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Summary

Summary

Intersectinl (ITSN1) is a multi-domain scaffold protein with proposed roles in
vesicular membrane traffic and cellular signaling events. However, the functional
relevance of ITSN1 in mammalian organisms is still under debate. Here, we provide
evidence for a so far undescribed function of ITSN1. Mouse mutants with a genetic
ablation of ITSN1 (ITSN1 knockout mice) display normal viability and appearance.
However, histological analysis of brains from ITSN1 knockout mice revealed marked
perturbations in the hippocampus. In these mice, hippocampal layering is disrupted
due to aberrant cell migration during development. In addition, the radial glia scaffold
in the dentate gyrus is disorganized and neuronal precursors are ectopically
localized, indicating deficits in hippocampal adult neurogenesis. Cortical and
cerebellar architecture, neurogenesis in the subventricular zone (SVZ), dendritic
spine morphology and axonal commissure formation are unaltered in the absence of
ITSN1. This suggests that ITSN1 is specifically required for development and function
of the hippocampus. A number of cell biological and biochemical experiments
revealed that the alterations in ITSN1 knockout mice are not the consequence of
defective ephrinB/EphB trafficking or signaling, a pathway previously linked to
ITSN1. Instead, the phenotype of ITSN1 knockout mice is caused by defective
signaling downstream of the large extracellular glycoprotein Reelin. Biochemical,
electrophysiological and genetic data indicate that ITSN1 is specifically required for
propagation of the Reelin signal through one of its major receptors, the very-low-
density-lipoprotein receptor (VLDLR). ITSN1 associates physically with VLDLR and
the Reelin signaling adaptor Disabled1 (Dab1). Despite its described role as endocytic
scaffold protein, ITSN1 is dispensable for endocytic trafficking of Reelin receptors.
However, levels of phosphorylated Dab1l are decreased in ITSN1 knockout mice
indicating inefficient activation of the Reelin signaling pathway. Reelin fails to
facilitate N-methyl-D-aspartate receptor (NMDAR) potentials in ITSN1 knockout mice
and, as a result, cannot augment hippocampal long-term potentiation (LTP). These
findings suggest that ITSN1 operates as a signaling adaptor for Reelin-VLDLR-Dab1
signaling. This notion is supported by mouse mutants deficient for the second main

receptor for Reelin, apolipoprotein E receptor 2 (ApoER2). These ApoER2 knockout
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Summary

mice phenotypically resemble ITSN1 knockout mice, albeit in a more severe form,
suggesting that the disruptions in the absence of ITSN1 are indeed a consequence of
defective Reelin signaling. Simultaneous ablation of ITSN1 and ApoER2
(ITSN1/ApoER2 double knockout mice) aggravates the defects in hippocampal
morphology and neurogenesis. In addition, ITSN1/ApoER2Z double knockout mice
also display disrupted layering of the cerebral cortex, similar to VLDLR/ApoER2
double knockout mice. These results imply that ITSN1 and ApoER2 act in distinct
pathways transmitting the Reelin signal, in agreement with the biochemical data.
Taken together, our results show that ITSN1 is a component of the Reelin signaling
machinery downstream of the VLDLR. This finding provides insights into the
mechanisms by which Reelin fulfills its various functions for the developing and
mature brain. Furthermore, our results may have implications for a variety of

neurological diseases, particularly Down syndrome and Alzheimer’s disease.
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Zusammenfassung

Zusammenfassung

Intersectinl (ITSN1) ist ein Multidomdnen-Geriistprotein, fiir das Funktionen im
vesikularen Membranverkehr und bei zelluliren Signalkaskaden vorgeschlagen
wurden. Allerdings ist die funktionelle Bedeutung von ITSN1 in Sdugetierorganismen
noch nicht ausdiskutiert. Hier erbringen wir den Nachweis fiir eine bisher
unbeschriebene Funktion von ITSN1. Mausmutanten, denen ITSN1 genetisch entfernt
wurde (ITSN1 Knockout Maiuse), weisen eine normale Lebensfahigkeit auf und
erscheinen aufderlich normal. Histologische Analysen der Gehirne von ITSN1
Knockout Mausen offenbarten jedoch ausgepragte Storungen im Hippocampus. In
diesen Mausen ist die hippocampale Schichtung aufgrund fehlerhafter Zellwanderung
wahrend der Entwicklung gestort. Dariiber hinaus ist das Geriist der radialen
Gliazellen im Gyrus dentatus ungeordnet und neuronale Vorlaufer ektopisch
lokalisiert, was auf Defizite bei der adulten Neurogenese im Hippocampus hinweist.
Der Aufbau des Cortex und des Cerebellums, die Neurogenese in der
subventrikuldaren Zone (SVZ), die Morphologie dendritischer Dornen und die
Ausbildung axonaler Kommissuren sind unverdndert in Abwesenheit von ITSN1. Dies
deutet darauf hin, dass ITSN1 spezifisch fiir Entwicklung und Funktion des
Hippocampus benétigt wird. Mehrere zellbiologische und biochemische Experimente
zeigten, dass die Verdnderungen in ITSN1 Knockout Mdusen nicht die Folge von
Mangeln im Transport oder der Signalweiterleitung von ephrinB/EphB-Proteinen
sind, ein Signalweg, welcher zuvor mit ITSN1 in Verbindung gebracht wurde. Der
Phanotyp der ITSN1 Knockout Mduse wird vielmehr durch Fehler im Signalweg,
welcher dem grofden extrazelluliren Glycoprotein Reelin nachgeschaltet ist,
verursacht. Biochemische, elektrophysiologische und genetische Daten zeigen, dass
ITSN1 spezifisch fiir die Weitergabe des Reelin-Signals durch einen seiner
Hauptrezeptoren, den Very-low-density-lipoprotein Rezeptor (VLDLR), bendtigt
wird. ITSN1 ist physisch mit VLDLR und dem Reelin-Signal-Adapterprotein Disabled1
(Dab1) assoziiert. Trotz seiner beschriebenen Funktion als endozytisches
Gertustprotein, ist ITSN1 entbehrlich fiir den endozytischen Transport der Reelin-
Rezeptoren. Die Menge an phosphoryliertem Dab1 ist jedoch verringert in ITSN1

Knockout Mausen, was auf eine ineffiziente Aktivierung des Reelin-Signalwegs
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Zusammenfassung

hinweist. Reelin gelingt es nicht, in ITSN1 Knockout Mausen N-methyl-D-aspartate-
Rezeptor (NMDAR)-Potentiale zu verstiarken und es kann daher das Ausmafd der
hippocampalen Langzeit-Potenzierung (LTP) nicht vergrofiern. Diese Erkenntnisse
legen den Schluss nahe, dass ITSN1 als Adapter fiir den Reelin-VLDLR-Dab1l
Signalweg fungiert. Diese Vorstellung wird gestiitzt von Mausmutanten, denen der
zweite Hauptrezeptor fiir Reelin, Apolipoprotein E Rezeptor 2 (ApoER2), fehlt. Diese
ApoER2 Knockout Mause dhneln ITSN1 Knockout Mausen phanotypisch, wenn auch
in einer schwereren Auspragung, was nahelegt, dass die Storungen in Abwesenheit
von ITSN1 in der Tat die Folge eines fehlerhaften Reelin-Signalwegs sind. Die
gleichzeitige Entfernung von ITSN1 und ApoER2 (ITSN1/ApoER2 Doppel-Knockout
Mause) verscharft die Defekte hippocampaler Morphologie und Neurogenese.
Dariiber hinaus weisen ITSN1/ApoER2 Doppel-Knockout Mause eine fehlerhafte
Schichtung des zerebralen Cortexes auf, dhnlich wie VLDLR/ApoER2 Doppel-
Knockout Mduse. Diese Ergebnisse lassen darauf schliefden, dass ITSN1 und ApoER2
bei der Ubertragung des Reelin-Signals in unterschiedlichen Signalwegen agieren,
was im Einklang mit den biochemischen Daten steht. Zusammengefasst zeigen unsere
Ergebnisse, dass ITSN1 eine Komponente der Maschinerie darstellt, die abhangig von
VLDLR das Reelin-Signal weitergibt. Dieser Befund verschafft Einblicke in die
Mechanismen, mit denen Reelin seine vielfiltigen Funktionen fiir das sich
entwickelnde und das reife Gehirn erfiillt. Des Weiteren konnten unsere Ergebnisse
Folgen fiir eine Vielzahl an neurologischen Erkrankungen, im Besonderen Down-

Syndrom und Alzheimer-Krankheit, haben.
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1. Introduction

1. Introduction

1.1 ITSNs as scaffold proteins

Scaffold and adaptor proteins are vital for many cellular processes, including
proliferation, survival, differentiation, trafficking and migration. Scaffold proteins
consist of multiple modular interaction domains (Good et al,, 2011). This modular
architecture enables scaffold proteins to interact with multiple proteins
simultaneously. In doing so, scaffolds can promote the interaction and
communication between different molecular components of a certain pathway. By
controlling the assembly of multi-protein complexes in space and time, scaffold
proteins can influence both the kinetics and the specificity of cellular signals.

Intersectin (ITSN) is a multi-domain scaffolding protein conserved throughout
evolution as its orthologs can be found in all metazoan animals examined so far. ITSN
is also known as Dap160 in Drosophila (Roos and Kelly, 1998), Ese-1/2 in mouse
(Sengar et al., 1999), or EHSH-1/2 in rat (Okamoto et al., 1999). In mammals, there
are two ITSN genes, ITSN1 and ITSN2, which show a high degree of similarity in both
sequence and domain structure (Pucharcos et al, 2000). For both ITSN genes,
alternative splicing results in two main isoforms, a ubiquitously expressed short
isoform (ITSN-S) and a long isoform (ITSN-L), predominantly expressed in the
nervous system (Guipponi et al., 1998; Pucharcos et al., 2001). ITSN-S consists of two
Eps15 homology domains (EH1 and EH2), a coiled-coil region (CCR) and a stretch of
five Src homology 3 domains (SH3A-E). The name ‘intersectin’ was chosen due to its
potential to link EH and SH3 domain-binding proteins in a macromolecular complex
(Yamabhai et al.,, 1998).

EH domains bind to Asn-Pro-Phe (NPF) motifs and have been found in several
proteins implicated in endocytosis (Santolini et al., 1999). CCRs frequently mediate
protein oligomerization (Burkhard et al., 2001). SH3 domains bind to proline-rich
regions (PRR) and are commonly found in proteins regulating signaling pathways,
cytoskeletal remodeling and membrane traffic (Mayer and Eck, 1995). The long
isoform ITSN-L contains the same domains but also three additional domains at its C-
terminus, a Dbl homology domain (DH), a pleckstrin homology domain (PH) and a C2
domain (Guipponi et al,, 1998; Hussain et al., 1999; Sengar et al., 1999). The DH and

14



1. Introduction

PH domain function as a guanine nucleotide exchange factor (GEF) that activates the
Ras homolog gene (Rho) family GTPase Cdc42 (Hussain et al, 2001). Via its SH3
domains, ITSN can also bind to the neural Wiskott-Aldrich syndrome protein N-
WASP. This interaction stimulates the ITSN1 GEF activity, thereby inducing N-WASP-
and Actin-related protein-2/3 complex (Arp2/3)-dependent actin assembly (Hussain
et al, 2001; McGavin et al, 2001). C2 domains are important for membrane
trafficking and signaling processes by their ability to bind phosphoinositides and
calcium (Corbalan-Garcia and Gomez-Fernandez, 2014). Thanks to their multi-
modular structure, ITSN1 and 2 are ideally suited to act as scaffolding proteins. This

work focuses on the role of ITSN1 in mammalian physiology.

Endocytic vesicle Cell survival Phosphatidylinositol = Viral Dendritic spine
formation and fission phosphatases latency development

1
ez 35 nepoern

—

=

SV cargo Stimulation of Actin cytoskeleton
recognition Exocytosis Ras activation RTK ubiquitylation ROMK1 endocytosis rearrangement

Figure 1.1 Schematic view of the ITSN domain structure and interacting proteins. ITSN consists
of two EH domains followed by a coiled-coil region (CCR) and five SH3 domains. The long isoform has
an extended C-terminus harboring a Dbl homology domain (DH), a pleckstrin homology domain (PH)
and a C2 domain. The different domains interact with a plethora of binding partners implicating ITSN
scaffold proteins in a variety of processes. Taken from Tsyba et al., 2011.

1.1.1 ITSN1 in vesicle trafficking

Eukaryotic cells are able to take up extracellular material into the cell in a
process called endocytosis. There are several mechanistically distinct pathways of
endocytosis, although probably considerable overlap exists between the different
types. Depending on whether the coat protein clathrin is involved in formation

of the endocytic vesicle, endocytic pathways are grouped into clathrin-dependent
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1. Introduction

and -independent processes (Doherty and McMahon, 2009; Hansen and Nichols,
2009).

Of the clathrin-independent pathways, caveolae-mediated endocytosis is the
most commonly described process. Caveolae are invaginations of the plasma
membrane with a characteristic flask-shaped morphology. Endocytosis via caveolae
depends on the lipid-binding protein caveolin (Rothberg et al., 1992) and the
membrane-fissioning GTPase Dynamin (Henley et al., 1998; Oh et al., 1998). Other
clathrin-independent pathways like macropinocytosis, flotillin-mediated endocytosis
or the CLIC/GEEC (clathrin-independent carriers/GPI-enriched early endosomal
compartments) pathway are less well understood.

Clathrin-mediated endocytosis (CME) is the best understood endocytic pathway
(McMahon and Boucrot, 2011). Adaptor and accessory proteins promote clathrin
nucleation at phosphatidylinositol-4, 5-bisphosphate (PI4,5P2)-rich sites of the
plasma membrane, generating a clathrin-coated pit (CCP). Cargo is recruited into the
nascent pit by the adaptor protein complex 2 (AP-2), as are further clathrin
molecules. Clathrin polymerization in hexagons and pentagons facilitates membrane
invagination and constriction of the neck. Clathrin-coated vesicles (CCVs) are
produced by the action of the large GTPase Dynamin which mediates fission of the
vesicle from the plasma membrane. The phosphoinositide phosphatase Synaptojanin
1 removes PI4,5P2 and thereby releases adaptor proteins from the vesicle membrane.

Finally, the clathrin coat is shed by auxilin and Hsc70.

Nucleation Cargo selection Coat assembly Scission Uncoating

L5 @A
\® @ ﬁ/ {/G /Auxilin
Y W

Dynaminy

Clathrin|

I MIEPS15 L ‘

ntersectin P .
N

FCHO1,2 AP2 23

Cargo-
specific
adaptor

Plasma membrane

BAR protein! |Dynamin

Figure 1.2 Clathrin-mediated endocytosis. The generation of clathrin-coated vesicles consists of five
steps. Nucleators of clathrin-coated pits (CCPs) like FCH domain only (FCHo) proteins bind PI4,5P:-
rich sites of the membrane and recruit scaffold proteins like Eps15 or intersectins and adaptor protein
complex 2 (AP-2). Cargo is recruited to CCPs via direct interaction with AP-2 or via cargo-specific
adaptors. Clathrin molecules polymerize and form the clathrin coat around the nascent pit. Dynamin is
recruited to the neck of the forming vesicle and induces membrane scission in a GTP-consuming
process. Auxilin and Hsc70 disassemble the clathrin coat and release the endocytic vesicle into the
cytosol. Modified from McMahon and Boucrot, 2011.
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A vast number of experiments link ITSN1 to clathrin-mediated endocytosis. The
EH domains of ITSN1 can interact with the endocytic accessory protein epsin and the
endocytic sorting adaptor stonin 2 (Yamabhai et al, 1998; Hussain et al., 1999;
Martina et al, 2001). ITSN1 can form heterodimers with the scaffolding protein
Eps15 through CCR interaction (Sengar et al.,, 1999). Via its SH3 domains, ITSN1 can
bind to the vesicle fission protein Dynamin and the phosphatase Synaptojanin 1
(Yamabhai et al., 1998; Sengar et al., 1999). Similar interactions have been described
for ITSN1 orthologs in C. elegans and Drosophila (Roos and Kelly, 1998; Koh et al,,
2007; Wang et al., 2008). A complex between FCHo, a nucleator of CCPs, and ITSN1
has also been described (Henne et al, 2010). ITSN1 also associates with the
membrane deforming protein SH3-containing GRB2-like protein 3-interacting protein
1 (SGIP1) and the adaptor protein RalBP1-associated Eps domain-containing protein
1 (Reps1) in CCPs (Dergai et al.,, 2010). Furthermore, ITSN1 can directly interact with
the a- and 3-appendage domains of AP-2 (Pechstein et al., 2010a).

In COS-7 cells and hippocampal neurons, ITSN1 can be found in CCPs at the
plasma membrane as well as in Golgi-like structures (Hussain et al., 1999; Predescu et
al., 2003). Overexpression of ITSN1 inhibits the uptake of transferrin in COS-1 and
COS-7 cells (Sengar et al., 1999; Pucharcos et al., 2000) as does knockdown of ITSN1
in hippocampal neurons (Thomas et al, 2009). These findings indicate a direct
involvement of ITSN1 in CME. In endothelial cells, ITSN1 was also found at caveolae
and ITSN1 overexpression inhibited caveolae-dependent endocytosis (Predescu et al.,
2003).

ITSN1 has also been described to function in exocytic events. The CCR of ITSN1
can bind to Synaptosomal-associated protein 25 kDa (SNAP25), a Soluble NSF
attachment protein receptor (SNARE) protein involved in SV release (Okamoto et al,,
1999). Furthermore, the GEF activity of ITSN1-L towards Cdc42 is required for
exocytosis of secretory granules in neuroendocrine cells (Malacombe et al., 2006;
Momboisse et al.,, 2009). In line with this, exocytosis in chromaffin cells lacking ITSN1
is severely perturbed (Yu et al., 2008).

At presynaptic membranes, synaptic vesicles (SVs) are exocytosed upon arrival
of an action potential. To allow sustained neurotransmission, SVs are retrieved
rapidly by endocytosis and new vesicles are formed. As ITSN can associate with both

endocytic and exocytic proteins, it is ideally suited for coordinating SV cycling
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(Pechstein et al, 2010b; Gubar et al., 2013). Indeed, a participation of ITSN in
presynaptic membrane traffic has been shown, primarily in invertebrates.

ITSN is localized to the presynapse of neuromuscular junctions in Drosophila
and C. elegans (Roos and Kelly, 1998; Koh et al., 2007; Rose et al., 2007; Wang et al.,
2008). In both organisms, a loss-of-function mutation in the ITSN1 ortholog leads to
severe defects in SV formation (Koh et al., 2004; Marie et al., 2004; Wang et al., 2008).
The number of SVs is decreased in these mutants accompanied by an aberrant SV
shape. Furthermore, endocytic intermediates accumulate at the periactive zone,
indicating an essential role of ITSN/Dap160 for SV formation from the plasma
membrane. Dap160 seems to be important for efficient recruitment of endocytic
proteins, especially Dynamin, to endocytic sites during stimulation (Marie et al., 2004;
Koh et al,, 2007; Winther et al., 2013). Recently, Dap160 has also been implicated in
clustering of SVs by forming a functional complex with the SV-associated protein
Synapsin (Winther et al,, 2015).

In contrast to the pivotal function of ITSN/Dap160 at invertebrate synapses, the
role of ITSN1 at mammalian synapses is less clear. Knockout (KO) of ITSN1 in mice
leads to a mild effect on SV endocytosis in neurons (Yu et al, 2008) while a
knockdown of ITSN1 left SV endocytosis unaltered (Thomas et al, 2009).
Electrophysiological experiments did not reveal any changes in basal synaptic
transmission in ITSN1 KO or ITSN1/ITSN2 double KO mice (Sengar et al., 2013).
Using capacitance measurements at the calyx of Held, it could be shown that ITSN1 is
specifically required for the replenishment of release-ready SVs (Sakaba et al., 2013).
ITSN1 was also implicated in post-endocytic vesicle uncoating by interacting with the
BAR domain protein endophilin A1 (Pechstein et al., 2015). In sum, these findings
show that SV cycling in mammalian synapses is not severely perturbed in the absence
of ITSN1. Therefore, ITSN1 appears to be less important for SV exo-/endocytic cycling

in mammals than its orthologs are in Drosophila or C. elegans.

1.1.2 Signaling Pathways regulated by ITSN1

Besides its participation in vesicle trafficking, ITSN1 has been implicated in the
regulation of intracellular signaling pathways. ITSN1 can bind to Son Of Sevenless

Homolog 1 (Sos1), a GEF for the small GTPase Ras (Rat sarcoma), thereby regulating
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Ras and Extracellular signal-regulated kinase (Erk) activation (Tong et al., 2000a;
Tong et al., 2000b; Mohney et al.,, 2003). Ras-related C3 botulinum toxin substrate 1
(Racl), a small G-protein involved in actin dynamics, is indirectly regulated by ITSN1
through association of ITSN1 with its GTPase-activating protein CdGAP (Jenna et al.,
2002). Furthermore, ITSN1 forms a complex with the E3-ubiquitin ligase Cbl (Casitas
B-lineage lymphoma) and stimulates the Cbl-mediated ubiquitylation and
degradation of the epidermal growth factor (EGF) receptor (Martin et al.,, 2006).
Additionally, ITSN1 can activate the transcription factor Elk1 in a c-Jun N-terminal
kinase (JNK)-dependent and Erk-independent manner (Adams et al., 2000; Mohney et
al,, 2003). Overexpression of ITSN1 results in oncogenic transformation in fibroblasts
(Adams et al., 2000; Wang et al., 2005) while knockdown of ITSN1 reduces Mek
(MAPK/ERK kinase) and Erk phosphorylation and induces apoptosis (Predescu et al,,
2007). ITSN1 was also shown to regulate the signaling outcome downstream of
TGFB/AIKS5 (Transforming growth factor beta/Activin receptor-like kinase 5). ITSN
deficiency triggers a switch, from the canonical Smad2/3 to the pathophysiological
relevant Erk1/2 pathway (Bardita et al., 2015). In neural cells, ITSN1 was reported to
activate a phosphoinositide 3-kinase (PI3K)-Akt pathway by interacting with
PI3KC2pB. Knockdown of ITSN1 in cortical neurons decreases phosphorylated Akt
levels and cell survival (Das et al., 2007). In addition, ITSNs were found to bind the
p85a regulatory subunit of class I PI3Ks in a yeast two-hybrid screen (Wong et al.,
2012). Taken together, this data shows that ITSN1 can regulate various intracellular
signaling pathways in neuronal and non-neuronal cells, thereby influencing
proliferation, differentiation and survival. The functional significance of ITSN1 for

these processes in vivo is still under debate.

1.1.3 Postsynaptic roles of ITSN1

A number of publications have described a role for ITSN1 in postsynaptic
function. In C. elegans interneurons, ITSN was shown to regulate trafficking of the a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit
GLR-1 (glutamate receptor 1; Glodowski et al., 2007). Additionally, ITSN1 was found
to bind N-methyl-D-aspartate receptors (NMDARs) NR1 and NR2B but not AMPA

receptors in rat brain tissue (Nishimura et al., 2006). A functional role of ITSN1 was
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found for the development of dendritic spines, membrane protrusions in neuronal
dendrites rich in filamentous actin (F-actin). Spines constitute the postsynaptic
component of most excitatory synapses in the brain. The morphology of dendritic
spines and their structural plasticity are vital for synaptic plasticity and learning
(Yang et al, 2009). ITSN1 was shown to be localized in dendritic spines and
knockdown of ITSN1 resulted in defective spine development (Thomas et al., 2009).
Overexpression of full-length ITSN1 or ITSN1-SH3 domains disturbs spine formation
and leads to elongated spines. The effect of ITSN1 on spine morphology seems to be
linked to the receptor tyrosine kinase EphB2. ITSN1 forms a complex with EphB2 and
the adaptor protein Numb. This association activates its GEF activity and thereby
stimulates actin polymerization via Cdc42 and N-WASP (Irie and Yamaguchi, 2002;
Nishimura et al, 2006). ITSN1 thus seems to have both pre- and postsynaptic

functions, although its precise role for mammalian brain physiology is still unknown.
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1.2  Hippocampal development and adult
neurogenesis

The hippocampus is mainly known for its role in learning and memory
processes. Malfunctioning of the hippocampus has been linked to multiple
neurological disorders like Alzheimer’s disease, epilepsy and schizophrenia (Engel,
2001; Harrison, 2004; Hampel et al,, 2008). Investigating hippocampal development
and physiology is key for a better understanding of these diseases and a prerequisite

for novel therapeutic strategies.

1.2.1 Structure and formation of the hippocampus

The hippocampus (Latin for seahorse) is named after its shape. Anatomically, it
is a cortical structure located in the temporal lobes of the brain. The ‘hippocampus
formation’ consists of several components: the major part of the hippocampus proper
is formed by a series of Cornu Ammonis (Ammon’s horn; CA1-CA4) areas, formed by
tightly packed pyramidal neurons. The CA1 region lies adjacent to the subiculum,
followed by pre- and parasubiculum. The dentate gyrus (DG) forms a U- or V-shaped
wedge wrapped around the CA3 region. The DG consists of three layers: a densely
packed layer of small granular neurons (granular cell layer; GCL), a molecular layer
(ML) containing granule cell dendrites, and a polymorph layer (also referred to as
hilus). 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. Axons
from the EC make connections with the granule neurons of the DG through the
perforant pathway. Axons from the DG project to the pyramidal cells of CA3 via mossy
fibers which, in turn, project to CA1 neurons via Schaffer collaterals. From CAl,
information is then passed on to the subiculum and the EC. Therefore, the major

connections within the hippocampus constitute a unidirectional, trisynaptic circuit.
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CA1
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Figure 1.3 Hippocampal structure and circuitry. The basic circuitry of the hippocampus is
commonly referred to as the trisynaptic circuit. Axons from layer II of the entorhinal cortex (EC)
project to the granule cells of the dentate gyrus (DG) via the medial (light blue; MPP) and lateral
(purple; LPP) perforant pathways. Pyramidal neurons in CA3 receive input from the DG cells via the
mossy fiber pathway (green; MF). CA3 pyramidal neurons make connections with the CA1 via Schaffer
collaterals (pink; SC). The CA1 pyramidal cells project to both the subiculum (S) and to deep layers V
and VI of the EC. Taken from Patten et al.,, 2015.

As the hippocampus is a cortical structure, its development shares similarities
with the formation of the neocortex (Hayashi et al., 2015). Hippocampal and cortical
neurons are derived from progenitor cells in neuroepithelial ventricular zones (VZs).
These progenitor cells are called radial glial cells due to their long, radially oriented
process. These can give rise to neurons and glia cells but also provide a scaffold for
radially migrating neurons (Rakic, 2009). In the cortex, newly generated neurons
migrate out of the VZ and subventricular zone (SVZ) towards the pial surface. Later-
born neurons migrate past earlier-born neurons, giving rise to the characteristic
inside-out lamination pattern of the cortex (Gupta et al., 2002). Cajal-Retzius cells in
the marginal zone (MZ) regulate radial migration of neurons and cortical layering by
secreting soluble signaling molecules such as the glycoprotein Reelin (Ogawa et al.,
1995).

Development of the hippocampus occurs in a similar way. Radial glial cells in
the ammonic and dentate neuroepithelium are highly proliferative and produce
pyramidal and granule neurons, respectively (Altman and Bayer, 1990b). As in the
cortex, cell migration in CA and DG regions is controlled by Reelin, secreted from
Cajal-Retzius cells in the MZ. In the CA region, pyramidal cells leave the

neuroepithelium and form a cell band in the intermediate zone (IZ; Altman and Bayer,
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1990c). After this ‘sojourning’, the cells leave the IZ and form the pyramidal cell layer.

Sojourning has been proposed to be required for polarization and axon outgrowth.

E18 E20

Dentate
neuroepithelium

Figure 1.4 Formation of the hippocampus. Pyramidal neurons migrate from the ventricular zone
(VZ) towards the pial surface (black arrows) resulting in CA layer formation. DG cells originate from a
distinct area of neuroepithelium (gray box) and migrate tangentially in a subpial stream (gray arrow)
towards the secondary dentate matrix (SDM). At around E20 in the mouse, the upper, supra-granular
blade of the DG (mottled gray) is formed by radial migration from the SDM. By P5, both DG blades are
formed and progenitors reside in a tertiary dentate matrix (TDM; hilus and subgranular zone).
Modified from Khalaf-Nazzal and Francis, 2013.

DG cells are generated from the rather narrow dentate neuroepithelium
(primary dentate matrix) and migrate along tangentially oriented primary radial glial
cells through the subpial space (Angevine, 1965; Nakahira and Yuasa, 2005).
Migrating DG cells consist of a mixture of post-mitotic neurons and precursor cells
and are guided by stromal cell-derived factor 1, SDF1 (Bagri et al., 2002). These cells
form the secondary dentate matrix (SDM) from which granule cells migrate radially
to form the outer shell of the supra- and then the infra-granular blade of the dentate
gyrus (Altman and Bayer, 1990a). In late embryonic and early postnatal days,
progenitor cells from the SDM migrate into the future DG hilus region constituting the
tertiary dentate matrix (TDM). Granule neurons produced in the TDM form the inner
part of the GCL (Altman and Bayer, 1990a). With increasing age, the neurogenic zone
becomes more and more restricted to the boundary between the hilus and the GCL,

called the subgranular zone (SGZ).
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1.2.2 Adult hippocampal neurogenesis

In most regions of the brain, neurons are generated during early development
before neurogenesis ceases around birth (Balu and Lucki, 2009; Kempermann et al.,
2015). In contrast, in the DG neurons can be generated also during adult life (Altman
and Das, 1965; Kaplan and Hinds, 1977; Cameron et al., 1993). In the adult DG,
different types of precursor cells reside in the SGZ. Type 1 cells are multipotent
progenitors and show a radial glial cell-like morphology with a triangular soma and
one apical process reaching into the GCL (Seri et al.,, 2001). These cells possess
astrocytic properties and express the astrocyte marker glial fibrillary acidic protein
(GFAP), but not S100B. They also express markers associated with neural precursors
like Nestin (an intermediate filament) and the transcription factor SRY (sex
determining region Y)-box 2, Sox2 (Filippov et al., 2003; Fukuda et al., 2003; Seri et
al., 2004). Radial glial cells in the DG have been shown to proliferate relatively slowly
(Kronenberg et al., 2003) but can divide asymmetrically, producing one new radial
glial cell and one more lineage-restricted precursor cell (Kempermann et al., 2004;
Encinas et al,, 2011). Due to their multipotency and self-renewing capacity, radial glial
cells have been considered to be bona fide stem cells (Palmer et al., 1997; Suh et al,,
2007) although this concept has been questioned by others (Seaberg and van der
Kooy, 2002; Bull and Bartlett, 2005).

