
PROTEOMIC 

HETEROGENEITY OF GLIAL 

CELLS OF THE CENTRAL 

NERVOUS SYSTEM  

 

Lew Kaplan  
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

   
 
 
 

 
 

Dissertation at the 
Graduate School of Systemic Neurosciences 

Ludwig‐Maximilians‐Universität München 
 

December 2022 



 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
Supervisor   
Prof. Dr. Antje Grosche 
Physiological Genomics 
Ludwig-Maximilians-Universität München 
 
 
 
 
First Reviewer:  Prof. Dr. Antje Grosche 
Second Reviewer: Prof. Dr. Susanne Koch 

External Reviewer  Prof. Dr. Marius Ader 

 
Date of Submission:  12.12.2022 
Date of Defense: 08.05.2023 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

„Sage, was du weißt, tue, was du musst,  

komme, was kommen mag.”  

- Sofja Kowalewskaja 

  



 
 

 

SUMMARY 1 

I. INTRODUCTION 3 

GLIAL CELLS – ASTROCYTES AND MÜLLER CELLS 3 

REGIONAL HETEROGENEITY OF MACROGLIA 5 

OMICS – GENE AND PROTEIN LEVEL QUANTIFICATION 8 

BIOINFORMATICS – FROM USER-FRIENDLY TO SOPHISTICATED SOFTWARE 9 

AIM OF THE THESIS 10 

II. MANUSCRIPTS 12 

HETEROGENEITY OF GLIAL CELLS OF THE CENTRAL NERVOUS SYSTEM – A PROTEOMIC STUDY 12 

RETINAL REGIONS SHAPE HUMAN AND MURINE MÜLLER CELL PROTEOME PROFILE AND FUNCTIONALITY 51 

RELEASE OF VAMP5-POSITIVE EXTRACELLULAR VESICLES BY RETINAL MÜLLER GLIA IN VIVO 76 

III. DISCUSSION 105 

WITH GREAT DATA COMES GREAT COMPUTATION 105 

COMMON PROTEOMIC PATTERNS SHAPE GLOBAL AND LOCAL GLIAL IDENTITY 108 

DISTINCT PROTEOMIC PATTERNS BETWEEN REGIONS OF THE CNS CONVERGE ON YAP1 SIGNALING 110 

IV. MAIN CONCLUSIONS & OUTLOOK 115 

V. REFERENCES 117 

VI. APPENDIX 124 

ACKNOWLEDGMENTS 124 

LIST OF PUBLICATIONS 126 

VII. EIDESSTATTLICHE VERSICHERUNG/AFFIDAVIT 127 

VIII. DECLARATION OF AUTHOR CONTRIBUTIONS 128 

 

 





 
 

 

 

 

SUMMARY 
 

 

 

Mammalian brain and retina, both part of the central nervous system (CNS), contain a 

multitude of distinct glial cell populations. On a rough scale they can be categorized for 

example as oligodendrocytes, microglia and astroglia. While oligodendroglia are 

mostly absent from the eye, astrocytes line the inner surface of the retina and microglia 

reside between its nuclear layers. Most importantly, the retina has its own kind of 

specialized glial cells: Müller glia. These long cells are evenly distributed, span the 

whole thickness of the retina and fulfil similar homeostatic functions as astrocytes in 

the brain. As the CNS is divided in functional and anatomical subunits that additionally 

differ by species, the respective glia are also thought to vary in their duties. In this work 

I addressed the question which cellular functions are shared between, and which are 

specific for astroglial cells from different brain regions and retina. Additionally, Müller 

cell heterogeneity was under special scrutiny focusing on cells from the macular and 

peripheral human retina. 

As glial cells constitute only a subpopulation of all CNS cells, it was necessary 

to enrich our cells of interest to make the following analysis as precise as possible. We 

achieved this by magnetic bead associated cell sorting. These cell fractions were then 

subjected to tandem mass spectrometry and served as the basis of the subsequent work. 

To extract the information hidden in such complex datasets, I used various 

bioinformatics tools to break them down into smaller protein lists that allowed 

conclusions on their role in glial biology. Furthermore, I selected individual proteins for 

in-depth validation and functional examination. 

I identified transcription factors of the nuclear factor 1 family to be expressed 

across glial cells of all contemplated regions and species, which corroborated their 

reported role in gliogenesis of brain and retina. Several of the pathways with 

interregional differential expression, including candidate proteins SLMAP and ZEB1, 

converged onto Hippo pathway signaling and alternative splicing. Furthermore, Müller 

cells of the human macula displayed an increased expression of proteins of the 

extracellular matrix, cell adhesion and exosomal pathways hinting towards a shift in 
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the extracellular milieu. In this context, I showed how EPPK1 might play a role in 

establishing the intricate Müller cell morphology, their biomechanical properties and 

the secretion of extracellular vesicles. 

Finally, the proteomic datasets generated as part of my thesis have expanded 

our understanding of the biology of glia in different regions of the CNS and the retina 

specifically. The present findings will help to better understand the regional adaptions 

of astrocytes and Müller cells allowing the development of better tools or treatments 

targeting the desired subpopulations and translate insights between them.  
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I. INTRODUCTION 
 

 

 

GLIAL CELLS – ASTROCYTES AND MÜLLER CELLS 

 

Central nervous tissues like brain and retina are populated not only by neurons 

but also amongst others by a variety of glial cells including microglia originating from 

the hematopoietic lineage, myelinating oligodendrocytes, and importantly, astrocytes. 

While there are no myelinating glia in the human or murine retina, astrocytes reside at 

the border between vitreous and retina and microglia can be found throughout the 

plexiform layers under healthy conditions [1]. The main macroglia in the retina, Müller 

cells, have a unique, elongated morphology spanning the whole thickness of the retina 

from the inner limiting membrane at the vitreous to the outer limiting membrane and 

beyond, reaching out into the space between the inner segments of photoreceptors with 

their microvilli. They are distributed in an even pattern in the retina and thus come into 

contact with every other retinal cell type [2], [3]. Regarding their association with 

photoreceptors it is worthwhile to mention that a single Müller cell associates with only 

a single cone, but depending on the species and the retinal region with 10 or more rod 

photoreceptors [4]–[6].  

Developmentally, brain and retina are closely related as they both emerge from 

the neuroectoderm and the subsequently formed anterior neural tube. Later, different 

brain vesicles give rise to specific brain regions but also the retina: While the 

telencephalon for example develops into the cerebrum with its various cortices, the 

diencephalon generates the thalamic areas as well as the retina, which is why this 

ocular tissue is regarded as part of the central nervous system (Figure 1) [7].   
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Figure 1: Development of brain vesicles. While astrocytes from grey and white matter develop from the 
telencephalon, Müller cells and thalamic astrocytes both originate from the diencephalon. 
(Source: Download for free at http://cnx.org/contents/14fb4ad7-39a1-4eee-ab6e-3ef2482e3e22@11.1.) 

 

Consequently, astrocytes in the brain and retinal Müller glia fulfil similar 

functions and thus express many of the same genetic markers. Through their fine 

perisynaptic processes and the expression of excitatory amino acid transporter 1 

(GLAST) and glutamine synthetase (GLUL) these glial cells are involved in 

neurotransmitter uptake and recycling thereby modulating the signal-to-noise ratio at 

synapses and influencing neuronal information processing [8], [9]. Furthermore, 

studies have proposed a metabolic coupling that involves intense exchange of glucose, 

pyruvate, lactate and lipids between neurons and glia [10]–[12]. Both, Müller cells and 

astrocytes were shown to have stem-cell potential depending on the species 

investigated. Müller cells can fully regenerate damaged retina in zebrafish, while 

astrocytes can proliferate upon tissue injury and generate subsets of neurons [13], [14]. 

There are however, specific features setting these related cell types apart. Ramon 

y Cajal captured their intricate morphology in his famous drawings: Müller cells have 

an elongated and bipolarized morphology (Figure 2) and are evenly spread across the 

retina, while astrocytes have more isotropic arborization (Figure 2) and show varied 

distribution depending on the brain region [15]. The above mentioned regenerative 

potential of Müller cells is not reproduced in adult mammals, while astrocytes do retain 

some proliferative tendencies in murine brains [16]. The retina with its light sensing 

capabilities poses special challenges that are not present in brain. For example, Müller 

cells are involved in the cone-specific visual cycle in which retinoids are regenerated to 

be used in the light-sensitive opsins of photoreceptors [17], [18]. Furthermore, it has 

been suggested that these glia contribute to the biomechanical stability of the retina 

and can act as biological light guides [19], [20]. How astrocytes contribute to brain 

tissue stiffness is poorly understood, but there is some evidence that these cells can 

sense and react to mechanical cues [21]–[25]. 
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Figure 2: Drawings 
from Ramon y Cajal. 
Left: Drawing of a 
retina with several 
neuronal cell types 
and a Müller cell 
(marked with B in 
the picture) (source: 
from Wikimedia, 
public domain). 
Right: Drawing of 
astrocytes close to a 
blood vessel and 
interspersed with 
neuronal somata. 
(Source: adapted 
from [26], creative 
commons CC BY 4.0) 

 

 

 

REGIONAL HETEROGENEITY OF MACROGLIA 

 

The section above described general parallels and differences between brain and retina 

and their respective macroglia. Zooming in on the level of the individual organ it 

becomes clear, that there is also intraregional heterogeneity between glial cells of the 

same nominal type. Such variation may have developmental origins and is exhibited on 

several levels: Müller cells developmentally all originate from the same secondary brain 

vesicle, the diencephalon. The origin of astrocytes on the other hand can already 

bifurcate at this level; cells from the telencephalon, for example, generate astrocytes in 

the cortex, while diencephalic progenitors might produce astrocytes in the thalamus 

[27]. There is evidence, that both grey and white matter astrocytes develop from radial 

glia of the subventricular zone albeit from different lineages [28], [29]. Furthermore, 

the microenvironment and the cellular composition of the embryonic and adult nerve 

tissue potentially promotes the specialization into distinct macroglical subtypes [15]. 

One can imagine that astrocytes resident in grey matter, rich in neuronal somata, may 

have different duties than for example cells surrounded by axonal fibers in white matter. 

Another source of locally well-defined heterogeneity for Müller cells is the 

presence of the macula in the human retina. In this region, the cone-to-rod ratio 

continuously increases from periphery through the central region of the macula and 

peaks in the centermost part of the fovea, the foveola, where only cones and Müller 

cells reside (Figure 3). Here, the retina shows a characteristic indentation and laterally 

displaced inner nuclear layers allowing light to hit photoreceptors unhindered [30], 

leading to a higher light intensity and metabolite turnover. The latter is exacerbated by 
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the fact that cone photoreceptors, which are dominant in the outer nuclear layer of the 

macula, have a higher energy consumption [31]. Both factors, direct light exposure and 

increased metabolism are thought to be sources of reactive oxygen species that may 

cause oxidative stress [32]. Additionally, the fovea lacks the stratified vasculature 

present in multiple layers of the periphery, but instead relies mostly on the subretinal 

choroid for the supply of oxygen and other metabolites. Lastly, the indented shape of 

this tissue region is associated with a morphological change of Müller cells from 

columns that are parallel to the light path in the periphery to a z-shaped formation in 

the macula [30], [33], [34] (Figure 3B). Consequently, it can be speculated that there 

might be at least two Müller cell subtypes in the human retina, one residing in the 

peripheral retina and one or more inside the perimeter of the macula. This view is 

supported by the observation of macula-specific Müller cell degeneration in macular 

telangiectasia type 2 disease [35], [36].  
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Figure 3: The anatomy of the human macula. A: The macula is a circular, central area in the human retina 
in which the cone density increases towards its center. Through the course from the outer edge across the 
perifovea to the parafovea the retina thickens, but in the centermost part, the fovea, a pit is formed through 
the lateral displacement of the nuclei of the inner retinal layers. In the foveal center cones reach their 
highest density and are accompanied solely by Müller cells. This is the area of highest visual acuity and 
free from intraretinal vessels. In fundus images the so called umbo is a visible light reflex at the bottom of 
the foveal pit. Reprinted from Bringman et al. [30] with permission from Elsevier. B: The cross-section of 
the human retina is structured in different layers. In the periphery the ganglion-cell layer (GCL), closest to 
the vitreous contains nuclei of ganglion cells and retinal astrocytes. Ganglion cells’ dendrites are connected 
to interneurons in the inner plexiform layer (IPL). The inner nuclear layer (INL) contains cell somata of 
interneurons and Müller cells. Photoreceptor to interneuron synapses are located in the outer plexiform 
layer (OPL) while the outer nuclear layer (ONL) contains the somata of cone and rod photoreceptor cells. 
The outer segments of photoreceptor outer segments reach the retinal pigment epithelium (RPE). In the 
periphery, Müller cells exhibit a columnar morphology parallel to the light path and interact with all other 
cell types. In the fovea their morphology changes to a z-shape and subsequently they contact mostly cones 
in the ONL. Human Eye Explorer © Effigos 

 

In summary, it can be stated that although astrocytes in the brain and Müller cells 

in the retina seem to fulfil analogous basic functions, there is inter- and intraregional 

heterogeneity that becomes evident on morphological and functional level. It depends 
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on the interplay with the local microenvironment and is reflected in cell-biological 

processes that are characteristic for the individual subtypes.  

 

OMICS – GENE AND PROTEIN LEVEL QUANTIFICATION 

 

There are many ways to uncover and define subpopulations of cells be it purely 

morphologically or by developmental origin. Depending on the cells in question, these 

characteristics might not be easily distinguishable but still lead to functionally distinct 

subtypes. In such cases, one can attempt to describe a population on an expression-

wide level, for example through transcriptomic, proteomic or metabolomics means. 

Today many nucleic acid-based methods are available to analyze the genome, 

transcriptome, or epigenome.  

All these techniques allow deep insights into certain aspects of the regulation of 

gene expression. The outcome of such gene expression tuning is the precisely 

controlled translation of amino acid chains that can then be further folded, modified, 

transported across the cell and finally degraded. This also means that the final action 

in the cell is mainly performed by mature proteins at the right time at the right place. 

Consequently, to fully understand how a cell’s function is shaped by gene expression 

changes it is necessary to not only consider transcript levels, but to carefully assess its 

proteomic landscape as well. 

 Tandem mass spectrometry allows the quantification of thousands of proteins 

from biological samples needing minimal sample input amount and is comprehensively 

reviewed in [37]. The general pipeline begins with tissue/cell lysis and protein isolation 

before performing a peptidase digest at defined amino acids to receive short peptides. 

These samples are fed into a chromatography machine where the individual peptides 

are separated according to their biochemical properties like size, charge or most-

commonly polarity. The spectra of these peptides, so called precursor ions, or MS1 

spectra, allow the quantification, while their fragments’ spectra (MS2) are used for the 

identification of the amino acid sequence. Intensities of peptides with sequences that 

are not shared between different proteins, so called unique peptides, are then used as 

a proxy to calculate the final protein abundance [38]–[40]. Depending on the acquisition 

mode, the identification and quantification of a protein may rely on its abundance in 

the sample and on appropriate spectra database entries. 
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BIOINFORMATICS – FROM USER-FRIENDLY TO SOPHISTICATED SOFTWARE 

 

Classical technologies in molecular biology developed in the later part of the last 

century, like immunofluorescence or histochemical staining, Western blot, ELISA, PCR 

or qPCR aimed to investigate various aspects of gene expression from cellular 

localization to quantification. All these techniques are still used today in one form or 

another and although there have been technological advances, these methods are 

limited to the analysis of a rather small number of samples and/or targets. Recent 

developments in omics and high throughput techniques on the other hand produce vast 

datasets allowing detailed insights into thousands of measurements at a time. Such 

complex datasets are impossible to interpret without the help of specialized software 

and may require sophisticated bioinformatic pipelines, making the latter a pivotal tool 

in many modern experiments.  

In the context of microscopy and imaging, using applications like ImageJ [41] or 

CellProfiler [42], [43] it is now for example possible to easily quantify dozens of cell 

parameters across hundreds of images reproducibly, objectively and with minimal 

manual labor. Such and similar tools allow the tracking of individual cells in time-lapse 

live-cell imaging or even the scanning of whole animals via tissue clearing and the 

subsequent reconstruction of cell morphology with artificial intelligence [44].  

Proteomics and RNAseq use dedicated software for gene identification and 

expression quantification like MaxQuant [45] and Progenesis (Nonlinear Dynamics, 

Waters) or RSEM [46] and Kallisto [47], respectively. Some very recent methods 

escalate the level of detail by offering single cell resolution and thus requiring even 

more specialized software usually implemented in packages for general purpose 

programming languages like Scanpy [48] for Python or Seurat for R [49], [50]. Omic 

technologies additionally rely on curated databases with gene/protein annotation for 

identification and ultimately produce sample/cell x feature matrices with tens or 

hundreds of thousands or even millions of expression values.  

These expression matrices can then be used to reduce dimensionality or distill 

information about distance metrics, differential feature expression, and gene 

enrichment. Moving one step up from individual genes, one can identify groups of 

highly interconnected genes for example using weighted gene co-expression network 

analysis (WGCNA) [51]. While WGCNA yields correlated feature groups based on the 

measured expression values, it might be helpful to look for possible functional 

relationships between the members within one gene/protein group in a next step. Such 

gene networks incorporating dozens or hundreds of functionally linked proteins can be 
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found through pathway enrichment analyses or categorization through databases like 

PANTHER [52], Gene Ontology [53], [54] or KEGG [55]–[57]. These can further be 

combined with other connectivity metrics via the meta database STRING [58], [59] to 

extract meaningful gene/protein networks fundamentally based on your quantified 

data, enriched with database results and assignable to specific pathways.  

Although many of the tools described so far offer user friendly graphical 

interfaces or browser-based applications that need minimal bioinformatic knowledge, 

it is important to stress that where possible a coding approach is advisable to guarantee 

proper documentation and maximal reproducibility as well as speed. Reproducibility is 

highly desirable and might be achieved more easily in informatics than in other fields 

of science, but it has specific limitations that hinder scientists to run code written by 

another, on a different machine even with the same nominal software. Differences in 

software version, operating system, hardware and respective drivers, missing 

documentation or software that is proprietary or unavailable due to obsolescence can 

be high obstacles to pass before rerunning published code. There are however efforts 

to alleviate most of these problems via the open source movement,  software 

repositories like Bioconductor [60], [61] and package and version control utilities like 

Conda [62] and Docker [63]. 

 

AIM OF THE THESIS 

 

On the one hand, I aimed to generate a broad understanding of proteins and pathways 

that define a general macroglial identity and thus translate our knowledge of one glial 

subtype to another in a systemic view. On the other hand, it was my goal to capture the 

specific adaptations of glial subpopulations to their own niche and further our 

understanding of region-specific mechanisms of glia-neuron interaction, cell adhesion, 

cell-matrix interaction, and signal/metabolite transduction. I based my research on 

multiomic and bioinformatic analyses of isolated cell populations across multiple 

tissues of the central nervous system originating from human and mouse with a prime 

focus on the retina, a structurally rather simple and comparably easily accessible part 

of the CNS. Therefore, the following specific aims were pursued in my thesis: 
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1. Define molecular pathways related to macroglial heterogeneity 

(astrocytes/Müller glia) in the retina and brain. 

 

2. Determine the molecular signature of Müller glial subpopulations in the human 

retina and defined mouse models to mimic aspects of the human fovea. 

 

3. Functionally validate candidate genes identified as potential drivers of glial 

heterogeneity. 

 

These novel insights will help to improve our understanding of processes related to 

glial biology relevant for the establishment of distinct functional subdomains of the CNS 

and might point to pathways potentially relevant also in pathologies affecting retina and 

brain. 
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Abstract 

As the central nervous system of adult mice is subdivided in anatomical and functional 

compartments, the local astroglia also need to adapt to the characteristics of their native 

environment. Nevertheless, such glial subpopulations oftentimes fulfil similar basic functions 

in tissue homeostasis or even neuronal signal modulation. Previously, studies reported various 

subpopulations in brain and retinal regions but direct comparison between retinal Müller glia 

and brain astrocytes is still missing. Here we used magnetic bead associated cell sorting to 

enrich Müller cells from the retina and astrocytes from diencephalon, grey and white matter 

and subjected these cell fractions to tandem mass spectrometry. We found transcription 

factors of the nuclear factor 1 family and known astrocytic markers to be uniformly expressed 

across glial samples. Müller cells and diencephalic glia exhibited a close relationship on 

proteomic level indicating their common developmental origin. Furthermore, we identified 

SLMAP and ZEB1 to be specifically expressed in Müller cells or cortical astrocytes, 

respectively. Pathways that showed interregional differential regulation seemed to converge 

onto Hippo signalling and thereby the regulation of YAP/TAZ. Together our findings suggest 

that a region-specific modulation of this pathway might contribute to the variance in proliferative 

and stem cell characteristics of glia between retina, diencephalon, grey matter and white 

matter.  
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Introduction 

The central nervous system exhibits a degree of heterogeneity on cellular as well as 

developmental level which leads to interregional differences even between the same nominal 

cell type. In this work we focused on the non-myelinating macroglia of the murine central 

nervous system: astrocytes from three different brain regions, namely diencephalon, grey and 

white matter and retinal Müller cells. The relationship between diencephalic astrocytes and 

Müller cells was of special interest, since these developmentally both originate from the same 

secondary brain vesicle, while grey and white matter astrocytes stem from the telencephalon 

[1]–[3]. Although astrocytes and Müller cells serve comparable purposes across their 

respective tissues e.g. in clearing the tripartite synapse off neurotransmitters [4], [5], potassium 

siphoning [6]–[9] as well as metabolic coupling with neurons and blood vessels [10]–[12], there 

are also obvious morphological as well as functional differences. Most apparently, Müller cells 

are very elongated and bipolar in shape extending their processes across the entire thickness 

of the retina maintaining the morphology of a radial glia cell. Astrocytes on the other hand 

exhibit a rather equally arborized, but less polarized appearance. Other obvious differences of 

retinal Müller glia compared to brain astrocytes include their involvement in retinoid recycling 

in the visual cycle [13] and the increased presence of oxidative stress due to light exposure 

and as a result of the extremely high metabolic rate of photoreceptors [14], [15]. Additionally, 

Müller cells have been shown to contribute to the biomechanical stability of the retina providing 

the necessary traction forces [16], while comparably little is known in this regard about 

astrocytes. Both astrocytes and Müller glia exhibit stem cell potential of varying propensity 

depending on species, pathological state and tissue localization. In zebra fish, Müller cells can 

fully regenerate injured retina [17], while brain damage is resolved in the absence of classical 

astrocytes but rather through ependymal cells [18]. Although no such regeneration is found in 

mammalian retina, the limited capability of brain astrocytes to generate neurons after injury 

implies some degree of stem cell potential [19], [20]. This potential seems to vary not only 

between retina and brain, but also between astrocytes of different brain regions [21] indicating 

a broad heterogeneity of astroglia that can be further elaborated if one contemplates the 

diverse microenvironments these cells are integrated in. A better understanding of the variation 

or conservation of the astroglial proteomic landscape between regions of the central nervous 

system may allow not only the targeting of all or just specific subpopulations as necessary, but 

also the transfer of knowledge about one to the others. This should help advance the growing 

field in which the retina and retinal degeneration are used as "windows to the brain" in many 

neurological disorders, including neuromyelitis optica spectrum disorders (NMOSD), as well 

as Alzheimer's disease, multiple sclerosis, Parkinson's disease, or hyperkinetic disorders [22]–

[26]. 
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 Single cell transcriptomic profiling is a powerful tool to uncover cellular heterogeneity 

but suffers from shallow sequencing depth as compared to its bulk counterpart. Furthermore, 

studying transcript expression alone does not allow reliable conclusions on resulting protein 

levels due to posttranscriptional factors like differences in the translation rate or ribosome 

usage of distinct mRNAs, variance in protein stability or translational delay during a shift in cell 

state [27], [28]. Additionally, apart from some noncoding RNA species, it is typically the protein 

that drives the cell’s function. There have been efforts to untangle these levels of heterogeneity 

assessing differences between regions and cell-types in the retina [29]–[34] as well as the 

brain [21], [35]–[38] using transcriptomic and proteomic techniques. However, direct 

comparison between retinal and brain glia are missing. Consequently, to better understand 

glial functional heterogeneity, but also to identify commonalities, we used magnetic bead 

activated cell sorting to isolate Müller cells from the retina as well as astrocytes from cortical 

grey matter, diencephalon and white matter to generate cell type-specific proteome profiles.  

Results 

Magnetic activated cell sorting (MACS) allows the retrieval of enriched glial fractions for 

proteomic analysis. 

Müller cells from the retina and astrocytes from diencephalon, grey and white matter, 

respectively, were purified in a multistep procedure termed magnetic activated cell sorting 

(MACS) [33], [39], [40]. To validate efficient enrichment, we compared the glial fractions to 

their respective flow-through, which consists mostly of photoreceptors in the retina [33], and 

neuronal, but also other cell types including microglia in the brain.  

Immunostaining for the Müller cell marker glutamine synthetase (GLUL) confirmed a 

high purity of Müller cells (~70 %) in the retinal glial fraction (CD29+) and their almost complete 

absence from the respective flow-through (~2%, CD29-) (Fig. 1A). Importantly, the gentle 

MACS protocol allowed the cells to retain their characteristic polar morphology, in which the 

long inner and outer stem processes are still clearly discernible. This observation translated 

well to the respective protein expression data, where a highly specific expression of GLUL (Fig. 

1C) was found in the Müller cell fraction, while neuronal markers like cone arrestin (ARR3) or 

rod specific phosphodiesterase (PDE6B) were enriched in the flow-through fraction (Fig. S1).  

Similarly, the ACSA2+ brain astrocytic fractions showed specific expression of astroglial 

marker S100B in comparison to the respective flow-through fractions (Fig. 1C), while microglial 

and blood as well as innate immunity markers were enriched in the flow-through (Fig. S1). 

We also noticed a possible contamination with oligodendrocytes in the ACSA2+ fraction 

indicated by OLIG1 expression (Fig. S1). A previous study, where a similar MACS-based 

approach was used to isolate astrocytes from diencephalon, found a contamination with 

ependymal cells in the ACSA2+ fraction [21]. However, the ependymal-specific marker genes 
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defined by the authors were not present at significant levels in our diencephalic glia fractions 

(Fig. S1). Keeping these caveats in mind, we focused our deeper analysis of region-specific 

proteins on retina and grey matter.  

 

 
 
Figure 1: Protein signatures suggests closer relationship of Müller glia to subcortical astrocytes. From each 
individual mouse (n=5) Müller glia from retina and astrocytes from grey matter, white matter or diencephalon, 
respectively, were isolated via MACS protocol followed by tandem mass spectrometry to generate a combined 
proteomic data set. A: Müller cells were isolated targeting the surface marker CD29 after sequential depletion of 
CD11B+ microglia and CD31+ vascular cells. Immunostaining for Müller cell marker glutamine synthetase (GLUL) 
confirms the enrichment of Müller cells in the CD29+ fraction. A complete absence of GLUL was found in the 
respective flow-through. B: Proteomic profiling corroborated the glial character of the CD29- or ACSA2-positive 
fractions with an increased expression of glial markers S100B and GLUL in comparison to their respective glia-
depleted flow-through. C: Left: Principal component and distance (inset) analysis show distinct clusters for grey 
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matter astrocytes and retinal Müller glia (RMG), while astrocytes from diencephalon and white matter seem to 
intermingle.  

 

Tandem mass spectrometry uncovers close relationship of Müller glia with subcortical 

astrocytes. 

Proteomic analysis of the glial and flow-through fractions delivered a dataset with overall 

almost five thousand identified proteins. To further investigate the glia-intrinsic players 

responsible for heterogeneity, as well as the factors that define a shared macroglial identity, 

we based our analysis on proteins enriched in glial fractions relative to their neuron-rich 

counterparts. 3749 proteins met our requirements of being significantly enriched in a glial 

fraction of at least one CNS region (glia/flow-through expression ratio > 1, p-value < 0.05). We 

identified 78 proteins that did not show a significantly different expression between regions 

(ANOVA p-value > 0.05) but were glia-specific in every region (glia/flow-through expression p-

value < 0.05) (Tab. 2). One of these was glial fibrillary acidic protein (GFAP), which is known 

to be a marker for subcortical astrocytes [37], as well as reactive Müller cells [41]. NFIX and 

NFIA, transcription factors that were shown to play a role in Müller cell-driven retinal 

regeneration [42] were consistently and specifically expressed in all glial populations tested 

(Tab. 2).  

Principal component analysis (PCA), a common dimensionality reduction technique, 

showed distinct clusters for retinal Müller cells and grey matter astrocytes, respectively, while 

diencephalic and white matter astrocytic samples seemed to intermingle in a common, more 

diffuse cluster (Fig. 1C). A dendrogram based on Manhattan distance revealed a closer 

proteomic relationship between retinal Müller cells and subcortical astrocytes from the white 

matter and diencephalon, while grey matter samples clustered more distantly (Fig. 1C).  

The fact that diencephalon contains nerve fibre tracts and therefore inevitably also 

astrocytes of white matter origin, is recapitulated in the aforementioned close relationship of 

DE and WM through a substantial amount of similarly expressed proteins: Indeed, we found 

1817 proteins, which showed a global difference in variance (ANOVA p-value < 0.05) between 

all glial fractions but no significant difference between WM and DE (paired t-test p-value > 

0.05). Since we were interested in the major differences between the regions, especially the 

relationship between retinal Müller glia and the ontologically related diencephalic cells, we 

sought to separate WM and DE by excluding these proteins. This led to a clear separation of 

clusters in the PCA, as well as distance analysis, now revealing a closer connection between 

Müller cells and diencephalic than with white or grey matter astrocytes. (Fig. 2A) 

Next, we looked specifically for proteins that represented a diencephalic character by 

being expressed at comparable levels between retinal Müller cells and diencephalic astrocytes 

but showing significant difference with grey and white matter, respectively. Thus, we not only 
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excluded the aforementioned 1817 white matter/diencephalon proteins but those proteins with 

a significant difference between RMG and GM. The resulting 341 proteins (Fig. 2B) were 

analyzed using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) 

database, which features direct and indirect protein/protein interactions based on experimental 

and bioinformatic metrics [43], [44]. In addition, we implemented Cytoscape [45], a powerful 

software allowing the visualization and analysis of networks, that can be fitted with the 

stringApp [46] for in situ  STRING queries. Subclustering of the complete network via the 

Markov Cluster Algorithm (MCL) available through Cytoscape’s clusterMaker plugin [47] 

preceded pathway enrichment analysis. Proteins in the five largest STRING clusters were 

associated with synaptic vesicular signalling pathways as well as the Ras pathway, among 

others (Fig. 2C). The latter included proteins such as the GTPases HRAS, KRAS, NRAS, and 

RHOA, but also the proto-oncogenic tyrosine protein kinase SRC and the serine/threonine 

protein kinase MTOR, all of which are involved in a variety of cell biological functions such as 

growth and proliferation regulation and are considered proto-oncogenes [48], [49].  
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Figure 2: Subregional glial proteomic profiles suggest closest relationship of retinal Müller cells to 
diencephalic astrocytes. A: PCA analysis on basis of glial proteomes after exclusion of proteins that were not 
found to have differential expression between diencephalic and white matter astrocytes (DE vs. WM p > 0.05). B:  
Further excluding proteins that show a difference between RMG and grey matter (p < 0.05) and focusing on proteins 
with no expression difference between Müller cells and DE, resulted in 341 common proteins. C: Search and 
subclustering via STRING/Cytoscape resulted in several interconnected protein subclusters, of which the biggest 5 
were subjected to pathway enrichment analysis. Significant pathways were sorted by number of genes and only the 
top 5 are presented here. 14 proteins were assigned to the Ras signaling pathway and showed distinct expression 
pattern between glial cells from retina/diencephalon and grey matter. 

Identification and validation of region-specific glia proteins. 

Finally, to determine proteins specific for astrocytes of the individual regions, we performed 

differential protein expression analysis via ANOVA. For each group we found a set of glia-

specific proteins that were at least two-fold enriched compared to all glial populations 

investigated (Fig. S2A, Tab. S1). Amongst others, we found known Müller cell-specific markers 

like RDH10 or RLBP1 to be highly enriched in the retinal glia fraction, while ALDH1L1, often 

regarded a pan-astrocytic marker [37], showed highest expression in grey matter astrocytes 

(Tab. S1). Furthermore, this list includes a number of differentially expressed transcription 
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factors and potential novel marker proteins. For instance, Transcriptional coactivator YAP1 

(YAP1) (Fig. S2B) and Zinc Finger E-Box Binding Homeobox 1 (ZEB1) were enriched in grey 

matter astrocytes, while N-myc-interactor (NMI) was specific for retinal Müller glia (Tab. 3). 

