. (J) Enlarged view of
the box in (I) shows a clear separation between the PALE and Bassoon localization
points. (K) Manders’ coefficient values indicate zero co-localization between Bassoon
and the porated astrocyte. Minimal yet significantly higher Manders’ values are observed
in the case of rotated controls (n=20 images from 3 animals, Wilcoxon signed-rank test,
*ExED < 0.0001. Mean is shown in cyan with errors as = SEM). (L) NNDs between the
Bassoon and PALE localization points show very similar distributions both in the case of
the original and rotated image pairs. However, there is a higher occurrence of low NND
values on the rotated image (n=170089 localization points from 23 images from 3
animals, two-sample Kolmogorov—Smirnov test, d=0.05, ****p<0.0001. Median NND

values are 214 nm for the original and 188 nm for the rotated images).

STORM imaging of Bassoon (Fig 8 G-J) showed a characteristic clustered pattern
indicating active zones'’?°, that were often adjacent to perisynaptic astrocytic processes
but still well separated without any apparent co-localization, having even lower Manders’
values than their rotated image pairs (Fig. 8K). Likewise, the distribution curve of NNDs
was similar between the original and rotated images, having lower NND values in the
latter even more frequently (Fig. 8L). This opposite behavior of the co-localization and
NND values between astrocytic and non-astrocytic targets could therefore serve as an
analysis pipeline to test if a given molecule is associated with astrocytes. To confirm this,
we imaged another pair of target proteins, the glial glutamate transporter GLT-1°° and the

neuronal microtubule-associated protein MAP2, and observed similar behavior of spatial
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analysis data”’. In sum, the above data show that dual-color STORM imaging has the
resolution and power to reliably discriminate between astrocytic and synaptic targets in

brain tissue samples.
4.3. Examining the nanoscale distribution of MAGL in astrocytes

4.3.1. Demonstrating the expression of MAGL in CA1 hippocampal

astrocytes

Given the resolution of our approach, which is capable of discriminating synaptic and
astrocytic proteins, we aimed to exploit its strength by visualizing MAGL selectively in
hippocampal CA1 astrocytes. Notably, while in situ hybridization’? and RNAscope
techniques’’ revealed the mRNA expression of MAGL in CAl astrocytes, electron
microscopic studies from this brain region were able to locate this enzyme only at
synaptic terminals’*”, likely due to the inferior sensitivity of the technique.

Therefore, we carried out PALE on MAGL wild type (WT) and MAGL knockout
(KO) pups. Staining for MAGL on adult hippocampal sections showed the known
labeling pattern with astrocytes easily discernible in the molecular layer of the dentate
gyrus’?. The immunostaining in the hippocampus at low magnification showed a rather
homogeneous pattern, with only fainter cells resembling astrocytes (Fig. 9A). All labeling
disappeared in the knockout sections, confirming the specificity of the antibody (Fig. 9B).
As a more direct quantification, STORM imaging in the hippocampal neuropil
demonstrated much higher localization point densities for MAGL in WT compared to KO
sections (Fig. 9C).

Next, we performed dual-color STORM imaging of MAGL and astrocytes labeled
by PALE. As a first impression, the density of detected MAGL localization points was
much higher in areas devoid of astrocytic processes, consistent with its neuronal rather
than astrocytic expression (Fig. 9D). As MAGL antibodies have been reported to cross-
react with other primary antibodies’, we also took images from MAGL KO sections.
Only some scattered unstructured pattern was seen in the knockout sections (Fig. 9E),
ruling out the possibility of antibody cross-reactivity. We then quantified the NNDs of
MAGL and PALE localization points (Fig. 9F). The cumulative distribution curve from