Radial glia-like type 1 cells give rise to transiently amplifying neuronal
progenitor cells (type 2 cells). These cells are mitotically very active and thereby
expand the pool of progenitors. One subset of type 2 cells, type 2a, still expresses glial
markers while another subset, type 2b, already shows neuronal features like
Doublecortin (Dcx) or NeuroD expression (Steiner et al., 2006). This differentiation
step marks the transition towards the neuronal lineage. Type 2b cells mature into
type 3 cells which are Dcx-positive neuroblasts with limited proliferative activity.
After short-distance migration into the GCL, these cells differentiate into mature
granule neurons expressing neuronal markers as NeuN (neuronal nuclei) or
Calbindin. Around seven weeks after birth, new neurons display properties of mature
granule cells and become integrated into the hippocampal circuitry (van Praag et al.,

2002).
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Figure 1.5 Developmental stages in the course of adult hippocampal neurogenesis. Type 1 cells
with radial glia properties give rise to type 2 progenitor cells. Two subtypes of type 2 cells can be
distinguished (types 2a and 2b). The neuronal fate is determined at stage type 2b. Type 3 cells exit
from the cell cycle and differentiate into immature and further into mature neurons. These newborn
granule cells extend their dendrites and axons to become integrated into the hippocampal network.
Cells at different stages of neurogenesis can be classified according to the expression of specific
markers. Taken from Zhang and Jin, 2012.

The subventricular zone (SVZ) of the lateral ventricles is the second region
where neurogenesis occurs in the adult brain. The SVZ harbors slowly dividing cells
with stem cell properties expressing GFAP and Nestin (Doetsch et al., 1997; Doetsch
et al.,, 1999). These cells divide asymmetrically to generate transit amplifying cells
which further differentiate into neuroblasts. Dcx-expressing neuroblasts migrate in
chains along the rostral migratory stream (RMS) towards the olfactory bulb (Lois and
Alvarez-Buylla, 1994), where they mature into gamma-aminobutyric acid (GABA)-
and dopamine-producing interneurons (Luskin, 1993). It has been suggested that in
the olfactory bulb continuous replacement of old neurons by newborn neurons is
important for olfactory function (Gheusi et al.,, 2000). Olfaction is the primary sense
for many animals, including rodents, but not for humans. Hence, SVZ neurogenesis
plays a prominent role for mice but a subordinate role for humans.

In contrast, adult neurogenesis in the hippocampus is of much higher relevance

for cognitive function in humans. The hippocampus is vital for learning and memory
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and adult neurogenesis contributes to hippocampal plasticity required for these
processes. Learning and physical exercise promote generation of new neurons in the
hippocampus (Gould et al., 1999; Fabel et al., 2009). On the other hand, factors known
to impair hippocampal function like stress, aging or disease can hamper neurogenesis
(Warner-Schmidt and Duman, 2006; Lucassen et al., 2015). This suggests that adult
neurogenesis plays an important role for hippocampal function but its specific

function is still unclear (Deng et al., 2010).
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1.3 Signaling pathways regulating hippocampal
function

Adult hippocampal neurogenesis is regulated by a variety of extrinsic and
intrinsic factors (Faigle and Song, 2013). These include growth factors like brain-
derived neurotrophic factor (BDNF), Neurotrophin 3 (NT3), fibroblast growth factor
2 (FGF2), insulin-like growth factor 1 (IGF1), and vascular endothelial growth factor
(VEGF) as well as morphogens, namely Wnt, Notch, sonic hedgehog protein (Shh) and
bone morphogenetic protein (BMP). Neurotransmitters like GABA, Glutamate and
Dopamine also influence hippocampal neurogenesis. Some of these soluble factors
enter the neurogenic niche through blood vessels whereas others are synthesized
locally (Suh et al.,, 2009). Understanding the precise mechanisms regulating adult
neurogenesis might hold great potential for drug development and future treatments

of neurological diseases.

1.3.1 Ephrin/Eph signaling

The microenvironment allowing for adult neurogenesis is not only determined
by soluble signaling molecules but also by direct interactions between progenitors
and their neighboring cells. Eph receptors and ephrins are cell surface proteins that
are involved in local cell-to-cell communication. Eph receptors and ephrin ligands are
typically expressed on neighboring cells, interacting with each other. Formation of
ephrin/Eph complexes triggers intracellular signaling cascades in both the Eph- and
the ephrin-expressing cell. Signaling downstream of Eph receptors and ephrins is
referred to as forward and reverse, respectively. Mediating repulsion between
neighboring cells during development is considered the canonical function of
Eph/ephrin signaling. In doing so, Eph/ephrin complexes regulate various
developmental processes including migration and cell positioning, axon guidance,
tissue boundary formation and development of the vascular system (Pasquale, 2008).
Axon guidance by various ephrins and Eph receptors is vital for the formation of
axonal commissures like the corpus callosum (Mendes et al., 2006). In addition, there

is a growing body of evidence suggesting additional roles for Eph/ephrin signaling in
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the adult brain, e.g. for synapse plasticity (Lai and Ip, 2009) or adult neurogenesis
(Laussu etal,, 2014).

Ephrins and Eph receptors can be grouped into two subclasses, A and B,
according to their sequence homologies and binding characteristics (Gale et al.,
1996). Generally, ephrin-A ligands interact with EphA receptors while ephrin-B
ligands bind to EphB receptors, although certain promiscuity exists between the
subclasses (Kullander et al., 2003; Himanen et al., 2004).

Eph receptors constitute the largest subfamily of receptor tyrosine kinases
(RTKSs). Structurally, they possess a multi-domain extracellular region that includes a
highly conserved ephrin-binding domain (Labrador et al, 1997; Himanen et al,
2001), a cysteine-rich region and two fibronectin type III repeats. The intracellular
region of Eph receptors contains a tyrosine kinase domain, a sterile-a motif (SAM) as
well as a PDZ (PSD-95/Dlg1/Z01)-binding motif. The SAM domain can promote
receptor oligomerization (Qiao and Bowie, 2005) while the PDZ-binding motif is
required for co-clustering of Eph receptors with PDZ domain-containing proteins like
AMPA-type glutamate receptors at the plasma membrane (Torres et al., 1998; Kayser
etal., 2006).

Ephrins consist of an N-terminal Eph receptor-binding domain, separated from
the membrane by a linker region of variable length. EphrinAs are linked to the cell
surface by a glycosylphosphatidylinositol (GPI) anchor, whereas class B ephrins have
a transmembrane region and a short cytoplasmic domain of about 80 amino acids
which harbors a PDZ-binding motif (Torres et al., 1998; Song et al., 2002).

Binding to ephrins to Eph receptors leads to autophosphorylation of the
receptor followed by phosphorylation of downstream effector proteins (Wybenga-
Groot et al., 2001). Autophosphorylated Eph receptors recruit SH2 (Src homology 2)
domain-containing adaptor proteins like noncatalytic region of tyrosine kinase a
(Ncka; Hu et al,, 2009) and CT10 Regulator of Kinase (Crk; Noren et al., 2006; Huang
et al., 2008). A well-known mechanisms by which Eph receptors modulate adhesion,
cell shape and migration is the regulation of small G-proteins of the Rho family,
including RhoA, Racl and Cdc42 (Lisabeth et al., 2013). Eph receptors can influence
the activation status of these G-proteins by regulating a variety of GEFs and GAPs
(GTPase-activating proteins) although the precise mechanisms that determine the

signaling outcome are not fully understood.
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Figure 1.6 Domain structure of EphB receptors and ephrinBs and signaling effectors. EphB
receptors bind to ephrinB ligands expressed by neighboring cells. Ligand binding induces forward
signaling in the EphB-expressing cell and reverse signaling in the ephrinB-expressing cell. Forward and
reverse signaling involves tyrosine phosphorylation of EphB and ephrinB, respectively, and
recruitment of downstream effector proteins, e.g. GEFs or GAPs. Therefore, EphB/ephrinB signaling
leads to remodeling of the actin cytoskeleton and as a result modulates cell adhesion and migration.
Taken from Park and Lee, 2015.

By providing a repulsive cue, Eph receptor signaling can guide migrating
neurons and their axonal processes during development of the nervous system. This
process involves the dynamic regulation of the cytoskeleton by small G-proteins.
RhoA activation by the GEF Ephexinl has been shown to induce collapse of axonal
growth cones downstream of EphA receptors (Shamah et al., 2001; Sahin et al., 2005).
Inactivation of Racl by the Rac GAP a2-chimaerin also induces growth cone collapse
(Shi et al,, 2007; Wegmeyer et al., 2007). On the other hand, Rac1 activation by GEFs
of the Vav family has been implicated in growth cone collapse by mediating endocytic
uptake of adhesive ephrin/Eph complexes (Cowan et al., 2005; Yoo et al., 2011).
Removal or disruption of ephrin/Eph complexes is a prerequisite for cellular
detachment and repulsion. This can occur either by proteolytic cleavage of
ephrins/Eph receptors or by endocytic removal. Internalization of ligand/receptor
complexes, which can be taken up either by the ephrin- or the Eph-expressing cell, is

called ‘transendocytosis’. It requires mechanical force generated by actin
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polymerization and is coordinated by small G-proteins like Racl (Marston et al,
2003; Zimmer et al.,, 2003).

Eph receptors also control actin dynamics during the development of dendritic
spines. Activation of EphA4 induces retraction of dendritic spines in an ephexin-
dependent manner (Murai et al., 2003; Fu et al.,, 2007). In contrast, ephrinB/EphB-
dependent activation of Racl by the Rac GEFs Tiam1 (T-cell lymphoma invasion and
metastasis 1) and Kalirin is required for spine formation and maturation (Penzes et
al., 2003; Tolias et al., 2007). A similar role for dendritic spine morphogenesis has
been described for EphB2-dependent activation of Cdc42 and N-WASP (Irie and
Yamaguchi, 2002). Interestingly, ITSN1 associates with EphB2 suggesting a possible
role for the Cdc42 GEF activity of ITSN1 in EphB2-mediated signaling. An alternative
pathway for EphB-induced dendritic spine morphogenesis entails RhoA activation
through focal adhesion kinase (Moeller et al.,, 2006). Furthermore, EphB receptor
signaling can induce Ephexin5 ubiquitylation and degradation which decreases RhoA
activity and thereby promotes formation of excitatory synapses (Margolis et al,
2010).

Eph receptor signaling has been shown to control diverse kinase signaling
pathways. Depending on the different subclasses and the cellular context, Eph
signaling can suppress or activate kinase signaling cascades. This provides Eph
receptors with both tumor-suppressing and -promoting properties.

Like other RTKs, Eph receptors can activate the Ras-Erk pathway. Ephrin-
stimulated EphB1 can activate Erk which increases cell motility (Vindis et al., 2003).
This process involves recruitment of the adaptor proteins p52Shc and Grb2 (growth
factor receptor-bound protein 2) as well as phosphorylation of the kinase Src.
Similarly, activation of EphB2 forward signaling by ephrinB1 promotes cell repulsion
in an Erk-dependent manner (Poliakov et al, 2008). EphrinBl-induced EphB
signaling can promote proliferation and regulate gene transcription via Erk activation
(Bush and Soriano, 2010).

Interestingly, Eph receptor forward signaling can also inhibit the Ras-Erk
pathway. For example, EphB4 signaling can promote Erk activation in breast cancer
cell while inhibiting Erk in endothelial cells (Xiao et al., 2012). Of note, Eph receptors
have even been shown to often override the activating effects of other RTKs on Erk

(Miao et al, 2001). For example, suppression of Erk activation by ephrinA/EphA
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signaling in myoblasts shifts the response to IGF1 towards myogenic differentiation
(Minami et al., 2011). EphrinA5 can suppress Erk activity and thereby inhibit the
Tyrosine receptor kinase B (TrkB)-dependent effects on growth cone dynamics,
neurite branching and gene expression (Meier et al.,, 2011). Mechanistically, Eph-
dependent inactivation of the Ras/Erk-pathway involves p120-RasGAP (Elowe et al.,
2001). The effects of Eph receptor signaling on integrin activity and cellular adhesion
are mediated by p120-RasGAP-dependent inhibition of Ras (Dail et al., 2006). Integrin
function is also regulated by Rap1 (Ras-related protein 1), another member of the Ras
protein family. Activated EphB2 can inhibit Rap1 and thereby induce cell retraction
(Riedl et al., 2005). In neurons, ephrinA/EphA4-dependent Rap1 inactivation has
been shown to induce growth cone collapse (Richter et al., 2007).

Eph receptors can also regulate the activity of the serine/threonine kinase Akt.
Unlike other RTKs, Eph receptor forward signaling can suppress Akt activation.
Ephrin-dependent stimulation of EphA2 causes dephosphorylation of Akt, thereby
inhibiting cell growth (Menges and McCance, 2008; Miao et al., 2009). Remarkably,
EphA2-depdendent dephosphorylation of Akt can counteract the oncogenic effects of
a constitutively active Akt pathway in cancer cells (Yang et al., 2011). Similarly,
activation of EphB3 can inhibit Akt and thereby suppress cancer cell migration and
metastasis (Li et al,, 2012).

Like for the Ras-Erk cascade, Eph receptors can both inhibit and activate the Akt
pathway, depending on the cellular context. Stimulation of pancreatic cancer cells
with ephrinA2 lead to activation of Akt (Chang et al, 2008). In malignant
T lymphocytes, ephrinB-dependent EphB signaling induces Akt activation and
suppresses apoptosis (Maddigan et al., 2011). In sum, this shows that Eph receptor
forward signaling controls numerous processes during development and maturity in
various tissues.

Ephrin/Eph receptor interaction also elicits signaling in the ephrin-expressing
cell (‘reverse signaling’). The A subclass of ephrins lacks a cytosolic region but can
still activate intracellular signaling pathways. EphrinA effects on axon guidance and
branching have been shown to be mediated by the neurotrophin receptors p75 and
TrkB (Lim et al, 2008; Marler et al., 2008). The receptor tyrosine kinase Ret is
essential for motor axon attraction caused by ephrinA reverse signaling (Bonanomi et

al., 2012). Probably further transmembrane proteins are responsible for transmission
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of the diverse ephrinA reverse signaling effects. EphrinA3 can modulate synaptic
plasticity in the adult hippocampus by increasing the abundance of glial glutamate
transporters (Carmona et al., 2009; Filosa et al., 2009). EphrinA5 can activate the Src
family kinase Fyn to modulate cell adhesion and invasiveness (Davy et al., 1999;
Campbell et al, 2006) or EGF receptor ubiquitylation and degradation (Li et al,,
2009). Furthermore, ephrinAS5 is required for insulin secretion from pancreatic beta
cells (Konstantinova et al., 2007). In Jurkat immune cells EphrinA4 can activate Src
family kinases as well as Akt, thereby inhibiting apoptosis (Holen et al., 2008).
Ephrins of the B subclass harbor an intracellular domain but lack enzymatic
activity. Upon binding to EphB receptors they activate Src family kinases and a
regulatory phosphotyrosine phosphatase (PTP-BL). EphrinBs are phosphorylated by
Src family kinases (SFKs) and later dephosphorylated by PTP-BL (Cowan and
Henkemeyer, 2001; Palmer et al.,, 2002). Additionally, ephrinBs have been shown to
be a substrate for phosphorylation by FGF and PDGF (platelet-derived growth factor)
receptors (Bruckner et al, 1997; Chong et al, 2000). Phosphorylated ephrinB
molecules are recognized by SH2 domain-containing proteins like the adaptor protein
NckfB. Via this interaction, EphrinB signaling controls synapse formation, spine
morphogenesis and axonal pruning (Segura et al., 2007; Xu and Henkemeyer, 2009).
Interestingly, tyrosine-phosphorylated ephrinB1 can recruit and activate the SH2
domain containing transcription factor signal transducer and activator of
transcription 3 (STAT3; Bong et al., 2007). EphrinB reverse signaling is also mediated
by recruitment of signaling proteins containing PDZ domains. Glutamate receptor-
interacting proteins (GRIPs) are bound by the PDZ-binding motif of ephrinBs upon
stimulation by EphB (Bruckner et al., 1999). This interaction is required to stabilize
AMPA receptors at the plasma membrane (Essmann et al.,, 2008). The PDZ-binding
site has also been shown to be essential for long-term potentiation (LTP) and long-
term depression (LTD) downstream of ephrinB2 (Bouzioukh et al., 2007). Interaction
between ephrinBs and the adaptor PDZ-RGS3 (regulator of G-protein signaling 3)
regulates neuronal migration towards attractive cues (Lu et al., 2001) as well as self-
renewal of cortical progenitors (Qiu et al., 2008). A PDZ-dependent mechanism is
required for axon guidance and formation of commissural tracts by ephrinB1 (Bush
and Soriano, 2009). Interaction of EphrinB2 with PDZ domain proteins induces

angiogenesis and lymphangiogenesis by promoting VEGF receptor internalization
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(Makinen et al.,, 2005; Sawamiphak et al.,, 2010; Wang et al.,, 2010). Furthermore,
ephrin reverse signaling has been shown to regulate the function of tight junctions
(Tanaka et al., 2005; Lee et al., 2008) and gap junctions (Davy et al., 2006). These
findings reveal that ephrins and Eph receptors use bidirectional signaling to control a
large variety of biological processes.

Interestingly, Ephrin/Eph receptor signaling also has a role in neurogenesis. In
the SVZ, various ephrins and Eph receptors are expressed and regulate migration of
neuroblasts and cell proliferation (Conover et al.,, 2000). EphrinB reverse signaling
promotes neurogenesis by SVZ progenitors in vitro (Katakowski et al, 2005).
EphrinA2 reverse signaling can limit the proliferation of neural progenitor cells
(Holmberg et al., 2005) as can EphrinB3-dependent forward signaling (Ricard et al,,
2006). Interestingly, EphrinA2 and A3 inhibit progenitor cell proliferation also by
EphA7-mediated forward signaling (Jiao et al., 2008). EphA4 is required to maintain
the stem cell identity of SVZ stem cells (Khodosevich et al,, 2011).

Signaling from ephrin and Eph receptors has also been implicated in adult
neurogenesis in the DG. EphrinB2 is expressed on astrocytes of the SGZ and instructs
neuronal differentiation of progenitors. This seems to be mediated by EphB4 forward
signaling (Ashton et al., 2012). Furthermore, ephrinA5 is required for proliferation of
SGZ progenitors and survival of newborn neurons. Of note, genetic ablation of
ephrinA5 also led to disruptions of the vasculature which could have indirect effects
on neurogenesis (Hara et al.,, 2010). EphB1 is expressed in hippocampal progenitor
cells in the SGZ and mice lacking EphB1 show reduced numbers, ectopic localization
and disrupted polarity of progenitor cells (Chumley et al.,, 2007). These effects are
mediated by EphB1 forward signaling elicited by ephrinB3-expressing mature
granule cells. EphB2 has a distinct function, being required for migration of
progenitors during early development of the DG (Catchpole and Henkemeyer, 2011).
It was shown that ephrinB1 and EphB2 control the migration of dentate progenitor
cells into the dorsal compartment of the TDM. As a result, absence of ephrinB1 or
EphB2 leads to an underdeveloped lateral suprapyramidal blade of the DG. Therefore,
ephrin/Eph receptor signaling regulates both early stages of hippocampal
development as well as neurogenesis in adults. Interestingly, mice lacking both

EphB1 and EphB2 also show lamination defects in the CA3 pyramidal cell layer
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(Chumley et al., 2007). This indicates that the same pathways regulating early

hippocampal development persist into adulthood to control adult neurogenesis.

1.3.2 Reelin signaling

Another signaling pathway important for hippocampal development and
physiology involves the extracellular matrix protein Reelin. Reelin is a large
glycoprotein regulating neuronal migration and synapse function (Forster et al,
2010; Lakatosova and Ostatnikova, 2012; Stranahan et al., 2013). The two lipoprotein
receptors apolipoprotein E receptor 2 (ApoER2) and the very-low-density-
lipoprotein receptor (VLDLR) were shown to be the Reelin receptors in vivo
(D'Arcangelo et al.,, 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999). These
transmembrane proteins bind and activate the intracellular adaptor protein
Disabled1 (Dab1), thereby transmitting the Reelin signal (Howell et al., 1997b;
Hiesberger et al., 1999; Benhayon et al., 2003; Morimura and Ogawa, 2009).

The reeler mouse, a mouse mutant lacking Reelin expression, was first described
in 1951 (Falconer, 1951), long before the Reelin gene and its protein product were
identified (D'Arcangelo et al., 1995; DeSilva et al., 1997). Reeler mice show impaired
motor coordination (reeling gait), tremors and ataxia. This phenotype is caused by
severe neuroanatomical changes in cortex, hippocampus and cerebellum (Hamburgh,
1963). During the development of the mammalian cortex, newborn neurons migrate
from the ventricular zone towards the pial surface. Later-born neurons migrate past
earlier-born neurons, resulting in an ‘inside-out’ layering of the cortex. During early
cortical development, Reelin is synthesized and secreted by Cajal-Retzius cells,
neurons residing in the marginal zone of the cerebral cortex (Hirotsune et al., 1995;
Schiffmann et al, 1997). Mice lacking Reelin expression exhibit a severely
disorganized cortical layering and an ‘outside-in’ pattern of cortical neurons.
Furthermore, the cerebellum of reeler mice is smaller and less foliated than in control
animals due to malpositioning of Purkinje cells (Goffinet et al., 1984).

As mentioned above, Reelin, produced by Cajal-Retzius in the MZ, is also
required for hippocampal development (Frotscher, 1998). As a consequence, the
hippocampus of reeler mice shows defective cell lamination and dispersion of

pyramidal and granular neurons (Hamburgh, 1963). The pyramidal cell layer appears
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split and dispersed. Similarly, granule neurons of the DG fail to form a compact layer
and are scattered throughout the DG. These findings have established Reelin as a
master regulator of neuronal migration.

At later stages of development, Reelin is critical for dendrite extension and
maturation of dendritic spines (Niu et al., 2004; Jossin and Goffinet, 2007; Niu et al.,
2008). In adults, Reelin is mainly produced by a subset of GABAergic interneurons in
cortex, hippocampus and olfactory bulb (Alcantara et al., 1998; Drakew et al., 1998;
Pesold et al., 1998; Ramos-Moreno et al., 2006). Interneuron-derived Reelin has been
shown to modulate synaptic plasticity (Weeber et al., 2002; Beffert et al., 2005; Chen
et al., 2005). Reelin can elevate the levels of hippocampal LTP through interactions
between ApoERZ and NMDARs. Moreover, Reelin signaling modulates NMDAR
subunit composition during hippocampal maturation (Sinagra et al., 2005; Groc et al.,
2007). Therefore, Reelin is not only an important regulator of neuronal migration
during development but also controls synaptic transmission in adults (Herz and Chen,
2006).

In addition to its functions in migration and synapse function, Reelin has also
been implicated in the regulation of adult neurogenesis. In the olfactory bulb, Reelin
acts as a detachment signal for chain-migrating neuroblasts (Hack et al.,, 2002).
Proliferation and neurogenesis in the SVZ are unaltered in the reeler mouse (Kim et
al,, 2002) or in mice overexpressing Reelin (Pujadas et al., 2010).

In contrast, neurogenesis in the DG is markedly disturbed in Reelin signaling
mutants. In the DG of reeler mice, the radial glia cell scaffold is severely altered. Radial
glial cells are distributed throughout the DG and their processes fail to be arranged
radially (Forster et al., 2002; Weiss et al.,, 2003). Malformation of the radial glial
scaffold in Reelin pathway mutants is accompanied by a severe disruption of DG
layering. Therefore, an important question is whether the altered radial glial scaffold
in reeler mice is a consequence of the scattered cell layers. Alternatively, the
disruption of DG layers could be an indirect effect of defective generation and
migration of new neurons in the absence of Reelin. Using stripe choice assays and
hippocampal slice cultures, it was demonstrated that Reelin can exert direct effects
on radial glial cells (Frotscher et al.,, 2003; Zhao et al., 2004). On the other hand,
Reelin directly influences migration of immature neurons in vitro (Gong et al., 2007).

Furthermore, conditional depletion of Dab1 in postnatal mice impairs migration and

35



1. Introduction

maturation of newborn neurons (Teixeira et al, 2012). This results in ectopic
accumulation of newborn neurons in the hilar region and disturbed development of
the dendritic arbor. Interestingly, these defects exist in the presence of a normal
radial glia scaffold indicating cell-autonomous roles for Reelin in newborn neurons of
the DG. Mice with conditional deletion of Dab1 in neurons but not in glial cells show a
partially altered radial glia scaffold suggesting that malpositioning of granule neurons
has indeed indirect effects on radial glia cells (Brunne et al., 2013). Remarkably, in the
same experiment DG cell layering was only mildly affected which indicates that radial
glial cells can, in turn, influence positioning of granule cells. This demonstrates that
disruption of DG layering and malformation of the radial glia scaffold in Reelin
signaling mutants are interdependent processes. Reelin has also been implicated in
proliferation and differentiation of progenitor cells in the DG. In adult reeler mice the
number of proliferating cells and newly generated granule neurons is severely
decreased (Zhao et al., 2007). Interestingly, no difference in proliferation, maturation
or differentiation of radial glia cells between WT and reeler mice was seen during
development of the DG (Brunne et al, 2013). This argues against a direct role of
Reelin in DG progenitor cell proliferation and differentiation. Rather, this discrepancy
could be explained by the different structure of the neurogenic zones in young and
adult animals. Adult neurogenesis depends on the morphological and molecular
properties of the neurogenic niche, the SGZ. Therefore, the disturbed morphology of
the DG in reeler mice might indirectly affect the fate of progenitor cells. Taken
together, Reelin regulates migration and neurogenesis in the DG by exerting direct

and indirect effects on progenitors and postnatal neurons.
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Figure 1.7 Dentate gyrus development in WT and reeler mice. During embryonic development,
dentate gyrus (DG) cells are generated in the dentate neuroepithelium (ne) and migrate along primary
radial glial cells (pRGCs) towards the secondary dentate matrix. Around P3, pRGCs disappear while the
secondary radial glial cells (sSRGCs) begin to form a characteristic scaffold in WT but not in reeler mice.
Granule neurons become organized in a compact cell layer. In reeler mice, neurons and glial cells
remain scattered throughout the DG. Proliferation gets more and more restricted to the subgranular
zone in WT but not in reeler mice. Modified from Brunne et al.,, 2013.

The mouse Reelin gene consists of 65 exons and the full length protein has a
relative molecular mass of ~400 kDa (Ogawa et al, 1995; Royaux et al., 1997).
Structurally, it contains a signal peptide followed by an F-spondin homology domain
and a hinge region. The central part consists of a stretch of eight similar domains
(Reelin repeats, RRs). Each repeat has a length of 350 - 390 amino acids and is

composed of two subrepeats, named A and B, separated by an EGF motif. The C-
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terminal domain (CTD) of Reelin consists of a sequence of 33 mostly basic amino
acids (de Bergeyck et al., 1998; Fatemi, 2005). The hinge region mediates electrostatic
interactions between Reelin molecules and is responsible for the formation of soluble,
string-like Reelin polymers consisting of more than 40 monomers (Utsunomiya-Tate
et al.,, 2000). A mutant Reelin lacking the polymerization domain fails to evoke
downstream signaling and a neutralizing antibody raised against the hinge region
(CR-50) can block Reelin function in vitro and in vivo (Ogawa et al., 1995; Del Rio et
al, 1997; Miyata et al.,, 1997; Nakajima et al., 1997; Utsunomiya-Tate et al., 2000).
Therefore, Reelin operates as a polymer to exert its biological function. The basic CTD
of Reelin has been believed to be important for secretion of Reelin into the
extracellular space. The Orleans reeler mouse expresses a truncated version of Reelin
mice lacking the CTD (de Bergeyck et al., 1997) which cannot be secreted but
accumulates in the endoplasmatic reticulum (Derer et al., 2001). However, the role of
the CTD in Reelin secretion has been challenged by others: Nakano et al. have shown
that the CTD is not essential for secretion but is rather required for efficient
activation of downstream signaling (Nakano et al.,, 2007). Reelin is cleaved at two
sites in vivo, between RR 2 and 3 and between RR 6 and 7, resulting in three
fragments of 400 kDa, 320 kDa and 180 kDa, respectively (Lambert de Rouvroit et al.,
1999). Cleavage does not affect Reelin activity as the central fragment containing
RR 3 to 6 is necessary and sufficient for receptor binding and cellular signaling (Jossin

etal., 2004).

sSP H 1 2 3 4 5 6 7 8 +
A B [ A B | A B | A B | A B | A B | A B | A B

| b |
‘CRSO T EGF motif T 12 14
G10
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Figure 1.8 Domain structure of the Reelin protein. A signal peptide of 27 residues is followed by a
region with similarity to F-spondin (‘SP’, amino acids 28-190). The hinge region (‘H’) between amino
acids 191 and 500 is followed by eight repeats of about 350 amino acids (repeat 1, residues 501-860;
repeat 2, 861-1220; repeat 3, 1221-1596;repeat 4, 1597-1947; repeat 5, 1948-2314; repeat 6, 2315-
2661; repeat 7, 2662-3051; repeat 8, 3052-3428). Each repeat contains a central epidermal growth
factor (EGF) motif, flanked by two subrepeats, A and B. The protein terminates with a basic stretch of
33 amino acids (3429-3461, +). The epitopes recognized by antibodies 142, G10, CR50, 12 and 14 are

shown. The arrows point to the in vivo cleavage sites. Taken from Tissir and Goffinet, 2003.
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Reelin elicits its effects by binding to the lipoprotein receptors ApoER2 and
VLDLR (D'Arcangelo et al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999).
Reelin has a slightly stronger affinity for ApoER2 than for VLDLR (Andersen et al.,
2003; Benhayon et al., 2003). VLDLR and ApoER2 are members of the low-density-
lipoprotein (LDL) receptor family and are structurally similar. Both receptors contain
a ligand binding domain of eight ligand binding regions, an EGF-like domain
containing three cysteine-rich repeats and an O-linked glycosylation domain. The
extracellular part is followed by a transmembrane region and a cytoplasmic domain
containing an NPXY motif (Reddy et al.,, 2011). The NPXY motif mediates receptor
internalization and signaling.