Sarcolemmal Membrane-Associated Protein (SLMAP) showed on average an ~80-fold 

higher expression in Müller cells than in astrocytes of the different brain regions (Fig. 3A). 

Immunostaining confirmed this Müller cell specificity. In retinal sections, SLMAP exclusively 

localized to the Müller cell endfeet, their stem processes stretching towards the inner nuclear 

layer and to their cell somata (Fig. 3A). In contrast, SLMAP-positive cells were neither detected 

in grey or white matter nor in diencephalon (Fig. 3A, B), thereby establishing it as a novel 

Müller cell marker in mice to discriminate them from brain astrocytes. 

ZEB1 exhibited grey matter-specific expression (~17-fold vs. RMG and WM, ~3-fold vs. 

DE) in our proteomic analysis (Fig. 3C). Performing ZEB1 immunofluorescence staining using 

an antibody we validated to be highly specific for ZEB1 (Fig. S3), we found nuclear ZEB1 in 

S100B/SOX9-positive astrocytes (Fig. 3C). In grey matter most analysed cells (71.4 %) 

showed triple staining, validating the astrocyte-specific expression of this transcription factor 

in this region. In the white matter, about half of the cells (54.9%) showed SOX9/S100B staining, 

indicating their glial identity without being ZEB1-positive at the same time (Fig. 3D). Like in 

white matter, less than 50% of diencephalic astrocytes were ZEB1-positive (Fig. 3D). In 

support of the proteome profiles, ZEB1 could not be detected in Müller cells or any other cell 

type of the retina (Fig. 3D).  
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Figure 3: Expression of the region-specific glial proteins SLMAP and ZEB1. A: The SLMAP protein was 
enriched in Müller cells and was found exclusively in this cell type in immunostaining colocalized with the Müller cell 
marker glutamine synthetase (GLUL), whereas it was absent in astrocytes in the brain. B: Quantification of SLMAP 
in brain and retina shows Müller cell-specific localization. C: ZEB1 was found to be enriched in grey matter 
astrocytes on proteomic level and in immunofluorescence staining, while being absent from Müller cells. Blood 
vessels show typical unspecific staining due to the secondary anti-mouse antibody. D: Quantification of ZEB1 in 
the brain and retina shows that the number of ZEB1-positive astrocytes is highest in the gray matter, whereas in 
the white matter and diencephalon, a larger proportion of SOX9/S100B-positive astrocytes does not express ZEB1. 
We did not find any ZEB1-positive cells in the retina. B: n=3, D: n = 4. RMG, retinal Müller glia; DE, diencephalic 
astrocytes; GM, gray matter astrocytes; WM, white matter astrocytes.  

 
 As a transcription factor ZEB1 potentially has strong impact on the cell’s functional 

phenotype. For instance, it was shown that ZEB1 exhibits transcriptional repressor as well as 

activator activity, depending on the cellular and developmental context [50], [51]. This 

prompted us to investigate ZEB1 predicted target genes in our proteome data set. We used 

the oPOSSUM-3 webtool [52] to search for putative ZEB1 binding sites in the regulatory 

sequences of genes coding for the glia-specific proteins we have identified and found 1043 of 

those with a relative matrix score of > 96%, allowing only stricter matches of putative binding 

site and position weight matrix. Together with a set of known ZEB1 target genes directly 

validated in functional studies [51], [53], we found 251 proteins in our glia-specific proteomes 

(Tab. S2) to be significantly correlated in their expression with that of respective ZEB1 protein 

levels in the respective CNS regions. For 180 out of those 251 proteins we found a positive 

strong (absolute values 0.4 – 0.69; 207 proteins) to very strong (absolute values >0.7; 41 

proteins) Spearman correlation. Medium-chain acyl-CoA ligase (ACSF2) and Alpha-

aminoadipic semialdehyde dehydrogenase (ALDH7A1) showed highest Spearman correlation 

coefficients (>0.9), while from the 71 negatively correlated proteins Peptidyl-tRNA hydrolase 2 

(PTRH2) and Contactin-2 (CNTN2) stood out with values around -0.7 (Fig. 4). In particular, 

YAP1, a master regulator that plays a role in a variety of cellular functions including 

proliferation, regeneration, and mechanotransduction [54], [55] and is thought to interact with 

ZEB1 in a tumor-promoting manner [51], [53], was strongly correlated with ZEB1 at the level 

of protein expression (Fig. 4). Overall, we found enrichment of proteins associated with 

metabolic/mitochondrial processes, as well as proteins involved in mRNA splicing and 

nucleoside biosynthetic pathways, which are putatively under the control of ZEB1 especially in 

grey matter astrocytes.  
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Figure 4: Correlation of putatively ZEB1 regulated proteins with ZEB1 expression levels. We used the 
oPOSSUM-3 webtool to identify 251 proteins with predicted ZEB1 binding sites in their regulatory regions and a 
significant Spearman correlation in their protein expression with ZEB1. While YAP1, ALDH7A1 and ACSF2 showed 
strongest positive correlation, PTRH2 and CNTN2 were strongest negatively correlated with ZEB1. Log2 
transformed protein expression across samples are plotted for respective proteins as indicated on the x- and y-axis. 
RMG, retinal Müller glia; DE, diencephalic astrocytes; GM, gray matter astrocytes; WM, white matter astrocytes.  

 

Functional region-specific glia hallmarks 

We employed weighted gene correlation network analysis (WGCNA), an unsupervised method 

to uncover clusters of highly intercorrelated glial proteins, so called modules. Proteins 

belonging to one module are expressed in a similar pattern across all investigated samples, 

which then can be condensed into the so-called module eigengene. Similar to the first principal 

component, it is based on and summarizes the expression of the individual module proteins in 

one shared value, which in turn makes it possible to correlate whole modules with external 

traits, like age, sex, weight, disease phenotype or other experimental groups [56], [57]. 

Similarly, gene significance can be defined as the correlation of a single protein to an external 

trait, which might be of interest since all proteins of one module do not necessarily exhibit the 

same correlation. The fact that this method yields clusters of proteins that are not only 

differentially expressed between experimental groups but are also interconnected is 

advantageous for the subsequent discovery of underlying pathways. 

We were able to find distinct modules with highly interconnected proteins that showed 

a positive correlation with specific CNS macroglia populations. Of note, the modules differed 

regarding the number of proteins they are comprised of as well as in the strength of the 

correlation of their eigengene to the respective groups. Modules RMG_1 and RMG_2, totalling 

to 323 proteins, both had high positive correlation with retinal Müller glia (RMG), but no 

22 



significant correlation to any other group, showing its specificity (Fig. 5). The diencephalic (DE) 

module, comprising 489 candidate proteins, correlated positively with the diencephalic 

astrocyte fraction but also showed a negative correlation with grey matter, suggesting 

opposing regulation. The grey matter (GM) modules GM_1 and GM_2, containing 782 proteins 

in total, had a high positive correlation with cortical grey matter astrocytes with GM_2 being 

also negatively correlated with the white matter trait (Fig. 5). Lastly, the modules related to 

white matter (WM), WM_1 and WM_2, showed the smallest positive correlation values 

compared to the other groups’ modules, at the same time being highly negatively correlated to 

Müller cells or grey matter, respectively. This and the highest total number of proteins of all 

group-specific modules (974 proteins) indicate a comparatively lower specificity (Fig. 5). 

 

 

Figure 5: Expression data was subjected to weighted gene correlation network analysis (WGCNA) resulting 
in modules each comprised of hundreds of putatively co-regulated and interconnected proteins. In a next 
step the module eigengenes (ME) were correlated to external traits (respective CNS regions). Groups of proteins 
were identified that are not only highly correlated with specific glial subpopulations but are also interconnected in 
their expression. Positive correlation of MEs with respective external traits is represented by red color scales, while 
blue hues indicate negative correlation. Only modules with a significant, highly positive correlation with one of the 
regions are shown. The numbers to the left of the modules represent how many proteins in total they contain. 

 
After we subdivided the majority of the proteins in this way into groups related to the 

different putative glial populations, we set out to identify the major functional pathways 

potentially controlled by these protein sets. Our STRING/Cytoscape based pipeline with the 

region-related modules (filtered for being glia-specific in the respective region), as input yielded 

complex networks of hundreds of nodes (Fig. 6 A-D). We assumed that due to the character 

of the networks stemming from WGCNA and thus being putatively co-regulated in our system, 

functional enrichment analysis would be more informative in assigning interesting pathways to 

the modules. However, with these networks it produced unsatisfactory results, since the most 

significant terms, were very general (data not shown), meaning higher up in the respective 
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hierarchical gene ontology trees. This was possibly due to the high number of input proteins. 

Since nodes aggregated in dense sub-networks, we used the MCL clustering algorithm and 

obtained, depending on module size, up to 92 subclusters ranging in size from two to 169 

nodes. The five biggest clusters per glia population were chosen for separate functional 

enrichment analysis which identified major pathways accounting for most of the included 

proteins (Fig. 6A’-D’).  

The modules RMG_1 and RMG_2, correlating with retinal Müller glia, yielded one big 

cluster related to focal adhesion (KEGG pathways, FDR = 5.78*10-13 ,15/87 cluster proteins) 

and cell junction (GO-CC, FDR = 2.9*10-19, 33/87 cluster proteins) (Fig. 6A, A`). In contrast, 

the biggest cluster of grey matter modules GM_1 and GM_2 could almost entirely be explained 

with terms related to mRNA splicing and RNA processing with over one hundred (118) out of 

142 proteins falling within this category (Fig. 6C, C`). 

24 



 

25 



Figure 6: STRING Analysis of significant WGCNA modules. Modules determined to be highly correlated with 
glial subgroups by WGCNA contained proteins that were not enriched in the glia fraction of the respective region 
as compared to its flow-through. These were excluded before pathway analysis via the Search Tool for the Retrieval 
of Interacting Genes/Proteins (STRING) was performed, which resulted in highly complex network representations 
of the modules. Proteins are depicted as nodes while edges show their connections based on a score calculated 
from several experimental, text mining and database metrics with thicker edges indicating a higher score. Pathway 
enrichment analysis yielded no clear results due to the size and heterogeneity of these whole module networks. To 
leverage the full potential of the STRING data, further dissection was performed via subclustering of the main 
networks through the Cytoscape software and the MCL algorithm allowing more detailed insights into the pathways 
which together might explain the characters of the modules. A, B, C, D show main networks from Müller cells, 
diencephalon, grey matter and white matter, respectively, with the five major subclusters colored in red, blue, yellow, 
green, petrol.  A`, B`, C`, D` depict the corresponding subclusters derived by MCL and some noteworthy, enriched 
pathways (right). Rims of the nodes indicate gene significance. RMG, retinal Müller glia; DE, diencephalic 
astrocytes; GM, gray matter astrocytes; WM, white matter astrocytes.  

 
Interestingly, some subclusters originating from different modules were enriched in 

proteins of similar pathways. We contemplated proteins isolated from such clusters and 

examined their expression between the regions (Fig. 7). Comparing modules of white and grey 

matter, we found proteins related to ribosomes and translation to be prominent in individual 

subclusters of both regions (Fig. 7A). In direct comparison, we identified 46 proteins with at 

least twofold significant difference, of which most showed enhanced expression not only in 

white matter but also in diencephalon (Fig. 7A).  

Clusters originating from GM and DE-related modules contained a high number of proteins 

involved in mitochondrial pathways (Fig. 7B). While proteins of these subclusters have 

intermediate expression in RMG and WM, they show a clear differential expression between 

white and grey matter astrocytes (Fig. 7B), including 93 proteins with a minimum of twofold 

expression difference. Finally, through WGCNA coupled with STRING analysis we were able 

to find and correctly assign known Müller cell-specific proteins involved in the retinoic acid 

metabolism necessary for phototransduction to a specific RMG-related subcluster (Fig. 7C).  

 

 

Figure 7: Comparison of glia- and region-specific protein subclusters derived from STRING networks. 
STRING based network analysis delivered protein clusters with defined pathway association. Proteins of 
similar/identical pathways could be found in distinct subclusters of region-specific modules hinting to separate 
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regions using different proteins for a similar purpose. A: Volcano plot showing proteins originating from ribosome 
associated subclusters that are differentially expressed between grey matter (Fig 6C’, yellow) and white matter (Fig 
6D’, blue) astrocytes. Heat map represents proteins that are at least twofold different between WM and GM. While 
grey matter proteins are specific to that region, white matter proteins are also abundant in diencephalon. B: 
Differential expression of proteins of the mitochondrion pathway specifically enriched in either diencephalon (Fig 
6B’, blue) or grey matter (Fig 6C’, blue) with generally lower abundance in retinal Müller glia and white matter 
astrocytes. Heat map represents proteins that are at least twofold different between DE and GM. C: Proteins 
involved in the retinoic acid biosynthesis are characteristic for Müller cells and represent their unique involvement 
in opsin recycling in the retina. A, B: P: proteins showing significant difference at p < 0.05; P & Log2 FC: proteins 
significantly differing by at least twofold. RMG, retinal Müller glia; DE, diencephalic astrocytes; GM, gray matter 
astrocytes; WM, white matter astrocytes.  

 
Brain region-dependent complementary picture of transcriptional and translational 

regulation of glial genes 

High sequencing depth in bulk RNAseq and detailed separation of cell populations in single 

cell RNAseq allow first insights into cell biology. However, it is well known that protein synthesis 

rates do not necessarily follow transcriptional changes and vice versa, leading to the challenge 

in molecular and cell biology that one cannot simply extrapolate from mRNA amount to the 

resulting protein level and thus to the function of a cell [27], [58], [59]. To investigate the extent 

to which this discrepancy is reflected in our system, we checked comparable RNAseq datasets 

against the respective glial proteomes generated in the current study. Comparing the glia-

specific proteins with the transcriptional expression matrix of nearly 15000 genes, we found 

3534 to be matching in both datasets. For each gene, we calculated a mean expression value 

per region relative to the median across all samples of the respective dataset. This allowed us 

to compare the extent to which interregional regulation between datasets was maintained 

regardless of the underlying assay used to generate the datasets.  

Correlation values of 0.4 to 0.7 between transcript and protein have been reported in 

tightly controlled experiments [27], [28], [60], [61]. We found a rather weak correlation between 

our transcript and protein datasets (Fig 8A) with Spearman correlation values ranging between 

0.12 for grey matter and 0.34 for white matter astrocytes. We then asked whether the proteins 

for which we detected at least two-fold regional enrichment showed a comparable pattern at 

the transcriptional level and whether we could identify additional candidates using this 

combinatorial approach. Analogous to the analysis of proteomes, we first identified 1564 

transcripts with two-fold and significant enrichment in a region in at least one data set 

(proteome or transcriptome) (Fig. 8B, Tab. S3) that in addition needed to be present in both 

data sets. From these 1564 transcripts/proteins, 50.8 % and 30.4 %, respectively, showed 

such enrichment pattern exclusively in either transcripts or protein, encompassing for example 

ZEB1, which was only significant on protein level (Fig. 8B). 9.3% of genes were concordantly 

regulated between transcriptome and proteome - SLMAP was a member of this group (Fig. 

8B). The proportion of genes for which transcript levels correlated with the amount of the 

respective protein varied between regions. For example, RMG had the most RNA-exclusive 

genes, but also the highest proportion of concordant transcript/proteins (pie charts in Fig. 8B). 
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Interestingly, some genes were above the fold change threshold (>2-fold against other regions) 

on the transcriptome and protein level but reached significance in only one of the two datasets 

(Fig. 8B).  

After individual transcript-protein correlation, we used 2D-annotation enrichment [62] to 

determine pathways represented in up- or down-regulated genes/proteins per region with 

respect to their transcript-protein regulatory pattern (Fig. 8C). For example, we found that 

pathways related to mRNA processing are less represented at the transcriptome level in RMG, 

DE, and GM. However, consistently low expression of the corresponding proteins was 

detected only in RMG and DE, whereas GM astrocytes appeared to produce comparatively 

higher amounts of protein, than would have been inferred from the transcript levels. Together 

with the finding that ribosomal protein signatures differ significantly between GM astrocytes 

and their counterparts in other brain regions (Fig. 7A), this might indicate that even though 

transcripts for mRNA processing genes are expressed comparably low in these three regions, 

grey matter seems to maintain high protein levels hinting towards a region-specific 

predominantly posttranscriptional regulation for this gene group.  
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Figure 8. Correlation of region-specific glial proteomes and transcriptomes. A, B: Scatterplots show the 
interregional differences of proteins (x-axis) and transcript (y-axis). Each point represents the regional mean log10 
expression of an individual gene/protein above the median. A: Interregional regulation of all genes/proteins that 
were detected in both datasets is weakly correlated between transcriptome and proteome. B: Comparison of only 
significantly differentially expressed genes/proteins, that were at least twofold enriched in proteome or 
transcriptome in one region compared to all others. Only genes that were detected in both datasets are presented 
here. Pie charts indicate percentage of genes identified as differentially expressed in either RNA (red), proteome 
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(blue), or in both (purple or grey). C: 2D annotation enrichment analysis of differentially expressed genes reveals 
how pathways are regulated on transcriptome and proteome level. Orange: enriched UniProt keywords with 
concordant interregional regulation, black: enriched UniProt keywords with discordant interregional regulation. 
Positive enrichment score values indicate keywords with upregulated genes, while negative values represent 
downregulated genes. 

 

Discussion 

The glia of the central nervous system fulfil many similar functions but also exhibit region-

specific adaptations. In this study, we employed magnetic bead activated cell sorting in 

combination with proteomic profiling of enriched populations of mouse retinal Müller cells as 

well as astrocytes from murine diencephalon, grey matter and white matter to gain a deeper 

understanding of their common or differential functional kinship. We first checked for the global 

relationship between the glial subpopulations and found a close relationship between Müller 

cells and subcortical astrocytes with especially tight clustering of the latter. We identified 78 

proteins enriched in the glial fractions of all regions examined, but with no differences between 

the respective glial populations and thus can be considered a pan-astroglial core proteome. Of 

note, we found transcription factors of the nuclear factor 1 (NFI) family to be expressed 

uniformly in the three brain regions as well as in retinal Müller cells. These factors have been 

implicated in gliogenesis [63], [64] and, in line with our findings, were reported to be expressed 

across most brain regions [65]. In the retina, these factors seem to drive Müller cell maturation 

and retinal regeneration [42], [66], [67]. Accordingly, our data showing that NFI factors are 

ubiquitously expressed at protein level in mature glial cells of the central nervous system 

support the concept that this transcription factor family is important for the establishment and 

potential maintenance of a glial character. 

In line with the idea that from a developmental point of view retinal Müller cells should 

be closest related to DE astrocytes, we found that indeed Müller cell proteome matches best 

with that of diencephalic astrocytes and significantly less with that of grey or white matter 

counterparts. This may indicate that genetic programs that are maintained from developmental 

stages into adulthood persist in spatially separated cell types. The close relationship between 

Müller cells and DE astrocytes is based on a set of 341 shared proteins in our data set. These 

include proteins involved in various synaptic and vesicular transport pathways. Müller cells 

have been shown to be a major source of extracellular vesicles secreting various subtypes 

with partially distinct cargo [68], while comparatively little is known about secretory function of 

DE astrocytes. Furthermore, we observed a consistently higher expression of SRC- and RAS-

related proteins in glia of these CNS regions as compared to GM and WM astrocytes. These 

signal transduction proteins have been documented to be involved in a variety of cell biological 

processes and their mutant variants promote the development of various cancers by inducing 

continuous cell growth and division [48]. Their enhanced expression could contribute to the 

proliferative potential of Müller cells and DE astrocytes. However, since the latter have been 
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shown to exhibit some degree of proliferation in the adult, uninjured mouse brain [21], but 

Müller cells lack this ability [69]–[71], an additional molecular switch must be present to exploit 

the regenerative potential of Müller cells. In this context, a complex relationship between RAS 

and SRC signalling and YAP1 activation has previously been discussed [72], [73] (Fig. 9). 

However, because these are signalling cascades that can start from different cellular cues, it 

remains unclear which exact processes occur in Müller cells or DE astrocytes.  

Next, we focussed on the identification of proteins specific to the respective glial 

populations. We identified SLMAP as a Müller cell-specific protein that did not show expression 

in any other retinal or brain cell type. This gene or its regulatory regions could be used to drive 

the expression of molecular tools such as reporter genes, Cre recombinases, or Cas9-based 

constructs to answer research questions where differentiation between Müller cells and brain 

astrocytes is desired. This could be particularly useful since currently available glial transgenic 

lines are usually based on marker genes such as GLAST (Slc1a3) [74], [75] or Aldh1l1 [76], 

which cannot distinguish astrocytes from Müller cells. However, an expression in retinal 

astrocytes could not be ruled out definitively as our sorting protocol does not allow to separate 

them from Müller cells due to the aforementioned reasons. Consequently, such a model would 

require thorough validation. In addition, it has to be taken into account that considerable 

SLMAP expression has been detected in tissues outside the central nervous system, 

especially in muscle [77], [78]. Functionally, SLMAP was reported to confer the binding of the 

striatin-interacting phosphatase and kinase (STRIPAK) complex to mammalian 

serine/threonine-protein kinase 3 and 4 (STK3/4 alias MST1/2), which are then 

dephosphorylated [79] (Fig. 9). This in turn leads to the inactivation of the Hippo signalling 

pathway and subsequent translocation of YAP1 into the nucleus [80].  This is followed by the 

activation of its downstream targets which are associated amongst others with increased 

proliferation and cell cycle entry [55]. In contrast to this finding, two studies independently 

reported that inhibition of YAP1 signalling via the Hippo pathway prevents Müller cell 

proliferation upon injury in mammals whereas proliferation is induced via enhanced YAP1 

activation [70], [71], [81]. Thus, a SLMAP/STRIPAK independent cascade might contribute to 

Müller cell quiescence in mammals – a regulatory pathway that might not be active in the 

otherwise closely related DE astrocytes with higher proliferative activity than Müller cells.  

In contrast, grey matter astrocytes seem to have a higher propensity for proliferation 

after injury [82], [83] and we found them to express highest ZEB1 protein levels as compared 

to all other investigated glial populations. ZEB1, a transcriptional regulator, is not only a major 

agent of epithelial to mesenchymal transition [50], [84], [85] but is also able to physically 

cooperate with YAP1 and induce a subset of its targets [51], [53] (Fig. 9). In adult hippocampus, 

ZEB1 seems to play a pivotal role in self-renewal, as it drives asymmetric cell division of radial 

glia and inhibits their premature acquisition of a neuronal cell fate [86]. Accordingly, elevated 
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expression of ZEB1 and YAP1 levels would indicate an increased proliferative capacity of grey 

matter astrocytes.  

 

 

Figure 9: Proteins with interregional difference in expression pattern between retinal and brain glia seem 
to belong to a network of pathways converging on Hippo signaling (purple). In Müller cells (yellow), a high 
expression of SLMAP might confer dephosphorylation of MST1/2 and the subsequent activation of YAP1. Grey 
matter’s (red) increased ZEB1 expression might not only be able to induce EMT, it can also coregulate YAP1 target 
genes by physical interaction. Furthermore, alternative splicing of TEAD1 (dashed arrow) was also implicated in the 
modulation of YAP1 dependent transcriptional regulation. Diencephalic and retinal glia (green) exhibit elevated 
levels of SRC and RAS. While SRC was reported to directly influence Hippo signaling by LATS1/2 inhibition, RAS 
and YAP1 were shown to fulfil complementary functions in cancer. 

 
In contrast to that, a recent study provided evidence for injury-independent proliferative 

astrocytes in diencephalon [21], a region showing intermediate ZEB1 and low YAP1 

expression in our proteomic data (Fig. S2B). One possible explanation for this discrepancy 

could be alternative splicing, an additional function of ZEB1 that has been demonstrated in 

vitro in the context of EMT [87]. Some evidence supporting this hypothesis can be deduced 

from our proteome data as well. We saw proteins of alternative splicing pathways being 

specifically upregulated in GM astrocytes. Moreover, the genes that had a predicted ZEB1-

binding site in their regulatory region and were co-expressed with ZEB1 at high levels in GM 
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astrocytes largely belonged to protein families involved in mRNA processing and alternative 

splicing. The significance of this finding is corroborated by the notion that alternative splicing 

seems to play a role in cortical fate determination between neuronal progenitor cells and 

neurons via RNA binding protein fox-1 homolog (RBFOX) proteins [88]. RBFOX2 was recently 

shown to lead to the alternative splicing of Transcriptional enhancer factor TEF-1 (TEAD1), a 

co-effector of YAP1, with a concomitant modulation in transcriptional activation and oncogenic 

potential in human cell lines [89]. Lastly, when comparing our complementary RNAseq with 

proteome data, we found transcripts of splicing related genes to be downregulated in grey 

matter hinting towards a posttranscriptional regulation. In this scenario ZEB1 would act as a 

transcriptional switch, whereas final protein abundance would be tuned on higher regulatory 

levels such as mRNA or protein stability/degradation, alternative splicing or posttranslational 

modification. A similar hypothesis regarding this kind of mechanism was recently developed 

and promoted by Vogel and Marcotte [28]. 

 

Conclusion 

In this study, we used a multi-omic approach in combination with a toolbox of different 

bioinformatics instruments to uniquely decipher the relationship between brain astroglia and 

retinal Müller cells. The complexity of the resulting data forced us to focus on few cell biological 

pathways. However, our analysis does not exhaust the information content of the dataset and 

sets the stage for further investigation into additional region-specific or common glial protein 

networks in the future. Many of the pathways with interregional differential expression 

described here appear to converge onto the YAP1 pathway and ZEB1-mediated alternative 

splicing between glial subpopulations of central nervous system including the retina. A deeper 

understanding of these mechanisms may help to uncover not only the origin of differences in 

injury-induced reactive gliosis and resulting proliferation, but also to translate findings from one 

type of glia to another. 
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Materials and Methods 

Magnetic activated cell sorting (MACS) 

Müller cells were isolated from retina following an established protocol [33]. Briefly, murine 

retinae were dissected (C57BL/6J, 3 months of age, 3 animals per sample, same individuals 
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as for brain) and digested with papain to receive a cell suspension. Microglia, endothelial cells 

and Müller cells were extracted in a sequential manner using cell-type-specific magnetic 

microbeads: First, CD11b MicroBeads (130-049-601, Miltenyi Biotec) were used to deplete 

microglia from the cell suspension, following by depletion of endothelial cells with CD31 

MicroBeads (130-097-418, Miltenyi Biotec). Finally, we captured the Müller cell fraction by 

selection with biotinylated anti-CD29 antibody (130-101-943, Miltenyi Biotec) in combination 

with anti-biotin MicroBeads (130-090-485, Miltenyi Biotec). 100 µl of Müller cell and flow-

through fraction, respectively, were fixed in 400 µl 4% paraformaldehyde for 15 minutes at 

room temperature. After centrifugation at 600 g for 10 minutes, we discarded the supernatant 

and resuspended the cells in 50 µl phosphate buffered saline (PBS), before transferring the 

suspension on a microscope slide. The rest of the CD29+ and the flow through (CD11b-CD31-

CD29-) fractions were centrifuged at 13 000g, 15 min. Supernatants were removed and cell 

pellets stored at -80 °C until processing for tandem mass spectrometry. 

Astrocytes were enriched from three different brain regions in a similar manner.  

Briefly, brains were dissected from adult mice (C57BL/6J, 3 months of age, 3 animals per 

sample, same individuals as for retina) and divided into cortical grey matter, white matter and 

diencephalon. Additionally, meninges were manually removed during dissection to avoid 

contamination with vascular cells. The brain regions were mechanically dissociated with the 

gentleMACS Octo Dissociator (Adult Brain Dissociation Kit, 130-107-677, Miltenyi Biotec) to 

receive a single cell solution. Cells were passed through a 70-μm strainer and labeled with 

astrocyte-specific magnetic beads (Anti-ACSA-2 MicroBead Kit, 130-097-678, Miltenyi Biotec) 

for 15 min. after which they were loaded on MS columns for separation by an OctoMACS 

magnet. The debris removal step was prolonged by 10 minutes during phase formation which 

lead to an increase in cell number yield. ACSA2+ and flow through fractions were centrifuged 

at 13 000 g, 15 min. Supernatants were removed and cell pellets stored at -80 °C until 

processing for tandem mass spectrometry. 

 

Tandem mass spectrometry 

MACS sorted cells were proteolysed by a modified FASP protocol [33], [90]. Briefly, proteins 

were reduced and alkylated in solution using dithiothreitol and iodoacetamide. After dilution to 

4 M urea the denatured protein samples were centrifuged on a 30 kDa filter device (PALL). 

After several washing steps using 8 M urea and 50 mM ammoniumbicarbonate, proteins were 

digested on the filter by Lys-C and trypsin overnight. Generated peptides were eluted by 

centrifugation, acidified with TFA and stored at -20 °C. 

Samples were measured on a QExactive HF mass spectrometer (Thermo scientific) online 

coupled to an Ultimate 3000 nano-RSLC (Dionex). Tryptic peptides were automatically loaded 

on a trap column (300 µm inner diameter (ID) × 5 mm, Acclaim PepMap100 C18, 5 µm, 100 
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Å, LC Packings) prior to C18 reversed phase chromatography on the analytical column 

(nanoEase MZ HSS T3 Column, 100 Å, 1.8 µm, 75 µm x 250 mm, Waters) at 250 nl/min flow 

rate in a 95 minutes non-linear acetonitrile gradient from 3 to 40% in 0.1% formic acid. Profile 

precursor spectra from 300 to 1500 m/z were recorded at 60000 resolution with an automatic 

gain control (AGC) target of 3e6 and a maximum injection time of 50 ms. Subsequently TOP10 

fragment spectra of charges 2 to 7 were recorded at 15000 resolution with an AGC target of 

1e5, a maximum injection time of 50 ms, an isolation window of 1.6 m/z, a normalized collision 

energy of 28 and a dynamic exclusion of 30 seconds. 

Acquired raw data was analyzed in the Proteome Discoverer 2.2 SP1 software (Thermo 

Fisher Scientific; version 2.2.0.388) for peptide and protein identification via a database search 

(Sequest HT search engine) against the SwissProt Mouse database (SwissProt Mouse release 

2017_02, 16872 sequences), considering full tryptic specificity, allowing for up to one missed 

tryptic cleavage site, precursor mass tolerance 10 ppm, fragment mass tolerance 0.02 Da. 

Carbamidomethylation of cysteine was set as a static modification. Dynamic modifications 

included deamidation of asparagine and glutamine, oxidation of methionine, and a combination 

of methionine loss with acetylation on protein N-terminus. The Percolator algorithm [91] was 

used for validating peptide spectrum matches and peptides. Only top-scoring identifications for 

each spectrum were accepted, additionally satisfying a false discovery rate < 1% (high 

confidence). The final list of proteins satisfying the strict parsimony principle included only 

protein groups passing an additional protein confidence false discovery rate < 5% 

(target/decoy concatenated search validation). 

Quantification of proteins, after precursor recalibration, was based on intensity values 

(at RT apex) for all unique peptides per protein. Peptide abundance values were normalized 

on total peptide amount. Missing values were replaced with random values between the 

minimum and the lower 5 percent of all detected values. The protein abundances were 

calculated summing the abundance values for admissible peptides. The final protein ratio was 

calculated using median abundance values of five biological replicates each. The statistical 

significance of the ratio change was ascertained with ANOVA and the respect P values are 

adjusted for multiple testing by Benjamini-Hochberg correction. To define the glia-specific 

subset, proteins were filtered per region as follows: 1) ratio between glia and flowthrough 

fraction > 1, p-value < 0.05; 2) exclude proteins with no “high” ratings in glial fraction’s “Found 

in Sample” columns; 3) exclude proteins that show more than 1 “not found” rating in glial 

fraction’s “Found in Sample” columns.  