WT sections did not show a leftward skew as would have been expected for a strong
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astrocytic enrichment. However, smaller NND values were still more prominent
compared to their rotated control images or to images from KO sections, indicating that

a small number of MAGL localizations may be preferentially located in astrocytes.
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Figure 9: PALE-based segmentation and STORM-based single-molecule detection
sensitivity reveals higher and lower MAGL localization-point densities in non-
astrocytic and astrocytic compartments, respectively. (A, B) MAGL labeling in MAGL
WT and MAGL KO mice with astrocytes labeled by PALE. (C) Quantification of the
number of localization points (NLP) in MAGL STORM images (MAGL WT n=11 images
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from 3 animals, MAGL KO n=8 images from 3 animals, presented as mean £ SEM,
unpaired t-test, ****p<0.0001). (D, E) Dual-color STORM image of MAGL and the
astrocytic arbor obtained from MAGL WT and MAGL KO sections. (F) Distribution of
nearest neighbor distances of MAGL and PALE localization points in MAGL WT and KO
sections, and in rotated controls of the WT images (WT n=17994 localization points from
11 images from 3 animals, KO n= 2578 localization points from 8 images from 3 animals.
WT vs. KO, two-sample Kolmogorov—Smirnov test, d=0.18, ****p<0.0001; WT vs. WT
rotated, two-sample Kolmogorov—Smirnov test, d=0.08, ****p<0.0001). (G) Voronoi
tessellation of PALE STORM from the very same area as in (E). Tessellation and image
creation were performed via SR-Tesseler®’. (H) Enlarged view of the boxed area in (G).
(1) Object creation from Voronoi cells after setting a density factor. The contour of the
object will serve as a region of interest (ROI) for subsequent molecule filtering. (J) MAGL
STORM localization points are classified as astrocytic and non-astrocytic ones based on
their positioning respective to the astrocytic contours. Localizations were visualized by
the Visual Molecular Dynamics (VMD) software. (K-L) Summary graphs of MAGL
STORM localization point numbers between MAGL WT and KO animals for non-
astrocytic (K) and astrocytic (L) localizations (n=11 images from WT from 3 animals,
and n=8 images from KO from 3 animals, presented as mean = SEM, unpaired t-test,
non-astrocytic: ****p<(0.0001, astrocytic: ***p<0.001). (M-O) Summary graphs
comparing the astrocytic MAGL NLPs in WT and KO sections between the original and
their rotated control image pairs (WT vs. rotated, n=11 images from 3 animals, paired t-
test, **p=0.0034, KO vs. rotated, n=38 images from 3 animals, paired t-test, p=0.2082;
fold change over rotated controls, n=11 images from 3 WT animals, and n=8 images

from 3 KO animals, unpaired t-test, *p=0.01. All data are presented as mean + SEM).

To determine what proportion of the MAGL localization points can be attributed
specifically to astrocytes we again took advantage of the Voronoi tessellation method®®®.
By tessellating the PALE STORM signal (Fig. 9G, H) and by setting a density threshold
we created objects with contours delineating the astrocytic arbor (Fig. 91). These contours
then served us as regions of interest (ROIs) to classify MAGL localizations as either
astrocytic or non-astrocytic (possibly synaptic) ones (Fig. 9J). Interestingly, we found that

the densities of both non-astrocytic and astrocytic MAGL localization points were much
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higher in WT compared to KO sections (Fig. 9K, L). Notably, astrocytic localization
points in a given neuropil area accounted for only 14% of all localizations.

To rule out the possibility that non-astrocytic MAGL localizations were
misidentified as astrocytic ones, we compared the astrocytic MAGL density in the
original images to their rotated image pairs. Despite the abundant non-astrocytic MAGL
localizations, however, astrocytic MAGL density was still higher than after image
rotation (Fig. 9M). These data indicate that MAGL localizations, although sparse, are still
enriched in astrocytes compared to the neighboring neuropil. Notably, the density of
astrocytic MAGL points in KO sections was similar to their rotated control images,
arguing against antibody cross-reactivity or the presence of a structured background (Fig.

ON, O).