ApoER2 contains an alternatively spliced exon (exon 19) in its cytoplasmic tail
that encodes a 59 amino acid, proline-rich domain (Clatworthy et al., 1999). Via this
domain, ApoER2 can bind to the c-Jun N-terminal kinase (JNK) interacting proteins,
JIP1 and JIP2, and the postsynaptic protein PSD-95 (Gotthardt et al., 2000; Stockinger
et al., 2000). Exon 19 is required for Reelin-dependent modulation of LTP, NMDAR
phosphorylation, and synaptic plasticity. As a result, mice lacking exon 19 show
learning and memory deficits (Beffert et al.,, 2005). Therefore, exon 19 mediates the
formation of a functional complex consisting of ApoER2, PSD-95 and NMDARs.

Interaction between Reelin and VLDLR or ApoER2 induces clustering of the
receptors (Strasser et al., 2004) and binding of the intracellular adaptor protein Dab1
to VLDLR and ApoER2 (Howell et al., 1997b; Hiesberger et al., 1999; Benhayon et al.,
2003; Morimura and Ogawa, 2009). This interaction is mediated by the NPXY motifs
in the intracellular region of the lipoprotein receptors and the phosphotyrosine-
binding (PTB) domain of Dab1l. Upon binding to the receptors, Dabl becomes
tyrosine-phosphorylated by Src family kinases (SFKs) Src and Fyn (Kuo et al., 2005).
Dimerization/oligomerization of Dab1 is sufficient to induce Dab1 phosphorylation
(Strasser et al, 2004). Therefore, aggregation of Reelin receptors and Dab1l by
multivalent Reelin polymers seems to be the trigger for signal transduction. Two
mutant mice, scrambler and yotari, which show a reeler-like phenotype, were shown
to have loss-of-function mutations in the Dab1 gene (Sweet et al., 1996; Goldowitz et
al,, 1997; Gonzalez et al., 1997; Sheldon et al., 1997; Yoneshima et al., 1997). Targeted
disruption of the Dabl gene results in similar defects (Howell et al., 1997b).
Furthermore, the simultaneous deletion of Fyn and Src (Kuo et al., 2005) or of VLDLR

39



1. Introduction

and ApoER2 (Trommsdorff et al., 1999) leads to a reeler-like phenotype. Therefore,
VLDLR/ApoERZ2, Dab1 and SFKs constitute the core signaling machinery downstream
of Reelin.

Dabl contains an N-terminal protein interaction/phosphotyrosine binding
(PI/PTB) domain that binds to the NPXY motif in Reelin receptors (Howell et al,,
1997a). The PTB domain can bind to phosphatidylinositols, especially PI4,5P2,
without affecting its interaction with the NPXY motif (Stolt et al, 2003).
Phosphoinositide binding by the Dabl PTB domain is required for membrane
localization of Dab1 and effective Reelin signal transduction (Huang et al., 2005; Stolt
et al,, 2005). The PTB domain is followed by a tyrosine-rich region harboring five
highly conserved tyrosine residues (Y185, Y198, Y200, Y220, Y232). Mutation of all
potentially phosphorylated tyrosine residues to phenylalanine (5F mutant) causes a
reeler-like phenotype (Howell et al., 2000), demonstrating the crucial role of Dab1
tyrosine phosphorylation for Reelin signaling. In addition, Dab1l does not only
transmit signaling but also affects Reelin receptor trafficking by promoting their
plasma membrane localization (Morimura et al., 2005).

Phosphorylated Dabl regulates a variety of downstream effectors. Its
phosphotyrosine residues are recognized by SH2 domains of various downstream
effectors, including PI3K, adaptor proteins Crk/CrkL (Huang et al., 2004) and Nckf
(Pramatarova et al, 2003) as well as SOCS (Feng et al, 2007). Tyrosine-
phosphorylated Dab1l also binds the microtubule-associated protein Lisl
(Lissencephaly 1), albeit in a SH2 domain-independent manner (Assadi et al., 2003).

PhosphoDab1 recruits the p85 regulatory subunit of PI3K and activates the
PI3K-Akt pathway, leading to inhibition of GSK3f (Beffert et al.,, 2002; Bock et al,,
2003) and suppressed tau phosphorylation. Reelin-dependent activation of PI3K and
Akt is required for normal development of the cortical plate (Jossin and Goffinet,
2007). The PI3K/Akt pathway has also been implicated in the Reelin-dependent
inhibition of n-cofilin (Chai et al., 2009a; Chai et al., 2009b). Reelin activates LIM
kinase 1 (LIMK1), which phosphorylates cofilin on serine 3, thereby inhibiting its
actin depolymerizing activity (Arber et al, 1998; Yang et al, 1998). As
phosphorylation of n-cofilin mainly occurs in the leading processes of migrating
neurons, Reelin may stabilize these neuronal processes at the MZ. Furthermore,

Reelin has been shown to activate Cdc42 in a PI3K-dependent manner to promote
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growth cone motility and filopodia formation (Leemhuis et al., 2010). Both cofilin
phosphorylation and Cdc42 activation seem to be solely mediated by ApoER2, and
not by VLDLR.

Crk-family proteins (CrkL, Crkl, and CrKkII) are intracellular adaptors consisting
of an SH2 and one or two SH3 domains (Feller, 2001). Reelin promotes the
interaction between Dab1 and Crk which is mediated by phosphotyrosines in Dab1
and Crk SH2 domain. Interestingly, simultaneous ablation of Crk and CrkL produces a
reeler-like phenotype in mice (Park and Curran, 2008). Dab1 binding to Crk leads to
phosphorylation of the GEF C3G, which activates its effector GTPase Rap1 (Ballif et al.,
2004; Chen et al.,, 2004; Huang et al., 2004; Feng and Cooper, 2009). C3G-deficient
mice show defects in cortical neuron migration and radial glia attachment in the
cerebral cortex (Voss et al, 2008). Reelin-dependent Rap1l activation has been
implicated in neuronal migration, particularly in multipolar migration in the IZ and
glia-independent somal translocation (Franco et al., 2011; Jossin and Cooper, 2011).
Here, Rapl seems to increase the surface localization of N-Cadherin to regulate
neuronal polarity. Thus, a Dab1-Crk-C3G-Rap1-cadherin pathway seems to play a
crucial role for cortical lamination during development.

Nck (noncatalytic region of tyrosine kinase beta) adaptor proteins Ncka and
Nckf are regulators of the actin dynamics and cellular movement (Buday et al., 2002).
NckB binds phosphorylated Dab1 and redistributes into neuronal processes upon
Reelin treatment (Pramatarova et al., 2003). Peripheral Nckf seems to alter the actin
cytoskeleton although the precise mechanism is not yet understood.

Lis1, the regulatory subunit of the platelet-activating factor acetylhydrolase 1b
(Pafah1b) complex, participates in microtubule dynamics and plays a key role in
neuronal migration (Hirotsune et al, 1998; Wynshaw-Boris and Gambello, 2001).
Dab1 and Lis1 associate in a Reelin-induced phosphorylation-dependent manner and
also interact genetically (Assadi et al., 2003). Furthermore, the catalytic subunits of
the Pafah1b complex, Pafah1b2 and Pafah1b3, interact biochemically with VLDLR, but
not with ApoER2, which was corroborated by genetic evidence (Zhang et al., 2007).
Therefore, regulation of cytoskeletal dynamics through Pafah1lb components may be
a unique feature of VLDLR-mediated Reelin signaling.

Moreover, there seems to be an intensive cross-talk between Reelin signaling

and the Notch pathway, a major regulator of brain development. Dab1 associates with
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the Notch intracellular domain (ICD), which is released by proteolytic enzymes and
activates downstream molecules (Hashimoto-Torii et al., 2008). In Reelin signaling
mutants, levels of Notch ICD are decreased, indicating deficient Notch signaling
(Hashimoto-Torii et al.,, 2008; Sibbe et al., 2009). Furthermore, overexpression of
Notch ICD rescued the cortical defects in the reeler mouse. This suggests that Notch
plays a key role downstream of Reelin signaling, although the interplay between
Notch and the other known signaling molecules stills needs to be investigated.
Phosphorylated Dab1 is bound by SOCS which leads to polyubiquitination by
the E3 ubiquitin ligase component Culin-5 (Cul5). This modification targets
phosphorylated Dab1 for proteasomal degradation and provides a negative feedback

mechanism regulating Reelin responses (Feng et al., 2007).
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Figure 1.9 The Reelin signaling pathway. Reelin binding to ApoER2 and VLDLR leads to receptor
clustering and tyrosine phosphorylation of Dab1 by Src and Fyn kinases. Phosphorylated Dab1 binds to
downstream signaling molecules Crk, PI3K, and Nckf. Binding to SOCS3 leads to proteasomal
degradation of Dab1. The intracellular region of Notch also interacts with Dab1. Cofilin has been shown
to be activated downstream of Reelin and Dab1. Taken from Honda et al., 2011.

Degradation of Dab1 by the proteasome is not the only possibility to modulate
Reelin signaling. As mentioned above, Reelin is a substrate for extracellular
metalloproteinases (Lambert de Rouvroit et al.,, 1999). Cleavage of Reelin plays an
important role for duration and range of the signaling outcome (Koie et al., 2014).

Like Reelin itself, the Reelin receptors are also proteolytically processed.
ApoER2 and VLDLR can be enzymatically cleaved by secretases (May et al., 2003; Hoe

and Rebeck, 2005). Proteolysis by a-secretases generates a soluble extracellular
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fragment whereas y-secretase cleavage releases the intracellular domain into the
cytosol (May et al., 2002). Receptor proteolysis occurs in a ligand-dependent manner
and may therefore provide a negative feedback loop to shut down signaling response.
Such a mechanism has been shown for an alternatively spliced isoform of ApoER2
which harbors a furin cleavage site (Brandes et al., 2001). Proteolytic processing by
furin yields a soluble version of the complete ligand binding domain. This fragment
gets secreted into the extracellular space where it acts as decoy receptor and
antagonizes Reelin signaling (Koch et al., 2002). The intracellular region of ApoERZ,
generated by y-secretase, can suppress signaling by inhibiting Reelin expression at a
transcriptional level (Balmaceda et al., 2014). In addition, extracellular interactions
with the proprotein convertase PCSK9 direct the receptors towards the lysosomal
degradative pathway (Poirier et al,, 2008). Similarly, the E3 ubiquitin ligase IDOL
(Inducible Degrader of the LDL Receptor) targets VLDLR and ApoER2 for lysosomal
degradation (Hong et al., 2010). Hence, cleavage and degradation of Reelin and its
receptors by extra- and intracellular proteinases allows for modulation of the cellular
signaling response.

Alternative splicing of ApoER2 and VLDLR results in a number of Reelin
receptors with different properties. Four different isoforms of VLDLR can be
generated by alternative splicing (Sakai et al., 2009). Interestingly, the majority of
VLDLR transcripts in the adult brain lack the O-linked glycosylation domain encoded
by exon 16. As cleavage by y-secretase has been shown to be glycosylation-sensitive
(Sakai et al., 2009), this suggests that signaling through ApoER2 and VLDLR can be
differentially modulated by y-secretase cleavage. ApoER2 shows excessive alternative
splicing. Of the eight ligand binding regions, three are spliced out of all transcripts
(Clatworthy et al., 1999). The eighth ligand binding region can be replaced with the
furin cleavage site mentioned above (Brandes et al., 2001). Splicing variations in the
extracellular region have been shown to influence the ligand-binding properties of
ApoER2 (Hibi et al., 2009). As previously mentioned, an alternatively spliced exon
(19) in ApoER2 mediates interaction with JIP1/2 and PSD-95 (Gotthardt et al., 2000;
Stockinger et al, 2000). Exon 19 is crucial for Reelin-dependent LTP induction
(Beffert et al., 2005).
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Figure 1.10 Domain structure of VLDLR and ApoERZ2. The signal sequence is followed by the ligand
binding domain (eight ligand binding regions), an EGF domain and an O-linked glycosylation domain.
The transmembrane region precedes a short cytoplasmic domain. Alternative splicing is indicated with
protruding ‘V’s. Taken from Reddy et al., 2011.

Exon 19 and the O-glycosylated region have also been proposed to direct
ApoER2 into lipid rafts (Sun and Soutar, 2003). There, ApoER2 can be endocytosed in
a caveolin-dependent manner whereas VLDLR is internalized via CCPs (Riddell et al,,
2001; Mayer et al., 2006). It was shown that VLDLR mediates efficient endocytosis
and lysosomal degradation of Reelin. Endocytosis of ApoER2-bound Reelin occurs
much slower. Interestingly, the raft association of ApoER2 is required for secretase-
dependent cleavage and generation of extra- and intracellular ApoER2 fragments
(Duit et al., 2010). This demonstrates that alternative splicing and differential sorting
provide the molecular basis for unique functions of the Reelin receptors.

ApoER2 can also be endocytosed independently of its raft association by a
clathrin-mediated process involving the adaptor protein Dab2 (Cuitino et al., 2005).
Dab2 forms a complex with the endocytic proteins clathrin and AP-2 (Morris and
Cooper, 2001; Mishra et al,, 2002), but also with Eps15 and ITSNs (Teckchandani et
al, 2012). Like its close relative Dab1, Dab2 binds to NPXY motifs. Dab2 has been
shown to bind ApoER2Z, but not VLDLR (Yang et al, 2002). Despite its ability to
activate Src kinase (Yang et al.,, 2002), Dab2 cannot compensate for disrupted Reelin
signaling in Dab1 mutant mice (Sheldon et al., 1997). Rather, Dab2 seems to act as a
cargo-specific adaptor for recruitment of lipoprotein receptors, e.g. ApoERZ2, into

coated pits (Maurer and Cooper, 2006).
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ApoER2 and VLDLR have overlapping functions for transmission of the Reelin
signal across the plasma membrane. However, unique interactions and differential
trafficking enable both receptors to fulfill also distinct functions in the brain. Both
ApoER2 and VLDLR KOs display smaller, less foliated cerebella as well as disrupted
cortical and hippocampal lamination. The cortical and hippocampal defects were
more pronounced in ApoER2 KOs while VLDLR KOs showed more severe cerebellar
defects. The radial alignment of cortical neurons was disrupted in ApoER2 KOs, but
not VLDLR KOs (Trommsdorff et al., 1999). In the cortex of VLDLR KOs, but not of
ApoER2 KOs, the MZ is invaded by numerous neurons, which suggests that VLDLR
mediates a ‘stop signal’ function of Reelin (Dulabon et al., 2000; Hack et al., 2007).
ApoER2, on the other hand, is required for migration of late-generated neurons and
the development of superficial layers (Hack et al., 2007).

ApoER2 and VLDLR are closely related lipoprotein receptors and both mediate
Reelin signaling in a Dabl-dependent manner. However, differences in splicing,
trafficking and protein interactions also make distinct roles for these receptors
possible. For example, ApoER2 can interact with PSD-95 and JIPs through a unique
alternatively spliced exon and with Dab2 through its NPXY motif. VLDLR can control
cytoskeletal remodeling by interacting with the Pafahlb complex. Further
investigation of these receptors and their binding partners will help to better

understand their roles for brain development and physiology.
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1.4 Aims of this study

Although ITSN1 has been implicated in a variety of trafficking and signaling
processes, its precise function in the mammalian brain remains to be elucidated.
ITSN1 and its invertebrate ortholog Dap160 are mainly known for their role in endo-
/exocytic membrane traffic, particularly cycling of SVs. Nevertheless, synaptic
transmission is largely unaltered in mice lacking ITSN1, suggesting that ITSN1
functions might differ in vertebrates and invertebrates. There is a large body of
evidence showing ITSN1 functions beyond membrane traffic, e.g. in postsynaptic
development and scaffolding of intracellular signaling cascades. Whether and to what
extent ITSN1 is relevant for any of these processes in vivo is still under debate. In
mice, absence of ITSN1 has been shown to result in learning and memory deficits and
disruption of axonal commissures (Sengar et al., 2013) suggesting a role of ITSN1 in
higher brain functions. In addition, the ITSN1 gene is located on chromosome 21 and
therefore upregulated in Down syndrome (DS) patients. DS is characterized by
mental retardation and early-onset Alzheimer’s disease. Hence, a better
understanding of ITSN1 function might provide the basis for future therapeutic
approaches.

We wanted to investigate the role of ITSN1 for brain function with a particular
focus on the hippocampus. To find out about the function of ITSN1, we made use of a
mouse model with a genetic ablation of ITSN1 expression (ITSN1 KO mouse). The
brains of these mice were analyzed morphologically and functionally in order to
investigate the role of ITSN1 in vivo. Based on findings from these experiments, the
involvement of ITSN1 in different signaling pathways regulating brain development
and physiology was investigated with histological, electrophysiological, cell biological

and biochemical methods.
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2. Material and Methods

2.1 Material

2.1.1 Chemicals and consumables

Chemicals and consumables were purchased from GE Healthcare, Greiner,

Merck, Roth, Sarstedt, Sigma-Aldrich, Schott and Thermo Fisher Scientific.

2.1.2 Buffers, media and solutions

Deionized water from a Millipore apparatus (MilliQ H20) was used for all

buffers and solutions. If necessary, buffers were autoclaved (121 °C, 20 min, 1 bar) or

filter-sterilized (0.22 pm). pH was adjusted with HCl or NaOH.

Table 2.1 Solutions for molecular biology experiments

Solution

composition

Lysogeny broth (LB) medium

1.0 % (w/v) yeast extract
0.5 % (w/v) tryptone

0.5 % (w/v) NaCl

pH 7.4

2 x YT medium

1.0 % (w/v) yeast extract
1.6 % (w/v) tryptone

0.5 % (w/v) NaCl

pH 7.4

10 x Tris-Borate-EDTA (TBE) buffer

890 mM Tris
20 mM EDTA
890 mM boric acid

Tris-EDTA (TE) buffer

10 mM Tris
2 mM EDTA
pH 8.0

Ampicillin stock (500 x)

50 mg/ml, sterile filtered

Kanamycin stock (200 x)

10 mg/ml], sterile filtered

Ethidium bromide stock

10 mg/ml
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Tail lysis buffer

100 mM Tris pH 8.5

5 mM NaEDTA

0.2 % sodium dodecyl sulfate (SDS)
200 mM NacCl

Table 2.2 Solutions for cell biology experiments

Solution

composition

Serum-free medium (SFM)
for neuronal cultures

Neurobasal-A

2 % B-27 supplement
100 U/ml penicillin

0.1 mg/ml streptomycin
1 x GlutaMAX

20 mM HEPES pH 7.4

Serum-containing medium (SCM)
for HEK 293, CER, CEP4
and glial cultures

DMEM incl. GlutaMAX (4.5 g/1 glucose)

10 % fetal bovine serum (heat-inactivated)
100 U/ml penicillin

0.1 mg/ml streptomycin

Digestion solution

137 mM NaCl

5 mM KCI

7 mM NazHPO

25 mM HEPES pH 7.4

Dissociation solution

Hank’s balanced salt solution
w/o Ca2+ or Mg2+

50 mg/1 NaHCOs3

12 mM MgS04

1 mM HEPES pH 7.4

10 x phosphate-buffered saline (PBS)

1.37 M NacCl

27 mM KCl

43 mM NazHPO4
14 mM NaH2PO4

pH 7.4
PBSZ* 1 x PBS
1 mM MgCl2
1 mM CaClz
PFA fixative 4 % (w/v) paraformaldehyde (PFA)

4 % (w/v) sucrose
in PBS pH 7.4
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Goat serum dilution buffer (GSDB)

2. Material and Methods

10 % goat serum
(+ 0.3 % Triton X-100)
in 1 x PBS

Donkey serum dilution buffer (DSDB)

10 % donkey serum
(+ 0.3 % Triton X-100)
in 1 x PBS

Table 2.3 Solution for electrophysiology experiments

Solution

composition

Artificial cerebrospinal fluid (ACSF)

120 mM NacCl

2.5 mM KCI

1.25 mM NaH2PO4
24 mM NaHCO3
1.5 mM MgS04

2 mM CaClz

25 mM glucose
pH7.35-74

Table 2.4 Solutions for protein biochemistry experiments

Solution composition
HMK/Tx 20 mM HEPES pH 7.4
2 mM MgClz
100 mM KCl
1 mM PMSF

0.3 % protease inhibitor cocktail
1 % Triton X-100

For phospho-samples only:
1 % phosphatase inhibitor cocktail 2
1 % phosphatase inhibitor cocktail 3

Homogenization Buffer

320 mM sucrose
4 mM HEPES pH 7.4

6 x SDS-PAGE sample buffer

375 mM Tris

60 % (v/v) glycerol

30 % (v/v) B-mercaptoethanol

18 % (w/v) SDS

add bromophenol blue till deeply blue
pH 6.8
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4 x SDS stacking gel buffer 0.4 % (w/v) SDS

0.5 M Tris pH 6.8

4 x SDS separating gel buffer 0.4 % (w/v) SDS

1.5 M Tris pH 8.8

10 x SDS running buffer

246 mM Tris
1.92 M glycine
10 % (w/v) SDS

Semi-dry blotting buffer 1 xSDS
20 % (v/v) methanol
Coomassie stain 1 g/1 Coomassie G250

10 % (v/v) acetic acid
25 % (v/v) methanol

Coomassie destain

10 % (v/v) acetic acid
25 % (v/v) methanol

Ponceau stain

0.3 % (w/v) Ponceau S
3 % (v/v) acetic acid

Ponceau destain

1 % (v/v) acetic acid

10 x Tris-buffered saline (TBS) buffer 200 mM Tris pH 7.6

1.4 M NaCl

Immunoblot blocking solution 3 % (w/v) milk powder

in1x TBS

Immunoblot antibody
dilution solution

3 % (w/v) bovine serum albumin
0.02 % (w/v) NaN3
in 1 x TBS

2 x Bradford reagent

140 g/1 Coomassie G250
200 ml 85 % H3PO4

100 ml ethanol
(filtered)

Table 2.5 Solutions for histology experiments

Solution composition
Fixation solution 4 % (w/v) PFA
in PBS pH 7.4
Phosphate buffer 0.4 M 200 ml NazHPO4 0.4 M
~30 ml NaH2P04 0.4 M

(until pH reaches 7.4)
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Brain storage solution 20 % (v/v) glycerol
2% (v/v) DMSO
125 mM phosphate buffer pH 7.4

Gelatin solution 0.2 % (w/v) porcine gelatin
50 mM Tris pH 7.6

2.1.3 Enzymes and Kits

Restriction enzymes, calf intestinal phosphatase (CIP) and T4 DNA ligase were
obtained from Fermentas. We purchased Phusion high fidelity DNA polymerase from
New England Biolabs (NEB) and DreamTaq polymerase from Thermo Scientific. DNA
extraction from agarose gels was performed with the NucleoSpin Gel and PCR Clean-
up kit from Macherey-Nagel. For small-scale plasmid preparation (mini prep) from
Escherichia coli (E. coli) we used the NucleoSpin Plasmid kit (Macherey-Nagel). For
large-scale, endotoxin-free plasmid preparation (midi prep) the NucleoBond Xtra
Midi EF kit (Macherey-Nagel) was used. Calcium phosphate transfection of
hippocampal neurons was performed with the ProFection Mammalian Transfection
System (Promega). The Cdc42 G-LISA Activation Assay was purchased from
Cytoskeleton. For Golgi impregnation of brains, we made use of the FD Rapid

GolgiStain Kit from FD Neurotechnologies.

2.1.4 Markers and loading dyes
DNA marker was purchased from Fermentas (GeneRuler 1kb DNA ladder) and

protein markers were from Thermo Scientific (PageRuler Prestained Protein Ladder)
or Serva (Triple Color Protein Standard II). DNA loading dye was obtained from

Fermentas.

2.1.5 Synthetic DNA and RNA oligonucleotides

RNA oligonucleotides for RNA interference were obtained from Sigma and

dissolved to a concentration of 100 uM in RNase-free water (Roth).
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Table 2.6 siRNA sequences

Name sequence (5’ to 3’)

human Dab2 siRNA CAAAGGAUCUGGGUCAACAUU

scrambled siRNA ACAACGAGCUUCCCUUCAA

DNA primers for PCR were from Biotez. Primers were stored at -20 °C for long-

term and at 4 °C for short-term periods.

Table 2.7 Primer sequences

Regions overlapping with the template are highlighted with capital letters.

Name sequence (5’ to 3’)

ApoEx_Hind fw gtaa aagctt ATGGGCCGCCCAGAACTG
ApoSP_Hind rev gtac aagctt CGCTGCGGAGAGATGCTG
ApoRest_ Notl atca geggecge GATCCGCTGCCGGGCGGC
ApoER2wHA_Xbal rev gtgc tctaga tta CTGAGCTCCTGCGTAATC
ApoER2_ICD fw gtaa cccggg aAGGAACTGGAAGCGGAAG
ApoER2 rev gtgc ctcgag tta GGGCAGTCCATCATCTTC
VLDLR_SP _ Notl fw gtaa gcggccge GGGAAGAAAGCCAAATG
VLDLR_SP_ Xhol rev gtgc ctcgag cg AGCCAGATCATCATCTG
GST-VLDLR _EcoRI fw gtaa gaattc AGGAATTGGCAACATAAA
GST-VLDLR_Xhol rev gtgc ctcgag TCAAGCCAGATCATCATC
Dab2_Bam fw gtca ggatcc ATGTCTAACGAAGTAGAA
Dab2_Xba rev gaac tctaga CTAGGCAAAAGGATTTCC
Dab1_Bam fw gtta ggatcc ATGTCAACTGAGACAGAA
Dab1_Xbarev taat tctaga CTAGCTACCGTCTTGTGG

2.1.6 Primary antibodies
Primary antibodies were usually stored with 50 % (v/v) glycerol at -20 °C to

avoid repeated freeze-thaw cycles.
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Antigen host company/source internal dilution
species number

AP-2 mouse BD transduction 611351 5 IB 1:500
ApoER2 rabbit Abcam ab108208 527 IB 1:300
BrdU rat Abcam ab6326 342 [HC 1:200
Calbindin mouse Sigma C9848 - [HC 1:2 000
Calretinin rabbit Abcam ab702 355 [HC 1:50
Cdc42 rabbit Abcam ab64533 417 IB 1:1 000
CHC mouse TD1, homebrew 8 IB 1:500
Dab1 rabbit Millipore ab5840 520 IB 1:1 000
Dab2 mouse BD transduction 610464 341 IB 1:100
Dcx rabbit Abcam ab18723 - [HC 1:1 000
Dcx goat Santa Cruz sc-8066 521 [HC 1:100
Dynaminl mouse #5; Zhang/de Camilli 26 IB 1:1 000
EphB2 goat R&D AF467 401 IB 1:1 000
Epsinl rabbit Chen/de Camilli 156 IB 1:400
GFP rabbit Abcam ab6556 347 ICC 1:1 000
HA-tag mouse Covance MMS-101P 20 ICC 1:400
Hsc70 mouse Thermo Scientific MA3006 170 IB 1:500
ITSN1 rabbit 1-440, homebrew 476 IP5-10 pg
ITSN1 rabbit mAC; Shupliakov 475 IB 1:500
MAP2 mouse Sigma M9942 43 IHC 1:400
Myc-tag rabbit Abcam ab9106 458 IB 1:1 000
N-Cadherin mouse BD transduction 610920 237 IB 1:1 000
Nestin rabbit Covance PRB-315C - [HC 1:1 000
Nestin mouse eBioscience 14-5843-82 F-68 [HC 1:200
NeuN mouse Millipore MAB377 - [HC 1:1 000
Numb goat Abcam ab4147 388 IB 1:1 000
pan-AKT rabbit Cell signaling 9272 204 IB 1:1 000
phospho-AKT rabbit Cell signaling 4060 74 IB 1:1 000
phospho-Cofilin rabbit Cell Signaling 3313 510 IB 1:100

53



2. Material and Methods

phospho-tyrosine mouse Millipore 05-321 F-92 IB 1:1 000
(4G10)
Reelin mouse Abcam ab78540 522 IB 1:500
[HC 1:500
SNAP25 mouse Synaptic Systems 111011 334 IB 1:1 000
Synaptojanin mouse Cremona/di Paolo 45 IB 1:1 000
Synaptophysin mouse Synaptic System 101011 46 IB 1:5 000
Vinculin mouse Sigma V9264 418 IB 1:200
VLDLR goat R&D AF2258 523 IB 1:200
[HC 1:50
a-tubulin mouse Sigma T5168 42 ICC 1:500
B-actin mouse Sigma A5441 19 IB 1:1 000

[B: Immunoblot; ICC: Immunocytochemistry; [HC: Immunohistochemistry;

[P: Immunoprecipitation

2.1.7 Secondary antibodies

Secondary antibodies were stored with 50 % (v/v) glycerol at -20 °C for long-

term and at 4 °C for short-term periods.

Table 2.9 List of secondary antibodies

Antigen  host species conjugated to internal company/source
number

goat IgG donkey CF488A 89 Biotium 20016

goat IgG donkey CF568 177 Biotium 20106

goat IgG donkey CF647 184 Biotium 20048

goat IgG donkey HRP 115 Jackson 705-035-147

mouse IgG donkey CF488A 85 Biotium 20014

mouse IgG donkey CF568 96 Biotium 20105

mouse IgG donkey CF647 100 Biotium 20046

mouse IgG goat Alexa488 12 Invitrogen A11001

mouse IgG goat Alexa568 24 Invitrogen A11031

mouse IgG goat Alexa647 31 Invitrogen A21235

mouse IgG goat HRP 111 Jackson 115-035-003

mouse IgG goat [RDye 800CW - LI-COR P/N 926-32210
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rabbit [gG  donkey CF488A 86 Biotium 20015

rabbit IgG  donkey CF568 97 Biotium 20098

rabbit [gG  donkey CF647 99 Biotium 20047

rabbit I[gG goat Alexa488 13 Invitrogen A11008
rabbit I[gG goat Alexa568 19 Invitrogen A11011
rabbit [gG  goat Alexa647 32 Invitrogen A21244
rabbit IgG goat HRP 113 Jackson 111-035-003
rabbit I[gG goat IRDye 800CW - LI-COR P/N 925-32211
rat IgG donkey Alexa488 14 Invitrogen A21208

2.1.8 Plasmids and constructs

Plasmid DNA was stored at a concentration of 1 pg/ul at -20 °C for long-term

and at 4 °C for short-term periods.

