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Summary 

EPS15 and its paralog EPS15R are endocytic adaptor proteins best known for initiating clathrin-

mediated endocytosis and facilitating the uptake of EGFR, yet their neuronal roles have remained 

unclear. This thesis establishes that both proteins are critical components for synaptic receptor 

regulation, neurodevelopment, and ventricular homeostasis, suggesting that their functions are 

closely integrated with broader processes essential for brain development and maintenance. 

Comprehensive analyses showed that EPS15 and EPS15R are broadly expressed across the brain 

but display a distinct regional enrichment and a progressive postnatal upregulation. Both localize 

to pre- and postsynaptic compartments, supporting a dual function in synaptic vesicle recycling 

and neurotransmitter receptor trafficking. Their interaction with the AMPA receptor subunit 

GluA1, and the resulting GluA1 surface accumulation upon loss of EPS15/EPS15R, identify them 

as key regulators of AMPAR endocytosis with a potential influence on excitatory balance. In 

contrast, transferrin receptor uptake remained unaffected, indicating that global clathrin-

mediated endocytosis is preserved. Unbiased proteomic analysis defined the molecular networks 

through which EPS15 and EPS15R operate. Both interactomes were strongly enriched for 

canonical endocytic components, confirming their roles in vesicle formation and cargo selection. 

However, in addition, the EPS15R interactome revealed unique partners such as CALCOCO1 and 

SEC16A, implicating it in autophagy and ER-associated membrane trafficking. These findings 

suggest a non-canonical role for EPS15R as a scaffold linking endocytic, secretory, and degradative 

pathways.  

At the organismal level, the forebrain-specific loss of EPS15 and EPS15R resulted in growth 

deficits, seizures, hind limb clasping, behavioral changes, alterations in brain anatomy, and 

reduced postnatal survival, highlighting their importance for overall brain function. Structural 

analyses revealed cortical and hippocampal lamination defects closely resembling those observed 

upon disruption of Reelin signaling. Supporting a mechanistic link, our biochemical analyses 

demonstrated that EPS15R physically associates with the Reelin receptor ApoER2, suggesting that 

it may participate in the trafficking or stabilization of Reelin receptor complexes, thereby 

influencing neuronal positioning and cortical layering during development. In addition, 

EPS15/15R knockout mice developed ventriculomegaly. Cell culture experiments revealed 

defective ependymal differentiation and multiciliogenesis as potential cause for this phenotype. 

Given that proper ependymal maturation requires controlled EGFR downregulation and Notch 

signaling modulation, the loss of EPS15/15R might disrupts these processes, thereby leading to 

impaired differentiation and compromised ventricular integrity.  
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Together, these findings identify EPS15 and EPS15R as multifaceted adaptors that integrate 

endocytic trafficking with neuronal signaling and brain morphogenesis. By ensuring proper 

receptor internalization, neuronal lamination, and ependymal differentiation, they safeguard 

both the synaptic and structural integrity of the brain.  
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Zusammenfassung 

EPS15 und sein Paralog EPS15R sind endozytotische Adapterproteine, die vor allem für die 

Initiierung der Clathrin-vermittelten Endozytose und für die Internalisierung des EGF-Rezeptors 

bekannt sind, deren neuronale Funktionen jedoch bislang unklar geblieben sind. Diese Arbeit 

belegt, dass beide Proteine eine wichtige Rolle bei der Regulation synaptischer Rezeptoren, der 

neuronalen Entwicklung und der ventrikulären Homöostase spielen, was darauf hindeutet, dass 

ihre Funktionen eng mit umfassenderen Prozessen verbunden sind, die für die Entwicklung und 

Erhaltung des Gehirns unerlässlich sind. Umfassende Analysen haben ergeben, dass EPS15 und 

EPS15R im gesamten Gehirn weit exprimiert werden, jedoch eine deutliche regionale 

Anreicherung und eine progressive postnatale Zunahme zeigen. Beide lokalisieren in prä- und 

postsynaptischen Kompartimenten, passend zu einer dualen Funktion im synaptischen 

Vesikelrecycling und in der Internalisierung von Neurotransmitter-Rezeptoren. Ihre Interaktion 

mit der AMPA-Rezeptoruntereinheit GluA1 und die daraus resultierende Anreicherung von 

GluA1 an der Oberfläche bei Verlust von EPS15/15R identifizieren sie als wichtige Regulatoren 

der AMPAR-Endozytose mit einem möglichen Einfluss auf das exzitatorische Gleichgewicht. Im 

Gegensatz dazu ist die Transferrinrezeptoraufnahme unbeeinträchtigt, was darauf hindeutet, dass 

die globale Clathrin-vermittelte Endozytose intakt ist. Eine unvoreingenommene Proteomanalyse 

deckte die molekularen Netzwerke auf, über die EPS15 und EPS15R wirken. Beide Interaktome 

enthielten eine Vielzahl von endozytotischen Komponenten im Einklang mit einer Rolle von 

EPS15/15R bei der Vesikelbildung und der Auswahl der zu internalisierenden Proteine. Allerdings 

enthüllte das EPS15R-Interaktom auch nicht-endozytotische Partner wie CALCOCO1 und 

SEC16A, was auf eine Beteiligung von EPS15R an der Autophagie und dem ER-assoziierten 

Membrantransport hindeutet. Diese Ergebnisse sprechen für eine nicht-kanonische Rolle von 

EPS15R als Gerüstprotein, das endozytotische, sekretorische und degradative Wege verbinden 

könnte.  

Auf organismischer Ebene führte der Verlust von EPS15 und EPS15R im Vorderhirn zu 

Wachstumsdefiziten, Krampfanfällen, Verhaltensänderungen, Veränderungen in der 

Gehirnanatomie und einer verminderten postnatalen Überlebensfähigkeit, was die Bedeutung 

von EPS15 und EPS15R für die Gehirnfunktion unterstreicht. Immunhistochemische Analysen 

ergaben Defekte in der Lamination des Kortex und des Hippocampus, die denen sehr ähnlich sind, 

die bei einer Störung der Reelin-Signalwegs beobachtet werden. Unsere biochemischen Analysen 

bestätigten einen mechanistischen Zusammenhang, indem sie zeigten, dass EPS15R mit dem 

Reelin-Rezeptor ApoER2 assoziiert ist. Dies deutet darauf hin, dass EPS15R am Transport oder 
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der Stabilisierung von Reelin-Rezeptorkomplexen beteiligt sein könnte und dadurch die 

neuronale Positionierung und die kortikale Schichtung während der Entwicklung beeinflusst. 

Darüber hinaus entwickelten EPS15/15R-Knockout-Mäuse eine Ventrikulomegalie. Unsere 

Zellkulturversuche sprechen dafür, dass eine gestörte Differenzierung und Multiziliogenese des 

Ependyms der Grund dafür sein könnten. Da eine korrekte Ependymreifung eine kontrollierte 

EGFR-Internalisierung und eine Modulation des Notch-Signalwegs erfordert, wäre es möglich, 

dass der Verlust von EPS15/15R diese Prozesse stört und so zu einer beeinträchtigten Ependym-

Differenzierung und Ventrikelintegrität führt.  

Zusammen genommen identifizieren diese Ergebnisse EPS15 und EPS15R als vielseitige 

Adapterproteine, die endozytotische Funktionen mit neuronaler Signalübertragung und der 

Morphogenese des Gehirns integrieren. Indem sie eine ordnungsgemäße 

Rezeptorinternalisierung, neuronale Lamination und ependymale Differenzierung sicherstellen, 

schützen sie sowohl die synaptische als auch die strukturelle Integrität des Gehirns.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table of contents 

 

vii 
 

Table of Contents 
 

Summary .......................................................................................................................................... iii 

Zusammenfassung .............................................................................................................................v 

1 Introduction .............................................................................................................................. 1 

1.1 Mechanisms of endocytosis ............................................................................................. 2 

1.1.1 Clathrin-mediated endocytosis ................................................................................... 2 

1.1.2 Clathrin-independent endocytosis .............................................................................. 4 

1.2 Endocytic adaptors in brain development and disease ................................................... 5 

1.2.1 AP2 in neuronal development and disease ................................................................. 6 

1.2.2 AP180 and CALM in synaptic vesicle trafficking and pathology ............................... 6 

1.2.3 Epsins in receptor endocytosis and neurodevelopment ............................................. 7 

1.2.4 Numb and Numblike in neural cell fate and differentiation ...................................... 8 

1.2.5 Intersectins in synaptic vesicle recycling and postsynaptic function ......................... 9 

1.3 EPS15 and EPS15R in Endocytosis and Beyond ........................................................... 10 

1.3.1 Structural organization of EPS15 and EPS15R ......................................................... 10 

1.3.2 Canonical and cargo-specific functions of EPS15/15R in endocytosis .................... 11 

1.3.3 Non-canonical functions of EPS15s .......................................................................... 13 

1.3.4 Insights from non-mammalian model organisms .................................................... 15 

1.3.5 Insights from mammalian model organisms ............................................................ 15 

1.4 Neurogenesis and brain development ........................................................................... 17 

1.4.1 Mechanism of neocortical development ................................................................... 17 

1.4.2 Mechanism of hippocampal development ................................................................ 20 

1.4.3 Mechanism of ventricular morphogenesis ................................................................ 23 

1.5 Aim of thesis ................................................................................................................... 27 

2 Results ..................................................................................................................................... 28 

2.1 Characterization of endocytic proteins EPS15 and EPS15R ......................................... 28 

2.1.1 EPS15 and EPS15R are both expressed in the brain and exhibit developmental 

regulation ................................................................................................................................ 28 

2.1.2 EPS15 and EPS15R localize to both pre- and post-synaptic sites ............................ 29 

2.2 Mapping of EPS15 and EPS15R interaction networks ................................................. 31 

2.2.1 Targeted investigation of EPS15R-GluA1 interactions ............................................. 31 

2.2.2 Unbiased proteomic identification of EPS15 and EPS15R interactors .................... 32 

2.2.3 Novel EPS15R interactors suggest non-canonical roles ........................................... 36 

2.3 Generation and characterization of EPS15 and EPS15R DKO mice ............................ 40 



Table of contents 

 

viii 
 

2.3.1 Targeting strategy and validation of EPS15/15R dKO mice ..................................... 40 

2.3.2 In-vitro analysis of neuronal function upon EPS15/15R deletion ........................... 42 

2.3.3 In vivo analysis of phenotypic consequences of EPS15/15R deletion ...................... 47 

2.4 Exploring mechanisms underlying EPS15/15R-driven brain pathologies ................... 56 

2.4.1 Mechanistic basis of lamination defects in eDKO brain ........................................... 56 

2.4.2 Mechanistic insights into the development of hydrocephalus in eDKO mice ......... 66 

3 Discussion ............................................................................................................................... 76 

3.1 EPS15 and EPS15R as endocytic adaptors in the brain and synapse............................ 77 

3.1.1 EPS15 and EPS15R as players in AMPAR endocytosis ............................................. 79 

3.1.2 EPS15/15R are dispensable for TfR endocytosis in neurons .................................... 82 

3.2 Novel interactors of EPS15R .......................................................................................... 84 

3.2.1 EPS15R interaction with CALCOCO1 points to Endocytosis–Autophagy crosstalk 86 

3.2.2 The ER exit site scaffold SEC16A as a novel EPS15R interactor ............................... 88 

3.3 Consequences of EPS15/15R loss on development and behavior ................................ 91 

3.3.1 EPS15R is essential for postnatal development and viability ................................... 91 

3.3.2 EPS15R loss causes neurological and behavioral deficits ......................................... 95 

3.4 Consequences of EPS15/15R loss on brain architecture .............................................. 98 

3.4.1 EPS15/15R is essential for hippocampal and cortical layering ................................ 98 

3.4.2 EPS15/15R is important for radial glial scaffold integrity and neuronal migration

 101 

3.4.3 EPS15R is a component of Reelin-ApoER2 pathway .............................................. 102 

3.4.4 EPS15/15R loss also disrupts hippocampal commissural integrity ....................... 105 

3.5 Consequences of EPS15/15R loss on brain ventricle development ............................ 106 

3.5.1 EPS15/15R loss causes early-onset hydrocephalus ................................................. 106 

3.5.2 No evidence for adhesion proteins as drivers of hydrocephalus in eDKO mice ..... 109 

3.5.3 EPS15/15R are essential for ependymal cell differentiation................................... 110 

3.6 Conclusions and open questions ................................................................................. 117 

4 Materials and Methods ......................................................................................................... 119 

4.1 Materials ....................................................................................................................... 119 

4.1.1 Mouse lines............................................................................................................... 119 

4.1.2 Chemicals and reagents ........................................................................................... 119 

4.1.3 Consumables ............................................................................................................ 121 

4.1.4 Kits ............................................................................................................................ 121 

4.1.5 Antibodies and fluorescent reagents ....................................................................... 122 

4.1.6 Plasmids ................................................................................................................... 123 

4.1.7 Primers ..................................................................................................................... 123 



Table of contents 

 

ix 
 

4.1.8 Devices and equipment............................................................................................ 124 

4.1.9 Software and online tools......................................................................................... 124 

4.2 Biochemical methods................................................................................................... 125 

4.2.1 Mouse brain extract preparation ............................................................................. 125 

4.2.2 Synaptosome preparation ........................................................................................ 125 

4.2.3 Synaptic membrane preparation ............................................................................. 126 

4.2.4 Preparation of total cell lysate from eukaryotic cells .............................................. 126 

4.2.5 Protein quantification by Bradford or BCA assay .................................................... 126 

4.2.6 Trypsin cleavage assay .............................................................................................. 127 

4.2.7 Immunoprecipitation .............................................................................................. 127 

4.2.8 Mass Spectrometry................................................................................................... 128 

4.2.9 Surface Biotinylation ................................................................................................ 128 

4.2.10 Expression and affinity purification of GST-fusion proteins .............................. 129 

4.2.11 GST Pulldown assay ............................................................................................. 130 

4.2.12 SDS-PAGE ............................................................................................................ 130 

4.2.13 Coomassie staining .............................................................................................. 131 

4.2.14 Immunoblotting .................................................................................................. 131 

4.3 Cell biological methods ............................................................................................... 132 

4.3.1 Cell culture ............................................................................................................... 132 

4.3.2 Primary neuronal cell culture .................................................................................. 132 

4.3.3 Primary ependymal cell culture ............................................................................... 133 

4.3.4 Transfection of cell lines with JetPrime ................................................................... 133 

4.3.5 Calcium phosphate transfection of cells ................................................................. 134 

4.3.6 Calcium phosphate transfection of primary neurons ............................................. 135 

4.3.7 Immunocytochemistry ............................................................................................ 135 

4.3.8 Sytox cell viability assay ........................................................................................... 136 

4.3.9 Transferrin uptake .................................................................................................... 136 

4.3.10 pHluorin assay ..................................................................................................... 136 

4.4 Histological methods ................................................................................................... 138 

4.4.1 Perfusion of mice ..................................................................................................... 138 

4.4.2 Cryosectioning of brain tissue ................................................................................. 138 

4.4.3 Nissl staining ............................................................................................................ 138 

4.4.4 Immunohistochemical staining............................................................................... 139 

4.5 Molecular Biology methods ......................................................................................... 140 

4.5.1 Genotyping of mice .................................................................................................. 140 



Table of contents 

 

x 
 

4.5.2 Molecular cloning .................................................................................................... 141 

4.6 Statistical analysis ........................................................................................................ 143 

Appendix ....................................................................................................................................... 144 

List of abbreviations...................................................................................................................... 149 

List of figures ................................................................................................................................. 151 

List of tables .................................................................................................................................. 153 

References ..................................................................................................................................... 154 

Acknowledgement ........................................................................................................................ 173 

Curriculum vitae ........................................................................................................................... 176 

Darlegung des Eigenanteils .......................................................................................................... 179 

Darlegung aller benutzten Hilfsmittel und Hilfestellungen ....................................................... 181 

Eidesstattliche Erklärung.............................................................................................................. 183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

1 
 

1 Introduction 

The cell is enclosed by a lipid bilayer that restricts uncontrolled entry of macromolecules into the 

cytoplasm. Yet, to acquire essential nutrients and to adequately sense and respond to 

environmental changes, cells must remain in constant communication with their surroundings. 

This exchange is mediated largely by the plasma membrane, which serves as a critical component 

that separates a cell’s interior from its external environment. The plasma membrane functions as 

a selectively permeable barrier that regulates the movement of ions, nutrients, and signaling 

molecules in and out of the cell. While the plasma membrane serves as a stable boundary, it 

remains highly dynamic owing to continuous exchange with intracellular compartments through 

tightly regulated trafficking pathways. For cells to acquire essential nutrients and appropriately 

respond to environmental cues, the activity and abundance of membrane proteins must be 

precisely regulated. Moreover, receptors activated by ligand binding and transmembrane proteins 

delivered via exocytosis must be retrieved from the plasma membrane to maintain homeostasis. 

Endocytosis represents a central mechanism for these processes, enabling the internalization of 

membrane regions together with associated proteins and extracellular cargo, thereby continuously 

reshaping the cell surface proteome. 

 

Figure 1.1.  Schematic overview of endocytic trafficking and its cellular functions. The plasma membrane serves 

as a selectively permeable barrier that regulates the exchange of ions, nutrients, and signaling molecules between the 

intracellular and extracellular environments. Endocytosis provides a central mechanism to internalize membrane 

proteins and associated cargo, thereby continuously remodeling the cell surface proteome. Endocytic cargos are 

recruited into clathrin-coated vesicles (CCVs) with the help of adaptor proteins, trafficked through early endosomes 

(EE), and sorted for either recycling via recycling endosomes (RE) or degradation in late endosomes (LE) and lysosomes. 
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Through these pathways, endocytosis regulates diverse physiological processes, including nutrient supply, adhesion, 

ion homeostasis, and signaling including neurotransmission.  Adapted from (López-Hernández et al., 2020). 

 

Endocytosis constitutes a central hub through which cells regulate nutrient uptake, signaling, and 

interactions with their environment (Fig. 1.1). Classical examples for proteins regulated by 

endocytosis include the transferrin receptor (TfR), whose clathrin-mediated internalization is 

indispensable for iron acquisition and the generation of red blood cells (Dautry-Varsat, 1986; 

Mayle et al., 2012). In addition to nutrient uptake, endocytosis critically shapes intracellular 

signaling cascades. Epidermal growth factor receptor (EGFR) trafficking, for instance, not only 

drives proliferation, survival, and migration of cells but also terminates signaling by targeting 

receptors for degradation and sustains signaling cascades originating from endosomal 

compartments (Tomas et al., 2014; Vieira et al., 1996). Similarly, endocytosis also contributes to 

Reelin signaling, where internalization and trafficking of the Reelin receptors ApoER2 and VLDLR 

finetune pathway activity and influence neuronal migration and positioning during brain 

development (Chai & Frotscher, 2016; D’Arcangelo et al., 1999a). Notch signaling likewise 

depends on endocytosis, where Numb and Epsins regulate receptor and ligand trafficking to 

control cell fate decisions and differentiation during development (Cardano et al., 2019; Guo et 

al., 1996; Langridge & Struhl, 2017). Beyond nutrient and signaling pathways, the endocytic 

system regulates the availability of adhesion proteins such as integrins and cadherins, which is 

essential for processes like cell adhesion, polarity, and migration (Cadwell et al., 2016; Paul et al., 

2015). Collectively, these examples highlight the multifaceted role of endocytosis in orchestrating 

key cellular processes that underpin tissue development and homeostasis and are therefore crucial 

for organismal health. 

1.1 Mechanisms of endocytosis 

Endocytosis, as already stated, enables cells to control both nutrient acquisition and the 

abundance of receptors at the plasma membrane. There are two general categories of endocytosis: 

one that depends on the coat protein clathrin, termed clathrin-mediated endocytosis (CME), and 

another that proceeds without clathrin, referred to as clathrin-independent endocytosis (CIE). 

Among these pathways, CME is the predominant route, accounting for the majority of endocytic 

flux (Bitsikas et al., 2014). Clathrin-independent endocytosis (CIE) provides alternative 

mechanisms for cargo entry. 

1.1.1 Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis (CME) progresses through a highly ordered sequence of molecular 

events executed by more than 50 cytosolic proteins, in addition to clathrin, which together 
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orchestrate clathrin recruitment and coat assembly, cargo selection, membrane bending, vesicle 

scission, and subsequent uncoating  (Fig. 1.2) to allow fusion of nascent endocytic vesicles with 

endosomes  (Haucke & Kozlov, 2018; Kaksonen & Roux, 2018; McMahon & Boucrot, 2011). 

The process of CME begins with nucleation, marked by the formation of shallow membrane 

invaginations called pits. This step is characterized by the assembly of a nucleation module 

consisting of early-acting endocytic proteins, such as FCHo1/2, EPS15, EPS15R, Epsins and 

Intersectins which establish endocytic sites (Henne et al., 2010a). These proteins recruit and 

activate the heterotetrameric adaptor complex AP-2 (composed of an α, β2, μ2, and σ2 subunit), 

a central hub that links membrane binding to cargo recognition (Collins et al., 2002). Indeed, 

cargo selection is mediated largely by AP-2, which recognizes canonical endocytic motifs in 

transmembrane proteins and engages a wide range of accessory adaptor proteins that expand cargo 

specificity (for example, EPS15 and Epsins for ubiquitylated receptors, β-arrestins for GPCRs, 

Dab2 and ARH for members of the LDL receptor family , CALM and AP180 for v-SNAREs such as 

VAMPs, and Stonin-2 for Synaptotagmins) (Azarnia Tehran et al., 2019). Together, they are 

involved in coupling cargo capture to the initiation of clathrin coat assembly.  

 

 

Figure 1.2. Stages of clathrin-mediated endocytosis (CME). CME proceeds through a series of well-defined steps 

involving nucleation, cargo selection, coat assembly, scission, and vesicle uncoating: (1) Nucleation, where early 

scaffolds and adaptors (FCHo1/2, EPS15s, Epsins, Intersectins) establish nascent endocytic sites and recruit AP-2. (2) 

Cargo selection mediated primarily by AP-2 and accessory adaptors. (3) Coat assembly through clathrin lattice 

formation and curvature-inducing BAR proteins (Epsins, CALM). (4) Scission mediated by dynamin through GTP 

hydrolysis. (5) Uncoating driven by Auxilin/GAK. This sequential pathway ensures selective cargo uptake and maintains 

plasma membrane homeostasis. Adapted from (McMahon & Boucrot, 2011). 

Coat assembly is initiated by recruitment and polymerization of clathrin triskelia into a lattice that 

progressively bends the membrane into a pit. This growing coat stabilizes the invaginating pit, 

while membrane curvature is reinforced by amphipathic helix–containing adaptors (Epsins, 

CALM) and BAR domain proteins (FCHo1/2, Endophilin, Amphiphysin) that mold the neck 

region (Ford et al., 2002; Henne et al., 2007). As the coat matures and the pit deepens, Dynamin, 

a large GTPase, is recruited to the highly curved neck of the budding pit by BAR domain proteins 
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including Amphiphysin, Endophilin, and SNX9 (Ferguson et al., 2009). Dynamin then 

oligomerizes around the neck and through GTP hydrolysis catalyzes scission to release a clathrin-

coated vesicle (Sweitzer & Hinshaw, 1998). Finally, the clathrin coat is disassembled by the ATPase 

Hsc70 in concert with Auxilin or GAK (in neuronal cells) (Schlossman et al., 1984; Ungewickell et 

al., 1995), enabling vesicle fusion with early endosomes. Collectively, this tightly choreographed 

sequence ensures the efficient and selective internalization of plasma membrane cargo and 

thereby helps to regulate signaling pathways and to maintain the steady-state composition of the 

plasma membrane. 

1.1.2 Clathrin-independent endocytosis 

Clathrin-independent endocytosis (CIE) encompasses a broad set of pathways that internalize 

cargo without reliance on the clathrin coat. Unlike clathrin-mediated endocytosis, which is 

supported by a well-defined machinery, CIE comprises multiple pathways that vary in their 

molecular requirements, cargo specificity, and physiological roles. These routes include both 

Dynamin-dependent and Dynamin-independent mechanisms (Mayor & Pagano, 2007). CIE 

mediates the uptake of diverse proteins including nutrient transporters, adhesion molecules, 

immune receptors, and growth factor receptors (Maldonado-Báez et al., 2013). Although initially 

considered a non-selective bulk process, it is now clear that CIE involves regulated cargo 

recognition and trafficking, with specialized pathways that feed into the early endosomal system 

for sorting and recycling. 

Among the Dynamin-dependent pathways are caveolae-mediated endocytosis, which relies on 

Caveolin-1 and Cavin proteins and is sensitive to membrane cholesterol (Kiss & Botos, 2009), and 

fast endophilin-mediated endocytosis (FEME), in which the BAR-domain protein Endophilin 

drives rapid ligand-induced uptake of receptors like EGFR and β1-adrenergic receptors 

(Casamento & Boucrot, 2020). Other routes are dynamin-independent, including the clathrin-

independent carriers/GPI-anchored protein-enriched compartments (CLIC/GEEC) pathway, 

regulated by CDC42 and ARF1, which internalizes GPI-anchored proteins, and the Arf6-

dependent pathway, which mediates endocytosis of cargos such as MHC-I and Integrins (Mayor 

et al., 2014). 

Interestingly, certain adaptors traditionally associated with CME, such as EPS15, EPS15R and 

Epsins, can also mediate CIE by coupling ubiquitinated receptors to clathrin-independent 

endocytic routes. An example for a receptor employing different uptake mechanisms is EGFR, 

which is primarily internalized by CME at low ligand concentrations but switches to CIE when 

ubiquitinated upon high ligand stimulation. This clathrin-independent route depends on proteins 
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harboring ubiquitin-interacting motifs, which act redundantly to couple ubiquitinated receptors 

to internalization (Sigismund et al., 2005).  

Ultrafast endocytosis (UFE) which occurs at the presynapse is another recently discovered 

clathrin-independent endocytic mechanism. It mediates synaptic vesicle recycling within 50–100 

ms at membrane sites adjacent to synaptic release zones in C. elegans neuromuscular junctions 

and mouse hippocampal neurons  (Watanabe, Liu, et al., 2013; Watanabe, Rost, et al., 2013). It 

was shown that this pathway rapidly compensates for exocytosed membrane by internalizing a 

membrane area equal to four synaptic vesicles without using a clathrin coat. Since synaptic vesicles 

are thus not directly regenerated by UFE, clathrin is still needed downstream to generate synaptic 

vesicles from endosomes (Watanabe et al., 2014; Watanabe, Liu, et al., 2013; Watanabe, Rost, et 

al., 2013). UFE rapidly restores membrane surface area and tension, thereby maintaining synaptic 

transmission, and its disruption accelerates synaptic depression (Watanabe & Boucrot, 2017). 

Collectively, these pathways highlight the versatility of CIE as a group of endocytic mechanisms 

that complement CME in regulating nutrient uptake, receptor signaling, and plasma membrane 

homeostasis.  

1.2 Endocytic adaptors in brain development and disease  

Endocytosis is a fundamental process in the brain and is indispensable for neuronal development 

and communication. It sustains presynaptic vesicle recycling and enables the regulation of 

postsynaptic receptor abundance, processes that are fundamental for efficient neurotransmission 

and synaptic plasticity. At the presynapse, action potential–driven calcium influx triggers the 

fusion of synaptic vesicles with the plasma membrane, leading to neurotransmitter release. This 

fusion event depends on vesicular transmembrane proteins such as the calcium sensor 

Synaptotagmin1 and the SNARE protein Synaptobrevin/VAMP2 (Brunger et al., 2018). Following 

exocytosis, these proteins become embedded in the presynaptic membrane and must be efficiently 

retrieved by endocytosis and recycled into newly formed synaptic vesicles to sustain continuous 

neurotransmission (Azarnia Tehran et al., 2019). This retrieval process is essential to reverse 

membrane expansion at the active zone to maintain proper membrane tension, and to clear release 

sites of exocytosed material so that they remain available for subsequent rounds of fusion. It also 

enables the local recycling of vesicle proteins to replenish the vesicle pool, which is particularly 

critical given the long distance of synapses from the cell body (Kaempf & Maritzen, 2017). 

Postsynaptically, the precise regulation of neurotransmitter receptor numbers at the cell surface 

is critical, as their abundance directly determines the strength of synaptic responses. Endocytosis 

enables dynamic adjustments of receptor levels during synaptic plasticity (Carroll et al., 2001), a 
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process that forms the cellular basis of higher cognitive functions such as learning and memory. 

Given these broad cellular functions, defects in endocytosis have been implicated in psychiatric 

and neurodegenerative diseases, underlining the critical role of this process in health and disease 

(Azarnia Tehran et al., 2019). In this context, the following sections introduce key endocytic 

adaptor proteins and outline their specific roles in the brain, as well as the consequences of their 

loss or dysfunction. 

1.2.1 AP2 in neuronal development and disease 

Genetic studies highlight the essential role of AP-2 in mammalian development and neuronal 

health. Mice lacking the AP-2μ subunit die during early embryogenesis, whereas deletion of the 

AP-2β subunit results in perinatal lethality. In addition, loss of AP-2β has been associated with 

non-syndromic cleft palate and pronounced neurodegeneration in the thalamus and cortex, 

accompanied by reduced neuronal complexity (W. Li et al., 2010; Mitsunari et al., 2005). 

Mechanistic insights suggest that this phenotype reflects a non-canonical role of AP-2 in the 

retrograde trafficking of BDNF/TrkB-containing autophagosomes, which is critical for 

maintaining BDNF/TrkB signaling, neuronal branching, and survival (Kononenko et al., 2017). 

Impairments in AP-2–dependent sorting have also been proposed to contribute to neurological 

disorders such as epilepsy, as even subtle alterations in the efficiency of AP-2-mediated cargo 

handling appear to significantly affect neuronal excitability and increase seizure susceptibility 

(Helbig, Lopez-Hernandez, Shor, Galer, White, et al., 2019). Alterations in AP-2 have further been 

linked to neurodegenerative disease, as genome-wide association studies identified AP2A1 and 

AP2A2, as susceptibility loci for Alzheimer’s disease, underscoring the contribution of trafficking 

pathways to disease pathogenesis (Raj et al., 2018). Collectively, these findings exemplify how 

dysfunction of endocytic adaptor proteins can underlie diverse developmental, neurological, and 

neurodegenerative disorders. 

1.2.2 AP180 and CALM in synaptic vesicle trafficking and pathology 

The monomeric adaptors AP180 and CALM are closely related proteins that play critical roles in 

endocytosis and neuronal function. AP180 expression is largely restricted to neurons, where it is 

localized to presynaptic terminals (Koo et al., 2015a), whereas CALM is more broadly expressed 

across tissues, including neurons, where it functions both pre- and postsynaptically (Yao et al., 

2005). Investigations of knockout mouse models underscore their physiological relevance, 

showing that neurons lacking AP180 accumulate VAMP2 at the surface, a defect that is further 

aggravated by simultaneous CALM depletion, indicating a redundant role for these adaptors in 

VAMP2 sorting at the presynapse (Koo et al., 2015a). Consistent with the importance of VAMP2 
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in synaptic vesicle fusion, its mislocalization in AP180 knockout mice results in defective 

neurotransmission, epileptic seizures, and premature lethality (Koo et al., 2015a). CALM 

deficiency has also been shown to impair transferrin receptor trafficking in erythroid precursors, 

leading to defective transferrin uptake, anemia, and embryonic or early postnatal lethality in 

knockout mice (M. Suzuki et al., 2012). Beyond its role in vesicle trafficking, CALM has emerged 

as a genetic risk factor for Alzheimer’s disease, where it facilitates amyloid-β (Aβ) clearance across 

the blood–brain barrier by mediating clathrin-dependent endocytosis and transcytosis of Aβ 

bound to LRP1 (Zhao et al., 2015). CALM is also known to regulate synaptic plasticity by 

controlling surface levels of calcium permeable-AMPARs. Specifically, CALM promotes the 

endocytosis of ubiquitinated AMPARs in a clathrin-independent manner, thereby influencing 

long-term potentiation and depression and ultimately modulating learning in vivo (Azarnia 

Tehran et al., 2022). Together, these findings highlight AP180 and CALM as essential adaptors 

whose dysfunction leads to severe neurological, hematopoietic, and neurodegenerative 

phenotypes. 

1.2.3 Epsins in receptor endocytosis and neurodevelopment 

The Epsin family (Epsin1–3) comprises ENTH-domain proteins that function as endocytic 

adaptors, with Epsin1 and Epsin2 expressed at high levels in the brain (H. Chen et al., 2009a). In 

addition to their ENTH domain, mammalian Epsins contain EH domains and one or more 

ubiquitin-interacting motifs (UIMs), which allow them to recognize ubiquitinated cargo proteins 

and couple them to the endocytic machinery (H. Chen et al., 1998; Shih et al., 2002). Through 

this mechanism, Epsins facilitate the internalization of ubiquitinated EGFR, thereby shaping 

receptor signaling and downregulation (Kazazic et al., 2009). A particularly critical role of Epsins 

is seen in the context of Notch signaling. The double knockout of Epsin1/2 results in embryonic 

lethality at E9.5–10 due to severe organogenesis defects resembling those caused by impaired 

Notch pathway activity, consistent with the downregulation of Notch target genes in these 

embryos (H. Chen et al., 2009b). Similarly, Epsin depletion in murine embryonic stem cells led to 

defective Notch signaling and abnormal neural differentiation, reminiscent of Notch loss-of-

function (Cardano et al., 2019). Brain-specific deletion of all three Epsins  further demonstrated 

their essential role in the nervous system, as animals displayed reduced survival, progressive motor 

dysfunction, and premature death before one month of age (Messa et al., 2014). Together, these 

findings establish Epsins as key endocytic adaptors whose UIM-mediated recognition of 

ubiquitinated cargo directly connects endocytosis to receptor signaling and neurodevelopmental 

integrity. 
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1.2.4 Numb and Numblike in neural cell fate and differentiation 

Numb and its paralog Numblike (Numbl) are monomeric adaptor proteins with an N-terminal 

phosphotyrosine-binding (PTB) domain that mediates cargo recognition. Initially described in 

Drosophila, Numb was shown to regulate cell fate decisions during asymmetric cell division by 

modulating Notch signaling through endocytosis (Rhyu et al., 1994). Beyond internalization, 

Numb also contributes to postendocytic trafficking and degradation of Notch and its ligand Dll4 

(McGill et al., 2009; Shao et al., 2017). In addition, Numb directly participates in the 

internalization and trafficking of EGFR, where it facilitates receptor redistribution from the apical 

to basolateral domains of radial glial progenitors (Fig. 1.3) (Abdi et al., 2019).  

 

Figure 1.3 Numb in EGFR trafficking in radial progenitor cells. Under normal conditions (left), Numb directs EGFR 

trafficking from apical to basolateral domains via AP-2 and recycling endosomes, ensuring proper regulation of 

signaling. In Numb mutants (right), this redistribution fails, leading to persistent apical EGFR activity, impaired 

ependymal differentiation, and ventricular abnormalities. Adapted from (Abdi et al., 2019). 

This spatial control of EGFR signaling is essential for the timely differentiation of multiciliated 

ependymal cells and the assembly of the neurogenic niche. Conditional deletion of Numb and 

Numbl in ependymal progenitors leads to defective EGFR downregulation, persistent receptor 

activation, and profound structural abnormalities, including impaired ciliogenesis, ventricular 

enlargement, glial scarring, and early lethality in  mice (Abdi et al., 2019). In mammals, Numb 

and Numbl perform overlapping roles in neural development. Constitutive deletion of Numb has 

been shown to cause embryonic lethality around E11.5 with severe neural tube closure defects, 
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whereas Numbl knockout mice display no overt phenotype. However, combined loss of both 

proteins results in embryonic lethality by E9, confirming their redundancy (Gulino et al., 2010). 

Neuron-specific double knockout models show milder but functionally relevant phenotypes, 

including anxiety-like behavior when deleted in forebrain glutamatergic neurons (Qian et al., 

2017). These findings underscore Numb’s critical role in coordinating growth factor signaling and 

cell fate decisions during brain development, linking its adaptor function to both progenitor 

biology and ventricular homeostasis.  

 

1.2.5 Intersectins in synaptic vesicle recycling and postsynaptic 

function 

Intersectins (ITSNs) are multidomain scaffold proteins that coordinate endocytic events at 

synapses.  In invertebrates, the ITSN ortholog Dap160 is essential for synaptic vesicle formation, 

with loss-of-function mutations leading to reduced vesicle numbers, abnormal morphology, and 

accumulation of endocytic intermediates (Koh et al., 2004; W. Wang et al., 2008). Mammals have 

two homologous Intersectin genes, ITSN1 and ITSN2 (Pucharcos et al., 2000) which give both rise 

to a long and a short isoform. While ITSN2 is broadly expressed across different human tissues, 

the long ITSN1 isoform is mainly expressed in neurons (Guipponi et al., 1998; Pucharcos et al., 

2000). In mammals, ITSN1 appears less critical for synaptic vesicle endocytosis, though it 

supports vesicle replenishment and vesicle uncoating (Pechstein et al., 2015; S. Thomas et al., 

2009). Beyond presynaptic functions, ITSN1 also contributes postsynaptically by regulating 

AMPAR and NMDAR trafficking  (Glodowski et al., 2007; Nishimura et al., 2006) and by 

promoting dendritic spine development (S. Thomas et al., 2009). Thus, ITSN1 exerts both pre- 

and postsynaptic roles, linking endocytosis to vesicle cycling, receptor trafficking, and spine 

morphogenesis, although its precise contribution to mammalian brain physiology remains to be 

fully defined. ITSN1 has also emerged as a critical regulator of brain development through its 

involvement in the Reelin pathway (Fig. 1.4).  

Mechanistically, ITSN1 acts as a scaffold linking VLDLR to Dab1, thereby facilitating Dab1 

phosphorylation downstream of Reelin binding and ensuring proper radial glial organization and 

neuronal migration (Jakob et al., 2017a). Genetic interaction studies show that combined loss of 

ITSN1 and ApoER2 exacerbates cortical and hippocampal lamination defects, highlighting its 

importance in the VLDLR–Dab1 axis of Reelin signaling (Jakob et al., 2017a). In addition, ITSNs 

localizes to postsynaptic densities, where it associates with NMDA receptors and actin regulators 

to stabilize dendritic spines. Intersectin 1/2 double knockout mice exhibit reduced NMDA 

receptor levels, impaired cortico-striatal transmission, and stereotypic ASD/OCD-like behaviors, 
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linking ITSN dysfunction to neuropsychiatric disease (Vollweiter et al., 2023a). Collectively, these 

findings place ITSNs at the intersection of endocytosis, Reelin signaling, and synaptic plasticity, 

underscoring its essential role in neuronal development and behavioral regulation. 

 

Figure 1.4 ITSN1 as a scaffold in the Reelin signaling cascade. Reelin binding to VLDLR and ApoER2 triggers Dab1 

phosphorylation, which regulates neuronal positioning, synaptic plasticity, and memory. ITSN1 acts as a scaffold linking 

VLDLR to Dab1, thereby facilitating efficient Dab1 activation and downstream signaling. Adapted from (Jakob et al., 

2017a). 
 

1.3 EPS15 and EPS15R in Endocytosis and Beyond 

Epidermal growth factor receptor substrate 15 (EPS15) and its mammalian-specific paralog 

EPS15R (also known as EPS15L1) are endocytic adaptor proteins with conserved roles in clathrin-

mediated endocytosis. While EPS15 has been investigated in non-mammalian models, much less 

is known about the functions of either protein in the mammalian brain. Work in mammalian cell 

lines has suggested that the two proteins can substitute for one another in regulating endocytosis, 

yet it remains unclear to what extent their functions overlap in vivo. The uncertainty over whether 

EPS15 and EPS15R act redundantly or perform distinct roles in the mammalian brain, combined 

with their poorly defined functions in neurodevelopment and disease, makes them compelling 

candidates for study and the central focus of this thesis. 

1.3.1 Structural organization of EPS15 and EPS15R 

EPS15 was initially identified as a substrate phosphorylated by the epidermal growth factor 

receptor (EGFR) (Fazioli et al., 1993). During evolution, mammals acquired a second paralog, 

EPS15R , which shares 45% sequence identity and 61% similarity with EPS15 at the amino acid 
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level (Schumacher et al., 1995). Structurally, both proteins exhibit the features of multidomain 

scaffolding adaptors (Fig. 1.5). At their C-terminus, they contain three highly conserved EPS15 

homology (EH) domains (Confalonieri & Di Fiore, 2002; Wong et al., 1995). These EH modules 

recognize the NPF (asparagine–proline–phenylalanine) motifs of partner proteins such as Numb, 

Stonin2, and Epsins (Polo et al., 2003; Rumpf et al., 2008; Salcini et al., 1997a). The central 

portion of the proteins is composed of heptad repeats forming a coiled-coil (CC) region, which 

enables homo- and heterodimerization of EPS15 and EPS15R and mediates binding to the 

endocytic scaffold proteins Intersectin1/2 (Sengar et al., 1999a; Tebar et al., 1997). Adjacent to 

these are proline-rich domain containing multiple DPF (aspartate–proline–phenylalanine) motifs 

required for high-affinity interaction with the adaptor complex AP-2 (Iannolo et al., 1997). At 

their N-terminus, are the ubiquitin-interacting motifs (UIMs) that mediate ubiquitin binding and 

monoubiquitination , linking EPS15/EPS15R to ubiquitin-dependent cargo sorting (Polo et al., 

2002).Notably, EPS15R has also been shown to bind directly to the terminal domain of clathrin 

(Evergren et al., 2018). Through this modular architecture, EPS15 and EPS15R are able to 

assemble multi-protein complexes with AP-2, Clathrin, Dynamin, Intersectins, and Stonins, 

underscoring their function in endocytosis (Salcini et al., 1999) and positioning them as central 

adaptors within the clathrin-mediated endocytic machinery. 

 

Figure 1.5. Domain architecture and interaction partners of EPS15 and EPS15R. Schematic representation of 

EPS15 and EPS15R protein domains. Both proteins contain three N-terminal EH domains that bind NPF-containing 

partners such as Numb, Epsins, and Stonin2. A central coiled-coil region that mediates homo-/heterodimerization and 

interaction with Intersectins, and a C-terminal proline-rich domain (PRM) that binds AP-2 and engages the SH3 

domain of Crk. It also contains two C-terminal ubiquitin-interacting motifs (UIMs) which mediate recognition of 

ubiquitinated cargo such as EGFR and GluA1. This modular architecture enables EPS15/15R to assemble multi-protein 

complexes critical for clathrin-mediated endocytosis. 

 

1.3.2 Canonical and cargo-specific functions of EPS15/15R in 

endocytosis 

In vitro studies have shown that EPS15 and EPS15R act as largely redundant components of the 

endocytic machinery, as they share binding partners and jointly regulate clathrin-mediated 

endocytosis (van Bergen en Henegouwen, 2009). EPS15, together with FCHo1/2, functions as an 
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initiator of clathrin-mediated endocytosis by forming dynamic assemblies at the plasma 

membrane (Day et al., 2021). These assemblies, which are based on liquid-liquid phase separation 

(LLPS), rely on weak, liquid-like interactions that promote flexibility during vesicle budding. The 

EPS15-FCHo1/2 multivalent interaction is formed by the binding of the EH, CC and DPF motifs 

of EPS15 to the μ-homology domain of FCHo1/2, enabling their assembly into liquid-like protein 

droplets (Day et al., 2021). Disruption of this liquid-like state impairs endocytosis, highlighting 

the importance of EPS15-driven phase separation as a catalytic platform for vesicle formation 

(Witkowska & Haucke, 2021). EPS15s and Intersectins participate in this initiator network, 

supporting AP-2 recruitment and reinforcing redundancy within the early module (Henne et al., 

2010a). Similar phase separation by Ede1, the yeast homolog of EPS15/EPS15R, underscores LLPS 

as a conserved mechanism for endocytic site nucleation (Kozak & Kaksonen, 2022a). 

Functional studies in HeLa cells have shown that depletion of both proteins impairs CME of the 

transferrin receptor (TfR), a model for constitutive endocytosis, as well as the EGFR, a prototype 

of ligand-induced endocytosis (F. Huang et al., 2004). Consistent with their regulatory role, 

activation of EGFR triggers post-translational modifications of EPS15 and EPS15R, including 

tyrosine phosphorylation (Coda et al., 1998; Fazioli et al., 1993) and monoubiquitination (Delft 

et al., 1997; Woelk et al., 2006), which are required for efficient EGFR endocytosis (Confalonieri 

et al., 2000; Savio et al., 2016).  

The functional relevance of EPS15/EPS15R for endocytosis appears to be determined by cargo 

specificity, with their contribution differing for individual receptors and global endocytic 

processes. While their depletion can interfere with the uptake of specific cargos like TfR and EGFR, 

a broader impairment of endocytosis is only observed when Intersectin1/2 are simultaneously 

removed (Henne et al., 2010b). This indicates that EPS15/15R act as critical adaptors for selected 

receptors but function mostly in a redundant manner with other endocytic adaptors during 

constitutive clathrin-mediated endocytosis (Carbone et al., 1997). 