4.3.2. The distribution of MAGL in hippocampal astrocytes suggests a

synapse-independent role

Cell type-specific MAGL knockout experiments postulated different physiological roles
for MAGL located either in neurons or astrocytes®>. However, it remains elusive how the
cell type-specific functional versatility of this enzyme is achieved at the molecular level,
and whether nanoscale anatomical observations can predict physiological functions.
STORM images of MAGL in the hippocampal neuropil showed a distinctive
clustered pattern. Indeed, when computing the Ripley’s A function of MAGL STORM
images we found that H(r) values had a prominent peak around 60 nm, indicating a
clustering at this spatial scale (Fig. 10A). Notably, this value is much smaller than the
~225 nm for the active zone marker Bassoon imaged with identical parameters. As for
STORM imaging we used secondary antibodies that carry 4-5 fluorophores, and STORM
relies on photoswitchable fluorophores that can be detected multiple times, localization
point clusters may be created even from single protein targets®’®. Indeed, randomizing
localization point clusters with daughter localizations scattered around the parent
localization with a standard deviation matching our localization precision (known as the
Neyman-Scott process)” also showed a peak around 60 nm on the Ripley’s H curve.
Therefore, it is likely that the clustering we see in the MAGL data does not arise from
true molecular clusters but from multiple blinking events that occur in STORM imaging.

We will refer to these clustered localization points as “blinking events” to avoid any
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misinterpretation. The spatial characteristics of MAGL blinking events, however, may
differ inside and outside of the astrocytic processes. To address this, we first identified
individual blinking events by the DBSCAN!? clustering algorithm. Despite the lower
overall MAGL densities in astrocytes, however, neither the number of localization points
in individual blinking events (Fig. 10B), nor their diameter (Fig. 10C) were different

compared to the non-astrocytic ones.
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Figure 10: Tripartite synapse-independent nanoscale MAGL localizations are
randomly distributed in ultrathin astrocytic processes. (A) Ripley’s H function of MAGL
and Bassoon. MAGL shows a clustered distribution compared to its randomized control,
with a prominent peak around 60 nm, that is much lower than the ~225 nm of the active

zone marker protein Bassoon. However, simulated point clusters (Neyman-Scott process)
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also have similar spatial characteristics, suggesting that these point clusters arise from
multiple blinking during STORM imaging. We will refer to them as “blinking events” in
the following. (B) Astrocytic and non-astrocytic MAGL blinking events are composed of
a similar number of localization points (astrocytic n=715 and non-astrocytic n=4159
blinking events from 10 images from 3 animals, two-sample Kolmogorov—Smirnov test,
d=0.03, p=0.58). Blinking events were identified by the DBSCAN clustering method. (C)
Astrocytic and non-astrocytic MAGL blinking events have similar diameters as
determined by the maximal xy distance between localization points belonging to the same
blinking event (astrocytic n=715 and non-astrocytic n=4159, two-sample Kolmogorov—
Smirnov test, d=0.04, p=0.38). (D) The nearest intercluster distance between astrocytic
and non-astrocytic MAGL blinking events shows a similar distribution to its randomized
control, where astrocytic blinking events were randomized in their respective ROIs
(astrocytic n=507 and non-astrocytic n=4823 blinking events from 11 images from 3
animals, two-sample Kolmogorov—Smirnov test, d=0.03, p=0.71). (E) High-resolution
deconvolved confocal image of a PALE-labeled astrocyte, MAGL, and the active zone
marker Bassoon. (F) STORM super-resolution image of the labeled astrocyte and MAGL
from the corresponding field of view superimposed onto the Bassoon confocal image. (G)
Identification of astrocytic MAGL blinking events (only their center of masses are shown)
based on Voronoi tessellation and contour detection. (H) Nearest neighbor distance
measurement of the astrocytic MAGL blinking events to synaptic release sites labeled by
Bassoon. For clarity, thresholded Bassoon voxels were filtered to 300 nm distance from
the focal plane (i.e., same volume from where the STORM localization points are
detected) and are shown as cyan spheres. (I) Cumulative distribution function of the
nearest neighbor distances of astrocytic MAGL blinking events and synaptic release sites
between the original and randomized blinking events (n=546 blinking events from 10
images from 3 animals, two-sample Kolmogorov—Smirnov test, d=0.05, p=0.11). (J)
Distance distribution of MAGL blinking events to the nearest synaptic release site marked

by Bassoon. The same dataset was analyzed as in (I).