 

Immunofluorescent labelling 

For the assessment of the of Müller glia enrichment, we stained the dried samples on slide 

with an antibody against the Müller cell marker glutamine synthetase.  
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Paraformaldehyde fixed retinal cryosections were washed in PBS and primary antibodies were 

diluted in PBS containing 0.5 % Triton X-100 and 2 % bovine serum albumin (BSA). Sections 

were incubated in primary antibody solution at 4 °C over night followed by several washing 

steps with PBS. Finally, we applied the secondary antibody solution (secondary antibody 

1:500, nuclear stain DAPI) for 1.5 to 2 h at room temperature. Confocal images were taken 

with a custom-made VisiScope CSU-X1 confocal system (Visitron Systems, Puchheim, 

Germany) equipped with high-resolution sCMOS camera (PCO AG, Kehlheim, Germany). 

 

Table 1: Primary and secondary antibodies used for immunofluorescence staining. 

Primary antibodies host Company Catalogue number / Reference Dilution 

GLUL mouse Merck  MAB302 1:500 

ZEB1 rabbit Sigma-Aldrich HPA027524 1:1500 

GFAP mouse Sigma-Aldrich G3893 1:500 

S100B mouse Sigma-Aldrich S2532 1:300 

SLMAP mouse  Santa Cruz sc-393336 1:200 

SOX9 goat R&D Systems AF3075 1:500 

Secondary 

antibodies 
    

Anti-rabbit-Cy3 goat Dianova 111-165-144 1:500 

Anti-mouse-AF488 goat LifeTech A-1109 1:500 

Anti-mouse-AF488 donkey LifeTech A21202 1:500 

Anti-rat-cy3 goat Dianova 112-165-167 1:500 

Anti-goat-cy3 donkey Dianova 705-165-147 1:500 

Anti-rabbit-cy3 goat Dianova 111-605-144 1:500 

 

For verification of ZEB1 expression in cortical GM, WM and diencephalon astrocytes, 

immunostainings were performed in adult (3 or 4 month old) mice. Mice were anaesthetized 

by intraperitoneal injection of ketamine (100 mg/kgbw) and xylazine (10 mg/kgbw) and after 

transcardial perfusions with 4% paraformaldehyde (PFA, vol/vol; Roth) in PBS for 20 min, 

brains were postfixed overnight. For immunohistology, 40 μm sections were pre-incubated for 

1 h in blocking solution (3% Bovine Serum Albumin (Sigma-Aldrich, A2153), 0.5% Triton X-

100 (Sigma) in PBS). The following primary antibodies (against ZEB1, SOX9 and S100β) were 

diluted in blocking solution and incubated with the sections for 24 h at 4°C. After washing in 

PBS, secondary antibodies were diluted in blocking solution and incubated at room 

temperature for 2 h using fluorophore-coupled antibody to mouse IgG AF488, antibody to goat 

IgG Cy3 and antibody to rabbit AF647. Confocal images were taken using Zeiss LSM710 

microscope at 25X magnification, with a z-stack step size of 1 μm. Quantification of 
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immunostaining was performed on the multi-channel, maximum intensity projection images 

using Fiji/ImageJ software.  

The specificity of anti-ZEB1 antibodies was determined by checking the expression 

level of ZEB1 after CRISPR mediated knock-out using transgenic wt-Cas9 R26-Cas9 Fezh 

(Jax: 024858, [92]) mice. Zeb1 targeting gRNAs (CATTTATCCTGAGGCGCCCG & 

TGTCATATGACGTTCAAGCT or GTACCGCCATGAGAAGAACG & 

CCCGCAGGGTTACTCTTGTG) were cloned into STAgR constructs containing a fluorophore 

(tdTomato) as previously described [93]. In brief, postnatal astrocyte cultures were made from 

P5 as previously described [94]. Subsequently, the astrocytes were transfected with DNA-

liposome complexes prepared in OptiMem (Thermo Fisher Scientific, 31985070) medium 

using the STAgR plasmids and Lipofectamine 2000 (Thermo Fisher Scientific,11668030). The 

efficiency of knockdown and specificity of the ZEB1 antibody was checked by immunostaining 

7 days post transfection.  

 

RNAseq 

Isolation of RNA from brain samples was performed using RNeasy Micro Kit (Qiagen) before 

reverse transcription with Ovation RNA-seq System v2 (NuGEN). cDNA fragmentation and 

library preparation with sample specific indices was done using Xpress Plus gDNA and 

Amplicon Library Preparation kit (Thermo Fisher Scientific). Pooled libraries were sequenced 

on an Ion Proton Sequencer. Raw reads were demultiplexed and barcodes and adapters were 

trimmed, before quality control via FASTQC (Babraham Bioinformatics) and alignment to 

mouse genome with STAR software (version 2.4.2a [95]) 

 

Bioinformatic analyses 

Differential protein expression and other statistical analyses were performed using R 

programming language in RStudio unless stated otherwise. For heatmap visualization [96], 

normalized protein abundance values of individual samples are expressed relative to their 

median across all samples and log10 transformed. Volcano plots were drawn using the 

EnhancedVolcano package [97], PCA and dendrograms were plotted with factoextra [98]. 

Distances were calculated using Manhattan distance as it is thought more suitable for high 

dimensional data than Euclidean distance [99], including but not limited to the fact, that in 

Euclidean distance high variation in few variables or outliers might exaggerate the metric. 

Clustering was done via the Ward algorithm implemented in the hclust function using ward.D2 

method suggested for proteomics data [100]–[102]. 

For WGCNA, filtered, glia-specific protein values for all regions were log2 transformed and 

used as input for a workflow in general concordance to the guidelines of Horvath et al. [56] as 
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well as Neueder and Bates [103]. First, the bicor function was used to calculate pairwise 

correlation between all proteins. To construct a signed adjacency matrix and achieve 

approximate scale-free topology (R² > 0.8), the correlation matrix was raised to the soft-

thresholding power of 26. This matrix, describing the direct pairwise relationships between 

individual proteins, was the basis to calculate the topological overlap matrix (TOM) which 

additionally takes the respective connections to all other proteins into account [104]. Distance 

and clustering analysis on the TOM allowed us to cluster similar proteins into modules, which 

were merged if the eigengene correlation was bigger than 0.2 resulting in 14 distinct modules. 

Using the eigengenes, we were able to correlate the modules with CNS region membership 

defined as external trait. To select modules of interest we further calculated gene significance, 

which is a measure of protein-trait correlation as well as module membership (kME) describing 

how well a protein fits into its associated module. Modules of interest had to fulfil following 

criteria: I) eigengene-region correlation > 0.5, p-value < 0.05, II) no significant positive 

correlation with other regions, III) correlation between kME and gene significance > 0.5, p-value 

< 0.05. The last criterion ensured that not only the module as a whole was correlated with the 

trait, but also the individual proteins and that these proteins were indeed highly interconnected. 

While these criteria were perfectly met by modules related to RMG and GM, we excluded one 

module connected to diencephalon, since it also showed weak positive correlation with white 

matter. There were no modules adhering to these standards for white matter, which is why we 

decided to take the closest possible modules. 

 Modules derived from WGCNA represent networks of genes that show similar 

expression pattern across the analysed samples. To uncover and visualize the underlying 

pathways we used the module genes as input for STRING analysis inside the Cytoscape 

(version 3.8.0) plugin stringApp (version 1.5.0) with default settings. We excluded nodes 

without connections before subclustering with the MCL algorithm of the ClusterMaker (version 

1.3.1) plugin using the combined STRING score as array source and setting the inflation value 

to 2.2. The nodes of the five biggest subclusters were coloured in red, blue, yellow, green, and 

petrol from biggest to smallest. Furthermore, the border paint of the subclusters was mapped 

to the gene significance, with blue hues representing negative and red hues positive correlation 

of the gene to the respective trait. Functional enrichment was performed separately for 

individual subclusters against the whole genome as background. 

 For oPOSSUM transcription factor binding site analysis we used glia-specific proteins 

and searched their putative regulatory regions (default values: 5000 bp up/downstream) for 

predicted ZEB1 binding sites based on binding motifs from the JASPAR database [105] with 

otherwise default settings.  

 2D annotation enrichment was performed using the Perseus software [62] with the 

means of the median transformed values of genes/proteins that that were at least twofold 
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enriched in one region against all others. For annotation we used UniProt keywords at a FDR 

of 0.05 and plotted the enrichment scores for terms with more than 10 members.  

General image analysis was performed using Fiji [106]. 

 

Table 2. Proteins with no significant difference between regions (ANOVA p-value >= 0.05), but glia-specific in every 
region (p-value < 0.05). 

Protein Name UniProt ID Description  

Acadsb Q9DBL1 Short/branched chain specific acyl-CoA dehydrogenase, mitochondrial  

Acadvl P50544 Very long-chain specific acyl-CoA dehydrogenase, mitochondrial  

Actbl2 Q8BFZ3 Beta-actin-like protein 2  

Acy3 Q91XE4 N-acyl-aromatic-L-amino acid amidohydrolase (carboxylate-forming)  

Aldh9a1 Q9JLJ2 4-trimethylaminobutyraldehyde dehydrogenase  

Anapc4 Q91W96 Anaphase-promoting complex subunit 4  

Arhgdia Q99PT1 Rho GDP-dissociation inhibitor 1  

Atic Q9CWJ9 Bifunctional purine biosynthesis protein PURH  

Bag5 Q8CI32 BAG family molecular chaperone regulator 5  

Bzw1 Q9CQC6 Basic leucine zipper and W2 domain-containing protein 1  

Cad B2RQC6 CAD protein  

Cap1 P40124 Adenylyl cyclase-associated protein 1  

Capns1 O88456 Calpain small subunit 1  

Cc2d1b Q8BRN9 Coiled-coil and C2 domain-containing protein 1B  

Cd81 P35762 CD81 antigen  

Cope O89079 Coatomer subunit epsilon  

Coro1c Q9WUM4 Coronin-1C  

Cpt2 P52825 Carnitine  

Cryzl1 Q921W4 Quinone oxidoreductase-like protein 1  

Dhrs4 Q99LB2 Dehydrogenase/reductase SDR family member 4  

Dnaja1 P63037 DnaJ homolog subfamily A member 1  

Eif4a2 P10630 Eukaryotic initiation factor 4A-II  

Fam98b Q80VD1 Protein FAM98B  

Fmr1 P35922 Synaptic functional regulator FMR1  

Fscn1 Q61553 Fascin  

Gart Q64737 Trifunctional purine biosynthetic protein adenosine-3  

Gca Q8VC88 Grancalcin  

Gfap P03995 Glial fibrillary acidic protein  

Gga1 Q8R0H9 ADP-ribosylation factor-binding protein GGA1  

Gyg1 Q9R062 Glycogenin-1  

Hsd17b8 P50171 Estradiol 17-beta-dehydrogenase 8  

Hsp90b1 P08113 Endoplasmin  

Idh2 P54071 Isocitrate dehydrogenase [NADP], mitochondrial  

Itm2b O89051 Integral membrane protein 2B  

Ldah Q8BVA5 Lipid droplet-associated hydrolase  

Lrrc57 Q9D1G5 Leucine-rich repeat-containing protein 57  

Macf1 Q9QXZ0 Microtubule-actin cross-linking factor 1  

Mapre1 Q61166 Microtubule-associated protein RP/EB family member 1  

Mink1 Q9JM52 Misshapen-like kinase 1  

Mthfd1 Q922D8 C-1-tetrahydrofolate synthase, cytoplasmic  
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Naga Q9QWR8 Alpha-N-acetylgalactosaminidase  

Naxd Q9CZ42 ATP-dependent (S)-NAD(P)H-hydrate dehydratase  

Ndufb1 P0DN34 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1  

Nfix P70257 Nuclear factor 1 X-type  

Npepps Q11011 Puromycin-sensitive aminopeptidase  

Nt5c3b Q3UFY7 7-methylguanosine phosphate-specific 5'-nucleotidase  

Nudt4 Q8R2U6 Diphosphoinositol polyphosphate phosphohydrolase 2  

Pdia4 P08003 Protein disulfide-isomerase A4  

Plec Q9QXS1 Plectin  

Pls3 Q99K51 Plastin-3  

Ppp2r5a Q6PD03 Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit alpha isoform  

Prdx3 P20108 Thioredoxin-dependent peroxide reductase, mitochondrial  

Psma2 P49722 Proteasome subunit alpha type-2  

Psmb6 Q60692 Proteasome subunit beta type-6  

Rabggtb P53612 Geranylgeranyl transferase type-2 subunit beta  

Rac1 P63001 Ras-related C3 botulinum toxin substrate 1  

Rcbtb1 Q6NXM2 RCC1 and BTB domain-containing protein 1  

Rdx P26043 Radixin  

Rnpep Q8VCT3 Aminopeptidase B  

Rock1 P70335 Rho-associated protein kinase 1  

Selenbp1 P17563 Selenium-binding protein 1  

Slc12a9 Q99MR3 Solute carrier family 12 member 9  

Slc25a23 Q6GQS1 Calcium-binding mitochondrial carrier protein SCaMC-3  

Snx1 Q9WV80 Sorting nexin-1  

Snx27 Q3UHD6 Sorting nexin-27  

Snx6 Q6P8X1 Sorting nexin-6  

Tbrg4 Q91YM4 Protein TBRG4  

Tmem47 Q9JJG6 Transmembrane protein 47  

Tollip Q9QZ06 Toll-interacting protein  

Trap1 Q9CQN1 Heat shock protein 75 kDa, mitochondrial  

Trim9 Q8C7M3 E3 ubiquitin-protein ligase TRIM9  

Ttc38 A3KMP2 Tetratricopeptide repeat protein 38  

Twf1 Q91YR1 Twinfilin-1  

Vamp4 O70480 Vesicle-associated membrane protein 4  

Wars P32921 Tryptophan--tRNA ligase, cytoplasmic  

Wdyhv1 Q80WB5 Protein N-terminal glutamine amidohydrolase  

Ywhaq P68254 14-3-3 protein theta  

Zw10 O54692 Centromere/kinetochore protein zw10 homolog  

 

Table 3. Glia-specific, differentially expressed transcriptional regulators. Proteins having an entry in the 
“enriched in” column are at least twofold enriched in the stated region. Proteins were classified to have 
transcriptional regulation by Genomatix software (http://www.genomatix.de), furthermore proteins of the type “TF” 
are transcription factors or cofactors according to Panther database (protein class ids PC00218 or PC00217). 

Protein name Enriched in  type UniProt ID Description  

Dpf3 GM TF P58269 Zinc finger protein DPF3 

Morf4l1 GM TF P60762 Mortality factor 4-like protein 1 

Phf10 GM TF Q9D8M7 PHD finger protein 10 

Pqbp1 GM TF Q91VJ5 Polyglutamine-binding protein 1 

Taf10 GM TF Q8K0H5 Transcription initiation factor TFIID subunit 10 
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Yap1 GM TF P46938 Transcriptional coactivator YAP1 

Zeb1 GM TF Q64318 Zinc finger E-box-binding homeobox 1 

Zhx1 GM TF P70121 Zinc fingers and homeoboxes protein 1 

Zhx2 GM TF Q8C0C0 Zinc fingers and homeoboxes protein 2 

Nmi RMG TF O35309 N-myc-interactor 

Arnt2  TF Q61324 Aryl hydrocarbon receptor nuclear translocator 2 

Cnot1  TF Q6ZQ08 CCR4-NOT transcription complex subunit 1 

Cnot3  TF Q8K0V4 CCR4-NOT transcription complex subunit 3 

Cnot7  TF Q60809 CCR4-NOT transcription complex subunit 7 

Ctbp1  TF O88712 C-terminal-binding protein 1 

Ctbp2  TF P56546 C-terminal-binding protein 2 

Dpf2  TF Q61103 Zinc finger protein ubi-d4 

Ewsr1  TF Q61545 RNA-binding protein EWS 

Fus  TF P56959 RNA-binding protein FUS 

Gtf2a2  TF Q80ZM7 Transcription initiation factor IIA subunit 2 

Gtf2b  TF P62915 Transcription initiation factor IIB 

Gtf2f1  TF Q3THK3 General transcription factor IIF subunit 1 

Hdgf  TF P51859 Hepatoma-derived growth factor 

Hmgb1  TF P63158 High mobility group protein B1 

Kat7  TF Q5SVQ0 Histone acetyltransferase KAT7 

Khdrbs1  TF Q60749 
KH domain-containing, RNA-binding, signal transduction-
associated protein 1 

Mettl14  TF Q3UIK4 N6-adenosine-methyltransferase subunit METTL14 

Morf4l2  TF Q9R0Q4 Mortality factor 4-like protein 2 

Mybbp1a  TF Q7TPV4 Myb-binding protein 1A 

Ncor2  TF Q9WU42 Nuclear receptor corepressor 2 

Nfia  TF Q02780 Nuclear factor 1 A-type 

Nfyc  TF P70353 Nuclear transcription factor Y subunit gamma 

Nr2f1  TF Q60632 COUP transcription factor 1 

Olig1  TF Q9JKN5 Oligodendrocyte transcription factor 1 

Olig2  TF Q9EQW6 Oligodendrocyte transcription factor 2 

Phc2  TF Q9QWH1 Polyhomeotic-like protein 2 

Psip1  TF Q99JF8 PC4 and SFRS1-interacting protein 

Purb  TF O35295 Transcriptional activator protein Pur-beta 

Rxrb  TF P28704 Retinoic acid receptor RXR-beta 

Sap30bp  TF Q02614 SAP30-binding protein 

Smad4  TF P97471 Mothers against decapentaplegic homolog 4 

Smarcc1  TF P97496 SWI/SNF complex subunit SMARCC1 

Smarcc2  TF Q6PDG5 SWI/SNF complex subunit SMARCC2 

Snw1  TF Q9CSN1 SNW domain-containing protein 1 

Sox1  TF P53783 Transcription factor SOX-1 

Sp1  TF O89090 Transcription factor Sp1 

Sp3  TF O70494 Transcription factor Sp3 

Stat3  TF P42227 Signal transducer and activator of transcription 3 

Stat5a  TF P42230 Signal transducer and activator of transcription 5A 

Taf9  TF Q8VI33 Transcription initiation factor TFIID subunit 9 

Tcea1  TF P10711 Transcription elongation factor A protein 1 

Tcerg1  TF Q8CGF7 Transcription elongation regulator 1 

Tcf12  TF Q61286 Transcription factor 12 

Thrap3  TF Q569Z6 Thyroid hormone receptor-associated protein 3 

Yy1  TF Q00899 Transcriptional repressor protein YY1 
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Ccnk DE  O88874 Cyclin-K 

Smchd1 DE  Q6P5D8 
Structural maintenance of chromosomes flexible hinge 
domain-containing protein 1 

Suds3 DE  Q8BR65 
Sin3 histone deacetylase corepressor complex component 
SDS3 

Zmynd11 DE  Q8R5C8 Zinc finger MYND domain-containing protein 11 

Brd8 GM  Q8R3B7 Bromodomain-containing protein 8 

Brms1l GM  Q3U1T3 Breast cancer metastasis-suppressor 1-like protein 

Gatad2b GM  Q8VHR5 Transcriptional repressor p66-beta 

Hnrnpa2b1 GM  O88569 Heterogeneous nuclear ribonucleoproteins A2/B1 

Nono GM  Q99K48 Non-POU domain-containing octamer-binding protein 

Npm1 GM  Q61937 Nucleophosmin 

Actn4 RMG  P57780 Alpha-actinin-4 

Ctnnb1 RMG  Q02248 Catenin beta-1 

Maged1 RMG  Q9QYH6 Melanoma-associated antigen D1 

Myo6 RMG  Q64331 Unconventional myosin-VI 

Dnmt3a WM  O88508 DNA (cytosine-5)-methyltransferase 3A 

Toe1 WM  Q9D2E2 Target of EGR1 protein 1 

Add1   Q9QYC0 Alpha-adducin 

Aip   O08915 AH receptor-interacting protein 

Alyref   O08583 THO complex subunit 4 

Apex1   P28352 DNA-(apurinic or apyrimidinic site) lyase 

Arid1a   A2BH40 AT-rich interactive domain-containing protein 1A 

Arrb1   Q8BWG8 Beta-arrestin-1 

Asah1   Q9WV54 Acid ceramidase 

Atrx   Q61687 Transcriptional regulator ATRX 

Basp1   Q91XV3 Brain acid soluble protein 1 

Brd2   Q7JJ13 Bromodomain-containing protein 2 

Brd3   Q8K2F0 Bromodomain-containing protein 3 

Brd4   Q9ESU6 Bromodomain-containing protein 4 

Btf3   Q64152 Transcription factor BTF3 

Cbx1   P83917 Chromobox protein homolog 1 

Cbx3   P23198 Chromobox protein homolog 3 

Cbx5   Q61686 Chromobox protein homolog 5 

Chd4   Q6PDQ2 Chromodomain-helicase-DNA-binding protein 4 

Chd8   Q09XV5 Chromodomain-helicase-DNA-binding protein 8 

Chmp1a   Q921W0 Charged multivesicular body protein 1a 

Cops2   P61202 COP9 signalosome complex subunit 2 

Creb1   Q01147 Cyclic AMP-responsive element-binding protein 1 

Csnk2a1   Q60737 Casein kinase II subunit alpha 

Csnk2b   P67871 Casein kinase II subunit beta 

Ctcf   Q61164 Transcriptional repressor CTCF 

Ddx21   Q9JIK5 Nucleolar RNA helicase 2 

Ddx3x   Q62167 ATP-dependent RNA helicase DDX3X 

Dhx9   O70133 ATP-dependent RNA helicase A 

Dr1   Q91WV0 Protein Dr1 

Edf1   Q9JMG1 Endothelial differentiation-related factor 1 

Elp3   Q9CZX0 Elongator complex protein 3 

Eny2   Q9JIX0 Transcription and mRNA export factor ENY2 

Gtf3c5   Q8R2T8 General transcription factor 3C polypeptide 5 

H2afy   Q9QZQ8 Core histone macro-H2A.1 
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H2afy2   Q8CCK0 Core histone macro-H2A.2 

Hdac11   Q91WA3 Histone deacetylase 11 

Hdac3   O88895 Histone deacetylase 3 

Hdac6   Q9Z2V5 Histone deacetylase 6 

Hmg20a   Q9DC33 High mobility group protein 20A 

Hmga1   P17095 High mobility group protein HMG-I/HMG-Y 

Hmgn3   Q9DCB1 
High mobility group nucleosome-binding domain-containing 
protein 3 

Htatsf1   Q8BGC0 HIV Tat-specific factor 1 homolog 

Ilf2   Q9CXY6 Interleukin enhancer-binding factor 2 

Kdm1a   Q6ZQ88 Lysine-specific histone demethylase 1A 

Maz   P56671 Myc-associated zinc finger protein 

Mbd2   Q9Z2E1 Methyl-CpG-binding domain protein 2 

Mecp2   Q9Z2D6 Methyl-CpG-binding protein 2 

Mettl3   Q8C3P7 N6-adenosine-methyltransferase subunit METTL3 

Mta2   Q9R190 Metastasis-associated protein MTA2 

Mta3   Q924K8 Metastasis-associated protein MTA3 

Mtdh   Q80WJ7 Protein LYRIC 

Myef2   Q8C854 Myelin expression factor 2 

Naa15   Q80UM3 N-alpha-acetyltransferase 15, NatA auxiliary subunit 

Ncoa5   Q91W39 Nuclear receptor coactivator 5 

Ndufa13   Q9ERS2 
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 
subunit 13 

Nelfb   Q8C4Y3 Negative elongation factor B 

Nif3l1   Q9EQ80 NIF3-like protein 1 

Nme2   Q01768 Nucleoside diphosphate kinase B 

Nr3c1   P06537 Glucocorticoid receptor 

Pa2g4   P50580 Proliferation-associated protein 2G4 

Padi2   Q08642 Protein-arginine deiminase type-2 

Pbrm1   Q8BSQ9 Protein polybromo-1 

Pfdn5   Q9WU28 Prefoldin subunit 5 

Phb   P67778 Prohibitin 

Phb2   O35129 Prohibitin-2 

Phf2   Q9WTU0 Lysine-specific demethylase PHF2 

Preb   Q9WUQ2 Prolactin regulatory element-binding protein 

Prmt5   Q8CIG8 Protein arginine N-methyltransferase 5 

Prpf6   Q91YR7 Pre-mRNA-processing factor 6 

Psmc5   P62196 26S protease regulatory subunit 8 

Pspc1   Q8R326 Paraspeckle component 1 

Ptma   P26350 Prothymosin alpha 

Rad21   Q61550 Double-strand-break repair protein rad21 homolog 

Ran   P62827 GTP-binding nuclear protein Ran 

Rbbp5   Q8BX09 Retinoblastoma-binding protein 5 

Rbbp7   Q60973 Histone-binding protein RBBP7 

Rbm14   Q8C2Q3 RNA-binding protein 14 

Ring1   O35730 E3 ubiquitin-protein ligase RING1 

Rps3   P62908 40S ribosomal protein S3 

Safb   D3YXK2 Scaffold attachment factor B1 

Sall2   Q9QX96 Sal-like protein 2 

Sap18   O55128 Histone deacetylase complex subunit SAP18 

Setd7   Q8VHL1 Histone-lysine N-methyltransferase SETD7 
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Sfpq   Q8VIJ6 Splicing factor, proline- and glutamine-rich 

Slc30a9   Q5IRJ6 Zinc transporter 9 

Smarca2   Q6DIC0 Probable global transcription activator SNF2L2 

Smarca4   Q3TKT4 Transcription activator BRG1 

Smarca5   Q91ZW3 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A member 5 

Smarcb1   Q9Z0H3 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily B member 1 

Smarcd1   Q61466 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily D member 1 

Smarce1   O54941 
SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily E member 1 

Snf8   Q9CZ28 Vacuolar-sorting protein SNF8 

Sox10   Q04888 Transcription factor SOX-10 

Sox9   Q04887 Transcription factor SOX-9 

Ssbp1   Q9CYR0 Single-stranded DNA-binding protein, mitochondrial 

Ssbp3   Q9D032 Single-stranded DNA-binding protein 3 

Ssrp1   Q08943 FACT complex subunit SSRP1 

Strap   Q9Z1Z2 Serine-threonine kinase receptor-associated protein 

Sub1   P11031 Activated RNA polymerase II transcriptional coactivator p15 

Tardbp   Q921F2 TAR DNA-binding protein 43 

Terf2ip   Q91VL8 Telomeric repeat-binding factor 2-interacting protein 1 

Tgfb1i1   Q62219 
Transforming growth factor beta-1-induced transcript 1 
protein 

Ube2l3   P68037 Ubiquitin-conjugating enzyme E2 L3 

Ube2n   P61089 Ubiquitin-conjugating enzyme E2 N 

Ube3a   O08759 Ubiquitin-protein ligase E3A 

Ubtf   P25976 Nucleolar transcription factor 1 

Vbp1   P61759 Prefoldin subunit 3 

Wdr5   P61965 WD repeat-containing protein 5 

Ybx1   P62960 Nuclease-sensitive element-binding protein 1 

Ybx3   Q9JKB3 Y-box-binding protein 3 
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Supplemental Figure 1: Protein expression of marker genes as determined by MS/MS mass spectrometry on 
purified glial populations (black) and flow-through (grey) from the various brain regions. Bottom row shows the only 
three ependymal marker genes as defined by Ohlig et al. that were detected in our proteomic data set. Mean ± SEM 
is plotted for each condition. 
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Supplemental Figure 2. A: Differentially expressed proteins that were enriched at least twofold in one region 
against all others. B: YAP1 protein expression as determined by MS/MS mass spectrometry on purified glial 
populations (black) and flow-through (grey) from the various brain regions. Mean ± SEM is plotted for each condition. 

 

 

Supplemental Figure 3: Validation of antibody specificity by KO of ZEB1 in primary astrocytes. Cortical astrocyte 
cultures from transgenic mice expressing wt-Cas9 transfected with control or gRNA plasmids against Zeb1 show 
efficient reduction in the expression of ZEB1. Red: tdTomato positive, successfully transfected cells, green: Cas9-
GFP, white: ZEB1. Red arrows: transfected cells with successful ZEB1 KO, blue: DAPI. Yellow arrow: transfected 
cell with residual ZEB1 expression. Percentage Zeb1 positive cells among transfected cells shown as mean ± SEM 
(n =4, *p ≤ 0.05) 
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Abstract

The human macula is a highly specialized retinal region with pit-like morphology and

rich in cones. How Müller cells, the principal glial cell type in the retina, are adapted

to this environment is still poorly understood. We compared proteomic data from

cone- and rod-rich retinae from human and mice and identified different expression

profiles of cone- and rod-associated Müller cells that converged on pathways repre-

senting extracellular matrix and cell adhesion. In particular, epiplakin (EPPK1), which

is thought to play a role in intermediate filament organization, was highly expressed

in macular Müller cells. Furthermore, EPPK1 knockout in a human Müller cell-derived

cell line led to a decrease in traction forces as well as to changes in cell size, shape,

and filopodia characteristics. We here identified EPPK1 as a central molecular player

in the region-specific architecture of the human retina, which likely enables specific

functions under the immense mechanical loads in vivo.
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1 | INTRODUCTION

A healthy retina is our most important gateway to the outside world,

providing us with a major part of our sensory input to orient and inter-

act with our environment quickly and efficiently (Hutmacher, 2019).

For sharp vision in humans, most of the image information is focused

on a tiny spot of the retina, the macula. Therefore, any damage in this

area has catastrophic effects. The macula with its central fovea is

characterized by a pit-like depression in which the somata of the inner

retinal cells are displaced laterally so that light can strike the photore-

ceptors unimpeded. The outer nuclear layer in this region is increas-

ingly dominated by cones. This culminates in the foveola, which

contains almost exclusively cones, surrounded and supplied only by

processes of a z-shaped subpopulation of Müller cells, the major

macroglia of the retina. Finally, the retinal vasculature is completely

absent from the fovea (Bringmann et al., 2018) and increased light

exposure leads to a higher turn-over in metabolites and the produc-

tion of reactive oxygen species (Handa, 2012).

Many known pathologies leading to visual impairment are caused

by defects in photoreceptor, vasculature, or the retinal pigment epi-

thelium (RPE) functions, which have been intensively studied in recent

decades (Bhutto & Lutty, 2012; Lenis et al., 2018; Verbakel

et al., 2018). In contrast, despite their numerous important functions,

Müller cells are still poorly understood. Originally thought to provide

mainly structural support for retinal neurons, it has later been pro-

posed that Müller cells shuttle not only metabolites like pyruvate and

lactate, but are, to name just a few examples, also involved in gluta-

mate recycling—similar to brain astrocytes (Hurley et al., 2015; Lu

et al., 2006; Reichenbach & Bringmann, 2020; Toft-Kehler

et al., 2018)—or even glutamate release to feedback on neurons

(Slezak et al., 2012). Such functions are mediated by a myriad of

Müller cell processes contacting all other retinal cell types. In addition,

Müller glia, which extend across the entire thickness of the retina, are

thought to conduct light through all cell layers to the photoreceptors

on the light-averted side of the retina (Franze et al., 2007) and to be

responsible not only for the biomechanical stability of the tissue, but

also for the formation of the foveal pit (Bringmann et al., 2018;

Bringmann et al., 2020; MacDonald et al., 2015). In zebrafish, it has

been shown that Müller cells can acquire stem cell properties after

injury, leading to complete tissue regeneration (Goldman, 2014;

Wan & Goldman, 2016). Finally, while the canonical visual cycle

involves the multistep enzymatic conversion of all-trans-retinol to

11-cis-retinal in the RPE, an alternative, cone-specific and Müller cell-

dependent pathway has been described recently (Wang &

Kefalov, 2011).

Although it is conceivable that the unique conditions of the

human macula pose challenges for both photoreceptors and Müller

cells, many of these aspects have been studied in model systems that

do not have the specifics of this region. This raises the question of

how glial metabolism and metabolite exchange adapt to increased

energy consumption, increased cone density, and lack of vasculariza-

tion in the macula. Alternatively, what factors are necessary to pro-

vide the extremely long, Z-shaped Müller cells of the macula with the

biomechanical properties needed to withstand the high mechanical

stresses and tensile forces imposed by the vitreous to preserve the

fragile tissue structure of this retinal region (Bringmann et al., 2021).

To approach these questions at a broad molecular level, transcrip-

tomic and especially proteomic profiling of human Müller cells are

required. There have been efforts to use bulk RNA sequencing

(RNAseq) (Whitmore et al., 2014), which provides excellent depth but

is unable to distinguish between cell types, so that only general inter-

regional differences are represented, an obstacle that has been solved

by the advent of single-cell (sc)RNAseq (Chambers et al., 2019; Voigt

et al., 2021). However, it is important to bear in mind that the final

products in the cell are, in most cases, proteins that coordinate cellular

metabolism, structural integrity, and intercellular communication.