EPS15 and EPS15R, together with Epsin-1, have also been implicated in the clathrin-independent 

internalization of the epidermal growth factor receptor (EGFR) (Sigismund et al., 2005). Under 

conditions of high ligand stimulation, EGFR becomes ubiquitinated and is redirected from 

clathrin-mediated uptake toward a lipid raft–dependent, non-clathrin pathway. This process 

requires recognition of ubiquitin by Ub-interacting motif (UIM)–containing adaptors, and loss of 

EPS15, EPS15R, or Epsin impairs EGFR entry through this route, highlighting their essential role 

in coupling ubiquitinated cargo to clathrin-independent endocytosis (Fig. 1.6). 
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EPS15 has also been implicated as a specific adaptor for certain other ubiquitinated cargos, 

recognized through its UIM domains. These include connexin 43 (Cx43) and the AMPA receptor 

subunit GluA1. EPS15 interacts with ubiquitinated connexin 43 (Cx43) via its ubiquitin-

interacting motif, and loss of EPS15 leads to Cx43 accumulation at the plasma membrane, 

indicating its role in its internalization (Girão et al., 2009). EPS15 also plays a pivotal role in the 

endocytosis of AMPA receptors by directly recognizing ubiquitinated GluA1 subunits through its 

ubiquitin-interacting motifs. This interaction, which depends on Nedd4-mediated ubiquitination 

of GluA1, facilitates receptor internalization and reduces surface AMPAR levels, and is thereby 

assumed to contribute to synaptic regulation and plasticity. Loss of EPS15 leads to impaired 

internalization of ubiquitinated GluA1 and altered receptor trafficking (Lin & Man, 2014). The 

physiological relevance of these cargo-specific interactions remains unclear, and it is not yet 

known whether EPS15R is involved. Together, these findings highlight EPS15 and EPS15R as 

multifunctional adaptors that not only initiate and support general clathrin-mediated endocytosis 

but also act as cargo-specific regulators, linking endocytic machinery to receptor trafficking, 

signaling pathways, and synaptic plasticity. 

 

 

Figure 1.6  EPS15/EPS15R in clathrin-dependent and clathrin-independent EGFR endocytosis. EPS15/EPS15R 

and Epsins mediate EGFR uptake through both clathrin-dependent and clathrin-independent pathways. Under low 

ligand conditions, receptors enter via clathrin-coated pits, whereas high EGF stimulation promotes ubiquitin-

dependent, non-clathrin internalization, linking EPS15/EPS15R to alternative trafficking and degradation routes. 

Adapted from (Aguilar & Wendland, 2005). 

1.3.3 Non-canonical functions of EPS15s 

Beyond their established roles in endocytosis, EPS15 and EPS15R have also been implicated in 

the regulation of other pathways. Recent work published as preprint has uncovered a novel role 

for EPS15 and EPS15R in regulating clathrin-coated plaques, large flat clathrin lattices distinct 

from classical clathrin-coated pits (Bucher et al., 2018). These plaques arise following focal 
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adhesion mediated remodeling of the extracellular matrix (ECM), where localized ECM digestion 

creates topographical cues that recruit clathrin assemblies (Lampe et al., 2016). EPS15 and 

EPS15R were identified as key regulators of plaque formation, linking them directly to ECM 

sensing and cell migration. Loss of either protein disrupts the switch from focal adhesions to 

plaques, impairing the ability of cells to align migration with extracellular cues (Bucher et al., 

2018). This highlights a role for EPS15 and EPS15R beyond endocytosis, positioning them as 

mediators of contact guidance and collective migration. Moreover, subcellular localization studies 

revealed EPS15 enrichment at endosomal and trans-Golgi network compartments (Chi et al., 

2008; Kent et al., 2002), whereas a fraction of EPS15R resides in the nucleus (Poupon et al., 2002). 

These observations point to possible non-canonical functions of both proteins, though their 

biological relevance is yet to be clarified. 

 

Figure 1.7. Ede1-dependent autophagic degradation of aberrant endocytic assemblies. The yeast EPS15 

ortholog Ede1 functions as an intrinsic autophagy receptor and promotes liquid–liquid phase separation of stalled 

endocytic assemblies. These aberrant complexes are recognized through direct interaction of Ede1 with Atg8, enabling 

their recruitment to the core autophagy machinery and subsequent vacuolar degradation. This pathway highlights a 

non-canonical role of EPS15 family proteins in linking stalled endocytic complexes to autophagy. Adapted from 

(Wilfling et al., 2020a). 

In yeast, the EPS15 ortholog Ede1 has been identified as an intrinsic autophagy receptor, revealing 

an unexpected link between endocytic proteins and autophagic quality control (Fig. 1.7) (Wilfling 

et al., 2020a). Ede1 undergoes liquid–liquid phase separation to form condensates of aberrant 

clathrin-mediated endocytic assemblies, which are then selectively targeted for degradation. This 

process relies on distinct Ede1 domains that bind the autophagosomal protein Atg8 and connect 
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defective endocytic complexes to the core autophagy machinery. Structural studies further 

demonstrated the presence of Ede1-containing condensates both at the plasma membrane and 

within autophagic bodies, highlighting its role as a selective receptor that directs phase-separated 

protein assemblies into the autophagic pathway (Wilfling et al., 2020a). Given that mammalian 

EPS15 and EPS15R also undergo phase separation, these findings raise the possibility that similar, 

yet unexplored, mechanisms may exist in higher organisms, linking their endocytic quality control 

to autophagic degradation. 

1.3.4 Insights from non-mammalian model organisms 

Studies in non-mammalian models highlight the evolutionary importance of EPS15 family 

proteins in neuronal function. In C. elegans, the single ortholog EHS-1 is highly enriched at 

synapses and is essential for synaptic vesicle recycling. Its deletion leads to a severe reduction in 

synaptic vesicle numbers, causing impaired neurotransmission and locomotor defects. Genetic 

interaction with dynamin further supports a conserved role of EHS-1/EPS15 in presynaptic 

endocytosis (Salcini et al., 2001a). Similarly, studies in D. melanogaster have revealed a critical 

role for EPS15 in synaptic vesicle endocytosis and synapse development. Loss of EPS15 results in 

defective synaptic bouton formation and reduced synaptic vesicle recycling. A key binding partner 

of EPS15 in flies is Dap160, the ortholog of mammalian Intersectins, and double-mutant analyses 

indicate that these proteins cooperate to sustain efficient synaptic vesicle endocytosis (Koh et al., 

2007). Mutant flies subjected to high-frequency stimulation also exhibit enlarged vesicles, 

reduced synaptic vesicle density, and a failure to maintain neurotransmission (Majumdar et al., 

2006a).  

1.3.5 Insights from mammalian model organisms 

In mammals, gene duplication events have introduced additional complexity into the endocytic 

machinery, thereby providing functional redundancy that often mitigates the impact of losing 

individual components. This redundancy is evident in the case of EPS15, where EPS15 knockout 

mice are viable and fertile  (Pozzi et al., 2012a). Primary embryonic fibroblasts from these animals 

show no defects in transferrin or EGFR uptake, suggesting compensation by EPS15R and/or other 

adaptors. The only phenotype reported so far in EPS15-deficient mice is a mild alteration in B cell 

development, with elevated marginal zone B cell numbers, though the mechanism remains 

unresolved (Pozzi et al., 2012a).  

By contrast, loss of the brain-enriched paralog EPS15R causes much more severe consequences. 

EPS15R knockout mice display perinatal lethality, with >50% animals dying within two days (Fig. 

1.8 A), likely due to impaired feeding and respiration. Surviving animals show growth retardation, 
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behavioral abnormalities, and premature death by two months of age (Milesi et al., 2019). The 

double knockout of EPS15 and EPS15R in mice results in embryonic lethality around E9.5, 

accompanied by pronounced morphological and vascular abnormalities, underscoring their 

essential and redundant roles during early development (Milesi et al., 2019). Conditional deletion 

of both proteins in the hematopoietic lineage further revealed their importance for red blood cell 

maturation, as mice developed anemia due to defective transferrin receptor endocytosis and 

consequent disturbances in iron homeostasis (Milesi et al., 2019). This phenotype closely parallels 

that observed in constitutive CALM knockout mice, where impaired TfR uptake similarly disrupts 

erythropoiesis (M. Suzuki et al., 2012). Mutations in the human EPS15R gene have also been 

associated with split-hand/split-foot malformation (SHFM) (Bens et al., 2011; Umair et al., 2018), 

further stating its crucial contribution to developmental processes. 

 

Figure 1.8. Synaptic and developmental phenotypes associated with EPS15R loss. (A) Survival curves reveal that 

EPS15R knockout mice exhibit perinatal lethality, with more than half of the animals dying within two days of birth. 

(B) Western blot analysis of brain lysates shows ∼50% reduced Intersectin1 levels in EPS15R knockout mice. (C) 

Electron microscopy of hippocampal synapses demonstrates decreased synaptic vesicle density in the absence of 

EPS15R. (D) Upon strong stimulation, EPS15R-deficient neurons display accumulation of endosomal-like vacuoles. 

Findings from (Milesi et al., 2019). 

 

Both EPS15 and EPS15R are expressed in neurons but exhibit distinct compartment-specific 

distributions. EPS15R shows strong co-localization with the presynaptic marker Synaptophysin 

and is enriched in synaptosomal fractions, supporting a primarily presynaptic localization (Milesi 

et al., 2019). In contrast, EPS15 forms prominent clusters along dendrites and partially co-

localizes with PSD95, consistent with a postsynaptic enrichment (Lin & Man, 2014). Consistent 

with its presynaptic localization, hippocampal neurons from EPS15R-deficient animals exhibit 

reduced synaptic vesicle density  (Fig. 1.8 C) and, under strong stimulation, accumulation of 

endosomal-like vacuoles  (Fig. 1.8 D), partially paralleling the phenotypes observed in 



Introduction 

17 
 

invertebrate null mutants (Milesi et al., 2019). Interestingly, levels of Intersectin1 are diminished 

in EPS15R knockout brains  (Fig. 1.8 B), whereas other endocytic and synaptic proteins remain 

unaffected (Milesi et al., 2019). This observation reinforces the strong functional link between 

EPS15s and Intersectins, reminiscent of the well-established interaction between EPS15 and its 

ortholog Dap160 in Drosophila, where their interaction is critical for efficient synaptic vesicle 

recycling (Koh et al., 2007). Together, these findings underscore the essential and partly 

overlapping roles of EPS15 and EPS15R, although further studies are needed to fully delineate 

their specific contributions to neuronal physiology.  

1.4 Neurogenesis and brain development  

Proper brain development relies on tightly regulated cellular and molecular mechanisms that 

coordinate neurogenesis, neuronal differentiation, and circuit assembly. As already discussed, (see 

1.2), several adaptor proteins such as AP-2, CALM, Epsins, Numb, and Intersectins have already 

been implicated in diverse aspects of brain development, where they regulate receptor trafficking, 

intracellular signaling, and progenitor cell behavior. These findings highlight the critical 

contribution of endocytic adaptors to processes that shape neuronal development. In light of 

these precedents, EPS15 and EPS15R represent strong candidates for regulating similar 

developmental mechanisms. Indeed, as shown in later sections of this thesis, loss of 

EPS15/EPS15R leads to striking phenotypes affecting neurogenesis and brain architecture. To 

place these findings into context, the following section outlines key developmental programs, that 

will serve as a framework for interpreting the experimental results. 

Neurogenesis is a central process in shaping the developing brain, as it generates neurons from 

neural stem and progenitor cells. Newly generated neurons subsequently undergo migration, 

differentiation, axon and dendrite formation, and synaptogenesis to establish functional 

networks. In the postnatal and adult brain, neurogenesis persists only in specialized niches. 

Within these regions, diverse neural stem cell (NSC) types, such as radial glial cells (RGCs), 

intermediate progenitors, or astrocyte-derived precursors, give rise to new neurons that integrate 

into existing circuits (Götz & Huttner, 2005; Hussain et al., 2023; Kempermann et al., 2015). 

1.4.1 Mechanism of neocortical development 

The functional complexity of the mammalian brain is largely attributed to the neocortex, which is 

characterized by its well-defined laminar organization. Cortical neurogenesis is a highly 

coordinated developmental program through which neural progenitors produce projection 

neurons that build the neocortical layers. During early brain development, neuroepithelial cells 
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(NECs) – the primary neural stem cells (NSCs) of the early neural tube – begin to transition into 

radial glial cells (RGCs).Neuroepithelial cells are a morphologically uniform, highly proliferative 

population of multipotent progenitors that generate the initial neural lineages of the developing 

brain (Cai et al., 2002). As neurogenesis begins, these progenitors acquire astroglial characteristics 

and transform into radial glial cells, which retain apico-basal polarity and exhibit broader lineage 

potential. RGCs are heterogeneous, encompassing both pluripotent and lineage-restricted 

progenitors capable of giving rise to neurons, astrocytes, and oligodendrocytes, while 

simultaneously providing a scaffold for the radial migration of newly born neurons (Malatesta et 

al., 2008; Rakic, 2009). At later embryonic and postnatal stages, subsets of radial glia persist as 

neural stem cells that sustain adult neurogenesis, thereby establishing a continuous stem cell 

lineage from the embryonic to the mature central nervous system. With the onset of corticogenesis 

(around E10.5) (Fig. 1.9) RGCs self-renew and generate neurons via intermediate progenitors 

(IPCs) or glia cells that populate the subventricular zone (SVZ) (Götz & Huttner, 2005). The 

earliest-born neurons migrate from the ventricular zone (VZ) to form a transient structure known 

as the preplate. As development proceeds, later-generated neurons migrate into the preplate and 

divide it into two layers – the superficial marginal zone and the deeper subplate – thereby 

establishing the cortical plate between them. Neurons subsequently added to the cortical plate 

migrate radially along RGC scaffolds in a temporally ordered sequence, expanding the plate in an 

“inside-out” manner to form the mature six-layered neocortex (Bayer & Altman, 1991; McEwan et 

al., 2023). Early born neurons migrate and settle into the deeper cortical layers. In contrast, later-

born neurons first undergo a multipolar-to-bipolar transition before moving to more superficial 

layers of the cortex (Kriegstein & Noctor, 2004). Eventually all newly generated neurons migrate 

out of the ventricular zone (VZ) and subventricular zones (SVZ) toward the pial surface – the outer 

boundary of the developing cortex lined by the pia mater. Within the neocortex, deep-layer 

cortical neurons are marked by CTIP2 expression in layer V (Arlotta et al., 2005) and TBR1 in layer 

VI (Hevner et al., 2001), whereas upper-layer populations (layers II–IV) express SATB2 and CUX1. 

The marginal zone (MZ) at the cortical surface (layer I) lacks projection neurons and is instead 

populated by Cajal–Retzius cells (Schiffmann et al., 1997). This layered organization underpins 

the functional complexity of the mammalian cortex, and defects in these developmental programs 

are associated with diverse neurological disorders such as lissencephaly and polymicrogyria 

(Guerrini & Dobyns, 2014; Gupta et al., 2002).  

The formation of the cortex critically depends on the Reelin signaling pathway. Reelin is a large, 

secreted glycoprotein produced by Cajal–Retzius cells located in the marginal zone (MZ), where 

it accumulates in the extracellular matrix and provides essential positional cues for migrating 
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neurons (D’Arcangelo et al., 1995a). Reelin binds to the receptors VLDLR and ApoER2 

(D’Arcangelo et al., 1999a), which in turn recruit the cytoplasmic adaptor Dab1. This interaction 

promotes tyrosine phosphorylation of Dab1, a modification shown to be indispensable for Reelin 

signaling (Howell et al., 1999). 

 

Figure 1.9. Stages of cortical neurogenesis and laminar organization. Schematic representation of corticogenesis 

in the developing rodent brain. At the onset of cortical development, neuroepithelial cells in the ventricular zone (VZ) 

transition into radial glial cells (RGCs), which act as neural stem cells (NSCs) capable of both self-renewal and generating 

neurons through intermediate progenitor cells (IPCs) in the subventricular zone (SVZ). Newly generated neurons 

migrate radially along RGC scaffolds toward the cortical plate (CP), with early-born neurons forming the deep layers 

(CTIP2⁺ in layer V, TBR1⁺ in layer VI) and later-born neurons populating the upper layers (SATB2⁺ and CUX1⁺ in layers 

II–IV). The marginal zone (MZ, layer I) at the cortical surface is populated by Cajal–Retzius cells. Between E11 and E18, 

successive waves of neuronal generation produce the six-layered neocortex in an “inside-out” manner. This temporal 

and spatial sequence shapes neocortical architecture and functional complexity. Adapted from (McEwan et al., 2023). 

 

Mutant mouse lines such as Reelin knockout (reeler mice), Dab1 knockout (scrambler / yotari 

mice) or VLDLR/ApoER2 double knockouts all display a characteristic inverted and disorganized 

cortical layering (D’Arcangelo et al., 1995a; Hirota et al., 2015; Ware et al., 1997) where defective 

radial neuronal migration leads to a failure of preplate splitting, causing neurons to occupy 

inappropriate positions and display abnormal orientation (Pinto-Lord et al., 1982). As a result, 

neurons fail to terminate migration at the marginal zone and instead accumulate beneath earlier-
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born cells, leading to a loss of inside-out organization and an overall disruption of cortical 

lamination. However, the severity and extent of lamination defects vary among these models, 

reflecting the distinct roles of each component within the Reelin signaling pathway. Together, 

these findings demonstrate that the Reelin–VLDLR/ApoER2–Dab1 complex is essential for proper 

cortical lamination. Reelin signaling has been shown to also intersect with the Notch pathway 

during cortical development. In Reelin-deficient mice, levels of the cleaved Notch intracellular 

domain (Notch ICD) are reduced, leading to migration and morphological defects in neurons. 

Reelin prevents degradation of Notch ICD through Dab1, thereby sustaining Notch activity 

(Hashimoto-Torii et al., 2008). These insights highlight that the establishment of neocortical 

layers relies on the precise interplay of progenitor behavior, neuronal migration, and various 

signaling pathways, and that disturbances in these processes can result in severe developmental 

and neurological abnormalities. 

1.4.2 Mechanism of hippocampal development 

The hippocampus is a cortical structure located in the temporal lobe and is composed of the Cornu 

Ammonis (CA1–CA4) regions, which contain pyramidal neurons, as well as the dentate gyrus 

(DG) (Fig. 1.10).  The principal connections within the hippocampus form the so-called 

trisynaptic circuit, a well-characterized pathway essential for information processing and memory 

formation. The DG receives its main input from the entorhinal cortex (EC) which is why the EC is 

considered a functional component of the hippocampus formation. Dentate granule cells, in turn, 

project to CA3 pyramidal neurons through the mossy fiber pathway. From there, CA3 pyramidal 

cells send axons, known as Schaffer collaterals, to pyramidal neurons in the CA1 region. The CA1 

neurons then project to the subiculum and to deeper layers of the entorhinal cortex, thus 

completing the loop between the hippocampus and the neocortex. This organization ensures the 

bidirectional flow of information within the hippocampal formation(Patten et al., 2015). The DG 

itself consists of three distinct layers, the granule cell layer (GCL), molecular layer (ML), and hilus 

(Fig. 1.11). The development of the hippocampus, being a cortical structure, shares similarities 

with the formation of the neocortex (K. Hayashi et al., 2015). Both hippocampal and cortical 

neurons originate from progenitor cells located in the ventricular zones. In the hippocampus, 

radial glial cells within the ammonic and dentate neuroepithelium generate pyramidal and 

granule neurons, respectively (Altman & Bayer, 1990). Similar to cortical development, migration 

in the CA and dentate gyrus regions is regulated by Reelin secretion and signaling. With 

maturation, the neurogenic capacity of the DG becomes progressively confined to the subgranular 

zone (SGZ), located at the interface between the hilus and the granule cell layer (GCL), which 

serves as the lifelong hippocampal stem cell niche. 
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Figure 1.10  Simplified schematic of hippocampal circuitry. The hippocampus consists of the Cornu Ammonis 

(CA1–CA4) regions and the dentate gyrus (DG). Inputs from the entorhinal cortex (EC) reach DG granule cells. The 

granule cells project to CA3 via mossy fibers (MF), which connect to CA1 through Schaffer collaterals (SC). CA1 neurons 

then project to the subiculum (S) and back to the EC, forming the trisynaptic circuit. Adapted from (Patten et al., 2015). 

 

In most brain regions, neurogenesis is largely confined to embryonic and early postnatal 

development, ceasing around birth (Kempermann et al., 2015). The dentate gyrus , however, is an 

exception, as it continues to generate neurons throughout adult life (Cameron et al., 1993a). In 

the adult DG, neural precursors reside within the subgranular zone, where type 1 cells represent 

multipotent progenitors with radial glia-like morphology (Seri et al., 2001, 2004). These cells 

display astrocytic features, expressing GFAP and stem cell markers such as Nestin and Sox2 

(Filippov et al., 2003; Fukuda et al., 2003). Type 1 cells give rise to transiently amplifying type 2 

progenitors, which proliferate actively. Type 2a cells retain glial characteristics, whereas type 2b 

cells begin to acquire neuronal traits, including the expression of Doublecortin (DCX) and 

NeuroD  (Steiner et al., 2006). The type 2b cells transition into type 3 neuroblasts, which are DCX-

positive and display limited proliferation. Following short-range migration into the granule cell 

layer, type 3 cells differentiate into mature granule neurons marked by NeuN and Calbindin, which 

integrate into hippocampal circuits within weeks (Fig. 1.11) (Toni & Schinder, 2016). The 

subventricular zone of the lateral ventricles represents the second major site of adult 

neurogenesis. Within this niche, slowly dividing stem-like cells expressing GFAP and Nestin give 

rise to transit-amplifying progenitors through asymmetric divisions (Doetsch et al., 1997, 1999). 

These progenitors subsequently generate DCX-positive neuroblasts, which migrate collectively 

through the rostral migratory stream toward the olfactory bulb (Lois & Alvarez-Buylla, 1994). This 
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continuous neuronal turnover is thought to be essential for olfactory processing in rodents 

(Gheusi et al., 2000), although its relevance for humans appears limited. 

 

Figure 1.11 Stages of adult hippocampal neurogenesis. Left: Schematic representation of the hippocampal dentate 

gyrus (DG), showing its major layers: the molecular layer (ML), granule cell layer (GCL), hilus, and subgranular zone 

(SGZ), which together form a lifelong neurogenic niche. Right: Neural stem cells (type 1; green), characterized by radial 

glia-like morphology and expression of GFAP, Nestin, and Sox2, generate transiently amplifying type 2 progenitors 

(blue). Type 2a cells retain glial traits, while type 2b cells acquire neuronal features, including expression of DCX and 

NeuroD. These give rise to type 3 neuroblasts (purple), which undergo limited proliferation and migrate into the GCL, 

where they differentiate into immature neurons (magenta) and eventually mature granule cells expressing NeuN and 

Calbindin (orange). This sequence ensures the continuous generation and integration of new neurons into hippocampal 

circuits throughout life. Adapted from (Eisch et al., 2008). 

 

Reelin, as mentioned above is also essential for proper hippocampal organization (Frotscher, 

1998). In reeler mice, defective Reelin signaling results in abnormal lamination, with pyramidal 

neurons in the CA regions and granule cells of the dentate gyrus appearing dispersed rather than 

forming compact layers (Hamburgh, 1963). In the DG, impaired Reelin signaling profoundly 

disrupts neurogenesis, as seen in reeler mice where radial glial scaffolds are disorganized and fail 

to orient radially, leading to abnormal DG layering (Förster et al., 2002; Weiss et al., 2003a). 

Consistently, conditional deletion of Dab1 in postnatal mice leads to ectopic accumulation of 

newborn neurons in the hilar region and impaired dendritic development, further emphasizing 

the essential role of the Reelin–Dab1 pathway in regulating neuronal migration and maturation 

(Teixeira et al., 2012). These findings firmly establish Reelin as a master regulator of neuronal 

migration and neurogenesis. Taken together, these insights highlight that hippocampal 

development and lifelong neurogenesis rely on the coordinated action of radial glial progenitors 

and Reelin signaling to ensure proper lamination and hippocampal circuit formation. 
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1.4.3 Mechanism of ventricular morphogenesis 

The vertebrate central nervous system originates from the neural tube, whose inner cavity or 

lumen later expands to form the cerebrospinal fluid (CSF)-filled ventricular system. As neural 

progenitors proliferate, migrate, and differentiate, the anterior neural tube gives rise to the fore-, 

mid-, and hindbrain, while the posterior region develops into the spinal cord. The brain ventricles 

develop in parallel with these structures, resulting in the formation of four distinct cavities around 

birth (Eichele et al., 2019a). They are filled with CSF that is largely produced by the choroid plexus, 

a specialized secretory epithelium projecting into each ventricle (Cutler et al., 1968). Although 

their overall organization is conserved across vertebrates, ventricular morphology varies 

considerably among species, reflecting differences in brain anatomy (Nieuwenhuys et al., 1998).  

In rodents (Fig. 1.12), the paired lateral ventricles (LV) within the forebrain connect via 

interventricular foramina to the narrow third ventricle (3V) of the diencephalon, which in turn 

links through the cerebral aqueduct to the fourth ventricle (4V) positioned between the mid- and 

hindbrain. The 4V is continuous with both the spinal canal and the subarachnoid space, from 

which CSF drains into the bloodstream through arachnoid granulations, specialized villous 

structures that mediate CSF absorption into the venous circulation (Hladky & Barrand, 2014). 

 

 

Figure 1.12 Schematic overview of the rodent ventricular system and cerebrospinal fluid (CSF) flow. The paired 

lateral ventricles (LV) connect to the third ventricle (3V), which extends through the cerebral aqueduct to the fourth 

ventricle (4V) between the midbrain and hindbrain. The choroid plexus (red) produces CSF that flows from the dorsal 

(d3V) to the ventral (v3V) third ventricle and onward into the 4V. Arrows indicate the direction of CSF circulation 

within the ventricular system. Adapted from (Eichele et al., 2019b). 

The ventricular system is not only essential for CSF circulation, but it also serves as a neurogenic 

niche. Within the lateral ventricular wall, ventriculogenesis transforms the embryonic 

neuroepithelium into a postnatal epithelial layer composed of multiciliated ependymal cells (ECs) 
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and neural stem cells, ensuring both CSF homeostasis and neurogenic capacity. During embryonic 

development, the lateral ventricular wall is initially composed of a pseudostratified ventricular 

zone populated by radial glial cells, which serve as the primary neural stem cells of the developing 

brain (Merkle et al., 2004, 2007). As development progresses, the embryonic neuroepithelium 

gradually remodels into the postnatal ventricular–subventricular zone (V-SVZ), which consists of 

multiciliated ECs and a specialized subset of astroglial neural stem cells (Spassky et al., 2005; 

Tramontin et al., 2003). Lineage-tracing studies have demonstrated that embryonic radial glia 

contribute to both neural stem cells and ependymal cells, thereby coupling the generation of a 

multiciliated epithelium for the propulsion of the CSF with the establishment of the adult stem 

cell niche (Merkle et al., 2004; Spassky et al., 2005; Tramontin et al., 2003) (Fig. 1.13).  

 

Figure 1.13 Radial glia lineage progression during ventriculogenesis. Schematic representation of ventricular wall 
maturation from embryonic day ~E14.5 to postnatal stages. Radial glial (RG) cells of the ventricular zone give rise to 
neural stem cells (NSCs) and ependymal cells (ECs). Postnatally, bipotent RG progenitors generate both NSCs and 
multiciliated ependymal cells, which acquire mature morphology around P5–P21. This transformation establishes the 
ventricular–subventricular zone (V-SVZ) niche, supporting lateral ventricle formation, and maintaining long-term 
neurogenic potential. Adapted from (Redmond et al., 2019). 

Commitment to the ependymal lineage occurs during mid-fetal development, with most ECs 

generated between E14 and E16 (Spassky et al., 2005). These cells remain postmitotic, but only 

acquire their mature morphology postnatally, during the first week after birth, when ciliogenesis 

and apical surface expansion take place. The apical domains of differentiating ECs enlarge up to 

11-fold between E17.5 and P21, allowing them to cover the expanding ventricular surface despite 

the loss of progenitors through consuming neurogenic divisions during juvenile stages (Redmond 
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et al., 2019). Multiciliation arises as radial glial cells, which initially bear a single primary cilium, 

begin to generate the numerous basal bodies required for motile cilia assembly. This process is 

initiated when the basal body of the primary cilium serves as a template for the formation of the 

deuterosome, a dense cytoplasmic structure that functions as nucleation center for centriole 

synthesis. The newly formed centrioles then mature into basal bodies and migrate toward the 

apical membrane, where they dock to initiate motile cilia assembly (Spassky et al., 2005). During 

late embryonic and early postnatal development, this process occurs in differentiating ependymal 

cells, derived from RGs, culminating in the formation of multiciliated ependymal cells that line 

the ventricles and drive cerebrospinal fluid flow. It follows a spatial gradient, with caudal and 

ventral regions of the ventricular wall maturing earlier than rostral and dorsal regions.  

 

Figure 1.14 Establishment of planar cell polarity in ependymal cells. Schematic illustration showing the 

organization of basal bodies (black circles) and basal feet (magenta) in multiciliated ependymal cells. Rotational 

polarity (left) aligns basal feet uniformly in the direction of cerebrospinal fluid (CSF) flow, while translational polarity 

(right) positions basal body clusters anteriorly on the apical surface, ensuring synchronized ciliary beating an 

directional CSF movement. Both polarization types rely on core proteins such as Vangl2, whose asymmetric anterior 

localization is depicted in green. 

 

As ECs expand and mature, they establish planar cell polarity, i.e. a coordinated alignment of cell 

polarity across the tissue plane with defined sets of cellular structures at distinct sides of the cells 

(Devenport, 2014). This depends on the RG primary cilium and hydrodynamic cues (Guirao et al., 

2010; Mirzadeh et al., 2008, 2010). In addition, rotational polarity is established, which defines 

the uniform orientation of individual ciliary basal feet in the direction of the CSF flow, as well as 

translational polarity, which governs the collective positioning of basal body clusters off-centered 

towards the anterior side of the apical cell surface (Donati et al., 2024) (Fig. 1.14). Together, these 

features ensure correct cilia placement which is a prerequisite for synchronized ciliary beating and 
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directional CSF flow; and their disruption has been shown to result in ventriculomegaly or 

hydrocephalus (Foerster et al., 2017; Mirzadeh et al., 2010; Ohata, Nakatani, Herranz-Pérez, 

Cheng, Belinson, Inubushi, Snider, García-Verdugo, Wynshaw-Boris, & Álvarez-Buylla, 2014). 

Transcriptional regulators like GEMC1 act upstream to promote FOXJ1 expression, a key 

determinant of multiciliation and ependymal fate (Jacquet et al., 2009). Collectively, these 

developmental programs ensure that RG-derived ependymal cells establish a continuous, 

multiciliated epithelium, enabling the ventricles to mature into a functional cerebrospinal fluid 

conduit. 

EGFR signaling plays a critical role in regulating the balance between neural stem cells and 

ependymal cells during the assembly of the lateral ventricular niche (Abdi et al., 2019). Postnatal 

radial glial progenitors that give rise to ependymal cells must suppress their EGFR activity, as 

persistent signaling inhibits their differentiation by blocking multiciliogenesis. This suppression 

is achieved through redistribution of EGFR away from the apical, CSF-contacting membrane. The 

endocytic adaptor Numb is central to this process, as it ensures proper EGFR relocation (Fig 1.3). 

Disruption of this mechanism prevents ependymal maturation, highlighting the importance of 

spatiotemporal control of EGFR signaling in establishing the adult neurogenic niche (Abdi et al., 

2019). In parallel, Notch signaling also acts as a regulator of ependymal cell fate, where its 

downregulation is required for progenitors to exit the stem-like state and initiate the 

multiciliogenesis program (X. Wang et al., 2016). Disruption of endocytic control mechanisms, 

such as the loss of SNX27, results in aberrant Notch hyperactivation through increased γ-

secretase–dependent cleavage, which blocks ependymal differentiation and causes severe 

hydrocephalus (X. Wang et al., 2016). Together, these findings underscore that precise temporal 

and spatial regulation of both EGFR and Notch signaling via endocytic trafficking is indispensable 

for proper ependymal maturation and CSF homeostasis. Overall, proper ventricular 

morphogenesis requires tightly coordinated radial glial differentiation, ciliogenesis, and signaling 

regulation. 
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1.5 Aim of thesis 

The aim of this thesis is to elucidate the roles of the endocytic adaptor proteins EPS15 and EPS15R 

in the mammalian nervous system, with a particular focus on their contribution to brain 

development, synaptic function, and membrane trafficking. While both proteins have been well 

characterized as components of the endocytic machinery and in non-mammalian organisms, their 

in vivo functions within the mammalian brain remain largely unexplored. Previous genetic studies 

indicate that EPS15 and EPS15R are essential, as their combined loss causes embryonic lethality, 

yet the precise nature of their neuronal roles and the extent to which they act redundantly or 

diverge in function are not known. 

To address these questions, the first part of this work is dedicated to the systematic 

characterization of EPS15 and EPS15R, including their developmental regulation, regional 

distribution, and subcellular localization. Their protein interaction networks will also be 

investigated to reveal both shared and unique partners, thereby identifying pathways through 

which they might exert canonical as well as non-canonical functions. The second part of the thesis 

employs conditional knockout strategies to interrogate the consequences of EPS15/15R loss in 

neuronal systems. An inducible knockout model provides an ex vivo platform to examine cell-

autonomous effects on neuronal viability, endocytic activity, and receptor trafficking, while a 

forebrain-specific knockout model enables the analysis of developmental and structural 

phenotypes in vivo. Together, these complementary approaches allow for the evaluation of how 

EPS15 and EPS15R contribute to neuronal physiology at molecular, cellular, and organismal 

levels. 

By integrating molecular characterization with targeted genetic models, this thesis seeks to define 

not only whether EPS15 and EPS15R act redundantly or possess distinct roles, but also what 

developmental, cellular, and behavioral phenotypes arise upon their loss. A particular emphasis is 

placed on uncovering how the absence of these adaptor proteins perturbs neuronal organization, 

synaptic receptor trafficking, and brain morphology, thereby linking molecular interactions to 

systems-level outcomes. Furthermore, by combining proteomic analyses with functional studies, 

this work aims to identify the mechanistic pathways through which EPS15 and EPS15R operate, 

from their classical role in clathrin-mediated endocytosis to potential non-canonical functions. In 

doing so, the thesis establishes a framework for understanding how adaptor proteins at the core 

of the endocytic machinery extend their influence into broader aspects of neuronal development 

and brain homeostasis. 
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2 Results 

2.1 Characterization of endocytic proteins EPS15 and EPS15R 

To gain a comprehensive understanding of the physiological relevance of EPS15 and EPS15R in 

the nervous system, we characterized their expression and localization in the mouse brain. Given 

their established roles as endocytic adaptor proteins, our analysis aimed to determine whether 

their distribution across brain regions and developmental stages might point to specialized or 

overlapping functions. Furthermore, by assessing their synaptic localization, we sought to clarify 

whether EPS15 and EPS15R act at pre- or postsynaptic sites, thereby providing a molecular basis 

for their potential involvement in neuronal communication and plasticity. 

2.1.1 EPS15 and EPS15R are both expressed in the brain and exhibit 

developmental regulation 

Based on previous findings indicating that EPS15R is predominantly expressed in the nervous 

system (Milesi et al., 2019), we further investigated the expression profiles of EPS15/15R across 

distinct brain regions to assess their spatial regulation. Quantitative analysis of immunoblots 

revealed region-specific expression patterns for both proteins (Fig. 2.1 A). EPS15 showed higher 

expression in the cerebellum than in any other tested brain region, whereas EPS15R was highly 

enriched in both cerebellum and cortex (Fig. 2.1 B,C), while it displayed significantly lower levels 

in the hind brain. Notably, both proteins were expressed in the hippocampus, suggesting 

potentially distinct synaptic roles in hippocampal circuits. The observed variation in expression 

profile provides additional evidence supporting non-redundant roles of EPS15 and EPS15R.  

In addition to the region-specific expression profile, we examined the temporal dynamics of 

EPS15/15R expression. It has been previously shown that EPS15/15R double knockout (DKO) 

mice exhibit embryonic lethality around 9.5 days post coitum (Milesi et al., 2019), highlighting 

their indispensable roles during early development. To determine whether these proteins might 

also play a key role after birth, we analyzed their expression levels in postnatal brain tissue. 

Western blot analysis of mouse brain lysates from postnatal day 1 (P1) to 6 weeks old (P6w) mice 

revealed a progressive increase in the expression of both proteins (Fig. 2.1 D,E; S1), indicating that 

these endocytic adaptor proteins are developmentally regulated, similar to other endocytic 

adaptors such as AP2-α and Synaptotagmin1. These results suggest that, in addition to their 

essential function during embryogenesis, EPS15/15R likely continue to play important roles in 

the developing and maturing brain. 
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Figure 2.1 Spatial and developmental expression profiles of EPS15 and EPS15R. (A) Immunoblots of EPS15 and 

EPS15R across distinct brain regions (cortex (CX), hippocampus (HC), cerebellum (CB), midbrain (MB), hindbrain 

(HB), and olfactory bulb (OB)) to evaluate region-specific expression patterns. Mouse brain lysates (x µg) were blotted 

and probed with antibodies against the indicated proteins. HSP70 and CHC were detected as negative controls. (B,C) 

Quantification of EPS15 and EPS15R band intensities (EPS15 and EPS15R band intensities were normalized separately 

to HSP70 and Clathrin heavy chain (CHC), and the average of both normalized values was used for quantification). 

(n=3 independent experiments; one-way ANOVA test used to assess group differences, followed by Tukey’s multiple 

comparison test; data are shown as individual data points with mean ± SEM; significance levels: *=p<0.05, **=p<0.01; 

non-significant data not marked). (D,E) Immunoblots from brain lysates of mice at the indicated postnatal (p) stages 

(1 day (p1) to 6 weeks (P6w)), showing increased expression of EPS15/15R over time. Mouse brain lysates (80 µg) were 

blotted and probed with antibodies against the indicated proteins. AP2-α and Synaptogmin1 (Syt1) served as reference 

endocytic markers; HSP70 was used as loading control (n=3 independent experiments; see Fig. S1 for quantification).  
 

2.1.2 EPS15 and EPS15R localize to both pre- and post-synaptic sites  

EPS15 has been shown to be enriched at synaptic sites in model organisms including 

Caenorhabditis elegans and Drosophila melanogaster, where it plays a crucial role in the nervous 

system by mediating synaptic vesicle recycling (Koh et al., 2007; Majumdar et al., 2006b; Salcini 

et al., 2001b). In mammals, EPS15R KO hippocampal neurons display a reduction in synaptic 

vesicle density, supporting its functional relevance at the synapse. In the adult mouse brain, both 

EPS15 and EPS15R are expressed in neurons, but both have been reported to show distinct 

subcellular localization patterns. EPS15R co-localizes with the presynaptic marker synaptophysin 

and is also enriched in the synaptosomal fraction compared to a postsynaptic density fraction, 

indicating a predominant presynaptic presence (Milesi et al., 2019). In contrast, EPS15 was shown 

to form intense clusters along dendrites in cultured hippocampal neurons and has been observed 

to partially co-localize with postsynaptic marker PSD95 (Lin & Man, 2014). In addition, EPS15 

has been observed to partially co-localize with the postsynaptic marker PSD95 and is implicated 
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in the trafficking of the ubiquitinated AMPA receptor subunit GluA1, suggesting a potential post-

synaptic role (Lin & Man, 2014). To investigate the precise localization of EPS15 and EPS15R in 

mammalian synapses, we performed a tryptic cleavage assay (Boyken et al., 2013; Shergill & 

Tehran, 2025). During synaptosome isolation, presynaptic proteins are protected due to resealing 

of the sheared off presynapse, whereas post-synaptic proteins remain exposed and are susceptible 

to proteolytic digestion by trypsin (Fig. 2.2 A). As expected, presynaptic markers such as SNAP25 

and Synaptophysin remained intact after trypsin treatment, whereas the postsynaptic AMPA 

receptor subunits GluA1 and GluA2 displayed a reduced signal intensity. Interestingly, both 

EPS15 and EPS15R were partially sensitive to trypsin digestion and showed a significant reduction 

in signal intensity (EPS15/15R ~60% reduction) (Fig. 2.2 B,C), suggesting that they are not 

exclusively pre- or postsynaptic. This partial sensitivity to proteolysis indicates that EPS15 and 

EPS15R are present at both pre- and postsynaptic compartments within the synapse, similar to 

other endocytic adaptors like ITSN1 and CALM (Azarnia Tehran et al., 2022; Vollweiter et al., 

2023b). These observations are in line with their proposed roles in regulating synaptic vesicle 

recycling and postsynaptic receptor trafficking. However, the precise compartment-specific 

functions of EPS15 and EPS15R at the mammalian synapse remain to be fully elucidated. 

 

Figure 2.2 Trypsin cleavage assay reveals dual synaptic localization of EPS15 and EPS15R. (A) Schematic 

diagram of the tryptic cleavage assay on isolated synaptosomes. Presynaptic compartments reseal and are protected 

from proteolysis, whereas postsynaptic proteins remain exposed to trypsin and are cleaved. (B) Immunoblots showing 

levels of presynaptic (Synaptophysin (SYP), SNAP25), postsynaptic (GluA1, GluA2), and endocytic adaptor proteins 

EPS15 and EPS15R in untreated and trypsin-treated synaptosomes. Lysates of synaptosomes (x µg) were blotted and 

probed with antibodies against the indicated proteins. (C) Quantification of remaining protein after trypsin treatment. 

EPS15 and EPS15R exhibit partial cleavage (~60% remaining protein), indicating presence at both compartments. (n≥3 

individual experiments; one-sample t-test performed for statistical analysis, with untreated samples normalized to 

100%; data are shown as individual data points with mean ± SEM; significance levels: **=p<0.01, ***=p<0.001; ns, non-

significant). 
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2.2 Mapping of EPS15 and EPS15R interaction networks 

To uncover the molecular networks through which EPS15 and EPS15R exert their neuronal 

functions, we systematically mapped their protein interactomes using co-immunoprecipitation 

studies, in part coupled with mass-spectrometry. While EPS15 has been extensively studied in the 

context of endocytosis, comparatively little is known about EPS15R’s specific binding partners 

and functions. Given their structural similarity but potentially distinct roles, we employed both 

targeted and unbiased strategies to characterize shared and unique interactors. This section 

outlines the rationale, methodology, and key findings of this interactome exploration, providing 

insights into canonical and non-canonical pathways linked to EPS15 and EPS15R.  

2.2.1 Targeted investigation of EPS15R-GluA1 interactions 

Given the partial sensitivity of both EPS15 and EPS15R to the tryptic digest of synaptosomes, our 

findings suggest that these adaptor proteins are present at both pre- and postsynaptic sites. As 

previously noted, EPS15 has been implicated in postsynaptic receptor trafficking through its 

interaction with the ubiquitinated AMPA receptor subunit GluA1 (Lin & Man, 2014). However, 

whether EPS15R shares this postsynaptic function remains unknown. Considering the high 

degree of sequence identity and structural similarity between EPS15 and EPS15R, as well as their 

overlapping subcellular localization pattern, we hypothesized that EPS15R may similarly interact 

with GluA1 at the postsynapse and thereby contribute to AMPA receptor regulation.  

To investigate whether EPS15R interacts with GluA1, we performed co-immunoprecipitation (co-

IP) experiments from adult mouse brain using three different biochemical preparations: whole 

brain lysates, crude synaptosome fractions, and purified synaptic membranes. This stepwise 

approach allowed us to assess the interaction across increasing levels of synaptic enrichment, as 

protein localization and complex formation may vary between compartments. EPS15R was 

successfully immunoprecipitated from all three fractions, and GluA1 was consistently co-

immunoprecipitated, with the strongest signal observed in the synaptic membrane fraction, in 

line with the notion of EPS15R binding to postsynaptic plasma-membrane localized GluA1 to 

mediate its internalization. AP2-α a known endocytic interactor of EPS15R, was also robustly 

enriched in these co-IPs, whereas syntaxin1, a synaptic protein not expected to bind EPS15R, was 

absent indicating a high specificity of the co-IP (Fig. 2.3 A). 

In parallel, we immunoprecipitated EPS15 from the same fractions under identical conditions to 

confirm its reported interaction with GluA1 and to validate our assay conditions. EPS15 also 

robustly co-precipitated GluA1, particularly in the synaptic membrane fractions, mirroring the 
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pattern observed for EPS15R. The successful co-IP of AP2-α and exclusion of Syntaxin1 from 

EPS15 IPs further confirmed the specificity and robustness of the experimental workflow (Fig. 2.3 

B). 

 

Figure 2.3 EPS15R and EPS15 form protein complexes with the AMPA receptor subunit GluA1 in synaptic brain 

fractions. (A) Representative immunoblots from co-immunoprecipitation (co-IP) experiments using an anti-EPS15R 

antibody on adult mouse brain lysate, a synaptosome fraction, and synaptic membranes. EPS15R efficiently co-

precipitates GluA1 and AP2-alpha, but not Syntaxin1. (B) Parallel co-IP using an anti-EPS15 antibody under identical 

conditions confirms co-precipitation of GluA1 and AP2-alpha, but no detection of syntaxin1, indicating specificity of 

the interaction. (n=3 independent experiments). 

Together these data demonstrate that EPS15R, like its paralog EPS15, is capable of associating 

with GluA1 in the brain, supporting a potential postsynaptic role in AMPA receptor regulation. 

EPS15 was shown to not just interact but also mediate the internalization of ubiquitinated AMPA 

receptors via its ubiquitin-interacting motif, and its knockdown impaired GluA1 internalization 

in a ubiquitin dependent manner (Lin & Man, 2014). Whether EPS15R also interacts with GluA1 

via a ubiquitin-interacting motif and mediates AMPAR internalization in a similar manner 

remains to be investigated.  