Next, we explored if the spatial distribution of the astrocytic MAGL pool has any
bias towards the non-astrocytic pool, suggesting a common platform for endocannabinoid
degradation. We measured the distance for each astrocytic MAGL blinking event to its

nearest non-astrocytic blinking event (intercluster distance between center of masses),
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and then repeated this step when astrocytic blinking events were randomized in their
respective ROIs. Interestingly, cumulative distribution functions of the intercluster
distances were similar between the original and the randomized MAGL blinking event
positions, suggesting that there is no preferential targeting of astrocytic MAGL
localizations to the non-astrocytic ones (Fig. 10D).

To test whether the distribution of astrocytic MAGL localizations show any
preference towards synaptic release sites, we imaged the active zone marker protein
Bassoon with confocal resolution (Fig. 10E) and correlated the STORM images of PALE
and MAGL with their respective confocal images from the very same field of view (Fig.
10F)**. Astrocytic MAGL localizations were segmented and filtered as previously, and
for each blinking event we measured the distance to the nearest synapse identified from
deconvolved and thresholded images of Bassoon (Fig. 10G, H). When this step was
repeated for the randomized MAGL distributions as well, we found that both the original
and randomized MAGL localizations had similar distance distributions to synapses (Fig.
10I). The above data therefore show that in contrast to the higher density of non-astrocytic
MAGTL in the vicinity of Bassoon (Fig. 10J), astrocytic MAGL is not enriched around

synapses, suggesting a synapse-independent functional role.
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5. Discussion

Astrocytes, once considered merely supportive cells, are now recognized as key
regulators of synaptic function, neurovascular coupling, and the brain’s immune
response. Nanoscale investigations offer unprecedented insights into the intricate
molecular and cellular mechanisms underlying astrocyte activity. Probing these cells with
high-resolution techniques could uncover the fine structural and molecular changes that
may occur during disease progression, providing a clearer understanding of how

astrocytes contribute to both neuroprotection and pathology.
5.1. Nanoscale visualization of astrocytes labeled by electroporation

Instead of firing action potentials like neurons, astrocytes display a wide range of dynamic
calcium signaling events. Recent data uncovered that the majority of calcium signals do
not occur at the somata or large branches®® but at the spongiform domain that covers
~85% of the astrocytic arbor and is unresolvable by classical light microscopy®’.
Therefore, reconstructing the anatomical and molecular composition of such domains is
key to understanding astrocytic communication and their influence on brain function.
Historically, electron microscopy was employed to investigate anatomical
structures that are beyond the diffraction limit of classical light microscopy'?!. The
required sample preparation steps, fixation and dehydration, however, result in the
shrinkage of the extracellular space and introduce artifacts such as the altered astrocytic
coverage of synapses'®. The advent of super-resolution microscopic methods leveraged
these specific sample preparation steps. They do not require dehydration and work
perfectly well with milder fixation protocols such as immersion fixation that was shown
to better preserve the extracellular space!”>. STED was successfully employed to
reconstruct the spongiform domain of astrocytes and to identify a compartmentalization
model in the so-called nodes that is conceptually similar to that of dendritic spines in
neurons>’, providing a structural basis for the tripartite synapse hypothesis?’. Though
offering superior resolution, state-of-the-art STED microscopes still cannot reach the
resolution and sensitivity offered by single molecule localization methods. The integrated
nanoscale anatomical and molecular measurements therefore still favor SMLM

techniques. Nevertheless, combining SMLM with STED for higher resolution of the
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correlative imaging modality is a promising direction to benefit from the advantages of
both methods'*.