Many steps influence how much of the final functional protein results

from a specific mRNA. These include regulation of mRNA translation,

post-translational modifications, oligomerization, and stability issues

of both the mRNA and the protein. However, whole retina mass pro-

teomic analysis suffers from similar limitations as bulk RNAseq and

single-cell proteomics is still under development (Brunner et al., 2022;

Kelly, 2020). To tackle these challenges, we previously established a

method to isolate pure, morphologically intact Müller cells from

murine (Grosche et al., 2016) or human retina. We compared the pro-

teomes of Müller cells isolated from the R91W/Nrl�/� mice, repre-

senting Müller cells in a cone-rich environment similar to the macula,

with the proteomes of control mice, representing Müller cells in the

peripheral human retina, and of human Müller cells isolated from the

macula and periphery. We found differentially expressed proteins

converging on specific molecular pathways—a number of which were

the same in both species. EPPK1, a selected novel protein candidate,

was functionally characterized by studying a respective knockout in

the human Müller cell-derived cell line MIO-M1. Our results indicate

that EPPK1 participates in the constitution of macular Müller cell's

tensile strength as well as morphology and has an influence on the

secretion of extracellular vesicles.

The identification of the molecular and functional properties of

retinal Müller cells of the macula is urgently needed to better under-

stand and efficiently fight debilitating sight-threatening diseases in

humans such as age-related macular degeneration. With this study,

we provide the first insights into the heterogeneity of human retinal

Müller cells at a protein level and point to potential directions for

future research.

2 KAPLAN ET AL.
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2 | MATERIALS AND METHODS

2.1 | Mouse lines and donor tissue

The all-cone Rpe65R91W;Nrl�/� (R91W;Nrl) mouse model

(Samardzija et al., 2014) and the Rpe65R91W single mutant mice

(Samardzija et al., 2008) were bred at a specific pathogen-free barrier

animal facility of the Helmholtz Center Munich in accordance with

and with allowance by institutional as well as state and federal guide-

lines (5.1–568-Gas: Allowance to breed and kill animals for scientific

purposes).

Eppk1 knockout mice of the C57BL/6 background (Spazierer

et al., 2006; Szabo et al., 2015) and C57BL/6 wild-type mice were

kept at the pathogen-free mouse facility of the Max Perutz Labs ani-

mal facility, Vienna, Austria, in accordance with Austrian Federal Gov-

ernment laws.

Eyes from adult male and female mice (3 to 6 months of age)

were collected after animals were sacrificed via cervical dislocation.

Eyes fixed in 4% PFA from Gfap/Vim double knockout mice (3 months

of age) were kindly provided by Maria-Theresa Perez (Lund Univer-

sity, Lund, Sweden).

Samples for proteome profiling of human Müller cells were iso-

lated from a set of five donor eyes. The Institutional Review Board at

University of Regensburg approved the use of human tissues for this

purpose. Five eyes from four non-diabetic Caucasian donors

58–89 years of age (2 males, 1 female, 1 of unknown gender) at a

death-to-experimentation interval of <30 h were included in this anal-

ysis (Figure S1, Table S1). Ocular health histories were not available.

Eyes were opened by eye bank recovery personnel using an 18 mm

diameter corneal trephine and stored on ice for transfer to the labora-

tory for further processing.

To stain for EPPK1 in the macular and peripheral retina, human

eyes (postmortem time <8–24 h, two eyes from two donors,

Table S1) were cryosectioned. The research complies with the human

research act (HRA) stating that small quantities of bodily substances

removed in the course of transplantation may be anonymized for

research purposes without consent (HRA chapter 5, paragraph

38, Switzerland).

2.2 | Proteomic profiling of MACS enriched retinal
cell types

2.2.1 | Cell purification from human donor or
murine retina

As described previously (Grosche et al., 2016), different retinal cell

types were isolated either from whole murine retina or from 6 mm

punches (from macula and from periphery) of human retina using mag-

netic activated cell sorting. First, the tissue was treated with papain

(0.2 mg/ml; Roche) for 30 min at 37�C in PBS/Glucose (12 mM),

washed and incubated in DNase I (200 U/ml in PBS/Glucose) for

4 min at RT. PBS/Glucose was removed and substituted with

extracellular solution (ECS, 136 mM NaCl, 3 mM KCl, 10 mM HEPES,

11 mM glucose, 1 mM MgCl2 and 2 mM CaCl2, pH 7.4) before disso-

ciating the tissue using a firepolished glass Pasteur pipette. The cell

suspension was sequentially depleted of microglia and vascular cells

by incubating (15 min, 4�C) with anti-mouse/human CD11b and

CD31 microbeads (Miltenyi Biotec), respectively, and passing through

LS-columns according to manufacturer's protocol (Miltenyi Biotec).

The resulting suspension was incubated (15 min, 4�C) with anti-CD29

biotinylated antibodies (0.1 mg/ml, Miltenyi Biotec), spun down,

washed and the pellet resuspended in ECS containing anti-biotin

ultra-pure MicroBeads (1:5; Miltenyi Biotec). The suspension was

passed through a LS-column resulting in a neuron-rich flowthrough

(CD29�), before the bound CD29+ Müller cells were finally eluted

from the column. To prepare samples for immunostaining, 100 μl of

each of the CD29+ and CD29� fractions were fixed for 15 min in 4%

paraformaldehyde (PFA) at RT, spun down, resuspended in 50 μl PBS

and dropped onto a microscope slide.

2.2.2 | LC–MS/MS mass spectrometry analysis

Proteins were proteolysed with LysC and trypsin with filter-aided

sample preparation procedure (FASP) as described (Grosche

et al., 2016; Wi�sniewski et al., 2009). Acidified eluted peptides were

analyzed on a QExactive HF or HF-X mass spectrometer (Thermo

Fisher Scientific) online coupled to a UItimate 3000 RSLC nano-HPLC

(Dionex) as described (Grosche et al., 2016). Briefly, samples were

automatically injected and loaded onto the C18 trap cartridge and

after 5 min eluted and separated on the C18 analytical column

(nanoEase MZ HSS T3, 100 Å, 1.8 μm, 75 μm � 250 mm; Waters) by

a 95 min nonlinear acetonitrile gradient at a flow rate of 250 nl/min.

MS spectra were recorded at a resolution of 60,000 with an automatic

gain control (AGC) target of 3e6 and a maximum injection time of

30 or 50 ms from 300 to 1500 m/z. From the MS scan, the 10 or

15 most abundant peptide ions were selected for fragmentation via

HCD with a normalized collision energy of 27 or 28, an isolation win-

dow of 1.6 m/z, and a dynamic exclusion of 30 s. MS/MS spectra

were recorded at a resolution of 15,000 with a AGC target of 1e5 and

a maximum injection time of 50 ms. Unassigned charges, and charges

of +1 and > +8 were excluded from precursor selection.

Acquired raw data were analyzed in the Proteome Discoverer

software (versions 2.2 or 2.4, Thermo Fisher Scientific) for peptide and

protein identification via a database search (Sequest HT search engine)

against the SwissProt Mouse database (Release 2020_02, 17,061

sequences) or the SwissProt Human database (Release 2020_02,

20,435 sequences), considering full tryptic specificity, allowing for up to

one missed tryptic cleavage site, precursor mass tolerance 10 ppm,

fragment mass tolerance 0.02 Da. Carbamidomethylation of cysteine

was set as a static modification. Dynamic modifications included deami-

dation of asparagine and glutamine, oxidation of methionine, and a

combination of methionine loss with acetylation on protein N-terminus.

The Percolator algorithm (Käll et al., 2007) was used for validating pep-

tide spectrum matches and peptides. Only top-scoring identifications

KAPLAN ET AL. 3
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for each spectrum were accepted, additionally satisfying a false discov-

ery rate < 1% (high confidence). The final list of proteins satisfying the

strict parsimony principle included only protein groups passing an addi-

tional protein confidence false discovery rate < 5% (target/decoy

concatenated search validation).

Quantification of proteins, after precursor recalibration, was based

on intensity values (at RT apex) for all unique peptides per protein. Pep-

tide abundance values were normalized on total peptide amount. The

protein abundances were calculated summing the abundance values for

admissible peptides. The final protein ratio was calculated using median

abundance values of five biological replicates each. The statistical signif-

icance of the ratio change was ascertained with ANOVA. For the

MIO-M1 data sets, the statistical significance of the ratio change was

ascertained employing the t test approach described in (Navarro

et al., 2014) which is based on the presumption that we look for expres-

sion changes for proteins that are just a few in comparison to the num-

ber of total proteins being quantified. The quantification variability of

the non-changing “background” proteins can be used to infer which

proteins change their expression in a statistically significant manner.

2.3 | EV isolation from cell culture media and NTA
analysis

After 72 h incubation, serum-free media was collected from both WT

and EPPK1 knockout MIO-M1 cells and immediately centrifuged at

300 � g, for 10 min at 4�C. The resulting supernatant was then centri-

fuged at 2000 � g, for 10 min at 4�C. The resulting supernatant was

further centrifuged at 10.000 � g, for 30 min at 4�C. Lastly, the

10.000 � g supernatant was spun at 100.000 � g (24.000 rpm,

sw40ti rotor) for 70 min at 4�C. The final pellet was resuspended in

30 μl PBS with protease inhibitors (Roche). The cell numbers were

assessed for each replicate well.

The final EVs suspension was diluted either 1:300 (WT) or 1:100

(KO cell lines). The measurement was done with the LM10 unit

(Nanosight). The diluted samples were recorded with 10 videos, each

10 s long. Data analysis with NTA 3.0 software (Nanosight) was per-

formed with the following settings: detection threshold = 6, screen

gain = 2. Particle numbers were adjusted for dilution as well as cell

number.

2.4 | Immunofluorescence staining and microscopy

Mouse eyes were fixed in 4% PFA for 1 h, cryoprotected, embedded

in OCT compound and cut into sections of 20 μm thickness using a

cryostat. Human donor eyes were immersion-fixated with 4% parafor-

maldehyde (PFA) for 48 h. Thereafter, the central part of the eye cup

containing the optic nerve head and the macula including the underly-

ing RPE, choroid, and sclera was dissected. The tissue was submitted

to cryoprotection, embedded in OCT and cut into 20 μm thick sec-

tions. Retinal detachment from the RPE is an artifact commonly

observed in cryosections.

Retinal sections were permeabilized (0.3% Triton X-100 plus

1.0% DMSO in PBS) and blocked (5% normal donkey serum with

0.3% Triton X-100 and 1.0% DMSO in PBS) for 2 h at room tempera-

ture. Primary antibodies (Table 1) were incubated overnight at 4�C.

Sections were washed (1% bovine serum albumin [BSA] in PBS) and

incubated with secondary antibodies (2 h at room temperature;

Table 2). Cell nuclei were labeled with DAPI (1:1000; Life Technolo-

gies). Control experiments without primary antibodies showed no

nonspecific labeling.

MIO-M1 cells were grown on sterile coverslips until desired con-

fluency, washed with PBS and fixed for 15 min in 4% PFA. Cells were

then permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed

with 1% BSA/PBS and incubated with primary antibodies for 2 h at

RT. Coverslips were subsequently washed with PBS and incubated

with secondary antibodies and DAPI for 1.5 h at RT and lastly

mounted onto a microscope slide.

Confocal images were taken with a custom-made VisiScope

CSU-X1 confocal system (Visitron Systems) equipped with high-

resolution sCMOS camera (PCO AG).

Stimulated emission depletion (STED) microscopy was performed

at the Core Facility Bioimaging of the Biomedical Center with an

inverted Leica SP8X STED 3D microscope, equipped with a 405 nm

Laser and a pulsed white light laser (470–670 nm). Gated-STED

images were acquired with a 93x/1.30 glycerol objective, pixel size

was around 30–32 nm. The following spectral settings were used:

Abberior Star 580 (ex: 580 nm; em: 590–620 nm) and Abberior STAR

635P (ex: 635 nm; em: 645–702 nm). Signals were recorded with

hybrid photo detectors (HyDs) in counting mode. Depletion laser

wavelength was 775 nm.

2.5 | qPCR

Total RNA was isolated from peripheral retinal samples of three

donors and from wild type MIO-M1 cells using PureLink™ RNA Mini

Kit (ThermoFisher, 12183018A) following manufacturer's instructions;

50 ng of total RNA per sample were reverse transcribed with Rever-

tAid Reverse Transcriptase (ThermoFisher, EP0441) with the help of

random hexamer primers. Primers for qPCR were designed using the

Universal ProbeLibrary Assay Design Center (Roche) to be used with

the corresponding probes (Table 2). Since EPPK1 mRNA consists of

only one translated exon, an exon spanning assay was not possible.

Final expression values were calculated via the ΔCt method by taking

the difference between EPPK1 and a house keeper's (PDHB) Ct values

and using the result as the power of two.

2.6 | Western blot analysis

A 100% confluent 10 cm cell culture dish was used for isolating pro-

tein lysates. The cells were washed two times with PBS and subse-

quently overlaid with 500 μl of ice-cold protein lysis buffer (50 mM

HEPES pH 7, 100 mM NaCl, 5 mM MgCl₂, 1 mM EGTA or EDTA,

4 KAPLAN ET AL.
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2.5% Triton X-100, 100 nM DTT, 0.5 mg/ml DNaseI, 0.2 mg/ml

RNase A, 1 mM PMSF, protease inhibitors [cOmplete ULTRA tablets,

Roche]) before scraping them off. The solution was homogenized,

transferred into an Eppendorf tube, and incubated for 5 min at room

temperature and lastly sheared via a 27-gauge needle. For retinal sam-

ples, the tissue was snap frozen in liquid nitrogen and per 10 mg of

tissue 200 μl of tissue protein lysate buffer (Tris pH 7.5; 10 mM NaCl;

150 mM EDTA; 5 mM Triton X-100; 1% SDS; 0.1% NP-40; 1% 1%

phosphatase inhibitor cocktails 2 and 3 [Sigma–Aldrich, cat no. P5726

and P0044]; 100 μg/ml DNAse I; 100 μg/ml RNAse; 1 mM PMSF)

was added. The tissue was homogenized using an IKA® ULTRA-TUR-

RAX® disperser tool (IKA T10 basic), until a homogenized solution

was observed. The suspension was incubated for 10 min at RT with

periodic mixing to guarantee efficient cell lysis and ribonuclease

digestion.

Samples were combined with SDS loading dye (390 mM Tris–HCl

pH 6.8, 485 mM DTT, 10% SDS, 0.1% Bromophenol-Blue, 50% glyc-

erol) and incubated at 95�C for 5 min before clearing the samples by

centrifugation at 13800 g. Equal sample volumes were run on a 12%

gel and stained with Coomassie dye to account for loading differences

(Figure S2). Next, samples were loaded onto a combination of a stack-

ing (4%) and resolving (6%) SDS polyacrylamide gel. The electrophore-

sis was run at 20 mA per gel until 1 h after the dye front ran out and

the 250 kDa band of the protein ladder reached the bottom of the

gel. Protein was transferred to a nitrocellulose membrane using a Mini

Trans-Blot machine (Biorad) at 4�C, 25 V overnight. Membranes were

blocked in 5% BSA/PBS for 1 h, washed with PBS/0.05% Tween20

(PBS-T), and incubated with primary antibody diluted in 5%

BSA/PBS-T for 3 hours at RT. After washing the membrane again and

incubating it with HRP-conjugated secondary antibody (goat anti-rab-

bit, 1:20000, Vector Laboratories), protein bands were visualized

using Clarity Max Western ECL Substrate (Biorad, 1705060 S). For

human cell lines, we used a rabbit anti-EPPK1 primary antibody

acquired from Thermo Fisher (PA5-66869) in a dilution of 1:2000,

while samples stemming from mouse tissue were incubated with a

rabbit anti-EPPK1 antibody (dilution 1:10000) generated in an earlier

study (Spazierer et al., 2003).

2.7 | Cell culture and CRISPR approach to
generate a EPPK1 knockout

MIO-M1 cells (Limb et al., 2002) were cultured in FBS containing

medium (DMEM, high glucose, GlutaMAX™ Supplement, HEPES, 10%

FBS, 1:100 Penicillin/Streptomycin; Gibco) at 37�C, 5% CO2 unless

stated otherwise.

We generated an EPPK1 knockout in MIO-M1 cells using

pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid supplied by Addgene

(plasmid # 6298) as suggested by the authors that deposited the plas-

mid (Ran et al., 2013). We first designed gRNAs using various tools

(Benchling, (2021), CRISPRdirect (Naito et al., 2015)) targeted at a

1000 bp long region in the beginning of the translated exon and chose

two guides each with minimal off-site reactivity (Table 3). Restriction

digest of the plasmid with BbsI-HF (NEB) and subsequent ligation

(T4 DNA Ligase, NEB) with the annealed, double stranded oligonucle-

otides yielded the final expression vectors, the correctness of which

was confirmed by sequencing.

For the transfection, �300,000 cells were seeded per well of a

6-well plate to receive a subconfluent culture on the next day. Cells

were transfected with an equimolar mix of all four vectors using

TABLE 1 Antibodies used for immunofluorescence stainings

Primary antibody Species Company

Catalogue number/

reference

Dilution/

concentration

GLUL Mouse Merck MAB302 1:500

CD9 Rat BD Biosciences 553758 1:200

GFAP Mouse Sigma-Aldrich G3893 1:500

EPPK1 Rabbit gift from G. Wiche (Spazierer et al., 2003) - 1:2000

VIM Mouse Santa Cruz sc-373717 1:500

Secondary antibody

Anti-rabbit-Cy3 Goat Dianova 111-165-144 1:500

Anti-mouse-AF488 Goat LifeTech A-1109 1:500

Anti-rat-Cy3 Goat Dianova 112-165-167 1:500

Anti-mouse-Abberior STAR 580 Goat Abberior 2-0002-005-1 1:200

Anti-rabbit-

Abberior STAR 635P

Goat Abberior 2–0012–007-2 1:200

TABLE 2 qPCR primers

Primer UPL probe # Sequence (50–30)

h_EPPK1_qpcr_for 32 CCACAAGAAGAGCTTTTTCCAG

h_EPPK1_qpcr_rev 32 AGCCTGGGCCTCTAGGAGT

h_PDHB_qpcr_for 17 AGAGGCGCTTTCACTGGAC

h_PDHB_qpcr_rev 17 CCAAGCAGAAATACCTTCTCATC

KAPLAN ET AL. 5
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jetOPTIMUS transfection reagent (Polyplus) according to manufac-

turer's protocol. Briefly, a total of 2.5 μg of plasmid mix was added to

200 μl of jetOPTIMUS buffer, which then was supplemented with

2.5 μl jetOPTIMUS reagent and incubated for 10 min. This transfec-

tion mix was added to the cells and incubated for 4 hours before

exchanging the medium. Cells were allowed to recover for 48 h

before moving to puromycin (3 μg/ml) containing selection medium.

After 4 days the remaining transfected cells were harvested and

seeded in a 96-well plate at a density of 5 cells/ml (100 μl containing

0.5 cells per well) ensuring that most wells would contain either zero

or one cell. Thus, colonies grown in such wells would be originating

from a single cell and yield monoclonal cell lines. After �3 weeks, we

saw colonies big enough to be harvested and further expanded two of

them in bigger scale thereby generating the final monoclonal cell lines

F7 and C9. Genomic DNA was isolated from these lines and used as

input for a PCR with primers amplifying the 1000 bp target region in

order to confirm the knockout on genomic level via sequencing

(Table 4).

2.8 | Traction force microscopy

To perform traction force microscopy, we first produced acrylamide-

based gels with a defined shear modulus of 1000 Pa as previously

published by Bollmann et al. (2015) and applied them to culture

dishes. Briefly, glass bottom dishes (μ-Dish 35 mm, high, Ibidi) were

first treated with (3-Aminopropyl) trimethoxysilane (APTMS) for

2–3 min and washed with distilled water. The glass surface was then

covered with 2.5% glutaraldehyde for 30 min, washed and air-dried.

Coverslips were prepared by cleaning in 80% ethanol and water and

made hydrophobic by submerging them in RainX (Kraco Car Care

International Ltd.) for 10 min. For the gels, we first made a master mix

by combining 500 μl 40% acrylamide (Sigma-Aldrich) with 65 μl

hydroxy-acrylamide (Sigma-Aldrich); 500 μl of this solution was added

to 250 μl 2% bis-acrylamide (Fisher Scientific) to obtain the final mas-

ter mix. In order to produce gels of 1000 Pa stiffness we mixed 75 μl

master mix with 415 μl sterile PBS and 10 μl fluorescent beads

(FluoSpheres carboxylate, 0.2 μm, crimson, Life Technologies). To

ensure even dispersion of the beads, the gel solution was placed in an

ultrasonic bath for 5 min and subsequently degassed in a desiccator

for 10 min. Polymerization was initiated by the addition of 5 μl 10%

APS and 1.5 μl of TEMED before adding 10 μl of the solution onto the

treated glass bottom. By placing the prepared coverslip on top of the

drop and immediately inverting the dish, we ensured an even distribu-

tion of the gel and the placement of the beads close to the imaging

surface. After polymerization, PBS was added to the dish and the cov-

erslip removed.

Two milliliter of a cell suspension containing 20,000 cells were

seeded onto the gels and cultured over night before imaging. The

dishes were imaged at the Core Facility Bioimaging of the Biomedical

Center using an inverted Leica DMi8 Widefield microscope equipped

with a Hamamatsu-Flash4 camera and a Lumencor SpectraX light

engine using a 40x/0.60 objective. A motorized stage enabled the pre-

cise marking and revisiting of specific spots on the dish while an incu-

bator enclosure and heated dish holder ensured cell culture conditions

(37�C, 5% CO2); 10 to 20 cells exhibiting a clear non-round morphol-

ogy were selected per dish: Each cell position was scanned with phase

contrast additionally to the fluorescence imaging (ex.: 625–655 nm,

em.: 670–770 nm) to detect the location of the cell and the beads in

the associated state. Gels were rinsed with PBS, incubated with tryp-

sin, and rigorously rinsed again to ensure complete cell detachment

but taking care not to move the dish. All positions were revisited to

document the embedded beads in their relaxed state as well as the

absence of the cell.

TABLE 3 Guide RNAs designed for EPPK1 knockout in human MIO-M1 cells

Designed gRNA sequence (50–30) Strand Tool Oligonucleotides ready for cloning (50–30)

gRNA_1_top GGCTATCCTGACCCCTACGG + Benchling caccGGCTATCCTGACCCCTACGG

gRNA_1_bottom aaacCCGTAGGGGTCAGGATAGCC

gRNA_2_top ACGTGCACTCACGTCCACTG � Benchling caccGACGTGCACTCACGTCCACTG

gRNA_2_bottom aaacCAGTGGACGTGAGTGCACGTC

gRNA_3_top CCAGAGTGTCTACGCCGCCA + CRISPRdirect caccGCCAGAGTGTCTACGCCGCCA

gRNA_3_bottom aaacTGGCGGCGTAGACACTCTGGC

gRNA_4_top CCTGGAGGGTACCGGCAGCG + CRISPRdirect caccGCCTGGAGGGTACCGGCAGCG

gRNA_4_bottom aaacCGCTGCCGGTACCCTCCAGGC

Note: Lowercase letters indicate overhangs necessary for correct insertion into the digested vector backbone and are not part of the target sequence. A 50

G (underlined) was added to guides if not already present to increase transcription efficiency by the U6 promoter (Ran et al., 2013).

TABLE 4 Primers used to verify construct and knockout
sequence

Primer Usage Sequence (50–30)

hU6-F Vector sequencing GAGGGCCTATTTCCCATGATT

hEPPK1_

PCRSeq_for

Target region

amplification

and sequencing

TAACCAGCCGTGTGTGATGAGT

hEPPK1_

PCRSeq_rev

Target region

amplification

and sequencing

CCTGTCCACTAGCCCCTTCTTC

6 KAPLAN ET AL.
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To calculate the traction stress and generate traction force maps

we used several plugins for the ImageJ (Schindelin et al., 2012) soft-

ware as well as custom written macros. Images of the beads were first

enhanced in contrast, and then combined into a stack of which the

background was subtracted using the rolling ball algorithm. The Linear

Stack Alignment with SIFT (Lowe, 2004) plugin was then used to align

both images of the stack to account for the x,y-drift when revisiting

the cell positions. Next, each stack was processed with a plugin for

particle image velocimetry (PIV) (Tseng, 2011; Tseng et al., 2012)

using the template matching method with advanced settings. Traction

forces and corresponding heat maps were calculated from the PIV

vector matrices using a plugin for Fourier-transform traction cytome-

try (FTTC) (Tseng, 2011; Tseng et al., 2012). In some cases, the x,y-

drift caused excessively high forces to be detected at the edges of a

traction map, which is why we excluded all values in a 335-pixel wide

frame. From the remaining values we calculated the average traction

stress as the mean of all forces above a threshold set at 30% of the

maximum value (peak traction stress) for each image analogous to the

protocol developed by Bollmann et al. (2015). The custom ImageJ

macros including the specific settings for the SIFT, PIV, and FTTC plu-

gins are available upon request.

2.9 | Bioinformatic and statistical analyses

All statistical analyses were performed using the R programming lan-

guage unless stated otherwise.

For differential protein expression analysis, we first excluded pro-

teins that had missing values in more than two out of five Müller cell

samples per group. Then, we chose only proteins that were signifi-

cantly enriched in Müller cells in at least one group (RMG/neuron

ratio >1, adjusted p-value <.05) yielding the Müller cell-specific pro-

teins. The normalized abundance values were log transformed and

used as an input to calculate differential protein expression with the

limma package (Ritchie et al., 2015). PCA coordinates were calculated

on log transformed normalized abundance values as input of the

prcomp function and subsequently visualized via the factoextra

(Kassambara & Mundt, 2020) package. Heat maps were produced on

the basis of median centered, log transformed normalized abundances

using the pheatmap (Kolde, 2019) package. Other plots were created

with ggplot2 (Data S1).

Single-cell RNA sequencing data sets from Voigt (Voigt

et al., 2019) and Cowan (Cowan et al., 2020) were downloaded as

count matrices from Gene Expression Omnibus with the accession

number GSE130636 or from https://data.iob.ch/, respectively. We

used a standard pipeline relying on the Seurat (Hao et al., 2021; Stuart

et al., 2019) package including normalization, scaling, identification of

variable genes, dimensionality reduction, and cluster annotation based

on known marker genes in line with the original studies. To mimic our

proteomics approach, we then used the FindMarkers function to iden-

tify genes, that were specifically enriched (log2 fold change >0,

adjusted p-value <.05) in the Müller cell clusters compared to retinal

neurons including rods and cones as well as bipolar, amacrine,

horizontal, and ganglion cells. In the next step, we split the RMG clus-

ters by region and performed differential gene expression analysis on

the subclusters using the same function. For better comparison, we

calculated the central to peripheral Müller cell expression ratio for

each individual gene/protein and plotted the overlapping ones against

each other in a scatter plot.

Quantification of morphological features as well as filopodia char-

acteristics was performed with the CellProfiler (Jones et al., 2008;

McQuin et al., 2018) software on the basis of actin staining of sparsely

seeded cells across three independent experiments. First, individual

cells were identified as primary objects, which were subsequently

eroded to remove minor processes and filopodia and thus get the

main cell body. The primary objects were then masked with the

eroded objects and subsequently skeletonized to generate the out-

lines of cells without the body. Using the MeasureObject modules we

quantified the branch parameters of the skeletonized outline for filo-

podia characterization and several other parameters of the primary

objects representing the whole cells. The number of branch ends per

cell was normalized to its perimeter as well as to the median number

of detected branch ends per experiment to account for cell size and

slight variation in contrast/image quality between experiments. The

total branch lengths of a cell were additionally normalized to the num-

ber of its branch ends to get a measure of average filopodia length

per cell.

Using CellProfiler, CD9 intensity was measured in three indepen-

dent experiments by first identifying individual nuclei via DAPI stain-

ing as primary objects and the CD9 immunofluorescence as secondary

objects around the nuclei. Intensity values per cell were normalized to

median intensities per experiment.

We used the CytoScape (Shannon et al., 2003) software to create

and explore gene/protein networks and perform pathway enrichment

analysis via the StringApp plugin (Doncheva et al., 2019). Analysis

scripts as well as CellProfiler pipelines are available upon request.

3 | RESULTS

3.1 | All-cone mice show generally healthy retinal
layering with minor abnormalities in the outer retina

Grimm and colleagues described the generation and characterization

of the R91W/Nrl�/� (from here on just “all-cone”) mouse retina

among others, in terms of structure, visual acuity and photoreceptor

degeneration over time (Samardzija et al., 2014). To gauge its use as a

model for the human macula, we wanted to test for possible differ-

ences between the all-cone retinal cytoarchitecture and its respective

control carrying only the R91W mutation (from here on regarded as

“control” in comparisons with all-cone samples). For this, we stained

for cell type-specific markers, quantified the nuclei in the nuclear, and

measured the thicknesses of the plexiform layers (Figure 1). Immuno-

fluorescence staining for calretinin, a marker of inner retinal neurons

including amacrine and ganglion cells, showed no significant differ-

ence between genotypes (Figure 1a,b), but the outer nuclear layer

KAPLAN ET AL. 7
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(ONL) of the all-cone mouse contained �30% fewer cells (Figure 1c).

Finally, we observed a significantly thicker outer plexiform layer (OPL)

in the all-cone mice (Figure 1c). Cone arrestin (ARR3) staining in con-

trol mice showed the characteristic pattern of interspersed cone pho-

toreceptors in the ONL ranging from synaptic terminals in the OPL to

the outer segments thereby visualizing complete individual cells

(Figure 1a). Individual cones were barely visible in the ONL of the all-

cone mice, because of them being very densely packed, similar to

what is observed in the human fovea. Additionally, we noticed abnor-

mal outer segment morphology and rather disorganized cone pedicles

in the OPL.

3.2 | Proteome profiling identifies differentially
expressed proteins between cone- and rod- associated
murine Müller cells

To enable the specific investigation of the Müller cell protein expres-

sion pattern from cone- or rod-rich mouse retina, we performed mag-

netic activated cell sorting (MACS) (Grosche et al., 2016; Pauly

et al., 2019). This process of sequential cell depletion resulted in four

cell populations—microglia (CD11b+), endothelial cells (CD31+),

Müller cells (CD29+), and neurons (CD11b�, CD31�, CD29�). We

confirmed the composition of the Müller cell fraction (CD29+) in com-

parison to the neuron-enriched flowthrough by staining drop samples

for the Müller cell marker glutamine synthetase (GLUL) and found

comparable enrichment as published earlier (Grosche et al., 2016).

Not only were Müller cells present in a high percentage of more than

70% in the CD29 fraction, but also there was an almost complete

absence of glutamine synthetase (GLUL)-positive cells in the flow-

through, corroborating the good performance of the technique

(Figure 2a). Importantly, the native elongated and arborized morphol-

ogy of Müller cells was structurally preserved after the sorting

(Figure 2a).

Tandem mass spectrometry was used to generate a complex pro-

teomic data set with a total of �6000 identified proteins. The expres-

sion pattern of known marker genes confirmed the predominant cell

types in the respective sorting fractions (Figure 2b). While Müller cell

markers GLUL, RDH10 (retinol dehydrogenase 10), and RLBP1 (reti-

naldehyde-binding protein 1) were highly enriched in the CD29+ frac-

tions of all samples, the CD11b� fractions showed the highest

expression of the microglial marker allograft inflammatory factor

1 (AIF1 alias IBA1), while CLDN5 (claudin 5) was most strongly

expressed in the endothelial-rich CD31 (alias PECAM1—platelet and

endothelial cell adhesion molecule 1)-positive fractions (Figure 2b).

The triple-negative flowthrough, depleted from microglia, vascular

cells and Müller cells had the highest expression in neuronal markers,

especially cone arrestin (ARR3) (Figure 2b), confirming that this frac-

tion mostly consisted of photoreceptors and retinal neurons. As

expected, there was a significant difference in the expression of ARR3

between control and all-cone mice, corroborating their distinct photo-

receptor identity (rod- vs. cone-dominated composition) (Figure 2b).