Table 2.10 List of expression constructs

Name insert backbone internal comment
species number
ApoER2-HA mouse unknown 3745 from Bill Rebeck;
UniProt: Q924X6-2
EGFP-ApoER2-  mouse pcEGFP- 3758
HA MK
EGFP-VLDLR-HA mouse pcEGFP- 3759 origin of VLDLR construct:
MK Hans Bock; UniProt: P98156
ephrinB2-GFP mouse pEGFP-N1 3744 cloned by Marielle Eichhorn-
Grinig
GST - pGEX4T-1 2112
GST-ApoER2-ICR mouse pGEX4T-1 3754 amino acids 756 - 870
GST-EH1+2 human pGEX4T-1 STHLM G7 cloned by Arndt Pechstein
GST-SH3A human pGEX4T-1 STHLM H3 cloned by Arndt Pechstein
GST-SH3A human pGEX4T-1 - cloned by Arndt Pechstein
+linker WT
GST-SH3A human pGEX4T-1 - cloned by Arndt Pechstein;
+linker Mut W850A, W870A, W873A, F853A
GST-SH3A-C mouse pGEX4T-1 STHLM Al cloned by Arndt Pechstein

55



2. Material and Methods

GST-SH3A-E human pGEX4T-1 STHLMI8 cloned by Arndt Pechstein
GST-SH3B human pGEX4T-1 ArndtB1B1 cloned by Arndt Pechstein
GST-SH3B-E human pGEX4T-1 - cloned by Arndt Pechstein
GST-SH3C human pGEX4T-1 4595 cloned by Arndt Pechstein
GST-SH3D human pGEX4T-1 4596 cloned by Arndt Pechstein
GST-SH3E human pGEX4T-1 4597 cloned by Arndt Pechstein
GST-VLDLR-ICR mouse pGEX4T-1 3761 amino acids 792 - 845
HA-EphB1 mouse pCAG 4052 original construct;

gift from Carol Mason
Myc-Dab1 mouse pcMYC-MK 4601 origin of Dab1 construct:

Jonathan Cooper
Myc-Dab?2 mouse pcMYC-MK 4063 origin of DabZ2 construct:

Jonathan Cooper

2.1.9 Bacterial strains

For cloning and amplification of plasmid DNA the E. coli TOP10 strain
(Invitrogen) was used.

For expression of recombinant proteins we made use of the E. coli BL21
CodonPlus (DE3)-RP strain (Stratagene) as these bacteria express heterologous

proteins at high levels.

2.1.10 Mammalian cell lines

For biochemical experiments the human embryonic kidney cell line HEK 293
was used because of its high protein content.

For Reelin purification, a 293-EBNA cell line (CER) stably transfected with the
complete mouse Reelin sequence was used. In this context, 293-EBNA cells
transfected with the empty vector (CEP4) served as negative control. Both CER and
CEP4 cells were generously provided by Tom Curran (Children's Hospital of
Philadelphia, PA, USA).
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Table 2.11 List of programs and internet tools

2. Material and Methods

Program/Website  Application Source
Ape DNA sequence analysis; http://biologylabs.utah.edu
(A plasmid editor) cloning strategies /jorgensen/wayned/ape/
Image] image editing, analysis and https://imagej.nih.gov/ij/
quantification
GIMP image editing www.gimp.org/
Microsoft Office text files, spreadsheets and Microsoft
presentations
GraphPad PRISM statistics GraphPad
Inkscape illustrations and figures www.inkscape.org/

NCBI Homepage

database for DNA/protein

sequences and scientific literature

www.ncbi.nlm.nih.gov/

Genecards

information on genes/proteins

www.genecards.org/

UniProt

protein sequences and annotation www.uniprot.org/

2.1.12 Mouse strains

The ITSN1 knockout (KO) mice were a kind gift from Dr. Melanie Pritchard

(Monash University, Melbourne, Australia). Heterozygous mice were interbred to

yield ITSN1 KO mice and corresponding wildtype (WT) control animals. The ApoER2

KO mice were generously provided by Prof. Hans Bock (Univ. of Diisseldorf, Germany)

and Prof. Joachim Herz (Univ. of Texas Southwestern Medical Center, Dallas, TX, USA).
To obtain ITSN1/ApoER2 double KO mice, ITSN1 KO mice were interbred with

ApoER2 heterozygous mice. The resulting double heterozygous mice were bred to

produce double and single KO mice, as well as control animals (double heterozygous).
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2.2 Behavioral experiments

Studies of mouse behavior were performed in a quiet environment with low
lighting. For comparability reasons, experiments were always performed at the same
daytime (3to 5pm). All equipment used was cleaned thoroughly between

experiments to avoid erroneous results due to mice sniffing each other.

2.2.1 Open field exploration

For open field exploration tests, mice were exposed to an unfamiliar open arena
for a period of 8 min. The test chamber measured 60 x 40 cm. A central zone of 30 x
20 cm was marked with a black line. The total time the mice spent walking and the
time spent in the center were measured manually. Additionally, the number of line

crossings and wall rearing attempts were counted.

2.2.2 Novel object assay

After open field exploration, an unfamiliar object (bottle of Immu-Mount
mounting medium) was placed in the center of the chamber. The mouse behavior was
recorded for 5min. The overall time spent at the novel object was measured
manually, as well as the latency to the first approach. Also, the number of approaches

was counted.
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2.3 Molecular Biology Methods

2.3.1 Cloning strategies

Cloning strategies were developed using the free DNA editing software Ape.
Primers for cloning purposes were designed with an overlap of 15 - 18 base pairs
(bp) between primer and target sequence. Additional 4 nucleotides were added to the
5 end to ensure efficient cleavage by restriction enzymes. The complete DNA
construct was assembled in silico to exclude possible mistakes, such as frame shifts or

incompatibilities of restriction enzyme recognition sites.

2.3.2 Polymerase chain reaction

Polymerase chain reactions (PCRs) were used for amplification of specific DNA
sequences from plasmid or genomic DNA. PCRs were usually set up in a volume of 20
ul containing 1 x polymerase reaction buffer, 200 uM of each dNTP, 500 nM of each
primer, the respective template DNA and 1 unit of Phusion polymerase or 0.5 units of
DreamTaq polymerase. The annealing was chosen to be equal to the melting
temperature of the primers.

For cloning of protein coding sequences into expression vectors DNA sequences
were amplified using plasmid DNA as a template. In this context, the proofreading

polymerase Phusion was used. The following program was run in a thermocycler:

Phusion:
Temperature Time
1. Initial Denaturation 95°C 30s
2. Denaturation 95°C 10s
3. Annealing 50 - 65°C 20s
4. Elongation 72°C 15-30s/kb
5. Final elongation 72°C 10 min
6. Storage 4°C o)

Steps 2 to 4 were repeated for 30 cycles.
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For screening of E.coli colonies after transformation of ligation reactions
(“Colony-PCR”) the DNA polymerase DreamTaq was used. Generally, primers were
chosen in a way that one is specific for the insert while the other binds to the target
vector. A tiny amount of bacteria picked directly from the LB agar plate provided the
template DNA. For Colony-PCRs the following program was employed:

DreamTagq:
Temperature Time
1. Initial Denaturation 95°C 2 min
2. Denaturation 95 °C 30s
3. Annealing 50-65°C 30s
4. Elongation 72 °C 1 min/kb
5. Final elongation 72 °C 10 min
6. Storage 4°C o

Steps 2 to 4 were repeated for 30 cycles.

2.3.3 Agarose gel electrophoresis

Agarose was dissolved in 1 x TBE buffer to a concentration of 0.7 % to 1.5 %
(w/v) by heating in a microwave. Ethidium bromide (Roth) was added to a final
concentration of 100 ng/ml. The gel was cast and covered with 1 x TBE buffer after
hardening. DNA samples were mixed with DNA loading dye before loading them to
the agarose gel. DNA fragments were separated at 8 - 12 V per cm of electrode
distance for 20 to 40 min. DNA was visualized on a UV table. If DNA was destined for
ligation, the desired fragments were cut out of the gel keeping UV exposure as low

and short as possible.

2.3.4 Isolation of plasmid DNA from E. coli

Small-scale isolation of plasmid DNA was done using the mini prep kit from
Macherey-Nagel according to the manufacturer’s instructions. For mini preps, 2 - 3 ml
of E. coli overnight cultures were used. Medium-scale isolation of plasmid DNA for

transfection of mammalian cells was performed with the endotoxin-free midi prep kit
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from Qiagen. For this application, 100 - 200 ml of E. coli overnight culture were

subjected to plasmid DNA isolation.

2.3.5 DNA restriction analysis

Digestion of DNA with restriction enzymes was performed for analysis of a DNA
construct or to generate fragments for subcloning. 2 pg of plasmid DNA or the
purified PCR product from 50 pl PCR reaction was incubated with 1 pl of the
respective FastDigest enzyme (Fermentas) and 2 pl of 10 x FastDigest Green Buffer in
a total reaction volume of 20 pl. Plasmid DNA was digested for 1 - 2 h at 37 °C while
PCR products were digested for the maximal time specified in the user’s manual.
Digested fragments were verified by agarose gel electrophoresis and purified from

the gel by using the NucleoSpin Clean-up kit (Macherey-Nagel) if used for cloning.

2.3.6 DNA ligation

Digested vector DNA was dephosphorylated at their 5’ end by incubation with 1
unit of CIP (calf intestinal phosphatase; NEB) for 10 min at 37 °C in order to prevent
self-ligation of vector DNA. Dephosphorylated plasmid DNA and digested PCR
product were purified using the NucleoSpin Extract II (Macherey-Nagel). The purity
and concentration of the DNA were measured photometrically. 50 ng of vector and a
threefold molar excess of insert were incubated with 5 units T4 DNA ligase
(Fermentas) and 4 pl of 5 x Ligation Buffer in a total reaction volume of 20 ul for 1 h

at room temperature. 5 pl of the ligation reaction were used for transformation.

2.3.7 Transformation of chemically competent E. coli

50 pl of CaClz-competent E. coli (TOP10 or BL21) were thawed on ice and
incubated with 5 pl of ligation reaction for 5 min on ice. Cells were heat-shocked for
45 s at 42 °C and chilled for 5 min on ice. 500 pl of LB medium without antibiotics
were added and bacteria were incubated shaking for 60 min at 37 °C. Cells were
plated on pre-warmed LB agar plates supplemented with appropriate

antibiotics (Ampicillin or Kanamycin) for selection of positive clones.
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2.3.8 Sequencing
Sequencing of plasmid DNA was carried out by MWG Biotech or Source
Bioscience. 0.5 - 1 ug of DNA were sent. Sequencing results were analyzed with Ape

software.

2.3.9 Cryostocks of bacterial clones
2 ml of a bacterial suspension containing a positive clone were concentrated to
0.5 ml by centrifugation and mixed in a 1:1 ratio with a 50 % glycerol solution in PBS.

The mixture was transferred into cryotubes and stored at -80 °C.

2.3.10 Isolation of genomic DNA from mouse tail

Genomic DNA was isolated from mouse tissue to allow genotyping of transgenic
mice. Small tail or toe biopsies were taken from pups (pO - p3). Alternatively, ear
tissue was taken from mice at the time of weaning (~3 weeks). Tissue samples were
incubated in 300 pl of tail lysis buffer supplemented with Proteinase K (100 pug/ml;
NEB) at 55 °C for 0.5 - 2.0 h. The debris was removed by centrifugation for 5 min at
17 000 g and DNA was precipitated by addition of an equal volume of isopropanol to
the supernatant. After several inversions of the tubes, the DNA was pelleted by a
centrifugation for 5 min at 17 000 g. The supernatant was removed and the pellet was
washed in 500 pl 70 % ethanol. After another centrifugation the supernatant was
removed carefully but meticulously. The pellet was dried in a heating block at 55 °C
and then resuspended in 50 pl MilliQ H20. Isolated genomic DNA was used for PCR
directly or stored at -20 °C.

2.3.11 Genotyping of mice
Mice from the ITSN1 and ApoER2 KO strains were genotyped by PCR.

Table 2.12 Reaction mix and primer sequences for genotyping

Reaction mix: Primer sequence (5’ to 3’)
10 x buffer 2 ul TM218_ITSN1a_F  GTAGAGCTCTAAACTGCACCTTAG
10 x dye 2wl TM219_ITSN1b_F CTGGTATGTATCGATCACCATCCA
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MgCl2 2wl TM220_ITSN1c_R  GTGACAACAGTCAACACAGCATTG

dNTPs (5 mM) 0.6 ul ApoER2_WT fw CCACAGTGTCACACAGGTAATGTG

Primers (10 uM) 0.75 pl ApoERZ2_WT rev ACGATGACCCCAATGACAGCAGCG

Taq 0.5 ul ApoER2_KOrev  GCTTGTTGGAATTCAGCCAGTTACC
DNA 1-2u
MilliQ H20 ad 20 pl

The following PCR programs were used for genotyping:

ITSN1 (AG55_1):

Temp Time

1. Initial Denaturation 95°C 3 min

2. Denaturation 95°C 30s
3. Annealing 55°C 30s
4. Elongation 72°C 1 min
5. Final elongation 72°C 5 min
6. Storage 4°C o0

Steps 2 to 4 were repeated for 30 cycles.
Expected band sizes were 666 bp for WT and 544 bp for KO samples.

ApoER2_WT 55: ApoER2_KO 60:

Temp Time Temp Time
1. Initial Denaturation 95°C 2 min 1. Initial Denaturation 95°C 2 min
2. Denaturation 95°C 20s 2. Denaturation 95°C 20s
3. Annealing 55°C 30s 3. Annealing 60°C 30s
4. Elongation 72°C 1 min 4. Elongation 72°C 1 min
5. Final elongation 72°C 10 min 5. Final elongation 72°C 10 min
6. Storage 4°C 00 6. Storage 4°C o

Steps 2 to 4 were repeated for 40 cycles.
Expected band sizes were 601 bp for WT and 420 bp for KO samples.
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2.4 Cell Biology Methods

2.4.1 Hippocampal neuron preparation and culture

Coverslips were coated with Poly-L-lysine (final concentration 15 pg/ml in
MilliQ H20) while tissue culture dishes were coated with Poly-L-ornithine (final
concentration 100 pg/ml in MilliQ H20) for at least 1 h at 37 °C. Before application of
cells, coverslips or dishes were washed twice with MilliQ H20 and dried briefly. For
preparation of hippocampal neurons, mice pups (pO - p4) were decapitated, the brain
was isolated and collected in sterile Hank's balanced salt solution (HBSS) with 20 %
fetal bovine serum (FBS). Brain hemispheres were separated and brain stem,
cerebellum, midbrain and thalamus were removed. The hippocampus was folded out
and separated from the cortex. Isolated hippocampi were sliced into 5 - 7 pieces and
collected into a 15 ml falcon tube filled with 5 ml HBSS with 20 % FBS. After settling
of the tissue pieces, the supernatant was removed and the tissue was rinsed once
with 5 ml HBSS with 20 % FBS and twice with 5 ml HBSS. The pieces were digested
with 2 ml sterile digestion solution supplemented with 1 mg DNase (Sigma, D5025)
and 12 mg Trypsin (Sigma, T1005) for 15 min at 37 °C. After that, tissue pieces were
washed twice with 5 ml HBSS with 20 % FBS to block the trypsin activity and twice
with HBSS. Cells were dissociated mechanically in sterile dissociation solution
containing 1 mg DNase by triturating using a siliconized Pasteur pipettes with
narrowed opening. 2 ml of HBSS with 20 % FBS were added to the cell suspension
and cells were pelleted by centrifugation for 8 min at 200 x g and 4 °C. Cells were
resuspended in 0.5 ml of SFM and counted. For immunocytochemical experiments,
50 000 cells in a volume of 50 pl were plated in the middle of an 18 mm Poly-L-lysine-
coated coverslip. When cells were to be used for proteinbiochemical assays 200 000 -
500 000 cells at a concentration of 100 000 - 250 000 cells / 100 pl were plated onto
Poly-L-ornithine-coated 3.5 cm tissue culture dishes. Cells were allowed to attach for
1 - 2 h and subsequently supplied with a sufficient volume of SFM. Every 4 - 5 days
neurons were fed by exchanging half of the culture medium. Neuronal cells were

cultured in a New Brunswick Galaxy 170 S incubator at 37 °C and with 5 % COa2.
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2.4.2 Calcium phosphate transfection of neuronal cultures
Hippocampal neurons were transfected on day 3 - 10 in vitro (DIV) with
endotoxin-free plasmid DNA by a modified calcium phosphate transfection method
using the ProFection mammalian transfection system (Promega, E1200). Osmolarity
of culture medium, Neurobasal A (NBA; Invitrogen, 21103) and Ca2*/Mg2+-free HBSS
(Invitrogen, 14170) were measured and adjusted to the same osmolarity by adding
D-Mannitol (Sigma, M4125). First, medium was removed from coverslips and saved
for later reuse. Cells were starved in pre-equilibrated NBA for 25 - 30 min in the
incubator. DNA (1 - 10 pg for an 18 mm coverslip) was mixed with 6.25 pl of
2 M CalClz and 50 pl water in an Eppendorf tube while 50 pl of 2 x HEPES buffer was
pipetted into a 15 ml falcon tube. DNA precipitates were formed by adding the
DNA/calcium mixture dropwise into HEPES buffer while vortexing gently. The
solution was kept in dark for 20 min and then added dropwise to cells (100 ul / 1
well). After incubation for 20 - 25 min in the incubator, cells were washed three times
with pre-equilibrated HBSS for 1 min before cells were covered with the culture

medium removed earlier.

2.4.3 Antibody uptake in hippocampal neurons

Antibody uptake experiments were performed with DIV7 hippocampal neurons,
transfected on DIV3 with EGFP-VLDLR-HA or EGFP-ApoER2-HA. Anti-EGFP antibody
(Abcam) was diluted 1:500 in prewarmed SFM and coverslips with transfected cells
were incubated upside down on antibody solution in a humidity chamber. The uptake
was allowed for 15 or 30 min at 37 °C or for 30 min at 8 °C (control). Afterwards, cells
were washed three times with ice-cold PBS?+ and fixed in PFA fixative for 5 min at
room temperature. After three washes with PBS and blocking with GSDB without
Triton X-100 for 30 min, the surface-bound antibody pool was stained with goat a
rabbit Alexa647 (1:100; Invitrogen) for 1h. Cells were washed three times with PBS
and postfixed with 2 % PFA for 10 min at room temperature before another three
washes with PBS. Neurons were permeabilized and blocked simultaneously with
GSDB containing Triton X-100 for 30 min. Then, internalized antibodies were stained

with goat a rabbit Alexa568 (1:200; Invitrogen) for 30 min. After three washes with
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PBS, coverslips were mounted on microscopy slides with Immu-Mount (Thermo

Scientific).

2.4.4 Preparation of hippocampal explants

Coverslips were coated with Poly-L-lysine (final concentration 100 pg/ml in
MilliQ H20) and Laminin (final concentration 20 pg/ml in MilliQ H20) for at least 2 h
at 37 °C. Directly before plating coverslips were washed twice with MilliQ H20 and
SFM was added. Hippocampal explants were isolated from embryonic mice (E16 -
E18). For that purpose, parental mice were mated and females were checked for a
vaginal plug. About 17 days after a plug had been noted, the pregnant mouse was
sacrificed by cervical dislocation. The uterus containing the mouse embryos was
taken out before the embryonic brains were isolated. Brains were stored in ice-cold
HBSS while genotyping of the embryos was carried out using tail biopsies. Only brains
from KO animals and their WT littermates were used. From these, hippocampi were
isolated and chopped into 500 pm thick pieces using a Mcllwain tissue chopper
(Mickle). Three pieces of hippocampal tissue were plated on a coated 18 mm

coverslip.

2.4.5 Growth cone collapse assay

To examine the EphB-mediated collapse of growth cones, chimeric murine
ephrinB2 /human Fc region (R&D) was preclustered with a rabbit anti-human IgG Fc
secondary antibody at a molar ratio of 1:2 for one hour at room temperature. Per
coverslip, 1 pg of ephrinB2/Fc were used at a final concentration of 2.5 pg/ml.
Clustering antibody only served as negative control. Preclustered ephrinB2/Fc or
control antibody were added to hippocampal explants in SFM at DIV1 or DIV2 and
incubated for 60 min in the incubator. For fixation of the explant cultures, 4 % PFA
with 20 % sucrose was added on top of the culture medium to avoid collapse
induction by air exposure. After 15 min, PFA/sucrose was removed and growth cones
were stained with Alexa568-coupled phalloidin (1:50; Invitrogen, A12380) and

mouse anti-tubulin antibody according to the standard immunostaining protocol.
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2.4.6 Organotypic hippocampal slice cultures

For hippocampal slice cultures, mice pups at p5 - p7 were used. In preparation,
1.2 ml of incubation medium per well were added to a 6-well plate (4 wells per
animal). Millicell culture plate inserts (Millipore, PICMORG50) were placed in each
well. Dissection was performed in 3 ml ice-cold preparation medium in a 3.5 cm dish.
Hippocampi were isolated very carefully from the brain to avoid damage to the
hippocampal tissue. Afterwards, hippocampi were transferred to the Mcllwain tissue
chopper and surrounding medium was removed completely. The tissue was chopped
into 300 um thick sections and transferred on a spatula. Sections were separated by
gentle rubbing with a second spatula. Slices were collected in a 3.5 cm dish with
preparation medium and examined under the microscope. Only slices with smooth
margins and well defined, undamaged CA1, CA3, and DG regions were used. Two
slices were placed onto the previously prepared inserts in the well plates and
cultured at 37 °C and 5 % COZ2. Slices were checked for contamination every other day
and incubation medium was fully exchanged every second day. Bromodeoxyuridine
(BrdU; Sigma, B5002) was added to the medium at 20 uM between DIV14 and DIV16.
At DIV18, slices were fixed with PFA fixative for 15 min, 30 min, 1 h, 2 h and
overnight. Immunostaining of the slices continued according to the

immunohistochemical staining protocol (chapters 2.7.6 and 2.7.7).

Table 2.13 Media for hippocampal slice cultures

Preparation medium Serum-free incubation medium
Sterile MEM (2 x) 50 ml Neurobasal-A 96.25 ml
Aqua ad iniectabilia 49 ml B-27 supplement 2 ml
GlutaMAX 200 mM 1ml Sterile 20 % glucose 0.5ml
NaOH 1M 0.940 ml GlutaMAX 200 mM 1.25 ml
adjust to pH 7.32 - 7.36 directly before adjust to pH 7.2 - 7.3 directly before
use use

All components and devices were used exclusively for slice cultures. Cleaning
occurred with MilliQ Hz0 only, without any detergent. All media were sterilized by

filtration through a 0.22 pm sterile filter.
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2.4.7 Culture of cell lines

HEK 293 cells were grown at 37 °C in presence of 5 % CO2z in a New Brunswick
Galaxy 170 S incubator in serum-containing medium (SCM). Confluent cells were
passaged by washing once with PBS followed by detaching the cells from the plate
using trypsin/EDTA solution (Thermo Scientific). Detached cells were resuspended in
SCM and plated on a new dish in a dilution ranging from 1:3 to 1:20. For long-term
storage, pelleted cells were resuspended in SCM containing 10 % DMSO and frozen
with slowly decreasing temperature by placing them in a styropor box at -80 °C. The

next day, cells were transferred to the gas phase of a liquid nitrogen tank.

2.4.8 Reelin production and concentration

CER cells, stably expressing full length Reelin, were cultured in 15 cm dishes in
SCM. To obtain Reelin, confluent 15 cm dishes were washed meticulously with PBS
three times to get rid of serum proteins. Cells were incubated with Dulbecco's
modified Eagle medium (DMEM; containing 20 mM HEPES at pH 7.4) without serum
and antibiotics for 24 hours. Cell supernatant was harvested and new DMEM was
added for another 24 hours. Supernatants were pooled and precleared by
centrifugation at 1 000 g for 5 min. To purify and simultaneously concentrate Reelin,
the solution was applied to an Amicon Ultra 15 mL centrifugal filter unit (Millipore)
and centrifuged at 4 000 g and 4 °C for 15 min. Protein concentration was measured
with the Bradford assay before the solution was snap-frozen and stored at -20 °C.

Concentrated supernatant from CEP4 cells served as negative control.

2.4.9 Calcium phosphate transfection of HEK 293 cells

HEK 293 cells were cultured in 10 cm dishes and transfected at a confluence of
~50 - 70 %. For one dish, 5 - 15 pg of plasmid DNA were mixed with 60 pl CaClz (2.5
M) and 440 pl 0.1 x TE Buffer. The solution was added dropwise into 500 pl of 2 x
HBS while vortexing gently. After 20 min, the mixture containing Ca2*-DNA
precipitates were added drop by drop to the HEK 293 cells. Transfections were in
performed with cells in full medium containing antibiotics. Cells were harvested and

lysed 48 - 72 hours after transfection.
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2.4.10 Transfection of HEK 293 cells with DNA/siRNA using Jetprime

HEK 293 cells were simultaneously transfected with DNA and siRNA using a
reverse transfection protocol. For a 10 cm dish, 500 pmol of siRNA and 5 pg of DNA
were diluted in 1 ml Jetprime buffer. After adding 20 ul of Jetprime reagent, the
solution was vortexed for 20 s and incubated for 15 min at room temperature.
Meanwhile, HEK 293 cells were trypsinized and counted. 3.5 - 4.0 x 10° cells were
plated on a 10 cm dish and the transfection mix was added immediately. Cells were

harvested 72 hours after transfection.

2.4.11 Immunocytochemistry

Cells were fixed with PFA fixative for 15 min at room temperature. Residual PFA
was removed by washing cells three times with PBS. Fixed cells were permeabilized
and at the same time blocked with GSDB/DSDB (depending of the origin species of
the secondary antibodies) for 30 min at room temperature. Triton X-100 was only
added when total pools were to be detected whereas Triton X-100 was omitted for
surface stainings. Afterwards, cells were incubated with primary antibodies diluted in
GSDB/DSDB for 1 h at room temperature. Incubation with antibodies was performed
by placing the coverslips upside down onto a drop of antibody solution on parafilm in
a humidified chamber. Coverslips were transferred back into a well plate and washed
three times with PBS for 5 min each. Alexa-conjugated secondary antibodies were
applied at a 1:200 dilution in GSDB containing 5 pg/ml 4’,6-Diamidino-2-
phenylindole (DAPI) for 30 min at room temperature. After washing the coverslips
three times in PBS for 5 min each and quick washing in water, the coverslips were
mounted on a microscope slide with Immu-Mount reagent and dried at room

temperature for 1 h.

2.4.12 Uptake of preclustered ephrinB-Fc

EphrinB1-Fc and ephrinB2-Fc chimeric proteins were preclustered with goat
anti-human Fc antibodies at a 2:1 molar ratio for 1 h at room temperature in PBS.
Complexes were used at a final concentration of 500 ng/ml. Uptake was allowed for
15 min at 37 °C. Cells were washed three times with PBS and then fixed with PFA
fixative. After three PBS washes and blocking with DSDB without Triton X-100,
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surface-bound ephrinB-Fc was stained with donkey anti-goat Alexa488 for 30 min.
After another three washes, cells were postfixed with 2 % PFA for 15 min and washed
again three times with PBS. Permeabilization and blocking was done with DSDB
containing Triton X-100 for 30 min. Internal ephrinB-Fc was stained with donkey
anti-goat Alexa568 for 30 min. Finally, cells were washed again three times and

mounted in microscopy slides using Immu-Mount reagent.

2.4.13 Transendocytosis of ephrinB/EphB complexes

Hippocampal glia cultures were prepared similarly to hippocampal neurons. As
culture medium, SCM was used. Cells were isolated and cultured for 2 - 3 passages
before transfection with Lipofectamine 2000. 2 dishes of WT and ITSN1 KO cells each
were transfected with HA-tagged EphB1 and GFP-tagged ephrinB2, respectively. The
next day, WT cells, transfected with HA-EphB1, and ITSN1 KO cells, transfected with
ephrinB2-GFP, were split and mixed in a 1:1 ration. Vice versa, the same was done
with WT cells, transfected with ephrinB2-GFP, and ITSN1 KO cells, transfected with
HA-EphB1. After one day, cells were fixed and stained for HA and GFP. Coverslips
were examined for transendocytosis between neighboring transfected cells of

different origin.
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2.5 Electrophysiology

2 - 3 months old WT and ITSN1 KO mice were used for acute hippocampal field
electrophysiology. Mice were decapitated and brains quickly sectioned into 350 pm
thick sagittal slices and transferred to recover in resting chamber (22 - 24 °C) filled
with artificial cerebrospinal fluid (ACSF). After recovery, slices were transferred to a
submerged recording chamber supplied with continuously bubbled ACSF with
solution exchange of 3 - 5 ml per min at room temperature (22 - 24 °C). CA3 - CA1
Schaffer collaterals were stimulated in stratum radiatum using a glass electrode filled
with ACSF (1 - 1.5 MQ) and a similar glass electrode (1.5 - 2.5 MQ) placed in the distal
part of the CA1 region was used to record field excitatory postsynaptic potentials
(fEPSPs). Electrical pulses of 0.2 ms were delivered for stimulation of Schaffer
collaterals and basal excitatory synaptic transmission was evaluated using input-
output stimulus response curves. To test synaptic plasticity LTP was induced using
single theta burst stimulation (TBS) comprising 8 bursts delivered every 200 ms with
each burst containing 4 pulses at 100 Hz. The data were recorded at a sampling rate
of 10 kHz, low-pass filtered at 3 kHz and analyzed using PatchMaster software and
EPC9 amplifier (Heka Elektronics).
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2.6 Proteinbiochemical Methods

2.6.1 Preparation of mouse brain extract

In order to analyze the expression levels of proteins and for protein-protein
interaction studies, whole brains or isolated hippocampi were collected in a teflon
homogenizer. 5 pl of ice-cold lysis buffer (HMK/Tx) were added per mg of tissue. By
applying 15 strokes at 900 rpm (IKA EUROSTAR power basic) the tissue was
homogenized and complete lysis was allowed by subsequent incubation on a rotating
wheel for 30 min at 4 °C. Lysates were centrifuged for 10 min at 17 000 x g at 4 °C and
the supernatants were collected. If the lysates were to be used for interaction studies,
i.,e. GST-pulldown or immunoprecipitation assays, they were cleared by
ultracentrifugation for 20 min at 180 000 g and 4 °C in a TLA-110 rotor. Alternatively,
if lysates were destined for immunoblotting only, sample buffer was added and they

were stored at -20 °C or -80 °C (for phospho-samples).