Here, we utilized STORM imaging to reconstruct the architecture of hippocampal
astrocytes. The improved resolution resolved thin astrocytic filaments that appeared to be
enlarged on confocal microscopic images, and aided the identification of optical artifacts
such as the appearance of merged filamentous structures. We imaged astrocytes in brain
tissue in their native cellular environment where they retain their intricate morphology,
unlike in cell culture systems. The selective and sparse labeling of astrocytes was
achieved by postnatal electroporation, which, to the best of our knowledge, has not been
used so far to investigate hippocampal astrocytes. Astrocytes may be labeled by
alternative methods such as viral injections**!. However, this not only requires careful
titration of the virus concentration but the use of transgenic animals to enable astrocyte-
specific virus expression. Obtaining knockout animals for a protein of interest would then
require double-transgenic animals, whose colony maintenance requires much more care
and resources. This holds true for the recently created MORF mice as well where sparse
labeling is achieved via genetic mosaicism in a Cre-dependent manner!%®. By contrast,
due to the sequential nature of neuro- and then gliogenesis, PALE selectively and sparsely
labels astrocytes without the need for any transgenic mouse line. Unlike adeno-associated
virus (AAV) mediated gene transfer, the electroporated plasmids do not integrate into the
genome. Hence, transcription starts immediately, making it possible to investigate
astrocytes right after electroporation, as early as P57’

Shifting the timing of electroporation to prenatal ages enables the labeling of other
cell types. We labeled radial glia cells in utero and employed correlated confocal and
STORM imaging to investigate their structure after an adherens junction disruption
protocol’®. These cells develop into neurons, and when combined with PALE, neuron-
astrocyte interactions can be visualized in a sparse manner without the use of any
transgenic animals or special gene promoters (Z06ldi et al., unpublished). Moreover, by
delaying the in utero labeling to E18 and combining it with PALE, or by performing
PALE on separate days such as PO and P1, it is possible to distinguish astrocyte
populations that are generated at different timepoints through selective labeling”’. This
could help answer certain neurodevelopmental questions such as whether the timing of

gliogenesis affects the spatial distribution or transcriptional profile of astrocytes.
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5.2. Dual-color STORM imaging of astrocytes in brain tissue

Parsing molecular data to biological profiles that are beyond the diffraction limit
necessitates multicolor SMLM imaging, which is routinely performed in cell culture
systems with minimal fluorescent background. However, in native tissue, the challenge
arises from the excitation of millions of emitters. Fluorescent background is elevated also
due to light scattering, diminishing excitation intensity and reducing the number of
photons collected from emission. This issue, along with certain optical aberrations,
worsens at greater depths. Hence, many of the fluorophores that have optimal
photophysical performance in cell culture systems or various imaging strategies will just
not meet the required criteria for STORM imaging in tissue®.

Multi-color STORM imaging can be implemented in various ways, but each
strategy has its own advantages and limitations. An emerging strategy is spectral
demixing, where spectrally overlapping fluorophores are excited simultaneously with the
same laser line, and a dichroic mirror-based emission splitter separates the overlapping
emissions onto distinct regions of the camera chip'®. Not only chromatic aberration, but
the relative drift between channels is also eliminated by the simultaneous imaging
scheme. However, splitting the fluorescence emission results in the loss of photons
arriving at each camera region, lowering the probability and the precision of their
detection. In specimens with lower signal to noise ratio such as thick tissue samples,
photon loss may be unacceptable. Multiplexing may also be achieved by elution and re-
staining protocols'?’. Here, the final resolution depends also on the registration of images
between separate imaging rounds, and the efficiency of fluorophore removal determines
channel crosstalk. This is conceptually similar to Exchange-PAINT®, an alternative
SMLM strategy that may become more widely used as much faster imaging can be
obtained with newer, optimized oligo sequences®. When imaging low copy number
targets in biological profiles that have to be abundantly labeled for precise
reconstructions, however, even the lowest channel crosstalk can mask important
biological data.