F IGURE 1 Morphological characterization of the all-cone mouse model. (a) Representative central retinal sections from control (R91W) and
all-cone mice (R91W/Nrl�/�). Cells of the inner retina were visualized by staining with calretinin, a ganglion and amacrine cell marker (left), while
cones were delineated by staining for cone arrestin (ARR3, right). Scale bars, 50 μm. (b) Quantification of calretinin-positive cells in the ganglion
cell layer (GCL) that comprise primarily ganglion cells and some displaced amacrine cells and in the inner nuclear layer (INL) representing amacrine
cells. (c) DAPI-positive nuclei were quantified in all three retinal nuclear layers. We found on average 30% less nuclei in the outer nuclear layer of
all-cone mice, while there were no differences in the other layers. Additionally, all-cone mice showed an almost twofold thicker outer plexiform
layer than the control. (b, c) Box plots represent data from n = 6 control and n = 5 all-cone animals, respectively. Compared with control:
***p < .001; ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer
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Principal component analysis (PCA) revealed clear clustering by cell

type. In addition, Müller cells and neuronal fractions showed a moder-

ate subclustering also by genotype, while CD11b and CD31 samples

from control and all-cone mice seemed to intermingle (Figure 2c).

Because we were primarily interested in Müller cells and their inter-

actions with photoreceptors, we focused further analyses on the pro-

teins that showed Müller cell-specific expression in both genotypes, a

total of 1929 proteins. Identification of differentially expressed proteins

(DEPs) was performed using the limma package in R (Ritchie

et al., 2015). We detected 253 DEPs with an adjusted p-value lower

than .05, of which 209 (54 with a fold change greater 2) were higher

and 44 (18 with a fold change greater 2) lower expressed in cone only

mice (Figure 2d–f; Table S2). Particularly EPPK1 (epiplakin) caught our

interest, because it showed one of the highest expression differences in

our mouse model (log2 fold change all-cone vs. control: 3.15,

(Figure 2f)) while nothing is known about its function in the retina.

F IGURE 2 Legend on next page.
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3.3 | Proteomic analysis identifies differentially
expressed proteins between macular and peripheral
human Müller cells

To compare differentially expressed proteins identified in the all-cone

mouse model, we generated a comprehensive proteomic data set

from Müller cells of the human macula (cone-rich) and periphery (rod-

dominant). We collected postmortem retinal punches (6 mm in diame-

ter) from the macula and periphery from 5 individual donor eyes

(Figure S1), followed by MACS-based Müller cell isolation. As

described for the mouse data set, we validated the purity of Müller

cells and the photoreceptor-rich flowthrough by checking marker pro-

tein expression as determined by immunostaining and tandem mass

spectrometry (Figure 3a,b). Müller cell markers GLUL, RDH10, and

RLBP1 were enriched in the CD29-positive fraction, while ARR3,

RHO, and PDE6G had the highest expression in the flowthrough

(CD11b�, CD31�, and CD29�) (Figure 3b). Samples were clearly sepa-

rated by cell type/fraction in the PCA, with the central and peripheral

Müller cell fractions clearly segregated, whereas the neuronal frac-

tions isolated from respective retinal areas showed some overlap

(Figure 3c).

Analysis via the limma package identified 81 proteins with higher

and 136 with lower expression in macular Müller cells compared to

peripheral ones (Table S3). Notably, we found that only six proteins

(S100A11, TTC39B, GLIPR2, BICD2, APOE, LMNA) were consistently

and significantly enriched both in human macular as well as in all-cone

mice Müller cells. Two proteins (ENO1, DHRS3) showed congruent

downregulation in human and mice and also vimentin, a classical

Müller cell marker, showed a slightly lower expression in macular

Müller cells (Figures 3e, S3A) which we were able to corroborate by

immunostaining (Figure S3B). Apart from those, novel interesting

human-specific candidate proteins could be identified. For example

11-beta-hydroxysteroid dehydrogenase 1 (HSD11B1), an enzyme

involved in glucocorticoid metabolism was expressed at significantly

higher levels in the macular Müller cell subpopulation (Figure 3f). In

the context of glucocorticoid signaling in diabetic retinopathy

(Ghaseminejad et al., 2020), it might be interesting to follow up in

future studies. EPPK1, even though not reaching significance in this

data set as in cone-rich mouse retina, was among the proteins

expressed at higher levels in macular Müller cells (Figure 3f).

The list of these 217 differentially expressed proteins (DEP) was

subjected to evaluation using the STRING database in combination

with the CytoScape network analysis tool to identify functional con-

nections between candidate genes. This resulted in a network encom-

passing 133 proteins, while 84 proteins were disconnected. Gene set

enrichment analysis of the whole network revealed the highest

enrichment in pathways related to extracellular exosomes and the

basement membrane for a majority of the proteins including up- and

downregulated ones (Figure 3g). Other enriched pathways included

proteins involved in adhesion to the extracellular matrix (ECM) like

various integrins, collagens as well as focal adhesion proteins TLN1

(Talin-1) and TNS1 (Tensin-1), which were all upregulated in macular

Müller cells. Furthermore, proteins involved in the biosynthesis and/or

transport of retinoid species RDH10, RLBP1, RBP1 (Retinol-binding

protein 1) and DHRS3 (Short-chain dehydrogenase/reductase 3) were

downregulated in the macula, while another member, RDH11, showed

the trend of an inverse expression pattern (Figure S3A). We validated

the findings for RDH10 of our proteomic screen via immunostaining

of human retinal sections and showed a Müller cell-specific localiza-

tion with a noticeably higher expression in peripheral regions

(Figure S3B).

Recent advances in scRNAseq led to a growing number of publi-

cations studying tens of thousands of single cells from a variety of tis-

sues including human retina. Our next question was whether the

Müller cell heterogeneity suggested by our proteomic data was also

reflected at the RNA level. We therefore explored publicly available

resource data from Voigt et al. (2019) and Cowan et al. (2020) that

profiled human retinal cells and compared them with respect to

F IGURE 2 Proteomic profiling of Müller cells isolated from rod- or cone-dominant murine retinae. (a) Sequential magnetic-activated cell
sorting (MACS) based enrichment from all-cone and control (not shown) retinae yielded CD29+ cell fractions (top) that consisted almost
exclusively of glutamine synthetase (GLUL)-positive cells with distinct morphology confirming their Müller cell identity. Flowthrough (CD11b�,
CD31�, CD29�, bottom) was completely free of GLUL immunostaining thus consisting mostly of retinal neurons. Typically, �300.000 Müller glia
are isolated from two pooled retinae of each mouse and � 10 times more neurons. Scale bar, 50 μm. (b) Label-free mass spectrometric analysis
shows that Müller cell markers GLUL, RLBP1 (retinaldehyde-binding protein 1) and retinol dehydrogenase 10 (RDH10) are highly expressed in the
CD29+ retinal Müller cells (MC), while cone arrestin (ARR3) and vesicular glutamate transporter 1 (SLC17A7) are enriched in the triple-negative
flowthrough, indicating that neurons (N) are the most abundant cell type here. AIF1 (allograft inflammatory factor 1 alias Iba1) and CLDN5
(Claudin-5) expression are highest in the CD11b+ and CD31+ fractions, respectively, thereby confirming their microglial (MG) and vascular cell
(VC) composition. (c) Proteome profiling via mass spectrometry performed on the four cell fractions separated by MACS. Principal component
analysis (PCA) shows a clear clustering of the samples primarily by cell type and especially for Müller cells and neurons also by genotype. (d) Heat
map of 1929 Müller cell-specific, differentially expressed proteins identified by label-free tandem mass spectrometry. Limma identified 209 up-

and 44 downregulated proteins in the all-cone mouse as compared to controls. Each vertical lane represents data from cells isolated from one
individual animal (n = 5). (e) The volcano plot shows proteins that are significantly differentially expressed (adj. p-value <.05) between the
genotypes. Blue: Upregulated >twofold in all-cone mice, yellow: Upregulated >twofold in control. proteins that show at least eight-fold
upregulation are indicated by labels. (f) CML3 (N-acetyltransferase family 8 member 3, Nat8f3) expression as determined by mass spectrometric
profiling is around 80-fold higher in control animals than in the double mutants, while EPPK1 is increased by more than eight-fold in cone-
dominant retina error bars indicate mean plus standard error. Neur., neurons. (b–f) Label-free mass spectrometric analysis was performed on cell
popluations purified from retinae of 5 control and 5 all-cone mice, respectively
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regional differences in the fovea and retinal periphery. We first identi-

fied genes that were enriched in Müller cells compared to neurons

including cones, rods, bipolar, amacrine, and ganglion cells. The

resulting genes were then subjected to differential expression analysis

by comparing Müller cells of foveal/macular origin with their periph-

eral counterparts resulting in 477 and 742 differentially expressed

F IGURE 3 Legend on next page.
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genes for the Voigt and Cowan studies, respectively. 33 and 68 of

them, respectively, were also detected in our proteomic analysis, of

which, importantly, the absolute majority (30 and 67, respectively)

showed the same regionally distinct expression pattern (Figure 4a).

Finally, a total of 29 genes with a congruent expression profile

(11 up-, 18 downregulated in macula), were identified in all three

data sets (Figure 4b).

Transcripts for EPPK1, our candidate with consistent expression

profiles in human and mouse Müller cell proteomes, were identified

only in Voigt et al. (2019). Because some transcripts were also

detected in ganglion cells, they did not meet the above criteria for

cross-validation of proteomes across scRNAseq data sets. However, a

consistent trend toward higher EPPK1 transcript levels was observed

in macular Müller cells compared with their peripheral counterparts

(Figure S4).

3.4 | EPPK1 is specifically enriched in cone-
associated Müller cells

Our study revealed high expression of EPPK1 protein in both mouse

and human Müller cells (Figures 2 and 3). EPPK1, with a mass of

around 500–700 kDa is a huge protein belonging to a family of cyto-

skeletal linkers like desmoplakin or plectin (Hu et al., 2018;

Sonnenberg & Liem, 2007) and was shown to have domains that are

capable to directly interact with intermediate filaments in hepatocytes

or keratinocytes (Jang et al., 2005; Spazierer et al., 2008; Szabo

et al., 2015; Wang et al., 2006). We found a similar EPPK1 expression

pattern in humans and mice being specific to Müller cells and

expressed stronger in glia isolated from cone-rich retina (Figure 2f,

Figure 3f). While the interregional difference of EPPK1 protein

expression was close to, but did not reach statistical significance in

our human data set (one-tailed paired t-test p-value: 0.09), immunos-

taining on cryosections of human retina delineated a clear regional dif-

ference in the EPPK1 staining pattern, confirming its localization in

macular Müller cells (Figure 5a). In line with this finding, the EPPK1

staining was confined to Müller cell inner and outer stem processes in

all-cone and control mice with a beads-on-a-string to fibrillar appear-

ance (Figure 5a). The higher staining intensity for EPPK1 in Müller

cells from all-cone mice is consistent with our findings from mass

spectrometric analysis (Figure 5a). Moreover, Western blot analysis

done on retinal extracts from control and all-cone mice provided addi-

tional proof that EPPK1 levels are higher in cone-rich retina

(Figure 5b). Co-blotting of retinal samples from wild type and Eppk1

knockout (Eppk1�/�) mice demonstrated specificity of the antibody,

as no specific signal was detected in EPPK1-deficient retina

(Figure 5b).

To assess whether EPPK1 is mandatory for retinal integrity, we

studied the retinal architecture in Eppk1�/� mice. Notably, previous

work showed that a knockout of Eppk1 in mice did not lead to major

phenotypic differences, even in tissues with high EPPK1 physiological

expression levels, such as the skin (Goto et al., 2006; Spazierer

et al., 2006), or to a disturbed keratin organization. A knockout in ker-

atin 8, a close interaction partner of EPPK1, on the other hand,

completely abolished the EPPK1 localization to the cellular periphery

of wild-type hepatocytes demonstrating the dependence of a proper

subcellular EPPK1 localization on keratin intermediate filaments

(Szabo et al., 2015). Similarly, no obvious disturbance in retinal or

Müller cell morphology was found in Eppk1�/� mice (Figure 5c), nor

did we detect a disorganization in vimentin (VIM), another intermedi-

ate filament, which is specifically expressed in Müller cells but is, in

contrast to GFAP, detectable at high levels already in Müller cells of

the healthy retina. Next, we analyzed the EPPK1 localization in Gfap/Vim

double knockout mice. The long EPPK1-positive beads-on-a-string-like

structures seen in the wild type (Figure 5d) were absent, but shorter

structures and a slight accumulation in the Müller cell somata could be

detected.

Studies in liver (Szabo et al., 2015) and pancreas (Wögenstein

et al., 2014) suggest a role in the organization of the intermediate fila-

ment network in response to pathological tissue alterations. In

F IGURE 3 Proteomic profiling of rod- or cone-associated human Müller cells. (a) Punches of 6 mm in diameter were dissected from macular
and peripheral regions of retinal tissue from human donors and subsequently subjected to MACS sorting as described for mouse. CD29+

fractions consisted almost entirely of glutamine synthetase (GLUL)-positive Müller cells that retained their intricate, elongated morphology, while
cells of the flowthrough showed no staining for GLUL. Approximately 200.000 Müller glia are isolated from each 6 mm tissue punch and � 3–4
times more neurons. Scale bar, 50 μm. (b) Neuronal (N)- and Müller cell (MC)-enriched cell fractions were analyzed using tandem mass
spectrometry. Expression of retinal Müller glia markers GLUL, RDH10 and RLBP1 was found primarily in the CD29+ fractions, while cone-arrestin
(ARR3), rhodopsin (RHO) and phosphodiesterase 6G (PDE6G) were enriched in the flowthrough, representative of high photoreceptor content of
the neuronal cell population. (c) Protein expression profiles determined by tandem mass spectrometry were separated mainly by cell type in a
PCA. Furthermore, Müller cells grouped into tight subclusters according to their region of origin, whereas the intraregional difference between
neuronal fractions appeared less pronounced. (d) Heat map of differentially expressed proteins determined by limma analysis of the proteome
profiles of Müller cell subpopulations. Each vertical lane represents data from one donor eye (n = 5). (e) A volcano plot shows proteins with at

least twofold upregulation in Müller cells of the macula (63, blue) or periphery (67, yellow), respectively. Labels for proteins with a fold change
higher than 8 and an adjusted p-value <.01 are provided. (f) Corticosteroid 11-beta-dehydrogenase isozyme 1 (HSD11B1) is specifically enriched
in Müller cells in both regions with a 30-fold higher expression in Müller cells of the macula. EPPK1, while being significantly upregulated in all-
cone versus control mice, shows a similar tendency in human, but does not reach significance (one-sided, paired t test: p-value = .09). Error bars
indicate mean ± standard error. Neur., neurons. (g) Pathway enrichment analysis on differentially regulated proteins from macular and peripheral
human Müller cells presenting significantly enriched GO-term of cellular components. (b–f) Label-free mass spectrometric analysis was performed
on cell populations purified from macular and peripheral retinal punches from five donor eyes
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hepatocytes, keratin 8 is upregulated in parallel with EPPK1 (Szabo

et al., 2015). In a similar fashion, one of the main intermediate fila-

ments of Müller glia, GFAP, is upregulated during stress-induced glio-

sis such as transient retinal ischemia (Pannicke et al., 2018;

Wunderlich et al., 2015). Accordingly, we examined EPPK1 localiza-

tion in postischemic retinas exhibiting high GFAP expression in Müller

cells, a model established by our group in another study (Mages

et al., 2019). Indeed, we observed a more intense EPPK1 staining of

gliotic Müller cells (Figure 5e,f) and super-resolution microscopy

revealed a spot-like EPPK1 co-localization with GFAP filaments in the

inner Müller glia stem processes (Figure 5e).

In sum, the concordant findings on the expression of EPPK1 in

mouse and human retina make it a very interesting candidate that we

have identified in our cross-species proteomic approach.

3.5 | EPPK1 knockout leads to morphological and
biophysical changes of the human immortalized MIO-
M1 Müller cell line

To date, the functional role of EPPK1 in glial cells or the retina in gen-

eral has not been studied. Consequently, we sought to investigate

EPPK1 function and its role in the central human retina. Due to the

scarcity of human donor samples and the poor performance of pri-

mary Müller cells in vitro in regard to proliferation, morphological sta-

bility and accessibility for genetic manipulation, we chose the

immortalized human MIO-M1 cell line (Limb et al., 2002) to start func-

tional studies of EPPK1 in glia cells. Real-time quantitative PCR

(qPCR) analysis of RNA isolated from MIO-M1 cells and human donor

retina revealed the presence of EPPK1 mRNA in MIO-M1 cells, albeit

at significantly lower levels than in human retinal extracts (Figure 6a).

Consistent with this, EPPK1 protein was also identified by tandem

mass spectrometry analysis of cell lysates from MIO-M1. (Figure 6b).

Next, we designed a CRISPR/Cas9-based genetic knockout

(KO) approach to delete EPPK1 for subsequent functional analysis.

Peculiarly, despite its huge size of more than 20,000 bp, the genetic

locus of EPPK1 contains only two exons of which only the second is

translated into protein. We defined a region of 1000 bps, starting with

an annotated keratin binding site at the beginning of exon 2, to be tar-

geted by our knockout strategy employing 4 guide RNAs (Figure 6c).

The latter were designed to assure deletions stretching several dozens

or hundreds of base pairs and thus ensuring either the generation of a

premature stop codon or the creation of a truncated non-functional

protein. After selection of puromycin-resistant transfected cells, two

monoclonal colonies were chosen for further expansion.

Genotyping by PCR confirmed that these two cell lines, named

C9 and F7, carried a deletion in their EPPK1 gene (Figure 6d). Both

showed a heterozygous genotype with one smaller (�500 bp) and one

larger band (�1000 bp). The absence of a wild type band confirmed

the absence of wild type cells in the monoclonal cultures. Sequencing

of the two longer mutant DNA fragments revealed precise combined

cuts of gRNA3 and gRNA1 that resulted in a deletion of 199 bp fol-

lowed by a premature stop codon at amino acid position 143. The

shorter mutant bands were the result of cuts by gRNAs 3 and 4 that

resulted in an excision of 678 bp and a premature stop codon at

amino acid 127. Lack of EPPK1 expression in C9 and F7 cell lines was

F IGURE 4 Comparison of human proteomic candidate genes identified as differentially expressed in Müller cell subpopulations with
published human retinal scRNAseq datasets representing central (macula/fovea) and peripheral human retina. (a) From publicly available single-
cell transcriptomic data sets generated by Voigt et al. as well as Cowan et al. (Cowan et al., 2020; Voigt et al., 2019) we identified genes that were
specifically expressed in Müller cell clusters and showed significant difference between central and peripheral cells. Comparison of these
differentially expressed genes with the proteomic data of the current study showed some degree of overlap with 33 genes from Voigt and
68 from Cowan being detected in both approaches. Genes/proteins that show a fold change (FC) of at least two on protein as well as on
transcript level are colored, with blue indicating upregulation in macula and yellow upregulation in periphery. Most of the genes/proteins that
were found to be differentially expressed in two methods also showed to be regulated in the same regional pattern. (b) Heat map showing a total
of 29 genes/proteins differentially expressed in Müller cells (macula vs. peripheral region) that are shared among the three data sets
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confirmed by qPCR at transcript (Figure 6e) and by Western blot at

protein level (Figure 6f).

We then used proteomic profiling to assess possible molecular

perturbations of EPPK1 knockout Müller cells and/or their secretome.

We harvested the cell lysates and conditioned medium from mutant

and wild type cells and performed tandem mass spectrometric analy-

sis. Checking for the cell lysates first, we found a downregulation of

cell adhesion and extracellular matrix proteins like collagens, aggrecan

core protein, and fibronectin (Table S4), analogous to human periph-

eral Müller cells. Similarly, pathway enrichment analysis revealed a

dysregulation of vesicle-related pathways (Figure 6g). Regarding the

secretome, we observed a downregulation of extracellular matrix pro-

teins like collagens, fibronectin, chondroitin sulfate proteins and other

adhesion molecules (Table S5). Accordingly, pathway enrichment anal-

ysis clearly points toward a reduced secretion of components of the

extracellular matrix via extracellular vesicles (Figure 6g).

F IGURE 5 EPPK1 expression and localization in human retina and various genetic mouse models. (a) Immunostaining of EPPK1 in human
retina showed signal in macular Müller cells, primarily in their endfeet (arrows), while such staining was almost completely absent in the periphery.
A comparable staining pattern was observed in mouse retina, where EPPK1 also has a specific localization in Müller cells extending from their
basal endfeet (arrows) to their stem processes extending into the outer retina. Co-labeling of vimentin, a classical Müller cell marker, and EPPK1
in mouse retinal sections shows that EPPK1 is mainly localized in Müller cell processes. Scale bars, 50 μm. (b) The implemented anti-EPPK1
antibody shows protein specific binding in Western blot analysis with several bands in wild type due to protein degradation as frequently
observed in protein lysates derived from mouse tissues. However, no immune-reactive bands were detected in samples from Eppk1 knockout
(Eppk1�/�) retina. Increased EPPK1 protein expression was confirmed for all-cone versus control retina. Quantification was performed on the
upper two bands (arrows) showing molecular weights expected for intact mouse EPPK1 protein variants (Ueo et al., 2021). (c) Left, representative
images of retinal sections stained for EPPK1 and the intermediate filament vimentin. Genetic Eppk1 ablation has no gross effect on the
organization or localization of vimentin in Müller cells. Right, quantification of the thickness of the whole central retina or the respective layers
shows comparable gross retinal architecture in Eppk1�/� retina compared to controls. Data is represented as mean and standard error from four
individuals per group. (d) Immunostaining of EPPK1 in retinae lacking both main glial intermediate filaments GFAP and vimentin indicate a shift
from a filamentous to a more disorganized EPPK1 localization associated with a displacement into the somata of Müller cells. Scale bars, 20 μm.
(e) EPPK1 seemed to be upregulated in a retinal pathology model (transient ischemia) and can be seen to co-localize spot-like (arrowheads) with
GFAP-positive Müller cell stem processes visualized by STED microscopy. Scale bar, 10 μm (f) high intraocular pressure led to reactive gliosis of
Müller cells and thus to an upregulation of GFAP (right), while it is usually not detectable in healthy cells (left). GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer
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Next, we characterized potential effects of the EPPK1 knockout

on cell morphology by staining the actin cytoskeleton using phalloidin

(Figure 7a). We noticed a reduction in cell size as well as an increased

number of fine filopodia (Figure 7a,b). The outlines of the cells were

segmented using CellProfiler software and various parameters such as

cell area, solidity, elongation, form factor, and others were quantified.

F IGURE 6 Legend on next page.
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Most notably, we identified a significant and consistent decrease of

the overall cell area in both knockout lines of around 35% (Figure 7b).

Another prominent parameter was solidity, which is the ratio between

the area of the cell and its convex hull which is spread out by its pro-

trusions. It can thus be used as an indirect measure of the cell's mor-

phology, e.g., their complexity, with values closer to 1 indicating

roundish, regularly shaped cells and values closer to 0 indicating cells

with many complex processes (Janssen et al., 2022; Lobo et al., 2016).

Although we observed some variation in the shape of the cells of all

genotypes, C9 and F7 exhibited a more regular morphology with

fewer large projections. This was reflected in their significantly higher

solidity (Figure 7b).

Additionally, through an image-processing pipeline that included

segmentation, erosion, masking, and skeletonization, we were able to

robustly segment filopodia of individual cells (Figure 7a). This allowed

us to count the number of filopodia per cell and calculate their aver-

age length. EPPK1 knockout resulted in an increase in the number of

filopodia with a simultaneous decrease in filopodia length (Figure 7c).

As cell morphology and filopodial dynamics are mainly regulated

through the cytoskeleton, which also generates forces critical for cell

function and retinal tissue integrity (MacDonald et al., 2015), we

investigated the dependence of force generation by Müller cells on

EPPK1 using traction force microscopy. For this, we grew cells on

polyacrylamide substrates with a shear modulus of G' = 1000 Pa

(� 3000 Pa Young's modulus), which is in the range of reported mod-

uli for retina (Ferrara et al., 2021), but which is much softer than tissue

culture plastics (G' � GPa) (Akhmanova et al., 2015) and found cells of

various morphologies in both mutant cell lines and controls. While

about half of the cells (49%–59%) displayed a spherical morphology

and a smaller part (6%–27%) showed more arborized structure, we

focused on bipolar cells (24%–34%) as shown in Figure 7d for our

measurements. We analyzed the displacement of the embedded fluo-

rescent beads after removal of the cells and subsequent relaxation of

the gels to calculate the forces required for the initial deformation.

The highest contractile forces were generated at the cell poles.

EPPK1-deficient cells exerted significantly lower forces on their sub-

strate than control cells, with a reduction of about 30% to 40%

(Figure 7d).

Given the morphological and biomechanical changes in the

absence of EPPK1 in MIO-M1 cells and the implication of exocytotic

pathways (Figure 6g), we wanted to investigate whether knockout of

EPPK1 affects extracellular vesicle transport. There is evidence that

intracellular exosome trafficking requires interaction with intermedi-

ate filaments in glial cells (Margiotta & Bucci, 2016; Potokar

et al., 2007). Interestingly, tetraspanin CD9, a common vesicle-

associated protein (Escola et al., 1998; Théry et al., 1999; Théry

et al., 2018), was specifically expressed by Müller cells and enriched in

the Müller cell subpopulation of the macular region (Figure S3)—a pat-

tern that was also consistent in two scRNAseq data sets (Figure 4b).

Immunostaining of MIO-M1 knockout cells for CD9 revealed that

EPPK1 knockout cells exhibited significantly lower staining intensity

(Figure 7e). Proteomic analysis of knockout and wild type MIO-M1

cells corroborated these findings, showing that as in human peripheral

Müller cells, indeed CD9 protein abundance is lower in

EPPK1-ablated cells (Figure 7f).

Finally, we wondered whether the difference in intracellular CD9

expression depends primarily on a decreased protein synthesis or on a

general shift in exocytosis. While we saw no difference in CD9 pro-

tein amounts in the secretome of EPPK1 knockout and WT (Table S5),

nanoparticle tracking analysis of conditioned medium showed a

decrease in the secretion of small extracellular vesicles (<200 nm)

from both knockout cell lines, with C9 cells releasing about three

times less particles into the medium than the control (Figure 7g).

4 | DISCUSSION

The human macula is a peculiar structure essential for sharp vision,

but unfortunately, also very susceptible to diseases like age-related

macular degeneration (AMD), diabetic macular edema or macular tel-

angiectasia type 2 (MacTel2). To date, many studies have focused on

the role of different retinal cell types like microglia (Altmann &

Schmidt, 2018) or the vasculature (Yeo et al., 2019) in the macula in

pathological as well as in healthy conditions. Although morphological

and functional differences between macular and peripheral Müller glia

were addressed in few studies (Syrbe et al., 2018; Wang &

F IGURE 6 Generation and validation of EPPK1-deficient MIO-M1 Müller cell lines. Comparison of EPPK1 expression between human donor
retina and the immortalized human Müller cell derived cell line MIO-M1, shows that transcript (a) as well as protein (b) is detectable in the latter,
albeit at a lower level than in native tissue. Error bars indicate mean ± standard error. (c) The human EPPK1 locus (top) consists of one small,
untranslated and one huge, �16,000 bp long exon that encodes for the whole translated region. For CRISPR/Cas9 mediated knockout (KO), we
designed guide RNAs to target a 1000 bp long region at the beginning of a predicted keratin binding site. To ensure complete knockout of the
gene, we transfected the cells with a combination of four guide RNAs and generated two monoclonal cell lines, C9 and F7. (d) PCR amplification
of the target region resulted in one band with the expected size of 1180 bp for wild type cells, while the mutant lines showed two bands each.
Sequencing of the mutant PCR fragments revealed cuts by gRNA3, gRNA1, and gRNA3, gRNA4 leading to a deletion of 199 bp and 678 bp,

respectively (c, bottom). Quantitative PCR ((e), mean of two technical replicates) and Western blot analysis (f) confirmed successful knockout of
EPPK1 in the mutant cell lines. Wild type MIO-M1 cells showed three high molecular bands, maybe due to the triploidity of chromosome 8 (Limb
et al., 2002), on which EPPK1 is encoded. a fourth band, visible in the wild type (asterisk), might be a degradation artifact. The HaCat wild-type
cell line (keratinocyte origin) was used as a positive control showing two immune-reactive bands at the expected molecular weight (789 and
672 k Da, respectively). The respective EPPK1 knockout lines (C9, F7) lacked any immune-reactive bands. Size differences of EPPK1 may occur
between samples originating from non-isogenic individuals (Ishikawa et al., 2018). (g) the plot shows GO terms (cellular components) for proteins
found at different levels in cell lysate or the secretome of control and EPPK1-deficient MIO-M1 lines. ER, endoplasmatic reticulum
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Kefalov, 2009; Zhang et al., 2019), there is no deeper understanding

of molecular protein pathways involved in regional Müller cell hetero-

geneity. In this study, we used multiple models in a multiomic

approach to start closing this knowledge gap and to identify specific

proteins that shape functional differences between central and

peripheral Müller cells. Using the all-cone mice, we first studied differ-

ences between Müller glia in a cone-rich retina, compared to rod-rich

normal controls in order to characterize this aspect of regional differ-

ences in photoreceptor subtype distribution in the human macular

and peripheral retina, respectively. It has been shown that all-cone

mice are capable of functional vision and have normal retinal layering

(Samardzija et al., 2014). Nevertheless, we performed additional in-

depth characterization of the cellular composition as well as morpho-

metric quantification of all retinal layers, in order to exclude possible

F IGURE 7 Legend on next page.
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confounding factors from cone-independent retinal changes, like inner

neuron composition. Complementary to the morphological analysis

performed by Samardzija et al. (2014), we found minor alterations of

the outer nuclear layer, with a lower number of nuclei in the all-cone

retina. It is unclear whether this discrepancy develops during embryo-

nal stages, maybe due to inefficient cone differentiation, or whether it

is a sign of photoreceptor degeneration after birth as a result of the

double mutation (Samardzija et al., 2014).

The increased thickness of the outer plexiform layer might be

explained by cone pedicles, the synaptic structures relaying signals to

the neurons of the inner nuclear layer, being bigger than the corre-

sponding rod spherules (Hoon et al., 2014; Kolb, 1995; Wässle

et al., 2002). Although the exact wiring and signal transduction remain

elusive and require further studies on this model, we did not find any

obvious changes of the inner retinal layers in terms of thickness and

gross cellular composition.

Although the all-cone mouse retina may yield some insights

regarding Müller cell-cone interaction, it does not reproduce key char-

acteristics of the human macula like the pit-like morphology and avas-

cular zone of the fovea, as well as a gradient of cone diversity and

distribution. Still, we assessed whether at least some aspects of

human cone-associated Müller cell heterogeneity could be modeled.

Therefore, we examined the proteome of Müller cells from the macula

and periphery of human donor retinas for comparison. Indeed, in our

proteomic approach, we found only eight proteins to be significantly

differentially expressed in both datasets. This suggests that although

there does not seem to be a broad congruence between all-cone and

macular Müller cells, there seems to be some core proteins important

for Müller cell cone interaction like APOE (Apolipoprotein E), LMNA

(Prelamin-A/C), ENO1 (Alpha-enolase) or DHRS3.

Comparing our proteome data with two published single cell

RNAseq datasets, we found several differentially expressed genes

consistently detected in both transcriptomic and proteomic profiles.