2.6.2 Crude synaptic vesicle (LP2) preparation

For subcellular fractionation of brain tissue, 1 mouse brain was homogenized in
12 ml of ice cold homogenization buffer with 20 strokes at 900 rpm (IKA EUROSTAR
power basic). After centrifugation for 10 min at 800 g, the supernatant (S1) was
centrifuged again (15 min at 10 000 g). The pellet (P2) was resuspended in 12 ml ice
cold homogenization buffer and centrifuged for 15 min at 10 000 g. The resulting
pellet (P2’) contains the crude synaptosomal fraction. The P2’ fraction was
resuspended in 1.2 ml homogenization buffer and synaptosomes were lysed
osmotically by addition of 9 ml ice cold MilliQ H20 and homogenization with 3 strokes
at 2 000 rpm. The solution was centrifuged for 20 min at 25 000 g and the resulting
supernatant (LS1) was centrifuged for 2 h at 200 000 g. The pellet containing crude
synaptic vesicles (LP2) was resuspended in 50 pl homogenization buffer and stored

in 1 x sample buffer at 0.25 mg/ml.
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2.4.3 Preparation of cell lysates from eukaryotic cells

Total cell lysates from eukaryotic cell lines or primary hippocampal cultures
were prepared using HMK/Tx lysis buffer. Cells grown on plastic dishes or glass
coverslips were washed with PBS once and buffer was aspirated completely. Dishes
were transferred to ice and HMK/Tx was added instantaneously. Cells were collected
using a cell scraper. Confluent 10 cm dishes were harvested in a total volume of 300
to 600 pul HMK/Tx lysis buffer. To ensure complete lysis, samples were incubated for
30 min on a rotating wheel in the cold room. Clarification of lysates was achieved by
centrifugation for 15 min at 17 000 g and 4 °C in a tabletop cooling centrifuge. In case
only expression levels were to be analyzed, sample buffer was added to the lysates
and they were stored at -20 °C or -80 °C (for phospho-samples). For interaction
studies, lysates were cleared further by ultracentrifugation for 20 min at 180 000 g

and 4 °Cin a TLA-110 rotor.

2.6.4 Protein quantification using Bradford assay

To measure the protein concentration of cell lysates, tissue extracts and purified
protein solutions, samples were diluted 1:500 to 1:10 000 in 1 000 pl of 1 x Bradford
reagent. The mixture was incubated for 5 min at room temperature and ODs9s was
measured with a photometer. As blank sample, 1 x Bradford reagent with lysis
buffer/PBS was used. Extinction values between 0.1 and 0.6 were accepted as
reliable. Protein concentration was calculated from a BSA standard curve, covering

the range of 1 ug to 10 pg.

2.6.5 Expression of GST-fusion proteins in E. coli

A starter culture of 50 ml LB medium containing 50 pg/ml ampicillin was
inoculated with a small amount of E. coli bacteria from the respective cryostock. For
protein expression the strain BL-21 was used. Bacteria were allowed to grow shaking
at 37 °C overnight. The next day 500 ml 2 x YT protein expression medium, freshly
supplemented with 50 pg/ml ampicillin, were inoculated with 20 - 40 ml overnight
culture and bacteria were grown at 37 °C shaking at 180 rpm. When optical
density (ODeoo) had reached 0.7 - 0.8, the medium was cooled to 30 °C and protein

expression was induced with 0.5 mM isopropyl thiogalactoside (IPTG). After 4 h of
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expression at 30 °C and 180 rpm bacteria were harvested by centrifugation at 4 000 g
for 15 min and resuspended in ice-cold PBS. Aliquots of the bacterial suspension (5 %

- 50 %, depending on the expression yield) were stored at -20 °C for later use.

2.6.6 Affinity-purification of GST-fusion proteins

Bacterial pellets were thawed in a room temperature water bath and 1 mM
PMSF, 125 units of benzonase (a DNase/RNase) and a tip-of-a-spatula lysozyme
(Roth, 8259) were added. After 15 min on ice, bacterial cells were sonicated for 1 min
(1 min at 30 % power, Branson digital sonifier) at 4 °C. Triton X-100 was added to a
final concentration of 1 % (v/v) and lysis was allowed for 15 min on ice. Cell debris
was removed by centrifugation for 15 min at 35 000 g. Afterwards, the supernatant
was added to 0.25ml (1:2 slurry) of PBS-washed GST-bind-resin (Novagen) and
incubated for 1 - 2 h at 4 °C on a rotating wheel. The beads were washed 3 times with
ice-cold PBS and resuspended in 1 ml PBS after last wash. The concentration of the
purified GST-fusion proteins was determined using the Bradford method and by

Coomassie staining.

2.6.7 GST pulldown assay

GST-pull down experiments were performed to study protein-protein
interactions. 100 pg of purified GST-fusion proteins were incubated with cell or brain
extract, precleared by ultracentrifugation, for 2 - 4 h at 4 °C on a rotating wheel.
Unbound proteins were removed by washing the beads three times with ice-cold
HMK/Tx. The fourth and final wash step was done without Triton X-100 and
supernatant buffer was removed completely with a Hamilton Syringe. Elution of
bound proteins was achieved by adding 40 pl of 1 x sample buffer and boiling for 5
min at 95 °C. After a brief centrifugation in a tabletop centrifuge, the supernatant was
transferred to a new tube and proteins were analyzed by SDS-PAGE and
immunoblotting. For detection of Dabl in pulldowns from brain extract, bound
proteins were first eluted with 500 mM NaCl and 0.5 % SDS for 30 min at room
temperature. Eluate was diluted 1:10 in 20 mM HEPES pH 7.4 before Dabl was
immunoprecipitated  according to the standard immunoprecipitation

protocol (Chapter 2.6.9).

74



2. Material and Methods

2.6.8 Surface biotinylation of hippocampal cultures

To investigate surface levels of plasma membrane proteins in hippocampal
neurons, a surface biotinylation assay was carried out. Cells were washed twice with
ice-cold PBS?* and then incubated with EZ-Link Sulfo-NHS-SS-Biotin solution (0.5
mg/ml in PBS2*, Thermo Fisher Scientific, 21331) for 15 min at 4 °C. Residual biotin
was quenched by two washes with glycine (50 mM in PBS2*) for 5 min each at 4 °C.
After two washes with PBS?+, cells were harvested and lysed with HMK/Tx for 30 min
on rotating wheel at 4 °C. Lysates were centrifuged at 17 000 g for 15 min at 4 °C
before supernatants were applied to 100 pl of pre-equilibrated streptavidin beads.
The mixture was incubated for 2 h on rotating wheel at 4 °C before beads washed
four times with HMK/Tx and once with lysis buffer without Triton X-100. After
removing residual buffer completely, 40 pl of 1xsample buffer were added and
samples were boiled for 5 min at 95 °C. Beads were spun down by brief centrifugation
and supernatants, containing the cell surface proteins, were transferred to new tubes.

Proteins were separated by SDS-PAGE and detected by immunoblotting.

2.6.9 Immunoprecipitation

Co-immunoprecipitation experiments were either carried out with lysates from
HEK 293 cells overexpressing the proteins of interest or from mouse brain extract. 40
ul of protein A/G PLUS Agarose beads (Santa Cruz Biotechnology) were pre-
equilibrated with HMK/Tx and incubated with 1 - 10 pg of the precipitating antibody
in 500 ul HMK/Tx. The mixture was incubated on a rotating wheel for 1 h at room
temperature to allow coupling of antibodies to the agarose beads. Unbound
antibodies were removed by washing twice with HMK/Tx and antibody-coupled
beads were incubated with ultracentrifuged cell or brain extract for 2 - 4 h at 4 °C on
a rotating wheel. Then, the beads were washed three times with HMK/Tx and once
with HMK buffer (without Triton X-100). Residual buffer was completely removed
with a Hamilton syringe and 40 pl of 1 x sample buffer, supplemented freshly with 10
% B-mercaptoethanol to break the disulfide bonds of the antibody molecules were
added. After boiling for 5 min at 95 °C, the samples were centrifuged briefly in a

tabletop centrifuge and the supernatant, containing the eluted proteins, was
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transferred into a new tube. Proteins were detected by SDS-PAGE, followed by

immunoblotting.

2.6.10 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

To separate proteins based on their molecular mass sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (PAGE) was performed. SDS-PAGEs were
carried out using Tris-glycine based buffers with a 3 % stacking and 4 % to 14 %
separating gel (Table 2.12). A constant current of 10 - 20 mA was applied per gel.
After electrophoresis, gels were either processed for immunoblotting or proteins

were visualized by Coomassie staining.

Table 2.14 SDS polyacrylamide gels

Separation: Stacking:
14 % 12 % 10 % 7% 4 % 3%
MilliQ HZ20 2.0 ml 2.5 ml 3.0 ml 3.75ml  4.5ml 1.25 ml
4 x buffer 1.875ml 1.875ml 1.875ml 1.875ml 1.875ml 0.625ml

30% AA/BAmix 3.5ml 3.0 ml 2.5ml 1.75ml 1.0 ml 0.33 ml

TEMED 75u 75w 75u 75w 75u  3.754ul

10 % (w/v) APS 75l 75 ul 75 ul 75 ul 75 ul 37.5ul

2.6.11 Immunoblotting

Immunoblotting (or Western Blotting) was used to detect specific proteins after
separation by SDS-PAGE. Proteins were transferred using a semi-dry method
(Biometra FastBlot B44) onto a nitrocellulose membrane (GE Healthcare, Amersham
Protran 0.2 NC). Blotting papers (Rotilabo, Roth) were soaked in blotting buffer and
placed on the blotting apparatus, followed by the rinsed membrane. The
polyacrylamide gel, also rinsed in blotting buffer, was placed on top. Finally, another
pre-wetted blotting paper was put on the stack. Air bubbles were removed
thoroughly during the stacking procedure. Proteins were transferred with 60 mA/gel
for 3 h. Then, membranes were washed twice with MilliQ H20 and transferred
proteins were stained with Ponceau stain for 5 min. Background staining was

removed by washing in Ponceau destain. Membranes were cut according to the size of
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the proteins to be detected. Ponceau S was washed out completely by rinsing several
times in TBS. Membranes were blocked with blocking solution for 1 h. After washing
the membrane with TBS three times, primary antibodies in antibody dilution solution
were applied for 2 h at room temperature or, preferably, overnight at 4 °C. The
membrane was washed four times for 5 min in TBS before secondary antibodies,
specifically recognizing antibodies of the primary antibody species, were applied 1 h
at room temperature. Secondary antibodies were used in a 1:5000 dilution in
blocking solution. When weak signals were expected, HRP (horseradish peroxidase)-
conjugated secondary antibodies and ECL Substrate (LI-COR, P/N 926-80100) were
used. Chemiluminescence was detected with the Biorad ChemiDoc MP Imaging
system. Stronger signals were detected quantitatively with IRDye 800CW-conjugated

secondary antibodies and LI-COR Odyssey Fc Imaging system.

2.6.12 Coomassie staining

Polyacrylamide gels were immersed in Coomassie stain and heated to about
60 °C in a microwave. The gel was stained for 15 min. Background staining was
removed by washing with Coomassie destain, again heated to about 60 °C. The

destaining procedure was repeated twice.

2.6.13 Cdc42 activity assay (G-LISA)

Quantification of active Cdc42 the G-LISA Activation Assay from Cytoskeleton
was performed according to the manual. Briefly, lysates were thawed in a room
temperature water bath, chilled on ice and added to the G-LISA plate. Lysis buffer and
GTPase-deficient Cdc42 served as negative and positive control, respectively.
Incubation took place on a cold orbital microplate shaker (300 rpm) at 4 °C for
exactly 15 min. The wells were washed twice and pre-equilibrated with antigen
presentation buffer before another three washes. Anti-Cdc42 antibody was added to
each well and the plate was incubated on the orbital shaker (300 rpm) at room
temperature for 30 min. The plate was washed three times and incubated with HRP-
conjugated secondary antibody shaking at room temperature for 30 min. After three

washes, HRP detection reagent was added and incubated for 15 min at 37 °C.
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Reaction was stopped by addition of stop buffer and the absorbance at 485 nm was

measured immediately.
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2.7 Histological Methods

2.7.1 Perfusion of mice

Mice were narcotized by intraperitoneal injection of a Ketamin/Xylazin mixture
(1.2 % Ketamin, 0.16 % Xylazin in PBS). Per 10 g of body weight, 100 pl of anesthetic
solution were applied. Anesthetized mice were fixed on a styropor board and
abdominal fur was removed. Skin and abdominal wall were incised beneath the rib
cage before the diaphragm was cut along the entire length of the rib cage. Afterwards,
the rib cage was cut up to the collarbone and removed. The left ventricle was
penetrated with a 15-gauge blunt-tipped perfusion needle connected to a
PeriStarPRO pump (WPI). The needle and the attached tube were fixed and the
superior vena cava was cut to create an outlet. Mice were perfused at a constant
speed of 1.0 ml/min, first with ice-cold PBS + heparin for about 15 min, then with ice-
cold fixation solution for about 10 min. The perfused animal was disconnected from
the apparatus, the brain was isolated from the skull and incubated in fixation solution

overnight at 4 °C. The next day, brains were transferred to brain storage solution.

2.7.2 Cryosectioning of brains

Brains were glued to the platform of a Microm HM 430 (Thermo Scientific)
using Tissu-Tek (VWR, 25608-930). Temperature was lowered to -40 °C to freeze the
brain completely. Horizontal or sagittal sections with a thickness of 40 pm were cut
with a sliding blade. Per brain, 6 series of sections were collected in cryotubes

containing brain storage solution. Sections were stored at -80 °C.

2.7.3 Nissl staining

One series of sections (i.e. every sixth slice of a brain) was thawed and mounted
on SuperFrost Plus slides (Thermo Scientific, 10143352) in gelatin solution at 41 °C.
Sections were allowed to dry overnight. Then, sections were immersed briefly in
water, followed by Cresyl violet (0.1 % w/v Cresyl violet in MilliQ H20) staining for 10
min in the dark. Afterwards slices were dehydrated by incubation in solutions with

increasing ethanol concentrations (50 %, 70 %, 80 %, 90 % v/v) for 2 min each.
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Sections were destained with 96 % (v/v) ethanol with 0.5 % (v/v) acetic acid for 30 s,
followed by two incubations in pure ethanol for 2 min each. Sections were transferred
to Xylene and finally coverslips were mounted onto the slides with Entellan

(Millipore, 107961).

2.7.4 Estimation of DG volume

For DG volume determination, every sixth section was stained with the Nissl
method. Images from all sections containing DG were recorded, the DG was outlined
and the area was measured using Image] software. Volume was estimated using the
formula YA x h x n, with } A being the sum of the area measured on each section, h

being the section thickness (40 um) and n being the section interval (6).

2.7.5 Golgi staining

Golgi impregnation of brains was performed with the FD Rapid GolgiStainKit by
FD NeuroTechnologies according to the manual. Briefly, animals were perfused with
PBS containing heparin followed by brief perfusion with fixation solution for less than
5 min. The tissue was immersed into impregnation solution (1:1 mixture of Solution A
and B, prepared at least 24 h prior to perfusion). The next days, impregnation
solution was replaced with fresh solution and the brains were incubated for 2 - 3
weeks in the dark. Then, tissue was transferred into solution C and stored at 4 °C in
the dark at least for 2 - 7 days. Solution C was renewed after 24 h. For sectioning, a
Leica VT1000M vibratome was used and brains were cut into 200 um thick slices
while immersed in solution C. Slices were transferred directly onto SuperFrost Plus
slides, coated before with 0.5% (w/v) gelatin, and allowed to dry at room
temperature. For staining, slides were rinsed with MilliQ H20 twice for 2 min each
before sections were placed in a 1:1:2 mixture of solutions D:E:MilliQ H20 for 10 min.
After 2 washing steps in MilliQ H20 for 4 min each, tissue was dehydrogenated by
immersion in ethanol solutions with increasing ethanol content (50 %, 75 %, 95 %
and 4 x 100 %) for 4 min each. Sections were cleared in xylene 3 times, 4 min each,

and coverslips were mounted onto the sections with Entellan.
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2.7.6 Immunohistochemical staining

Sections were thawed and collected in phosphate buffer (125 mM). Only
sections containing a complete cross section of the hippocampus were used. All
washing and incubation steps took place on a standard 1000 orbital shaker (VWR) at
100 rpm. Samples were washed three times in phosphate buffer for 15 - 20 min each
and afterwards permeabilized with phosphate buffer, freshly supplemented with 0.3
% Triton X-100. Permeabilization was carried out for 2 - 3 h, during which the buffer
was exchanged every 20 min. For blocking, 5 % serum (goat and/or donkey,
depending of the origin species of the secondary antibodies) in phosphate buffer with
0.3 % Triton X-100 was applied for 1 h. Primary antibodies were diluted in phosphate
buffer with 0.3 % Triton X-100 and incubated together with the sections for 2 - 3 days
in the cold room. Then, sections were washed for 3 h in phosphate buffer with 0.3 %
Triton X-100, changing the solution every 15 min. Secondary antibodies were
incubated either at 4 °C overnight or 2 h at room temperature. After three washes in
phosphate buffer, sections were mounted with 41 °C warm gelatin solution (0.2 %
porcine skin gelatin in 50 mM TrisHCI pH 7.4) onto microscope slides. After drying for
10 min at 41 °C, coverslips were mounted on top with Immu-Mount. Stained brain
slices were analyzed with Zeiss laser scanning confocal microscopes LSM710 or

LSM780.

2.7.7 BrdU labelling of dividing cells in vivo

To quantify the number of dividing cells in adult brains, mice at the age of 2
months were injected intraperitoneally with a 10 mg/ml solution of BrdU in PBS (50
ug/g body weight). Injection was repeated twice with a two-hour interval. Mice were
perfused two hours after the last injection. Brains were cut and stored according to
the standard protocol. For the immunohistochemical staining of BrdU, the staining
protocol was complemented with the following steps: after the initial washing in
phosphate buffer, slices were incubated in 2 N HCI at 37 °C for 45 min to denature
DNA. Slices were washed twice with 0.1 m borate buffer (pH 8.5) and twice with
phosphate buffer for 15 min each to neutralize the acidic pH. Then, the standard

staining procedure continued with permeabilization of the slices.

81



2. Material and Methods

2.7.8 Quantification of Nestin-positive processes and Dcx-positive

cells

The DG area of immunostained brain sections was imaged with a 10 x objective
and a laser scanning confocal microscope. Images were recorded as stacks with a
distance of 0.3 pm to cover the whole slice in the z dimension. Stacks were projected
onto one image and the region of interest was outlined manually. Nestin-positive
processes and Dcx-positive cell bodies were quantified using the Image] particle

analysis tool.
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3. Results

3.1. ITSN1 KO mice show hippocampus-specific

deficits

3.1.1 Absence of ITSN1 in mice has no overt effect on viability,

health or behavior

To study the role of intersectinl (ITSN1) in brain development and physiology
we made use of the ITSN1 knockout (KO) mouse, created in the lab of Melanie
Pritchard (Yu et al., 2008). These mice are macroscopically indistinguishable from
their wildtype (WT) littermates (Fig. 3.1a) and mice heterozygous for the mutant
allele produced offspring at the expected Mendelian ratio, i.e. ~25% KO animals (Fig.
3.1b). The ITSN1 KO animals were of similar size as their WT siblings and displayed
similar weight gain (Fig. 3.1c).
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Figure 3.1 Mendelian inheritance and unchanged body weight of ITSN1 KO mice. (a) Example
images of a WT mouse and its ITSN1 KO littermate. (b) Heterozygous mating produced offspring at
Mendelian frequencies (number of animals: WT: 55, KO: 54, Heterozygotes (HET): 125; chi-square test:
not significant). (c) Body weight of female mice (WT and ITSN1 KO littermates) was measured at 1.5,
2.5 and 10 weeks. No significant difference was detected (mean +/- SEM; p > 0.05; two-tailed t-test for
unpaired samples). (d) Brain homogenates and crude synaptic vesicles (LP2) from WT and ITSN1 KO

brains were analyzed for level changes of various ITSN1 interactors. None of the proteins checked
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showed an altered pattern in ITSN1 KO brain tissue. Dnm1: Dynamin1; AP-2: adaptor protein complex
2; Syp: Synaptophysin; CHC: clathrin heavy chain; Sjn: Synaptojanin; SNAP25: Synaptosomal-
associated protein 25 kDa; Hsc70: heat shock cognate 70 kDa.

ITSN1 has been implicated in vesicular trafficking, especially SV exo-
/endocytosis (Pechstein et al., 2010b). Therefore, we investigated whether genetic
ablation of ITSN1 affects either the total levels or the subcellular distribution of
proteins involved in SV cycling. To that end, protein levels in brain homogenate and
the crude synaptic vesicle fraction (LP2) from WT and ITSN1 KO mice were analyzed.
The list of examined proteins entailed endocytic players like AP-2 or Dynamin1, but
also the exocytic protein SNAP25 or the actin-regulating small G-protein Cdc42. Of
the proteins analyzed, none showed a significant change, neither in whole brain
homogenates nor in the crude synaptic vesicle fraction (Fig. 3.1d). This implies that
these proteins do not rely on ITSN1 to be stably expressed although most of them
have been shown to bind ITSN1.

We wanted to investigate the effect of ITSN1-deficiency on general activity and
exploratory behavior. WT and ITSN1 KO mice were placed into a novel environment,
a rectangular box with an outlined central rectangle. The walking time and the time in
the center were measured along with the number of line crossings and rearing
attempts at the wall. No significant differences between WT and ITSN1 KO mice were
observed (Fig. 3.2a). ITSN1-deficient mice showed only a mild tendency towards
more active behavior, indicated by a slightly increased walking time and a higher
number of line crossings. To further analyze exploratory and anxiety-related
behavior, mice were confronted with a novel object. Time at the object, latency to the
first approach, as well as the total number of approaches were measured. Again,
ITSN1 KO mice did not show substantial changes in behavior compared to control
animals (Fig. 3.2b). Animals lacking ITSN1 were slightly more explorative, as seen in a
tendency towards more approaches, but this effect was statistically not significant.

In sum, we concluded that a lack of ITSN1 expression in mice has no major effect

on viability, health or behavior.
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Figure 3.2 No obvious changes in behavior of ITSN1 KO mice. (a) Absence of ITSN1 has no major
effect on activity during open field exploration. During an 8 min period, the walking time and the time
spent in the center were measured and the number of line crossings and wall rearing attempts were
counted. (b) No significant difference was noted between WT and ITSN1 KO mice in a novel object
assay. Mouse behavior towards a novel object was recorded for 5 min. The time at the object, the
latency to the first approach and the total number of approaches were measured. Circles/squares
represent single animals and the horizontal line indicates the mean; N = 4 for WT and 5 for ITSN1 KO;

p > 0.05; two-tailed t-test for unpaired samples.

3.1.2 Neuronal migration deficits in hippocampi of ITSN1 KO mice

To find out if ITSN1 plays a role in brain development and morphology, we
examined Nissl-stained brain sections of adult (2 months old) ITSN1 KO mice and WT
control animals. While overall brain size and morphology appeared normal, there
were obvious morphological changes in the hippocampi of ITSN1 KO mice (Fig. 3.3).
First, the dentate gyrus (DG) was altered in shape, showing a more rectangular,
rather than triangular form when compared to the corresponding region in control
littermates. This phenotype became more overt in horizontal than in coronal or
sagittal sections. Such a shape is most likely the consequence of disturbed guidance of
progenitor cells during perinatal development of the DG (Altman and Bayer, 1990a).
Misdirected migration of DG progenitors from the secondary dentate matrix could
ultimately results in a deformed DG. A second alteration in ITSN1-deficient
hippocampi pertains to the pyramidal cell layer in cornu ammonis (CA) regions.

There, the pyramidal cells were less densely packed than in the WT hippocampi. This
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dispersion was most obvious in the CA3 but also extended to the CA1l region.
Depending on the expressivity of the phenotype, the pyramidal cell layer was even
split into two distinct layers. This shows that not only the granular neurons in the DG
but also the pyramidal neurons in the CA region do not migrate properly in the
absence of ITSN1. Therefore, ITSN1 has a so far undescribed role in neuronal

migration during hippocampal development.

i [ITSN

R

Figure 3.3 Hippocampal lamination defects in ITSN1 KO mice. Nissl-stained horizontal sections of
hippocampi from WT and ITSN1 KO mice reveal morphological changes in the absence of ITSN1. The
shape of the dentate gyrus (DG) is changed and the pyramidal cell layers in CA1 and CA3 are dispersed.
Arrowheads indicate the separation of pyramidal cells into two distinct layers, both in CA1 and CA3.

Scale bars: 200 pm.

3.1.3 Alterations in adult hippocampal neurogenesis in ITSN1 KO
mice

The altered positioning of hippocampal cells in ITSN1 KO mice indicates that
ITSN1 acts during embryonic and early postnatal development of the hippocampus.
The dentate gyrus is one of the few regions where neurogenesis and migration of
immature neurons persists into adulthood (Altman and Das, 1965; Kaplan and Hinds,
1977; Cameron et al, 1993). As many signaling pathways controlling early
hippocampal development also regulate adult neurogenesis (Faigle and Song, 2013),
we asked whether ITSN1 also has a function in this process. Radial glial cells residing
in the subgranular zone (SGZ) of the DG possess one long radial process spanning the
granular cell layer (GCL). These cells act as a scaffold for migration of newborn
neurons but also exhibit properties of neural stem cells (Palmer et al., 1997). Radial
glial cells express certain marker proteins like Nestin or GFAP. Strikingly, when we
compared Nestin-positive processes in the GCL from ITSN1 KO brains with WT

controls, we found that these processes were severely disorganized (Fig. 3.4a) and
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their number was reduced by around 50% (Fig. 3.4b). Therefore, ITSN1 plays an
important role for the establishment or maintenance of the radial glial scaffold in the

adult DG.
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Figure 3.4 Disorganized radial glial cell scaffold in the dentate gyrus of ITSN1 KO mice.
(a) Immunohistochemical staining for the radial glial cell marker Nestin in sagittal sections of WT and
ITSN1 KO. Scale bars: 100 um. (b) Quantification of Nestin-positive processes in the DG shows that the
number of radial glial cell processes in ITSN1 KO brains is reduced to less than 50 % of the WT level

(mean + SEM; N = 8 littermate couples; ***p < 0.001; two-tailed t-test for paired samples).

Radial glial cells can give rise to Doublecortin (Dcx)-positive precursors during
differentiation into mature granular cells. Therefore, we analyzed if Dcx-positive cells
were also affected in ITSN1 KO mice. Interestingly, we found an accumulation of Dcx-
positive precursors in the hilar region of ITSN1 KO mice (Fig. 3.5). In WT control
animals, Dcx-positive cells were found almost exclusively in the SGZ and the GCL. This
suggests that in the absence of ITSN1 generation of new neurons is not as restricted
to the SGZ as in WT mice. Instead, Dcx-positive progenitors/neuroblasts are
generated for several weeks after birth in the hilus of ITSN1 KO mice. This suggests
that the hilus retains the neurogenic properties of the tertiary dentate matrix in
ITSN1 KO animals. Taken together with the altered radial glia scaffold, this suggests
an essential function of ITSN1 for the development of the neurogenic niche in the

adult hippocampus.

87



3. Results

a b

.. [

ITSN1 KO

*%

-
(=3
o

®
o
"

=23
o

H
o

Dcx-positive cells in hilus

N
o
1

WT ITSN1 KO

Figure 3.5 Accumulation of Dcx-positive cells in the hippocampal hilus region of ITSN1 KO mice.
(a) Immunohistochemical staining for Dcx in sagittal sections of WT and ITSN1 KO brains. The number
of Dcx-positive cells ectopically localized in the hilar region is elevated in ITSN1 KO brains. Scale bars:
100 pm. (b) Quantification shows a striking increase of Dcx-positive cells in the hilus of ITSN1 KO
brains. (mean + SEM; N = 4 littermate couples; **p < 0.01; two-tailed t-test for paired samples).

Neurogenesis in the adult brain relies on the distinct organization of the
neurogenic zone (Balu and Lucki, 2009). Therefore, we wanted to test if the disrupted
radial glial scaffold and the ectopic accumulation of Dcx-positive cells in ITSN1 KO
mice affects the generation of mature neurons and ultimately leads to a smaller DG.
Immunofluorescence (IF) staining for Calbindin, a marker for mature granular
neurons in the DG, gave no indication of a reduced granular cell number in ITSN1 KO
mice (Fig. 3.6a). Furthermore, ITSN1 deficiency had no effect on the volume of the DG,
based on stereological analysis of Nissl-stained brain sections (Fig.3.6b). These
findings imply that the disturbed organization of radial glial and neuronal progenitor
cells does not translate into a smaller number of mature neurons. As a result, absence

of ITSN1 affects the shape but not the size of the DG.
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Figure 3.6 Granular cell number and dentate gyrus size are unchanged in ITSN1 KO mice.
(a) Immunohistochemical staining for Calbindin and Calretinin in the DG of WT and ITSN1 KO brains
shows no obvious reduction of Calbindin-positive mature granular neurons. Scale bar: 20 pm.
OML/IML: outer/inner molecular layer; GCL: granular cell layer; SGZ: subgranular zone; H: hilus.
(b) The volume of the DG was estimated by stereological analysis (Cavalieri method) of Nissl-stained
brain sections. The DG volume in ITSN1 KO brains was similar to WT controls (mean + SEM; N=5
littermate couples; p > 0.05; two-tailed t-test for paired samples).