Here, we employed spectrally different fluorophores for labeling distinct targets.
We show that by carefully adjusting the identification parameters we can achieve
crosstalk free imaging. Moreover, even though we used separate laser lines that can result

in chromatic aberration and we imaged the specimens in a sequential manner where drift
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may arise, on our microscopic setup the two channels did not need additional corrections
for perfect alignment. It is worth noting, however, that if introducing a third (green
emitting) channel, chromatic aberration may become considerable. Of note, these
spectrally different dyes belong to different chemical families and their blinking
properties can differ substantially!®®!% Hence, direct quantitative comparison of the
imaged targets is not possible. Lastly, we also acknowledge that the blinking performance
of the red emitting CF568 did not match that of the gold-standard far-red-emitting AF647,
and much sparser molecular targets than the overexpressed fluorescent proteins in the
electroporated astrocytes may only yield discontinuous structures. Optimizing the buffer
composition, fluorophore selection and imaging parameters together with the ever-
continuing improvements related to STORM imaging have the potential to reduce the
limitations of the various multiplexing methods®!!0-112,

We provided examples of differentiating synaptic and astrocytic targets by
measuring nearest neighbor distances and colocalization metrics, and using image
rotation as a control. However, these methods by themselves cannot filter localization
points to the biological profiles of interest. For this reason, we retrieved contours of the
astrocytic morphology resulting from the Voronoi tessellation of the anatomical STORM
data, and used these two-dimensional contours to filter the molecular STORM data3%%¢.
The tessellation process can also be extended to the third, axial dimension’®, and defining
the borders of cellular profiles may be achieved via other means such as creating mesh
surfaces''®. As an alternative method, the extracellular matrix can also be visualized via
super-resolution shadow imaging (SUSHI)*!“!!'4, where intracellular profiles appear as
non-labeled, “negative” structures. By seeing cellular boundaries, super-resolution
imaging may unify the advantages of fluorescent light and electron microscopy. Indeed,
newer directions such as the bulk labeling of proteins via pan-expansion microscopy aim

to provide an ultrastructural context obtained via light microscopy!'.
5.3. Investigating the spatial distribution of astrocytic MAGL

The endocannabinoid-degrading enzyme MAGL has emerged as a promising therapeutic
target to control endocannabinoid dynamics and the course of inflammation in the brain

67.68 ‘While these two biological processes may be coupled to some extent®!, recent data
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also suggest that distinct cell types and hence distinct pools of MAGL may be biased for
a particular biological function®?, providing a basis for pathway-specific therapies.

In the present study, by using dual-color STORM imaging we were able to
reconstruct the morphology of individual hippocampal astrocytes with nanoscale
precision and to distinguish between non-astrocytic regions with high and astrocytic
regions with low detected MAGL localization-point density. STORM imaging not only
provided the resolution required to assign detected MAGL localization points to sub-
diffraction-limit astrocytic processes, but also provided sufficient sensitivity to detect the
relatively sparse astrocytic MAGL signal, previously missed in electron microscopy
studies. Moreover, correlating STORM with confocal imaging could provide a more
specific subcellular context, to interpret the astrocytic molecular data in relation to
synapses.