2.2.2 Unbiased proteomic identification of EPS15 and EPS15R 

interactors  

While our targeted analyses provided evidence for EPS15R’s interaction with GluA1, the broader 

landscape of proteins interacting with EPS15 and EPS15R in the brain remains poorly 

investigated. To uncover novel and potentially paralog-specific binding partners, we employed an 

unbiased proteomic approach. Co-immunoprecipitation was performed from adult mouse brain 

lysate using antibodies against either EPS15 or EPS15R, followed by mass spectrometry (MS) to 

identify associated proteins. This strategy aimed to define the synaptic interactome of both 

adaptor proteins and reveal candidate effectors involved in their diverse neuronal functions.  
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Figure 2.4 Workflow and validation of EPS15 and EPS15R co-immunoprecipitation for proteomic analysis. (A, 

B) Representative immunoblots showing validation of co-IP efficiency and specificity for EPS15 (A) and EPS15R (B) 

from adult brain lysates. Both antibodies successfully enriched the known interactor AP2-alpha, while syntaxin1 served 

as a negative control. Input represents 1% of total lysate. (C) Schematic overview of the co-IP coupled liquid 

chromatography (LC-MS/MS) workflow. Brain lysates from individual mice (n=4) were subjected to 

immunoprecipitation using antibodies against EPS15, EPS15R, or IgG as control. Protein complexes were isolated using 

magnetic protein A/G beads, followed by stringent washing and on-bead trypsin digestion, peptide cleanup, and LC-

MS/MS analysis on a Q Exactive HF instrument. 

 

To ensure the specificity and efficiency of the co-IP approach, the protocol was first optimized and 

validated using known interactors. As part of the initial validation, we demonstrated that 

antibodies against EPS15 and EPS15R successfully enriched the known binding partner AP2-α, 

while syntaxin1, a non-interacting protein, was absent from the co-precipitate (Fig. 2.4 A,B), 

confirming the specificity and reliability of the experimental conditions. For the mass 

spectrometry analysis, large scale co-IPs were performed using brain lysates from four individual 

mice (n = 4 biological replicates), using antibodies against EPS15, EPS15R, or IgG as a control. 

Protein complexes were captured using magnetic protein A/G beads, followed by a stringent 

washing protocol to minimize non-specific interactions. The bound proteins were digested on-

bead with trypsin, and the resulting peptides were acidified, desalted using C18 stage tips, and 

vacuum-dried. Peptides were then reconstituted in a formic acid-containing buffer and analyzed 

using liquid chromatography – tandem mass spectrometry (LC-MS/MS) on a Q Exactive HF 
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instrument. This workflow (Fig. 2.4 C) enabled unbiased, high-sensitivity identification of protein 

interaction networks associated with EPS15 and EPS15R under near physiological conditions. The 

sample preparation for MS and subsequent proteomic data analysis were carried out with the 

support of Dr. Markus Räschle from the Department of Molecular Genetics at RPTU.  

The resulting datasets were visualized using volcano plots to highlight significantly enriched 

proteins in EPS15 and EPS15R co-immunoprecipitates compared to IgG controls (Fig. 2.5 A,B). 

In these plots, the x-axis represents log2 fold changes in protein abundance between the specific 

co-IP and IgG control, indicating the degree of each enrichment, while the y-axis shows the -log10 

p-value, reflecting the statistical significance of each enrichment. Proteins appearing in the upper 

right quadrant are therefore both highly enriched and statistically significant interactors. 

As expected, both EPS15 and EPS15R were among the most strongly enriched proteins in their 

respective co-IP samples (highlighted in black), confirming their successful self-IP and assay 

robustness. Consistent with their established roles in clathrin-mediated endocytosis, both 

interactomes showed a significant enrichment for canonical endocytic machinery (highlighted in 

blue), including subunits of the AP2 complex (gene names: Ap2a1, Ap2a2, Ap2b1, Ap2s1), 

clathrin components (gene names: Clta, Cltb, Cltc), and other well-characterized key adaptor and 

scaffold proteins such as CALM, FCHo1/2, Stonin2 and Intersectins (gene names: ITSN1, ITSN2). 

These findings demonstrate the validity of the datasets and confirm that both EPS15 and EPS15R 

are central components of the endocytic protein network in the brain. Among the endocytic 

interactors, the strong enrichment of ITSN1 and ITSN2 is particularly noteworthy. Intersectins 

are well established interactors of EPS15-family proteins, functioning cooperatively in endocytic 

scaffolding and vesicle recycling. In Drosophila, EPS15 and its binding partner Dap160 (ITSN 

homolog) were shown to act together at synapses to enhance endocytic efficiency (Koh et al., 

2007). In mammals, deletion of EPS15L1 results in reduced brain levels of ITSN1, suggesting 

mutual stabilization (Milesi et al., 2019). The robust co-enrichment of ITSNs in both EPS15 and 

EPS15R interactomes provides proteomic confirmation of this conserved interaction in the 

mammalian brain, reinforcing their central roles as coordinated scaffolds in endocytic complex 

assembly.  
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Figure 2.5 Comparative proteomic analysis of EPS15 and EPS15R interactomes reveals shared and isoform-

specific protein networks. (A, B) Volcano plots depicting differential protein enrichment in EPS15 (A) and EPS15R 

(B) co-IPs versus IgG control co-IPs from adult mouse brain. Significantly enriched proteins (p<0.05, fold change>2) 

are shown in color. Known endocytic proteins are highlighted in blue, EPS15/15R in black, and selected novel EPS15R 

specific interactors in orange. (C, D) Gene Set Enrichment Analysis (GSEA) of significantly enriched proteins in EPS15 

(C) and EPS15R (D) co-IPs using WebGestalt. Normalized enrichment scores are plotted for the top 10 enriched 

biological processes. Dark blue bars denote functional categories with FDR ≤0.05. While both interactomes converge 

on classical endocytic processes, the EPS15R dataset also shows enrichment in ER and endosomal transport pathway, 

suggesting broader roles in intracellular membrane dynamics. 

 

To gain deeper insight into the functional landscape of the EPS15 and EPS1R interactomes, we 

performed a Gene Set Enrichment Analysis (GSEA) using the WebGestalt platform. This approach 

allowed us to identify biological processes and pathways that are statistically overrepresented 

among the proteins significantly enriched in each co-IP. The analysis confirmed that both EPS15 

and EPS15R interactomes are strongly associated with clathrin-mediated endocytosis, synaptic 

vesicle trafficking, and related membrane transport processes (Fig. 2.5 C,D). Notably, endocytosis 

emerged as one of the top-enriched functional categories in both datasets, further supporting the 

core involvement of EPS15 and EPS15R in protein internalization. Among the enriched terms, 

those represented by darker blue bars corresponds to functional categories with an FDR (False 
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Discovery Rate) ≤ 0.05, indicating statistically significant enrichment after correction for multiple 

testing.  

In the EPS15R dataset, in addition to endocytosis-related terms, several other enriched categories 

were linked to vesicle-mediated transport, endoplasmic reticulum and endosomal transport, 

supporting a broader role for EPS15R in dynamic membrane remodeling processes and 

intracellular transport dynamics. In contrast, the EPS15 interactome was more narrowly enriched 

for classical endocytosis processes, such as vesicle-mediated transport and receptor 

internalization, consistent with its well-established function. The additional enrichment observed 

in the EPS15R dataset raises the intriguing possibility that EPS15R may participate in specialized 

membrane trafficking pathways, potentially including roles in ER-Golgi transport or selective 

autophagy, as further supported by its specific novel interaction with CALCOCO1 and SEC16A 

shown on the volcano plot (highlighted in red) (Fig. 2.5 B, Table S1).  

While these findings show a strong overlap in functional enrichment between EPS15 and EPS15R 

and their shared endocytic network, subtle differences hint at isoform-specific roles. These 

pathway-level insights complement the protein-level findings from the volcano plot analysis and 

provide functional validation of the proteomic dataset, particularly highlighting the functional 

architecture of EPS15/15R-centered interaction networks in the brain.  

2.2.3 Novel EPS15R interactors suggest non-canonical roles  

While both EPS15 and EPS15R are well-established components of the clathrin-mediated 

endocytic machinery, our proteomic screen revealed several EPS15R-specififc interactors that 

extend beyond classical endocytic roles. Among these, CALCOCO1 and SEC16A emerged as 

particularly intriguing candidates due to their strong enrichment in EPS15R co-IPs. These 

findings raise the possibility of a previously unrecognized link between EPS15R and alternative 

trafficking pathways, particularly those related to autophagy and endoplasmic reticulum (ER)-

associated membrane dynamics.  

CALCOCO1 is a selective autophagy receptor implicated in maintaining intracellular homeostasis 

by mediating the degradation of specific endomembrane compartments. It plays a critical role in 

ER-phagy and Golgiphagy, processes selectively targeting dysfunctional or excess portions of the 

ER and Golgi apparatus for lysosomal degradation (W. Chen et al., 2022; Nthiga et al., 2020a, 

2021). CALCOCO1 engages with the core autophagy machinery by directly interacting with ATG8 

family proteins via its LC3-interacting region (LIR), facilitating the recruitment of 

autophagosomal membranes to targeted ER and Golgi subdomains during selective autophagy 
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(Nthiga et al., 2020a). By engaging with the autophagic machinery, CALCOCO1 contributes to 

membrane turnover and organelle quality control, particularly under conditions of cellular stress 

(Nthiga et al., 2021). Through these functions it serves as a key regulator of membrane integrity 

and proteostasis in diverse physiological contexts, including neuronal systems (W. Chen et al., 

2022).  

SEC16A, on the other hand, is a large scaffold protein that plays an essential role in organizing ER 

exit sites (ERES) and facilitating COPII vesicle formation, thereby ensuring efficient trafficking 

from the ER to Golgi apparatus in the early secretory pathway (Connerly et al., 2005; Watson et 

al., 2006). Beyond its classical role in conventional secretion, emerging evidence has implicated 

SEC16A in broader membrane trafficking functions, particularly under cellular stress conditions. 

Under stress, SEC16A interacts with Golgi reassembly stacking proteins (GRASPs) and undergoes 

post-translational regulation by autophagy-initiating kinases (Joo et al., 2016, 2016; Piao et al., 

2017). These findings indicate that SEC16A may function at the interface of secretory and 

autophagic pathways, potentially coordinating membrane dynamics during cellular stress 

responses.  

The identification of both CALCOCO1 and SEC16A as EPS15R-specific interactors suggests that 

EPS15R may play an expanded role at the interface of membrane trafficking, autophagy, and ER 

homeostasis – potentially acting as a molecular bridge that coordinates endocytic and secretory-

autophagic processes. To validate these mass-spectrometry findings, we performed co-

immunoprecipitations followed by immunoblotting, confirming the physical association of 

EPS15R with both CALCOCO1 and SEC16A in mouse brain lysates. Antibodies against EPS15R 

successfully co-immunoprecipitated both CALCOCO1 and SEC16A, as visualized in the respective 

western blots (Fig. 2.6 A,B). In the CALCOCO co-IP blot (Fig. 2.6 A), a clear band corresponding 

to CALCOCO1 was detected exclusively in the EPS15R IP lane, but not in the IgG control, 

confirming the MS-identified interaction. AP2-α served as a positive control and was consistently 

enriched in EPS15R co-IPs, while syntaxin1, a membrane-associated synaptic protein not 

expected to bind EPS15R, was absent in the co-IP lanes, supporting the specificity of the assay. 

Similarly, the co-IP validation for SEC16A (Fig. 2.6 B) confirmed its presence in the EPS15R co-

immunoprecipitates but not in the control co-IP. AP2-α again served as a positive control, whereas 

APPL1 was our negative control in this case. These results confirm that both CALCOCO1 and 

SEC16A are bona fide interaction partners of EPS15R in the brain and suggest a novel association 

of EPS15R with autophagy and ERES-related pathways.  
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Figure 2.6 The non-canonical interactors CALCOCO1 and SEC16A potentially link EPS15R to autophagy and 

ER membrane dynamics. (A, B) Co-immunoprecipitation from adult mouse brain lysates using EPS15R-specific 

antibodies confirms the selective enrichment of CALCOCO1 (A) and SEC16A (B) in EPS15R co-IPs. AP2-alpha serves 

as a positive control, while syntaxin1 and APPL1 serve as negative controls, verifying specificity of these MS hits.  (C) 

HeLa cells co-transfected with GFP-CALCOCO1 and RFP-EPS15R show strong co-localization of both proteins in 

punctate structures, indicating spatial association, as visualized by confocal microscopy. Scale bar: 20 μm. (D) A similar 

co-localization of GFP-CALCOCO1 and RFP-EPS15R puncta is observed in primary hippocampal neurons, supporting 

the physiological relevance of their interaction. Scale bar: 20μm. Insets show magnified views of boxed regions. 

 

To further support the mass spectrometry and co-immunoprecipitation findings, we investigated 

whether EPS15R and CALCOCO1 spatially associate in cells. Since reliable antibodies for the 
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detection of endogenous EPS15R and CALCOCO1 by immunofluorescence were not available, we 

employed a co-transfection approach for expressing RFP-tagged EPS15R and GFP-tagged 

CALCOCO1 in HeLa cells and primary neurons. While CALCOCO1 expressed alone displayed a 

diffuse cytoplasmic distribution (Fig. S2), co-expression with EPS15R led to a striking 

redistribution into discrete punctate structures that overlapped with EPS15R (Fig 2.6 C,D). These 

structures resemble the liquid-liquid phase-separated condensates previously described for 

EPS15-family proteins, suggesting that CALCOCO1 may be actively recruited into EPS15R-

positive condensates. Notably, this co-localization was not random, but rather occurred in discrete 

high-intensity regions, further supporting a specific and compartmentalized interaction between 

the two proteins. The consistent co-localization observed in both heterologous and neuronal 

contexts strengthens the evidence for a biologically relevant interaction. Due to the lack of a 

suitable plasmid, similar co-localization studies could not yet be performed for SEC16A. Together, 

these findings expand the functional landscape of EPS15R beyond its classical endocytic roles, 

positioning it as a potential integrator of membrane trafficking, autophagy, and ER-associated 

dynamics. The identification and validation of CALCOCO1 and SEC16A as EPS15R-specific 

interactors suggest novel, non-canonical roles for this adaptor protein in coordinating organelle 

homeostasis and stress-responsive trafficking pathways. These results open new avenues for 

exploring the involvement of EPS15R in neuronal quality control mechanisms and provide a 

foundation for future investigations into its potential contribution to autophagy-regulated 

neurophysiology. 
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2.3 Generation and characterization of EPS15 and EPS15R DKO 

mice 

Previous studies in mammalian cell culture have suggested a neuronal role for EPS15, particularly 

in regulating the endocytosis of AMPA-type glutamate receptors composed of GluA1 subunits 

(Lin & Man, 2014). However, this observation has not been validated in vivo, thus, its 

physiological relevance in mammals remains unclear. In non-mammalian organisms the loss of 

EPS15 leads to severe neurological dysfunction (Koh et al., 2007; Majumdar et al., 2006b; Salcini 

et al., 2001b). While C. elegans mutants lacking their only EPS15 homolog EHS-1 are viable, the 

complete loss of EPS15 in D. melanogaster is lethal. Surprisingly, constitutive KO mice lacking 

EPS15 did not exhibit overt neurological phenotypes (Pozzi et al., 2012b), suggesting that EPS15 

may not be essential for neurological function in mammals in vivo, or that its function may be 

compensated by a related protein such as the closely related EPS15R. 

In contrast to EPS15, EPS15R appears to play a more prominent role in the mammalian nervous 

system. Mice lacking EPS15R are perinatally lethal dying shortly after birth (within 48 h). They 

also display notable neurological abnormalities, including a reduction in synaptic vesicle density 

and impaired nociceptive responses as assessed by tail flick assay (Milesi et al., 2019). Importantly, 

the simultaneous full-body deletion of both EPS15 and EPS15R results in embryonic lethality, 

accompanied by severe developmental defects. These findings indicate functional redundancy 

between the two proteins and underscore their essential role in development and an important 

function in the nervous system.  

However, the early lethality observed in full-body DKO mouse models precludes investigations of 

EPS15 and EPS15R function in postnatal brain development and neuronal physiology. To 

overcome this limitation and to assess the roles of these endocytic adaptor proteins in the 

mammalian brain, we generated two different mouse models – a tissue-specific EPS15/15R DKO 

mouse model and an inducible EPS15/15R DKO mouse model.  

2.3.1 Targeting strategy and validation of EPS15/15R dKO mice  

For the generation of the DKO mouse model, exon 10 of the EPS15 gene and exon 1 of the 

EPS15L1 gene were flanked by loxP sites through homologous recombination (Milesi et al., 2019). 

The floxed mice were kindly provided to us by Dr. Sara Sigismund (University of Milan, Italy). In 

tissues expressing Cre recombinase, these flanked exons are excised, leading to disrupted gene 

expression and the loss of functional proteins. To drive Cre expression in a time- and tissue-

specific manner, we used mouse lines expressing Cre under appropriate promoters.  
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For the tissue-specific model (eDKO), we utilized the promoter of the homeobox gene Emx1, 

which is predominantly expressed in the dorsal telencephalon of mice from embryonic stages into 

adulthood (Iwasato et al., 2000). To generate these mice, homozygous EPS15/15R floxed mice 

were crossed with Emx-1-Cre transgenic mice, resulting in selective deletion of both genes in 

Emx1-expressing regions (eDKO). This led to the targeted ablation of EPS15 and EPS15R in 

excitatory neurons of the forebrain and ependymal cells lining the brain ventricles (Fig. 2.7 A). 

This model system allowed us to assess the neuronal and developmental consequences of 

EPS15/15R loss in a region- and cell type-specific manner, without confounding effects of early 

embryonic lethality.  

 

 

Figure 2.7 Generation and validation of EPS15/15R DKO mouse models. (A) Schematic representation of the 

conditional KO strategy: To allow for conditional deletion, EPS15/15R genes were flanked bx loxP sites. Tissue-specific 

deletion (eDKO) was accomplished by crossing floxed mice with Emx1-Cre transgenic mice, resulting in forebrain-

specific recombination predominantly in excitatory neurons of the cortex, hippocampus and ependymal cells. For the 

generation of the inducible model (iDKO), floxed mice were crossed with iCAG-Cre mice, enabling ubiquitous 

EPS15/15R deletion upon tamoxifen administration in vitro. (B, C) Western blot validation of EPS15 and EPS15R 

deletion: (B) Immunoblot analysis of forebrain lysates from eDKO mice confirming the reduction in EPS15/15R protein 

levels compared to control mice (n=3). GAPDH served as loading control. (C) Immunoblot analysis of primary 

hippocampal cultures derived from iDKO mice and treated with tamoxifen demonstrates the efficient depletion of 

EPS15/15R proteins in culture. Actin served as loading control (n=4). 

 

To generate an inducible DKO mouse model (iDKO) suitable for in vitro studies, the EPS15/15R 

floxed mice were crossed with iCAG-Cre transgenic mice (S. Hayashi & McMahon, 2002), 

expressing Cre recombinase fused to a mutated estrogen receptor under the control of the nearly 

ubiquitously active CAG promoter. This promoter constitutively expresses Cre recombinase which 

remains inactive until the addition of tamoxifen, which binds to the modified estrogen receptor, 

enabling nuclear translocation of Cre and subsequent recombination at loxP sites. This iDKO line 
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enabled culture-based studies, where primary neuronal or ependymal cell cultures derived from 

these mice could be induced to undergo recombination postnatally by treatment with tamoxifen 

(Fig. 2.7 A). This inducible system allowed us to study cell-autonomous effects of EPS15/15R loss 

in a controlled environment, independent of any organism-wide developmental abnormalities. 

To confirm the effective deletion of EPS15 and EPS15R proteins in our DKO models, we performed 

immunoblot analysis. For the validation of the iDKO mouse model, primary hippocampal neurons 

were cultured from these mice and treated with tamoxifen to induce Cre-mediated recombination 

in vitro. Immunoblots of whole-cell lysates from these cultures confirmed the efficient depletion 

of EPS15 and EPS15R in the cultures (Fig. 2.7 C). For eDKO mice, EPS15/15R protein levels of 

forebrain lysates were evaluated by Western blotting. A substantial reduction of EPS15 and 

EPS15R levels was observed in eDKO mice compared to controls, confirming the successful in vivo 

deletion (Fig. 2.7 B). The residual signal detected may likely be attributed to potentially 

EPS15/15R expressing cell types not targeted by Emx1-Cre, such as astrocytes or interneurons, as 

well as potential imprecision in manual brain dissection. Nonetheless, the observed reduction in 

protein expression supports the successful Cre-mediated deletion of EPS15/15R in forebrain 

regions with active Emx1-promoter. Further validation using mass spectrometry analysis of eDKO 

brain tissue corroborated the loss of EPS15/15R, providing independent confirmation of their 

effective KO (Fig. S3). 

2.3.2 In-vitro analysis of neuronal function upon EPS15/15R deletion 

To explore the cell-intrinsic effects of EPS15 and EPS15R loss, we established primary neuron 

cultures from inducible knockout (iDKO) mice, in which gene deletion could be triggered in vitro 

by tamoxifen treatment. This approach enabled temporal control of EPS15/15R loss, allowing us 

to examine its cell autonomous effects during neuronal maturation in-vitro.  By comparing control 

and iDKO cultures under identical conditions, we aimed to identify whether the absence of these 

adaptor proteins affects neuronal survival, and whether it leads to alterations in endocytic 

function. These in-vitro studies provided a controlled framework to investigate how neuronal 

physiology responds to the loss of EPS15/15R at the cellular level. 

2.3.2.1 Assessment of neuronal viability in EPS15/15R iDKO cultures  

Given the essential role of EPS15/15R in development and that complete loss of EPS15 and 

EPS15R leads to early embryonic lethality in mice, we sought to determine whether their loss in 

postmitotic neurons affects cell viability under homeostatic conditions. To evaluate potential 

changes in neuronal vulnerability to cell death, we performed a live-cell cytotoxicity assay with 

primary hippocampal neurons derived from EPS15/15R iDKO mice for this, we used Sytox green, 
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a membrane-impermeable dye that exclusively labels nuclei of dying or dead cells whose 

membrane is compromised, in combination with the membrane-permeable DNA dye Hoechst for 

general nuclei staining. This dual staining strategy enabled quantification of Sytox-positive dead 

cells relative to the total number of Hoechst-positive cells. Both, control and iDKO cultures, 

exhibited a large number of Hoechst-positive nuclei (magenta) and a lower amount of discrete 

Sytox signals (green) marking dead cells, with co-labelled nuclei appearing white in overlay images 

(Fig. 2.8 A). The proportion of Sytox-positive cells, calculated as fraction of total Hoechst-stained 

nuclei, was comparable between control and iDKO neuronal cultures (Fig. 2.8 B). Quantification 

showed no significant difference in Sytox-positive cells in iDKO cultures relative to controls. These 

findings suggest that EPS15/15R deletion does not impair neuronal viability these culture 

conditions.   

2.3.2.2 Evaluating endocytic activity of EPS15/15R iDKO neurons via transferrin 

uptake 

Given the established roles of EPS15 and EPS15R in clathrin-mediated endocytosis (CME), we 

sought to investigate whether their combined loss alters endocytic capacity in neurons.  EPS15 

family proteins have been previously implicated in transferrin receptor (TfR) uptake. However, 

transferrin receptor (TfR) internalization remains largely unaffected in EPS15 single knockout 

mouse embryonic fibroblasts (MEFs) (Pozzi et al., 2012c), likely due to functional compensation 

by EPS15L1. Indeed, the combined deletion of EPS15 and EPS15R in the hematopoietic system 

results in pronounced defects in TfR trafficking leading to aberrant retention of surface TfR and 

impaired erythrocyte maturation (Milesi et al., 2019). These observations highlight the redundant 

roles of EPS15 family proteins and prompted us to investigate whether transferrin receptor 

endocytosis displays a comparable dependence on EPS15/15R in neurons. 

In addition, transferrin uptake is also widely used as a reliable proxy for clathrin-mediated 

endocytosis (CME) in general. Thus, a reduction in transferrin uptake upon loss of EPS15/15R 

could reflect a broad impairment of CME or a cargo-specific defect affecting TfR, while an 

unchanged uptake would argue against both a general CME defect and a TfR-specific uptake 

deficiency. We, therefore, examined transferrin uptake in control and iDKO neurons to determine 

whether EPS15/15R are required for efficient endocytosis of transferrin in the neuronal lineage.  

Primary hippocampal neuron cultures from control and iDKO mice were incubated with 

fluorescently labelled transferrin at 37°C, to ensure standard uptake conditions. As a control, cells 

were also incubated at 4°C to prevent internalization, followed by an acid wash step to remove any 
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surface-bound transferrin. As expected, minimal to no fluorescence was detected at 4°C, 

confirming the effectiveness of surface stripping and the specificity of the assay for internalized  

 

Figure 2.8 EPS15/15R deletion does not affect neuronal viability or transferrin uptake in hippocampal 

neurons (A) Representative live-cell images of control and EPS15/15R iDKO hippocampal neurons stained with 

Hoechst dye (magenta) to label all nuclei and Sytox dye (green) to mark nuclei of dead cells. The merged images (left 

panels) highlight co-labeled nuclei (Hoechst + Sytox) in white, indicating dying and dead cells. Insets show higher 

magnification of boxed regions. Scale bar: 100μm. (B) Quantification of Sytox-positive cells relative to Hoechst-stained 

cells shows no significant difference in neuronal viability between control and iDKO neurons (n=3 individual 

experiments; one-sample t-test performed for statistical analysis, control samples normalized to 100%) (C) 

Representative images of internalized fluorescently labeled transferrin in control and iDKO neurons following x min of 

incubation at 37°C. Scale bar: 20 μm. (D) Quantification of transferrin mean intensity normalized to control levels 

confirms that transferrin uptake is not significantly altered upon EPS15/15R deletion (n=3 individual experiments; one-

sample t-test performed for statistical analysis, control samples normalized to 100%; data are shown as individual data 

points with mean ± SEM; significance levels: n.s.= non-significant). 

cargo. In contrast, robust transferrin uptake was observed at 37°C in both control and iDKO 

neurons (Fig. 2.8 C). Our quantification of the mean intracellular fluorescence revealed no 

significant difference in transferrin uptake between genotypes. When normalized to control 

levels, iDKO neurons consistently displayed transferrin intensities close to 100% of control (Fig. 
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2.8 D). This indicates that EPS15/15R are not required for transferrin internalization in 

hippocampal neurons under basal conditions and suggests that clathrin-mediated endocytosis 

remains functionally intact. This observation is reminiscent of findings reported for the adaptor 

protein CALM, which is involved in transferrin endocytosis in erythroblasts but does not affect 

transferrin uptake in neurons (Azarnia Tehran et al., 2022). Such parallels highlight the cell-type 

specific roles of endocytic adaptor proteins and suggest that CME cargo internalization may be 

maintained through compensatory or redundant mechanisms in neurons. 

2.3.2.3 Assessment of AMPAR endocytosis in EPS15/15R iDKO cultures 

Our targeted biochemical analysis previously demonstrated (see 2.2.1) that EPS15R forms a 

protein complex with the AMPA-type glutamate receptor subunit GluA1 in adult mouse brain 

synaptosomes, supporting the hypothesis that EPS15R, like its paralog EPS15, may participate in 

postsynaptic AMPA receptor regulation. Given the reported role of EPS15 in mediating the 

internalization of ubiquitinated GluA1 via its ubiquitin interacting motif (UIM) (Lin & Man, 

2014), and the structural and functional similarities between the two paralogs (Fig. 1.5), we 

sought to determine whether EPS15R similarly contributes to AMPAR endocytosis. To test this, 

we employed an established pHluorin-based live imaging approach to monitor surface versus 

internalized pools of superecliptic pHluorin (SEP)-tagged GluA1 in primary hippocampal 

neurons. This method relies on the pH-sensitive GFP variant pHluorin that is fluorescent at 

neutral extracellular pH indicating the surface pool, quenched upon acid exposure revealing 

background fluorescence, and unquenched by alkaline solution to reveal the total pool of tagged 

receptors (Fig 2.9 A). Using this assay, we assessed GluA1 trafficking dynamics in both control and 

EPS15/15R iDKO neurons to evaluate whether EPS15R loss alters constitutive AMPA receptor 

internalization. This experiment, including imaging, data generation, and analysis, was kindly 

performed by Dr. Domenico A. Tehran. 

Live-cell imaging of SEP-GluA1 transfected hippocampal neurons revealed a significant increase 

in the surface pool of GluA1 in EPS15/15R iDKO cultures compared to controls (Fig. 2.9 B). In 

control neurons, approximately 35-40% of total GluA1 fluorescence was attributed to surface-

localized receptors, consistent with ongoing internalization. In contrast, iDKO neurons exhibited 

markedly elevated surface GluA1 levels, exceeding 60% of the total signal, suggesting a decrease 

in basal GluA1 AMPA receptor endocytosis upon EPS15/15R loss. This phenotype is consistent 

with earlier findings that knockdown of EPS15 impairs GluA1 internalization (Lin & Man, 2014). 

Our data extend this observation by implicating EPS15R in the same trafficking process, 
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supported by our co-immunoprecipitation evidence showing an interaction between EPS15R and 

GluA1 in brain synaptosomes. 

 

 

Figure 2.9 pHluorin imaging reveals defective AMPAR internalization in EPS15/15R-deficient hippocampal 

neurons. (A) Schematic representation of the acid–base quenching protocol used to assess SEP-tagged protein 

localization. At neutral pH, surface-exposed pHluorin remains fluorescent. Exposure to acidic buffer selectively 

quenches this surface signal. A neutral wash restores baseline conditions before a final basic buffer containing 

ammonium chloride is applied to reveal the full pHluorin-labeled receptor pool. Image adapted from (Azarnia Tehran 

et al., 2022). (B) Quantification of SEP-GluA1 surface-to-total ratio from live-cell pHluorin imaging reveals significantly 

increased surface GluA1 levels in EPS15/15R iDKO neurons compared to controls (control n=9, eDKO n=10 neurons; 

unpaired t-test was performed). (Data are shown as individual data points with mean ± SEM; significance level: ***=p< 

0.001). Data provided by Dr. Domenico A. Tehran. 

 

However, since our iDKO model involves the simultaneous deletion of both EPS15 and EPS15R, 

we cannot definitively attribute the observed defect to one paralog over the other. Very likely the 

two proteins perform redundant functions in regulating AMPAR endocytosis. Moreover, the role 

of ubiquitin in mediating GluA1 internalization in this context was not directly tested in the 

current assay. Further studies will be needed to determine whether, EPS15R, like EPS15, mediates 

AMPAR trafficking via its UIMs and to dissect the individual contribution of EPS15R and EPS15. 

Together, these findings support a role for EPS15 family proteins in controlling the internalization 

of GluA1-containing AMPARs and highlight potential mechanistic parallels in their regulation of 

postsynaptic receptor dynamics.  
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2.3.3 In vivo analysis of phenotypic consequences of EPS15/15R 

deletion 

To investigate the broader physiological and developmental consequences of combined EPS15 

and EPS15R loss, we employed an EMX1-Cre-based forebrain-specific knockout (eDKO) model 

in which gene deletion occurs during embryonic development in dorsal telencephalic regions (see 

2.3.1). This in vivo approach allowed us to examine how the absence of these adaptor proteins 

affects forebrain development and function within an intact organismal context. By comparing 

control and eDKO animals, we aimed to assess the impact of EPS15/15R deletion across multiple 

levels of brain organization. These in vivo studies complement our in vitro findings and provide 

insights into how loss of EPS15/15R influences neuronal development at the morphological and 

behavioral level. 

2.3.3.1 Growth deficits and early mortality of EPS15/15R eDKO mice 

To assess the viability and inheritance pattern of the eDKO mouse line, we monitored the genotype 

distribution from heterozygous intercrosses. Our analysis of offspring revealed that mice of the 

different genotypes were born in ratios consistent with Mendelian inheritance. In this breeding 

scheme EPS15 is always floxed (lox/lox), while EPS15R is either heterozygously floxed (lox/-) or 

homozygously floxed (lox/lox) and their knockout is Cre-dependent. Based on this breeding 

scheme and the ratios predicted by the rules of Mendelian inheritance, 50% of the offspring were 

expected to be Cre-negative controls (EPS15lox/lox / EPS15Rlox/lox or lox/- / Cre–), 25% EPS15 KO 

(EPS15lox/lox / EPS15Rlox/- / Cre+), and 25% EPS15/15R double knockout (EPS15lox/lox / EPS15Rlox/lox 

/ Cre+). The observed distribution was 48% controls, 29.9% EPS15-KO and 21.9% eDKO (Fig. 

2.10 A) with chi-square analysis showing no significant change, indicating that forebrain-specific 

deletion of EPS15/15R does not result in embryonic lethality. This contrasts with the early 

embryonic lethality seen in constitutive whole-body EPS15/15R DKO mice, demonstrating that 

forebrain-specific loss of these proteins is compatible with survival through embryogenesis. 

Although eDKO mice were viable at birth and phenotypically indistinguishable from their 

littermates, they exhibited both increased postnatal mortality and growth impairments. Survival 

analysis revealed a marked reduction in survival probability in EPS15/15R dKO mice over the 

course of the first two postnatal months, with approximately 36% of eDKO mice dead by postnatal 

day 60 (P60) (Fig. 2.10 B,C), indicating a juvenile-onset lethality phenotype. In contrast, the 

EPS15 KO mice exhibited survival rates comparable to WT control littermates, with no significant 

mortality observed over the same period. 
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In addition to reduced survival, eDKO mice displayed growth impairments that became 

increasingly apparent over time (Fig. 2.10 D). At postnatal week 4, the body weight of eDKO mice 

was approximately 14% lower than that of their control littermates (Fig. 2.10 E). By week 8, this 

difference remained around 11%. However, the accuracy of this measurement may be negatively 

influenced by the reduced number of surviving eDKO mice at this point. Notably, EPS15 KO mice 

maintained a body weight similar to controls. These findings demonstrate that loss of EPS15R, but 

not EPS15, impairs postnatal growth and survival, highlighting the critical role for EPS15R in 

maintaining postnatal development and long-term survival. 

 

Figure 2.10 EPS15/15R eDKO mice show growth deficits and increased mortality. (A) The Mendelian distribution 

of genotypes from heterozygous intercrosses shows no significant deviation from expected ratios (statistical evaluation 

via χ² test: n.s = non-significant). (B, C) The analysis of the probability of survival and the quantification of mortality 

reveals juvenile-onset lethality in eDKO mice, with ~36% being dead by postnatal day 60 (P60), while the survival of 

EPS15 KO and control mice remains unaffected. (N: control=87, EPS15-KO=70, eDKO=38)  (D,E) Representative image 

of two littermate mice of the indicated genotypes and growth curves demonstrate reduced postnatal weight gain in 

eDKO mice, with significantly lower body weight from week 2 onwards compared to control littermates (N at start: 

control=76, EPS15-KO=29, eDKO=31; N at end: control=36, EPS15-KO=16, eDKO=10; statistical evaluation via Two-

way repeated measures ANOVA: mixed-effects model with REML and Geisser-Greenhouse correction and Šídák's 

multiple comparisons test) (significance levels: n.s.= non-significant, *=p<0.05, **=p<0.01, ***=p< 0.001). 
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2.3.3.2 Neurological and behavioral abnormalities in EPS15/15R eDKO mice 

The eDKO mice were observed in their home cages post-weaning, i.e. at ~3-4 weeks of age, for 

behavioral and neurological abnormalities. A subset of mice (30%) exhibited spontaneous 

epileptic seizures, including tonic-clonic convulsions (Fig. 2.11 A). Most of these episodes were 

transient with the mice resuming normal activity within a few minutes. However, it is plausible 

that more severe seizures might contribute to the increased mortality observed in the eDKO mice. 

Although this remains speculative. The direct cause of death in eDKO mice which were found dead 

without prior signs of ill health is yet to be determined and requires further investigation. 

 

Figure 2.11 EPS15/15R eDKO mice exhibit neurological deficits. (A) Seizure frequency observed in eDKO mice 

indicates that ~30% of animals exhibit spontaneous tonic-clonic seizures post-weaning (control n=22, eDKO n=26, 

observation post-weaning at age ~P30). (B) Hindlimb clasping (HLC), a stereotypic neurological phenotype, is observed 

in ~52% of eDKO mice upon tail suspension at age P30, suggesting neurological deficits (control n=18, eDKO n=19). 

(C, D) Quantification of exploratory behaviors shows significant reduction in spontaneous digging events and paper 

interaction in eDKO mice compared to controls, indicating impaired motor function and/or motivation (control n=6, 

eDKO n=6; statistical evaluation by unpaired t-test; data are shown as individual data points with mean ± SEM; 

significance levels: **=p<0.01, ***=p< 0.001). 

 

In addition to seizure activity, approximately 52% of eDKO mice exhibited hindlimb clasping 

when suspended by the tail – a stereotyped neurological phenotype characterized by inward limb 

retraction rather than normal extension reflex (Fig. 2.11 B, S4). Hindlimb clasping is commonly 

observed in various mouse models of neurodegeneration and neurodevelopmental disorders, 

including autism spectrum disorders (ASDs) and Alzheimer’s disease (Chao et al., 2010; Gemelli 

et al., 2006; Schmeisser et al., 2012), and has also been reported in mice lacking the endocytic 
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adaptor AP180 (Koo et al., 2015b), suggesting shared pathological features. Behavioral alterations 

were also evident during routine cage observations. eDKO mice displayed reduced spontaneous 

activity, characterized by a decreased interaction with paper and decreased digging behavior (Fig. 

2.11 C,D). These behaviors are commonly used as proxies for motor activity and exploratory drive 

in rodents. These findings suggest impairments in motor coordination and/or motivation, 

consistent with underlying neurological deficits. 

2.3.3.3 EPS15/15R eDKO mice exhibit ventriculomegaly and signs of 

hydrocephalus 

Given the observed neurological impairments and behavioral abnormalities, including the 

hindlimb clasping phenotype and seizures, we hypothesized that EPS15/15R might be critical for 

normal brain development and structural integrity. To assess brain-wide morphological 

consequences of EPS15/15R deletion, we performed a comparative analysis of Nissl-stained 

coronal brain sections from age-matched control and eDKO mice at postnatal day 30 (P30). This 

approach enabled the systematic evaluation of neuroanatomical changes across major brain 

regions following forebrain-specific loss of our endocytic adaptor proteins.  

Nissl-stained coronal sections from P30 control and eDKO brains revealed a consistent 

enlargement of the lateral ventricles (LVs) in eDKO mice. For quantitative analysis, anatomically 

matched sections (Bregma 0.14 to 0.02 mm) were analyzed, demonstrating a notable increase in 

LV size in eDKO mice compared to controls. While control values ranged from 0.24mm2 to 1.58 

mm2, LV areas in eDKO brains ranged from 1.00 mm2 to 2.80 mm2 (Fig. 2.12 A,B). Notably, the 

values varied more than sixfold across controls, whereas eDKO brains consistently exhibited larger 

ventricles with a relatively narrower range. Thus, despite inter-individual variation, it was evident 

that eDKO mice showed a robust enlargement of the lateral ventricles at this anatomical level. To 

determine whether this enlargement was regionally confined or reflected a global change, 

cumulative LV areas were calculated across matched sections along the rostro-caudal axis (Bregma 

-0.10 to 1.8 mm). In control animals, the summed LV area ranged from 0.86 mm2 to 5.80 mm2 

(mean: 3.47 mm2), whereas in eDKO mice it ranged from 2.57 mm2 to 18.39 mm2 (mean: 

6.68mm2). Despite notable inter-individual variability within the eDKO group, statistical analysis 

revealed a significant increase in cumulative LV area compared to controls (Fig. 2.12 C). These 

findings support the presence of ventriculomegaly in the absence of EPS15/15R, potentially 

indicative of an early or partial form of hydrocephalus. This interpretation is further supported by 

the occasional presence of dome-shaped cranial deformation in eDKO animals (Fig. 2.12 D), 

reminiscent of established hydrocephalus models. However, further analysis is required to confirm 
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the robustness of this observation and determine the frequency of dome-shaped heads in eDKO 

mice. 

 

Figure 2.12 EPS15/15R loss causes gross morphological changes in brain and ventriculomegaly. (A) 

Representative Nissl-stained coronal sections from P30 control (top) and eDKO (bottom) brains showing marked 

dilation of the lateral ventricles (LV). (B) Quantification of LV area from anatomically matched coronal sections reveals 

significantly increased LV size in eDKO animals (n = 9 per genotype; paired t-test). (C) Cumulative LV area summed 

across matched sections along the rostro-caudal axis is also significantly increased in eDKO mice (n = 8 per genotype; 

Wilcoxon matched-pairs signed rank test) (D) Image of an eDKO mouse (bottom) displaying a dome-shaped skull 

(arrow), a phenotype commonly associated with hydrocephalus; control animal shown above. (E) Representative 

coronal sections showing comparable 3V morphology in control and eDKO brains. (F) Quantification of cumulative 

third ventricle (3V) area reveals no significant difference between genotypes (n = 6 per genotype; paired t-test).  (G) 

Corresponding Nissl-stained sections showing 4V size difference between control and eDKO mice. (H) Fourth ventricle 

(4V) area from single matched sections at the cerebellar-hindbrain junction, is significantly reduced in eDKO mice (n 

= 6 per genotype; paired t-test; data are shown as individual data points with mean ± SEM; significance levels: ns= non-

significant, *=p<0.05, ***=p< 0.001). 

 

To assess whether ventricular enlargement in eDKO mice was restricted to the lateral ventricles or 

affected the entire ventricular system, we next examined the third ventricle (3V) and fourth 

ventricle (4V), given the anatomical continuity of the brain ventricular network.  For 3V analysis, 

ventricle area was quantified from coronal sections within the third ventricle axis (Bregma -0.22 

to -02.54 mm). For 4V analysis, a single matched section per animal was selected at the cerebellar-

hindbrain junction. Quantitative analysis revealed no appreciable difference in the third ventricle 

size between genotypes: the control group exhibited a mean 3V area of 1.87 mm2, while eDKO 

mice displayed a comparable mean of 1.85 mm2, indicating that the third ventricle remains 
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unaffected (Fig. 2.12 E,F). In contrast, the fourth ventricle showed a modest but statistically 

significant reduction in eDKO animals (mean: 0.84 mm2) compared to controls (mean: 1.15 mm2) 

(Fig. 2.12 G,H). However, these results should be interpreted with caution as 4V measurements 

were derived from single matched slices, and cumulative volume estimates could not be obtained.  

Together, these results demonstrate that EPS15/15R loss leads to alterations in the ventricular 

system comprising a ventricular enlargement of the lateral ventricles, while sparing the third 

ventricle, and a possible reduction of the fourth ventricle. This region-specific ventriculomegaly, 

coupled with dome-shaped cranial deformities in a subset of animals, is consistent with a form of 

obstructive or partial hydrocephalus. The absence of 3V enlargement argues against a 

communicating hydrocephalus. Instead, the increase of LV area and potential reduction in 4V size 

may suggest a localized impairment of CSF flow, potentially due to developmental alterations 

affecting the cilia-driven movement of the CSF or ventricular patency. These findings highlight a 

critical role for EPS15/15R in maintaining ventricular integrity and cerebrospinal fluid 

homeostasis, warranting further investigations into underlying mechanisms.  

2.3.3.4 Impaired hippocampal lamination in eDKO mice 

To evaluate the impact of EPS15/15R loss on hippocampal architecture, we first examined Nissl-

stained coronal sections. The hippocampus in eDKO mice exhibited a visible structural 

disorganization with distorted overall morphology compared to controls. The cellular architecture 

of both, dentate gyrus (DG) and cornu ammonis (CA) regions, appeared disrupted, with neurons 

failing to form the densely packed, well laminated layers typically observed in control mice (Fig. 

2.13 A). Instead, cells in these regions were more diffusely distributed, suggesting impaired 

hippocampal organization potentially due to underlying developmental defects. 

To further assess the disrupted hippocampal architecture observed in Nissl-stained sections, we 

performed high-resolution immunohistochemical analysis using nuclear staining to visualize the 

layering pattern across hippocampal subregions. In control mice the DG and CA regions (CA1-

CA3) exhibited the characteristic well-organized laminar structure, with tightly packed granule 

respectively pyramidal cell layers. In contrast, eDKO mice displayed pronounced lamination 

abnormalities across all examined hippocampal subfields. The DG displayed an altered 

morphology, characterized by less densely packed neurons and an irregular granular cell layer with 

less defined boundaries. Similarly, the CA1 region while still discernable exhibited loss of a sharply 

laminated pyramidal layer, with neurons appearing dispersed and misaligned. The 

disorganization became more pronounced in CA2 and CA3 subfields, where the pyramidal cell 

layer exhibited overt dispersion and loss of laminar integrity (Fig. 2.13 B).  
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Figure 2.13 EPS15/15R loss disrupts hippocampal architecture and connectivity. (A) Representative Nissl-

stained coronal brain sections from P30 control and eDKO mice showing overall brain morphology (left) and 

hippocampal structure at higher magnification (right). Hippocampal sections from eDKO mice display disrupted 

lamination indicative of underlying structural abnormalities. Scale bar, 50 µm.  (B) DAPI-stained coronal hippocampal 

sections from p30 control and eDKO brains. Insets (1-5) show zoomed-in views of the dentate gyrus (DG) and CA1-

CA3 subfields. While control mice display a well-defined laminar architecture, eDKO mice exhibit disorganized layering 

patterns with diffusely distributed neurons across all the subfields. Images were acquired using a 20x objective and 

stitched to reconstruct the full hippocampal structure. Scale bar, 500 µm. (C) Representative Nissl-stained coronal 

sections at the level of the ventral hippocampal commissure (VHC), with right panels showing magnified views of the 

VHC region. eDKO mice exhibit visibly reduced commissural structures in eDKO mice (see also Fig. S5). Scale bar, 50 

µm. 