We wanted to investigate how proliferation in the DG is affected by the
described perturbations of the neurogenic zone. To that end, we injected the
nucleotide analogue BrdU into 2 months old mice and sacrificed them the same day.
BrdU gets incorporated into the DNA of dividing cells and can be detected with IF.
This allows the quantification of dividing cells at a certain time point (Ming and Song,
2005). Colabeling with other markers (e.g. Dcx) provides insight into the proliferation
of the respective cell population (Fig.3.7a). Interestingly, the number of BrdU-
positive cells was significantly increased in the DG of ITSN1 KO mice. The same held
true for Dcx-/BrdU-positive cells which were also more numerous in mutant brains
(Fig. 3.7b). This suggests that the disruption of the radial glial scaffold is balanced by
increased proliferation during differentiation. Ultimately, this results in a normal
number of mature neurons and, therefore, a regularly sized DG. Interestingly, in
ITSN1 KO brains BrdU-positive cells were not as restricted to the SGZ as in WT
littermates (Fig. 3.7c). A significantly higher number of dividing cells were found
ectopically in the molecular layer (ML) or the hilus of the DG (Fig. 3.7d). This finding
suggests that ITSN1 is required for the correct localization of newborn neural cells in
the DG. Ectopic localization of newborn cells is most likely the consequence of the

disorganized arrangement of radial glial cells in ITSN1 KO mice. In sum, these
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findings support the notion of ITSN1 as a regulator of migration and neurogenesis in

the hippocampus.
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Figure 3.7 Elevated proliferation during hippocampal adult neurogenesis in ITSN1 KO animals.
(a-b) Increased number of dividing cells in the SGZ of ITSN1 KO mice. (a) Brain sections from 2
months old, BrdU-injected mice were stained for BrdU and Dcx. SGZ cells, positive for BrdU only
(arrow) or double positive for BrdU and Dcx (arrow head), were counted. Scale bar: 20 pm. (b) Both
BrdU-positive and Dcx-/BrdU-positive cells were more numerous in hippocampi from ITSN1 KO mice
when compared to WT littermates (mean + SEM; N =5 littermate couples; *p < 0.05; two-tailed t-test
for paired samples). (c-d) More BrdU-positive cells are ectopically localized in ITSN1 KO mice.
(c) Brain sections from 2 months old, BrdU-injected mice were stained for BrdU. Arrow heads indicate
BrdU-positive cells in the granular layer. Scale bar: 200 um. (d) The relative distribution of BrdU-
positive cells shows that in ITSN1 KO mice significantly more dividing cells are located in the
molecular layer (ML), the granular cell layer (GCL) and less in the subgranular zone (SGZ). N =4
littermate couples; **p < 0.01 for cells in GL and SGZ, *p < 0.05 for ML; two-tailed t-test for paired
samples.

In order to find out whether the same ITSN1-dependent mechanisms regulating
hippocampal neurogenesis can also be investigated ex vivo, we turned to organotypic
hippocampal slice cultures (OHSCs). These cultures possess many morphological and
functional features of the hippocampal network (Gahwiler et al., 1997 and Fig. 3.8a).
Furthermore, the culture of these slices easily allows manipulations (e.g. drug
treatments) providing an excellent tool to investigate hippocampal biology.

Incubation of OHSCs with BrdU for 48 h followed by IF revealed that labeling of
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dividing cells can be easily achieved with this method and that many cells are
proliferating ex vivo (Fig. 3.8b). Additionally, a substantial number of Dcx-/BrdU-
positive cells could be detected and this number was elevated in slices from ITSN1 KO
mice compared to WT littermates (Fig. 3.8c). This suggests that the same pathways
that regulate neurogenesis in vivo also operate in OHSCs and that ITSN1 also plays a

role for neurogenesis in this model system.
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Figure 3.8 Increased proliferation during hippocampal neurogenesis in organotypic
hippocampal slice cultures of ITSN1 KO mice. (a) Example images of a hippocampal slice after
culture, fixation and immunostaining for the granule cell marker NeuN and the progenitor marker Dcx.
Scale bar: 200 um. EC: entorhinal cortex. (b-c) The number of dividing progenitors is elevated in slice
cultures from ITSN1 KO mice. (b) BrdU application to the culture medium results in labeling of
dividing cells. Slices were stained for Dcx and BrdU. Dcx-/BrdU-positive cells (arrows) were counted in
slices from WT and ITSN1 KO mice. Scale bar: 20 pm. (c) The number of Dcx-/BrdU-positive cells is
strongly increased in cultured slices from ITSN1 KO mice when compared to WT slices (mean + SEM;

N = 4 littermate couples; **p < 0.01; two-tailed t-test for paired samples).

The DG is not the only area where neurogenesis occurs in the adult brain.
Another region is the subventricular zone (SVZ). Neuronal precursors generated here
migrate along the rostral migratory stream (RMS) to the olfactory bulb (OB) where
they finally differentiate into GABAergic interneurons (Luskin, 1993; Lois and
Alvarez-Buylla, 1994). To elucidate if the absence of ITSN1 leads to similar effects on
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neurogenesis in the SVZ-RMS-0B as in the hippocampus, brain sections were stained
for Nestin as stem cell marker and Dcx as a marker for migrating neurons. No
evidence for a reduction of stem cells or migrating neurons in brains from ITSN1 KO
mice could be found. Furthermore, the morphology of both cell populations appeared
unaffected in the absence of ITSN1 (Fig. 3.9). This could indicate that the pathway
regulated by ITSN1 is solely important for neurogenesis in the DG but not in the SVZ-
RMS. An alternative explanation would be that the function of ITSN1 in the DG can be
fulfilled by another protein in the SVZ-RMS.

ITSN1 KO

Nestin

Figure 3.9 Absence of ITSN1 does not affect migration along the rostral-migratory stream to the
olfactory bulb. Immunohistochemical staining for Nestin and Dcx shows that ITSN1 deficiency has no
effect of on numbers or morphology of stem or progenitor cell in the SVZ-RMS system. Scale bar:
100 pm.
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3.2 ITSN1 is part of the Reelin signaling pathway

3.2.1 EphrinB/EphB endocytosis and signaling are unaltered in

ITSN1 KO mice

It has been shown that ITSN1 can bind to EphB2 and that this interaction
activates the ITSN1 GEF activity towards Cdc42 (Irie and Yamaguchi, 2002;
Nishimura et al., 2006). As EphB2 and other Eph receptors have been implicated in
hippocampal development and adult neurogenesis we investigated if defects in EphB
signaling might be the underlying cause of the hippocampal phenotype in ITSN1 KO
mice. Surprisingly, we could not detect binding between ITSN1 and EphB2, neither by
immunoprecipitation with an ITSN1-specific antibody from brain extract (Fig. 3.10a)
nor by GST-pulldown with different ITSN1 domains (Fig. 3.10b). AP-2 and the EphB2-
interacting protein Numb were bound efficiently by ITSN1.
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Figure 3.10 ITSN1 does not bind to EphB2. (a) ITSN1 was immunoprecipitated from WT mouse
brain extract using the polyclonal antibody 1-440. Extract from an ITSN1 KO littermate served as
specificity control. The association of ITSN1 with the endocytic proteins Numb and AP-2 used as a
positive control was readily detected. A complex of ITSN1 and EphB2 could not be observed. (b) GST-
pulldown from MBE with different domains of ITSN1. ITSN1 SH3 domains were found to associate with
control proteins (Numb and AP2). No interaction between ITSN1 SH3 domains and EphB2 was
detected.

To find out if ITSN1 is required for endocytosis of EphB receptors, the
extracellular region of ephrinB1 and B2, fused to the human Fc region, were clustered
with an anti-Fc antibody and added onto hippocampal neurons from WT and ITSN1

KO mice. Comparison between WT and ITSN1 KO cells showed no significant
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difference regarding the amount of internalized clustered ephrinB-Fc molecules after
15 min (Fig. 3.11). This implies that ITSN1 is not essential for endocytosis of EphB

receptors bound to solubilized ligand molecules.
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Figure 3.11 Uptake of clustered ephrinB is unaffected by loss of ITSN1. (a) EphrinB1-Fc or
ephrinB2-Fc were preclustered with a goat anti-Fc antibody at a 2:1 molar ratio. Hippocampal neurons
were incubated with preclustered ephrinB for 15 min at 37 °C to allow endocytosis. Neurons were
washed, fixed and stained for surface and internal ephrinB-Fc with fluorescently labeled donkey anti-
goat antibodies. Scale bar: 10 pm. (b) Quantification of internalized ephrinB2-Fc punctae reveals no
difference between WT and ITSN1 KO neurons regarding the uptake of preclustered ephrinB1-Fc or
ephrinB2-Fc (mean + SEM; N = 3; p > 0.05; two-tailed t-test for paired samples).

The uptake of preclustered ephrinB-Fc chimeric proteins might not sufficiently
reflect the in vivo situation. As both ephrinB and EphB molecules are transmembrane
proteins, endocytosis of ephrinB/EphB complexes requires uptake of parts of a
neighboring cell, a process called ‘transendocytosis’ (Marston et al., 2003; Zimmer et
al., 2003). This process requires mechanical force generated by actin filaments. ITSN1
and its Cdc42 GEF activity might be a regulator of transendocytosis by inducing local
actin polymerization at ephrinB/EphB contact sites. To investigate the involvement of
ITSN1 in ephrinB/EphB transendocytosis, glia cells from WT and ITSN1 KO mice
were transfected with tagged EphB1 or ephrinB2. Cells of different genotype and
differently transfected were mixed and stained for the overexpressed proteins. The
presence of ephrinB2 clusters in a cell overexpressing EphB1 was taken as evidence
for a transendocytic event, as were EphB1 clusters in a cell overexpressing ephrinB2.
Of note, such events were only observed in neighboring cells expressing different

constructs but not between cells overexpressing the same protein or untransfected
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cells highlighting the specificity of this assay for ephrinB/EphB complexes. Strikingly,
deficiency for ITSN1 did not interfere with transendocytosis as ITSN1 KO cells were
still able to internalize ephrinB/EphB complexes (Fig.3.12). Uptake of such
complexes was seen in ITSN1 KO cells overexpressing ephrinB2 as well as in cells
overexpressing EphB1. This proves that ITSN1 is not required for transendocytosis

into either EphB- or ephrinB-expressing cells.
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ITSN1 KO

Figure 3.12 EphrinB/EphB-transendocytosis does not depend on ITSN1. Glial cultures from WT
and ITSN1 KO littermates were transfected either with HA-tagged EphB1 (HA-EphB1) or GFP-tagged
ephrinB2 (ephrinB2-GFP). After 1 day, cells with different genotypes and expressing different

ephrinB2-GFP

constructs were split, combined and seeded on coverslips. The next day, cells were stained for HA and
GFP. Microscopic analysis revealed that in neighboring cells expressing different constructs, ephrinB2-
EphB1 complexes can be internalized. This transendocytosis can occur in both directions and is
independent of the genotype as ITSN1 KO cells also show punctae positive for HA-EphB1 and
ephrinB2-GFP. Scale bar: 10 um.

In order to find out if ITSN1 plays a role in EphB-mediated forward signaling,
we checked the extent of ephrinB2-induced growth cone collapse in ITSN1 KO
neurons (Srivastava et al., 2013). Hippocampal explants from WT and ITSN1 KO
embryos were stimulated with preclustered ephrinB2-Fc before collapsed and
uncollapsed growth cones were counted (Fig. 3.13a). No significant difference in the
percentage of collapsed growth cones could be detected between axons from WT and
ITSN1 KO neurons (Fig.3.13b). Additionally, the levels of active Cdc42 were
unchanged in hippocampal neuron lysates from ITSN1 KO mice, as measured with an

ELISA detecting GTP-bound Cdc42 (Fig.3.13c). This indicates that EphB forward
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signaling is unperturbed in ITSN1 KO cells and that the absence of ITSN1 does not

change the steady-state levels of active Cdc42.
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Figure 3.13 EphB-mediated forward signaling is unchanged in ITSN1 KO mice. (a-b) Genetic
ablation of ITSN1 has no effect on ephrinB2-dependent growth cone collapse. (a) Example images of
growth cones in embryonic hippocampal explant cultures. Scale bar: 5 pm. (b) Explants from WT and
ITSN1 KO embryos were incubated with preclustered ephrinB2-Fc or clustering antibody alone
(control) for 60 min at 37 °C. After fixation and staining for tubulin and F-actin, collapsed and non-
collapsed growth cones were counted. The fraction of collapsed growth cones was unaltered in the
absence of ITSN1 (mean + SEM; N = 4; p > 0.05; two-tailed t-test for paired samples). (c) The levels of
active, GTP-bound Cdc42 were measured in hippocampal neuron lysates from WT and ITSN1 KO mice.
Relative levels of active Cdc42 were quantified with a commercial ELISA kit using the photometric
absorbance at a wavelength of 485 nm as readout. No significant difference between WT and ITSN1 KO

lysates was found (mean + SEM; N = 3; p > 0.05; two-tailed t-test for paired samples).

ITSN1 and Cdc42 have been reported to be important modulators of dendritic
spine morphology (Irie and Yamaguchi, 2002; Nishimura et al., 2006; Thomas et al,,
2009). To investigate a possible involvement of ITSN1 in dendritic spine formation
we analyzed the morphology of spines in apical dendrites of CA1 pyramidal neurons.
To that end, Golgi-impregnated brain sections from WT and ITSN1 KO brains were
examined and the dendritic spines were sorted into three categories based on their
shape (mushroom, stubby and thin; Fig.3.14a,b). The morphology of spines in
hippocampi from ITSN1 KO mice was similar to WT control ruling out a vital role for
ITSN1 in dendritic spine development in vivo. Similarly, dendritic spines of
hippocampal neurons from ITSN1 KO mice did not show an altered morphology in
vitro (Fig. 3.14c). Spines, visualized by Alexa568-conjugated phalloidin, had a similar
size and length in WT and ITSN1 KO neurons, corroborating the in vivo data

(Fig. 3.14d,e).
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Figure 3.14 ITSN1 deficiency has no major effect on dendritic spine morphology in vivo and in
vitro. (a-b) Dendritic spine morphology in vivo. (a) Golgi-stained horizontal sections of 6 months old
brains from WT and ITSN1 KO littermates show no obvious effect of ITSN1 deficiency on dendritic
spine morphology. Scale bars: 500 and 5 pm, respectively. (b) Spines in apical distal dendrites of CA1
pyramidal neurons were counted according to their morphology (mushroom, thin and stubby).
Numbers are mean + SEM; N = 3 littermate couples; p > 0.05; two-tailed t-test for paired samples. (c-
e) Dendritic spine morphology in vitro. () Dendritic spines were visualized in hippocampal neuron
cultures from WT and ITSN1 KO pups by Alexa568-conjugated phalloidin which stains F-actin-rich
structures as dendritic spines. MAP2 immunostaining was used as a dendritic marker. Scale bar: 5 pm.
(d) The area covered by spines as well as their length (e) was not affected in neurons lacking ITSN1
(mean + SEM; N = 3; p > 0.05; two-tailed t-test for paired samples).

Another ITSN1 KO mouse model, created by a gene-trap approach, showed
defects in brain hemisphere connectivity due to insufficient commissure formation
(Sengar et al., 2013). Furthermore, a variety of ephrins and Eph receptors has been

implicated in the development of axonal commissures (Mendes et al., 2006). To check
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if absence of ITSN1 has a detrimental effect on commissure formation, we analyzed a
large number of Nissl-stained brain sections from WT and ITSN1 KO mice. Generally,
axonal tracts formed normally in ITSN1-deficient brains (41 out of 42 animals). Only
one mouse brain failed to connect the hemispheres through corpus callosum and
hippocampal commissure (Fig. 3.15). As defects in commissure formation can also be
found in WT mouse strains at a sizeable number (Wahlsten, 1982), the phenotype of
this single mouse was considered insignificant. Thus, we concluded that ITSN1 does

not play a fundamental role for the formation of axonal commissures.

a b
100% -

o 80% -

(&) |

] [}]

£ g

5 S 60%

Z z . mACC
9 ] mnormal CC
o 40% -
2 ]
(] 4

8 ® 20% -

[T o

o

@ ]

S | 0% '

§, WT ITSN1 KO

<

Figure 3.15 ITSN1 is dispensable for the formation of forebrain commissures. (a) Example
images of Nissl-stained horizontal sections of hippocampi from WT (upper) and ITSN1 KO with corpus
callosum (middle) and ITSN1 KO without the corpus callosum (lower). Absence of ITSN1 does not lead
to a general disruption of axonal tracts. CC: corpus callosum; Sept: septum; Str: striatum; hcCom:
hippocampal commissure. Scale bar: 500 pm. (b) Only 1 out of 42 ITSN1 KO animals analyzed showed
agenesis of the corpus callosum (ACC).

Taken together, this data shows that ITSN1 is dispensable for endocytosis of
EphB receptors as well as for EphB-mediated forward signaling. EphB-dependent
processes as ephrinB2-induced growth cone collapse, dendritic spine development or
axonal commissure formation are not affected by absence of ITSN1. This renders the
phenotype seen in ITSN1 KO mice unlikely to be a consequence of disturbed EphB

signaling.
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3.2.2 ITSN1 binds Reelin pathway components

As the hippocampal phenotype seen in ITSN1 KO mice is most likely not a
consequence of altered EphB signaling, we turned towards other possible
explanations. Reelin signaling is crucial for hippocampal layer formation and also
known to regulate hippocampal neurogenesis (Forster et al., 2010). Therefore, we
investigated a possible role of ITSN1 in Reelin signaling through its main receptors,
ApoER2 and VLDLR. Strikingly, we found that ITSN1 can bind to the intracellular
region of VLDLR in a GST-pulldown assay from mouse brain extract. An association of
ITSN1 with the intracellular regions of ApoER2 could not be detected (Fig. 3.16a). The
same conclusion was drawn from pulldown assays from HEK293 cells overexpressing
VLDLR-HA or ApoER2-HA. GST-tagged ITSN1 SH3 domains pulled down
overexpressed VLDLR but hardly any overexpressed ApoER2 (Fig.3.16b). A GST-
pulldown with single ITSN1 SH3 domains showed that a single SH3 domain is
sufficient for this interaction and that, of the five ITSN1 SH3 domains, SH3B binds

most efficiently (Fig. 3.16c).
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Figure 3.16 ITSN1 binds to VLDLR. (a) GST-pulldown with the intracellular regions (ICRs) of the
Reelin receptors, VLDLR or ApoER2, from mouse brain extract reveals that ITSN1 associates with
VLDLR but hardly with ApoER2. (b) GST-pulldown with ITSN1 SH3 or EH domains from HEK cells
overexpressing HA-tagged VLDLR or ApoER2 shows that ITSN1 binding to VLDLR is mediated by its
SH3 domains. (c) GST-pulldown with single ITSN1 SH3 domains from HEK cells, transfected with
VLDLR-HA or ApoER2-HA, proves that single SH3 domains are sufficient for VLDLR-ITSN1 interaction.
Of the ITSN1 SH3 domains, VLDLR binds most efficiently to SH3B.
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Next, we analyzed whether the absence of ITSN1 has any effect on the levels of
the Reelin pathway core components. Interestingly, total levels of Reelin are slightly
elevated in brains from ITSN1 KO mice which could be detected by
immunohistochemistry and in brain lysates (Fig.3.17a,b). Notably, this increase is
mainly caused by the 180 kDa fragment. As this fragment is generated after
endocytosis and subsequent resecretion (Hibi and Hattori, 2009), this increase could
be explained by altered trafficking of Reelin in the absence of ITSN1. Alternatively, the
higher levels might be due to enhanced synthesis of Reelin. In contrast to Reelin, the
levels of its receptors, VLDLR and ApoER2, were not changed in ITSN1 KO brains. The
total levels of the signaling adaptor Dabl were also unaltered (Fig.3.17c). This
indicates that ITSN1 regulates Reelin levels whereas the cellular components of the
Reelin signaling apparatus remain unaffected.

Staining of brain slices for VLDLR and GFAP, a marker for astrocytes but also for
DG stem cells, revealed that VLDLR is highly expressed in neural stem cells of the
hippocampus (Fig. 3.17d). This finding supports the notion that Reelin-VLDLR

signaling has an important function for adult neurogenesis in the DG.
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receptor levels are unchanged. (a-b) Reelin levels are elevated in hippocampi of ITSN1 KO mice.

(a) Immunohistochemical staining for Reelin in horizontal brain sections shows a small but significant

increase in ITSN1 KO mice (normalized mean gray value + SEM; N = 3 littermate couples; *p < 0.05;
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two-tailed t-test for paired samples). Scale bar: 100 um. (b) Hippocampal lysates from ITSN1 KO mice
also show a significant increase in Reelin levels (normalized mean gray value + SEM; N = 5 littermate
couples; *p < 0.05; two-tailed t-test for paired samples). Loading control: Vinculin (Vinc). (c) The total
levels of the Reelin pathway components VLDLR, ApoER2 and Dab1l are unchanged in hippocampal
lysates from ITSN1 KO mice (normalized mean gray value + SEM; N = 5 littermate couples; p > 0.05;
two-tailed t-test for paired samples). (d) Co-labeling of VLDLR and GFAP, a marker for stem cells in the
DG, in brain sections reveals that VLDLR is highly expressed in neuronal stem cells of the DG (arrows).

Scale bar: 20 pm.

Due to the well-established role of ITSN1 in endocytosis, we analyzed the effect
of ITSN1 deficiency on Reelin receptor surface levels. Cell surface biotinylation of
hippocampal neurons did not show a difference regarding surface levels of VLDLR or
ApoER2 in the absence of ITSN1 (Fig.3.18a). Immunofluorescence staining of
hippocampal neurons with a VLDLR-specific antibody under non-permeabilizing
conditions confirmed the finding that loss of ITSN1 does not alter the surface pool of
VLDLR (Fig.3.18b). Additionally, an antibody uptake assay with hippocampal
neurons overexpressing EGFP-tagged VLDLR or ApoER2 showed no effect of ITSN1
deficiency (Fig. 3.18c). Both WT and ITSN1 KO cells internalized similar amounts of
an anti-GFP antibody with the same slope (Fig. 3.18d,e). This data suggests that ITSN1
is not required for correct endocytic trafficking of the Reelin receptors ApoER2 and

VLDLR.
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Figure 3.18 Endocytosis of ApoER2 and VLDLR does not require ITSN1. (a-b) Steady-state surface
levels of Reelin receptors are unchanged in the absence of ITSN1. (a) Surface biotinylation of
hippocampal neurons from WT and ITSN1 KO mice shows that surface levels of ApoER2 and VLDLR
are unchanged in the absence of ITSN1. Values were normalized to N-Cadherin (N-Cadh) surface levels
(mean + SEM; N = 3; p > 0.05; two-tailed t-test for paired samples). (b) Immunofluorescence staining
of hippocampal neurons under non-permeabilizing conditions shows that surface levels of VLDLR are
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unaltered in ITSN1 KO neurons (normalized mean gray value + SEM; N = 3; p > 0.05; two-tailed t-test
for paired samples). Scale bar: 20 um. (c-e) ITSN1 is dispensable for Reelin receptor endocytosis in
antibody uptake experiments. (c) Example images from an antibody uptake experiment. Hippocampal
neurons were transfected with EGFP-VLDLR or EGFP-ApoER2. Cells were incubated with rabbit anti-
GFP antibody for 15 or 30 min at 37 °C to allow uptake or 30 min at 4 °C as control. After fixation, the
remaining surface pool was stained with Alexa647-conjugated anti-rabbit secondary antibodies while
the internalized fraction was visualized with Alexa568. Scale bars: 10 um. (d, €) The quantification
shows that both GFP-VLDLR and GFP-ApoER2 become internalized over time yet the internalization
process is independent of ITSN1 (normalized mean gray value + SEM; N = 3; p > 0.05; two-tailed t-test

for paired samples).

Dab2 is an endocytic adaptor binding to receptors of the LDLR family,
particularly ApoER2 (Yang et al., 2002; Cuitino et al., 2005). Additionally, Dab2 has
been shown to bind to ITSN1 (Teckchandani et al., 2012). This being the case, we
sought to investigate a possible involvement of Dab2 in the ITSN1-VLDLR interaction.
First, we could confirm the interaction between ITSN1 and Dab2 using a GST-
pulldown with ITSN1 SH3 or EH domains from HEK293 cells overexpressing Myc-
tagged Dab2 (Fig. 3.19a). Interestingly, the SH3 domains bound to Myc-Dab2 much
more efficiently than did the EH domains, in contrast to previous data (Teckchandani
et al, 2012). Dab2 also bound to the intracellular regions of ApoER2 and, much
stronger, VLDLR in pulldown experiments from mouse brain extract (Fig. 3.19b). To
find out if the binding of ITSN1 to VLDLR was mediated by Dab2, we performed a
GST-pulldown with ITSN1 SH3 domains from HEK293 cells overexpressing HA-
tagged VLDLR. The efficiency of the VLDLR-SH3 binding was compared between cells
in which Dab2 levels had been decreased by an siRNA-mediated knockdown and
control cells (scrambled siRNA). Interestingly, reduction of Dab2 to non-detectable
levels had no effect on the interaction between VLDLR-HA and GST-SH3A-E
(Fig. 3.19c). As Dab2 is strongly down-regulated during development while ITSN1 is
not (Fig.3.19d), comparing the pulldown efficiency from tissue of different age
provides an alternative way to probe for the Dab2 dependency of the VLDLR-ITSN1
interaction. The GST-tagged intracellular region of VLDLR was able to pull down
ITSN1 from brain tissue at the age of 1 day and 3 months to a similar
extent (Fig. 3.19¢). This indicates that the endocytic adaptor Dab2, despite its ability
to bind VLDLR and ITSN1, does not mediate the interaction between VLDLR and
ITSN1. This is in agreement with the fact that endocytosis of VLDLR and ApoER2 is
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unaltered in ITSN1 KO mice and strongly suggests that a possible involvement of

ITSN1 in Reelin signaling is not related to endocytosis of Reelin receptors.
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Figure 3.19 Binding of ITSN1 to VLDLR is independent of Dab2. (a) GST-pulldown with ITSN1 SH3
or EH domains from HEK cells overexpressing Myc-Dab2 shows that ITSN1 can bind Dab2, preferably
with its SH3 domains. (b) GST-pulldown with the intracellular regions of VLDLR or ApoER2 from
mouse brain extract shows that both Reelin receptors bind Dab2, with VLDLR binding more efficiently.
(c) GST-pulldown with ITSN1 SH3 domains. HEK cells were transfected with VLDLR-HA and
simultaneously with an siRNA against Dab2 (or scrambled siRNA for control). Interaction between
ITSN1 SH3 domains and HA-tagged VLDLR can be observed regardless of Dab2 levels. (d) Lysates from
brain tissue at different developmental stages reveals early and continuous expression of ITSN1 while
Dab2 expression is strongly down-regulated during development. (e) GST-pulldown with the
intracellular region of VLDLR from brain extract of mice at the age of 1 day versus 3 months. The

ITSN1-VLDLR interaction is not decreasing with age and is therefore independent of Dab2 expression.

3.2.3 ITSN1 mediates Reelin signaling

ITSN1 interacts with VLDLR but is apparently dispensable for endocytic
trafficking of Reelin receptors. Therefore, we sought to investigate whether ITSN1
was instead involved in propagation of the Reelin signal towards downstream
signaling molecules. To that end, we checked for a possible interaction of ITSN1 with
Dab1, the signaling adaptor for ApoER2 and VLDLR. Strikingly, both ITSN1 SH3 and
EH domains were able to bind Myc-tagged Dabl in a pulldown assay from
overexpressing HEK293 cells. The GST-tagged intracellular regions of VLDLR and
ApoER2 were also able to bind Myc-Dab1 (Fig. 3.20a). Interaction of ITSN1 domains
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and Dab1 could also be seen in GST-pulldowns from mouse brain extract, followed by
elution and immunoprecipitation of Dabl to reduce unspecific background
(Fig. 3.20b). This suggests that ITSN1 not only can bind to VLDLR but also to Dabl,
which has a pivotal role in signaling downstream of the Reelin receptors. This places

ITSN1 at the core of the Reelin signaling complex.

a & & b
a8 oF « %
\‘1. ?-’ ,@ \’L ,4 b \.q' - f" \'L .9 '@
AN P AN AP Y S SV S Y &g &
LR PP o L PP o K PP o
- - o s oo |=Myc-Dab1 (FL) | T === |Dab1
; Myc-Dab1 ‘ - ‘ AP-2 (u2)
-‘ C-terminal
s s || degradation PD PD—elution—Dab1 IP
products
v p—
(= - | CHC
: AP-2 (u2)
-

Figure 3.20 ITSN1 binds to Dab1. (a) GST-pulldown with ITSN1 SH3 or EH domains from HEK cells
overexpressing Myc-tagged Dab1 shows that ITSN1 can form a complex with Dab1 both via its SH3 and
its EH domains. Dabl also binds to the intracellular regions of VLDLR and ApoER2 with similar
efficiency. FL: full length. (b) GST-pulldown (PD) with ITSN1 SH3 or EH domains from MBE also
reveals the ITSN1-Dab1 interaction. Due to high unspecific background (left), signals for Dab1 could

only be seen after elution and subsequent immunoprecipitation (IP) of Dab1 (right).