In the hippocampal CAl area both excitatory and inhibitory synapses are
equipped with MAGL’, and therefore the astrocytic regulation of retrograde
endocannabinoid signaling may be less important. Our data are consistent with this
hypothesis by showing a much lower density of detected MAGL localization points in
astrocytic processes than in non-astrocytic regions. Moreover, astrocytic MAGL
localizations were not associated with the non-astrocytic ones, nor were they positioned
preferentially to presynaptic release sites, arguing against a common platform for
endocannabinoid degradation. Importantly, this scenario is consistent with a new study
reporting that synaptic 2-AG signals primarily to neurons, whereas astrocytes are engaged
by another endocannabinoid, anandamide''. The lack of tight control over synaptic
endocannabinoid signaling by astrocytes may also be necessary to enable some forms of
hippocampal plasticity mechanisms such as heterosynaptic long-term depression that is
mediated via the short range spread of retrogradely released endocannabinoids''’. We
cannot rule out the possibility, however, that some hippocampal synaptic connections
may be more intensively regulated by astrocytic MAGL, for example via the positioning
of perisynaptic astrocytic processes (PAPs)*. Indeed, cell type-specific MAGL knockout
and rescue experiments showed that astrocytic MAGL can control the time course of
endocannabinoid signaling, especially where MAGL is lacking in synaptic terminals
regulated by endocannabinoid signaling®>7>7*!1¥ Lastly, astrocytic MAGL could also be

part of an autonomous endocannabinoid platform: astrocytic CB; receptors regulate a
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diverse range of brain functions’®, and astrocytes are able to synthesize their own 2-AG
as well 19120,

Which additional rules might dictate the subcellular targeting of MAGL? In light
of the dual role of MAGL®!, it is tempting to speculate that the lack of synaptic association
for astrocytic MAGL is because these localizations fulfil a different, synapse-independent
function that is the production of prostaglandins, particularly PGE>, which has
widespread vasoconstricting effects on parenchymal arterioles via EP1 receptor
activation’!. The astrocyte-specific nanoscale molecular imaging approach presented here
will open the way for future studies addressing whether astrocytic MAGL proteins are
organized into signalosome nanodomains with the downstream enzymes of the
prostaglandin pathway such as the cyclooxygenases!?!:122,

Besides neurons there is also an important crosstalk between astrocytes and

microglia, especially during inflammation'?®

. Of note, astrocyte-specific MAGL deletion
alters the mRNA expression profile of inflammation-related genes more intensively in
microglia than in astrocytes themselves'?*. Therefore, the fine-tuning of prostaglandin
levels may involve complex, multi-cellular pathways mediated by the shuttling of lipid
metabolites®>. How these metabolites are released and whether there are specialized
release sites'?>!?® for them, however, remains elusive. The shuttling of lipid metabolites
may provide an alternative explanation for the role of astrocytic MAGL in the regulation
of endocannabinoid signaling. Most studies use 1-5 seconds long depolarization induced
suppression of inhibition or excitation (DSI/DSE) as a measure of endocannabinoid
dynamics, a protocol which does not mimic physiological endocannabinoid release. In
these experiments, astrocyte-specific MAGL knockout mice may show an altered
DSI/DSE response simply because of the impaired shuttling and replenishment of those
metabolites.

To identify distinct subcellular pools of MAGL, we used an indirect
immunolabeling method that introduces an offset between the target molecules and may
create false clusters in STORM images. Our recently developed PharmacoSTORM
approach'?’ that utilizes fluorophore-coupled pharmacoprobes to visualize target-
engagement sites with nanometer precision could not only aid the identification of true
molecular clusters but could also distinguish between active and non-active enzyme

populations. Notably, activity-based fluorescent MAGL probes reliably detected MAGL
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both in transfected HEK 293 cells!?’ and in brain tissue!?®. We hope that these
methodological improvements, combined with our workflow to perform molecular
imaging in astrocytes, will help us to better understand astrocytic function in both health

and disease.
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6. Conclusions

In the current thesis, I presented a method by which glial proteins can be located inside
astrocytic processes and demonstrated its strength by exploring the nanoscale distribution
of the endocannabinoid-degrading enzyme MAGL specifically in astrocytes.