 

We next assessed interhemispheric connectivity by analyzing the ventral hippocampal 

commissure (VHC), a major fiber tract connecting the bilateral hippocampi. In eDKO mice the 

VHC appeared visibly damaged (Fig. 2.13 C) or reduced (Fig. S5 A) in size compared to controls. 

Subsequent analysis and quantification of serially sectioned brain slices revealed a significant 

decrease in the cumulative area of the VHC in eDKO. While the mean VHC area in control animals 

was 2.99 mm2, it was markedly decreased to 1.67mm2 in eDKO mice (Fig. S5 B), indicating a 

partial loss of commissural projections. This suggests that EPS15/15R may play a role in the 

development or maintenance of long-range hippocampal connectivity. Together, the hippocampal 

lamination defects and VHC hypoplasia suggest that EPS15/15R might be required for the proper 
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positioning of hippocampal neurons as well as for the establishment or maintenance of long-range 

hippocampal connectivity, supporting a role for these endocytic adaptor proteins in brain 

development.  

2.3.3.5 Cortical lamination defects in eDKO mice 

To further investigate potential neuroanatomical changes resulting from loss of EPS15/15R, we 

extended our analysis to the neocortex, focusing on the organization of cortical layers. Given the 

observed laminar disorganization and layering defects in the hippocampus, we hypothesized that 

cortical development may also be perturbed in eDKO mice. To assess cortical lamination, we 

performed immunohistochemical analyses using layer-specific transcription factors as markers: 

CTIP2, which mostly labels deep layer V sub-cerebral projecting neurons (Arlotta et al., 2005), 

and TBR1, which preferentially marks layer VI corticothalamic neurons (Hevner et al., 2001). The 

superimposed labelling of CTIP2 and TBR1 enabled a comprehensive assessment of cortical layers 

since all layers except layers II-IV could thereby be differentiated from each other, allowing the 

simultaneous evaluation of laminar positioning and the relative distribution of distinct neuronal 

populations in age-matched P30 control and eDKO brains.  

In control animals, TBR1 expression was most prominent in layer VI as expected, with reduced 

intensity in layer V and sparse signals in layer II-IV. CTIP2, by contrast, showed strong enrichment 

in layer V, weak expression in layer VI, and was virtually absent from upper layers. As expected, 

layer I was largely devoid of neuronal cell bodies. This combined staining approach facilitated a 

clear delineation of cortical laminae and enabled morphometric analyses (Fig. 2.14 A). Our 

quantification revealed that eDKO cortices exhibited layer-specific alterations in thickness: layer 

I was significantly thinner, whereas layer VI (TBR1+) was significantly expanded compared to 

controls. No significant difference was observed in layer V (CTIP+), while layers II-IV showed a 

tendency towards increased thickness in eDKO, which may reach statistical significance with a 

larger sample size (Fig. 2.14 B). Additionally, when the total thickness of the cortex (sum of all 

layers) was compared, eDKO cortices showed a non-significant trend toward increased overall 

thickness relative to controls, which might also become significant upon further sampling.  These 

findings suggest that EPS15/15R is required for proper cortical layer formation, particularly 

influencing the organization of the outermost and innermost layers, potentially due to disrupted 

neuronal migration or impaired early neurogenesis. 
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Figure 2.14 EPS15/15R loss alters cortical layers. (A) Immunofluorescent staining for CTIP2 (magenta, marker for 

layer V) and TBR1 (cyan, marker for layer VI) on coronal sections reveals differences in the thickness of cortical layers 

LI and LVI in eDKO brain compared to control brain. Whole images captured at 20x were stitched. Scale bar, 500 µm. 

(B) Quantification of cortical layer thickness. Layer I is significantly thinner and layer VI significantly thicker in eDKO 

mice. Layers II-IV and V show no significant differences. Total cortical thickness (LI-VI combined) shows a non-

significant trend toward increased size in eDKO (n = 4 per genotype; paired t-test; data are shown as individual data 

points with mean ± SEM; significance levels: ns=non-significant, **=p<0.01, ***=p< 0.001). 
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2.4 Exploring mechanisms underlying EPS15/15R-driven brain 

pathologies 

Following the identification of a spectrum of pronounced anatomical and neurological 

abnormalities in EPS15/15R eDKO mice – including ventriculomegaly, disrupted hippocampal 

and cortical organization, seizures, hindlimb clasping, and other behavioral changes – we next 

aimed to uncover the underlying mechanisms contributing to these phenotypes, focusing on the 

morphological brain alterations. To this end, we employed a multifaceted experimental approach 

combining histological, immunohistochemical, and biochemical analyses, alongside targeted 

anatomical and cellular investigations. These complementary strategies were designed to probe 

potential disruptions in key developmental and homeostatic processes, such as neuronal 

migration, neurogenesis, and ventricular integrity including ependymal cell differentiation and 

ciliogenesis. The following sections detail our efforts to dissect the cellular and molecular basis of 

the major phenotypes observed in EPS15/15R eDKO mice. 

2.4.1 Mechanistic basis of lamination defects in eDKO brain 

The pronounced disruption of hippocampal lamination and the alteration in cortical layering 

observed in EPS15/15R-deficient mice prompted us to further investigate the underlying cellular 

mechanisms. The presence of diffusely distributed neurons, the loss of compact laminar 

organization, and the abnormal thickness of specific cortical layers suggest perturbations in key 

neurodevelopmental processes in EPS15/15R-deficient mice. In particular, defects in neuronal 

layering can result from alterations in neurogenesis, impairments in neuronal migration, or 

disruption of the radial glial scaffold, which plays a critical dual role in progenitor maintenance 

and as a structural guide for migrating neurons. To elucidate the potential contribution of these 

processes to the lamination defects observed in eDKO mice, we conducted a targeted analysis of 

progenitor status, neuronal maturation, and laminar identity within the dentate gyrus. These 

analyses were aimed at determining whether abnormal neuronal positioning in eDKO mice 

reflects defects in cell generation, migratory capacity, or radial glial integrity – thereby providing 

mechanistic insights into the likely developmental origin of the observed structural abnormalities. 

In addition, we sought to explore whether specific signaling pathways known to regulate laminar 

organization and neuronal positioning might be affected in absence of EPS15/15R.  
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2.4.1.1 Disruption of radial glial scaffolding and neuronal maturation in the 

dentate gyrus  

The establishment of proper hippocampal development relies on tightly regulated neurogenesis 

and the proper maturation and positioning of newly generated neurons based on a well-organized 

radial glial cell scaffold. The dentate gyrus (DG) is one of the few brain regions where neurogenesis 

and migration of immature neurons continues into postnatal adult life (Altman & Das, 1965; 

Cameron et al., 1993b; Kaplan & Hinds, 1977). In this region, radial glial cells (RGCs) located in 

the sub-granular zone (SGZ) serve dual roles as neural stem/progenitor cells and as structural 

scaffold for guiding migration of newborn neurons into the granule cell layer (GCL) (Palmer et al., 

1997). This process not only depends on cell-intrinsic regulatory programs and extracellular 

signals, but also on the organization and polarity of RGCs. Any disruptions in either the 

proliferative behavior of progenitors or the integrity of the radial scaffold can result in lamination 

defects and long-lasting cytoarchitectural disorganization.  

Figure 2.15 Disruption of radial glial scaffold organization in the dentate gyrus of EPS15/15R eDKO mice.      

(A) 40 µm thick coronal brain slices of 30 days old control and eDKO mice were stained with Nestin-specific antibodies 

and with the DNA stain DAPI. Representative confocal images of Nestin (green) and DAPI (blue) staining in the dentate 

gyrus of control and eDKO mice. In control animals, Nestin-positive processes are radially aligned and reach from the 

sub-granular zone (SGZ) to the granule cell layer (GCL). In eDKO mice, Nestin-positive processes appear disorganized 

and misaligned, with a less structured distribution across the dentate gyrus. Scale bar: 100 μm. (B) High-magnification 

inverted grayscale images of Nestin immunostaining from boxed regions in (A), showing radial glial fibers originating 

from the SGZ and projecting towards the GCL in control mice. In eDKO mice, Nestin-positive fibers appear shorter, less 

intense and less frequent. Scale bar: 50 μm. (n=4 per genotype). 

 

To investigate whether altered scaffolding contributes to the lamination defects observed in eDKO 

mice, we analyzed marker proteins of progenitor cells and immature neurons in the postnatal DG. 

Nestin, a filament protein expressed in radial glia and undifferentiated neuronal precursors, 

revealed marked differences in radial glia architecture. In control animals, Nestin-positive 



Results 

58 
 

processes were clearly organized in parallel arrays extending from the sub-granular zone to granule 

cell layer, consistent with an intact and functional radial glial scaffold.  In eDKO mice, however, 

Nestin-stained structures appeared markedly disorganized, with radial processes exhibiting a 

tangled, misaligned morphology and broader distributions across the DG (Fig. 2.15 A,B). These 

observations suggest both a potential persistence or expansion of an undifferentiated progenitor 

population and a disruption in the organization of radial glia scaffolding.  

To further assess the downstream effects on neuronal maturation, we examined the expression of 

Doublecortin (DCX), a microtubule-associated protein expressed in migrating immature 

neuroblasts and early postmitotic neurons. In control mice DCX-positive cells were confined to 

sub-granular zone and inner granule cell layer, forming a sharply defined, radially aligned band of 

cell bodies reflecting the normal trajectory of granule neuron migration and integration. In eDKO 

mice, DCX expression was markedly increased and more broadly distributed across the granule 

cell layer, with DCX-positive cells appearing clustered and their processes irregularly oriented (Fig. 

2.16 A,B).  Notably, a considerable number of DCX-positive cells were observed in the hilus, a 

region where these cells are rarely found in control mice. Quantification of DCX fluorescence 

intensity within the hilar region (Fig. 2.16 C) confirmed a significant increase in DCX signal in 

eDKO mice, consistent with the presence of ectopic neuroblasts and aberrant neuronal 

positioning (Fig. 2.16 C). This ectopic localization suggests impaired migration or a failure of 

neuroblasts to integrate into the granule cell layer, likely due to disrupted guidance from radial 

glial fibers or delayed maturation.  

Together, these findings indicate that loss of EPS15/15R perturbs the neurogenic environment of 

the hippocampus by disrupting radial glia scaffold integrity and impairing maturation and 

positioning of newly generated neurons. Notably, similar phenotypes have been described in 

Intersectin-1 (ITSN1) knockout mice, which exhibit disorganized radial glial scaffolding and 

ectopic accumulation of DCX-positive cells in the hilus (Jakob et al., 2017b). These parallels 

suggest that EPS15/15R and ITSN1 may converge on shared mechanisms that regulate the 

development and maintenance of the hippocampal neurogenic niche. The potential link between 

EPS15/15R and ITSN1 is further supported by our previously mentioned proteomic analysis, 

where we could confirm ITSN1 as a binding partner of both EPS15 and EPS15R (see 2.2.2). In 

parallel, eDKO mice revealed a reduction of ITSN1 expression levels (Fig. S3). Together, these 

findings indicate that EPS15/15R may regulate ITSN1 stability or expression, and that their 

coordinated function may be critical for maintaining radial glial architecture and proper neuronal 

development.  
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Figure 2.16 Impaired neuronal maturation visible via ectopic accumulation of Doublecortin-positive 

immature neurons in the dentate gyrus of EPS15/15R eDKO mice. (A) 40 µm thick coronal brain slices of 30 days 

old control and eDKO mice were stained with Doublecortin (DCX)-specific antibodies and with the DNA stain DAPI. 

Representative confocal images showing DCX (red) and DAPI (blue) staining in the dentate gyrus of control and eDKO 

mice. In the control brains, DCX-positive cells are confined to the SGZ and inner GCL, with their processes displaying 

radial alignment. In contrast, eDKO brains show an increased expression and a broader distribution of DCX, with DCX-

positive cells not only spanning the entire GCL, but also residing throughout the hilus. Scale bar: 100μm. (B) High-

magnification inverted grayscale images from boxed areas in (A), illustrating the altered distribution of immature 

neurons in eDKO mice. DCX-positive cells exhibit ectopic positioning and disorganized processes whose radial 

alignment is lost. Scale bar: 50μm. (C) Quantification of the DCX fluorescence intensity in the hilus of the dentate 

gyrus, normalized to control levels (n = 3 per genotype; paired t-test; data are shown as individual data points with mean 

± SEM; significance levels: **=p<0.01). 

 

2.4.1.2 Disrupted neuronal migration and fate specification in the dentate 

gyrus  

Following the observed expansion of Nestin-positive progenitors and the accumulation of 

disorganized DCX-positive neurons in the dentate gyrus of EPS15/15R eDKO mice, we next 

sought to determine whether these early developmental disruptions were accompanied by defects 

in the subsequent stages of neuronal maturation – namely, laminar positioning and fate 

specification of postmitotic neurons. Proper laminar organization of the DG depends on timely 
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migration of newborn neurons from SGZ to GCL, where they adopt fate-specific gene expression 

programs and integrate into local hippocampal circuits. 

To investigate whether EPS15/15R loss affects these later stages of development, we analyzed the 

expression of the previously mentioned two transcription factors, CTIP2 and TBR1, both of which 

are also expressed by postmitotic neurons in the DG apart from their expression in cortical layers. 

CTIP2 is expressed in developing and mature granule cells in the DG and is essential for the 

survival, differentiation, and synaptic integration of adult-born neurons (Simon et al., 2016). 

TBR1, on the other hand is also expressed in the postmitotic neurons of the hippocampus, but its 

precise role in hippocampal development and function remains unclear (T.-N. Huang & Hsueh, 

2015).   

In control animals CTIP2 and TBR1 expression was restricted to the granule cell layer of the 

dentate gyrus, consistent with their normal neuronal positioning. In contrast, eDKO mice 

displayed a pronounced ectopic localization of CTIP2+ and TBR1+ neurons (Fig. 2.17 A). Within 

the dentate gyrus, both CTIP2⁺ and TBR1⁺ cells were mis-localized to the hilus, indicating 

disrupted hippocampal positioning. In addition, substantial numbers of CTIP2⁺ and TBR1⁺ 

neurons were ectopically distributed within the molecular layer, i.e. outside the boundaries of the 

granule cell layer on the supragranular side. Our quantification confirmed a significant 

enrichment of ectopic CTIP2+ and TBR1+ neurons in the eDKO hippocampus (Fig. 2.17 B,C). The 

aberrant localization of CTIP2+ cells point to defective neuronal migration and may additionally 

reflect compromised granule cell maturation or survival, given the role of CTIP2 in these 

processes. The ectopic distribution and elevated number of TBR1+ cells in the hippocampus may 

similarly reflect migration defects, or potentially altered fate stabilization, especially if neurons 

inappropriately retain or adopt TBR1 expression outside its normal spatial context.  

Taken together, these findings indicate that the loss of EPS15/15R leads to misplacement and/or 

potential identity disturbances in postmitotic neurons, as demonstrated by the ectopic 

distribution of CTIP2+ and TBR1+ cells in the DG. These defects point to a disrupted spatial 

guidance and molecular specification of granule cell development. Importantly, these 

abnormalities are preceded by earlier perturbations in progenitor behavior and neuronal 

maturation, as evidenced by the increased and disorganized populations of Nestin- and DCX-

positive cells. This sequential disruption across developmental stages suggests that EPS15/15R 

play a critical role in maintaining the spatial, temporal, and molecular precision of neuronal 

development and migration required for proper hippocampal lamination. 
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Figure 2.17 Ectopic localization of CTIP2- and TBR1-positive postmitotic neurons in the dentate gyrus of 

EPS15/15R eDKO mice. (A) 40 µm thick coronal brain slices of 30 days old control and eDKO mice were stained with 

CTIP2- and TBR1-specific antibodies and with the DNA stain DAPI. Representative confocal images showing CTIP2 

(magenta), TBR1 (cyan), and DAPI (blue) staining in the dentate gyrus of control and eDKO mice. In control animals, 

CTIP2 and TBR1 expression are confined to the granule cell layer (GCL), consistent with the usual positioning of 

postmitotic neurons. In eDKO sections, both markers exhibit a broader distribution, reflecting the ectopic localization 

of CTIP2- and TBR1-positive cells to the hilus. Scale bar: 100μm. (B) Quantification of ectopic neuronal populations in 

the dentate gyrus hilus of hippocampus. The number of TBR1-positive cells in the hilar region remained comparable 

between control and eDKO mice, with a trend toward increased numbers in the eDKO group. CTIP2-positive neurons, 

however, were significantly more abundant in the eDKO hilus, suggesting aberrant localization (n=4 per genotype; 

Welch’s unpaired t-test).  (C) Quantification of mislocalized neurons in the molecular layer (supragranular side) of the 

dentate gyrus (DG) revealed a significant increase in both TBR1-positive and CTIP2-positive cells in eDKO mice 

compared to controls, indicating aberrant neuronal positioning (n=4 per genotype; Welch’s unpaired t-test; data are 

shown as individual data points with mean ± SEM; significance levels: ns= non-significant, *=p<0.05). 
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2.4.1.3  SVZ neurogenesis remains preserved despite hippocampal defects 

Given that the dentate gyrus (DG) is not the only site of neurogenesis in the postnatal brain, we 

extended our analysis to the subventricular zone (SVZ), another major neurogenic niche located 

along the lateral ventricles (Alvarez-Buylla & García-Verdugo, 2002). This region continuously 

generates neural progenitors that migrate along the rostro-migratory stream (RMS) towards the 

olfactory bulb. Since our earlier findings revealed significant neurogenic and structural 

abnormalities in the DG of EPS15/15R-deficient mice, we sought to determine whether similar 

perturbations extended to the SVZ. To assess whether EPS15/15R loss affected stem/progenitor 

populations beyond the hippocampus, we analyzed the expression of SOX2 and Nestin, canonical 

markers of neural stem and progenitor cells. This allowed us to determine whether the neurogenic 

abnormalities observed in the DG were part of a broader defect or restricted to specific brain 

regions.  

Figure 2.18  Neural stem cell and progenitor populations in the SVZ remain unaffected in EPS15/15R eDKO 

mice. (A) 40 µm thick coronal brain slices of 30 days old control and eDKO mice were stained with Nestin- and SOX2-

specific antibodies. Representative confocal images showing Nestin (cyan) and SOX2 (magenta) staining in the 

subventricular zone (SVZ) along the lateral ventricles of control and eDKO mice. In both genotypes, SOX2-positive 

nuclei were densely localized within the SVZ, while Nestin-positive processes exhibited the typical radial orientation 
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and organization. No significant differences were observed between control and eDKO brains, indicating a preserved 

SVZ neural stem cell/progenitor niche. Scale bars: 50μm. (n=4 per genotype) 

 

Immunofluorescence staining of coronal brain sections revealed strong SOX2+ nuclei and dense 

Nestin+ radial processes lining the lateral ventricles in both control and eDKO brains (Fig 2.18 

A). The distribution, density, and morphology of SOX2- and Nestin-positive cells appeared 

comparable across genotypes, with no evidence of depletion, disorganization, or mislocalization 

in the SVZ. SOX2 signals remained robustly restricted to the ventricular lining, while Nestin-

positive fibers extended radially in a pattern typical of SVZ progenitor scaffolding.  

Together, these findings suggest that SVZ stem/progenitor populations are preserved in the 

absence of EPS15/15R. In contrast to the DG, where increased Nestin and DCX expression, radial 

glial disarray, and ectopic localization of postmitotic neurons were observed, the SVZ does not 

show any overt changes in stem cell architecture. This points to a region-specific requirement for 

EPS15/15R in neurogenesis and supports the idea that its developmental functions are more 

critical within the hippocampal neurogenic niche than in the SVZ. Notably, similar region-

selective effects were reported in ITSN1 knockout mice, where the SVZ-RMS neurogenesis 

remained intact despite hippocampal defects, again supporting the idea that EPS15/15R and 

ITSN1 may converge on hippocampus-specific developmental pathways.  

2.4.1.4  Involvement of the Reelin pathway in EPS15R-dependent neuronal 

development  

The widespread abnormalities in neurogenesis, neuronal migration, and laminar organization 

observed in EPS15/15R-deficient mice suggest a disruption of key signaling pathways required for 

proper neuronal development. We focused our investigation of potential molecular mechanisms 

on the Reelin signaling pathway, a central regulator of neuronal positioning and cortical and 

hippocampal lamination (Curran & D’Arcangelo, 1998; D’Arcangelo et al., 1995b). This pathway 

is known to influence radial glial organization, neuronal migration, and postmitotic identity 

stabilization – processes disrupted in the eDKO brain. Our interest in Reelin signaling was further 

supported by prior studies showing that ITSN1, whose expression is reduced in eDKO mice, and 

which interacts with EPS15/15R, functions as a component of the Reelin pathway. These 

phenotypic and molecular parallels led us to hypothesize that EPS15 and EPS15R may contribute 

to neurodevelopmental integrity in part by regulating the Reelin signaling cascade.  

Reelin signaling has been implicated in regulating hippocampal neurogenesis and laminar 

patterning through its main receptors, ApoER2 and VLDLR (D’Arcangelo et al., 1999b; Hiesberger 

et al., 1999; Trommsdorff et al., 1999a). To better understand how EPS15/15R may interface with 
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this pathway, we revisited the role of ITSN1 in supporting Reelin receptor signaling. Using GST-

pulldown assays from mouse brain lysates, ITSN1 was previously shown to associate with the 

intracellular domain of VLDLR, whereas no interaction with ApoER2 could be detected (Jakob et 

al., 2017b). This receptor specificity suggested a distinct molecular role for ITSN1 within the 

Reelin cascade and raised the question of whether EPS15 and EPS15R might engage the pathway 

through a similar receptor interaction. To explore this, we assessed whether EPS15/15R physically 

interacts with either the ApoER2 or VLDLR intracellular tail, using a similar pulldown approach 

as Jakob et al. to identity a potential receptor-specific interaction.  

We performed GST-pulldown assays using the intracellular domains of ApoER2 and VLDLR fused 

to GST and incubated them with mouse brain lysates. Surprisingly, the immunoblotting revealed 

that EPS15R, in contrast to ITSN1, selectively associated with ApoER2, while no interaction was 

observed with VLDLR (Fig. 2.19 A) arguing against an EPS15R/ITSN1 complex functioning 

concertedly in Reelin signaling. This receptor-specific interaction was consistently detected across 

replicate experiments and was absent in GST-only controls. Importantly, pulldown efficiency was 

validated by Ponceau staining which revealed distinct GST fusion protein bands on the membrane, 

thereby confirming that the GST-tagged bait proteins were successfully captured and recovered 

during the assay. In parallel, the absence of GAPDH signal in the lanes of the pulldown samples 

confirmed the specificity of the experiment. Interestingly, only EPS15R, but not EPS15 bound to 

the ApoER2 tail underlining the greater importance of EPS15R for brain function (Fig. 2.19 B). 

Quantification of the immunoblots across four independent pulldown experiments further 

substantiated this observation. EPS15R showed significantly enriched binding to ApoER2 

compared to GST and VLDLR (Fig. 2.19 C), whereas EPS15 did not show any significant 

interaction with either receptor (Fig. 2.19 D). These findings suggest a distinct molecular role for 

EPS15R in modulating Reelin signaling via ApoER2, independent of its paralog EPS15 and its 

interactor ITSN1. The discovered EPS15R-ApoER2 interaction supports a model in which EPS15R 

contributes to neuronal migration and lamination through the selective regulation of Reelin 

receptor-mediated developmental signaling. 

Given this specific interaction, it is conceivable that EPS15R may fulfill the same function for 

ApoER2 which ITSN1 fulfills for VLDLR: facilitating the recruitment of the adaptor protein Dab1, 

a key effector of Reelin signaling, for subsequent phosphorylation. Its selective binding to ApoER2 

also raises the possibility that EPS15R could contribute to the receptor’s internalization and 

trafficking. These potential mechanisms warrant further investigation to clarify the functional role 

of EPS15R within the Reelin cascade.  
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Figure 2.19 EPS15R selectively associates with the intracellular domain of ApoER2. (A, B) Immunoblots of GST-

pulldown assays using GST-tagged intracellular domains of ApoER2 and VLDLR incubated with mouse brain lysates 

reveal that EPS15R, but not EPS15, selectively binds to ApoER2. No interaction was observed with VLDLR or in GST-

only controls. GAPDH was absent in pulldown lanes, confirming specificity. Ponceau S staining below each blot confirms 

comparable loading and recovery of GST-fusion proteins. (C, D) Quantification of band intensities show a significant 

enrichment of EPS15R binding to ApoER2 compared to GST and VLDLR controls, while EPS15 does not show 

significant interaction with either receptor. These results highlight a receptor-specific interaction of EPS15R with 

ApoER2, implicating it in selective regulation of Reelin receptor signaling (n = 4 independent experiments; ordinary 

one-way ANOVA with Dunnett’s multiple comparisons test; data are shown as individual data points with mean ± SEM; 

significance levels: ns= not significant, ***=p < 0.001), 
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2.4.2 Mechanistic insights into the development of hydrocephalus in 

eDKO mice 

The pronounced enlargement of the lateral ventricles in EPS15/15R eDKO mice strongly 

implicates hydrocephalus as a key neuroanatomical phenotype. To better understand its etiology, 

we investigated both its temporal onset and the potential underlying mechanism contributing to 

ventricular dilation. Hydrocephalus may arise from a variety of causes including aberrant CSF 

dynamics, due to impaired CSF flow or clearance, often linked to underlying structural or cellular 

abnormalities such as congenital malformations of the ventricular system, defective ependymal 

cells lining the ventricles, dysfunctional cilia, or impaired cell adhesion. To address these 

possibilities, we first examined the developmental onset of hydrocephalus, and based on this 

timing, subsequently investigated different candidate molecular and cellular mechanisms that 

could account for the phenotype.  

2.4.2.1 Early-onset ventricular enlargement in eDKO mice   

To identify the developmental window most relevant for investigating the molecular basis of 

hydrocephalus in eDKO mice, it was essential to first determine when ventricular abnormalities 

begin to emerge. Knowing whether the phenotype emerges during early developmental stages or 

arises later during postnatal maturation was essential for narrowing down the candidate processes 

and time points for mechanistic exploration. Therefore, we examined brain sections from early 

postnatal stages (P5) to assess the timing of ventricular expansion and clarify whether 

hydrocephalus in the EPS15/15R-deficient model reflects an early-onset or a rather progressive 

condition. 

 

Figure 2.20 Early-onset ventricular enlargement in EPS15/15R-deficient (eDKO) mice. (A) Representative Nissl-

stained coronal brain sections from P5 control (top) and eDKO (bottom) mice, highlighting the lateral ventricles (LV). 

eDKO brains show marked ventricular enlargement already at this early postnatal stage. Scale bar: 500 μm. (B) 

Quantification of summed lateral ventricle (LV) cross-sectional area reveals a significant increase in eDKO mice 

compared to controls (n=4 per genotype; unpaired Welch’s t-test; data are shown as individual data points with mean ± 

SEM; significance level:  *=p < 0.05).  
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Notably, we already observed a clear enlargement of the lateral ventricles in the eDKO mice at P5, 

indicating that hydrocephalus begins to manifest during early postnatal development (Fig. 2.20 

A,B). The identification of ventricular enlargement as early as P5 and given the close temporal 

association with the ventricle expansion (Redmond et al., 2019), strongly suggests that 

hydrocephalus in EPS15/15R-deficient mice is a developmental defect rather than a secondary 

consequence of later-stage pathology. This early onset highlights the need to examine upstream 

cellular and molecular processes critical for ventricular morphogenesis. It prompted us to 

investigate both upstream and downstream processes that govern ventricular morphogenesis. 

Specifically, we examined whether defects in early neuronal determinants such as the cell adhesion 

molecule L1CAM or alterations in primary cilia, known to regulate progenitor behavior might 

contribute to the observed phenotype. In parallel, we assessed differentiation of radial glial cells 

into ependymal cells, focusing on structural and molecular features essential for establishing the 

multiciliated ependymal layer that drives cerebrospinal fluid dynamics. 

2.4.2.2 Surface expression of L1CAM is unaltered in iDKO neurons 

To explore potential molecular contributors to the observed hydrocephalus upon loss of 

EPS15/15R, we assessed the surface levels of the neuronal cell adhesion molecule L1CAM. Its 

critical role in progenitor differentiation and neurogenesis during early brain development made 

it an ideal candidate for investigation (Grońska-Pęski et al., 2020). L1CAM is a transmembrane 

glycoprotein that plays a central role in brain development, particularly in neuronal migration, 

axon pathfinding, and the formation of commissural tracts (Schmid & Maness, 2008). 

Importantly, mutations in the human L1CAM gene cause a spectrum of X-linked neurological 

disorders, collectively known as L1 syndrome, which includes hydrocephalus due to stenosis of 

the aqueduct of Sylvius (HSAS) (Jouet et al., 1994). In mouse models, L1CAM deficiency leads to 

phenotypes ranging from agenesis of major axonal tracts to variable degrees of lateral ventricle 

enlargement, depending on the genetic background (Dahme et al., 1997; Demyanenko et al., 

1999; Jouet et al., 1994). In our eDKO mice, we observed a marked reduction in the size of the 

ventral hippocampal commissure (Fig. 2.13 C), further raising the possibility that L1CAM-related 

processes might be disrupted. Besides, L1CAM is known to undergo endocytosis (Kamiguchi et 

al., 1998) and therefore a potential cargo of endocytic adaptors like EPS15/15R. 

To investigate whether L1CAM surface abundance is affected in the EPS15/15R-deficient context, 

we performed a surface biotinylation on primary cortical neuron cultures derived from control 

and iDKO mice. This method allows the selective labeling and isolation of surface-exposed 

proteins and can be followed by immunoblotting to quantify the level of plasma membrane-
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localized L1CAM. By comparing surface levels between genotypes, we aimed to determine 

whether altered endocytic trafficking in the absence of EPS15/15R affects L1CAM surface 

expression, potentially contributing to the ventricular abnormalities observed in the eDKO mice. 

However, our analysis revealed no detectable difference in surface L1CAM levels between control 

and iDKO cultured neurons (Fig. 2.21 A), indicating that L1CAM internalization from the plasma 

membrane remains intact in the absence of EPS15/15R. These findings suggest that L1CAM 

dysregulation is unlikely to underlie the observed hydrocephalus or commissural defects in the 

eDKO. 

 

Figure 2.21 L1CAM surface levels and primary cilia length are unaffected in EPS15/15R-deficient neurons. (A) 

Surface biotinylation of DIV14 primary cortical neurons derived from control and iDKO neurons, followed by 

immunoblotting for the indicated proteins. The surface fractions show comparable levels of L1CAM between genotypes, 

indicating unaltered internalization in iDKO neurons. N-Cadherin served as a membrane marker, and actin was used 

as a loading control and to show the absence of intracellular proteins in the surface fraction. N=1 experiment. (B) 

Immunofluorescence images of DIV14 hippocampal neurons stained with MAP2 (magenta) to mark the neuronal 

somatodendritic compartments and Arl13b (green) to label primary cilia. Insets show zoom-in views of selected regions 

highlighting individual cilia. No clear differences in cilia morphology or abundance were observed between control and 

iDKO neurons. Scale bars, 10 μm. (C) Quantification of primary cilia length in control and iDKO neurons. No significant 

difference in cilia length was detected (N: control=356, iDKO=354 cilia from 2 independent experiments; unpaired t-

test;). (Data are shown as individual data points with mean ± SEM; significance level:  ns= not significant). 

 

2.4.2.3 Unaltered primary cilia integrity in EPS15/15R-deficient neurons  

There is growing evidence that primary (non-motile) cilia play a crucial role in brain development, 

particularly in regulating the behavior of neural progenitor cells and thereby potentially 

maintaining ventricular architecture (Youn & Han, 2018). These microtubule-based organelles 

serve as signaling hubs that coordinate pathways such as Sonic Hedgehog (Shh), Wnt, and mTOR-

dependent signaling, all of which are essential for apicobasal polarity, proliferation control, and 

tissue organization (Foerster et al., 2017; Mill et al., 2023). Disruption of primary cilia formation 

in radial glial progenitors, through conditional deletion of genes such as Kif3a, Ift88, or B9d2, has 
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been shown to result in ventriculomegaly and hydrocephalus (Foerster et al., 2017; Town et al., 

2008). These studies collectively highlight that primary cilia are not only essential for cell-intrinsic 

signaling but are also crucial for proper ventricular morphogenesis and prevention of 

hydrocephalus.  

In light of these findings and the role of EPS15/15R in membrane trafficking and signaling, we 

hypothesized that their loss might impair primary cilia structure or stability. To explore this 

possibility, we assessed primary cilia length in DIV14 hippocampal neuron cultures derived from 

control and iDKO mice. Although postmitotic neurons do not fully recapitulate the progenitor 

state, they retain structurally intact primary cilia and serve as a useful proxy to examine potential 

defects in ciliogenesis. Our quantitative analysis revealed no significant difference in cilia length 

between control and iDKO neurons, suggesting that primary cilia formation and elongation are 

not overtly affected under these conditions (Fig. 2.21 B,C). These results indicate that altered 

primary cilia are unlikely to underlie the ventricular enlargement phenotype observed in 

EPS15/15R-deficient mice.  

2.4.2.4 Cell-intrinsic defects in ependymal maturation in absence of EPS15/15R 

To further investigate the cellular basis of hydrocephalus in absence of EPS15/15R, we next sought 

to determine whether intrinsic defects in ependymal cell differentiation could underlie the 

ventricular abnormalities observed in vivo in eDKO mice. Given that ependymal cells arise 

through a defined postnatal maturation process from radial glial progenitors and are responsible 

for establishing the multiciliated ventricular lining essential for CSF flow, impairments in their 

differentiation may directly impact ventricular structure and function. Since the ventricular 

enlargement was already evident at postnatal day 5 (P5), a stage when radial glial progenitors have 

largely differentiated into ependymal cells and expanded their apical domains to shape the lateral 

ventricles (Redmond et al., 2019), this timing suggested a possible link to defective ependymal 

differentiation, as it represents a developmental window where the ventricular system is on the 

way to functional maturity. 

To this end we employed primary ependymal cell cultures as an ex vivo system to probe potential 

deficits in this lineage. Since our lab did not have prior expertise with this system, I visited the 

laboratory of Nathalie Spassky at IBENS-ENS, Paris, to learn how to isolate and differentiate 

ependymal cells from postnatal mouse brains. This approach enabled us to monitor the 

differentiation capacity of progenitor cells isolated from control and iDKO brains under controlled 

conditions, with a focus on quantifiable morphological parameters. Primary ependymal cell 

cultures were established by dissecting the telencephalon containing the lateral ventricular wall 
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of postnatal mouse brains. Following dissection, (1) progenitor cells were isolated and expanded 

in culture for several days, and (2) subsequently reseeded, where differentiation was induced by 

serum starvation (Delgehyr et al., 2015). Under these conditions, the progenitors progressively 

matured into multiciliated ependymal cells, providing an ex vivo system to study their 

differentiation in a controlled environment.   

We first wanted to determine whether EPS15 and EPS15R are expressed in ependymal cells, as no 

published information was available. Since suitable antibodies for immunohistochemistry or 

immunofluorescence staining were lacking, we addressed this question by performing 

immunoblotting on lysates from primary ependymal cell cultures. Samples were collected at 

different stages of differentiation (DIV0, DIV7, and DIV14) to assess both expression and 

potential changes over time. In our ependymal cultures, both EPS15 and EPS15R levels were 

barely detectable at DIV0 but increased strongly by DIV7 and remained elevated at DIV14, 

suggesting an upregulation during ependymal differentiation (Fig. 2.22 B). Next, we aimed to test 

whether conditional deletion of EPS15 and EPS15R could be achieved in primary cultures by 

adding tamoxifen. The treatment with tamoxifen effectively depleted both proteins, confirming 

the efficacy of the inducible deletion system (Fig. 2.22 C). With this validated system in place, we 

set out to functionally interrogate the cultures in order to identify cellular mechanisms that might 

underlie the hydrocephalus phenotype. 

The differentiation of radial glial cells (RGCs) into ependymal cells (ECs) is a tightly regulated 

process involving centriole amplification, apical migration of centrioles, and the formation of 

motile cilia bundles. This transition is initiated by the inhibition of Notch signaling in progenitor 

cells and the subsequent activation of the coiled-coil domain proteins GEMC1 and Multicilin, 

which in turn promote the expression of the transcription factor FOXJ1 (Spassky & Meunier, 2017) 

(Fig. 2.22 A).  FOXJ1 drives the expression of genes essential for the formation of motile cilia, 

including steps such as basal body docking and axoneme assembly (Yu et al., 2008), thereby 

enabling the differentiated ependymal cell layer to generate a directed CSF flow. Therefore, we 

examined the level of FOXJ1, the master regulator of multiciliogenesis, to assess whether 

EPS15/15R loss affects ependymal differentiation upstream of FOXJ1 expression. Western blot 

analysis was performed on lysates from DIV14 primary ependymal cell cultures derived from 

control and iDKO mice. As expected, the expression of both EPS15 and EPS15R was strongly 

reduced in iDKO cultures, confirming the efficacy of the inducible deletion system. Notably, we 

observed a marked reduction in FOXJ1 protein levels in the iDKO samples compared to the 

controls, indicating that indeed events upstream of FOXJ1 expression must be disturbed leading 

to a downregulation of the transcriptional program required for motile cilia formation. Our 
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quantification revealed that FOXJ1 expression was decreased to approximately 40% of control 

levels (Fig 2.22 C,D), suggesting that loss of EPS15/15R compromises the induction or stability of 

FOXJ1 during ependymal differentiation. This finding points towards a potential mechanistic link 

between EPS15/15R-dependent pathways and the regulation of transcriptional programs 

essential for ependymal cell maturation.  

 

Figure 2.22 Loss of EPS15/EPS15R impairs ependymal cell differentiation and FOXJ1 expression. (A) Schematic 

representation of the molecular cascade regulating radial glial cell differentiation into multiciliated ependymal cells. 

Key events include centriole amplification, apical centriole migration, and cilia biogenesis, with FOXJ1 acting 

downstream of GEMC1 and Multicilin to drive the motile ciliogenesis pathway. (B) Representative Western blot analysis 

showing the temporal expression of EPS15R and EPS15 in primary ependymal cultures derived from control mice at 

DIV0, DIV7, and DIV14. Actin serves as a loading control. (C) Representative Western blot of EPS15, EPS15R, and 

FOXJ1 expression in DIV14 primary ependymal cultures derived from control and iDKO mice. Actin was used as a 

loading  control. (D) Quantification of protein expression levels in iDKO cultures relative to control. Expression of 

EPS15R and EPS15 is significantly reduced, confirming knockout efficiency. FOXJ1 levels are also significantly 

decreased in iDKO cultures, suggesting impaired ependymal maturation (n = 4 independent experiments; one-sample 

t-test). (Data are shown as individual data points with mean ± SEM; significance level: **=p<0.01, ***=p< 0.001).  

 

To evaluate whether the observed deficits in ependymal differentiation extend to defects in 

ciliogenesis, we next analyzed the ciliary profiles of ependymal cells using immunostaining for the 

cilia membrane marker Arl13b (Fig. 2.23 A,B). In control cultures we observed a progressive 

increase in the proportion of cells bearing mature cilia bundles from DIV5 to DIV14, consistent 

with the expected timeline of ependymal multiciliogenesis. By DIV14, the majority of control 

ependymal cells exhibited cilia bundles, indicating successful transition into a fully differentiated, 
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multiciliated state. In contrast, EPS15/15R iDKO cultures showed a markedly attenuated increase 

in cilia bundle formation over time. At each time point examined, the percentage of multiciliated 

cells in iDKO cultures was significantly lower than in controls, with the largest disparity observed 

at DIV14 (Fig 2.23 C).  Notably, a greater proportion of iDKO cells retained a single primary cilium 

at DIV7 and DIV14 compared to controls (Fig. 2.23 D), indicating a failure to achieve the 

multiciliated phenotype characteristic of terminally differentiated ependymal cells. While the 

proportion of cells completely lacking cilia remained low across all groups, it was consistently 

higher in the iDKO cultures compared to controls, particularly at DIV14, further supporting 

maturation deficits (Fig. 2.23 E).  These findings suggest that EPS15 and EPS15R are required for 

the terminal differentiation of ependymal cells, particularly the formation of multiciliated 

structures. Their absence may compromise CSF flow dynamics, thereby contributing to the 

development hydrocephalus.  

To further assess the impact of EPS15/15R loss on ependymal cell maturation, we next examined 

basic cellular characteristics such as morphology, cell number, and density across different stages 

of differentiation. Analysis of ependymal cell morphology across DIV5, DIV7 and DIV14 revealed 

a progressive increase in cell area in both control and iDKO cultures, with iDKO cells appearing 

larger than controls at each time point (Fig 2.23 F). Despite this trend, these differences did not 

reach statistical significance. In contrast, the number of ependymal cells showed opposing 

trajectories: control cultures exhibited a gradual increase over time, whereas iDKO cultures 

showed a decline from DIV5 to DIV7, followed by only a partial recovery by DIV14. These changes 

were paralleled by a reduction in the number of nuclei per field in iDKO cultures compared to 

controls, with significant reductions observed on DIV7 and DIV14 (Fig.2.23 G, H). Together, these 

data suggest that loss of EPS15 and EPS15R leads to progressive deficits in ependymal cell area 

and density during in vitro maturation, which may reflect impaired differentiation capacity and/or 

reduced cell survival.  

Given the noticeable reduction in cell numbers in EPS15/15R iDKO cultures, we considered the 

possibility that the increased cell area and impaired multiciliogenesis might be, at least in part, a 

consequence of an influence of reduced cell density on the differentiation process. A low density 

of cultured cells can lead to an altered cell morphology due to the greater available area for cell 

spreading and may compromise any contact-dependent signals critical for efficient 

multiciliogenesis. 
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Figure 2.23 EPS15/15R are essential for proper ependymal cell maturation and multiciliogenesis in vitro. (A-

B) Representative confocal images of primary ependymal cell cultures derived from control (A) and EPS15/15R iDKO 

(B) mice at DIV5, DIV7, and DIV14. Cultures were stained for Arl13b (green) to mark cilia, Phalloidin (magenta) to 

label F-actin, and DAPI (blue) for nuclei. Insets show zoom-in views of cells and cilia bundles. Scale bar: 10 μm. (C-E) 

Quantification of ciliation profiles over time. iDKO cultures contained significantly fewer cells with cilia bundles (C) 

and increased proportions of cells with only a single cilium (D) or no cilia (E), particularly at DIV14. (F-H) 

Quantification of average cell arear (F), total nuclei per field (G), and cell number (H) across the culture period. While 

cell area gradually increased in both groups, cell number and nuclei count significantly declined in iDKO cultures from 

DIV5 to DIV14 (n=3 individual experiments; unpaired t-test). (Data are shown as individual data points with mean ± 

SEM; significance levels: ns= non-significant, *=p<0.05, **=p<0.01). 

 

To examine, whether the observed phenotypes were secondary to alterations in cell density rather 

than acutely triggered by EPS15/15R loss, we used two different approaches: a) At the 

reseeding/serum starvation step iDKO cells were plated at twice the usual density to compensate 

for their later lower cell numbers (iDKO-2x). b) We modified the timing of gene deletion by adding 
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tamoxifen only at the onset of ependymal differentiation (i.e. at the reseeding/serum starvation 

step), instead of during the earlier progenitor expansion phase (iDKO-late). For comparison, the 

original protocol in which tamoxifen was added from the beginning of the culture period, i.e. to 

progenitor cells before expansion, is hereafter referred to as iDKO-early. 

Our quantification (Fig. 2.24) at DIV14 showed a consistent reduction in nuclei and total cell 

numbers across all iDKO conditions relative to controls. The decrease was most pronounced in 

iDKO-early cultures, whereas both delayed induction (iDKO-late) and increased plating density 

(iDKO-2x) partially alleviated this reduction, although cell and nuclei numbers at the end of 

differentiation remained below control levels (Fig. 2.24 A,B). In contrast, mean cell area was 

markedly enlarged in all iDKO conditions, indicating that the increase in cell size represents a 

robust phenotype independent of culture density or timing of gene deletion (Fig. 2.24 C). 

Quantification of multiciliated bundles revealed the strongest loss in iDKO-early cultures, while 

both iDKO-late and iDKO-2x cultures displayed higher but variable values. Despite this upward 

trend, cilia-bundle numbers remained below control levels, even though the decrease did not 

reach statistical significance (Fig. 2.24 D). Given the substantial variability observed across 

replicates, additional experiments with increased sample size will be required to draw a definitive 

conclusion regarding the extent of ciliation recovery. 