Although there is increasing evidence that protein levels can be

uncoupled from the synthesis of their transcript by a variety of mech-

anisms (Liu et al., 2016; Noya et al., 2019; Sharma et al., 2015;

Vogel & Marcotte, 2012), we found that genes that overlap in the

datasets analyzed here were mostly regulated in the same manner—29

genes showed a consistent regulatory pattern across all three data

sets. These included CD9, a member of the tetraspanin family involved

in the biogenesis of extracellular vesicles, as well as RDH10 and

RLBP1. Unexpectedly, RDH10, RLBP1, RBP1 and DHRS3, all bona fide

proteins of the visual cycle, were higher expressed in peripheral

Müller cells. This seems counterintuitive, as studies report that cones,

which are present in exceptionally high number in the macular retina,

specifically rely on the function of these Müller cell-specific genes/

proteins for the regeneration of their photopigment (Kaylor

et al., 2013; Wang & Kefalov, 2009; Xue et al., 2015). However,

because there are no rods with long outer segments in the fovea to

keep the RPE at a distance from the cones and also because the outer

segments of the cones are exceptionally longer in the fovea (Domdei

et al., 2021; Tschulakow et al., 2018; Yuodelis & Hendrickson, 1986)

than in the peripheral retina, the RPE can potentially take care of the

cones better in the fovea than in the periphery. Notably, DHRS3, an

enzyme that opposes RDH10 in the synthesis of retinaldehyde

(Adams et al., 2014; Belyaeva et al., 2019), was one of eight proteins

consistently lower in cone-rich samples of both, human and mouse

Müller cells. An ablation of Dhrs3 during development was shown to

lead to an accumulation of all-trans retinoic acid (ATRA) with a con-

current reduction of the retinol pool resulting in embryonic lethality

(Billings et al., 2013). The same study found a downregulation of

Rdh10 in response to Dhrs3 knockout, leading the authors to hypothe-

size this to be a measure to counter increased ATRA levels. Since

ATRA is a known transcriptional regulator involved in a multitude of

gene regulatory networks (Balmer & Blomhoff, 2002; da Silva &

Cepko, 2017; Kam et al., 2012; Thompson et al., 2019), it is crucial to

tightly control its synthesis, which might be a major function of

RDH10 and DHRS3 in Müller cells. In agreement with this, several

knockout experiments in cones, Müller cells, and the whole retina

have shown, that RDH10 is not required for proper cone function

(Xue et al., 2017), leading to the assumption that other retinol dehy-

drogenase family proteins must be involved in the Müller cell-dependent

F IGURE 7 Morphological, molecular, and functional signature of the human Müller cell line MIO-M1 deficient for EPPK1. (a) MIO-M1 cells
cultured on glass coverslips and stained with phalloidin to visualize actin filaments and thereby the general morphology including fine filopodia
(insets). Using the CellProfiler image analysis software, we were able to quantify several cell morphological characteristics including filopodia
length (highlighted in purple) and number. (b) Measurements of cell area as well as solidity, which can be seen as a proxy for cell branching with
higher values meaning less cell processes, showed a significant decrease in cell size and complexity of both EPPK1 knockout (KO) lines C9 and F7.
(c) EPPK1 knockout cells had significantly shorter, but more filopodia. The bar inside violin plots represents the median. (d) Wild type and
knockout MIO-M1 cells were cultured on polyacrylamide gels with a shear modulus of 1000 Pa and embedded fluorescent beads. Comparing the
positions of the beads between cell-associated and relaxed state (cells were removed), allowed the calculation of traction stress exerted by the
cells. Polar cells of all lineages, wild type or EPPK1 knockout (top), imposed primarily traction forces on the gel at their poles, which pulled in the
direction of their soma (bottom). Compared to wild types, EPPK1 knockout cells exerted weaker peak as well as average stress onto their gel

substrate. n: Peak traction stress: C9 = 31, F7 = 38, WT = 33; average traction tress: C9 = 29, F7 = 38, WT = 33. (e) Left, staining of CD9
localized primarily around nuclei and showed a decreased signal in EPPK1 knockout cell lines C9 and F7. Right, intensity measurements of CD9
staining per nucleus confirms a significantly lower expression in mutant cells. The bar inside violin plots represents the median. (f) CD9 protein
expression is significantly reduced in both EPPK1 knockout MIO-M1 lines as determined by mass spectrometric protein quantification. Error bars
indicate mean ± standard error. (g) Nano particle tracking analysis (NTA) of medium supernatant collected from wild type as well as knockout cells
(mean of two technical replicates) suggests a decrease in the secretion of extracellular vesicles by the C9 and F7 lines. (a, d, e) scale bars, 50 μm.
(b, c, d, e) p < .05; compared with WT control
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cone visual cycle. In this context, RDH11 would be an interesting can-

didate, since it has similar enzymatic activity (Belyaeva et al., 2019)

and tends to be higher expressed in foveal Müller cells (Figure S3).

Which isomerization and/or oxidation steps of the cone visual cycle

actually occur in Müller cells and which proteins catalyze these reac-

tions have not yet been completely elucidated, but the data provided

in this study can serve as a starting point.

As pointed out before, hundreds of Müller cell-specific proteins

were found to be differentially regulated. EPPK1 showed one of the

highest expression differences in the all-cone mouse model. Immuno-

fluorescence staining for EPPK1 confirmed its Müller cell-specific

expression pattern as well as a beads-on–a-string-like co-localization

with the glial intermediate filaments vimentin and GFAP. Previously,

EPPK1 was shown to not only co-localize with a variety of keratins

and vimentin, but also to be able to physically bind to them in in vitro

studies (Jang et al., 2005; Spazierer et al., 2008; Szabo et al., 2015;

Wang et al., 2006). The effect of EPPK1 deficiency in mice seems to

be dependent on cell type and tissue health, with no obvious phenotype

in normal epidermal and hepatic cells, whereas it leads to a disruption of

intermediate filaments in HeLa cells and to impaired disease-induced

keratin network reorganization in disease models of liver and pancreas

(Jang et al., 2005; Spazierer et al., 2006; Szabo et al., 2015; Wögenstein

et al., 2014). Likewise, we did neither find morphological defects in the

retina of healthy Eppk1 knockout mice nor in the vimentin network of

their Müller cells. Since the ablation in this mouse line is of constitutive

nature, it could be that EPPK1 deficiency is compensated either by other

members of the plakin family or proteins similarly involved in the forma-

tion of cytoskeletal morphology and/or adhesion as has been suggested

for envoplakin, periplakin, and keratins (Inaba et al., 2020; Tonoike

et al., 2011). In Gfap/Vim double knockout retinae, we found a disruption

of the filamentous structure of the EPPK1 staining pattern with a con-

current increased localization in Müller cell somata, suggesting that

EPPK1 is not required for intermediate filament organization in wild-

type retinae, whereas GFAP and/or vimentin appear to be required for

proper EPPK1 localization. This finding is in line with an observation in

keratin 8 knockout cells, where EPPK1 was completely delocalized, while

there seemed to be no effect of Eppk1 knockout on keratin 8 (Szabo

et al., 2015). But what might this mean for primarily cone-associated

Müller cells in the retina where EPPK1 showed an increased expression?

Although EPPK1 transcripts seem to be rare and are detected

only at very low levels in Müller cells and to some extent also in gan-

glion cells in the scRNAseq datasets of human donor retinas (Voigt

et al., 2019), we confirmed by immunostaining that the protein is spe-

cifically expressed in human Müller cells, whereas a low level of

expression in ganglion cell axons cannot be completely excluded.

Additionally, qPCR, mass spectrometry, and Western blot analysis

showed EPPK1 expression in the human Müller glia derived cell line

MIO-M1. In vivo, Müller cells are thought to confer mechanical stabil-

ity to the retina (MacDonald et al., 2015). However, in the parafoveal

region Müller cells in particular must meet special biomechanical

requirements to maintain the structural integrity of the tissue because

of at least two factors: (i) their elongated and z-shaped morphology

resulting in large Müller cells and (ii) the potentially increased

mechanical strain, for example, employed by the vitreous body that is

especially tightly attached to the macular retina (Syrbe et al., 2018).

Moreover, it has even been speculated that Müller cells help maintain

or even form the foveal pit (Bringmann et al., 2018, 2020). Here, we

found evidence that EPPK1 might be involved in these functions, as

its knockout in MIO-M1 cells led to (i) smaller cells with fewer protru-

sions and (ii) weaker traction forces. This, in turn, indicates that

increased EPPK1 expression in macular Müller cells may contribute to

the formation of their larger, more complex morphology as well as to

the ability to exert the increased mechanical forces required to shape

the fovea. In line with the discussed theory, we also found an increase

in extracellular matrix proteins and adhesion molecules in macular

Müller cells consistent with published scRNAseq datasets. Thus, it

appears that Müller cells in the macula have not only enhanced

expression of proteins like EPPK1 that seem to be key for the exertion

of higher traction forces and cell-ECM interaction, but also ECM com-

ponents themselves. Several collagens (COL4A1, COL4A3, COL4A4)

and other ECM associated proteins (ITGA6 [Integrin alpha-6], LMNA)

together with lipid binding proteins such as APOE and FABP5 (Fatty

acid-binding protein 5) are highest expressed in macular Müller cells,

suggesting a remodeling of the microenvironment in regard to inter-

cellular transport of metabolites (Liu et al., 2017; Napoli, 2012), ECM

composition and stiffness (Bachmann et al., 2019; Bourgot

et al., 2020). Importantly, EPPK1 seems to be deeply embedded into

this functional network as demonstrated by the perturbances of cell

morphology and function of its knockout in the human Müller cell-

derived cell line.

The massive downregulation of CD9 after EPPK1 knockout might

reveal another, perhaps indirect, function of EPPK1. CD9 is one of the

proteins with the most consistent expression profiles at both the tran-

script and protein levels in human retina, with significantly higher

expression (like EPPK1) in cone-associated Müller cells. Previously,

intermediate filaments were associated with vesicular transport

(Margiotta & Bucci, 2016; Potokar et al., 2007, 2020) and EPPK1 was

shown to bind directly to several intermediate filaments, including

vimentin (Jang et al., 2005; Wang et al., 2006). Therefore, EPPK1

might affect vesicle transport either directly, by promoting the binding

of intermediate filaments and vesicles, or indirectly, by modifying the

rigidity/density of the cytoskeletal meshwork. In contrast to the cell

lysate, we did not find a difference in CD9 abundance in the secre-

tome of EPPK1-ablated cells, but an overall decrease in the number of

released small extracellular vesicles (EVs). We thus hypothesize that

most vesicles shed from the Müller cell line carry CD9 making it an

interesting candidate to follow up on mechanisms of Müller cell secre-

tion, while CD9-dependent EV biogenesis seems EPPK1-independent.

In contrast, intracellular trafficking of structures relevant for EV shed-

ding were disrupted, as we observed less EVs in the supernatant.

Together with the finding that proteins of the ECM (collagens, fibro-

nectin, and chondroitin sulfate proteins) were highly abundant in the

secretome of wild type cells, but significantly downregulated in both

EPPK1-deficient MIO-M1 lines, this could imply that EPPK1 does not

only confer mechanical stability to those huge z-shaped macular

Müller cells, but also coordinates transport and release of proteins
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across long distances in those Müller cells. The pronounced deposi-

tion of ECM components by Müller cells could be the central basis for

the intense interaction with associated tissues or cells including the

vitreous body especially in the macula. In line with this, there have

even been reports of CD9 promoting cell–cell adhesion through direct

interaction with other cell surface proteins like integrins (Reyes

et al., 2018) or ICAM1 (Intercellular adhesion molecule 1) (Franz

et al., 2016) in a vesicle-independent manner—an additional research

strand that should be further pursued in future studies to understand

the very specific biomechanical microenvironment of the human mac-

ula achieved by the cells located there.

Several studies suggested genes involved in serine biosynthesis

like PHGDH (D-3-phosphoglycerate dehydrogenase) as well as glyco-

lytic pathways to be risk factors for MacTel2 (Gantner et al., 2019;

Scerri et al., 2017). Subsequently, Zhang et al. were able to show that

the same proteins were indeed differentially expressed between

Müller cells of foveal and peripheral origin already in a healthy state

(Zhang et al., 2019). Looking at our data, we did not see any changes

in PHGDH between macular and peripheral Müller cells. This discrep-

ancy might stem from the different source material, being acutely and

specifically isolated Müller cells in our case, and Müller cells growing

out of retinal pieces after weeks in culture for Zhang et al. (2019),

where massive metabolic changes can occur. Interestingly, another

finding was the notably different morphology of cultured central and

peripheral Müller cells and a subsequent differential expression of

pathways related to extracellular matrix organization in line with our

observations. In contrast to our findings, Zhang and colleagues

noticed smaller cells with less complexity concomitant with an upre-

gulation in ECM pathways in Müller cells of macular origin. The source

of this discrepancy is unclear, but it is worthwhile following up for

example in the context of macular holes emerging during MacTel2 dis-

ease (Heeren et al., 2020), which might not be explained with a differ-

ence in serine biosynthesis.

5 | CONCLUSION

Previous studies showed that the central human retina not only pre-

sents a microenvironment with specific characteristics that produces

challenges to the inhabitant cells different to the periphery, but that it

is also highly susceptible to debilitating diseases. Here, we focused on

Müller cells and were able to uncover differentially regulated path-

ways mainly, but not exclusively, linked to secretory and cell adhesion

systems. Furthermore, we identified EPPK1 and CD9 to be enriched

in macular Müller cells, implicating a role in the cells' biophysical prop-

erties as well as intracellular vesicle trafficking and their release. Nev-

ertheless, future studies need to clarify the exact mode of interaction

between EPPK1 and CD9 and their potential role in macular patholog-

ical processes.
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Abstract
Cell-cell interactions in the central nervous system are based on the release of
molecules mediating signal exchange and providing structural and trophic sup-
port through vesicular exocytosis and the formation of extracellular vesicles. The
specific mechanisms employed by each cell type in the brain are incompletely under-
stood. Here, we explored the means of communication used by Müller cells, a
type of radial glial cells in the retina, which forms part of the central nervous sys-
tem. Using immunohistochemical, electron microscopic, and molecular analyses,
we provide evidence for the release of distinct extracellular vesicles from endfeet
and microvilli of retinal Müller cells in adult mice in vivo. We identify VAMP5
as a Müller cell-specific SNARE component that is part of extracellular vesicles
and responsive to ischemia, and we reveal differences between the secretomes of
immunoaffinity-purified Müller cells and neurons in vitro. Our findings suggest
extracellular vesicle-based communication as an important mediator of cellular
interactions in the retina.
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 INTRODUCTION

Glial cells control the development (Araujo et al., 2019; Lago-Baldaia et al., 2020; Tan et al., 2021) and function (García-Cáceres
et al., 2019; Kofuji & Araque, 2021; Nave & Werner, 2021) of neurons, and they influence the outcome of pathologic conditions
due to disease or injury (Kim et al., 2020; Linnerbauer et al., 2020; Patel et al., 2019; Raiders et al., 2021; Wilton & Stevens, 2020;
Wilton et al., 2019). During the last years, much has been learned about glia-neuron interactions. Neurons and different types
of glial cells communicate via intercellular contacts and via the release of molecules fulfilling multiple functions that range from
structural, energy and trophic support to cell signalling (Giaume et al., 2021; Illes et al., 2019; Jha & Morrison, 2020; Seifert &
Steinhäuser, 2018; Shen et al., 2017; Sultan et al., 2015). Molecules of the secretome that are contained in intracellular vesicles can
be released directly into the extracellular space following fusion of the vesicular membrane with the plasma membrane (Fiacco
&McCarthy, 2018; Mielnicka &Michaluk, 2021; Murat & García-Cáceres, 2021; Savtchouk & Volterra, 2018; Vardjan et al., 2019).
Alternatively, they can be released as molecular assemblies contained in extracellular vesicles (EVs) harbouring a context- and
cell type-specific host of proteins, lipids, and nucleic acids (Kalluri & LeBleu, 2020; Mathieu et al., 2019; Pfrieger & Vitale, 2018;
Pistono et al., 2020; Théry et al., 2018; Van Niel et al., 2022; Yates et al., 2022). EVs have been discussed as potential means of
cell-cell communication in the normal and diseased central nervous system (CNS) (Aires et al., 2021; Budnik et al., 2016; Li et al.,
2019; Liu et al., 2020; Lizarraga-Valderrama & Sheridan, 2021; Mahjoum et al., 2021; Pascual et al., 2020; Schnatz et al., 2021;
You & Ikezu, 2019), but knowledge about their presence, origin, and composition in nervous tissues in vivo is still incomplete
(Brenna et al., 2021). Here, we explored possible mechanisms of glial communication in the CNS using themouse retina asmodel
tissue. We focus on Müller cells, a prominent type of radial glial cell that spans the entire retina (Wang et al., 2017) and impacts
retinal development and function by diverse mechanisms (Reichenbach & Bringmann, 2020). Previous studies suggested that
these cells employ vesicular release of molecules (Slezak et al., 2012; Wagner et al., 2017), but the full range of their intercellular
communication capacity is unknown. Our findings suggest that Müller cells release EVs from their endfeet facing the vitreous
body and from their microvilli surrounding photoreceptor segments. We show that Müller cell-derived EVs bear a characteristic
protein composition that differs substantially from those secreted by neurons. Moreover, we uncover that in retinae of adult
mice, vesicle-associated membrane protein 5 (VAMP5), a component of soluble N-ethylmaleimide-sensitive factor attachment
proteins receptor (SNARE) complexes, is specifically expressed by Müller cells and contained in a subset of their EVs.

 MATERIALS ANDMETHODS

. Animals

All experiments were performed with adult C57BL/6J mice in accordance with the European Community Council Directive
2010/63/EU and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Animals were housed in a 12h
light/dark cycle with ∼400 lux with ad libitum access to drinking water and food.

. Transient retinal ischemia

The protocols for induction of transient retinal ischemia were approved by the local Bavarian authorities (55.2 DMS-2532-2-
182, Germany). Ischemia was induced in one eye of 8-weeks-old male and female mice using the high intraocular pressure
(HIOP) method (Pannicke et al., 2014; Wagner et al., 2016). The untreated contralateral eye served as internal control. This
approach reduced the number of animals used in these experiments as demanded by the 3R rules. Anaesthesia was induced
by intraperitoneal injection of ketamine (100 mg/kg body weight; Ratiopharm, Ulm, Germany) and xylazine (5 mg/kg; Bayer
Vital, Leverkusen, Germany). Pupillary dilation was induced by atropine sulphate (100 mg/kg; Braun, Melsungen, Germany).
The anterior chamber of the test eye was cannulated from the pars plana with a 30-gauge infusion needle connected to a bottle
containing saline (0.9% NaCl). The intraocular pressure was increased transiently to 160 mm Hg by elevating the bottle for 90
min. After removing the needle, animals were returned to cages and sacrificed after indicated periods of time for tissue analyses
using carbon dioxide.

. Immunoaffinity-based cell purification

Specific cell types were enriched from retinal cell suspensions as described previously using immunomagnetic separation
(Grosche et al., 2016; Pauly et al., 2019). Briefly, retinae were treated with papain (0.2 mg/ml; Roche Molecular Biochemicals)
for 30 min at 37◦C in the dark in calcium- and magnesium-free extracellular solution (140 mM NaCl, 3 mM KCl, 10 mM
HEPES, 11 mM glucose, pH 7.4). After several rinses and 4min of incubation with DNase I (200 U/ml), retinae were triturated in
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extracellular solution with 1 mM MgCl2 and 2 mM CaCl2 added. The retinal cell suspension was subsequently incubated with
CD11b- and CD31-binding microbeads to remove microglia and vascular cells, respectively, according to the manufacturer’s
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). The respective binding cells were depleted from the retinal sus-
pension using large cell (LS)-columns, prior to Müller cell enrichment. To select Müller cells, the cell suspension was incubated
in extracellular solution containing biotinylated anti-CD29 (0.1 mg/ml, Miltenyi Biotec) for 15 min at 4◦C. Cells were washed in
extracellular solution, spun down, resuspended in the presence of anti-biotin MicroBeads (1:5; Miltenyi Biotec) and incubated
for 15 min at 4◦C. After washing, CD29-positive Müller cells were enriched using LS columns according to the manufacturer’s
instructions (Miltenyi Biotec). Cells in the flow-through of the last sorting step – depleted of microglia, vascular cells, andMüller
cells – were considered as mixed neuronal population.

. Immunohistochemical and -cytochemical staining

For immunohistochemical staining, enucleated eyes were immersion-fixed (4% paraformaldehyde for 2h), washed with
phosphate-buffered saline (PBS), cryoprotected in sucrose, embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, Staufen,
Germany), and cut in 20 μm sections using a cryostat. Retinal sections were permeabilized (0.3% Triton X-100 w1% DMSO in
PBS) and blocked (5% normal goat serum with 0.3% Triton X-100 and 1% DMSO in PBS) for 2h at room temperature (RT).
For immunocytochemical staining, acutely isolated or cultured cells were fixed (4% paraformaldehyde for 15 min), washed with
PBS, permeabilized (0.3% Triton X-100 plus 1% DMSO in PBS) and blocked (5% normal goat serum with 0.3% Triton X-100
and 1% DMSO in PBS; 30 min at RT). Sections or fixed cells were incubated with primary antibodies (Table S1) in bovine serum
albumine (BSA; 1% in PBS) overnight at 4◦C. Samples were washed (1% BSA) and incubated with secondary antibodies (2h at
RT; 1% BSA). In some experiments, cell nuclei were labelled with DAPI (1:1000; Life Technologies). Samples were mounted in
Aqua-Poly/Mount (Polysciences, Hirschberg, Germany). Control experiments without primary antibodies indicated absence of
unspecific labelling except for the goat-anti-mouse secondary antibody that labelled blood vessels (not shown). Images of stained
sections and cells were acquiredwith a custom-madeVisiScopeCSU-X1 confocal system (Visitron Systems, Puchheim,Germany)
equipped with a high-resolution sCMOS camera (PCOAG, Kehlheim, Germany). For super resolution microscopy, fixed retinal
sections were permeabilized with Triton X-100 (0.5 % in 2% BSA in PBS) for 2h before incubation with primary antibodies in
blocking solution (overnight at 4◦C). After washingwith PBS, sections were incubatedwith secondary antibodies (Abberior Star)
and DAPI for 2h in blocking solution at RT, subsequently washed with PBS, and briefly rinsed with distilled water before being
mountedwith ProLongGold antifade reagent (Invitrogen, Life Technologies). Stimulated emission depletion (STED)microscopy
was performed at the Core Facility Bioimaging of the Biomedical Centre of the LMUMünchen with an inverted Leica SP8 STED
X WLL microscope using appropriate lasers for fluorophore excitation (405 nm; pulsed white light laser 470–670 nm). Images
were acquired with a 93x/1.3 NA glycerol immersion objective with the pixel size set to 23 nm. The following spectral settings
were used: DAPI (excitation: 405 nm; emission: 415–450 nm; PMT), AbberiorStar 580 (580 nm; 590–620 nm; HyD; depletion
laser: pulsed 775 nm, at 12% intensity), AbberiorStar 635P (635 nm; 645–702 nm; HyD; depletion laser: pulsed 775 nm, at 12%
intensity). Recording of colour channels was performed sequentially to avoid bleed-through. Image brightness and contrast were
adjusted with the open source software FIJI (Schindelin et al., 2012).

. Immunoblotting of proteins from acutely isolated, immunoaffinity-purified cells

Pellets of enriched cell populations from pooled pairs of mouse eyes were redissolved in reducing radioimmunoprecipitation
assay (RIPA) buffer, denatured, and sonicated. Protein amounts were quantified using the Bradford or the RC DC Protein assays
(BioRad, Feldkirchen, Germany) according to themanufacturer’s instructions. Equal amounts of protein per sample were loaded
to compare levels of selected VAMPs in cells (2.5 or 5 μg depending on the VAMP). Samples were separated by 12% SDS-PAGE
and immunodetection of proteins was performed as described (Schäfer et al., 2017) using primary and secondary antibodies
(Table S1) diluted in blocking solution (5% BSA in Tris-buffered saline with Tween 20). Blots were developed with WesternSure
PREMIUM Chemiluminescent Substrate (LI-COR, Bad Homburg, Germany).

. Test of VAMP antibody specificity by immunoprecipitation

Retinae were dissected from adult mice and lysed mechanically and chemically in RIPA buffer. The protein concentration was
determined by the RC DC Protein Assay (BioRad). For immunoprecipitation, to each sample (1 mg of total extract from four
mouse retinae), 5 μg of anti-VAMP5 antibody or a rabbit IgG-control antibody was added (Table S1) and the antibody-lysate
mix was incubated on the rotator at 4◦C for 4h. For affinity purification, 25 μl of Protein G Sepharose (Merck, Darmstadt,
Germany) were resuspended three times in TBS (0.5% NP40) and then centrifuged at 2000g for 5 min. Beads were added to the
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antibody-lysate mix and incubated on the rotator at 4◦C overnight. The complexes formed by antibody, antigen, and Protein G
Sepharose were pelleted (4000g for 5 min) two times, and washed in TBS. Proteins were eluted in Laemmli buffer for 10 min at
37◦C and spun down at 4000g. Supernatant was collected and stored at −20◦C until mass spectrometric analysis.

. Transcript profiling of acutely isolated, immunoaffinity-purified cells by RNAseq

Total RNA was isolated from pellets of enriched cell populations using the PureLink RNA Micro Scale Kit (Thermo Fisher
Scientific, Schwerte, Germany). Validation of RNA integrity and quantification of RNA concentrations were performed using the
Agilent RNA6000 Pico chip analyser according to themanufacturer’s instructions (Agilent Technologies,Waldbronn,Germany).
Enrichment of mRNA, library preparation (Nextera XT, Clontech), quantification (KAPA Library Quantification Kit Illumina,
Kapa Biosystems, Inc., Woburn, MA, USA) and sequencing on an Illumina platform (NextSeq 500 High Output Kit v2; 150
cycles) were performed at the service facility of theKFBCentre of Excellence for Fluorescent Bioanalytics (Regensburg, Germany;
www.kfb-regensburg.de). After de-multiplexing, at least 20 million reads per sample were detected. Quality control (QC) of the
reads and quantification of transcript abundance were performedwith the Tuxedo suite software (Langmead et al., 2009; Trapnell
et al., 2009). To this end, the cutadapt routine was used to remove adapter sequences (Martin, 2011) and several QC measures
were obtained with the fastqc routine. Next, the trimmed reads were aligned to the reference genome/transcriptome (GRCm38)
with HISAT2 (Kim et al., 2015). Transcript abundance was estimated with the stringtie routine (Pertea et al., 2015) and expressed
as fragments per kilobase pairs of transcripts per million reads (fragments per kilobase million, fpkm).

. Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR) of acutely isolated,
immunoaffinity-purified cells

Total RNA was isolated from pellets of enriched cell populations using the PureLink RNA Micro Scale Kit (Thermo Fisher Sci-
entific, Schwerte, Germany). An on-column DNase digestion step (PureLink DNase mixture, Thermo Fisher Scientific, for 20
min at RT) was included to remove genomic DNA (Roche Molecular Systems, Mannheim, Germany). RNA integrity was vali-
dated using the Agilent RNA 6000 Pico Assay according to the manufacturer’s instructions (Agilent Technologies, Waldbronn,
Germany). First-strand cDNAs from the total RNA purified from each cell population were synthesized using the RevertAid H
Minus First-Strand cDNA Synthesis Kit (Fermentas by Thermo Fisher Scientific, Schwerte, Germany). Primers were designed
using the Universal ProbeLibrary Assay Design Centre (Roche, Table S2) and transcript levels of candidate genes were measured
by qRT-PCR using the TaqMan hPSC Scorecard Panel (384 well, ViiA7, Life Technologies, Darmstadt, Germany) according to
the manufacturer’s instructions.

. TUNEL staining of cultured cells

Immunoaffinity-purified cells were plated on coverslips, placed in 24-well plates and cultured under chemically defined, serum-
free conditions in DMEM-F12 GlutaMax supplemented with Gibco Antibiotic-Antimycotic (1:100; Thermo Fischer Scientific)
and NeuroBrews (1:50; Miltenyi Biotec). After 24h or 48h, cells were fixed (4% PFA, 15 min at RT), permeabilized (0.25% Triton
X-100 in PBS, 20 min at RT), washed twice with de-ionized water and pretreated for 10 min at RT in TdT reaction buffer (Click-
iT Plus TUNEL Assay, Alexa Fluor 594 dye, ThermoFisher Scientific, Schwerte, Germany), before the enzyme mix was added
and incubated for 60 min at 37◦C. After two washes in 3% BSA/PBS (2 min each), the Click iT reaction cocktail was added and
incubated for another 30 min at RT. Subsequent staining for the Müller cell marker glutamine synthetase (GLUL) and DAPI
co-staining was performed as described in the section ‘Immunohistochemical and -cytochemical staining’, after coverslips were
washed two times (3% BSA/PBS for 5 min at RT). Images of cells were taken with a custom-made VisiScope CSU-X1 confocal
system (Visitron Systems, Puchheim, Germany).

. Preparation of immunoaffinity-purified EVs from cultured cells

Approximately 600,000 and 300,000 immunomagnetically sorted neurons and Müller cells, respectively, were seeded on indi-
vidual wells of a 48-well-plate and cultured under chemically defined, serum-free conditions in 400 μl DMEM-F12 GlutaMax
supplemented with Gibco Antibiotic-Antimycotic (1:100; Thermo Fischer Scientific) and NeuroBrews (1:50; Miltenyi Biotec).
Small samples of cells were fixed and air-dried on glass slides to control for cell purity by immunocytochemical staining of
GLUL. After 48h to 60h, conditioned medium (CM) was collected from individual wells of culture plates and preserved for sub-
sequent analyses of releasedmaterial. As reference, cells were also harvested from individual wells, pelleted by centrifugation, and
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immediately lysed in hot SDS (0.1 % in distilled water) formass spectrometry or in RIPA buffer for immunoblotting and frozen at
−80◦C until further processing. CM was cleared by several centrifugation steps with increasing speed and duration (600g for 10
min; 2000g for 30 min; 10,000g for 45 min) as described (Théry et al., 2006). The supernatant of the last centrifugation step was
subjected to immunomagnetic separation of secretedmaterial positive for the surface markers CD63 and CD9 (Miltenyi) follow-
ing the manufacturer’s instructions. Immunoaffinity-purified material containing EVs was characterized at the molecular and
structural level according to the MISEV2018 guidelines (Théry et al., 2018). For protein analyses, proteins in material enriched
from CM by immunomagnetic separation were directly eluted and lysed from the μ-columns still in the magnet either with hot
SDS (0.1% in distilled water) for mass spectrometry or in RIPA buffer for immunoblotting. The material in the flow-through
of the washing steps was pelleted by ultracentrifugation (at 100,000g for 2h; Optima MAX -XP Ultracentrifuge from Beckman
Coulter equipped with a TLA55 rotor) before lysis as described (Théry et al., 2006). Each lysed fraction was frozen at -80◦C until
further use.

. Immunoblotting of proteins from EVs, flow-through and corresponding cell lysates

Immunoaffinity-purified material from CM, flow-through and lysates of each cell type were diluted in Laemmli sample buffer,
and separated using SDS-PAGE (15%). Semidry blotting was performed using TRISbase (2.5 mM with 192% glycine and 20%
methanol) as transfer buffer. PVDF membranes were blocked using non-fat dry milk (5% in TBS with 0.1% Tween 20) and
incubated with primary and secondary antibodies. Blots were developed with Clarity MaxTMWestern ECL substrate (Bio-Rad
Medical Diagnostics GmbH, Dreieich, Germany).

. Nanoparticle tracking analysis

EV-containing samples from CM were charactized by nanoparticle tracking analysis (NTA) allowing for particle quantification
and average size estimation (Dragovic et al., 2011; Sokolova et al., 2011). The ZetaViewTM platform (ParticleMetrix, Meerbusch,
Germany) was calibrated with polystyrene beads of 100 nm diameter (Thermo Fisher). Analyses were performed exactly as
described (Görgens et al., 2019). Briefly, with five repetitions, videos were recorded at all 11 positions. The machine’s sensitivity
was set to 75, the shutter to 75 and the framerate to 30.