First, we showed that electroporation is an excellent method to sparsely label
various cell types in the brain for subsequent super-resolution reconstruction of their
morphology. The advantages of the labeling method are as follows: 1) Electroporation
achieves sparse labeling even without the use of any transgenic mice or specific
promoters. 2) Various cell types such as radial glia cells, neurons, and astrocytes can be
targeted. Postnatal electroporation provides an easy and robust way to label hippocampal
astrocytes. 3) The sparse labeling enables cell-specific investigations, possibilities for
perturbation models, and provides low fluorescent background in tissue samples. 4)
STORM super-resolution imaging can reveal the sub-diffraction-limit architecture of
astrocytes in brain tissue.

Second, we demonstrated that dual-color STORM imaging has a sufficient
resolution to distinguish between synaptic and astrocytic proteins in brain tissue, and we
reached the following conclusions: 1) Careful calibrations of the optical system are
required to maintain a high-quality crosstalk- and chromatic aberration free imaging
scheme. 2) Nearest neighbor distance and co-localization metrics, combined with control
measurements such as rotating images are powerful tools to deduce the cell-specific
locations of molecules in the tripartite synapse. We showed that these measures exhibit
an opposite behavior when comparing astrocyte- and synapse-specific proteins, such as
glutamine synthetase and Bassoon, respectively. 3) A sparse subset of the
endocannabinoid-degrading enzyme MAGL is present in hippocampal astrocytes.
Voronoi tessellation-based object creation enabled the distinction between astrocytic and
non-astrocytic pools of MAGL, and by using tissue samples from MAGL wild type and
knockout animals supplemented with imaging controls we verified the specificity of this
sparse astrocytic signal. 4) The distribution of astrocytic MAGL favors a synapse-
independent role. Correlated confocal and STORM super-resolution imaging revealed
that astrocytic MAGL has no preference towards synaptic release sites marked by
Bassoon, corroborating previous findings that postulated a role other than the regulation

of synaptic endocannabinoid signaling. Taken together, our results highlight the
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importance of using sensitive, high-resolution methods to map the spatial arrangement of

astrocytic proteins, many of which hold significant clinical relevance.
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7. Summary

Although astrocytes are essential to nearly every aspect of brain function, the relationship
between the number and distribution of key molecules within astrocytes and their
extensive roles remains poorly understood. In this thesis, I provide a brief overview of
the key concepts of super-resolution imaging and present a methodology for visualizing
astrocytic proteins at the nanoscale level using STORM imaging. I demonstrate the
effectiveness of this method by differentiating between astrocytic and non-astrocytic
pools of MAGL, a key enzyme in the endocannabinoid signaling pathway with major
clinical relevance.

We employed postnatal electroporation to label astrocytes selectively and sparsely
in the mouse hippocampus and to reconstruct their architecture with nanoscale precision
using STORM. We showed that this level of resolution is a prerequisite to reliably
visualize the astrocytic arbor. Moreover, shifting the timing of electroporation enabled
the targeting of other cell types such as radial glia. As an added benefit, no transgenic
mouse lines or cell type-specific promoters were needed for the sparse labeling that
provides low fluorescent background for high-quality super-resolution imaging in tissue.

Then, we demonstrated that dual-color STORM imaging can readily differentiate
between synaptic and astrocytic proteins. We performed various control measurements to
exclude the possibility of severe optical aberrations, and we presented an analysis
workflow based on colocalization and nearest neighbor distance measurements to assign
molecules to cells of the tripartite synapse. As a proof of concept, we distinguished
between neuronal and astrocytic pools of the endocannabinoid-degrading enzyme
monoacylglycerol lipase (MAGL). Our results revealed that a sparse but specific signal
of MAGL can be attributed to hippocampal astrocytes, and the enzyme in glial cells does
not exhibit any preferential localization toward synapses. This suggests a synapse-
independent role, supporting previous findings on astrocytic MAGL’s involvement in
regulating inflammation rather than the time course of endocannabinoid signaling. With
MAGL inhibitors already in clinical trials, our research could have potential clinical
implications. Overall, our methodology offers a versatile approach for studying various

nanoscale protein distributions in astrocytes in brain tissue preparations.
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