Although modifying cell density or the timing of gene deletion attenuated the severity of the 

phenotype, neither approach was sufficient to completely restore normal cell morphology and 

ciliation. The persistence of increased cell size and the tendency to impaired cilia bundle 

formation indicates that these defects are not solely attributable to reduced cell density, but 

instead reflect cell-intrinsic consequences of EPS15/15R loss. The stronger phenotype observed 

in iDKO-early compared to iDKO-late cultures demonstrates that deletion during the progenitor 

expansion phase leads to more pronounced defects than deletion initiated at the onset of 

differentiation, pointing to a requirement for EPS15/15R not only during terminal ependymal 

maturation but already during earlier stages of progenitor maintenance and expansion. Notably, 

even when iDKO cells were plated at twice the normal density (iDKO-2x), total cell and nuclei 

numbers at the end of differentiation remained lower than in controls, suggesting that reduced 

cell yield cannot be compensated by a higher initial seeding density. This continued decline 

implies that EPS15/15R loss may compromise progenitor viability, proliferative capacity, or 

differentiation efficiency. The more pronounced deficits observed upon early deletion further 

support a model in which EPS15/15R function is required during the proliferative phase to sustain 

progenitor integrity and ensure proper transition into the multiciliated ependymal state. This 
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possibility warrants further investigation to fully define stage-specific requirements for 

EPS15/15R in the progenitor and ependymal cells. 

 

Figure 2.24 Increased plating density or delayed gene deletion partially alleviate but do not fully rescue 

multiciliation and cell density defects in EPS15/15R iDKO cultures. (A–D) Quantification of relative nuclei 

number (A), cell number (B), mean cell area (C), and number of cilia bundles (D) at DIV14 in control, iDKO-early, 

iDKO-late, and iDKO-2x cultures. In iDKO-early cultures, early tamoxifen application caused the strongest reduction 

in nuclei and overall cell numbers, accompanied by enlarged cell areas and a marked loss of multiciliated bundles. 

Delaying tamoxifen induction (iDKO-late) or increasing initial plating density (iDKO-2x) partially improved nuclei and 

cell numbers, but values remained below control levels. Cell area enlargement persisted across all iDKO conditions, and 

cilia bundle numbers showed high variability and partial recovery compared to iDKO-early (n=3 individual 

experiments; one-sample t-test; data are shown as individual data points with mean ± SEM; significance levels: ns=non-

significant, *=p<0.05, **=p<0.01, ***=p < 0.001). 

 

Collectively, these findings indicate that EPS15 and EPS15R are critical for proper ependymal cell 

maturation, likely by influencing (signaling) processes affecting FOXJ1 expression and thereby 

multiciliogenesis. The persistence of reduced cell numbers, enlarged cell areas, and a tendency to 

impaired ciliation in iDKO cultures, despite increased seeding density or delayed deletion, 

indicates that these defects reflect cell intrinsic effects of EPS15/15R loss rather than secondary 

consequences of culture conditions. As these observations are based on in vitro analyses, future 

studies employing dissections and whole mount staining of lateral ventricular walls will be critical 

to validate these findings and assess the integrity of the ependymal layer in vivo in its native tissue 

context. The observed early onset of hydrocephalus at P5, coinciding with ependymal maturation, 

further underscores the importance of EPS15 family proteins in regulating terminal ependymal 

differentiation, with their loss potentially disrupting cerebrospinal fluid dynamics and 

contributing to the pathogenesis of hydrocephalus.  
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3 Discussion 

The mammalian brain is built through a highly orchestrated sequence of events, where new 

neurons are born and migrate to their destinations, and subsequently wire into networks that 

ultimately support thought, memory, and behavior. Each of these developmental steps depends 

on cells being able to constantly adjust how they interact with their environment, whether that 

means responding to guidance cues, remodeling adhesion sites, or tuning the strength of 

emerging synapses. Such flexibility is not achieved by alterations in gene expression alone but 

relies on rapid and reversible mechanisms, that function within shorter timescales. Endocytosis 

represents one such mechanism. By continuously internalizing receptors, transporters, and 

adhesion molecules, it ensures that neurons can fine-tune their responsiveness to signals, recycle 

the machinery required for neurotransmitter release, and remodel connections as circuits mature. 

In this context, endocytosis emerges not just as a background process but as a central mechanism 

that enables neurons to adapt to their developmental and functional demands. 

At synapses, the stakes are especially high, since the presynaptic terminals must recycle vesicles 

with every round of neurotransmission, while postsynaptic sites must constantly regulate receptor 

abundance to enable synaptic plasticity. To carry out these tasks with precision, neurons rely on a 

diverse set of endocytic adaptor proteins. These adaptors act as the molecular interface between 

cargo and the endocytic machinery, ensuring that specific receptors, transporters, or adhesion 

molecules are selectively internalized at the right time and place. Over the past decades, many 

such adaptors have been identified (see section 1.2). Their importance in the brain has become 

clear from the phenotypes that arise when they are disrupted, ranging from failures in synaptic 

vesicle recycling (Koo et al., 2015b; Pechstein et al., 2015)  to profound developmental defects 

(Abdi et al., 2019; Jakob et al., 2017b; W. Li et al., 2010; Mitsunari et al., 2005)  Among the many 

adaptor proteins that contribute to these processes, EPS15 and its paralog EPS15R remain 

relatively little explored in the context of the mammalian brain. In this thesis, we demonstrate 

that EPS15 and EPS15R play important roles in the mammalian brain, not only consistent with 

their canonical functions as endocytic adaptors but also suggesting broader contributions that 

extend beyond endocytosis and influence neurogenesis and brain development. 
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3.1 EPS15 and EPS15R as endocytic adaptors in the brain and 

synapse 

Much of what is known about the function of EPS15 and EPS15R in brain stems from studies in 

non-mammalian systems, where orthologs of EPS15 have been shown to be indispensable for 

synaptic vesicle recycling and efficient neurotransmission (Koh et al., 2007; Salcini et al., 2001b). 

In mammalian cell lines, both proteins have been established as scaffolding adaptors that initiate 

clathrin-mediated endocytosis and mediate the uptake of classical cargos such as the transferrin 

receptor and EGFR (Carbone et al., 1997; F. Huang et al., 2004). Yet, despite their clear 

involvement in endocytic pathways, their specific roles in the brain and in synaptic organization 

have remained poorly defined. It is still not understood to what extent EPS15 and EPS15R act 

redundantly or carry distinct functions in neurons, nor how their adaptor activities influence 

neuronal signaling.  

It had been previously shown that both EPS15 and EPS15R are expressed in the brain, with 

EPS15R being preferentially enriched compared to its paralog (Milesi et al., 2019). Our results 

expand on this observation by revealing that the two proteins follow distinct regional expression 

patterns in the brain (Fig. 2.1 A,B,C). EPS15 is particularly abundant in the cerebellum, whereas 

EPS15R shows strong enrichment in both cerebellum and cortex but is relatively low in the 

hindbrain. The presence of both proteins in the hippocampus suggests that they may contribute 

to hippocampal function. Importantly, we also find that EPS15 and EPS15R expression is dynamic 

as it increases progressively throughout postnatal development (Fig. 2.1 D, S1). This temporal 

regulation mirrors that of other endocytic adaptors such as AP2-α, and synaptic vesicle proteins 

such as Synaptotagmins and Synaptophysin (Fig. 2.1 E) (Berton et al., 1997; Knaus et al., 1986; 

Koo et al., 2015b). Notably, these upregulations coincide with key developmental transitions such 

as synaptogenesis, activity-dependent synaptic remodeling, and the onset of experience-driven 

plasticity, all of which require a functional synaptic vesicle pool and efficient endocytosis for 

vesicle recycling and receptor turnover (Camblor-Perujo & Kononenko, 2022; Lohmann & Kessels, 

2014). In addition, the increase in AP-2 expression during postnatal development likely also 

contributes to dendritogenesis (Koscielny et al., 2018). The postnatal increase in Synaptophysin 

most likely is related to  synaptogenesis with which it coincides, and might be involved in activity-

dependent synapse formation (Knaus et al., 1986; Tarsa & Goda, 2002). Similarly, Synaptotagmins 

such as Syt1, II, III, and IV are strongly upregulated postnatally, coinciding with the onset of 

activity-dependent neurotransmission (Berton et al., 1997; Kochubey et al., 2016). In line with 

these trajectories, the progressive increase of EPS15 and EPS15R expression likely reflects a 
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comparable requirement for enhanced endocytic capacity to sustain vesicle recycling, receptor 

turnover, and synaptic plasticity in the maturing nervous system. 

While expression analyses highlight that EPS15 and EPS15R are developmentally regulated and 

regionally enriched, understanding their contribution to neuronal function also requires 

knowledge of their synaptic expression and precise subcellular localization. Neurons are uniquely 

polarized, and adaptor proteins may exert distinct functions depending on whether they operate 

at presynaptic terminals, where vesicle recycling is critical, or at postsynaptic sites, where receptor 

trafficking shapes synaptic strength. Determining where EPS15 and EPS15R reside within the 

synapse was therefore essential to connect their adaptor roles with the mechanisms of 

neurotransmission and plasticity. Previous studies have provided initial insights into where these 

two paralogs may be located within the synapse. EPS15R was reported to co-localize with the 

presynaptic marker synaptophysin and was also enriched in synaptosomal fractions in comparison 

to postsynaptic density fraction, indicating a predominantly presynaptic presence (Milesi et al., 

2019). By contrast, EPS15 has been observed to partially co-localize with the postsynaptic marker 

PSD95, while forming dense clusters along dendrites in hippocampal neurons, suggesting an 

enriched presence at the postsynapse. Supporting this notion, EPS15’s participation in the 

trafficking of GluA1, also points towards a role at the postsynapse (Lin & Man, 2014). These earlier 

studies place EPS15R at presynaptic terminals and EPS15 at postsynaptic sites, but our data 

indicate that this division is too simplistic. We employed the tryptic cleavage assay to distinguish 

protected presynaptic proteins from exposed postsynaptic components (Fig. 2.2 A). While 

canonical presynaptic markers such as SNAP25 and synaptophysin were resistant to trypsin 

mediated digestion, postsynaptic receptors like GluA1 and GluA2 were efficiently cleaved. 

Surprisingly, EPS15 and EPS15R were only partially degraded, exhibiting about 60% protein 

cleavage (Fig. 2.2 B,C). This partial sensitivity points to a distribution across both sides, pre- and 

post- of the synapse rather than a strict compartmentalization. This phenotype is reminiscent of 

other endocytic adaptors, ITSN1 and CALM  (Azarnia Tehran et al., 2022; Vollweiter et al., 2023b). 

This similarity is unlikely to be coincidental, since ITSN1 is a known interactor of EPS15 family 

proteins (Koh et al., 2007; Milesi et al., 2019), and CALM, like EPS15, has been implicated in the 

trafficking of GluA1 (Azarnia Tehran et al., 2022). It is therefore plausible that EPS15/15R might 

share functional parallels with CALM and its close interactor ITSN1. These findings suggest that 

EPS15 and EPS15R are versatile components of the synaptic endocytic machinery, acting possibly 

in both presynaptic vesicle recycling and postsynaptic receptor turnover, thereby contributing to 

the overall plasticity and adaptability of synapses. The trypsin cleavage assay primarily informs on 

protein localization based on protein accessibility to trypsin and provides quantitative insight into 
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their relative abundance at either site, but to resolve a protein´s synaptic localization at nanoscale 

level, complementary methods like STED microscopy will be required in the future. STED offers 

the spatial precision to not only distinguish a protein´s distribution at pre- versus postsynaptic 

sites but can visualize adaptor proteins within synaptic nanodomains. Currently, we could not 

attempt this as no reliable antibodies for EPS15 or EPS15R immunostaining were available. An 

alternative strategy would be to use CRISPR/Cas9 for endogenous tagging of EPS15 and EPS15R 

directly in primary neurons, for example using the ORANGE system (Willems et al., 2020). This 

strategy enables the insertion of small epitope or fluorescent tags at endogenous loci in cultured 

neurons, which would allow live-cell imaging of EPS15 and EPS15R at native expression levels 

and facilitate nanoscale mapping of their distribution when combined with super-resolution 

techniques. 

3.1.1 EPS15 and EPS15R as players in AMPAR endocytosis 

Multiple endocytic adaptor proteins have been implicated in AMPAR internalization during 

synaptic plasticity. The μ2 subunit of AP-2 directly binds GluA2 and GluA3, a mechanism required 

for NMDAR-dependent synaptic plasticity (Kastning et al., 2007; Lee et al., 2002). PICK1 

associates both with GluA2 and the α-adaptin subunit of AP-2, and its disruption impairs 

constitutive and activity-dependent AMPAR endocytosis (Fiuza et al., 2017; Hanley & Henley, 

2005). CALM regulates ubiquitinated GluA1-containing calcium-permeable AMPARs by 

promoting their endocytosis via its ANTH domain, thereby shaping synaptic plasticity (Azarnia 

Tehran et al., 2022). Similarly, it was shown that EPS15 interacts with the ubiquitinated AMPA 

receptor subunit GluA1 and promotes its internalization (Lin & Man, 2014), but whether this 

property is conserved in EPS15R had not been addressed. With this study we have now shown 

that EPS15R also contributes to the regulation of GluA1 containing AMPARs. 

We examined EPS15R-GluA1 interactions in the brain using co-immunoprecipitation from brain 

enriched synaptic fractions (Fig. 2.3 A). Strikingly, GluA1 was consistently detected in EPS15R 

complexes, with the interaction strongest in purified synaptic membranes, a compartment where 

receptor internalization is expected to occur. Parallel experiments with EPS15 confirmed its 

robust association with GluA1 under identical conditions, validating both our experimental 

strategy and the idea that the two paralogs can converge on similar postsynaptic targets (Fig. 2.3 

B). Together, these findings argue that EPS15R, like EPS15, is able to engage GluA1 in the brain 

and may therefore participate in AMPAR endocytosis. Our data opens the possibility that both 

paralogs act in parallel to regulate postsynaptic receptor trafficking, thereby broadening the 

repertoire of adaptors implicated in AMPAR regulation. 
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Building on this evidence for a biochemical association, an important consideration was whether 

the interaction between EPS15 family proteins and GluA1 had functional consequences for 

AMPAR trafficking. Previous studies had already shown that knockdown of EPS15 impairs the 

internalization of ubiquitinated GluA1 (Lin & Man, 2014), pointing to a postsynaptic role in 

receptor turnover. Consistent with this, SEP-GluA1 imaging revealed that loss of EPS15 and 

EPS15R caused a strong accumulation of surface receptors, indicative of reduced basal AMPAR 

endocytosis (Fig. 2.9 B). With this finding we not only confirmed the reported role of EPS15 but 

also established that EPS15R participates in the same pathway. At the same time, the use of a 

double knockout limited our ability to disentangle paralog-specific contributions. To better 

resolve the degree of redundancy between EPS15 and EPS15R in AMPAR trafficking, one 

approach would be to compare the surface GluA1 accumulation in neurons lacking either paralog 

individually. In addition, rescue experiments in the double knockout background could test 

whether re-expression of EPS15 or EPS15R is sufficient to reverse the surface accumulation 

phenotype. It is also important to note that EPS15/15R are unlikely to act as the sole adaptors for 

GluA1 endocytosis. We previously showed that, in addition to CALM which selectively regulates 

calcium-permeable AMPARs, both HIP1 and HIP1R can bind and internalize ubiquitinated 

GluA1 (Azarnia Tehran et al., 2022). This raises the possibility of compensatory mechanisms in 

the absence of EPS15/EPS15R. Evaluating CALM and HIP1/HIP1R levels in our iDKO neurons, 

and testing whether their co-depletion further increases GluA1 surface accumulation or whether 

their overexpression can restore normal surface levels, will be important to clarify the extent of 

redundancy versus specificity among these adaptor proteins. The apparent multiplicity of 

adaptors acting on AMPARs may reflect the need for context-dependent regulation, allowing 

neurons to fine-tune receptor trafficking across distinct subcellular compartments, developmental 

stages, or activity states. Such modularity could ensure robust control of synaptic strength under 

varying physiological or stress conditions, while maintaining resilience against the loss or 

dysfunction of individual adaptor proteins. 

Another important question is whether EPS15R, like EPS15, also relies on ubiquitin-interacting 

motifs (UIMs) to mediate GluA1 internalization (Lin & Man, 2014). Ubiquitination is a critical 

sorting signal that directs GluA1 away from constitutive AP2-mediated recycling and toward 

activity-dependent endocytosis and degradation (Schwarz et al., 2010). Under high activity, such 

as triggered by AMPA stimulation, GluA1 ubiquitination is induced and serves as the trigger for 

its internalization and subsequent degradation. For EPS15 to facilitate GluA1 endocytosis, 

Nedd4-mediated ubiquitination of GluA1 and recognition through its UIMs is required (Lin & 

Man, 2014), while CALM similarly relies on ubiquitin binding via its ANTH domain to internalize 
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GluA1 (Azarnia Tehran et al., 2022). To determine whether EPS15R acts in the same pathway, 

rescue experiments in iDKO neurons with EPS15R mutants lacking UIMs would directly test the 

requirement for ubiquitin binding. Complementary approaches could involve mutating GluA1 at 

K868 to prevent its ubiquitination, and combining this with wild-type EPS15R re-expression, 

which would clarify whether EPS15R function depends on receptor ubiquitination, as has been 

shown for EPS15 and CALM. Together, such experiments would establish whether EPS15R shares 

the ubiquitin-dependent mechanism characterized for EPS15 and CALM, or whether it fulfills a 

distinct role in regulating GluA1 trafficking. 

As a complementary validation, GluA1 surface levels should be quantified by biotinylation-based 

isolation of surface proteins performed on EPS15/15R iDKO neurons or eDKO brain tissue. In 

addition, STED super-resolution microscopy could be used to test whether EPS15 and EPS15R are 

required for the recruitment of AMPAR subunits to endocytic sites, as their loss may reduce the 

co-localization of AMPAR subunits with endocytic markers such as clathrin. To directly assess 

their role in AMPAR internalization, endocytic uptake can be examined using an antibody feeding 

assay in which live neurons are labeled with antibodies recognizing the extracellular domain of 

GluA1, followed by controlled internalization and acid stripping to visualize the internalized 

receptor pool. This approach could further be complemented by live imaging of pHluorin-tagged 

AMPARs to dynamically monitor receptor trafficking and endocytic events in real time. To assess 

the specificity of EPS15 and EPS15R in receptor sorting, surface and total levels of all other 

AMPAR subunits (GluA1–4) as well as NMDAR subunits (GluN1, GluN2A/B) should be analyzed.  

This can be achieved by immunofluorescence labeling of control and iDKO neurons under non-

permeabilized conditions to detect surface receptors and detergent-permeabilized conditions to 

measure total pools, using antibodies against extracellular domains of these subunits. Quantifying 

surface-to-total ratios for different neurotransmitter receptors would reveal whether 

EPS15/EPS15R act selectively on GluA1 or more broadly across glutamate receptor subtypes. 

AMPAR trafficking is central to the two major forms of synaptic plasticity: long term potentiation 

(LTP), that strengthens synaptic transmission through activity-driven exocytic delivery of 

AMPARs into the postsynaptic membrane and long term depression (LTD), that weakens synapses 

by AMPAR endocytosis and removal from the surface (Diering & Huganir, 2018). In CALM 

knockout mice we observed impaired LTD, consistent with a chronic surface accumulation of 

GluA1 (Azarnia Tehran et al., 2022). To gain insight into whether EPS15/EPS15R may play a 

complementary role in regulating neurotransmission and synaptic plasticity, electrophysiological 

approaches should be employed. Measuring LTD in EPS15 and EPS15R deficient neurons would 

reveal whether their loss interferes with these receptor trafficking processes. Such experiments 
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would provide valuable insight into how EPS15 and EPS15R shape neurotransmission and 

plasticity and may ultimately influence learning and memory in the brain. Nevertheless, our study 

already positions the EPS15 family as critical endocytic adaptors in postsynaptic GluA1 AMPAR 

trafficking, underscoring their importance in maintaining receptor homeostasis and synaptic 

plasticity. 

3.1.2 EPS15/15R are dispensable for TfR endocytosis in neurons 

Having established a role for EPS15 family proteins in AMPAR regulation, we next asked whether 

their function extends to other cargos. Apart from GluA1, another receptor that has been 

repeatedly implicated as an EPS15/15R cargo is the transferrin receptor (TfR) (F. Huang et al., 

2004; Milesi et al., 2019). Initial studies in HeLa cells have shown that simultaneous depletion of 

EPS15 and EPS15R disrupts TfR uptake, pointing to an essential role for these adaptors in ligand-

induced endocytosis of TfR (F. Huang et al., 2004). In the mammalian hematopoietic system, 

combined deletion of both paralogs also severely impaired TfR trafficking, ultimately leading to 

iron imbalance and defective red blood cell maturation (Milesi et al., 2019).  In primary 

fibroblasts, loss of EPS15 alone did not affect TfR internalization, suggesting that EPS15R or other 

adaptor proteins can compensate in this context (Pozzi et al., 2012b).  Given the unique endocytic 

demands of neurons, ranging from synaptic vesicle recycling to receptor turnover, it remained 

unclear whether loss of both paralogs would compromise TfR uptake or whether compensatory 

mechanisms would preserve TfR internalization. Additionally, mice lacking TfR in neural 

progenitors develop lethal seizures associated with excessive AMPAR surface expression (K. Liu et 

al., 2016), a phenotype that closely resembles the seizures observed in EPS15/15R eDKO mice. 

Hence, it was important to assess whether defective TfR endocytosis might underlie this 

phenotype. However, with this study, we could confirm that transferrin uptake in hippocampal 

neurons remains unaffected, as iDKO cultures internalized fluorescently labeled transferrin to the 

same extent as controls (Fig. 2.8 C,D). This indicates that the observed neurological phenotype is 

unlikely to result from impaired TfR internalization. Thus, despite the established role of EPS15 

family proteins in TfR trafficking in other cell types, they appear dispensable for transferrin 

internalization in the neuronal context. Instead, clathrin-mediated endocytosis of TfR remains 

functionally preserved, suggesting that alternative adaptor proteins can substitute for EPS15 and 

EPS15R in supporting this canonical pathway. Moreover, since TfR is a bona fide clathrin-

mediated endocytosis cargo, the unaltered uptake further indicates that global CME function is 

intact in neurons lacking both paralogs. Interestingly, this mirrors observations made for the 

adaptor protein CALM, which is indispensable for transferrin uptake in erythroblasts (M. Suzuki 

et al., 2012) but dispensable in neurons (Azarnia Tehran et al., 2022). Together, these findings 



Discussion 

83 
 

underscore that adaptor requirements are strongly shaped by cellular context. For neurons, the 

ability to maintain transferrin uptake independently of EPS15 family proteins may reflect the high 

prioritization of nutrient acquisition via redundant adaptors which can facilitate the uptake of 

TfR.  

In this regard, it is notable that the transferrin receptor itself has also been implicated in AMPAR 

trafficking, linking iron uptake pathways to synaptic regulation. TfR  regulates AMPAR trafficking 

by promoting AP2–GluA2 binding (K. Liu et al., 2016). Its loss disrupts AMPAR internalization, 

causes surface accumulation of GluA1/2 and leads to impaired synaptic scaling. TfR uptake itself 

remained unchanged in our system but the way it regulates AMPAR trafficking resembles the 

function of EPS15/15R. While TfR modulates AP2–cargo interactions, EPS15/15R act as adaptors 

linking ubiquitinated receptors to the endocytic machinery. These findings raise the possibility 

that TfR and EPS15/15R converge on overlapping steps of the endocytic process, but through 

distinct molecular routes. Whether these mechanisms cooperate, compensate, or operate 

independently in neurons remains an important open question, and future work dissecting their 

interplay may clarify how multiple regulatory layers shape AMPAR trafficking and synaptic 

plasticity. Viewed together, these findings draw a coherent picture of EPS15 and EPS15R in the 

neuronal endocytic machinery. Their region-specific enrichment and developmental 

upregulation point to sustained importance throughout brain maturation. At the synapse, their 

distribution to both pre- and postsynaptic compartments suggests that they are required at both 

terminals, supporting vesicle recycling presynaptically while also regulating receptor trafficking 

postsynaptically. Consistent with this, we demonstrate that both paralogs converge on AMPAR 

trafficking, where their loss disrupts receptor internalization. By contrast, transferrin uptake 

remains intact in iDKO neurons, underscoring that nutrient acquisition is safeguarded by 

redundancy, while EPS15 family proteins are dedicated to more specialized, brain-specific cargos. 

Taken together, EPS15 and EPS15R emerge not only as canonical adaptors within clathrin-

mediated endocytosis but also as possible regulators of synaptic and developmental processes in 

the mammalian brain. 
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3.2 Novel interactors of EPS15R 

One of the key advances of this study was to move beyond candidate-based approaches and 

instead ask, in an unbiased manner, which proteins actually associate with EPS15 and/or EPS15R 

in the murine brain. While classical endocytic partners such as AP2, ITSNs, Epsins and various 

others are well established, little was known about the broader synaptic interaction landscape of 

these adaptors, and whether they may also engage with proteins outside the canonical endocytic 

machinery. To address this, we turned to co-immunoprecipitation from brain lysates combined 

with mass spectrometry, reasoning that such a proteomic screen would allow us to capture both 

established and unexpected binding partners of EPS15/15R in brain under near-physiological 

conditions. The experimental strategy was carefully validated by using antibodies, which reliably 

enriched known interactors while excluding non-specific proteins, ensuring that the subsequent 

large-scale analysis would yield meaningful data (Fig. 2.4 A,B). Following this validation, co-

immunoprecipitated complexes were subjected to mass spectrometry, including sample 

preparation, peptide generation, and subsequent LC-MS/MS analysis (Fig. 2.4 C). With this 

foundation, the proteomic screen aimed to provide a global snapshot of the molecular 

environment of EPS15 and EPS15R in the adult brain, revealing not only shared interactors but 

also candidates that appeared to be enriched in a paralog-specific fashion. The proteomic analysis 

yielded a rich set of interaction partners selectively enriched in EPS15 or EPS15R complexes (Fig. 

2.5 A,B). As anticipated, both adaptors were enriched in their respective immunoprecipitates, 

confirming the robustness of the assay. Beyond this expected validation, the datasets prominently 

featured a suite of expected classical endocytic proteins. This pattern not only reinforces the 

established roles of EPS15 and EPS15R as integral parts of the endocytic machinery but also 

provides confidence that the approach captured biologically meaningful interactions rather than 

experimental noise.  

EPS15s along with FCHo1/2 and Epsins have long been recognized as early endocytic adaptors 

that orchestrate the initiation of clathrin-mediated endocytosis (CME) (Henne et al., 2010a). 

Hence, the strong enrichment of these endocytic proteins along with clathrin light and heavy 

chains in our co-immunoprecipitates was expected and confirmed the reliability of the dataset. 

Another important confirmation of the dataset came from the enrichment of the adaptor protein 

complex AP-2. This complex is a well-established partner of EPS15s, and their association has 

been shown to be critical for receptor-mediated endocytosis (Benmerah et al., 1998; Collins et al., 

2002). Our co-immunoprecipitates also contained all subunits of AP-2, providing strong evidence 

that the interaction was captured comprehensively. The strong enrichment of ITSN1 and ITSN2 

stands out as particularly meaningful, as Intersectins have long been recognized as important 
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binding partners of EPS15-family proteins (Koh et al., 2007; Sengar et al., 1999b), which 

cooperate to organize endocytic scaffolds and promote efficient vesicle recycling. This relationship 

is evolutionarily conserved in Drosophila, where EPS15 and its homologous partner Dap160 

(ITSN homolog) act together at synapses and enhance endocytic efficiency, underscoring their 

synergistic role in vesicle turnover (Koh et al., 2007). Evidence from mammalian systems further 

supports this interdependence, as the loss of EPS15 and EPS15R was shown to reduce ITSN1 levels 

in the brain (Fig. 1.8 B), suggesting that these proteins not only interact but also stabilize one 

another at the molecular level (Milesi et al., 2019). Our finding that both ITSN1 and ITSN2 were 

robustly co-enriched with EPS15 and EPS15R in the mammalian brain therefore provides 

additional proteomic confirmation of this interaction under physiological conditions. Alongside 

these, other endocytic proteins like Numb, CALM, Stonin2, Synaptojanin1 were also enriched, 

confirming their already published interactions (Haffner et al., 1997; Martina et al., 2001; Morgan 

et al., 2003; Salcini et al., 1997b). To complement the analysis, we also applied gene set enrichment 

analysis, which allowed us to move beyond single interactors and instead assess which cellular 

processes were statistically overrepresented in the datasets. The outcome was strikingly consistent 

with the known functions of EPS15-family proteins as both interactomes showed strong 

enrichment for pathways related to clathrin-mediated endocytosis, synaptic vesicle trafficking, 

and other membrane transport processes (Fig. 2.5 C,D). Endocytosis ranked among the most 

significantly enriched categories, confirming that the proteomic approach captured the canonical 

endocytic machinery. This pathway-level view confirms that the proteomic screen reliably 

captured the established endocytic roles of EPS15 and EPS15R, thereby lending confidence to the 

identification of more unconventional or previously unrecognized binding partners. The gene 

enrichment analysis also revealed an interesting divergence between the two paralogs. The EPS15 

interactome aligned closely with classical endocytic functions, emphasizing vesicle-mediated 

uptake and receptor internalization, consistent with its established role in clathrin-mediated 

endocytosis. In contrast, the EPS15R dataset showed a broader spectrum of categories, extending 

into processes such as endoplasmic reticulum and endosomal transport. This difference suggests 

that EPS15R may not be confined to endocytosis alone but could contribute to more specialized 

pathways of membrane remodeling and intracellular transport. Such a shift is particularly 

intriguing, as it raises the possibility that EPS15R is potentially linked to ER–Golgi dynamics or 

even autophagy. In line with this, several candidate interactors emerged from the proteomic screen 

that point directly to these extended functions, most notably CALCOCO1, a receptor involved in 

selective autophagy, and SEC16A, a critical organizer of ER exit sites and ER–Golgi trafficking. 
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3.2.1 EPS15R interaction with CALCOCO1 points to Endocytosis–

Autophagy crosstalk 

CALCOCO1 emerged as one of the top hits in our co-immunoprecipitation mass spectrometry 

analysis, showing a level of enrichment comparable to well-established endocytic adaptors (Fig. 

2.5 B,  Table S1), which gave us confidence to examine this interactor more closely and follow up 

on its potential significance. CALCOCO1 is a known, rather recently discovered, selective 

autophagy receptor that safeguards intracellular homeostasis by directing dysfunctional or excess 

endomembrane compartments to degradation (W. Chen et al., 2022; Nthiga et al., 2020b, 2021). 

In particular, it has been implicated in ER-phagy (Nthiga et al., 2020b) and Golgiphagy (Nthiga 

et al., 2021), processes that target specific domains of the ER and Golgi apparatus for lysosomal 

clearance. Mechanistically, CALCOCO1 connects these organelles to the autophagic machinery 

through direct binding to ATG8 family proteins via its LC3-interacting region (Nthiga et al., 

2020b), thereby recruiting autophagosomal membranes to ER and Golgi subdomains during 

selective autophagy. In doing so, it contributes to organelle quality control, membrane 

remodeling, and proteostasis, functions that become especially important under stress conditions. 

Its established relevance in autophagy makes its strong co-enrichment with EPS15R particularly 

intriguing, raising the possibility that EPS15R could influence selective autophagy and/or ER–

Golgi turnover through a direct association with CALCOCO1. In order to validate this mass 

spectrometry finding, we first performed a co-immunoprecipitation experiment and confirmed 

that EPS15R indeed could successfully pull down CALCOCO1, thereby reinforcing the proteomic 

data (Fig. 2.6 A). To further confirm this interaction, we performed co-transfection experiments 

with EPS15R and CALCOCO1 plasmids in both HeLa cells and primary neurons. Under these 

conditions, CALCOCO1 was strongly recruited into EPS15R-positive puncta (Fig. 2.6 C,D), 

presumably EPS15R condensates, whereas when expressed on its own it appeared more diffusely 

distributed (Fig. S2), suggesting that EPS15R promotes CALCOCO1 localization within EPS15R-

induced liquid–liquid phase-separated assemblies. 

The potential interaction between EPS15R and CALCOCO1 opens up intriguing physiological 

possibilities. One speculative scenario is that EPS15R, in concert with CALCOCO1, could act as a 

molecular link between endocytosis and selective autophagy under conditions of membrane or 

trafficking stress. A parallel can be drawn to the yeast adaptor Ede1, the functional homolog of 

EPS15, which has been shown to safeguard the endocytic machinery during stress conditions by 

redirecting defective or stalled endocytic assemblies to autophagic clearance (Wilfling et al., 

2020a). Ede1 undergoes liquid–liquid phase separation, forming condensates of aberrant 
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clathrin-mediated endocytic assemblies, which are subsequently cleared through selective 

autophagy. This process is mediated by its ability to engage ATG8, thereby marking defective 

endocytic complexes for degradation (Wilfling et al., 2020a). Mammalian EPS15 and EPS15R are 

also known to undergo liquid–liquid phase separation (Day et al., 2021), raising the possibility 

that mechanisms analogous to those described for Ede1 in yeast may exist in higher organisms. 

Interestingly, our proteomic screen did not detect core autophagy proteins such as ATG family 

members or LC3, suggesting that EPS15R does not directly engage the autophagic machinery. 

Instead, CALCOCO1 may provide the missing link by bridging EPS15R to autophagosomes, as it 

directly binds ATG8 family proteins through its LC3-interacting region (Nthiga et al., 2020b). In 

this way, CALCOCO1 could act as an adaptor that connects phase-separated endocytic assemblies 

induced by EPS15R to the autophagy pathway, thereby enabling selective turnover of defective 

endocytic complexes or remodeling of endomembrane compartments. This interpretation aligns 

well with the yeast paradigm while at the same time offering a plausible explanation for how such 

a function might be executed in the mammalian system. This observation suggests that 

CALCOCO1 may be actively recruited into EPS15R condensates, positioning it to link these 

assemblies to the autophagic machinery. And CALCOCO1, with its established role in ER-phagy 

and Golgiphagy, could serve a similar quality-control function in mammalian cells by targeting 

dysfunctional endomembrane domains for degradation. EPS15R, just like Ede1 in this context 

might enable the recognition and turnover of endocytic or trafficking intermediates that fail to 

progress, thereby maintaining homeostasis of the endomembrane system. Such a mechanism 

would be particularly relevant in neurons, where the balance between efficient receptor trafficking 

and the clearance of defective membrane compartments is essential for long-term synaptic 

function. While direct evidence is still lacking, the CALCOCO1–EPS15R association identified 

here raises the possibility that EPS15R extends its role beyond endocytosis to contribute to 

autophagy-mediated quality control of the neuronal membrane system. 

In order to test this hypothesis, it will be important to probe whether other endocytic proteins co-

reside within EPS15R–CALCOCO1 assemblies and whether their localization depends on 

EPS15R. We also would need to confirm whether these puncta display properties of liquid-like 

condensates, using FRAP experiments to monitor their recovery time or by acute disruption of 

LLPS with chemicals like 1,6-hexanediol which dissolve liquid-like assemblies (Wilfling et al., 

2020b). Simultaneously, functional assays are needed to determine whether EPS15R contributes 

to the autophagic clearance of aberrant endocytic assemblies, for instance induced by stalled 

clathrin-coated pits through Pitstop (clathrin inhibitor) treatment (von Kleist et al., 2011) or 

Dynasore (dynamin inhibitor)  treatment (Macia et al., 2006). The lifetime and turnover of these 
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stalled intermediates could be monitored by live-cell TIRF imaging of fluorescently tagged 

endocytic components under control versus autophagy-deficient conditions, thereby directly 

probing whether autophagy supports their resolution. In parallel, high-resolution imaging can be 

applied to examine whether core autophagy components, such as ATG8/LC3 proteins, are 

recruited to stalled endocytic intermediates. Moreover, a potential impact of EPS15R deletion on 

CALCOCO1 function should be examined to clarify whether CALCOCO1’s role in selective 

autophagy depends on EPS15R. Finally, an important aspect to fully uncover and support this 

hypothesis is understanding how EPS15R and CALCOCO1 interact at the domain level. Both yeast 

Ede1 and mammalian EPS15 rely on their coiled-coil domains for phase separation, enabling the 

formation of liquid-like protein assemblies (Day et al., 2021; Kozak & Kaksonen, 2022b). Since 

CALCOCO1 itself contains a coiled-coil region (Fig. S2) (Nthiga et al., 2020b), this represents the 

most likely interface for interaction with EPS15R, though whether these regions indeed mediate 

CALCOCO1 recruitment remains to be determined. Together, these approaches will clarify 

whether EPS15R and CALCOCO1 form a functional module connecting endocytosis with 

selective autophagy, thereby extending the classical role of EPS15-family proteins into broader 

pathways of membrane maintenance and cellular homeostasis. 

3.2.2 The ER exit site scaffold SEC16A as a novel EPS15R interactor 

SEC16A also emerged as another highly enriched interactor in our proteomic screen (Fig. 2.5 B, 

Table S1), with levels of enrichment comparable to classical endocytic adaptors, similar to 

CALCOCO1. SEC16A is a large scaffold protein best known for its role in organizing endoplasmic 

reticulum exit sites and enabling the formation of COPII-coated vesicles, thereby driving cargo 

trafficking from the ER to the Golgi in the early secretory pathway (Connerly et al., 2005; Watson 

et al., 2006). While this canonical function in secretion is well established, more recent work has 

expanded its significance to broader aspects of membrane trafficking, particularly under 

conditions of cellular stress. In such contexts, SEC16A has been shown to associate with Golgi 

reassembly stacking proteins (GRASPs) and to undergo regulation by autophagy-initiating 

kinases, highlighting its potential role at the interface of secretory and autophagic pathways (Joo 

et al., 2016; Piao et al., 2017). The enrichment of SEC16A in the EPS15R interactome therefore 

suggests that EPS15R may influence also early secretory and stress-responsive membrane 

dynamics, raising intriguing questions about how these pathways may intersect in neurons. To 

validate this mass spectrometry finding, we performed co-immunoprecipitation experiments and 

were able to confirm that EPS15R was able to co-precipitate SEC16A (Fig. 2.6 B), thereby 

reinforcing the proteomic data and establishing SEC16A as a bona fide interactor of EPS15R. 
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However, we were unable to verify their co-localization in cells, as suitable antibodies and plasmids 

for reliable detection of SEC16A were not available. 

What the interaction between EPS15R and SEC16A means in a physiological context remains an 

open question that we need to address. In addition to SEC16A, our proteomic screen also 

identified other components of the COPII machinery, including SEC23 and SEC24, although these 

were not as highly enriched. This raises the possibility that EPS15R may associate more broadly 

with elements of the secretory pathway. However, since CALCOCO1 is an established autophagy 

receptor (Nthiga et al., 2020b, 2021) and SEC16A itself has been reported to undergo post-

translational regulation by autophagy-initiating kinases (Joo et al., 2016) and to contribute to 

autophagosome-related membrane remodeling under stress (Piao et al., 2017), it is conceivable 

that SEC16A participates in the same autophagy-related pathway as CALCOCO1 and EPS15R. In 

such a model SEC16A, as shown in yeast, might generate a specialized subset of COPII vesicles 

that are redirected toward forming autophagosomes (Lemus & Goder, 2016). EPS15R could 

function as a scaffold protein by first assembling condensates with stalled endocytic machinery 

and then linking these to CALCOCO1 while also stabilizing SEC16A at modified ER exit sites. 

CALCOCO1 would provide the selective recruitment of cargo and mediate LC3 engagement, 

whereas SEC16A would supply the membrane platform required for autophagosome initiation. 

Interestingly, ultrastructural studies of Ede1 condensates in yeast revealed that these assemblies 

are frequently wrapped by ER membranes, creating a ribosome-free microenvironment at the 

plasma membrane–ER interface (Wilfling et al., 2020b). This spatial coupling between endocytic 

condensates and ER domains provides a precedent for how endocytic adaptors could integrate 

with secretory membranes. Thus, the parallel recovery of CALCOCO1 and SEC16A in our 

immunoprecipitates may indicate a functional convergence in which endocytic adaptors, 

autophagy receptors and secretory scaffolds cooperate to redirect ER exit site activity away from 

secretion and toward autophagosome biogenesis under stress. To test this hypothesis, several 

complementary experimental strategies can be applied. Co-expression and imaging of SEC16A, 

EPS15R, and CALCOCO1 would allow us to visualize whether these proteins come together, 

particularly under stress conditions like nutrient starvation or by inducing aberrant endocytic 

assembly formation (with Pitstop or Dynasore). We would also need to determine whether these 

proteins colocalize with early autophagy markers such LC3. Loss-of-function approaches, such as 

knockdown or acute depletion of each component, would clarify whether they are required for 

efficient autophagosome formation and flux, which can be measured by LC3 puncta accumulation 

and p62 degradation (Kuijpers et al., 2021). In parallel, secretion and autophagy could be 

measured within the same cellular context, for instance by combining a secretion reporter such as 
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the RUSH system (Boncompain et al., 2012) with LC3 flux measurements, to determine whether 

the activity of this triad mediates a switch from secretion to autophagy during stress. Additionally, 

co-immunoprecipitation experiments could be performed under normal and autophagy-inducing 

conditions to determine whether the interaction between EPS15R, SEC16A, and CALCOCO1 is 

strengthened during stress, thereby supporting a functional link in autophagy. Finally, 

membrane-tracing experiments could help establish whether ER- or Golgi-derived membranes 

contribute to autophagosomes in a SEC16A-dependent manner, and electron microscopy could 

provide ultrastructural evidence for the same. Together, these approaches would offer a 

straightforward means to evaluate whether SEC16A, EPS15R, and CALCOCO1 cooperate 

functionally to redirect secretory trafficking machinery toward autophagosome biogenesis. 

Taken together, the identification of CALCOCO1 and SEC16A as highly enriched EPS15R 

interactors highlights an unexpected expansion of the EPS15R interaction landscape beyond 

classical endocytic adaptors. Their selective enrichment in EPS15R, but not EPS15, argues for 

non-redundant functions of the two paralogs. While CALCOCO1 points toward a potential link 

between endocytosis and selective autophagy, SEC16A suggests a connection with ER exit site 

organization. Although the precise physiological relevance of these interactions remains to be 

established, their recovery alongside canonical endocytic proteins argues that EPS15R may act as 

a versatile scaffold at the interface of multiple membrane trafficking pathways. Future 

experiments will define the molecular details of these associations and determine whether 

EPS15R coordinates endocytosis, secretion, and autophagy in a context-dependent manner, 

particularly in neurons where tight regulation of membrane turnover is essential for long-term 

function. 
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3.3 Consequences of EPS15/15R loss on development and 

behavior 

Having established EPS15 and EPS15R as canonical adaptors in endocytosis and uncovered non-

canonical functions of EPS15R in processes such as autophagy and secretion, we next asked how 

their loss impacts the brain at the organismal level. Understanding their role in shaping postnatal 

growth, development, and neural function required a model system that allows controlled 

perturbation of both proteins in vivo, thereby enabling us to connect molecular functions with 

physiological outcomes. Past studies have revealed that the constitutive EPS15 knockout mice 

show no overt neurological impairments (Pozzi et al., 2012a), likely due to compensation by its 

paralog EPS15R, which proves more critical, since its absence leads to perinatal lethality with 

synaptic and sensory defects (Milesi et al., 2019). Combined deletion of both paralogs causes 

embryonic lethality, highlighting their shared yet non-redundant roles in development, but 

preventing insight into their functions in the postnatal brain. Against this background, our study 

provides an important extension: by generating a tissue-specific mouse model targeting both 

genes in the brain, we were able to bypass embryonal lethality and directly assess how their loss 

impacts postnatal development, neuronal function, and behavior. The forebrain-specific double 

knockout (eDKO) enabled us to assess developmental and organismal consequences in vivo. In 

addition, to minimize animal suffering, we established an inducible double knockout (iDKO) for 

cell culture experiments, that allowed temporal control of gene deletion in primary neuronal and 

ependymal cultures (Fig. 2.7 A). Our validation experiments confirmed that both systems 

functioned as intended (Fig. 2.7 B), providing robust models for the subsequent analyses of 

neuronal, developmental, and behavioral phenotypes. In addition, we also performed a proteomic 

analysis of forebrain tissue from control and eDKO mice (Fig. S3) in collaboration with Dr. Markus 

Räschle. This analysis revealed a marked depletion of EPS15R together with its major interaction 

partners, the Intersectins (ITSN1 and ITSN2), further confirming the efficient deletion of EPS15R 

in the eDKO brains. 

3.3.1 EPS15R is essential for postnatal development and viability  

Since the complete loss of EPS15 and EPS15R was shown to be lethal (Milesi et al., 2019), we first 

turned to the inducible knockout (iDKO) model to examine whether their deletion is compatible 

with neuronal survival. Using a Sytox assay, we found no significant reduction in the viability of 

cultured neurons lacking both proteins (Fig. 2.8 A,B). Having established that neuronal viability 

per se was not impaired in vitro, we investigated the consequences of neuronal loss of function at 

the organismal level using the forebrain-specific EPS15/15R knockout model. Our analysis of 
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revealed that eDKO mice were born in accordance with Mendelian ratios (Fig. 2.10 A). This 

demonstrates that the restricted deletion in the forebrain is not embryonically lethal and provides 

an opportunity to investigate the postnatal consequences of EPS15/EPS15R loss. Comparable 

findings have been reported for other endocytic adaptor proteins. For example, the forebrain-

specific deletion of CALM also yielded offspring at Mendelian frequencies (Azarnia Tehran et al., 

2022). In contrast, constitutive ITSN1/2 double knockout mice were viable but born at sub-

Mendelian frequencies  (Gerth et al., 2017). Together, these observations suggest that while the 

complete organismal loss of EPS15/15R disrupts early development too severely for viability, their 

forebrain-restricted deletion does not prevent the birth of viable pubs, thereby establishing this 

mouse model as a useful framework for studying later neurological outcomes. 