We investigated if the absence of ITSN1 has an effect on the activation status of
its interaction partner Dab1. For that purpose, Dabl was immunoprecipitated from
hippocampal lysates of WT and ITSN1 KO origin and the samples were probed with a
phospho-tyrosine-specific antibody (Fig.3.21a). Interestingly, the levels of
phosphorylated Dab1 were reduced to about 79 % of control animals implying that
signaling downstream of the Reelin receptors is indeed partially impaired in mice
lacking ITSN1 (Fig. 3.21c). In contrast, the levels of phosphorylated Akt or cofilin,
known downstream effectors of Reelin signaling, were not changed significantly in
the absence of ITSN1 (Fig. 3.21b,c). This suggests that the reduction of phospho-Dab1
levels in ITSN1 KO mice does not translate into an altered activation status of these

downstream signaling molecules.
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Figure 3.21 Levels of phosphorylated Dabl are reduced in ITSN1 KO mice. (a) Levels of
phosphorylated Dab1l (pDab1) in hippocampi of WT and ITSN1 KO mice were assessed by
immunoprecipitation of Dab1 from hippocampal lysates followed by immunoblotting with an antibody
specific for phospho-tyrosine (pTyr). (b) The phosphorylation status of known downstream effectors
of Reelin signaling, cofilin (pCof) and Akt (pAKT), was measured with antibodies raised against specific
phosphorylated sites in the respective proteins. (c) Quantification revealed a significant reduction of
pDab1l levels to 78.7 £ 4.8 % in hippocampi from ITSN1 KO mice. Shown are ITSN1 KO levels
normalized to WT, indicated by the dotted line (mean + SEM; N = 8 littermate couples; **p < 0.01; one-
sample t-test). Neither AKT nor Cofilin showed a significant change regarding their phosphorylation

status (mean + SEM; N = 6 littermate couples; p > 0.05; one-sample t-test).

Reelin has been shown to augment hippocampal long-term potentiation (LTP)
in acute hippocampal slices (Weeber et al., 2002; Beffert et al., 2005). This process
depends on both ApoER2 and VLDLR as genetic ablation of ApoER2 or VLDLR
completely abrogates Reelin effects on LTP. To investigate a possible involvement of
ITSN1 in Reelin-dependent modulation of synaptic plasticity, we analyzed LTP
induction in WT and ITSN1 KO mice in control or Reelin-conditioned medium. All
electrophysiological experiments were conducted by Dr. Gaga Kochlamazashvili (FMP
Berlin, Germany). Single theta-burst stimulation (TBS) of CA1 Schaffer collaterals
induced reliable LTP in hippocampal slices from WT mice (Fig. 3.22a,c). In ITSN1 KO
slices, LTP induction was similar to WT slices under control conditions (Fig. 3.22b,c).
This finding is in agreement with the normal dendritic spine morphology in ITSN1 KO
brains described above. Application of Reelin-conditioned medium to slices from WT
mice strongly facilitated LTP induction in agreement with previous publications
(Fig. 3.22a,c and Weeber et al,, 2002). In contrast, Reelin failed to augment LTP in
slices from ITSN1 KO mice (Fig. 3.22b,c). These results suggest that ITSN1 is
dispensable for LTP formation but specifically required for Reelin-dependent

augmentation of LTP.
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Figure 3.22 ITSN1 is required for Reelin-dependent facilitation of LTP. (a-b) Normal LTP induced
by a single theta burst stimulation (TBS) in slices perfused with control medium of WT (n=7,N = 7;
125.8 + 3.1 %) and ITSN1 KO (n = 6, N = 6; 126.3 + 2.9 %) mice. (a) LTP in WT slices was strongly
facilitated when medium containing Reelin (5 pg/ml for 15 min before TBS) was applied (n =12, N = 8;
142.1 + 3.1 %). (b) Application of Reelin did not facilitate LTP in ITSN1 KO mice (n =12, N =8; 128.8 +
3.3 %). Representative traces are the average of 30 elicited field excitatory postsynaptic potentials
(fEPSPs) recorded 10 min before (black) and 50-60 min after LTP induction (grey). Scale bars: 0.5 mV
and 10 ms. The delivery of TBS is indicated by the arrow. (c) Mean (+ SEM) LTP levels recorded 50-60
min after LTP induction in the presence or absence of control medium and or Reelin. **p < 0.01,
significant difference between control medium and Reelin-treated WT slices; ##p < 0.01 significant
difference between Reelin-treated WT and ITSN1 KO slices (two-tailed t-test for unpaired samples).

Experiments were performed by Dr. Gaga Kochlamazashvili (FMP Berlin, Germany).

In order to better understand the differential effect of Reelin on WT and ITSN1
KO slices we analyzed N-methyl-D-aspartate receptor (NMDAR) potentials. NMDAR-
mediated potentials were measured during the late phase of TBS-elicited field
excitatory postsynaptic potentials (fEPSPs; Fig. 3.23a). Slices from WT and ITSN1 KO
mice showed similar amplitudes of NMDAR potentials in control conditions. In

contrast, Reelin application facilitated NMDAR potentials in slices from WT mice but
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not from ITSN1 KO mice (Fig. 3.23b,c). These findings are in agreement with previous
publications showing Reelin-induced facilitation of NMDAR potentials (Beffert et al.,
2005; Chen et al., 2005). Furthermore, this data corroborates an essential role of

ITSN1 for Reelin-dependent modulation of synaptic plasticity.
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Figure 3.23 ITSN1 is required for Reelin-dependent facilitation of NMDAR-mediated fEPSPs.
(a) Representative fEPSPs elicited by a single theta burst stimulation (TBS) for WT and ITSN1 KO in
control medium (black and dark grey, respectively) and in Reelin-treated conditions (light grey).
Horizontal lines indicate the time intervals, 80-180 ms after the beginning of each theta-burst, in
which the mean amplitudes of the late NMDAR-mediated responses were measured. Scale bars: 0.5 mV
and 200 ms. (b-c) Late NMDAR-mediated responses during TBS in control medium revealed normal
levels of NMDAR depolarization in ITSN1 KO as compared to WT mice (P = 0.483; Two way repeated
measures ANOVA). (b) Reelin-dependent facilitation of NMDAR responses during TBS in WT slices
compared to control (P = 0.007; Two way repeated measures ANOVA with Newman-Keuls post hoc
analysis; *p < 0.05, **p < 0.01). (c) Lack of Reelin facilitation of NMDAR responses during TBS in ITSN1
KO slices compared to control (P = 0.835; Two way repeated measures ANOVA). Experiments were
performed by Dr. Gaga Kochlamazashvili (FMP Berlin, Germany).

In sum, this data shows that ITSN1 has so far unknown functions for migration,
neurogenesis and synaptic plasticity in the hippocampus. The described defects in
ITSN1 KO mice seem to be caused by disturbed Reelin signaling. Interestingly, this

effect is not a result of altered endocytosis of Reelin receptors. Instead, ITSN1 seems
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to act as a molecular scaffold connecting Reelin receptors and the signaling adaptor

Dab1.

3.2.4 ITSN1/ApoER2 double KO mice phenocopy VLDLR/ApoER2
double KO mice

Deficits in Reelin-dependent signaling are the most plausible explanation for the
hippocampal phenotype observed in ITSN1 KO mice. The biochemical interaction
studies suggest a strong preference of ITSN1 for VLDLR over ApoER2. To analyze the
relationship between ITSN1 and the Reelin receptors, we made use of a mouse line
lacking ApoER2 expression (ApoER2 KO mice; Trommsdorff et al., 1999). Nissl-
stained sections of hippocampi from ApoER2 KO mice showed similar alterations as
hippocampi from ITSN1 KO mice (Fig. 3.24). First, the morphology of the DG was
altered, acquiring a more rectangular shape. Additionally, the granular neurons in the
medial infrapyramidal blade of the DG appeared more dispersed in the ApoER2 KO
mice than in ITSN1 KO or control animals. The pyramidal neurons of CA3 and CA1l
showed a similar dispersion in ApoER2 KO mice as in ITSN1 KO mice, albeit to a
stronger extent. This indicates that absence of a Reelin receptor can result in a
hippocampal morphology very similar to hippocampi of ITSN1 KO mice. Remarkably,
absence of both ITSN1 and ApoER2 lead to an aggravation of the defects. Mice
deficient for ITSN1 and ApoER2 (ITSN1/ApoER2 DKOs) showed a severely altered DG
shape. Furthermore, neurons in CA3 were widely scattered while the CA1 pyramidal
layer was split into three distinct layers. Such hippocampal morphology has been
described for mice lacking both Reelin receptors (VLDLR/ApoER2 double KO mice),
Reelin (reeler) or Dab1 (scrambler, yotari). Taken together with the fact that the
phenotypes of ITSN1 KO and ApoER2Z KO mice are additive and therefore
independent, this strongly suggests a role of ITSN1 in Reelin signaling downstream of

the VLDLR.
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Figure 3.24 Deficiency for ApoER2 aggravates the migration phenotype in hippocampi of
ITSN1 KO mice. Nissl-stained horizontal sections of hippocampi from ITSN1 KO, ApoER2 KO and
ITSN1/ApoER2 DKO mice. Mice heterozygous for ITSN1 and ApoER2 served as control. Deficiency of
ITSN1 and/or ApoER2 leads to an altered shape of the DG and neuronal dispersion in CA1 and CA3.
The hippocampal morphology is severely altered in ApoER2 KO mice while ITSN1 KO mice show a

milder version of the phenotype. The lack of both ITSN1 and ApoER2 leads to an even stronger
dispersal in CA1 and CA3. In ITSN1/ApoER2 DKOs, the pyramidal cells in CA1 are split into three

distinct layers (arrow heads). Scale bars: 200 um.

In order to investigate if the additive effects of ITSN1 and ApoER2 deficiency
seen for hippocampal morphology also pertain to neurogenesis, we quantified the
processes of Nestin-positive radial glial cells in the DGs of single and double KO
animals. Interestingly, their number was reduced to a similar degree in ITSN1 KO and
ApoER2 KO mice (Fig. 3.25). This provides evidence that an impairment of Reelin
signaling results in a disrupted radial glial scaffold. Lack of both ITSN1 and ApoER2
lead to an even stronger reduction of Nestin-positive processes, further supporting

the notion of ITSN1 playing a vital part in VLDLR-mediated Reelin signaling.
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Figure 3.25 The number of Nestin-positive processes is further reduced in hippocampi of
ITSN1/ApoER2 double KO mice compared to the single KOs. (a) Immunohistochemical staining for
Nestin in horizontal sections of brains from different mouse mutants. Double heterozygous mice were
used as control. Scale bar: 100 um. (b) The number of Nestin-positive cells in the DG is reduced to a
similar extent in ITSN1 KO and ApoER2 brains. These effects are additive since the number is further
reduced in ITSN1/ApoER2 DKO mice (mean + SEM; n = 16, 20, 13 and 20 brains slices from 4, 5, 4, and
5 mice each; P < 0.0001; one-way ANOVA with Newman-Keuls post hoc analysis; **p < 0.01, ***p <
0.001).

Deficiency of ITSN1 led to an accumulation of Dcx-positive newborn neurons in
the hilus region. ApoER2 KO mice showed a similar ectopic localization of Dcx-
positive cells, albeit to a stronger extent, indicating that deficits in Reelin signaling are
the underlying cause of this pattern (Fig.3.26). Interestingly, the number of hilar
ectopic Dcx-positive cells was further increased in ITSN1/ApoER2 DKO mice. These
findings further corroborate the idea that ITSN1 and ApoER2 both participate in

Reelin signaling but are components of different signaling branches.
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Figure 3.26 The number of Dcx-positive cells in the hilar region is further increased in
hippocampi of ITSN1/ApoER2double KO mice compared to the single KOs.
(a) Immunohistochemical staining for Dcx in horizontal sections of brains from different mouse
mutants. Double heterozygous mice were used as control. Scale bar: 100 pm. (b) The number of Dcx-
positive cells in the hilus is elevated in ITSN1 KO and ApoER2 KO brains. The number is further
increased in ITSN1/ApoER2 DKO mice (mean + SEM; n = 16, 20, 13 and 20 brains slices from 4, 4, 5,
and 5 mice each; P < 0.0001; one-way ANOVA with Newman-Keuls post hoc analysis; ***p < 0.001).

Both VLDLR and ApoER2 have been implicated in cerebellar development, with
loss of VLDLR being more detrimental (Trommsdorff et al., 1999). Cerebella of
VLDLR- or ApoER2-deficient mice have been described as smaller and less foliated
than in WT animals. To find out if ITSN1 plays a role for cerebellar development,
Nissl-stained horizontal brain sections from ITSN1 KO, ApoER2KO and
ITSN1/ApoER2 DKO mice were compared with control animals. Surprisingly, no
overt difference was detected between the different mouse strains (Fig. 3.27). The
previously described decrease in cerebellar size in ApoER2 KO mice could not be
confirmed. Similarly, the cerebellum of ITSN1/ApoER2 DKO mice is fully formed and
not comparable with the rudimentary cerebellum seen in VLDLR/ApoER2 DKO mice.
This suggests that ITSN1 is dispensable for cerebellar development, most likely
because its function in VLDLR signaling can be assumed by another protein in this

context.
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Figure 3.27 Absence of ITSN1 and/or ApoER2 does not have a notable effect on cerebellar
morphology. Nissl-stained horizontal sections of cerebella from different mouse mutants. Absence of
ITSN1 and/or ApoER2 has no obvious effect on shape or size of the cerebellum when compared to

double heterozygous animals (control). Scale bar: 200 pm.

Reelin signaling has been shown to be essential for the development of a layered
cerebral cortex. In ITSN1 KO, ApoER2 KO and ITSN1/ApoER2 DKO mice, overall
cortical layering was comparable with control animals (Fig. 3.28a). Nissl staining
revealed that cortical layer I was largely devoid of neuronal cells in control, ITSN1 KO
or ApoER2 KO animals (Fig. 3.28b). In contrast, in ITSN1/ApoER2 DKO mice, a vast
number of neuronal cell bodies were seen in layer I. Such an ectopic accumulation of
neurons in layer I has also been described for VLDLR/ApoER2 DKO mice due to
excessive migration of late-born neurons (Trommsdorff et al.,, 1999). In the cortex,
MAP2-positive dendritic processes are usually arranged in a radial pattern. In
ApoER2 KO mouse this radial arrangement of cortical dendrites is poorly developed
(Fig. 3.28c). Interestingly, in ITSN1/ApoER2Z DKO mice the radial pattern was
completely absent and appeared similar to the previously described phenotype of
VLDLR/ApoER2 DKO mice (Trommsdorff et al., 1999). These findings indicate a role
for ITSN1 for in Reelin/VLDLR-dependent cortical layering.
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Figure 3.28 ApoER2/ITSN1 double KO mice have defects in cortical layer and bundle formation.

(a) Immunohistochemical staining for Calbindin and Calretinin in horizontal sections from different
mouse mutants shows no difference in overall cortical layering. Scale bar: 200 um. (b) Nissl-staining
reveals an elevated number of neuronal cell bodies in cortical layer I of ITSN1/ApoER2 DKO mice.
Scale bar: 50 pm. (c) MAP2-positive dendritic processes show a radial arrangement in the cortex of
control and ITSN1 KO mice. This pattern is incompletely formed in ApoER2 KO mice and completely
absent in ITSN1/ApoER2 DKO mice. Scale bar: 200 pm. Double heterozygous mice served as control.

Taken together, the biochemical, electrophysiological and genetical data
presented here provide evidence for a so far undescribed function of ITSN1 in Reelin

signaling through the VLDLR.
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4. Discussion

4.1 A novel role for ITSN1

Scaffolding during clathrin-mediated endocytosis (CME) has been considered
the canonical function of intersectin 1 (ITSN1) but additional roles of ITSN1 in
signaling and trafficking have been described (Hunter et al., 2013). In the present
work, we describe a novel role for ITSN1 in Reelin signaling through the very-low-
density-lipoprotein receptor (VLDLR). We demonstrate that ITSN1 regulates
neuronal migration and adult neurogenesis in the hippocampus, processes known to
be controlled by Reelin. Furthermore, electrophysiological measurements revealed a
function for ITSN1 in Reelin-dependent modulation of synaptic plasticity in the
hippocampus. Specifically, ITSN1 participates in Reelin signaling downstream of the
VLDLR, shown by biochemical and genetic approaches. These data provides evidence
for a so far unidentified role of ITSN1 in brain development and physiology, which

may have implications for neurological diseases.
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4.2 ITSN1 KO mice display defects in neuronal
migration, adult neurogenesis and synaptic plasticity

Perturbation of ITSN1 expression in mice results in a rather mild phenotype
with no obvious impairment to health or fitness (Fig 3.1). In contrast, genetic ablation
of essential endocytic proteins like Clathrin, Dynamin1 or AP-2 leads to premature
lethality (Bazinet et al., 1993; Mitsunari et al., 2005; Ferguson et al.,, 2007). This
suggests that expression of ITSN1 is not essential for such a vital process as clathrin-
mediated endocytosis.

Morphological analysis of ITSN1 KO brains revealed disrupted lamination of the
hippocampus (Fig. 3.3). This finding suggests that ITSN1 acts during development of
hippocampal layers, a so far undescribed function of ITSN1. A similar, albeit much
stronger, phenotype is displayed by mice lacking the expression of Reelin protein
(reeler). Reelin is required for the formation of distinct layers in Cornu Ammonis (CA)
regions and the dentate gyrus (DG). Mice lacking expression of the Reelin receptors,
ApoER2 (apolipoprotein E receptor 2) and VLDLR, exhibit milder versions of
hippocampal cell dispersion than reeler mice. Notably, hippocampi of VLDLR KO mice
appeared strikingly similar to those of ITSN1 KO mice (Trommsdorff et al., 1999).
This result gave first indication that ITSN1 might be part of the Reelin signaling
machinery controlling neuronal migration and hippocampal development.

The idea of ITSN1 as a component of the Reelin pathway was corroborated by
the finding that adult neurogenesis in the DG is affected in ITSN1 KO mice. In the
absence of ITSN1, the radial glia scaffold is disrupted and neural progenitors
accumulate ectopically in the hilus (Figs. 3.4 and 3.5). Furthermore, dividing
progenitor cells in ITSN1 KO mice are mislocalized as revealed by BrdU injections and
stainings (Fig 3.7c-d). Similar observations were made in Reelin signaling mutants
(Teixeira et al., 2012). Reelin influence on hippocampal neurogenesis seems to be
mediated by indirect, migration-dependent and direct, cell-autonomous effects
(Teixeira et al., 2012; Brunne et al., 2013). A direct influence of Reelin on DG radial
glial cells is in line with strong expression of VLDLR in these cells (Fig 3.17d).

Interestingly, the disruptions in adult neurogenesis do not result in a reduced

number of adult neurons or a smaller DG (Fig. 3.6). The reason for this appears to be a
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compensatory increase in proliferation, shown by BrdU-positive cells (Fig 3.7a-b),
which also extends to organotypic hippocampal slice cultures (Fig. 3.8). This finding
differs from reeler mice, where proliferation in the hippocampus is decreased (Zhao
et al.,, 2007). Notably, the defect in reeler mice can be explained by the severe
disruption of the neurogenic zone which affects precursor proliferation indirectly
(Brunne et al., 2013). DG formation and the radial glia scaffold are much less affected
in ITSN1 KO than in reeler mice. Therefore, the disruptions in the radial glia scaffold
can probably be more easily compensated for in ITSN1 KO mice. Proliferation in the
subgranular zone is regulated by a variety of cues (Faigle and Song, 2013) which
makes homeostatic control a likely explanation for the increased BrdU incorporation
in ITSN1 KO mice.

An essential function for ITSN1 in Reelin-induced signaling was demonstrated
by long-term potentiation (LTP) measurements in Schaffer collateral synapses (Fig.
3.22). LTP induction by theta burst stimulation (TBS) in slices from ITSN1 KO mice is
indistinguishable from wildtype (WT) slices when perfused with control medium.
This is in agreement with previous data showing unaltered LTP in the absence of
ITSN1 (Sengar et al, 2013). In contrast, ITSN1 is specifically required for
augmentation of LTP by Reelin-conditioned medium. Reelin effects on synaptic
plasticity depend on the presence of both Reelin receptors as genetic ablation of
VLDLR or ApoER2 completely abrogate Reelin-induced LTP augmentation (Weeber et
al, 2002). Notably, ApoER2 KO mice show perturbed LTP induction in control
conditions, in contrast to VLDLR KO mice (Weeber et al., 2002). Therefore, normal
LTP induction in control conditions and impaired LTP augmentation upon
stimulation in ITSN1 KO mice are compatible with a VLDLR-specific role for ITSN1 in
Reelin signaling.

The Reelin effect on LTP is mediated by elevated N-methyl-D-aspartate receptor
(NMDAR) potentials, which remain unaffected in ITSN1 KO slices upon Reelin
treatment (Fig. 3.23). Reelin binding to VLDLR or ApoER2 activates Src family kinases
(SFKs) such as Src and Fyn (Arnaud et al., 2003b; Bock and Herz, 2003). Src and Fyn
have been shown to phosphorylate NMDARs and thereby modulate their function
(Suzuki and Okumura-Noji, 1995; Miyakawa et al, 1997). SFK-dependent
phosphorylation of NMDARs is considered the molecular basis for control of NMDAR

currents by Reelin signaling (Chen et al., 2005). As SFK activation represents an early
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step of the Reelin signaling cascade occurring at the plasma membrane, the defects in
Reelin-induced LTP elevation in ITSN1 KO mice suggest a functional role for ITSN1 in
early, membrane-localized Reelin signaling events. Taken together with the
interaction data showing an association of ITSN1 with VLDLR and its adaptor Dab1,
this implies a high position for ITSN1 in the Reelin-VLDLR signaling hierarchy.
Interestingly, ITSN1 has been shown to bind NMDAR components (Nishimura et al.,
2006). This would enable ITSN1 to bring the Reelin signaling machinery, VLDLR,
Dab1 and, possibly, SFKs, in close proximity to NMDARs. In doing so, ITSN1 could
promote efficient phosphorylation of NMDARs thereby fulfilling the function of a
classical scaffold protein.

Basal synaptic transmission is unaffected in ITSN1 KO mice (own unpresented
observations and Sengar et al., 2013). In contrast, the invertebrate ortholog Dap160 is
required for synaptic vesicle (SV) recycling and normal synaptic transmission (Marie
et al., 2004; Wang et al,, 2008). This implies that ITSN1 has, if at all, only a minor role
for SV cycling in vertebrates. Alternatively, the function of ITSN1 in SV exo-
/endocytosis could be assumed by other proteins in the mammalian synapse. An
obvious candidate for this role is its close relative, ITSN2. Future studies will reveal
the individual contributions of ITSN1 and ITSN2 to SV trafficking and synaptic

function.
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4.3 EphB signaling is unperturbed in ITSN1 KO mice

Synaptic transmission depends on both pre- and postsynaptic processes. ITSN1
has been shown to be a regulator of postsynaptic development, namely dendritic
spine maturation (Thomas et al., 2009). Activation of Cdc42 by ITSN1 can promote
actin polymerization and influence spine morphology. It has been suggested that
ITSN1 acts as an effector of EphB forward signaling in this context to regulate
dendritic spine formation (Irie and Yamaguchi, 2002; Nishimura et al, 2006).
Notably, EphB receptors have also been implicated in hippocampal lamination and
adult neurogenesis (Chumley et al., 2007; Catchpole and Henkemeyer, 2011).
Therefore, an important question was whether the phenotype displayed by ITSN1 KO
mice could be caused by defects in EphB forward signaling.

Interestingly, dendritic spines were unaffected morphologically in the absence
of ITSN1 (Fig 3.14). In line with this, the levels of active, GTP-loaded Cdc42 were
similar in the absence of ITSN1 (Fig. 3.13c). This is in agreement with normal synaptic
transmission and LTP levels discussed above. Furthermore, we could not confirm the
previously described association of ITSN1 and EphB2 (Fig. 3.10). Despite its
described role in endocytosis, ITSN1 is also dispensable for the internalization of
soluble or membrane-associated ephrinB ligands (Figs. 3.11 and 3.12).

EphB-mediated forward signaling, assessed by ephrinB-induced collapse of
growth cones, was unaltered in hippocampal explants from ITSN1 KO mice when
compared to WT littermates (Fig. 3.13a-b). Defective axon guidance by ephrins and
Eph receptors leads to malformations of axonal commissures as the corpus callosum
(Mendes et al., 2006). It is worth mentioning that ITSN1 also has been implicated in
commissure formation, supported by data from a different ITSN1 KO mouse, created
by a gene-trap approach (Sengar et al.,, 2013). In contrast to the published data, we
could not confirm an essential role of ITSN1 for commissure formation (Fig 3.15). It is
noteworthy that agenesis of the corpus callosum is a phenotype frequently found in a
variety of WT mouse strains, including the 129Sv strain employed by Sengar et al.
(Wahlsten, 1982). Therefore, further research is required to shed light on the
contribution of ITSN1 to hemisphere connectivity.

Ephrins/Eph receptors have been implicated in adult neurogenesis in both the

DG and the subventricular zone (SVZ; Laussu et al, 2014). In contrast, Reelin
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signaling is not required for neurogenesis in the SVZ (Kim et al.,, 2002). Notably, the
neurogenesis defects in ITSN1 KO mice only pertain to the DG whereas neurogenesis
in the SVZ remains unaltered (Fig. 3.9). This is compatible with the idea that
ephrin/Eph receptor signaling remains unperturbed in the absence of ITSN1.

In sum, the data presented in this work does not support a fundamental role of
ITSN1 for ephrin/Eph receptor-dependent processes as spine development, corpus
callosum formation or SVZ neurogenesis. Any alteration observed in ITSN1 KO mice
can be attributed to defective Reelin signaling through the VLDLR in the absence of
ITSN1.

Remarkably, a certain crosstalk between ephrinB/EphB signaling and Reelin
signal transduction seems to exist (Senturk et al., 2011; Bouche et al., 2013). EphrinBs
have been shown to associate with Reelin, ApoER, VLDLR and Dab1. Furthermore,
ephrinBs are required for Reelin-induced Dab1 phosphorylation by SFKs (Senturk et
al, 2011) although this finding was questioned by others (Bouche et al., 2013).
Notably, Reelin also interacts with EphB receptors and activates EphB forward
signaling (Bouche et al.,, 2013). Furthermore, disruption of EphB2 forward signaling
seems to affect Reelin expression during hippocampal development (Catchpole and
Henkemeyer, 2011). These results suggest a complex interplay between Reelin and
ephrinB/EphB signaling pathways. ApoER2, VLDLR, EphBs and ephrinBs all seem to
interact with extracellular Reelin. Therefore, these transmembrane proteins likely
operate in close proximity or even associate in macromolecular complexes. It appears
plausible that such a complex formation has an impact on the different signaling
pathways.

Additionally, many downstream effector molecules are shared by ephrinB/EphB
and Reelin signaling, e.g. SFKs, Akt or small G-proteins. In line with this, there is also
considerable overlap in the processes regulated by ephrinB/EphB and Reelin
signaling, i.e. neuronal migration, neurogenesis and synaptic plasticity. This implies
that these signaling pathways are indeed physically and functionally connected. The
practical relevance of this crosstalk and a possible involvement of ITSN1 remain to be

elucidated.
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4.4 ITSN1 is a component of the Reelin-VLDLR
signaling pathway

Biochemical interaction studies revealed that ITSN1 associates with the
signaling adaptor Dab1 and the Reelin receptor VLDLR, but not ApoER2 (Figs. 3.16
and 3.20). ITSN1 SH3 domains can mediate the association with both VLDLR and
Dab1. In addition, ITSN1 EH domains provide a second interaction site for Dab1.
Interestingly, ITSN1 SH3s only bind to full-length Dab1, but not to Dab1 fragments
with C-terminal deletions (Fig 3.20a). This suggests that the binding site for ITSN1
SH3s lies near the C-terminus of Dab1. Notably, Dab1 harbors a proline-rich region
(PRR) near its C-terminus, suggesting a classical SH3-PRR interaction. In contrast,
VLDLR and ApoER2 bind to Dab1l fragments with C-terminal deletions, as do the
ITSN1 EH domains. This is in agreement with the described association of the NPXY
motif in Reelin receptors with the N-terminal PTB domain of Dab1l (Howell et al,,
1997a). This indicates that different Dab1 domains can mediate the interaction with
VLDLR/ApoER2 and ITSN1, respectively, allowing for simultaneous binding of Dab1
to Reelin receptors and ITSN1. This suggests that ITSN1 is indeed part of a complex
consisting of ITSN1, VLDLR, Dab1 and possibly other components.

The idea of ITSN1 as a crucial element for Reelin-VLDLR signaling is
corroborated by genetic data. ApoER2 KO mice show similar perturbations of
hippocampal morphology (Fig. 3.24) and neurogenesis (Figs. 3. 25 and 3.26) as ITSN1
KO mice, albeit to a stronger degree. This suggests that the observed phenotype in
ITSN1 KO mice can indeed be attributed to disruptions in the Reelin pathway. Genetic
ablation of ITSN1 and ApoER2 aggravates the adverse effects on hippocampal
lamination, neurogenesis and also disrupts cortical layering (Figs. 3.24-3.26 and
3.28). These findings provide evidence that ITSN1 and ApoER2 operate in distinct
pathways, supporting the biochemical findings. A mutant mouse lacking both ITSN1
and VLDLR expression could further substantiate this conclusion. If the phenotype of
such an ITSN1/VLDLR DKO mouse was comparable to VLDLR KO mice this would
give definite proof of a functional role for ITSN1 in VLDLR receptor signaling.

The question remains why ITSN1 is specifically needed for VLDLR to mediate
Reelin signaling, while ApoER2-dependent Reelin signaling does not require ITSN1. A
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possible explanation for this difference could be that ApoER2 has a higher intrinsic
affinity for Dab1 and therefore does not require Dab1 recruitment by ITSN1 to elicit a
signaling response. However, Dab1 seems to bind VLDLR and ApoER2 with similar
strength in HEK293 cells that do not express ITSN1 (Fig. 3.20a and Trommsdorff et
al,, 1999). Alternatively, recruitment of Dab1 molecules to Reelin receptors could be
important for efficient signal transduction in vivo (see below). In this scenario, ITSN1
would assist VLDLR-dependent signaling whereas other, yet unidentified scaffold or
adaptor proteins would aid the ApoER2-dependent branch. Another explanation is
that ITSN1 bridges the VLDLR-Dab1l complex with downstream effector proteins
specific for VLDLR signaling (see below). Further investigation of the VLDLR-Dab1-
ITSN1 pathway is required to distinguish between these hypotheses.

As ITSN1 is widely accepted as endocytic protein, a possible explanation for the
observed phenotype in ITSN1 KO mice is altered trafficking of Reelin receptors,
particularly VLDLR. Additionally, ITSN1 has been shown to interact with Dab2, an
endocytic adaptor for lipoprotein receptors (Teckchandani et al,, 2012). Strikingly,
endocytosis of Reelin receptors can occur independently of ITSN1, as shown by
surface biotinylation and antibody uptake assays (Fig 3.18). This renders the defects
in ITSN1 KO mice unlikely to be the consequence of altered endocytic trafficking of
Reelin receptors.