. Quantitative proteomics - LC-MSMS analysis, label-free quantification and data analysis

Proteins from immunoaffinity-purified EVs, flow-through and lysates of cultured cells were proteolysed with LysC and trypsin
with the filter-aided sample preparation procedure as described (Grosche et al., 2016; Wiśniewski et al., 2009). Acidified eluted
peptides were analysed on a Q Exactive HF-Xmass spectrometer (Thermo Fisher Scientific) online coupled to an UItimate 3000
RSLC nano-HPLC (Dionex). Samples were automatically injected and loaded onto the C18 trap cartridge and after 5 min eluted
and separated on the C18 analytical column (Acquity UPLC M-Class HSS T3 Column, 1.8 μm, 75 μm ×250 mm; Waters) by a
95 min non-linear acetonitrile gradient at a flow rate of 250 nl/min. MS spectra were recorded at a resolution of 60,000 with an
automatic gain control (AGC) target of 3×10e6 and a maximum injection time of 30 ms from 300 to 1500 m/z. From the MS
scan, the 15 most abundant peptide ions were selected for fragmentation via HCD with a normalized collision energy of 28, an
isolation window of 1.6 m/z, and a dynamic exclusion of 30s. MS/MS spectra were recorded at a resolution of 15,000 with a AGC
target of 10e5 and a maximum injection time of 50 ms. Unassigned charges and charges of +1 and >+8 were excluded from
precursor selection. Acquired raw data were analysed in the Proteome Discoverer 2.4 SP1 software (Thermo Fisher Scientific;
version 2.4.1.15) for peptide and protein identification via a database search (Sequest HT search engine) against the SwissProt
Mouse database (Release 2020_02, 17061 sequences), considering full tryptic specificity, allowing for up to one missed tryptic
cleavage site, precursor mass tolerance 10 ppm, fragment mass tolerance 0.02 Da. Carbamidomethylation of cysteine was set
as a static modification. Dynamic modifications included deamidation of asparagine and glutamine, oxidation of methionine,
and a combination of methionine loss with acetylation on protein N-terminus. The Percolator algorithm (Käll et al., 2007) was
used to validate peptide spectrum matches and peptides. Only top-scoring identifications for each spectrum were accepted,
additionally satisfying a false discovery rate<1% (high confidence). The final list of proteins satisfying the strict parsimony prin-
ciple included only protein groups passing an additional protein confidence false discovery rate<5% (target/decoy concatenated
search validation). Quantification of proteins, after precursor recalibration, was based on intensity values (at RT apex) for all
unique peptides per protein. Peptide abundance values were normalized to the total peptide amount. The protein abundances
were calculated summing the abundance values for admissible peptides. To compare proteins in EVs and lysate, the final pro-
tein ratio was calculated using median abundance values of five biological replicates each. The statistical significance of the ratio
change was tested with ANOVA. P values were adjusted for multiple testing by the Benjamini-Hochberg correction. Proteins
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with an adjusted P value <0.05 were deemed significant. To generate the heatmaps using open source programming language
R (Team, 2021), mass spectrometric data were first filtered to include only proteins that were detected in at least three of five
biological replicates of the CD9- or C63-positive EV fractions of neurons or Müller cells. Moreover, proteins had to be enriched
by 1.25 fold in the respective EV sample compared to the corresponding lysate. To generate an abundance heatmap, normalized
abundance values were log2-transformed and the Manhattan distances between the samples and proteins, respectively, were cal-
culated. Using hierarchical clustering with the ward.D2 method, dendrograms were generated that were separated in 11 clusters
for the proteins and two clusters for the samples. The heatmap itself including annotations was created with the pheatmap pack-
age (https://cran.r-project.org/web/packages/pheatmap/index.html). The smaller 11 clusters were then combined into fourmajor
clusters, for which gene enrichment analysis was performed using g:Profiler (ordered query, g:SCS threshold of a P-value<0.05)
(Raudvere et al., 2019). Venn diagrams were created using R (Team, 2021) with proteins showing a more than 2-fold increase in
the respective CD9- or CD63-positive EV fraction compared to corresponding cell lysates prepared in parallel. Proteins were
ranked based on abundance values in respective CD9- or CD63-positive EV fractions relative to values in cell lysates. To high-
light established EVmarkers, protein data were downloaded from the Vesiclepedia website (version 4.1) (Pathan et al., 2019) and
restricted to components that were detected by at least three independent experimental approaches.

. Immunogold labelling of retinae and transmission electron microscopy

Retinae were fixed (PFA 4%, glutaraldehyde 0.1% in PBS at pH 7.4 for 1h at RT), washed in PBS, incubated with saponin (0.1%
in PBS for 1h), and washed with BSA (2% in PBS, five times for 10 min each). Retina were incubated overnight at 4◦C with an
antibody against VAMP5 (1:100), CD63 (1:50) or CD9 (1:50; 0.1% BSA in PBS). After washing (2% BSA in PBS), retinae were
incubated with ultrasmall nanogold F(ab’) fragments of goat anti-rabbit or goat anti-mouse (1:100, 0.1% BSA in PBS; Aurion),
rinsed (0.1% BSA in PBS) and then washed in PBS and water. Gold particles were silver-enhanced using the R-Gent SE-EM
kit (Aurion, Wageningen, Netherlands). For double-immunogold labelling, retinae were washed again several times in distilled
water and phosphate buffer (PB; 0.1M NaH2PO4; pH 7.4), blocked (5% normal goat serum in PBS) and incubated overnight at
4◦Cwith an additional antibody. After washing (5% normal goat serum in PBS), retinae were incubatedwith ultrasmall nanogold
F(ab’) fragments of goat anti-rat (1:100, 0.1% normal goat serum in PBS; Aurion). After several rinses in phosphate buffer, retina
were fixed (2.5% glutaraldehyde in PB) and washed in PB and in distilled water. The second round of gold particles was silver
enhanced using the R-Gent SE-EMkit (Aurion) until they showed distinct sizes from the first ones. Immunogold-labelled retinae
were postfixed (0.5%OsO4 in distilledwater) for 15min. Finally, sampleswere dehydrated in graded ethanol series and embedded
in Embed 812 (EMS). Ultrathin sections were cut with an ultramicrotome (Leica), stained with uranyl acetate [1% (w/v) in 50%
ethanol], and examined by transmission electron microscopy (TEM; Hitachi H7500 equipped with an AMTHamamatsu digital
camera).

. Electron microscopic analysis of EVs secreted in vitro

To determine the size and shape of EV-like material secreted by cultured Müller cells and neurons, corresponding CM was sub-
jected to differential ultracentrifugation (600g for 10 min; 2000g for 30 min; 10,000g for 45 min; 100,000g for 2h) as described
(Théry et al., 2006). Pellets of the last step were fixed (2% glutardaldehyde in PBS for 1h), dried overnight on glass coverslips
(rinsed with distilled water, dehydrated in graded ethanol series, desiccated in hexamethyldisilazane, and air-dried before use),
carbon-coated and examined by scanning electron microscopy (SEM) at 15kV (Hitachi S800). For electron microscopic inspec-
tion of immunogold-labelled EVs, immunoaffinity-purified material was fixed (4% PFA, 0.1% glutaraldehyde in PBS at pH 7.4
for 1h), washed (PBS), dried overnight on glass coverslips for scanning electron microscopy (SEM) or on formvar-carbon grids
for TEM and washed (BSA 2% in PBS, five times for 10 min each). EV samples were incubated overnight at 4◦C with antibodies
against VAMP5 (1:100) and CD63 (1:50) or CD9 (1:50; 0.1% BSA in PBS), washed (2% BSA in PBS), and incubated for 1h with
nanogold F(ab’) fragments (1:100 in PBS with 0.1% BSA, Aurion) with different particle sizes and secondary antibodies (goat
anti-rabbit: 40 nm for SEM and 5 nm for TEM; goat anti-mouse or goat anti-rat: 25 nm for SEM or 15 nm for TEM). After sev-
eral rinses in PB, EVs were fixed in glutaraldehyde (2.5% in PB), washed in PB and postfixed in OsO4 (0.5% in PB for 15 min).
Finally, all samples were rinsed in distilled water, dehydrated in graded ethanol series, desiccated in hexamethyldisilazane, and
air-dried. TEM samples were stained with uranyl acetate [1% (w/v) in distilled water] and examined (Hitachi H7500 equipped
with an AMT Hamamatsu digital camera). For SEM analysis, immunogold-labelled samples were carbon-coated and examined
at 15kV (Hitachi S800). Secondary electron and backscatter electron images were collected simultaneously by corresponding
detectors.
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. Statistical analysis

Statistical analyses were performed with indicated tests using GraphPad Prism software (version 7). In figures, significance
levels are indicated by asterisks (*, P <0.05; **, P <0.01; ***, P <0.001). Whiskers in figures indicate standard error of the
mean.

 RESULTS

We explored vesicle-based communication by retinal Müller cells using adult mice as experimental model. As a first step, we
determined which vesicle-associated membrane proteins (VAMPs) are expressed by retinal Müller cells in vivo using immuno-
histochemical staining of retinal sections. We focused on the VAMP family as these proteins are part of the SNARE complex,
which mediates membrane fusion and thereby enables the cellular release of molecules and vesicles (Südhof & Rothman, 2009;
Urbina & Gupton, 2020).

. Expression of selected VAMPs in retinal Müller cells and their post-ischemic upregulation

As shown in Figure 1a, eachmember of the VAMP family showed a distinct expression pattern in the adult mouse retina. Notably,
we observed an overlap of cellubrevin/VAMP3, myobrevin/VAMP5 and VAMP8 with the Müller cell-specific markers GLUL or
retinaldehyde binding protein 1 (RLBP1). On the other hand, VAMP1, 2, 7 were present in plexiform layers containing synaptic
connections, whereas VAMP4 labelled cell somata in the ganglion cell and inner nuclear layer (Figure 1a). We validated the
glial expression of VAMP3, 5 and 8 using independent experimental approaches (Figure 1b, c). Cell-specific transcript analyses
by RNAseq and qRT-PCR using lysates of immunoaffinity-purified cells (Grosche et al., 2016; Pauly et al., 2019) corroborated
our results obtained by immunohistochemical staining (Figure 1b). Müller cells expressed Vamp, Vamp and Vamp, whereas
Synaptobrevin/Vamp, a component of synapses, was enriched in neurons indicating the validity of cell-specific profiles. We
also examined the presence of VAMP proteins in immunoaffinity-purified cells by immunoblotting (Figure 1c) and its cellular
distribution by immunocytochemical staining of acutely isolatedMüller cells (Figure 1d). These experiments revealed thatMüller
cells express VAMP3 and VAMP5 and that both VAMPs show a punctate distribution indicating their presence in vesicle-like
structures (Figure 1d). The validity of the VAMP5 antibody (Table S1) was indicated by previously published observations that
VAMP5-deficient mice show strongly reduced signals in immunoblots and after immunohistochemical staining performed with
the same antibody (Ikezawa et al., 2018). Moreover, our work revealed VAMP5 as a top-enriched protein in immunoprecipitated
retinal lysates analysed by mass spectrometry (Data S1).
Glial cells react swiftly to injury and disease with prominent and context-specific changes in their expression profiles (Escartin

et al., 2021; Pekny et al., 2016; Zamanian et al., 2012). To test whether expression levels of Vamp,  and  in Müller cells
change during gliosis, we used an established model of transient retinal ischemia (Pannicke et al., 2014; Wagner et al., 2016).
We observed several-fold increases of these glia-specific Vamp transcripts in acutely isolated, immunoaffinity-purified Müller
cells from ischemic retinae compared to cells from control tissue of contralateral eyes (Figure 2a). Immunohistochemical staining
revealed that transient ischemia enhanced levels of VAMP3 in processes of Müller cells in the plexiform layers and in structures
located in the layer containing photoreceptor segments. VAMP5 levels rose in both plexiform layers and at the external limit-
ing membrane. VAMP8 expression increased across all plexiform layers. (Figure 2b). Transcript levels of other members of the
VAMP family were not altered. Taken together, these results showed that Müller cells express a subset of VAMPs, whose levels
increase under pathologic conditions.

. Presence of VAMP in multivesicular bodies of retinal Müller cells and in the extracellular
space facing the internal and external limiting membranes in vivo

The unexpectedly strong expression of VAMP5 in Müller cells prompted us to focus on this member of the VAMP family and
to scrutinize its subcellular distribution using TEM. To facilitate comprehension of electron micrographs, morphologic features
of Müller cells and their location with respect to the different retinal layers are shown schematically (Figure 3a) together with
representative transmission electron micrographs of their compartments in the inner and outer retina (Figure 3b). Immunogold
staining of retinal sections combined with TEM corroborated the presence of VAMP5 in Müller cells (Figure 4). We detected
the protein in distinct intracellular structures resembling vesicles and multivesicular bodies. These structures were located in
endfeet of Müller cells and in their radial processes apposed to the external limiting membrane (ELM) of the outer retina
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F IGURE  Expression of VAMP3, 5 and 8 by retinal Müller cells (a) False-colour and greyscale confocal micrographs of retinal sections from adult mice
subjected to double-immunohistochemical staining of the indicated VAMPs and of the Müller cell markers GLUL and RLBP1. Positions of selected ocular
structures and retinal layers are indicated: VB, vitreous body; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane (arrow); PRS, photoreceptor segments. Scale bars: 20 μm. (b) Left, average counts
of indicated Vamp transcripts obtained by RNAseq from lysates of indicated types of acutely isolated, immunoaffinity-purified retinal cells (n = 3–4
preparations; Mann-Whitney test; whiskers indicate SEM). Fpkm, fragments per kilobase million. Right, mean relative expression levels of indicated Vamps in
Müller cells compared to neurons. (c) Representative immunoblots showing the presence of selected VAMPs in indicated populations of acutely isolated
immunoaffinity-purified retinal cells (MC, Müller cells; N, neurons; R, retinal lysates). For each protein tested, equal amounts of total protein from indicated
samples were loaded. (d) False-colour and greyscale micrographs of acutely isolated immunoaffinity-purified Müller cells subjected to nuclear (blue) and
double-immunocytochemical staining of VAMP3 and VAMP5 (red) and GLUL (green). Scale bar: 10 μm.
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F IGURE  Ischemia-induced increase of Vamp, Vamp and Vamp expression in retinal Müller cells (a) Mean relative levels of indicated transcripts as
determined by qRT-PCR in acutely isolated, immunoaffinity-purified Müller cells from retinae at 7 days after transient ischemia (post-ischemic). Levels were
normalized to those in Müller cells isolated from untreated control eyes (n = 3 preparations; whiskers indicate SEM; Mann-Whitney test). (b) False-colour and
greyscale confocal micrographs of retinal sections from control eyes and from eyes at 7 days after transient ischemia followed by double-immunohistochemical
staining of the indicated VAMPs (red) and of GLUL-positive Müller cells (green). VB, vitreous body; GCL, ganglion cell layer; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane; PRS, photoreceptor segments. Scale bar: 20 μm.

(Figure 4). Interestingly, we also observed VAMP5-positive vesicle-like structures on the extracellular side of the internal limiting
membrane facing the vitreous body and around apical microvilli of Müller cells reaching into the subretinal space surrounding
photoreceptor segments (Figure 4). Together, our ultrastructural observations revealed the presence of VAMP5 in vesicular struc-
tures located in the cytoplasm of Müller cells and in the extracellular space facing the internal and external limiting membrane
in vivo.
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F IGURE  Location of Müller cells and ultrastructure of selected compartments in the inner and outer retina. (a) Schematic representation of a Müller
cell and its position with respect to the different layers of the mouse retina. VB, vitreous body; ILM, internal limiting membrane; NFL, nerve fiber layer; GCL,
ganglion cell layer; N, soma of a neuron; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM,
external limiting membrane; P, soma of a photoreceptor; PRS, photoreceptor segments. (b) Representative transmission electron micrographs showing layers of
the inner (top) and outer (bottom) retina and the location of Müller cell elements. In the inner retina (top), endfeet of Müller cells (MCE) face the vitreous
body (VB), form the inner limiting membrane (ILM) and surround large somata of neurons (N) in the ganglion cell layer (GCL). Their processes traverse and
interweave the inner plexiform layer (IPL; top). In the outer retina (bottom), Müller cell processes traverse the outer nuclear layer (ONL) containing nuclei (P)
of photoreceptors (PR) and send apical microvilli (MCM) from the external limiting membrane (ELM) into the subretinal space where they interweave with
photoreceptor segments (PRS). Scale bar: 2 μm.

. Presence of EV markers in specialized domains of retinal Müller cells

Our ultrastructural findings raised the question whether VAMP5 is associated with EVs secreted byMüller cells. To explore this,
we studied the distribution of CD81 (TSPAN28), CD9 (TSPAN29) and CD63 (TSPAN30) in Müller cells. These transmembrane
proteins are ubiquitously expressed members of the tetraspanin family, located in distinct cellular compartments and contained
in distinct types of EVs (Escola et al., 1998; Théry et al., 1999; Théry et al., 2018). Immunohistochemical and -cytochemical
detection of the selected tetraspanins in retinal sections (Figure 5a) and in acutely isolated immunoaffinity-purified Müller cells
(Figure 5b), respectively, revealed a distinct distribution of each protein along GLUL-positive Müller cells. The cell surface com-
ponent CD9 decorated their endfeet facing the vitreous body, structures in the outer plexiform layer and notably their apical
microvilli extending into the subretinal space (Figure 5a). CD81 was strongly expressed in the outer plexiform layer and on api-
cal microvilli of Müller cells. CD63, which is also present in the endosomal-lysosomal system (Escola et al., 1998; Kobayashi
et al., 2000; Pols & Klumperman, 2009), showed a distinct distribution. This protein was present in the endfeet of Müller cells
and nearly absent from their apical microvilli (Figure 5a). Inspection of acutely isolated Müller cells showed limited overlap
of CD9 and CD81 and some colocalization of CD9 and CD63 (Figure 5b). CD9 and CD63 also showed punctate staining not
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F IGURE  Subcellular and extracellular location of VAMP5 in the retina (a) Transmission electron micrographs of the inner retina showing the presence
of VAMP5 (empty arrowheads) in endfeet of Müller cells (MC), notably in multivesicular bodies (asterisks), at the intra- and extracellular side of the internal
limiting membrane (ILM, black arrows) and in the vitreous body (VB). (b) Electron micrographs of the outer retina showing the presence of VAMP5 in
processes of Müller cells (MC) in the outer nuclear layer (ONL) and on their apical microvilli extending beyond the external limiting membrane (ELM, black
arrows) into the subretinal space containing photoreceptor segments (PRS). Retinal sections were subjected to immunogold labelling of VAMP5. Selected
nanogold particles are indicated by empty arrowheads. Scale bars: 500 nm.

associated with GLUL (Figure 5a) raising the question whether these proteins were expressed by other types of retinal cells. To
address this question, we compared expression levels between retinal cell types using transcriptome (RNAseq) and proteome
(mass spectrometry) analyses of acutely isolated and immunoaffinity-purified cells (Figure 6). For each tetraspanin tested, tran-
script and protein levels were highest in Müller cells compared to other cells with the notable exception of CD81, which was also
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F IGURE  Distribution of EV markers in the retina (a) False-colour confocal micrographs of retinal sections subjected to double-immunohistochemical
staining of GLUL-positive retinal Müller cells and of the tetraspanins CD9, CD81 or CD63. Empty arrowheads indicate presence of CD9 and CD81 on apical
microvilli of Müller cells extending beyond the external limiting membrane (ELM, white allows) in the subretinal space containing photoreceptor segments
(PRS). VB, vitreous body; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer;
RPE, retinal pigment epithelium. Scale bars: 20 μm. (b) False-colour confocal (left) and STED (right) micrographs of acutely isolated, immunoaffinity-purified
Müller cells showing entire cells and selected compartments, indicated by rectangles, at higher magnification. The terms “endfoot” and “outer stem process”
indicate the Müller cell compartments that are apposed to the internal and external limiting membrane in the intact retina, respectively. Fixed cells were
subjected to double-immunocytochemical staining of CD9, CD63 or CD81 and of GLUL. Scale bars: 10 μm. Plots show fluorescence intensities [in
analog-digital units] of respective proteins across the selected compartments with the location of the line scans indicated by white dashed lines.
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F IGURE  Cell-specific expression of tetraspanins in selected retinal cells Transcript (top) and protein levels (bottom) of indicated tetraspanins in acutely
isolated immunoaffinity-purified retinal cells (n = 3–5; whiskers: SEM; Mann-Whitney test) as determined by RNAseq and mass spectrometry, respectively.
Fpkm, fragments per kilobase million. MC, Müller cells.

abundant in neurons (Figure 6). Taken together, these results revealed a domain-specific presence of the selected tetraspanins
with CD63 expressed onMüller cell endfeet facing the vitreous body, and CD9 and CD81 strongly present on apical microvilli of
Müller cells extending into the subretinal space.

. Ultrastructural and molecular characterization of EVs secreted by Müller cells in vitro

Our observations in vivo suggested that Müller cells secrete EVs. Among the tetraspanins detected in the retina, we focused
on CD63 and CD9 given their strong expression by glial cells, and their presence in Müller cell endfeet and microvilli repre-
senting highly specialized compartments of these cells. To characterize glia-derived EVs, we purified Müller cells from retinal
cell suspensions by immunomagnetic separation, cultured them for maximally 60h under chemically defined, serum-free con-
ditions and prepared secreted material contained in CM as outlined below. For comparison, we also analysed material in CM
of affinity-purified retinal neurons. To determine cell viability during the indicated culture periods, we first performed TUNEL
assays. This approach revealed absence of TUNEL-positive in GLUL-positive Müller cells indicating high viability of Müller
cells. Among GLUL-negative cells representing in part neurons, a fraction of cells was TUNEL-positive indicating a lower, but
stable viability of these cells during the culture period (Figure 7a). Next, we characterized material secreted by retinal Müller
cells and neurons by established methods (Théry et al., 2018). As first step, we enriched EV-like material contained in Müller
cell- and neuron-derived CM by differential ultracentrifugation (Théry et al., 2006) and inspected its form and size by SEM. We
observed round, vesicle-like structures (Figure 7b) with diameters between 30 and 150 nm (Figure 7c, top panel), which is within
the established size range of EVs. Independent information about the size of these structures was obtained by NTA, which also
informed about particle concentrations (Figure 7c, bottom panel). To this end, we enriched material secreted by culturedMüller
cells and neurons by immunomagnetic separation of CM using an antibody against CD9. These samples showed a narrower
size range than the ultracentrifugation-enrichedmaterial inspected by SEM probably due to the immunoaffinity-based selection
(Figure 7c). Notably, NTA revealed a ∼1000-fold higher concentration of particles in affinity-purified samples compared to CM
thus indicating efficient enrichment of EV-like material (Figure 7c, insert).We next probed whetherMüller cells secrete VAMP5.
To this end, we purified CD63- and CD9-positive material fromMüller cell- and neuron-derived CM and subjected the samples
to immunoblotting. Flow-through lacking EVs and cell or retinal lysates served as negative and positive controls, respectively.
This approach revealed the presence of VAMP5 – albeit at low levels – in CD9-positive material secreted by Müller cells, but not
in material secreted by neurons and not in CD63-positive material from either cell population probably due to limited quantities
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F IGURE  Characterization of EVs secreted by Müller cells in vitro (a) Cell death among GLUL-positive Müller cells and GLUL-negative neurons after
indicated periods (in hours) in serum-free culture estimated by TUNEL staining. Note the absence of TUNEL-positive cells in cultures of GLUL-positive cells.
(b) Scanning electron micrograph of vesicle-like structures released by immunoaffinity-purified Müller cells cultured for 60h under serum-free conditions.
Secreted material contained in CM was enriched by ultracentrifugation prior to processing for SEM. Scale bar: 600 nm. (c) Diameters of vesicle-like structures
shown in (b) as determined by SEM (top; n = 3091 / 2361 particles from neurons / Müller cells; n = 3 culture preparations each; 10 images each preparation)
and of CD9-positive EVs determined by NTA (bottom; n = 3 independent cultures). Orange and black bars indicate neuronal and glia-derived material,
respectively. Insert, particle concentration per mL in CM (diamonds) and immunoaffinity-purified EV samples (triangles) from neurons (N, orange) and
Müller cells (MC, black). (d) Immunoblots probing the presence of VAMP5 in CD63- or CD9-positive EVs secreted by cultured Müller cells (MC) and neurons
(N), in the flow-through (FT), in cell lysates (Cells) and in the retina (Ret). (e) Scanning electron micrographs of secondary (left) and backscatter electrons
(right) showing the surface and proteins, respectively of EVs immunoaffinity purified from CM of Müller cells and subjected to double-immunogold labelling
of VAMP5 (vertical empty arrowheads; 40 nm) and CD63 (horizontal black arrows; 25 nm) using gold nanoparticles of different sizes. Scale bar: 750 nm. (f)
Transmission electron micrographs showing colocalization of indicated proteins on affinity-purified EVs secreted by Müller cells in vitro. Ultrathin sections
were subjected to double-immunogold labelling of VAMP5 (vertical empty arrowheads) and of CD63 or CD9 (horizontal black arrows) using gold
nanoparticles of different sizes (VAMP5/CD9: 5/10 nm; VAMP5/CD63: 10/5 nm). Scale bar: 100 nm.
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(Figure 7d). To test directly whether VAMP5 is present on EV-like structures, we subjected CD9- and CD63-positive material
secreted by cultured Müller cells to double-immunogold staining followed by SEM or TEM. Electron microscopic inspection
revealed the colocalization of VAMP5 with CD63 and with CD9 on EV-like structures (Figure 7e,f).

. Distinct proteomic profiles of CD- and CD-positive EVs secreted by neurons and Müller
cells in vitro

Wenext determined the protein composition of immunoaffinity-purifiedmaterial secreted byMüller cells and neurons in serum-
free primary cultures using label-free mass spectrometry (Figure 8). As controls, we analysed the protein content of non-binding
flow-through of CM and of lysates of cultured and of acutely isolated cells, each from Müller cells and neurons (Figure 8). The
mass spectrometric data revealed an enrichment of established (CD9, CD81, ALIX, FLOT1, ANXA2) and of more specific EV
components (COL1A2: Velázquez-Enríquez et al., 2021; LGALS3BP: Luga et al., 2012) in the CD9- and CD63-affinity purified
samples compared to flow-through of media and to cell lysates (Figure 8). On the other hand, proteins of organelles unrelated
to EVs were only present in lysates, but absent from secreted material (Figure 8). This observation excluded the presence of
contaminating material and indicated the quality of our EV preparations. Glial and neuronal markers were enriched in the
respective lysates confirming their cell-specific origin (Figure 8). Among these proteins, the cytoplasmic components GLUL and
MAP1B were also present in material immunoaffinity-purified from CM (Figure 8). To explore the cell- and subtype-specific
protein composition of presumed EVs, abundance values of proteins were subjected to hierarchical clustering (Figure 9). The
resulting sample clusters (columns) recapitulated the experimental groups indicating distinct compositions of neuron- and glia-
secreted material and differences among CD9- and CD63-positive EV samples. The approach assigned proteins detected in EV
samples (rows) to four principal groups (Figure 9): Cluster 1 and cluster 2 contained either Müller cell- or and neuron-specific
components, respectively. Two additional clusters contained proteins that were expressed in both neurons andMüller cells at high
levels (Cluster 3) and at distinct levels (Cluster 4) across all experimental groups. Notably, all clusters contained EV components
as shown by GO term analysis (Figure 9). To further explore the diversity of glia- and neuron-derived EVs, we compared the
protein contents of CD9- and CD63-positive material in CM from Müller cells and from neurons. As shown in Figure 10(a),
between 59% and 64% of proteins detected in EV-like structures secreted by Müller cells or neurons were non-overlapping and
thus specific to the cell of origin. The fraction was similarly large in CD9- and CD63-positive material. This finding indicated
that neurons and Müller cells secrete EVs with partially distinct protein contents. A comparison of proteins in CD9- and CD63-
positive EVs from neurons and Müller cells revealed 80% and 60% overlap, respectively (Figure 10b) indicating that the two
populations of EVs secreted by glial cells have amore distinct protein content than those secreted byneurons.A comparison of our
proteomic data with entries in the Vesiclepedia database (Pathan et al., 2019) revealed that half of the proteins detected in neuron-
and Müller cells-derived EVs are established markers (Figure 10). Notably, we found CD81 and diazepam binding inhibitor
(DBI) exclusively in CD9-positive EVs from Müller cells, whereas the fibrinogen beta chain (FGB) was only detected in their
CD63-positive counterparts. TheEVcomponent galectin 3 binding protein (LGALS3BP)was present in neuronal andMüller cell-
derivedCD9-positive EVs (Figure 10). Among the new proteins strongly enriched inMüller-derived EVs are centrosomal protein
290 (CEP290) and carbonic anhydrase (CA3). Taken together, our findings revealed that immunoaffinity-purified Müller cells
secrete EVs in vitro that have a distinct protein composition from those secreted by neurons.Moreover, CD9- and CD63-positive
EVs fromMüller cells show limited protein overlap indicating distinct subsets.

. Colocalization of VAMP with tetraspanins in the extracellular space of the inner and outer
retina in vivo

Our finding that VAMP5 and selected tetraspanins are present on EV-like material secreted by Müller cells in vitro prompted us
to examine their colocalization on extracellular structures in retinae in vivo using light and electron microscopy. Immunohisto-
chemical staining of retinal sections revealed an overlapping distribution of VAMP5with CD63 atMüller cell endfeet (Figure 11a)
and with CD9 in apical microvilli (Figure 11b). The apposition of CD63 and VAMP5 in Müller cell endfeet was corroborated by
super-resolution light microscopy (Figure 11c, d). The post-ischemic increase of VAMP5 expression (Figure 2) prompted us to
test whether induction of transient ischemia affected the distribution of VAMP5 and CD9 at two distinct time points. Previous
reports showed already an increase of retinal CD9 at 7 days post-injury (Iwagawa et al., 2020; Vázquez-Chona et al., 2004) similar
as reported here for VAMP5 after induction of ischemia (Figure 2). Ischemia induced time-dependent changes in the distribution
of CD9 and VAMP5 in layers of the inner (Figure 12a) and outer (Figure 12b) retina. CD9 showed a more increased presence
on plasma membranes, especially in apical microvilli of Müller cells, whereas VAMP5 showed a more wide-spread expression in
post-ischemic retinae (Figure 12).
Our light microscopic observations indicated overlap of VAMP5 and of tetraspanins in specialized domains of Müller cells

situated in the inner and outer retina, but we could not distinguish intra- and extracellular structures. To address this crucial
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F IGURE  Presence of established markers in EVs secreted by Müller cells and neurons in vitro Relative expression levels of selected proteins contained
in EVs, organelles, Müller cells and neurons in CD9- and CD63-positive EVs purified from CM, in material of the flow-through, and in lysates of cultured and
of acutely isolated neurons and Müller cells determined by mass spectrometry. Protein levels were normalized to total abundance of protein detected in
respective samples. Symbols represent individual preparations. Bars and whiskers represent average values and SEM, respectively (n = 5 preparations).
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F IGURE  Protein profiles of CD9- and CD63-positive EVs fromMüller cells and neurons Heatmap showing the normalized abundances of proteins
detected in EVs by mass spectrometry and dendrograms showing grouping of columns (experimental conditions) and of rows (proteins) generated by
unsupervised hierarchical clustering. Plots on the right show GO terms in four largest protein clusters and respective adjusted P values.

point, we performed double-immunogold labelling of respective proteins in ultrathin retinal sections using gold nanoparticles
of distinct sizes (to facilitate orientation see also Figure 3b). TEM inspection revealed close apposition of VAMP5 and CD63
in the extracellular space forming the vitreous body suggesting their presence on vesicle-like structures (Figure 13a). Notably,
we observed regularly vesicle-like structures decorated with VAMP5 and CD9 in the extracellular space intercalated between
photoreceptor segments and Müller cell microvilli at variable distance from the external limiting membrane (Figure 13b).