Having established the forebrain-specific EPS15/15R knockout model, we next examined 

postnatal development and survival. Although eDKO mice were viable at birth and initially 

indistinguishable from their littermates, they displayed clear impairments as they matured (Fig. 

2.10 D,E) and also. a progressive decline in viability, with roughly one third of eDKO mice dying 

within the first two months of life (Fig. 2.10 B,C). Notably, such deficits were absent in EPS15 

single knockout mice, which developed normally in terms of both body weight and survival. These 

findings suggest that EPS15R is the main determinant of the postnatal lethality and growth 

impairment observed in the double knockout. Interestingly, this phenotype of the eDKO mice 

resembles that of AP180 knockout mice, which also show reduced weight gain and a steep decline 

in viability within the first postnatal month (Koo et al., 2015b). This similarity becomes even more 

striking when considering the neurological manifestations of both models. Approximately one 

third of the eDKO mice exhibited spontaneous epileptic seizures (Fig. 2.11 A), often presenting 

as tonic–clonic convulsions, with most observed episodes being short and transient (< 1 min) and 

followed by a return to normal activity after a few minutes. A comparable phenotype has been 

described for AP180 knockout mice, where a similar fraction of animals also suffered from 

spontaneous seizures (Koo et al., 2015b). While many episodes were mild, some AP180-KO mice 

progressed to fatal tonic extensions, which provided a direct explanation for the sharp decline in 

their postnatal survival. Taken together, these parallels suggest that seizures may also have 

contributed to the postnatal mortality of our eDKO mice, similar to what has been reported for 

AP180-KO, even though we did not directly observe fatal episodes in our own cohort. Consistent 

with this interpretation, seizure phenotypes have also been reported in other genetic models 

targeting presynaptic and endocytic regulators, including Synapsins, Amphiphysin, and 

Syndapin, further linking disturbances in vesicle trafficking machinery to epileptic activity (Di 

Paolo et al., 2002; Koch et al., 2011; Rosahl et al., 1995). Mutations in the endocytic adaptor 
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AP2M1 have also been linked to epileptic encephalopathies in humans (Helbig, Lopez-

Hernandez, Shor, Galer, Ganesan, et al., 2019). Together, these findings point to seizures as a 

recurrent consequence of disrupting key components of the endocytic and synaptic vesicle 

machinery, highlighting that it is primarily presynaptic disturbances that critically impact network 

excitability and synaptic balance. 

How these seizures arise in the context of adaptor protein loss remains an important mechanistic 

question. Epilepsy is broadly considered to result from an imbalance between excitatory and 

inhibitory neurotransmission, and perturbations of endocytic regulators can shift this balance in 

multiple ways. In the case of AP180 knockout mice, seizures have been attributed to presynaptic 

defects in synaptic vesicle recycling. Loss of AP180 prevents proper retrieval of Synaptobrevin-2, 

leading to its depletion from vesicles and a disproportionate reduction of inhibitory over 

excitatory transmission, as inhibitory terminals rely on high-frequency, tonic activity and 

therefore require more frequent vesicle recycling. Consequently, defects in synaptic vesicle 

reformation more strongly impair inhibitory neurotransmission, causing an excitatory/inhibitory 

imbalance which shifts hippocampal networks toward hyperexcitability, resulting in spontaneous 

seizures (Koo et al., 2015b). In our EPS15/15R eDKO model, the deletion is restricted to excitatory 

neurons of the forebrain, suggesting a different mechanism. Loss of EPS15 family proteins in 

invertebrates has been shown to cause vesicle depletion (Majumdar et al., 2006a; Salcini et al., 

2001b), while EPS15R knockout mice show reduced vesicle density (Milesi et al., 2019). These 

findings point to an essential role of EPS15 family proteins in vesicle recycling, but it remains 

unclear how their deletion in mammalian neurons affects the sorting of specific vesicle proteins 

and the functional integrity of the vesicle pool. Unlike the AP180 model, where selective 

vulnerability of inhibitory synapses explains the seizures, in our case it may instead stem from 

defective vesicle recycling at excitatory terminals, potentially altering release probability or vesicle 

replenishment. However, direct evidence that a selective impairment of vesicle recycling at 

excitatory terminals causes hyperexcitability is lacking, and mechanistically it is difficult to 

envision how such a defect would directly trigger seizure activity. Therefore, more likely, secondary 

network-level adaptations or compensatory plasticity in response to impaired presynaptic 

function might contribute to the emergence of hyperexcitability. 

Whether defects in EPS15/15R-deficient neurons also lead to an imbalance in neurotransmission, 

and thereby seizures, remains to be determined. To address this, it will be important to directly 

examine synaptic vesicle recycling in EPS15/15R-deficient neurons. Using pHluorin-tagged SV 

proteins such as Synaptotagmin1, Synaptophysin or Synaptobrevin2 in hippocampal neurons 

from iDKO mice, we can quantify surface-to-vesicular ratios and track exo–endocytic kinetics 
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under defined stimulation paradigms. Complementary assays to study SV protein retrieval using 

pH-sensitive antibody labeling of endogenous SV proteins will help validate these results. In 

addition, VGLUT and VGAT labeling will allow discrimination between excitatory and inhibitory 

terminals. As already discussed, impaired SV turnover could also compromise basal 

neurotransmission and disturb the excitation–inhibition balance, making it essential to measure 

basal synaptic transmission as well as the amplitudes of excitatory and inhibitory evoked currents 

(EPSCs and IPSCs) in eDKO neurons. In parallel, acute slice recordings under ictogenic conditions 

will provide information on seizure threshold and duration, offering direct insight into how 

EPS15/15R deficiency alters network excitability. Together, these experiments will clarify whether 

defective SV recycling and excitatory neurotransmission converge on a common pathway that 

drives hyperexcitability and seizure activity in our model. 

Previous works have also demonstrated that dysregulation of AMPAR can trigger epileptic 

phenotypes. For instance, deletion of the transferrin receptor in neural progenitors causes lethal 

seizures in young mice, which were directly associated with an abnormal increase in AMPAR and 

accompanied by hindlimb clasping and early postnatal lethality (K. Liu et al., 2016). Similarly, our 

EPS15/15R knockout mice exhibit comparable neurological symptoms and early postnatal 

lethality, suggesting a shared underlying mechanism with the TfR knockout model. In our model, 

however, transferrin uptake is preserved, whereas GluA1 trafficking is impaired. Given that EPS15 

and EPS15R interact with GluA1 and regulate its endocytosis, their loss in excitatory forebrain 

neurons may specifically disrupt AMPAR turnover, resulting in elevated surface expression which 

may enhance excitatory drive. Moreover, extensive basic and clinical studies support AMPAR as a 

molecular target in epilepsy therapy (Rogawski, 2013). These mechanisms together provide a 

plausible explanation for the seizures observed in our eDKO mice. To test this hypothesis, we 

would need to measure basal AMPAR-mediated synaptic transmission by recording field 

excitatory postsynaptic potentials (fEPSPs), alongside LTP and LTD recordings in eDKO mice. 

Changes in baseline synaptic strength or in the magnitude and stability of LTP/LTD would 

indicate altered GluA1 trafficking and support its role in driving hyperexcitability. In addition, 

applying a GluA1-selective inhibitor like IEM-1460 would help determine whether these effects 

are indeed driven by excessive GluA1 activity. However, it is important to note that forebrain-

specific CALM knockouts, which are also implicated in AMPAR endocytosis, show impaired 

GluA1 trafficking with increased surface GluA1, enhanced LTP, and reduced LTD, yet display no 

deficits in viability or seizure activity (Azarnia Tehran et al., 2022). In the CALM knockout, surface 

levels of GluA1 are moderately increased (~1.3-fold), while GluA2 remains unchanged. In 

contrast, the TfR knockout shows a broader and more pronounced increase in both GluA1 and 
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GluA2 surface expression (~1.5-fold) (K. Liu et al., 2016). In EPS15/15R-deficient neurons, the 

GluA1 surface fraction rises even more strongly (~1.7-fold) (Fig. 2.9 B), indicating a more severe 

impairment of receptor internalization, although it remains to be determined whether GluA2 

trafficking is similarly affected. These comparisons suggest that phenotype severity depends on 

both the extent and specificity of AMPAR accumulation. While modest, GluA1-restricted 

increases in the CALM knockout mainly affect plasticity, broader elevations involving multiple 

subunits, as in the TfR knockout, can provoke hyperexcitability. The pronounced GluA1 surface 

increase in EPS15/15R-deficient neurons may similarly enhance excitatory drive and contribute 

to seizure susceptibility, especially if GluA2 is also affected. Overall, whether excessive AMPAR 

surface accumulation directly contributes to the seizures and eventually the lethality observed in 

EPS15/15R-deficient mice remains to be determined. 

3.3.2 EPS15R loss causes neurological and behavioral deficits  

Beyond seizures, our eDKO mice also displayed additional neurological deficits, most notably 

hindlimb clasping reflex.  In healthy mice, tail suspension triggers an outward extension of the 

hindlimbs, but in affected mutants this response is replaced by an abnormal inward folding of the 

legs, and sometimes also fore limbs, a behavior widely recognized as a marker of neurological 

impairment.  Limb clasping had previously been noted in the constitutive EPS15R knockout mice 

(4 weeks old), although the sample size in that study was very limited, with only one out of four 

surviving KO mice showing clasping behavior (Milesi et al., 2019). Our findings now support this 

initial observation and confirm that loss of EPS15/15R is associated with the clasping behavior 

(Fig. 2.11 B, S4). In some mice, this abnormal reflex extended beyond the hindlimbs, with both 

hind- and forelimbs folding inward into a bat-like posture during tail suspension. Various mouse 

models of neurodegeneration and neurodevelopmental disorders, including autism spectrum 

disorders (ASDs) and Alzheimer’s disease (Chao et al., 2010; Gemelli et al., 2006; Schmeisser et 

al., 2012) display this phenotype. This reflex involves not only sensory pathways, but also spinal 

motor circuits that normally coordinate fore- and hindlimb movements. The presence of hindlimb 

clasping in our model indicates that loss of EPS15 and EPS15R compromises motor or 

coordination-related pathways, extending the spectrum of deficits beyond seizures alone. Limb 

clasping has been linked to dysfunction across multiple brain regions, including the cerebellum, 

neocortex, and basal ganglia, and is thought to arise from disturbances in motor coordination 

pathways and neuromodulatory systems such as serotonin and noradrenaline (Lalonde & 

Strazielle, 2011). Similar to seizures, this phenotype has also been reported in AP180 knockout 

mice (Koo et al., 2015b), further pointing to shared pathological consequences of endocytic 

adaptor loss. Mice with altered NMDAR signaling also show hindlimb clasping (N. Suzuki et al., 



Discussion 

96 
 

2024), raising the possibility that changes in glutamate receptor regulation contribute to this 

phenotype. EPS15/15R are established regulators of AMPAR, but their role in NMDAR trafficking 

is unknown. If such an interaction exists, it could provide an alternative explanation for the 

clasping observed in our eDKO mice. Impaired autophagy is another cause of clasping (Komatsu 

et al., 2006), and given the interaction of EPS15R with CALCOCO1, a link to autophagy-related 

protein quality control is also conceivable. These possibilities should be addressed in future 

studies of our model. Ultimately, however, limb clasping is a rather nonspecific phenotype that 

can result from diverse deficits across multiple pathways and brain regions, and therefore should 

be interpreted with caution in terms of mechanistic conclusions. 

In addition to seizures and hindlimb clasping, our eDKO mice also showed clear behavioral 

alterations during routine cage observations. They displayed reduced spontaneous activity, 

reflected by decreased digging behavior and diminished interaction with paper (Fig. 2.11 C,D). 

Such behaviors are widely used as proxies for exploratory drive (de Brouwer et al., 2019) and motor 

activity in rodents (Dudek et al., 1983; Latham & Mason, 2004), and have been employed as a 

measure to assess aspects of neurological and psychiatric conditions, including anxiety, autism 

spectrum disorder (ASD), and obsessive–compulsive disorder (OCD) (Pond et al., 2021). An 

increase in digging behavior has been interpreted as a repetitive response associated with anxiety 

or compulsive tendencies (Broekkamp et al., 1986; A. Thomas et al., 2009). Conversely, a 

reduction in digging can indicate diminished exploratory drive or impaired motivation, reflecting 

underlying neurological dysfunction. 

It is important to note that the reduced digging and spontaneous activity we observed were based 

on general cage behavior and not on standardized assays. While such observations provide 

valuable first insights, they do not allow conclusions about the underlying causes of these deficits. 

Standardized behavioral tests, however, can better disentangle specific behavioral components 

and will be required in future studies. Building on behavioral paradigms that have yielded 

conclusive results in our past studies of AP180 and ITSN knockout mice (Koo et al., 2015b; 

Vollweiter et al., 2023b), a comprehensive battery of behavioral assays will better reveal the deficits 

in eDKO mice. Nest-building ability can be assessed as a measure of motivation and motor 

coordination, since this behavior is often impaired in neuropsychiatric disease models and was 

also altered in AP180 and ITSN1 knockouts. In addition, repetitive or compulsive-like behaviors 

can be tested with the marble-burying assay, a paradigm previously applied in related knockout 

models.  Exploration- and anxiety-related behaviors can be evaluated using the Open Field and 

Elevated Plus Maze (EPM), which probe the balance between curiosity and anxiety that is 

frequently shifted in endocytic mutants and mouse models of neuropsychiatric disorders. 
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Cognitive performance may be addressed with the object exploration test, which measures 

recognition memory by assessing the ability to discriminate between familiar and novel objects. 

Together, these experiments would provide a structured framework to link the observed cage 

behaviors to defined behavioral domains and clarify the contribution of EPS15/15R to motor, 

cognitive, and affective functions. 
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3.4 Consequences of EPS15/15R loss on brain architecture  

The brain represents one of the most complex networks in biology, capable of continuously 

integrating cues through the coordinated activity of diverse neuronal populations. Its architecture 

is organized according to the principles of segregation and integration, which allow specialized 

regions to process distinct types of information while simultaneously contributing to coherent 

global states essential for cognition and behavior (Sporns et al., 2004). This intricate organization 

is not present at birth but gradually emerges through tightly regulated developmental programs, 

with structural and morphometric changes shaping the maturation of neuronal circuits across the 

lifespan (J. Li et al., 2024). Importantly, the establishment of these networks provides the 

substrate not only for higher-order cognitive functions but also for vulnerability to developmental 

and neuropsychiatric disorders.  

While much of brain plasticity in adulthood relies on synaptic remodeling and circuit-level 

reorganization (Forrest et al., 2018), certain regions such as the hippocampus and sub-ventricular 

zone retain the unique capacity to generate new neurons throughout life, termed adult 

neurogenesis (Kempermann et al., 2015; Lim & Alvarez-Buylla, 2016). This continued plasticity 

highlights how structural development and lifelong adaptability are fundamentally intertwined. 

Given that both developmental patterning and neurogenic processes depend on the precise action 

of signaling pathways and molecular regulators, it is not surprising that a growing number of genes 

and proteins have been identified as critical determinants of brain development, shaping not only 

laminar organization and neuronal positioning, but also overall brain organization and 

neurogenic niche maintenance. In line with this, many adaptor proteins classically known for their 

roles in endocytosis as already discussed (see section 1.2), have also emerged as important 

regulators in brain development. With this study, we now add EPS15 and EPS15R to this 

expanding repertoire, uncovering a previously undescribed role for these adaptors in the 

developmental shaping of cortical and hippocampal architecture, ventricular organization, and in 

sustaining neurogenesis-dependent plasticity. 

3.4.1 EPS15/15R is essential for hippocampal and cortical layering 

Among the different brain regions examined, the hippocampus stood out as one of the most 

vulnerable to EPS15/15R loss. In the healthy brain, its architecture is defined by the orderly 

lamination of granule cells in the dentate gyrus and pyramidal neurons across the CA fields, 

forming compact and sharply delineated layers. This organization was clearly disrupted in eDKO 

animals, where the normally crisp boundaries were blurred, and neuronal distributions appeared 

irregular (Fig. 2.13 A,B). The dentate gyrus in particular lost its compact granule cell band, while 
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in the cornu ammonis the disruption was graded wherein CA1 retained some recognizable 

structure, but its pyramidal layer was broadened and misaligned, and these defects became 

progressively more severe in CA2 and CA3, where overt dispersion of neurons was observed. Such 

a phenotype immediately raises the possibility of underlying developmental disturbances. 

Interestingly, this widespread laminar disorganization strongly echoes the defects described 

earlier for the EPS15/15R interactor ITSN1. ITSN1-deficient mice display nearly identical 

hippocampal abnormalities (Jakob et al., 2017b). Similar to ITSN1 knockout mice, the overall 

shape of the dentate gyrus was also altered in our model, further emphasizing structural 

disruption at the level of hippocampal architecture. But the lamination defects in EPS15/15R-

deficient mice were more severe than those described for ITSN1 knockouts. In ITSN1-deficient 

hippocampi, pyramidal neurons in the CA regions were less densely packed, with dispersion most 

pronounced in CA3 and extending into CA1, and in some cases the pyramidal layer appeared split 

into two layers (Jakob et al., 2017b). By comparison, the EPS15/15R phenotype was more 

extensive, as pyramidal neurons showed diffuse disorganization across multiple CA subfields, with 

the normally discernable layering and transitions between CA regions largely lost. In addition, the 

dentate gyrus displayed a striking accumulation of ectopic neurons within the hilus. This added 

severity suggests that the underlying molecular mechanisms in EPS15/15R-deficient mice may 

differ from those driving the phenotype in ITSN1 knockouts. 

In the case of ITSN1-deficient mice, follow-up studies revealed that these hippocampal defects 

arise from impaired Reelin signaling. ITSN1 was shown to associate with the Reelin receptor 

VLDLR and its downstream adaptor Dab1, thereby facilitating Reelin-induced Dab1 

phosphorylation (Jakob et al., 2017). Because ITSN1-driven defects were traced back to a failure 

in Reelin signaling, it was natural to wonder whether a similar mechanism might underlie the 

abnormalities we observed in EPS15/15R-deficient mice. Reeler mice, which completely lack 

Reelin, and knockouts of its core signaling components such as VLDLR, ApoER2, or Dab1, all show 

striking lamination defects that have long served as benchmarks for understanding this pathway 

(D’Arcangelo, 2005). We therefore turned to these models as a point of reference, asking whether 

our phenotype resembled any of them closely enough to suggest that EPS15/15R might converge 

on the same signaling cascade. When placed side by side, some clear parallels emerged. Like reeler 

and Dab1 mutants, our eDKO mice displayed diffuse dispersion of CA pyramidal neurons and an 

abnormal distribution of granule cells in the dentate gyrus, accompanied by ectopic accumulation 

of immature neurons in the hilus (D’Arcangelo, 2005; Stanfield & Cowan, 1979; Trommsdorff et 

al., 1999b). However, the defects in our model were not as catastrophic as in reeler or Dab1 

knockouts. At the same time, they were more pronounced than in VLDLR knockouts, where the 
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hippocampal phenotype is generally milder with only a subtle neuronal dispersion. Instead, the 

degree and character of the abnormalities most closely resembled receptor ApoER2 knockout 

mice, which exhibit a pronounced CA1–CA3 dispersion and dentate gyrus defects without 

complete architectural loss (Trommsdorff et al., 1999b)  (Fig. S7).  

Reelin, however, is not only indispensable for hippocampal organization but also plays a central 

role in establishing the layered architecture of the neocortex. However, in ITSN1 knockout mice, 

the alterations were largely confined to the hippocampus, as cortical lamination appeared grossly 

preserved without major inversion or disorganization. Layer I remained largely devoid of neurons, 

consistent with controls, and ectopic accumulations were not observed unless ITSN1 loss was 

combined with ApoER2 deficiency (Jakob et al., 2017b). Such an ectopic accumulation of neurons 

in layer I has also been described for VLDLR/ApoER2 DKO mice (Trommsdorff et al., 1999b). The 

loss of EPS15/15R also produced some laminar abnormalities in the neocortex. While the overall 

six-layered structure was preserved, layer I was significantly reduced in thickness and layer VI 

expanded, with trends toward thickening of the other layers (Fig. 2.14 A,B) . Unlike the inverted 

cortex and ectopic neurons in layer I seen in Reeler, Dab1, or ApoER2/VLDLR double mutants, 

our eDKO mice resembled the subtler phenotypes of single receptor knockouts. VLDLR mutants 

show relatively mild cortical changes, with layer 1 remaining cell-free as in wild type, but the 

remaining layers no longer clearly separated, and neurons arranged in an abnormal radial pattern. 

In contrast, the lamination defect in ApoER2 knockouts was more pronounced with a poor 

separation of layers and neurons appearing to be packed into dense horizontal bands 

(Trommsdorff et al., 1999c). The latter pattern aligns more closely with the alterations we 

observed, since horizontal cortical layers were visible in our eDKO mice. The reduction of layer I 

together with the expansion of layer VI observed in our eDKO mice is particularly noteworthy, as 

it indicates that neurons do not overshoot into the marginal zone, as in severe Reelin mutants, but 

instead deeper layers maybe expand at the expense of the marginal zone. Overall, the cortical 

phenotype in EPS15/15R-deficient mice was milder than the hippocampal defects, suggesting 

that EPS15/15R play a more critical role in hippocampal than in cortical lamination. Altogether, 

with this study we were able to identify EPS15/15R as critical regulators of brain lamination, 

whose loss produces hippocampal defects closely resembling ApoER2 deficiency while causing 

only subtle cortical alterations. This highlights a region-specific requirement for EPS15/15R, with 

a particularly pronounced role in shaping hippocampal architecture. To better understand this 

mislayering, laminar fate mapping approaches would be highly informative. For example, timed 

BrdU/EdU pulse–labeling at embryonic stages combined with laminar markers such as TBR1 

(layer VI), CTIP2 (layer V), RORB (layer IV), and SATB2 (layers II/III) could reveal whether 
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neurons are generated in appropriate numbers but mispositioned, or whether altered 

neurogenesis contributes to the phenotype. 

3.4.2 EPS15/15R is important for radial glial scaffold integrity and 

neuronal migration 

Radial glial cells fulfill dual roles in the developing brain, acting as multipotent progenitors that 

give rise to neurons and glia while also providing a scaffold for glial-guided neuronal migration 

(Campbell & Götz, 2002). Importantly, they express key components of the Reelin signaling 

cascade (Förster et al., 2002; Hartfuss et al., 2003; Luque et al., 2003), which are indispensable for 

proper neuronal positioning. The Reelin pathway is essential for establishing a proper radial glial 

scaffold in the dentate gyrus, earlier studies have shown that this structure is profoundly disrupted 

in not only reeler and scrambler mice, but, as well in ApoER2/VLDLR DKO mice, where secondary 

radial glial cells fail to align and instead adopt disorganized or stellate morphologies 

(Trommsdorff et al., 1999b). Even in single receptor mutants, such as VLDLR or ApoER2 

knockouts, a graded impairment of scaffold formation is observed (Weiss et al., 2003b), 

emphasizing that Reelin signaling dosage critically shapes glial organization. Because 

malformation of the radial glial scaffold is thought to contribute directly to the neuronal migration 

defects observed in these models, we next extended our investigation to EPS15/15R-deficient 

mice. Given the pronounced hippocampal lamination defects in the eDKO, we reasoned that 

abnormalities in scaffold organization might underlie or exacerbate the ectopic positioning of 

granule cells and the dispersion of pyramidal neurons in CA regions. 

In line with this hypothesis, our analyses revealed striking alterations in both radial glial 

architecture and neuronal maturation in the eDKO dentate gyrus. Nestin staining, which marks 

radial glia and undifferentiated progenitors, revealed that unlike the orderly parallel arrays of 

radial glia in controls, eDKO mice displayed tangled, misaligned processes with a broader 

distribution across the DG (Fig. 2.15 A,B). These abnormalities were accompanied by defects in 

neuronal maturation. DCX labeling, which highlights migrating immature neurons, revealed that 

in controls DCX-positive neuroblasts were confined to the SGZ and inner GCL, reflecting normal 

migration. However, in eDKO mice, DCX expression was markedly increased, dispersed across the 

GCL, and notably included ectopic cells in the hilus (Fig. 2.16 A-C). Such features closely resemble 

Reelin pathway mutants, where scaffold disruption leads to granule cell mispositioning (Brunne 

et al., 2013; Drakew et al., 2002). The parallels highlight that EPS15/15R deficiency compromises 

hippocampal development through mechanisms converging on the regulation of radial glia and 

neurogenesis. Interestingly, similar defects were also reported in ITSN1 knockout mice, which 
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exhibit both scaffold disorganization and ectopic accumulation of DCX-positive cells (Jakob et al., 

2017b).  

Building on these early disruptions, we next asked whether the misorganization of progenitors 

and immature neurons in the eDKO dentate gyrus was accompanied by defects at later stages of 

neuronal development. Since proper hippocampal lamination relies not only on scaffold integrity 

and neuroblast migration but also on the accurate positioning and fate specification of postmitotic 

neurons, we examined the distribution of CTIP2- and TBR1-expressing cells as markers of granule 

cell maturation and identity. Analysis of CTIP2 and TBR1 showed that EPS15/15R loss affects 

later stages of neuronal development as well. Unlike controls, where both markers were confined 

to the granule cell layer, eDKO mice displayed numerous ectopic neurons in the hilus and 

molecular layer, pointing to defects in migration and fate stabilization (Fig. 2.17 A-C). These 

findings extend previous observations from Reelin and ITSN1 mutants by showing that 

EPS15/15R loss disrupts not only scaffold organization and neuroblast migration, but also the 

spatial stabilization of postmitotic granule cell identity. 

While our data indicate that EPS15/15R deficiency perturbs the organization and migration of 

newborn neurons in the dentate gyrus, pointing to a disrupted neurogenic niche, it remains 

unclear whether the overall output of neurogenesis is quantitatively altered. In ITSN1 knockouts, 

the scaffold disruption was indeed accompanied by increased proliferation, which compensated 

to preserve granule cell numbers despite ectopic positioning of newborn neurons (Jakob et al., 

2017b). Whether this is the case for our eDKO mice will need to be tested. To address this, targeted 

experiments are needed, for example, proliferation can be assessed with BrdU/EdU incorporation 

and Ki67/PH3 staining to quantify dividing progenitors and map their location. Survival of 

newborn neurons can be tested using cleaved caspase-3 or TUNEL assay on birth-dated cohorts. 

Neuronal maturation can be evaluated by quantifying NeuN⁺/Calbindin⁺ granule cells and 

tracking BrdU/EdU-labeled cells as they transition from DCX⁺ to mature stages. Together, these 

approaches will clarify whether EPS15/15R loss alters the overall production of granule neurons 

or whether, as in ITSN1 deficiency, compensatory mechanisms maintain neuronal cell population 

despite severe disorganization.  

3.4.3 EPS15R is a component of Reelin-ApoER2 pathway 

As already mentioned, ITSN1 supports Reelin signaling through its interaction with VLDLR and 

Dab1, ensuring proper phosphorylation and migration control. This led us to ask whether EPS15 

and EPS15R might support this pathway in a similar way. To test this, we examined potential 

interactions with the two main Reelin receptors – VLDLR and ApoER2. In contrast to ITSN1, 
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which binds VLDLR, our assays revealed that EPS15R selectively associated with ApoER2, whereas 

no interaction with VLDLR was detected (Fig. 2.19 A,C). Notably, EPS15 showed no detectable 

binding to either receptor (Fig. 2.19 B,D). This points out that, consistent with the developmental 

and behavioral phenotypes, the laminar organization defects in our model are also primarily 

driven by EPS15R. Importantly, EPS15R bound specifically to ApoER2 but not to VLDLR, and the 

fact that our eDKO lamination defects most closely resembled those of ApoER2 knockout mice 

lends further support to this conclusion. This interpretation is further supported by expression 

patterns, as ApoER2 is more abundant than VLDLR in the forebrain and is often considered the 

dominant Reelin receptor in this region (D’Arcangelo, 2005). Since our conditional knockout is 

restricted to the forebrain, this aligns well with the phenotypic overlap between ApoER2 and 

EPS15R deficiency and may also underlie the stronger severity of defects in our model compared 

with ITSN1 loss. It is also worth noting that VLDLR deficiency primarily manifests as defects in 

the cerebellum, whereas ApoER2 loss predominantly affects the neocortex, further reinforcing the 

mechanistic link between ApoER2 and EPS15R (Trommsdorff et al., 1999b). To assess further 

similarities between ApoER2 KO and EPS15R KO, MAP2 staining can be used to examine the 

radial arrangement of apical dendrites in the neocortex. In ApoER2 knockout mice this pattern is 

poorly developed, and detecting a comparable defect in eDKO mice would further strengthen the 

link between the two models. 

Therefore, with this study we identify a receptor-specific role of EPS15R in modulating Reelin 

signaling via ApoER2, in contrast to ITSN1, which supports the pathway through interacting with 

VLDLR. While it had remained unclear in the ITSN1 study why no interaction with ApoER2 was 

detected, our findings now suggest a model in which EPS15R and ITSN1 act through distinct 

Reelin receptors, with EPS15R engaging ApoER2 and ITSN1 engaging VLDLR. To further clarify 

how EPS15R contributes to Reelin signaling, it will be important to determine whether its role 

resembles that of ITSN1 or represents a distinct mechanism. In the case of ITSN1, it was proposed 

that it functions primarily as a signaling scaffold, facilitating the association and co-clustering of 

VLDLR with Dab1 and thereby promoting efficient Dab1 phosphorylation, rather than acting as 

a classical endocytic adaptor (Jakob et al., 2017b). Whether EPS15R similarly operates as a scaffold 

for ApoER2 and its downstream partner Dab1, or instead contributes through its canonical role 

in endocytosis, remains an open question that our ongoing work aims to answer. 

To address this, the next step will be to test whether loss of EPS15R alters ApoER2 trafficking. 

Following the strategy used in the ITSN1 study (Jakob et al., 2017b), this can be examined by 

employing cell surface biotinylation to quantify ApoER2 surface levels in our control vs iDKO 

neuronal cultures. In addition, given antibodies which recognize extracellular domains of 
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ApoER2, receptor distribution can be assessed by immunofluorescence staining under non-

permeabilizing conditions, which will help visualize ApoER2 specifically at the cell surface. 

Internalization dynamics can be directly measured through antibody uptake assays in neurons 

expressing tagged ApoER2 constructs. These experiments will allow us to determine whether 

EPS15R contributes to Reelin signaling through its canonical role in receptor internalization or, 

like ITSN1, acts independently of endocytosis as a signaling scaffold. To test the scaffolding 

hypothesis, we next plan to investigate whether EPS15R physically interacts with Dab1 and 

whether this interaction is required for efficient signaling. Similar to the strategy used for ITSN1, 

pulldown assays and complementary co-immunoprecipitation experiments will be performed to 

assess whether EPS15R associates with Dab1 in neuronal tissue. Beyond binding, it will also be 

important to examine whether the absence of EPS15R affects the activation status of Dab1. For 

this, Dab1 co-immunoprecipitation from hippocampal lysates of control and eDKO mice should 

be performed, and the precipitates should be probed with phospho-tyrosine-specific antibodies 

to determine relative levels of phosphorylated Dab1. In parallel, it would also be beneficial to 

assess the overall expression of Reelin pathway components by immunoblotting cortical and 

hippocampal lysates, since changes in receptor abundance or Reelin expression could indirectly 

account for the observed defects. In ITSN1-deficient mice, phosphorylated Dab1 was reduced, 

whereas protein levels of VLDLR, ApoER2, and Dab1 remained unchanged, and only Reelin levels 

showed a modest increase detectable both by immunoblotting and immunohistochemistry (Jakob 

et al., 2017b). Replicating these analyses in the EPS15/15R eDKO will therefore be essential to 

establish whether reduced Dab1 activation, rather than altered receptor expression, accounts for 

the lamination defects. Together, these experiments will help clarify whether EPS15R serves as a 

molecular scaffold in the Reelin cascade, similar to ITSN1, or whether its role is fundamentally 

different and rooted in endocytic regulation of ApoER2. 

Beyond structural lamination defects, it will also be critical to assess whether loss of EPS15R 

impacts the functional arm of Reelin signaling. A well-established role of Reelin in the postnatal 

hippocampus is the enhancement of synaptic plasticity, in particular long-term potentiation (LTP) 

in acute hippocampal slices (Beffert et al., 2005; Weeber et al., 2002). This effect requires both 

ApoER2 and VLDLR, since genetic ablation of either receptor abolishes Reelin-induced LTP 

enhancement. Given our evidence that EPS15R associates with ApoER2, it will be important to 

test whether this interaction is also required for the plasticity-promoting functions of Reelin. 

Specifically, LTP induction can be measured in hippocampal slices from control and EPS15/15R-

deficient mice under baseline conditions and following Reelin application. If EPS15R loss 

diminishes or abolishes the Reelin-dependent augmentation of LTP, this would not only provide 
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functional confirmation of its role in ApoER2 signaling, but also establish a direct link between 

the developmental migration defects and later impairments in synaptic plasticity. 

3.4.4 EPS15/15R loss also disrupts hippocampal commissural 

integrity 

In our EPS15/15R eDKO mice, we also detected a marked disruption of the ventral hippocampal 

commissure (VHC) (Fig. 2.13 C, S5). Given the close developmental relationship between the 

VHC and the corpus callosum, which both cross the commissural plate and depend on shared 

midline glial scaffolds and axon guidance cues, this finding is particularly relevant  (Lindwall et 

al., 2007; Moldrich et al., 2010). Defective Eph/ephrin signaling is known to cause commissural 

malformations such as callosal agenesis (Mendes et al., 2006). Interestingly, ITSN1 has also been 

implicated in commissure formation, and callosal defects were reported (Sengar et al., 2013), 

however, in previous studies from our and the Haucke laboratory on the ITSN1 KO model, EphB-

mediated forward signaling remained intact and corpus callosum formation appeared unaffected 

(Jakob et al., 2017b). Notably, EphrinB/EphB and Reelin signaling pathways interact closely 

(Bouché et al., 2013; Sentürk et al., 2011), suggesting that their potential dysregulation in our 

model could contribute to VHC damage. At the same time, this phenotype is not fully 

recapitulated in Reelin pathway mutants, indicating that additional or distinct mechanisms 

downstream of EPS15/15R may contribute to its occurence. In light of the frequent co-occurrence 

of hippocampal commissure and corpus callosum anomalies, it will be important to examine 

whether the corpus callosum is likewise compromised in EPS15/15R-deficient mice. 
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3.5 Consequences of EPS15/15R loss on brain ventricle 

development 

The mammalian brain is organized around a central ventricular system, a network of 

interconnected cavities filled with cerebrospinal fluid (CSF). Far from being a passive reservoir, 

this system is essential for maintaining intracranial pressure, clearing metabolic waste, and 

distributing signaling molecules across distant brain regions. Proper formation of the ventricle 

system and a tight regulation of the CSF pressure is essential for CNS development, as its 

disruption causes severe neurological defects (Bothwell et al., 2019; Lowery & Sive, 2009; Zhang 

et al., 2017). Hydrocephalus is one such pathological condition, characterized by abnormal 

accumulation of CSF leading to ventricular enlargement and increased intracranial pressure. It 

may be congenital or acquired and can result from a variety of pathological causes.  It is further 

classified into distinct subtypes based on the underlying mechanism (as discussed later), 

reflecting the diverse and still incompletely understood pathways leading to ventricular 

enlargement (Koleva & De Jesus, 2025). It is within this complex and still unresolved landscape 

that our study identifies a new player. We find that the loss of the endocytic adaptor proteins 

EPS15/15R produces pronounced ventriculomegaly consistent with hydrocephalus, revealing a 

previously unrecognized molecular pathway that safeguards ventricular integrity. 

3.5.1 EPS15/15R loss causes early-onset hydrocephalus  

Our study revealed that loss of EPS15/15R produces clear alterations in ventricular morphology.  

Nissl-stained coronal brain sections at postnatal day 30 showed a robust enlargement of the lateral 

ventricles in eDKO mice compared to controls (Fig. 2.12 A-C), establishing ventriculomegaly as a 

consistent feature of EPS15/15R deficiency. Interestingly, while the lateral ventricles were 

markedly affected, the cumulative third ventricle area appeared unchanged, and the fourth 

ventricle displayed a modest reduction in size (Fig. 2.12 E-H). This region-specific phenotype 

points to a selective disruption of parts of the ventricular system rather than a global defect. 

Notably, such abnormalities were absent in single EPS15 knockout mice, suggesting that EPS15R 

may play the dominant role in safeguarding ventricular integrity. In addition, dome-shaped 

cranial deformities were occasionally observed in eDKO mice (Fig. 2.12 D), a feature that is 

strongly indicative of elevated intracranial pressure and classically associated with hydrocephalus. 

Similar ventricular changes have been described in other genetic models of hydrocephalus, such 

as Mdnah5 knockout mice, in which immotile ependymal cilia lead to severe ventricular 

expansion, cortical thinning, and perinatal lethality (Ibañez-Tallon et al., 2002), Similarly, Mpdz 

knockout mice develop aqueductal stenosis due to progressive ependymal loss, leading to massive 
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CSF accumulation, dome-shaped skulls, and death within the first postnatal weeks (Feldner et al., 

2017a). In both Mdnah5 and Mpdz KO mice, hydrocephalus develops rapidly, with dome-shaped 

skull deformities already evident by postnatal day 3–5 and progressing to severe ventricular 

enlargement and early lethality. By contrast, in EPS15/15R-deficient mice such cranial deformities 

were only observed occasionally and typically at one month of age or later, indicating a milder and 

more slowly progressing phenotype. Nevertheless, the presence of dome-shaped skulls, even if 

infrequent, supports the interpretation that the ventriculomegaly in eDKO mice reflects an 

impaired CSF homeostasis, rather than a secondary ventricular dilation due to parenchymal 

atrophy or other causes. 

Hydrocephalus can arise in an acquired form, developing postnatally as a consequence of insults 

such as trauma, infection, or hemorrhage (Bramall et al., 2022). Or it can also be congenital,  

originating from abnormal brain development or genetic mutations that disrupt ventricular 

morphogenesis or CSF regulation flow, as observed in L1CAM or Celsr2/3 mutants. (Jouet et al., 

1994; Tissir et al., 2010).  In such cases, defects in CSF-producing structures or in pathways 

controlling ventricular integrity lead to excessive fluid accumulation or distorted architecture 

from the outset (Munch et al., 2012). Given these distinctions, we also sought to determine the 

timing of ventricular enlargement in our eDKO mice to clarify whether their phenotype emerges 

during development. In our model, ventriculomegaly is evident by P30, but to assess whether its 

onset is early or progressive we examined brains as early as P5. Embryonic stages could not be 

analyzed due to permit restrictions. The analysis at P5 revealed a clear enlargement of the lateral 

ventricles (Fig. 2.20), indicating that ventricular abnormalities in the eDKO mice arise very early 

in postnatal life rather than gradually during later maturation. This early onset is significant, as 

already mentioned, P5 represents a critical window of ventricular expansion and ependymal 

maturation (Redmond et al., 2019). The presence of ventriculomegaly at this stage therefore 

argues that hydrocephalus in EPS15/15R-deficient mice reflects a developmental defect rather 

than a secondary consequence of subsequent pathology. These observations underscore the 

importance of investigating early cellular and molecular events that shape ventricular 

morphogenesis, as disruptions during this narrow postnatal window are likely to set the stage for 

the hydrocephalus phenotype we observe later in life. 

Hydrocephalus can be broadly classified based on cerebrospinal fluid (CSF) flow dynamics into 

obstructive (non-communicating) and non-obstructive (communicating) forms. In obstructive 

hydrocephalus, the problem lies in impaired CSF drainage, often caused by narrowing or blockage 

of the ventricular pathways that normally allow fluid to circulate (Tully & Dobyns, 2014). In non-

obstructive hydrocephalus, intracranial pressure can be normal or even low (Pang & Altschuler, 
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1994), and ventriculomegaly may persist with poor outcomes despite successful CSF diversion 

(Riva-Cambrin et al., 2022).  The combination of enlarged lateral ventricles, preserved third 

ventricle size, and a potentially smaller fourth ventricle in our eDKO mice, does not fit with a 

communicating (non-obstructive) hydrocephalus, which typically presents with uniform 

enlargement of the entire ventricular system (Saigal et al., 2018). Instead, this pattern raises the 

possibility of an obstructive or partial form of hydrocephalus, where CSF flow may be locally 

impaired. In particular, the mild reduction observed in the fourth ventricle points toward a 

potential disturbance at the level of the cerebral aqueduct, though this possibility will need to be 

investigated in greater detail. These ventricular changes in our eDKO mice resemble those seen in 

other models of impaired CSF flow caused by ependymal or ciliary dysfunction (Abdelhamed et 

al., 2018; Neupane et al., 2021; Zou et al., 2020), which also display LV-predominant 

ventriculomegaly and to varying degrees, the third and fourth ventricle, despite an open aqueduct.  

For instance, the loss of Rsph9, a radial spoke head protein essential for regulating motile cilia, 

disrupts the coordinated beating of ependymal cilia bundles which leads to impaired CSF 

circulation causing hydrocephalus with enlarged lateral and third ventricles, a milder dilation of 

the fourth ventricle, and a structurally open aqueduct (Zou et al., 2020). Similarly, the loss of 

Ccdc39, an axonemal protein leads to immotile ependymal cilia, resulting in perinatal-onset 

hydrocephalus with severe enlargement of the lateral and third ventricles, and an only modest 

fourth ventricle dilation, while the aqueduct remains patent despite poor CSF flow (Abdelhamed 

et al., 2018).  In contrast, B3glct is not a structural ciliary protein but an endoplasmic reticulum 

glycosyltransferase, and its loss disrupts ependymal polarity which compromises CSF flow, 

producing a high-frequency hydrocephalus characterized by enlarged lateral and third ventricles, 

variable fourth ventricle dilation, and an unoccluded aqueduct (Neupane et al., 2021). However, 

in EPS15/15R-deficient mice we consistently observed LV enlargement, but not obvious dilation 

of the third ventricle—a pattern not typically reported in these other hydrocephalus models. This 

selective LV phenotype raises the question whether subtle 3V changes similar to the mild 4V 

involvement may have escaped detection in our standard histological sections. More sensitive 

approaches such as MRI will be required to clarify whether subtle 3V alterations are present. While 

the aqueduct appeared structurally normal on inspection in eDKO mice, quantification will be 

needed to conclusively verify its patency. To more precisely classify the type of hydrocephalus in 

our model, another useful approach will be to inject Evans blue dye into the ventricles of eDKO 

mice and monitor how far it travels through the ventricular system (Neupane et al., 2021), hereby 

revealing whether CSF flow is obstructed at the aqueduct or more broadly impaired throughout 

the ventricular network. A common aspect across Rsph9, Ccdc39, and B3glct mutants is that the 
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underlying defect resides in ependymal cells which display either impaired ciliary motility (Rsph9 

and Ccdc39) or disrupted cell polarity (B3glct). This convergence strongly suggests that 

ependymal cell dysfunction is a central driver of lateral ventricle enlargement, making it plausible 

that ependymal cells are also compromised in EPS15/15R-deficient mice. 

Although we previously considered seizures as a likely contributor to the early lethality observed 

in our mice, we cannot entirely rule out hydrocephalus and its associated complications. In other 

mouse models, severe hydrocephalus alone has been sufficient to drive premature death, whether 

through inefficient CSF circulation (Zou et al., 2020), aqueductal obstruction leading to rapid 

intracranial pressure buildup (Borit & Sidman, 1972), or massive ventriculomegaly with cortical 

thinning (Wyss et al., 2012). By contrast, the hydrocephalus in our eDKO mice appears less severe, 

with cranial deformities due to CSF build-up only occasionally observed and lacking the intensity 

seen in these established models (Feldner et al., 2017b; Ibañez-Tallon et al., 2002). Thus, while 

hydrocephalus may contribute to mortality in EPS15/15R deficient mice, it is unlikely to be the 

predominant cause, making seizures the more probable driver of early death.  

3.5.2 No evidence for adhesion proteins as drivers of hydrocephalus 

in eDKO mice 

To begin addressing the cellular and molecular mechanisms that might underlie the 

hydrocephalus phenotype in our model, we focused first on candidate genes previously linked to 

congenital hydrocephalus that potentially could be endocytically regulated by EPS15/15R. Among 

these, L1CAM, a cell-surface glycoprotein on axons of postmitotic neurons, stood out as a 

particularly compelling candidate. In humans, loss of L1CAM causes X-linked hydrocephalus due 

to stenosis of the aqueduct of sylvius (HSAS), characterized by corpus callosum agenesis, 

intellectual disability, spasticity, and ventricular enlargement (Jouet et al., 1994). Consistent with 

this, L1CAM mutant mice display ventricular expansion together with a smaller hippocampus, 

defective pyramidal neurons, and abnormalities in major axonal tracts such as the corpus callosum 

and corticospinal tract (Dahme et al., 1997; Demyanenko et al., 1999; Jouet et al., 1994). Beyond 

these gross malformations, L1CAM is also critical for neuronal migration, neurite outgrowth, and 

dendritic organization, with undulating apical dendrites in layer V cortical neurons that fail to 

reach layer I (Grońska-Pęski et al., 2020). Since our EPS15/15R-deficient mice also exhibited 

neuronal migration and lamination defects, this made L1CAM an especially relevant candidate to 

investigate in this context. Moreover, as a cell-surface glycoprotein, L1CAM is well positioned to 

be regulated by endocytic adaptor proteins like EPS15/15R, since it is known to undergo 

endocytosis (Kamiguchi et al., 1998). Through receptor internalization and trafficking, 
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EPS15/15R could potentially influence the surface availability of L1CAM, thereby impacting its 

developmental functions. These considerations led us to specifically examine whether L1CAM 

surface levels are altered in EPS15/15R-deficient neurons as a potential mechanism contributing 

to the observed ventriculomegaly. To test this, we quantified L1CAM surface levels by surface 

biotinylation in primary cortical neurons from control and iDKO mice and immunoblotted for 

plasma membrane L1CAM. Surface L1CAM levels were comparable between genotypes (Fig. 2.21 

A), indicating that L1CAM steady state surface levels are preserved without EPS15/15R. This 

makes L1CAM dysregulation an unlikely primary driver of the hydrocephalus or commissural 

defects in our model.  