Interestingly, Dab2 associated with ITSN1 SH3 and EH domains, with the SH3
interaction being considerably stronger (Fig. 3.19a). This is contrary to the published
observation that the Dab2-ITSN1 interaction relies on NPF motifs in Dab2 and the EH
domains in ITSN1 (Teckchandani et al, 2012). Dab2 also binds to both Reelin
receptors, with a strong preference for VLDLR (Fig. 3.19b), which conflicts with
previous data showing ApoER2-specific binding of Dab2 (Yang et al., 2002; Cuitino et
al,, 2005). Based on our findings, we hypothesized that the SH3-mediated interaction
of ITSN1 with VLDLR is indirect and mediated by Dab2. However, complex formation
between ITSN1 and VLDLR is independent of Dab2 (Fig 3.19c-e). This suggests that
Dab2 is dispensable for ITSN1 recruitment to VLDLR and is compatible with an
endocytosis-independent function of ITSN1 for Reelin signaling.

Remarkably, lack of ITSN1 expression does not cause defects in all brain regions
known to rely on Reelin function. The disruptions in brain development and function

in ITSN1 KO mice seem to be restricted to the hippocampal area while cortical or

123



4., Discussion

cerebellar development is not affected in ITSN1 KO mice (Figs. 3.27 and 3.28). In
contrast, Reelin signaling is crucial for the development of the cerebral cortex and the
cerebellum. Therefore, one important question is, why ITSN1 is only required for
Reelin-dependent processes in the hippocampus, but not in other brain regions. It is
conceivable that the role of ITSN1 in the hippocampus is assumed by different
proteins in other brain regions. ITSN1 and its close relative ITSN2 are differentially
expressed in the nervous system (Pucharcos et al, 2001). Due to their sequence
similarity, it is easily conceivably that ITSN1 and ITSN2 have similar roles for Reelin
receptor signaling but fulfill this function in different brain areas. Disruption of Reelin
signaling results in smaller and less foliated cerebella (Goffinet et al., 1984; Miyata et
al, 1997; Trommsdorff et al., 1999). Regarding the Reelin receptors, genetic ablation
of VLDLR causes a much stronger disruption of cerebellar development than of
ApoER2 (Trommsdorff et al., 1999). The cerebellar disruptions in Reelin pathway
mutants are due to failed migration of Purkinje cells (Larouche et al., 2008). In line
with this, VLDLR is much stronger expressed in Purkinje cells than ApoER2.
Interestingly, also ITSN2 is abundantly expressed in Purkinje cells (Pucharcos et al,,
2001). Therefore, it is plausible that ITSN2, and not ITSN1, mediates Reelin-VLDLR
signaling in cerebellar Purkinje cells. Examination of ITSN2 KO and ITSN1/ITSN2
DKO mice would shed light on the particular role of the two ITSN genes for cerebellar
development.

It is noteworthy that in our hands ApoER2 KO mice did not display any obvious
alterations in cerebellar morphology in horizontal sections (Fig 3.27). Possibly,
sagittal sectioning would be required to reveal the rather subtle cerebellar defects
described for ApoER2 KO mice (Trommsdorff et al., 1999). This approach is also
advised for a thorough analysis of potential cerebellar disruptions in ITSN1 KO,
ITSN2 KO and ITSN1/ITSN2 DKO animals.

Additional explanations for the hippocampus-specific defects in ITSN1 KO mice
exist. Reelin signaling seems to be only mildly affected in the absence of ITSN1,
indicated by a ~20% reduction in levels of phosphorylated Dab1l (Fig. 3.21a).
Nevertheless, this rather small decrease leads to marked disruptions in hippocampal
development, neurogenesis and synaptic plasticity while cortex and cerebellum
remain apparently unperturbed. This could indicate that the hippocampus-specific

processes are more sensitive to disruptions in Reelin signaling than cortical or
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cerebellar development (see below). It is also possible that deficient Reelin-VLDLR
signaling can be compensated for by other signaling pathways in these regions. The
best candidate for such a homeostatic mechanism would of course be ApoER2-
dependent Reelin signaling. ITSN1 and ApoER2 operate in distinct pathways, shown
by biochemical and genetic data (Figs. 3.16, 3.24-3.26 and 3.28). The fact that
simultaneous ablation of ITSN1 and ApoER2 aggravates the phenotype not only in the
hippocampus (Figs. 3.24-3.26) but also in the cortex (Fig. 3.28) suggests that ITSN1
has indeed a role for cortical development. This function is masked in the presence of
ApoER2 but becomes apparent in its absence. This suggests that Reelin-ApoER2
signaling can counteract the adverse effects of ITSN1 deficiency in the cortex but not
in the hippocampus.

It is conceivable that Reelin activates distinct downstream pathways and that
ITSN1 is only required for a specific branch of Reelin-VLDLR signaling. It has been
suggested that distinct Reelin signaling mechanisms underlie the different Reelin
functions for brain development and function (Lee and D'Arcangelo, 2016). A possible
differential requirement of ITSN1 for the activation of these signaling branches

remains to be elucidated.
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4.5 A function for ITSN1 in Reelin signal
transmission

What is the mechanism by which ITSN1 mediates Reelin signaling through
VLDLR? VLDLR binds Dab1 in the absence of ITSN1 (Fig. 3.20a and Trommsdorff et
al., 1999). Therefore, it is rather surprising that ITSN1 is required for VLDLR-Dab1
signaling in vivo. The effect of ITSN1 on Reelin signaling could be, in principle,
qualitative or quantitative. ITSN1 could bridge phosphorylated Dab1 with effector
proteins further downstream in the signaling cascade, thereby controlling the
signaling outcome. As a matter of fact, ITSN1 has been linked to a number of different
cellular signaling pathways. ITSN1 participates in activation of Akt in a PI3KC2-
dependent manner (Das et al,, 2007) whereas Reelin-Dab1 signaling activates a class |
PI3K-Akt pathway (Beffert et al., 2002; Bock et al, 2003). Notably, ITSN1 is also
capable of binding to p85, the regulatory subunit of class [ PI3Ks (Wong et al., 2012).
Surprisingly, the levels of phosphorylated Akt are unaltered in ITSN1 KO mice,
despite decreased Dab1 activation (Fig 3.21). This could indicate that ITSN1 is only
required for Akt-independent branches of Reelin signaling. Alternatively, normal Akt
phosphorylation levels in ITSN1 KO mice could be achieved by increased activity of a
different receptor. Given the importance of Akt and its variety of upstream activators
(Franke, 2008), it is not unlikely that the levels of phosphorylated Akt are controlled
by homeostatic mechanisms. In the case of the ITSN1 KO mouse, increased activation
of the PI3K-Akt pathway by ApoERZ2 appears as a possible way to achieve
homeostatic control. Assessing phosphoAkt levels in ITSN1/ApoER2 DKO mice
should shed light on this question.

Reelin signaling induces the phosphorylation of cofilin, thereby inhibiting its
activity (Chai et al,, 2009a; Chai et al., 2009b). This effect is apparently exclusively
mediated by ApoER2, as levels of phosphorylated cofilin are only decreased in
ApoER2 KO but not in VLDLR KO mice (Chai et al., 2009a; Chai et al., 2009b).
Similarly, the amount of phosphorylated cofilin was not changed in ITSN1 KO mice
(Fig 3.21b-c), in agreement with a VLDLR-specific role for ITSN1 in Reelin signaling.

Cdc42, a known binding partner of ITSN1, has also been shown to be a

downstream effector of Reelin signaling. Nevertheless, impaired Cdc42 activation is
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unlikely to cause the observed phenotype, as the levels of active Cdc42 are unaltered
in neurons from ITSN1 KO mice (Fig. 3.13c). Cdc42 activation seems to be specifically
mediated by ApoER2 and not VLDLR (Leembhuis et al., 2010). Therefore, unchanged
levels of active Cdc42 in ITSN1 KO mice are compatible with an exclusive
requirement of ITSN1 for the VLDLR branch of Reelin signaling.

VLDLR interacts with Lisl1 and the Pafahlb complex thereby regulating
microtubule dynamics (Assadi et al., 2003; Zhang et al., 2007). Lis1 also forms a
complex with DISC1 (Disrupted in Schizophrenia 1), an important schizophrenia risk
factor (Camargo et al., 2007). Interestingly, ITSN1 also associates with DISC1 (Wong
et al., 2012) suggesting a possible role for ITSN1 in the control of microtubule
dynamics downstream of VLDLR. In line with this, a function of ITSN1 for
microtubular stability has been proposed based on its interaction with the
microtubule stabilizer STOP (or MAP6) in neurons (Morderer et al., 2012). It is
therefore conceivable that ITSN1 participates in Reelin-VLDLR-dependent
remodeling of the microtubule cytoskeleton.

ITSN1 has been implicated in ubiquitylation and degradation of growth factor
receptors through activation of the E3 ubiquitin ligase Cbl (Martin et al., 2006).
Inefficient degradation of Reelin receptors or Dab1 could therefore contribute to the
observed defects in ITSN1 KO mice. However, total levels of ApoER2, VLDLR and
Dab1 are unchanged in the absence of ITSN1 (Fig. 3.17c), arguing against a role of
ITSN1 in Reelin receptor or Dab1 degradation. In line with this, ApoER2, VLDLR and
Dab1 have been shown to be ubiquitylated by other E3 ligases than Cbl (Arnaud et al.,
2003a; Feng et al,, 2007; Hong et al., 2010).

Reelin-dependent phosphorylation of Dab1l induces its ubiquitylation and
subsequent degradation (Feng et al,, 2007). As a consequence, amounts of Dab1 are
greatly increased in mutants of the Reelin signaling machinery (Rice et al., 1998;
Trommsdorff et al., 1999). Surprisingly, the total levels of Dabl are unaltered in
ITSN1 KO mice (Fig. 3.17c), despite a reduction in phosphorylated Dab1 (Fig 3.21).
One explanation could be that the decrease in phosphoDab1l levels is not strong
enough to result in a conspicuous elevation of total Dab1. Increased activation of the
ApoER2 signaling pathway in ITSN1KO mice might ensure sufficient Dabl
phosphorylation to prevent an accumulation of Dab1l molecules. In line with this

hypothesis, total Dab1 levels are only mildly increased in VLDLR KO mice but strongly
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elevated in VLDLR/ApoER2 DKO animals (Trommsdorff et al., 1999). Examination of
phosphoDab1 and total Dab1l levels in ApoER2 KO and ITSN1/ApoER2 DKO mice
should reveal whether ApoER2 indeed fulfills a compensatory function in ITSN1 KO
mice.

As mentioned above, ITSN1 is crucial for Reelin-dependent LTP elevation via
NMDARs (Figs. 3.22 and 3.23) and is also physically associated with NMDARs
(Nishimura et al., 2006). As both Dab1l and NMDARs are phosphorylated by SFKs
(Arnaud et al., 2003b; Bock and Herz, 2003; Chen et al, 2005), this suggests a
hierarchically high position of ITSN1 in the Reelin signaling cascade. It would be
worth investigating whether ITSN1 forms a complex with SFKs to fulfill its function in
Reelin signal transduction.

Instead of linking active VLDLR and Dab1 with effector proteins, ITSN1 binding
to Dab1 and VLDLR might ensure high local concentrations of Dab1 at the site of Dab1
phosphorylation. A single ITSN1 molecule harbors at least two binding sites for Dab1
(Fig 3.20). Additionally, through coiled-coil-mediated interaction, ITSN1 can likely
form oligomers and thereby recruit further Dab1 molecules. Interestingly, oligomeric
Dab1 has been shown to be the substrate for SFKs (Strasser et al., 2004). Hence,
ITSN1 could function as a scaffold providing a sufficient amount of Dab1 molecules in
close vicinity to VLDLR and SFKs.

Interesting insights into Reelin-Dab1l signal transduction come from mice
expressing mutant forms of Dab1. A single point mutation in the PTB domain of Dab1
(Dab1F158V) strongly decreases its binding affinity to ApoER2 or VLDLR cytoplasmic
domains (Herrick and Cooper, 2004). Surprisingly, mice homozygous for this
mutation display no defects whereas Dab1F158V/- hemizygous animals show only a
very subtle phenotype. Such a gene dose dependency is not seen for WT Dab1. This
implies that an adequate number of Dab1 molecules in immediate proximity of Reelin
receptors are paramount for efficient signaling. Similar conclusions can be drawn
from mouse mutants expressing only a certain splice isoform of Dab1, p45, which
lacks the C-terminal region of full-length Dab1, p80 (Herrick and Cooper, 2002).
Dab1pr45/p45 mice show no discernable phenotype while Dab1r45/- animals have minor
defects. This suggests that both Dab1F158V and Dab1r#> are hypomorphic alleles which
are quantitatively less effective at signaling. Notably, the Dab1 C-terminus seems to

provide the interaction site for ITSN1 SH3 domains (Fig 3.20a). Hence, Dab1pr4>
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probably has a reduced affinity to ITSN1 and, as a result, fails to be efficiently
recruited to VLDLR. This could, at least partially, explain the phenotype of Dab1pr45/-
mice.

Disruptions in Dab1pr45/- animals are restricted to the hippocampus and the
cortical marginal zone/layer I. Interestingly, ITSN1 seems to be specifically needed
for the proper formation of these brain regions (Fig. 3.3 and 3.28). This is in line with
the notion of ITSN1 aiding the recruitment of Dab1 to VLDLR. Region-specific defects
have also been described for Dab1F158V/- mice which only show ectopic accumulation
of neurons in layer I. Remarkably, migration of early cortical plate neurons is
unaffected in Dab1pr45/- and Dab1F158V/- mice resulting in normal overall cortical
layering, similar to ITSN1 KO mice (Fig. 3.28a). This implies that highly efficient
Reelin signaling is vital for migration of late-born cortical neurons and hippocampal
lamination but less important for cerebellar development and migration of early-born
cortical neurons. These different requirements could explain the tissue-specific
effects of ITSN1 deficiency discussed above. In this model, ITSN1 would provide high
local concentrations of Dab1, thereby ensuring efficient signal transduction. Lack of
ITSN1 expression would only affect the development of brain regions with a
requirement for efficient Reelin signaling. These comprise cortical layer I and the
hippocampus but not the cerebellum, in agreement with the observed phenotype in
ITSN1 KO mice (Fig. 3.3 and 3.27-3.28). Differential requirements for signal efficiency
also explain why the rather mild decrease in levels of phosphorylated Dab1 (Fig.
3.21a) elicits discernable defects in ITSN1 KO mice.
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Figure 4.1 Model of ITSN1 function in VLDLR-mediated Reelin signaling. The intracellular region
of VLDLR associates with the signaling adaptor Dab1l and the scaffold protein ITSN1. Dabl also
interacts with ITSN1. Binding of Reelin to its receptors, ApoER2 and VLDLR, leads to phosphorylation
of Dab1 by Src family kinases (SFKs). Phosphorylated Dab1 is required for Reelin effects on neuronal
migration and synaptic plasticity. In the absence of ITSN1 (ITSN1 KO), Dabl is less efficiently
phosphorylated, which impairs efficient signal transmission downstream of VLDLR. ApoER2-
dependent Reelin signaling does not rely on ITSN1.

Therefore, a scaffolding function for ITSN1 at the site of Reelin receptor and
Dab1 activation, ensuring high local Dab1 concentrations, provides a mechanistical
explanation for the observed phenotype of ITSN1 KO mice. This proposed role does
not rule out additional functions of ITSN1 for linking phosphorylated Dab1l with
downstream effector molecules. Distinguishing between these hypotheses awaits

further understanding of the mechanism of VLDLR-Dab1 signal transduction.
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4.6 Implications for behavior and disease

Behavioral experiments gave no indication of marked alterations of general
activity and exploratory behavior in the absence of ITSN1 (Fig. 3.2). ITSN1 KO mice
only showed a tendency towards a more active and explorative behavior without
reaching statistical significance. This is in line with previously published data on
ITSN1 KO mice showing more active behavior, albeit statistically not significant
(Sengar et al., 2013). Interestingly, VLDLR KO mice show hyperactivity in open field
experiments (Weeber et al, 2002). Based on the findings presented above, it is
conceivable that genetic ablation of ITSN1 or VLDR results in a similar phenotype
with regards to activity and explorative behavior. More thorough testing of ITSN1 KO
mice is required to clarify if ITSN1 regulates general activity in a similar manner as
VLDLR.

Weeber et al. also described deficits of VLDLR KO mice in associative fear-
conditioned learning (Weeber et al., 2002), a process depending on hippocampal
function (Kim et al,, 1993; Chen et al., 1996). ITSN1 is a component of the Reelin-
VLDLR signaling pathway and ITSN1 KO mice show hippocampal defects in
lamination, neurogenesis and synaptic plasticity. Hence, it is plausible to hypothesize
that the hippocampus-related behavioral defects seen in VLDLR KO mice may also be
observed in ITSN1 KO mice. Remarkably, Sengar et al. have described deficits of
ITSN1 KO mice in a fear conditioning task thereby resembling VLDLR KO mice
(Sengar et al., 2013). Moreover, in the same publication the authors showed spatial
memory deficits of ITSN1 KO mice in a Morris water maze test, indicating impaired
hippocampal function (Morris et al., 1982). Taken together, these findings show that
genetic ablation of ITSN1 results in hippocampus-related behavioral defects which
can be entirely explained by involvement of ITSN1 in Reelin signaling through the
VLDLR. The altered behavior in VLDLR KO and ITSN1 KO mice could be caused by
defective lamination, neurogenesis, postsynaptic plasticity or a combination of these.
The interplay of these processes and their functional consequences for hippocampal
function and behavior in Reelin signaling mutants remain to be elucidated.

Altered Reelin expression has been associated with a variety of neurological
disorders, namely schizophrenia, bipolar disorder, major depression, autism,

lissencephaly and Alzheimer’s disease (Folsom and Fatemi, 2013). Reelin levels are
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reduced in brain tissue of patients with schizophrenia, bipolar disorder and major
depression (Impagnatiello et al., 1998; Fatemi et al, 2000; Guidotti et al., 2000).
Similarly, reduced abundance of the Reelin protein in specific brain regions was
described for autism patients (Fatemi et al, 2001; Fatemi et al.,, 2005). Reelin
mutations, resulting in very low serum levels of Reelin, have been associated with
lissencephaly (Hong et al., 2000; Chang et al., 2007). Non- or missense mutations in
the VLDLR gene have been linked to cerebellar hypoplasia and gyral simplification,
the so-called disequilibrium syndrome (Schurig et al, 1981; Moheb et al., 2008;
Turkmen et al., 2008; Boycott et al.,, 2009). Therefore, altered Reelin expression or
signaling may result in different neurological diseases with miscellaneous clinical
appearances. This highlights the necessity to investigate the mechanisms by which
Reelin and its receptors regulate brain development and synaptic function.

Altered Reelin expression and abnormal Reelin signaling have also been linked
to the pathological processes resulting in Alzheimer’s disease (AD). AD is a complex
neurological disease which is characterized by progressive dementia and severe
neurodegeneration. Development of AD is associated with abnormal deposits of
proteins. Hyperphosphorylated tau forms neurofibrillary tangles inside neurons
whereas amyloid plaques can be found extracellularly (Glenner and Wong, 1984;
Grundke-Igbal et al., 1986). The main component of these plaques is the amyloid-f8
(AB) peptide. AB arises from sequential cleavage of the amyloid precursor protein
(APP) by B- and y-secretases (Estus et al., 1992; Haass et al., 1992). Cleavage by o-
secretase results in non- amyloidogenic peptides with neuroprotective function
(Furukawa et al., 1996).

Interestingly, Reelin and its effectors influence AD pathology on several levels.
Dab1 can bind to APP and promote non-amyloidogenic processing (Hoe et al., 2006).
Reelin stimulates the APP/Dab1 interaction which leads to reduced A production. In
addition, Reelin signaling controls tau phosphorylation and Reelin signaling mutants
display hyperphosphorylated tau protein (Hiesberger et al., 1999; Ohkubo et al,
2003). Reelin can antagonize the suppressive effects of A on synaptic plasticity
(Durakoglugil et al., 2009). Notably, Reelin can be found in A containing plaques
(Doehner et al,, 2010) and delays AP fibril formation (Pujadas et al., 2014). Reelin
overexpression can reduce the number of plaques and overcome the detrimental

effects of AB on neuronal survival and dendritic spine number (Pujadas et al., 2014).
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On the contrary, reduction of Reelin results in earlier onset and more severe
pathology in an AD mouse model (Kocherhans et al., 2010). Therefore, Reelin seems
to counteract the pathological mechanisms underlying AD by different mechanisms.
Interestingly, abnormal glycosylation of Reelin as well as a preferential upregulation
of the N-terminal 180 kDa Reelin fragment has been observed in AD patients (Botella-
Lopez et al, 2006; Botella-Lopez et al, 2010). This suggests that Reelin is
differentially processed in AD which might hamper its neuroprotective ability.
Remarkably, the upregulation of Reelin in hippocampi of ITSN1 KO mice seems
to be mainly due to increased levels of the N-terminal 180 kDa fragment (Fig 3.17),
similar to AD patients. This implies that the mechanisms altering Reelin processing in
AD patients may also operate in ITSN1 KO mice. ITSN1 is located on chromosome 21
and therefore upregulated in Down syndrome (DS) patients. DS is associated with
intellectual disabilities and an increased risk of AD. Notably, Reelin levels, particularly
the 180 kDa fragment, are also elevated in brains from DS patients (Botella-Lopez et
al,, 2010). In part, this can be explained by the increased levels of APP, also located on
chromosome 21, in DS patients. Yet, overexpression of APP alone, as in the Tg2576
mouse model, did not result in elevated levels of the 180 kDa band (Botella-Lopez et
al, 2010). Therefore, it is conceivable that overexpression of ITSN1 in DS patients
also affects Reelin processing and signaling and thereby contributes to the
development of AD. Following this hypothesis, both decreased (ITSN1 KO) and
increased (DS patients) levels of ITSN1 would compromise Reelin function, resulting
in developmental and pathological disruptions. In fact, different groups found
increased expression of ITSN1 in non-DS AD patients highlighting its role as a genetic
risk factor for AD (Blalock et al., 2004; Dunckley et al., 2006; Wilmot et al., 2008).
Given its function as scaffold protein, ITSN1 overexpression might indeed cause
similar effects as ITSN1 downregulation, e.g. by sequestration of effector proteins as
Dab1. Therefore, it would be particularly interesting to test whether overexpression
of ITSN1 results in disruptions of Reelin-dependent processes and, possibly, AD-like
alterations. Ultimately, manipulation of Reelin- and ITSN1-dependent signaling might

constitute a therapeutic strategy for AD and other neurological disorders.
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4.7 Future directions

Despite a large number of publications on ITSN1 and its proposed functions in a
variety of cellular processes, its precise role for mammalian physiology has remained
elusive. Most of the research has focused on the role of ITSN1 for membrane
trafficking, especially clathrin-mediated endocytosis. Based on our findings, we
suggest a novel, endocytosis-independent function of ITSN1. Its proposed role as a
scaffold for VLDLR-mediated Reelin signaling expands the spectrum of ITSN1-related
processes. Furthermore, these findings imply a possible mechanism by which VLDLR
conveys the Reelin signal to its effector proteins.

The question remains why ITSN1 is exclusively required for VLDLR-mediated
Reelin signaling. It is conceivable that another, yet unknown protein fulfills a similar
function for ApoER2 signaling as ITSN1 does for VLDR. Identification of such an
ApoER2-specific signaling scaffold could shed light on the differential functions of
these receptors and most likely provide insights into the molecular mechanisms of
Reelin-evoked signaling.

The data presented in this work are in agreement with the notion of ITSN1
acting as a scaffold for efficient transmission of the Reelin signal. Region-specific
requirements for Reelin signaling efficiency could also explain the differential
response of brain regions to mild Reelin signaling disruptions. Further investigation
is necessary to corroborate this concept.

As both ITSN1- and Reelin-dependent processes have been linked to severe
neurological diseases, our results also have potential implications for future
therapeutic strategies. Considering our results and previously published data, an
involvement of VLDLR-ITSN1-mediated signaling in the etiology of AD, particularly in
DS patients, appears entirely possible. To support this notion, it would be worth
investigating whether downregulation and overexpression of ITSN1 have a similar
effect on Reelin signaling and whether this, eventually, results in an AD-like
pathology. This would make the VLDLR-ITSN1 pathway a possible target for
therapeutic intervention in DS patients to prevent early-onset AD and would also

have implications for the large group of non-DS AD patients.
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6.1 List of abbreviations

AA/BA Acrylamide/bis-acrylamide

ACSF Artificial cerebrospinal fluid

AlKkS5 Activin receptor-like kinase 5
AMPAR a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
AP-2 Adaptor protein complex 2
ApoER2 Apolipoprotein E receptor 2

APS Ammonium persulfate

Arp2/3 Actin-related protein-2/3 complex
BAR Bin-Amphiphysin-Rvs

BDNF Brain-derived neurotrophic factor
BMP Bone morphogenetic protein

bp Base pair

BrdU Bromodeoxyuridine

C3G CRK SH3-binding GNRP

CA Cornu ammonis

Cbl Casitas B-lineage lymphoma

CCP Clathrin-coated pit

CCR Coiled-coil region

Cdc42 Cell division cycle 42

CdGAP Cdc42 GTPase-activating protein
CIP Calf intestinal phosphatase

Crk CT10 Regulator of Kinase

CTD C-terminal domain

Cul5 Culin-5

Dab1 Disabled 1

Dap160 Dynamin-associated protein 160 kDa
DAPI 4’,6-Diamidino-2-phenylindole
Dcx Doublecortin

DG Dentate gyrus

DH Dbl homology

DIV Day in vitro

DMEM Dulbecco's modified Eagle medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphates
DSDB Donkey serum dilution buffer

E. coli Escherichia coli

EC Entorhinal cortex

EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor

EH Eps15 homology

Ephexin Eph-interacting exchange protein
Ephrin Eph family receptor interacting protein
Erk Extracellular signal-regulated kinase
F-actin Filamentous actin

FBS Fetal bovine serum

fEPSPs Field excitatory postsynaptic potentials
FGF2 Fibroblast growth factor 2

fw Forward

GABA Gamma-aminobutyric acid

GAP GTPase-activating protein
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GCC
GCL
GEF
GFAP
GFP
GPI
Grb2
GSDB
GSK3pB
GST
HA
HBSS
HC
HEK 293
HRP
ICR
IGF1
IgG

IP
IPTG
ITSN
1Z

JIP
JNK
kDa
KO
LB
Lis1
LPP
LTP
Mek
MEM
ML
MPP
MZ
Nck
NeuN
NeuroD
NMDA
NPF
NT3
N-WASP
OB
Pafah
PAGE
PBS
PCR
PD
PDGF
PDZ
PFA
PH
PI3K
P14,5P>
PRR
PTB
Racl
Rap1l
Ras

Growth cone collapse
Granular cell layer

Guanine nucleotide exchange factor
Glial fibrillary acidic protein

Green fluorescent protein
Glycosylphosphatidylinositol

Growth factor receptor-bound protein 2
Goat serum dilution buffer

Glycogen synthase kinase 3 beta
Glutathione S-transferase
Hemagglutinin

Hank's balanced salt solution
Hippocampus

Human Embryonic Kidney 293 cells
Horseradish peroxidase

Intracellular region

Insulin-like growth factor 1
Immunoglobulin G
Immunoprecipitation

Isopropyl thiogalactoside

Intersectin

Intermediate zone

JNK interacting protein

c-Jun N-terminal kinase

Kilodalton

Knockout

Lysogeny broth

Lissencephaly 1

Lateral perforant pathway

Long-term potentiation

MAPK/ERK kinase

Minimum essential medium Eagle
Molecular layer

Medial perforant pathway

Marginal zone

Noncatalytic region of tyrosine kinase
Neuronal nuclei

Neurogenic differentiation
N-methyl-D-aspartate

Asn-Pro-Phe

Neurotrophin 3

Neuronal Wiskott-Aldrich syndrome protein
Olfactory bulb

Platelet-activating factor acetylhydrolase
Polyacrylamide gel electrophoresis
Phosphate-buffered saline
Polymerase chain reaction

Pulldown

Platelet-derived growth factor
PSD-95/Dlg1/Z01
Paraformaldehyde

Pleckstrin homology
Phosphoinositide 3-kinase
Phosphatidylinositol 4,5-bisphosphate
Proline-rich region
Phosphotyrosine-binding
Ras-related C3 botulinum toxin substrate 1
Ras-related protein 1

Rat sarcoma
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rev
Rho
RNA
RR
RTK
SAM
SCM
SDM
SDS
SEM
SFK
SFM
SGZ
SH2
SH3
Shh
siRNA
SNAP25
SNARE
SOCS
Sos1
Sox2
Src
STAT3
SV
SVZ
TBE
TBS
TBS
TDM
TE
TEMED
TGFpB
Tiam1
TrkB
uv
v/v
VEGF
Vinc
VLDLR
VZ
w/o
w/v
WT
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Reverse

Ras homolog gene family

Ribonucleic acid

Reelin repeat

Receptor tyrosine kinase

Sterile-a motif

Serum-containing medium

Secondary dentate matrix

Sodium dodecyl sulfate
Standard error of the mean

Src family kinase

Serum-free medium

Subgranular zone

Src homology 2

Src homology 3

Sonic hedgehog protein

Small interfering RNA
Synaptosomal-associated protein 25 kDa
Soluble NSF attachment protein receptor
Suppressor of cytokine signaling

Son Of Sevenless Homolog 1

SRY (sex determining region Y)-box 2
Sarcoma

Signal transducer and activator of transcription 3
Synaptic vesicle

Subventricular zone
Tris-Borate-EDTA

Tris-buffered saline

Theta burst stimulation

Tertiary dentate matrix

Tris-EDTA
Tetramethylethylenediamine
Transforming growth factor beta
T-Cell Lymphoma Invasion And Metastasis 1
Tyrosine receptor kinase B

Ultraviolet

Volume per volume

Vascular endothelial growth factor
Vinculin

Very-low-density-lipoprotein receptor
Ventricular zone

Without

Weight per volume

Wildtype
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