 DISCUSSION

Our study provides first evidence that Müller cells release distinct EV-like structures from specialized compartments in the
inner and outer retina of adult mice. Until now, EVs have mainly been studied after isolation from biological fluids or cell culture
media. Here, we report their detection in an intact biological tissue in vivo, which has represented a key challenge in the field (Van
Niel et al., 2022; Verweij et al., 2021). Previously, EVs have been found in various ocular structures and fluids including acutely
isolated retinae frommice (Mighty et al., 2020; Wooff et al., 2020), liquid biopsies of the human vitreous body (Zhao et al., 2018)
and aqueous humour (Hsiao et al., 2021), the conjunctival mucin layer of rats (Tendler & Panshin, 2020), the retinal pigment
epithelium of aged mice (Wang et al., 2009) and drusen of patients with age-related macular degeneration (Grillo et al., 2021).
However, the cellular origin of these EVs remained unclear. Our findings point to Müller cells as a source of EVs in the retina
and indicate that the release occurs at two prominent compartments of these cells. Müller cells are highly polarized showing
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F IGURE   Diversity of neuron- and Müller cell-derived EVs based on protein content Venn diagrams showing differences and overlaps in protein
content between neurons and Müller cells for CD9- (top) and CD63-positive (bottom) EVs (a) and between CD9- and CD63-positive EVs from neurons (top)
and fromMüller cells (bottom) (b). Numbers indicate counts of all proteins that were detected in respective samples (total), that were present in both samples
(common) and that were only present in either sample (specific). Indicated percentages were calculated compared to total number of detected proteins. Names
of specific and common proteins showing highest enrichment in EVs compared to lysate (top 15) are indicated on the right. Numbers and names in magenta
highlight established EV components listed in the Vesiclepedia database.
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F IGURE   Colocalization of VAMP5 and EV markers in retinal cells in vivo Greyscale and false-colour confocal micrographs of retinal sections
subjected to double-immunohistochemical staining of VAMP5 and of CD63 (a) or CD9 (b). VB, vitreous body; GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external limiting membrane (white arrows); PRS, photoreceptor
segments. Scale bars: 10 μm. (c) Greyscale and false-colour STED micrographs of retinal sections after double-immunohistochemical staining of CD63 and
VAMP5. Scale bar: 5 μm. (d) STED micrographs at higher magnification showing Müller cell processes (left). Plot of fluorescence intensities along the line scan
indicated in the micrograph (dashed white line) (right). Scale bar: 5 μm.
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F IGURE   Post-ischemic changes in the retinal distribution of VAMP5 and CD9 False-colour and corresponding greyscale confocal micrographs
showing the inner (a) and outer (b) retinae from control eyes and from post-ischemic eyes at 3 (left) and 14 (right) days after transient ischemia. Retinal
sections were subjected to double-immunohistochemical staining of VAMP5 (green) and of CD9 (red). VB, vitreous body; GCL, ganglion cell layer; ONL,
outer nuclear layer; ELM, external limiting membrane (white arrows); PRS, photoreceptor segments. Scale bar: 40 μm.
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F IGURE   Colocalization of tetraspanins and VAMP5 on extracellular vesicular structures in the retina Representative transmission electron
micrographs of retinal sections revealing colocalization of CD63 (a) and of CD9 (b) with VAMP5 in the extracellular space (a) apposed to endfeet forming the
vitreous body and (b) close to microvilli of Müller cells surrounding photoreceptor segments, respectively. Retinal ultrathin sections were subjected to
double-immunogold labelling of the indicated proteins using gold nanoparticles of distinct sizes (as indicated; US, ultrasmall ∼ 0.8 nm). VB, vitreous body;
MCE, Müller cell endfoot; ELM, external limiting membrane; MCM, Müller cell microvillus; PRS, photoreceptor segment. VAMP5: vertical empty arrowheads;
CD63 and CD9: horizontal black arrows. Scale bars: 500 nm.

distinct morphologic and functional specializations at their business ends: endfeet facing the vitreous body and apical microvilli
surrounding photoreceptor segments (Derouiche et al., 2012; Reichenbach, 1989). Our results suggest that Müller cells secrete
subsets of EVs from these compartments possibly by distinct mechanisms based on their tetraspanin content: The presence of
CD63 in multivesicular bodies of endfeet and in the apposed extracellular space suggests that EVs in this compartment originate
from intraluminal vesicles. The presence of CD9 on EVs in the subretinal space suggests that these structures originate from
apical microvilli. Müller cell-derived EVs thus resemble exosome and ectosomes bearing CD63 and CD9, respectively. Their
distinct subcellular origin and content have been exposed by a recent study on HeLa cell-derived material (Mathieu et al., 2021).
Our hypothesis that Müller cells release EVs from their apical microvilli in the subretinal space is supported by the notion
that many cell types shed EV-like structures from their specialized plasma membrane protrusions such as cilia, microvilli and
filopodia (Hara et al., 2010; Marzesco et al., 2005; Salinas et al., 2017; Wang, Silva et al., 2014; Wood et al., 2013; for review see
Rilla, 2021). The presence of CD81 (Clarke & Geisert, 1998) and CD9 (Iwagawa et al., 2020) in Müller cell compartments of the
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inner and outer retina is supported by earlier reports. So far, the retinal distribution of CD63 has remained unknown. We report
its enrichment inMüller cell endfeet. With respect to other retinal cells, this ubiquitously expressed tetraspanin has been studied
in cultured human retinal pigment epithelial cells as part of their EVs (Sreekumar et al., 2010) and in rodent retinal ganglion cells
as component of the endosomal-lysosomal system (Demais et al., 2016).
Until now, EVs secreted by primary Müller cells in vitro have not been characterized except for a recent report showing the

presence of micro RNAs in these structures (Akamine et al., 2021). In fact, Müller cells have been mainly studied as target of
EVs (Didiano et al., 2020; Eastlake et al., 2021; Kamalden et al., 2017; Ke et al., 2021; Peng et al., 2018; Wassmer et al., 2017; Zhang
et al., 2020). Probably the best studied source of retinal EVs are cultured pigment epithelial cells (Ahn et al., 2021; Flores-Bellver
et al., 2021; Kang et al., 2014; Klingeborn et al., 2017; Mukai et al., 2021; Otsuki et al., 2021; Sreekumar et al., 2010; Toyofuku
et al., 2012). Few studies characterized EVs secreted by other types of retinal cells in vitro including precursor cells (Zhou et al.,
2018), astrocytes (Hajrasouliha et al., 2013), retinal ganglion cells (Wang et al., 2021) and photoreceptors (Kalargyrou et al., 2021).
Microvesicle release from photoreceptors was reported in vivo (Ropelewski & Imanishi, 2020). Here, we provide the first direct
comparison of neuronal and glial secretomes and of the respective cell lysates. Our analysis reveals that Müller cells and retinal
neurons secrete EVswith distinct protein compositions showing less than 40% overlap.We uncovered severalMüller cell-specific
EV components. DBI is a putative endogenous ligand of translocator protein 18 kDa (TSPO) thought to mediate interactions
of Müller cells and microglia in the retina (Wang, Wang et al., 2014). Carbonic anhydrase was detected on apical microvilli of
Müller cells in themouse retina (Nagelhus et al., 2005; Ochrietor et al., 2005) supporting the release of EVs from these structures.
CEP290/NPHP6, a ciliary component, has not been associated with EVs, but its deficiency causes retinal diseases (Chen et al.,
2021). EVs secreted by cultured neurons (Chivet et al., 2014; Fauré et al., 2006; Lachenal et al., 2011; Morel et al., 2013; Yuyama
et al., 2012) and glial cells (Frühbeis et al., 2013; Gabrielli et al., 2015; Glebov et al., 2015; Guitart et al., 2016; Hooper et al.,
2012; Potolicchio et al., 2005) from other parts of the CNS have been characterized, but their proteomic profiles have not been
compared. Notably, the limited overlap of proteins found in CD9- and CD63-positive EVs fromMüller cells supports the notion
that a given cell type produces distinct subtypes of EVs (Jeppesen et al., 2019; Kowal et al., 2016) and corroborates our idea that
Müller cells secrete distinct types of EVs from distinct compartments.
Our analysis of VAMPs revealed Müller cell-specific expression of VAMP5. Up to now, the distribution of this protein in the

retina has remained unknown. Previous reports detected VAMP5 in skeletal muscle and other organs, but not in the brain (Taka-
hashi et al., 2013; Zeng et al., 1998). A more recent study identified Vamp as miRNA-regulated gene in the retina supporting
our finding that the protein is present in this part of the CNS (Olivares et al., 2017). Our finding that VAMP5 is associated with
EVs is supported by several lines of evidence. Electron microscopic inspection of muscle cell lines revealed its localization at the
plasma membrane, in vesicular structures, and in multivesicular bodies (Tajika et al., 2014; Zeng et al., 1998) in line with our
immunogold data. Moreover, VAMP5 was detected in EVs of the murine lung (Choudhary et al., 2021), from cultured myotubes
(Forterre et al., 2014), mesenchymal stem cells (Salomon et al., 2013) and tumoural Jurkat T cells (Bosque et al., 2016). A hint
towards the function of VAMP5 in EVs comes from a recent observation that components of the SNARE complex can be trans-
ferred intercellularly via EVs enabling vesicular release in target cells (Vilcaes et al., 2021). VAMP5 has also been shown to be
part of the machinery that mediates EV-dependent cytokine release from mesenchymal stem cells in vitro (Kou et al., 2018).
VAMP5 did not mediate fusion of vesicular and plasma membrane containing specific tSNAREs in an artificial exocytosis assay
(Hasan et al., 2010), but deletion of VAMP5 from mice causes developmental defects in the respiratory and urinary systems and
perinatal death (Ikezawa et al., 2018). The observed upregulation of VAMP5 and the changes in CD9 distribution under ischemic
conditions suggest that VAMP5 is part of the gliotic reaction to injury and disease and that ischemia affects EV secretion in the
retina. Ischemia-induced changes in brain cells releasing EVs have been reported previously (Brenna et al., 2020). On the other
hand, EVs are explored as therapeutic approaches to mitigate post-ischemic pathologic changes (Doeppner et al., 2015).
In summary, our data support the idea of EV-based communication between cells in the CNS and suggest Müller cells as a

key actor in the retina.
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III. DISCUSSION 
 

 

 

WITH GREAT DATA COMES GREAT COMPUTATION 

 

My data analysis posed specific technical challenges that can all have an influence on 

the end result and most importantly the final interpretation. Omic data like RNAseq, 

proteomics and single cell RNAseq in particular are prone to generate zero-inflated 

expression matrices. Such matrices contain a high amount of genes/proteins with zero 

or missing expression values across many samples. The degree of the zero inflation in 

part depends on the sensitivity of the technique but also on the analyzed samples, 

resulting in two basic origins of zero values: biological and technical. Biological zeros 

represent a true missing of a protein or transcript and are the result of a difference 

between the analyzed samples, for example between cells of different type or state. 

Technical zeros generally can occur amongst others due to material loss during 

isolation/preparation steps or insufficient sensitivity of the counting method. Tandem 

mass spectrometry, as used in our proteomic investigations, has a number of complex 

variables causing technical zeros. These can range from instrumentation-related 

differences in HPLC columns, acquisition mode, scan speeds and database annotation, 

but also intersample variation in post-translational modifications. As data dependent 

acquisition (DDA) might miss peptides if they do not show the top intensities among 

precursor ions, we used data independent acquisition (DIA) for its superior protein 

identification rate although both can have issues detecting protein isoforms. To tackle 

some of the challenges of zero inflation in proteomics, imputation methods have been 

developed and were employed in our studies before statistical analysis but remain 

controversial [64], [65]. To further ensure meaningful interpretation and to increase 

robustness, I filtered the identified proteins to include only those that were found in 

three out of five biological replicates of glial samples. 

Once I generated a satisfactory expression matrix, the primary target was the 

identification of differentially expressed genes or proteins for which I considered a 

variety of statistical tests implemented for example in packages for R. These include 
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Welch’s t-test, analysis of variance (ANOVA), DESeq2 [66], limma [67], or SAM [68] but 

the identified genes/proteins differed in part significantly, as was previously reported 

[65], [69]. Thus, a careful deliberation was necessary to choose the right method 

depending on factors like sample size and distribution.  

Even after the successful identification of differentially expressed proteins, the 

computational biologist is often left with long lists of gene names which might not 

immediately reveal their functional implications. To extract candidates for further 

investigation, one can boil down such lists to few select genes by applying – generally 

arbitrary – thresholds e.g. to a fold change or a p-value. Another possibility to better 

grasp the underlying meaning is the categorization by pathway enrichment analysis, 

which can give a hint in which contexts such genes might play a role. Amongst others, 

this can reveal the cellular localization, enzymatic activity, protein family, disease 

association or possible binding partners and thus guide further investigation. Common 

problems are the one-to-many relationship of genes to pathways, the deterioration of 

the importance of p-value/q-value [70] and the granularity of pathway terms [71]. The 

latter can not only alter statistics, but also aggravate interpretation if the enriched terms 

are too general/unspecific. Some strategies that I used if not to overcome, but to 

alleviate some of these challenges, were the selection of lists of interconnected genes 

by WGCNA [51], utilization of the meta database STRING [58], [59] and the visualization 

via Cytoscape. Additionally, I employed subclustering of the networks generated by 

STRING before pathway enrichment analysis to gain smaller lists of genes with better 

interpretable terms. The combination of these tools allowed me to identify pathways as 

well as specific proteins that seem to play a role in the heterogeneity of various glial 

subtypes. 

The complexity increased even more when comparing (differential) expression 

between transcriptomic and proteomic technologies. Various post-transcriptional 

regulatory mechanism like stability of mRNA or protein, differential ribosome usage or 

translation on demand can lead to a divergence between transcript and protein levels 

[72], [73]. In the present work, I looked at the interregional differences on transcript 

and protein level in comparable samples. Since these methods rely on vastly different 

technologies, the comparison of the expression values, that may be orders of magnitude 

apart in their absolute numbers, is rather difficult. To alleviate this, one can use relative 

values or ratios to normalize for technological variation. As relative read-outs I chose 

for example the ratio between Müller cells’ and neurons’ expression levels, when 

comparing Müller cell populations in the retina or expression above median when 

several CNS regions were to be contrasted. Indeed, I found only weak Spearman 

correlation between 0.12 and 0.34 (53 % to 61 % concordant regulation) between bulk 
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RNAseq and proteomics when comparing glial subpopulations in murine central 

nervous system. In contrast, differential protein expression between human central and 

peripheral Müller cells was conserved to a higher degree on single cell transcriptomic 

level with most genes/proteins that were detected in both methods showing concordant 

regulation (> 90%).  Studies report correlation values between 0.4 to 0.7 [72]–[75], but 

the higher values could only be achieved in direct comparison of tightly controlled, 

rather homogeneous samples  Thus, it seems that very defined conditions (e.g. same 

tissue, same cell type, same comparisons, precise quantification methods) need to be 

met to achieve an enhanced concordance regarding differential gene expression at both 

transcript and protein level. Consequently, Vogel and Marcotte [72] suggested a model 

where mRNA levels are seen as a broad genetic switch, while post-transcriptional 

regulation is responsible for the fine tuning of protein levels that are reflected in 

proteomics. A strong correlation would thus be seen only during a steady state. 

Defining a steady-state however can get difficult, considering that even in the healthy 

organism gene expression levels cycle constantly between different states at transcript 

and protein level [76], [77]. 

Bioinformatic analyses based on omic data remain an increasingly powerful tool 

to look at a plethora of cellular variables and allow the identification of genes of interest 

opening new avenues for investigation. Nevertheless, such in silico analyses may 

predict relationships based on mathematical models to a degree of certainty and are 

only as informative as the underlying data and thus do not reflect the whole biological 

picture. For example, interconnection between proteins can be indicated by correlated 

expression in proteomic data sets or by their membership in a biochemical pathway in 

a pathway enrichment analysis. But information about the manner of interaction, 

quaternary structure, alternative functions, cellular localization, or posttranslational 

modifications are missing. In consequence, no definitive statement can be made about 

their function. 

In conclusion, bioinformatics helps uncover patterns hidden to the naked eye and 

spark novel ideas, but (molecular) biological tools are necessary to prove their 

relevance in vitro and ideally also in vivo, thus providing definitive evidence for 

hypotheses originally made using bioinformatics tools. 
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COMMON PROTEOMIC PATTERNS SHAPE GLOBAL AND LOCAL GLIAL 

IDENTITY 

 

The mammalian CNS contains amongst others two major cell types: the glia and the 

neurons. While the latter have been intensively studied for many years and were 

successfully divided into many functional and regional subtypes, glia cells were long 

thought to play a secondary role. It is now clear that they fulfill a plethora of tissue-

specific functions in the CNS including the retina. The degree to which glial functions 

are conserved or divergent between regions of the CNS or defining characteristics of 

subclasses have previously been studied and extensively reviewed but often lack the 

comparison with the retina  [15], [28], [29], [78]–[86]. In the first manuscript, I focused 

on the relationship between brain astrocytes and their retinal siblings, the Müller cells, 

in an attempt to uncover similarities and differences of their proteomic landscape. In 

the second study, I explored the possibility and indeed provided some evidence of the 

existence of Müller cell subtypes in the human retina. 

Comparing the proteomic data between Müller cells and brain astrocyte-enriched 

fractions from gray matter, white matter and diencephalon I found some proteins to be 

expressed in a consistent macroglia-specific manner. These included known glial 

markers like Glial fibrillary acidic protein (GFAP), Vimentin (VIM), GLAST (SLC1A3), 

Aquaporin 4 (AQP4), Glutamine synthetase (GLUL) and 10-formyltetrahydrofolate 

dehydrogenase (ALDH1L1). GFAP did not show a significantly different expression in 

the mass spectrometry data across all studied CNS regions. This is rather surprising, 

as it is generally accepted that GFAP is barely detectable by immunostaining in 

homeostatic Müller cells or cortical astrocytes, but is upregulated during pathology 

while being constitutively present in white matter and retinal astrocytes [87]. One 

reason for this finding could be a contamination of the purified Müller cell fraction by 

retinal astrocytes, even though Müller cells by far outnumber astrocytes in the retina. 

Another explanation could be that mechanical stress due to the isolation protocol 

triggers Müller cells and cortical astrocytes to initiate their response program to tissue 

damage signals and thus to upregulate GFAP. Finally, the use of human GFAP 

promotor-driven reporter expression does result in labeling of some Müller cells in non-

injured tissue which implies that they indeed, even though at low levels, do express 

GFAP in the homeostatic retina [88].  

On the other side, ALDH1L1 is regarded as a panastrocytic marker [87] but 

showed 8-fold higher expression in grey compared to white matter astrocytes. 

Generally, it is unclear whether and how proteomic differences translate to detectable 
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changes in immunostaining signals [89], [90], since this antibody-based technique 

involves several steps to visualize a target and generate a signal that is not necessarily 

correlated with protein expression values. The intra- and intercellular localization, post 

translational modifications, protein isoform composition and changes in epitope tertiary 

structure may all influence the detection by antibodies but are not necessarily picked 

up by mass spectrometry, depending on the mode or sample preparation [37]. 

Additionally, it is not apparent how much actual change in protein amount would lead 

to a measurable shift in immunofluorescence signal making it difficult to quantify 

reliably. Along these lines, (immuno-)fluorescence based quantification in transgenic 

mouse strains using ALDH1L1 as a driver for eGFP or Cre recombinase indicate an 

ubiquitous expression across the brain albeit with a slightly lower recombination 

efficiency in corpus callosum [87], [91]. Thus, these two methods, immunofluorescence 

staining and tandem mass spectrometry, need to be seen as complementary rather than 

congruent in respect to their evidence. On a different note, there are indications that 

the MACS sorting approach based on ACSA2 selection results in contamination with 

oligodendrocytes and ependymal cells to varying degrees between the three brain 

regions [16], which might result in a slight skew in marker expression that cannot be 

ruled out completely. 

Nevertheless, we found transcription factors of the nuclear factor 1 family (NFI), 

NFIA and NFIX to be widely expressed specifically by glial cells of the central nervous 

system – and also the human retina – at comparable levels. NFIA seems to be involved 

in directing cell fate towards the glial lineage during development as it has been shown 

to be sufficient to stimulate gliogenesis and suppress neurogenesis in spinal cord [92], 

[93]. Similarly, a recent, extensive multispecies study reported that NFI transcription 

factors promote the quiescent state of Müller cells after injury, while leading to 

enhanced proliferation and the generation of neuron-like cells when deleted [94]. 

Interestingly, NFI factors showed a Müller cell-specific expression also in the human 

retina in our study with a tendency of a higher expression in macular glia compared to 

peripheral ones. In this context, increased NFI expression might lead to strengthened 

glial phenotype concomitant with a lack in proliferative and regenerative potential. 

Together our data and previous reports suggest a common regulatory network between 

Müller cells and astrocytes of the central nervous system that dictates glial versus 

neuronal identity not only during development but also in adult individuals.  
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DISTINCT PROTEOMIC PATTERNS BETWEEN REGIONS OF THE CNS 

CONVERGE ON YAP1 SIGNALING 

 

Although I found a set of proteins with equal expression across Müller cells and 

astrocytes among the studied CNS regions, many more of the protein expression 

profiles were characteristic for specific glial subpopulations representing diverse 

molecular pathways. The sum of these revealed a close relationship between Müller cell 

and diencephalic astrocytes and distinct proteomic profiles for all subgroups. For 

example, gray matter and white matter glia were both enriched in ribosomal and 

ribosome-associated proteins, respectively, but each was enriched in different 

members of these protein families. Looking at mitochondrial proteins, I noticed a subset 

to be differentially regulated between grey matter and diencephalic glia, while having 

comparable levels between Müller cells and white matter.  

Interestingly, when I compared various pathways with interregional regulation 

differences, it became clear that many seemed to converge onto Hippo pathway, which 

has an inhibitory function on YAP1 (Figure 4) [95], [96]. Several biomechanical signals 

cause YAP1 protein translocation from cytoplasm to nucleus [97], [98] and thus to 

transcriptional activation of a multitude of genes involved amongst others in cell cycle 

progression and proliferation.  

In our context, Müller cells and diencephalic glia, shared a common set of equally 

expressed proteins, which indicates that their common ancestry, the diencephalic 

secondary vesicle, can still be traced in adult animals. Both showed increased 

expression of GTPases of the RAS family as well as other proto-oncogenes like MTOR 

or SRC in comparison to grey and white matter. The mutant, constitutive activation of 

these genes was implicated in unchecked growth and cell division, a hallmark of cancer 

[99], [100]. Additionally, there are reports providing some evidence for a complex 

interaction of RAS and SRC with YAP1 [101], [102]. As both glial subpopulations do 

express YAP1 on protein level, it might physiologically be similarly involved in the 

proliferative potential of diencephalic astrocytes and Müller cells. However, there is a 

discrepancy in their ability to proliferate.  Müller cells do not divide in uninjured adult 

mouse retina, while diencephalic astrocytes to some degree do [16]. Here the strong 

and highly specific expression of Sarcolemmal Membrane-Associated Protein (SLMAP) 

that we found in Müller cells might allow some insights. This protein, too, participates 

in the Hippo pathway as it mediates the interaction of the striatin-interacting 

phosphatase and kinase (STRIPAK) complex to MST1/2, dephosphorylating them. 

Hence MST1/2 cannot activate LATS1/2 which finally leads to the translocation of YAP1 
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to the nucleus [96], [103]. Conversely, recent multispecies studies revealed that 

although YAP1 is upregulated in gliotic Müller cells of mice and xenopus, only 

amphibian cells constantly increase cell-cycle entry and proliferation. This barrier in 

the mammalian retina was abolished when a Hippo-inhibition-insensitive YAP1 species 

was overexpressed [104]–[106]. Thus SLMAP/STRIPAK independent signaling might 

lead to YAP1 inhibition and the difference in proliferation found between retina and 

diencephalon. Upstream of YAP1, this could be mediated, for example, by thousand-

and-one kinases (TAO) or Ras association domain-containing protein 1 (RASSF1A), 

both of which have activating effects on MST1/2, whereas AMPK could directly inhibit 

YAP1 [96]. 

In grey matter, a brain region with limited, injury-induced proliferation of 

astrocytes [107], [108], I identified ZEB1 to have highest protein expression. This 

transcription factor, known to trigger epithelial to mesenchymal transition (EMT) [109]–

[111] and recently shown to be involved in cell fate determination in hippocampus 

[112], may also act as a transcriptional coactivator of YAP1 [113], [114]. As YAP1 levels 

are also increased in grey matter, this expression pattern would indicate enhanced 

proliferative character, which was however shown to be less prominent when compared 

to diencephalon [16]. Another function of ZEB1 that might be of interest in this context 

is its role in alternative splicing during EMT [115]. Not only were proteins of mRNA 

processing and splicing upregulated in grey matter astrocytes, I also found proteins 

with a putative ZEB1 binding site and correlated expression to be also belonging to 

these pathways. This type of posttranscriptional regulation is involved in cortical cell 

lineage determination via RNA binding protein fox-1 homolog (RBFOX) proteins [116]. 

RBFOX2 in turn was shown to be able to confer alternative splicing of Transcriptional 

enhancer factor TEF-1 (TEAD1), a major DNA-binding YAP1 coactivator inducing an 

isoform dependent variation in cell growth [117]. 

In summary, it seems that glial subpopulations utilize various signaling cascades 

and posttranscriptional modification to modulate YAP1 target gene expression while a 

fine-tuned combination of these potentially generate the observed discrepancy in 

proliferative character. Follow-up studies to validate this working hypothesis would 

therefore be very interesting. 
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Figure 4: Several pathways that showed differential regulation between regions of the murine central 
nervous system seemed to converge onto Hippo signaling. Increased expression of SLMAP in retinal 
Müller cells might contribute to inhibitive MST dephosphorylation and thus to YAP1 activation. Proto-
oncogenes SRC and RAS GTPases were enriched in Müller cells and glia from diencephalon and are 
thought to be involved in pathways enhancing cell proliferation. Grey matter showed highest expression 
in ZEB1, a protein that triggers EMT and concomitant alternative splicing. It was reported to be able to 
physically interact with YAP1 and activate its target genes. Furthermore, alternative splicing of YAP1 
coactivator TEAD has been implicated in the modulation of transcriptional regulation of YAP1 targets. 

 

The first part of my thesis focused on broader contemplation of astrocytes of 

various murine brain regions and retinal Müller glia thereby establishing distinctive but 

also uniting proteomic profiles of these related glia. In contrast to that, the macula 

presents a spot in the human retina where a steep tissue heterogeneity unfolds across 

relatively small spatial distance (within a diameter of ~ 5-6 mm, Figure 3). While this 

poses the challenge of a limited number of cells and thus sample material, it at the same 

time provides the advantage of an accessible and very defined area. This region is 

characterized by an enrichment in cones and Müller cells prompting us to look 

specifically on the interaction of these cell types using the all-cone mouse model [118] 

that mimics this exclusive Müller cell-cone interaction in a first step. Indeed, I found 

differentially expressed proteins between Müller cells which are mainly in contact with 

cone photoreceptors and such in a rod-rich environment. This murine model, however, 
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does not appropriately reproduce other important aspects of the macular area such as 

decreased vascularization, increased and direct light exposure of photoreceptors, and 

morphologically different Müller cells. Consequently, I sought to directly compare 

macular Müller cells with their peripheral counterparts and generated a proteomic 

dataset from Müller cells isolated from human donor tissue. Focusing on the aspect of 

Müller cell cone interaction, I compared the differentially expressed proteins from the 

all-cone mouse model with the human proteomic analysis. I found minimal overlap of 

only eight differentially expressed proteins shared across species. Thus, it seems that 

the proteomic changes on Müller cells evoked by the pure cone- vs. rod-association are 

either poorly conserved between the models or that they play only a minor or indirect 

role in Müller cell heterogeneity. Nevertheless, there seems to be a core set of proteins 

that specifically represents Müller cell-cone interaction in mouse which is conserved in 

human. They might be involved in functions like the intercellular transport of energy 

metabolites or signaling molecules, cell-cell adhesion or photo pigment recycling. 

Examining the proteins that were enriched in human macular Müller cells, I found 

predominantly members of extracellular matrix, cell adhesion, and vesicular pathways 

hinting towards a shift in the extracellular milieu and biomechanical cell properties. 

Accordingly, I decided to focus on epiplakin (EPPK1), a member of plakin cytolinkers, 

for its exceptionally high expression in cone-associated Müller cells – both in mouse 

and human retina. To uncover basic cell biological functions of EPPK1 in Müller cells, 

I chose the human Müller cell-derived cell line MIO-M1 and assessed the impact of 

CRISPR/Cas9-mediated EPPK1 knockout. Interestingly, I found a phenotype not unlike 

to peripheral Müller cells with smaller, less complex cell protrusions and a reduced 

expression of extracellular and cell-adhesion proteins. In addition, traction force 

microscopy revealed that cells lacking EPPK1 exerted less traction stress on their 

substrate. This in turn implies that elevated EPPK1 levels, as they are found in macular 

Müller cells, might contribute not only to the generation of large cells with their 

characteristic z-shaped morphology but also to their ability to exert or resist the local 

mechanical strain [119]–[121]. As drusen (subretinal deposits of proteins and lipids), 

edema and macular holes are a common  pathology in retinal diseases like age-related 

macular degeneration or macular telangiectasia type 2 [122]–[124], it might be 

worthwhile considering EPPK1 as a target to increase tissue stability. 

As mentioned above, EPPK1 knockout cells exhibited a dysregulation of 

extracellular protein expression, which included a downregulation of CD9, an 

extracellular vesicle(EV)-associated protein of the tetraspanin family [125]–[127]. We 

corroborated this finding using immunofluorescence stainings. CD9 was also found to 

be specifically expressed by Müller cells and enriched in the macula in our human 
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proteomics data as well as in two published single cell RNAseq data sets [128], [129]. 

Furthermore, my collaborators and I showed secretion of CD9-positive EVs specifically 

from isolated murine Müller cells. Proteomic analyses of EVs purified from 

supernatants of cultured retinal cells revealed the presence of cell-type and vesicle-

subpopulation-specific protein cargo indicating functional specialization. Additionally, 

as I found EPPK1 KO cells to release fewer EVs but with the same relative amount of 

CD9 in their secretome, I hypothesize that MIO-M1 cells mostly secrete CD9-containing 

vesicles. Consequently, EPPK1 KO might not lead to a disturbance of CD9-EV 

biogenesis but rather to a downregulation of intracellular mechanisms of EV shedding, 

like transport or fusion. These findings allude to a possibly indirect function of EPPK1, 

in which higher EPPK1 expression in macular Müller cells might contribute to an 

increased EV secretion. As extracellular matrix protein was increased in central Müller 

cells and decreased in the secretome of EPPK1 KO cells, one can speculate that EPPK1-

dependent EV secretion is involved in the modification of the foveal extracellular 

matrix.  

In summary, we found a subset of proteins that is conserved across glial cells of 

different regions of the CNS even across species. At the same time there is region-

specific protein expression that seems to define or correspond to the glial functional 

niche. Further studies are necessary to dive deeper and elucidate which functional 

ramifications are rooted within these proteomic profiles. 
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IV. MAIN CONCLUSIONS & 

OUTLOOK 
 

 

 

In my thesis project, I focused on the dissection of the glial character in different 

regions of the CNS to better define and understand their common and distinct 

functions. Looking at murine Müller cells and astrocytes enriched from grey matter, 

white matter and diencephalon, I found not only that all subpopulations share a core 

pan-glial proteome. I also demonstrated that even spatially distantly located glial cells 

from retina and diencephalon can be closer related on proteome level than glia from 

the same organ, like grey matter and diencephalic astrocytes. Furthermore, I presented 

a proteomic foundation for an explanation why there is an apparent variation in 

proliferative and stem cell potential between subsets of astroglia. In this regard, the 

pathways I analyzed seemed to converge on Hippo signaling. In consequence, I 

hypothesized how it might be specifically tuned by region-enriched proteins to activate 

or deactivate YAP1-dependent transcriptional regulation. Future studies should 

address whether or upon which cues ZEB1-mediated alternative splicing persists in the 

adult brain and how it influences YAP1/TEAD1 activation or the ability of cortical 

astrocytes to perform EMT. Similarly, I found that Müller cells express high amounts of 

putatively YAP1-activating SLMAP and SRC, although YAP1 activity has been reported 

to be lacking in murine Müller cells. This implies that either endogenous levels of YAP1 

are just not high enough to produce enhanced proliferation or that there are other yet 

unknown strong Hippo signaling members to inhibit YAP1. Conversely, experimentally 

upregulated YAP1 signaling has led to enhanced Müller cell proliferation. Based on the 

insights I gained by comparing glial subpopulation of the CNS in this study, one might 

use similar paradigms in astrocytes of the brain to increase proliferation and eventually 

regeneration. 

In the human retina, I was able to identify major protein pathways on which Müller 

cell heterogeneity between macula and periphery is grounded. The most prominent 
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pathways comprise proteins of the extracellular matrix, cytoskeleton or focal adhesion, 

which may be involved in ensuring mechanical stability and are therefore upregulated 

in the macular retina, which is inherently very fragile due to its particular cellular 

composition. As one example, I investigated EPPK1 as a protein that might contribute 

not only to biomechanical properties of Müller cells but also to their size and 

morphology. Additionally, secretory proteins showed differential regulation hinting 

towards a variance in intercellular signaling and material exchange. The combination 

of these results hints towards a very distinct extracellular milieu of the macula, which 

could prompt future projects probing, for example, Müller cell stiffness or extracellular 

vesicle cargo. With these studies, I was able to lay a fundamental foundation for the cell 

biological and molecular understanding of Müller cells in the most important area of 

the human retina, which is at the same time unfortunately very susceptible to 

pathological changes. 

All in all, my colleagues and I produced enormous amounts of data, the analysis of 

which is not yet fully exhausted. In fact, many more interesting pathways or proteins 

with specific features can be identified on their basis and then be used as a starting 

point for future investigations. 
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