L1CAM is not the only cell–cell adhesion molecule that has been linked to hydrocephalus. 

Junctional adhesion molecule 3 (JAM-3), which localizes to intercellular contacts, has also been 

implicated, as JAM-3 knockout mice develop severe hydrocephalus with massively enlarged lateral 

ventricles, cortical thinning, lamination defects, and astrogliosis, accompanied by obstructed CSF 

flow (Wyss et al., 2012). Interestingly, in our mass spectrometry dataset comparing control and 

eDKO forebrain lysates (Fig. S3 A), JAM-3 appeared mildly downregulated by fourfold in the 

eDKO brain. However, when we sought to validate this result by western blotting of forebrain 

lysates, no difference in JAM-3 expression was detected between genotypes (Fig. S3 C,D). Given 

this discrepancy and the absence of a clear reduction at the protein level, we did not pursue JAM-

3 further in the context of our study. Nevertheless, differences in sensitivity between mass 

spectrometry and immunoblotting mean that subtle changes cannot be completely excluded, and 

this remains an avenue that could be still explored in future work. 

3.5.3 EPS15/15R are essential for ependymal cell differentiation 

Our finding that ventriculomegaly is already present at P5 suggests that the hydrocephalus 

phenotype arises during the early developmental period critical for ventricular morphogenesis 

(Redmond et al., 2019). Around this time, the embryonic radial glial epithelium is undergoing 

major remodeling to establish both the neural stem cell pool and the multiciliated ependymal 

lining that drives CSF circulation. Proper proliferation and differentiation of radial glial cells are 

therefore essential for securing ventricular integrity. Importantly, these progenitors are equipped 

with primary cilia that function as signaling hubs for pathways such as Sonic Hedgehog, Wnt, and 

mTOR, which regulate polarity, proliferation, and tissue organization (Foerster et al., 2017; Mill 

et al., 2023). Disruption of ciliary function in radial glia has been shown to cause ventriculomegaly 

and hydrocephalus, underscoring their importance for ventricular development (Foerster et al., 

2017; Town et al., 2008). Against this background, we asked whether defects in radial glial cell 
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primary cilia might contribute to the ventricular abnormalities observed in EPS15/15R-deficient 

mice. Using hippocampal neuron cultures as a proxy system, we compared primary cilia length 

between control and iDKO cells. No significant differences were observed, indicating that gross 

ciliogenesis of primary cilia and their elongation are preserved in the absence of EPS15/15R (Fig. 

2.21 B,C). Since we previously observed a reduced cilia length in ITSN1/2-deficient neurons 

(unpublished data from Dennis Vollweiter), we anticipated a similar phenotype in the EPS15/15R-

deficient context, however, no such defects were detected. These findings argue against structural 

defects in radial glia primary cilia as a major contributor to the hydrocephalus phenotype. 

Since defects in radial glial cilia did not account for the ventricular abnormalities in our model, we 

turned to ependymal cells, one of the most critical cell types for maintaining ventricular 

homeostasis. These multiciliated epithelial cells arise from radial glial progenitors during mid-

fetal development but only acquire their mature features postnatally, coinciding with the period 

in which we observed ventriculomegaly in our mice. Their differentiation involves a dramatic 

apical surface expansion and the assembly of 30 to 50 motile cilia per cell, which beat in a 

coordinated, polarity-dependent manner to drive directional CSF flow (Redmond et al., 2019). 

The disruption of this process has been repeatedly linked to ventriculomegaly and hydrocephalus, 

and numerous mouse models highlight this vulnerability (Abdi et al., 2019; Lavado & Oliver, 

2011; X. Wang et al., 2016). This underscores the importance of proper ependymal cell 

maturation for ventricular integrity. In this context, we asked whether loss of EPS15/15R 

interferes with ependymal cell differentiation or multiciliogenesis, thereby contributing to the 

hydrocephalus phenotype observed in our mice. 

To address whether EPS15/15R influence ependymal cell development, we turned to an ex vivo 

differentiation system using primary ependymal cell cultures. This approach allowed us to 

monitor the maturation of progenitors isolated from the lateral ventricular wall under controlled 

conditions. Using this system, we first asked whether EPS15 and EPS15R are even expressed in 

ependymal cells, as this had not been documented before. Indeed, both proteins showed a low 

expression in progenitors but became strongly upregulated during differentiation, consistent with 

a role in this lineage (Fig. 2.22 B). Importantly, the inducible deletion by tamoxifen efficiently 

depleted EPS15/15R in culture, validating the system for functional interrogation (Fig. 2.22 C,D). 

Having established that EPS15/15R are upregulated during ependymal maturation, we next asked 

whether their loss impacts the transcriptional program that drives differentiation and 

multiciliogenesis of ependymal cells. Central to this process is FOXJ1, the master regulator which 

orchestrates basal body docking and axoneme assembly to generate motile cilia (Fig. 2.22 A). 

When we examined FOXJ1 protein levels in differentiated ependymal cultures, we found them to 
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be markedly reduced in iDKO cells (Fig. 2.22 C,D), suggesting that EPS15/15R are required to 

sustain the signaling required for proper induction or stability of FOXJ1, thereby positioning them 

upstream of the transcriptional machinery that governs ependymal cell differentiation. 

Interestingly, the reduction of FOXJ1 in our EPS15/15R-deficient cultures is consistent with 

phenotypes described in FOXJ1 KO models, where failure to establish a mature multiciliated 

epithelium leaves the ventricular wall covered by immature radial glia or astrocyte-like cells and 

leads to severe hydrocephalus (Hou et al., 2023). While our iDKO does not represent a complete 

loss of FOXJ1, the partial downregulation we observe suggests that similar pathways of impaired 

ependymal maturation may be at play, potentially contributing to the ventriculomegaly seen in 

our mice. We also detected increased astrocytes in the SVZ and ventricular lining of eDKO brains, 

though this phenotype appeared restricted to specific regions in sectional analysis and was quite 

variable, highlighting the need for a more comprehensive evaluation (Fig. S6). To test defects in 

ependymal differentiation more directly, future studies should examine the ventricular wall in vivo 

using whole-mount preparations to assess the persistence of radial glia or astrocytic coverage. A 

similar convergence can be seen in Ulk4 mutant mice, where loss of Ulk4 leads to disorganized 

ependymal cilia, aqueductal obstruction, and impaired CSF flow (M. Liu et al., 2016). 

Mechanistically, Ulk4 regulates the FOXJ1 pathway by modulating its expression and the 

transcription of its downstream ciliogenesis genes. Ulk4 acts as a scaffold protein that coordinates 

ciliogenesis and ciliary beating, and its loss results in hydrocephalus through defective ependymal 

ciliogenesis. Although EPS15/15R are not classical ciliogenesis factors, the reduction of FOXJ1 we 

observe suggests a comparable mechanism, whereby impaired activation of the FOXJ1 program 

destabilizes ependymal maturation and contributes to ventricular pathology. It will be important 

to examine downstream Foxj1 targets, since genes essential for ciliogenesis and axoneme function 

are altered in Ulk4 mutants and may likewise contribute to the ependymal defects in EPS15/15R-

deficient mice. 

Given the reduction in FOXJ1, we next asked whether this translated into defects in ependymal 

maturation and multiciliogenesis. Consistent with expectations, control cultures progressively 

acquired multicilia bundles, with most cells reaching a fully differentiated state by DIV14. In 

contrast, EPS15/15R-deficient cultures showed a clear impairment: fewer cells developed cilia 

bundles, while many retained only a single primary cilium even at late stages (Fig. 2.23 A-E). A 

small but consistently higher fraction of cells also lacked cilia altogether. These findings indicate 

that without EPS15/15R, progenitors fail to complete the transition into fully multiciliated 

ependymal cells, a defect that would be predicted to compromise CSF flow and contribute directly 

to the hydrocephalus phenotype. This failure to complete multiciliogenesis is reminiscent of 
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defects seen when upstream regulators of the ciliogenic program, such as GEMC1 or Multicilin 

(Mcidas), are lost (Kyrousi et al., 2015). In those mutants, centriole amplification is blocked, 

leaving cells arrested with only a primary cilium (Lu et al., 2019; Terré et al., 2016). The persistence 

of single cilia and reduced numbers of multiciliated cells in our iDKO cultures suggest that 

EPS15/15R deficiency may similarly interfere with basal body production or apical migration, 

pointing to defects upstream of FOXJ1. To address this possibility more directly, it will be 

important to assess GEMC1 and Multicilin levels in our cultures, as well as to perform basal body 

and centriole staining using markers such as FOP1 or Centrin, alongside deuterosome markers 

like Deup1. Such experiments would clarify whether centriole amplification itself is impaired, or 

whether basal bodies are normally generated but fail to assemble cilia.  

While our data point to impaired multiciliation as a key defect in EPS15/15R-deficient ependymal 

cells, it remains possible that additional abnormalities in ciliary motility or polarity contribute to 

the hydrocephalus phenotype. Several models illustrate how ventriculomegaly can arise even 

when cilia are successfully generated but fail to beat effectively or to orient correctly. For example, 

Kif6 and Mdnah5 knockouts produce structurally abnormal or immotile cilia due to the loss of the 

central pair or dynein arms (Ibañez-Tallon et al., 2002, 2004; Takagishi et al., 2024), while Rsph9 

and Ccdc39 mutants assemble cilia that exhibit aberrant waveforms, all leading to impaired CSF 

flow (Abdelhamed et al., 2018; Zou et al., 2020). Similarly, hydrocephalus in Celsr2/3 or 

Dishevelled mutants arises from defective planar cell polarity, which causes basal bodies to 

misalign and cilia to beat in uncoordinated directions despite normal ciliogenesis (Ohata, 

Nakatani, Herranz-Pérez, Cheng, Belinson, Inubushi, Snider, García-Verdugo, Wynshaw-Boris, & 

Alvarez-Buylla, 2014; Tissir et al., 2010). These examples highlight that even when ependymal 

cells become multiciliated, hydrocephalus can still arise if the cilia fail to function properly. Future 

studies using high-speed video microscopy to analyze beat frequency using the movement of 

added fluorescent beads as indicator of efficient fluid propulsion and also test for planar and 

rotational polarity using markers such as Vangl2 and Frizzled to assess coordinated flow will be 

important to test this possibility in our model. 

Beyond ciliogenesis, we also examined whether EPS15/15R loss affects more general aspects of 

ependymal cell development. While both control and iDKO cultures showed the expected 

increase in cell area as differentiation progressed, iDKO cells tended to be larger at each stage (Fig. 

2.23 F). More striking were changes in cell number and density, where control cultures expanded 

over time but iDKO cultures declined between DIV5 and DIV7 and only partially recovered by 

DIV14 (Fig. 2.23 G). This was accompanied by fewer nuclei per imaging field, indicating a 

reduction in overall cell density (Fig. 2.23 H). These findings suggest that loss of EPS15/15R 
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compromises ependymal maturation not only through defective multiciliation but also by 

affecting cell survival, proliferation and/or differentiation efficiency, which could further weaken 

ventricular integrity. 

To test whether the abnormal cell morphology and the multiciliation impairment in iDKO 

cultures were simply secondary to a lower density during culturing rather than a direct effect of 

EPS15/15R loss on the differentiation program, we adjusted either cell seeding density or the 

timing of gene deletion. Increasing the plating density partially alleviated the lower cell number 

in mature cultures but did not normalize cell area or restore multiciliation completely (Fig. 2.24), 

while delaying the induction of EPS15/15R deletion until the onset of differentiation produced 

milder defects than the early deletion but still failed to rescue the phenotype. These findings 

indicate that the enlarged cell size and impaired multiciliogenesis in iDKO cells are not just 

byproducts of reduced cell density but reflect cell-intrinsic consequences of EPS15/15R deficiency 

on the differentiation process. The stronger deficits upon early DKO induction further suggest that 

EPS15/15R are already required during the progenitor expansion phase to secure cell viability and 

differentiation potential, with their loss compromising both progenitor maintenance and 

subsequent ependymal maturation. To dissect these possibilities more directly, future 

experiments could include BrdU incorporation to assess proliferation, cleaved caspase-3 

immunostaining to measure apoptosis, and Sytox-based live/dead assays to monitor cell survival 

in culture.  

Our finding that EPS15/15R loss reduces ependymal cell density and disrupts their differentiation 

resonates with other hydrocephalus models where defects in progenitor proliferation, survival, or 

fate commitment undermine the formation of a proper ventricular lining. SIX3 (homeobox 

transcription factor) conditional KO mice fail to fully suppress radial glial identity, resulting in 

fewer differentiated ependymal cells and the persistence of immature progenitors leading to a 

defective lateral ventricular wall, abnormal neuroblast migration and differentiation, and the 

development of hydrocephalus (Lavado & Oliver, 2011). Similarly, in the case of SNX27, an 

endosomal trafficking adaptor, its loss in mice impairs ependymal differentiation, producing 

hydrocephalus without detectable increases in apoptosis, suggesting that a shift in proliferation 

and differentiation balance is sufficient to trigger pathology. This defect is accompanied by 

elevated NICD and Hes1 expression, indicating that Notch hyperactivation contributes to the 

failure of ependymal maturation and subsequent ventricular dilation (X. Wang et al., 2016). Notch 

signaling is  already known to act as a key negative regulator of multiciliogenesis (Spassky & 

Meunier, 2017). Thus, excessive Notch activity, as observed in SNX27-deficient mice, likely 

interferes with FOXJ1-mediated ependymal differentiation, contributing to defective 
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multiciliation and hydrocephalus. Together, these examples underscore that impaired progenitor 

expansion, survival, or differentiation represents a common route to hydrocephalus, placing our 

EPS15/15R-deficient phenotype within this broader category of ventricular pathologies driven by 

defects in ependymal lineage development.  

Out of all existing models, Numb conditional KO mice stand out as a particularly relevant 

comparison. Numb and its paralog Numblike (Numbl) are adaptor proteins initially identified as 

determinants of asymmetric cell division via Notch endocytosis (Rhyu et al., 1994), Numb has 

since been shown to regulate multiple pathways, including EGFR. In radial glial progenitors, 

Numb directs the internalization and redistribution of EGFR away from the apical, CSF-contacting 

surface, a process required for timely progenitor differentiation into multiciliated ependymal cells 

(Fig. 1.3) (Abdi et al., 2019). Similarly, conditional loss of Numb and Numbl in the postnatal SVZ 

results in ventricular enlargement accompanied by partial loss of the ependymal lining, 

underscoring their essential role in maintaining ventricular wall integrity (Kuo et al., 2006). It is 

known that Numb negatively regulates Notch signaling (Cayouette & Raff, 2002), but in the 

ventricular system its loss causes ependymal defects independently of NICD activity. NICD 

overexpression failed to rescue the loss of ependymal adhesion or ventricular integrity (Kuo et al., 

2006), and NICD levels remained unchanged in lateral ventricle whole mounts from 

Numb/Numbl-deficient mice (Abdi et al., 2019). In contrast to Numb deficiency, SNX27 loss is 

associated with increased NICD expression, indicating that Notch hyperactivation  underlies the 

defective ependymal differentiation observed in these mutants (X. Wang et al., 2016). 

Since EPS15 and EPS15R are endocytic adaptor proteins that, like Numb, participate in EGFR 

internalization and trafficking, their loss may similarly disrupt receptor turnover and downstream 

signaling required for ependymal differentiation. The strong phenotypic parallels with Numb and 

Numbl mutants, including impaired multiciliation, ventricular enlargement, and early lethality, 

suggest that defective regulation of EGFR signaling could underlie the ventricular pathology 

observed in EPS15/15R-deficient mice. At the same time, EPS15 and EPS15R also interact with 

Epsins, which are key mediators of Notch  receptor endocytosis (Cardano et al., 2019; H. Chen et 

al., 2009b; Henne et al., 2007), raising the possibility that altered Notch signaling may also 

contribute. Since inhibition of Notch activity is required for GEMC1- and Multicilin-dependent 

induction of FOXJ1 and subsequent multiciliogenesis (Fig. 2.22 A), sustained Notch activation—

as seen in SNX27 knockout mice—can hinder ependymal differentiation and lead to defective cilia 

formation (Spassky & Meunier, 2017; X. Wang et al., 2016). Therefore, EPS15 and EPS15R may 

potentially safeguard ventricular integrity by coordinating the endocytic regulation of both EGFR 

and Notch pathways during ependymal maturation. 
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A key question now is whether the differentiation and multiciliogenesis defects observed in 

EPS15/15R-deficient ependymal cells reflect indeed a misregulated endocytosis of critical 

signaling receptors EGFR or Notch. To probe this, future work should directly assess receptor 

trafficking and signaling activity in iDKO cultures, by measuring EGFR phosphorylation 

dynamics, Notch intracellular domain levels, and receptor distribution at the apical surface, 

alongside endocytosis assays using ligand uptake or surface biotinylation. Pharmacological 

approaches could complement these analyses, such as testing whether inhibition of EGFR (e.g., 

via the inhibitor erlotinib) or Notch (e.g., via the inhibitor DAPT) can normalize FOXJ1 expression 

or restore multiciliation, thereby revealing whether excessive signaling contributes to the 

phenotype. In parallel, genetic rescue experiments with EPS15/EPS15R constructs deficient in 

specific domains, such as ubiquitin-binding (ΔUIM), membrane bending (ΔEH), or phase 

separation (ΔCC), would help delineate which adaptor functions are essential for ependymal 

maturation. Finally, co-immunoprecipitation or surface proteomics in differentiating ependymal 

cultures could help uncover cell-type specific EPS15/15R interactors and cargo proteins, 

highlighting whether Notch, EGFR, or additional pathways are directly affected. Together, such 

experiments would establish whether the hydrocephalus phenotype of EPS15/15R-deficient mice 

is driven by a failure to properly regulate receptor signaling, thereby linking endocytic adaptor 

function to the transcriptional and structural programs of ventricular development. 
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3.6 Conclusions and open questions 

This study establishes EPS15 and EPS15R as critical endocytic adaptor proteins with roles that 

extend from neurotransmitter receptor regulation to broader aspects of brain development and 

ventricular integrity. At the synapse, both proteins appear to be required for AMPAR endocytosis, 

with their loss leading to GluA1 surface accumulation. This reveals that EPS15/15R safeguard 

excitatory balance by ensuring proper receptor trafficking, placing them at the heart of 

mechanisms that control synaptic plasticity and potentially seizure susceptibility. Unlike 

transferrin receptor uptake, which remains intact in their absence, AMPAR trafficking depends 

specifically on these adaptors, emphasizing their selective yet essential function in neuronal cargo 

sorting.  

Beyond canonical endocytic pathways, our proteomic analyses uncovered novel interactors such 

as CALCOCO1 and SEC16A, pointing to unexpected roles for EPS15R at the intersection of 

endocytosis, autophagy, and the secretory system. These findings suggest that EPS15R may act as 

scaffold linking membrane trafficking and stress-responsive pathways, thereby expanding its 

influence beyond clathrin-mediated endocytosis. Whether these interactions represent 

specialized neuronal adaptations or broader cellular functions remains an open question. 

EPS15/15R deficiency also translates into defects in brain development and behavior. Forebrain-

specific DKO mice exhibit seizures, clasping reflexes, and reduced exploratory drive, underlining 

the importance of these adaptors for network stability and motor-cognitive function. At the 

architectural level, their loss leads to lamination defects in cortex and hippocampus, reminiscent 

of phenotypes observed in models with disrupted Reelin signaling. EPS15R’s potential interaction 

with the Reelin receptor ApoER2 suggests that it may influence not only endocytosis but also 

provide scaffolding within the Reelin cascade, raising the possibility that adaptor proteins also in 

this manner can help fine-tune developmental signaling pathways. Whether EPS15/15R help 

coordinate Reelin receptor trafficking and downstream Dab1 signaling is an open question that 

could provide insight into how adaptor proteins shape large-scale brain architecture. 

Perhaps the most striking phenotype is the development of ventriculomegaly, potentially caused 

by impaired ependymal differentiation. Our study revealed that EPS15/15R-deficient ependymal 

cells exhibit reduced density, enlarged morphology, and impaired multiciliogenesis, reminiscent 

of phenotypes described in Numb conditional KO mice where disrupted EGFR blocks ependymal 

differentiation (Abdi et al., 2019). This parallel suggests that EPS15/15R may act through similar 

pathways, raising the critical question of whether hydrocephalus in our model stems from 

sustained EGFR signaling or other signaling imbalance affecting ependymal maturation, such as 
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that involving Notch. The concomitant reduction of FOXJ1 further implicates upstream 

ciliogenesis regulators such as GEMC1 and Multicilin. The persistence of primary cilia and 

reduced multiciliation point to defects in centriole amplification or basal body migration 

upstream of FOXJ1 induction. Future work should therefore examine upstream regulators of 

multiciliogenesis and the structural components of basal body and centriole assembly to 

determine whether EPS15/15R loss primarily disrupts signaling processes governing 

transcriptional control or the machinery required for ciliogenesis. 

Taken together, our findings identify EPS15 and EPS15R as integrators of endocytic trafficking, 

neuronal signaling, and ventricular homeostasis. Beyond establishing their necessity for AMPAR 

regulation and ependymal maturation, this work also opens up broader conceptual avenues. 

EPS15/15R emerge not just as adaptors at the plasma membrane, but as potential coordinators of 

how cells balance internalization, signaling, and secretory outputs in a developmental context. 

This raises the exciting possibility that defects in these proteins could represent a common 

molecular thread linking synaptic dysfunction, lamination defects, and hydrocephalus. Exploring 

this integrative role may reveal principles of brain organization that extend well beyond 

EPS15/15R, providing insight into how trafficking proteins safeguard neural development and 

resilience against disease. 
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4 Materials and Methods 

4.1 Materials 

4.1.1 Mouse lines 

Experiments were performed on male and female C57BL/6N wildtype (WT) mice or 

EPS15/EPS15R double knock-out (dKO) mice generated using either forebrain specific 

constitutive Emx1-Cre (Iwasato et al., 2000) or on primary neurons/ependymal cells obtained 

from tamoxifen-inducible CAG-CreERT2 mice (S. Hayashi & McMahon, 2002). Floxed EPS15 and 

EPS15R mice, originally generated and described by (Milesi et al., 2019) were a kind gift to us by 

Dr. Sara Sigismund (IEO, Milan, Italy) and subsequently bred into the mentioned Cre-driver lines 

in our facility. 

For the constitutive neuron-specific dKO line, EPS15 LOX/LOX / EPS15R LOX/LOX / Emx1 Cre– mice 

were bred with EPS15 LOX/LOX / EPS15R –/LOX / Emx1 Cre+ mice, generating Cre-positive and Cre-

negative animals. EPS15 LOX/LOX / EPS15R LOX/LOX / Emx1 Cre+ mice were used as dKO mice for 

experimental studies and Cre-negative littermates as controls. For the inducible line, EPS15 

LOX/LOX / EPS15R LOX/LOX mice were bred with CAG Cre+ mice to obtain Cre-positive and Cre-

negative littermates. Cre-positive cultures were induced to generate EPS15/15R double knockouts 

(dKO), while Cre-negative cultures were used as controls. 

All animals were bred in accordance with the German law for conducting animal experiments and 

kept in a light and dark cycle of 12 h with food and water ad libitum at the animal facility of the 

RPTU Kaiserslautern-Landau. The constitutive dKO mice were bred under a special permit (G21-

2-072).  

 

4.1.2 Chemicals and reagents 

General chemicals and reagents were purchased from standard suppliers including Bio & Sell 

(Germany), Biozym Scientific (Germany), Carl Roth (Germany), Merck (Germany), Sigma-Aldrich 

(USA), Thermo Fisher Scientific (USA), VWR international LLC (USA) or from the chemical 

supply of the RPTU. To ensure reproducibility, certain key critical reagents were purchased from 

specific suppliers only (Table 4.1) 
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Table 4.1 Key chemicals and reagents 

Chemicals / Reagents  Manufacturer 

1-β-D-Arabinofuranosyl-cytosine-hydrochloride (Ara-
C) 

Sigma-Aldrich, USA 

Acrylamide Mix 30%, ROTIPHORESE® Carl Roth, Germany 

B27 supplement (50x) Thermo Fisher Scientific, USA 

Bradford reagent Bio-Rad, USA 

c0mplete® Protease inhibitor tablet, Mini, EDTA-free Merck, Germany 

DAPI 98% (4’,6-Diamidino-2-phenylindol) Carl Roth, Germany 

Desoxyribonuclease (DNase) I, from bovine pancreas, 
Type IV 

Sigma-Aldrich, USA 

Dulbecco’s modified Eagle’s medium (DMEM), high 
glucose 

Sigma-Aldrich, USA 

Dulbecco’s Phosphate Buffered Saline (DPBS) Sigma-Aldrich, USA 

Entellan ™ VWR International LLC, USA 

FastDigest buffer (10x) Thermo Fisher Scientific, USA 

Fetal bovine serum (FBS) Thermo Fisher Scientific, USA 

FBS Superior Stabil (for primary neuron culture) Bio & Sell, Germany 

Gelatin, from porcine skin gel strength 300, Type A Sigma-Aldrich, USA 

GeneRuler™ DNA ladder mix Thermo Fisher Scientific, USA 

Goat serum Thermo Fisher Scientific, USA 

Hanks’ Balanced Salt Solution (HBSS) Thermo Fisher Scientific, USA 

HEPES (1M) Thermo Fisher Scientific, USA 

ImmuMount TM Epredia, USA 

Insulin (human recombinant) Sigma-Aldrich, USA 

Isopropyl-ß-D-thiogalactopyranosid (IPTG) Carl Roth, Germany 

Ketamine (KETASET) Zoetis, Germany 

L-cysteine Sigma-Aldrich, USA 

L-glutamine, GlutaMAX™ (100X) Thermo Fisher Scientific, USA 

LI-COR Intercept® blocking buffer LI-COR Biosciences, USA 

Minimum Essential Medium (MEM) with Earle’s salt Thermo Fisher Scientific, USA 

Neurobasal-A medium (NBA) Thermo Fisher Scientific, USA 

Nuclease free water, DEPC treated, sterile Carl Roth, Germany 

PageRuler™ Pre-stained protein ladder Thermo Fisher Scientific, USA 

Papain (2x crystalline suspension) Worthington, USA 

Penicillin-Streptomycin (Pen/Strep), 10.000 U/ml Thermo Fisher Scientific, USA 

Phenylmethylsulfonylfluoride (PMSF) Carl Roth, Germany 

Phusion™ High-Fidelity DNA Polymerase Thermo Fisher Scientific, USA 

Pierce® Glutathione agarose beads Thermo Fisher Scientific, USA 

Pierce® Protein A/G magnetic beads Thermo Fisher Scientific, USA 

Poly-L-Lysine Sigma-Aldrich, USA 

Protease inhibitor complex (PIC) Sigma-Aldrich, USA 

Restriction enzymes, FastDigest Thermo Fisher Scientific, USA 

Sodium bicarbonate (0.075%) Thermo Fisher Scientific, USA 

T4 Ligase Thermo Fisher Scientific, USA 

T4 ligase buffer, 10x Thermo Fisher Scientific, USA 

Taq Polymerase (5 U/µl) Bio & Sell, Germany 
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TEMED (N,N,N,N-Tetramethylethylendiamin) Carl Roth, Germany 

Transferrin Holo Bovine Plasma Merck, Germany 

Trypan blue solution, 0.4% Carl Roth, Germany 

TrypLE™ Express, with Phenol Red Thermo Fisher Scientific, USA 

Trypsin-EDTA (0.05%) Thermo Fisher Scientific, USA 

Trypsin, from bovine pancreas, Type XI, Lyophilized 
powder 

Sigma-Aldrich, USA 

Trypsin Inhibitor (from chicken egg white) Merck, Germany 

Xylazine (Rompun 2%) Elanco, Germany 

Xylazine (Rompun 2%) Elanco, Germany 

 

4.1.3 Consumables 

General consumables were purchased from standard suppliers including Biozym Scientific 

(Germany), Carl Roth (Germany), Corning (USA), Epredia (USA), SARSTEDT (Germany), Starlab 

(Germany) and VWR International LLC (USA). To ensure reproducibility, certain key 

consumables were purchased from specific suppliers only (Table 4.2) 

Table 4.2 Key consumsables 

Consumables  Manufacturer 

Cell culture dishes SARSTEDT, Germany 

Cell culture well plates Corning, USA 

Dissection tools Fine Science Tools, Germany 

Graduated glass pipettes (SILBERBRAND-ETERNA) Brand, Germany 

Immersion oil Type F Nikon, Japan 

Kimtech precision wipes Kimberly Clark, USA 

Microscope cover glasses (Round, ø18 and 25 mm) Marienfeld, Germany 

Nitrocellulose blotting membrane (Amersham) Cytiva, USA 

SuperfrostTM Plus slides Epredia, USA 

 

4.1.4 Kits 

Commercial kits were used wherever stated in accordance with manufacturer’s protocols (Table 

4.3) 

Table 4.3 Commercial kits used 

Kit  Manufacturer 

JetPrime transfection kit Polyplus, France 

Nucleobond plasmid midi kit Machery-Nagel, Germany 

Nucleospin plasmid mini kit Machery-Nagel, Germany 

Nucleospin gel and PCR cleanup kit Machery-Nagel, Germany 

Pierce ® BCA protein assay kit Thermo Fisher Scientific, USA 

ProFection Mammalian transfection system Promega Corporation, USA 
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4.1.5 Antibodies and fluorescent reagents 

Table 4.4 List of primary antibodies  

Antigen  Species Dilution  Use ID Company 

Actin mouse 1:2000 WB A5441 Sigma-Aldrich, USA 

Arl13b mouse 1:200 IF 857602 BioLegend, USA 

AP2-α mouse 1:1000  WB 610502 BD Transduction, USA 

APPL1 rabbit 1:500 WB 3276 Cell signaling, USA 

Calcoco1 mouse 1:500 WB sc-515670 Santa Cruz Biotechnology, 
USA 

Clathrin rabbit 1:100 WB ab21679 Abcam, UK 

CTIP2 rat 1:400 IHC ab18465 Abcam, UK 

Doublecortin mouse 1:50 IHC sc-271390 Santa Cruz Biotechnology, 
USA 

EPS15 mouse 1:250 WB 610806 BD Transduction, USA 

EPS15R rabbit 1:300 WB - Gift from Sara Sigismund lab 

EPS15R rabbit 1.5 µg IP ab76004 Abcam, UK 

FOXJ1 mouse 1:500 WB 14-9965-
82 

Invitrogen, USA 

GAPDH mouse 1:1000 WB G8795 Sigma-Aldrich, USA 

GluA1 mouse 1:500 WB MAB2263 Merck, Germany 

GluA2 mouse 1:500  WB MAB397 Merck, Germany 

HSP70 mouse 1:2000  WB MA3006 Thermo Fisher Scientific, 
USA 

IgG Isotype mouse 3 µg  IP 31903 Thermo Fisher Scientific, 
USA 

ITNS1 mouse 1:200 WB sc-136242 Santa Cruz Biotechnology, 
USA 

L1CAM mouse 1:500 WB - Gift from AG Kins 

N-Cadherin mouse 1:1000 WB 610920 BD Transduction, USA 

Nestin mouse 1:100 IHC MA1-
81819 

Invitrogen, USA 

Sec16a rabbit 1:500 WB 20025-1-
AP 

Proteintech, USA 

Snap25 mouse 1:250 WB 111011 Synaptic Systems, Germany 

SOX2 rabbit 1:200 IHC 14962 Cell signaling, USA 

Synaptophysin mouse 1:500 WB  101011 Synaptic Systems, Germany 

Synaptotagmin1 rabbit 1:500 WB 105103 Synaptic Systems, Germany 

Syntaxin1 mouse 1:500 WB 110111 Synaptic Systems, Germany 

TBR1 rabbit 1:400 IHC ab183032 Abcam, UK 

 

Table 4.5 List of secondary antibodies  

Antigen Species Dilution  Use ID Company 

anti-mouse IRDye© 680RD goat 1:10000 WB 926-
68070 

LI-COR, USA 

anti-rabbit IRDye© 680RD goat 1:10000 WB 926-
68071 

LI-COR, USA 
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anti-mouse IRDye© 800CW goat 1:10000 WB 926-
32210 

LI-COR, USA 

anti-rabbit IRDye© 800CW goat 1:10000 WB 926-
32211 

LI-COR, USA 

anti-guinea pig Alexa Fluor 647 goat 1:200 IF A21450 Invitrogen, USA 

anti-rabbit AlexaFluor 567 goat 1:400 IHC  A11029 Invitrogen, USA 

anti-rat AlexaFluor 647 goat 1:400 IHC A11036 Invitrogen, USA 

anti-mouse AlexaFluor 488 goat 1:200 
1:400 

IF 
IHC 

712-605-
153 

Jackson 
Immuno-
Research, USA 

 

Table 4.6 List of fluorescent reagents 

Dye Concentration ID Company 

DAPI 1 µg/ml 6335.1 Carl Roth, Germany 

Hoechst (siR700-DNA) 0.5 µM SC015 SPIROCHROME, Switzerland 

Phalloidin STAR RED 1:1000 STRED-0100 Abberior, Germany 

SytoxTM Green  0.1 µM S7020 Invitrogen, USA 

Transferrin AlexaFluor 647 25 µg/ml T23366 Invitrogen, USA 

 

4.1.6 Plasmids  

Table 4.7 List of plasmids 

Construct Insert 
species 

Backbone Tag Internal 
number 

Origin 

RFP-EPS15R mouse pmRFP RFP #M44 Cloned by Celine 
Schuster 

GFP-Calcoco1 human pDest eGFP #M37 Gift from Prof. Terje 
Johansen, Norway 

GST - pGex4T-1 GST #2112 Amersham  

GST-ApoER2-ICR mouse pGex4T-1 GST #3754 Gift from Prof. Volker 
Haucke, Berlin  

GST-VLDLR-ICR mouse pGex4T-1 GST #3761 Gift from Prof. Volker 
Haucke, Berlin 

 

4.1.7 Primers 

Table 4.8 List of primers used for genotyping 

Primer Sequence (5’-3’) Expected size (bp) 

EPS15L1 forward  AGGAGTCCAAGGGCATCTTCAGC WT   : 218 bp 
LOX : 279 bp EPS15L1 reverse CAGCCATCCAGACACAGCACACA 

EPS15 forward  GTGCTCCTTAGGTCCTGTGG WT   : 754 bp 
LOX : 900 bp EPS15 reverse AAATGTGGGCTAGCAAGGCA 

CAG CRE forward CCGGGCTGCCACGACCAA WT   : no band 
CRE : 400 bp CAG CRE reverse GGCGCGGCAACACCATTTTT 



Materials and Methods 

124 
 

4.1.8 Devices and equipment 

The most relevant instruments for the experimental procedures in this thesis are summarized 

below (Table 4.9) 

Table 4.9 List of essential instruments 

Device Model Company 

Absorbance plate reader SpectroStar® Nano BMG Labtech, Germany 

Binocular Stemi 508 Carl Zeiss, Germany 

Blotting chamber Criterion® Blotter BIO-RAD, USA 

CO2 incubator  CB 170 Binder, Germany 

Counting chamber Neubauer Improved, 0.1 
mm 

Marienfeld Superior, Germany 

Cryotome  Leica CM3050 S  Leica Biosystems, Germany 

Electrophoresis chamber for 
agarose gels 

Mini-Sub® Cell GT Cell BIO-RAD, USA 

Electrophoresis chamber for 
SDS-PAGE 

Mini-PROTEAN® Tetra Cell BIO-RAD, USA 

Epifluorescence microscope Eclipse Ti2-E NIKON, Japan  

Fluorescence microscope Spinning Disk Confocal NIKON, Japan 

Gel imaging system  E-BOX Vilber, France 

Homogenizer Hei-Torque Core Heidolph Instruments, 
Germany 

Immunoblot imaging system Odysses® Fc Model 2800 LI-COR Biosciences, USA 

Inverted microscope Axio Vert.A1 Zeiss, Germany 

Mini centrifuge MiniStar VWR International LLC, USA 

Peristaltic pump Pump-head: YZ1515x Longer Pump, China 

pH meter FiveEasy Mettler Toledo, USA 

Sonifier SFX 250, 5mm tip Branson, USA 

Table-top centrifuges MICRO STAR 17R 
MICRO STAR 17 

VWR International LLC, USA 

Table-top centrifuges 5804R 
5910 Ri 

Eppendorf, Germany 

Thermocyclers peqSTAR 2x  
peq Start 2x Gradient 

PEQLAB Biotechnologie, 
Germany 

 

4.1.9 Software and online tools 

The software programs and online resources used for data analysis, visualization and other 

aspects of the thesis are summarized below (Table 4.10) 

Table 4.10 List of software and online tools  

Software / Online 
tools 

Application Source 

Affinity designer Image editing and figure design Serif Europe Limited, UK  

Biorender Generation of illustrations https://app.biorender.com/ 
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NCBI Homepage DNA sequence alignment 
(BLAST) 

https://blast.ncbi.nlm.nih.gov 

Cellpose 3.0 Cell segmentation (ependymal 
cells only) 

https://www.cellpose.org/ 
Carsen Stringer & Marius 
Pachitariu 

ChatGPT 5 (OpenAI) Paraphrasing and grammar check https://chatgpt.com/ 

Fiji/ImageJ Image processing, analysis and 
quantification 

NIH, USA 

GraphPad Prism Statistics and graph design GraphPad Software, USA 

Image Studio v6.0 Immunoblot imaging and analysis LI-COR Biosciences, USA 

MaxQuant Perseus 
v1.6.15.0 

Mass spectrometry data analysis 
and visualization  

MPI Biochemistry, Germany 

Microsoft Office  Generation of text, spreadsheets 
and presentations 

Microsoft Office, USA 

SnapGene viewer Design of cloning strategy and 
DNA sequence analysis 

GSL Biotech LLC, USA 

QuillBot Paraphrasing and grammar check https://quillbot.com/ 

Uniprot Protein sequence check https://www.uniprot.org/ 

WebGestalt Gene set enrichment analysis  https://www.webgestalt.org/ 

Zotero Reference management tool https://www.zotero.org/ 

 

4.2 Biochemical methods  

4.2.1 Mouse brain extract preparation 

For analysis of protein expression levels and protein-protein interactions, whole brains or 

dissected brain regions of interest were collected and lysed. Brain lysis buffer (20 mM HEPES pH 

7.4, 2 mM MgCl2, 100 mM KCl, 1 mM PMSF, 1% Triton X-100) containing protease and 

phosphatase inhibitors was freshly prepared. Mouse brains were homogenized in ice-cold lysis 

buffer (1.5 ml lysis buffer per 100 mg tissue) using a glass homogenizer with 12 strokes at 900 

rpm. The homogenates were rotated for 15 min at 4°C to ensure complete lysis and subsequently 

centrifuged at 900 x g for 10 min at 4°C to remove large debris and nuclei (pellet P1). The resulting 

supernatant (S1) was collected, and the protein concentration was determined using BCA or 

Bradford assay. 

4.2.2 Synaptosome preparation 

Mouse brains were homogenized in 8 ml ice-cold sucrose buffer (0.32 M sucrose, 5 mM HEPES, 

pH 8) per brain using a glass homogenizer with 12 strokes at 900 rpm. The homogenate was 

centrifuged at 900 x g for 10 min at 4°C to precipitate large cellular debris and nuclei (pellet P1), 

and the supernatant (S1) was collected. S1 was further centrifuged at 10000 x g for 15 min at 4°C 

to separate the supernatant (S2) containing soluble proteins from the pellet (P2) enriched in crude 

synaptosomes.  P2 was resuspended in 2 ml of ice-cold sucrose buffer, diluted with additional 6 
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ml of ice-cold sucrose buffer, and centrifuged again at 15000 x g for 15 min at 4°C. The resulting 

washed crude synaptosome pellet (P2’) was resuspended in 2 ml of ice-cold sucrose buffer, and 

the protein amount was determined using BCA or Bradford assay. 

4.2.3 Synaptic membrane preparation 

For isolating synaptic membranes, the procedure was continued after obtaining the crude 

synaptosomal fraction (pellet P2’). P2’ was resuspended in 4 ml of ice-cold double distilled water 

(ddH2O) and homogenized by hand with three strokes using a glass potter homogenizer. The 

buffer was rapidly adjusted to a final concentration of 4 mM HEPES. The lysate was rotated for 30 

min at 4°C to promote osmotic lysis of synaptosomes and subsequently centrifuged at 25000 x g 

for 25 min at 4°C. This centrifugation separated the synaptosomal cytosolic fraction (S3) from the 

membrane enriched pellet (P3). The resulting P3 fraction, corresponding to purified synaptic 

membrane, was resuspended in 1 ml of lysis buffer  (20 mM HEPES pH 7.4, 2 mM MgCl2, 100 

mM KCl, 1 mM PMSF, 1% Triton X-100)for subsequent biochemical applications.  

4.2.4 Preparation of total cell lysate from eukaryotic cells 

Total cell lysates from eukaryotic cell lines or primary cells were prepared using RIPA lysis buffer 

(50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 0.5% Sodium 

Deoxycholate, 0.1% SDS in H2O). Cells grown on a 10 cm plastic culture dish were washed once 

with ice-cold PBS, and residual buffer was aspirated completely. Dishes were immediately 

transferred to ice, and 250-500 μl of RIPA buffer were added directly, and lysates were harvested 

using a cell scraper. The lysates were collected into pre-chilled microcentrifuge tubes, and to 

ensure complete lysis, samples were incubated for 10-15 min on a rotating wheel at 4°C. Lysates 

were clarified by centrifugation for 15 min at maximum speed in a tabletop cooling centrifuge (≈ 

17000 x g, 4°C). The resulting supernatant was collected, and the protein concentration was 

determined using Bradford or BCA assay. 

4.2.5 Protein quantification by Bradford or BCA assay 

Protein concentrations were determined using either Bradford (Coomassie G250) or the 

Bicinchoninic acid (BCA) assay, with bovine serum albumin (BSA) serving as the standard. A BSA 

stock solution was serially diluted to generate a standard curve (0-2 mg/ml). For the Bradford 

assay, 2 μl of sample or standard were mixed with 200 μl of commercial Bradford reagent in a 96-

well plate and incubated for 5 min at room temperature. Then its absorbance was measured at 

595 nm using the SpectroStar instrument.  Similarly for the BCA assay, 2 μl of sample or standard 

were incubated with 200 μl of freshly prepared BCA working reagent (Reagent A: Reagent B, 50:1) 
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for 30 min at 37°C, and absorbance was measured at 562 nm. In both cases, the concentrations 

were calculated from the standard curve by linear regression corrected for sample dilution.  

4.2.6 Trypsin cleavage assay  

For the tryptic digestion assay, crude synaptosomes were prepared from mouse brains as described 

before. A trypsin stock solution (0.1 mg/ml) was prepared, and varying volumes of the stock 

solution (1250 μl, 500 μl, 250 μl, 125 μl) were added to 3-5 mg of synaptosome lysate, ensuring 

that all the reaction volumes were equal in the end. The mixture was incubated for 10 min at 30°C 

in a water-bath with gentle agitation and swirling, and then centrifuged at 8700 x g for 3 min at 

4°C. The resulting pellet was resuspended in 1x Laemmli sample buffer (LSB) (6x LSB: 375 mM 

Tris pH 6.8, 50% glycerin, 10% β-mercaptoethanol, 10% SDS, 0.03% bromophenol blue) and 

denatured at 93°C for 10 min. Proteins were separated by SDS-PAGE and analyzed by 

immunoblotting. Blots were imaged using Odyssey Fc Imaging System (Li-COR Biosciences), and 

quantitative analysis of band intensities was performed with Image Studio Software. The optimal 

trypsin concentration for a specific post-synaptic protein cleavage was determined empirically by 

assessing pre- and postsynaptic protein digestion. 

4.2.7 Immunoprecipitation  

Co-immunoprecipitation experiments were performed using protein extracts derived from the 

brain fraction of interest (brain lysates, crude synaptosomes, synaptic membrane preparations) 

depending on the experimental requirements. For each reaction, 4-5 mg of protein were 

incubated with 1.5-3 μg of the respective primary antibody or species-matched IgG control in IP 

lysis buffer (50 mM Tris HCl, 100 mM NaCl, 1% Triton X-100, protease inhibitor tablet EDTA free, 

phosphatase inhibitors cocktail 1 and 2). The mixture was rotated for 1 h at 4°C to allow antibody 

binding. Subsequently, 30 μl of pre-equilibrated Protein A/G magnetic beads were added to the 

mixture and incubated for an additional 2 h at 4°C on a rotating wheel to facilitate immune 

complex formation. After incubation, the beads were collected using a magnetic support and 

washed three times with 1 ml of ice-cold washing buffer (50 mM Tris HCl, 100 mM NaCl, 1% 

Triton X -100). Each wash was performed on rotation for 10 min at 4°C. Following the final wash, 

residual buffer was carefully aspirated and immunoprecipitated proteins were eluted by adding 20 

μl of 1x LSB (6x LSB: 375 mM Tris pH 6.8, 50% glycerin, 10% β-mercaptoethanol, 10% SDS, 

0.03% bromophenol blue). Samples were denatured at 95°C for 15 min and then briefly 

centrifuged. The supernatant, containing the eluted protein complexes, was subjected to SDS-

PAGE and immunoblotting.  
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4.2.8 Mass Spectrometry  

For proteomic analysis, immunocomplexes captured on Protein A/G magnetic beads (see 4.1.7) 

were processed on-bead for LC-MS/MS. Beads were collected on a magnetic rack and subjected to 

a graded wash series of 10 mins each to remove detergents and non-specific binders while 

preserving complexes: 2x 500 μl  wash buffer I ( WB-I : 50 mM Tris-HCl, 100 mM NaCl, 1% Triton 

X-100, pH 7.5), followed by 1x 500 μl wash buffer II ( WB-II : 50 mM Tris-HCl, 100 mM NaCl, 

0.05% Triton X-100, 5% glycerol, pH 7.5). A final wash was performed with 500 μl wash buffer II 

without Triton X-100, and beads were then transferred to a fresh low-bind tube.  

For on-bead proteolysis, 50 μl of Elution/Digestion buffer I (EB-I: 2 M urea, 50 mM Tris-HCl pH 

7.5, 1 mM DTT, 5 ng/μl trypsin) were added, and samples were incubated for 30 min at room 

temperature. Beads were magnetically cleared, and the peptide-containing supernatant was 

retained. Beads were then rinsed again with 100 μl of Elution/Digestion buffer II (EB-II: 2 M urea, 

50 mM Tris-HCl pH 7.5, 5 mM chloroacetamide), and the supernatant was combined with the 

EB-I supernatant: the pooled eluate was incubated overnight at room temperature to complete 

digestion and alkylation of peptides. Peptides were then stabilized by acidification with 15 μl of 

10% trifluoracetic acid (TFA), ensuring the pH dropped below 2 (using pH indicator paper). 

Samples were then desalted using three-layer C18 StageTips and dried in a SpeedVac for 20 min 

at room temperature. The dried peptides were subsequently reconstituted in 8 μl of buffer A (0.1% 

formic acid) and adjusted with 1 μl of buffer A* (0.1% TFA, 2% acetonitrile) prior to injection. For 

LC-MS/MS, 4 μl of the peptide solution were loaded onto a nano-LC system coupled to a high-

resolution mass spectrometer and analyzed using a 90 min gradient (all reagents were prepared 

in MS-grade H2O). Data analysis was performed with MaxQuant Perseus V1.6.15.0 software with 

help of Dr. Markus Räschle. 

4.2.9 Surface Biotinylation 

To selectively isolate surface-exposed proteins from cortical neuronal cultures, a biotinylation 

assay was employed at DIV14-16. Cultures were grown in 6-well plates at a density of at least 1.2 

x 106 neurons per well, and for each experimental condition (control and iDKO) at least three 

wells were used. Cells were placed on ice to inhibit endocytosis and quickly washed with ice-cold 

PBS2+ buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 1mM CaCl2, and 

0.5 mM MgCl2; pH 7.4). The cells were then incubated with freshly prepared non-membrane-

permeant, cleavable biotin derivative, sulfo-NHS-SS-biotin (0.5 mg/ml in PBS2+) for 20 min at 4°C 

under gentle shaking. After biotinylation, the unreacted biotin was quenched by two sequential 

washes with PBS2+ containing 50 mM glycine for 2 min each. Following quenching, neurons were 
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lysed by scraping in RIPA lysis buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% 

Triton X-100, 0.5% Sodium Deoxycholate, 0.1% SDS in H2O) supplemented with protease and 

phosphatase inhibitors. Lysates were incubated on rotation for 15 min at 4°C, clarified by 

centrifugation at maximum speed for 15 min, and supernatants were collected. Protein 

concentrations were determined using BCA assay, and aliquots of total lysates were reserved as 

input controls. Equal protein amounts were incubated with 50-100 μl of streptavidin agarose 

beads at 4°C for 2 h on rotation.  Following incubation, beads were centrifuged, and supernatants 

were collected as the intracellular fraction. Beads were subsequently washed three times with RIPA 

buffer (without inhibitors), and bound proteins were eluted by boiling for 10-15 min in 30 μl 1x 

LSB (6x LSB: 375 mM Tris pH 6.8, 50% glycerin, 10% β-mercaptoethanol, 10% SDS, 0.03% 

bromophenol blue). The resulting biotinylated (surface) protein fraction, together with reserved 

input from total and intracellular lysates, was subjected to SDS-PAGE and immunoblot analysis.  

4.2.10 Expression and affinity purification of GST-fusion proteins 

To produce GST-tagged fusion proteins, the E. coli expression strain BL21 was used. An overnight 

starter culture of 50 ml was prepared in LB medium containing 50 μg/ml of antibiotics and grown 

at 37°C in an incubator shaking at 180 rpm. The following day, 500 ml of 2x YT medium 

supplemented with 50 μg/ml of antibiotics were inoculated with the overnight starter culture and 

cultivated at 37°C with shaking at 180 rpm. Once the cultures reached an optical density of 0.7-

0.8 at 600 nm, the temperature was reduced to 30°C and protein expression was induced with 0.5 

mM IPTG. Cells were harvested after 4 h of induction at 30°C and collected by centrifugation at 

4000 x g for 15 min at 4°C. The resulting bacterial pellet was resuspended in 20 ml ice-cold 1x 

PBS, and aliquots of the suspension were stored at -20°C until further processing.  

For protein purification, 10 ml of frozen bacterial pellets were thawed at room temperature and 

supplemented with 1 mM PMSF, 125 units of benzonase, and a small amount of lysozyme. After 

incubation on ice for 15 min, cells were disrupted by sonication at 30% amplitude/power for 1 

min using a digital sonifier, while keeping the cells on ice throughout. Following sonication, Triton 

X-100 was added to a final concentration of 1% (v/v), and lysis was continued for another 15 min 

on rotation at 4°C. Cell debris was removed by centrifugation at 22000 x g for 15 min at 4°C, and 

the cleared supernatant was incubated with 250 - 500 μl of pre-washed GST-bead resin for 1-2 h 

at 4°C with continuous rotation. The beads were then washed three times with ice-cold PBS, and 

the bound GST-fusion proteins were finally resuspended in 1 ml of PBS. Protein concentration 

was determined using Bradford or BCA assay and validated by visual inspection after performing 

SDS-PAGE followed by Coomassie staining.  
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4.2.11 GST Pulldown assay 

GST pulldown assays were carried out to investigate protein-protein interactions. For each 

reaction, 100 μg of purified GST-fusion protein bound to glutathione resin were incubated with 

freshly prepared brain lysates. Prior to incubation, brain extracts were clarified by 

ultracentrifugation to remove insoluble material. The mixture was incubated for 2-4 h on rotation 

at 4°C. Following incubation, the beads were washed three times with ice-cold brain lysis buffer 

(20 mM HEPES pH 7.4, 2 mM MgCl2, 100 mM KCl, 1 mM PMSF, 1% Triton X-100) containing 

Triton X-100 to remove unbound proteins, followed by a final wash without any detergent. The 

residual wash buffer was carefully removed, and bound proteins were eluted by resuspending the 

beads in 40 μl of 1x LSB (6x LSB: 375 mM Tris pH 6.8, 50% glycerin, 10% β-mercaptoethanol, 

10% SDS, 0.03% bromophenol blue), followed by heating at 95°C for 10 min. After a brief 

centrifugation, the supernatant containing the interacting proteins were collected and subjected 

to SDS-PAGE and immunoblot analysis. 

4.2.12 SDS-PAGE 

Proteins were separated according to their molecular weight using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) using Tris-glycine-based buffers. Gels were cast 

in glass plates assembled in a casting frame, consisting of a stacking gel (3.8%) layered on top of a 

separating gel (4-14%) depending on the size of the proteins of interest (Table 4.11). The 

electrophoresis chamber was filled with 1x running buffer (25 mM Tris base, 192 mM glycine, 

0.1% SDS, pH 8.4), and protein samples prepared in 1xLSB (6x LSB: 375 mM Tris pH 6.8, 50% 

glycerin, 10% β-mercaptoethanol, 10% SDS, 0.03% bromophenol blue), were loaded alongside a 

molecular weight marker. Electrophoresis was initiated at constant voltage of 80 V to allow 

stacking of proteins, followed by separation in the separating gel at 120-150 V until the dye front 

reached the bottom of the gel. Following electrophoresis, proteins were either transferred to 

nitrocellulose membrane for immunoblotting or directly visualized by Coomassie staining. 

Table 4.11 Composition of separating and stacking polyacrylamide gels for SDS-PAGE 

Separating gel  
(15 ml for 2 gels) 

6% 8 % 10% 12 % 

ddH2O  8 ml 7 ml 6 ml 5 ml 

1.5 M Tris-HCl (pH 8.8)  
+ 0.4% SDS  

3.75 ml 3.75 ml 3.75 ml 3.75 ml 

30% bis-acrylamide mix 
 

3 ml 4 ml 5 ml 6 ml 

10% APS  150 μl 150 μl 150 μl 150 μl 
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TEMED  15 μl 15 μl 15 μl 15 μl 

Stacking gel 
(5 ml for 2 gels) 

3.8 %    

ddH2O  8 ml    

1 M Tris-HCl (pH 6.8)  3.75 ml    

30% bis-acrylamide mix 
 

3 ml    

10% APS  150 μl    

TEMED  15 μl    

 

4.2.13 Coomassie staining  

Proteins separated by SDS-PAGE were visualized by Coomassie Brilliant Blue R-250 staining. 

Polyacrylamide gels were incubated in staining solution (0.1% Coomassie dye, 40% methanol, 

10% acetic acid in ddH2O) for 2 h at room temperature with gentle shaking to allow dye binding. 

Excess stain was removed by incubation in destaining solution (40% methanol, 10% acetic acid, 

in ddH2O) overnight, resulting in visualization of protein bands against a clear background.  

4.2.14 Immunoblotting  

Proteins separated by SDS-PAGE were transferred onto nitrocellulose membranes (0.2 μm) using 

a wet transfer system. Transfer was performed at constant voltage in ice-cold 1x transfer buffer (25 

mM Tris base, 192 mM glycine, 20% methanol, pH 8.3) at 110 V for 90 min. After transfer, 

membranes were briefly rinsed and stained with Ponceau stain (0.5% Ponceau S dye, 1% acetic 

acid) to confirm efficient protein transfer and equal loading. The stain was subsequently removed 

by repeated washes in TBST (1x TBS with 0.1% Tween-20). Membranes were blocked in Li-COR 

commercial blocking solution for 30-60 min at room temperature to prevent nonspecific binding. 

Membranes were then incubated with primary antibodies diluted in TBST containing blocking 

solution (1:1) overnight at 4°C. The following day, membranes were washed three times in TBST 

and incubated with species appropriate IR Dye-conjugated secondary antibodies (1:10000, Li-

COR) for 45-60 min at room temperature. Excess antibody was removed by several washes in TBST 

followed by a wash in TBS. Fluorescent signals were detected using the Li-COR Odyssey imaging 

system, and band intensities were quantified using Image Studio software.  
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4.3 Cell biological methods  

4.3.1 Cell culture 

Cell lines (HeLa, HEK293) were maintained in complete growth medium composed of Dulbecco’s 

modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

Penicillin/Streptomycin (Pen/Strep) under standard culture conditions (37°C, 5% CO2). For 

passaging, cells were washed once with sterile PBS to remove residual serum proteins and then 

incubated with TrypLE for ~5 min at 37°C to detach adherent cells. The enzymatic reaction was 

stopped by adding complete growth medium, and the cell suspension was collected and 

centrifuged at 300 x g for 5 min. The pellet was resuspended in fresh medium, and cells were either 

reseeded at the desired density or split for further expansion.  

4.3.2 Primary neuronal cell culture  

Primary hippocampal and cortical neurons were prepared from neonatal mouse pups (P0-P3). 

Before plating, coverslips were coated with a 200ul droplet of poly-L-lysine (0.0015% in sterile 

water) and dried under sterile conditions. For dissection, brains were rapidly isolated in ice-cold 

HBSS (Hank’s balanced salt solution) supplemented with 20% FBS and 1% Pen/Strep. Under a 

stereomicroscope, hippocampi were carefully dissected from cortical tissue and collected in HBSS 

containing 20% FBS and 1% Pen/Strep. Tissue fragments were transferred into 15 ml tubes and 

washed twice with HBSS containing FBS (20% FBS, 1% Pen/Strep) and twice with HBSS alone 

(1% Pen/Strep). Washes were carried out by adding wash solution, letting the tissue pieces settle 

due to gravity, and then aspirating the solution. Following the wash steps, enzymatic dissociation 

was carried out using a 1 mg/ml trypsin digestion solution (137 mM NaCl, 5 mM KCl, 7 mM 

Na2PO4, 25 mM HEPES, pH 7.2) containing DNase (600 U/ml) for 15-20 min at 37°C. After 

digestion, the tissue was washed with HBSS as before to inactivate trypsin and subsequently 

resuspended in dissociation buffer (12 mM MgSO4 in HBSS) containing DNase. Cells were 

dissociated mechanically triturated by gentle pipetting (approximately 10 times) until a 

homogenous suspension was obtained. The suspension was then centrifuged at 800 x g for 10 min 

at 4°C and resuspended in plating medium (MEM supplemented with 5 g/l glucose, 200 mg/l 

NaHCO3, 100 mg/l transferrin, 10% FBS, 2 μg/ml insulin, 1x GlutaMax, 1x Pen/Strep). Viable 

cells were counted using Trypan Blue exclusion. Neurons were plated at the desired density (1x105 

cells per 12 wel-plate and 1x106 cells per 6 well-plate) on PLL-coated coverslips and allowed to 

attach for 30-60 min before addition of pre-warmed plating medium. On DIV1, half of the 

medium was replaced with growth medium (MEM supplemented with 5 g/l glucose, 200 mg/l 

NaHCO3, 100 mg/l transferrin, 10% FBS, 2% B27 supplement, 1x GlutaMax, 1x Pen/Strep) 
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containing 2 μM cytosine β-D-arabinofuranoside (AraC) to inhibit glial proliferation, followed by 

supplementation with AraC to a final concentration of 4 μM on DIV2. Cultures were maintained 

at 37°C in a humidified incubator with 5% CO2 and left undisturbed until DIV14, when neurons 

were considered mature and used for experiments.  

4.3.3 Primary ependymal cell culture  

Primary ependymal cell cultures were prepared from neonatal mouse telencephalon (P0-P4). 

Cortical tissue (excluding hippocampus) was dissected in ice-cold HBSS solution (HBSS, 10 mM 

HEPES, 0.0075% NaHCO3, 1% Pen/Strep) and tissue fragments were collected into 15 ml tubes. 

The tissue fragments were pelleted at 100 x g for 1 min and subjected to digestion for 45-60 min 

at 37°C in an enzymatic solution (20 U/ml papain, 0.3 mg/ml L-cysteine, 1x GlutaMax, 1x 

Pen/Strep and 600 U/ml DNase in DMEM). Digestion was stopped by the addition of stop solution 

(1 mg/ml trypsin inhibitor/ovomucoid in Leibovitz L-15 medium), followed by rinsing in L-15 

medium. The tissue was gently dissociated by pipetting (approximately 10 times) in the presence 

of DNase (600 U/ml), and the cell suspension was centrifuged at 110 x g for 7 min. Cells were 

resuspended in DMEM/GlutaMax containing 10% FBS and 1% Pen/Strep and plated into poly-L-

lysine-coated T25 flasks. Culture medium was renewed on the following day, and cells were 

maintained until reaching confluence (typically 4-5 days). 

Confluent cultures were subjected to orbital shaking (250 rpm) overnight at room temperature 

(22°C) in normal air, to eliminate weakly adherent and any differentiated cells, thereby enriching 

ependymal progenitors. The day after shaking, cultures were first rinsed with PBS and 

subsequently trypsinized with 0.05% trypsin-EDTA to detach the adherent cells. Harvested cells 

were resuspended in DMEM/Glutamax supplemented with 10% FBS and 1% Pen/Strep and 

seeded at desired density (1.5x105 cells per 12 well-plate and 1x106 cells per 6 well-plate). Cell 

suspensions were carefully plated as droplets onto poly-L-lysine-coated glass coverslips and 

allowed to adhere for 1 h before addition of culture medium. On the following day (DIV0), 

cultures were switched to serum-free DMEM/GlutaMax containing 1% Pen/Strep, enabling 

progressive differentiation of progenitors into multiciliated ependymal cells, which were 

considered mature and ready for experiments by DIV14.  

4.3.4 Transfection of cell lines with JetPrime 

Transient transfections of cells (e.g. HeLa cells) were performed using the JetPrime reagent 

(Polyplus) according to the manufacturer’s instructions. Cells were seeded at the desired density 

(1x105 cells per 12 well-plate)  in the morning and transfected 4-5 h later to ensure optimal 

adherence. For transfection, plasmid DNA was diluted in JetPrime buffer and briefly vortexed. 
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Next JetPrime regent was added, and the mixture was vortexed again and incubated for 10 min at 

room temperature to allow complex formation. The exact DNA and reagent quantities used varied 

according to dish size (Table 4.12). After incubation the mixture was added dropwise to the cells 

and left overnight to facilitate transfection. The following day the culture medium was replaced 

with fresh medium, and cells were maintained under standard growth conditions. Transfected 

cells were used for experiment 24-48 h post-transfection.   

Table 4.12 Reagent compositions for JetPrime transfection  

Culture format JetPrime buffer Plasmid DNA JetPrime reagent 

12-well plate 100 μl 1 μg 2 μl 

6-cm dish 200 μl 4 μg 8 μl 

10-cm dish 400 μl 8 μg 16 μl 

 

4.3.5 Calcium phosphate transfection of cells 

Transient transfections of cells (e.g., HEK 293 cells) were also performed using the calcium 

phosphate method. Cells were seeded in the morning and transfected 4-5 h later, at a 50-60% 

confluency. For transfection plasmid DNA was first mixed with 0.1x TE buffer (1 mM Tris-HCl, 

0.1 mM EDTA, pH 8), 2s M CaCl2 and 2x HBS buffer (50 mM HEPES, 280 mM NaCl, 1.5 mM 

Na2HPO4, pH 7) under constant agitation and incubated for 15-20 min at room temperature. 

After incubation the DNA-calcium phosphate precipitate was added dropwise to the cells. The 

exact amount of DNA, CaCl2, and buffers used varied according to dish size (Table 4.13). Cells 

were left with transfection mixture overnight. The following day the medium was replaced with 

fresh medium. Transfection efficiency was routinely verified by fluorescent reporter expression. 

Cells were used for experiments 48 h post-transfection.  

Table 4.13 Reagent compositions for calcium phosphate transfection 

Culture format Plasmid DNA 0.1x TE buffer 2 M CaCl2 2x HBS buffer 

2.5-cm dish 1 – 1.5 μg 88 μl 12 μl 100 μl 

6-cm dish 2.5 – 4 μg 220 μl 30 μl 250 μl 

10-cm dish 5 – 8 μg 440 μl 60 μl 500 μl 
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4.3.6 Calcium phosphate transfection of primary neurons  

Calcium phosphate transfection was employed to introduce plasmid DNA into primary 

hippocampal and cortical neurons using the commercial ProFection Mammalian Transfection Kit 

(Promega). Neurons were transfected at DIV 6-8, as per manufacturer’s instructions. Prior to 

transfection, Hank’s Balanced Salt Solution (HBSS) and Neurobasal-A (NBA) medium were 

equilibrated in the incubator for at least 1 h, and their osmolarities were measured along with that 

of the culture medium. To minimize osmotic stress, the osmolarity of HBSS and NBA was adjusted 

to match the culture medium using D-mannitol, allowing a tolerance of up to ±10 mOsm. Neurons 

grown on poly-L-lysine-coated coverslips were carefully transferred into wells containing NBA. 

The transfection mixture was freshly prepared by combining plasmid DNA, CaCl2, and sterile 

water, which was then added dropwise into HEPES-buffered saline (HeBS) under gentle vortexing 

to promote calcium-phosphate DNA precipitate formation. The precise amount of each 

component varies depending on the culture format (Table 4.14). After 20 min of incubation in the 

dark, the precipitate was applied dropwise onto neuronal cultures and incubated for another 20 

min at 37°C. After incubation the precipitate was rapidly removed, and neurons were gently 

washed three times with pre-warmed HBSS. Coverslips were returned to their original conditioned 

medium for continued culture. Transfected neurons were subsequently maintained under 

standard conditions and used for experiments at DIV14. 

Table 4.14 Reagent compositions for calcium phosphate transfection of primary neurons 

Culture format Plasmid DNA HeBS buffer CaCl2 Nuclease free 
H2O 

12- well plate 1 – 2 μg 50 μl 6.25 μl 40.75 μl 

6-well plate 2 – 4 μg 100 μl 12.5 μl 81.5 μl 

 

4.3.7 Immunocytochemistry 

Cells grown on coverslips were washed twice with PBS at room temperature and fixed with ice-

cold 4% paraformaldehyde (PFA) or 4% PFA containing sucrose (mainly primary cultures) for 10-

15 min at room temperature. After fixation the cells were washed again three times with PBS and 

directly stained or stored at 4°C for a few days until processing. Immunostaining was continued 

by incubating the cells for blocking and permeabilization in GSDB (goat serum dilution buffer: 

20% goat serum, 0.1% Triton X-100 in PBS) for 30 min.  Primary antibodies were diluted in GSDB 

and pipetted as droplets onto Parafilm in a humidified chamber. Coverslips were placed with their 

cell-containing side down onto the droplets and incubated for 1-2 h at room temperature. 
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Coverslips were then washed three times in PBST (PBS, 0.1% Tween-20) and incubated again with 

GSDB-diluted secondary antibodies for 1 h at room temperature in the dark. Coverslips were 

washed as before and counterstained with DAPI (1 μg/ml) for 5-10 min, rinsed, and mounted in 

ImmuMount. The samples were stored in dry and dark conditions until imaging. 

4.3.8 Sytox cell viability assay 

To assess neuronal viability, hippocampal cultures were incubated in their growth medium with 

the membrane-impermeant DNA dye SYTOXTM Green reagent (0.1 μM), which only gains access 

to cells with compromised membrane integrity, and the membrane permeant dye Hoechst 33342 

(0.5 μM), which stains the nuclei of all cells, for 30 min at 37°C. After staining, cells were washed 

once with warm HBSS and maintained in HBSS for live-cell imaging. SYTOX-positive nuclei were 

quantified as dead cells, and Hoechst served as a total nuclear counterstain. 

4.3.9 Transferrin uptake 

Transferrin endocytosis was assessed in hippocampal neurons at DIV14-16. Prior to ligand 

addition, cultures were starved for 1 h at 37°C in osmolarity-adjusted Neurobasal-A medium 

(NBA). For uptake experiments, Alexa-647 transferrin (25 μg/ml) was prepared in NBA and 

pipetted as droplets onto Parafilm in a humidified chamber. Coverslips were placed with their cell-

containing side down onto the droplets and incubated for 30 min at 37°C to allow internalization, 

while control cells were incubated for 30 min at 4°C to inhibit endocytosis. Coverslips were then 

washed twice with ice-cold PBS containing 10 mM MgCl2 and subjected to a quick 1 min acid 

wash (ice-cold 0.1 M sodium acetate, 0.2 M NaCl, pH 5.3) to remove surface-bound transferrin. 

The coverslips were washed again with PBS, and cells were fixed in ice-cold 4% PFA for 10 min at 

room temperature, rinsed in PBS, counterstained with DAPI for 5-10 min, and mounted for 

imaging. For quantification, images were analyzed using Fiji/ImageJ. ROIs (regions of interest) 

were drawn manually around dendritic segments of neurons with transferrin-positive puncta. 

Within these ROIs mean fluorescence intensity was measured. 

4.3.10 pHluorin assay 

pHluorin is a pH-sensitive GFP variant that is quenched in the acidic lumen of synaptic vesicles 

and becomes fluorescent upon exposure to the neutral extracellular space after vesicle fusion. This 

property of the probe enables quantitative tracking of exo- and endocytosis, with the 

reacidification-dependent fluorescence decay reflecting (in a delayed manner) the kinetics of 

vesicle endocytosis and recycling (Fig 2.9 A).  
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Hippocampal neurons were transfected with pHluorin-tagged plasmids on DIV 6-8, and live-

imaging of these pHluorin-tagged proteins was performed between DIV12-14. Cover slips with 

neurons were mounted in an imaging chamber and perfused with TES-based physiological buffer 

(Table X9). Imaging was carried out on a Nikon epifluorescence microscope equipped with a 40x 

oil-immersion objective at 37°C. Images were acquired every 2 s with 100 ms exposure at 488 nm, 

using optimized parameters to minimize photobleaching while ensuring stable fluorescence over 

the recording period (>5 min). To determine the surface-to-total ratio of pHluorin-tagged 

proteins, neurons were first imaged in TES buffer to establish the baseline signal (steady state 

signal before quenching). The fluorescence of surface exposed pHluorin-tagged proteins (Fs) was 

quenched by replacing TES buffer with a MES-based acidic buffer to obtain the background 

fluorescence. The total fluorescence (Ft) was subsequently revealed by substituting the acidic 

buffer with a basic buffer (Table 4.15).  

For quantification images were analyzed using Fiji/ImageJ and ROIs were selected manually, and 

dendritic segments were analyzed for GluA1 intensities, and the surface-to-total ratio was 

calculated as: 

 

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑡𝑜 − 𝑡𝑜𝑡𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 =
𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝐹𝑠

(𝐹𝑡 − 𝐹𝑠)
 

 

Table 4.15 Buffer composition for pHluorin live-cell imaging 

Buffer Composition pH 

Physiological buffer 170 mM NaCl, 3.5 mM KCl, 0.4 mM KH2PO4, 20 mM 
TES, 5 mM NaHCO3, 5 mM Glucose, 1.2 mM Na2SO4,  
1.2 mM MgCl2, and 1.3 mM CaCl2 

7.4 

Acidic buffer Physiological buffer with TES replaced by MES 5.5 

Basic buffer Physiological buffer with 50 mM NaCl substituted by  
50mM NH4Cl 

7.4 
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4.4 Histological methods  

4.4.1 Perfusion of mice 

Mice were deeply anesthetized with a lethal dosage of narcotics (10% Ketamine, 2% Xylazine), 

individually calculated based on body weight (Injection volume (in μl) = body weight (in g) x 3.4). 

After injection mice were observed until the absence of the pain reflex was verified. After 

thoracotomy, the rib cage was opened to reveal the pumping heart. A hypodermic needle linked 

to a peristaltic pump was placed into the left ventricle, and an incision was created in the right 

atrium to let blood flow out. To get rid of blood in the mice circulation, they were first perfused 

with lukewarm PBS at a flow rate of 3-4 ml/min, resulting in a paling of liver and limbs as a mark 

of blood loss. After that, the perfusion was continued with ice-cold 4% paraformaldehyde to fix 

the tissue. The perfusion lasted for 20 to 30 min. For the first 10 min the flow rate was set to 3-4 

ml/min followed by a slower perfusion at 1-2 ml/min. Efficient tissue fixation was verified by 

checking stiffness of neck and tail. After perfusion was complete, the brain was dissected and 

briefly incubated for 1-2 h in fresh ice-cold 4% PFA, and subsequently post-fixed overnight in 4% 

PFA containing 30% sucrose at 4°C. The next day fixed brains were washed three times for 10 min 

each with 30% sucrose solution and incubated overnight in the same solution. The brains were 

maintained in sucrose solution at 4°C until further processing. 
 

4.4.2 Cryosectioning of brain tissue 

The mouse brains were sectioned into 40 µm coronal slices for Nissl and immunohistochemical 

staining using a microtome. The cutting platform was maintained at -22°C, and to ensure stable 

cutting a smooth surface layer was made using 30% sucrose (in PBS) on which the brain was 

mounted. The brain was trimmed by removing the brainstem and the majority of the olfactory 

bulb prior to mounting. After mounting on the platform, the brain was subsequently sectioned, 

and the slices were collected in a well plate (in a series of seven) containing 15% sucrose (in PBS). 

Following the complete brain dissection, the sections were washed twice for 10min each with 15% 

sucrose (in PBS), followed by a final wash with PBS alone. The slices were stored in PBS containing 

0.02% Na-azide until further processing for Nissl staining, whereas the slices designated for 

immunohistochemical staining were stored in a cryoprotective solution (2% DMSO, 2% glycerol 

in 0.125 M phosphate buffer) at -20°C and thereafter transferred to -80°C for long-term storage 

until required. 

4.4.3 Nissl staining  

Nissl staining was performed with one series of sections (i.e. every first slice of the seven series). 

The sections were mounted on gelatin-coated slides at 41°C and allowed to dry. After drying, the 
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slices were incubated in chloroform-ethanol (1:1) solution overnight for degreasing, followed by 

dehydration in 100% ethanol for 1 h. Sections were then rehydrated by immersing them for 3 min 

each through a graded ethanol series (100%, 95%, 90%, 70%, 50%). The sections were briefly 

immersed in distilled water before subsequently immersing them in thionine-staining solution 

(0.125% thionine acetate, 50 mM acetic acid, 36 mM NaOH) for 3 min, followed by multiple 

rinses in distilled water to remove excess stain. Next, destaining and dehydration were performed 

by immersing the slices for 3 min in a series of solutions with increasing ethanol concentration 

(50%, 70%, 90%, 95%, 100%). Between the 90% ethanol and 95% ethanol stages, an additional 

step was incorporated to effectively destain the slices using 95% ethanol containing several drops 

of glacial acetic acid (10-15 drops) for a duration of 10-15 min. During the incubation time, the 

slices were examined under the binocular microscope for the proper level of destaining. Following 

dehydration, the slices were incubated in terpineol-xylol (1:1) solution for 3 min, followed by 

incubation in xylol twice for 3 min each. Upon completion of the staining procedure, the slides 

were mounted in Entellan. 

4.4.4 Immunohistochemical staining 

The slices for immunohistochemistry (IHC) staining were transferred from the -80°C storage and 

to -20°C for thawing one day prior to staining. The sections to be stained were collected in 0.125 

M phosphate buffer (PB). This buffer was prepared by diluting stock solutions of 0.4 M NaH2PO4 

(A) and 0.4 M Na2HPO4(B). For ca. 500 ml of 0.4 M PB, 387 ml solution B were taken, and solution 

A was added, until pH 7.4 was reached. All subsequent procedures were performed on a horizontal 

shaker. The slices were first thoroughly washed three times for 20 min each in 0.125 M PB for 1 h. 

The slices were then permeabilized by incubating them in 0.125 M PB containing 0.3% Triton X-

100 for 2 h, with solution changes every 20 min. The slices were incubated in antigen retrieval 

buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) for 20 min at 90°C, followed by blocking 

in IHC blocking solution (5% goat serum, 0.125 M PB, 0.3% Triton X-100) for 1 h at room 

temperature. The sections were incubated with the primary antibodies diluted in IHC blocking 

solution for 2-3 days at 4°C. Sections were then washed in 0.125 M PB containing 0.3% Triton X-

100 for 3 h (6 washes of 30 min each). The slices were incubated with the secondary antibody in 

IHC blocking solution for 2 h at 4°C followed by washes as before. Next the sections were stained 

with DAPI (1μg/ml) for 10 min and washed once for 15 min with 0.125 M PB. Stained slices were 

affixed onto Superfrost slides in gelatine mounting solution (0.2% gelatine in 50 mM Tris-HCl) at 

41°C, subsequently dried, and mounted using Immumount.  
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4.5 Molecular Biology methods 

4.5.1 Genotyping of mice 

Tail biopsies (P0 – P4) or ear biopsies (from P5 onwards) were taken from mice by the animal 

caretakers for genotyping. Genomic DNA was isolated from mouse tissue to allow genotyping of 

transgenic mice before experiments. The tissue was lysed using 50 µl of alkaline lysis buffer (25 

mM NaOH, 0.2 mM EDTA, pH 12) at 95°C for 60 min while shaking at 1000 rpm. Following lysis, 

50 µl of neutralization buffer (40 mM Tris-HCl, 0.2 mM EDTA, pH 5) were used to inactivate the 

lysis process. Polymerase chain reaction (PCR) was employed to amplify specific DNA fragments 

for EPS15L1, EPS15, or CAG-Cre, to ascertain the distinct genotypes. The PCR reaction mixture 

was prepared (Table 4.16), and the corresponding cycling protocol was selected (Table 4.17). 

Table 4.16 PCR reaction mixture for one sample 

Components  Volume  

Nuclease free water 7.9 µl 

10x Orange dye 1.5 µl 

MgCl2 (25mM) 1.5 µl 

Buffer B 1.5 µl 

dNTPs (5 mM) 0.3 µl 

Primer Mix (10 µM)  

(forward and reverse) 

0.5 µl 

Taq Polymerase (5 U/µl) 0.3 µl 

Genomic DNA 1.5 µl 

 

Table 4.17 Thermocycling programs for genotyping 

 EPS15L1 EPS15 CAG Cre 

Initial denaturation 94°C for 3 min 95°C for 2 min 95°C for 2 min 

Number of cycles (Round1) 12x cycle 35x cycle 35x cycle 

Denaturation 94°C for 30 s 95°C for 30 s 95°C for 30 s 

Annealing 64°C for 30 s 62°C for 30 s 55°C for 30 s 

Elongation 72°C for 30 s 72°C for 30 s 72°C for 30 s 

Number of cycles (Round 2) 25x cycle -not applicable- -not applicable- 

Denaturation 94°C for 20 s   

Annealing 58°C for 30 s   

Elongation 72°C for 45 s   

Final elongation 72°C for 2 min 72°C for 10 min 72°C for 2 min 

Storage 8°C ∞ 8°C ∞ 8°C ∞ 
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4.5.2 Molecular cloning 

4.5.2.1 Design of cloning strategies 

Cloning strategies were established using the SnapGene editing software. Primers intended for 

cloning were designed with an overlap of 15 to 18 base pairs (bp) between the primer and the 

target sequence along with the restriction site. Four extra nucleotides were usually added to the 5’ 

terminus to facilitate effective cleavage by restriction enzymes. The entire plasmid was 

constructed in silico to eliminate potential errors, including frame shifts or incompatibility with 

restriction enzyme recognition sites. 

4.5.2.2 Polymerase chain reaction 

Polymerase chain reactions (PCRs) were employed to amplify specific DNA sequences from 

plasmid or genomic DNA. PCRs were typically conducted in a volume of 50 µl using different 

components (Table 4.18). The thermocycling program used was similar in most cases, except the 

annealing temperature (TM) which was set to match the melting temperature of the respective 

primers (Table 4.19). PCR products were analyzed by agarose gel electrophoresis or purified using 

commercial PCR purification kit (Macherey-Nagel) as per manufacturer´s protocol. 

 

Table 4.18 PCR reaction mixture for one sample                        

Components  Concentration 

Genomic/plasmid DNA 50 ng 

GC buffer 1x 

dNTPs  200 µM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Phusion polymerase  0.02 U/µl 

Nuclease-free water Fill up to 50 µl 

 

Table 4.19 Thermocycling program for PCR 

 

 

 

 

 

 

 

 

Phusion PCR Condition 

Initial denaturation 98°C for 30 s 

Number of cycles  30x cycle 

Denaturation 98°C for 10 s 

Annealing TM °C for 20 s 

Elongation 72°C for 90 s 

Final elongation 72°C for 2 min 

Storage 8°C ∞ 
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4.5.2.3 Agarose gel electrophoresis 

Agarose was solubilized in 1 x TAE buffer (40 mM Tris-acetate, 1mM EDTA) at a concentration 

ranging from 0.7% to 1.5% by heating in a microwave. Ethidium bromide was added to the gel at 

a final concentration of 100 ng/ml, to visualize the DNA. The gel was poured into casting trays 

and allowed to solidify. The DNA samples premixed with loading dye were loaded into the agarose 

gels and run in chambers containing 1x TAE buffer at 120V for 20-30 min. DNA bands were 

visualized by UV transillumination of agarose gels. If DNA was intended for further processing, 

the desired pieces were excised from the gel using sharp clean blades, while minimizing UV 

exposure. 

4.5.2.4 DNA digestion 

DNA digestion with restriction enzymes was conducted for analysis of DNA constructs or to 

produce DNA pieces for subcloning. Usually, 1-2 µg of plasmid DNA or the purified PCR product 

were incubated with FastDigest restriction enzymes and the other components listed (Table 4.20) 

and subjected to digestion for 1 h at 37°C. Digested fragments were confirmed using agarose gel 

electrophoresis and subsequently purified from the gel for cloning purposes using the NucleoSpin 

Clean-up kit (Macherey-Nagel). 

Table 4.20 PCR reaction mixture for one sample                        

Components Amounts 

Genomic/plasmid DNA 1 µg 

FastDigest buffer 1x 

Restriction enzyme 1  1 µl 

Restriction enzyme 1 1 µl 

Nuclease-free water Fill up to 20 µl 

 

4.5.2.5 DNA ligation 

Digested PCR products and plasmid backbones were subjected to ligation to obtain the desired 

plasmid. The ligation reaction was set up with an insert-to-vector molar ratio of 3:1. The ligation 

mixture was prepared by mixing the corresponding amounts of insert, vector, 1x T4 ligase buffer 

and 1 µl T4 DNA ligase, in a final volume of 20 µl. The ligation mix was incubated for 30 min at 

room temperature or overnight at 16°C. A reaction with only the plasmid was always included as 

control. 5 µl of the ligation mixture were used for transformation. 
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4.5.2.6 Transformation and plasmid DNA isolation 

Chemically competent E. coli (Top10 or BL21) bacteria were thawed on ice, then 50 µl of thawed 

bacteria were incubated with 5 µl of ligation mix or 1 µg of plasmid DNA on ice for 30 min. 

Following incubation, the cells were heat-shocked at 42°C for 45 s and immediately transferred 

back to ice for 5 min. 500 µl of prewarmed LB medium without antibiotics was added to the 

bacteria mix and incubated at 37°C while shaking at 1000 rpm.  The cells were then directly plated 

on pre-warmed LB agar plates supplemented with appropriate antibiotics at 37°C overnight, for 

selection of positive clones.  

Positive individual colonies were picked for inoculating 5 ml LB medium supplemented with 

antibiotics and grown at 37°C overnight in a bacterial shaker at 180 rpm. The next day, 1 ml of 

starter culture was used to inoculate 250 ml of LB medium supplemented with antibiotics which 

were incubated overnight under the same conditions as before. Plasmid DNA was subsequently 

isolated from the bacterial cultures using the NucleoSpin Xtra Midi kit (Macherey-Nagel) 

according to the manufacturer´s protocol. The plasmid DNA was sent for sequencing to Eurofins 

Genomics (Eberberg, Germany) for Sanger sequencing. Sequencing results were analyzed using 

the NCBI nucleotide BLAST tool.  

4.6 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism software. Data were first analyzed for 

normal distribution by normality tests mainly using the Shapiro-Wilk test. If not stated otherwise 

in the figure legends, for normally distributed data either unpaired student’s t-tests were used to 

compare two groups (genotypes), or paired t-tests were performed in cases where matching 

control and dKO littermates were compared and n≥6. If the data were normally distributed but 

showed unequal variance, Welch’s t-test was performed. For multiple comparisons for several 

groups of normally distributed data, one-way ANOVA tests were performed. In cases where 

control values were normalized to 100% or 1, one-sample t-tests were employed for comparisons. 

Unless stated otherwise, each data point represents an animal or the mean value of an individual 

experiment. Columns depict the mean value for all animals or experiments, with the error bars 

indicating the standard error of the mean (SEM). The number of animals, slices, cells or other 

samples is indicated in the figure legends. Significant differences were indicated as: * = p < 0.05, 

** = p < 0.01, *** = p < 0.001, **** = p < 0.0001, p > 0.05 is indicated as not significant (ns). 
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Appendix  

Supplementary figures and tables 

 

S1 

 

Figure S1 Developmental regulation of EPS15 and EPS15R expression in postnatal mouse brain. (A–B) 

Quantification of EPS15 (A) and EPS15R (B) protein levels in whole-brain lysates from postnatal day 1 (P1) to 6-week-

old (P6w) mice, normalized to P1. Both proteins show a gradual increase during postnatal development (n = 3 mice per 

age). (Data are shown as individual data points with mean ± SEM; significance level: *=p<0.05). 

 

S2 

 

Figure S2  Expression pattern and domain architecture of CALCOCO1. (A) Representative confocal image of HeLa 

cells transfected with CALCOCO1–GFP showing a predominantly diffuse cytoplasmic distribution. Nuclei are stained with 

DAPI (blue). Scale bar: 10 µm. (B) Domain architecture of CALCOCO1 illustrating the SKICH domain, a conserved LC3-

interacting region (LIR), coiled-coil regions (CC), a ubiquitin-interacting region (UIR), a zinc finger domain (ZF), and a 

C-terminal FFAT-like motif. Adapted from (Nthiga et al., 2020a).  
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S3 

 

Figure S3 Proteomic analysis of EPS15/15R-deficient forebrains and validation of selected candidates. (A) 

Volcano plot showing differential protein expression in forebrains of control and EPS15/15R eDKO mice. EPS15R and its 

known interactors ITSN1 and ITSN2 are highlighted (boxed), confirming efficient knockout and revealing reduced 

ITSN1/2 abundance in eDKO samples. (B) Western blot analysis of total forebrain lysates showing reduced ITSN1 protein 

levels in eDKO mice. (C) Western blot of forebrain synaptosome preparations showing comparable JAM3 levels between 

control and eDKO mice.  (D) Quantification of ITSN1 and JAM3 protein levels expressed as percentage of control (n=3; 

one-sample t-test).  (Data are shown as individual data points with mean ± SEM; significance levels: n.s.= non-significant, 

**=p<0.01). 

 

S4 

 

Figure S4 Hindlimb clasping phenotype in EPS15/15R eDKO mice. (A) Representative images showing hindlimb 

clasping behavior in EPS15/15R eDKO mice compared to normal limb extension in control littermates, indicative of a 

neurological deficit. 
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S5 

 

Figure S5 Reduced ventral hippocampal commissure (VHC) size in EPS15/15R eDKO mice. (A) Representative 

Nissl-stained coronal brain sections showing the ventral hippocampal commissure (VHC) in control and EPS15/15R 

eDKO mice. The VHC appears visibly reduced in size in eDKO compared to control brains. Scale bar: 500 µm. (B) 

Quantification of VHC area measured across serial forebrain sections reveals a significant reduction in eDKO mice 

compared to controls (mean ± SEM; p < 0.05), indicating a partial loss of commissural projections (n = 6 per genotype; 

paired t-test). (Data are shown as individual data points with mean ± SEM; significance level: *=p<0.05). 

 

S6 

 

Figure S6  Localized astroglial enrichment along the SVZ and ventricular surface in EPS15/15R eDKO brains. 

(A) Representative confocal images of coronal brain sections from control and EPS15/15R eDKO mice stained for GFAP 

(red), VAMP2 (green), and DAPI (blue). eDKO brains show locally increased GFAP immunoreactivity in the subventricular 

zone (SVZ) and ventricular lining compared to controls. This increase appeared in a regionally restricted manner and was 

variable across animals, suggesting localized astroglial activation. Scale bar: 100 µm. 
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S7 

 

Figure S7 Hippocampal layering defects in EPS15/15R-deficient mice resemble those observed in ApoER2 

knockout mutants. (A) Representative Nissl-stained hippocampal sections from wild-type, VLDLR⁻/⁻, ApoER2⁻/⁻, and 

VLDLR/ApoER2 double knockout mice (adapted from (Trommsdorff et al., 1999a))  illustrating the characteristic 

neuronal disorganization in Reelin pathway mutants. (B) Corresponding Nissl-stained hippocampal sections from 

EPS15/15R eDKO mice (2 examples, top and bottom) showing disrupted lamination of the CA1–CA3 regions and an 

abnormal distribution of granule cells in the dentate gyrus, closely resembling the phenotype seen in ApoER2⁻/⁻ mutants. 
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Table S1 EPS15R co-IP mass-spectrometry candidates  

Gene names EPS15R 

Fold change -log 10 p-value 
EPS15R  
 

253.55 5.64 
 

EPS15 3.250316303 
 

2.04 
 

Ap2a1 
 

147.2783581 
 

7.27 
 

Clta 
 

155.2124517 
 

4.76 
 

ITSN1 180.7914666 
 

5.58 
 

ITSN2 202.230568 
 

5.82 
 

Epsin3 9.587125944 
 

3.80 
 

FCHO2 17.72912993 
 

3.80 
 

Stonin2 34.61214356 
 

5.07 
 

Calcoco1 96.02030036 
 

4.560587 
 

Sec16a 91.33490609 
 

4.41 
 

 

The listed proteins were enriched in EPS15R IPs relative to IPs with control IgGs. For each hit, the 

Fold change indicates the magnitude of enrichment (higher = stronger association with EPS15R), 

and –log10 p-value indicates statistical support (higher = more significant). The dataset recovers 

known endocytic partners (e.g., AP2A1 (AP-2a), CLTA (clathrin light chain A), FCHO2, Stonin2, 

Epsin3, ITSN1/ITSN2), and highlights additional candidates such as CALCOCO1 and SEC16A. 
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List of abbreviations 

Abbreviations Fullforms 
Aβ Amyloid-beta 

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 
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